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Introduction
The hypothesis that dietary sugars play a major contributing role in the links between diet, obesity, 
and metabolic disease outcomes has gained considerable attention over the past decades. This atten-
tion has generated interest across the globe from all walks of life including the public, academia, the 
food and beverage industry, the media, public health advocates, and policy-makers. Consumption 
of sugars is currently suspected to play an important role in the pathogenesis of not only obesity, 
but also of noncommunicable disorders at large, including diabetes, cardiovascular disorders, fatty 
liver disease, and some forms of cancers as well as oral health. There is indeed compelling evidence 
that consumption of sugars, either as sucrose or from added sugars and sweeteners such as high-
fructose corn syrup, has increased continuously over the past 50 years, contributes in the region of 
15–20% of total energy intake in several North American and European countries, and rises toward 
this level in many developing countries. Even though some data suggest a recent decline, there is no 
argument that current levels of consumption of dietary sugars at all stages of life far exceed those of 
previous generations and of numerous health recommendations. In addition, sugars and sweeteners 
have rapidly proliferated in our food supply. Over the same period, the prevalence of obesity and 
associated metabolic diseases has increased dramatically. Cause or correlation? The age-old ques-
tion. Given that obesity results from an imbalance between energy intake and energy expenditure, 
and the large contribution of sugars to our daily energy intake, there is no doubt that sugar calories 
make a significant contribution to this pathogenesis. The overall purpose of this book is to review 
the wide variety of evidence and approaches that have been used to study these connections.

A wide range of research approaches are currently being used to examine the links between 
dietary sugars, obesity, and disease risk. These approaches include ecological studies across popula-
tions, epidemiological studies, human clinical investigations, and animal models using high-sucrose 
or high-fructose diets as a means of obtaining animal models of obesity and metabolic disorders. 
This broad variety of studies has led to the collection of a large amount of human data as well as 
experimental evidence showing that sugars can indeed induce hyperphagia, visceral obesity, insulin 
resistance, dyslipidemia, hepatic steatosis, and many other features relevant to human diseases. This 
body of work has also produced a vast amount of new information regarding possible molecular 
mechanisms underlying the metabolic effects of sugars that might explain its pathogenic role. In 
humans, many cohort studies provide compelling evidence for a relationship between dietary sug-
ars, obesity, and chronic diseases. In contrast, human mechanistic studies providing mechanistic 
information are relatively scarce, and, for obvious ethical and practical reasons, mainly address the 
effects of short-term dietary intervention.

The actual scientific issue regarding the ultimate health effects of sugars is, however, more com-
plex than recognizing sugar as one of several energy-dense nutrients responsible for body weight 
gain. First, there is an additional concern that dietary sugars, especially added sugars, and sugary 
beverages, in particular, may be important factors responsible for driving excessive food intake. In 
addition to the obvious caloric effects, new emerging data show that the consequences of the way 
sugars are metabolized can also contribute independently to metabolic disease risk—the noncaloric 
effects of sugars. This concern is based on the possibility that sugar calories may differ from calo-
ries from other nutrients by exerting specific deleterious effects based on the metabolic pathways 
involved. This suspected effect of sugar is not shared by all carbohydrates, since whole cereals, 
consisting mainly of starch associated with dietary fibers, are generally considered beneficial to 
health. Starch from whole cereal will be degraded in the gut by the joined actions of pancreatic and 
brush border intestinal enzymes and will eventually be absorbed as glucose. In contrast, table sugar, 
made up of one molecule of glucose linked with one molecule of fructose, will be split by intestinal 
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disaccharidase and will result in the absorption of both glucose and fructose. The fructose com-
ponent of sucrose makes up for the major difference between sugars in terms of actual substrates 
absorbed in the portal blood. This has logically led to new research that focuses on specific path-
ways used for fructose metabolism and how they may be involved in the pathogenesis of chronic 
diseases associated with obesity.

Fructose research in humans was very active in the 1980s, but was mainly focused on the hypoth-
esis that fructose could be a first choice sweetener for diabetic patients. Such studies provided strong 
evidence that replacing sucrose or starch with fructose actually reduced postprandial glycemia and 
HbA1c in diabetic patients. However, these studies also documented that increasing fructose con-
sumption may be associated with an increase in blood triglyceride concentration. This raised con-
cern regarding the long-term effects of pure fructose for cardiovascular health, and the interest for 
fructose as a dietary product for diabetics rapidly decreased. These studies provide much useful 
information, but were not really designed to address our current concerns, which are mainly ques-
tions such as: Does consumption of high sugars increase overall energy intake through inadequate 
satiating effects? Does an excess of dietary sugars cause more adverse health effects than other 
calorie sources? Does a high intake of sugars represent a health hazard for normal-weight subjects 
in energy balance, or when present in a isocaloric, weight-maintenance diets? Are the potential 
negative effects of dietary sugars exacerbated in the obese individual? Are the effects of dietary 
sugars on obesity and health outcomes more pronounced at different stages of the life-cycle? Are all 
sugars equal in their obesogenic effects or are the differences in the way glucose and fructose are 
metabolized in the body significant in terms of chronic disease risk?

The answers to these questions are obviously of utmost importance for public health. Specific 
public health policies and even litigation regarding sugar consumption are strongly advocated by 
some as a means of tackling the epidemics of obesity and related metabolic diseases. Such actions 
have an ethical dimension that must be taken into consideration. For example, public health policies 
could constitute, to some extent, a means of forcefully limiting sugar consumption to obtain health 
benefits. Such action, however, transgresses the right of individuals to self-determination, which is 
one of the pillars of ethics, and can be justified only if one has strong evidence that sugar is indeed 
a special nutrient and constitutes a specific health hazard, and that the proposed policies and litiga-
tions will actually be effective in attaining a significant improvement of health-related outcomes in 
the population. This is hotly debated today and needs indeed to be settled urgently.

Given the large amount of emerging experimental, clinical, and population data relevant to the 
health effects of sugars, which encompass a wide array of approaches, ranging from molecular biol-
ogy to clinical science and epidemiology, it is difficult, even for expert scientists in the field, to get 
a global, integrated, and balanced view of the “known knowns” as well as the “known unknowns” 
in this complex and rapidly evolving area of investigation. Our aim, when we decided to work on 
this book, was to gather together the most up-to-date and relevant information regarding all aspects 
of dietary sugars relating to health outcomes. Since we were committed to a balanced approach, we 
solicited contributions from all relevant sectors ranging from the food and beverage industry, food 
science, biology, pathophysiology, clinical medicine, and finally public health. For each topic, we 
actively recruited contributions from world-renowned experts and asked them to contribute con-
cise, yet complete overviews of the state of the art in their specific fields of expertise. This effort 
led to the generation of an impressive amount of information on sugars and their relation to health, 
resulting in this comprehensive textbook. We were particularly interested in achieving a balance 
of contributions from a variety of perspectives including global (contributing authors represent a 
wide variety of countries), discipline (from experimental studies to public health policy), and sector 
(from academia to the food and beverage industry). We even solicited chapters from contributors 
with known opposing views because we wanted this book to be complete, unbiased, and all encom-
passing. However, we recognize that in no way does this body of work solve many of the ongoing 
debates, such as: Is sugar a toxic nutrient or merely part of our total energy overload? Are all sugars 
equal in their effects on the body? Do sugars cause obesity and/or associated metabolic conditions? 
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However, we believe the information presented is complete, up-to-date, balanced, and unbiased pro-
viding the information for you, the reader, to digest and develop your own opinion. When selecting 
topics and experts, we were careful to provide information as objective and balanced as possible. 
Personal conclusions of contributors show wide variations, and their statements reflect their own 
interpretation of the data, irrespective of our own interpretations and beliefs as editors. We feel that 
this approach was very successful, and we hope that you, the readers of this book, will find here 
enough information to come to your own conclusions on the many unanswered questions and criti-
cal needs for future investigation. One thing we do know and hope that we would all agree upon is 
that this is a critically important area of public health research and requires our utmost attention and 
careful, unbiased studies of the highest scientific standard and integrity. We hope you enjoy reading 
this work and that it benefits your world in some way whether a student, researcher, food scientist, 
public health advocate, politician, or food consumer.
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Social Aspects of Dietary 
Sugars

Amy K. McLennan, Stanley J. Ulijaszek, and Karin Eli

KEY POINTS

• Introduction
• Begins with Mintz’s [1] landmark work on sugar.
• Three decades later, sugary products are now consumer items in the contemporary era 

of global food corporations, mass consumption, and food marketing.
• This chapter considers the experiences that sugary products evoke via sensory and 

social meanings.
• This is done by paying attention to advertising slogans and campaigns of well-known 

sugary consumer products.
• The experience of sugars: space, time, and reward

• Meaning in sugary foods is often implicitly created and communicated through slo-
gans, labels, and placement of foods.

• These foods can either create time or save time, evoke the local or the exotic.
• The feeling sugars inspire can be interpreted as refreshing, enjoyable, satiating or 

rewarding (sugar-free equivalents are less-commonly advertised in this way).
• Sugars and identity: clear brands, ambivalent consumption

• Products can reinforce identity and status.
• Sugars have ambiguous positions; use of sugars as a reward can be considered good 

or bad parenting; sugars may be framed as natural and synthetic/refined; shared and 
secretive.

• Conclusion
• Our preference for sugars and sweetness is linked to biological and social factors.
• When Mintz wrote in 1985, meanings were created at the intersections between con-

sumers and larger political forces.
• Today these meanings are more often created by corporations for the purposes of sell-

ing food products.
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2 Dietary Sugars and Health

INTRODUCTION

Sugars may create feeling, but people create meaning. As Sidney Mintz [1] demonstrated in his 
landmark monograph, Sweetness and Power, the taste and desire for sugars and sweetness is not 
wholly biological or innate. Arguing that the rapid incorporation of sugar into the English diet in 
the nineteenth century reflected much more than the human preference for sweetness, he suggested 
that sugar consumption was mediated by, and in turn affected, the dynamics of its production. 
He argued, moreover, that consumption and production themselves were influenced by the chang-
ing social meanings and consumer uses of sugar and that the use and meanings attached to sugar 
likewise fed back into patterns of consumption and production. Sugar implicated slave labor and 
colonial domination, industrialization, and urbanization, and was, according to Mintz, not merely a 
bearer of sweetness but a profoundly social substance.

In the 29 years since Mintz’s monograph was published, the “social” in food—and of sugar 
therein—has been subject to the accelerating forces of globalization, including the emergence and 
spread of new information and communication technologies. Like sweetened tea in the nineteenth 
century [1], readymade sugary products are centrally placed consumer items in the contemporary 
era of global food corporations, mass consumption, and the near-ubiquity of food-marketing mes-
sages. In this chapter, we examine several social aspects of sugar production and consumption 
linked to the marketing of corporate branded sugary and sweet products in the last three decades. 
We pay specific attention to the experiences and identities to which sugars are linked. The commer-
cial world of food products on which we focus, and of which sugars are a key component, was only 
just emerging at the time Mintz produced Sweetness and Power.

Products which contain dietary sugars generally fall into the broad category of “fast moving con-
sumer goods,” along with other products such as toiletries, that are sold quickly, are relatively cheap, 
and are consumed frequently [2]. Such products are consumed both culturally and physiologically. 
Physiologically, sugars are a source of dietary energy, but one that, as reviewed in Chapter 15, may 
be addictive [3]; the release of opioids and dopamine upon the consumption of sugars supports 
this view [4]. Beverages sweetened by various added sugars are perhaps consumed more culturally 
than physiologically, but can be ingested in great quantity. Carbohydrates consumed in liquid form 
induce lower satiety than those consumed in solid form [5], making high intake of such beverages a 
determinant for obesity [6]. In fulfilling sweet cravings yet producing limited satiety, dietary sugars 
transform edible products into the commodities of modern mass consumption—quickly consumed 
objects for which there is a ready market demand.

As anthropological and sociological studies have shown, food holds meanings that surpass nutri-
tional and economic factors. From taboos to cuisines, food is used to draw distinctions between 
social classes [7], national identities [8], and ethnic, religious, and gender groups [9,10]. The sen-
sory qualities of food are central to its social meanings, in evoking memory and community, and in 
making experience. Food can invoke sensory experiences that transcend eating in the present tense, 
including collective, national memories [11,12], imagined connections to ancestral communities 
[13], and feelings of belonging or foreignness [14]. Sweet products implicate (and are designed and 
used to evoke) particular social meanings, experiences, and identities. Sweetness is closely associ-
ated with the experience of reward, both direct, through the taste of sweetness, and indirect, through 
making time and space for its consumption. It is also associated with the marking of group belong-
ing, and with ambivalent consumer identity, both conformist and subversive, an issue that will be 
elaborated later in this chapter.

Such meanings are not uncomplicated reflections of sweetness as a taste, but are linked to the 
commodification of sweetness and to the corporate branding of specific products that carry added 
sugars or sweet tastes. Sugars can take many forms—being included in products as diverse as 
drinks, confectioneries, cookies, breads, and fast foods—and readily transform into a wide range 
of products, often changing inedible or unpalatable forms into edible ones. Sugars are also hid-
den in products where sweetness is seemingly absent; processed food products almost universally 
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contain large amounts of sugars regardless of whether consumers might consider them “sweet” or 
“savory.” Moreover, packaged food products often mask tactile and visual qualities that consumers 
might associate with sugars, especially stickiness and a glazed appearance. Thus, in the process of 
meaning-making, the products themselves are more important than the sugars that sweeten them. 
Yet dietary sugars, even when hidden, are implicated in the evocation and promulgation of these 
social meanings.

EXPERIENCE OF SUGARS: SPACE, TIME, AND REWARD

Consumers of sugary products—whether they are sweetened soft drinks, chocolates, fast foods, or 
snacks—take in not only sugar, but also an experience that the product provides. Part of this experi-
ence may be related to the physiological response to the products’ ingestion. However, most of the 
neurotransmitters involved are not specific to particular emotions [15], and what the ingestion of a 
sugary product means to a consumer depends on prior individual experience and memory as well as 
broader social context. Mintz [1] suggests that this meaning-making in the case of sugar is derived 
from the intersection of “outside” and “inside” influences. Outside meanings reflect the place of 
this commodity in colonial history, commerce, politics, law, and policymaking. Thus, the outside 
meaning of sugar varies between countries: in the UK, sugar is deeply embedded in British colonial 
history and has been naturalized across more than 200 years of commercial activity involving the 
production of sugar as a commodity and its transformation into a wide range of products including 
confectionaries, pickles, and alcoholic spirits made from residues of sugar production. In the USA, 
a colonial junior partner to the UK in the sugar industry, sugar is less culturally embedded than 
the idea of sweetness, which is now produced in enormous quantity by transforming a commodity 
that is closer to the American heart, corn, into high-fructose corn syrup. Inside meanings are gen-
erated by imitation of elite practices by the general population. Historically, sugar was consumed 
by the wealthy and powerful; when industrial production made it generally affordable, the general 
population quickly took it on as something for general consumption. During the industrialization of 
Britain, even poor laborers sought and enjoyed sugar in their cups of tea [1]. Nowadays, people in 
power are, in part, responsible for both the presence of new products and for their meanings. Inside 
meanings are created by the consumers of sugar-based and sugar-containing products, but are also 
built into products by their producers: they are overtly stated on packaging and in advertisements.

Improvements to communication technologies, including televisions, telephones, computers, and 
the world wide web, have facilitated the spread of meanings and messages on a global scale in the 
past three decades. The meanings inherent in sugars and sugary products surround us every day: 
they are spelled out in advertising campaigns and slogans, or subtly hinted at through product place-
ment or label design. These outside meanings are reinforced by inside meanings associated with the 
sensory pleasure elicited by sugars. The links between sensory experience, emotion, and memory 
are key to transforming the meanings embedded in sugary products into experience [16]. This is 
where the advertising of sugary products comes into play. Table 1.1 lists a number of advertising 
slogans used in the promotion of sugary products, and we discuss these further in the following 
paragraphs. Although we cite the year of release for each of the slogans, it is important to note that 
many of these slogans are long-running, have been recycled and redeployed by companies, or have 
re-emerged on video-sharing sites where they enjoy a virtual following. Some of these slogans have 
become iconic and form an inherent part of the products’ identities.

Sugary products, like cigarettes before them, are marketed by some companies as creating time 
in the day—not unlike the tea break that Mintz documented—when a well-earned break can be 
enjoyed. A long-running Nestlé slogan suggests that consumers should “Have a Break … Have a Kit 
Kat;” the company later attempted to patent the first part of the slogan in a 9-year court battle with 
Mars, which underlines the importance of this advertising idea to Nestlé. Coca-Cola has previously 
been sold as “The Pause That Refreshes,” while a widespread McDonalds trademark and advertis-
ing campaign featured the slogan and song lyrics “You Deserve a Break Today.” The images and 
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television commercials that accompanied the slogan over the years very rarely featured any food, 
instead depicting couples or families gathered together laughing or chatting. Such campaigns read-
ily convince consumers that they need and deserve a break in their hurried lives and demonstrate 
how processed products are a work-free means of achieving it. Time out can be spent alone or 
with friends; an advertisement for sweetened Oikos yoghurt shown during the 2012 US Superbowl 
depicted a woman knocking her partner unconscious so she could enjoy eating the sweet, rich prod-
uct by herself, while a multinational Coca-Cola campaign encouraged consumers to “Share a Coke 
with …” the person whose name was printed on the bottle. Through such meaning-filled slogans and 
images, the sensory reward from consuming foods/beverages high in sugars can be extended to the 
rewards of relaxation or social connection, inspiring memories of blissful moments of independent 
contemplation or conversation with friends, and respite from the stresses of the day.

Alternatively, sugary products have been marketed as helping consumers use their time more 
efficiently. Here, the meaning-making metaphors are those that evoke energy, fuel, and activity. In 
Australia, New Zealand, and South Africa, a Kellogg’s Nutri-Grain commercial urges consumers 
to “Fuel On” with the breakfast cereal; the same brand in the UK produces cereal bars and asserts 
that “Nutri-Grain helps take care of you so you can take care of everything” [see also Reference 17]. 
Similarly, the sports drink Lucozade “Replaces Lost Energy.” Calorie-dense foods are particularly 
targeted by marketers at people who consider themselves to have an active or busy lifestyle: a 
hallmark of the contemporary consumer-citizen. Such products can be consumed without the need 
for preparation, enabling consumers to live effortlessly effervescent lives without losing time in 
eating and drinking. This culture of fast food emerged in the USA in the 1930s [18] and developed 
iteratively with the snack foods that filled spaces between meals. Cool sugary drinks can be gulped, 
chocolate bars munched out of individual packages, and fast food obtained at a moment’s notice. 
Such food products are cheap vehicles for sugar that are targeted by the producers to provide a low-
cost energy boost to help consumers to focus and achieve a high level of daily activity; these prod-
ucts were initially developed in the USA, a nation that greatly values industriousness. With some 
products, companies have also created and filled the space between making time and saving time. 
The widespread Mars Bar slogan gives us the option to “Work, Rest and Play,” while “Bridge That 
Gap” is a registered trademark for Cadbury’s Snack in the UK.

Some sugary products have been developed that call on imagination and corporeal memory to 
transport consumers to another place. One can close one’s eyes and find “The Taste of Paradise,” 
the theme of a long-running television and cinema advertisement for the Bounty chocolate-covered 
coconut bar sold by Mars across the European Union. Mounds and Almond Joy, similar products 
marketed by Hershey’s in the USA, are advertised sitting prominently on a pristine white beach 
with coconut palms overhead accompanied by the slogan “Unwrap Paradise.” These products are 
not chosen by consumers for their sugar content. Rather they are chosen for the taste and experi-
ence they elicit, both of which are facilitated by sugar. Sugar hides in the background and serves 
to emphasize not only the flavor of coconut but also the imagined or remembered experience of a 
warm, sunny vacation. For those who prefer the comforts of the local, there are products that urge 
consumers to remember home-cooked cakes and cookies filled not only with sugar, but also with 
sweet love and affection. Appealing to this sense, Burger King launched the advertising campaign 
stating, “We Do It Like You’d Do It,” likening its food to backyard barbeques and home-style devo-
tion to cooking. The use of such imaginative geographies is also linked to cultural capital [19], to 
which we turn in the following section.

Fast foods, including sugary foods and drinks, are marketed as being associated with fun, hap-
piness, satiation/satisfaction, and positive experiences [20]. For instance, the Sara Lee brand slogan, 
“The Joy of Eating,” encourages consumers to remember, anticipate, and seek the pleasurable feeling 
that processed food consumption elicits. The lemon-lime drink Sprite emphasizes the importance 
of satiating the feeling of desire, urging consumers to “Obey Your Thirst” [21], while Seven-Up 
instead calls on the consumer to imagine what drinking it might feel like: “Now that’s refreshing.” 
Snickers’ series of advertising campaigns calls attention to the experience of consumption, from 
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hunger and anticipation to consumption and satiation: “Hungry? Why wait? Grab a Snickers!,” 
“Don’t let hunger happen to you,” and “Snickers Really Satisfies.” The psychological complexi-
ties of the use of sugary confectionery as a reward for behavior, a treat for special occasions or for 
celebrating key dates, and in memory and emotion, are reviewed by Albon [22]. The producers 
and marketers of these sugary products do not promote them on the basis of their sweetness; when 
sweetness abounds, how can any product gain distinction in the marketplace on the basis of sweet-
ness alone? Rather, sweetness is a given, and marketing translates sweetness into bodily and social 
experience, to the extent that even if a product has never been tried before, it is easy to imagine what 
eating it might feel like.

The importance of the intersection of the physiological effects of sugar and meaning-making 
around sugar-containing products can be examined through a comparison of sugar with nonsugar 
consumer goods. The most obvious of these, insofar as they deliberately and explicitly avoid the 
inclusion of sugar, are foods sweetened with noncaloric sweeteners. Such products fill the only niche 
of people’s lives that sugar cannot arguably fill: the health-related demand for sweetness-without-cal-
ories. Synthetic noncaloric sweeteners have been discovered or synthesized to fill this niche, although 
they do not adequately fill the place of experience and meaning. Sugar-free products such as Diet 
Coke use slogans such as “Just for the Taste of it” or “Just for the Fun of it.” In 2011, Diet Pepsi 
released a smaller-diameter package paired with the highly controversial slogan “Get the Skinny,” 
and the implied message that skinnier is better, at New York City’s Fall Fashion Week. Products 
containing calorie-free sweeteners frequently attempt to appeal to the rationally thinking dieting 
consumer who seeks the taste of sugar and the body shape that dieting—abstaining from sugar—is 
purported to bring. Notably, the slogans promoting such products frequently reduce their experiential 
dimensions to focus on qualities of physical appearance (lightness, slenderness), mimicry of sugar 
(taste without the calories), or the lifestyle that a slender body type is purported to bring (such as fun). 
They rarely evoke the social, sensory, and emotional experiences invoked in the marketing of their 
sugary equivalents. Sweet products without sugar are, at the same time, much harder to sell [23,24], 
possibly in part because the feeling that sugar gives when consumed in a product is more effective in 
the generation of experience, emotion, and meaning-making, than are noncaloric sweeteners.

SUGARS AND IDENTITY: CLEAR BRANDS, AMBIVALENT CONSUMPTION

Sugars tend to be hidden in the products that are consumed, and identity interlocks not with sugar 
itself but with the foods in which it is embedded, and, by extension, the ways in which sugary foods 
are packaged and marketed. As a key ingredient of fast food products that offer a “break”—that sug-
gest (or sell) a desired lifestyle—sugar is bound up with brands. Food brands, laden with taglines that 
offer readymade identities, encourage consumption practices that emphasize self-image, status, and 
peer group belonging. Food brand consciousness, which influences consumption of easily identifiable 
products, constitutes a barrier to healthy eating among teenagers insofar as those who do not par-
ticipate in branded food consumption risk social ostracism [25]. The selective incorporation of these 
products into the body then becomes a statement of social self-awareness. But food brands also have 
a strong bearing on identity beyond the context of teenage sociality. The iconicity of Coca-Cola, with 
its free market connotations, has played out differently in diverging political–economic contexts, 
highlighting the conflict between the brand’s self-promoted association with freedom, on the one 
hand, and its part in extending neoliberal ideology through globalization, on the other hand. Thus, 
while in the former East Germany Coca-Cola was associated with status consumption [26] as capi-
talism arrived at the end of the Cold War, in both Turkey [27,28] and Peru [29], local brands of cola 
were marketed as national alternatives to the US brand, as an aspect of resistance to globalization.

In advertising to international markets, the Coca-Cola Company has explicitly evoked the identity-
making qualities associated with sensory remembrance. For example, in three very different Coca-
Cola advertisements—directed at the Italian (Snowflakes (1999)), Moroccan (First Experience (1999)), 
and the global Muslim (Charity (1998)) markets—nostalgic images of children consuming the product 
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were used to situate the brand as bringing together past and present, connecting adults with their 
childhood selves and linking generations and communities through a shared, timeless taste. All three 
advertisements are featured on a Library of Congress web page which delineates the history of Coca-
Cola television advertisements through archival material. As portrayed on the web page, the shifting 
themes and styles of Coca-Cola advertisements reflect the cultural zeitgeist of their respective eras. 
Coca-Cola, then, becomes a stand-in for US cultural identity [30].

Yet, while sugary food brands may provide the clarity of copywritten messages, sugar-containing 
products remain ambivalent. Both desired and spurned, lavished and withheld, sugars occupy con-
flicted space in contemporary food terrains. Albon [22] suggests that sweets and confectionery are 
located at the intersection of food and “cultural artefact,” positioned outside the realms of nourish-
ment and meals but constituting an important category of consumption, especially for children to 
whom many products are advertised [22,31]. This is not an accident: in many industrialized coun-
tries, it was more advantageous for emerging food corporations to create a new market for processed 
foods rather than attempt to replace existing food practices and meals with new products [18]. Snack 
foods thus appropriated the spaces between meals, especially in countries such as the US [1], and 
could both “ruin” a person’s appetite for a meal or sustain a person between meals. At once acknowl-
edging the former and appealing to the latter, a long-running slogan of the Milky Way chocolate bar 
in Australia and the UK was “The sweet you can eat between meals without ruining your appetite.” 
The use of the slogan on television was the subject of a complaint by the Health Education Authority 
and antisugar lobbyists, who contended that it was unhealthy to encourage such snacking between 
meals. However, the Independent Television Commission which reviewed the case agreed with the 
producer, Mars, that the advertisements actually encouraged restrained eating.

Sugar-containing products are ambivalent in other ways as well. Rewarding children with sweets 
and limiting children’s sugar consumption are both considered acts of “good” parenting, depend-
ing on the context [22,32,33]. The provision and withholding of sugary foods are thus ambivalently 
linked with relational identities within families and peer groups. Psychological ambivalence may 
also facilitate the consumption of sugary and fatty foods [34] and contribute to obesity [35].

Sugar, a versatile, hidden substance, can be framed as “good” or “bad,” “natural” or “refined,” 
sought after or avoided: all in service of the sweet product being sold. According to Mintz [36], 
“‘New’ foods replace ‘old, outdated’ foods. ‘Pure’ foods replace what are called ‘impure’ foods. 
‘Science’ triumphs. Soon enough, of course, the old foods will reappear, in attractive, modern, and 
expensive packages, whereupon they will be touted as ‘natural.’ Thus the market triumphs again” 
(p. 10). Two examples illustrate the extreme flexibility in the marketing of sugar-containing prod-
ucts. Breyers’ (Unilever) iconic 1997 television commercial for the US market urges consumers 
to buy “taste, not technology,” by portraying a preschool-age child reading the brand’s vanilla ice 
cream ingredient list with ease: “milk, cream, sugar, and vanilla.” The ingredients are recogniz-
ably sourced from the natural world, and it is easy to overlook the industrial processes that are 
realistically used in the production of each ingredient, especially in sugar refining. The advertise-
ment appeals to consumers who are sceptical about comparatively unnatural industrially produced 
synthetic sweeteners, which once positively signaled advanced industrialization but are today also 
associated with corporate domination. Cane sugar, which is natural insofar as it is less associated 
with these scientific processes, appears relatively politically benign. By contrast, a 2013 UK fash-
ion magazine (InStyle) full-page advertisement for Diet Coke, which features a can glistening with 
beads of moisture and hovering weightlessly over blades of grass, states: “♥ No sugar. No calories.” 
According to the advertising, this product contains no naturally occurring impurities but rather is 
designed to give the consumer the body they desire. Both advertisements emphasize the simplicity 
of their products, while appealing to (albeit different) constructions of the “natural.”

Divergent messages about sugar, however, often appear within the same advertisement; indeed, 
the ambivalent status of sugar constitutes the core of many marketing campaigns for sugar- containing 
products. Sugar might be dangerous to health, but it is also a reward: a happy, sometime secre-
tive, indulgence. “Subversive” eating, as Albon [22] argues, is a central motivation for children’s 
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consumption of “bad for you” sugary foods. Sustained into adulthood, this sense of “subversive-
ness,” or “naughtiness” [33,37], is then exploited, and even promoted, in the marketing of sugary 
products. Thus, in a 2007 US television advertisement, Hershey’s informs viewers that a Reese’s 
Peanut Butter Cup is “the perfect three-way: milk chocolate, Reese’s peanut butter, and you,” to 
the sounds of Chromeo’s “Needy Girl,” inviting the consumer to partake in a clandestine assigna-
tion with their proxy-lovers, milk chocolate and peanut butter. And a recent (2013) US television 
advertisement for Pepperidge Farm’s Milano Cookies portrays a married upper-middle-class couple 
clandestinely binging on biscuits for emotional support, with the tagline “my yummy secret.”

CONCLUSION

As Mintz [1] demonstrated, the preference for sugar and sweetness is linked both to biological and 
social factors. In the UK, across recent centuries, sugars have grown “more important in people’s 
consciousness, in family budgets, and in the economic, social, and political life of the nation” (p. 167). 
The commercial world of food products on which we focus in this chapter, and to which sugar is a 
vital component, was only just emerging at the time Mintz produced Sweetness and Power. However, 
sweetness and power remain entangled, with sugary food products and corporate producers succeed-
ing sugar and governments. When Mintz wrote about sugar in 1985, he described the way in which it 
was produced by colonial powers and slave labor, and sold back to people as a new commodity. The 
process of meaning-making was situated in the space between producers and consumers. The locus 
of meaning-making around sugar and sweet foods has shifted in recent decades, with producers—no 
longer the government, but instead processors, packagers, distributors, and marketers—filling a wide 
range of products with both sugar and meaning. There is much less space for consumers to create 
meaning, other than through the consumption of specific brands. Now, sugar is not only spooned 
into tea, but is hidden in food during production, and its meaning is much less negotiated between 
consumers and producers, but more created through branding and labeling.
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Political Economies of Sugar
Views from a Former Sugarcane 
Industry

Marisa Wilson and Vishala Parmasad

KEY POINTS

• Part I: Questioning the neoliberal market in sugar
• International political economies of sugar are shaped by long-term power relations 

between former colonies and former colonizers. In line with other food regimes, inter-
national political economies of sugar are increasingly influenced by neoliberal dis-
courses of development.

• British colonialism and industrialized food led to mass appropriations of land, labor, 
knowledge, and lives from the colonies by planter-colonists and later multinational 
corporations (MNCs).

• The World Trade Organization’s (WTO) model of trade liberalization is based on an 
ahistorical, apolitical discourse of a uniform global market in which all states (and 
firms) compete on an equal playing field.

• Part II: Material and discursive shifts in West Indian sugar
• After colonialism, attempts to redress historical injustices in ex-sugar colonies resulted 

in preferential markets being established between Britain (and later the EU) and 
Commonwealth countries. Uneven trade liberalizations undermined these preferential 
markets but not others.

• The neoliberal discourse of competitiveness obscures the persistence of protected 
markets for sugar produced by sugarcane and beet farmers in wealthier countries. The 
power of sugar MNCs derived from the very protections the ex-colonies are now being 
denied.

• Farmers from former colonies must compete on the global market and the resulting 
price squeeze has led to the closure of sugar industries in some countries. The closure 
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of the Trinidadian sugar industry transformed local foodways as co-existing subsis-
tence agriculture was hindered.

• Part III: Case study of the sugar industry in Trinidad
• Trinidad was a British sugar colony to which African slaves (until 1838) and Indian 

indentured servants (1845–1917) were imported as labor. During the later years of 
colonialism, the sugar industry was consolidated under the MNC Tate & Lyle, which 
received preferential protection from Britain. After independence in 1962, the sugar 
industry was nationalized as the state-owned enterprise Caroni (1975) Ltd. Oil and gas 
laborers (predominantly Afro-Trinidadian) and sugarcane workers/farmers (predomi-
nantly Indo-Trinidadians) had been pitted against each other since the colonial period.

• International Monetary Fund-led restructuring of the “uncompetitive” Trinidadian 
sugar industry began in the 1980s, and minimal efforts were made to diversify away 
from sugarcane. In 2003, Caroni (1975) Ltd was closed down and its 9000 former 
employees were required to accept “Voluntary Separation [severance] Packages”.

• As the majority of Caroni (1975) Ltd’s lands were cultivated by independent small 
farmers, many lost their agricultural livelihoods. The restructuring of Caroni (1975) 
Ltd and closure of its last subsidiary in 2007 signaled the demise of agriculture in 
Trinidad since the company constituted the backbone of all its agricultural production. 
The voices of interviewed Indo-Trinidadian farmers confirm that the closure of the 
sugar industry in Trinidad was devastating for agricultural livelihoods.

INTRODUCTION

One important phenomenon is that the sugar workers has [sic.] almost a second economy. He earns his 
living out of the industry, but because he finishes work at nine o’clock in the day he goes home and 
almost starts a second industry, a kitchen garden or an animal farm or something like that …. There is 
a sugar culture and change—change must be made in the context of this culture. ([44]: p. 17–18).

After years of escalating debt and losses, in 2003 the Trinidadian sugarcane industry was deemed 
uncompetitive by neoliberal-leaning analysts and closed down. From as early as the 1980s, the 
International Monetary Fund (IMF) had made recommendations in its Country Reports for restruc-
turing Caroni (1975) Limited Company (Ltd), a state-owned sugar corporation and mill located on 
the island of Trinidad, the larger island of the two-island state, Trinidad and Tobago. The IMF’s 
recommendations were consistent with its Structural Adjustment Programs elsewhere* and closely 
adhered to by Trinidadian policymakers. By contrast, ex-workers and sharecrop sugarcane farm-
ers argued that the so-called “restructuring” of Caroni was actually a euphemism for its closure, 
a politically motivated attack on the lives of thousands of Trinidadians of Indian descent: “For a 
government to pursue a national policy in one area [oil and gas] … and to abandon it in others is to 
compromise the neutrality of the state” ([30]: p. 37). Underlying the issue of Caroni (1975) Ltd is 
a fundamental tension in Trinidadian society between industrial and agricultural models for devel-
opment, and between competing political interests of Trinidadians of African origin and those of 
Indian origin. The class and racially charged politics and economics of sugarcane in Trinidad and 
Tobago affected people and environments in very place-based ways, but the fate of the Trinidadian 
sugar industry is also tied to long-term “pathways of power” [56] that reach beyond the borders of 
the nation state.

This chapter seeks to reveal how international political economies of sugar in the past established 
pathways of power traceable to the present, if increasingly under the material and discursive influence 

* Such policies include privatization and deregulation, export-promotion to obtain foreign exchange, currency devaluation, 
cutting spending on social services such as healthcare and education, eliminating barriers to foreign multinationals and 
trade, decreasing wages and restricting credit, and raising interest rates.
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of neoliberal models for development. These “power geometries” [33,34] are present both within and 
between countries, though global institutions such as the IMF and the World Trade Organization 
(WTO) set the rules for global market entry which are often more amenable to countries of a more 
“developed” status [12]. The chapter illustrates continuities and changes in political economies and 
cultures of sugar, with a brief review of current research on international political economies of 
sugar (Part I), which we then relate to regional (Part II) and national/localized (Part III) political 
economies and cultures of sugar in the West Indies and Trinidad, respectively. By comparing inter-
connected scales of sugar production and consumption, we offer a more empirical view of the history, 
economics, and politics of sugar than more market-based accounts of sugar’s political economy.

QUESTIONING THE NEOLIBERAL MARKET IN SUGAR

Richardson* has conducted what is perhaps the most comprehensive research on the international 
political economy of sugar [46–49]. He explains uneven pathways of power that underpin the sugar 
industry by drawing from an older Marxist literature on food regimes developed by sociologists 
Friedmann and McMichael.† Like geographers Drummond and Marston [14], Richardson uses the 
theory of food regimes to argue that the international political economy of sugar has shifted from 
a colonial regime, characterized by mercantilist protections, to a postwar national regime, which 
prioritized national food security in the USA and Europe (and India, Japan, and China), to the pres-
ent corporate regime, which favors transnational firms like Tate & Lyle‡ (see Box 2.1). In line with 
geographers of “neoliberalization,”§ Richardson ([45]: p. 4) argues against an inevitable or uniform 
neoliberal globalization of sugar, claiming that elements of all three regimes (and their social and 
environmental counterparts) continue to shape present political economies of sugar:

While the objective of liberalization was entrenched [in recent international negotiations on sugar, 
see below] various provisions were made for specific types of protectionism, meaning vestiges of the 
national regime, and within this legacies of the colonial regime, could still be seen. ([45]: p. 91)

* Ben Richardson is an assistant professor in International Political Economy at the University of Warwick.
† See References 17–21, 36, and 53. For an alternative perspective on sugar and food regimes, particularly in relation to 

affluent cultures of consumption, see [15].
‡ Formed in 1921, Tate & Lyle is a British-based multinational corporation that specialized in sugar refining until 2010, 

when it diversified to sweeteners and other markets. Tate & Lyle owned the sugar industry in Trinidad and Tobago until 
1975, when it was nationalized.

§ See References 5, 9–11, 26, 31, 32, and 42.

BOX 2.1 THE THREE FOOD REGIMES AND 
EXAMPLES ([45]: P. 64; OUR TABLE)

Colonial regime The Commonwealth Sugar Agreement (1951) established preferential trade relations 
between Britain and its sugar colonies and ex-colonies

The US Sugar Act (1764) was originally established between Britain and her US colonies 
for trade in molasses and raw sugar. The act later established colonial-like trade relations 
between the USA and Cuba, the Philippines, Mexico, and other countries

National regimes Britain: 1925 subsidies for beet growers, 1936 subsidies for processors of sugar beet 
through the British Growers Association

United States: 1934 Jones-Costigan Act controlled imports of sugarcane and regulated 
prices and supports for US farmers

India: 1932 Sugar Industry Protection Act established national protections (through 
guaranteed prices and quotas) for sugar processors

Corporate regime See Box 2.2
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The present international political economy of sugar has various precedents, and there is a 
broad literature that addresses its uneven and brutal history (i.e., [1–3,22,38]; for a full review, 
see [45]: p. 6–10). Our present concern is to trace long-term pathways of power that perpetuate 
certain kinds of political economic formations over others, affecting places like the West Indies 
and, more specifically, Trinidad and Tobago, in particular. As Mintz [38,39] has shown (and as 
further elaborated by Ulijaszek, this volume), the successful path towards British industrializa-
tion was partly sustained through the production of working-class foods with high sugar content 
such as marmalade. Industrial food production in Britain led to the mass appropriation of land, 
labor, knowledge, and often lives from the colonies, first by planter-colonists and later by mul-
tinational corporations (MNCs) such as Tate & Lyle. A counterpart to export crops produced as 
monocultures was the transformation of local foodways, as the “merchant-planter elite” ([14]: 
p. 133) and, later, MNCs “suppress[ed] particularities of time and place in both agriculture and 
diets” ([19]: p. 379).

These long-term pathways of power partially explain why islands like Trinidad, which had long 
produced sugarcane for export (along with some subsistence farming carried out by what Mintz 
calls “reconstituted peasants”; [37]), had trouble diversifying their agricultural economies after the 
restructuring/closure of Caroni.* As we shall see later in this chapter, the sugar industry in Trinidad 
was embedded in complex and powerful national and international networks which, after the demise 
of the industry, continued the trend towards land appropriation and industrialization, hindering 
alternative forms of agriculture that had emerged alongside large-scale sugarcane production.

CoexistenCe of neoliberalism and ProteCtionism in the international 
PolitiCal eConomy of sugar

In the twentieth century, the international landscape of sugar (including both sugarcane and sugar 
beet) was characterized by not one but three interconnected markets, which roughly correspond to 
the three regimes outlined in Box 2.1. The first two were established on a preferential basis, whereas 
the third was the so-called “world” market. The latter was (and is) what Drummond and Marston 
([14]: p. 88) call a “thin” market, largely comprised of cheap leftover sugar that escaped the other 
two protected markets. At present, one of these two protected markets (corresponding to the US/ EU 
national regime) continues to boost the incomes of farmers and sugar processors in the USA and 
the European Union. The other protected market, which was geared toward the former colonies in 
African, Caribbean, and Pacific countries (ACP), was recently eliminated in the name of global 
liberalization (see Box 2.3). While wealthier countries and regions continue to benefit from protec-
tionism, newly liberalized ACP countries face an ongoing price squeeze driven by powerful MNCs 
such as those listed in Box 2.2, who often buy sugar at low prices in the global market to produce 
mass amounts of cheap industrial foodstuffs for that same market, boosting their countries’ gross 
domestic product in the process.

Thus, the protectionism that remains in the international political economy of sugar favors 
 public–private alliances that formed in the very countries that instituted the national regime in agri-
culture: the USA and the UK (and the other wealthy countries in the European Union such as France 
and Germany).† For instance, the 1992 Agreement on Agriculture‡ and subsequent international 

* Compare their plight to former sugar-beet farmers in the European Union (EU), many of whom were able to switch to 
other crops after recent reforms to the EU’s Common Agriculture Policy ([16]: p. 1).

† Industrial-state alliances are also forming for the production, refining, and manufacturing of sugar and their byproducts 
in non-Western countries such as Brazil, India, and Thailand, though often with supply chains linked to MNCs based in 
Europe or the USA. Other countries with significant sugar industries are China, Mexico, Pakistan, Colombia, Australia, 
and Indonesia.

‡ The Agreement on Agriculture was a treaty signed as part of the WTO Uruguay Round (1986–1994) of the General 
Agreement on Tariffs and Trade (GATT).
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agricultural trade policies include various loopholes that allow for continued tariffs on nonquota*  
imports of sugar into the USA, while permitting US food industries to import nonquota sugar duty-
free as long as they re-export their final products onto the world market ([45]: p. 87–91). A similar 
provision exists for sugar refiners in the European Union, who may import raw sugarcane duty-free 
as long as they re-export the refined sugar to non-EU markets (though this is not always profitable; 
see http://saveoursugar.eu/wp-content/uploads/2012/09/Myths-and-Misconceptions-26-July.pdf). 
During the WTO Doha Round negotiations of 2004–2005, such protections were further institu-
tionalized as sugar became listed as a “sensitive product,” exempt from tariff reductions ([45]: p. 
170–200). Moreover, through government procurement schemes [55], public bodies in places like 
the USA and UK determine a quota of sugar to be purchased at inflated prices from domestic sugar-
cane and/or beet producers (or ethanol producers)† to the detriment of most nondomestic producers 
who must compete with “unnaturally” low prices on the global market.

Such policies not only lead to gluts in “the” global market for sugar and sugar-laden food prod-
ucts, depressing prices and providing cheap, obesogenic food for the world’s hungry, but also per-
petuate inequalities between sugarcane farmers in poorer countries and beet and cane farmers in 
wealthier countries. National (or, in the case of the European Union, regional) protections such as 
government procurement, tariffs, and subsidized quotas persist because of powerful ties between 
private cane and beet farmers and corporations and their public representatives, public–private 
alliances that formed in some places and not others. The US sugar industry, for example, donates 
more money to US presidential campaigns than the entire US agricultural sector ([45]: p. 132–3). 
Such “state-market condominiums” [51,52] did not emerge in the former colonial world, where 
sugarcane “farmers” were actually laborers working for capitalist interests generated from without 
(assisted by elites from within), and where the clientelistic politics of postcolonial nation-building 
was “disarticulated” from the interests of those working in the land [13]. In the rest of this chapter, 
we will argue with a regional and national case study that the present neoliberal agenda for sugar 
conceals enduring protections in wealthy countries but also eclipses fundamental relations between 
land, labor, and capital (and, in the case of Trinidad, race), which were established during the time 
of colonialism. An ironic counterpart to the brutal history of Caribbean sugar, also concealed in 
neoliberal accounts, is sugar’s connection to rural lifeways and livelihoods.

* To meet the WTO obligations, the USA (and EU) must allow for the duty-free import of a minimum quantity (presently 
1.3 million tons) of raw sugar cane from about 40 countries who share this small quota. Under US law, the amount 
imported under this scheme (called tariff rate quotas) cannot exceed 15% of US demand in sugar; the rest (85%) is guar-
anteed at higher prices to US sugar producers. The scheme does not include sugar imported duty-free by US companies 
under the re-export policies referred to in this paragraph.

† Provisions for the production of ethanol from sugar beet or cane produced in the USA were made in an amendment to 
the 2008 Farm Bill and renewed in the 2013 Farm Bill. Called the Feedstock Flexibility Program, the policy covers the 
extra costs of producing ethanol from sugar (rather than from corn, which is cheaper) and provides tax credits for ethanol 
production ([45]: p.130).

BOX 2.2  EUROPEAN MNCs INVOLVED IN THE 
PRODUCTION AND/OR PROCESSING OF SUGAR [23]

Company Countries
Associated British Foods (UK) China, Malawi, Mali, Mozambique, Swaziland, South Africa, Tanzania, Zambia

Tereos (France) Mozambique, Brazil

Sudzucker (Germany) Mauritius

JL Vilgrain (France) Cameroon, Chad, Republic of the Congo

Tate & Lyle (UK) Egypt, Laos, Zimbabwe

AlcoGroup (Belgium) Brazil, Mauritius
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MATERIAL AND DISCURSIVE SHIFTS IN WEST INDIAN SUGAR: SITUATING 
TRINIDADIAN “DEVELOPMENT”

Neoliberal ideas of development underpinned by words like “competition” imply a kind of El 
Dorado, an “ideal and impossible vantage point of totally liberalized world economy” ([45]: p. 178). 
By contrast, and as indicated in the previous section, the current corporate sugar regime prioritizes 
MNCs and large industrial farmers from wealthy countries like the USA, the UK, Germany, and 
France (and MNCs from New Agricultural Countries like Brazil* and Thailand), at the expense 
of peoples and environments in many former sugarcane colonies. Recent transformations of sugar 
landscapes in the West Indies have accompanied ideological shifts in discussions of development 
and trade, as trade blocs like the Forum of the Caribbean Group of African, Caribbean and Pacific 
(ACP) States (CARIFORUM),† and countries like Trinidad and Tobago are drawn into the global 
race for the so-called sustainable economic development [6].

In this section, we explain how discourses of neoliberalization have altered the agenda for sugar 
in the West Indies, leading to the restructuring (Barbados, Jamaica, Guyana, Belize) and closure 
(Trinidad and Tobago, St. Kitts, and Nevis) of the sugar industry on individual islands. While the 
focus will ultimately center on recent debates about sugar in Trinidad leading up to and following 
the closure of the industry, we will begin with a brief overview of changes to the colonial regime 
between the European Union and the CARIFORUM. As we argue, official justifications for the 
gradual liberalization of trade eclipse historical and present-day inequalities that stem from the 
persistence of preferential markets in the EU and the USA and from the lasting political economic 
power of elites within former colonies such as Trinidad. New advocates of neoliberal “development” 
in the Caribbean also undermine alternative views of agriculture and socioeconomic well-being, 
which are given voice through ethnographic data presented in the final part of the chapter.

The modern counterpart of the colonial sugar regime emerged in 1951, when Britain and its 
major sugar colonies [i.e., Australia, British Guiana (now Guyana), Fiji, Mauritius, and South 
Africa] signed the Commonwealth Sugar Agreement (CSA). In 1958, a special provision called 
the Sugar Protocol was made for colonies and ex-colonies of what became known as the ACP, a 
grouping of the so-called underdeveloped Commonwealth countries that excluded Australia ([14]: 
p. 90). Like preferential markets between the USA and Cuba (that arguably had a similar colonial-
type relationship until 1959), the Sugar Protocol guaranteed a market for sugar produced in the 
West Indies and other regions in the ACP. Through tariffs on refined sugar (which continue to the 
present), it also boosted the refining capacity and capital accumulation of British corporations such 
as Tate & Lyle.

When Britain joined the European Community in 1973, the latter agreed to continue preferences 
instituted by the Sugar Protocol through the Lomé Convention of 1975, which included a special 
annex for the Protocol. The Lomé provided each country in the ACP quotas for duty-free access to 
the EU market along with development aid (through the Georgetown Agreement; see Box 2.3) until 
the late 1990s, when New Agricultural Countries such as Brazil began to complain to the WTO of 
“unfair competition” under the WTO’s “nondiscrimination” principle. Preferential trade in sugar 
continued through the Cotonou Agreement, which replaced the Lomé Convention and continued 
until December 2007, when the WTO waiver on preferences ended.

The colonial regime in sugar was replaced by a policy for the gradual liberalization of trade 
between the West Indies and the European Union. On 15 October 2008, the newly established 
CARIFORUM signed an Economic Partnership Agreement (EPA) with the EU, which not only 
eliminated preferential access to EU markets, but also mandated the gradual elimination of tar-
iffs and other protections on sugar produced and refined in the Caribbean over a period of 25 

* For a case study of sugar and uneven development in Brazil, see Reference 47.
† CARIFORUM is a group of 16 Caribbean states established in 1992 as a political forum for consultation on regional 

integration, cooperation, and trade (see http:/ / www. caricom. org/ jsp/ community_ organs/ cariforum/ cariforum_ main_ 
page. jsp? menu = cob, accessed 15 August 2013).
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years. Though this gradual time frame for liberalization is “unprecedented in any trade agreement” 
([6]: p. 11), the idea that trade between the West Indies and the EU will eventually be liberalized 
hinges on a particular spatial imaginary—a uniform, global market economy—which conceals the 
persistence of protected markets in the USA and the European Union.

In line with neoliberally minded analysts from the EU and elsewhere [40], Jamaican Richard 
Bernal (the Caribbean’s Executive Director of the Inter-American Development Bank) has argued 
that the West Indies needs to adopt a policy of “global repositioning” and that the EPA between 
CARIFORUM and the EU will enable a kind of “sustainable economic development” in line with 

BOX 2.3 TIMELINE OF SUGAR TRADE AGREEMENTS 
BETWEEN EUROPEAN AND ACP/CARIBBEAN COUNTRIES

Year Action Parties Description/Implications
1951 CSA UK and British West 

Indies, Australia, Fiji, 
East Africa, South 
Africa, Mauritius

Purchasing commitments established between the UK 
and ex-colonies

1975 Georgetown 
Agreement

Formation of the ACP Aid provided for development and poverty reduction in 
member states and greater integration into world 
economy

1975 Lomé 
Convention & 
Sugar Protocol

European Economic 
Community (EEC) 
and the ACP

Aid and trade enabled new forms of cooperation, 
especially with former British, Dutch, Belgian, and 
French colonies. Duty-free access for most ACP 
agricultural and mineral exports to enter the EEC. 
Preferential access based on quotas for products such 
as sugar and beef, in competition with EC agriculture. 
Committed the EEC to 3 billion in aid and investment 
in ACP countries. Sugar Protocol established as a 
separate annex for an “indefinite period”

1994 WTO 128 country 
signatories by end of 
1994

Agriculture entered multilateral trading system with 
nondiscrimination principle between countries. 
Weakening of pre-existing Lomé Convention

2000 Cotonou 
Agreement

EU and the ACP ACP fragmented into regional blocks with move 
towards free trade. ACP pushed for a longer 
implementation period for Cotonou before reciprocal 
trade liberalization

2001 Everything But 
Arms 
Agreement

EU and Least 
Developed Countries 
(LDCs)

Duties abolished for quotas on all products for LDCs. 
Decreased ACP’s ability to construct unified 
negotiating position. Decreased EU’s ability to 
manage imports

2007 Unilateral 
Denunciation of 
Sugar Protocol

WTO’s Dispute 
Settlement 
Mechanism

Phrase “indefinite period” understood as a means of 
ending the protocol at a specified date. Sugar Protocol 
deemed incompatible with WTO commitments

2008 EPA EU and CARIFORUM 
(including the 
Dominican Republic, 
Haiti, Surinam)

Ended the Commonwealth/colonial dimension of the 
EU-Caribbean sugar trade. Replicated the terms of the 
Everything But Arms Agreement (duty-free, quota-free 
access to EU markets), but with no guarantees on 
prices or market share. Gradual liberalization of trade 
between CARIFORUM and the EU

Source: Richardson B, Richardson-Ngwenya P. Bulletin of Latin American Research. 2013; 32(3): 1–16.
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this outward focus. According to Bernal ([6]: p. 20, 7), the major obstacle to making the region 
globally competitive in sugar is psychological: “Why does the region take for granted that it can 
and will produce world class performers and indeed world champions in every field of sport and the 
creative arts but doubt that our entrepreneurs and workers cannot be internationally competitive?” 
His discourse of the Caribbean’s faulty collective psychology is consistent with the ahistorical and 
apolitical neoliberal model, which emphasizes current and future “competitiveness” rather than 
past injustices, starting from the assumption that all economies compete on an equal playing field. 
Such discourses reflect what Richardson and Ngwenya ([49]: p. 7) call an “inversion of meaning” 
from the previous sugar regime, which had emphasized the need to redress historical injustices by 
providing a guaranteed market for West Indian sugar. In the post-Cold War age, when rich countries 
no longer need to “buy allegiance” or quell “colonial guilt” with trade preferences ([24]: p. 59), the 
colonial regime is being replaced by a corporate neoliberal regime, which is, like any other eco-
nomic model, full of inconsistencies and gaps, exemplified by the kinds of protections described 
earlier. Historically a dumping ground for excess sugar that escaped preferential markets, the pres-
ent “global” market is still isolated from controlled sugar markets that persist in places like the US 
and the EU. Yet, it is in this market that the remaining West Indian sugar producers must (eventu-
ally) compete, along with MNCs like Tate & Lyle, whose present “competitiveness” was engendered 
by the very kinds of protections described above:* “Instead of firms responding to competition 
through adjustment, or paying the ultimate price in a Darwinian economic universe, they responded 
by shaping the terms of competition in their own favour” ([52]: p. 769).

While the IMF-led policy for restructuring the state-owned sugar company in Trinidad and 
Tobago was hailed by the World Bank as a neoliberal victory ([49]: p. 10), it led to drastic shifts (but 
also continuities) in long-established relations between land, labor, and capital in Trinidad. The big-
gest losers were sugarcane workers and sharecrop farmers, who lost their incomes and, at least in 
some cases, the land on which subsistence agriculture was once practiced. The biggest winners were 
political and economic elites in Trinidad, who capitalized on former Caroni lands: “There has been 
a marked tendency for workers and small farmers [in Trinidad] to experience difficulty in accessing 
stable jobs and land, whilst wealthy investors seem to effortlessly consume vast swaths of former 
sugar lands for golf courses and large hotel complexes” ([49]: p. 13).

Trinidadians who benefitted from the closure of the sugarcane industry were largely in favor of 
the EPA between the European Union and the West Indies, for many had established their wealth 
by importing cheap food manufactures from Britain and, later, the USA: “many state ministers and 
technocrats had more interest in gaining easy access for the region’s professional class to the EU 
and cheaper imports for its tourist businesses” ([49]: p. 8). Public–private alliances in Trinidad dif-
fer markedly from the “state-market condominiums” in the USA and the EU, however. For instead 
of political and financial ties between politicians and farmers/corporations (exemplified by the US 
sugar lobby), elites in Trinidad are empowered through externally oriented relations with MNCs like 
Nestlé and Czarnikow. Rather than relying on the “uncompetitive” (and now defunct) Trinidadian 
sugar industry, Czarnikow now imports cheap raw and refined sugar so that the food manufacturing 
industry in Trinidad may produce inexpensive soft drinks and other sugary products, contributing 
to unprecedented levels of obesity in the country.

SUGAR IN TRINIDAD

This final section seeks to provide a more nuanced and empirical understanding of the sugar indus-
try in Trinidad than dominant neoliberal discourses of global competitiveness, which ignore the 
social, ecological, and bodily effects of cheap sugar. Alternative economies of subsistence-level 

* Along with such protections are complex policy instruments like the WTO’s Agreement on Trade-Related Investment 
Measures (TRIMs) and its Agreement on Subsidies and Countervailing Measures (SCMs), which generally favor coun-
tries of a more “developed” status [54].
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agriculture, routes to political empowerment, and notions of autonomy are all drawn out from inter-
views with those most affected by the closure of Caroni (1975) Ltd: its previous sharecrop farmers. 
But before we introduce their perspective, it is important to provide a brief historical overview of 
the sugar industry in Trinidad.

historiCal baCkground

Unlike most other Caribbean sugar colonies, large-scale sugar production in Trinidad began only 
in the second half of the eighteenth century. Though a Spanish colony at that time, it was largely 
through the efforts of the French planters who settled there from the mid-1800s that sugarcane 
became Trinidad’s most important crop and, except for a few brief periods of rivalry with cocoa, 
its major export [8]. Sugar production increased after Spain ceded the colony to the British in 1797. 
Over the course of the nineteenth century, the number of sugarcane estates, companies, and fac-
tories consolidated from more than 200 estates and companies in 1807 to 50 by 1900, 8 by 1950, 
and only 4 in 1975 [43]. In 1937, Tate & Lyle purchased and incorporated two medium-sized sugar 
companies under a company named Caroni Limited. By 1962, Caroni Ltd had acquired most of the 
land under cane cultivation in Trinidad. Its landholdings extended to over 73,000 acres of land, and 
its milling operations processed nearly 90% of Trinidadian sugar.* In 1970, the Trinidad and Tobago 
government purchased 51% of the ordinary stock of Caroni Ltd (increasing to 100% by 1976) and 
began to consolidate smaller sugar production companies into what was to become the state-owned 
Caroni (1975) Ltd. From 1978 to 2003, Caroni (1975) Ltd was the major agricultural employer in 
Trinidad, controlling the largest area of agricultural lands.

Labor in the Trinidadian sugarcane industry had first been provided by slaves, whose emancipa-
tion in 1838 resulted in an acute labor shortage. To fill the gap, the British brought over 143,000 
Indians as indentured laborers to Trinidad in the period 1845–1917 [8]. Many ex-indentured Indians 
and their descendants settled in Trinidad on the margins of estates, though only a minority received 
lands promised in lieu of a return passage to India. Indian farmers and laborers were separated from 
the political mainstream by their rural location, differences in religion (being Hindus and Muslims), 
and language (most immigrants spoke Bhojpuri or another Indian language and only learned the 
local English dialect after years of residence). They continued to be marginalized in the postinden-
ture period [8].

The rise of the trade union movement from the 1920s provided an alternative route to representa-
tion for all workers in Trinidad, including sugar workers and cane farmers. Efforts to unify labor 
interests were undermined by the colonial authorities and local elites, whose economic interests 
and peaceful rule were threatened by the empowerment and political leverage of a united working 
class [35]. As opposed to the politics of Afro-Trinidadians, who were identified with the oil and gas 
industry, Indo-Trinidadian political interests were shaped around sugar and agriculture. Because the 
two unions were separated by occupation as well as race,† it was easy to pit one against the other. 
Social divisions became solidified as political divisions in the postindependence (1962) period, 
after the People’s National Movement came to the fore as the face of Afro-Trinidadian political 
representation.

Caroni (1975) ltd and livelihood PraCtiCes

Caroni (1975) Ltd was a major focal point around which the agricultural livelihoods of “reconsti-
tuted” Indo-Trinidadian peasants centered. Deep affective linkages to the company and to the land 

* Caroni Ltd (1972) Spotlight on Caroni Limited. Voice & Vision (Caribbean) Ltd.
† In the 1930s, two unions were established: the Oil Field Workers’ Trade Union, comprising the mainly African-

Trinidadian petroleum workers, and the All Trinidad Sugar Estates and Factories Workers’ Trade Union, comprising the 
mainly Indian-Trinidadian sugar workers and cane farmers.
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were consistently referenced in interviews conducted by Parmasad in 2013 and for the Caroni Sugar 
Museum and Heritage Site Project in 2010 and 2011. While these interviews described farming life 
as “hard,” many also illustrated attachments to the notion of self-sufficiency and autonomy:

Long-time [long ago], life was hard, and we didn’t have money …. I used to have to make clothes for the 
children out of flour-sack, but we had a garden out in the back and we could always pick something to 
eat even if we didn’t have any money … once you have garden to grow ting, you could survive.

Former sugarcane farmer (male), 80 years old

We start[ed] planting cane after we married … we start up with one acre we rent from his uncle who was 
renting from Caroni … we eh [didn’t] have no money, and as we plant and we get pay we used to save up 
five dollars, ten dollars … we work hard, we never had to take money from nobody, I learn sewing and 
used to sew in the evening by flambeaux [temporary kerosene torches in glass bottles] and then wake up 
in the morning to go in the caneland to plant or to weed and then in the evening is time for we own gar-
den … we had baigan [aubergine], ochro [okra], pumpkin, aloo [potato], dasheen, eddoes [both tubers, 
the former with edible leaves used to make callaloo, a thick vegetable soup] … whatever in season we 
used to have … and on a weekend I selling in the market whatever we eh eat out … and we had the rice 
box in the corner too … we was poor too bad, but we children never starve.

Former sugarcane farmer (male), 88 years old

As opposed to a view of the Trinidadian sugar industry as a purely export-driven enterprise, large-
scale sugarcane cultivation under Caroni (1975) Ltd had long facilitated subsistence farming for house-
holds and produce for local markets. Moreover, from the 1980s, Caroni (1975) Ltd diversified into the 
cultivation of citrus, rice, beef, and dairy farming, largely for domestic consumption. The company’s 
research station developed variations of anti-insecticides based on locally available raw materials and 
performed scientific research into potential varieties of crops that could be grown locally. Caroni 
(1975) Ltd also sold weedicides, fertilizers, and other agricultural necessities at subsidized prices, 
which farmers used for both sugarcane and subsistence production. Many sugarcane farmers had 
household gardens, where root and vegetable crops were grown for subsistence and additional income. 
Extensive rice cultivation also took place across the marshy lands of the agricultural belt.

Every house in the village used to grow rice and have a rice box to have the rice secure for the year … 
when you cut and beat the rice and bring it home, you used to have to dry it and keep it somewhere, and 
that was the rice box. And that used to stay for two years and three years and ting, when it well properly 
dry. And when you want to eat, or you want to sell a little bit, you had to dry it back, and mill it. They 
used to have a mill by the neighbour up the road … and then you sell it. … But then when Caroni closed 
down, the price of rice was too low, and the cost of labour too high, so people stop planting rice when 
they stopped planting cane.

Former sugarcane farmer (male), 58 years old

While Caroni (1975) Ltd did manage to diversify to a limited degree, large-scale plans for diver-
sification never materialized. Rather than emphasizing the multifunctional nature of the sugar 
industry in Trinidad, local discourses in the media and Parliament centered on the company’s over-
all unprofitability, in line with IMF reports that recommended privatization. A 1999 IMF Country 
Report noted that Caroni (1975) Ltd had “intractable problems” such as the “need to retrain or 
reduce a largely unmechanized workforce” that was paid more than cane farmers in other countries, 
such as Brazil.*

* IMF Staff Country Report No. 99/48, Trinidad and Tobago: Staff Report for the Article IV Consultation, IMF, 
Washington, DC; IMF Country Report No. 03/232, July 2003, Trinidad and Tobago: 2003; Article IV Consultation-Staff 
Report; Public Information Notice on the Executive Board Discussion; Statement by the Executive Director for Trinidad 
and Tobago.
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Rather than simply a restructuring exercise, however, the company’s closure was seen as a 
direct attack on the Indo-Trinidadian population and on the agricultural sector, in general. The 
closure of Caroni (1975) Ltd led to a deep sense of hurt and disenfranchisement on the part of 
Indo-Trinidadians.

There is more to it than the closure of Caroni. … This is a country where if you stick your finger in the 
ground, it will grow. We have been farmers for centuries …. Before the great oil came in 1907, what did 
this country rely on for its exports? It was all agriculture. All agriculture. We ate locally. Now … US 
$600 million worth of food is imported! ([4]: p. 1)

This sense of betrayal and victimization underlies specific grievances of the ex-Caroni employ-
ees, which continue to the present. Along with a number of disputes over the so-called Voluntary 
Separation [severance] Packages (VSEP; see Box 2.4), former sharecrop farmers and employees 
of Caroni (1975) Ltd complained that they received no share in the multi-million dollar financial 
aid package provided by the European Union for agricultural development. Controversy continues 
over whether the funds were allocated to be paid to cane farmers seeking to continue in agriculture 
following the closure of Caroni (1975) Ltd or for the government to disburse as it chooses. As of 

BOX 2.4 GRIEVANCES OF EX-CARONI EMPLOYEES

Lack of dialogue Government did not consult concerned parties or enter into any negotiations 
with union representatives before presenting Caroni (1975) Ltd employees 
with nonnegotiable conditions for their effective retrenchment

Lack of transparency to the 
proposed restructuring

Little or no information was made available to ex-employees or the public about 
potential future employment under the restructured Caroni companies

Reneging on financial promises 
by government-backed bodies

In 2003, the Agricultural Development Bank of Trinidad (ADB) and the Unit 
Trust Corporation (UTC, a mutual fund company affiliated with the Central 
Bank of Trinidad and Tobago) offered a “cane sweetener loan” to all former 
Caroni employees. Ex-employees were advised to invest their VSEP in a 
6-year investment scheme from the UTC’s Individual Retirement Unit Account 
(IRUA) and were guaranteed at least a doubling of their investments in 6 years 
if the fund continued earning at half the rate it was then earning (26.12%). The 
principal of the investment was immediately available to investors as a loan at 
8% per annum, minus a 2% management fee, and no loan instalments were to 
be paid until the investment doubled. Six years later, the investment had earned 
only 48%, of which the ADB took all, including dividend payout, blaming the 
global financial crisis. The ADB offered 0% for the entire 6 years. 
Ex-employees initially received a letter informing them they were in arrears 
for the principal and 8% interest on the “loans” they had received. After 
threatened legal action against the UTC and ADB, in October 2009 the 
workers’ debts to the ADB were cancelled as a result of an agreement between 
the UTC and the ADB [25,28]. No dividends were received by the workers

Lack of transparency in offers 
of agricultural lands

Obscurity in the number of land leases (through the VSEP) disbursed and made 
available, and reasons for this delay

Uncertainty and delay in receipt 
of pensions

The legal documents to ensure payment of pension benefits were only signed in 
2009, 6 years after the VSEP packages were received [50]

Unfair treatment in land 
distribution

Ex-employees who had received assurances of preferential treatment in receipt 
of lands continued to await leases for years, while residential and agricultural 
squatters on Caroni lands have been regularized

Unfair disbursement of EU 
funds

Farmers received no share in the multimillion dollar financial aid package made 
available by the EU to Trinidad and Tobago for agricultural development [29]
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the time of writing, the government has used a majority of the EU funds to set up massive farms of 
monocultures largely geared towards exports (e.g., hot peppers) [29].

The case study of sugar in Trinidad reveals a power-laden history with implications that are both 
country-specific and tied to past and present international political economies of sugar. The mul-
tiple functions of the sugar industry in Trinidad are eclipsed by neoliberal discourses that demand 
quantification of global competitiveness. Trinidad is but one example of the place-based, historical 
nature of sugar production, which must be considered for all countries that have produced and con-
tinue to produce sugar.

CONCLUSION

The closure Caroni (1975) Ltd exemplifies the ways in which dominant discourses of global 
competitiveness undermine more localized human and nonhuman relations, political economies, 
and ecologies that remain influential in the very places where the international political economy 
of sugar first took root. Accounts of sugar as either internationally “competitive” or “uncompeti-
tive” simplify complex political economic and historical relations, “establish[ing] some kinds of 
connection while denying others” ([30]: p. 237). As Jackson and Ward [27] argue, global frame-
works for the sugar industry eclipse socionatural formations that work at other scales, such as 
the national or the local. Present emphases on “getting the [WTO] rules right” ([45]: p. 119–22) 
conceal long-term state-market relations that have made some “globals” and “locals” more for-
midable than others [34]. The now-prevalent discourse of a single, uniform “world” market, per-
petuated by institutions such as the WTO, not only disregards persistent inequalities within and 
between countries, but overrides development alternatives that frame sugar as both multifunc-
tional and agricultural [42].

In this chapter, we have argued that neoliberal depictions of the Trinidadian sugar industry 
discount alternative polities and economies of food production that formed over time in Indo-
Trinidadian agricultural communities, ways of life that would change dramatically after the 
Trinidadian government decided to adopt an industrial development strategy based on oil and gas. 
Similar to the global textile industry [52], the main players in the international political economy 
of sugar continue to benefit from national protections, whilst taking advantage of transnational 
capitalist networks, some of which stem from the time of colonialism. In no other region in the 
world is this more true than the Caribbean, where the capitalist production of sugarcane estab-
lished associations between land, labor, capital, and race that continue to orient the region away 
from domestic agriculture despite ongoing efforts to diversify agricultural production, now in the 
name of food and nutrition security.
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Sugars in Beverages and 
Body Weight

France Bellisle

KEY POINTS

• There is considerable variability not only in conclusions about sugar-containing beverages 
and body weight, but also in study designs, definitions of outcome measures, and even 
definitions of sugar-containing beverages themselves. Establishing standards in this field 
of study might reduce the high level of discordance.

• Imposed, mandatory intake of extra calories in the form of sugar-sweetened beverages is 
likely to induce weight gain. This nonsurprising observation confirms that the capacity 
for compensation or adjustment for repeated administration of energy loads is limited, 
particularly for beverage energy. Overconsumption of energy, particularly, but not only in 
beverage form, should be prevented or discouraged.

• The significant adverse effects reported in susceptible individuals or persons with high 
intakes deserve further attention. While numerous healthy, normal weight individuals 
seem capable of integrating energy-containing beverages of various kinds into their daily 
diet, other persons are at risk. The recently reported interaction between genetic predispo-
sition and level of intake is a promising area for further investigation.
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• Consumption of sugar-sweetened beverages does not happen in isolation. A high intake 
of sugar-sweetened beverages might be a marker of a generally unhealthy lifestyle char-
acterized by a high-total-energy intake, a nutritionally poor diet, little exercise, smoking, 
among other risk factors. The importance of context should not be overlooked.

• If the energy intake from beverages is high, it could interfere with the body energy bal-
ance, facilitating chronic overconsumption and weight gain.

• Energy intake from beverages seems to induce little satiation: the intake of solid foods does 
not decrease when accompanied by the intake of energy-containing beverages. Energy 
from beverages induces less satiety than energy from solids, as assessed by postingestive 
hunger and satiety feelings, or by energy intake recorded at later eating occasions.

• Various hypotheses have been proposed to explain the satiety deficit of beverage energy: 
cognitive, sensory, metabolic, etc.

INTRODUCTION

In addition to the sugars ingested in solid foods, sugars are also present in many popular drinks. As 
with solids, sugars in beverages contribute to palatability, texture, mouth feel, and to energy content. 
Ingesting energy from beverages constitutes a relatively recent shift of dietary practice for mankind 
[1]. During the evolution of the human species, water remained the sole source of fluid for millennia 
(from 200,000 bc), in addition to maternal milk for infants [1]. Juice, wine, beer, and animals’ milk 
were introduced in the human diet from about 9000 to 4000 years BC. Herbal infusions, tea, coffee, 
to which the consumer can add varying amounts of sweetener, are more recent options. From the 
beginning of the twentieth century, sweet drinks were developed intensively by the food industry. 
Drinks that contribute energy to the diet (from sugars and/or other nutrients) have gained much 
popularity in recent years, in all parts of the world, where fruit, dairy, and other types of drinks have 
been consumed in increasing amounts by both children and adults [2].

Drinking is essential for survival. Fluid has to be ingested in order to compensate for the obliga-
tory fluid losses in urine, perspiration, and breathing. The daily losses in sedentary adults range 
from 1300 to 3450 mL [2,3]. If fluid intake does not match losses, then dehydration occurs. Acute 
dehydration, even modest (corresponding to 1–2% body weight loss), results in impaired cogni-
tion, moodiness, headaches, poor thermoregulation, reduced cardiovascular function, and impaired 
physical capacity [4]. Higher levels of dehydration can rapidly induce major physical and mental 
symptoms, potentially lethal [5].

A large proportion of daily fluid needs should be covered by drinking, and the rest by the water 
contained in solid foods [2]. While plain water could fulfil all fluid needs of healthy individuals, 
contributing no energy, most people select a variety of energy-containing beverages on a daily basis. 
Thus, beverage intake contributes not only to the body fluid homeostasis, but also to the energy bal-
ance, with potential consequences on body weight control. According to the US “Beverage Guidance 
Panel” [3], all beverages combined should contribute at most 14% of the total caloric intake.

National surveys reveal that drinks supply around 10% of the total daily energy in the diet of 
adults in France [6] and 18% in Great Britain [7]. In Americans, this proportion is about 21% [3]. 
Such figures suggest that energy intake from beverages might be problematic in some populations 
or individuals.

In recent decades, epidemiological evidence has raised the question of a potential role for 
energy-containing beverages in the global increase in obesity frequency. The major emphasis is on 
sugar-sweetened beverages and, particularly in the American context, on high-fructose corn syrup 
(HFCS)-sweetened beverages. Overweight and obesity in America have reached unprecedented 
peaks in recent years (66 and 33%, respectively, in 2005–2006) [8]. The steep rise in overweight 
and obesity in America paralleled the increase in consumption of sugar and particularly the rise in 
consumption of sweetened beverages from the late 1970s to the end of the century [9]. In 2009–
2010, American children and adults consumed over 151 kcal a day from sugar-containing beverages 
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[10]. These figures show a decrease from data reported in 1999–2000 (68 kcal in children and 
45 kcal in adults) and reflect a reduced soda and fruit drink consumption, marginally compensated 
by increases in sports and energy drinks and sweetened tea and coffee [10]. Similarly, increases in 
sugar-sweetened beverage consumption have paralleled increase in overweight and obesity rates in 
other countries, for example, Great Britain [7] and Mexico [11].

In addition to obesity, intake of sweetened beverages has been associated with increased risk of 
type 2 diabetes [8,12], metabolic syndrome [8], hypertriglyceridemia [13,14], coronary heart disease 
[15,16], high blood pressure [17], ovarian dysfunction [18], and dental erosion [19] as reviewed in 
more detail in later chapters. A recent editorial of the scientific journal Public Health Nutrition 
presented soft drinks as the dietary version of the cigarette [20]. This view, however, is not uni-
versally accepted and many experts question the role of sugar-sweetened beverages in weight and 
health issues [21]. This chapter will briefly review the vast literature published in this area and focus 
mainly on the energy regulation/body weight control literature.

SUGAR-CONTAINING BEVERAGES

Sugar-containing beverages are a subset of the many energy-containing drinks available to consum-
ers. Some bring only energy from sugars (sweetened tea and coffee, fruit juices, soft drinks) and 
their energy content is determined by the amount of natural or added sugar. Other beverages contain 
protein, fat, or a combination of nutrients whose concentration determines the final composition and 
energy content. Other energy-providing beverages are alcoholic drinks (beer, wine, cider, liquor) 
that also can contribute a substantial amount to the daily energy load. The present chapter will con-
centrate on nonalcoholic beverages that are marketed with sugar.

Juice is the liquid part that can be extracted from plants, often from fruits. Presently, juices are 
available in various forms. In certain parts of the world, for example, in Europe, regulatory texts 
define pure juices, juices made from concentrates, and nectars, all of which contain only fruit and 
water without added sugar [22]. Some juices are at times fortified with health additives such as 
calcium and vitamin. Fruit juices bring between 20 (tomato) and 70 kcal (grapes) per 100 mL. 
Beverages made of water, sugar, and fruit aromas are not legally referred to as “juices,” but simply 
as “fruit drinks.” Their energy load mainly depends on their sugar content.

Fizzy soft drink production started with the intention of making water safer, as the use of natu-
rally carbonated waters was intended to eliminate water-borne pathogens at the origin of diseases. 
Carbonation techniques developed and soda water was sold from the end of the eighteenth century 
[23]. Flavors were then added to carbonated water and effervescent drinks gained worldwide popu-
larity in the last century. In the early days, many carbonated beverages were marketed as “tonic” 
[24], particularly the “cola” products that contained coca, a stimulant plant from South America. 
One important ingredient in such products is the sweetening agent, generally sucrose, glucose or, in 
America, HFCS. These sugars bring 4 kcal/g and their concentration in soft drinks is about 10–15%.

ENERGY FROM BEVERAGES AND ENERGY BALANCE

During a meal, the intake of beverages, whether or not they contain energy, does not affect the intake 
of solid foods either under laboratory settings [25,26] or in free-living persons [27]. Actually, in free-
living conditions, beverages are rarely ingested without any food [6,27–30]. The intake of solid foods 
does not decrease when the meal is accompanied by an energy-yielding beverage (sugar-sweetened, 
milk, alcohol, or else) so that energy-containing beverages simply add their calories to those of the 
solid foods ingested in meals and snacks [27,31]. In addition, consumption of energy-yielding bever-
ages leads to similar reductions of experienced thirst as drinking water but does not reduce hunger 
[29]. These observations suggest that the intake of energy from beverages is poorly recognized by the 
body appetite/satiety systems (compared to energy ingested in solid form) and might therefore induce 
“passive overconsumption” of energy, facilitating weight gain on the long term.
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This clearly important dietary issue has stimulated a host of scientific investigations. The poten-
tially causal association between consumption of sugar-containing beverages and body adiposity 
has been extensively researched in subjects of all ages. The sugar-containing beverages consid-
ered in these studies include several types: fruit drinks, sodas, tea, coffee, plus local varieties. 
Methodologies, including definitions of factors and outcome measures, are extremely diverse and 
the results reported are largely discordant.

Cross-seCtional studies

Cross-sectional studies look at associations between aspects of diet or lifestyle and outcomes such 
as health and weight parameters at one point of time. They can, in no way, identify causal rela-
tionships and their usefulness in the present controversy has been questioned [32]. In children 
and adults, some cross-sectional studies have reported positive associations between body adipos-
ity measures and intake of sugar-containing beverages (e.g., [13,33–37]). In contrast, some did 
not find any significant relationship between these variables (e.g., [38–42]). Among others, the 
national CSFII and NHANES studies, that collected data in 38,409 American adults from 1989 to 
2002, observed that the risk of obesity increased with many factors (age, sex, television watching 
time, fat intake) but not with the intake of sugar-containing beverages [43]. Finally, other studies 
reported ambiguous findings, with significant associations found only in age, sex, or socioeco-
nomic subgroups [44,45].

ProsPeCtive Cohort studies

In prospective cohort studies, participants are followed over a number of years and associations 
are examined between certain aspects of diet or lifestyle and changes in outcomes of interest, for 
example, body weight or risk of becoming obese. Numerous prospective cohort studies of the asso-
ciation between consumption of sugar-containing beverages and body adiposity have been carried 
out. They vary broadly in their methods and yield inconsistent results.

Studies ranging from a few weeks to a few years reported that the intake of sugar-added 
beverages was associated with total energy intake and/or weight gain in children [46–50]. Large 
cohort studies in American adults have established that a high intake of sugar-sweetened bever-
ages is associated with an increased risk of weight gain [51], coronary heart disease [52], and type 
2 diabetes [8]. Among others, the American Nurses’ Study (91,249 women) reported a positive 
association between intake of sugar-sweetened drinks and both an increase in body weight and 
incidence of type 2 diabetes [53]. At the outset of this study, body mass index (BMI) was not 
different according to the level of daily intake of sodas. A larger increase in BMI over the years 
was reported in women whose consumption changed from below one soda per month to more 
than one a day but not in women with high but stable intake. Similarly, in a follow-up of Spanish 
adults, a positive association between intake of sugar drinks and body weight appeared only in 
subjects who had gained more than 3 kg in the previous 5 years, suggesting vulnerability in this 
group [54].

By contrast, no association was found between consumption of sugar-sweetened beverages and 
longitudinal changes in BMI in cohorts of children [55–57] and adults [58,59]. Ambiguous results 
were reported in cohorts of German [60] and Australian children and adolescents [15,61], with asso-
ciations appearing only in subgroups of the population.

The relationship between consumption of sugar-containing beverages and body weight might 
be modulated by genetic factors. A “genetic-predisposition score” was computed on the basis of 
32 BMI-associated genetic variants in participants of large-scale prospective cohort studies [62]. 
Both the increases in BMI over time and the risk of incident obesity associated with various levels 
of genetic predisposition (per increment of 10 risk alleles) were higher in participants with higher 
intake of sugar-sweetened beverages.
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interventions and randomized Control trials

Interventions and randomized controlled trials (RCTs) have been conducted to investigate the 
impact of ingesting sugar-containing drinks on weight outcomes. Generally such studies aim at 
reducing consumption of sugary drinks in children and adults, but a few studies have also looked at 
the effects of experimentally induced increases in intake. In a school-based intervention conducted 
among British children aiming at reducing the intake of sodas [63,64], a decrease in the risk of 
overweight was observed after 1 year but was not confirmed at the 3-year follow-up. In American 
teenagers with a daily intake of sugar-containing beverages reaching at least 360 mL, energy-free 
beverages were supplied for 25 weeks. In the total group of participants, this strategy did not 
induce any change in body weight; however, a significant decrease in BMI was reported in obese 
subjects (BMI >30 kg/m²) [65]. In American overweight or obese adolescents with a regular con-
sumption of sugar-sweetened beverages, an intervention decreased reported consumption down 
to nearly 0 after 1 year and induced a reduced intake in the next year of follow-up, compared to 
intake in the control group [66]. In spite of these changes in intake, BMI did not differ between the 
intervention and control groups at the end of follow-up. Once again, a significant between-group 
difference in the change in BMI at 1 year was reported only in a subgroup of subjects (participants 
of Hispanic origin).

Some experimental studies examined the effects of imposed ingestion of sugar-containing foods 
or beverages. When participants were required to drink 1150 g of sugar-containing soda (530 kcal) 
per day for 3 weeks, a weight gain of almost 1 kg was observed in women, but not in men [67]. By 
contrast, no significant weight changes were observed in normal weight or obese women following 
4 weeks of imposed daily intake of sugar beverages (430 kcal/day) [68,69] or in postmenopausal 
women following 1 year of imposed daily intake of 150–250 kcal/day in the form of calcium-for-
tified energy-containing drinks [70]. In overweight adults, the free delivery of sugar-containing 
foods and drinks for 10 weeks led to an increase in body weight and body fat mass [71]. Much 
of the increase in energy intake in this study was due to the sugar-containing beverages. During 
an 18-month trial, normal weight children (4–12 years of age) were randomly assigned to receive 
and consume 250 mL/day of either a sugar-containing beverage or a similar artificially sweetened 
beverage [72]. Attrition was high (26%). Weight, body fat mass, and waist-to-hip ratio increased 
significantly less in the sugar-free group than in the sugar-beverage group, suggesting that the extra 
calories brought by the sugar beverage (104 kcal) were not compensated for by adjusting intake of 
other energy sources.

systematiC reviews and meta-analyses

The results of cross-sectional and longitudinal observations, as well as those of interventions and 
RCTs are clearly inconsistent, in children and adults. Systematic reviews and meta-analyses have 
been published in order to make sense of this inconclusive literature [32,73–82]. Each of these 
review papers selected a subset of the literature in order to answer specific questions of interest. 
Their selection criteria could specify a minimal duration of follow-up, the type of experimental 
design, the variables reported, or the type of control for confounders. As could be expected, sys-
tematic reviews and meta-analyses also reached discordant conclusions depending on the subset of 
studies included. For Forshee et al. [74], the association is close to zero, while Olsen and Heitmann 
[78] view the association as “possible.”

A recent systematic review and meta-analysis including only RCTs and prospective cohort stud-
ies examined the body weight effects associated with sugar consumption in children and adults [80]. 
Among the 30 RCT (minimum of 2-week duration) and 38 cohort studies (minimum of 1-year dura-
tion) considered in this work, a majority focused mainly or exclusively on sugar consumed through 
beverages. RCTs in adults showed that experimentally decreasing or increasing sugar intake led 
to changes in body weight consistent with the induced changes in energy intake. A quantitative 
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meta-analysis based on five cohort studies showed a significantly increased risk of being overweight 
in children with at least one serving a day versus children with no or very little intake of sugar-
sweetened beverages (odds ratio 1.55; 95% CI 1.32–1.82). This particular article sheds light on 
some potential reasons for the cacophony observed in the relevant literature. The large differences 
in methodologies clearly make convergent results difficult to obtain. It is noteworthy, however, that 
many of the studies reported only partly positive results, applying to subsets of the populations or 
particular conditions but not others: discordant results do not only appear between different studies 
using different methods, but also within studies applying a consistent protocol. When measurable 
changes (increases or decreases) in sugar intake were obtained via experimental interventions, the 
changes in body weight that resulted were entirely consistent with an energy balance hypothesis: 
sugar in beverages affected weight in direct relation to its energy content. Nonetheless, decreases in 
sugar intake were difficult to obtain especially in children in whom compliance was poor. In spite 
of a generally positive association between intake of sugar and weight, the meta-regression of RCTs 
conducted in adults showed no evidence of a dose–response association between sugar intake and 
body weight. A consistent effect in cohorts appeared mainly when comparing groups with the high-
est intakes of sugars versus those with the lowest intakes.

ENERGY FROM DRINKS AND BODY WEIGHT: THE “SATIETY 
DEFICIT HYPOTHESIS”

Why should energy ingested in beverages raise a specific threat for body weight control? One 
hypothesis posits that the energy load of beverages (from sugar or other nutrients) might exert less 
satiating power than the energy obtained from solid foods, thereby facilitating overconsumption 
[83]. Two aspects of the satiating power are classically discriminated in experimental designs: satia-
tion (inhibition of eating that occurs during one ingestive event) and satiety (inhibition of further 
eating following the end of one ingestive event).

satiation studies

Experimental protocols carried out under laboratory conditions have addressed the satiating potency 
of beverages versus solid sources of energy within one eating event. Table 3.1 lists a number of 
experimental studies directly comparing solid foods and beverages, with brief descriptions of their 
design and results. Overall, this literature suggests that energy ingested at meal time from beverages 
contributes less to satiation than comparable energy loads from solids [84–87].

satiety studies

Satiety studies using the preload and supplementation paradigms were conducted to examine vari-
ous aspects of postmeal satiety. One important aspect of preload studies is the demonstration of 
compensation or adjustment in the subsequent ingestive episodes for the energy consumed in the 
preload: do beverage preloads induce equal compensation for their energy value as do solid foods? 
In this field, a rare occurrence in nutrition research, the experimental results are largely consistent 
in spite of differences in protocols. Table 3.2 presents a number of influential reports directly com-
paring beverages and solid foods. The overwhelming conclusion is: solid foods have higher satiety 
potency than beverages, whether the difference is expressed in terms of experienced satiety, com-
pensatory reductions of intake at later eating occasions, or total daily intake [88–97].

A few discordant reports exist. Soda and cookies suppressed hunger equally during the interval 
between a 300 kcal load and lunch [98]. Drinking yoghurts (regular or fiber-enriched) induced 
higher satiety sensations and more adequate compensation at the next meal than solid foods such 
as bananas or crackers, suggesting moderating effect of nutrient content [99]. Numerous reports 
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exist in the literature about successful weight loss associated with the intake of liquid meal replac-
ers [100]. These products are sugar solutions supplemented with protein, fiber, and micronutrients. 
No major problem with satiety or hunger has been reported with such diets. It might be that liquid 
sources of energy can exert a satisfactory satiety effect when used as a major source of energy in 
replacement of solid meals, particularly in motivated dieters. This hypothesis remains to be con-
firmed by further investigation. Whatever the outcome of this research, however, direct comparison 
studies have established that the satiating potency of liquid meal replacers is lower than that of 
equivalent solid meal replacement products, which induce lower ratings of hunger and desire to eat 
and lower insulin and ghrelin levels in the postingestive hours [101,102].

ComParison of nutrients ingested in beverage form

It has been proposed that the macronutrients, such as protein, CHO, and fat, might exert different 
satiety effects when they are ingested in beverages, as they do when ingested in solid foods [103]. 
More precisely, it has been hypothesized that humans may lack a physiological mechanism for 
adequately processing CHO or alcoholic calories in beverages because only breast milk and water 
were available while Homo Sapiens evolved between 100,000 and 200,000 years ago [1].

The role of nutrient composition on the satiety effects of beverages has been examined. Greater 
satiety was experienced following breakfast served with a glass of milk than after the same break-
fast served with an isocaloric fruit drink [104]. Increasing the protein content of beverages enhanced 
experienced satiety and/or decreased intake at a meal presented 30–120 min later [105–107]. Once 
again, contradictory observations exist: a glass of milk, a fruit juice, and a soda, either presented as 
a preload before a meal [108] or as a beverage ingested with a meal [25], produced identical effects 
on later hunger and intake. In a cross-over study, 300 kcal dietary challenges were administered 
in the form of solid and liquefied versions of identical foods high in protein, fat, or CHO [95]: for 
all macronutrients, beverages had lower satiety effects than solid foods but the results showed no 
evidence of macronutrient-related differences. While these data do not support the hypothesis of 
a specific deficit in satiety for CHO in beverage form, they do suggest that increasing the protein 
content might improve the generally low satiating value of beverages.

TABLE 3.1
Beverages versus Solids: Comparisons of Immediate Satiation Effects Measured under 
Laboratory Conditions

Reference Design Observations

Lavin et al. [86] Three 60 kcal sugar-containing 
stimuli: a pastille (chewed for 
10 min), a gel (eaten in 5 min), 
a beverage (drunk in 2 min), 
consumed 5 min before lunch

No difference in hunger and satiation ratings
Lower energy intake at meal following pastille than 
beverage

De Wijk et al. [84] Chocolate-flavored dairy drink 
versus semisolid food, sipped 
through a straw

Crossover

47% more liquid needed to reach satiation. After 
standardization of sipping effort and oral processing, same 
amount of both products produce same satiation

Zijlstra et al. [87] Chocolate-flavored milk-based 
liquid, semiliquid, or semisolid

Higher intake of liquid needed to reach satiation than 
semiliquid (14%) and semisolid (30%). Standardizing 
eating rate decreased differences. Viscosity crucial factor

Flood-Obaggy and 
Rolls [85]

Apple juice, versus apple sauce 
versus apple; 125 kcal preloads 
consumed 15 min before lunch

Apple decreased meal intake more than juice and sauce
Fullness ratings: apple larger than sauce larger than juice
Adequate energy compensation after all preloads
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TABLE 3.2
Satiety Effects after Solid versus Beverage Preloads

Reference Design Observations

Bolton et al. [89] Grape and orange juices versus grapes 
and oranges

Satiety ratings higher after solid foods
Intake not measured

Tournier and 
Louis-Sylvestre 
[97]

Tomato juice or soup versus tomato 
juice or soup plus gelatin at lunch 

Test meal after 4 h delay

Higher daily intake after beverage preload on the 
same day

Hulshof et al. [93] Liquid formula versus formula plus gum
Test meal after 3.5 h delay
Three energy levels: 100, 400, and 
800 kcal

Satiety ratings higher for solid
No difference in energy intake on same day
No difference in energy intake on the next day

Haber et al. [91] Apple juice versus apple puree
No test meal

Satiety ratings higher after solid preload
Intake not measured

DiMeglio and 
Mattes [90]

Forced intake of soda or jelly beans 
through the day; 450 kcal/day; 4 weeks

Crossover design

No change in motivational ratings
Energy intake lower in solid than liquid weeks. 
Energy compensation 118% for solids versus −17% 
for beverage

Spontaneous time of intake was different for liquids 
and solids

Almiron-Roig et al. 
[98]

Soda versus cookies, 300 kcal
Delay: 20 or 120 min

No difference in satiety between solid and liquid 
preload. Soda but not cookies decreased thirst 
sensations. Lower energy intake at lunch when preload 
was ingested 20 min before meal versus 120 min

Mourao et al. [122] Liquid versus solid sources of CHO, 
protein, and fat eaten with lunch. 
Crossover

Daily intake higher on days beverages were ingested
No effect on appetite ratings
Duration of postlunch satiety not different
Little difference between lean and obese subjects

Mattes [95] Crossover dietary challenge at lunch: 
300 kcal solid, liquid (soup), or 
beverage form

High CHO, protein, or fat

Soups and solid foods affected appetite ratings equally
Beverage (apple juice) had lowest effects on ratings
Daily energy intake lowest after soup, highest after 
beverage

Almiron-Roig et al. 
[99]

Four 111 kcal preloads: drinking 
yoghurt, fiber-enriched drinking 
yoghurt, crackers, banana, versus 
isometric volume of water

Delay: 60 min

Yoghurts and banana produced higher satiety scores 
than crackers. Adequate compensation at meal for 
yoghurts, lower compensation for banana and 
crackers

Mattes and 
Campbell [96]

Crossover, 300 kcal loads of solid 
(apple), semisolid (apple sauce), and 
beverage (apple juice) either with a 
meal or as a snack

Beverage elicited weakest effect on appetite ratings
Interval to next meal was shortest after beverage
No difference on daily energy intake

Apolzan et al. [88] Nutritional supplement in liquid or solid 
form

4 h follow-up

Fullness ratings higher with solid
No difference in food intake
Postingestive glucose, insulin, and CCK higher with 
solid

Houchins et al. [92] Forced intake of energy matched 
beverages versus solid form fruit and 
vegetables

400–550 kcal/day
Crossover, 8 weeks

Beverage elicited 53% energy compensation
Solid elicited 78% energy compensation
Lower compensation in obese than normal weight 
subjects

Body weight increased in obese during beverage and 
solid phases

Body weight increased in normal weight subjects 
during beverage phase only
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PhysiCal Phase as a CritiCal faCtor of satiety and ComPensation

A recently published systematic review of the very heterogeneous literature on energy compensa-
tion [109] examined the impact of factors that can affect the ultimate level of compensation for 
ingested energy. Forty-eight controlled laboratory studies were included, from which data were 
extracted for 253 interventions. This review confirmed the significant influence of two key vari-
ables: time delay between preload and test meal and physical form of the preload. Completeness of 
compensation decreases with increasing intermeal interval time (very poor compensation beyond 
120 min), and liquid state of the preload induces significantly less compensation than preloads in 
solid form. The median energy compensation for liquids is 43%, while it reaches 83% for solids. 
Overall, this review confirms the reported weak satiating effects of beverages and the inadequate 
compensation for their energy content.

THE SATIETY DEFICIT: SOME EXPLANATORY MECHANISMS

A variety of mechanisms have been suggested to explain the satiety deficit observed following the 
intake of energy in beverage form.

Cognitive influenCes (attention, memory, PerCePtion, and learned attitudes)

In everyday life, consumers have expectations about the satiation/satiety that is likely to develop after 
consuming particular foods. The notion of “expected satiety” has been proposed in recent reports 
[110] and evidence suggests that expected satiety might be lower for liquids. Adult subjects partici-
pated in a cross-over study in which liquid and solid preloads were ingested 4 h before a test meal 
[111]. Through cognitive manipulation, the participants were led to believe that the preloads would be 
either liquid or solid not only in the mouth, but also in the stomach after being ingested. Oral liquid 
preloads and preloads expected to be liquid in the stomach elicited greater hunger and lower fullness, 
more rapid gastric-emptying and oro-cecal transit times, lower insulin and GLP-1 release, and lower 

TABLE 3.2
Satiety Effects after Solid versus Beverage Preloads

Reference Design Observations

Leidy et al. [94] Liquid versus solid meal
Elderly subjects (over 72 years)
4 h follow-up

Hunger and desire to eat were higher after beverage 
than solid

Fullness was higher after solid than beverage

Martens et al. [123] Chicken breast plus water (15% daily 
energy) 

Solid or liquefied
3 h follow-up

Solid protein suppressed hunger and desire to eat more 
than liquid protein

Martens et al. [112] Peaches and water
Solid or liquefied

No difference in postingestive sensations after liquid 
or solid CHO

Cassady et al. [111] Liquid and solid preloads expected to 
turn either liquid or solid in the stomach

Test meal after 4 h delay

Liquid preloads (oral and/or gastric) induced higher 
hunger, lower fullness, more rapid gastric emptying 
and oro-cecal transit, lower insulin and GLP-1, lower 
ghrelin suppression, and higher intake

Akhavan et al. 
[124]

Liquid versus solid preloads of gelatin, 
sucrose and whey protein

1 h follow-up
Cross-over

No difference in hunger or food intake following 
liquid versus solid sugar preloads. Solid whey protein 
and gelatin induced greater experienced satiety than 
liquid forms. Solid and liquid whey protein equally 
suppressed intake at test meal
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ghrelin suppression than did oral solid preloads and preloads expected to be solid in the stomach. 
Subsequent energy intake at the test meal was higher following preloads expected to be liquid in the 
stomach. Over the remainder of the test days, the preloads expected to turn liquid in the stomach 
were associated with 21.8% higher intake than were the preloads expected to be solid in the stomach.

The attention paid to foods during eating is higher than that paid to beverages for many reasons. 
Visual cues are minimized with beverages, whereas they are important guides of behavior when 
ingesting solid foods from a plate. The act of chewing and the various oro-sensory cues it produces 
are thought to be crucially involved in satiation and satiety [86]. A laboratory study confirmed this 
notion: a variety of liquid foods were either drunk (from glass) or eaten (served in bowl, eaten with 
spoon) and compared to equivalent solid foods, controlled for energy and nutrient content [112]. 
After “drinking” a food, most subjects (80%) wished to consume more of the same food in order to 
alleviate hunger and thirst. After “eating” an identical amount of the same liquid food, the propor-
tion was only 5%. This observation suggests that the act of drinking might generate insufficient cues 
(visual, olfactory, gustatory, or somesthetic) to support efficient satiety. In agreement with these 
notions, one liquid (or semisolid) food, soup, which is usually eaten from a bowl using a spoon, has 
been consistently shown to exert very strong satiating effects, at times stronger than solid foods, in 
sharp contrast with liquids ingested as beverages [95].

oral ProCessing time

The apparent satiety deficit of beverages versus solids might result from the difference in oral pro-
cessing time between liquids and solids. The rate of ingestion is indeed a powerful determinant of 
satiation affecting solid foods as well as liquid ones: eating quickly could facilitate overconsump-
tion [113,114]. One factor that can affect ingestion rate and satiation/satiety is beverage viscosity 
[84,87,115]. The viscosity of otherwise identical milkshakes was found inversely related to post-
prandial hunger ratings; however, it did not affect the subject-determined time interval until the next 
eating event, nor the total energy intake over 24 h [116].

Post-oral faCtors

It has been suggested that differences in digestive responses for solids and liquids might affect 
satiating power. In particular, responses of the “cephalic phase of digestion” might be critically dif-
ferent [111,113]. While solid foods trigger anticipatory secretion of pancreatic polypeptide (PP) and 
insulin, liquids are inadequate stimuli to evoke such cephalic-phase responses [117]. However, since 
drinking rarely occurs in the absence of eating [6,28], the contemporary intake of fluids and solids 
at meal times should trigger a complete cephalic-phase response and associated satiation/satiety 
effects. This could not explain the often reported “satiety deficit” of beverages consumed in the con-
text of mixed meals although it might contribute to the deficit observed following liquid preloads.

Gastric cues have long been hypothesized to contribute significantly to hunger, satiation, and 
satiety [118]. Tests of gastric emptying times showed that liquids empty from the stomach more 
rapidly than do solids [119]. Viscosity not only affects oral processing time, but also gastric dilution 
and gastric emptying, as shown in a study using magnetic resonance imaging techniques [120]. In 
this study, the fullness ratings followed for 80 min after the ingestion of liquid mixed-nutrient for-
mulas were correlated to total gastric volumes and, for a given gastric volume, were higher for high 
viscosity than low viscosity meals.

The glycemic index (GI) of many CHO-bearing beverages (particularly sodas) has been hypoth-
esized to contribute to their low satiety effect. This hypothesis, however, is not consistent with GI 
data: soft drinks and other CHO-bearing liquids such as fruit juices, for example, have moderate 
rather than high GI values [121]; in addition, since beverages are consumed mainly during meals, 
the total GI value of the meal has to be considered, rather than the specific GI values of individual 
meal components.
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CONCLUSIONS

Fluid homeostasis is essential to life: adequate amounts of fluid have to be ingested daily in order to 
match the obligatory losses. “Adequate” amounts can vary between 2 and 6 l a day, or even more, 
in adults, depending on numerous factors including body size, physical activity level, and tempera-
ture, among others [2]. Drinking should supply a large proportion (as much as 80%) of the daily 
needs in fluid, and the rest should be obtained from the water contained in solid foods. Although 
pure water could fulfil all physiological needs, most people choose to consume a variety of bever-
ages each day, many of which bringing energy as well as fluid. While drinking decreases thirst, it 
does not decrease hunger and it has often been reported that the energy ingested in beverage form 
does not induce adequate satiety: the energy ingested in drinks simply adds to energy consumed in 
solid form. Many reports suggest that energy-containing beverages, particularly sugar-containing 
beverages, could be one important factor inducing excessive energy intake and, on the long-term, 
facilitating the acquisition of excessive body adiposity levels.

This issue has generated a vast and discordant literature giving rise to a long-standing contro-
versy. While numerous epidemiological or interventions studies have shown no association between 
intake of sugar-sweetened beverages and body adiposity in subjects of all ages, a number of other 
studies have indeed established cross-sectional or longitudinal links between them. Systematic 
reviews reflect the same inconsistencies. While large differences in methods could account for dis-
cordant results between studies, it is often seen that within studies, the same protocol yields sig-
nificant effects in subgroups of participants and not in others. The consumption of sugar-sweetened 
beverages does not appear to be associated with adverse effects in large segments of the population, 
perhaps due to a moderate level of consumption, adequate levels of physical activity, and/or favor-
able genetic makeup. Deleterious effects, however, have been demonstrated in other consumers. 
Subjects with weight control difficulties, as evidenced by changing BMI before or during the stud-
ies, or subjects with very high (highest tertiles or quintiles) or increasing consumption levels, seem 
more likely to exhibit vulnerability to the effects of high intake of sugar-containing beverages than 
more stable groups. Genetic predisposition is a key factor in determining individual vulnerability, 
but socioeconomic influences could also play a major role.

The low satiety efficiency of beverages, as compared to solid foods, is now well documented. 
The exact mechanism of the satiety deficit associated with consumption of energy from beverages 
remains to be elucidated. Many aspects of the act of ingestion likely contribute to it as well as 
postingestive factors. Recent mechanistic studies suggest that the satiety deficit of beverages might 
be a drinking/eating issue as much as, or perhaps rather than, a liquid/solid issue. The relative 
contributions of cognitive factors at the time of intake, as well as expectations formed by previous 
experience, appear as novel areas for investigation. It remains to be established if and under what 
conditions postingestive influences, such as the reflexes of the cephalic-phase of digestion, do in fact 
contribute to the low satiety power of beverages.

For all people with health and weight control concerns, it is highly important to realize that a 
substantial proportion of the present-day energy intake comes from beverages that are likely to have 
poor satiating efficiency in the circumstances of daily life. Energy-containing drinks of all nutrient 
compositions can easily facilitate a form of “passive overconsumption” in “unknowing” consumers 
although, clearly, not all consumption is overconsumption. It might be possible to prevent or limit 
beverage-induced overconsumption by facilitating consumer awareness, even if the physiological 
responses to energy in beverage form cannot be changed.

Obviously “knowing” is not sufficient to modify behaviors. Intervention studies aiming at reduc-
ing the consumption of sugar-energy beverages have revealed poor compliance, particularly in 
children, and yielded modest results in terms of body weight change. Research has shown that 
consumption of sugar-sweetened beverages does not happen in isolation. A high intake of sugar-
sweetened beverages might be a marker of a generally unhealthy lifestyle characterized by a high-
total-energy intake, a nutritionally poor diet, little exercise, smoking, among other risk factors. 
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In the strategy to prevent or limit the overconsumption induced by energy-containing beverages, the 
importance of context should not be overlooked.
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KEY POINTS

• A number of different types of sugars are used in confectionery products, but sucrose and 
glucose syrup are currently the two most common sweeteners.

• The ability of sugars to crystallize, form a glass, and undergo the chemical reactions 
Maillard browning and caramelization is key to the texture and flavor of common candy 
products.

• While limited research exists on the impact of candy on health, evidence to date suggests 
that candy consumption is not linked to obesity and chronic disease.

• Candy-eating behavior is a promising research opportunity area and the public would ben-
efit from understanding how to promote balanced moderate enjoyment of treats.

• There is an interesting emerging body of evidence on cocoa flavanols and chocolate dem-
onstrating a positive impact on cardiovascular health with promising research questions 
for the future.

INTRODUCTION

Confections, also known as candy, are a broad category of sweet foods with a long and rich history. 
The earliest records of candy and candy-making techniques date back to 2000 bc where they were 
inscribed in hieroglyphics on walls of Egyptian tombs and ancient rolls of papyrus [1]. In fact, the 
word “candy” is derived from the ancient Arabian word, “qandi,” which means something made 
with sugar. Sugar has always and continues to be essential to the composition of candy products. 
The unique properties of sugars are what make the production of candy possible. The sweetness of 
sugar and the ability of sugars to crystalize, become a glass, and undergo chemical reactions are 
critical to the essence of candy. Additionally sugars are important for the microbiological safety and 
quality of candy products.

Before the widespread availability of sugar from cane, honey was typically used to make sweet 
confectionery products. Fruits, nuts, grains, and seeds were coated with honey, not only for sweet-
ness and flavor, but also as a preservative. These ancient candies included pastes of nuts and honey 
resembling marzipan and an early type of hard candy made from boiled barley and water which was 
then typically rolled in sesame seeds.

Candies were also historically used for medicinal purposes. For example, licorice, which is 
derived from a root, dates back to the early times of humans and was believed to promote health 
[1]. Physicians often added honey to their medicinal herbs to mask the unpleasant flavor. Limited 
research exists on candy and health today, however recent data suggest that candy consumption is 
not associated with risk of obesity or chronic disease. It is unclear why this is, but is perhaps due to 
the small contribution of candy to the overall diet. There is a greater body of evidence on chocolate 
and health, which suggests that intrinsic components of cocoa, the main ingredient in chocolate, 
may promote cardiovascular health.

The story of chocolate is its own fascinating and enchanting tale. The cocoa tree, which can 
only be grown in a narrow band 20° north and south of the equator, originated in equatorial Central 
America and produces a fruit called the cocoa pod. Cocoa beans are the seeds of the cocoa fruit. 
The indigenous Mayans are thought to have celebrated cocoa at least 2000 years ago, demonstrated 
by carved images of cocoa pods on the walls of their elaborate stone temples. The subsequently 
dominant Aztec culture left evidence of cocoa reverence in writings referring to cocoa as a gift 
from the gods. In the 1600s, European explorers brought cocoa back to Europe and added sugar to 
create a sweet drink. Later, solid chocolate was developed by the Dutchman Coenraad Van Houten 
through the addition of fat and sugar [2].

Today, candy is popular across the globe, although different regions have their own unique pref-
erences. The confectionery industry is more diverse than most food sectors in that it encompasses 
both small retail manufacturers as well as large global manufacturers. Unlike much of the food 
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produced for larger regional distribution, a great deal of candy is still made to satisfy local tradi-
tions and flavors. Due to its popularity and reflection of unique cultural differences, candy is often 
given as a gift. Most people consider candy to be a treat that is consumed for its pleasurable quali-
ties. Candy has been considered a special treat and played an important role in cultural traditions 
and celebrations for thousands of years and continues to be associated with holidays and traditions.

TYPES OF SUGARS USED IN CONFECTIONERY PRODUCTS

A variety of different types of monosaccharides and disaccharides, or sugars, are commonly used, 
often in combination, in confectionery products. The physicochemical properties of each type of 
sugar contribute to the unique properties of the confectionery products from which they are made. 
The main sugars used in candy are sucrose, glucose syrups, and invert sugar, and the distinct prop-
erties of these sugars in confectionery are summarized in Table 4.1. However, a multitude of other 
sugars may also be used in various applications including glucose (dextrose), fructose, maltose, 
and lactose. Less refined forms of sugars including honey, maple syrup, and molasses are used in a 
small number of products; however these ingredients are challenging due to higher cost and natural 
impurities. Alternative sweeteners are used to varying degrees to create sugar-free options of most 
types of confections.

reduCing sugars

An important classification of sugars used in confectionery products is whether or not they are 
characterized as “reducing sugars.” Reducing sugars have a free aldehyde group that is available 
to become oxidized to a carboxylic acid. A free aldehyde group is necessary for a sugar to react in 
the Maillard browning reaction, which is one of the most important chemical reactions that occurs 
during cooking of candy and any food. The disaccharide sucrose is not a reducing sugar; however, 
the monosaccharides glucose and fructose, as well as disaccharides maltose and lactose are reduc-
ing sugars.

suCrose

Sucrose (table sugar) is the leading sweetener used in the candy industry. In the USA alone, the con-
fectionery industry uses approximately 10 million tons of sucrose annually [3]. Sucrose is naturally 
present in a wide range of plants, but is sourced commercially from both sugar beets and sugarcane. 

TABLE 4.1
Distinct Properties of Common Sweeteners Used in Confectionery Products

Sugar Type Key Properties in Confectionery

Sucrose Promotes crystallization
Not a reducing sugar, therefore more resistant to browning
Contributes sweetness
Enhances flavor release

Glucose syrup Prevents crystallization
Contains reducing sugars that can undergo browning
Controls viscosity
Controls uptake of moisture from the air
Modifies high sweetness from sucrose

Invert sugar Prevents crystallization
Contains reducing sugars
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Use of sucrose sourced from beets versus sugarcane results virtually in no difference in the end con-
fectionery products as long as the sugar is well refined. Confectioners use sucrose in multiple forms, 
but most commonly in a granulated form. Granulated sugar is available in different sizes of particles 
ranging from large crystals of over 2000 μm, which are used as a surface decoration to fine powder 
with particles of less than 20 μm, which are used as seed crystals [4]. Additionally, liquid sucrose, 
a saturated solution of sucrose and water, is used by some candy manufactures for convenience.

Sucrose is a disaccharide consisting of one glucose unit and one fructose unit with a molecular 
weight of 341. While sucrose is not a reducing sugar, the subcomponent parts, fructose and glucose, 
are classified as reducing sugars. Sucrose does not have reducing capacity because the glucose–
fructose bond ties up the otherwise free aldehyde group. Sucrose has a solubility limit of 67% in 
water at room temperature [5]. This solubility is the driving force behind crystallization and also 
impacts the ability of a candy to release flavors in the mouth. The unique solubility and crystalliza-
tion chemistry of sucrose, which is discussed in greater detail in “Basic Functionality of Sugars in 
Confectionery Products and Desserts”, is what makes it possible to create many kinds of candy.

gluCose syruP

Glucose syrups of starches are another essential sweetener used in candy products. In the USA, 
glucose syrups are almost exclusively made from corn, whereas in Europe most glucose syrups are 
typically derived from wheat. The US confectionery industry uses approximately 400,000 tons of 
glucose syrups from corn annually [4].

Glucose syrups play a number of roles in confectionery products, but one of the most important 
roles is the prevention of unwanted sucrose crystallization or “graining.” Partial crystallization 
(graining) results in a change in the appearance of a candy product as well as a rough texture. 
Confectioners use the term “doctoring” to refer to the addition of a solution of saccharides other 
than sucrose, such as glucose syrup or invert sugar to prevent this undesirable physical change 
in confections during storage. The term dextrose equivalents (DEs) refers to the amount of the 
reducing sugar capacity present in a given glucose syrup. This factor is key to selecting a glu-
cose syrup that will function appropriately in a given formulation. The DE is linked to molecular 
weight, which influences the solubility, crystallization inhibition, viscosity, and hygroscopicity of 
the glucose syrup. The most common glucose syrup used in confectionery is 42 DE, which consists 
mostly of maltose and also contains larger chain polymers and is less sweet than sucrose. Higher 
DE glucose syrups are also used in some formulations of confectionery products, such as some 
caramels and fillings.

invert sugar

Invert sugar is a syrup of sucrose that has been broken down from a disaccharide of glucose 
(dextrose) and fructose (levulose) to the free subcomponent parts. The result is a product of reduc-
ing sugars that is 50% glucose and 50% fructose. Inversion of sucrose occurs naturally by heating 
and is accelerated by the addition of acids or can be manufactured with the use of enzymes. While 
inversion of sugar occurs naturally under the conditions of candy making, invert sugar can also be 
bought and used as an ingredient. Invert sugar has similar functions to glucose syrup in confection-
ery products in controlling the “grain” or crystallization of sucrose. Prior to widespread availability 
of glucose syrup, inversion of sugar was the primary method that candy makers used to control 
sucrose crystallization, but use has now significantly declined due to the low cost of glucose syrup.

alternative sweeteners

Reduced sugar or sugar-free options are available on the market for most types of confections. 
For example, the majority of the gum market is now sugar-free. However, for most traditional 
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confections, consumers typically prefer the taste of sugars and while sugar-free alternatives for 
many candies are available, they have not been embraced by the broader candy-consuming public.

A range of alternative sweeteners are used in the category of sugar-free confectionery products. 
The most common bulk sugar substitutes are the sugar alcohols or polyols, including sorbitol, malti-
tol, erythritol, isomalt, and lactitol, which are only partially absorbed in the human gastrointestinal 
tract and thus contribute fewer calories than sugar. One significant drawback of polyols is that they 
typically have a laxative effect. This category of sweeteners helps mimic the textural properties of 
sugar, but is generally not very sweet and must also be combined with a high-intensity sweetener.

High-intensity sweeteners present notable challenges for confectioners including flavor, con-
sumer acceptability, regulatory, and safety considerations. Several high-intensity sweeteners are 
used in sugar-free confectionery products including aspartame, acesulfame potassium, saccharin, 
and sucralose. In recent years, there has been development in natural high-intensity sweeteners such 
as stevial glycosides, which has attracted significant consumer interest. High-intensity sweeteners 
are further discussed in Chapter 7.

BASIC FUNCTIONALITY OF SUGARS IN CONFECTIONERY PRODUCTS 
AND DESSERTS

Sugars are an essential ingredient in candy, and the specific chemical properties of individual sugars 
are exploited to create many of the important technical characteristics of confections. In addition 
to providing sweetness, sugars act as flavor and color precursors, determine crystallization and 
texture, and act as a bulking agent. Through influencing water activity, sugars help control micro-
biological growth and quality attributes over the course of a candy product’s shelf life. Furthermore, 
each sugar has its own unique chemical properties, and much of the equipment to manufacture con-
fectionery products has been designed to optimize these characteristics. Regulatory considerations 
also influence the use of sugars in confectionery products. Not all sugar substitutes are approved 
for use in confectionery, and different countries and regulatory bodies have different rules regard-
ing the use of these ingredients. The main functions of sugars in confectionery are summarized in 
Table 4.2.

sweetness, flavor, and Color

Unsurprisingly, providing sweetness is the most basic function of sugars in candy products. 
Sweetness is one of the five tastes and is detected by receptors on human taste cells that bind to 
various sugars and sugar substitutes. Analytical methods are not usually used to measure sweetness; 
rather, sweetness is measured through human sensory panels. Different sugars contribute varying 
degrees of sweetness and are all compared relative to sucrose as a reference point. For example, 
most glucose syrups used in confectionery products are about half the sweetness of sucrose, while 
high-intensity sweeteners such as aspartame are up to 200 times sweeter than sucrose [2].

Beyond simple sweetness, flavor is an extremely important attribute in confectionery products. 
Flavor often comes from added natural or artificial flavorings; however, flavor compounds may also 

TABLE 4.2
Key Functions of Sugars in Confectionery Products
Sweetness and precursors for flavor and color compounds

Bulk and determines the texture and structure

Controls crystallization

Impacts processing and regulatory requirements

Increases microbiological safety and shelf life through control of water
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be formed naturally by the breakdown of sugars in the candy-making process. There are two main 
chemical reactions involving sugars that give rise to flavor development of candy. These reactions 
occur naturally, as a result of typical traditional preparation methods, and are essential to the desir-
able characteristics of many confectionery products including the flavor and color of chocolate and 
cocoa products, caramels, toffees, brittles, and nougats.

maillard browning

Maillard browning is one of the most common chemical reactions that occur in confectionery and 
other heat-treated foods. Along with caramelization, Maillard browning is essential to the flavor of 
caramels, toffees, and butterscotch. Also, the flavor development in roasted nuts and roasted cocoa 
beans (ultimately processed into chocolate) are largely due to these reactions. While this color and 
flavor development is desirable in these cases, it is unfavorable in other applications where different 
colors and flavors are desired such as hard candy, gummies, and aerated candies.

Maillard browning occurs at a wide range of temperatures; however the familiar caramel flavor 
development occurs between 100 and 180°C when a reducing sugar reacts with any protein or free 
amino acids [4]. This reaction leads to the transformation of the sugar and amino acid reactants into 
a wide range of products including a host of color and flavor compounds. This process is limited by 
the amount of “free amines” which are supplied by the protein. The reducing potential of different 
proteins varies depending on their amino acid composition. The amount and nature of the specific 
end products depends on the concentration and reactivity of sugars, the amount of free amines, the 
processing time, the temperature of the process, the pH of the product, and the water content of the 
product.

Caramelization

Another example of a flavor development process that occurs naturally from candy processing is car-
amelization, which happens when sugars are heated to temperatures around 160°C. Caramelization 
is a set of multifaceted chemical reactions that lead to the degradation of sugars. Unlike Maillard 
browning which is the reaction between an amino acid and a reducing sugar, caramelization is the 
pyrolytic decomposition of sugars and is aided by salts and acids. So, while sucrose cannot partici-
pate in Maillard browning, it will undergo caramelization. The reaction results in the breakdown of 
sucrose and other sugars into many different chemical products including complex nutty and bitter 
flavors and dark brown color compounds. Caramelization reactions are time- and temperature-
dependent and are also influenced by pH and salinity.

water Content and aCtivity

Candy tends to be very stable and microbiologically safe with a typical shelf life of 6 months to 
2 years. Sensory and quality factors, rather than safety, determine the end of most candy products’ 
shelf life. The water content of different confectionery products varies from a low 1–2% in a very 
hard candy to upwards of 30% moisture in a syrup filling. Water content is important to a confec-
tion’s texture; however, in terms of determining shelf life and microbiological safety, a more rel-
evant measure than water content is water activity [6]:

 aw = p/p0,

where aw is water activity, p the vapor pressure of water in the product, and p0 the vapor pressure of 
water at the same temperature.

Water activity refers to the amount of water that is free to react and is measured by the ratio of 
the relative vapor pressures of the food to the vapor pressure of water. Water activity is the ratio of 
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the vapor pressure of the material to the vapor pressure of pure water. It is expressed as a number 
between 0 and 1, with 0 referring to a theoretical solution that contains no free water and 1 referring 
to the water activity of 100% pure water. Water activity is reduced by solutes, such as salts, sugars, 
and proteins and is also impacted by a number of factors, including concentration and type of solute 
as well as the temperature.

Water activity is a key determinant of food safety. Sugars in confectionery products bind water 
and make it unavailable to participate in reactions or support microbiological growth. Bacteria can-
not thrive at water activity level below 0.85 and molds and yeasts cannot grow at a range of lower 
water activities, but absolutely not below 0.60. Water activity is also relevant to measures of  quality. 
For example, water activity determines the likelihood of moisture migration between a candy prod-
uct and the environment where a product is held or different components of a candy product. The 
relative humidity of the environment and the water activity will determine the direction of the 
moisture migration. A product with a relatively low water activity is more likely to take up humidity 
from the air and become sticky or soft and a product with high water activity is more likely to lose 
water to the air, becoming hard and dry. Water activities of common confectionery products are 
shown in Table 4.3 [6].

texture and struCture

Sugars contribute a great deal of the body and bulk of confectionery products, although vary in the 
percent contribution by specific type of candy. For example, white and milk chocolate typically 
contain about 50–75% sugar, while dark chocolates typically have less sugar. Dark chocolate can 
contain as much as 65% sugar or as little as less than 10% sugar. Lower-percent sugar chocolate 
products are becoming more popular as consumers become interested in very-high-percent cocoa 
dark chocolates. Nonchocolate candy is comprised mostly of sugar, with hard candies consisting of 
up to 95% sugars.

Beyond simply making up the bulk of a candy product, the state of the sugar contributes to the 
textural qualities in candy. Sugars may take several physical forms that impact the texture and 
the appearance of the finished product. Sugars may be dissolved in solution, present in a crystal-
line form or as an amorphous or glassy state. Candy may also contain sugars in more than one 
state within a given product. Examples of candies in these various physical forms are discussed in 
“Sugars in Crystalline Candy.”

One of the factors that dictates the physical state is solubility of a sugar. Solubility is the maxi-
mum concentration of particles that are able to dissolve in a given amount of water. The solubility 
is limited by molecular interactions of the particles with water molecules. Solubility is one of the 
parameters that influences the type and quality of candy products that can be made from certain 
ingredients. Based on their size, configuration, and chemical potential for hydrogen bonding, differ-
ent sugars have different inherent solubility limits, which all increase in a temperature-dependent 

TABLE 4.3
Water Activity of Common Candies

Confectionery Water Activity

Jam 0.8–0.85

Fondants and creams 0.65–0.8

Marshmallow 0.6–0.75

Gummy and jelly candies 0.5–0.75

Nougat 0.4–0.65

Chewy candies, caramel, and fudge 0.45–0.6

Hard candy, brittles 0.25–0.4
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manner. When the solubility limit is reached, the solution is said to be saturated. It is possible to 
drive solubility beyond the saturation point to a “supersaturated” solution through heating the solu-
tion to increase the solubility point and cooling without agitation. This principle is used to produce 
certain crystalline candies such as “rock candy.”

A crystalline structure is comprised of a highly organized chemical matrix of sugar molecules 
lined up in the form of a lattice. Due to the thermodynamically stable nature of the crystalline 
form, there is a latent heat of fusion or a release of energy in the form of heat when the crystals 
form. Noncrystalline structures, such as glasses, are characterized by more random orientations of 
sugar molecules. A glass is not technically a solid in thermodynamic terms, but a liquid that is so 
heavily saturated and thick that it does not flow at room temperature. A glass transition tempera-
ture is used to measure the temperature at which the solution transitions from being fluid-like to so 
viscous that the molecules are immobilized. For example, a candy product with a glass transition 
temperature of 30°C would be a solid-like product at temperatures of 30° and below, but would 
melt above this temperature.

Controlling crystallization is an important element in confectionery manufacturing. Some can-
dies are exclusively crystalline (e.g., rock candy, tableted candies); other candies are exclusively 
noncrystalline (e.g., hard candy, cotton candy), while many candies are partially crystalline, or 
“grained” (fondants, nougats, marshmallows, fudge/caramels). Crystallization causes a rough 
grainy texture and an opaque color, while glasses are hard, smooth, and translucent. The likelihood 
of a solution undergoing crystallization and the nature of crystallization that occurs is influenced by 
a number of factors including formulation and processing conditions.

Nucleation refers to the formation of new crystals in a solution. Nucleation occurs only in a super-
saturated solution. The addition of a “seed crystal” as well as agitation will promote nucleation. 
Growth of crystals occurs at lower degrees of sugar saturation. The presence of other molecules will 
prevent sugar molecules from coming together to form crystals. For example, long-chain polysac-
charides such as those in low-DE glucose syrup and starch and large protein and fat molecules found 
in dairy ingredients result in a higher viscosity as well as lower amount of free water, which reduces 
the mobility of sucrose molecules and inhibits crystallization. Additionally, monosaccharides bond 
free water, preventing crystallization.

funCtions of sugars in sPeCifiC ConfeCtionery ProduCts

The confectionery category includes a wide range of sweet products including hard and soft candies, 
chocolate, and gum. All of these products contain sweeteners, such as sugars, syrups, or honey, in 
addition to other ingredients including spices, flavorings, gelling agents, colorings, and acids. Some 
candy also contains dairy products, milk fat, cocoa butter, other fats, dried fruits, nuts, and seeds.

The general process of making candy is quite simple. Sugars are mixed with water and heated. 
Heating causes water to evaporate from the mixture. As water evaporates, the percent solids in the 
mixture increases, which causes an elevation of the boiling point of the solution. The phenomenon 
of boiling point elevation allows the confectioner to control the moisture content and thus textural 
qualities of the product. Boiling point elevation is determined by the number of particles present 
in the solution. Once the appropriate boiling point is reached, the sugar mixture is then cooled and 
processed to promote the desired physical state by using various processing techniques specific to 
each product. For example, whipping and gelling agents are used to promote aeration in a marsh-
mallow and addition of gelling agents and depositing into molds is necessary for gummies. For 
many candies, flavors, colors, acids, and other inclusions may be added at this point in the process. 
Finally, the product is cut and packaged.

Prior to the availability of thermometers, which allow control of the final product by the mea-
sure of boiling point elevation, confectioners used the “cold water test” and developed terms 
such as “soft ball” and “hard crack” to describe the consistency of the sugar solutions cooked to 
certain moisture contents. These terms are still used today and are shown in Table 4.4 with the 
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corresponding approximate boiling points and moisture contents [6]. Also, while candy was tra-
ditionally prepared under atmospheric pressure, newer models of equipment cook sugar solutions 
under vacuum. The effect of this reduction of pressure is more efficient evaporation of moisture 
and reduced reactivity of sugars in chemical reactions such as Maillard browning, caramelization, 
and inversion. The vacuum also allows confectioners to better control foaming that occurs during 
heating of sugars.

funCtions of sugars in nonCrystalline ConfeCtionaries

Hard Candies/Boiled Sweets
Hard candy or “boiled sweets” are characterized as an amorphous solid or “glass.” They are 
smooth, hard, translucent, and available in a range of shapes and types, including lollipops, candy 
canes, filled, and solid pieces. Hard candy is made by cooking a sugar solution to a high tem-
perature, resulting in a very low-moisture content (typically less than 4%). Hard candies are made 
from a combination of sucrose and glucose syrup (or invert sugar) ranging from 70% sucrose and 
30% glucose syrup to 45% sucrose and 65% glucose syrup [7]. The exact ratio is optimized for 
the equipment and type of cooking process used by the confectioner. Flavors, colors, and acids are 
also added to most hard candies. Brittles and butterscotch are hard candies that contain dairy fat 
and nuts.

The glucose syrup (or alternatively invert sugar) in the hard candy formulation is used to prevent 
crystallization of sucrose, which is considered a defect in hard candy. However, the glucose syrup 
also presents problems throughout the shelf life of the product. The low molecular weights of the 
monosaccharides in the glucose syrup or invert sugar are hygroscopic and therefore attract water. 
When humidity is absorbed from the air, the product becomes sticky. Furthermore, the absorbed 
water acts as a plasticizer and drives down the glass transition temperature of the hard candy which 
ultimately promotes crystallization.

Gummies and Aerated Candies
Gummies, jellies, and aerated candies are uniquely textured products that come in a range of shapes 
and sizes. They include marshmallows, Turkish delight, fruit leathers, taffy, the centers of jelly 
beans, gummy bears, etc. These products are noncrystalline sugar syrups that are stabilized by a 
hydrocolloid agent. Hydrocolloid agents are gelling and thickening agents including starch, gelatin, 
carrageenan, and pectin. The specific formulation of hydrocolloids is the critical factor in manipu-
lating the texture of the end product. For example, while gummies made with gelatin result in a long 
flexible elastic texture, starch gelled gummies have a short chewy texture. Pectin results in a short 
brittle clean bite. By binding water and increasing the viscosity, gelling agents also have an impor-
tant function of inhibiting sucrose crystallization.

Gummies were traditionally made by heating the sugar hydrocolloid solutions in copper kettles 
over an open flame, but are now made under vacuum in pressure cookers with steam injection. The 
cooked solution is deposited into starch molds, which was traditionally done by hand but is now 

TABLE 4.4
Boiling Point and Moisture Content of Common Confectionery Products

Boiling Temperature (°C) Moisture Content (%) Description Confectionery Products

110–116 15–20 Soft ball Gummies, fondant, creams

117–120 10–15 Firm ball Caramel, marshmallow

121–130 5–10 Hard ball Nougat

130–145 3–5 Soft crack Butterscotch, taffy

145–155 1–3 Hard crack Hard candy, brittles
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automated by a machine called a mogul. Following depositing, the gummies take hours to days to 
reach moisture equilibration. Some gummies are finished by “sanding” or coating in sugar, while 
others are covered in oil or wax for a smooth texture. Aerated candies, such as marshmallow and 
nougat, are soft fluffy candies made from a stabilized foamed sugar solution. The foam is created by 
mechanically whipping air into the simple sugar solution. The suspended air bubbles are stabilized 
with a hydrocolloid such as egg albumin or gelatin. Nougat requires the addition of fat for its chewy 
texture.

Sugars in Crystalline Candy
Most crystalline candies are made through careful control of crystallization to promote the forma-
tion of very small consistent crystals. A notable exception to processing that promotes small crystals 
is the manufacture of rock candy, which intentionally yields the formation of large sugar crystals. 
The large sugar crystals in rock candy are formed by use of a rough surface that provides a site for 
crystal formation. Slow evaporation of a cooled supersaturated sucrose solution results in growth of 
the sugar crystals.

Several types of candy may either be noncrystalline or partially crystalline (“grained”) and the 
degree of graining is inherent to the product’s quality. For example, one type of caramel may be 
smooth and runny, while another caramel product may be firm and chewy. This is due to multiple 
formulation and processing factors, including fat and protein content, cooking temperature, and 
degree of sugar crystallization. There are varying degrees of graining in marshmallows, caramels, 
cream centers, and nougats. This is often accomplished through use of fondants as an ingredient in 
many partially crystalline confections.

Fondants consist of tiny recrystallized sugar crystals that are ideally so small they cannot be 
detected by the tongue and are suspended in a dense liquid sugar syrup. The crystals are approxi-
mately 5–15 μm in size. Fondants are made by first heating a 60–80% sucrose and 7–30% glucose 
syrup water along with water to 115–120°C. The sugar solution is then allowed to cool to 40–50°C. 
Vigorous stirring initiates crystallization of sucrose. Cream centers are made by mixing fondant 
with a “frappe,” which is an aerated sugar solution, and a sugar solution usually containing more 
water than the fondant called “bob syrup.” The frappe adds levity to the cream center, and the bob 
syrup is used to control the viscosity.

Another type of crystalline confection is tableted candies, such as pressed mints. These candies 
are made by compressing a free-flowing solution of a suitable sugar (or sugar alcohol) and binders 
under high pressure in a mould. Sucrose, fructose, glucose, maltitol, sorbitol, and xylitol are com-
monly used in tableted confections. Under pressure, the sugar or sugar alcohol molecules fracture, 
stretch, and re-bond strongly to one another.

Panned confectionaries are a type of candy with a hard or soft candy coating made by building 
up layers of coating in a rotating pan. Hard panning refers to a process whereby a hard crystalline 
shell is formed around a center. Examples of hard panned candies include candy-coated chocolate 
pieces, Jordan almonds, and jaw breakers. Soft panned products, such as jelly beans, have a softer 
crystalline shell. This process takes a long time as many layers are needed to form a sugar shell that 
is a desirable thickness. Chocolate panned products are candies coated in chocolate using similar 
equipment. These include chocolate-covered nuts, for example.

Function of Sugars in Chocolates
The primary ingredients in chocolate are derived from cocoa beans, which are the seeds of the fruit 
produced by the cacao tree. Cocoa beans are fermented and then dried. Beans are then moved to 
a processing facility where they are roasted and shelled. The removal of the shell results in “nibs,” 
which are ground into a smooth paste, referred to as “chocolate liquor,” which is the essential ingre-
dient of chocolate. Chocolate liquor can either be pressed to release cocoa butter and cocoa powder 
or used directly in finished chocolate. To produce finished chocolate, chocolate liquor is mixed with 
varying amounts of cocoa butter and sugar.
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Chocolate liquor is very bitter and the addition of sugar makes it palatable. When first added 
to the chocolate mixture, the sucrose particles are large. The smooth creamy texture of chocolate 
is produced by breaking up the sugar particles through a process called conching. Conching is a 
mechanical kneading of the chocolate liquor–sugar mixture resulting in the fracture of sugar par-
ticles into smaller components and can take hours to days. The length of conching determines the 
ultimate particle size of the sucrose molecules in the chocolate and the smoothness of the chocolate. 
Emulsifiers, such as lecithin, are added to prolong the shelf life and prevent fat crystallization, 
known as “bloom.” Flavors such as vanilla are added to compliment the inherent cocoa flavor. Not 
surprisingly, the addition of milk solids creates milk chocolate.

Chocolate is the only confectionery product subject to national and international standards of 
identity. Many countries, as well as the international regulatory body Codex Alimentarius, have 
standards of identity for chocolate. Chocolate standards of identity are mostly intended to ensure 
that the fat content and quality of chocolate products meet a threshold level, specifically ensuring a 
certain level of cocoa butter. US standards of identity also require that sweet and semisweet choco-
late (also known as dark chocolate) and milk chocolate contain a nutritive sweetener.

TYPICAL CANDY CONSUMPTION

Candy is considered a sweet treat in most cultures. The majority of people report eating candy; how-
ever the quantity of candy most people consume may actually be lower than expected. In fact, in a 
recent government survey of Americans, 97% of adults reported consuming candy at least once over 
the course of the year [8]. Inconsistent definitions of candy present a challenge to understanding exactly 
how much candy people typically eat; however, candy intake generally accounts for only a small per-
centage of total caloric intake and added sugars in the US diet. In the US population, per capita candy 
consumption accounts for approximately 2.2% of total energy intake [8]. Average candy intake in the 
USA has been reported to be less than 50 kcal per person per day [8]. This amount is equivalent to a 
small piece of chocolate, several hard candies, a string of licorice, or a small handful of jellybeans.

While most people eat candy throughout the year, usually people do not eat candy every day. 
US Department of Agriculture data have shown that the average American, ages 2 years and older, 
consumes candy on 138.7 eating occasions per year, or about 2–3 times per week [9]. Data collected 
from market data sources indicate Americans consume candy slightly more frequently, 153.3 eating 
occasions per year or closer to three times per week [9].

The contribution of candy to added sugar intake of Americans older than 2 years in the USA is 
moderate at only approximately 5 g/day or about 6% of total added sugar [10]. Typical sugar contri-
bution of common confectionery products is shown in Table 4.5 [11]. Given its relatively modest con-
tribution of added sugars, candy ranks fifth as a source of added sugars in the US diet, after sugary 
drinks (soda/energy/sports/sweetened bottled water drinks; 35.7%), grain-based desserts (12.9%), 

TABLE 4.5
Calories and Sugars in Popular Candies

Product Calories (kcal) Sugars* (g)
Calories from 
Sugars (kcal)

Milk chocolate bar, 43 g 235 23 91

Dark chocolate bar, 41 g 230 19 78

Snack size bar, chocolate covered caramel w/nuts, 14 g 70 7 30

Candies, milk chocolate coated peanuts, 46 g 240 22 87

Hard candies, four pieces, 14 g 60 9 36

Jelly beans, 10 large, 28 g 105 20 80

Chewing gum, sugarless, 2 g 5 0 0
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sugar-sweetened fruit drinks (10.5%), and dairy-based desserts (6.6%) [10]. Likewise, candy is not 
a leading contributor of solid fats in the diet of Americans (2 years and older) contributing 3.1% to 
total saturated fat intake [10].

CANDY AND HEALTH

safety of Candy

Generally, candy products are quite safe. Due to the low water activity of confectionery products, 
the presence of pathogenic bacteria is not a widespread problem, especially for nonchocolate sugar 
candy. Recent outbreaks associated with Salmonella in nuts have raised concerns about the safety 
of high-fat, low-moisture products. As a result, manufacturers that use these products have strength-
ened their safety standards and several governments including the USA and China have updated 
their food safety regulations. Confectioners use validated roasting methods to control this risk in 
chocolate liquor and nuts. Since many confectioners use allergens such as nuts, milk, and wheat, 
and process on shared equipment, allergen management is the number one food safety and regula-
tory concern for confectioners. Confectionery manufactures manage allergens through good manu-
facturing practices and accurate labeling of allergens. Furthermore, confectioners carefully monitor 
their supply chain to prevent using ingredients that may contain contaminants.

oral health

Today, dental hygiene practices have a more significant impact on improving dental health than 
changes in diet. Nonetheless, dietary habits remain an area of interest by dental health authorities, 
and typical recommendations include reducing the frequency of eating and drinking between meals 
as well as reducing the duration that fermentable carbohydrates are in the mouth. While frequency 
of eating is the main dietary factor for dental health, candies are one of several foods and drinks 
associated with increased risk for dental caries, along with sugar-sweetened beverages, sticky foods, 
sugary-starchy snacks, and simple sugars such as sucrose, honey, and molasses [12].

Cariogenicity, or the likelihood of a substance to induce dental caries, is associated with the 
total amount of fermentable carbohydrates in a food, but cannot be determined by the sugar or car-
bohydrate content alone. Noncarbohydrate characteristics of a food, such as the texture and other 
nutrients (fat, minerals, etc.) modify cariogenicity, as can the circumstances of food consumption 
such as drinking water while eating or the combination of foods consumed together [13]. Related to 
texture, the retention time of food on the teeth is also a very important factor. Perhaps surprisingly, 
chocolate has been shown to clear from the mouth rapidly, which is likely due to the high fat content.

Interestingly, despite the sugar content, a couple of classic studies suggest that chocolate con-
sumption may not lead to the formation of dental caries. In his study of 436 individuals over 5 years 
in the 1950s, Gustofason et al. showed that people who ate chocolate were not more likely to develop 
dental caries than those who consumed no snacks [13]. Similarly in 1988, Yankell et al. [14] found 
that exposure to mixtures of chocolate ingredients did not increase risk factors for the development 
of dental caries. Furthermore, more recent evidence suggests that certain naturally occurring cocoa 
components may inhibit dental plaque formation in rodents.

There is a well-developed body of research demonstrating the impact of sugar-free chewing 
gum on oral health. Sugar-free chewing gum typically contains sugar alcohols such as xylitol and 
sorbitol, which are noncariogenic because plaque-forming bacteria cannot metabolize them. The 
chewing process stimulates saliva, which increases oral clearance of sugars, acids, and food debris 
from the mouth. The increased salivary flow also leads to neutralization and buffering of plaque 
acids and remineralization of tooth enamel [15]. Several clinical trials have shown that chewing 
sugar-free gum reduces the incidence of cavities. For example, Szöke et al. [16] showed that chewing 
sugar-free gum three times a day for 2 years resulted in a 38.7% reduction in dental caries.
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Candy and obesity, ChroniC health

There is limited research on the specific impact of candy consumption on chronic health. Generally, 
health professionals and authorities recognize that while it is most important to manage calories 
and the balance of nutrients, consumers can enjoy small amounts of their favorite treats as part of 
a healthy and balanced diet and lifestyle. Additionally, several recently published cross-sectional 
studies have shown that candy and chocolate consumption in children and adults is not associated 
with increased weight, BMI, or waist circumference. These cross-sectional data have also shown 
that candy consumption is not associated with risk of metabolic syndrome in adults.

Specifically, O’Neil et  al.’s 2011 study [17] examining the association of candy consumption 
with total energy intake, weight status, and cardiovascular disease (CVD) risk factors in more than 
15,000 US adults showed that, while candy contributed modestly to caloric intake, there was no 
association of candy intake with increased weight/body mass index. Another O’Neil et al. [18] study 
in 2012 of 11,182 US children and adolescents showed that while children and adolescent candy 
consumers had slightly higher intakes of total energy and added sugars, they were less likely to be 
overweight or obese than noncandy consumers. There were no associations between candy con-
sumption and cardiovascular risk factors, including no difference in blood pressure or blood lipid 
levels [17,18]. Likewise and also in 2012, Golomb et al. [19] published a study of approximately 1000 
adults that showed those who ate chocolate more frequently had a lower body mass index than those 
who ate chocolate less often. This occurred despite the fact that those who ate chocolate more often 
did not eat fewer calories, nor exercise more frequently than those who ate chocolate less frequently. 
Similarly, Murphy et al. [20] found in 2013 that frequency of candy intake was not associated with 
increased weight status or CVD risk factors in adults. A longitudinal study, which measured candy 
consumption and health characteristics at baseline in 10-year olds and at follow up 10–20 years 
later, found no relationship between baseline candy consumption and body mass index or CVD risk 
factors in young adults [21].

This evidence is interesting but of limited use to our understanding of the impact of candy con-
sumption on public health due to its cross-sectional design. However, the studies seem to suggest 
that many people are able to include candy as part of an overall balanced lifestyle. The consump-
tion data show that candy is a relatively minor contributor to overall calories, which may explain 
the lack of association between consumption and weight despite the high energy density of the 
products. Additionally, behavioral research suggests that learning how to include favorite foods, 
such as chocolate, may play an important role in achieving and sustaining healthy eating behaviors. 
This is supported by a small pilot study by Piehowski et al. [22] in 2012 on the effects of consuming 
either a chocolate treat or other sweet snack daily on measures of weight loss in women following a 
reduced-calorie diet. Researchers found that incorporating a sweet snack daily as part of an overall 
reduced calorie diet does not inhibit positive changes in body weight and body fat percentage and 
helped reduce cravings for additional sweets. Furthermore, several recent studies have shown that 
candy consumption may lead to improved mood and greater likelihood to help others. For example, 
Meier et al. [23] found that consuming sweet foods increased agreeableness and pro-social behavior.

More research is needed in this area to understand the impact of consuming confections on 
overall health, wellness, and dietary patterns. Behavioral research investigating how to promote 
moderate consumption of treats would be especially useful for health professionals to help their 
clients develop strategies to manage treat intake.

ChoColate and health

Over the past decade, evidence from numerous population-based studies supports an association 
between the consumption of modest amounts of cocoa and chocolate and a range of positive effects 
on cardiovascular health. One of the first studies that investigated the impact of cocoa on cardio-
vascular health was Hollenberg et al.’s [24] study of the Kuna Indians, an indigenous people that 
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live on a group of islands off the coast of Panama. The Kuna were observed to have very low blood 
pressure, which was particularly surprising due to the relatively high salt content of their diets. 
Furthermore, the Kuna did not develop the typical age-related rise in blood pressure that is observed 
in Western countries and more importantly, the Kuna were observed to have a very low incidence 
of CVD mortality. Yet, when the Kuna moved from their island home to Western countries, they 
experienced a rise in blood pressure and risk of CVD, thus ruling out a genetic predisposition to 
lower blood pressure. An investigation of the differences between the traditional Kuna lifestyle 
versus Western lifestyle uncovered that the Kuna drink on average five cups of cocoa per day or 
more. Beyond the Kuna, studies of numerous populations including large samples of Americans and 
Europeans, men and women, diseased and healthy individuals, have shown an association between 
cocoa and chocolate consumption with markers of cardiovascular health.

Following the interesting epidemiological findings, clinical trials were conducted to investigate 
the impact of chocolate on CVD risk factors. These intervention studies indicate that consumption 
of flavanol-containing dark chocolate and cocoa products may improve the function of the cardio-
vascular system and reduce blood pressure and cardiovascular risk factors, reduce the reactivity 
of platelets making them less prone to form clots, and improve markers of inflammation. Clinical 
research also links the regular consumption of products rich in cocoa flavanols to lowered blood 
pressure. Recent meta-analyses of 66 randomized clinical trials found consistent short- and long-
term improvements in blood pressure, insulin resistance, lipid profiles, and vascular dilation associ-
ated with chocolate and cocoa consumption [25,26].

These health effects have largely been attributed to cocoa flavanols. Flavanols are part of a 
broader class of phytochemical compounds called flavonoids. Flavonoids are potent, naturally 
occurring compounds found in a wide range of plant-based foods and in recent years, these natural 
compounds have widely been studied for their ability to confer important health benefits. Flavanols 
are prevalent in commonly consumed foods including cocoa, chocolate, tea, apples, grapes, and red 
wine. The probable mechanism by which flavanols improve vascular function has been described 
by Schroeter et al. [27]. Schroeter’s study showed that flavanol-rich cocoa induced the nitric oxide 
pathway, which is known to mediate blood flow. Administration of the specific flavanol (−)-epi-
catechin resulted in a comparable rise in nitric oxide and is therefore thought to be the chemical 
responsible for the vascular benefits of cocoa [27].

More recently, preliminary evidence is pointing to an association of cocoa flavanols with brain 
function and cognition. Desideri et  al. [28] reported that regular consumption of dietary cocoa 
flavanols improved cognitive function in elderly subjects with early memory decline. Other recent 
studies indicate potential effects on anxiety and mood [29]. Strandberg et al. [30] found that elderly 
men who reported a preference for chocolate exercised more, had lower BMIs, and also reported 
greater feelings of wellbeing.

The science surrounding the potential health benefits of cocoa and chocolate is growing steadily. 
While more research is needed to confirm and extend these findings, the clinical investigations on 
cocoa-based flavanols support the inclusion of cocoa and chocolate, balanced with calorie intake, as 
part of a dietary approach to help maintain, and support cardiovascular health.

SUMMARY

Since the advent of the first primitive candies, sugars have been essential to the definition and forma-
tion of candy products. A number of different types of sugars are used in confectionery products, but 
sucrose and glucose syrup are currently the two most common sweeteners. The ability of sugars to 
crystallize, form a glass, and undergo the chemical reactions Maillard browning and caramelization 
is key to the texture and flavor of common candy products. There is interest by the confectionery 
industry in expanded use of alternative sweeteners to create new products, and great advancements 
have already been made in this area in recent years; however, there are significant hurdles to further 
development including regulatory considerations, safety concerns, and consumer acceptance.
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Candy is typically very safe and tends to be consumed in moderate amounts. While limited 
research exists on the impact of candy on health, evidence to date suggests that candy consumption 
is not linked to obesity and chronic disease. Health authorities recognize that there is a role for all 
foods including candy in a healthy happy life. In fact, restrictive practices may be detrimental to eat-
ing habits and wellbeing. Candy-eating behavior is a promising research opportunity area and the 
public would benefit from understanding how to promote balanced moderate enjoyment of treats. 
There is an interesting emerging body of evidence on cocoa flavanols and chocolate, demonstrating 
a positive impact on cardiovascular health with promising research questions for the future.
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Natural Sources on Health 
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KEY POINTS

• Dietary sugars derived from fruits do not play an important role in health promotion per 
se, whereas the synergy of secondary plant metabolites, dietary fiber, and vitamin C are 
responsible for the potential beneficial effects of fruits.

• Energy in fruit is mainly derived from the sugars glucose, fructose, and sucrose, but the 
glucose-to-fructose ratio varies between fruit types.

• The preventive effects of fruits can be optimized when their consumption is part of an 
overall healthy lifestyle.

• The beneficial effect of honey on many health outcomes has not exclusively been related 
to its sugar composition, but to its numerous additional compounds, such as enzymes, fla-
vonoids, and polyphenols.

• Honey is a complex food and its composition varies greatly depending on its geographical 
and botanical origin. This could be one of the major reasons for the often controversial 
results of numerous investigations using honey to treat various medical conditions.

• In both diabetic patients and healthy people, honey has been found to positively impact 
blood glucose levels and insulin production due to its lower GI compared to sucrose.
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• The main components of honey are fructose, glucose, and water. Minor components are, 
for example, oligosaccharides, flavonoids, polyphenols, organic acids, and antimicrobials.

• Honey due to its antimicrobial properties promotes wound healing, which is especially 
well documented for burns.

INTRODUCTION

Naturally occurring sugars in food are comprised of the monosaccharides glucose and fructose as 
well as the disaccharides sucrose and lactose. Other constituents such as galactose and maltose are 
mainly liberated during the hydrolysis of lactose and starch, respectively. Although glucose and 
fructose are present in most plants, only fruits and honey contain them in nutritionally relevant 
quantities. Sucrose can be found in high amounts in sugarcane and sugar beets, both of which serve 
as sources for sugar extraction. Moreover, some fruits contain appreciable amounts of sucrose as 
well. Lactose, on the other hand, is exclusively present in milk and represents the sole carbohydrate 
source for human nutrition during the first phase of life.

FRUITS

Together with vegetables, fruits are an essential part of the human diet. Botanically, a fruit is defined 
as the reproductive morphological part of a flowering plant in which seeds are formed and developed 
[1]. In culinary practice and food processing, however, fruits generally refer to any edible part of a plant 
with a sweet taste and pleasant flavor. This corresponds to most edible fleshy fruits in the botanical 
sense that can generally be eaten raw, but does not include nuts, legumes, or wild fruits. From a nutri-
tional point of view, fruits are commonly classified as pomaceous fruits (the most often consumed being 
apples and pears), stone fruits (peaches followed by apricots and cherries), berries (grapes, strawberries, 
and currants), citrus fruits (such as oranges), and other tropical/subtropical fruits, with bananas being 
the most consumed fruit worldwide followed by melons which botanically are vegetables [2].

Table 5.1 represents a selection of the most often consumed fruits worldwide and some fruit 
products. In general, fruits are characterized by a water content of 80–90% and thus are low in 
energy, except for bananas. Energy is mainly derived from available carbohydrates which vary from 
3 to 15% in fruit. The higher carbohydrate level in bananas is partly due to starch which is present 
at levels of 3% or more even in ripe bananas [3], whereas the starch content decreases to negligible 
levels during ripening in all other types of fruits [2]. Both proteins and fats are present in very low 
concentrations in fruits, but they are good sources of dietary fiber (especially when they are con-
sumed unpeeled), particularly soluble fiber due to their high pectin content. The fact that berries 
contain an elevated amount of dietary fiber can be explained by the higher proportion of fiber-rich 
morphological compartments such as skin and seeds. Organic acids as well as the sugar-to-acid 
ratio are key determinants of taste. Major acids are malic, citric, and tartaric acids [1]. Although 
malic acid is predominant in pomaceous fruits and bananas, the main organic acid in citrus and 
tropical/subtropical fruits, as well as in most berries, is citric acid. Grapes, on the other hand, are 
characterized by high amounts of tartaric acid. In general, the acid level decreases during ripening, 
but it also differs considerably depending on the type of fruit (Table 5.1).

In addition, fruits are important sources of micronutrients. Their mineral content generally var-
ies between 0.3 and 1.0% [4]. In particular, they have high levels of potassium and magnesium [5]. 
Moreover, many fruits are important sources of vitamin C. Similar amounts as in citrus fruits (approx-
imately 40–50 mg/100 g edible portion) can be found in strawberries and red currants as well as in 
kiwi fruits and mangoes, whereas black currants contain up to 200 mg/100 g edible portion [2,3]. 
Pomaceous and stone fruits, on the other hand, contain roughly 5–15 mg vitamin C. Apricots, peaches, 
and cantaloupe melons additionally contain β-carotene (pro-vitamin A) in substantial amounts.

Secondary plant metabolites have been recognized rather recently as dietary compounds that 
may have a considerable impact on human health. They are ubiquitous in plants to protect them 
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against herbivores and microbial infections as well as from ultraviolet light and to attract pollinators 
and seed-dispersing animals [6]. They can be divided into three main groups: flavonoids including 
phenolic and polyphenolic compounds; terpenoids with carotenoids being the best-known members 
of this family; and alkaloids plus sulfur-containing compounds [6]. Although some groups such 
as flavonoids, phenolic acids, and carotenoids are abundant in almost all plant groups, others are 

TABLE 5.1
Average Energy Content/100 g Edible Portion and Composition (g/100 g Edible Portion) 
of Fruits and Fruit Products

Kcal kJ Water CHO Pro Fat Fiber Organic Acids

Fruits

Apples 54 228 84.9 11.4 0.3 0.6 2.0 0.5

Apricots 43 183 85.3 8.5 0.9 0.1 1.5 1.4

Bananas 88 374 73.9 20.0 1.2 0.2 1.8 0.6

Blueberries 36 153 84.6 6.1 0.6 0.6 4.9 1.4

Cherries, sweet 62 265 82.8 13.3 0.9 0.3 1.3 1.0

Cherries, tart 53 225 84.8 9.9 0.9 0.5 1.0 1.8

Cranberries 35 148 87.4 6.2 0.3 0.5 2.9 1.4

Currants, black 39 168 81.2 6.1 1.3 0.2 6.8 2.6

Currants, red 33 139 84.7 4.8 1.1 0.2 3.5 2.3

Grapefruit 38 161 88.4 7.4 0.6 0.2 1.6 1.5

Grapes 67 286 81.1 15.2 0.7 0.3 1.5 0.9

Kiwi fruit 51 215 83.0 9.1 1.0 0.6 2.1 1.5

Lemons 35 151 90.2 3.2 0.7 0.6 N/A 4.9

Mandarins 46 195 86.5 10.1 0.7 0.3 1.7 N/A

Mangoes 57 243 82.0 12.4 0.6 0.5 1.7 0.3

Melons, cantaloupe 54 231 85.4 12.4 0.9 0.1 0.7 0.1

Melons, water 37 159 90.3 8.3 0.6 0.2 0.2 N/A

Oranges 42 179 85.7 8.3 1.0 0.2 1.6 1.1

Papayas 32 134 87.9 7.1 0.5 0.1 1.9 0.1

Peaches 41 176 87.3 8.9 0.8 0.1 1.9 0.6

Pears 55 233 82.9 12.4 0.5 0.3 3.3 0.3

Pineapples 55 234 84.9 12.4 0.5 0.2 1.0 0.7

Plums 48 205 83.7 10.2 0.6 0.2 1.6 1.3

Raspberries 34 143 81.4 4.8 1.3 0.3 4.7 2.1

Strawberries 32 136 89.5 5.5 0.8 0.4 1.6 1.0

Fruit products

Apple juice, commercial 48 203 88.1 11.1 0.1 N/A N/A 0.7

Orange juice, 
commercial

42 178 89.5 8.7 0.7 0.1 0.4 1.0

Orange marmalade 258 1098 35.0 63.6 0.4 N/A N/A 0.9

Strawberry jam 256 1088 35.0 62.5 0.3 0.2 N/A 0.9

Apples, dried 248 1054 26.7 55.4 1.4 1.6 11.2 2.2

Apricots, dried 240 1019 17.6 47.9 5.0 0.5 17.6 7.9

Dates, dried 276 1174 20.2 65.1 1.9 0.5 8.7 1.3

Raisins 291 1238 15.7 68.0 2.5 0.6 5.2 1.6

Source: Souci SW, Fachmann W, Kraut H. Die Zusammensetzung der Lebensmittel, Nährwert-Tabellen, 7th ed. Stuttgart: 
medpharm GmbH Scientific Publishers; 2013.

Note: N/A, data not available.
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present in specific botanical families (e.g. glucosinolates in cabbage vegetables, phytoestrogens in 
soy and cereals, or monoterpenes in citrus fruits and herbs) [7].

Fruits are largely eaten fresh, but they can also be transformed into various products. This may 
lead to shifts in composition as shown in Table 5.1 for some representative examples. Apples and 
oranges are primarily processed into juice, whereby mainly bioactive substances such as dietary 
fiber and secondary plant metabolites remain largely in the pomace, and vitamin C is mostly 
destroyed. However, the latter is often re-added afterwards. Drying which is very popular for 
apricots, dates, or raisins has a high impact on composition. Water removal leads to a significant 
increase in energy, macronutrient, mineral, and dietary fiber content, but vitamin C is lost to a 
great extent [2]. A clear shift in composition is also seen in jams or jellies due to the addition of 
high amounts of sugar. This results in a distinct reduction of water, macro-, and micronutrients as 
well as bioactive substances.

Available carbohydrates are mainly the two monosaccharides glucose and fructose as well as the 
disaccharide sucrose. Other mono- to oligosaccharides are only present in trace amounts [2]. Table 
5.2 shows the sugar composition as it varies between fruits and selected fruit products. It should be 
noted, however, that the sugar content can vary depending on the cultivar. Moreover, it might also 
be influenced to some extent by other preharvest factors such as exposure to sunlight or temperature 
as well as by the stage of ripeness when picked and storage conditions [8].

The glucose-to-fructose ratio can be used as a characteristic for distinguishing fruit types. 
Pomaceous fruits, for example, are characterized by much higher fructose levels than glucose, 
whereas stone fruits generally contain somewhat higher glucose levels than fructose. For berries 
and citrus fruits, the ratio is approximately equal with a tendency toward slightly higher fructose 
concentrations. Sucrose is very dominant in many tropical/subtropical fruits and some stone fruits 
(except cherries), but it is found in very low levels in various berries including grapes [9].

In addition to sugars, the potential laxative sorbitol is abundant in pomaceous and stone fruits. 
Berries may also contain trace amounts [9], whereas this sugar alcohol is not present in citrus fruits 
and tropical/subtropical fruits. As can be seen in Table 5.2, pears contain even more sorbitol than 
glucose and fructose.

NUTRITIONAL ASPECTS OF FRUIT

Fruits are generally low in energy density [5]. Moreover, the World Health Organization has 
described all fruits as being nutrient-dense, whereas according to the United States Department of 
Agriculture’s MyPyramid processed fruits and fruit juices are also included in this category [10]. 
This difference demonstrates the various perspectives used to calculate nutrient density. Shrapnel 
and Noakes [11] reported recently that nutrient density scores for fruits vary widely and that dried 
fruits and fruit juices are characterized by lower scores. According to their model, fresh fruits 
should therefore be preferred to dried fruits and whole fruits to fruit juices.

In addition, the physical form of fruits is of importance. Whole fruits have a higher satiety effect 
than fruit purées, and purées have higher satiety ratings than fruit juices [12]. This is mainly due to 
the consecutive removal of dietary fiber and associated substances during processing. Since price 
is an important determinant from a consumer’s point of view, it is important to note that fruits (and 
vegetables) provide vitamins, minerals, and other key nutrients at reasonable costs despite being 
relatively costly as an energy source [13].

Based on their high nutrient density, fruits are often good sources of dietary fiber and some 
micronutrients. In the USA, they provide 11% of the total dietary fiber supply, but provide only 3% 
of food energy and 6% of carbohydrates [14]. Moreover, fruits are the major contributors of vitamin 
C (41%) and an important source of potassium (11%), vitamin B6 (9%), carotenoids (8%), folate 
(6%), and magnesium (6%) [14].

The contribution to macro- and micronutrient intake from fruits differs somewhat between coun-
tries, as recently published values for Switzerland show. Compared to the USA, Schmid et al. [15] 
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reported a higher contribution to the dietary fiber intake (approximately 16%) and a slightly higher 
contribution to carbohydrates (approximately 8%) at a comparable energy intake (approximately 
4%). Vitamin C contribution seems to be somewhat lower with approximately 35%, whereas values 
for folate and carotenoids were reported to be higher in Switzerland (both approximately 15%). 
Vitamin B6 (approximately 11%), potassium (approximately 13%), and magnesium (approximately 
8%) were stated to be in a similar range as in the USA [15].

TABLE 5.2
Sugar Composition and Sorbitol Content (g/100 g Edible Portion) of Fruits and 
Fruit Products

Glucose Fructose Sucrose Sorbitol

Fruits

Apples 2.0 5.7 2.5 0.51

Apricots 1.7 0.9 5.1 0.82

Bananas 3.5 3.4 10.3 N/A

Blueberries 2.5 3.3 0.2 0.00

Cherries, sweet 7.1 6.3 0.2 0.76a

Cherries, tart 5.2 4.3 0.4 1.17a

Cranberries 3.0 2.9 0.1 N/A

Currants, black 2.4 3.2 0.7 N/A

Currants, red 2.0 2.5 0.3 N/A

Grapefruit 2.4 2.1 2.9 N/A

Grapes 7.1 7.1 0.4 0.20

Kiwi fruit 4.3 4.6 0.2 N/A

Lemons 1.4 1.4 0.4 N/A

Mandarins 1.7 1.3 7.1 N/A

Mangoes 0.9 2.6 9.0 N/A

Melons, cantaloupe 1.6 1.3 9.5 N/A

Melons, water 2.0 3.9 2.4 N/A

Oranges 2.3 2.6 3.4 N/A

Papayas 3.6 3.5 N/A N/A

Peaches 1.0 1.2 5.7 0.89

Pears 1.7 6.7 1.8 2.17

Pineapples 2.1 2.4 7.8 N/A

Plums 3.4 2.0 3.4 1.41

Raspberries 1.8 2.1 1.0 0.00

Strawberries 2.2 2.2 1.0 0.03

Fruits products

Apple juice, commercial 2.4 6.4 1.7 0.56

Orange juice, commercial 2.6 2.5 3.4 N/A

Orange marmalade 17.4 15.4 27.1 N/A

Strawberry jam 21.9 18.7 13.5 N/A

Apples, dried 9.8 27.8 12.3 2.49

Apricots, dried 9.7 4.9 28.7 4.60

Dates, dried 25.0 24.9 13.8 1.35

Raisins 32.0 33.2 1.9 0.89

Source: Souci SW, Fachmann W, Kraut H. Die Zusammensetzung der Lebensmittel, Nährwert-Tabellen, 7th ed. Stuttgart: 
medpharm GmbH Scientific Publishers; 2013.

Note: N/A, data not available.
a Most values refer to Souci et al. [3] except Reference [93].
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According to the German Consumption Study II [16], there are gender-specific differences. Since 
women were reported to consume more fruit than men, the contribution of fruits to the intake of the 
above-mentioned nutrients is approximately 20–30% higher for women. Overall, the data reported 
for Germany were slightly higher than those reported for the USA and Switzerland, since German 
values refer to the intake of fruits plus fruit products, the latter adding approximately 10% to the 
overall fruit consumption. The only exception was vitamin C. It was found that 26 and 31% of its 
total intake for men and women, respectively, came from fruit [16].

Data based on the European Prospective Investigation into Cancer and Nutrition (EPIC) cohorts 
have also revealed some gender-specific differences, but even more distinct variations among coun-
tries. Dietary fiber intake from fruits ranged from 12 to 34% in men and 16 to 38% in women, 
respectively, with highest percentages found in Spain, France, and Italy and the lowest found in the 
UK [17]. Similar observations were made for vitamin C. Fruits contributed 23–55% and 30–59% 
of vitamin C intake in men and women, respectively, with the highest amounts in Italy and Spain 
and the lowest in Sweden and the UK [18]. In the UK, however, fruit juices additionally contributed 
14–24% and 13–23% to the daily intake of vitamin C of men and women, respectively. This is in 
agreement with Caswell [19], who reported that up to 25% of the daily vitamin C comes from fruit 
juices in the UK, particularly for teenagers and young adults, who are known to consume less fruits 
[16]. Moreover, fruit juices contribute 3–9% to the daily sugar intake, but nothing to the fiber intake 
[19]. Vitamin B6 intakes from fruits varied from 7 to 19% in men and 11 to 23% in women in the 
EPIC countries; these percentages were by far the highest in Italy and the lowest again in Sweden 
and the UK, particularly in men [18]. As for β-carotene, variations among intake levels in the EPIC 
countries were found to be even higher, ranging between 2 and 30% in men and 2 and 35% in 
women [20], again by far the highest in Italy and the lowest in the Northern countries as well as in 
the UK and Greece, where vegetables are responsible for at least 80% of the β-carotene intake. The 
contribution of fruits to potassium intake varied from 6% in Denmark to 19% in Italy for men and 
from 10% in Norway to 21% in Italy for women [21]. Similarly, regarding the magnesium intake, 
fruits contributed from 4% in Denmark to 11% in Italy for men and from 7% in Denmark to 14% 
in Spain for women [21]. In Europe, overall, a north-to-south gradient for the contribution of fruits 
to the above-mentioned nutrients was observed. This is consistent with a higher energy intake from 
fruits [22] and a lower energy contribution from highly processed foods in Southern countries [23].

LINKS BETWEEN FRUIT INTAKE AND HEALTH OUTCOMES

The consumption of fruits and vegetables as low glycemic index (GI) foods has been recommended for 
weight loss and diabetic management [24]. Indeed, it has been recognized for a long time that foods 
rich in dietary sugars usually have lower GI values than common starchy foods [25]. Table 5.3 gives an 
overview of the GI and glycemic load (GL) values of fruits and selected fruit products. Among them, 
the majority are considered to be low GI foods [11,26]. Glucose, fructose, and sucrose do not only 
determine the sweetness of fruits, but also affect plasma glucose levels in different ways [25].

According to the International Tables of Glycaemic Index and Glycaemic Load Values, the mean 
GI values of glucose, fructose, and sucrose are reported to be 92 ± 2 (n = 4 studies), 15 (n = 3 stud-
ies), and 65 ± 4 (n = 6 studies), respectively [26]. Correspondingly, GL values of 9, 2, and 7 are 
stated. These differences between the three main sugars as well as the high variability in their 
content (see Table 5.2) clearly affect the GI and, accordingly, the GL of fruits. However, other con-
stituents may also have an impact on GI values of fruits.

Trout and Behall [27] observed that the so-called acidic fruits, such as apples, apricots, or 
oranges, with pH values of 3.2–4.2 had lower GI values than what were expected based on their 
sugar composition, whereas the so-called near-neutral fruits, such as various melons and papaya, 
with pH 5.3–6.5 were characterized by GI values similar or even higher to what was calculated 
based on the sugar composition of these fruits. These researchers proposed a model that organic 
acids and their acidic anions slow down gastric emptying, thereby lowering the GI. They found a 
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significant correlation between measured GI values and fruit pH, but a less strong association with 
acids [27]. This latter finding can be explained by the fact that other fruit components, such as potas-
sium or proteins, affect the pH value. In addition, dietary fiber and cell wall structures are known 
to influence GI and GL. This is also seen by the higher GI values for juices and jams compared to 
the corresponding whole fruits (Table 5.3). For dried fruits, however, no such effect is seen, since 
they still contain dietary fiber. As mentioned above, however, they are considered to be low in nutri-
ent density. Therefore, Shrapnel and Noakes [11] have suggested to rank the nutritional quality of 
carbohydrate-rich foods, including fruits, by incorporating both GI and nutrient density. Similarly, 
Atkinson et al. [26] recommended not using the GI in isolation, but rather taking the energy density 
and the macronutrient profile of foods into consideration as well.

TABLE 5.3
GI (Mean Values ± SEM; Glucose = 100%) and GL Values of Fruits and Fruit 
Products Determined in Subjects with Normal Glucose Tolerance

GI GL

Fruits

Apples 36 ± 2a 6

Apricots 34 ± 3 3

Bananas 51 ± 3a 11

Blueberries, wild 53 ± 7 5

Cherries, dark, pittedb 63 ± 6 9

Grapes, black 59 11

Kiwi fruitc 58 ± 7 7

Mangoesc 51 ± 5a 8

Melons, cantaloupe 65 ± 9 4

Melons, water 76 ± 4a N/A

Oranges 43 ± 3a 3

Papayasc 66 ± 7 6

Pineapplesc 59 ± 8a 6

Strawberries 40 ± 7 1

Fruit products

Apple juice 41 ± 2a N/A

Orange juiced 50 ± 2 12

Orange marmalade 48 ± 9 9

Strawberry jam 49 ± 3a 10

Apples, dried 29 ± 5 11

Apricots, driede 31 7

Datesf 42 ± 4 18

Raisins 64 ± 11 28

Source: Atkinson FS, Foster-Powell K, Brand-Miller JC. Diabetes Care 2008;31:2281–3.
Note: Unless otherwise stated, portions contained 50 g of carbohydrates. GL values are estimated by 

multiplying GI by listed g carbohydrates/serving and dividing by 100. N/A, data not available.
a Average of all available data.
b Portion of fruit and reference contained 20 g carbohydrates.
c Portion of fruit and reference contained 25 g carbohydrates.
d n = 4.
e n = 3.
f n = 5.
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As for GL, it becomes obvious that values are mostly higher for fruit products than for whole 
fruits. This is mainly due to the fact that their total sugar content in one serving is higher. A serving 
of fruit juice (250 mL) or a serving of dried fruits (60 g) contains roughly twice as much sugar as a 
serving of fruit (120 g), whereas a 30 g serving of jam or marmalade may even contain three to four 
times as much sugar as the corresponding fruit.

The amount of fruits consumed influences their contribution to the daily GL. As outlined above, 
fruit consumption across Europe varies considerably. Correspondingly, the relative contribution of 
fruits to the overall GL has found to vary from approximately 5% in Sweden to approximately 15% 
in Spain for men and from approximately 9% in Sweden and Denmark to approximately 17% in 
Spain for women [28].

It is widely accepted that fruit and vegetable intake is related to good health. Moreover, they have 
shown a disease-preventive potential. Beneficial effects are mainly due to the low energy density, 
the high nutrient density, and the presence of bioactive substances. Reviews reporting associations 
between fruit and vegetable consumption altogether and various diseases or their biomarkers are 
relatively abundant [12,29–33], whereas studies differentiating between fruit and vegetable intake 
as well as investigations on individual fruits are scarce.

However, some of the above-mentioned reviews report several effects as a result of fruit intake 
only. In general, total fruit consumption was not shown to significantly affect diabetes incidence 
[29,30]. As for cardiovascular diseases, subanalyses of vegetable and fruit studies have revealed sig-
nificant inverse relations of fruit consumption and both coronary heart disease and stroke, whereas 
the protective effect of fruit on cancer was less convincing [29].

The relation of low GI fruit consumption to glycemic control and risk factors for coronary heart 
disease in type 2 diabetes has recently been investigated. For this purpose, data of a previously 
published study assessing the role of a low GI diet [34] were re-examined for the effect of low GI 
fruit consumption [35]. Pomaceous, citrus, and stone fruits as well as classic berries were classified 
as low GI fruits, whereas tropical fruits such as bananas and mangoes, different melons as well as 
grapes were considered to be high GI fruits. At the baseline, the low GI fruits accounted for 0.7 
servings/day in both the low GI fruit and the high cereal fiber intervention group. After 6 months, 
the consumption in the low GI fruit group increased to 1.3 servings/day, whereas it decreased in 
the high cereal fiber group to 0.3 servings/day. Total fruit intake, however, remained constant at 
2 servings/day in both groups. Overall, the highest quartile of low GI fruits intake showed a signifi-
cant benefit on glycemic control, blood lipids, and blood pressure compared to the lowest quartile. 
Regarding individual fruits, citrus fruit and berry consumption was found to be related to an HbA1c 
(a long-term indicator of average plasma glucose concentration) reduction as the primary outcome; 
apple consumption was correlated negatively with triglycerides and coronary heart disease risk and 
positively with high-density lipoprotein (HDL) cholesterol; and berry intake was negatively cor-
related with glucose and blood pressure, but positively correlated with triglycerides. No significant 
relations were observed with pears and stone fruits [35]. It was concluded that further studies are 
needed to determine the optimal levels of fruit consumption in order to maximize glycemic control.

While several studies have focused on individual secondary plant metabolites such as resveratrol 
[36], anthocyanins [37], and ellagitannins [38], studies on the beneficial effects of corresponding 
fruits (grapes, cherries, strawberries, and raspberries, respectively) are scarce [39–41] or even miss-
ing [42]. In the following section, health-related effects of specific fruits or fruit juices consumed in 
physiologically reasonable amounts are summarized.

EFFECTS OF SPECIFIC FRUITS ON HEALTH OUTCOMES

Apples: Studies on relationships between apples and human health have been reviewed by Hyson [43]. 
It has been found that consuming one or more medium-sized apple/day was associated with a reduc-
tion in cancer risk at several sites compared to consuming less than one apple/day. Moreover, apple 
and pear intake at the highest two quintiles (averages of 93.5 and 164.9 g/day, respectively) showed 
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a significant inverse relation to lung cancer compared to the lowest quintile (43 g/day). An inverse 
association between apple intake and coronary mortality was observed in Finnish women (more than 
71 g of apple/day) and elderly Dutch men (an average of 69 g/day) compared to persons consuming no 
apples. In addition, apple consumption has been found to increase antioxidative enzymes that serve 
as biomarkers related to cardiovascular risk. Recent investigations have also suggested a beneficial 
effect of apple consumption on asthma and pulmonary function, type 2 diabetes, weight manage-
ment, and bone health despite some inconsistencies and the need for further studies [43].

Grapes: Grapes and wine, in particular, have been studied in relation to the French paradox: 
the consumption of red wine has been proposed to be responsible for the low incidence of cardio-
vascular diseases despite the high amount of fat in the French diet. Studies on grapes and grape 
juices have suggested cardiovascular benefits as well via decreased platelet aggregation, improved 
endothelial function, and reduced blood pressure [41], whereby these positive effects were mainly 
attributed to the grape seeds and skin [44]. However, there is little epidemiologic evidence that 
grapes play a unique role in disease prevention [5].

Berries: Studies on the effect of berries on cardiovascular diseases have been summarized by 
Basu et al. [45], who reported that epidemiological data showing an inverse association between 
berry consumption and cardiovascular risk factors are limited, although some interventions in 
healthy and at risk humans showed a significant decrease of these risk factors. These effects need 
to be further investigated. Moreover, these researchers have recommended consuming berries fresh 
or frozen rather than processed due to the changes in their nutritional profile as discussed above. 
In terms of specific berries, cranberries have been studied more extensively with a focus on using 
cranberry juice to prevent and treat urinary tract infections [46].

Citrus fruits: Inconsistent results have been reported in an Australian review of more than 100 
studies that investigated the association of citrus fruit intake and cancer risk. Only 48% showed an 
inverse association, whereas in 52% of these studies, no association was found [47]. Similarly, a 
review evaluating the impact of food groups on stroke risk revealed that citrus fruits led to a signifi-
cant reduction in stroke risk in three out of six prospective cohort studies [48]. In addition, a similar 
effect was observed for total fruit intake in five of these studies.

Fruit juices: Due to their lower nutrient density and larger serving size, the health effects of fruit 
juices are presumed to be somewhat weaker than those of whole fruits. Moreover, the fact that fruit 
juices contain similar amounts of sugar as soda beverages might affect metabolic health negatively. 
Nevertheless, when reviewing the health effects of consuming fruit juices, in general, Caswell [19] 
found no association between fruit juice consumption and weight status or body mass index, but evi-
dence from epidemiological and clinical studies that fruit juice consumption reduces the coronary 
heart disease risk. This is in agreement with the fact that orange juice has been found to increase 
HDL cholesterol and reduce blood pressure [49]. Evidence of a protective effect of fruit juice on 
cancer was not strong [19]. Moreover, studies looking at different types of fruit juices and their 
health effects are largely lacking. It has only been reported that cranberry juice may decrease the 
number of urinary tract infections (see above) and that purple grape juice may improve endothelial 
function and platelet aggregation [19].

HONEY

Honey produced by honeybees has served as a natural sweetener since ancient times and was the 
major sweetener for food until sugar began to be produced in large amounts from other sources. 
Nowadays, honey is still highly valued for food flavoring and sweetening and is also often used for 
medical purposes, as will be detailed below. Worldwide, about 1.2 million tons of honey are pro-
duced annually [50]. The major honey-producing countries are China, Turkey, the USA, Ukraine, 
Mexico, and Argentina [51,52]. Although China and Argentina produce a large amount of honey, 
the annual consumption in these countries is low (0.1–0.2 kg per capita per year) compared to other 
countries, such as the USA, Canada, and Australia (0.6–0.8 kg per capita per year). In European 
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countries, such as Italy, France, Great Britain, and Denmark, 0.3–0.4 kg of honey are annually 
consumed per person, while the consumption of honey is highest in Germany, Austria, Switzerland, 
Hungary, and Greece (1.0–1.8 kg per capita per year) [50,51].

The Codex Alimentarius [53] sets global quality standards for food products that are traded 
internationally. Within these standards, honey is defined as “the natural sweet substance produced 
by honeybees from the nectar of plants or from the secretions of living parts of plants or excretions 
of plant sucking insects on the living parts of plants, which the bees collect, transform by combining 
with specific substances of their own, deposit, dehydrate, store and leave in the honey comb to ripen 
and mature.” Blossom honey comes from nectars of plants, while honeydew honey comes mainly 
from the excretions of insects that suck on the living parts of plants (Hemiptera) or the secretions of 
the living parts of plants [53].

The composition of honey is listed in Table 5.4. Honey consists primarily of sugars (60.5–82.5%) 
and water (usually between 15% and 20%). The predominant sugars are the monosaccharides fruc-
tose and glucose. Furthermore, di-, tri-, or higher oligosaccharides may be found in honey. Blossom 
honey from the nectar of plants contains only low amounts of trisaccharides, while honeydew honey 
that comes from the excretion of plant-sucking insects may contain higher amounts of melezitose. 
About 25 minor oligosaccharides have been characterized in honey, such as panose, 1-kestose, 
6-kestose, and palatinose, which presumably have prebiotic effects [54].

Small amounts of minerals are found in honey. The mineral content of honey (which is measured 
as electrical conductivity) is an important characteristic for the determination of its botanical origin. 

TABLE 5.4
Composition of Blossom and Honeydew Honey

Blossom Honey Honeydew Honey

Average (g/100 g) Range (g/100 g) Average (g/100 g) Range (g/100 g)

Water 15–20a 15–20a

Monosaccharides
Fructose 39.6a 32.5–45.2 33.8b 28.3–39.8
Glucose 30.9a 24.3–39.9 23.9a 19.0–31.5

Disaccharides
Sucrose 0.7a 0.05–6.2 0.5a 0.05–1.0
Maltose 0.6a 0.1–2.3 1.4a 0.5–2.5
Turanose 1.4a 0.8–2.9 1.8a 0.5–2.5
Trehalose 0.3a 0.05–1.5 1.1a 0.1–2.4
Isomaltose 0.3a 0.2–2.2 0.3a 0.1–10.8
Other disaccharides 2.3a 1.1–5.5 1.8a 0.5–5.0

Trisaccharides
Melezitose 0.2a 0.1–1.0 5.3a 0.3–22.0
Erlose 0.7a 0.1–6.0 1.4a 0.1–5.3
Other trisaccharides 0.5c 0.5–1.0 3.0c 0.1–6.0
Unknown, higher
 oligosaccharides

1.0–3.0a 1.0–3.0a

Total sugars 77.0a 61.5–82.5 70.4a 60.5–81.0
Minerals 0.2c 0.1–0.5 0.9c 0.6–2.0
Amino acids, proteins 0.3c 0.2–0.4 0.6c 0.4–0.7
Organic acids 0.5c 0.2–0.8 1.1c 0.8–1.5

a Reference [94].
b Reference [95].
c Reference [50].
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The nutritional value of these minerals is low, however, considering the small amount of honey that 
is usually consumed per day.

The main enzymes that can be found in honey are diastase (amylase), which reduces glycogen 
into smaller sugar units, and invertase (alpha-1,4-glucosidase), which metabolizes sucrose into the 
two monosaccharides fructose and glucose, as well as the enzyme glucose oxidase, which produces 
the disinfectant hydrogen peroxide. The bees add these enzymes from their pharyngeal glands 
during the process of honey production. These enzymes are heat- and light-sensitive, and therefore 
honey preferentially should not be heated and should be stored in the dark at low temperatures. 
Measuring the activity of these enzymes is often used for testing honey quality with respect to heat 
and/or storage damage.

Additional compounds can be found in honey in low amounts, including numerous aroma 
components that define the characteristic taste of a particular honey. These components are char-
acteristic for the botanical origin of the honey and often are the main criterion for customers 
when choosing a particular type. To preserve these mostly volatile aroma components as much 
as possible, it is best to store honey at low temperatures. Honey can also contain up to 500 mg/
kg total polyphenols, such as flavonoids (quercetin, luteolin, kaempferol, apigenin, chrysin, and 
galangin) or phenolic acids and their derivatives [50]. These components are known for their 
antioxidant activities.

CHARACTERISTICS OF VARIOUS TYPES OF HONEY

Worldwide, a vast variety of unifloral honeys are produced with very characteristic flavors and 
aromas. Due to a unique botanical environment, some unifloral honeys may only be produced in 
certain regions of the world, such as the manuka honey that is produced in New Zealand and in 
some regions of Australia. Unifloral honeys vary to a great extent in color, aroma, sugar composi-
tion, and mineral- and organic acid content. Bee keepers can often market unifloral honey at a 
higher price compared to polyfloral honey, and consumers expect a defined, typical taste when 
they buy honey from a specific botanical origin. Honey can be labeled as unifloral honey if it 
primarily originates from a single botanical source and shows the typical sensory and physico-
chemical characteristics of the corresponding type of honey. For example, robinia honey (often 
wrongly labeled as acacia honey) has a very low mineral content, a high fructose, and a low 
glucose content. The sweetness of fructose is higher than glucose, and therefore robinia honey is 
perceived as sweeter than other types of honey with a higher glucose content (e.g. rape honey). 
Due to the high fructose-to-glucose ratio, robinia honey has a relatively low GI and may be suit-
able as a sweetener for people with an impaired glucose tolerance. In general, honeydew honeys 
contain a higher amount of minerals compared to blossom honeys (with some exceptions, e.g., 
chestnut honey). An electrical conductivity of more than 0.8 mS/cm is characteristic for honey-
dew honeys, while floral honeys typically have an electrical conductivity of less than 0.5 mS/cm. 
In between these values are floral honeys mixed with honeydew. The requirements for various 
unifloral honeys have been summarized by the International Honey Commission [55], by Beckh 
and Camps [56], and in the German Honey Directive [57]. Examples of unifloral honeys are listed 
in Tables 5.5 and 5.6 and Figure 5.1.

Unifloral honeys are well-defined and more uniform than polyfloral honeys, since they need to 
comply with strict criteria for sensory, physicochemical, and pollen analysis, while polyfloral hon-
eys vary depending on the ratio of the floral or honeydew sources. Therefore, well-defined honeys 
with respect to their geographical origin, as well as their sensorial and physicochemical character-
istics, such as unifloral honeys, should preferably be used for studying the medical effects related 
to honey.
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TABLE 5.5
Physicochemical Characteristics of Selected Unifloral Honeys

Honey Type
Electrical 

Conductivity (mS/cm) Fructose (g/100 g)
Glucose 
(g/100 g)

Chestnut (Castanea sativa) 1.38 ± 0.27a 40.8 ± 2.6a 27.9 ± 2.5a

Citrus (Citrus spp.) 0.19 ± 0.06a 38.7 ± 2.6a 31.4 ± 2.1a

Clover (Trifolium, Melilotus, or Lotus spp.) Max. 0.2b,c,d Fructose/glucose max. 1.3c

Dandelion (Taraxacum officinale) 0.51 ± 0.07a 37.4 ± 1.8a 38.0 ± 2.8a

Eucalyptus (Eucalyptus spp.) 0.48 ± 0.06a 39.1 ± 2.2a 33.0 ± 1.9a

Leatherwood/Ulmo (Eucryphia spp.) >0.5d Fructose/glucose >1.15d

Manuka (Leptospermum scoparium) >0.5d Fructose/glucose 1.12–1.47d

Rape (Brassica spp.) 0.19 ± 0.05a 38.3 ± 1.7a 40.5 ± 2.6a

Robinia (Robinia pseudoacacia L.) 0.16 ± 0.04a 42.7 ± 2.3a 26.5 ± 1.7a

Sunflower (Helianthus annuus L.) 0.34 ± 0.08a 39.2 ± 1.6a 37.4 ± 1.5a

Tilia (Tilia spp.) 0.62 ± 0.12a 37.5 ± 2.9a 31.9 ± 2.5a

Honeydew 1.2 ± 0.22a 32.5 ± 1.9a 26.2 ± 2.5a

a Ref. [55].

b For honey from New Zealand, max. 0.3.

c Ref. [57].

d Ref. [56].

TABLE 5.6
Aroma Description of Selected Unifloral Honeys

Honey Type Aroma Further Features

Chestnut Woody, chemical, warm, spoileda Strong, bitter taste

Citrus Fresh (anise), floral-fresh fruita Methylanthranilate, min. 2 mg/kgb

Clover Floral, weak aromaticb

Dandelion Woody, spoileda Odor strong and spoiled (cat urine)

Eucalyptus Woody, warm, spoileda

Leatherwood Perfumed, harshc

Ulmo Weak floralc

Manuka Harshc, chemical Thixotropy

Rape Floral-fresh fruit, warm, spoiled, vegetala Odor of cabbage, fast crystallization

Robinia Floral-fresh fruit, warma Strong sweetness, stays liquid for more 
than a year

Sunflower Floral-fresh fruit, warm, vegetala

Tilia Woody, chemical, fresha Odor strong and chemical (menthol)

Honeydew Woody, warma Stays liquid for a long time

a Reference [55].

b Reference [57].

c Reference [56].
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QUALITY STANDARDS FOR HONEY

According to the Codex Alimentarius [53], no food ingredient or additive is allowed to be added to 
honey nor is any constituent particular to honey removed from the honey, such as pollen. Analysis 
of the different pollen types, which are generally found in a low amount in honey, is important 
for the identification of the botanical and geographical origin of the honey and also for testing for 
adulteration.

The Codex Alimentarius limits the moisture content to a maximum of 20% except for heather 
honey, which can contain up to 23% water. An elevated water content can speed up the fermentation 
process under unfavorable storage conditions. If yeasts multiply in honey, they metabolize sugars 
to alcohol and acetic acid, and these metabolic products change the honey taste in an unfavorable 
manner. Apart from the moisture content of honey, the risk for fermentation depends on the tem-
perature at which the honey is stored and on its botanical origin, for example, honey derived from 
rape nectar often has a higher risk for fermentation than honey derived from other sources. For these 
types of honey, the moisture content of a honey should preferably be below 17% so that the risk for 
fermentation is also low.

FIGURE 5.1 (See color insert.) Colors of unifloral honeys. Examples of unifloral honeys: (a) robinia, 
(b)  citrus, (c) clover, (d) rape, (e) tilia, (f) leatherwood, (g) dandelion, (h) sunflower, (i) chestnut, (j) eucalyptus, 
(k) honeydew, (l) manuka. The honeys were liquefied (except manuka honey). The color of any type of uniflo-
ral honey may vary to a certain extent, especially when a honey crystallizes, for example, a crystallized rape 
honey is whitish-yellow.
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Honey should not be heated or processed to such an extent that its quality is impaired. The deter-
mination of the hydroxymethylfurfural (HMF) content and/or enzyme activities (diastase or inver-
tase) serve as analytical tests for freshness and for possible heat damage. Freshly harvested honey 
contains a very low amount of HMF and shows high enzyme activity (e.g. diastase activity, which 
is measured in Schade Units). If honey is heated, especially at temperatures higher than 55°C, the 
HMF concentration increases rapidly. During storage, the HMF concentration increases in relation 
to the surrounding temperature, the duration of storage, and the pH value. According to the Codex 
Alimentarius, HMF content of honey should not be more than 40 mg/kg, or 80 mg/kg in the case of 
honey of declared origin from tropical countries. A minimal amount of 8 Schade Units is required 
by the Codex Alimentarius for the diastase activity, except for honeys that have a naturally low 
enzyme content such as citrus or robinia honey.

Honey has also to comply with the maximum residue limits (MRLs) established by the Codex 
Alimentarius Commission. Bee keepers use veterinary drugs to control bee diseases and many 
chemicals, such as organic acids or coumaphos, flumethrin, and thymol, are approved for treat-
ment of the mite Varroa destructor. If correctly applied, the risk is low that the MRLs in honey are 
exceeded.

LINKS BETWEEN HONEY AND HEALTH OUTCOMES

A high GI is expected for honey, since it consists primarily of sugars (60.5–82.5%). Some studies, 
however, showed a low GI, below 55, for some unifloral honeys, such as the Australian yellow box 
honey, stringybark honey, or German robinia honey [58,59]. Furthermore, several clinical studies 
have shown that the plasma glucose response to honey in comparison to glucose was significantly 
reduced depending on the honey type [58–64]. These researchers suggest that the reason for the 
attenuated rise of blood glucose after honey consumption could be due to the high proportion of 
fructose, which has a lower GI than glucose [59,64]. Comparisons of honeys with equal mixtures of 
fructose and glucose support this hypothesis to some extent.

Several factors could potentially explain the reduced hyperglycemia or glucose levels after 
consumption of honey. Fructose and palatinose may delay gastric emptying and digestion 
and slow down the rate of the intestinal absorption of glucose, whereas fructose absorption is 
enhanced in the presence of glucose. The mechanism remains unclear, but absorption of fructose 
is the greatest when equal amounts of glucose and fructose are ingested simultaneously [65]. It 
is hypothesized that fructose and oligosaccharides in honey might contribute to decreased food 
intake by enhancement of satiety and therefore play a role in weight management [66]. But the 
results of the studies investigating the influence of honey on weight management are not conclu-
sive [67]. Due to its different sugar constituents, honey has a prebiotic effect on nonpathogenic 
or beneficial bacteria that is comparable to that of fructo- or galactooligosaccharides or inulin 
[54,68]. The latest findings on the systemic effect of intestinal microbiota suggest a possible link 
to diabetes mellitus and therefore a possible indirect influence of honey on glucose management 
through its restoring effect on imbalanced or altered gut microbiome and other not-yet-identified 
mechanisms [69,70].

Diabetes mellitus is commonly associated with an impaired lipid metabolism and hepatic dys-
functions or abnormalities. Honey supplementation enhances hepatic glucose uptake and glycogen 
synthesis and storage, which could improve glycemic control in diabetic patients. Furthermore, the 
antioxidant effects of honey might protect the liver and improve glucose homeostasis. Despite the 
evidence that fructose may have a detrimental effect on lipid metabolism when consumed in high 
doses, honey consumption has not been found to have a negative influence on the liver. On the one 
hand, fructose consumption from honey is relatively low compared to many sugar- or fructose-
sweetened beverages, and, on the other hand, its numerous bioactive constituents may counteract 
the potential deleterious effect of fructose [67].
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In an early study by Samanta et al. [71] with patients with type 1 diabetes mellitus, honey consis-
tently produced a lower glycemic effect compared to glucose and sucrose when equivalent amounts 
of carbohydrates were consumed. Due to these findings, the metabolic effect of honey compared to 
pure glucose, fructose, and sugar in healthy people as well as diabetic patients was investigated in 
several studies, which were reviewed by Erejuwa et al. [67]. GI and the peak incremental index were 
found to be significantly lower in healthy people as well as in patients with diabetes type 1 after 
honey consumption compared to sucrose. In healthy people, insulin and C-peptide (a marker for 
insulin production) levels were lower after honey consumption compared to glucose consumption 
[67]. However, in another study, the level of C-peptide was found to be increased in both patients 
and controls after honey consumption. The researchers, therefore, suggested an improved endog-
enous insulin secretion [60].

In patients with diabetes mellitus type 2, the findings have been more controversial. The com-
parison of white bread, honey, and sucrose in a mixed breakfast showed no beneficial effects of 
honey in a group of type 2 diabetic patients [72]. These results were confirmed in an investigation of 
the metabolic effect of honey and white bread alone or in combination with other food, showing a 
similar degree of hyperglycemia in type 2 diabetics [73]. In addition, an increasing supplementation 
of the diet of diabetic patients with honey resulted in significantly increased HbA1c after 8 weeks 
[74] compared to baseline hemoglobin and to the control group. However, the glucose content of the 
administered honey was unusually high with a fructose-to-glucose ratio of 0.46, which could explain 
the detrimental effect of the honey in this study combined with the high dose of honey at the end of 
the study. And in various experiments with type 2 diabetic patients performed by AL-Waili [75], the 
inhalation of honey significantly reduced elevated glucose levels and significantly improved glucose 
tolerance. The researchers therefore hypothesized that honey might affect glucose levels through 
its effect on prostaglandin and nitric oxide production. The fact that the effect was caused through 
intranasal inhalation supports the idea that specific ingredients in honey could penetrate the nose-to-
brain barrier and directly stimulate glucose receptors, thereby provoking signals to increase insulin 
production [75]. When honey was compared to glucose, it was found to attenuate the postprandial 
glycemic response in all degrees of glucose intolerance, but it was most prominent in patients with 
a high degree of glucose intolerance or mild diabetes [76]. Most of the studies did not measure fruc-
tosamine or HbA1c in diabetic patients. Thus, it is difficult to assess the long-term glycemic effect of 
honey in diabetic patients. Further clinical studies to ascertain these factors are needed [67].

Diabetic patients frequently suffer from impaired lipid metabolism such as elevated choles-
terol and triglycerides, which are known factors for elevated risk of cardiovascular disease [77]. 
The results of both animal and human studies have suggested that honey supplementation could 
ameliorate impaired lipid metabolism by reducing triglycerides and low-density lipoprotein 
(LDL)-  cholesterol as well as very-low-density lipoprotein (VLDL)-cholesterol and by increasing 
HDL-cholesterol [70,73,78–80].

other mediCal uses/aPPliCations of honey

The medical use of honey has already been mentioned in the Bible, Koran, Torah, and Talmud, and 
since the ancient civilizations, a rich line-up of therapeutic effects of honey has been described. 
However, most evidence points to clinical use of honey for burns, wound care, and ulcers. Different 
properties of honey could explain the wound-healing effect. First of all, high sugar content reduces 
water availability and therefore inhibits the growth of microbes in the wound. Its acidity, with a pH 
value of below 5, is not favorable for microbial growth. The enzyme glucose-oxidase contained in 
honey produces hydrogen peroxide, which sanitizes the skin. Honey supports the healing process 
by facilitating an increase in lymphocytes and phagocytes and the release of cytokines and interleu-
kins. Finally, the secondary plant metabolites with bactericidal properties contained in honey may 
play a beneficial role in wound healing [81].
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Two recent reviews of the literature found over 50 studies related to the use of honey to treat 
burns, ulcers, and wounds with various etiologies. They investigated honey’s antibacterial effect, 
wound-healing stimulating capacity, and anti-inflammatory, deodorizing and debridement proper-
ties [81,82].

However, several of the studies on wound healing were of poor quality, for example, the sample 
size was too small or the studies were not randomized or blinded. Two randomized controlled trials, 
however, were double- or single-blinded. Both of them investigated the effect of honey on wounds 
caused by partial or complete toenail removal and compared its effect to paraffin gauze and iodine 
dressing, respectively. The researchers concluded that there was no significant difference between 
honey and the paraffin dressing, while after total toenail removal, the iodine treatment was more 
effective in wound healing than honey [83,84].

Three studies examining the effect of honey on various skin conditions reported honey to be use-
ful in managing seborrheic dermatitis, dandruff psoriasis, and various fungal conditions. However, 
these trials were not or only partially controlled [81].

The antibacterial effect of honey is best documented for burns. Thirteen clinical trials have 
investigated the efficacy of honey for healing burns in comparison to the therapy standard silver 
sulfadiazine (SSD), to polyurethane, to boiled potato peel, or to early tangential excision (TE) and 
skin grafting. Eight studies were performed by the same researchers using unprocessed undiluted 
honey. These studies reported better results for honey when compared to the other topical treat-
ments, except for early TE and skin grafting. Five further studies compared honey to SSD or paraf-
fin. Four were in favor of the honey, while one study found no difference between the honey and 
SSD. Therefore, honey may be a suitable alternative for treating burns. Compared to the studies on 
wound healing, the quality of these studies was better as they were randomized and the sample sizes 
were larger. Unfortunately, they were not blinded, and it was mostly unclear how the sample sizes 
were decided [81].

Wound healing is a known problem in cancer patients [85]. Although the quality of studies 
investigating the efficacy of honey in wound healing and infection inhibition in cancer patients is 
generally poor, a well-designed trial confirmed the positive results of these studies. According to 
that trial, honey reduced the severity and duration of radiation-induced oral mucositis, promoted 
wound healing, cleared infections, and reduced xerostomia (oral dryness symptom)-induced tooth 
decay [81].

For wound healing, honey may be a good alternative to other topical dressings, especially when 
all conventional therapies have failed, in cases of antibiotic resistance or in circumstances where the 
availability and cost of dressings are a problem. One main problem of even well-designed clinical 
trials is the fact that there is no consistency in the type, quality, and amount of the applied honey. 
Manuka honey from New Zealand or Australia is one of the best characterized and often used hon-
eys [82] because of its high antibacterial capacity due to a high content of methylglyoxal. But other 
types of honey may also have an inhibitory effect on different bacterial strains responsible for infec-
tions and impaired healing of different wounds [86]. As mentioned before, the composition of the 
different types of honey varies greatly; therefore, their therapeutic effects depend on the concentra-
tion of special components. In general, it seems that darker colored honey has a higher antimicrobial 
activity than lighter colored honey [87]. Therefore, in future studies, a clear characterization of the 
honey used is essential for the interpretation of the results. Studying the antibacterial properties of 
honeys from various botanical origins may also lead to the discovery of further types of honeys that 
are well suited for wound healing.

Apart from the external application of honey on wounds, its antimicrobial activity has also been 
documented for treating bacterial gastroenteritis. Honey administered on the oral route was effec-
tive to treat infantile diarrhea and in vitro studies proved its bactericidal activity against several 
organisms causing gastrointestinal infections, including Salmonella and Shigella species, entero-
pathogenic Escherischia coli as well as Helicobacter pylori isolates which cause gastritis [88]. 
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Additionally, gastric ulcers have been successfully treated using honey as a dietary supplement 
probably due to its gastroprotective anti-inflammatory properties [88].

antiCanCer effeCts of honey

The in vitro and in vivo (in animal studies) treatment of cancer cells has indicated moderate 
antitumor and significant antimetastatic effects of honey as well as facilitation of the antitumor 
activity of certain chemotherapeutic drugs. The authors of these studies believe that the antitumor 
properties of honey could be attributed to the various polyphenols found in honey, such as caffeic 
acid, caffeic acid phenyl ester, chrysin, galangin, quercetin, acacetin, kaempferol, pinocembrin, 
pinobanksin, and apigenin. Single extracts of these polyphenols have shown promising pharma-
cological effects in different cancer cell lines tested in in vitro set-ups or in rat experiments [89]. 
However, their anticancer potential has not been tested in humans as either extracts or as natural 
constituent of honey. Therefore, further investigation is needed to clarify whether honey itself or 
the above-mentioned polyphenols in the concentrations measured in honey could be a successful 
anticancer treatment.

antioxidant effeCts of honey

A short-term diet high in sucrose negatively affects the balance between free radical production 
and antioxidant defence, resulting in an increased lipid susceptibility to peroxidation. It has been 
suggested that the fructose moiety in the sucrose molecule is responsible for the pro-oxidant effect 
[90]. Fruits and vegetables are known to be rich sources of antioxidants, so it is not astonishing that 
honey originating from plant nectar has been reported to be rich in polyphenolic compounds [91]. 
Numerous investigations have found an antioxidant effect of honey on ameliorating oxidative stress 
in the gastrointestinal tract, pancreas, liver, kidney, reproductive organs, and plasma/serum. The 
fact that most of these results emanate from in vitro or animal studies indicates a need to investigate 
its antioxidant effect in humans suffering from chronic or degenerative diseases [91]. The few exist-
ing studies conducted on humans have indicated a beneficial effect on factors strongly related to 
coronary heart disease like hypertension or serum cholesterol levels [92], but better designed studies 
are needed to verify the potential and mechanism of honey to counteract oxidative stress and related 
chronic diseases.

CONCLUSION

In conclusion, it can be stated that sugars in fruits do not play an important role in health promo-
tion per se. As a matter of fact, it is generally recognized that the synergy of secondary plant 
metabolites, dietary fiber, and vitamin C are responsible for the potential beneficial effects of fruits. 
However, there is a general consensus that further prospective studies and interventions are needed 
to strengthen these observations. Moreover, it should be noted that the preventive effects of fruits 
can be optimized when their consumption is part of an overall healthy lifestyle.

Likewise, the beneficial effect of honey on many health aspects has not exclusively been related 
to its sugar composition, but also to its numerous additional compounds, such as enzymes, flavo-
noids, and polyphenols. Honey is a complex food, and its composition varies greatly depending on 
its geographical and botanical origin. This could be one of the major reasons for the often contro-
versial results of numerous investigations using honey to treat various medical conditions. The most 
benefit was found in its application to burns due to its antimicrobial effect. In both, diabetic patients 
and healthy people, honey has been found to positively impact blood glucose levels and insulin pro-
duction due to its lower GI compared to sucrose.
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High-Fructose Syrup—So, 
What Is It Exactly?

John S. White

KEY POINTS

• High-fructose syrup (HFS) comes from a botanical source, as do sucrose, fruit juice con-
centrates, and honey (indirectly).

• HFS and sucrose are highly refined, highly purified sweeteners that share common produc-
tion processes.

• Composed of glucose and fructose, its composition is similar to sucrose and nearly identi-
cal to invert sugar.

• Sweetener individuality is lost after digestion—sucrose and HFS deliver the same sugars 
in nearly the same concentration to the bloodstream.

6
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• HFS-55 was designed to be equally sweet with sucrose.
• HFS has functionality beyond sweetness, much of which is in common with sucrose.
• The rapid increase in HFS consumption occurred at the expense of sucrose, so fructose 

from added sugar was largely unchanged over the past 100 years.
• HFS consumption peaked in 1999 and has since been in decline.
• US consumption of sucrose is currently 50% more than HFS; global sucrose consumption 

is 10× HFS.
• There is no correlation between HFS or fructose with obesity in the USA; global correla-

tion is unlikely due to scant use of sucrose.
• The significant increase in per capita daily energy intake in the USA over the past 40 years 

is more due to increased fat and cereal grains (glucose from starch) than added sugars, 
HFS, or fructose; dietary glucose exceeds fructose by more than 3:1 margin.

• Reactive dicarbonyl compounds (RDCs) and advanced glycosylation endproducts (AGEs) 
are ubiquitous in the environment and processed foods; sugars in HFS are not a unique 
or important source of dietary RDCs and AGEs; dietary sources are small compared to 
endogenous production.

• Reformulating foods and beverages from HFS to sucrose is a metabolic wash; the nutri-
tional value does not change and is potentially misleading to consumers.

INTRODUCTION

Everyone on the planet, it seems, has heard of high-fructose syrup (HFS)—aka high-fructose corn 
syrup (HFCS), isoglucose, glucose–fructose syrup and fructose–glucose syrup. HFS enjoyed 35 
successful and relatively quiet years as a liquid sweetener alternative to sucrose, widely understood 
to have the same sweetness, caloric value, composition, and functionality. HFS was abruptly thrust 
into the spotlight by a 2004 Commentary in the American Journal of Clinical Nutrition [1] showing 
an association between increased use of HFS between 1970 and 2000, and rising rates of obesity. 
Although the authors’ hypothesis did not imply direct causation—“the overconsumption of HFCS 
in calorically sweetened beverages may play a role in the epidemic of obesity”—it had several sig-
nificant consequences:

 1. Attention was laser focused on HFS as a unique cause of obesity, while sucrose—with 
similar composition—became the preferred sweetener choice;

 2. Fructose research was jump-started after a decade of inactivity; and
 3. Many accepted the hypothesis without further proof and HFS became the poster child for 

poor nutrition and obesity.

Stories about it appear weekly in the media. It is a frequent topic of casual conversation; strang-
ers and friends speak knowingly about it. We were told it is in every food, that it is The One, the 
dietary silver bullet that is single-handedly responsible for epidemics of obesity and related diseases 
in the USA. School districts and state legislatures call for its removal from school lunch programs, 
insisting manufacturers pull it out of food and beverage formulations and replace it with sugar 
(sugar!), ostensibly to improve nutritional quality. We were warned that developing countries and 
sugar-based economies should avoid its use. And if that were not enough, we were told it is toxic. 
Toxic? Really? A sweetener that has been used in foods and beverages for 45 years is toxic? The 
body count must be extraordinary. How could that be?

How could it not? We live in an era of instant transmission of unfiltered information, where opin-
ion becomes fact, Blogger Kings and Queens dispense nutrition advice, and anyone caught introduc-
ing fact is exiled forthwith; where researchers side-step scientific debate for media limelight; where 
abstracts and press releases are used verbatim in news stories; where adequate fact-checking and 
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peer review by journals and granting agencies seem to be relics of the past; and where common 
sense and perspective have been thrown out of the window.

HFS had the misfortune to catch the attention of the world at a time in history when half-truths, 
speculation, and half-baked science race so far ahead that fact and sound science have little hope 
of catching up.

A different view on HFS will be presented in this chapter [2–4]. You will find information that is 
missing from conversations, stories, papers, chapters, books, and other accounts you have encoun-
tered about HFS. This information is available to all, but overlooked, avoided, or discounted by 
most. For a balanced picture of HFS, compare what you read in other chapters of this textbook and 
elsewhere with information presented in this chapter.

A note of clarification: the term “high-fructose corn syrup” (HFCS) is commonly used in the 
USA, where cornstarch is the only raw material used in its production. By convention, the word 
“corn” is dropped when referring to the sweetener in a global context, acknowledging that addi-
tional agricultural crops ably supply the starch used for HFS production in other parts of the world. 
HFS will be used exclusively in this chapter except where specifically noted.

HFS ORIGINS

HFS was conceived as a liquid sweetener alternative to sucrose (table sugar) and was originally 
developed to satisfy two pressing needs in the USA. The first came from food manufacturers of 
sugar-based products. Sugarcane was traditionally grown in equatorial regions, many susceptible 
to both political and climatic upheaval. The availability and price of sugar fluctuated wildly in 
response to upsets in either one, disrupting food manufacturing until stability was restored. It was 
also recognized that sucrose hydrolyzes (inverts) in acidic systems [5], changing the sweetness and 
flavor characteristics of the product. And as a granular ingredient, sucrose must be dissolved in 
water before use in many applications, a labor- and energy-intensive process.

The second need came from the corn wet milling industry—millers of corn who use water to 
flow corn components through separation and refining processes—who had been successful sellers 
of cornstarch and corn syrup since the last half of the nineteenth century. Facing mature markets, 
the industry was looking for other uses of the starch raw material so abundant in Midwest corn. In 
particular, they sought a sweeter ingredient capable of competing head-on with sucrose in the vast 
number of applications for which existing corn-based products lacked sufficient sweetness.

Although regular corn syrup—containing glucose and glucose oligomers, but no fructose—is 
prized for its viscosity, sheen, humectancy, and solubility, it possesses less than half the sweetness 
of sucrose. This is a significant limitation in sweet applications, requiring twice the amount, cost 
and calories to deliver the same sweetness, and effectively excluded corn syrups from high-volume 
sucrose applications. It was well known that sucrose is a disaccharide of glucose and fructose. 
Invert sugar is a syrup sweetener in which the disaccharide bond in sucrose is hydrolyzed (inverted), 
releasing equal amounts of glucose and fructose. The corn wet milling industry believed a sweet-
ener with the glucose/fructose composition, sweetness, and functional properties of invert sugar 
could be made by isomerizing plentiful glucose from their starch process to fructose. A confluence 
of technological developments made this belief a reality.

HFS became the sweetener that satisfied requirements of both food and corn wet milling indus-
tries: it was a stable, domestic sweetener comparable to sucrose in sweetness and it allowed the 
corn wet milling industry entrée to elusive sugar-sweetened products. HFS immediately proved 
itself an attractive alternative to sucrose, particularly in liquid applications, because it is stable 
in acidic foods and beverages. In its syrup form, HFS can be conveniently and economically 
pumped from truck or railcar delivery vehicles to customer storage and mixing tanks, where it 
requires only simple dilution before use. Because of favorable corn-growing conditions and plen-
tiful farmland in the US Midwest, HFS has largely avoided the price and availability volatility 
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of sucrose.* It was principally for these reasons that HFS was so readily accepted by the food 
industry and became one of the most successful food ingredients in modern history.

HFS PRODUCTION

teChnology develoPment

Early development work on HFS was carried out in the 1950s and 1960s, with shipments of the first 
commercial product to the food industry occurring in the late 1960s. Two key developments made 
this possible: a clean and efficient means to convert low-sweetness glucose to higher-sweetness 
fructose (isomerization), and technology capable of separating the two.

By the 1950s, there were only three ways known to produce fructose: acid hydrolysis (inversion) of 
sucrose, a disaccharide of equal parts glucose and fructose; acid hydrolysis of the (natural) fructose 
polymer inulin, found in Jerusalem artichoke, chicory, and dahlia tubers; and alkaline isomerization 
of glucose, characterized by low yield and generation of unacceptable byproduct colors and flavors [6].

Akabori et al. [7] introduced a potentially cleaner and more efficient biochemical means of con-
verting glucose to fructose in 1952, using an enzyme that catalyzed aldose–ketose isomerization 
without the need for regeneration of expensive cofactors. Marshall and Kooi of the Corn Products 
Company discovered a more cost-effective microbial xylose isomerase with affinity for glucose in 
1957 [8]. Takasaki of the Japanese Agency of Industrial Science & Technology (AIST) later isolated 
a heat-stable version of the enzyme and then combined fermentation with enzyme immobilization 
to make a commercially viable isomerase [9]. Clinton Corn Processing Company and AIST teamed 
up to make the first commercial HFS (15% fructose) in 1966–1967.

Glucose isomerization is under thermodynamic control. With an equilibrium constant of ~1 at 
60°C, a practical industrial processing temperature, roughly equimolar amounts of glucose and 
fructose can ultimately be produced. Thus, a 94% glucose syrup can produce about 47% fructose at 
equilibrium [10]. Lower yields are achieved in practice, however, necessitated by time and enzyme 
limitations. Clinton produced the first 42% fructose syrup (“first-generation” HFCS-42) in 1968. 
HFCS-42 was suitable for use in many food applications, but was less sweet than sucrose and 
unsuitable for use in products like carbonated beverages.

This product was called “high-fructose” corn syrup for two reasons: to distinguish it from regu-
lar corn syrup, which contained no fructose; and to ally it with fruit sugars, popular at the time and 
known to be rich sources of fructose. It turns out to have been an unwise choice of name, since 
HFCS is not high in fructose compared to other fructose sweeteners (sucrose, honey, fruit juice 
concentrates), some people find the chemical name “fructose” disconcerting in and of itself, and the 
name has contributed to the general misunderstanding about the sweetener.

A.E. Staley Manufacturing Company began manufacturing HFS-42 in 1968 under license from 
Clinton. Four years later, Clinton made HFS-42 using immobilized isomerase in the first continuous 
process. Around 1976, Staley’s European partners, Amylum in Belgium and Tunnel Refineries in 
the UK, began producing HFS-42.

Efficient separation of glucose and fructose was the next hurdle to clear. Existing moving-bed, 
countercurrent chromatography was adapted to carbohydrate separation by Mitsubishi Chemical 
Industries in the mid-1970s. Japanese and US HFS producers licensed the technology and used it in 
1978 to produce the first 55% fructose syrup, “second-generation” HFS-55.

After Staley researchers identified trace differences between HFS and sucrose in the early 1980s, 
industry-wide refining improvements eliminated the final barrier to full replacement of sucrose with 
HFS in carbonated beverages. Coca-Cola and Pepsi approved 100% use of HFS in 1984.

* It is a misconception that much of the US corn crop is used for HFS and that removing corn price supports will reduce 
HFS use. In reality, less than 4% of the crop was converted to HFS in 2011/2012 (USDA-ERS Feed Outlook: September 
2013).
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Additional information on the development of HFS is available in the more detailed discussions 
by White [11] and Hull [6].

manufaCturing ProCess

The basic sequence of steps required to produce HFS is depicted in Figure 6.1 and will be reviewed 
in several sections.

Raw Material
HFS manufacturing has two fundamental raw material requirements: a plentiful and consistent 
source of starch and abundant water. For this reason, many wet milling plants are sited in agricul-
tural regions adjacent to rivers or lakes.

Crystallize 
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Crystalline fructose

High fructose syrup production process

Carbohydrate extraction
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FIGURE 6.1  Typical HFS manufacturing process.
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Corn is by and large the most commonly used starch in HFS production, not only in North 
America, but also in South America, Europe, and Asia. Potato starch is also used in Europe, but that 
starch composition is more difficult to work with. Asian processors also use some tapioca and rice 
starch. Wheat starch is commonly used in Europe, the Middle East, and Australia.

Carbohydrate Extraction
Once the raw agricultural feedstock material is cleaned, it must be treated to release the carbo-
hydrate-containing starch from other material. For corn, this is achieved by steeping in a dilute 
solution of sulfur dioxide (SO2) to soften the hull, control pH, and limit microbial growth and color 
formation during subsequent processing. SO2 diffuses into the kernel and denatures the protein 
(corn gluten) matrix that fixes starch granules in place. Germ, fiber, and gluten fractions are sequen-
tially removed through grinding, milling, screening, washing, filtration, and centrifugation until 
only starch remains. These fractions and steep water have nutritional value and are sold individually 
or incorporated into animal feed. Cornstarch can be physically or chemically treated to exhibit a 
host of functional characteristics, or used as the raw material for downstream maltodextrin, corn 
syrup, and dextrose (glucose) production.

Starch Hydrolysis
Starch is made up of densely packed crystals of high-molecular-weight glucose polymers. For down-
stream processing, these crystals must be hydrated to allow access by acid or hydrolytic enzymes to 
the polymer backbone. This is accomplished by “jetting” a slurry of starch and live steam through 
a high-pressure nozzle. Liquefaction (using acid or α-amylase enzyme) and saccharification (using 
glucoamylase enzyme) sequentially reduce the polymer length of starch molecules through hydro-
lysis of covalent bonds linking adjacent glucose molecules to produce first maltodextrins, then corn 
syrups, and finally monomeric dextrose (glucose). Each of these is an individual product class, and 
together they encompass scores of industrial and food ingredients. Impurities are removed through 
filtration, carbon and ion exchange treatments. Dextrose is valued not only as a food ingredient, 
but is further used within the corn wet milling industry as a fermentable sugar for production of 
ethanol, vitamins, amino acids, food acids, colorants, and organic intermediates for bioplastics and 
other synthetics. Outside corn wet milling, dextrose is a key ingredient in innumerable fermentation 
products, including foods and pharmaceuticals. But central to our focus in this chapter, dextrose 
(glucose) is also the feedstock for HFS production.

Isomerization, Fractionation, and Blending
Glucose-to-fructose isomerization takes place in large packed-bed reactors filled with immobilized 
glucose isomerase enzyme. High-concentration glucose syrup passes through the reactors in con-
tinuous flow. The product is collected as a mixture of glucose and fructose, which is further purified 
using carbon and ion exchange refining to produce HFS-42, “first-generation” HFS.

Enrichment of fructose is required for HFS-55, which is accomplished using moving-bed chro-
matography through a number of vessels linked in series. Fructose progress through the vessels 
is retarded by its high affinity for the calcium salt form of the strong-acid cation-exchange resin 
through which it passes. Recovery of a 90% fructose fraction is possible because of the relatively 
lower affinity and consequent faster progress of glucose through the resin. The 90% fructose frac-
tion is blended with HFS-42 and then undergoes final purification treatment to produce HFS-55, 
“second-generation” HFS.

HFS-90 is found in some supplier catalogs, but in practice is used in minor amounts compared 
with HFS-42 and -55. HFS-90 also serves as the feedstock for crystalline fructose, a specialty 
sweetener introduced to the food and beverage industry in the late 1980s. Together, HFS-90 and 
crystalline fructose make up no more than a percent or two of aggregate fructose-containing corn 
sweeteners and mere fractions of a percent of total dietary sugars.
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HFS and Sucrose Use Common Manufacturing Processes
One of the myths surrounding HFS is that its manufacturing process is somehow more “industrial” 
and more complex than the “natural” and simpler processes for sucrose or other sweeteners and 
HFS is more “highly processed” than other sugars. Not really. Whether the botanical source is sug-
arcane and beets, cereal grain, or fruit, the goal of all sweetener manufacturing is the extraction and 
purification of desirable sugars away from the complex cellular and biochemical milieu—rich in 
undesirable colors, flavors, and aromas. Honey is given a free pass, since its unique characteristics 
are valued; however, this severely limits its use to products where consumers appreciate these attri-
butes. And it is a closely held reality that fruit juice concentrates are first “stripped” of their color, 
flavor, and aroma by processing before they can be used in mainstream sweetener applications [12].

Table 6.1 presents a comparison of processes used in HFS and sucrose production. Note the 
parallels in processing from extraction to concentration. It is fair to conclude that both sweeteners 
employ sophisticated processing methods using good manufacturing practices to extract and purify 
sugars. There is no need to exalt or vilify either one.

One sticking point with some critics is the use of enzymes. While this is a well-publicized step 
in HFS production, it must be recognized that enzyme use is quite common throughout the food 
industry, including in sucrose and invert sugar manufacture. Enzymes are also accepted adjuncts in 
production of beer, wine and juices, dairy products, baked goods, and fermented foods and condi-
ments; why not sweeteners as well?

COMPOSITION

The common nutritive sweeteners—sucrose, HFS, honey, and grape juice concentrate—contain 
fructose and glucose in near equal amounts. The composition of HFS is frequently confused with 
that of regular corn syrup and crystalline fructose, but as shown in Table 6.2 [13,14], there are stark 

TABLE 6.1
Comparison of HFS and Sucrose Production Processes

Process HFS Sucrose

Botanical source Corn Cane or beet

Extraction Steeping Pulping

Purification—protein/fat removal Wet milling—SO2, mud filtration Clarification—sulfitation, 
carbonatation, phosphatation

Enzymes Depolymerization, isomerization Filtration aid, inversion

Purification—trace contaminants Carbon, ion exchange, centrifugation Carbon, crystallization, centrifugation

Concentration Evaporation Evaporation, crystallization

TABLE 6.2
Comparison of Sugars Composition of Common Nutritive Sweeteners

Component 
(% Total Sugars) Corn Syrup HFS-42 Sucrose Total Invert HFS-55

Crystalline 
Fructose

Sucrose 99.3 6

Fructose 0 ≥42 <0.01 47 ≥55 ≥99.9

Glucose 100 52 <0.01 47 41 0.1

Oligosaccharides 6 4

Form Syrup Syrup Dry Syrup Syrup Dry
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differences. As a hydrolysis product of starch, corn syrup is entirely composed of glucose and glucose 
oligomers of varying chain lengths, and contains no fructose. Entirely different in composition, crys-
talline fructose is highly purified fructose, containing no glucose. HFS-42 and -55 are mixtures of 
fructose (42 or 55%) and glucose, with a few percent of residual glucose oligosaccharides. Since sali-
vary and intestinal amylases readily hydrolyze the oligosaccharides to their constituent glucose mono-
mers during digestion, HFS is either 42% fructose and 58% glucose (HFS-42) or 55% fructose and 
45% glucose (HFS-55). Thus, HFS-42 contains a bit less and HFS-55 a bit more fructose than sucrose.

Sucrose is a disaccharide comprising equal parts of glucose and fructose covalently linked 
together through a glycosidic bond (Figure 6.2, left-hand panel). Invert sugar is made by purposely 
hydrolyzing half (medium invert) or >90% (total invert) of the sucrose to glucose and fructose using 
acid or enzyme. But sucrose will also hydrolyze in low pH foods and beverages. For example, con-
siderable inversion can occur in the low pH of carbonated beverages between bottling and consump-
tion. It is somewhat ironic that soft drink purists who insist on sucrose-sweetened sodas are most 
likely drinking a sweetener composition more resembling invert sugar and HFS.

Though not included in Table 6.2, the sugar composition of honey and grape juice concentrate 
most closely resemble that of HFS, being largely monosaccharide glucose and fructose in roughly 
the same ratio. It is instructive to compare the fructose composition of nutritive sweeteners with that 
found in natural sources. More than 50 fruits, vegetables, and nuts fall within the 42–55% fructose 
composition range of HFS, sucrose, invert sugar, honey and grape juice concentrate. Apples and 
pears have the highest fructose percentage of any fruit (65 and 75%, respectively), a key reason apple 
and pear juice concentrates are so widely used to sweeten juice beverages.

Concern was recently raised by a 2011 paper purporting to show that HFS manufacturers and 
soft drink bottlers may be misleading the public by exceeding commonly assumed fructose per-
centages in HFS-55 [15]. The excess fructose vis-à-vis sucrose was promoted as a primary driver of 
unfavorable effects on metabolic health [16–19]. However, this paper may have been limited by use 
of inappropriate methodology since the authors employed an analytical method for honey, rather 
than one specifically optimized for HFCS [20].

hfs and suCrose individuality is lost uPon digestion

A popular misconception about HFS is that its sugar constituents are somewhat different from those 
in sucrose and are therefore handled (metabolized) differently by the body. Not really. As depicted 
in the right-hand panel of Figure 6.2, HFS and sucrose are nearly equivalent in composition after 
digestion. The enzyme sucrase in the lumen of the small intestine hydrolyzes the glycosidic bond 
joining the α-d-glucopyranosyl form of glucose to the β-d-fructofuranoside form of fructose, releas-
ing free monosaccharides that are transported into the portal blood. The residual oligosaccharides 
in HFS are hydrolyzed to monosaccharide glucose during digestion.

The free glucose and fructose appearing in the bloodstream from sucrose are chemically identi-
cal to those transported into the blood from monosaccharide food sources like HFS, honey, fruit 
juice concentrates, and scores of fruits, vegetables, and nuts. Thus, the sugars in HFS and sucrose 
lose their individuality once they are digested and are not differentiated by the body.

FUNCTIONALITY

hfs-55 and suCrose are equally sweet

A persistent myth about HFS is that it is sweeter than sucrose, thereby supposedly promoting 
overeating and concomitant obesity [1]. This myth is based on confusion of HFS—fructose and 
 glucose—with pure crystalline fructose.

Table 6.3 compares the sweetness of fructose and glucose alone, and in combination as HFS and 
sucrose. Shallenberger and Acree [21] measured sweetness intensities of crystalline compounds and 
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reported that fructose is 1.8 and 2.3 times sweeter than sucrose and glucose, respectively. Because 
HFS does not crystallize and is most often used in beverages at about 10% dry solids, White and 
Parke [22] compared the sweetness of sugars relative to sucrose at this concentration. They reported 
that pure fructose in solution is reduced to 1.2 times as sweet as sucrose, that HFS-55 and sucrose 
have equivalent sweetness, and that HFS-42 is 10% less sweet than sucrose.

HFS can be viewed as having the combined sweetness of fructose and glucose. Its sweeter fruc-
tose component is balanced by its much less sweet glucose component, resulting in HFS-55 having 
equivalent sweetness to sucrose. Thus, replacement of sucrose with HFS-55 did not lead to sweeter 
foods and beverages, and its sweetness should not be blamed for the epidemic of obesity.

hfs adds funCtionality beyond sweetness

An oft-heard misconception about HFS is that it is in everything. Not really, since 50% more 
sucrose is used in the USA than HFS. But the perception merits discussion since HFS sometimes 
appears unexpectedly in certain foods—often at low levels—because it adds functionality beyond 
sweetness.

Most of its functional attributes are due either to the unique chemical properties of free fructose 
or to the “reducing” nature of unbound fructose and glucose; these attributes are less pronounced 
or absent in sucrose. Beyond sweetness, the functional attributes of HFS include viscosity, fer-
mentability, hygroscopicity (moisture attraction), and humectancy (moisture retention), resistance 
to crystallization (solubility), browning/flavor/aroma development, flavor enhancement, and colliga-
tive properties (osmotic pressure and freezing point depression).

This functionality translates to the following benefits in foods and beverages [23]:

• Sweetness—HFS provides sweetness intensity equivalent to sugar. HFS can replace sugar 
one-for-one on a dry solids basis.

• Flavor enhancement—the sweetness profile of HFS enhances many fruit, citrus, and spice 
flavors in beverages, bakery fillings, and dairy products.

• Freshness—HFS promotes freshness in several ways. It inhibits microbial spoilage by 
reducing water activity and extends shelf life through superior moisture control. Foods 
also taste fresh because HFS protects the firm texture of canned fruits and reduces freezer 
burn in frozen fruits.

• Soft texture—Chewy cookies, snack bars, and other baked goods derive their soft and 
moist texture from HFS, which retains moisture and resists crystallization after baking.

• Browning—HFS is a “reducing” sugar that gives superior browning, flavor, and aroma to 
baked goods and cooked meats.

• Stability—over time, HFS-sweetened products maintain sweetness and flavor with no 
quality loss due to storage temperature fluctuations or low product acidity. With HFS, 
product stability maintains the quality of carbonated and still beverages, as well as condi-
ments like ketchup and fruit preserves.

TABLE 6.3
Sweetness Comparisons for Selected Nutritive Sweeteners

Sugars Sweetness Intensity (Crystalline) Relative Sweetness (10% Solution)

Fructose 180 117

Sucrose 100 100

HFS-55 — 99

HFS-42 — 90

Glucose 74–82 65
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• Pourability—HFS has a reduced freezing point, so “frozen” beverage concentrates have 
the added convenience of being pourable straight from the freezer and are easier for con-
sumers to thaw and mix with water.

• Fermentability—about 96% of the sugars in HFS are fermentable. This is important in 
bread baking because HFS is more economical to use than sucrose.

Though there are functional differences both subtle and profound between HFS and sucrose, 
they perform similarly enough that they can be used interchangeably in a host of food and beverage 
applications where their functionalities overlap.

CONSUMPTION

As reviewed in more detail in Chapters 9 and 10, consumption of dietary sugars and HFS in the 
USA is estimated using two primary databases: USDA-ERS and NHANES. The US Department of 
Agriculture Economic Research Service (USDA-ERS) has collected considerable commodity pro-
duction data, some for over a century. USDA reports consumption both as availability (gross pro-
duction available for consumption) and loss-adjusted availability (a closer approximation of actual 
consumption, after correcting for losses between manufacturing/harvest and eating). The National 
Health and Nutrition Examination Survey (NHANES), conducted by the National Center for Health 
Statistics, has tracked changes in nutrient intake and public health through dietary surveys and 
physical examinations since 1971.

hfs and fruCtose are Not PrediCtive of us obesity

USDA-ERS loss-adjusted commodity availability data [24] as proxy for sucrose, HFCS (note: US 
HFS) and fructose consumption are plotted in Figure 6.3 against recent US obesity statistics from 
the WHO Global InfoBase [25]. The following conclusions are supported by these data:

• Sucrose and HFS consumption curves are mirror images over the 1970–1985 period of 
rapid growth for HFS, suggesting a one-for-one replacement of sucrose with HFS and 
confirming functional similarities between the two sweeteners.

• HFS is not “in everything,” another common misconception. Nearly 50% more sucrose 
than HFS is used in the USA today and the disparity appears to be growing.

• HFS consumption peaked in 1999 and has since been in steep decline. Consumption now is 
equivalent to 1984, the year US carbonated beverage manufacturers switched from sucrose 
to HFS.

• US obesity rates continued to climb beyond 1999. Although the Bray et al. HFS–obesity 
association appeared valid from 1970 to 1999, that association was lost before their com-
mentary was published (2004) and certainly does not exist today.

• Fructose from added sugars changed very little over the past century, averaging 39 ± 4 g/day/
capita since 1920. Fructose intake has also been decreasing since 1999 and is now equal to 
1991 and 1927 levels. There is no association between fructose intake and obesity.

• Though not pictured here, White used USDA-ERS loss-adjusted availability data to dem-
onstrate that total caloric sugars have also been in decline since 1999 [4].

Analysis of the NHANES database by Welsh et al. [26] confirmed downward trends in added 
sugars and, additionally, sugar-sweetened beverages after 1999–2000.

sweeteners and fruCtose have not driven 40-year us energy inCrease

Per capita daily energy intake has risen substantially since 1970, when HFS was first being used 
in US food products. If HFS and fructose truly are unique drivers of obesity and related diseases, 
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their caloric contribution versus other dietary components over the intervening 40 years should have 
increased disproportionately. To test that proposition, White [2–4] and Carden et al. [27] indepen-
dently analyzed USDA-ERS food and nutrient energy availability data and reported similar results.

The data of Carden et al. were adapted and summarized in Table 6.4. They drew several important 
conclusions that reinforce a null effect on obesity for fructose, in particular, and sweeteners, in general:

• Increased total energy intake was judged to be a significant contributor to increased obe-
sity in the USA between 1970 and 2009.

• Increased consumption of foods providing glucose (primarily grain starches) and fat were 
significant drivers of increased total energy.

• Total fructose availability did not increase during this period and sweetener availability 
increased only slightly.

• Fructose was unlikely to have been a unique causal factor in the increased prevalence of 
obesity.

Thus, added sugars, HFS, fructose, and sugar-sweetened beverage intakes appear not to have 
increased meaningfully since HFS use began in the USA. This refutes the HFS and fructose hypoth-
eses [2,3], which rely on disproportionate use of these sugars for validity. To blame contemporary 
health problems on HFS specifically, or caloric sweeteners generally, is not only unsupported by the 
data, it diverts attention from the most likely contributor to overweight and obesity: the imbalance 
between energy intake and expenditure.

90.0

80.0

70.0

60.0

50.0

40.0

30.0

20.0

U
.S

. s
w

ee
te

ne
r p

er
 c

ap
ita

 av
ai

la
bi

lit
y, 

lo
ss

 a
dj

us
te

d 
(g

ra
m

s p
er

 d
ay

)

U
.S

. o
be

se
 a

du
lts

 (B
M

I ≥
30

%
 o

f p
op

ul
at

io
n)

10.0

0.0
1910 1916 1922 1928 1934 1940 1946 1952 1958 1964 1970 1976 1982 1988 1994 2000 2006 2012

0%

5%

10%

15%

20%

25%

30%

35%

40%

Obesity
Refined sugar
HFCS
Fructose

FIGURE 6.3 Historical comparison of US trends in consumption (availability) of sucrose, HFCS (note: US 
HFS) and fructose with rates of obesity in adults: 1910–2012.



93High-Fructose Syrup—So, What Is It Exactly?

dietary gluCose dominates fruCtose

Although the ratio of glucose-to-fructose is approximately 1:1 for most nutritive sweeteners, the 
ratio changes appreciably when the sugar composition of the whole diet is considered. Carden 
et  al. used USDA loss-adjusted food availability data to calculate the amount of glucose and 
fructose available for absorption from all carbohydrate food sources [27]. They reported that 
glucose exceeded fructose by a ratio of 3:1, a value not dissimilar to the whole diet value of 5:1 
estimated by White using similar methodology [4]. Sun et al. [28] used the 1999–2006 NHANES 
databases to compare fructose versus nonfructose intake patterns and concluded that the fructose 
energy contribution was lower than that of nonfructose sugars in more than 97% of the 25,000+ 
subjects studied.

These studies argue convincingly against the suitability of prevalent fructose-only study proto-
cols for predicting metabolic outcomes in real-world diets.

hfs is not PrediCtive of global obesity

The International Sugar Organization (ISO) lists five prerequisites needed for successful develop-
ment of an HFS industry [29]:

 1. A domestic deficit of sugar and a high international sugar price
 2. Sufficient supplies of low-cost starch
 3. A well-developed food production and consumption infrastructure
 4. Availability of capital for investment in research and development and plant and equipment
 5. Favorable government policy.

It is because all five prerequisites coalesced in the USA in the 1960s and 1970s that HFS devel-
oped and flourished. One or more prerequisites are missing in most regions of the world.

Consequently, HFS is primarily a US sweetener, accounting for more than 60% of world produc-
tion. On a global scale, however, HFS is dwarfed by sucrose, which accounts for 92% of combined 
sweetener consumption.

TABLE 6.4
Cumulative Change in Food and Nutrient Energy Availability: 1970–2009

Dietary Component
Energy Available in 
1970 (kcal/day)a

40-Year Net Energy 
Accumulation (kcal)b % Changec

Food

 Sweeteners 410 212 1.3

 Grains 404 3807 24.2

 Fats and oils 368 3641 25.3

Nutrient

 Protein 276 486 4.7

 Fat 751 4268 14.6

 Carbohydrate (total) 1050 3915 9.8

 Glucose 773 3915 13.0

 Fructose 253 −0.7 0.0

a Values for 1970 were used to establish a constant baseline AUC for 1970–2009.
b Values represent actual AUC trends derived from annual data.
c Values were calculated from actual AUC compared to baseline AUC.
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Accurate figures for global HFS consumption are difficult to come by; it is not clear in many 
cases whether they are based on actual intake or production. One such global comparison of sucrose 
and HFS consumption is presented in Table 6.5 [30]. It is not surprising that the HFS% share of total 
consumption (sucrose + HFS) is high in the Americas (~20%) and low in Asia/Oceania and Europe/
Africa (2–3%), where sugar has been well entrenched for centuries and the ISO prerequisites are not 
easily met. From a global perspective, HFS is not gaining much traction against sucrose. Certainly 
HFS consumption is increasing in countries like Mexico, Argentina, and China; but this is more 
than offset by steep declines in the USA. And it should be noted that while HFS consumption surged 
in Mexico under the North American Free Trade Agreement (NAFTA), it appears to be leveling off 
after 3 years of gains.

LMC International tracks global production of HFS and other commodities [30]. The top 
HFS-producing countries/regions for 2012 were, in descending order: the USA, China, Japan, the 
European Union (EU), Argentina, Canada, South Korea, and Mexico. As a further test of whether 
HFS is a unique causal factor in global obesity, production numbers for the above countries were 
compared with their corresponding adult obesity prevalence rates reported in The World Factbook 
[31]. The resulting low coefficient of determination (R2 = 0.048) indicates that HFS production (as 
proxy for consumption) is a poor predictor of global obesity.

Production can be a poor proxy for consumption in regions where manufacturing is centralized 
in a few countries, but exported for consumption to trade partners. Such is the case in the EU for 
HFS, where nine countries led by Hungary hold the quotas for all HFS production. It would be 
incorrect, for example, to assume that Hungarians consume the entire country’s quota, since it 
is shared with other EU member countries through trade. This error was made in a recent paper 
seeking to correlate HFS consumption in the EU (and globally) with diabetes incidence [15]. It 
will be recognized that false-positive correlations would be calculated for HFS quota holders/
exporters like Hungary, and false-negatives for HFS importers like the UK. The authors also 
argued that the +5% fructose differential in HFS versus sucrose was responsible for increased 
diabetes rates reported in HFS-producing countries. Their initial error was compounded when 
they failed to take into account the type of HFS made by each country: because of production 
and technological limitations, EU countries—and many others around the world—produce only 
HFS-42 [32], with an −8% fructose differential from sucrose. Had they been aware of this, one 
wonders if the authors would have encouraged production of more HFS in EU countries to stem 
the rise in diabetes.

TABLE 6.5
Comparison of Global Sucrose and HFS Consumption: 2006–2012

Consumptiona (HFS % Share of [Sucrose + HFS])

Americas Asia and Oceania Europe and Africa

2006

 HFS  9.7 (21.8%)  1.9 (3%)  0.8 (2%)

 Sucrose + HFS 44.5 63.2 43.3

2012

 HFS  9.4 (19.8%)  3.3 (4%)  1.0 (2%)

 Sucrose + HFS 47.6 74.2 46.4

HFS % change, 2006–2012 −2% +1% +0%

a Million tonnes, white value and dry basis.



95High-Fructose Syrup—So, What Is It Exactly?

HFS AND SUCROSE EQUIVALENCE

HFS and sucrose are similar in many ways: manufacturing, composition, caloric value, sweetness, 
functionality, and metabolism [33–37]. These similarities are compelling enough that five expert 
panels on HFS or fructose convened in the past two decades [38–42] and two prominent health 
professional organizations [43,44] concluded that HFS and sucrose are metabolically equivalent.

REACTIVE DICARBONYL COMPOUNDS AND ADVANCED GLYCATION 
ENDPRODUCTS

Concern was raised in 2008 that HFS in sugar-sweetened beverages was a unique contributor to the 
formation of RDCs and AGEs [45]. Though the concern was addressed [3], the issue occasionally 
resurfaces.

RDCs are intermediates in the Maillard reaction, a cascade of chemical reactions that takes place 
when sugars—especially monosaccharides—react with amines. Some compounds formed in the 
Maillard reaction are responsible for the pleasing colors, flavors, and aromas of baked and cooked 
foods, as discussed in more detail in Chapter 4. Others have been variously described as cytotoxic, 
mutagenic, carcinogenic, and pro-oxidant, but also demonstrated to have bactericidal, antiviral, 
antiparasitic, and antitumorigenic activities.

AGEs are formed when RDCs react with protein. These also have been characterized with con-
tradictory properties: pro- and antioxidant, pro- and antimutagenic, toxic, and protective. As a mat-
ter of course, AGEs modify and crosslink most proteins in the body and affect their structure and 
function. This process is routinely controlled through continuous turnover of body proteins.

When considering whether or not HFS plays a unique role in RDCs and AGEs, the following 
points are useful to keep in mind [3]:

• RDCs are ubiquitous in the environment, appearing in the atmosphere, rivers, groundwa-
ter, drinking water, and household cleaners.

• RDCs and AGEs are produced from many simple sugars, including glucose and fructose.
• RDCs and AGEs are formed in common foods and beverages in the normal course of 

heating, cooking, baking, fermenting, and aging. HFS is not a unique and important 
contributor.

• RDCs and AGEs are continually produced in human metabolism. Although fructose is 
several times more reactive than glucose in these processes, it is rapidly taken up by the 
liver, so does not remain long in circulation; and once in the liver, it is quickly metabolized. 
The blood concentration of glucose is several times higher; it remains longer in circulation 
and has access to all body tissue.

• HFS is not a unique and important contributor of RDCs and AGEs to foods and beverages.
• Carbonated soft drinks do not contribute appreciably to endogenous RDC and AGE produc-

tion. Eleven hundred twenty-nine (1129) servings of carbonated soft drink would need to be 
consumed to equal amounts produced by natural physiological processes in a single day.

OPEN QUESTIONS

HFS is frequently compared unfavorably to sucrose, but in truth, few researchers have evaluated 
HFS under real-world experimental conditions. The essential test is whether HFS poses a unique 
threat to public health as commonly consumed. It is imperative to evaluate its uniqueness against 
comparable sweeteners (i.e., sucrose or honey or grape juice concentrate). Glucose and starch are not 
comparable since they contain no fructose, are metabolized so differently, and are not functionally 
interchangeable with HFCS in foods and beverages. Likewise, fructose is a poor comparator since 
the isolated sugar is metabolized so differently from the glucose–fructose combination in HFS. And 
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to be clinically important, effects unique to HFS must be proved within the range of normal human 
exposure and within the context of the whole diet, not at exaggerated levels or in isolation.

CONCLUSIONS

Despite the notoriety HFS has received in the past decade, it still remains a valued liquid sweetener 
to the food and beverage industry. It is hoped the information presented in this chapter will restore 
balance and perspective to the HFS/fructose debate and to other chapters in this textbook. 

High fructose syrup—so, what is it exactly? It’s a liquid sweetener alternative to sugar. No more 
and no less.
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Biological and Health Effects 
of Nonnutritive Sweeteners

Allison C. Sylvetsky, Rebecca J. Brown, and Kristina I. Rother

KEY POINTS

• Nonnutritive sweeteners are sweet-tasting compounds that are hundreds or thousands of 
times sweeter than sucrose by weight and provide no or few calories when ingested.

• The approval and regulatory status of each specific nonnutritive sweetener varies by country.
• Regulatory organizations establish an acceptable daily intake (ADI) which is the amount of 

sweetener thought to be safe to consume every day for lifetime. The sweetener is approved 
if the estimated intake is lower than the ADI.

• Nonnutritive sweeteners are present in a wide variety of foods and beverages including 
diet soda, other carbonated and noncarbonated soft drinks, dairy products, condiments, 
canned fruit, frozen desserts, chewing gum, baked goods, and cereals as well as in sweet-
ener packets.

• Approximately 30–35% of the general adult population consumes nonnutritive sweetener-
containing items on a given day.

• Nonnutritive sweeteners and other sweet-tasting substances are sensed via heterodimeric 
G-protein-coupled taste receptors.
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• Sweet-taste receptors are located on taste buds of the tongue and in the oral cavity, and also 
on specific cells in the small intestine, pancreas, biliary tract, and lungs.

• In vitro studies have demonstrated that nonnutritive sweeteners can induce secretion of 
gastrointestinal hormones, including insulin, GLP-1, and GIP, yet these results have not 
been reliably replicated in vivo.

• Epidemiologic studies suggest that nonnutritive sweetener use is associated with weight 
gain, metabolic syndrome, vascular dysfunction, preterm delivery, renal problems, and 
lymphoma. However, the contribution of nonnutritive sweeteners relative to other dietary 
and environmental factors is not clear.

• Randomized controlled trials evaluating nonnutritive sweeteners for weight control suggest 
that nonnutritive sweeteners are weight-neutral or may result in modest weight reduction.

• Nonnutritive sweeteners are differentiated from caloric sugars by the brain, yet how this 
may influence food choice and calorie intake remains to be elucidated.

• The metabolism of nonnutritive sweeteners, including their potential effects on nutrient 
and drug absorption, requires further investigation.

• Potential effects of nonnutritive sweeteners on taste preferences in children have not been 
studied.

• Most studies of nonnutritive sweeteners on glycemia control and satiety have examined 
acute effects (less than one day); the long-term effects require further study.

INTRODUCTION

Nonnutritive sweeteners (NNSs) are sweet-tasting compounds that do not substantially contribute 
to energy intake when ingested [1,2]. NNSs are also referred to as artificial sweeteners, low-calorie 
sweeteners, noncaloric sweeteners, and high-intensity sweeteners. The first NNS was discovered 
accidentally in the late nineteenth century. After working with coal and neglecting to wash his 
hands, a chemist ate lunch and tasted sweetness on his bread. He later traced the sweetness to a 
specific compound in his laboratory, known today as saccharin [3]. By the 1980s, a second genera-
tion of NNSs, including cyclamates, acesulfame potassium, and aspartame emerged, followed by 
sucralose and neotame, and most recently by products based on extracts of the stevia and monk 
fruit plants. With obesity rates increasing rapidly since the 1980s, dieting and diet programs have 
become increasingly popular, creating an important market for NNS.

NNSs have much higher sweetness intensity than sucrose, ranging from 32 times that of 5% 
sucrose (for cyclamate) to 11,000 times (for neotame) [4]. This allows NNSs to be used in very low 
concentrations in foods and beverages. The relative sweetness of sweeteners is typically assessed 
using psychophysical techniques, in which trained observers subjectively assess the sweetness 
intensity of different solutions of sweeteners compared to a set of standard sucrose solutions at 
varying concentrations [5]. Using these techniques, a number of parameters may be calculated, 
including the lowest concentration at which the sweet taste is identified (sweetness recognition 
threshold), the concentration of the sweetener that achieves half-maximal sweetness response 
(analogous to the Michaelis–Menton constant KM50), and the overall sweetness relative to sucrose 
by weight (Table 7.1).

REGULATION AND CONSUMPTION OF NONNUTRITIVE SWEETENERS (NNS) 

how Are nnss regulated?

Which specific NNSs are approved and how each NNS is regulated differs by country (see Table 
7.1). In the USA, six NNSs have been approved by the Food and Drug Administration (FDA) for 
use in the general population: acesulfame potassium, aspartame, neotame, saccharin, sucralose, 
and stevia. In 1958, Congress had passed the Food Additives Amendment to the Food, Drug, and 
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TABLE 7.1
Approval Status, Chemical Structure, and Relative Sweetness of NNSs

Sweetener Structure

ADI (mg/kg/day)
USA
EU

JECFA
FSANZ

Sweetness 
(Compared 

to 
5% Sucrose)

Mean 
Concentration 
in Carbonated 

Soft Drinks 
(mmol/L)

Sucrose HO

HO

HO

HO OH
OH

OHOH

O

O O

NA 1 329

Acesulfame 
potassium

O

O

–HN

K+

O
O

S

15
9
15
15

140 0.44

Advantame

O

O
OH

NH
HN

OH

O
O

O

CH3H3C

H2O
NA
NA
NA
5

20,000 0.015

Alitame

OH
O

NH2S H
N

N
H

OO
NA
NA
1
1

2000 0.13

Aspartame

O

OCH3

NH2

O

OH

O
N
H

50
40
40
40

200 0.16

Cyclamate
O O

O    Na+N
H

S

NA
7
11
11

32 0.86

continued
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TABLE 7.1 (continued)
Approval Status, Chemical Structure, and Relative Sweetness of NNSs

Sweetener Structure

ADI (mg/kg/day)
USA
EU

JECFA
FSANZ

Sweetness 
(Compared 

to 
5% Sucrose)

Mean 
Concentration 
in Carbonated 

Soft Drinks 
(mmol/L)

Luo Han 
Guo

OH

OH

OH

OHO

O
O

O
H H

HO
HO

HO

HO

HO

HO

HO

HO HO

HO

HO

HO

OH

OH

OH

O

O

O

O
O

O

No ADIa

NAa

NAa

NAa

150 Not tested

Neotame

O

HO

O

O

ONH

H
N

2
2
2
2

11,000 Not tested

Saccharin O

NH

OS

O

5
5
5
5

450 0.15

Steviol 
glycosides

OH OH
OH

OH

OH
OH

O

O
O

O OH

OH
CH2

CH3

O

O

O

OH

HO

HO

HO

HO

HO

H3C

OO

No ADIb

No ADIb

4
4

250 Not tested

continued
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Cosmetic Act, requiring the FDA to approve food additives, such as artificial sweeteners. However, 
this legislation does not apply to products that are “generally recognized as safe (GRAS)” and thus 
do not require FDA approval. An example is luo han guo (monk fruit extract) which is a zero-
calorie sweetener marketed alone and in combination with sucralose [6,7]. The difference between 
products that are labeled as food additives and others labeled as GRAS is not necessarily obvious. 
The primary distinguishing factor for being labeled as GRAS versus as a food additive is the level 
of common knowledge about the use and/or safety of the product in question (and not whether a 
product is plant-derived versus chemically synthesized) [8]. Cyclamate, which had been on the US 
market since the 1950s, was banned by the US FDA in 1969 due to concerns about bladder cancer, 
liver failure, and other negative health effects, but remains available in more than 50 other countries 
[9]. Alitame is a dipeptide compound similar to aspartame approved in Australia, New Zealand, 
Mexico, and China [10], and advantame is another dipeptide approved for use in Australia and 
New Zealand [11]. Petitions for these sweeteners have been submitted to the US FDA for approval 
(or re-approval, in the case of cyclamate).

The processes by which regulatory organizations including the FDA [12], the Bureau of Chemical 
Safety (Canada), the Scientific Committee on Food of the European Commission (Europe) [13], 
Food Standards Australia New Zealand (Australia and New Zealand) [14], and the Joint Expert 
Committee on Food Additives (JECFA) [15] (worldwide) regulate and approve the use of NNSs 
are similar, in that an acceptable daily intake (ADI) is established based on available toxicological 
data [16–18]. The ADI is the amount of a substance that people can consume on a daily basis dur-
ing their whole life without any appreciable risk to health and is determined by dividing the lowest 
dose shown to cause toxicity in animal studies by a safety factor of 100. In order for an ADI to 
be established and an NNS approved for use, the manufacturer must submit a petition containing 
detailed information about the additive, its proposed use, the results of safety tests, and information 

TABLE 7.1 (continued)
Approval Status, Chemical Structure, and Relative Sweetness of NNSs

Sweetener Structure

ADI (mg/kg/day)
USA
EU

JECFA
FSANZ

Sweetness 
(Compared 

to 
5% Sucrose)

Mean 
Concentration 
in Carbonated 

Soft Drinks 
(mmol/L)

Sucralose HO

CI

HO

OH

O
O

CI

CI
O

HO

OH

5
15
15
15

60 0.14

Note: Advantame was approved for use as a general purpose sweetener by the United States Food and Drug Administration 
in May 2014, subsequent to the writing of this chapter.

a Monk fruit extracts (Luo Han Guo) are not approved as food additives in the USA and have been designated GRAS as 
dietary supplements. Monk fruit extracts are also not yet approved for use as NNSs in Europe or Australia/New Zealand, 
but can be used as a flavor modifier.

b Extracts of the Stevia Rebaudiana Bertoni plant are approved for use as dietary supplements by the US FDA and as novel 
food ingredients in the European Union.
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on the sweetener’s effectiveness for its intended use [16–18]. Identity and purity specifications are 
also developed [16] to ensure that the materials ingested are the same materials that were evaluated 
in toxicological testing and subsequently approved for general use. The ADI is then compared to 
estimates of consumption of the specific sweetener in the population and the sweetener is approved 
only if the ADI exceeds the estimated levels of actual intake [13,18,19]. In addition to the ADI, some 
regulatory organizations such as the Canadian Bureau of Health [20] and Food Standards Australia 
New Zealand also have detailed specifications for the amounts of each NNS that can be used in 
specific types of commercially prepared foods and beverages (shown in Table 7.1). In contrast, the 
FDA does not regulate the quantities of NNSs that can be added to different categories of manu-
factured foods and beverages (i.e., carbonated soft drinks or processed foods), with the exception 
of saccharin, for which stipulations for use in specific types of products exist. There are additional 
regulations for the use of tabletop sweeteners, which are regulated universally in accordance with 
good manufacturing practices, meaning that the lowest possible level of a food additive necessary 
for a specific function (sweetening) is to be used.

what tyPes of foods and beverages Are sweetened with nnss?

The availability of NNSs in commercially prepared foods and beverages has increased dramatically 
and thousands of new products containing NNSs have been released in the last decade [21]. The most 
commonly consumed NNS worldwide is sucralose, which recently surpassed aspartame to hold the 
majority of the market share [22]. NNSs are consumed by more than 200 million people around 
the world and are found in more than 6000 products [23]. Common types of items sweetened with 
NNSs include diet soda and other carbonated and noncarbonated soft drinks, powdered drink mixes, 
yogurts, puddings and fillings, condiments, canned fruit, frozen desserts, chewing gum, confections, 
gelatins, baked goods, breads, cereals, snack foods, frozen entrees, and tabletop sweeteners. Some 
pharmaceuticals (e.g., vitamins, sugar-free cough drops, and toothpaste) also contain NNSs.

Different NNSs are suitable for use in different types of products because each NNS has a differ-
ent taste profile and dissimilar chemical and physical properties. For example, sucralose is highly 
stable and does not degrade at high temperatures [24], making it ideal for use in baked goods, 
whereas aspartame will degrade when heated [25]. Other sweeteners such as acesulfame potassium 
and saccharin also have bitter taste properties; as a result, acesulfame potassium is usually found 
blended with other NNSs, most commonly aspartame or sucralose [26]. Taste profiles of NNSs are 
also influenced by other food and beverage components including carbonation, pH, and the presence 
of other food ingredients such as gelling agents, starches, and fats [27].

how Common Is nns ConsumPtion?

Consumption of NNSs occurs worldwide, yet up-to-date consumption data are scarce and are 
readily available only in the USA [28] and in several European countries [29–31]. Data from the 
Calorie Control Council showed that 85% of the US population reported ever using an NNS in 2007 
[32], while a study evaluating daily NNS consumption using dietary recall data demonstrated that 
approximately 34% of adults and 15% of children in the USA reported use of NNSs on a given day 
[28]. European studies have provided similar estimates, with 36% of the general population report-
ing consumption of NNSs in Germany on a given day [30].

how Do Consumers identify foods and beverages with nnss?

Given that advances in food technology have enabled combinations of NNSs to closely resemble the 
taste of sugar, many food and beverage companies have turned to NNSs as a means of lowering the 
sugar and calorie content of their products. Food claims including “sugar-free,” “no sugar added,” 
“no added sugar,” “reduced sugar,” “light,” “weight control,” “carb smart,” “low-carbohydrate,” 
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“low-joule,” and “energy-reduced,” often accompany products containing NNSs to increase their 
appeal to health- or weight-conscious consumers.

While the number of products sweetened with NNSs has increased [33], regulations requiring 
manufacturers to indicate the presence and quantity of NNSs in their products vary by country. In 
the USA, for example, the specific NNS (i.e., aspartame) must be listed on the ingredients label on 
the back of the package, yet information about the amount (milligrams) or concentration of each 
NNS in the product is not required. Since many consumers do not recognize NNSs by their generic 
names (e.g., acesulfame potassium), NNS-containing products are likely to be purchased and con-
sumed without awareness of the presence of NNSs. In contrast, Canadian food and drug regulations 
require a statement on the principal display panel that the food “contains (name of the sweetener)” 
or is “sweetened with (name of the sweetener)” and also requires a listing of the sweetener content 
in milligrams per standard serving [34].

BIOLOGICAL EFFECTS OF NNSs

how are nnss reCognized by the body?

All sweet compounds have the ability to bind to sweet-taste receptors, although they bind to differ-
ent ligand binding domains of the receptor [35,36]. Sweet-tasting substances vary widely in chemi-
cal structure and include caloric sugars (e.g., sucrose, glucose, and fructose), sweet proteins such 
as thaumatin and monellin, sugar alcohols, and NNSs. Some of these chemicals bear structural 
homology to sucrose, while others do not. Important species differences exist in the perception of 
sweet tastes. For example, rodents do not perceive aspartame as sweet, and cats do not perceive 
sweet tastes at all [37].

Sweet tastes are sensed via heterodimeric G-protein-coupled taste receptors consisting of a 
T1R2 and T1R3 subunit. These receptors are located on taste receptor cells within taste buds 
of the tongue, and elsewhere in the oropharynx. When sweet-tasting compounds bind to sweet-
taste receptors, associated G-proteins, such as α-gustducin, are activated, resulting in increased 
phospholipase Cβ2. This in turn leads to increases in second messengers inositol trisphosphate 
and diacylglycerol, resulting in activation of the taste-transduction channel, TRPM5 (transient 
receptor potential cation channel subfamily M member 5, also known as long transient receptor 
potential channel 5). Activation of this ion channel causes increased intracellular calcium and 
neurotransmitter release [38]. In cells of the oropharynx that express sweet-taste receptors, this 
neurotransmitter release conveys signals via projections to neurons in the brain, permitting con-
scious awareness of sweetness.

where Are sweet-taste reCePtors loCated?

In recent years, sweet-taste receptors have been identified outside of the oral cavity using immu-
nohistochemical stains for the receptor subunits or their associated G-proteins. Components of the 
sweet-taste signaling system have been identified in enteroendocrine L and K cells in the intestinal 
mucosa [39], pancreatic β-cells [40], preadipocytes [41], the biliary tract [42], and the lungs [43]. 
Stimulation of sweet-taste receptors outside of the oral cavity does not convey a conscious percep-
tion of sweetness; instead, these receptors appear to function as part of a nutrient-sensing system.

Among the extra-oral sweet-taste receptors, the role of enteroendocrine cell receptors has been 
best characterized. The functional importance of these receptors was studied in humans using an 
inhibitor of sweet-taste receptors, lactisole, which interferes with receptor signaling by binding 
to the transmembrane domain of the T1R3 subunit [44]. In healthy adults, secretion of hormones 
made by enteroendocrine L cells in response to an intragastric glucose infusion was decreased by 
the addition of lactisole, which resulted in approximately 25–50% lower glucagon-like peptide 1 
(GLP-1), and approximately 15–30% lower peptide YY (PYY) concentrations [45,46]. In contrast, 
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lactisole did not alter secretion of the hormone cholecystokinin (CCK), which is made by entero-
endocrine I cells that do not express sweet-taste receptors. These data support a model in which 
hormone secretion from L-cells is partly, but not entirely, mediated via binding of ligands to sweet-
taste receptors on those cells.

do nnss have effeCts via extra-Oral taste reCePtors?

Since nutritive sweeteners (NSs) and NNSs bind to oral sweet-taste receptors, resulting in the per-
ception of sweetness, one can hypothesize that NNS activation of extra-oral sweet-taste receptors 
may lead to signal transduction in the tissues where these receptors are expressed. Indeed, in vitro 
studies have demonstrated that GLP-1 [47,48] and glucose-dependent insulinotropic peptide (GIP) 
[48] secretion can be induced by the NNS sucralose and that this effect is mediated via sweet-taste 
receptors. Similarly, insulin secretion can be induced in vitro by exposure of pancreatic beta-cells to 
sucralose [40], saccharin [40,49], and acesulfame potassium [40], an effect also mediated by sweet-
taste receptor signaling. If these in vitro data are applicable to whole organisms, it would suggest 
that NNSs could alter hormone secretion, potentially impacting glycemia and appetite. Other in 
vitro studies, however, have failed to demonstrate a GLP-1 or GIP response to NNSs [50,51].

Studies in humans and animals have shown that the NNSs sucralose, acesulfame potassium, ste-
via, and d-tryptophan (in animals) in the absence of glucose do not stimulate GLP-1, PYY, ghrelin, 
or GIP secretion [39,45,52–54]. Two human studies have suggested that NNSs might alter gut hor-
mone secretion when given in conjunction with caloric sugars. Ingestion of sucralose and acesulfame 
potassium containing diet cola (versus a carbonated water control) increased glucose-stimulated total 
GLP-1 secretion in adolescents and young adults who were healthy or had type 1 diabetes [55,56]. 
However, the clinical significance of this finding was unclear, as no differences in glucose or insulin 
were observed. Another study [57] of overweight, African-American women demonstrated higher 
glucose and insulin responses after consumption of sucralose (versus a water control) prior to an 
oral glucose load, but did not show differences in active GLP-1 or GIP [57]. A third study showed no 
effect of intragastric sucralose in saline (versus a saline control) on either GLP-1 or blood glucose; 
insulin was not measured [58]. Taken together, these data support the notion that NNSs do not exert 
metabolic activity when administered alone but may have synergistic effects when administered in 
combination with NSs; however, the data supporting the synergistic effects of NNSs with NSs are 
conflicting and require confirmation [59]. Increases in the rate of intestinal glucose absorption [60] 
have also been demonstrated in response to NNSs in animal studies, but a single human study to date 
has not confirmed this effect [58]. Thus, at the current time, there is no good evidence that NNSs 
significantly alter glucose homeostasis via interactions with sweet-taste receptors in vivo.

HEALTH EFFECTS OF NNSs

is there a relationshiP between nns ConsumPtion and body weight?

From a theoretical perspective, replacing NSs with NNSs should cause a net reduction in caloric 
intake and hence result in weight loss or slowed weight gain. However, individuals using NNSs 
for weight control may consciously or unconsciously compensate for the reduced calorie intake. 
For example, they may replace a sugar-sweetened soda with a diet soda, but then allow themselves 
an extra cookie. In fact, several epidemiologic studies have shown NNS use to be associated with 
adverse health outcomes including weight gain [61–63], metabolic syndrome [64,65], and vascular 
dysfunction [66,67], leading to the hypothesis that dieters may overcompensate for these “missing 
calories” from foods and drinks sweetened with NNSs, potentially resulting in sustained increases 
in caloric intake. Meanwhile, a minority of epidemiologic studies have shown no association or a 
negative association between NNS consumption and body weight [68–72].
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what Are Plausible exPlanations for the observed assoCiation between nnss 
and body weight in ePidemiologiC studies?

In addition to caloric compensation, another explanation for the observed association between NNS 
consumption and body weight is that individuals who are already overweight or who have been gain-
ing weight might consume NNSs as a strategy to reduce calorie intake, a phenomenon referred to as 
reverse causality [73]. However, several other explanations have been proposed to explain how NNS 
consumption could lead to changes in appetite and food intake, and, ultimately, promote weight gain 
and related complications. One explanation supported by rodent data is that NNS consumption may 
lead to a disconnect between sweetness and calories [74,75]. This could cause animals to associate 
sweetness with low caloric content, resulting in overeating and weight gain [76]. As detailed in the 
“How are NNSs Recognized by the Body?” section, another proposed explanation is that NNSs 
may alter gut peptide secretion through interactions with sweet-taste receptors present on intestinal 
enteroendocrine and pancreatic islet cells, potentially altering glycemia and satiety [77]. Finally, it 
has been suggested that consumption of NNSs may lead to alterations in preferences for sweet taste, 
thereby adversely affecting dietary patterns [78,79]. This is supported by cross-sectional data, such 
as those in the Nurses’ Health Study, which have demonstrated that consumption of diet drinks is 
associated with poorer dietary patterns involving high intake of sugar-sweetened drinks, refined 
grains, and processed meat, and a lower intake of vegetables [80]. Positive correlations between 
consumption of carbonated soft drinks (regular and diet) and less healthy dietary patterns have 
been shown in numerous other cohorts [81–85]. However, contrasting data suggesting an associa-
tion between NNS use and neutral [86] or even healthier [87] dietary patterns exist as well. While 
these proposed explanations have limited support in rodent studies, human data are lacking and 
additional experimental studies are required to determine whether NNSs play any causal role in 
weight change in humans.

what have intervention trials determined about nnss and body weight?

A number of randomized controlled trials examining the effects of NNSs on body weight have been 
performed to help resolve the conundrum of observed associations between consumption of NNSs 
and weight gain in epidemiologic studies. In adults, short-term (3–10 weeks) randomized controlled 
trials of supplementation with sugar versus NNSs showed reduced calorie intake with NNSs, but 
minimal effects on body weight [88,89]. A long-term study randomizing adults to consume or 
abstain from NNSs showed no difference in weight loss, but reduced weight regain among the 
NNS consumers [90]. Similarly, an observational study showed that individuals who successfully 
maintained weight loss consumed more NNSs than those who experienced weight regain; however, 
weight loss maintainers used numerous other dietary strategies in addition to NNS use [91].

Among children, short-term (12–25 weeks) randomized controlled trials using NNSs showed no 
or minimal differences in weight or body mass index (BMI) z-scores between those randomized 
to NNSs versus not [1,92,93]. Two long-term (1–2 years) randomized controlled trials in children 
showed minimal (1–2 kg) but statistically lower body weight and/or weight gain in the groups ran-
domized to NNSs [94,95]. In one of these studies, children were blinded to whether or not their 
drinks contained NNSs versus NSs [95]. The lower weight gain in the NNS group suggests that, 
when NNS is given covertly (i.e., without conscious awareness), children do not completely com-
pensate for the “missing calories” from drinks with NNSs, leading to overall reduced caloric intake 
and slower weight gain. However, this study lacked a control arm (e.g., providing water), thus it 
remains unclear whether the children exposed to NNSs gained more weight than expected had 
no supplemental sweet drink been provided. In summary, randomized controlled trials of NNSs 
for weight control suggest that NNSs are weight-neutral or result in weight reduction that is not 
clinically significant in the management of obesity.
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is the ConsumPtion of nnss assoCiated with other adverse health effeCts?

In addition to the relationship between NNS consumption and body weight, observational studies 
have described associations between NNS and a variety of negative health effects. Two Scandinavian 
natural history studies reported that consumption of NNS-containing beverages by pregnant woman 
was associated with preterm delivery. It was suggested that metabolites of aspartame, acesulfame 
potassium, saccharin, and cyclamate may have played a role [96,97]. In the Nurses’ Health Study 
it was found that women who consumed two or more servings per day of diet soda were at a 2-fold 
increased risk for clinically relevant worsening of renal function [98]. The authors pointed out that 
limitations of their analysis included the inability to pinpoint consumption to specific sweeten-
ers or other ingredients in diet soda. Based on analyses from the Health Professionals Follow-Up 
Study, it was recently reported that men who consumed more than one daily serving of diet soda 
had an increased risk of developing non-Hodgkin lymphoma and multiple myeloma in comparison 
with men who did not consume diet soda [99]. However, the same findings were not observed in 
women enrolled in the Nurses’ Health Study. Further reports have concluded that there may be a 
link between stroke and diet soft drink consumption [100], though the association was only margin-
ally significant and was no longer significant after adjustment for BMI and diabetes status. While 
the results of these epidemiologic studies are thought-provoking, the contribution of NNSs rela-
tive to additional dietary and life-style factors remains unknown. Few studies have distinguished 
among the various NNSs, each of which has different chemical properties. This reinforces the need 
to improve dietary assessment of NNS consumption and to reduce the number of confounders to 
enable future studies to pinpoint specific compounds requiring further analysis.

do nnss aCtivate reward Pathways in the brain?

Reward is defined as a positive stimulus that reinforces a behavior and increases the probability of 
performing that behavior [101]. In fact, studies show that reward pathways activated in response to 
the consumption of palatable foods and beverages are similar to those involved in the brain response 
to alcohol and other drugs of abuse. Food- and drug-induced reward responses are largely controlled 
by the neurotransmitter dopamine and involve several brain regions including the ventral tegmental 
area, the hypothalamus, medial forebrain bundle, and the prefrontal cortex [102]. Analogous to the 
development of tolerance in drug users, recent research has shown that reward responses to sweet 
taste may differ according to whether or not an individual habitually consumes NNSs [103,104].

In several studies using functional magnetic resonance imaging, it was found that NNSs only 
partially replicate brain responses elicited by NSs. In two human studies, NSs (e.g., glucose or 
sucrose) activated reward circuits to a greater extent than NNSs (e.g., sucralose and aspartame) [105, 
106]. Similar results have been demonstrated in rodent experiments, during which animals without 
functional sweet-taste receptors released more dopamine when given solutions of sucrose compared 
to sucralose, supporting the necessity of a caloric stimulus in fully activating reward circuits [107]. 
Thus, it appears that NNSs are differentiated from NSs in the human brain, yet whether or not this 
distinction influences food choices remains to be elucidated.

UNANSWERED QUESTIONS AND FUTURE DIRECTIONS

The growing presence of NNSs in commercially available foods and beverages, as well as in the 
soil [108] and in the water supply [109], raises questions about their role in human health. Important 
areas which require further study include how NNSs may influence the intestinal microbiome and 
gut function and to which compartments NNSs and their metabolites are localized following inges-
tion [110–112]. Additional questions relating specifically to the role of NNSs in weight management 
include whether NNSs influence the development of taste preferences in young children, how NNSs 
may impact glucose homeostasis and satiety hormone response following prolonged exposure, and 
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the ways in which NNSs may impact the central reward system. It is imperative that additional clini-
cal and laboratory research be conducted to address these questions, as public health campaigns to 
reduce the consumption of added sugars are likely to result in continued increases in the consump-
tion of NNSs.
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KEY POINTS

• Diet-related chronic diseases, including obesity and diabetes, follow a social gradient. 
Higher rates are observed in poor neighborhoods and among lower-income groups.

• One of the mediating factors may be diet quality. Diet quality is related to food prices and 
diet costs. Lower-cost diets can be energy-rich but nutrient-poor.

• Based on observed eating habits in countries including the USA and France, the recom-
mended healthier diets cost approximately $1.50 more per 2000 kcal.

• In France, each additional 100 g of fats and sweets reduced diet cost by 0.05–0.40 Euros 
per day.

• Lower-income groups consume lower-cost diets. Such groups may also differ in other 
unobserved ways from higher-income groups.

• The consumption of added sugars in the USA was inversely linked to education and 
incomes. The effect of education was estimated at 4 tsp/day or 64 kcal/day.

• It is difficult to separate the effect on health of a single food or dietary ingredient from the 
broader effects of chronic poverty, poor housing, or unemployment.

• The continued focus on single nutrients may be misplaced: it is time to address food pat-
terns in their totality.

• Food patterns reflect socio-demographics, culture, and social norms.
• Food patterns may be context-specific, reflecting the local built environment. New mea-

sures of socioeconomic status now include neighborhood residential property values and 
supermarket choice.

8

CONTENTS

Key Points ...................................................................................................................................... 115
Introduction .................................................................................................................................... 116
Current Knowledge ........................................................................................................................ 117
Dietary Sugars and Energy Costs................................................................................................... 117
Added Sugars and Diet Costs ........................................................................................................ 118
SES, Diet Quality, and Health ........................................................................................................ 119
Sugar and Social Class ................................................................................................................... 120
Economics of Dietary Sugars Consumption .................................................................................. 120
Obesity and Poverty ....................................................................................................................... 121
Open Questions .............................................................................................................................. 121

Confounding by Diet Cost ........................................................................................................ 121
Confounding by Social Norms .................................................................................................. 122
What Really Matters—Sugar or Its Price? ................................................................................ 122

References ...................................................................................................................................... 123



116 Dietary Sugars and Health

• Lower diet costs may be a better predictor of adverse health outcomes than any one food 
or nutrient.

INTRODUCTION

Diet-related chronic diseases are known to follow a socioeconomic gradient [1–3]. In more afflu-
ent societies, groups with lower education and incomes suffer from higher rates of obesity, type 2 
diabetes (T2D), and cardiovascular disease (CVD). While all groups consume similar amounts of 
dietary energy, lower-income groups have both cheaper and lower-quality diets. Although sugar-
rich diets cost less per calorie, the recommended higher-quality diets generally cost more [4]. 
Unacknowledged disparities in diet quality and diet cost may be at the root of the observed socio-
economic disparities in health [1,5].

Whether dietary sugar or dietary fat is the principal cause of the global obesity epidemic is a con-
tentious issue. In the past years, dietary fat was said to be the principal cause of obesity and weight 
gain [6]. With attention shifting to dietary sugars, studies have explored temporal parallels between 
rising obesity rates and the rising consumption of added sugars, including both sucrose and high-
fructose corn syrup (HFCS) [7,8]. The consumption of HFCS-sweetened beverages, in particular, 
was linked to T2D, CVD risk, and long-term weight gain [9]. The links between dietary sugars and 
health outcomes are reviewed more specifically in other chapters in this book.

What diets high in added sugars and added fats have in common is the lower per calorie diet cost 
[10]. The inclusion of the cost variable in dietary studies may help explain why obesity and other 
diet-related diseases are concentrated among the lower socioeconomic status (SES) groups [1]. To 
date, relatively few epidemiologic studies have focused on the role of cheap added sugars in relation 
to body weights and health [10–14]. Rather, the impact of dietary sugars on health continues to be 
viewed through the prism of physiology and metabolism. Yet the main contribution of added sugars 
to overeating and weight gain may be through their greater affordability, real or perceived, to lower-
income groups [10]. Differences in food prices and diet costs may help explain, if only in part, the 
observed impact of socioeconomic variables on body weights and health [1].

First, lower-cost diets are more likely to be energy-rich but nutrient-poor [4,15]. Based on exist-
ing food prices and eating habits, diets high in added sugars cost less, whereas the recommended 
nutrient-rich diets cost more [4]. Second, there is general agreement that the recommended diets 
containing vegetables, whole fruit, whole grains, nuts, and seafood are associated with better 
health outcomes [16,17]. Such diets are not only more expensive, but are also consumed by higher-
income groups [18,19]. By contrast, lower-cost, lower-quality diets tend to be consumed by the 
poor [14,20].

Despite best attempts, studies in nutritional epidemiology have not been successful in separating 
a given food or dietary ingredient from the person consuming it. As studies in social sciences have 
shown, food consumption patterns represent a key component of social and cultural identity [21]. 
Higher consumption of added sugars has been associated both with lower diet cost per calorie [4] 
and with lower education and incomes [22]. In other words, added sugars consumption in the USA 
appears to be inversely associated with social class.

The intrusion of social class into epidemiologic studies has further implications for clinicians 
and for public health policy. Consumers of healthier and therefore more expensive diets are likely 
to be wealthier, better educated, insured, and may have more opportunities to purchase better foods 
or engage in physical activity than do the poor [5]. Different levels of nutrient exposure, adjusted 
for energy, may be associated further with unobserved differences in neighborhood wealth, social 
capital, and social context. As discussed below, such socio-demographic factors are either miss-
ing from epidemiologic studies altogether or, even when available, are treated as covariates rather 
than as important variables in their own right [23]. Based on existing studies on consumer profiles 
and their diet quality in relation to diet cost, chronic disease prevention appears to be an economic 
issue [24].
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CURRENT KNOWLEDGE

The present review of current knowledge covers studies in nutrition economics on the relation 
between the various dietary sugars (including sucrose and HFCS), prevailing food prices, and esti-
mated diet costs. Studies continue to link the consumption of low-cost foods with weight gain, 
whereas the consumption of more expensive foods tends to be associated with weight loss [16]. Yet 
the likely influence of food prices on dietary choices is rarely acknowledged in mainstream studies 
on diets and health [5].

The mechanisms by which SES influences dietary choices are difficult to isolate and quantify. Food 
choices are subject to a myriad of influences at the individual, group, and societal levels and there are 
many reasons why lower-income groups select cheaper energy-dense foods [25]. While limited eco-
nomic resources are one barrier, attitudes and nutrition knowledge have also been implicated in food 
selection [26]. The present emphasis will be on the relatively understudied economics of food choice. 
Discussing the role of dietary sugars in nutrition economics is the specific purpose of this review.

Much of the evidence that SES factors affect diet quality has come from studies of household 
food expenditures. However, studies on household food expenditures have not collected any data on 
health outcomes, whereas studies on diets and disease risk have not concerned themselves with food 
prices and diet costs. Further, although food expenditures are typically collected at the household 
level, epidemiologic studies on diet quality, body weights, and health require that data be collected 
at the individual level. Reconciling these diverse approaches to the study of dietary choices has been 
a conceptual and methodological challenge.

Linking food consumption databases to food price data has allowed for novel analyses of 
 individual-level diet quality in relation to cost [12,14]. At this time, retail food prices have been 
attached to dietary data collected using food records, dietary histories, and food frequency ques-
tionnaires [18]. In such studies, retail food prices per 100 g edible portion were merged with the food 
composition database to estimate diet costs in a manner analogous to that used to estimate energy 
and nutrient intakes. Such studies, conducted for the most part outside the USA, have allowed for 
new insights into the relation between food, health, and incomes.

DIETARY SUGARS AND ENERGY COSTS

One critical distinction in the economics of sugar consumption is between added sugars (sucrose 
and HFCS) and other natural sugars from milk, vegetables, and fruits. It is the added sugars that 
provide dietary energy at an exceptionally low cost, whereas fruits and vegetables do not. Further, 
import tariffs on foreign sugar keep retail prices of refined sugar in the USA at approximately three 
times the world price [27]. For this reason, HFCS is significantly cheaper. In the USA, HFCS has 
become the principal caloric sweetener in processed foods and beverages.

For the past 100 years, the usual way of comparing the relative cost of different foods was to 
compare prices per calorie. Comparisons based on food weight or serving size are not meaningful. 
As noted by Atwater in 1894 [28], some foods are 90% water, which provides bulk and weight but 
no calories and no nutrients. Based on FDA regulations, a “serving” of food can provide anywhere 
from 1 to 500 kcal. As early as 1902, commonly eaten foods were grouped by the USDA according 
to their energy costs [29,30]. Among “cheap” foods, providing >1900 cal for 10 cents were sugars, 
cereals, starches, lard, dried beans and peas, cheap cuts of meat, salt pork and bacon, potatoes, and 
sweet potatoes. Lean meats and fish, chicken, eggs, green vegetables, and most fresh fruit were 
described by the USDA as “expensive” foods that provided <800 cal for 10 cents. Then as now, 
sugar calories were cheaper than fresh produce [29,30].

Using contemporary food prices from France that were merged with the national nutrient com-
position data, Darmon et al. [18,24] confirmed that added sugars provided lower-cost calories than 
did fresh produce. As later confirmed in multiple studies, fats, grains, sugar, beans, and potatoes had 
substantially lower energy costs than did meats, fish, lettuce, or fresh fruit [29–31].
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Recent analyses of the nutrient value of US foods in relation to their cost [29,30], made use of 
the USDA Food and Nutrient Database for Dietary Studies 1.0 (FNDDS) [32]. Used to analyze the 
What We Eat in America food intake data, the FNDDS database contains some 6940 foods from 
all food groups [32]. Those foods were first grouped into milk and milk products; meat, poultry, 
and fish; eggs; dry beans, legumes, nuts and seeds; grain products; fruits; vegetables; fats, oils, and 
salad dressings; and sugars, sweets, and beverages. The nutrient composition data were then merged 
with national food prices released by the USDA Center for Nutrition Policy and Promotion (CNPP) 
[33,34]. One national price, corrected for preparation and waste and expressed per gram of edible 
portion, was provided for each food that was listed as consumed by National Health and Nutrition 
Examination Survey (NHANES) participants.

Food price analyses by major food group showed that energy cost ($/100 kcal) was lowest for 
grains, fats, eggs, and milk. Energy cost for vegetables was higher than that for every other food 
group except for fruit. Mean energy cost for vegetables was more than five times that of grains and 
fats and more than double the cost of sugars, sweets, and beverages [29].

Although an expensive sources of calories, vegetables provide several key nutrients at low cost 
[24,31]. Measuring food prices per gram, rather than per calorie, is one way to make healthy veg-
etables appear less expensive. However, a better measure of affordability would be to take the nutri-
ent content of vegetables into account. Recent studies on the nutritive value of US foods in relation 
to cost therefore compared relative prices per nutrient by food group [35]. Potatoes were the lowest 
cost source of potassium, while fruits were the lowest cost sources of vitamin C. Milk and dairy 
products were the lowest cost sources of dietary calcium, whereas lowest cost fiber was provided 
by beans. With some exceptions made for fortified products, foods and beverages containing high 
levels of added sugars were poor (and expensive) sources of key nutrients.

ADDED SUGARS AND DIET COSTS

The merging of nutrient composition data with local or national food prices has allowed researchers 
to estimate energy intakes as well as the quality and cost of individual diets. Linking diet quality 
to diet cost is the first step in estimating the impact of different quality diets on weights and health.

One early study estimated diet costs of 837 adults in the Val-de-Marne database, whose diets had 
been assessed using a dietary history method [18]. French national retail prices in Euros per kg were 
obtained for 57 foods in the nutrient database. Individual diet costs were estimated by multiplying 
the weight of each food by its unit cost and summing over all foods and beverages consumed by 
each person. Dietary energy density was calculated by dividing total dietary energy by the edible 
weight of foods and caloric beverages. Energy-dense diets high in refined grains, fats, and sweets 
were associated with lower diet costs, whereas diets high in vegetables and fruit were associated 
with higher diet costs [18].

Consuming a high-sugar diet was a way to save on daily diet costs [13]. Depending on energy 
intakes, each additional 100 g of fats and sweets was associated with a 0.05- to 0.40-Euro drop per day 
in diet costs. In contrast, depending on energy intakes, each additional 100 g of fruits and vegetables 
was associated with a 0.18–0.29-Euro per day increase in diet costs (equivalent to $0.25–0.40/day).

The preliminary conclusion was that as incomes drop and food budgets shrink, food purchases 
may shift toward refined grains and added sugars and fats. Although higher food spending does not 
guarantee a better diet, reducing food spending below a certain minimum virtually ensures that the 
resulting diet will be high in energy but low in essential nutrients. Such studies were consistent with 
the notion of hidden hunger, that is, vitamin and mineral deficiencies found in developed countries 
among lower-income groups.

The Val-de-Marne data were subsequently confirmed using data from the nationally represen-
tative study of individual food consumption patterns in France (INCA). That study was based on 
7-day food records completed by over 1500 adult respondents and dietary intake data were merged 
with food prices for over 600 foods [36–38]. US-based studies have also confirmed that diets high in 
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cereals, fats, and sweets were associated with lower per calorie diet costs [39]. Similar results have 
now been obtained from Spain [11], Japan [40], Australia [41], and the Netherlands [42].

A recent review of the literature, followed by meta-analysis placed the cost differential between 
healthy and unhealthy diets at approximately $1.50 per person per day [43]. Such a differential 
translates into a difference of $42/week or $2200 over the course of a year for a family of 4. By 
comparison, the current food assistance allotment, said to be adequate for a nutritious diet at low 
cost is in the range of $127–146/week for a family of 4. For lower-income groups, adopting a higher 
quality diet might be associated with a >30% increase in daily diet costs.

On the national basis, an increase of $1.50 per day translates into $109 billion per year, assuming 
a population of 200 million adults. Although those figures may be less than the cost of health care 
for diet-related chronic disease, they are not trivial and cannot be dismissed lightly.

SES, DIET QUALITY, AND HEALTH

Observational studies have linked higher intakes of sugars, including both sucrose and HFCS with 
a higher risk of heart disease, obesity, and diabetes as reviewed in other chapters. Insufficient intake 
of higher cost foods was also linked to adverse health outcomes. In most such studies, participants 
were divided into quintiles of nutrient exposure, adjusted for energy using the method of residuals 
[44]. Exposures were adjusted for SES using proxy indicators such as smoking and physical activ-
ity, since data on education and incomes were rarely available. Higher chronic disease risk was also 
linked in a dose-dependent manner to lower intakes of dietary fibers, folates, carotenoids, vitamins 
A, C, and E, calcium, and potassium. Each of these nutrients was directly related to diet costs [4].

The relation between nutrient content of the diet and diet cost was examined for adult partici-
pants in the Seattle Obesity Study [4]. Dietary intake data were based on a food frequency question-
naire instrument, whereas prices for FFQ foods were obtained from area supermarkets. Participants 
were divided into quintiles of nutrient intakes, adjusted for energy using the method of residuals. 
Analyses confirmed that higher intakes of added sugars and saturated and trans fats were associ-
ated with lower per calorie diet costs. Lower-cost diets were also associated with lower intakes of 
dietary fiber and of vitamins A, C, D, E, and B12, beta carotene, folates, iron, calcium, potassium, 
and magnesium. As expected, persons with the lower-cost, lower-quality diets were more likely to 
be from lower SES groups.

Nutrient content is one measure of diet quality; composite scores are another. Among compos-
ite measures of diet quality are the Healthy Eating Index 2005 and its alternatives [45]. These are 
designed to reflect compliance with the US dietary recommendations and guidelines and are often 
based on foods as well as nutrients. The consumption of total or added sugars detracts from the 
quality of the total diet. For example, the chief sources of “empty calories” in the US diet are said to 
be SoFAAS (solid fats, alcoholic beverages and added sugars). The SoFAAs subscore is a negative 
component of the Healthy Eating Index (HEI) 2005, reducing overall diet quality.

Applying these measures to a representative sample of the US population showed that higher 
HEI scores were linked with higher-cost diets and with higher SES. Monetary costs of diets con-
sumed by 2001–2002 NHANES participants were estimated using the national food prices data-
base. Mean daily diet costs, energy-adjusted diet costs, and values of the HEI-2005 were estimated 
for each respondent. Analyses showed that higher HEI-2005 scores for both men and women were 
associated with higher energy-adjusted diet costs. Higher diet cost was strongly associated with 
consuming more servings of fruit and vegetables and with fewer calories from SoFAAs. Women in 
the highest quintile of diet costs had a mean HEI-2005 score of 69.6 compared with 52.5 for women 
in the lowest-cost quintile. According to the USDA, scores in the range of 51–80 indicate a diet in 
need of improvement, whereas scores >80 denote a “good” diet. Clearly, the lowest cost diets were 
also in the need of most improvement.

Based on analyses of federal US data using USDA diet quality metrics, there can be no doubt that 
healthier diets cost more and are preferentially consumed by higher SES groups. In other words, 
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much like health status, diet quality in the USA is a function of social class. Some of these dispari-
ties may be explained by diet cost [46].

SUGAR AND SOCIAL CLASS

That food consumption patterns vary by social class has been known for a long time. Writing in 1936, 
John Boyd Orr [47] observed that the diets of lower-income groups were based around cheap sources 
of energy and therefore cheap satisfiers of hunger. By contrast, the consumption of vegetables, fruit, 
and meat was associated with higher incomes. In his view, the five-fold increase in sugar consump-
tion observed over the previous 100 years (1834–1934) had been very likely caused by the great fall 
in sugar price. Sugar consumption in the UK in 1934 was estimated at 94 lb. per capita per annum.

Then, as of now, sugar consumption was higher among lower-income groups. In 1937, George 
Orwell [48] noted that the British miners subsisted on white bread and margarine, corned beef, 
sugar, and potatoes—calling it an appalling diet. The miner’s family was reported to spend 10 
pence a week on green vegetables and nothing on fruit but one shilling and nine pence on sugar and 
a shilling on tea.

The US Bureau of Labor Statistics has estimated that the bottom quintile of the US population 
by income spent no more than $5.80 per person per day for all foods purchased at retail and eaten at 
home. Current estimates suggest that the average household spends about 10% of income on foods 
at home and away from home, although that percentage is substantially higher among lower-income 
groups, consistent with Engel’s Law. Food spending can determine diet quality, given that most 
people do not want to deviate from the cultural norms.

ECONOMICS OF DIETARY SUGARS CONSUMPTION

Studies in nutrition economics have allowed us to examine consumption patterns across SES 
strata. In economic terms, the type of product the demand for which declines as incomes rise is 
called an inferior good. In the USA, sugar and sweetened beverages appear to meet that definition. 
Epidemiologic studies have shown that the consumption of added sugars was inversely linked to 
incomes [22]. Likewise, the consumption of sugar sweetened beverages (SSBs) was more common 
among lower-income groups.

Conversely, for the so-called normal goods, an increase in income causes a growth in demand. In 
observational studies based on NHANES data, consumption of diet beverages, bottled water, skim 
milk, and whole fruit increased together with incomes. Economists have also identified a category 
of luxury goods, the demand for which rises disproportionately with income. Based on the sharp 
SES gradient, fresh fruits and vegetables excluding potatoes appeared to be luxury goods in the UK 
in 1934 [47]. More contemporary analyses suggest that they may be still [5].

Our energy density model, introduced in 2004 [1], proposed that attempting to reduce diet costs 
would lead to diets that were higher in added sugars and fats and lower in vegetables and fruit. Such 
diets would have higher energy density and would provide more calories per unit cost. Given that 
energy-dense foods also tend to be more palatable and have less satiating power, there was potential 
for unintended overconsumption [49]. One consequence of reduced food expenditures would be a 
surfeit of empty calories. In other words, it was possible to spend less and eat more.

Evidence for this notion was initially provided by diet optimization studies using a linear pro-
gramming model [50]. The goal was to predict food choices that could be made by people trying to 
reduce their food budgets without a major departure from their usual eating habits [51]. The USDA 
used a similar linear programming model to create the Thrifty Food Plan, a nutritious diet at low 
cost [52]. To ensure these diets were consistent with habitual food consumption patterns, consump-
tion constraints minimized departure from the average French diet and imposed limits on portion 
size and the allowed amount of energy from food groups.
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Imposing the cost constraint in the absence of nutrition considerations led to modeled food pat-
terns that were energy-dense and contained more added sugars, sweets, and added fats and were 
lacking in fruit and vegetables, meat, and dairy products [53]. The nutritional quality of modeled 
diets was markedly reduced. The composition of the modeled food patterns reproduced the food 
intakes observed among the lower SES groups in France.

The energy density model and the results of linear programming were recently confirmed by 
empirical studies conducted by the Institute for Fiscal Studies in the UK [54]. The study dealt with 
the combined impact on diet quality of stagnating wages, rising unemployment, and an increase 
in food prices relative to other goods since the Great Recession of 2008. Data analyses showed 
that between 2005 and 2012, households reduced the amount of calories by 3.6% but reduced food 
expenditures by 8.5%. By buying and substituting cheaper foods, households spent 5.2% less per 
calorie. The reduction in diet quality was driven by a trend away from fruit and vegetables and their 
substitution by processed fats and sweets. Most affected were households with young children and 
single-parent households.

OBESITY AND POVERTY

In most US-based research, measures of SES have been restricted to only two variables: education 
and income. More recent studies based on geographic information system (GIS) approaches suggest 
multiple new variables for a better assessment of social class that are linked to residential context 
and the built environment. In particular, residential property values may become a useful wealth 
metric for use in health studies [55].

In Seattle-King County, obesity rates at the census tract level were best predicted by education 
and residential property values. At the individual level, property values were linked to higher HEI 
2005 scores and to lower body mass index values in women. Women in the bottom quartile of prop-
erty values were 3.4 times more likely to be obese than women in the top quartile. No association 
between property values and obesity was observed for men [3]. Such studies have permitted the 
mapping of obesity and diabetes at the census tract level, pointing to a geographic concentration in 
lower income areas [56].

Incidentally, those studies failed to observe any effects of access to healthy foods when for-
mulated as proximity to the nearest store. Only one in seven respondents reported shopping at 
the nearest supermarket. Obesity risk was not associated with distance to the nearest supermarket 
or with living in a food desert. By contrast, the type of supermarket, by price, was found to be 
inversely and significantly associated with obesity rates, even after adjusting for individual-level 
socio- demographic and lifestyle variables, and proximity measures. Attitudes toward a healthy diet 
were also predictive of better diet quality.

OPEN QUESTIONS

Confounding by diet Cost

Studies on the impact of dietary factors on weight gain and health have attempted to isolate the 
contribution of specific beverages and foods [16]. In general, changes in consumption of starches, 
refined grains, and processed foods were more likely to contribute to weight gain. Conversely, 
additional consumption of fruits, vegetables, nuts, and whole grains was associated with less weight 
gain. The consumption of 100% juice was associated with less weight gain that the consumption of 
sweetened beverages. Interestingly, since diets and incomes appear to be linked, changes in dietary 
patterns may have been secondary to changes in household resources and food budgets.

The observed differences were said to relate to varying portion sizes, patterns of eating, effects 
on satiety, or substitution for other beverages or foods. For example, 100% juices may have been 
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consumed in smaller servings than SSBs or in different patterns. Another possibility is that these 
foods were consumed by different groups that differed from each other in various unobserved ways.

What SSBs, starches, and refined grains and processed foods may have in common is their low 
per calorie cost. What many epidemiologic studies seem to show is that more expensive foods con-
sumed by wealthier people are associated with better health outcomes. In many cases, the control-
ling for SES has been problematic at best.

Confounding by soCial norms

The confounding by cultural attitudes deserves a mention. Throughout history, sugar has been 
the means of providing inexpensive calories to lower-income groups. As such, sugar and sweets 
have acquired a place in global food culture. Attempts to reduce consumption of dietary sugars to 
improve diet quality will need to address aspects of culture, economics, and behavior.

One argument is that not all healthy foods cost more. Some nutrient-rich foods can be obtained at 
very low cost [38]. For example, a recent article on value metrics identified potatoes and beans as pro-
viding most nutrients per penny [35]. However, food choices are a part of social identity, and the ability 
to adhere to a socially acceptable diet is one of the necessities of life. The custom of the country—to 
borrow a phrase from Adam Smith—may place some foods outside the accepted social norms [38].

Public health interventions need to come to terms with the fact that some healthy foods may be 
rejected by the consumer. All too often, the low cost of powdered milk, ground pork, organ meats, 
beans, lentils, carrots, and cabbage is cited as proof that lower-income groups in the USA have 
full access to inexpensive yet nourishing foods. Home-cooked lentil soup and inexpensive rice and 
beans have been proposed as suitable staple diets for the US poor. Indeed, nuts, seeds, legumes, 
cereals, potatoes, and cabbage offer good nutrition at an affordable cost [30]. The search for afford-
able, nutrient-rich foods is being aided further by the new techniques of nutrient profiling [51] and 
by the new metrics of nutrients per energy and nutrients per unit cost [35].

what really matters—sugar or its PriCe?

The rates of obesity and type II diabetes in the USA are largely driven by SES. The geographic 
concentration of chronic disease in lower SES neighborhoods is readily apparent in small-area GIS 
studies. Higher rates are observed in the more disadvantaged neighborhoods and among groups 
with lower education and income. The impact of SES on weights and health may be mediated, in 
part, by diet quality. In general, lower-quality diets are associated with higher disease risk, whereas 
the recommended higher-quality diets are associated with lower disease risk. However, based on 
food prices and existing eating habits in the USA, lower-quality diets are also associated with lower 
per calorie diet costs. By contrast, the recommended higher-quality diets are more costly and more 
likely to be purchased by higher SES groups. Lower-income groups selecting cheaper diets are more 
likely to be obese and have associated health problems.

The importance of economic factors when it comes to sugar consumption is listed in Table 8.1. 
The relative prices per kilocalorie for a number of sugar-containing beverages, from generic cola 
to 100% fruit juices and meal replacement products, are also shown. Previous studies have associ-
ated the low-cost sugars with obesity and weight gain, whereas the higher-cost juices and meal 
replacement shakes have been associated with weight maintenance or weight loss. Although bever-
age prices per 100 kcal varied by an order of magnitude, their sugar content per 100 g was much the 
same. In other words, the same sugars, differently priced, have been associated in epidemiologic 
and in clinical studies with both weight gain and weight loss.

The point is that these beverages, containing added or natural sugars, may be selected by con-
sumers at different levels of SES. Added sugars, including sucrose and HFCS, have been associ-
ated with lower SES, lower diet quality, lower diet costs, and higher disease risks. However, it now 
appears that the relevant obesogenic factor is not the foods’ sugar content of foods but its low price.
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Epidemiologic studies have not fully disentangled the potential impact of multiple SES variables, 
food prices, and diet costs on body weights and health. High dietary energy density and low per 
calorie diet cost may be better predictors of disease risk than is any one single nutrient, beverage, 
or food. Future studies should address overall food patterns and their social, economic, and cultural 
aspects in relation to health.
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KEY POINTS

• Added sugars are found in 75% of all the consumer packaged foods and beverages sold in 
the USA, suggestive of the large number of ways added sugar is used in our entire supply 
of processed foods and beverages globally.

• Fruit juice concentrate is the new “healthy,” “natural” added sugar increasingly used in 
foods and beverages.

• In the USA and a few other high-income countries, noncaloric or diet sweeteners are 
increasingly being used to replace added sugars in beverages and foods. This is linked 
with a decline in total calories from added sugars in the USA and UK.

• While the bottom 40% of US individuals aged 2 and older consume 120 kcal/day or less, 
the top two quintiles average 326 and 662 kcal/day of added sugar.

• Outside of the high-income countries, low- and middle-income country (LMIC) dietary 
intake and other data suggest major increases in added sugar intake, particularly from 
caloric sugar-sweetened beverages.

• Mexico and Brazil are two of the largest consumers of caloric beverages and use added 
sugar in a wide variety of processed beverages.
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INTRODUCTION

Sugars are found in our food supply either as a natural component of the food or as an added sugar 
of various types. Sugars are added to food not only for their impact on taste, but also because it 
is economical and has many properties, such as a preservative to prevent growth of many organ-
isms and keep perishable foods from spoiling (e.g., jams, candied fruit peels) as well as to improve 
texture of cooked products. Added sugars provide only empty calories with no nutrient value, are 
highly refined, and also serve to sweeten foods and beverages and enhance desirability. As a bever-
age, a vast literature has shown how our bodies do not compensate for beverage calories, and sugary 
beverage intake is linked with many cardiometabolic problems [1–5] as reviewed in other chapters. 
Surprisingly, much less is understood about the sweetening of our food supply than one would 
imagine. Partly this relates to the impossibility of measuring the specific type and amount of the 
different added sugars versus naturally occurring sugars directly in any food or beverage. Partly this 
relates to the vast number of different sugars used in the food supply.

The sweetening of the US and global food supply has been occurring for a long time [6]. Outside 
the USA, some of the very first research in the world funded to systematically increase the produc-
tivity of sugar plantations was in the Caribbean area and Indonesia. Cane-breeding research began 
in the 1880s in Barbados at the Dodds Botanical Station and in Java at the East Java Research 
Station. The USA was not far behind. The Sugar Station, founded in 1885, is the oldest of the 
Louisiana Agricultural Experiment Station and one of the firsts in the USA.

John Yudkin, more than any scholar, deserves credit for pushing forward our modern under-
standing of the role of dietary sugars and refined carbohydrates in our diet [7,8]. Yudkin’s work did 
not receive full credit until more recently. As early as the 1950s, he displayed a stronger linkage 
between English sugar consumption and coronary heart disease than the saturated fats from animal 
foods but his work was largely ignored by major scholars and dietary policy groups [8,9].

The other critical issue to understand about the role of sugars in our food supply is the enormous 
early and continued research undertaken to keep sugars economical [10]. Our history over the last 
five to six centuries has often revolved around sugar but here we will focus not on this history but 
on our current food supply and what we know from various data sources about the role of sugars in 
our food supply. In the next section, we use food ingredient data for the 600,000 consumer packaged 
foods in the US food supply to provide some sense of sugar use. We follow this with some global 
data on long-term shifts in total sugar use and some of our work on total added sugar use in the 
USA. This is followed by a discussion of some of the patterns and trends of calorically sweetened 
beverages across the globe.

MODERN FOOD SUPPLY: THE US EXAMPLE FROM THE CONSUMER PACKAGED 
FOOD AND BEVERAGE SECTOR

Little is known about the use of sweeteners in foods and beverages sold and consumed in the USA. 
As noted, there is no direct measurement of sweetener content of foods and beverages. Since added 
sugars cannot be chemically distinguished from intrinsic (naturally occurring) sugars, the primary 
food-composition databases in the USA do not contain composition information for either intrinsic 
or added sugars [11]. There are two supplementary sources of added sugars information available 
from the US Department of Agriculture (USDA). The USDA Database for the Added Sugars Content 
of Selected Foods, Release 1 (2006) [12] provides data for the added sugars content of 2038 com-
monly consumed foods, excluding brand name foods. A second source, the MyPyramid Equivalents 
Database (MPED), provides data on added sugars content of foods reported in Continuing Survey 
of Food Intakes of Individuals 1994–1996 and 1998, and the National Health and Nutrition 
Examination Survey 2001–2002 and 2003–2004 [13] and more recently a new released updated 
version for the 2005–2010 period [14,15]. An updated interim data set has been used to estimate 
added sugar for the 2005–2010 period [16]. The government uses their own recipe files and linear 
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programming algorithms to estimate the amount of added sugar in each product comparable to that 
used by the University of Minnesota’s nutrient data system [17,18].

In one study, we utilized details of the ingredients in each packaged food and beverage to esti-
mate the foods that contain added sugars [11]. Elsewhere we review these databases which when 
combined provide nutrition facts panel and full ingredients lists [19]. Essentially we matched the 
nutrition facts label NFP data with the 2005–2009 Homescan data on household purchases at 
the barcode (universal package code or UPC) level in order to create a more complete measure of 
the nutritional content of UPCs reported purchased. This was successful for more than 98% of the 
volume and dollar sales of foods reported purchased in Homescan.

There are a vast array of sugars used in our food supply, many of which will surprise most public 
health and nutrition scholars [11]. In Table 9.1, we provide a list of all these sugars. We included fruit 
juice concentrate as it is used in a great number of foods and beverages.

Essentially we searched the full set of ingredients for each food and beverage with a unique set 
of ingredients to estimate the proportion of the unique food products with various combinations of 
sugars, NCS (noncaloric sweetener, really low calorie sweeteners or diet sweeteners). We are defin-
ing unique food products as those with unique formulations (e.g., a 1.5-l bottle of Coca-Cola Classic 
will be nutritionally equivalent to a 12 fl. oz. can of Coca-Cola Classic and a 20 fl. Oz. bottle of 
Coca-Cola Classic, so even though they will have different barcodes, they only count as one food 
product). We searched not only for sugars, but also low calorie sweeteners (NCS or diet sweeteners). 

TABLE 9.1
CSs Used in the US Food Supply

Caloric Sweeteners Search Terms Used

Fruit juice concentrate 
(FJC)a

Juice concentrate/conc., concentrated/conc. juice, concentrated/conc. fruit juice, concentrated/
conc juice sweetener (where  included were apple, pear, grapefruit, orange, peach, plum, 
mango, lemon, lime, apricot, nectarine, prune, grape, pineapple, blueberry, strawberry, 
raspberry, blackberry, boysenberry, lingonberry, gooseberry, elderberry, mulberry, currant, 
cherry, pomegranate, cranberry, kiwi, melon, lychee, mangosteen, coconut, mixed)

Cane sugar Cane sugar, cane juice, cane syrup, turbinado, golden syrup, treacle, caramel, Sucanat

Beet sugar Beet sugar, sugar beet

Sucrose Sucrose, table sugar

Corn syrup Corn syrup, maltodextrin, TruSweet, C Sweet, Versatose, Clintose, Benchmate, Corn Sweet

HFCS High-fructose corn syrup

Agave-based sweeteners Agave nectar, agave syrup, agave sap, agave juice

Honey Honey, nectar, Honi-Bake, Honi-Flake, Sweet’N’Neat

Molasses Molasses

Maple Maple

Sorghum/malt/maltose Sorghum, malt, maltose, mizuame

Rice syrup Rice syrup, rice sugar, Sweet Dream

Fructose Fructose

Lactose Lactose

Inverted sugars Invert sugar, inverted sugar, sugar invert, Nulomoline, sucrovert, invertase

Sugar alcohol Sorbitol, glucitol, erythritol, xylitol, mannitol, lactitol, maltitol, glycerol, hydrogenated starch 
hydrolysates, isomalt, isoglucose, lycasin, tastes like honey, Maltidex

Low-calorie sweeteners luo han guo, luo han kuo, tagatose, trehalose, brazzein, Cweet, pentadin, Oubli, mabinlin, 
monellin, thaumatin, curculin, lumbah, miraculin, monatin, inulin, osladin, licorice, 
glycyrrhizin, fructooligosaccharide, oligofructose, oligofructan

Other CSs Syrup, gomme, starch sweetener

a Juices from concentrate or reconstituted fruit juice are not considered FJC or CS.
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We determined the total calories and volume (or gram weight) of each product using the Homescan 
purchase and NFP data. We then calculated the proportion of total calories and total volume pur-
chased by Americans that contain any sugars, and any NCS for each food group and all food groups.

From the commercial databases described above, we identified 85,451 unique processed and 
packaged food and beverage products that were not raw or single ingredient foods [11] (see Table 
9.2). Among these, 75% contain some sweetener (68% with sugar only, 1% with NCS only, 6% with 
both sugar and NCS).

It is useful to see the ranking of use of these sugars in the USA. In Table 9.3, the top five sweet-
ener types included in ingredient lists within each food group are ranked. We found that between 
2005 and 2009, across all unique food products, corn syrup is the most commonly listed sweet-
ener, followed by sorghum, cane, HFCS, and FJC. Corn syrup is the most common sweetener used 
in baby food/formula, salad dressings and dips, sweet snacks, milk and milk/yogurt/soy drinks. 
HFCS is the most common for cakes/cookies/pies, fruit products, yogurt and sugar sweetened bev-
erages and FJC came up top for fruit juice and vegetable juice. The NCSs, acesulfame potassium, 
aspartame, and sucralose were the three most common sweeteners found in diet sweetened bever-
ages, and both acesulfame potassium and sucralose were also highly ranked among water products. 
Unfortunately, since each unique food product’s formulation is proprietary information, it is not 

TABLE 9.2
Percentage of Uniquely Formulated Consumer Packaged Food Products Purchased During 
2005–2009 by Sweetener Category for Select Food Groups

Select Food or Beverage Group

Number of 
Unique 

Products

% Among 
all Unique 
Products

% Unique Products Within Food 
Groupa Containing

No 
Sweetener

CS (Including 
FJC) Only

NCS 
Only

Both CS 
and NCS

Baby food, formula 993 1.2 47.5 52.5 0.0 0.0

Cakes, cookies, pies 5592 6.5 0.7 95.3 0.1 4.0

Fruit, fresh, frozen, canned, or dried 1722 2.0 36.6 59.9 2.7 0.7

Granola, protein, or energy bars 2526 3.0 3.0 78.2 0.0 18.8

Ready-to-eat cereals 1378 1.6 3.6 94.0 0.3 2.1

Salad dressings and dips 3305 3.9 26.9 71.0 1.5 0.7

Savory snacks 5734 6.7 28.8 69.9 0.7 0.6

Sweet breads and pastries 1440 1.7 17.3 79.3 0.5 2.9

Sweet snacks 6710 7.9 0.6 84.6 0.6 14.1

Yogurt 1152 1.3 6.4 60.8 6.8 26.0

Sports and energy drinks 506 0.6 1.2 63.4 6.9 28.5

Sugar sweetened beverage 2513 2.7 1.5 83.6 1.0 13.9

Diet sweetened beverageb 974 1.4 9.9 17.2 14.6 58.3

Milk and milk/yogurt/soy drinks 1483 1.7 32.4 56.6 2.4 8.6

100% Fruit juice 1404 1.6 33.6 66.0 0.0 0.4

Vegetable juice 230 0.3 22.2 69.1 0.4 8.3

Water, plain, or flavored 799 0.9 36.4 21.7 22.3 19.7

All food and beverage groups 85,451 100 25.4 67.9 1.0 5.6

Source: Nielsen Homescan 2005–2009, Gladson Nutrition Database 2007 and 2010.
Note: CS = Caloric sweetener; FJC = Fruit juice czoncentrate; NCS = Noncaloric sweetener.
a The % of unique products within this food group (e.g., yogurt) with various types of sweeteners.
b Not strictly products that contain zero calories, rather items that are marketed as “nonregular” or less calories than the 

 regular version.



131Sugar Consumption in the Food and Beverage Supply across the Globe

possible to determine exactly how much of each sweetener is used, and therefore these rankings are 
based on frequency of occurrence, rather than volume.

Elsewhere we have explored this topic in more depth but these highlights ultimately show that 
77% of all foods and beverages purchased in 2005–2009 from US stores selling packaged foods 
and beverages contained added sugars [11,20]. We are unable to estimate the amount of these added 
sugars at this time.

Furthermore, we explored the types of common caloric sweeteners (CSs). Surprisingly, the 
sweetener in the USA used in the most foods and beverages was not sugarcane or HFCS but rather 
corn syrup followed by sorghum (a common grass globally which is one source of lower cost sugar 
used in many foods).

GLOBAL TRENDS—SWEETENING OF THE GLOBAL DIET

At the global level, the only data available are very crude approximations of the amount of CSs 
available for consumption. These are from food disappearance (called also food balance) data from 
the Food and Agricultural Organization of the United Nations. These represent approximations 
from each country across the globe of the amount of added sugar available for human food con-
sumption [6]. They exclude fruit juice concentrate as an added sweetener. These data presented in 
Table 9.4 show marked increases in selected regions (e.g., Southeast Asia) and much less change in 
others (e.g., Americas). The largest increase occurred in the regions where the modern food supply 

TABLE 9.3
Most Common Sweeteners Used in Unique Consumer Packaged Food Products Purchased 
During 2005–2009 for Select Food Groups

Select Food or Beverage Group
Most 

Common
Second Most 

Common
Third Most 
Common

Fourth Most 
Common

Fifth Most 
Common

Baby food, formula Corn syrup FJC Lactose Sorghum Cane

Cakes, cookies, pies HFCS Sorghum Corn syrup Cane Molasses

Fruit, fresh, frozen, canned, or dried HFCS Cane FJC Corn syrup Sucralose

Granola, protein, or energy bars Sorghum Cane Corn syrup Honey Alcohol

Ready-to-eat cereals Sorghum Cane Honey Corn syrup Molasses

Salad dressings and dips Corn syrup FJC Cane Sorghum HFCS

Savory snacks Sorghum Corn syrup Cane HFCS Lactose

Sweet breads and pastries Sorghum Corn syrup Cane HFCS Honey

Sweet snacks Corn syrup Sugar alcohol Sorghum Lactose Honey

Yogurt HFCS Fructose Aspartame Sucralose FJC

Sports and energy drinks Cane Sucrose HFCS Sucralose Corn syrup

Sugar sweetened beverage HFCS FJC Cane Corn syrup Fructose

Diet sweetened beveragea Acesulfame 
potassium

Aspartame Sucralose Cane FJC

Milk and milk/yogurt/soy drinks Corn syrup Cane HFCS Sucralose Sorghum

100% fruit juice FJC HFCS Cane Fructose Sorghum

Vegetable juice FJC HFCS Sucralose Cane Fructose

Water, plain, or flavored Sucralose Acesulfame 
potassium

Fructose Cane Sugar 
alcohol

All food and beverage groups Corn syrup Sorghum Cane HFCS FJC

Source: Nielsen Homescan 2005–2009, Gladson Nutrition Database 2007 and 2010.
a NS = Nutritive sweetener; FJC = Fruit juice concentrate not reconstituted; NNS = Nonnutritive sweetener.
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is increasing rapidly, particularly caloric beverage intake such as Central America, North Africa, 
and Western Asia (essentially what we term the Middle East). It must be recognized that these data 
are very crude approximations and do not account for all sweeteners with calories. Moreover, as we 
show below with US trends, these trends might not mirror the trends based on dietary intake data. 
Furthermore, the critical issue from a health perspective is not just consuming excess sugar but 
whether this is from a beverage or a food product.

US ADDED SUGAR CONSUMPTION FROM NATIONAL DIETARY 
INTAKE ESTIMATES

The only country for which we have strong estimates of added sugars in the food supply is the USA. 
Because Brazil also use the same food composition for its last national survey, we can also report 
on some Brazilian results. The United States Department of Agriculture has developed methods 
for estimation of the amount of added sugars in the food supply [21,22]. These methods rely on 
linear programming algorithms used by both USDA and the University of Minnesota Nutrition 
Coordinating Center [17,18] and data on total sugar intake and other components of each food to 
estimate the added sugar in each food in the USDA food composition. MPED version 1.0 was used 
for NFCS1965. NFCS 1977–1978, CSFII 1989–1901, CSFII 1994–1998; MPED version 2.0 was 
used for WWEIA, NHANES 2003–2004; and MPED version 2.0 addendum was used for WWEIA, 
NHANES 2005–2006, 2007–2008, and 2009–2010 [16,23,24].

TABLE 9.4
Global Trends on Caloric Sugars Available for Consumption (kcal/capita/day): Food 
Balance Trends 1961–2009

Regions Not Mutually 
Exclusive 1961 1970 1980 1990 2000 2009

kcal/day Change 
1961–2009

Africa 101 118 155 141 148 153 52

Eastern Africa 63 87 91 79 100 102 39

Northern Africa 167 183 271 278 278 281 114

Southern Africa 361 364 380 344 301 285 −76

Western Africa 38 46 86 61 82 101 63

Americas 421 456 489 487 486 473 52

Caribbean 356 384 424 389 438 367 11

Central America 250 346 437 480 458 468 218

South America 363 377 457 414 376 387 24

Northern America 512 561 546 576 626 585 73

Asia

Central Asia 162 159 NA

Southeastern Asia 96 118 136 143 184 170 74

Southern Asia 176 194 187 186 203 205 29

Western Asia 107 201 281 303 303 305 198

Oceania
Europe

523 518 498 455 414 410 −113

Northern Europe 492 481 424 411 381 371 −121

Southern Europe 211 284 320 303 294 275 64

Western Europe 339 395 390 378 419 442 103

World 192 222 236 234 228 224 32

Source: FAOSTAT, accessed April 8, 2013.
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Dietary intake data from each survey period were linked to a food composition database devel-
oped by the USDA with nutrient values corresponding to the diets of individuals at the time of pro-
cessing. Prior to 2003–2004, the only surveys to use this same food composition database were the 
USDA nationally representative surveys. For WWEIA, NHANES 2003–2004, 2005–2006, 2007–
2008, and 2009–2010, data were used from the USDA’s Food and Nutrient Database for Dietary 
Studies (FNDDS) which is used to code, process, and analyze the data assessed in the course of the 
WWEIA survey [25–29]. Each nutrient database was derived from the USDA Nutrient Data Base 
for Standard Reference (SR), versions 11, 18, 20, and 22 [30].

Figure 9.1 provides estimates of consumption of added sugars from these dietary intake nation-
ally representative surveys that use the same USDA food composition table. We see that the large 
increase in added sugars that began in the 1970s and peaked in 1999–2000 started to decline for the 
USA in the past decade [31]. This coincided with a marked reduction in added sugar from bever-
ages, in particular [32]. We see how the percentage of kcal/day from added sugar in the USA peaked 
at 18.3% in 1999–2000 and has declined subsequently.

Figure 9.2 provides data on the total distribution by quintile of added sugar consumers in the 
USA. For those consuming CS beverages, the reduction occurred in all quintiles. Smaller declines 
occurred among the third and fourth quintiles of 70 and 100 kcal/day from peak intake in 1999–2000 
but these are major meaningful decreases. There were also equally meaningful declines in added 
sugar from foods but in absolute and relative terms they are much smaller. Figure 9.2 highlights 
the marked increase among the top quintile of added sugar users of 396 kcal/day between 1977 and 
1999–2000 and then the precipitous decline of 294 kcal/day between that peak and 2009–2010. This 
is mainly linked with a decline in sugar-sweetened beverage intake (data not shown).

In Brazil, a nationally representative dietary intake survey found that added sugar in 2008–2009 
represents 13% of total calories with about half coming from food (mainly sweets and desserts) and 
half from an array of beverages [33]. This is essentially at about the same level as the USA.

GLOBAL TRENDS ON BEVERAGES—THE LEADING SOURCE OF ADDED SUGAR 
INCREASES GLOBALLY

There are surprisingly few diet surveys across LMICs, and only a few higher-income countries 
(US, UK, Japan, South Korea) have annual or episodic dietary intake surveys. In the last several 
years, Brazil conducted its first national dietary intake survey and Mexico has collected detailed 
dietary intake data in its national nutrition surveys in 1999 and 2011–2012. We have also utilized 
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in some of our research sales data on caloric beverages from Euromonitor by company to provide 
some sense of the dynamics of sugary beverage use. The major limitation with all of this work is the 
continued introduction of hundreds of new versions of caloric beverages—be they energy drinks, 
sugars, vitamin waters, sports drinks, or any number of other new variants. As we have shown in 
other research [20], the commercial sector changes are often not accurately captured by the food 
composition tables used in national surveys and because these beverages are often consumed in ad 
hoc ways throughout the day, they are often missed in both surveys using recall methods or scan-
ning of the foods.

Here we report on a limited set of studies across LMICs along with data from selected European 
studies we conducted.

EUROPE

Our only consumption data was on adolescents aged 12.5–17.5 years selected using a multistage 
random cluster sampling procedure from the 10 selected European cities [34]. Mean beverage con-
sumption was 1611 ml/day in boys and 1316 ml/day in girls. Energy intake from beverages was 
about 470 and 370 cal/day in European boys and girls, respectively, with sugar-sweetened beverages 
(defined as carbonated and noncarbonated beverages, including soft drinks, fruit drinks, and pow-
ders/concentrates with any type of CS) contributing to daily energy intake more than other groups 
of beverages. Boys and older adolescents consumed the most amount of per capita total energy 
from beverages. Among all age and gender subgroups, sugar-sweetened beverages, sweetened milk 
(including chocolate milk and flavored yogurt drinks all with added sugar), low-fat milk, and fruit 
juice provided the highest amount of per capita energy. Water was consumed by the largest percent 
of adolescents followed by sugar-sweetened beverages, fruit juice, and sweetened milk. Among 
consumers, water provided the greatest fluid intake and sweetened milk accounted for the largest 
amount of energy intake followed by sugar-sweetened beverages. Patterns of energy intake from 
each beverage varied between countries.

Trends in a European country—the UK: This is the only country we were able to obtain con-
sistently measured nationally representative beverage intake data for [34]. In 2008/2009, beverages 
accounted for 21, 14, and 18% of daily energy intake for children aged 1.5–18 years, 4–18 years, 
and adults (19–64 years), respectively. Since the 1990s, the most important shifts are a reduction in 
consumption of high-fat dairy products (−13 kcal/day) and an increased consumption of fruit juices 
(+9 kcal/day) and sweetened milk (+10 kcal/day) among preschoolers, children, and adolescents. 

FIGURE 9.2 Shifts in added sugar by Quintile of Consumption among US individuals aged 2 and older.
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Among adults between 1986–1987 and 2008–2009, consumption of high-fat milk beverages 
(−6 kcal/day) and sweetened tea and coffee (−94 kcal/day) fell, but reduced-fat milk (+14 kcal/day), 
alcohol (particularly beer) (+49 kcal/day), and fruit juice (+7 kcal/day) rose. The beverage consump-
tion patterns of these UK adolescents mirrored that of the European countries noted above.

Trends in Mexico and Brazil: As the two largest countries in Central and South America, these 
countries represent some of the major new targets for sales of caloric beverages. Elsewhere we have 
shown that kcal/ounce of beverages sold in the USA by Coca-Cola and Pepsi Cola have been declin-
ing as they push in the USA and UK for enhanced sales of noncalorically sweetened beverages and 
waters [35]. In contrast, we showed that in China and Brazil, among many LMICs, they have pushed 
for increased sales of caloric beverages of a wide array from classic sugar-sweetened beverages to 
flavored waters and energy drinks.

Mexico is a remarkable case study of the dynamics of this sector and its efforts to reach into 
LMICs. By 1996, Mexicans consumed more than 20% of their daily energy intake from caloric bev-
erages [36,37]. In an unpublished work, Stern et al. [38] examined daily intake for nationally repre-
sentative data in 2011–2012. They found high levels of caloric beverage intake among adolescents 
and adults. In both cases, about 50% of males and females aged 12–18 and 19–59 consumed sodas 
and among those consuming sodas (excluding sports and energy drinks and many other added sugar 
beverages), adults 20–59 consumed 215 kcal/day and adolescents consumed 194 kcal/day. The fig-
ures for female consumers aged 20–49 of sodas only in 1999 and 2012 were 149 and 187 kcal/day, 
respectively.

In Brazil, based on a national representative survey from those aged 10 and older, we found 
that the overall contribution of beverages to total daily energy intake was 17.1%, which decreased 
slightly with age (β = −0.005%; p < 0.01; data not shown) [39]. The beverage groups that contrib-
uted most to total daily energy intake in the full sample were the calorie coffee beverages (6.4%), 
fruit/vegetable juices (4.7%), and calorie milk/soymilk beverages (2.9%) (Table 9.2). Calorie coffee 
beverages provided the greatest level of calories overall (111 kcal/day). Individuals from 10 to 18 
(58 kcal/day) and from 19 to 39 years old (55 kcal/day) consumed higher proportion of energy from 
sugar sweetened soft drinks than individuals over this age (34 kcal/day for those 40–59 and 19 kcal/
day for those >60 years old).

SUMMARY

There are several patterns and trends that emerge from this chapter. First, it is clear that added sug-
ars/sweeteners are found in far more products than would be expected. That approximately 75% of 
all foods and beverages have some type of added sugar in the US food supply suggests that added 
sugar may be increasingly being used in our diet although we do not have historical data from ear-
lier periods to act as a comparison. A recent book by an established journalist on this topic provides 
important insights into this behavior [40]. One important element for readers seeking natural or 
organic products is the increasing use of fruit juice concentrate as an added sugar.

Second, aside from Europe and Oceana, few regions seem to be seeing a decline in added sugar 
available for consumption. Rather, it is the opposite, particularly for Central America and North 
Africa. This is based on the food disappearance data as studies on individual dietary intake exist 
only for Mexico, Brazil, and the UAE [41] among these regions.

Third, when we have data like we have for the USA and Brazil on added sugar intake in our 
diet, we find levels that can vary from 12.7 to 18%. However, it is important to note that these US 
estimates exclude fruit juice concentrate.

Fourth are the global beverage trends. The USA, and I expect also Western Europe, are reducing 
their intake of added sugar, particularly from beverages as they shift to noncaloric sweetened bever-
ages or unsweetened beverages (e.g., water, tea, coffee). The opposite is true in LMICs where we have 
documentation. These include Mexico, which is one of the major consumers of added sugar, and this 
has had a profound effect on consumption of calorically sweetened beverages across all age groups.
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KEY POINTS

• Estimated mean total fructose intake, as a percentage of total energy, was higher in 2004 
(9.1%) than in 1978 (8.1%), with significant increases in some age groups occurring. 
Compared with 1978, overall average energy intake in the USA also was higher in 2004 
(2004: 2148 ± 12.8 kcal/day; 1978: 1817 ± 11.0 kcal/day).

• Estimated mean total fructose intake expressed as a percentage of carbohydrate intake was 
less in 2004 (17.1%) compared to 1978 (18.6%), which reflected the estimated 41% higher 
intake of carbohydrates in 2004 in the USA compared to 1978.

• With the exception of 1–3-year-olds, the estimated intake of naturally occurring fructose 
was 3–7 g/day less in 2004 than in 1978.

• Overall, 13% of the population had added sugars intake >25%; mean added sugars intake: 
83.1 g-eq/day. More non-Hispanic Black individuals (15.1%), those with a poverty-income 
ratio below the poverty line (17.5%), and underweight individuals (15.4%) consumed the 
highest level of added sugars intake (>25% of total energy from added sugars).

• Between 1999–2000 and 2007–2008, the absolute intake of added sugars decreased sig-
nificantly by 23.4% from a mean of 100.1 to 76.7 g/day. The mean percentage of total 
energy from added sugars decreased significantly from 18.1% (in 1999–2000) to 14.6% (in 
2007–2008). The total energy intake also decreased from 2145 kcal/day (in 1999–2000) to 
2069 kcal/day (in 2007–2008), a mean decrease of 76 kcal/day or 4%.
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• In 1985, 1999, and 2010, while the total average per capita calories available in the US 
food supply continued to increase (2270, 2508, and 2546 kcal), the per capita availability 
of energy from sugar and added sweeteners increased and then decreased: 1985: 352 kcal 
(16%); 1999: 429 kcal (17%); 2010: 379 kcal (15%), and energy available from added fats 
and oils and dairy fats steadily increased: 1985: 427 kcal (19%); 1999: 444 kcal (18%); 
2010: 588 kcal (23%).

• Between 1978 and 2004, fructose intake increased, while availability of fructose in the 
food supply as a percent of total sweetener increased until 2000 and then remained con-
stant through 2005. Current data indicate that overall intake and availability of added 
sweeteners in the USA is decreasing.

INTRODUCTION

Sugar production is one of the world’s oldest industries and was first described in northern India 
around 500 bc [1]. Sugar began being produced in large quantities at lower prices during the sev-
enteenth century and became more accessible to the general population. By the nineteenth century, 
sugar was considered an indispensable part of the diet and was linked with industrialization and 
to economic and societal changes [2]. In 1913, the USA was reported to have consumed nearly 82 
pounds per capita of the world’s production of approximately 16 million tons of sucrose sugar [3]. 
Currently, the USA, as a marketplace, consumes more sweeteners than any other country in the 
world and is also one of the largest producers and importers of sugar [4].

The purpose of this chapter is to provide an overview of dietary intake of caloric sweeteners and 
their consumption in the USA. There is no laboratory analysis method that can distinguish between 
sugars that naturally occur in foods and sugars that are added [5]. Thus, in attempting to describe 
dietary sugar intake, three major challenges arise: (1) for sweeteners, both intrinsic to food and 
added, dietary intake research has tended to focus on specific sweeteners such as sucrose, high-fruc-
tose corn syrup (HFCS), fructose, glucose, and the ever widening array of new sweeteners on the 
global market such as agave nectar, stevia, etc. or sweeteners grouped in different ways resulting in 
data that are difficult to compare; (2) as described in Chapter 17 and by others, [5] national dietary 
guidelines differ both in amount of recommended sugar intake levels and focus of the recommenda-
tion, whether on free sugars, added sugars, etc. and (3) of most concern, data on intake are generated 
by a number of diverse dietary assessment techniques.

In this chapter, an overview of national intake data on fructose and added sugars in the USA is 
provided. Many studies have also cited data on sweetener “availability” in the market, henceforth 
termed “consumption data.” Therefore, this chapter will also include fructose and added sweetener 
availability information. Throughout, the focus will be on added fructose, sugar, and sweeteners 
and not on the food sources such as beverages, bakery products, or confectionary. For the individual 
intake data collected as part of national surveys, the terms “decreased” or “increased” may be used 
to describe the changes over time. These terms are being used in a relational context only as it is 
important to remember that the data in these interview-based surveys are cross-sectional not longi-
tudinal and thus each sample contains data on different individuals not repeated samples from the 
same individuals.

individual dietary assessment

Methods for dietary intake estimation in national health surveillance studies and large clinical trials 
vary among multi-pass 24-h recall methods [6], single or multiple day food frequency question-
naires (FFQs) [7–9], and food diaries [10–12]. In the USA, the current “gold standard” is the United 
States Department of Agriculture’s (USDA’s) validated 24-h individual, interviewer-based, food 
and beverage recall, the Automated Multi-Pass Method (AMPM) [13]. Two AMPM interview-based 
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dietary assessments, the first conducted by in-person interview and the second interview typically 
by telephone, are used by the US Center for Disease Control and Prevention (CDC) as the dietary 
assessment approach in its continuing nationally stratified health surveillance of the US population, 
the National Health and Nutrition Examination Survey (NHANES). NHANES also incorporates 
an FFQ, which obtains information about the approximate frequency food and beverage intake by 
interview over a set time period, such as the last 30 days, last week, etc. FFQs may or may not 
include collection of data on portion sizes. The NHANES FFQ uses a look-back time period of 12 
months with specific questions that address seasonal intake of foods such as fruits and vegetables. 
The NHANES FFQ does not include portion size (see http://appliedresearch.cancer.gov/diet/usu-
alintakes/ffq.html). Usual dietary intake can be estimated using two AM/PM assessments and the 
National Cancer Institute (NCI) method of long-term average estimation with or without the FFQ as 
a covariate [14]. Dietary intake assessment methods vary greatly in the USA and often use FFQs of 
variable look-back durations, and food diaries, as well as single and multiple 24-h recalls (see, e.g., 
the NCI web site for a discussion of recommended, validated methods: http://appliedresearch.cancer.
gov/resource/collection.html).

food ConsumPtion or availability

In addition to national surveillance intake information compiled through individual dietary assess-
ment, data on per capita food available for intake (historically in the USA termed “disappearance 
data”) are collected throughout the world and compiled by the Food and Agriculture Organization 
(FAO) of the United Nations (http://faostat3.fao.org/faostat-gateway/go/to/home/E). The FAO pres-
ents these data as food balance sheets (FBSs), which are calculated from the food produced within 
and imported into a country minus the food exported (net of imports), fed to animals, or otherwise 
not available for human consumption, and then divided by the population size. FBSs thus can pro-
vide comprehensive information about a country’s food supply during a specified time period and 
are a measure of the total food available for human consumption per capita. FBSs are an approxi-
mation of the average availability of foods per person and do not represent the actual food intake 
because they are not compilations of what individuals in the region reported eating/drinking. FBSs 
and other food availability data are typically presented in the literature as food consumed by a coun-
try or region and thus termed food consumption data [15].

In some countries such as the USA, the food availability data are systematically corrected for loss 
due to wastage at specific points from production to plate, such as food spoilage in the supply chain, at 
home, plate waste, etc. The USDA has compiled and provided food availability data since the 1860s. 
The USDA Economic Research Service (ERS) currently generates three per capita and total data 
sets: food availability, loss-adjusted food availability, and an estimate of nutrient availability; these 
data sets enable researchers to estimate the nutrient availability of the US food supply and compare 
the nutrient availability for the US population to national nutrition recommendations [4]. By defini-
tion and method of compilation therefore, even loss-adjusted food availability estimates and FBSs 
overestimate actual food intake in a country. However, because FBSs are available for every country 
in the world through the FAO for a wide variety of food items, they provide an additional method to 
compare international trends in food use that can reflect changes in dietary patterns worldwide [16].

In the USA, food availability data are constructed by the ERS for hundreds of basic commodi-
ties, not processed foods, and compiled as follows:

Available commodity supply (production + imports + beginning stocks) − Measurable nonfood use 
(farm inputs + exports + ending stocks, etc.) = Total annual food supply of a commodity.

The ERS has included annual US total and per capita availability of caloric sweeteners since 
1941. These dry-weight availability estimates include refined cane and beet sugar, corn sweeteners, 
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honey, and edible syrups [4]. Through the annual FBSs, the FAO provides per capita sugar and 
sweetener availability estimates from all the countries in the world [17].

INDIVIDUAL DIETARY ASSESSMENT OF INTAKE

intake of fruCtose in the usa

In 1993, Park and Yetley [18] reported estimates of fructose intake in the US diet based on 
dietary recall data for 30,770 individuals collected during the nationally representative 1977–
1978 Nationwide Food Consumption Survey (NFCS). The NFCS compiled up to 3 days of 
dietary records for each participant with at least one 24-h interviewer-based recall and 1 or 2 
days of participant self-administered food records. These authors estimated fructose intake by 
applying conversion factors to measures of added and naturally occurring (NO) sugar. The con-
version factors were based on the landmark Glinsmann et al.’s report of the Sugars Task Force 
from the mid-1980s [19]. Conversion factors comprised the fructose percentage of added sugar 
for the food group, based on sugar deliveries to an industry sector such as bakery. Basically, the 
conversion factors were calculated by multiplying the total amount of each type of sweetener 
(glucose, dextrose, HFCS-42, HFCS-55) by the sugar content of the sweetener (e.g., sucrose is 
100% sugar; HFCS contains 98% sugar), which enabled the derivation of total sugar deliveries. 
While the conversion factors were equivalent to the percent of total sugar deliveries from each 
source, sucrose, HFCS, and other corn sweeteners, an additional conversion factor was calcu-
lated by multiplying the amount of sugars in HFCS by the fructose content of HFCS (42 or 55% 
fructose), and included estimates of free and bound (one-half the conversion factor for sucrose) 
fructose (see Reference 18 for detail). In 1978, the overall estimated mean total fructose intake 
as a percentage of energy was 8.1%.

In 2009, we published data on estimated national fructose intake based on 1999–2004 NHANES 
[20]. While acknowledging that methodological changes in the intervening years were limitations 
to our comparison [20], we estimated usual intake of fructose following the then most current 
approach using C-side analysis of two NHANES 24-h recalls [21–23]. We also used the same con-
version factor approach as Park and Yetley [18].

We found that estimated fructose gram intake was higher in all gender and age groups in 2004 
compared to 1978 (see Table 10.1). In terms of estimated grams of fructose intake, young men in 
age groups 15–18 years and 19–22 years had the highest mean intake of total fructose at 75 g/day. 
Women aged 19–22 years similarly consumed the highest mean total fructose: 61 g/day. These 
2004 figures represented 33 and 30 g/day higher intake for 19–22-year-old men and women, respec-
tively, compared with 1978. The 95th percentile intake for these groups was men: 121, 134 g/day 
and women: 116 g/day. As discussed by White [24], a number of studies have reported adverse 
health effects through intake experiments. These experimental studies have provided as much as a 
three-fold above these 95th percentile US intake levels [25]. It is important to note that the increase 
in total fructose intake between the two time periods is due to an increase in added fructose not 
naturally occurring fructose intake. For all age and gender groups represented in Table 10.1, with 
the exception of 1–3-year olds, the estimated intake of naturally occurring fructose was 3–7 g/day 
less in 2004 than in 1978.

We found that the overall estimated total fructose intake as a percentage of total energy was 9.1% 
(range 7.4–11.6%) in 2004 and thus higher than the 8.1% of total energy reported in 1978. Compared 
with the 1978 data of Park and Yetley, overall average energy intake in the USA also was higher in 
2004 (1978: 1817 ± 11.0 kcal/day; 2004: 2148 ± 12.8 kcal/day). Similarly, we found that the overall 
estimated mean total fructose intake expressed as a percentage of carbohydrate was less in 2004 
(17.1%) compared to 1978 (18.6%), which reflected the estimated general 41% higher intake of car-
bohydrates in 2004 in the USA compared to 1978 (see Table 10.2).
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added sugar intake in the usa

In 2010, we looked more broadly at assessment of usual intake of added sugar in the USA, 
based on NHANES 2003–2006 data [26]. One purpose of the study was to update and expand 
the earlier results published as Appendix Table J in the Institute of Medicine (IOM) Dietary 
Reference Intake (DRI) report on macronutrients in 2002 [27]. The IOM macronutrient report 
recommended a maximal intake level of 25% or less of energy from added sugars for both 
adults and children. It is important to note that this recommendation was not presented as a 
tolerable upper intake level or UL. The IOM Committee made the 25% maximal intake rec-
ommendation in part due to concern about the potential for low micronutrient intake of per-
sons whose diet exceeded 25% of energy from added sugars. The recommendation was based 
on the existing literature and also estimated median intakes of selected micronutrients at 5% 
increments of added sugars intake included in Appendix Table J of the Committee report. The 
data in Table J were based on NHANES III data, which was collected between 1988 and 1994 
(http:/ / www. cdc. gov/ nchs/ nhanes/ nh3rrm. htm). 

Outside the USA, international recommendations vary greatly with regard to added sugar intake. 
Majority of countries address sugar consumption and provide qualitative recommendations such 
as to “limit” or “reduce sugar consumption” (Argentina, Germany), or “reduce sugar intake and 
choose foods low in sugar” (Mexico) [5]. Other counties specifically address added sugars quanti-
tatively, recommend a maximum of 10% (Finland, Iceland, Norway or 15% (Italy) of energy from 
added sugars [5].

TABLE 10.1
Mean Fructose Intake (g/day ± SEM): NFCS (1977–1978) and NHANES (1999–2004)

Sample Size Added Fructose
Naturally Occurring 

Fructose Total Fructose

Sex/Age 
Group

1999–2004
(1977–1978) 1977–1978 1999–2004 1977–1978 1999–2004 1977–1978 1999–2004

Both sexes

1–3 years 2087 (1716) 18 ± 0.5 22 ± 0.9 12 ± 0.4 12 ± 0.5 29 ± 0.6 34 ± 1.0

4–6 years 1458 (1947) 24 ± 0.5 34 ± 1.3 12 ± 0.3 9 ± 0.5 36 ± 0.6 43 ± 1.3

7–10 years 2001 (2788) 28 ± 0.5 44 ± 2.1 14 ± 0.3 7 ± 0.5 42 ± 0.6 51 ± 2.1

Males

11–14 years 1504 (1592) 34 ± 0.6 53 ± 2.5 14 ± 0.4 7 ± 0.5 49 ± 0.7 60 ± 2.3

15–18 years 1704 (1510) 39 ± 0.8 68 ± 2.4 15 ± 0.4 8 ± 0.8 54 ± 0.9 75 ± 2.7

19–22 years 746 (738) 34 ± 1.1 67 ± 4.5 14 ± 0.5 8 ± 1.1 47 ± 1.2 75 ± 4.2

23–50 years 2925 (3792) 28 ± 0.5 54 ± 1.7 14 ± 0.3 8 ± 0.6 43 ± 0.5 63 ± 1.8

51+ years 3076 (2677) 21 ± 0.4 32 ± 1.3 16 ± 0.4 9 ± 0.4 36 ± 0.6 41 ± 1.5

Females

11–14 years 1639 (1591) 29 ± 0.6 43 ± 1.9 13 ± 0.3 7 ± 0.4 42 ± 0.7 50 ± 2.0

15–18 years 1485 (1596) 29 ± 0.6 48 ± 2.2 12 ± 0.3 7 ± 0.4 40 ± 0.7 55 ± 2.3

19–22 years 609 (922) 24 ± 0.7 54 ± 3.3 11 ± 0.4 7 ± 0.8 35 ± 0.7 61 ± 3.4

23–50 years 2769 (5220) 20 ± 0.4 39 ± 1.4 12 ± 0.3 7 ± 0.4 32 ± 0.4 45 ± 1.2

51+ years 3167 (4113) 16 ± 0.3 24 ± 0.9 14 ± 0.3 8 ± 0.3 29 ± 0.5 32 ± 0.8

Source: Adapted from Park YK, Yetley EA. Am J Clin Nutr. 1993;58(suppl):737S–47S; Marriott BP, Cole N, Lee E. J Nutr. 
2009;139(6):1228S–35S.
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For our study, we used the USDA definition of added sugars:

“… all sugars used as ingredients in processed and prepared foods such as breads, cakes, soft drinks, 
jams, chocolates, and ice cream, and sugars eaten separately or added to foods at the table …. Added 
sugars do not include naturally occurring sugars such as lactose in milk or fructose in fruit, unless the 
sugar is added to the food item”. [28]

We used the USDA MyPyramid Equivalents Database (MPED) 2.0 [28] as developed for 2003–
2004 NHANES and we calculated the added sugars content in each individual food as reported in 
the two NHANES 24-h recalls. For this analysis, we used two 24-h recalls from the NHANES data 
to estimate usual intake. Since the NCI had recently released their new usual intake analysis macros, 
we were able to use this software and also incorporate NHANES FFQ data, where appropriate, to 
further refine our estimates [14,16]. Specifically, we incorporated total energy as a covariate in our 
added sugars intake models to control for differences in usual intake that might be driven by varia-
tion in total energy intake. This allowed for the control of total energy intake for each individual, 
which is significant because individuals who ingest more total calories could have a higher intake 
of specific nutrients than individuals who ingest less total energy. By controlling for total energy in 
the analysis, appropriate comparisons of the nutrient data could be made across subgroups whose 
average energy intake may have differed. Previous assessment of the use of FFQ data as covariate 
in models had demonstrated that this method could often improve the power to detect relationships 
between dietary intake and other variables [29]. The final analytic sample included 15,189 children 
and adults aged 4 years or older [30]. We calculated the percent of the total daily energy intake from 
added sugars and placed each individual into one of eight added sugars categories from 0 to >35%, 
calculated usual dietary intakes of nutrients based on the NCI method [16] for each individual, and 
compared the intake to DRIs.

We found that overall 13% of the population had added sugars intake >25% and the mean added 
sugars intake was 83.1 g-eq/day. While specific nutrient intake was less, with each 5% increase in 
added sugars intake above 5–10%, and higher added sugar intake was associated with higher pro-
portions of individuals with nutrient intakes below the estimated average requirement (EAR), the 
overall high calorie and low quality of the US diet remained the predominant issue.

Specifically, our analysis revealed that more than 87% of the US population had estimated intakes 
of added sugars from >0 to ≤25% of total energy intake (see Table 10.3). Approximately 13% had 
added sugar intake >25% of total energy and of these, 6.6% were in the >25% to ≤30% category, 
while approximately 3% were in each of the >30 to ≤35% and the >35% of total energy from added 
sugar categories. The mean daily total energy intake was 2063–2138 kcal and controlling for total 
energy intake, this yielded an estimated range of 45–92 mean gram-equivalents (g-eq) of added 
sugars intake daily. Males and females were evenly distributed in the total sample and also across 
the added sugar categories.

The largest proportion of individuals in all of the life-stage groups ingested >5 to ≤20% of total 
energy from added sugars. More adolescents obtained >15 to ≤20% of total energy from added sug-
ars than any other life-stage group (males and females 9–13 years: 31.2 and 27.8%, respectively, and 
14–18 years: 27.8 and 25.7%, respectively). In addition, a considerable number of males (22.7%) and 
females (17.5%) 14–18 years ingested >20 to ≤25% of their total energy from added sugars.

As reported in other studies [31,32], the majority of older adults (≥51 years: ≈72–84%) in the 
USA obtained ≤15% of their total energy from added sugars. Compared to the overall population 
(12.5%), more non-Hispanic Black individuals (15.1%), those with a poverty-income ratio below 
the poverty line (17.5%), and underweight individuals (15.4%) had the highest level of added sugars 
intake (>25% of total energy from added sugars). Thompson et al. [32] also found an inverse rela-
tionship of added sugar intake with family income when analyzing intake data from the 2005 US 
National Health Interview Survey.
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Based on calculated BMIs, 1.6% of the respondents were underweight, 39.3% were normal 
weight, 29.5% were overweight, and 29.6% were obese. The highest percentage of individuals who 
were overweight or obese consumed >5 to ≤15% of their energy from added sugars. With each 5% 
increase in added sugars category above 15% added sugars intake, there was a lower prevalence of 
overweight and obese individuals, with the exception of >35% added sugars where the prevalence 
increased to 3.2% for the obese individuals. A greater percentage of underweight and normal weight 
individuals reported higher levels of added sugars intake than individuals classified as overweight or 
obese. Details of estimated nutrient intake estimates by added sugar intake category for the 13 adult 
and child DRI life stage groups can be found in the original paper [26].

Since our analysis, several reports have addressed intake of added sugars in the USA using 
NHANES data [33–35]. Although somewhat different methods for data analyses were used [36], 
similar gram/day findings support the contention of Welsh et al. [33] that added sugar intake in the 
USA is decreasing, although it remains much higher than in the 1980s [33].

Welsh et al. [33] analyzed trends in added sugar intakes in the USA from 1999 to 2008 by using 
dietary recall data from NHANES in five sequential 2-year cycles and obtained the added sugar 
content of the reported foods from the MyPyramid Equivalents Database. Their sample included 
individuals ≥2 years of age with a combined sample size of 42,316. Between 1999–2000 and 
2007–2008, the absolute intake of added sugars decreased significantly by 23.4% from a mean of 
100.1 to 76.7 g/day. Added sugars consumption was significantly higher in males than in females, 
but when this was adjusted for total energy intake, there was no statistical difference by sex, which 
is consistent with our study. The mean percentage of total energy from added sugars decreased 
significantly from 18.1% (in 1999–2000) to 14.6% (in 2007–2008). The total energy intake also 
decreased from 2145 kcal/day (in 1999–2000) to 2069 kcal/day (in 2007–2008), a mean decrease 
of 76 kcal/day or 4%.

This decreasing trend of added sugars intake was observed across all age, race/ethnicity, and 
income groups, consistent with other studies [16,26,37], with the exception of those studies that 
were restricted to children and adolescents [33]. Non-Hispanic Blacks ingested the greatest per-
centage of total calories from added sugars; however, this decreased from 20.5% (1999–2000) 
to 16.1% (2007–2008). Hispanics evidenced the lowest amounts of added sugar intake with their 
intake decreasing from 15.9% (1999–2000) to 13.4% (2007–2008) of energy. Added sugar intake 
decreased with increasing family income, with subjects in the lowest quartile of income having the 
highest intake of added sugars and those in the highest income quartile having the lowest intake of 
added sugars. Mean intake decreased in both groups by 15–16%. Added sugars intake decreased in 
the middle-income quartiles by 22–23%.

The National Center for Health Statistics, CDC, reported the intake of added sugars by adults 
(≥20 years) in the USA from 2005 to 2010 [35]. Men obtained more energy from added sugars 
per day than women, but this was a nonsignificant difference when considered as a percentage of 
total calories ingested per day. The percentage of total calories from added sugars significantly 
decreased with increasing age from 20 to over 60 years. With respect to race ethnicity, non-His-
panic Black men ingested a significantly larger percentage of total energy from added sugars than 
non-Hispanic White and Mexican-American men. Non-Hispanic Black women also obtained a 
significantly larger percentage of their total energy from added sugars than Non-Hispanic White 
and Mexican-American women. No significant difference was observed between Non-Hispanic 
White and Mexican-American men or women. These results are consistent with those reported 
by Welsh et al. [33] in which non-Hispanic Blacks ≥2 years evidenced a mean percentage of total 
energy from added sugar that decreased from 20.5% in 1999–2000 to 16.1% in 2007–2008. Also, 
added sugars intake as a percentage of total energy decreased linearly with increasing income for 
adult men and women in the USA. These results are consistent with our study and that of Welsh 
et al. [33].

Wang et al. [31] used generalized linear mixed regressions to describe trends in added-sugar intake 
and BMI by gender and age groups and by weight status in data from the Minnesota Heart Survey 
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(1980–1982 to 2007–2009). These authors found that energy intake from added sugar increased by 
54% in women between 1980–1982 and 2000–2002, but declined somewhat in 2007–2009; men fol-
lowed the same pattern (P <0.001). Added sugar intake was lower among women than men and higher 
among younger than older adults. BMI in women paralleled added-sugar intake, but men’s BMI 
increased overall. Percentage of energy intake from added sugar was similar among BMI groups.

added sugar intake among Children and adolesCents in the usa

The CDC reported intake of added sugars among children and adolescents (2–19 years) in the US 
based on NHANES 2005–2008 [34]. This CDC analysis showed that American children and ado-
lescents derived approximately 16% of their total calories from added sugar in 2005–2008 and boys 
exhibited a significantly higher intake of calories (362 kcal) than girls (282 kcal). Energy intake from 
added sugar significantly increased linearly with age in both boys and girls (boys and girls, respec-
tively: 218 and 196 kcal for 2–5-year-olds; 345 and 293 kcal for 6–11-year-olds; 442 and 314 kcal 
for 12–19-year-olds). Non-Hispanic White boys and girls obtained a significantly larger percent of 
calories from added sugar than their Mexican-American counterparts boys: 17.2%, 14.8%; girls: 
16.1%, 14.0%) and non-Hispanic Black girls ingested significantly more than Mexican-American 
girls (15.9%, 14.0%). There was no significant difference in added sugar intake among children and 
adolescents based on family income.

Recently, Slining and Popkin [38] analyzed trends in the intake and sources of solid fats and 
added sugar among US children and adolescents (2–18 years) from 1994 to 2010, only the added 
sugar intake will be described here. This study assessed individual dietary intake data from the 
Continuing Survey of Food Intakes by Individuals Surveys (1994–1996) and NHANES, What We 
Eat in America (2003–2004, 2005–2006, 2007–2008, and 2009–2010).

As shown in Table 10.4, the mean estimated average daily energy intake of 2–18-year-olds 
decreased from 2115 kcal/day (2003–2004) to 1914 kcal/day (2009–2010), except for the specific 
intake of 12–18-year-olds, non-Hispanic Blacks, and children from middle-income families, which 
did not change significantly. The mean added sugars intake as a percentage of total energy also 
decreased from 18% in 1994–1998 to 14% in 2009–2010. In addition, the mean daily intake of 
energy from added sugars decreased from 371 to 278 kcal/day during the same time frame. For 
most of the age, race/ethnicity, and income groups, added sugars intakes were significantly lower 
during 2005–2008 compared to 1994–2004. However, only 6–11-year-olds showed a decrease in 
added sugars intake from 2007–2008 to 2009–2010.

TRENDS IN THE AVAILABILITY (COUNTRY CONSUMPTION) OF FRUCTOSE 
AND SWEETENERS

Sweetener availability or “consumption” into the market is recognized as not representative of indi-
vidual intake. However, these data provide an important framework for understanding food and 
nutrient availability. Loss-adjusted food availability data also can be used to assess whether or not 
a country is producing enough food and nutrients to meet national dietary recommendations. These 
data can demonstrate the production and movement of sugar into the food supply and its distribution 
thus forming a background for understanding dietary intake information.

availability of fruCtose and sweeteners in the usa

Earlier studies showed that per capita availability of sweeteners from 1960 to 1992 were relatively 
stable at 155 ± 2.9 g/day [18,29]. Marriott et al. [20] showed that after 1993 per capita, total sweet-
ener availability in the US market (g/day dry weight) increased to 187.9 g/day in 1999 and then 
decreased to 175.6 g/day in 2003 where it remained relatively constant at 176 g/day through 2005. 
As shown in Table 10.5, while sucrose was the main sweetener in 1970 (85% of sweeteners dry 
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TABLE 10.4
 Mean Percentage of Total Energy from Added Sugars and Added Fats, and Total Energy 
Intake of US Children and Adolescents (2–18 years), 1994–2010a

1994–1998 2003–2004 2005–2006 2007–2008 2009–2010

All
Total energy (kcal) 2016 ± 26 2115 ± 22 2035 ± 33 1906 ± 26 b-d 1914 ± 27 c

% energy from added sugars 18 17 16b 15b,c 14b–d

% energy from solid fat 21 20 20 20b 19b,d

2–5 Years
Total energy (kcal) 1587 ± 13 1721 ± 25b 1566 ± 23c 1510 ± 25c 1543 ± 26c

% energy from added sugars 15 14 14b 13b 12b–d

% energy from solid fat 21 21 19b 20c 20

6–11 Years
Total energy (kcal) 1934 ± 22 2120 ± 49 1981 ± 37 1931 ± 27c 1865 ± 20c

% energy from added sugars 18 17 16b 16b 14b,c,e

% energy from solid fat 21 20 21 20b 19b,d

12–18 Years
Total energy (kcal) 2352 ± 49 2317 ± 48 2315 ± 51 2106 ± 44a–d 2157 ± 58

% energy from added sugars 19 19 17b 16b 15b,c

% energy from solid fat 20 19b 20 19 18b

Male
Total energy (kcal) 2242 ± 34 2295 ± 42 2258 ± 50 2065 ± 36b,c 2066 ± 39c

% energy from added sugars 18 18 16 16 14

% energy from solid fat 21 20 20 19 19

Female
Total energy (kcal) 1777 ± 26 1924 ± 26b 1798 ± 21c 1747 ± 33c 1761 ± 28c

% energy from added sugars 18 17 16b 15b,c 14b,c

% energy from solid fat 20 20 20 20 19c

Non-Hispanic White
Total energy (kcal) 2059 ± 32 2133 ± 32 2101 ± 41 1956 ± 41c 1921 ± 36b–d

% energy from added sugars 18 18 16b 16b 15b,c

% energy from solid fat 21 20 20 20 19b,c

Non-Hispanic Black
Total energy (kcal) 1975 ± 41 2093 ± 48 1941 ± 40 1847 ± 44c 1937 ± 57

% energy from added sugars 17 17 16 15b,c 14b,c

% energy from solid fat 22 20b 20b 19b 19b,d

Mexican Americans
Total energy (kcal) 1846 ± 75 2131 ± 45b 1930 ± 33c 1810 ± 39c 1849 ± 40b

% energy from added sugars 16 16 14 14b,c 13b,c

% energy from solid fat 20 20 19 19 18b

a Adapted from Slining and Popkin [38].
b Significantly different from 1994–1998, p < 0.05.
c Significantly different from 2003–2004, p < 0.05.
d Significantly different from 2005–2006, p < 0.05.
e Significantly different from 2007–2008, p < 0.05.
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weight basis with HFCS = 0.5%) by 15 years later in 1985, sucrose had dropped to 50%, and 36% 
of sweeteners in the US food supply were HFCS. In 2000, shortly after the 1999 peak in sweetener 
availability in the USA, the ratio of percent sucrose to percent HFCS was 44:42. Since 1999, while 
the total sweetener availability has declined, the percentage ratio of sucrose to HFCS availability 
has remained constant.

Since 1993, while change in the overall per capita availability of sweeteners has been small (1%), 
the composition has evidenced a larger change (6%): total sweetener availability increased by 2.2 g/day, 
sucrose availability decreased by 0.9 g/day, HFCS availability increased by 4.0 g/day, and other 
sweeteners decreased by 1.0 g/day [20].

The US 2013 Sugar and Sweeteners Outlook [39] from the USDA Economic Research Service 
(ERS) presented a comparison of the average daily per capita calories from the US food availability 
data, adjusted for spoilage, in 1985, 1999, and 2010. At these three time points while the total aver-
age per capita calories available in the US continued to increase (2270, 2508, and 2546 kcal), the 
per capita availability of energy from sugar and added sweeteners increased as indicated above in 
1999 and then decreased: 1985: 352 kcal (16%); 1999: 429 kcal (17%); 2010: 379 kcal (15%), while 
energy available from added fats and oils and dairy fats have steadily increased: 1985: 427 kcal 
(19%); 1999: 444 kcal (18%); 2010: 588 kcal (23%). These historical trends in US availability of 
sucrose and HFCS from 1910 to 2010 have been previously reviewed by White [24,28] who showed 
that HFCS consumption into the marketplace peaked in 1999 and since that time has declined 
steadily. The most recent USDA data illustrate that current availability of added sugar and sweeten-
ers to levels comparable to 1992 (see Figure 10.1).

Nonetheless, global analysis based on the FAO FBS shows that the North American region 
while declining in overall intake continues to remain the area of the world with the highest level of 
sweetener availability (consumption into the market) (Food and Agriculture Organization; United 
Nations data available at http://faostat3.fao.org/home/index.html).

CONCLUSION

Our analysis indicated that added fructose intake in the USA increased significantly between 1978 
and 2004 on a gram/day basis and as a percent of energy intake but that HFCS availability had 
plateaued relative to other sweeteners as of 2005. Assessment of dietary intake data from nationally 

TABLE 10.5
Percent (%) of Sucrose, HFCS, and Other Sweetener 
Availability Relative to Total Sweeteners, USA, 1970–2005

Year Sucrose HFCS Othera

1970 85 0.5 14

1975 78 4 17

1980 73 12 15

1985 50 36 14

1990 49 37 14

1995 45 40 15

2000 44 42 14

2005 44 42 14

Source: Adapted from Marriott BP, Cole N, Lee E. J Nutr. 2009;139(6):1228S–
35S; USDA Economic Research Service.

a Honey, edible syrups, crystalline fructose, and fructose only syrups.
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representative surveys in the USA show that added sugar intake as a percent of energy has declined 
and that this trend appears to be currently continuing [35]. The most recent USDA data indicated 
that per capita availability of energy from added sweeteners and sugar has decreased to 15% of 
energy which is below the 1985 levels for availability. In contrast, the per capita availability of 
energy from fats, oils, and dairy fat in the US market in the US diet is on the increase [39]. Between 
1978 and 2004 fructose intake increased, while availability of fructose in the food supply as a per-
cent of total sweetener increased until 2000 and then remained constant through 2005. No newer 
data are available on fructose intake to determine the current pattern of added fructose intake rela-
tive to the decline in added sugar intake and availability.

The rise in available food energy globally has been accompanied by changes in the composition 
of the diet and this process has been characterized as having followed a two-stage transition pat-
tern [15]. In stage 1: “the expansion effect,” the main change is an increase in energy supplies with 
extra calories being contributed by cheaper foods of vegetable origin. In stage 2, “the substitution 
effect,” food intake patterns change without a change in total energy. This stage shift is evidenced 
mainly as a change in use of carbohydrate-rich staples (e.g., cereals, tubers) to vegetable oils, ani-
mal products (meat and dairy), and sugar. The stage 2 transition is viewed as country-specific and 
dependent upon culture and religious traditions. This theory views that as the main drivers of food 
use, such as income, urbanization, trade liberalization, retailing and marketing, and consumer atti-
tudes [15] shape the global intake of sweeteners, we can expect that the global nutrition transition 
will continue. This transition will be reflected in sugar availability and intake and linked to indi-
vidual economic status of each country. Thus, the place of sugar in the overall diet will continue to 
transition and evolve as it has since 500 bc [1]. However, with growth in understanding the health 
impacts of added sweeteners and other food components, public health information, and policies 
have the potential to shape this transition and lead to more healthful food intake in the USA and 
globally.
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Metabolism of Hexoses

Yeo Shi Hui, Lim Wen Bin, and Mary Chong Foong Fong

KEY POINTS

• Digestible carbohydrates consist mainly of complex carbohydrate (starch), disaccharides 
(sucrose, lactose), and simple sugars (glucose and fructose).

• In the gut, starch is hydrolyzed to glucose, sucrose to glucose and fructose, and lactose 
to glucose and galactose; dietary carbohydrates are finally absorbed in the hepatic portal 
blood as simple carbohydrates (glucose, fructose, and galactose).

• Glucose plays a central role in energy production and can be used as an energy substrate 
by all cells of the organism. Complex regulatory mechanisms such as hormonal and allo-
steric regulations are present to ensure glucose homeostasis. Glucose metabolism is largely 
determined by the nutritional state and level of physical activity.
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• Fructose and galactose, unlike glucose, cannot be directly used as energy substrates by 
many cells of the organism; it needs first to be converted into glucose, lactate, and fatty 
acids in splanchnic organs for fructose, into glucose in the liver for galactose.

• Fructose ingestion elicits modest increases in glycemia, as its initial steps for metabolism 
are not regulated by insulin.

• Sugar alcohols (sorbitol, galacticol) are endogenously produced from glucose and galac-
tose under the action of the enzyme aldose reductase.

INTRODUCTION

Dietary carbohydrates are mainly absorbed in the form of three monosaccharides: glucose, fruc-
tose, and galactose. These monosaccharides are delivered first into the portal bloodstream to be 
used as energy substrates in other organs and tissues. Glucose constitutes the largest portion of the 
digestion products of dietary carbohydrate and is widely used as the main source of fuel for body 
cells. Fructose is consumed mainly with glucose as part of the disaccharide sucrose, while galac-
tose is usually consumed with glucose as part of lactose, found mainly in milk products. Glucose 
is the prime energy substrate of the organism and can be used by all cell types, while fructose and 
galactose will eventually be converted into glucose (or other energy substrates, such as lactate or 
fatty acids) in the liver. Some cells, such as brain and red blood cells, rely exclusively on glucose as 
an energy fuel under normal conditions [1–3].

In this chapter, the metabolism of sugar alcohols will also be briefly described. Sugar alcohols 
are alcohols which occur naturally, although they are more often industrially prepared by hydroge-
nation of sugars. They are widely used in the food industry as thickeners and sweeteners. Among 
the various sugar alcohols available, we focus on the two commonly used, namely sorbitol and 
xylitol. The metabolic pathways used for energy production from glucose, fructose, galactose, and 
sugar alcohols are closely interrelated, as shown in Figure 11.1.
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GLUCOSE METABOLISM

Fasting blood glucose is maintained within relatively tight limits through complex regulatory mech-
anisms. Normal fasting blood glucose concentration is approximately 1 g/L. Given that glucose in 
the blood is nearly equilibrated with glucose concentration in extracellular fluid, this corresponds, 
for a 70-kg healthy male, to approximately 15 g of glucose, which can readily be used by all cells 
of the organism for energy production. Exogenous dietary carbohydrates, glycogen stored in the 
liver, and de novo synthesis of glucose from nonglucose precursors (lactate, glycerol, amino acids) 
in the liver and kidney contribute to blood glucose in a closely regulated way. Our intake of dietary 
carbohydrates is roughly partitioned into starch (large polymers of glucose linked by alpha-1,4 
and alpha-1,6 glycoside bonds; 60% of carbohydrate intake), sucrose (made up of one molecule of 
glucose linked to one molecule of fructose; 30% of carbohydrate intake), and lactose (made up of 
one molecule of glucose linked to one molecule of galactose; 10% of carbohydrate intake). Seventy 
to eighty percent of our dietary carbohydrates are, therefore, ultimately absorbed from the gut as 
glucose, and only 20–30% is absorbed as fructose and galactose [3–6].

Blood glucose is first transported into cells and converted into glucose-6-phosphate, a branch 
point for several pathways for carbohydrate disposal. This is determined largely by the nutritional 
state and energy needs of the organism. In the fed state, glucose uptake is stimulated in insulin-
sensitive tissues, and glucose-6-phosphate is preferentially degraded by glycolysis to pyruvate and 
acetyl-CoA, which are subsequently oxidized to produce the energy needed by the cells. When 
excess glucose is present, the amount of glucose taken up by cells and not needed to cover the 
cells’ adenosine triphosphate (ATP) needs is stored, mainly as glycogen (in muscles and liver) and 
as triglycerides (as glycerol backbone of triglycerides in adipose tissue). Under special conditions 
associated with a demand of nicotinamide adenine dinucleotide phosphate (reduced) (NADPH) for 
biosynthetic processes (i.e., de novo lipogenesis in lactating mammary gland, or reduction of oxi-
dized glutathione in inflammatory tissues), some glucose is also used to fuel the pentose phosphate 
pathway (PPP). Some of the glucose transported into cells is degraded down to pyruvate in the 
glycolytic pathway and released in the extracellular space as lactate and pyruvate, which are sec-
ondarily reconverted into glucose in the liver (Cori- and glucose-alanine cycles). These cycles are 
known to be activated during exercise. Finally, glucose may be metabolized to lactate and released 
into the extracellular space, to be subsequently taken up by other cells as an oxidative fuel. This is 
known to occur in astrocytes, which produce lactate as a metabolic fuel to adjacent neurons, and in 
muscle to convey lactate to oxidative muscle fibers [7,8]. Figure 11.2 shows the various aforemen-
tioned pathways in glucose metabolism, which are further described below.

GLUCOSE METABOLISM IN THE FED STATE

oxidative gluCose metabolism

Glycolysis, also known as the Emben-Meyerhof-Parnas pathway, occurs in the cytosol of all cells 
and is a key pathway by which energy is released from the glucose. The isomerization of glucose-
6-phosphate to fructose-6-phosphate marks the initiation of glycolysis. Fructose-6-phosphate is 
next catalyzed by phosphofructokinase-1 to fructose-1,6-biphosphate, which is then cleaved into 
two 3-carbon molecules, glyceraldehyde-3-phosphate and dihydroxyacetone phosphate. In the final 
step of glycolysis, two molecules of pyruvate are formed by pyruvate kinase.

Under aerobic conditions, pyruvate will be transported into the mitochondria of the cell, where 
it is converted into acetyl-CoA by pyruvate dehydrogenase and then enters the tricarboxylic acid 
(TCA) cycle. TCA cycle is a common pathway for the final oxidative degradation of acetyl-CoA 
(or, other amino acid metabolites) produced from carbohydrates, fat, and amino acid metabolism. 
It is an aerobic 5-step degradation pathway in which acetyl-coA is broken down to carbon dioxide 
and water, which is associated with the release of large amounts of energy [in the form of ATP, 
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guanosine triphosphate, nicotinamide adenine dinucleotide (reduced) (NADH), and flavin adenine 
dinucleotide (reduced form) (FADH)] and key metabolites (ketogutarate, citrate, oxaloacetate) for 
synthesis of other compounds.

Under hypoxic conditions (e.g., severe exercise), excessive pyruvate is reduced to produce lactate. 
This allows for the glycolytic degradation of glucose in hypoxic cells, and the production while at 
the same time providing lactate for energy production in nonhypoxic cells [2–4,7,9].

nonoxidative gluCose metabolism

When glucose-6-phosphate production exceeds the energy need of the cell, its excess is prefer-
entially stored as glycogen. This pathway is initiated when glucose-6-phosphate is isomerized to 
glucose-1-phosphate, which is then used for the synthesis of UDP-glucose. UDP-glucose is added to 
the glycogen backbone by glycogen synthase which creates the alpha-1,4 linkages, and branching 
enzymes which create the alpha-1,6 linkages in glycogen. Although many cell types can synthesize 
small amounts of glycogen, only the liver and skeletal muscles can build up large glycogen stores. 
The capacity to store glucose as intracellular glycogen is, however, quantitatively limited. Once 
the maximal capacity for glycogen storage is attained, some cell types, such as liver cells, can also 
convert excess glucose into fat. During this process, referred to as de novo lipogenesis, acetyl-CoA 
derived from pyruvate is used for either fatty acid or cholesterol synthesis.

Pentose PhosPhate Pathway

The PPP, also called the hexose monophosphate shunt, is an alternative metabolic pathway for 
glucose. It is initiated when glucose-6-phosphate is oxidized by glucose-6-phosphate dehydroge-
nase to form 6-phosphogluconate and NADPH. Subsequently, 6-phophogluconate will be converted 
into ribulose-5-phosphate in a reaction catalyzed by 6-phosphogluconate dehydrogenase, to produce 
more NADPH. The PPP is present in most tissues and is the source of pentoses needed for the 
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synthesis of nucleotides and nucleic acid. It is therefore highly active in tissues which have a high 
rate of cellular replication; NADPH is also a source of reducing power to counteract oxidative stress. 
In the liver and adipose tissue, the activity of glucose-6-phosphate dehydrogenase is stimulated by 
excess carbohydrate availability. Although the ensuing amount of glucose metabolized in the PPPs 
remains quantitatively small, it is essential for producing the NADPH, which is required for de novo 
lipogenesis [1–3,9,10].

SHORT-TERM FASTING AND STARVATION

glyCogenolysis

In fasted or starved conditions, glycogen is broken down to yield glucose, a process known as gly-
cogenolysis. In the liver, glycogen is broken down to glucose, which is released into bloodstream for 
other tissues in need of glucose. After hydrolysis of the linkages in glycogen, glucose-1-phosphate 
is converted into glucose-6-phosphate and then into glucose by glucose-6-phosphatase. The pres-
ence of glucose-6-phosphatase allows the liver to release glucose into the bloodstream and hence 
to maintain glycemia during fasting. This glucose-producing ability, conferred by the presence of 
glucose-6-phosphatase, is being shared only by the kidney and the gut [11]. The role of the latter in 
the control of glycemia remains debated however [12,13].

In the muscle, glycogenolysis follows a different route as the muscle lacks the enzyme glu-
cose 6-phosphatase and hence cannot release glucose into the blood. Instead, it releases glucose-
6-phosphate which will enter glycolysis and the TCA cycle to produce energy needed for muscle 
contraction.

gluConeogenesis

During fasting or starvation, lactate, glycerol, or amino acids are used to synthesize glucose in 
the liver and the kidneys via a process known as gluconeogenesis. Lactate and amino acids are 
first converted into pyruvate. From this point, gluconeogenesis is essentially a “revert glycolysis,” 
since many glycolytic enzyme catalyze reversible reactions. There are, however, three irreversible 
reactions in glycolysis which require the presence of specific gluconeogenic enzymes. One of these 
irreversible steps is the conversion of phosphoenolpyruvate into pyruvate for gluconeogenesis; this 
reverse reaction involves an initial carboxylation of pyruvate to oxaloacetate by pyruvate carboxyki-
nase, followed by oxaloacetate decarboxylation to phosphoenolpyruvate by phosphoenolpyruvate 
carboxykinase. The next irreversible glycolytic step involves the synthesis of fructose-6-phosphate 
from fructose-1,6-biphosphate by fructose biphosphate phosphatase. Finally, the last irreversible 
step involves glucose-6-phosphate conversion into glucose, which requires the action of glucose-
6-phosphatase. When glycerol is converted into glucose, the initial step is the synthesis of glycerol-
3-phosphate, catalyzed by the enzyme glycerokinase: glycerol-3-phosphate.

The liver is the main gluconeogenic organ during short-term fasting. During prolonged fasting 
and starvation, however, the kidney becomes a major contributor to overall glucose production. 
Gluconeogenesis in the kidney uses glutamine as a major substrate. Conversion of glutamine into 
glucose is associated with urine acidification due to renal excretion of NH4

+. Renal gluconeogenesis 
therefore has a dual role in starvation since it contributes to glucose homeostasis at the same time as 
it counteracts the metabolic acidosis associated to starvation-induced ketogenesis [2,3,5,9,10,12,13].

GLUCOSE CYCLING ASSOCIATED WITH EXERCISE

During exercise, an increased amount of glucose is required and glycogen stores will be degraded 
by glycogenolysis to generate energy. However, during periods of intense exercise, oxygen is limited 
in muscle cells, and excessive pyruvate will be reduced to produce either lactate or/and alanine. 
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Lactate released from the muscle is taken by the liver where it is converted back to glucose via 
gluconeogenesis, a process known as the Cori cycle. Similarly, alanine formed from pyruvate trans-
amination will be transported to the liver and reconverted back to glucose for energy generation, a 
process known as the glucose–alanine cycle [14].

REGULATION OF GLUCOSE METABOLISM

Due to the central role played by glucose in energy production and also due to the fact that cells 
within the central nervous system rely almost exclusively on blood glucose for their energy produc-
tion, the organism has evolved complex regulatory mechanisms to ensure constant blood glucose 
concentration. Glucose homeostasis is mainly maintained through hormonal regulations and bio-
chemical allosteric mechanisms.

HORMONAL REGULATION

Blood glucose control and energy homeostasis are mainly regulated by peptide hormones released 
from the pancreatic endocrine islets and from gut endocrine cells. The secretion of most peptide 
hormones is rapidly altered by changes in blood glucose concentration, but as their half-life in the 
blood is short, any increase in their blood concentration is usually limited in time. They interact 
with specific receptors present in the membrane of cells and exert very rapid actions, mainly acti-
vating or inhibiting key metabolic enzymes through phosphorylation or dephosphorylation, and to 
a lesser extent by altering the expression of genes coding for key metabolic enzymes. We will focus 
only on the most relevant hormones in this chapter, and the reader can refer to standard textbooks 
of physiology for a more comprehensive description of endocrine factors involved in energy homeo-
stasis [11,15,16].

Insulin: Insulin is an anabolic hormone produced and released by the beta-cells of the pancre-
atic islets in response to hyperglycemia, which occurs normally in the postprandial state. Insulin 
stimulates glucose disposal by facilitating the uptake of glucose into insulin-sensitive cells (skeletal 
muscles, adipose tissue, and many other cell types) through a translocation of glucose transporters 
(GLUT-4). In muscle cells, it promotes glucose oxidation by activating glycolytic enzymes and by 
stimulating the decarboxylation of pyruvate and the entry of glucose-derived acetyl-CoA into the 
TCA cycle; it also stimulates glycogen synthesis by activating glycogen synthase. In adipose tis-
sue, it stimulates the production of glycerol-3-phosphate from glucose, thus furnishing the glycerol 
backbone for triglyceride synthesis. Glucose metabolism in the liver is mainly regulated through 
allosteric mechanisms (see below) and hence the role of insulin in the control of glucose metabolism 
in the liver is relatively small compared to skeletal muscles and adipose tissue. Insulin, however, 
plays a major role by regulating the expression of glucokinase, the key enzyme catalyzing glucose-
6-phophate production in the liver and by activating key enzymes required for de novo lipogenesis. 
This occurs through alteration of gene transcription and hence is more determined by insulin con-
centrations prevalent over the previous hours to days rather than an acute effect of insulin.

Glucagon: Glucagon is a catabolic hormone produced by the alpha cells of pancreas in response 
to hypoglycemia, sympathetic nervous system activation, and stress. Its secretion is physiologically 
increased in the fasting state and during exercise. It is involved in maintaining normal blood glucose 
and has opposing effects to insulin. It acts mainly on the liver, where it enhances glycogenolysis by 
activating glycogen phosphorylase and key gluconeogenic processes.

Other hormones involved in postprandial stimulation of glucose disposal: Besides the key hor-
mone insulin, other hormones that contribute to stimulate glucose disposal include amylin, gut 
hormones, and insulin-like growth factor 1 (IGF1). Amylin is produced by pancreatic beta cells. It 
primarily inhibits postprandial glucagon secretion and slows down gastric emptying. Gut hormones, 
also known as incretins, include glucose-dependent insulinotropic peptide (GIP) and glucagon-like 
peptide-1 (GLP-1). Both GLP-1 and G1P enhance glucose-induced insulin production and secretion 
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after ingestion of carbohydrate-rich meal, while GLP-1 additionally inhibits the secretion of gluca-
gon and slows down gastric emptying. Blood IGF1 is mainly secreted in the liver under the control 
of growth hormone and exerts anabolic effects similar to insulin.

Other hormones that contribute to the stimulation of glucose production: Apart from glucagon, 
the stress-related hormones epinephrine and cortisol also contribute in the release of glucose into 
the bloodstream. Epinephrine promotes glycogenolysis in both liver and muscles and stimulates 
hepatic glyconeogenesis, while cortisol mainly stimulates gluconeogenesis in liver.

ALLOSTERIC REGULATION

Besides hormones regulation, allosteric effectors also play an important role in the regulation of car-
bohydrate metabolism. An allosteric effector is a solute compound which can activate or inhibit key 
enzymes. These allosteric regulations are often reflective of the cellular metabolic state. Allosteric 
effectors can be intermediary metabolites or high-energy molecules such as adenosine diphosphate, 
adenosine monophosphate (AMP), and ATP. An example of allosteric regulation by a metabolite 
is the inhibition of hexokinase by increased intracellular glucose-6-phosphate (a metabolite of gly-
colysis), which subsequently prevents further phosphorylation of glucose. The activation of pyruvate 
kinase by high AMP concentration during energy shortage and its inhibition by high intracellular 
concentrations of ATP and acetyl-Co when the cells are energy-repleted are examples of regulation 
by high-energy compounds. The presence of high concentration of ATP and acetyl-coA during 
times when cellular needs are met inhibits the action of pyruvate kinase [2,3,9,11,15–17].

ORGAN-SPECIFIC GLUCOSE METABOLISM

The metabolism of glucose is markedly different in the liver, the skeletal muscle fibers, and adipose 
tissue, and varies according to the nutritional status. This reflects the coordinated role of these key 
tissues in glucose homeostasis. The liver mainly acts as the key organ responsible for maintaining 
blood glucose concentrations; for this purpose, it switches from a glucose-utilizing organ in fed 
conditions, when exogenous glucose is mainly used to restore hepatic glycogen stores, to a glucose-
producing organ in interprandial conditions. Skeletal muscle is quantitatively the most important 
energy-consuming tissue of the organism and relies to a large extent on glucose during high-intensity 
exercise; it has evolved as a tissue capable of relying mainly on fatty acids for energy production in 
the interprandial period and on glucose during postprandial periods. Due to its high mass and large 
capacity for metabolizing glucose, it plays a prominent role in the disposal of exogenous glucose in 
the postprandial state. Finally, adipose tissue is mainly involved in the storage of exogenous fat as 
triglyceride in postprandial conditions and in its release as fatty acids during interprandial periods. 
Triglyceride synthesis in adipocytes is insulin-dependent and requires the glycolytic degradation of 
glucose to glycerol-3-phosphate to form the glycerol backbone of triglycerides.

FRUCTOSE METABOLISM

Substantial amounts of fructose can be absorbed from fruits, honey, and caloric sweeteners (sucrose, 
high fructose corn syrup) in the diet. Both fructose and glucose have the same chemical formula: 
C6H12O6; their chemical structure, however, differs by the presence of an aldose group in glucose 
versus a ketone group in fructose. Due to this difference, the affinity of hexokinase for fructose is 
markedly lower than that for glucose, and only a very minor portion of dietary fructose is directly 
converted into fructose-6-phosphate [18].

The majority of fructose is metabolized by a specific set of enzymes present in the gut, the 
liver, and the kidney. Fructose absorbed from the gut first reaches the liver, where it is converted 
into  fructose-1-phophate by the enzyme fructokinase. Fructose-1-phosphate is then split into 
two  3- carbon molecules, namely glyceraldehyde and dihydroxyacetone phosphate (DHAP) by 
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aldolase B. Glyceraldehyde is further converted into glyceraldehyde-3-phosphate by triokase, and 
DHAP and glyceraldehyde-3-P can then enter various metabolic pathways, that is, glycolysis, gly-
cogenesis, gluconeogenesis, and lipogenesis to form “classical” energy substrates such as glucose, 
glycogen, lactate, and fatty acids. Small amounts of these carbon-3 compounds are also directly 
oxidized to carbon dioxide in the liver [19,20] (Figure 11.3).

Fructokinase has a very high affinity for fructose and is not inhibited by its product fruc-
tose-1-6-diphsphate. Aldolase B rapidly removes fructose-1-phosphate to cleave it into trioses-
phosphate. Fructokinase and aldolase B therefore catalyze reactions similar to the generation of 
trioses- phosphate from glucose by phosphofructokinase and aldolase in the glycolytic pathway. The 
rate of trioses-phosphate formation in glycolysis is, however, regulated by cellular energy needs 
through a feedback inhibition of phosphofructokinase by increased ATP and citrate concentrations. 
No such inhibition is observed for fructokinase activity, and the rate of trioses-phosphate formation 
is therefore proportional to the rate of fructose entry into the cell. When dietary fructose intake is 
high, the rate of fructose appearance in the portal blood and of hepatic fructose uptakes results in 
the intrahepatic production of trioses-phosphate in excess of cellular energy needs. Nonoxidized 
trioses-phosphate is therefore converted into lactate and released into the bloodstream as energy 
fuel for extrahepatic cells, or converted into glucose, which is either released into the blood or stored 
as hepatic glycogen. Part of the pyruvate formed from fructose can also enter the mitochondria to 
form acetyl-CoA, which is then re-transported into the cytosol to serve as a substrate for de novo 
lipogenesis. The end product of this pathway, palmitic acid, can secondarily be elongated to stearic 
acid, and desaturated to some extent by stearoyl-CoA desaturase to yield oleic acid. Fatty acids 
issued from de novo lipogenesis are ultimately incorporated into triglycerides and either stored as 
intrahepatic fat or secreted with very-low-density lipoproteins.

Mutations of key enzymes for fructose metabolism give rise to inherited metabolic diseases. 
Genetic deficiency of fructokinase causes essential fructosuria; this is a benign condition, in which 
ingestion of fructose containing foods is associated with urinary excretion of free fructose. Genetic 
deficiency of aldolase B causes hereditary fructose intolerance. In affected subjects, ingested fruc-
tose is taken up by liver cells, where it is rapidly metabolized into fructose-1-phosphate; lack of 
aldolase B prevents further oxidative metabolism of fructose-1-phosphate. Since fructokinase is not 
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inhibited by fructose-1-phosphate, the reaction continues as long as fructose is present in the portal 
blood and is associated with a large ATP consumption and an acute cellular ATP and inorganic 
phosphate depletion. This occurs in tissues where fructokinase and aldolase B are both expressed, 
that is, the gut, the liver, and the kidney. In the liver, this acute cellular energy crisis is associated 
with episodes of severe hypoglycemia; in the kidney, it is associated with proximal renal tubule 
dysfunction, causing aminoaciduria and renal acidosis. These acute reactions to fructose exposure 
can be life-threatening, but the condition is essentially benign in the absence of fructose intake. 
Treatment consists of withdrawing all fructose (and sorbitol)-containing foods from the diet.

EFFECTS OF FRUCTOSE ON BLOOD GLUCOSE

The initial steps for fructose metabolism are not regulated by insulin and hence are not impaired in 
patients with diabetes mellitus. Furthermore, although a major portion of fructose carbons is con-
verted into glucose, fructose ingestion elicits only modest increases in glycemia. This is explained 
by autoregulatory mechanisms which prevent an increase in net hepatic glucose output in condi-
tions when gluconeogenesis is acutely increased. Due to these properties, it has been proposed that 
fructose may be a suitable sweetener for diabetic patients, and several studies have indeed reported 
that replacing sucrose with fructose in the diet of diabetic patients decreases postprandial glycemia 
and glycated hemoglobin levels [18,21].

EFFECTS OF FRUCTOSE ON LIPID METABOLISM

While fructose appears to exert beneficial effects on blood glucose when it replaces relatively small 
amounts of dietary sucrose, its consumption has also been associated with adverse effects on blood 
lipid concentrations. When ingested together with a lipid-containing meal, it causes a substantial 
increase in postprandial blood triglycerides. This effect may be explained by the fact that fructose 
does not stimulate insulin secretion and hence that insulin-induced activation of lipoprotein lipase 
and postprandial lipid clearance is lower with fructose than with glucose-containing meals. It has 
also been suggested that fructose may directly impair blood triglyceride clearance, through mecha-
nisms remain to be further clarified. In addition, a fructose-induced stimulation of de novo lipogen-
esis, although it is generally thought to be quantitatively small, may contribute to the development 
of both fasting and postprandial hypertriglyceridemia.

With the chronic consumption of a high-fructose diet, the pattern of fructose metabolism becomes 
substantially altered. Enhanced activities of fructose-1-6-biphosphastase, glycogen synthase, and 
glucose-6-phosphatase increase the liver’s ability to channel fructose carbons into gluconeogenesis 
and hepatic glycogen synthesis. Increased activity of lipogenic enzymes in the liver stimulate long-
chain fatty acid synthesis, leading to hypertriglyceridemia [18].

GALACTOSE METABOLISM

Galactose is an epimer of glucose present in our diet essentially as a constituent of lactose in dairy 
products. Its consumption is highly variable and closely linked to consumption of dairy products. 
In addition, a large proportion of the adult population world-wide is deficient in lactate, the brush 
border enzyme responsible for the hydrolysis of lactose into glucose and galactose in the gut, and 
hence has virtually no galactose intake. Like fructose, galactose is not metabolized by hexokinase 
and requires the presence of specific enzymes. It is predominantly metabolized in the liver via the 
Leloir pathway (Figure 11.4). β-d-galactose, the main form of galactose in foods, is first epimer-
ized by galactose mutarotase to α-d-galactose and then phosphorylated to galactose-1- phosphate 
by galactokinase. Galactose-1-phosphate uridyltransferase catalyzes the transfer of a uridine 
monophosphate group from uridine diphosphate (UDP)-glucose to galactose-1-phosphate, thereby 
generating glucose-1-phosphate and UDP-galactose. This cycle is then completed by conversion 
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of UDP-galactose back to UDP-glucose by UDP-galactose epimerase. The key product, glucose-
1-phosphate, can be a substrate for glycogenesis or can be converted into glucose-6-phosphate to 
enter the glycolysis pathway [21,22].

In humans, defects in the genes encoding for galactokinase, uridyl transferase, or epimerase 
can give rise to an inherited metabolic diseases referred to as galactosemia. The most common 
form is due to the deficiency of galactose-1-phosphate uridyltransferase (GALT); the clinical diag-
nosis rests on increased galactose-1-phosphate concentration and low GALT activity in isolated 
red blood cells. Disorders in galactose metabolism can result in life-threatening complications in 
children, including feeding problems, failure to thrive, hepatocellular damage, bleeding, and sepsis. 
Treatment consists essentially in withdrawing galactose-containing foods in the diet. Even with 
adequate treatment, galactosemic children remain at increased risk for developmental delay, speech 
problems, and abnormalities of motor function [22].

SUGAR ALCOHOL METABOLISM

sorbitol

Sorbitol is present in the human body as an intermediate product in the polyol pathway, which 
converts glucose into fructose. The function of this pathway, active in many organs, including the 
nervous system, the placenta, and endothelial cells, remains incompletely understood. Flux through 
this pathway is stimulated by hyperglycemia, which is thought to contribute to the development 
of the microvascular and nervous complications of diabetes. Sorbitol is present in our diet as a 
calorie-reduced sweetener and can only be metabolized intracellularly after conversion to fructose 
or glucose. Most studies suggest that sorbitol in humans is primarily converted into fructose, and 
only a small portion is metabolized directly to glucose, due to higher concentrations of glucose than 
fructose in cells. As seen in Figure 11.5, sorbitol is converted into fructose by nicotinamide adenine 
dinucleotide (NAD)-dependent polyol dehydrogenase or sorbitol dehydrogenase. Due to the low 
affinity of the NAD-dependent polyol dehydrogenase for a number of polyols, sorbitols, and other 
sugar alcohols can accumulate in lens, sciatic nerve, and renal papilla in certain diseased states such 
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as diabetes mellitus and consequently lead to toxicity. Both sorbitol and fructose can accumulate 
in the human lens in diabetics, causing osmotic damage, which has been suggested to be involved 
in the pathogenesis of diabetic cataract. Of importance, administration of sorbitol to patients with 
hereditary fructose intolerance will trigger acute metabolic crisis as does fructose [19,20].

xylitol

Xylitol is another sugar alcohol commonly used by the food industries as a calorie-reduced sweet-
ener. While xylitol can enter almost all cells of an organism, the liver cells are especially permeable. 
Enzymes for metabolizing xylitol are present in the kidney and testes, but the liver cells contain the 
most considerable amount and are thus the most important site of xylitol metabolism.

Xylitol has two possible pathways of metabolism in the liver. It can be oxidized to l-xylulose by 
a specific NADP-linked polyol dehydrogenase or to d-xylulose by a nonspecific NAD-linked polyol 
dehyrogenase, although the latter pathway is normally preferred. d-Xylulose is rapidly phosphory-
lated by xylulokinase to d-xylulose-5-phosphate, which can be converted into fructose-6-phosphate 
by the reactions of the PPP. Fructose-6-phosphate, an intermediate of glycolysis and gluconeogen-
esis, can be metabolized either to glucose and glycogen or to pyruvate and lactate (Figure 11.6).

Xylitol-induced dose-dependent abnormalities can occur in certain situations. Due to limited 
gut absorption capacity, ingestion of large doses of xylitol can cause osmotic diarrhea. Excessive 
xylitol intake can result in an imbalance of NADH/NAD ratio in the liver cytosol and in a depletion 
of hepatic ATP and inorganic phosphate can lead to hyperuricemia and occasionally lactic acidosis 
[19,20].

CONCLUSIONS

While most investigations to study sugar metabolism are carried out in laboratory animals, particu-
larly rats, there has been increasing noteworthy contributions by studies conducted in humans using 
state-of-the-art techniques such as stable isotopes and nuclear magnetic resonance spectroscopy. 
While there is growing interest in the area of glucose metabolism in the brain, the capacity of indi-
vidual tissues to utilize and metabolize nonglucose carbohydrates and their level of human tolerance 
and safety, particularly in the longer term, remains to be truly established.
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Sugars and Metabolic 
Disorders in Animal Models 
Including Primates
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KEY POINTS

• Glucose extraction by the liver is ~30%, whereas fructose extraction is ~60–80%.
• High amounts of fructose induce metabolic impairments in rodents and nonhuman 

primates.
• Sex and strain influence susceptibility to sucrose and fructose.
• The gut microbiome and intestinal barrier contribute to fructose-induced metabolic 

impairments.
• Hyperuricemia may link fructose to metabolic impairments.
• Fructose has direct effects on the liver and hepatocytes.

INTRODUCTION

Metabolic disorders, including dyslipidemia, metabolic syndrome, obesity, and type 2 diabetes, are 
major public health problems. Thus, large research efforts are in place to understand the etiology, 
prevention, and treatment of these disorders. Although the causes of obesity and type 2 diabetes 
are complex, lifestyle changes can prevent or delay their onset. For example, the Diabetes and 
Prevention Program demonstrated that changes in diet and physical activity reduced the develop-
ment of type 2 diabetes by 58% [1].

Diet composition plays an important role in the development of metabolic disorders [2]. The most 
researched adverse consequence related to diet composition relates to the role of excess calories, in 
the form of fat and simple sugars in the development of comorbidities associated with obesity [3–5]. 
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However, these macronutrients can also have potent effects on glucose and lipid metabolism, insulin 
action, and the inflammatory response that are independent of calorie content and fat mass [6–11]. 
More recently, dietary fat and simple sugars have been implicated in the development of metabolic 
disorders via effects on the composition of the intestinal microbiota [12,13]. Thus, diet composition 
has the potential to influence the development and exacerbation of metabolic disorders directly and 
indirectly through effects on fat mass, fat distribution, and intestinal bacteria.

Along with a shift in total energy consumption over the past few decades, there has been a shift 
in the type of nutrients in the American diet. It has recently been estimated that the annual per cap-
ita intake of fructose is ~17 kg [14]. Major sources of fructose include sucrose, high-fructose corn 
syrup, fruit juice concentrate, fruits, and honey. In this chapter, we will discuss evidence related to 
the ability of sucrose and fructose to produce metabolic impairments in animal models that have 
relevance to human disease. There are a large number of review articles related to this topic [15–19]. 
We will begin by summarizing the acute and chronic effects of sucrose and fructose in animal mod-
els and nonhuman primates and then discuss putative tissue/organ targets and potential mechanisms 
of action.

ACUTE EFFECTS OF SUCROSE AND FRUCTOSE

The liver occupies a central role in the maintenance of blood glucose homeostasis due to its abil-
ity to both release glucose into and remove glucose from the circulation. In the postabsorptive 
state, glucose arising from glucose-6-phosphate, derived from glycogenolysis and gluconeogenesis, 
is released into the circulation. Following ingestion of a meal containing complex carbohydrates 
or glucose, the liver becomes a net consuming organ, accounting for ~30% of the total dietary 
 carbohydrate/glucose disposal [20]. In contrast, fructose extraction by the liver can approach 
60–80% and the presence of even small quantities of fructose in the portal vein increase glucose 
uptake by activating glucokinase translocation [21,22]. Thus, when complex carbohydrates or glu-
cose are replaced by sucrose or fructose, the contribution of the liver to the disposal of dietary car-
bohydrate will be increased. The liver engages the pentose phosphate pathway, de novo lipogenesis, 
and glycolysis to deal with this increased carbohydrate load [23,24], resulting in a vastly differ-
ent intrahepatic and/or circulating environment, characterized by increased pentose phosphate and 
lipid intermediates, triglycerides, and lactate. Hence, the magnitude of carbohydrate metabolism in 
the liver can be dramatically altered by the presence of sucrose or fructose in the diet.

OVERVIEW OF CHRONIC EFFECTS OF SUCROSE AND FRUCTOSE

The majority of animal studies that have examined the effects of diets enriched in sucrose or fruc-
tose have been conducted in rodents and the sucrose/fructose has generally, but not always, been 
supplied in the drinking water. Most of these studies have reported adaptations that include dyslip-
idemia, hypertension, hyperuricemia, insulin resistance, and adipose tissue fat accumulation [6,19, 
25–31] (Figure 12.1). There are a small proportion of animal studies that have not observed some or 
all of these adaptations [32–34].

In a recent long-term study, rhesus monkeys were fed a grain-based standard primate diet (30% 
of energy from protein, 11% from fat, 59% from carbohydrate) that was supplemented with ~75 g 
of fructose as a fruit-flavored beverage over a 12-month period [35]. The intent of this study was to 
develop a “nonhuman primate model of diet-induced insulin resistance and dyslipidemia (and not 
to compare the metabolic effects of fructose vs. glucose in the animals)”. It was reported that over 
the course of the 12-month study, every monkey (n = 29) developed components of the metabolic 
syndrome (increased adiposity, insulin resistance, and/or dyslipidemia). Four monkeys developed 
diabetes, based on a fasting glucose of ≥126 mg/dl. Together with the rodent-based studies, these 
results indicate that a relatively high amount of fructose (~30% of energy), provided in the form of 
a beverage, induces metabolic impairments.
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FACTORS THAT CAN INFLUENCE SUCROSE- AND FRUCTOSE-INDUCED 
METABOLIC IMPAIRMENTS

A primary criticism of animal models has been the amount of sucrose or fructose introduced into the 
diet. In most cases, animal studies have used a strategy in which the carbohydrate content of the diet 
has been replaced or supplemented through the water with sucrose or fructose at levels that approxi-
mate 32–69 or 34–88% of total calories, respectively [6,25–28,31,36–40]. The extent to which such 
studies relate to the development of human disease must therefore be considered cautiously. It should 
be noted, however, that a relatively low sucrose diet (18% of energy as sucrose) over a period of ≥16 
weeks has been shown to induce insulin resistance and dyslipidemia in rats [41] (Figure 12.2).

Female Wistar rats, unlike their male counterparts, do not develop insulin resistance nor accu-
mulate plasma or liver triglycerides in response to a high-sucrose diet provided for up to 8 weeks 
[42]. Other studies have reported that the development of hypertension was delayed and that there 
was protection against sucrose-induced oxidative stress in female rats [43,44]. CD36 is an integral 
membrane glycoprotein found on the surface of a variety of cells and plays an important role in fatty 
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FIGURE 12.1  Schematic diagram of sucrose/fructose-mediated effects in rodents and nonhuman primates. 
Sucrose and fructose may have direct effects on the liver, gastrointestinal tract (GI), and adipose tissue (AT). 
Adaptations in GI and AT may influence other tissues and organ systems.
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FIGURE 12.2 The magnitude and speed of adaptations to sucrose/fructose will be influenced by the amount 
and duration of nutrient exposure and biologic factors, such as sex, strain, and age.
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acid transport [45]. Increased expression of CD36 mRNA was observed in the liver of female com-
pared to male rats, and CD36 null mice were more susceptible to fructose-induced insulin resistance 
compared to their wild-type counterparts [45,46]. Thus, there appear to be sex-based differences in 
susceptibility to sucrose- and fructose-induced metabolic impairments that may involve CD36 and 
have been attributed to the antioxidant effects of estrogen [43] (Figure 12.2).

Susceptibility to the negative effects of a high-fructose diet in mice appears also to be depen-
dent on strain. In one study, mice were provided a high-carbohydrate diet (58% carbohydrate with 
no fructose) or a high-fructose diet (66% fructose) for 8 weeks. Relative to the high-carbohydrate 
diet, the fructose diet induced postprandial hyperinsulinemia, hypertriglyceridemia, and visceral 
fat accumulation in CBA/JN, C3H/He, and BALB/c mice; however, these responses were either 
blunted or absent in DBA/2N, DBA/JN, and C57BL/6N mice [47] (Figure 12.2).

TISSUE/ORGAN TARGETS

In 1980, Kelly et al. [48] reported that a high-sucrose diet (73% sucrose) increased mesenteric lymph 
triglyceride output and speculated that the intestine participated in sucrose-induced hypertriglyceri-
demia in rats. This theory was supported by a study by Bergheim et al. [49] in 2008, who demon-
strated that antibiotics provided protection against fructose-induced (fructose in the drinking water) 
hepatic lipid accumulation in mice. It was hypothesized that high rates of fructose consumption 
increased intestinal translocation of endotoxin [49]. These authors have postulated a working model 
that involves fructose-mediated bacterial overgrowth, increased intestinal permeability, increased 
portal vein endotoxin, activation of hepatic Kupffer cells, and Kupffer cell-derived tumor necrosis 
factor-α-mediated hepatocyte insulin resistance and triglyceride accumulation [50–53]. In addition, 
fructose-fed mice treated with pro- and pre-biotics, restoring the homeostasis of the gut microbiota, 
were protected from fructose-induced liver damage [54,55].The gut microbiota and intestinal bar-
rier, therefore, appears to be involved in fructose-mediated (likely also sucrose-mediated) metabolic 
impairments (Figure 12.1).

Although metabolic impairments associated with high sucrose or fructose feeding have been 
observed in the absence of significant adipose tissue accumulation [6,56], several studies have 
reported that these nutrients can promote increased adiposity [38,57–59]. Glucocorticoids can pro-
mote visceral obesity and metabolic complications [60]. 11β-Hydroxysteroid dehydrogenase type 
1 (11β-HSD1) plays a central role in the regulation of tissue-specific intracellular glucocorticoid 
levels [61]. Increased 11β-HSD1 mRNA and protein in the liver, and mRNA in adipose tissue, was 
observed in rats within 24 h of ingestion of 16% fructose solution [62]. These differences were not, 
however, observed in rats exposed to a 16% sucrose solution, likely due to the lower amount of 
fructose present in the sucrose group. The molecular mechanisms that link fructose to 11β-HSD1 
in liver and adipose tissue may have implications for the regulation of lipid accumulation in these 
tissues. Incubation of murine 3T3-L1 cells with fructose increased adipogenesis and adipocyte-
related gene expression [63]. Interestingly, GLUT5, the key fructose transporter, was also shown 
to be expressed in early-stage adipocyte differentiation, but not in mature adipocytes. Moreover, 
epididymal adipose tissue was reduced in GLUT5 −/− mice compared to their wild-type counter-
parts [63]. Thus, fructose transport/metabolism in adipocytes may be an important determinant of 
adipose tissue morphology and function (Figure 12.1).

The liver and hepatocytes are primary targets of sucrose- and fructose-mediated adaptations, 
such as hepatic insulin resistance and steatosis [19,64]. Several studies have demonstrated that 
sucrose- and fructose-mediated hepatic steatosis and insulin resistance occur rapidly and often pre-
cede adaptations in muscle and/or adipose tissue [6,19,25,26]. To examine the direct effects of fruc-
tose on the liver, we performed hyperglycemic, hyperinsulinemic pancreatic clamps for 3 or 6 h in 
the presence or absence of low (portal vein fructose concentration of <0.3 mmol/L) or high (portal 
vein fructose concentration >1 mmol/L) intraportal fructose infusions [65]. Selective delivery of 
fructose activated stress signaling pathways and reduced insulin signaling. Several studies have 
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demonstrated that fructose delivery and metabolism in hepatocytes also activates stress signaling 
pathways and reduces insulin signaling [66,67]. In summary, fructose has direct effects on the liver 
and hepatocytes that can be elicited independent of the gastrointestinal tract and adipose tissue 
(Figure 12.1).

ROLE OF FRUCTOKINASE IN METABOLIC IMPAIRMENTS

Fructose metabolism and extraction by the liver are high (relative to glucose) due to both the exten-
sive amount of fructokinase (ketohexokinase) in the liver and to the subsequent metabolism of 
fructose-1-phosphate at the triose phosphate level, which bypasses control exerted by phosphofruc-
tokinase [21,68]. Recent studies have provided new information pertaining to fructokinase and its 
role in fructose-induced metabolic impairments [69–71]. Fructokinase exists in two alternatively 
spliced isoforms, fructokinase A and C, that differ in exon 3 [72]. Fructokinase C is characterized 
by a high affinity for fructose (low Km) and is expressed primarily in the liver, kidney, and intes-
tines [73]. Mice lacking both isoforms were protected from fructose (30% fructose in the drinking 
water)-induced increases in body fat, hyperinsulinemia, and lipid accumulation in the liver [69]. In 
contrast, fructose-mediated effects were exacerbated in mice lacking fructokinase A. The protec-
tive effects of fructokinase A may be mediated by its low affinity (high Km) for fructose. Future 
studies that modulate fructokinase in a tissue-specific manner are needed to elucidate the relative 
importance of fructose metabolism in different tissues/organs to sucrose- and fructose-mediated 
metabolic impairments.

HEPATIC STEATOSIS

It is well established that sucrose- and fructose-enriched diets produce hepatic steatosis in ani-
mal models [19,25,26,37]. In addition, these diets produce a change in the fatty acid composition 
of membrane phospholipids and triglycerides. A high-sucrose diet (68% of energy from sucrose) 
increased the degree of saturation of sinusoidal membrane phospholipids and liver triglyceride fatty 
acids after 1 and 5 weeks [74]. These changes were associated with reduced sinusoidal membrane 
fluidity [74]. More recently, it was demonstrated that high-sucrose diet-mediated increases in the 
saturated fatty acid content of microsomal membrane phospholipids and triglycerides were associ-
ated with the presence of endoplasmic reticulum (ER) stress and increased caspase activity in the 
liver [75]. These studies suggest that the deleterious effects of hepatic steatosis may involve the 
composition of lipids delivered to and stored within the liver.

A recent study examined the effects of diet-induced hepatic steatosis on liver regeneration. Male 
Sprague-Dawley rats were fed a high fructose (H-fruc; 66% fructose), high fat (H-fat; 54% fat), or 
control chow diet for 4 weeks [76]. Although hepatic steatosis, based on hepatic triglyceride content 
and oil red O staining, was less severe in H-fruc compared to H-fat liver, regeneration after 70% partial 
hepatectomy was reduced in H-fruc compared to H-fat. It is unclear whether differences in fatty acid 
composition were involved in the differential regenerative capacity following partial hepatectomy [75].

URIC ACID

Uric acid has been linked to pro- and anti-oxidant activity, inflammation, and regulation of nitric 
oxide bioavailability [77]. Fructose metabolism can raise plasma uric acid concentrations [78]. Uric 
acid dose-dependently inhibited the vasodilatory response of aortic artery rings to acetylcholine, 
indicating that uric acid may be involved in fructose-mediated metabolic impairments, particularly 
those involving the endothelium. The inclusion of allopurinol (a xanthine oxidase inhibitor) in the 
drinking water lowered plasma uric acid and prevented or reversed many of the metabolic impair-
ments (hyperinsulinemia, systolic hypertension, hypertriglyceridemia, weight gain) associated with 
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consumption of a high-fructose diet in rats [31]. It should be mentioned that although hypertension 
in response to high-sucrose or -fructose diets has been observed in several studies, this is not a 
universal finding [79–83].

FRUCTOSE AND THE PROTEOME

Morand et al. [84] examined the effects of a high-fructose diet (60% fructose) compared to a chow 
diet on hepatic ER-associated protein in hamsters. After 2 weeks of high-fructose diet feeding, 34 
differentially expressed proteins were identified. Hepatic ER proteins that were >2-fold upregulated 
included α-glucosidase, P-glycoprotein, fibrinogen, protein disulfide isomerase, glucose- regulated 
protein-94, and apolipoprotein E. Hepatic ER proteins that were reduced >2-fold included ER60, 
ERp46, ERp29, glutamate dehydrogenase, and TAP1. More recently, hamsters were fed a regular 
rodent chow or high-fructose (60% fructose) diet for 8 weeks [85]. Fructose-fed hamsters were 
characterized by hyperinsulinemia, hyperlipidemia, and hepatic steatosis. Matrix-assisted laser des-
portion/ionization (MALDI)-based proteomics analysis of livers resulted in the identification of 33 
protein spots with a >2-fold change in expression. Proteins that were induced in fructose-fed livers 
included fatty acid-binding protein, protein disulfide isomerase, apolipoprotein A-1, peroxiredoxin 
2, glutathione S-transferase, and leucyl aminopeptidase. Proteins that were reduced in fructose-fed 
livers included carbamoyl-phosphate synthase 1,10-formyltetrahydrofolate dehydrogenase, ferritin 
heavy chain, and heat shock protein-70. While chronic high-fructose feeding provokes a number of 
proteomic changes in the liver, the extent to which these changes mediate or result from metabolic 
impairments is presently unknown.

SUMMARY

Fructose is pervasive in the western diet, and evidence from numerous animal studies support its 
role in the growing obesity epidemic. In addition to influencing obesity, excessive fructose con-
sumption can result in hepatic steatosis, dyslipidemia, hypertension, and insulin resistance in 
rodents and primates. Fructose can act on host systems via direct effects on the liver or indirectly 
through alterations in intestinal microbiota or through alterations in adipose tissue morphology and 
function (Figure 12.1). Fructose-induced metabolic impairments appear to be linked to the ratio of 
fructokinase A and C, but models exploring tissue- and isoform-specific expression of fructokinase 
are needed to clarify this mechanism. New “omics” technologies offer the opportunity to further 
explore the role of the gastrointestinal tract and its associated microorganisms as well as provide 
insights into host-specific polymorphisms in fructose metabolism and to identify novel gene and 
protein targets that are altered by fructose consumption. Further research is also needed to clarify 
whether the mode of consumption (food versus beverage) alters the nature or magnitude of meta-
bolic impairments associated with sucrose and fructose consumption.
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to Metabolic Disorders 
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KEY POINTS

• Sugar ingestion results in the absorption of glucose and fructose in the gut, while starch 
ingestion results in the exclusive absorption of glucose. Whatever specific metabolic effects 
of sugar are therefore likely to be due to its fructose component.

• Glucose absorbed from the gut elicits satiety signals and is metabolized by means of tightly 
regulated metabolic pathways under the control of insulin. In contrast, fructose is entirely 
and almost immediately metabolized in splanchnic organs by essentially unregulated 
metabolic pathways. In the liver, it is converted into glucose, lactate, and fatty acid as a 
first step, and these substrates are subsequently used by extra-splanchnic cells as energy 
substrates.

• Epidemiological studies show an association between sugar intake and obesity, but the obe-
sogenic role of sugar remains unclear. Since sugar does not significantly decrease energy 
expenditure, any causal effect in the development of obesity should involve an excess food 
intake, following sugar ingestion.
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• The material reviewed in this chapter includes many human studies having used very high 
amounts of sugar or pure fructose to workout possible pathogenic mechanisms. Such stud-
ies do not imply that sugars have the same effects when ingested at doses encountered in 
usual diets.

• A high sugar intake causes an increase in fasting and postprandial blood triglycerides and 
an increase in intrahepatic fat. Stimulation of de novo lipogenesis, mainly in the liver, 
but also possibly in the gut, and alterations of extrahepatic clearance of triglycerides are 
responsible for this effect.

• A high sugar intake decreases insulin-mediated suppression of glucose production, which 
may contribute to an increased postprandial glycemic response. In the short-term, how-
ever, it does not impair muscle insulin resistance.

• Increased de novo lipogenesis and hepatic glucose production may be normal adaptive 
responses elicited by the presence of fructose in the diet rather than pathogenic events. 
Future research should focus on identification of maladaptive responses to fructose as a 
cause of metabolic diseases.

INTRODUCTION

Sugars have always been present in the human diet from time immemorial, but were consumed only in 
small amounts with fruits, berries, and honey. Consumption of sugar extracted from sugarcane started 
only after the crusade, but remained quantitatively small due to its low availability and high price. In 
these times, it was used in minute amounts and is mentioned amongst spices in medieval cookbooks. 
The use of sugar really increased in the colonial era, when it became available in large amounts at 
an affordable price. Its consumption has gradually increased since then, as it became introduced in 
“solid” food items such as pastries, jams, marmelades, and preservatives, on the one hand, and was 
used extensively to sweeten the new beverages brought from colonies such as tea, coffee, and choco-
lates. Since then, sugar consumption has increased continuously throughout the world. It is important 
to take note that, since the early days of its consumption, a substantial portion of sugar is consumed 
together with beverages: initially with hot beverages, and more recently with sodas, fruit juices, and 
energy drinks. As a consequence, the consumption of “liquid” calories in comparison with more tra-
ditional, solid foods has increased and constitutes now a substantial portion of our diet [1].

Fruits, vegetables, and honey contain fructose, glucose, and sucrose (i.e., one molecule of glu-
cose linked to one molecule of fructose) in various amounts, together with dietary fibers, minerals, 
vitamins, polyphenols, and various other nutritional compounds. Sugar refined from sugarcane or 
beet contains almost only sucrose, without free glucose or fructose, and with virtually no other 
macro- or micronutrients. High-fructose corn syrup (HFCS), prepared from corn starch through 
industrial procedures, has substituted for sucrose in many beverages and industrial food products; 
it contains free fructose and free glucose in various proportions, together with a small amount of 
oligosaccharides [2].

Both sugar and starch are carbohydrates. Starch digestion in the gut yields glucose molecules 
which are subsequently absorbed into the hepatic portal circulation. Sucrose is hydrolyzed into 
glucose and fructose by intestinal disaccharidases present in the brush-border of enterocytes and is 
subsequently absorbed as free glucose and fructose. Free glucose and fructose ingested with fruits 
or HFCS are directly absorbed by the enterocytes to be released into the portal vein. The con-
sumption of natural, sweet foods therefore includes both glucose and fructose which are ingested 
together. Since sugar differs from starch by yielding fructose in addition to glucose in the intesti-
nal lumen, it is logical to assume that the differences between the effects of sugar and starch on 
health-related variables are essentially mediated by fructose. It is, however, well recognized that 
even starchy foods devoid of fructose can differentially affect health outcomes according to their 
glycemic index, indicating that other factors, such as the rate of hexose absorption, the glycemic 
response, or postprandial insulin concentrations are also important factors [3].
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WHY DO WE SUSPECT THAT SUGARS ARE ASSOCIATED WITH ADVERSE 
HEALTH OUTCOMES?

There is no naturally occurring food providing only fructose in our diet. However, in the 1980s, 
there was a huge interest in the use of pure fructose as a sweetener for subjects with diabetes mel-
litus, since this sugar can be metabolized to some extent independent of insulin secretion and elicits 
much smaller glycemic responses than sucrose. Many small-scale clinical trials were performed 
to assess the effects of substituting pure fructose for sucrose in healthy individuals and in subjects 
with diabetes mellitus. These trials indeed documented that pure fructose reduced blood glucose, 
decreased insulin requirements, and, in patients with diabetes, lowered the blood-glycated hemo-
globin concentrations [4]. Some trials, however, observed that fructose also increased fasting and 
postprandial triglyceride concentrations, raising the suspicion that it may increase cardiovascular 
risk and, in the long-term, produce more deleterious than beneficial effects [5]. The hypothesis 
that fructose may have adverse metabolic effects in the long-term was further strengthened by the 
observations that animals put on a high-sucrose or -fructose diet developed many features of the 
metabolic syndrome, such as obesity, insulin resistance and impaired glucose homeostasis, dyslipid-
emia, hepatic steatosis, and even high blood pressure [6]. Since then, numerous experiments, having 
mainly used rodents, documented that fructose and fructose-containing caloric sweeteners such as 
sucrose and HFCS may indeed cause diabetes mellitus.

The initial hypothesis that fructose may have deleterious effects on health was supported by 
in vitro and in vivo animal data showing that it caused cellular oxidative stress and insulin resis-
tance. It was further strengthened by many epidemiological studies showing that the consumption 
of either total sugar, fructose, or sweetened beverages was associated with obesity and with meta-
bolic diseases.

In addition, ecological observations are also supporting a possible role of sugar in obesity and 
metabolic diseases: sugar consumption has increased progressively in Europe and North America 
from about 2 kg per person per year in the 1750s to about 50 kg per person per year in the 1970s, 
and close to 70 kg per person per year in the 2000s. Recent increases have also been reported in 
South America, Oceania, and Asia. Although there is some debate whether it still increases, has 
stabilized, or has slightly decreased over the past 10 years, there is no doubt that we have presently 
the highest consumption of sugar in human history. The prevalence of obesity and of noncommu-
nicable diseases such as diabetes and cardiovascular diseases has increased dramatically since the 
1970s, and some observers have suggested that it paralleled sugar consumption [7]. This hypothesis 
appears plausible, since sugar constitutes an important source of energy; it also implies that some 
kind of threshold was reached in the 1970s, above which sugar consumption started exerting delete-
rious health effects. This is consistent with recent ecological studies showing a high prevalence of 
diabetes mellitus in countries where there is a high intake of added sugars [8,9].

In the USA, HFCS has become increasingly available since the 1970s and has gradually replaced 
about 30% of dietary sugar. Large-scale HFCS consumption in the USA was really concomitant 
with the increase in obesity prevalence, arising the suspicion that, more than sugar, HFCS may be 
causally involved. This hypothesis appeared furthermore plausible based on the fact that HFCS 55, 
the most common form of HFCS used for the preparation of sweetened beverages, contains on a 
weight:weight basis somewhat more fructose than sucrose [10].

IN WHAT WAYS DOES THE METABOLISM OF FRUCTOSE DIFFER 
FROM THAT OF GLUCOSE?

Glucose is the universal energy substrate for our organism. It can be transported virtually into every 
cell of our organism due to the presence of facilitative glucose transporter proteins, called glucose 
transporters (GLUTs), which facilitate the diffusion of extracellular glucose into the cell according 
to its concentration gradient. It exists several types of glucose transporters with various kinetic 
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characteristics. As a consequence, glucose uptake varies according to the type of GLUT transporter 
present at the cell surface of a cell. GLUT1 and GLUT3 are permanently present at the surface of 
the cell. They have a low Km for fructose (1–3 mmol/L) and hence they transport glucose at half the 
maximal rate even when blood glucose is lower than normal (3.9–5.2 mmol/L). Cells expressing 
GLUT1 and/or GLUT3, such as neurons, glial cells, red blood cells, and placental cells, have a fairly 
constant cellular glucose uptake, which shows little variations according to the nutritional status 
or to changes in blood glucose and insulin concentrations. Insulin-sensitive cells such as skeletal 
muscles or adipose cells express GLUT4 transporters. When insulin is low, GLUT4 transporters are 
located in the membrane of intracellular vesicles, where they have no access to extracellular glu-
cose and hence are quiescent. After ingestion of a meal, insulin triggers their translocation toward 
the cell membrane, thus increasing cellular glucose uptake. GLUT2 transporters have a very low 
affinity for glucose (Km of about 12–20 mmol/L); due to this low affinity, glucose uptake of GLUT2-
expressing cells will vary mainly according to extracellular glucose concentration. GLUT2 trans-
porters are expressing cells involved with glucose-sensing, such as pancreatic A and B cells, liver 
cells, and some hypothalamic cells [11].

Once inside the cells, glucose is rapidly converted into glucose-6-phosphate by hexokinases, then 
to fructose-1,6-diphosphate by the enzyme phosphofructokinase. Fructose-1,6-diphosphate is further 
degraded along the glycolytic pathway, generating pyruvate which will mainly be further degraded 
into acetyl-CoA and be degraded to CO2 and H2O in the tricarboxylic acid cycle, fueling the mito-
chondrial synthesis of adenosine triphosphate (ATP). Inhibition of phosphofructokinase by increased 
cellular ATP and citrate concentration ensures that glygolytic degradation of glucose does not exceed 
cellular energy needs.

Glucose can be used as an energy substrate in all tissues and organs of the human body, since 
all cells of the organism express at least one type of GLUT protein, one type of hexokinase, and 
phosphofructokinase. In brain cells, due to the presence of GLUT1 and GLUT3, glucose uptake and 
oxidation is nearly continuous and produces a continuous supply of ATP. Brain cells use glucose 
almost exclusively as a metabolic substrate in physiological condition and do not synthesize the 
enzymes required for lipid oxidation. Most other cells in the organism synthesize the enzymes for 
fatty acid oxidation and will rely on either glucose or fatty acid for energy production according to 
the nutritional state; in muscle cells, the increase in blood glucose and insulin concentrations which 
occurs after a meal activates the translocation of GLUT4 to the cell surface, thus increasing glucose 
transport, and simultaneously activates glycolysis while inhibiting fat oxidation. In liver cells, the 
postprandial increase in portal blood glucose enhances hepatocytes’ glucose uptake; furthermore, 
hepatocytes express an isoform of hexokinase, glucokinase, which has also a high Km for glucose, 
and glucose metabolism is therefore enhanced as the sole consequence of portal hyperglycemia [12]. 
Phosphofructokinase is, however, inhibited by ATP and citrate in the liver as in muscles and hence 
glucose metabolism is adjusted to cell energy needs (see Chapter 11).

Although fructose has the same chemical formula as glucose (C6H12O6) and has the same energy 
content (enthalpy for degradation = 686 kcal/mol), these two hexoses have a different molecular 
structure: fructose displays a ketone group on its second carbon, while glucose displays an aldehyde 
group on its first carbon. Due to its different conformation, fructose is not efficiently transported 
by GLUT1, GLUT3, or GLUT4, but is transported by a specific fructose transporter, GLUT5, 
expressed in enterocytes, renal cells, and to a lesser extent in adipocytes, skeletal and heart muscles, 
and various other cell types [13]. In the liver, fructose is transported by GLUT2, but with a lesser 
affinity than glucose. As for glucose, hepatic fructose uptake requires that portal blood fructose 
concentration is substantially increased.

Once inside the hepatocyte, fructose follows a different metabolic pathway than glucose, how-
ever. Hepatocytes express three key enzymes specific for fructose metabolism. The first of these 
enzymes, fructokinase, converts fructose to fructose-1-phosphate; the second, aldolase B, cleaves 
fructose-1-phosphate into glyceraldehyde and dihydroxyacetone phosphate; the third, triokinase, 
phosphorylates glyceraldehyde to glyceraldehyde phosphate, which can be secondarily converted 
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into dihydroxyacetone phosphate. Dihydroxyacetone phosphate is a normal glycolytic intermediate 
which is further catabolized to pyruvate, while glyceraldehyde is further phosphorylated to glycer-
aldehyde-3-phosphate before joining glycolysis. Fructokinase has a very high affinity for fructose, 
and both fructokinase and adolase B have high maximal velocity. In addition, these enzymes do not 
require to be activated by insulin and are not inhibited by ATP or citrate as phosphofructokinase. 
As a consequence, all the fructose entering the hepatocyte is rapidly converted into glycolytic inter-
mediates irrespective of the energy need of hepatocytes. The degradation of pyruvate in the Krebs 
cycle is, however, dependent on the amount of adenosine diphosphate to be regenerated to ATP and 
therefore matches cellular energy expenditure. The trioses-phosphate generated in excess is largely 
cleared by being either metabolized to lactate or to glucose and these two substrates are released 
into the hepatic vein to be made available as energy substrate by other cells of the organism. Part 
of the glucose synthesized from fructose in the hepatocyte can also be used to replenish hepatic 
glycogen stores. Trioses-phosphate can also be converted into acetyl-CoA to be used for the de novo 
synthesis of fatty acid. This pathway can be fueled by acetyl-CoA issued from fructose, glucose, or 
amino acid, but fructose appears to be more lipogenic than other energy substrate, most likely due 
to the unregulated production of intrahepatic trioses [14].

Fructokinase and aldolase B are expressed in enterocytes, hepatocytes, and renal cells. In hepa-
tocytes, the presence of these enzymes, together with enzymes for gluconeogenesis and de novo 
lipogenesis, allows for the conversion of fructose to glucose, lactate, and fatty acids, which are 
substrates which can be readily used by most cells in the body. In enterocytes, their role remains 
speculative. Glucose is transported from the gut lumen into the enterocytes by means of a sodium 
glucose cotransporter, SGLT1; glucose transport through this process is driven by the positive 
sodium gradient between the gut lumen and the inside of the enterocyte, maintained through the 
constant extrusion of sodium by Na-K ATPase at the basolateral pole of the enterocyte. In contrast, 
fructose is transported from the gut lumen into the enterocyte through a facilitative fructose car-
rier, GLUT5; this transport requires higher intraluminal fructose concentration than free fructose 
concentration within the enterocyte [13]. Fructose metabolism to lactate and glucose may therefore 
be instrumental for intestinal fructose absorption. The role of fructose-metabolizing enzymes in the 
kidney remains a puzzle. When fructose is administered intravenously, arterial blood fructose can 
increase to 2–3 mmol/L, and a substantial amount of fructose is metabolized to glucose and/or lac-
tate metabolism in the kidney [15]. After oral fructose administration, splanchnic fructose uptake 
is nearly complete, and only a small portion reaches the arterial circulation, causing only a small 
transient increase in arterial blood fructose in the 0.1–0.5 mmol/L range. Given the low affinity of 
hexokinases for fructose, it is very unlikely that this triggers any significant fructose metabolism 
in muscles, adipose tissue, or brain cells, and it is therefore possible that the presence of fructose-
metabolizing enzymes in the kidney are responsible for the metabolism of fructose having escaped 
splanchnic metabolism.

SUGAR-INDUCED METABOLIC ALTERATIONS IN ANIMAL MODELS 
AND PROPOSED MECHANISMS

Many studies in animal models (see Chapter 12) indicate that animal fed diets containing large 
amount of fructose (whether as pure fructose or as sucrose or HFCS) lead to increased body fat 
stores and development of dyslipidemia, ectopic lipid deposition in the liver and skeletal muscles, 
and insulin resistance and/or diabetes mellitus [6]. These effects could largely be attributed to the 
fructose component of the diet. In some studies, high-fructose diet also causes high blood pressure 
[16]. These effects are largely documented in rodents, but have been reported in primates as well [17].

The mechanisms underlying these effects are complex and not yet understood. In most studies, 
the presence of sugars in drinking solutions or to solid food is associated with an increased energy 
consumption, which accounts for body weight gain and excess body fat deposition. An increased 
palatability of sugar-enriched diets and/or disruption of the mechanisms regulating food intake 
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may therefore be involved. Rats fed a high-fructose diet together with a modest energy restriction, 
however, still gained body fat mass, suggesting that fructose may specifically enhance body fat 
accretion [18]. Whatever the mechanisms, changes in body fat mass may be central in sugar-induced 
metabolic dysfunction.

In addition to metabolic changes secondary to increased body fat, several factors have been 
proposed to mediate adverse metabolic effects of fructose. Fructose-induced de novo lipogenesis in 
the liver may lead to hepatic steatosis, increased very-low-density lipoprotein (VLDL)-triglyceride 
(TG) secretion, ectopic lipid deposition, and insulin resistance secondary to lipotoxicity in the 
liver and skeletal muscles [19]. Fructose-induced hyperuricemia may cause endothelial dysfunc-
tion, which may contribute to increased blood pressure, on the one hand, and play a role in muscle 
insulin resistance by inhibiting insulin-induced muscle vasodilation [20]. In liver cells, exposure to 
large amounts of fructose can cause an oxidative stress and trigger endoplasmic reticulum stress 
responses [21]; its hepatic metabolism can further generate reactive carbohydrate metabolites, such 
as methylglyoxal, which can secondarily alterate hepatic metabolism [22]; these effects are likely 
to be limited to the liver, however, since the concentration of fructose observed in the systemic cir-
culation is too low to predict direct extrahepatic effects. Dietary fructose may also trigger hepatic 
and systemic inflammation by altering gut microbiota, increasing gut permeability, and enhancing 
the absorption of microbial products such as bacterial lipopolysaccharides into the portal vein [23]. 
All these proposed mechanisms, summarized in Figure 13.1, are animal-based hypothetical mecha-
nisms which certainly raise concerns regarding the safety of sugar in the human diet. Whether 
they are indeed operative in humans, and at which level of exposure to sugar, has however not been 
clearly demonstrated. The following sections will therefore review our present understanding of the 
effects of dietary sugar in human subjects.

EPIDEMIOLOGICAL DATA LINKING CONSUMPTION OF DIETARY SUGARS 
AND HUMAN OBESITY

Epidemiological data generally report an association between consumption of sugars and obesity 
as reviewed in more detail in Chapters 16 and 17. Cross-sectional studies show strong associations 
between consumption of sucrose, fructose, or sugar-sweetened beverages and body weight [24]. 
Prospective studies indicate that sugar consumption is associated with weight gain over time, but 
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also point to effects of other nutritional factors, such as energy dense foods, or low consumption of 
whole grains, fruits, and vegetables [25]. These data are generally consistent with the hypothesis 
that dietary sugars can be involved in body weight gain, but cannot reliably assess a causal roe of 
sugars in this process.

There has been recently some confusion regarding the mechanisms involved in the development 
of obesity, and the concept of obesity as an excess energy intake in regard to energy expenditure has 
been challenged [26]. During the development of obesity, however, body mass and body fat stores 
increase, and the total amount of energy stored within the body therefore increases. In other words, 
somebody who would gain 20 kg body fat over any time lapse will have increased body energy con-
tent by 160,000 kcal. The pathogenesis of obesity therefore implies a positive energy balance, which 
may be secondary to either decreased energy expenditure or increased food intake, or both together.

EFFECTS OF SUGARS ON ENERGY EXPENDITURE

Given the fact that the build-up of body fat results in an imbalance between energy expenditure and 
energy intake, it may be hypothesized that sugars, and more specifically fructose, may cause obesity 
by decreasing energy expenditure. There is presently no evidence for such a mechanism. Several 
studies have documented that acute ingestion of fructose elicits a larger thermic effect than isoca-
loric glucose. This is mainly accounted for by a lower energy efficiency of fructose compared to 
glucose, due to energy loss when fructose is converted into glucose or fat in splanchnic tissues. One 
study reported that long-term fructose decreased basal metabolic rate (but not postprandial energy 
expenditure) [27], but most other studies observed no significant changes in resting or postprandial 
energy expenditure [28].

EFFECTS OF SUGARS ON ENERGY INTAKE

In the absence of patent alterations in energy expenditure, the development of obesity has to be 
accounted for by an energy intake exceeding energy requirements. The effects of dietary sugars on 
satiety and on brain centers involved in food intake control are reviewed in more detail in Chapters 
14 and 15, and we will only mention briefly some relevant aspects here.

The hypothesis that sugars, more than any other dietary nutrients, specifically cause obesity by 
increasing energy intake implies that sugars disrupt the complex homeostatic mechanism regulat-
ing food intake and body weight. This indirectly implies that, when sugars are consumed before 
or added to a mixed meal, the amount of energy consumed from other nutrients in the meal is not 
adequately reduced, and the total energy consumed is increased. This may be due to protein, com-
plex carbohydrate, and fat eliciting satiety signals to match food intake to the energy requirements, 
but sugar failing to elicit such signals. Studies having assessed the effects of sucrose or fructose 
on spontaneous food intake in humans have failed to clearly document that sugars present in solid 
foods or in beverages are actually not adequately compensated by a reduction of energy intake 
from other nutrients [29]. Experimental evaluation of food intake in human subjects is technically 
difficult and has many sources of errors, however. In addition, there is evidence that body weight 
control is achieved by matching energy intake to energy expenditure over periods of several days 
rather than at each meal.

The mechanisms regulating food intake are multiple, highly complex, and yet not fully under-
stood. In fasting conditions, low blood glucose and insulin, and a high secretion of ghrelin from 
gastric endocrine cells, all contribute to stimulate food intake. In contrast, after ingestion of a meal, 
high blood glucose, amino acids, lactate, and insulin all exert direct effects on hypothalamic and 
brain stem centers to reduce food intake. In addition, gut peptides such as GLP1 and PYY contribute 
to inhibit food intake. On top of these acute metabolic signals providing information on minute-to 
minute nutrients availability, blood leptin concentration provides information on the level of adipose 
tissue stores: when adipose stores are low, hypoleptinemia further stimulates food intake, while at 
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the opposite, excess body fat mass causes hyperleptinemia, which should suppress food intake [30]. 
The latter mechanisms appears, however, little efficient, since most obese subjects maintain exces-
sive body fat stores in spite of hyperleptinemia.

It has been reported that fructose ingestion fails to stimulate several of the above-mentioned sati-
ety factors. In healthy or overweight subjects, ingestion of a test meal together with a drink sweetened 
with pure glucose elicited significant postprandial increases in blood glucose, insulin, GLP1, and 
leptin concentrations, together with a suppression in ghrelin concentration. All these responses were 
significantly blunted when the same meal was ingested together with a fructose drink. When meals 
were ingested with sucrose, glucose:fructose mixtures, or HFCS-sweetened drinks, glucose, insu-
lin, and leptin responses were higher, and ghrelin concentrations were intermediate between those 
observed with pure fructose or glucose [31,32]. In addition, it was observed, using brain imaging in 
healthy humans, that consumption of fructose compared with glucose resulted in a distinct pattern 
of regional cerebral blood flow consistent with fructose-containing sugar being less satiating than 
glucose [33]. This may, however, be related to lower insulin concentrations after fructose ingestion.

ROLE OF SUGARS IN THE DEVELOPMENT OF DYSLIPIDEMIA

It has been recognized for several decades that diets containing sucrose or fructose can increase 
blood triglyceride concentration and lower HDL-cholesterol concentrations, as reviewed in more 
detail in Chapter 19. The increase in blood triglyceride is essentially accounted for by an increase in 
VLDL triglycerides [34]. Furthermore, dietary fructose is associated with the production of small, 
dense LDL particles, which may be secondary to an increased modeling of VLDL-TG by choles-
teryl-esther transfer protein and hepatic lipase [35]. All these alterations of blood lipid have been 
associated with an enhanced atherogenic risk.

Interestingly, consumption of a high-fructose diet is associated with two distinct alterations of 
blood lipoprotein metabolism. On the one hand, consuming a high-fructose diet is associated with 
increased fasting VLDL-triglyceride and apoB concentrations, which are mainly secondary to an 
enhanced VLDL secretion by the liver. A marked stimulation of hepatic de novo lipogenesis is 
observed shortly after starting on a high-fructose diet and may contribute to stimulate hepatic VLDL 
secretion [36,37]. On the other hand, there is an increased postprandial blood triglyceride response 
after ingestion of mixed meal together with added fructose or sucrose than after ingestion of the same 
meal with equivalent amounts of glucose [32]. This postprandial VLDL-TG response involves both a 
stimulation of hepatic VLDL secretion and a decreased extrahepatic VLDL-TG clearance; the latter 
may be explained by adipose lipoprotein lipase being stimulated by hyperinsulinemia when meals 
are consumed with glucose, but less so when they are consumed with fructose [38].

The amount of daily fructose needed to enhance blood triglyceride concentrations is still debated. 
Based on meta-analyses having assessed the data of a large number of small-scale fructose studies, 
it was concluded that fasting blood triglyceride concentrations were increased with 100 g fruc-
tose consumed every day, whereas postprandial concentrations were already increased with 50 g 
fructose/day [39]. Given that the average daily sugar consumption in the USA is about 100 g/day, 
corresponding to 50 g fructose/day, these effects may be relevant for half the population. The abso-
lute increase in blood triglyceride observed with very large doses of fructose as part of short-term 
hypercaloric feeding is relatively small, however (about 50% increase for fasting blood triglyceride 
[40], and about 50–130% for postprandial triglyceride), and its real impact on atherogenesis remains 
to be established [32].

EFFECTS OF DIETARY SUGARS ON GLUCOSE HOMEOSTASIS

Ingestion of pure fructose is associated with a much lower blood glucose and insulin response 
than ingestion of an isocaloric amount of glucose. This is observed not only in healthy, lean sub-
jects, but also in obese subjects and patients with type 2 diabetes. As a consequence of this lower 
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glycemic response, 24-h blood glucose profile and glycated hemoglobin concentration decreased 
when sucrose is partially replaced with fructose in the diet of type 2 diabetic subjects [41].

In spite of this improved blood glucose profile, insulin resistance may develop upon exposure to 
high amounts of sugar in the diet, mainly related to fructose impairing insulin’s actions. This rests 
mainly on the observations that animals on a high-fructose diet are prone to develop insulin resis-
tance and diabetes mellitus [6].

The effects of fructose on insulin sensitivity in humans are, however, more contrasted. When 
insulin sensitivity was directly measured with the euglycemic-hyperinsulinemic clamp method, i.v. 
fructose administration did not decrease whole body insulin-mediated glucose disposal, indicat-
ing that it did not impair extrahepatic glucose transport [42]. Fructose, however, increased hepatic 
glucose production, most likely due to intrahepatic fructose conversion into glucose and release of 
the newly formed glucose into the systemic circulation [43]. This was unexpected because gluco-
neogenesis and hepatic glucose output are normally inhibited by insulin. It suggests that the high 
availability of trioses-phosphate as gluconeogenesis precursors overcame insulin inhibition, result-
ing in some degree of hepatic insulin resistance [44].

Although a single administration of fructose did not cause extrahepatic insulin resistance, it 
has been hypothesized that fructose consumption over several days to several weeks may impair 
insulin’s actions in skeletal muscles. One putative mechanism was that fructose-induced hypertri-
glyceridemia would secondarily increase fat deposition in skeletal muscle fibers and cause muscle 
lipotoxicity. This was, however, not observed. Several studies measured the effects of a high-fructose 
diet on insulin sensitivity with hyperinsulinemic-euglycemic clamps in healthy subjects. Although 
the amount of fructose in the diet was quite large in some of these studies, there was no decrease in 
whole body insulin-mediated glucose disposal [42,43,45,46]. There was also no, or only, minimal 
accumulation of fat in skeletal muscles. In contrast, several studies observed a mild impairment 
of hepatic insulin sensitivity, without any substantial increase in fasting glucose concentrations, 
however [43,46].

It has also been proposed that fructose may adversely affect insulin’s actions in subjects with pre-
existing insulin resistance. Although one study observed that a 6-day high-fructose diet decreased 
insulin sensitivity in nondiabetic offsprings of patients with type 2 diabetes [47], another similar 
study failed to observe any such fructose-induced insulin resistance [45]. Furthermore, substituting 
fructose for sucrose in patients with type 2 diabetes mellitus did not alter insulin resistance [48].

Collectively, studies which have directly measured insulin sensitivity generally observed some 
impairment of hepatic insulin sensitivity, but no extrahepatic insulin resistance in response to a 
high-fructose diet. These observations were obtained in small groups of subjects, however, and 
generally involved hypercaloric feeding with very large amounts of pure fructose; similar studies 
using more physiological high-sucrose diet are unfortunately not available. It also remains possible 
that insulin resistance may require much longer exposure to dietary fructose and/or be dependent 
on fructose-induced alterations of body composition.

DE NOVO LIPOGENESIS AND ECTOPIC LIPID DEPOSITION IN LIVER 
CELLS AS KEY MECHANISMS LINKING FRUCTOSE AND METABOLIC 
RISK FACTORS

Nonalcoholic fatty liver disease (NAFLD) is a highly prevalent condition among obese subjects. 
It can evolve from hepatic steatosis to nonalcoholic steatohepatitis, hepatic fibrosis, and eventu-
ally to nonalcoholic cirrhosis. The accumulation of fat in the liver is highly associated with insulin 
resistance. Intrahepatic fat has even been shown to be a better predictor of insulin resistance than 
visceral fat volume [49].

Although nonesterified fatty acid make the major contribution to intrahepatic fat in NAFLD [50], 
fatty acids synthetized from dietary sugar can also represent up to about 30% of intrahepatic lipids 



188 Dietary Sugars and Health

[51]. Genetic factors appear to be involved as well: at similar excess body fat mass, obese Hispanics 
have a higher prevalence of NAFLD than Caucasians [52]. A common polymorphism of PNPLA3, 
a lipase expressed in hepatic and extrahepatic tissues, which may act both as a lipolytic and lipo-
genic enzyme [53], is associated with increased hepatic fat content [54]. In mice, overexpression of 
PNPLA3 increases de novo lipogenesis and deposition of newly formed lipids in the liver [55]. In a 
multi-ethnic US adolescent population, dietary sugar intake is associated with intrahepatic fat only in 
subjects expressing the PNPLA3 variant [56]. The presence of the PNPLA3 polymorphism conferring 
an increase hepatic fat content is not associated with insulin resistance, however. It has been recently 
reported that the fatty acid composition of intrahepatic fat secondary to obesity differed from that of 
lipids synthesized by Hyysalo et al. [57], providing a possible explanation for this discrepancy.

There are several reasons to suspect that intake of dietary sugars may play a role in the develop-
ment of NAFLD. Rodents rapidly develop hepatic steatosis when put on a high-fructose diet [6]. In 
healthy humans, intrahepatic fat content can be increased two-fold after only a few days on a high-
fructose, hypercaloric diet [58,59].

This increase in hepatic fat content is quantitatively modest, but the effects of longer time fruc-
tose administration remain unknown. Animal experiments indicate that fructose produces an oxida-
tive stress on liver cells, which may in the long run trigger the development of hepatic inflammation 
and fibrosis. In addition, fructose metabolism leads to the intrahepatic synthesis of methyglyoxal, 
which may also promote tissue fibrosis [22]. Therefore, a high-fructose intake may play a role in 
the development of hepatic inflammation and in the progression of hepatic steatosis to nonalcoholic 
steatohepatitis.

URIC ACID AS A MEDIATOR OF FRUCTOSE’S ADVERSE EFFECTS

Hyperuricemia is observed in high-fructose-fed rodents and it is generally attributed to an increase 
in uric acid production [60]. A high-fructose intake has also been reported to cause hyperten-
sion in some rat models [61]. It has further been reported that fructose-induced hyperuricemia 
may impair endothelium-mediated vasodilation, thus contributing to the development, not only 
of hypertension, but also of muscle insulin resistance [60]. In humans, however, the role of uric 
acid as a mediator of fructose’s adverse effects has yet received little attention. One study reported 
that consumption of a fructose-supplemented diet increased both blood pressure and uric acid 
concentration; in this study, prevention of hyperuricemia by the administration of an uricosuric 
agent prevented the rise in blood pressure, but not the development of other metabolic disturbances 
induced by fructose [62].

GENDER DIFFERENCES FOR FRUCTOSE’S METABOLIC EFFECTS

Several observations indicate that the effects of a high-fructose intake vary according to gender. 
The metabolic consequences of a high-fructose diet are markedly attenuated in females compared 
to male rats. Oophorectomy, however, abolishes these differences, suggesting that female sex hor-
mones may attenuate fructose’s effects [63]. Short-term fructose overfeeding increases fasting 
plasma triglyceride to a lesser extent in normal weight premenopausal women than in men [64]. 
A short-term high-fructose diet also fails to decrease hepatic insulin sensitivity in premenopausal 
women [64]. Furthermore, a high-fructose diet, when administered over a 10-week period, increases 
visceral fat mass and enhances the blood glucose responses to a glucose load only in men [65].

GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

Starchy foods, yielding directly glucose when digested, represent the largest source of dietary car-
bohydrates in nature. Many frugivorous animals also feed on fruits and honey containing fructose, 
glucose, and sucrose in substantial amounts. Although fruit availability is seasonal in most parts of 
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the world, this source of energy has long been appreciated, as attested by the widespread presence 
of fructose-metabolizing enzymes in vertebrates. Expressing specific enzymes in all cell types for 
the sole purpose of metabolizing one seasonal substrate was certainly not advantageous; it made 
more sense to concentrate them in a limited number of organs which would convert fructose into 
substrates that could be used by all cell types, that is, glucose, lactate, and fatty acids.

Specific enzymes for fructose metabolism are fructokinase, aldolase B, and triokinase; together, 
they convert fructose into trioses-phosphate, which can be converted into glucose, lactate, or fatty 
acids. Contrary to glycolytic enzymes, they do not need to be activated by insulin and are not 
inhibited by intracellular metabolites or ATP and hence metabolize fructose at a very high rate [66]. 
They are mainly expressed in the gut mucosa, the liver, and the kidney [67]. Interestingly, these are 
also the only organs in the body which synthesize quantitative amounts of glucose-6-phosphatase, 
the enzyme enabling to release glucose into the blood. The functional role of fructose-metabolizing 
enzymes is somewhat different in each of these organs, however. In the gut, fructose is absorbed 
by the facilitative transporter GLUT5, and this process requires the presence of a concentration 
gradient between the intestinal lumen and the enterocytes; the main role for fructose-metaboliz-
ing enzymes in the gut may therefore be to maintain a low intracellular fructose concentration to 
facilitate fructose absorption. In the liver, they are responsible for the near-complete extraction 
of fructose released from the gut and its immediate conversion into trioses-phosphate. Trioses-
phosphate are primarily converted into glucose and lactate and released in the blood to serve as 
energy  substrates in extrahepatic cells; one part also ends up to replenish hepatic glycogen; finally, 
some fructose can be converted into fat which is either stored as intrahepatic fat or secreted with 
VLDLs [68]. Whatever fructose escapes hepatic uptake is metabolized in the kidney, whereas in the 
liver, it is converted into lactate and glucose [69].

This two-step metabolism allows for the efficient use of an energy-rich substrate inconstantly 
present in our diet. It comes, however, with some energetic cost, since the synthesis of glucose and 
fat are energy-requiring processes, in which, respectively, 5–10 and 30% of the energy content of 
fructose is lost as heat [70]. Although energetically suboptimal, hepatic de novo fat synthesis is 
clearly advantageous under special conditions. Black bears take advantage of the high availability 
of fruits and berries in late summer and fall to build up their body fat stores before hibernating. 
Humming birds support the high energy cost of their hovering flight by metabolizing the sugar pres-
ent in the nectar of flowers, while at the same time storing fat required for their migration [71]. For 
most birds, hepatic fat synthesis is indeed the major pathway for storing body fat.

In humans, switching from a low- to a high-fructose diet comes together with substantial changes 
regarding how nutrients are distributed within the body. In this context, an increase in glucose pro-
duction, a rise in blood triglycerides, or a stimulation of hepatic de novo lipogenesis are all normal, 
adaptive changes, which cannot be considered as early markers of metabolic dysfunction. The fate 
of fructose carbons depend on key regulatory steps illustrated in Figure 13.2. Intrahepatic conver-
sion of fructose into trioses-phosphate is directly related to the rate of intestinal fructose absorption; 
synthesis and release of lactate and glucose are likely to be the prime pathways to be activated, 
since they involve little energy loss; the rate of glucose and lactate release is, however, limited, by 
glucoregulatory mechanisms for glucose, and by unknown mechanisms, possibly related to lactate 
transport or pH regulation, for lactate; fructose can also be stored as hepatic glycogen, although 
in limited amounts. When all these pathways are saturated, trioses-phosphate are converted into 
lipids, but their release into the blood is limited by the rate of VLDL assembly, and some fat is 
temporarily stored within liver cells. Knowing these bottlenecks for trioses-phosphate disposal, one 
may predict how fructose’s effects will vary according to prevalent conditions. First, in individuals 
with a high energy turnover, utilization of fructose-derived glucose and lactate will be enhanced. 
Second, a high energy turnover will also increase hepatic glycogen breakdown and therefore will 
allow conversion of more fructose into glycogen at the next meal. Exercise, the major factor increas-
ing energy turnover, plays therefore a key role in preventing fructose conversion into fat [72]. Third, 
with ingestion of large fructose loads, maximal rates for fructose disposal as lactate and glucose/
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glycogen and for VLDL secretion are likely to be exceeded, and intrahepatic fat synthesis will 
increase. Therefore, not only the amount of fructose ingested daily, but also its pattern of intake may 
determine its metabolic effects. Finally, there may be interindividual variations in trioses-phosphate 
disposal according to genetic factors, gender, or environmental variables, which may have conse-
quences on body fat distribution or on exposure of the liver to stress. Such mechanisms have been 
documented in chickens, in which body fat gain in chicken inversely related to the hepatic secretion 
of lipoproteins [73]. The issues to be addressed in future studies are therefore not whether fructose 
stimulates de novo lipogenesis or increases intrahepatic fat, but whether these adaptive responses 
may be abnormal in subjects at risk of developing metabolic or cardiovascular diseases.
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metabolic dysfunctions.



191Contributions of Sugars to Metabolic Disorders in Human Models

REFERENCES

 1. Mintz SN. Sweetness and Power: The Place of Sugar in Modern History; 1985. Penguin Books, New 
York. ISBN 978-0-14-009233-2.

 2. Hanover LM, White JS. Manufacturing, composition, and applications of fructose. Am J Clin Nutr. 
1993;58(5 Suppl):724S–32S.

 3. Ludwig DS. The glycemic index: Physiological mechanisms relating to obesity, diabetes, and cardiovas-
cular disease. JAMA. 2002;287(18):2414–23.

 4. Bantle JP. Clinical aspects of sucrose and fructose metabolism. Diabetes Care. 1989;12(1):56–61.
 5. Bray GA. Fructose: Pure, white, and deadly? Fructose, by any other name, is a health hazard. J Diabetes 

Sci Technol. 2010;4(4):1003–7.
 6. Bizeau ME, Pagliassotti MJ. Hepatic adaptations to sucrose and fructose. Metabolism. 

2005;54(9):1189–201.
 7. Johnson RJ, Segal MS, Sautin Y, Nakagawa T, Feig DI, Kang DH et al. Potential role of sugar (fructose) 

in the epidemic of hypertension, obesity and the metabolic syndrome, diabetes, kidney disease, and car-
diovascular disease. Am J Clin Nutr. 2007;86(4):899–906.

 8. Basu S, Yoffe P, Hills N, Lustig RH. The relationship of sugar to population-level diabetes prevalence: 
An econometric analysis of repeated cross-sectional data. PLoS One. 2013;8(2):e57873.

 9. Goran MI, Ulijaszek SJ, Ventura EE. High fructose corn syrup and diabetes prevalence: A global perspec-
tive. Glob Public Health. 2013;8(1):55–64.

 10. Bray GA, Nielsen SJ, Popkin BM. Consumption of high-fructose corn syrup in beverages may play a role 
in the epidemic of obesity. Am J Clin Nutr. 2004;79(4):537–43.

 11. Thorens B, Mueckler M. Glucose transporters in the 21st Century. Am J Physiol Endocrinol Metab. 
2010;298(2):E141–5.

 12. Postic C, Shiota M, Magnuson MA. Cell-specific roles of glucokinase in glucose homeostasis. Recent 
Progr Hormone Res. 2001;56:195–217.

 13. Douard V, Ferraris RP. Regulation of the fructose transporter GLUT5 in health and disease. Am J Physiol 
Endocrinol Metab. 2008;295(2):E227–37.

 14. Mayes PA. Intermediary metabolism of fructose. Am J Clin Nutr. 1993;58(5 Suppl):754S–65S.
 15. Ahlborg G, Bjorkman O. Splanchnic and muscle fructose metabolism during and after exercise. J Appl 

Physiol. 1990;69(4):1244–51.
 16. Hwang IS, Ho H, Hoffman BB, Reaven GM. Fructose-induced insulin resistance and hypertension in 

rats. Hypertension. 1987;10:512–6.
 17. Bremer AA, Stanhope KL, Graham JL, Cummings BP, Wang W, Saville BR et al. Fructose-fed rhesus 

monkeys: A nonhuman primate model of insulin resistance, metabolic syndrome, and type 2 diabetes. 
Clin Transl Sci. 2011;4(4):243–52.

 18. Sanchez-Lozada LG, Mu W, Roncal C, Sautin YY, Abdelmalek M, Reungjui S et al. Comparison of free 
fructose and glucose to sucrose in the ability to cause fatty liver. Eur J Nutr. 2010;49(1):1–9.

 19. Stanhope KL, Havel PJ. Fructose consumption: Potential mechanisms for its effects to increase visceral 
adiposity and induce dyslipidemia and insulin resistance. Curr Opin Lipidol. 2008;19(1):16–24.

 20. Nakagawa T, Hu H, Zharikov S, Tuttle KR, Short RA, Glushakova O et al. A causal role for uric acid in 
fructose-induced metabolic syndrome. Am J Physiol (Renal Physiol). 2006;290(3):F625–31.

 21. Zhang C, Chen X, Zhu RM, Zhang Y, Yu T, Wang H et al. Endoplasmic reticulum stress is involved in hepatic 
SREBP-1c activation and lipid accumulation in fructose-fed mice. Toxicol Lett. 2012;212(3):229–40.

 22. Lee O, Bruce WR, Dong Q, Bruce J, Mehta R, O’Brien PJ. Fructose and carbonyl metabolites as endog-
enous toxins. Chem Biol Interact. 2009;178(1–3):332–9.

 23. Bergheim I, Weber S, Vos M, Kramer S, Volynets V, Kaserouni S et al. Antibiotics protect against fruc-
tose-induced hepatic lipid accumulation in mice: Role of endotoxin. J Hepatol. 2008;48(6):983–92.

 24. Malik VS, Popkin BM, Bray GA, Despres JP, Hu FB. Sugar-sweetened beverages, obesity, type 2 diabe-
tes mellitus, and cardiovascular disease risk. Circulation. 2010;121(11):1356–64.

 25. Mozaffarian D, Hao T, Rimm EB, Willett WC, Hu FB. Changes in diet and lifestyle and long-term weight 
gain in women and men. New Engl J Med. 2011;364(25):2392–404.

 26. Taubes G. Treat obesity as physiology, not physics. Nature. 2012;492(7428):155.
 27. Cox CL, Stanhope KL, Schwarz JM, Graham JL, Hatcher B, Griffen SC et al. Consumption of fructose-

sweetened beverages for 10 weeks reduces net fat oxidation and energy expenditure in overweight/obese 
men and women. Eur J Clin Nutr. 2012;66(2):201–8.

 28. Tappy L, Egli L, Lecoultre V, Schneider P. Effects of fructose-containing caloric sweeteners on resting 
energy expenditure and energy efficiency: A review of human trials. Nutr Metab. 2013;10(1):54.



192 Dietary Sugars and Health

 29. Rodin J. Comparative effects of fructose, aspartame, glucose, and water preloads on calorie and macro-
nutrient intake. Am J Clin Nutr. 1990;51(3):428–35.

 30. Cummings DE, Overduin J. Gastrointestinal regulation of food intake. J Clin Invest. 2007;117(1):13–23.
 31. Teff KL, Elliott SS, Tschöp M, Kieffer TJ, Rader D, Heiman M et al. Dietary fructose reduces circulating 

insulin and leptin, attenuates postprandial suppression of ghrelin, and increases triglycerides in women. 
J Clin Endocrinol Metab. 2004;89:2963–72.

 32. Stanhope KL, Griffen SC, Bair BR, Swarbrick MM, Keim NL, Havel PJ. Twenty-four-hour endocrine 
and metabolic profiles following consumption of high-fructose corn syrup-, sucrose-, fructose-, and 
 glucose-sweetened beverages with meals. Am J Clin Nutr. 2008;87(5):1194–203.

 33. Page KA, Chan O, Arora J, Belfort-Deaguiar R, Dzuira J, Roehmholdt B et al. Effects of fructose vs glu-
cose on regional cerebral blood flow in brain regions involved with appetite and reward pathways. JAMA. 
2013;309(1):63–70.

 34. Fried SK, Rao SP. Sugars, hypertriglyceridemia, and cardiovascular disease. Am J Clin Nutr. 
2003;78(4):873S–80S.

 35. Gerber PA, Berneis K. Regulation of low-density lipoprotein subfractions by carbohydrates. Curr Opin 
Clin Nutr Metab Care. 2012;15(4):381–5.

 36. Theytaz F, Noguchi Y, Egli L, Campos V, Buehler T, Hodson L et al. Effects of supplementation with 
essential amino acids on intrahepatic lipid concentrations during fructose overfeeding in humans. Am J 
Clin Nutr. 2012;98:1008–16.

 37. Egli L, Lecoultre V, Theytaz F, Campos V, Hodson L, Schneiter P et  al. Exercise prevents fructose-
induced hypertriglyceridemia in healthy young subjects. Diabetes. 2013;62(7):2259–65.

 38. Chong MF, Fielding BA, Frayn KN. Mechanisms for the acute effect of fructose on postprandial lipemia. 
Am J Clin Nutr. 2007;85(6):1511–20. PubMed PMID: 17556686.

 39. Livesey G, Taylor R. Fructose consumption and consequences for glycation, plasma triacylglycerol, 
and body weight: Meta-analyses and meta-regression models of intervention studies. Am J Clin Nutr. 
2008;88(5):1419–37.

 40. Lecoultre V, Carrel G, Egli L, Binnert C, Boss A, Macmillan EL et al. Coffee consumption attenuates 
short-term fructose-induced liver insulin resistance in healthy men. Am J Clin Nutr. 2014;99(2):268–75.

 41. Sievenpiper JL, Vuksan V, Wong EY, Mendelson RA, Bruce-Thompson C. Effect of meal dilution on the 
postprandial glycemic response: Implications for glycemic testing. Diabetes Care. 1998;21(5):711–6.

 42. Le KA, Faeh D, Stettler R, Ith M, Kreis R, Vermathen P et al. A 4-wk high-fructose diet alters lipid 
metabolism without affecting insulin sensitivity or ectopic lipids in healthy humans. Am J Clin Nutr. 
2006;84(6):1374–9.

 43. Faeh D, Minehira K, Schwarz JM, Periasamy R, Park S, Tappy L. Effect of fructose overfeeding and 
fish oil administration on hepatic de novo lipogenesis and insulin sensitivity in healthy men. Diabetes. 
2005;54(7):1907–13.

 44. Schwarz JM, Acheson KJ, Tappy L, Piolino V, Muller MJ, Felber JP et al. Thermogenesis and fructose 
metabolism in humans. Am J Physiol. 1992;262(5 Pt 1):E591–8.

 45. Le KA, Ith M, Kreis R, Faeh D, Bortolotti M, Tran C et al. Fructose overconsumption causes dyslipid-
emia and ectopic lipid deposition in healthy subjects with and without a family history of type 2 diabetes. 
Am J Clin Nutr. 2009;89(6):1760–5.

 46. Aeberli I, Hochuli M, Gerber PA, Sze L, Murer SB, Tappy L et al. Moderate amounts of fructose con-
sumption impair insulin sensitivity in healthy young men: A randomized controlled trial. Diabetes Care. 
2013;36(1):150–6.

 47. Hokayem M, Blond E, Vidal H, Lambert K, Meugnier E, Feillet-Coudray C et al. Grape polyphenols 
prevent fructose-induced oxidative stress and insulin resistance in first-degree relatives of type 2 diabetic 
patients. Diabetes Care. 2013;36(6):1454–61. PubMed PMID: 23275372. Pubmed Central PMCID: 
3661802. Epub 2013/01/01.eng.

 48. Thorburn AW, Crapo PA, Griver K, Wallace P, Henry RR. Long-term effects of dietary fructose on car-
bohydrate metabolism in non-insulin-dependent diabetes mellitus. Metabolism. 1990;39(1):58–63.

 49. Fabbrini E, Magkos F, Mohammed BS, Pietka T, Abumrad NA, Patterson BW et  al. Intrahepatic 
fat, not visceral fat, is linked with metabolic complications of obesity. Proc Natl Acad Sci USA. 
2009;106(36):15430–5.

 50. Fabbrini E, Mohammed BS, Magkos F, Korenblat KM, Patterson BW, Klein S. Alterations in adi-
pose tissue and hepatic lipid kinetics in obese men and women with nonalcoholic fatty liver disease. 
Gastroenterology. 2008;134(2):424–31.

 51. Ouyang X, Cirillo P, Sautin Y, McCall S, Bruchette JL, Diehl AM et al. Fructose consumption as a risk 
factor for non-alcoholic fatty liver disease. J Hepatol. 2008;48(6):993–9.



193Contributions of Sugars to Metabolic Disorders in Human Models

 52. Kim JS, Le KA, Mahurkar S, Davis JN, Goran MI. Influence of elevated liver fat on circulating adipocy-
tokines and insulin resistance in obese Hispanic adolescents. Pediatric Obesity. 2012;7(2):158–64.

 53. Kumashiro N, Yoshimura T, Cantley JL, Majumdar SK, Guebre-Egziabher F, Kursawe R et al. The role of 
patatin-like phospholipase domain-containing 3 on lipid-induced hepatic steatosis and insulin resistance 
in rats. Hepatology. 2013;57(5):1763–72. Epub 2012/11/24.Eng.

 54. Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA et al. Genetic variation in PNPLA3 
confers susceptibility to nonalcoholic fatty liver disease. Nature Genet. 2008;40(12):1461–5.

 55. Li JZ, Huang Y, Karaman R, Ivanova PT, Brown HA, Roddy T et  al. Chronic overexpression of 
PNPLA3I148M in mouse liver causes hepatic steatosis. J Clin Invest. 2012;122:4130–44.

 56. Goran MI, Walker R, Le KA, Mahurkar S, Vikman S, Davis JN et al. Effects of PNPLA3 on liver fat and 
metabolic profile in Hispanic children and adolescents. Diabetes. 2010;59(12):3127–30.

 57. Hyysalo J, Gopalacharyulu P, Bian H, Hyotylainen T, Leivonen M, Jaser N et al. Circulating triacylglyc-
erol signatures in nonalcoholic fatty liver disease associated with the I148M variant in PNPLA3 and with 
obesity. Diabetes. 2014;63(1):312–22.

 58. Le KA, Ith M, Kreis R, Faeh D, Bortolotti M, Tran C et al. Fructose overconsumption causes dyslipid-
emia and ectopic lipid deposition in healthy subjects with and without a family history of type 2 diabetes. 
Am J Clin Nutr. 2009;89(6):1760–5.

 59. Tappy L, Le KA. Does fructose consumption contribute to non-alcoholic fatty liver disease? Clin Res 
Hepatol Gastroenterol. 2012;36:554–60.

 60. Johnson RJ, Segal MS, Sautin Y, Nakagawa T, Feig DI, Kang DH et al. Potential role of sugar (fructose) 
in the epidemic of hypertension, obesity and the metabolic syndrome, diabetes, kidney disease, and car-
diovascular disease. Am J Clin Nutr. 2007;86(4):899–906.

 61. Reaven GM, Ho H, Hoffman BB. Effects of a fructose-enriched diet on plasma insulin and triglyceride 
concentration in SHR and WKY rats. Horm Metab Res. 1990;22:363–5.

 62. Perez-Pozo SE, Schold J, Nakagawa T, Sanchez-Lozada LG, Johnson RJ, Lillo JL. Excessive fructose 
intake induces the features of metabolic syndrome in healthy adult men: Role of uric acid in the hyper-
tensive response. Int J Obesity. 2010;34(3):454–61.

 63. Galipeau D, Verma S, McNeill JH. Female rats are protected against fructose-induced changes in metab-
olism and blood pressure. Am J Physiol Heart Circulatory Physiol. 2002;283(6):H2478–84.

 64. Couchepin C, Le KA, Bortolotti M, da Encarnacao JA, Oboni JB, Tran C et al. Markedly blunted meta-
bolic effects of fructose in healthy young female subjects compared with male subjects. Diabetes Care. 
2008;31(6):1254–6.

 65. Stanhope KL, Schwarz JM, Keim NL, Griffen SC, Bremer AA, Graham JL et al. Consuming fructose-
sweetened, not glucose-sweetened, beverages increases visceral adiposity and lipids and decreases insu-
lin sensitivity in overweight/obese humans. J Clin Invest. 2009;119(5):1322–34.

 66. Mayes PA. Intermediary metabolism of fructose. Am J Clin Nutr. 1993;58(5 Suppl):754S–65S.
 67. Shmueli O, Horn-Saban S, Chalifa-Caspi V, Shmoish M, Ophir R, Benjamin-Rodrig H et  al. 

GeneNote: Whole genome expression profiles in normal human tissues. Comptes Rendus Biologies. 
2003;326(10–11):1067–72.

 68. Tappy L, Le KA. Metabolic effects of fructose and the worldwide increase in obesity. Physiol Rev. 
2010;90(1):23–46.

 69. Bjorkman O, Felig P. Role of the kidney in the metabolism of fructose in 60-hour fasted humans. 
Diabetes. 1982;31(6 Pt 1):516–20.

 70. Acheson KJ, Schutz Y, Bessard T, Ravussin E, Jequier E, Flatt JP. Nutritional influences on lipogenesis 
and thermogenesis after a carbohydrate meal. Am J Physiol. 1984;246(1 Pt 1):E62–70.

 71. Suarez RK, Herrera ML, Welch KC, Jr. The sugar oxidation cascade: Aerial refueling in hummingbirds 
and nectar bats. J Exp Biol. 2011;214:172–8.

 72. Egli L, Lecoultre V, Theytaz F, Campos V, Hodson L, Schneiter P et  al. Exercise prevents fructose-
induced hypertriglyceridemia in healthy young subjects. Diabetes. 2013; 62:2259–65.

 73. Hermier D. Lipoprotein metabolism and fattening in poultry. J Nutr. 1997;127(5 Suppl):805S–8S.





195

Satiating Effects of Fructose 
and Glucose

Yada Treesukosol and Timothy H. Moran

KEY POINTS

• Fructose and glucose share taste signaling pathways, yet differ in a number of other sig-
nificant ways.

• On a molar basis, compared to glucose, fructose appears sweeter and less effective at 
altering feeding-related gut peptides. Fructose and glucose have opposite effects on AMP-
activated protein kinase, a central energy sensor, and differential effects on activation of 
feeding-related cortical areas.

• In long-term tests, intake of fructose is less than that of glucose.
• Overall, preload experiments comparing the relative effects of glucose and fructose on 

subsequent food intake find no differences or greater suppression on intake in response to 
a fructose preload.

INTRODUCTION

Fructose, like glucose, is a monosaccharide, and together they make up the disaccharide sucrose. 
However, glucose and fructose do differ in a number of important ways. These saccharides appear 
to share taste-signaling pathways but on a molar basis elicit different intensities. Does this in turn 
lead to differences in relative intake? What are the consequences of long-term exposure to these 
compounds? How do these saccharides contribute to potentially differential effects on satiety and 
metabolism? How do glucose and fructose affect appetite-associated neural signals? In this chapter, 
we will review the literature in the context of these questions.
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TASTE TRANSDUCTION OF GLUCOSE AND FRUCTOSE

Recent discoveries in rodents have contributed to evidence supporting the necessity of the T1R2 and 
T1R3 proteins (encoded by the genes Tas1r2 and Tas1r3, respectively) in the mediation of “sweet” 
taste. Based on intracellular calcium imaging responses in HEK-293-derived cells transfected with rat, 
mouse, or human T1R2 and T1R3, it has been shown that the subunits combine to form a heterodimer 
broadly tuned to bind with a range of compounds that humans describe as sweet and for which rodents 
show a preference [1–3]. These stimuli include glucose and fructose [2] although there is evidence that 
fructose elicits a more robust effect than glucose [1]. Consistent with this view, there is a high degree 
of co-expression of T1R3 with T1R2 (or T1R1) in taste receptor cells [1,4–6]. Electrophysiological 
recordings from the chorda tympani (CT) nerve, which innervates the anterior tongue, and the glos-
sopharyngeal (GL) nerve, which innervates the posterior tongue, show that T1R2 KO and T1R3 KO 
mice have markedly reduced responses to natural sugars including glucose and fructose compared 
with WT mice, but display weak residual responses, particularly at higher concentrations [7–10].

Electrophysiological measures in rats have shown that both 0.5 M fructose and 0.5 M glucose 
evoke responses in the greater superficial petrosal (GSP; a branch of the facial nerve that innervates 
taste receptor fields of the soft palate) and the CT nerve. Consistent with findings from calcium 
imaging in transfected cells, controlling for relative concentration, fructose elicits a larger response 
than glucose [11] for both the tonic and phasic components of response [12]. Both stimuli elicit 
larger responses in the GSP compared to the CT.

Similarly, central electrophysiological recordings reveal that sweeteners including fructose and 
glucose elicit similar neural responses across S-neurons in hamster parabrachial neurons (sec-
ond-order relay in the rodent gustatory pathway) [13]. Although both fructose and glucose elicit 
responses in the rat nucleus of the solitary tract (NST; the first central relay for ascending gustatory 
information), fructose has relatively higher effectiveness than glucose [14]. In regards to neural 
profiles, sucrose appears to elicit a response closer to that of fructose than to glucose in the NST 
[15] and in ventroposteromedial nucleus of the thalamus [16] in rats. Thus, while the transduction of 
signaling elicited by glucose and fructose is similar, fructose is a relatively more effective stimulus.

BEHAVIORAL: QUALITATIVE IDENTIFICATION OF FRUCTOSE AND GLUCOSE

Intake measures in rats also suggest that the relative “sweetness” of fructose is higher than that of 
glucose [17] although in studies that render intensity a less salient cue, this difference is not appar-
ent. Based on data generated from rats and hamsters conditioned to avoid particular compounds, it 
appears that both glucose and fructose generalize to sucrose [18]. Similarly, measures arranged in a 
three-dimensional space by two multidimensional scaling procedures in humans show that glucose 
and fructose tend to fall near each other [19]. Glucose and fructose appear to elicit unitary percepts in 
both humans [20] and mice [21], with evidence in both studies of discrimination based on intensity.

Relative overall ingestion of glucose and fructose depends on the testing paradigms employed. 
Examining lick rates in brief-access tests in which satiety influences are minimized has revealed 
that rats show a small but consistent increased rate of ingestion of fructose relative to glucose across 
concentrations suggestive of increased fructose palatability or preference [22]. Such a finding is 
consistent with results from measures of perceived sweetness of the sugars dating back to 1925 [23]. 
Thus, although fructose and glucose activate the same receptor and signaling pathways and appear 
to elicit similar sensations, both electrophysiological and behavioral data demonstrate that fructose 
is sweeter on a molar basis.

CONSEQUENCES OF LONG-TERM SACCHARIDE EXPOSURE

However, longer ingestion tests that compared the overall ingestion of saccharide solutions suggest 
that while fructose is sweeter, this does not necessarily lead to greater ingestion. In tests in which 
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saccharide solutions were always available, rats consumed more glucose, maltose, and sucrose 
 relative to fructose, suggesting that factors other than relative sweetness or palatability were ulti-
mately controlling intake [24]. Chronic access to saccharide solutions, in general, has been associ-
ated with increased food intake and body weight gain in rodent studies and there is the suggestion 
that access to fructose leads to greater weight gain. For example, a study that compared the effects 
of chronic access to high concentrations of glucose, sucrose, or fructose demonstrated that while all 
three saccharides resulted in excess caloric intake, weight gain, and increased fat deposition, rats 
with fructose access gained the most weight [25]. Jurgens et al. [26] have demonstrated that mice 
with access to a 15% fructose solution gained significantly more weight and had significantly higher 
percentages of body fat. Interpretations from this study are complicated by the different concentra-
tions of sucrose and fructose and the absence of a glucose-only condition. Similarly, the interpre-
tation by Bocarsly et al. [27] that 55% high-fructose corn syrup leads to greater weight gain than 
sucrose in rats with 12-h daily access are complicated by differential results in short- and long-term 
studies and different concentrations of the saccharides.

GASTROINTESTINAL EFFECTS OF GLUCOSE AND FRUCTOSE

Glucose and fructose are differently absorbed in the gastrointestinal tract, and their ingestion results 
in very different endocrine and metabolic states. Glucose is mainly absorbed from the duodenum 
via the sodium-dependent glucose transporter (SGLT-1), whereas fructose is absorbed by a facili-
tated diffusion via GLUT-5 [28] that is primarily expressed in the duodenum and jejunum. GLUT-2, 
a low-affinity transporter, plays some role with both fructose and glucose via facilitative diffusion 
[28]. These differential transport mechanisms and the endocrine and neural responses they trigger 
may contribute to the different rates of gastric emptying for glucose and fructose [29]. The gastric 
emptying of glucose solutions is characterized by two phases, an initial rapid rate of emptying 
affected primarily by the gastric volume and rate of stomach filling [30]. This is followed by a 
slower linear phase of emptying that is sensitive to the glucose concentration such that emptying is 
slower with more concentrated solutions, allowing an equivalent rate of glucose delivery from the 
stomach to the intestine over a wide range of glucose concentrations [31]. The gastric emptying of 
fructose is more rapid and less linear. Emptying does slow with increasing fructose concentration 
but the overall rate of delivery of fructose from the stomach to the intestine is more exponential in 
character and almost twice the rate of glucose [29].

The gastrointestinal presence of glucose and fructose results in differing profiles of hormones 
that affect food intake. Teff et al. [32] monitored 24-h plasma profiles of a variety of endocrine 
parameters in response to subjects consuming three meals in which 30% of the total energy intake 
was in the form of free glucose or free fructose. Consistent with the known effects of glucose and 
fructose on insulin secretion, the high-glucose meals elevated plasma glucose and insulin signifi-
cantly more than did the high-fructose diet. The high-glucose meals also resulted in higher levels 
of the adiposity hormone leptin that signals the availability of nutrient stores. These higher levels 
were maintained throughout most of the day. The high-glucose meals were also more effective in 
producing greater postprandial decreases in plasma levels of the gastric orexigenic hormone ghre-
lin. This overall profile of decreased elevations in the adiposity signals such as insulin and leptin, 
and smaller postprandial decreases in the orexigenic peptide ghrelin has been suggested to have 
the potential to result in decreased satiety and increased food intake during long-term fructose 
consumption. In a longer study in rats, Lindqvist et al. [33] monitored the effects of access to sugar 
solutions of glucose, fructose, or sucrose. Access to all three saccharides decreased chow intake 
although less fructose was consumed than glucose or sucrose. Fructose was less effective at elevat-
ing serum leptin and resulted in higher levels of serum ghrelin than either glucose or sucrose. Thus, 
even though the lower fructose consumption may have contributed to the diminished effects on 
leptin and ghrelin levels, the findings are similar to those from the study of Teff et al. [32]—lower 
levels of adiposity signals and relatively higher levels of the feeding stimulatory hormone ghrelin.
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The ability of glucose and fructose to differentially affect the secretion of the lower gut hormones 
glucagon like peptide 1 (GLP-1) and peptide YY (PYY) has also been investigated. These peptides 
are secreted from intestinal L-cells that are found mainly in the distal intestine. Both peptides, 
when exogenously administered, decrease food intake and slow gastric emptying. In the Lindqvist 
et al. [33] study reported above, both sucrose and glucose consumption resulted in increased levels 
of serum PYY following consumption for 24 h, whereas fructose did not. In a study examining the 
ability of gastric loads of a range of sweeteners to affect fullness and gut hormone levels, Steinert 
et al. [34] demonstrated that although both glucose and fructose loads resulted in increased ratings 
of satiety and fullness, glucose resulted in significantly greater plasma levels of the satiety hor-
mones GLP-1 and PYY. Gastric glucose also resulted in a greater decrease in plasma ghrelin than 
did gastric fructose. Some interpretational caution is necessary here as the glucose and fructose 
loads were not equivalent but were equated based on ratings of sweetness resulting in twice as much 
glucose in the gastric load as there was for fructose.

In a study that compared the effects of equal amounts of glucose and fructose consumed as a 
beverage on appetite hormones, Bowen et al. [35] found no differences in the ability of the glucose 
and fructose drinks to elevate the plasma levels of GLP-1 or of the duodenal satiety hormone cho-
lecystokinin in obese subjects. In this study, the total loads of glucose and fructose were relatively 
small (50 g) and it may be the case that higher levels of ingestion are necessary to identify dif-
ferences in gut hormone levels. Using a larger load (75 g) of fructose and glucose given orally to 
normal weight subjects, Kong et al. [36] found that fructose was less effective at elevating plasma 
GLP-1.

One study has examined the effects of intraduodenal fructose and glucose on plasma GLP-1 
levels [37]. The intraduodenal route of administration gets around differential nutrient delivery that 
would occur as the solutions emptied from the stomach. In this case, no differences were found in 
the ability of slow infusions (2 mL) of 25% glucose and fructose to elevate plasma GLP-1, suggest-
ing that differences in studies using oral or gastric administration may depend upon differences in 
gastric emptying rate.

A few studies have looked at potential differences between the effects of sucrose and high-
fructose corn syrup on satiety hormones. Yet, no significant differences have been detected 
[38,39].

EFFECTS OF GLUCOSE AND FRUCTOSE ON NEURAL SIGNALS 
AFFECTING APPETITE

Lindqvist et al. [33] have also investigated whether glucose and fructose access results in differ-
ential effects on hypothalamic peptides and receptors involved in feeding control. Similar effects 
on the expression of the orexigenic peptide NPY and the anorexigenic prepropeptide POMC were 
found. Fructose did have a differential effect of increasing the hypothalamic expression of the type 
1 cannabinoid receptor, a finding that could be interpreted as reflecting increased reward signaling. 
Fructose has also been shown to affect hypothalamic signing differently than does glucose. Central 
glucose suppresses food intake mediated by the hypothalamic AMP-kinase/malonyl-CoA signaling 
system. Unlike glucose, centrally administered fructose activates AMP-activated protein kinase 
(AMPK) and fails to increase malonyl-CoA resulting in increases in food intake [40]. Similarly, 
central GLP-1 signaling depends upon the suppression of AMPK activation and the presence of 
fructose impairs this suppression [41]. Although these latter effects have only been demonstrated in 
response to central fructose administration, such actions have been proposed as ways that dietary 
fructose may negatively impact overall energy balance. Preliminary evidence for differential central 
effects of glucose and fructose have been provided in a neuroimaging study by Purnell et al. [42], 
demonstrating that intravenous fructose reduces activity in cortical areas involved in feeding con-
trol, while similar glucose infusions do not.
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RESPONSES TO FRUCTOSE AND GLUCOSE PRELOADS

Short-term effects of glucose and fructose on subsequent ingestion have been evaluated in a variety 
of testing situations. The results have been mixed with some data suggesting differences, while 
others have found similar satiating potential for the two saccharides. The differences may relate to 
differences in the testing protocol or experimental subjects.

The different rates of gastric emptying between glucose and fructose and the resulting differ-
ences in gastric distention were used as a test for the relevance of potential pre-absorptive and 
absorptive events in the production of satiety [29]. Nonhuman primates received gastric preloads of 
glucose or fructose immediately before daily 4-h access to food, and the effects on cumulative food 
intake were monitored. In this case, the overall effects of glucose and fructose on total food intake 
did not differ. However, the dynamics of feeding through the 4-h period differed markedly. Despite 
a more rapid delivery from the stomach to the intestine, fructose was less effective at suppressing 
food intake at early time points, suggesting the possibility that fructose was less satiating than 
glucose. However, this period of more rapid ingestion was followed by a period in which ingestion 
rate was significantly reduced relative to that following the glucose preloads, resulting in almost 
identical feeding suppression across the days in total intake and suggesting that monitoring intake 
at different intervals could lead to different conclusions.

Differential time courses of the effects of fructose and glucose preloads on subsequent intake 
have also been found in rodent studies. Warwick and Weingarten [43] examined the effects of 
glucose and fructose preloads administered at various intervals prior to a scheduled meal. In their 
hands, glucose and fructose preloads resulted in equivalent suppression on intake when the interval 
between the preload and the meal was relatively short but fructose had a greater suppressive effect 
than glucose, as the intervals between the preload and meal were extended. The authors interpreted 
these data as suggesting that responses to glucose and fructose preloads were differentially affected 
by test condition and the state of the animal but that there was no overall tendency for one saccha-
ride to be more or less satiating than the other.

Comparisons of the ability of fructose and glucose preloads to reduce test meal intake have also 
been studied in human subjects. Rodin and her colleagues [44–46] carried out a series of experi-
ments comparing the satiating effects of fructose and glucose preloads. Small (50 g) preloads of 
fructose and glucose had a differential effect on buffet test meal intake when administered either 
35 min or 2 h prior to lunch. In these experiments, fructose reduced intake by 500 kcal more than 
glucose did, suggesting an overall greater appetite suppressive effect for fructose and an effect that 
was significantly beyond the energy content of the preload.

Follow-up studies demonstrated a similar greater suppressive effect of fructose preloads on lean 
and obese subjects and the authors suggested a role for plasma insulin in the differential effects—
glucose loads elevated plasma glucose and insulin levels, while the fructose preload did not [46]. 
Importantly, the differences in test meal intake were lost when the fructose and glucose preloads 
were given as a part of a mixed breakfast meal rather than as single nutrient preloads [44].

Guss et al. [47] examined the effects of glucose and fructose solutions on gastric emptying and 
subsequent food intake in nonobese women. This study involved using two different saccharide 
amounts (5 and 50 g) and two different intervals between the preloads and the test meals (30 and 
135 min). As in the nonhuman primate studies, fructose emptied from the stomach more rapidly 
than glucose as determined by the disappearance of a radioactive tracer from the stomach. At the 
30-min delay, the higher concentrations of both sugars significantly reduced intake relative to the 
more dilute solutions. At the 135-min interval, only the fructose preload resulted in a significant 
suppression of food intake. These data again suggest differential timing of satiating influences of 
the two sugars.

These results are not consistent with those of Rodin in which the timing of the preload relative 
to the test meal did not seem to matter. Guss et al. [47] have suggested that a remaining difference 
between the paradigms was the physiological state of the subjects at the time of the preload. In the 
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Rodin experiments, subjects were food-deprived from the evening before, while in the Guss experi-
ments, subjects consumed a standard breakfast. Such state effects would be consistent with the 
rodent findings of Warwick and Weingarten.

The addition of glucose or fructose to a cereal preload produced a trend for differential timing of 
effects [48]. Equicaloric cereal preloads containing either fructose or glucose resulted in equivalent 
effects on intake in a test meal scheduled 30 min following the preload but there was a trend for a 
greater effect of the fructose on test meal intake 2 h later. Overall, these experiments examining the 
relative effectiveness of individual loads of fructose and glucose on subsequent food intake either 
found no differences or greater feeding suppression in response to the fructose preloads.

SATIETY EFFECTS OF SACCHARIDE COMBINATIONS

Work from Anderson and colleagues has produced a different conclusion about the relative satiety 
effects of glucose and fructose [39,49]. They examined the relative effects of oral preloads of differ-
ing glucose:fructose combinations on subsequent food intake. In these experiments, 1 kcal/mL liquid 
preloads containing varying mixtures of glucose and fructose were consumed 80 min prior to a test 
meal. Glucose:fructose concentrations ranged from 80% glucose:20% fructose to 20% glucose:80% 
fructose. Overall, the higher the relative glucose concentration, the greater the feeding suppression.

CONCLUSIONS

Examination of the physiological consequences of fructose and glucose ingestion and the degree 
to which they affect neural mechanisms involved in energy balance would lead to the prediction 
that fructose would be much less satiating than glucose. By multiple measures, fructose is sweeter 
than glucose and is less effective at altering the release of gut peptides that contribute to feeding 
control. Fructose ingestion does increase hypothalamic CB1 receptor expression, a result that would 
be expected to increase food intake since CG1 antagonists reduce food intake. Furthermore, the 
central effects of local increases in fructose and glucose concentrations have differential effects 
on AMPK, a central energy sensor. Glucose reduces AMPK activation resulting in decreased food 
intake, whereas fructose has the opposite effect. Finally, increasing the circulating levels of fructose 
results in reduced activation of cortical areas involved in feeding control.

However, in tests of long-term access, less fructose is consumed relative to glucose and the 
majority of the data from preload experiments directly assessing the relative effects of glucose and 
fructose on subsequent food intake either find no differences or greater suppression in response to 
fructose. The greater effects with fructose could be secondary to metabolic factors, or, as raised by 
some investigators, a negative influence on intake due to gastrointestinal malaise from the tendency 
for concentrated fructose solutions to draw water into the GI tract [39,50,51]. Fructose absorption 
from the GI tract is improved in the presence of glucose [51] providing a potential explanation for 
why fructose effects appear to disappear when the glucose:fructose mixtures are used or when fruc-
tose is given as part of a mixed meal.
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Sugars in the Brain

Jonathan Q. Purnell

KEY POINTS

• Glucose is the major fuel source for the brain and energetic interactions between the neurons, 
and glia sustain synaptic function. These metabolic pathways serve as the basis for advanced 
imaging methodologies.

• Changes in blood glucose levels can be sensed by specialized neurons in the hypothalamus 
and brainstem, resulting in counter-regulatory responses during hypoglycemia and appeti-
tive behaviors that govern body weight.

• Transducing changes of blood glucose levels into behavioral and metabolic outcomes occur 
through action of neuronal glucokinase, KATP channel closure, and AMP-kinase activity, as 
well as systems that do not directly rely on glucose metabolism.

• Fructose delivered directly to key brain centers has been shown to be alternatively metabo-
lized and to elicit contrasting effects on food intake (increased) than glucose (decreased), 
thus providing a biological basis for epidemiological and ad libitum interventional studies 
linking high intakes of dietary fructose and weight gain in the population.

INTRODUCTION

Glucose plays one of its most important roles in the body as the primary source of fuel for the brain. 
However, glucose serves several other important roles in the brain as well. Metabolites of glucose 
become substrates for neurotransmitter production and alternative energy sources. Also, glucose 
can be “sensed” by the brain, triggering or inhibiting specialized neurons responding to changes in 
blood glucose levels and, in turn, affecting peripheral regulation of glucose levels, feeding behavior, 
and energy expenditure. Sugars other than glucose can also be metabolized and sensed by the brain. 
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As will be discussed later in this chapter, the common dietary additive, fructose, undergoes both 
alternative metabolism and is sensed differently from glucose by neural tissue, resulting in divergent 
behavioral consequences.

SUGARS AND BRAIN ENERGETICS

Brain neurons generate signals that are transmitted across both complex regional networks and over 
long distances, such as from the brain to the spinal cord and beyond. Glial cells act as supportive 
tissue for the neurons, provide insulation for axons, and play a key role in maintaining functional 
neuronal coupling. Unlike other organs such as the liver and muscle, which are metabolically flex-
ible in their ability to switch between carbohydrates and fat for energy, the brain relies almost 
exclusively on a constant supply of glucose to meet its cellular energy needs, increasing blood flow 
when enhanced neuronal firing demands more oxygen and glucose. In now classic and often quoted 
studies of brain blood flow and glucose uptake by Kety and Schmidt [1] and Sokoloff [2,3], it has 
been estimated that although the human brain represents only 2% of body mass, it accounts for 20% 
of total body oxygen consumption and 25% of total body glucose utilization (for excellent reviews, 
see References 4 and 5). How much glucose is utilized is directly proportional to early development 
[6], brain size and activity [7,8], and is inversely proportional to age [9].

blood levels and transPort of simPle sugars into the brain

In the absence of disease, when not absorbing glucose from dietary carbohydrates, blood glucose 
levels are maintained at nearly constant levels through the day between roughly 4.0 and 6.7 mmol/L 
by regulatory hormones (insulin, glucagon, catecholamine, cortisol, and growth hormone) that 
adjust endogenous glucose production by the liver and kidney. In order to enter the brain, circulating 
glucose must pass through a specialized endothelium, known as the blood–brain barrier, designed 
to limit diffusion of large molecules and allow passage of small (such as O2, CO2) and hydrophobic 
molecules. This is accomplished by specialized transporters known collectively as glucose trans-
porters (GLUTs) [10]. GLUT-1 resides on the lumenal and ablumenal surfaces of the brain capil-
laries and through a passively facilitated process, transports glucose into the brain extracellular 
fluid space. GLUT-1 are saturable and, although there is some evidence that basal insulin has some 
stimulatory role in whole-brain glucose uptake [11], above basal levels glucose uptake via GLUT-1 
is thought to be largely insulin-independent [12,13]. Using magnetic resonance spectroscopy and 
continuous glucose infusion, it has been demonstrated in humans that there is a linear relationship 
between blood glucose levels ranging from 4 to 30 mmol/L and corresponding brain glucose levels 
and that the maximum transport capacity through the blood–brain barrier is nearly twofold higher 
than maximal brain glucose utilization [14] (Figure 15.1). This and other studies [15,16] demonstrate 
that brain extracellular glucose levels are in the range of 20–30% of blood glucose levels across the 
physiological range.

Other monosaccharides found in the diet include mannose, a C-2 epimer of glucose, galactose, 
and fructose. Mannose occurs naturally in small amounts in fruits, but most of the mannose in 
humans is thought to be derived endogenously from glucose and is ultimately used in formation 
of glycoproteins [17]. Mannose that does make it into circulation is transported readily into the 
brain in a similar manner to glucose [18] and can be used alternatively to glucose as a brain energy 
substrate by being metabolized to fructose-6-phosphate with subsequent entry into the tricarbox-
ylic acid cycle [19,20]. Galactose is commonly found in fruits and dairy products combined with 
glucose to form the disaccharide lactose. Following absorption, galactose is readily converted into 
glucose by the liver [21], but in contrast to glucose and mannose, galactose is poorly transported 
across the blood–brain barrier [18] and is not thought to contribute to neural energetics. Fructose is 
inherently sweeter than other sugars and is found commonly in fruits, some vegetables (e.g., sugar 
beets), and plants (e.g., sugarcane). Because the sweet taste of this monosaccharide enhances food 
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desirability, fructose is commonly added to processed foods and sweetened beverages, both alone 
and combined with glucose to form the disaccharide sucrose. After ingestion, fructose is readily 
and nearly completely taken up by the liver and metabolized to lactate [22]. However, some fructose 
does pass into the circulation. Within an hour of ingestion of a sugar-sweetened beverage, baseline 
fructose levels of near zero increase to reach up to 300 μmol/L [23]. From the bloodstream, fruc-
tose can be transported into the brain [24,25] by GLUT-5 receptors, which have been detected in 
endothelial cells of human brain microvasculature [26] and in glial cells of humans [27] and rodents 
[10,25,28]. Ultimately, fructose in the brain can also be metabolized to glyceraldehyde-3-phosphate 
or lactate and enter into the tricarboxylic acid cycle to serve as an energy substrate alternative to 
glucose [20].

Despite the possibility of utilizing both mannose and fructose as alternative fuels, during pro-
longed glucoprivation, ketone bodies produced by the liver are the primary fuel source the body 
uses to maintain normal brain function [29].

fate of sugars in the brain: the neurovasCular unit and the bold resPonse 
in neuroimaging

Neuronal bodies communicate with one another via dendritic and axonal extensions. Astrocytes, 
one of the most abundant of are glial cells, are positioned anatomically between the capillaries 
traversing the brain and neurons, connecting the vascular endothelium by way of their specialized 
“endfeet” [30], on the one hand, and with neuronal dendritic and axonal projections, including syn-
aptic junctions, by filamentous projections [31], on the other hand (Figure 15.2). The endothelium, 
astrocytes, and neurons comprise what can be energetically referred to as a neurovascular unit.

Maintaining normal brain function requires a constant supply of energy, which rises and falls 
with states of mental alertness and activity. Neuronal activation triggers cerebral arteriolar vaso-
dilation through direct production and release of nitrous oxide and indirectly by stimulating astro-
cyte production of prostaglandins and epoxyeicosatienoic acids [32] (Figure 15.3). Increased blood 
flow enhances delivery of both glucose and oxygen to the activated brain region. Glucose leaves 
the circulation and enters the brain’s extracellular space by GLUT-1 transportation across the 
blood–brain barrier and subsequently is taken up into neuronal cells by facilitated transport via 
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FIGURE 15.1 Steady-state brain versus plasma glucose concentrations in humans. (Adapted from Shestov 
AA et al. Am J Physiol Endocrinol Metab. 2011;301(5):E1040–9. Epub 2011/07/28.)



206 Dietary Sugars and Health

GLUT-3 [10]. In some neurons containing insulin receptors, glucose can be actively taken up by 
insulin-sensitive GLUT-4 transporters [10]. Glucose that is taken up by the neuron undergoes gly-
colysis, entry into the tricarboxylic acid cycle, and in the presence of oxygen, oxidative phosphory-
lation for adenosine triphosphate (ATP) production. This energy production allows for restoration 
of the sodium and potassium gradients and membrane resting potential following depolarization 
[4]. Glucose is simultaneously taken up by astrocytes via GLUT-1 and -2 transporters [10] where 
it has two fates (Figure 15.3). When neurons are at rest, small amounts of glucose can be stored 
as glycogen (brain glycogen is reported to be located exclusively in astrocytes) [33]. On the other 
hand, when neuronal energy demand increases, glucose broken down from stored glycogen or 
directly taken up by the astrocyte from the circulating pool undergoes glycolysis to form lac-
tate [4]. Energy generated during this glycolytic process is used to maintain the NA+/K+-ATPase 
pump of fibrillar astrocytic processes responsible for taking up glutamate released transynaptically 
from adjacent excitatory neurons, as well as converting this glutamate to glutamine, which is then 
shuttled back to neurons to be converted back into glutamate for use during the next activation 
episode (glutamine–glutamate shuttle) (Figure 15.3) [4]. Lactate generated in the astrocyte during 
glycolysis is shuttled to the neighboring neuron to be converted back into pyruvate and enter into 
oxidative phosphorylation for ATP production (astrocyte–neuron lactate shuttle) (Figure 15.3). In 
this model of neuronal energetics, astrocytic glycolysis is an important immediate source of ATP 
that maintains synaptic readiness following neuronal activation, much of which comes immedi-
ately from cellular glycogen stores [4].

Establishing the underlying pathways of this neural-astrocyte coupling helped to explain an 
observation noted from early studies of brain energy metabolism that not all neuronal energy 
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FIGURE 15.2 (See color insert.) Top: Coronal sections of a brain showing the features of the astrocyte–
cerebral capillary relationships. The asterisk indicates an astrocyte close to the capillary, outlined arrows 
indicate one astrocyte contacting several vascular sites via multiple feet, and solid arrow indicates a single site 
receiving feet from several astrocytes. Scale bar: 50 μm. (Taken from Kacem K et al. Glia. 1998;23(1):1–10. 
Epub 1998/04/30). Bottom: Leftmost figure shows regions of EGFP expression corresponding to one (green) 
astrocyte. Part A shows schematic figure of three astrocytes. The holes are filled with neurons, one of which 
is shown to have its processes extending out to other astrocytes pointing to the potential of different neuronal 
compartments being modulated by different astrocytes. Part B shows schematic of functional synaptic islands: 
a group of dendrites from several neurons are enwrapped by a single astrocyte. Synapses localized within the 
territory of this astrocyte have the potential to be modulated in a coordinated manner by gliotransmitter(s) 
released from this glial cell. (Taken from Halassa MM et al. J Neurosci. 2007;27(24):6473–7. Epub 2007/06/15.)
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needs were met through oxidative phosphorylation and that the brain relied on excess glycolysis 
[34]. In addition, this neuronal unit, including regulation of cerebral blood flow, is also the basis 
for current understanding of the blood oxygen level-dependent signal (BOLD) generated during 
functional magnetic resonance imaging (fMRI) [35,36]. In short, when performing a mental task, 
enhanced blood flow delivers both increased glucose and oxygen to the active neurons. Oxygenated 
and deoxygenated hemoglobin have differing magnetic polarization characteristics when placed in 
a magnetic field that is detected by the magnetic resonance (MR) machine. When changes in con-
centrations of oxygenated and deoxygenated hemoglobin occur in the capillaries of activated brain, 
this “contrast” in magnetic field behavior can be picked up as a change in MR signal. Thus, during 
neuronal activation, the combination of increased glycolysis and blood flow leading to availability 
without utilization of oxygen is what accounts for increases in BOLD fMRI signal changes [36] 
(Figure 15.4). Conversely, when neuronal activity is inhibited, oxidative phosphorylation is reduced 
but there is proportionally greater reductions in blood flow and glycolysis, leading to a reduction in 
BOLD signal [36] (Figure 15.4).
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FIGURE 15.3 Schematic representation of the astrocyte–neuron lactate shuttle (ANLS). Glutamate (Glu) 
released at the synapse activates glutamatergic receptors (GluR) and is associated with important energy 
expenditures in neuronal compartments. A large proportion of the glutamate released at the synapse is taken 
up by astrocytes via excitatory amino acid transporters (EAATs, more specifically GLT-1 and GLAST) 
together with three Na+ ions. This Na+ is extruded by the action of the Na+/K+ ATPase, consuming ATP. 
This triggers nonoxidative glucose utilization in astrocytes and glucose uptake from the circulation through 
the glucose transporter GLUT-1 expressed by both capillary endothelial cells and astrocytes. Glycolytically 
derived pyruvate is converted into lactate by lactate dehydrogenase 5 (LDH5; mainly expressed in astrocytes) 
and shuttled to neurons through monocarboxylate transporters (mainly MCT1 and MCT4 in astrocytes and 
MCT2 in neurons). In neurons, this lactate can be used as an energy substrate following its conversion to pyru-
vate (Pyr) by LDH1 (mainly expressed in neurons). Neurons can also take up glucose via the neuronal glucose 
transporter 3 (GLUT-3). Concomitantly, astrocytes participate in the recycling of synaptic glutamate via the 
glutamate–glutamine cycle. Following its uptake by astrocytes, glutamate is converted into glutamine (gln) 
by the action of glutamine synthetase (GS) and shuttled to neurons, where it is converted back into glutamate 
by glutaminases (GLS). (Taken from Belanger M, Allaman I, Magistretti PJ. Cell Metab. 2011;14(6):724–38. 
Epub 2011/12/14.)
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SUGARS AND BRAIN SENSING

In addition to (and presumably because of) its importance as an energy substrate, the possibility 
that blood glucose levels can be detected, or “sensed,” by specialized cells in the body has been 
supported by two lines of evidence. The first is the detection of hypoglycemia (low to very low glu-
cose levels) and activation of a cascade of hormonal and neurological responses that restore blood 
glucose levels to normal. The second evolved from the theory that food intake and body weight is 
regulated and involves cellular detection and responses to changes in blood glucose levels within 
normal, or physiological, ranges.

Of these two lines of evidence supporting glucose sensing, the first involving detection and 
response to critically low blood glucose levels has been extensively studied in animals and humans. 
As blood glucose levels fall, characteristic “counter-regulatory” responses occur that initially 
reduces glucose disposal and then progressively activates systems to enhance glucose appearance 
so as to restore levels to normal. In healthy subjects, this includes a reduction in insulin secretion 
as glucose levels in the blood approach 4.4 mmol/L, followed by increases in secretion of epineph-
rine and glucagon, as well as growth hormone and cortisol as levels approach 3.6 mmol/L. Finally, 
neurological impairment occurs characteristically at glucose levels below 2.8 mmol/L [37–40]. 
Specialized glucose-sensing cells that mediate these responses have been described in peripheral 
organs such as the pancreas [41–43], carotid body [44], portal vein [45–47], and in the brain [48,49].

The second line of evidence linking the brain with glucose sensing arose from observations of 
hyperphagia and spontaneous obesity in humans with hypothalamic destruction at the turn of the twen-
tieth century (for review, see References 50 and 51). Lesioning studies in animals then demonstrated 
that destruction of the ventromedial nucleus in the hypothalamus [52–54] led to uncontrolled hunger 
and food intake. This region was referred to a “satiety” center because the observed unregulated food 
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FIGURE 15.4 A schematic representation of the relationship of blood flow and glucose utilization to oxy-
gen consumption and cellular activity (x-axis) at baseline and during increases (activation) and decreases 
(deactivation) in neuronal activity. The presence of aerobic glycolysis causes activity-dependent variations 
in oxygen availability in the brain that are detectable by fMRI. Activations as seen by fMRI result from a 
disproportionate increase in blood flow and glucose utilization, whereas deactivations result from the oppo-
site. At baseline, time-varying fluctuations in neuronal activity are seen as spontaneous fluctuations in the 
fMRI BOLD signal (inset). (Taken from Raichle ME, Mintun MA. Annu Rev Neurosci. 2006;29:449–76. 
Epub 2006/06/17)
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intake that ensued was postulated to be due to a failure to experience meal-related satiation. This was 
confirmed when electrical stimulation from chronically implanted electrodes in this nucleus resulted 
in suppressed food intake [55]. Conversely, lesioning studies of the lateral hypothalamus resulted in 
failure to eat and weight loss. This region became referred to as a “feeding” center of the brain, since its 
destruction resulted in failure to initiate meal intake and death from starvation [53,54]. Again, electrical 
stimulation from implanted electrodes confirmed the importance of this nucleus by eliciting feeding 
behaviors [56]. Additional control centers that govern long-term feeding behaviors and body weight 
have also been localized to the amygdala [57] and the ventral noradrenergic bundle in the brainstem [58], 
and detailed neuroanatomical studies have shown that there are extensive connections between these 
regions and the hypothalamus, effectively creating an integrated network governing weight regulation.

Accompanying these discoveries were theories regarding the existence of circulating factors 
constituting afferent signals in a feedback loop that regulate the activity of these brain centers and 
govern both meal-to-meal food intake and long-term body weight [59]. One such theory, called the 
“glucostatic” hypothesis, held that the brain could detect fluctuations of glucose within the physi-
ological range between fasting and postprandial levels, regulating appetite on a meal-to-meal basis 
[60]. In this model, a postprandial rise in glucose would elicit a satiety response, whereas the drop in 
glucose utilization or postprandial levels (several hours after a meal) would trigger hunger and food 
intake [61–63]. The observation that gold thioglucose injected peripherally could result in selective 
destruction of the ventromedial hypothalamus and expression of obesity in rodents [64] and that this 
effect was specific for gold attached to a glucose molecule [65] strengthened this hypothesized link 
between glucose-sensing cells in the brain and appetite control.

gluCose sensing: PanCreatiC β-Cell model

Before discussing glucose sensing in the brain, however, it is worthwhile reviewing the cellular 
mechanisms that allow detection of glucose fluctuations by the pancreatic β-cell [43]. With rising 
glucose levels, such as that occurs following a meal, pancreatic β-cells increase release of insulin. 
As insulin acts to reduce glucose appearance from the liver and kidney as well as promote uptake 
and utilization into the liver and adipose tissue, the subsequent fall in glucose levels is paralleled 
by a reduction in pancreatic β-cell insulin secretion. In order to respond within this narrow range 
of glucose levels (4.4–7.8 mmol/L), pancreatic β-cells possess high-capacity, low-affinity glucose 
transporters (GLUT-2) that allow free exchange of glucose inward from the extracellular space. 
This ensures that intracellular levels continuously reflect changes in blood levels. However, in 
order to translate fluctuations in glucose levels into a cellular signal (insulin secretion in this 
case), a “transducing” mechanism is needed. The pancreatic β-cell transducer is made up of a 
specialized hexokinase, glucokinase (GK), and an inwardly rectifying potassium (K+) channel 
that is sensitive to ATP (KATP channel). Pancreatic GK activity is optimal during fluctuations 
in glucose that mirror the physiological range in the blood and is not inhibited by its product, 
glucose-6-phosphate (G-6-P) [43]. With little or no capacity to form glycogen, conversion of glu-
cose to G-6-P commits this molecule to undergo glycolysis and enter the tricarboxylic acid cycle 
(TCA) and oxidative phosphorylation pathways, generating ATP. The increase in [ATP]/[ADP]
[Pi] ratio then results in closure of the KATP channels and depolarization of the cell membrane 
that promotes an inward flux of calcium and subsequent exocytosis of insulin-laden micelles for 
release into the circulation. Metabolism of free fatty acids and amino acids that raise β-cell ATP 
concentrations also couple insulin secretion to increases in blood levels of these nutrients [43]. 
Since increases and decreases in glucose metabolism and cellular energy level (ATP, ADP, Pi) 
presumably parallel change in blood glucose levels outside the optimal activity range for GK, it 
has been postulated that subcellular microdomain sequestration of this transducing apparatus is 
key to normal β-cell glucose sensing [66]. Such a compartmentalization would be important for 
neurons, which are nearly exclusively dependent on glucose as an energy source.
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gluCose-sensing neurons in the brain

By focusing on the brain regions found to regulate food intake from the lesioning studies and postu-
lated to be sites of “glucostatic” regulation as described above, the existence of specialized neurons 
that respond to increases and decreases in glucose levels by parallel changes in firing rates was 
first reported in the ventromedial and lateral nuclei of the hypothalamus in 1964 [67,68]. Further 
investigations have shown that with a few exceptions [69,70], glucose-sensing neurons are mostly 
concentrated in these two sites: the brainstem [48,71] and the hypothalamus [72–74]. These sites are 
anatomically situated in proximity to brain regions that connect directly to sympathetic nervous 
system outflow tracts, the pituitary (to control secretion of hormone products by gonadotrophic, cor-
ticotrophic, and somatrophic neurons), and to feeding centers, making them ideal regions to regulate 
counter-regulatory hormones during hypoglycemia and to be involved in body weight regulation.

Subsequent studies estimated that ~40% of ventromedial nuclear and ~30% of lateral hypotha-
lamic neurons increase firing rates during increases in glucose levels between 3.6 and 17 mmol/L 
[75,76] (glucose excitatory, or GE, neurons), whereas ~20–30% of lateral hypothalamic neurons 
became inhibited when glucose levels rose above 5.6 mmol/L (glucose inhibitory, or GI, neu-
rons) and showed maximal firing rates below this level [75,76]. Increases and decreases in units 
of 0.2– 0.3 mmol/L could affect neuronal firing rates [76], consistent with a “sensing” function. As 
previously mentioned, however, brain glucose levels in humans range between 20 and 30% of blood 
glucose levels (Figure 15.1), so that when blood glucose levels are in the normal range between 4.4 
and 7.8 mmol/L, brain glucose levels range as low as 0.88–2.5 mmol/L. Using extracellular glucose 
levels between 0.10 and 10 mmol/L to better reflect physiological levels, approximately 14% of ven-
tromedial nucleus cells were GE (increasing their firing rates when extracellular glucose levels rise 
from 0.10 to 2.5 mmol/L) [77] and 30–40% were found to be GI (decreasing their firing rates when 
glucose levels increase from 0.10 to 2.5 mmol/L) [78]. Within the more medial arcuate nucleus of 
the hypothalamus, these GE and GI neurons cluster near to each other [79].

meChanisms of gluCose sensing by brain neurons: energetiCs

Because neurons rely on a continuous supply of glucose for energy needs and have little or no capac-
ity to store glucose as glycogen, a cellular transducing mechanism that would translate fluctuations 
in physiological glucose levels, similar to the pancreatic β-cell, was sought [80]. Indeed, the inwardly 
rectifying KATP channels (made up of multimeric Kir6.1-6.2 and sulfonylurea receptor, SUR, sub-
units) responsive to increases in cellular [ATP]/[ADP][Pi] levels [81] and to sulfonylureas [82] were 
found in GE neurons of the hypothalamic ventromedial nucleus, but the gene expression of these 
channels was reported to be ubiquitously distributed throughout the brain [83–85] (Figure 15.5). 
Instead, what was subsequently reported to be uniquely distributed in the hypothalamus and hind-
brain where glucose-sensing neurons are primarily located is the pancreatic form of GK [80,86]. 
Cellular studies confirmed that GK gene expression is found in GE (64%) neurons of the ventrome-
dial nucleus, that these cells respond to changes reflecting physiological levels of brain extracellular 
glucose levels [77,79,87,88], and that disrupted GK function in ventromedial nuclear cells leads to 
impaired GE function [86,88] and reduced counter-regulatory responses to hypoglycemia [89].

In terms of the initial “sensing” of extracellular glucose levels, many GI neurons (43%) in the 
ventromedial hypothalamus, like the GE neurons, express glucokinase [90]. The importance for GK 
function in GI cells was demonstrated when induced impairment of this enzyme led to near-silencing 
of these cells [86,88]. However, the analogy of the pancreatic β-cell model where rising glucose 
levels and subsequent cellular energy content increases membrane depolarization (activation) via 
KATP channels does not explain the mechanisms underlying increased neuronal firing by GI neurons 
during reductions in glucose levels. Under such conditions, a transducer would need to be sensitive 
to lower cellular energy content. AMP-activated kinase (AMP-K) is a cellular heterotrimeric protein 
that is allosterically activated by rising [AMP]/[ATP] levels and had been suggested as a nutrient 
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sensor sensitive to periods of low energy states, such as starvation and hypoxia [91]. Cellular studies 
confirmed that AMP-K is present in the brain and hypothalamus [92,93] and that glucose effects on 
GI neurons in the ventromedial hypothalamus are mediated by AMP-K activity [78,94,95] (Figure 
15.5). During hypoglycemia, therefore, it is thought that when ATP levels fall and AMP levels rise in 
GI neurons, AMP-K becomes activated [78,96]. Increased AMP-K, in turn, generates nitrous oxide 
[78,97], closes the cystic fibrosis transmembrane regulator (CFTR), and depolarizes the cell [98]. 
This proposed mechanism is consistent with studies that show hypothalamic AMP-K to be an impor-
tant regulator nutrient-induced hepatic glucose production [99,100] and, through central activation, 
plays a key role in hepatic glucose counter-regulation during hypoglycemia [101].

other gluCose-sensing meChanisms

A sizable number of GE and GI cells do not express glucokinase, a key first step in the transduc-
tion of blood glucose levels into a change in neuronal activation [102]. Several studies have also 
demonstrated glucose-induced changes in hypothalamic neuronal activity that are independent of 
glucose metabolism of intracellular [ATP] [103,104]. Alternative cellular mechanisms for sensing 
and responding with changes in neuronal firing that do not rely on changing cellular energetics 
have been proposed [103]. In cellular studies in which neuronal [ATP] content is kept constant 
[103] or in which lactate is used as an alternative to glucose [87], evidence is found for neuronal 
activation by an ATP-independent closure of the KATP channels. Although the mechanism(s) for 
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this effect have not been determined, one study has identified that a nonmetabolizable substrate 
(α-methylgluopyranoside) for the sodium-glucose transporter (SGLT) can mimic the effect of high 
glucose levels on GE cells in the hypothalamus. SGLT has previously been shown to be a candidate 
glucose sensor in a cell line that secretes glucagon-like peptide 1 (GLP-1) [105] and, when inhibited, 
impairs activation of GE neurons [80].

gluCose exCitatory and inhibited neurons: roles in body weight regulation

Since the 1950s, the “glucostatic” hypothesis that meal-to-meal appetite is regulated by fluctuations 
in blood glucose levels has given way to a more complicated model that integrates both satiety sig-
nals (meal-to-meal, including nutrient signals and gut hormones) and circulating factors reflecting 
body fat stores [106]. This latter concept was embodied in the “lipostatic” hypothesis of Kennedy 
[107], which postulated the existence of a signal factor secreted by fat tissue into the blood that 
directly bound to receptors in these key brain centers to govern weight long-term, anticipating the 
discovery of leptin [108] and its receptor [109] in the early 1990s.

Following those reports, leptin was found to regulate distinct neuronal populations within the 
hypothalamus and brainstem in the control of food intake and body weight [59,110]. In the arcu-
ate nucleus of the hypothalamus, leptin-regulating neurons containing neuropeptide-Y (NPY) and 
agouti-related peptide (AgRP) were found to stimulate food intake and reduce energy expendi-
ture, while neurons containing pro-opiomelanocortin (POMC) inhibited these processes [59,110]. 
In keeping with its role as a “feeding” center, distinct populations of neurons within the lateral 
hypothalamus expressing the peptides orexin [111] and melanin-concentrating hormone (MCH) 
[112] were found that increase food intake and affect wakefulness. Each of these sites contain leptin 
receptors [113] as well as extensive projections to and from other hypothalamic nuclei (paraven-
tricular nucleus), dopaminergic “reward” pathways [114], and executive function sites [59,115]. 
Functionally, as leptin levels fall (such as during periods of starvation and weight loss), POMC 
neuron activity is reduced and activities of NPY and orexin cells increase, leading to increased food 
intake [59]. With restoration of body weight, leptin levels rise, reducing activity in NPY and orexin 
neurons and stimulating POMC neurons to return food intake and body weight to baseline.

There is also extensive overlap between leptin-responsive cells governing food intake and body 
weight and glucose-sensing cell populations in the hypothalamus. For example, subpopulations 
of GI neurons in the hypothalamus have been shown to express neuropeptide-Y [95,96,116,117]. 
On the other hand, subpopulations of hypothalamic GE and GI neurons express POMC [94,117–
119]. Glucose sensing has also been described in neurons containing MCH [120,121] and orexin 
[121– 123]. Given that NPY [124] and orexin [111] stimulate food intake and the responsiveness of 
these cells to changes in glucose levels [96,116,122], it has been suggested that this pathway may 
mediate, in part, glucoprivic feeding.

From these studies, it is evident that neurons in these key hypothalamic centers that regulate 
body weight in response to leptin also sense and respond to glucose. In addition, both glucose-sens-
ing and POMC/NPY/orexin cells reside independent of one another in these same sites. Although 
from the studies cited above, evidence can be found in animal models supporting roles for glucose-
sensing neurons in counter-regulatory hormonal and feeding responses to low glucose levels [125], 
given the interconnectedness and shared signaling systems between glucose-sensing cells and those 
responding to leptin and insulin, it has been difficult to determine the relative roles that glucose and 
leptin sensing in these neurons play in regulating short- and long-term body weight [126]. In sup-
port of glucose sensing playing a key role in body weight regulation are studies that show impaired 
glucose sensing in animal models of obesity [77,119,127–129].

A confounding factor in determining the role of glucose on appetitive behaviors in animals and 
humans is the fact that when glucose is consumed under normal conditions, insulin secretion is also 
triggered. This is important because many of the same neuronal populations that respond to leptin 
also contain insulin receptors and insulin has been shown to have similar effects on food intake 
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and body weight (including a shared signaling system) as leptin [130–132]. Human studies have 
shown that insulin delivered intranasally so as to allow rapid penetration into CSF near the hypo-
thalamus [133] without alterations in peripheral insulin or glucose levels results in reduced appetite 
and weight loss in men [134]. This is consistent with reports of an inverse association between 
postprandial insulin secretion in response to one meal and a reduction in subsequent food intake 
with the next [135]. It is notable that insulin-stimulated [ATP] levels in the brains of the study sub-
jects correlated with reductions in food intake [136]. This is consistent with reports of expression of 
the insulin-dependent GLUT-4 transporter in glucose-sensing neurons of the ventromedial nucleus 
[90,137] and of insulin’s ability to activate KATP channels in hypothalamic neurons in rodents [138]. 
Another confounding factor to consider is that glucose is seldom consumed by itself during a meal 
and that “sensing” mechanisms in hypothalamic neurons have been described for both lipids and 
amino acids that have been postulated to mediate changes in food intake and body weight by affect-
ing the ratios of [ATP] to [ADP] and [AMP] in a similar manner to glucose [139–142], and, in fact, 
are likely exerting effects in the same cells [143,144].

One approach to selectively study the effects of glucose on hypothalamic centers without these 
confounders is to administer glucose directly to these hypothalamic centers by an intracerebroven-
tricular (ICV) injection. When this was performed in rodents, ICV glucose increased hypothalamic 
[ATP], reduced AMP-K phosphorylation, reduced NPY/AgRP gene expression, and reduced food 
intake [145]. This is in contrast to the effects of a similar ICV injection of fructose. Fructose given 
ICV to rodents increases food intake [145,146] and has the opposite effects of ICV glucose on 
hypothalamic neurons: it reduces [ATP], increases AMP-K phosphorylation, and reduces POMC 
expression [145]. Subsequent studies have confirmed that compared to centrally administered glu-
cose, ICV fructose increases AMP-K phosphorylation in the ventromedial hypothalamus [147,148] 
as well as food intake and hepatic gluconeogenesis [147], and impairs the ability of a glucagon-like 
peptide (GLP-1) to suppress both AMP-K phosphorylation and food intake (presumably by increas-
ing AMP-K phosphorylation) [147]. Although both glucose and fructose can be metabolized for 
ATP production in the brain and should therefore equally inhibit AMP-K activity, it has been sug-
gested that because fructose bypasses the glycolysis step that glucose undergoes (with subsequent 
net ATP generation) and requires an initial energy-consuming phosphorylation by 2-ketohexokinase 
before metabolism to glyceraldehyde 3-phosphate, [ATP] is rapidly depleted and [AMP] increases, 
thereby activating AMP-K [149] (Figure 15.6).

Several studies have also attempted to address a role for glucose in brain signaling associated 
with food intake using fMRI by describing the temporal response to glucose ingestion or infusion. 
Consistently, these studies have found suppression of hypothalamic BOLD signaling after admin-
istration of glucose to rats [150] and humans [25,151–154]. Obese subjects have been reported to 
have diminished attenuation of the BOLD signal suppression to glucose ingestion compared with 
lean subjects [155] and patients with type 2 diabetes have been shown to show no hypothalamic sig-
nal change compared to nondiabetic people [153]. However, consuming a meal results in potential 
brain responses to taste [156] and changes in levels of gut hormones that have been shown to have 
receptors in hypothalamic neurons (ghrelin, GLP-1, PYY) [157]. In one study in which glucose 
was injected, thus bypassing neuronal inputs from the GI system, hypothalamic BOLD signal was 
suppressed, but not to the extent that it was after ingestion [154]. In another study, no significant 
changes in hypothalamic BOLD response were seen to injected glucose, but cortical BOLD signal 
increased [158]. This finding contrasted with the cortical brain BOLD response to a similar injec-
tion of fructose, which resulted in significant suppression of BOLD signal [158]. In this latter condi-
tion (fructose injection), insulin levels were blunted and lactate levels increased quite a bit, whereas 
insulin levels increased in parallel with the glucose infusion. While technical limitations of imaging 
the hypothalamus (susceptibility artifact, head movement, and resolution) may explain the differ-
ences in hypothalamic results between these studies [154,158], the contrasting BOLD responses in 
the cortex were interpreted to be consistent with opposing effects on [ATP], [AMP], and AMP-K 
activities by glucose (and insulin) and fructose (Figure 15.6) [149].
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CONCLUSIONS

Glucose plays a dual role in the brain. The first is as an energy source that maintains normal neu-
ronal activity through direct neuronal uptake as well as by the glial cells, which form a functional 
unit involving the dendrites, a lactate shuttle to provide additional energy to the neuron, and a 
glutamine–glutamate shuttle that clears the synaptic cleft and readies the neuron for the next activa-
tion. This neuronal–glial unit forms the anatomic basis for the BOLD response during fMRI brain 
imaging. The second involves “sensing” changes in blood glucose levels by specialized circumven-
tricular brain regions and subsequent neuronal and behavioral responses. The best understood of 
these responses is the counter-regulatory response elicited by progressively worsening hypoglyce-
mia in both animal and human studies. Animal models also suggest a role for sensing changes in 
blood glucose levels within the physiological range that govern feeding and metabolic responses. 
Transduction of this glucose signal into feeding behaviors and metabolic responses involves altera-
tions in neuronal energetics and activation of ATP and AMP responsive enzymes, cellular systems 
that do not require glucose metabolism, and modulation of neuronal responses to weight regulatory 
hormones such as insulin and leptin. Alterations in cellular energetics is also thought to play a major 
role in “nutrient sensing” that governs food intake and body weight in response to changes in dietary 
intake of fats, protein, and alternative dietary sugars, such as fructose.

The potentially greatest public health impact from sensing sugars in the brain is in the role that 
added sugars, and specifically the role of increased fructose consumption, in the American diet 
have played in the increase in body weight over the past 40 years [159,160]. From the 1970s to 
2004, added sugars in the form of high-fructose corn syrup (HFCS) increased from <1% to 42% of 
all sweeteners available for consumption in the USA [161,162], and while the rates of added sugar 
consumption (including sucrose, a disaccharide made up of one molecule of glucose and one mol-
ecule of fructose) has recently declined slightly to 14% of total daily energy consumption [163], 
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intake still remains higher than recommended (10% or less of total calories) [164]. As reviewed in 
other chapters, epidemiological [160,165], genetic [166], and interventional studies [167] in humans 
support a contributing role for added sugars in the weight gain experienced by the American pub-
lic over the last several decades, especially amongst susceptible subpopulations [166,168]. Data 
from animal studies suggest that it is the greater exposure to the sugar fructose, specifically, that 
diminishes the normal brain-sensing responses and leads to increased food intake and body weight 
[145–148,169,170], which is supported by a limited number of human intervention studies under ad 
libitum feeding conditions [171] and brain responses by fMRI [25,158]. If so, then major consider-
ations in policy will be needed to address America’s current emphasis on processed foods, espe-
cially those with added sugars, because the weight of the evidence supports the conclusion that the 
taste engineering that enhances food “likability” also alters our appetitive responses in such a way 
that satiety is not fully felt until higher total caloric intakes are achieved.

OPEN QUESTIONS/RECOMMENDATIONS OF FUTURE RESEARCH 
AND/OR NEEDS IN THE FIELD

Current and future research needs fall into three categories: establishing relevant blood and brain 
levels of sugars that influence brain sensing, utilizing novel imaging techniques to study animal 
and human brain metabolism in real time as it relates to sugar sensing and behavioral responses, and 
design of human studies to reflect realistic food intakes (not just of sugar but also other macro- and 
micronutrients) and powered adequately to detect long-term outcomes.

While much work has addressed relevant levels of blood glucose in the brain for glucose sensing, 
far less is known regarding relevant levels of fructose in extracellular fluid (especially in humans) 
and what levels occur following consumption of a sugar-sweetened beverage or added-sugar meal. 
In addition, free living populations do not consume only one or another sugar, but rather consume 
sugars together and in combination with other dietary macronutrients that may have independent 
effects (either directly or indirectly) on study outcomes (such as central brain metabolism, control 
of food intake, and regulation of peripheral metabolism). Accounting for these sometimes subtle 
differences will be important to understand the relevance of study findings to populations.

FUTURE RESEARCH NEEDS

• Establishment of relevant levels of glucose and fructose in the diet, blood, and brain 
when studying metabolic effects of sugars in both animals and humans.

• Better understanding of the molecular mechanisms associated with nutrient sensing 
in animals and humans, especially the relative contribution of sugar sensing to long-
term body weight by weight regulatory peptides.

• More studies examining the effects of sugar sensing during in utero exposure 
and effect on programming and epigenetic predisposition to chronic diseases of 
adulthood.

• Development of imaging techniques that allow better spatial resolution and include 
molecular imaging of intermediate sugar metabolism in animals and humans.

• Attention in dietary studies to control diets that reflect “real-world” conditions in 
which people would be free to consume alternatives such as water, milk, and foods 
free of added sugars in addition to the requisite glucose control.

• Inclusion in human studies of subpopulations at increased risk for obesity, followed 
long term.
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The majority of our current understanding of brain sugar metabolism and sensing comes 
from animal models that allow direct testing using brain tissue. However, human studies of 
similar scientific voracity will require better use of current technologies (fMRI, MRS, PET, etc.) 
and development of novel brain imaging techniques—specifically development of the ability 
to quantify and track individual metabolic and molecular intermediates in vivo, in real time. 
Outstanding questions include, for example: Are circumferential nuclei (VMH, brainstem) 
truly outside of the blood–brain barrier in humans? On a cellular level, which organelles are 
involved in glucose sensing and does glucose sensing require subcellular compartmentalization 
of glucose (or fructose) metabolism? Can the rate of change in glucose levels elicit physiological 
responses, or are changes in the absolute levels sufficient and necessary? What sensing mecha-
nisms allow for detection of changes in extracellular glucose levels that do not involve active 
glucose metabolism? What are the effects of weight gain and obesity, weight loss (such as after 
bariatric surgery or with pharmacological treatment), and comorbid diseases and their treat-
ments on brain sugar sensing?

Finally, to be informative for public health decision-making, studies are needed that include suf-
ficient numbers of obese and “at-risk” for obesity groups the study population will need to be large 
enough and followed long enough (>1 year) to detect potentially small changes in food intake and 
body weight, especially in susceptible subgroups. Also, attention needs to be paid to ensure that 
people are free to consume alternatives such as water, milk, and foods free of added sugars.
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Sugars, Obesity, and Chronic 
Diseases in Adults

Vasanti S. Malik and Frank B. Hu

KEY POINTS

• Intake of added sugars has increased markedly in the past few decades in parallel with ris-
ing rates of obesity and related chronic diseases.

• Sugar-sweetened beverages (SSBs) are the single largest source of calories and added sug-
ars in the US diet, with consumption levels exceeding recommendations for all added 
sugars.

• Prospective cohort studies and trials have provided strong evidence for a causal link 
between intake of SSBs and weight gain or risk obesity and related chronic diseases, espe-
cially diabetes.

• SSBs promote weight gain because liquid calories are not filling and people do not 
reduce their food intake at subsequent meals following ingestion of liquid calories. 
These beverages can lead to diabetes and cardiovascular disease through excess adi-
posity, but also independently through glycemic effects and metabolic consequences 
of fructose.

• Based on the totality of the available evidence, intake of SSBs should be limited for obesity 
and chronic disease prevention and replaced by healthy alternatives such as water, coffee, 
tea, and low-fat milk.
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• Public policy and regulatory strategies to reduce intake of SSBs are already in place or are 
being considered. These strategies should combine education and public health campaigns 
with regulations and laws to change social norms and improve consumption patterns.

• Scientific evidence should continue to evolve regarding the health effects of SSBs and be 
used to guide and update recommendations and policy strategies.

INTRODUCTION

The adverse health effects of dietary sugars have long been a matter of much public and scien-
tific interest. For decades, it has been thought that high intake of dietary sugars is associated with 
the development of obesity, type 2 diabetes, cardiovascular disease, fatty liver disease, and some 
cancers. However, inconsistent findings have precluded the ability to draw definitive conclusions 
regarding many of these associations. A major challenge has been a lack of consensus on how 
sugars are defined. Naturally occurring sugars such as fructose, sucrose, and lactose are found 
intrinsically in fruits, vegetables, and dairy. In contrast, added or extrinsic sugars refer to sugars 
and syrups that are added to foods and beverages during processing and preparation, for example, 
high-fructose corn syrup (HFCS), the most common sweetener used in soda. To enable a more stan-
dardized approach to examining potential adverse health effects, the World Health Organization 
and the Food and Agriculture Organization of the United Nations have adopted a classification of 
carbohydrates based on polymer chain length and clarified definitions of various groups of sugars 
including free sugars, which includes all monosaccharaides and disaccharides added to foods plus 
those naturally present in honey, syrups, and fruit juices.

Time-trend data over the last three to four decades have shown a close parallel between the rise 
in intake of added sugars and the obesity and diabetes epidemics in the USA [1,2]. National survey 
data have estimated that the per capita intake of added sugars increased from 235 kcal/day in the 
late 1970s to 318 kcal/day in 1995 [2]. Largely driving this trend has been the dramatic increase in 
the consumption of sugar-sweetened beverages (SSBs), which are the single largest source of calo-
ries and added sugars in the US diet [3,4], as shown in Table 16.1. SSBs include the full spectrum 
of soft drinks, fruit drinks, and energy and vitamin water drinks, which are sweetened by caloric 
sweeteners such as HFCS, sucrose, or fruit juice concentrates that are added to the beverages by 
manufacturers, establishments, or individuals. HFCS is the sweetener most commonly used in 
SSBs in the USA, and usually contains 55% fructose, 40% glucose, and 5% other sugars, while 
sucrose or table sugar, the predominant sweetener in Europe, consists of 50% fructose and 50% 
glucose. Consumption of SSBs in the USA appears to have decreased modestly in the past decade 
[5] but data from the National Health and Nutrition Examination Survey (2005–2008) show that 
half of the US population consumes SSBs on a given day with one in four obtaining at least 200 
calories from these beverages and 5% obtaining at least 567 calories, equivalent to four cans of 
soda [6]. These values exceed American Heart Association recommendations for no more than 
100–150 kcal/day from all added sugars for most men and women [7]. In other parts of the world, 
particularly developing countries, intake of SSBs is on the rise, due to widespread urbanization 
and heavy marketing [8].

Over the past decade, a large body of evidence has accumulated, which shows a strong associa-
tion between SSBs and obesity and related chronic diseases [9–11]. For this reason and because 
they provide “empty” calories and almost no nutritional value, SSBs have been identified as a suit-
able target for public health interventions. However, controversy remains whether the associations 
are causal (see Chapter 21), and whether public action should be taken on the basis of the exist-
ing evidence. In this chapter, we examine the epidemiological evidence evaluating the relationship 
between sugars and obesity, diabetes, and cardiovascular risk in adults, focusing on SSBs since they 
are the most abundant and well-characterized source of added sugars in the diet. We also examine 
whether the available evidence linking SSB intake to obesity and diabetes meets the criteria for 
causality commonly used in noncommunicable disease epidemiology. Although not a main focus 



227Sugars, Obesity, and Chronic Diseases in Adults

of this chapter, we briefly discuss potential biological mechanisms underlying these associations. 
Since the majority of evidence we review is from prospective cohort studies, we also consider some 
methodological issues inherent in observational data. Finally, we discuss healthier alternatives to 
SSBs, implications for public health policies, and areas for future research.

SSBs AND OBESITY

observational evidenCe

Numerous epidemiological studies have evaluated the relationship between consumption of SSBs 
and the development of obesity in adults. Among the various study designs, ecological studies, 
which make cross-population comparisons, are most susceptible to confounding and other biases. 
Cross-sectional studies, which evaluate the exposure and outcome at the same point in time, are also 
highly prone to confounding and reverse causation bias. Because these designs are not able to estab-
lish a temporal sequence and infer causality, they have limited utility in nutritional epidemiology 
outside of hypothesis generation. Thus, evidence from these types of studies is not discussed in this 
chapter. Instead, we consider carefully conducted and analyzed prospective cohort studies, which 
study a group of people over time, and are considered the strongest nonrandomized study design, 
able to capture long-term diet and disease relationships.

The majority [3,9,10,12,13] but not all [14] of systematic reviews have reported positive asso-
ciations between SSBs and weight gain or risk of overweight or obesity. We recently conducted a 
comprehensive systematic review and meta-analysis of cohort studies and randomized controlled 
trials of SSBs and weight gain in children and adults [10]. For this analysis, we included estimates 
that were not adjusted for total energy intake. Because SSBs add extra calories to the diet, total 
energy intake is likely to mediate the association between SSB intake and weight gain. Thus, 
adjusting for total energy intake would be equivalent to assessing the effects of SSB intake on 

TABLE 16.1
Mean Intake of Added Sugars and Mean Contribution (Teaspoons) of 
Various Foods among US Population, by Age, National Health and Nutrition 
Examination Survey 2005–2006

All Persons 2–18 Years 19+ Years

Sample size 8272 3553 4719

Mean intake of added sugars (tsp.) 21 23 20

Ranka Food Group
1 Soda/energy/sports drinks 7.5 7.3 7.6
2 Grain-based desserts 2.7 2.5 2.8
3 Fruit drinks 2.2 3.4 1.8
4 Dairy desserts 1.4 1.8 1.2
5 Candy 1.3 1.6 1.2
6 Ready-to-eat cereals 0.8 1.5 0.6

7 Sugars/honey 0.7 0.3 0.9

8 Tea 0.7 0.5 0.8

9 Yeast breads 0.4 0.4 0.4

10 Syrups/toppings 0.4 0.7 0.3

Source: From http://riskfactor.cancer.gov/diet/foodsources/added_sugars.
a Rank for all persons only. Columns for other age groups are ordered by this ranking. The top five food 
groups for each age group are in bold. 
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body weight that do not occur through a change in total energy intake. This type of analysis would 
artificially underestimate the association between SSBs and body weight. Based on seven cohort 
studies in adults, with 174,252 participants, a one-serving per day increase in SSBs was associated 
with an additional weight gain of 0.22 kg (95% CI: 0.09–0.34 kg) and 0.12 kg (95% CI: 0.10–
0.14 kg) over 1 year, in random- and fixed-effects models, respectively (Figure 16.1). The estimate 
from the fixed-effects model was not as strong as that from the random-effects model most likely 
because the random-effects model gives greater weight to smaller studies compared to the fixed-
effects model and there were a couple of small studies that were outliers included in the analysis, 
which could have impacted the overall summary estimate. Although these estimates seem modest, 
adult weight gain in the general population is a gradual process, occurring over decades and aver-
aging about 1 pound per year [15]. Thus, eliminating SSBs from the diet could be an effective way 
to prevent age-related weight gain. All of the studies included in the meta-analysis had repeated 
measurements of diet and weight and utilized a “change-on-change” analysis strategy. This type 
of analysis has some of the features of a quasi-experimental design, although it lacks the element 
of randomization in a clinical trial. An advantage of this design is the generalizability to a real-
world setting, relative to a controlled laboratory setting, because participants are able to change 
their diet and lifestyle without investigator-driven intervention. Looking at individual studies in 
the meta-analysis, the largest and most influential was conducted among 120,877 initially non-
obese men and women in the three Harvard longitudinal cohorts [the Nurses’ Health study (NHS), 
Nurses’ Health Study 11 (NHS II), and Health Professionals Follow-up study (HPFS)] [15]. This 
study examined the relationships between changes in diet and lifestyle factors with weight change 
using repeated measurements every 4 years and found that SSB was most strongly associated with 
4-year weight change after potato chips and potatoes. Each daily increase in one 12-oz. serving of 
SSBs was associated with approximately 0.5 kg greater weight gain every 4 years (or 0.13 kg per 
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FIGURE 16.1 Forest plot of 1-year changes (95% CI) in weight (kg) per 1 serving/day increase in SSBs from 
prospective cohort studies in adults using a change versus change analysis strategy. (From Malik VS et al. The 
American Journal of Clinical Nutrition. 2013;98(4):1084–102. Epub 2013/08/24.).
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year), in the multivariable adjusted model, which is similar to our results from the meta-analysis. 
Other obesogenic foods identified in this study included red and processed meat, refined grains, 
and desserts. In contrast, greater consumption of fruits, vegetables, whole grains, nuts, and yogurt 
was associated with less weight gain. These results suggest that obesity prevention should focus 
on improving overall diet quality by consuming more healthy foods and beverages and limiting 
unhealthy ones. Since a large number of individuals consume multiple servings of SSBs daily, 
reducing consumption of SSBs is an important step in improving diet quality and reducing long-
term weight gain. In an earlier study conducted in over 50,000 participants in the NHS II, women 
who increased their SSB consumption and maintained a high level of intake gained on average 
8.0 kg over 8 years, while women who decreased their SSB intake and maintained a low level 
of intake gained on average 2.8 kg [16]. Similar results have been observed in other populations 
including over 40,000 women in the Black Women’s Health Study [17] and in a cohort of over 
43,000 Chinese men and women in Singapore [18]. Among studies that were excluded from the 
meta-analysis and reviewed qualitatively, the majority [18–21] found positive associations between 
SSBs and weight gain in either primary analysis or subgroup findings, while two studies [22,23] 
did not find significant associations.

The association between SSBs and obesity is strengthened by our recent analysis of gene–SSB 
interactions, which examined whether consumption of SSBs can modify the genetic risk of obesity, 
using a genetic predisposition score based on 32 obesity genes identified from genome-wide asso-
ciation studies [24]. Based on data from three large cohorts (NHS, HPFS, and the Women’s Genome 
Health Study), we found that greater consumption of SSBs was associated with a more pronounced 
genetic effect on elevated body mass index (BMI) and an increased risk of obesity. Individuals who 
consumed one or more servings of SSBs per day had genetic effects on BMI and obesity risk that 
were approximately twice as large as those who consumed less than one serving per month. These 
data suggest that regular consumers of SSBs may be more susceptible to genetic effects on obesity, 
implying that a genetic predisposition to obesity can be partly offset by healthier beverage choices. 
Alternatively, persons with a greater genetic predisposition to obesity may be more susceptible to 
the deleterious effects of SSBs on BMI. These findings may partly explain individual differences in 
the metabolic response to intake of SSBs.

randomized CliniCal trials

Compared to observational studies, evidence from randomized clinical trials (RCTs) is limited, 
and the majority of trials are designed to evaluate short-term effects of specific interventions on 
weight change rather than long-term patterns. In our recent meta-analysis of five trials including 
292 adults, we found that adding SSBs to the diet significantly increased body weight (Figure 16.2) 
[10]. The weighted mean difference (WMD) in the change in body weight (kg) from baseline to the 
end of follow-up between intervention and control groups was 0.85 (95% CI: 0.50–1.20). All of the 
studies in the analysis observed significantly greater weight gain or trends towards greater weight 
gain in intervention compared with control regimens, and there was no evidence of between-study 
heterogeneity. Similarly, another meta-analysis of seven RCTs found a significant dose-dependent 
increase in body weight when SSBs were added to participants’ diets [14]. However, in their meta-
analysis of another eight trials aiming to reduce SSB consumption (for prevention of weight gain), 
there was no overall effect on BMI, but a significant benefit was observed among individuals who 
were initially overweight [14]. This meta-analysis included two recent large and rigorously con-
ducted RCTs in children and adolescents [25,26], which have overcome many of the limitations 
of previous trials and provide strong evidence that decreasing consumption of SSBs significantly 
reduces weight gain and obesity in this age group. In the trial by Ebbeling et al. [25], there were 
significant between-group differences for changes in BMI (−0.57, P = 0.045) and weight (−1.9 kg, 
P = 0.04) comparing intervention and control groups after 1 year and in the trial by de Ruyter et al. 
[26], weight increased by 6.35 kg in the sugar-free beverage group as compared with 7.37 kg in 
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the SSB group (95% CI for the difference, −1.54 to −0.48) after 18 months. It should be noted that 
these meta-analyses combined studies in adults and children and as pointed out by the authors, 
many of the trials had methodological limitations including small sample sizes, short duration, 
poor compliance, lack of randomization at the individual level, lack of blinding and the overstating 
of subgroup findings, the two recent RCTs in children and adolescents notwithstanding. It should 
also be noted that some of these trials are “effectiveness” trials of behavioral modification, which 
evaluate intervention modalities more so than causal relations because their findings are greatly 
affected by intervention intensity and adherence. Thus, a lack of benefit does not mean that the 
relation between SSBs and weight gain is not causal but rather that the given modality might not be 
effective at changing behaviors.

Among trials of SSBs and body weight, it is important to distinguish between those that evaluate 
weight gain and weight loss. From a public health point of view, identifying dietary determinants 
of weight gain is more important than short-term weight loss in reducing obesity prevalence in the 
population [27]. This is because once an individual becomes obese, it is difficult to achieve and 
maintain weight loss. For this reason, fewer studies have evaluated the impact of SSB restriction on 
weight loss. Tate et al. [28] recently evaluated replacement of caloric beverages with water or diet 
beverages as a strategy for weight loss, in a 6-month RCT among overweight and obese adults. At 
the end of follow-up, all intervention groups showed statistically significant weight loss but there 
were no differences between groups. However, participants who were assigned to caloric beverage 
replacement, compared with attention controls (who made dietary changes of their choosing), were 
twice as likely to have achieved a 5% weight loss over the course of the study. Interestingly, the 
control group also reduced their caloric beverage consumption despite not being informed about the 
true study purpose. Thus, a smaller caloric difference between the two beverage substitution groups 
and the control group was observed, which can explain the lack of significant effects on the amount 
of weight loss between groups.
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meta-analysis of added sugar

Recently, the World Health Organization commissioned a systematic review and meta-analysis to 
address the effects of added sugars on body weight and to determine whether the existing evidence 
supports its current recommendation to limit added sugar intake to less than 10% of total energy 
[29]. They included 30 RCTs and 38 prospective cohort studies in children and adults that reported 
the intake of total sugars, a component of total sugars or sugar-containing foods and beverages and 
at least one measure of body fatness. Of the 16 cohort studies in adults, 11 reported one or more 
significantly positive associations between a sugar exposure and measure of adiposity and one study 
reported both significantly positive and negative associations. Possible reasons for the variable find-
ings in this study include too short a duration of follow-up (2 years) and the small increment of 
sweets or SSBs (100 g/day) used for estimating risk in the estimates. The meta-analysis found that in 
trials of adults with ad libitum diets, decreased intake of added sugars by comparison with no reduc-
tion or an increase in sugar intakes (differences in sugar intakes between intervention and control 
groups ranged from less than 1% to 14% of total energy intake) significantly reduced body weight 
(0.80 kg, 95% CI: 0.39–1.21; P < 0.001) in studies ranging from 10 weeks to 8 months, whereas 
increased consumption led to a comparable weight increase (0.75 kg, 95% CI: 0.30–1.19; P = 0.001). 
The authors concluded that “Among free living people involving ad libitum diets, intake of free sug-
ars or SSBs is a determinant of body weight.” Furthermore, the authors noted, “When considering 
the rapid weight gain that occurs after an increased intake of sugars, it seems reasonable to conclude 
that advice relating to sugar intake is a relevant component of a strategy to reduce the high risk of 
overweight and obesity in most countries.”

SSBs AND DIABETES

A growing body of evidence indicates that SSB consumption is associated with increased risk of 
diabetes through effects on adiposity and independently through other metabolic effects. Although 
experimental evidence from RCTs is lacking due to high cost and other feasibility considerations, 
findings from prospective cohort studies have shown a relatively strong and consistent association in 
well-powered studies. We conducted a meta-analysis of eight prospective cohort studies evaluating 
SSB intake and risk of diabetes [11] (Figure 16.3). Based on 310,819 participants and 15,043 cases, 
individuals in the highest category of SSB intake (usually 1–2 servings per day) had a 26% (RR: 
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FIGURE 16.3  Forest plot of studies evaluating SSB consumption and risk of type 2 diabetes, comparing 
extreme categories of intake. Random-effects estimate (DerSimonian and Laird method). *Personal commu-
nication. (From Malik VS et al. Diabetes Care. 2010;33(11):2477–83.)
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1.26; 95% CI: 1.12–1.41) greater risk of developing diabetes compared to those in the lowest category 
(none or less than one per month). A one serving per day increase in SSB was associated with about 
15% increased risk for diabetes (RR: 1.15; 95% CI: 1.11–1.20). This association is consistent across 
ethnic groups (Caucasians, African-Americans, and Asians), gender, and age groups. As with our 
meta-analysis on weight gain, we selected estimates that did not adjust for potential intermediates 
in the causal chain such as total energy intake and BMI. A similar association was recently found 
in a subcohort of 15,374 participants and 11,684 incident cases from eight cohorts participating in 
the European Prospective Investigation into Cancer and Nutrition (EPIC) study [30]. In adjusted 
models, a one serving per day increase in SSB was associated with a 22% increased risk of diabetes 
(RR: 1.22; 95% CI: 1.09–1.38). As expected, the association was attenuated after further adjust-
ment for total energy intake and BMI (RR: 1.18; 95% CI: 1.06–1.32). In a separate study, the French 
component of EPIC, which included 66,118 women and 1369 incident cases, found that women in 
the highest quartile of SSB intake had a 34% increase of diabetes compared to nonconsumers (RR: 
1.34; 95% CI: 1.05–1.71) [31]. In sensitivity analyses, associations were partly mediated by BMI, 
although there was still a strong significant independent effect.

A recent systematic review of cohort studies and RCTs evaluated the effect of sugar intake includ-
ing SSBs, sucrose, and fructose on risk of diabetes, cardiovascular disease, and related metabolic 
risk factors [32]. This review was part of the fifth version of the Nordic Nutrition Recommendations 
(NNR) project, with the aim of reviewing and updating the scientific basis of the fourth edition 
of the NNR issued in 2004, which like the WHO recommends a maximal intake of 10% of total 
energy from added sugars. Nine cohort studies were identified for incidence of diabetes. Of these, 
four of six studies found significant positive associations for SSBs. In general, larger studies with 
longer durations of follow-up reported stronger associations, and BMI seemed to mediate part 
of the increased risk, which supports findings from our meta-analysis [11] and previous reviews 
[3,9,12,33]. Intake of total sugars, glucose, or fructose was not consistently associated with diabetes. 
The authors suggested that one reason for this might be that a significant proportion of the sugars 
consumed were not added sugar but naturally occurring sugars in fruits, for example. Some studies 
have shown beneficial effects of fruit consumption on risk of diabetes [34].

As previously mentioned, trial data on SSBs and diabetes as an endpoint is limited, however 
short-term mechanistic studies have established a biologic rationale with biomarkers of diabetes risk 
such as insulin resistance and chronic inflammation. These studies in combination with findings 
from cohort studies make a strong case for causality [27].

SSBS, OBESITY, AND DIABETES: ARE THE ASSOCIATIONS CAUSAL?

RCTs are generally considered the gold standard in epidemiology for establishing a causal rela-
tionship between an exposure and an outcome. However, most trials of SSBs and obesity have 
been short-term and it is not feasible to examine the relationship between SSB consumption and 
risk of chronic diseases such as diabetes through RCTs because of cost and compliance issues. 
Realistically, an ideal RCT may never be conducted in free-living populations for dietary behavioral 
changes since almost all trials, no matter how well designed, will suffer from one or more major 
limitations, such as reduced compliance over time and infeasibility of blinding the interventions. 
On the other hand, large cohort studies, particularly those with repeated measures that carefully 
adjust for potential confounders, are powerful tools to investigate long-term associations between 
dietary exposures and chronic disease risk. Therefore, to make inferences about causality between 
SSBs and obesity and diabetes, it is essential to consider evidence from both RCTs and prospective 
cohort studies.

To answer the question whether the associations between SSB consumption and obesity and 
diabetes are causal, we applied the Bradford Hill criteria for causality to the available evidence 
[27,33]. This set of conditions commonly used in noncommunicable disease epidemiology evaluates 
an evidence-base according to nine criteria [35].
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 1. Strength of the association: Our meta-analysis of cohort studies found that a one serving 
per day increase in SSBs was associated with an additional weight gain of 0.12–0.22 kg 
over 1 year [10]. Although the effect size seems modest, the unit of exposure is relatively 
small (i.e., one serving per day). RCTs have shown greater short-term weight gain with the 
addition of SSBs to the diet and clinically significant benefits of reducing SSBs or added 
sugar consumption on body weight. From our meta-analysis of cohort studies on diabetes, 
we found that daily consumers of SSBs had a 26% greater risk of developing diabetes 
compared to infrequent or nonconsumers (RR: 1.26; 95% CI: 1.12–1.41) [11]. Experimental 
studies of SSBs and biomarkers of diabetes risk support this association [33].

 2. Consistency of the association: The evidence from prospective cohort studies and RCTs 
for obesity and risk of diabetes is highly consistent.

 3. Specificity of the association: Consumption of SSBs increases the risk of related metabolic 
conditions and unrelated conditions such as dental caries. This criterion has limited util-
ity since causes of a given effect cannot be expected to lack other effects on any logical 
grounds.

 4. Temporality of the association: The temporal relationships between SSBs and obesity and 
diabetes risk are well established, given that the evidence reviewed here is derived from 
prospective cohort studies and RCTs.

 5. Biological gradient or dose–response: As SSB intake increases, the amount of weight 
gain increases in a dose–response manner. Similarly as SSB increases, risk of diabetes too 
increases.

 6. Biological plausibility: SSBs contain large amounts of energy from rapidly absorbable 
sugars. Consumption of these calories in liquid form is associated with less satiety and 
an incomplete compensatory reduction in energy intake at subsequent meals, leading to 
the overconsumption of total daily calories [9]. SSBs lead to diabetes through obesity and 
independently through glycemic effects from postprandial spikes in blood glucose and 
insulin and also from the metabolic consequences of fructose [9].

 7. Biological coherence: The interpretation of the associations between SSBs and obesity and 
diabetes risk does not conflict with what is currently known about the natural history of 
these conditions.

 8. Experimental evidence: RCTs have shown that reducing consumption of SSBs or added 
sugars significantly decreases weight gain and that adding SSBs to the diet significantly 
increases weight gain. Short-term mechanistic studies have shown that SSB consumption 
increases visceral adiposity, dyslipidemia, insulin resistance, and plasma concentrations of 
uric acid and inflammatory cytokines.

 9. Analogous evidence or alternate explanations: The positive associations between SSBs 
and obesity and diabetes risk found in observational studies may be due to confounding 
by other correlated dietary and lifestyle factors. However, these factors were carefully 
adjusted for in multivariable analyses in most studies. Results from RCTs are not suscep-
tible to such confounding and support conclusions from observational studies.

Taken together, the current evidence on SSBs and obesity and diabetes meets all of the key criteria 
commonly used to evaluate causal relationships in epidemiology. Thus, there is compelling evi-
dence that SSB intake is causally related to increased risk of obesity and diabetes. This does not 
mean that work in this area is complete. The scientific evidence should continue to evolve regarding 
the health effects of SSBs and be used to guide and update nutritional policy. As Sir Austin Bradford 
Hill wrote several decades ago [35]:

All scientific work is incomplete—whether it be observational or experimental. All scientific work 
is liable to be upset or modified by advancing knowledge. That does not confer upon us a freedom to 
ignore the knowledge we already have, or to postpone the action it appears to demand at a given time.
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SSBs AND CARDIOVASCULAR RISK

There is increasing evidence that higher SSB consumption increases cardiovascular risk by 
 contributing to the development of hypertension, dyslipidemia, inflammation, coronary heart dis-
ease, and stroke. We pooled findings from three prospective cohort studies evaluating SSBs and 
risk of metabolic syndrome, which is a clustering of metabolic risk factors including central obe-
sity, elevated triglycerides, reduced HDL cholesterol, elevated fasting plasma glucose, and elevated 
blood pressure [11]. Based on 19,431 participants and 5803 cases, we observed a 20% increased risk 
of metabolic syndrome comparing highest to lowest categories of intake. In the Coronary Artery 
Risk Development in Young Adults (CARDIA) study, higher SSB consumption was associated with 
a number of cardiometabolic outcomes: high waist circumference (RR: 1.09; 95% CI: 1.04–1.14), 
high LDL cholesterol (RR: 1.18; 95% CI: 1.02–1.35), high triglycerides (RR: 1.06; 95% CI: 1.01–
1.13), and hypertension (RR: 1.06; 95% CI: 1.01–1.12) [36].

Findings for hypertension are supported by stronger associations in the NHS and NHS II cohorts. 
Women who consumed ≥4 servings per day of SSBs had a 44% (RR: 1.44; 95% CI: 0.98–2.11) 
and 28% (RR: 1.28; 95% CI: 1.01–1.62) greater risk of developing hypertension, respectively, com-
pared with infrequent consumers [37]. In a post hoc analysis of an 18-month behavioral interven-
tion trial, a reduction in consumption of SSBs was significantly associated with reduced blood 
pressure, even after adjustment for weight change [38]. Regarding lipid parameters, Dhingra et al. 
[19] found that daily soft drink consumers had a 22% greater risk of developing hypertriglyceri-
demia (≥1.7 mmol L−1 or on treatment; RR = 1.22, 95% CI: 1.07–1.41) and low–high-density lipo-
protein (HDL) cholesterol (<1.03 mmol L−1 for men and <1.3 mmol L−1 for women or on treatment; 
RR = 1.22, 95% CI: 1.04–1.44) compared with non-consumers. Similarly, among participants in the 
Multi-Ethnic Study of Atherosclerosis, daily SSB consumers had a 28% greater risk of developing 
hypertriglyceridemia (RR = 1.28, 95% CI: 1.02–1.60) and low-HDL cholesterol (RR = 1.28, 95% 
CI: 0.99–1.64) than non-consumers [39].

Data from short-term trials also provide important evidence linking SSBs with cardiovascular risk. 
Raben et al. [40] found that a sucrose-rich diet consumed for 10 weeks resulted in significant elevations 
of postprandial glycemia, insulinemia, and lipidemia compared to a diet rich in artificial sweeteners in 
overweight healthy subjects. A randomized crossover trial among normal weight healthy men found 
that after 3 weeks, SSBs consumed in small-to-moderate quantities (600 mL SSB/day containing 
40–80 g of sugar) significantly impaired glucose and lipid metabolism and promoted inflammation 
[41]. Specifically, LDL particle size was reduced for high-fructose and high-sucrose SSBs and a more 
atherogenic LDL subclass distribution was seen when fructose and high-sucrose-containing SSBs 
were consumed [41]. Fasting glucose and high-sensitivity C-reactive protein (CRP) increased signifi-
cantly after fructose, glucose, and sucrose interventions and leptin increased during interventions with 
SSBs containing glucose [41]. A 10-week intervention comparing effects of sucrose and artificially 
sweetened food/beverages on markers of inflammation found that serum levels of haptoglobin, trans-
ferrin, and CRP were elevated in the sucrose group compared to the sweetener group [42].

SSBs may affect risk of coronary heart disease (CHD) in just a few years through effects on 
inflammation, which influences atherosclerosis, plaque stability, and thrombosis. In the NHS, we 
found that regular SSB intake was significantly associated with increased incidence of CHD (non-
fatal myocardial infarction or fatal CHD) [43]. In over 88,000 women followed for 24 years, those 
who consumed ≥2 servings per day of SSBs had a 35% greater risk of CHD compared with infre-
quent consumers, after adjusting for other unhealthy lifestyle factors (RR: 1.35; 95% CI: 1.10, 1.20) 
[43]. Additional adjustment for potential mediating factors (including BMI, total energy intake, and 
incident diabetes) attenuated the associations, but they remained statistically significant, suggesting 
that the effect of SSBs may not be entirely mediated by these factors. Similar results were found in 
the HPFS among 42,883 men [44]. In this study, intake of SSBs was also significantly associated 
with increased plasma concentrations of inflammatory cytokines, including CRP, interleukin-6, and 
tumor necrosis factor receptors [44].
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Recent evidence has also emerged linking intake of SSBs to increased risk of stroke. Among 
84,085 women and 43,371 men in the Harvard cohorts followed for 28 and 22 years, respectively, 
≥1 serving of SSB per day was associated with 16% increased risk of total stroke (RR: 1.16; 95% CI: 
1.00–1.34) compared with none in multivariable adjusted models [45]. An association of a similar 
magnitude was also observed for diet soda. However, as mentioned by the authors, the association 
between diet drinks and stroke should be interpreted with caution since they did not find associa-
tions between diet drinks and weight gain, diabetes, or CHD in their study population, which are 
risk factors for stroke, and a clear biologic mechanism between diet drink consumption and stroke 
is not known [45]. In the multiethnic cohort of 2564 residents in Northern Manhattan followed for 
a mean of 10 years, daily soft drink consumption was associated with an increased risk of vascular 
events (stroke, MI, and vascular death) only in participants free of obesity, diabetes, and metabolic 
syndrome [46]. This study also found a significant association with diet drinks that warrants further 
investigation. A Japanese cohort of 39,786 men and women followed for 18 years found significant 
positive associations between SSB intake and total and ischemic stroke in women but not in men 
[47]. Adjustment for BMI and total energy intake had little effect, suggesting that these factors are 
not major mediators. SSB intake was not associated with risk of ischemic heart disease or hemor-
rhagic stroke for either sex [47].

Lastly, intake of both added sugars and SSBs was associated with an increased risk for CVD 
mortality in a recent analysis of National Health and Nutrition Examination Survey III Linked 
Morality cohort data [48]. After a median of 14.6 years of follow-up, added sugar intake was 
associated with a two-fold (RR: 2.03; 95% CI: 1.26–3.27) greater risk of CVD death comparing 
extreme quintiles of intake in the fully adjusted model including BMI, systolic blood pressure, 
total serum cholesterol, and total energy intake. Participants who consumed seven or more serv-
ings per week of SSB had a 29% greater risk of CVD mortality compared to those who consumed 
1 serving per week or less. In contrast, a recent analysis from the NIH-AARP Diet and Health 
Study, a prospective cohort of older US adults aged 50–71 years at baseline, found that intake of 
total fructose but not of added sugar was associated with a modest increase in risk of all-cause 
mortality in men and women [49]. However, all investigated sugars from beverages, including 
added sugars, were positively associated with risk of all-cause, CVD, and other cause mortality in 
women, while only fructose from beverages was positively associated with risk of all-cause and 
CVD mortality in men. Additional confirmatory studies evaluating the impact of added sugars and 
SSBs on mortality are warranted.

SSBs AND OTHER METABOLIC DISEASES

SSBs contain large amounts of fructose from added sugars, which is known to increase serum uric 
acid levels. Regular consumption of SSBs has been associated with hyperuricemia as well as with 
gout, which is a common form of inflammatory arthritis arising from deposition of uric acid in artic-
ular cartilage, in our cohorts [50,51]. Men and women who consumed ≥2 SSBs per day had an 85% 
(RR: 1.85; 95% CI: 1.08–3.16) [50] and over two-fold (RR: 2.39; 95% CI: 1.34–4.26) [51] increased 
risk of developing gout compared to infrequent consumers, respectively. Consumption of SSBs, 
particularly cola-type soft drinks which usually contain caramel color, has also been associated 
with development of albuminuria, a marker of early kidney damage, formation of kidney stones, and 
increased risk of chronic kidney disease [52,53]. In the NHS II, sucrose consumption was associ-
ated with an increased risk of incident kidney stones [54]. Women in the highest quintile of sucrose 
intake had a 31% increased risk of developing kidney stones compared to infrequent consumers 
[54]. Observational studies have also found that a higher intake of sucrose and fructose and a higher 
dietary glycemic load, of which SSB is a large contributor, is associated with a higher frequency of 
gallstones [55,56]. It has been estimated that the equivalent of 40 g of sugar per day doubles the risk 
of symptomatic gallstones [57].
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BIOLOGICAL MECHANISMS

The prevailing mechanisms linking SSB intake to weight gain are decreased satiety and an incom-
plete compensatory reduction in energy intake at subsequent meals following ingestion of liquid calo-
ries [9]. A typical 12 oz. serving of soda contains on average 140–150 cal and 35–37.5 g of dietary 
sugars, which is equivalent to about 10 teaspoons of table sugar. If these calories are added to the 
typical diet without compensation for the additional calories, one can of soda per day, could in theory 
lead to a weight gain of 5 pounds in 1 year [33]. Short-term feeding studies comparing SSBs to arti-
ficially sweetened beverages in relation to energy intake [58] and weight change [40,58–61] illustrate 
this point. Additional evidence supporting incomplete compensation for liquid calories has been 
provided by studies showing greater energy intake and weight gain after isocaloric consumption of 
beverages compared to solid food [62,63]. These studies argue that sugar or HFCS in liquid beverages 
may not suppress intake of solid foods to the level needed to maintain energy balance; however, the 
mechanisms responsible for the weaker compensatory response to fluids is largely unknown.

SSBs may contribute to the development of diabetes and cardiovascular risk, in part, through 
the caloric effects and ability to induce weight gain, but there are also likely noncalorically related 
effects arising from the high amounts of rapidly absorbable sugars or HFCS in these beverages. 
[9] (Figure 16.4). Consumption of SSBs has been shown to induce rapid spikes in blood glucose 
and insulin levels [40,64], which in combination with the large volumes consumed contribute to a 
high dietary glycemic load. High-GL diets are thought to stimulate appetite and promote weight 
gain due to the higher postprandial insulin response following ingestion of a high-GL meal [65]. 
High-GL diets have also been shown to stimulate insulin secretion due to postprandial hypergly-
cemia leading to hyperinsulinemia and insulin resistance [65]. An increase in GL has also been 
shown to exacerbate levels of inflammatory biomarkers such as CRP [66]. Inflammation is known to 
influence atherosclerosis, plaque stability, and thrombosis; therefore, SSB consumption may affect 
CHD risk within just a few years. High-dietary GL has also been associated with greater risk of 
CHD [43,44]. In addition, the caramel coloring used in cola-type soft drinks is high in advanced 
glycation end products, which may further increase insulin resistance and inflammation [67,68]. 
Habitual consumption of diets with a high GL may also influence cancer risk via hyperinsulinemia 
and the insulin-like growth factor axis [69].

Some evidence also suggests that consuming fructose, a constituent of sucrose, and in slightly 
higher amounts from HFCS and fruit juices may exert additional adverse cardiometabolic effects, as 
reviewed in Chapter 19. Fructose is preferentially metabolized to lipid in the liver, leading to increased 
hepatic de novo lipogenesis, atherogenic dyslipidemia, and insulin resistance [70]. Fructose has also 
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been shown to promote the accumulation of visceral adiposity and the deposition of ectopic fat [71–
74]. Fructose is the only sugar known to increase serum uric acid levels by increasing adenosine 
triphosphate degradation to adenosine monophosphate, a precursor of uric acid [75]. The production 
of uric acid in the liver may reduce endothelial nitric oxide, which may partly explain the association 
between SSBs and CHD [76]. Fructose may also increase cancer risk through oxidative stress [77].

METHODOLOGICAL CONSIDERATIONS IN OBSERVATIONAL STUDIES

As previously mentioned, prospective cohort studies are powerful tools in capturing long-term pat-
terns of diet and disease since, in contrast to most trials, they are of sufficient duration for causal 
action and disease initiation to occur. However, certain limitations inherent in these studies are 
important to consider when interpreting the evidence. Most of the prospective cohort studies dis-
cussed in this chapter adjusted their analyses for potential confounding by various diet and lifestyle 
factors, and for the majority, a positive association persisted, suggesting an independent effect of 
SSBs. However, residual confounding by unmeasured or imperfectly measured factors may still 
exist. Higher SSBs or sugar intake could be a marker of a globally unhealthy diet. Therefore, incom-
plete adjustment for various lifestyle factors could lead to an overestimation of the association. 
Because results are consistent across different cohorts, this reduces the likelihood that residual 
confounding is responsible for the findings.

Another issue that can seriously impact results is whether a study has adjusted for intermediate 
factors in the causal chain such as adjusting for total energy intake when evaluating SSBs and body 
weight. In these scenarios, associations will be attenuated since adjusting for an intermediate is 
equivalent to removing its effects from the disease process. Still, some studies have shown positive 
associations between SSBs and obesity and diabetes after adjusting for mediating factors like total 
energy intake and BMI, which supports an effect of SSBs that is not entirely mediated through these 
factors [16,78]. Measurement error in dietary assessment is inevitable, but in the setting of prospec-
tive cohort studies, the misclassification of SSB intake does not likely differ by case status. Such 
nondifferential misclassification of exposure may actually attenuate the associations. Awareness 
of weight status could, however, result in systematic underreporting of SSB intake, which could 
weaken associations between SSBs and weight gain.

Longitudinal studies evaluating diet and body weight or chronic diseases may also be prone to 
reverse causation (i.e., people change their diet in response to their weight or health, which could 
result in spurious associations). Ascertainment of repeated measures of exposure and outcome or 
stable exposure patterns during long periods of follow-up may reduce the likelihood of this bias. 
For this reason, in our recent meta-analysis of SSBs and weight gain, we included only studies with 
repeated measures [10].

HEALTHY ALTERNATIVES TO SSBs

Several beverages have been suggested as alternatives to SSBs including water, 100% fruit juice, 
coffee, tea, and artificially sweetened drinks. Unlike SSBs, water does not contain liquid calories, 
and small short-term studies have shown that water consumption before a meal is associated with an 
increase in satiety and a subsequent lower energy intake [79–81]. In a recent analysis in the Harvard 
cohorts, we found that replacement of 1 serving per day of SSBs with one serving of water was asso-
ciated with 0.49 kg (95% CI: 0.32–0.65) less weight gain over each 4-year period [82]. Substitution 
of SSBs with other beverages (coffee, tea, diet beverages, low-fat milk) was also associated with 
significantly less weight gain [82]. In the NHS II, substituting water for SSBs was also associated 
with a significantly lower risk of diabetes [83]. For most people with access to safe drinking water, 
water is the optimal calorie-free beverage because it is cheap and readily accessible.

One hundred percent fruit juices could be perceived to be a healthy alternative to SSBs, since 
juices contain some vitamins and other nutrients. However, fruit juices also contain a relatively high 
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number of calories from natural sugars, with likely greater amounts of fructose, and should there-
fore be consumed in moderation. Previous cohort studies have found positive associations between 
consumption of fruit juice and greater weight gain [16] and diabetes [84]. Thus, it has been recom-
mended that daily intake of fruit juices be limited to 4–6 oz.

Numerous prospective cohort studies have shown that regular consumption of coffee (decaf-
feinated or regular) and tea can have favorable effects on diabetes and cardiovascular disease risk 
(85–88) possibly because of their high polyphenol content. Thus, coffee and tea are healthy alterna-
tives to SSBs for individuals without contraindications provided that caloric sweeteners and cream-
ers are used sparingly. In NHS II, substituting one serving of SSBs with one cup of coffee daily was 
associated with a 17% lower risk of diabetes [78].

Artificially sweetened beverages such as diet soda may be a reasonable alternative to SSBs since 
they provide few to no calories, however little is known about the long-term consequences of con-
suming any artificial sweeteners such as aspartame, sucralose, saccharine, acesulfame potassium, and 
neotame [89]. As reviewed in more detail in Chapter 7, some studies have reported positive associa-
tions between diet soda consumption and weight gain and risk of metabolic syndrome and diabetes 
[19,39,90]. However, these findings may be due to reverse causation or residual confounding since indi-
viduals who consume diet soda are more likely to have higher BMI and a greater prevalence of comor-
bidities and dieting behaviors. In our cohorts, we found nonsignificant associations between diet soda 
and diabetes [16,78] and CHD [43] after adjustment for baseline weight and comorbidities. In contrast, 
some evidence suggests that the intense sweetness of artificial sweeteners [91] may condition towards 
a greater preference for sweets and enhance appetite [23]. Consumers of diet soda may also use this 
choice as rationale for consuming other unhealthy high-calorie foods, ultimately leading to weight gain 
[89]. Although consumption of artificially sweetened beverages is preferable to the use of SSBs, further 
studies are needed to evaluate the long-term metabolic consequences of artificial sweeteners.

IMPLICATIONS FOR PUBLIC HEALTH POLICY

In light of the mounting evidence linking regular consumption of SSBs to obesity and related chronic 
diseases, national and international organizations have already called for reductions in intake 
of these beverages to help prevent obesity and improve overall health [92]. Both the WHO, and 
American Heart Association recommend limiting intake of all added sugars and numerous associa-
tions including the American Diabetes Association, American Academy of Pediatrics, Institute of 
Medicine of the National Academies, American Medical Association, Centers for Disease Control 
and Prevention and United States Department of Agriculture specifically recommend limiting 
intake of SSBs. In addition to strong and widespread public health recommendations, public policy 
interventions are often required to change consumption patterns and individual behaviors because 
they can bring about rapid and effective changes in the food environment [8]. A combination of 
strategies across multiple levels are thus needed to reduce intake of SSBs, as illustrated in Box 16.1. 
Implementing and evaluating these types of strategies should be a priority for the scientific com-
munity and policymakers.

Combining incentives and disincentives can be an effective strategy to encourage consump-
tion of healthy alternatives in the place of SSBs. Taxation of SSBs is one approach that is being 
considered by some governments as a means of reducing intake of SSBs in the place of healthier 
alternatives and offset some of the high healthcare costs attributed to obesity. For cigarette smoking, 
imposing steep taxes has been successful in reducing their use, particularly among young people 
who are more sensitive to the price of cigarettes than adults. Current taxes on SSBs in most states 
are probably too low to have an appreciable impact on purchasing behaviors [93]. For this reason, 
additional tax increases around 20% have been suggested, based on econometric and modeling 
studies [94–96]. Restrictions on access to SSBs with a large-portion size have also been considered 
by some governments and some experts have proposed limiting the use of Supplemental Nutrition 
Assistance Program (SNAP) benefits for SSBs or subsidizing SNAP purchases of healthier foods. 
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These types of regulations and laws, together with education and social marketing or public health 
campaigns, are an important approach to changing social norms and improving food and beverage 
consumption patterns on the population level.

CONCLUSIONS AND FUTURE DIRECTIONS

Intake of added sugars, predominantly from SSBs, has increased markedly in recent decades, in 
parallel with the upsurge in obesity and related chronic diseases. The totality of the available evi-
dence from observational studies and experimental trials is sufficient to conclude that consumption 
of SSBs causes excess weight gain and diabetes in adults and that these beverages are unique dietary 
contributors to obesity and related chronic diseases. Several public policy and regulatory strategies 
to reduce intake of SSBs are already in place or are being considered. Implementing and evaluating 
such policies are important areas for scientists and policymakers. However, the scientific evidence 
should continue to evolve regarding the health effects of SSBs and be used to guide and update 
nutritional recommendations and policy.

Key areas that warrant future research include establishing a consensus on the definition of 
added sugars and SSBs, examining the effects of different sugars (glucose vs. fructose vs. sucrose) 
on health outcomes, investigating the health effects of sugar consumed in solid form in comparison 
to liquid sugar and further elucidating the biological mechanism by which intake of liquid calories 
induces an incomplete compensatory intake of energy at subsequent meals. There is also a need for 
additional studies to examine the impact of reducing SSB intake on weight loss and to explore the 
biological and behavioral mechanisms underlying this relationship. More studies evaluating SSBs 
and cancer risk are warranted as well as those evaluating the long-term health effects of consum-
ing artificial sweeteners as a substitute for sugar. Lastly, more and higher-quality RCTs are needed 
to identify effective strategies to reduce SSB consumption at the individual and population level. 
Although reducing consumption of SSBs or added sugars alone is unlikely to solve the obesity epi-
demic entirely, limiting intake is one simple change that could have a measurable impact on weight 
control and prevention of chronic diseases.

BOX 16.1 POLICY STRATEGIES FOR REDUCING SSBs

• Social marketing and public health campaigns are needed to raise awareness about 
the health effects of SSBs and added sugars and about healthy alternatives.

• Governments should impose financial incentives such as taxation of SSBs, and 
implement limits for use of Supplemental Nutrition Assistance Program (SNAP) 
benefits for SSBs or subsidizing SNAP purchases of healthier foods, to encourage 
healthier beverages choices.

• Regulations are needed to reduce exposure to marketing of SSBs in the media and at 
sports events or other activities.

• Policies should be put in place to reduce the availability of SSBs in the workplace, 
health-care facilities, government institutions, and other public places and ensure 
access to safe water and healthy alternatives. Restrictions should also be put in place 
on large portion sizes.

• Educational campaigns about the health risks associated with overconsumption of 
SSBs should be aimed at health-care professionals and clinical populations.

• National and international campaigns targeting obesity and chronic disease preven-
tion should include the health risks associated with overconsumption of SSBs.

• National and international dietary recommendations should include specific guide-
lines for healthy beverage consumption.
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Dietary Sugars, Obesity, and 
Chronic Diseases in Children

Jaimie N. Davis and Stacey Lee

KEY POINTS

• Although intake of dietary sugars, including added sugars and sugar-sweetened beverage 
(SSB) intake, has recently started to decline in US children in the last decade, dietary sugar 
intake still far exceeds current recommendations and is still much higher now than in prior 
generations.

• High levels of dietary sugars, specifically SSB intake, are linked to increased energy intake, 
obesity, and metabolic disturbances in children, with these effects beginning early in life.

• Current interventions targeting dietary sugar reduction, specifically SSBs, show promising 
results on reducing obesity and metabolic disease risk; however, much more intervention 
research is needed.

INTRODUCTION

Although the prevalence of childhood obesity in the USA has appeared to plateau somewhat in 
the past decade [1], it has dramatically increased over the past three decades and is on the rise in 
almost every country [2]. Recent NHANES data show that among children and adolescents, 2–19 
years of age, 17% were obese and 32% were overweight in 2009–2010 [1]. Of note, 12.3% were at 
or above the 97th percentile for BMI, indicating a shift to a greater degree of obesity within our 
pediatric population. Minority groups are disproportionately affected by overweight and obesity, 
with 39% of Hispanics and non-Hispanic Black (NHB) children (2–19 years) being overweight 
compared to 28% of non-Hispanic White (NHW) children [1]. The spread of obesity is also occur-
ring much younger in life, with almost 10% of US children from birth to 2 years of age having high 
weight-for-recumbent length. Overweight or obese children have a twofold higher risk for becoming 
overweight as adults [3]. Obesity is a major cause of death and is a contributor to many other types 
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of diseases, including cardiovascular disease, metabolic syndrome, type 2 diabetes, fatty liver, and 
various types of cancers. These obesity-related metabolic diseases also disproportionally affect 
minority pediatric groups [4–7]. This ethnic disparity is partly mediated by lower socioeconomic 
status (SES), genetics, obesogenic environments, and behaviors. Given that changing SES, genetics, 
and an established environment is challenging, ample amounts of research have focused on what 
behaviors, specifically dietary behaviors, are most linked to pediatric obesity and related metabolic 
disorders.

In this chapter, we will review the evidence linking consumption of dietary sugars during infancy 
and childhood, particularly sugar-sweetened beverages (SSBs; including sodas, fruit drinks, juices, 
and sports drink), to pediatric obesity. There is a growing amount of evidence from interventions 
that target reductions in added sugar intake and SSBs, showing efficacy for decreasing childhood 
obesity rates. Some evidence exists to examine the effects of different dietary sugars on metabolic 
health in children, but few intervention studies have been conducted in this area. This chapter will 
include the following: (a) Discussion on national and international consumption trends in dietary 
sugar intake consumption in pediatric populations; (b) examination of how dietary sugar intake and 
its different forms are linked to obesity and related metabolic disorders in youth; and (c) effects of 
interventions focusing on reductions in dietary sugar intake on obesity and related metabolic out-
comes in children and adolescents.

TRENDS IN CONSUMPTION OF DIETARY SUGARS IN CHILDREN

As outlined in previous chapters, consumption of added sugars, which are defined as sugars or 
syrups added to foods/beverages during processing or preparation, in the US diet has steadily 
increased from the 1950s through the mid-1990s. While cane and beet sugar has decreased in 
the USA in the last 50 years, corn sweeteners, notably high-fructose corn syrup, have increased 
eightfold, going from 11 to 85 pounds per capita, dry weight, which accounts for about 52 tea-
spoons of added sugar per day per person in 2000 [8]. Reedy and Kreb-Smith [9] using National 
Health and Nutrition Examination Survey (NHANES) data from children (2–18 years) from 2003 
to 2006 show that SSBs contribute 45–50% of added sugar intake in all racial/ethnic and income 
groups. Top sources of added sugar intake were soda, fruit drinks, grain desserts, and candy for 
all children (2–18 years). NHANES data from 1988 to 2004 showed that 79% of all US youth con-
sumed SSBs on a typical day [10]. SSB intake increased from 204 kcal/day in 1988 to 224 kcal/
day in 2004, and 100% juice intake increased from 38 to 48 kcal/day, with the largest increases 
among children aged 6 to 11 years (~20% increase) [10]. Increases in SSBs were largest among the 
Black and Mexican American youth and among the low-income populations. When examining the 
younger children (2–3 years), the top sources of added sugar were identical [9]. The Feeding Infant 
and Toddler Study showed that 46% of children (2–3 years) consumed some type of sweetened 
beverage intake on the survey day, with the fruit-flavored drinks being the most common. These 
data suggest that patterns of added sugar intake consumption are consistent across childhood and 
start at very early ages.

Similar trends in dietary sugar intake are seen in other countries as well. Nearly 60% of Greek 
kindergarten children consumed SSBs on a daily basis [11]. Another study with Bahraini school 
children (6–18 years), consisting of 11 different populated regions around Saudi Arabia, found that 
almost 50% of children consumed at least one soda drink per day [12]. Two national representative 
dietary intake surveys from Mexico showed the caloric beverages accounted for 28% of energy 
intake for preschoolers and 21% for school children [13]. These data suggest that SSB intake is high 
among children of all different ages and ethnicities.

However, several recent national studies have shown a decline in added sugar intake in both 
adults and children over the past decade. Data from five national studies found that energy intake 
from added sugar intake actually decreased in US children (2–19 years) going from 18% in 1994 
to 14% in 2010 [14]. Similarly, Welsh et  al. [15] examined the NHANES data and found that 
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added sugar intake, and more specifically soda consumption, decreased significantly from 1999 
to 2008 in US residents ≥2 years of age. Decreases in SSB consumption, both in the home and 
away from home and in both meals and snacks, also decreased in the past decade. In 1999–2000, 
10.9% of energy intake per day came from SSB intake, whereas in 2009–2010 this decreased 
to 8.0% of energy intake per day from SSB [16]. Despite these small national decreases, added 
sugar intake, particularly SSB consumption, of youth around the world still far exceeds current 
recommendations and is still much higher now than in prior generations. In addition, the reduc-
tion in SSB intake is offset by an increase in 100% juice intake and flavored milk consumption, 
particularly in the younger children [17]. According to recent NHANES data, 100% juice intake 
has increased by 20% and flavored milk has increased by 14% in the last decade in children from 
birth to 5 years of age [17].

INTAKE OF ADDED SUGARS AND OBESITY

Data linking total or added dietary sugar intake to increased childhood obesity levels is some-
what mixed, with some studies showing a positive relationship while others show no association 
(and no study has found any beneficial effects). A cross-sectional study with 1294 British youth 
(7–18 years) found that percentage of energy of non-milk extrinsic sugars in the diet were inversely 
correlated with BMI z-scores [18]. Longitudinal data on 216 children found that an increase in 
total added sugar intake in the second year of life was associated with higher BMI at age 7 [19]. 
Several studies have shown a link with total dietary sugar intake and increased adiposity mea-
sures, beyond BMI parameters. In a cross-sectional analysis with 169 Swedish female adolescents 
(16–17 years), sugar intake was positively associated with percent body fat, as measured by BodPod 
[20]. In another cross-sectional analysis with 120 overweight Hispanic children (10–17 years), sugar 
intake was associated with increased BMI parameters and total body fat, as measured by DXA [21]. 
Pollock et al. found that total fructose intake, which included both free fructose plus one-half of 
free sucrose, was associated with increased visceral adiposity, as measured by MRI in 559 White 
and Black adolescents [22].

In contrast, several studies using national data sets have not found any association with total or 
added sugar intake and obesity in children. Nicklas et al. [23] using data from NHANES 2003–2006 
with 3136 children (6–18 years) found no association with added sugar intake and weight or adipos-
ity measures. Data from NHANES with nearly 20,000 children and adolescents (1–18 years) found 
no association of total or added sugar intake with BMI [24]. Similarly, Storey et al. [25] using data 
from the Continuing Survey of Food Intake 1994–1998 (CSFII) and NHANES with over 16,000 
children and adolescents did not find an association of total or added sugar intake with BMI param-
eters. However, this study did find that carbohydrates (less added sugars) were inversely related to 
BMI among adolescents [25]. This lack of an association with sugars and childhood obesity may be 
due in part to underreporting of food intake, which is more prevalent in obese adolescents compared 
to lean counterparts [26]. In addition, foods higher in added sugar intake have been shown to be 
selectively underreported [27]. Although there appears to be somewhat mixed findings, no study has 
shown that high levels of dietary sugars are beneficial to pediatric health.

SSB INTAKE AND OBESITY

Numerous studies exists identifying SSB intake as a leading culprit contributing to the pediat-
ric obesity epidemic. A prospective cohort with 11,654 boys and girls (9–14 years) from the US 
Growing Up Today Study showed that SSB intake was associated with weight gain during cor-
responding years [28]. Adjustments for energy intake attenuated the results, but this is likely due 
to the contributions of SSB to total energy intake. Findings from the NHANES data showed that 
consumption of soft drinks contributed a higher proportion of energy in overweight than in nor-
mal-weight subjects in each age and sex group [29]. A notable study by Ludwig et al. with 548 
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ethnically diverse schoolchildren reported that with each additional serving of SSBs, the odds of 
obesity increased by 60% [30]. Similar findings, although not as dramatic, were seen in a study of 
319 Mexican American children (8–10 years), which found that each additional serving of soda was 
linked to a 29% increase in the odds of obesity, but consumption of diet soda, other SSBs, or 100% 
juice was not associated [31].

Several studies have found a link between SSBs and adiposity measures, beyond BMI measures. 
A longitudinal study by Fiorito et al. [32] with 170 NHW found that SSB at age 5, but not milk or 
fruit juice intake, was positively associated with increased body fat percentage and waist circumfer-
ence, as well as weight status from 5 to 15 years. A large cross-sectional study conducted with 9433 
Saudi school children (10–19 years) showed that sugar-sweetened carbonated beverage intake was 
linked to increased obesity and waist circumference in boys only [33]. A long-term study with 269 
Danish children found a weak association between sweet drink intake, which included soft drink, 
fruit juice, chocolate milk, and drinkable yogurts, at age 9 years with changes in skin-fold thickness 
from the age of 9–13 years [34].

This link between SSB intake and obesity is evident early in life. A longitudinal study conducted 
by Weijs et al. [35] showed that higher consumption of SSBs in the first year of life was associated 
with a 13% increase in overweight at age 8. Another longitudinal study in 365 low-income African-
American preschool children (3–5 years) found that soda and all SSB intake was linked to baseline 
and changes in overweight prevalence over 2 years [36]. In a longitudinal study of 1944 Canadian 
children, those that consumed at least one serving of SSBs daily between the ages of 2.5 and 4.5 
were three times more likely to be overweight at age 4.5 years compared to children who did not 
consume any SSB [37]. In a study with 1483 Hispanic children (2–4 years) from a Los Angeles 
Women, Infants and Children (WIC) cohort, children who consumed at least two SSBs per day had 
a 31% increase in the odds of obesity prevalence compared to children who did not consume SSB 
[38]. In a retrospective study of 10,904 WIC children (2–3 years) from Missouri, children who were 
overweight at baseline and consumed at least one SSB per day were twice more likely to remain 
overweight one year later [39].

Although the majority of the literature has shown a positive association of SSBs with obesity, a 
few studies have shown no association at all [40,41]. A longitudinal study by Blum et al. [40] with 
166 children (8–10 years) showed no association with consumption of SSBs and BMI z-scores; 
however, the overweight subjects and subjects who gained weight had significantly higher diet soda 
consumption than normal weight subjects. Another prospective study conducted by Newby et al. 
[41] with 1345 WIC children from North Dakota with at least two visits between 6 and 12 months 
apart, found that SSB intake was not linked to obesity or changes in weight over time. Nevertheless, 
no study has ever shown any kind of protective effect of SSB intake on health.

JUICE INTAKE AND OBESITY

Some of the above studies have included juices within the definition of SSB, therefore making it 
difficult look at the separate or unique effects of 100% juice consumption on obesity parameters. 
As previously discussed, fruit juice consumption, particularly in young children, has dramatically 
increased over the past three decades. Young children have the highest consumption of fruit juices 
of all age groups in the USA [42]. Data supporting a link between 100% juice intake and obesity 
is conflicting. Dennison et al. [43] showed that young children (2–5 years) consuming 12 fl. oz. or 
more of 100% fruit juices had a higher overweight prevalence than those consuming less than 12 fl. 
oz. a day (32% vs. 9%). This study also showed that children who were high consumers of 100% 
juice consumed compared to low consumers consumed higher amounts of daily energy, fructose, 
and glucose intake. In a case–control study with 53 Puerto Rican children (7–10 years), 100% fruit 
juice consumption was positively associated with BMI and tricep skinfolds [44].

In contrast, in the NHANES data from 1999 to 2002 with 3618 children (2–11 years), there was 
no association between100% juice intake and weight status, but 100% juice intake was linked with 
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better nutrient intake [45]. Similarly, O’Connor et al. [46] using the NHANES 1999–2002 data set, 
showed that 100% juice intake in young children (2–5 years) was associated with increased energy 
intake but not BMI parameters. A more recent analyses of NHANES data from 2003 to 2006 
showed that consumption of 100% orange juice was linked to higher energy intake in children, but 
no association with overweight or obese risk was found [47].

Despite the inconclusive evidence directly linking fruit juice to obesity, the evidence does sup-
port that increased juice intake is linked to increased daily energy intake, which is subsequently 
linked to increased obesity levels. Also, none of the above studies found a protective effect of juice 
consumption against obesity. Based on this evidence, the Institute of Medicine (IOM) has recently 
recommended limiting children’s consumption of fruit juice, with no fruit juice for infants under 
1 year, and a maximum amount of fruit juice of 4 fl. oz./day for children ≥1 year [48]. WIC also 
recently changed its food package to eliminate 100% juice provisions for infants <12 months and no 
more than 4 fl. oz./day for children over 1 year [49].

A possible disadvantage for children drinking SSBs and/or juices at an early age is that they 
may develop a preference for sweet beverages or foods. Literature has shown that early exposure to 
sugar-sweetened foods and beverages (which includes 100% juice) leads to increased preferences for 
sweetened items, and this preference is developed early in life [50,51]. One study showed that chil-
dren that were exposed to more added sugars during the first year of life were more likely to prefer 
juices with added sugars and chose cereals higher in sugar at age 4–7 [50]. Another study with 59 
children (8–10 years) showed that 8-day exposure of sweet orangeades increased children’s prefer-
ence for this orangeade [52]. Also, research shows that children who have a preference for SSBs also 
have a preference for sweet and savory snacks and a lower preference for fruits and vegetables [51].

CONSUMPTION OF DIETARY SUGARS AND METABOLIC DISEASE 
RISK IN CHILDREN

Data from numerous studies show that consumption of added sugars, mainly in the form of SSB, 
is related to increased risk for numerous metabolic diseases in children. A recent cross-sectional 
study by Welsh et al. [15] using 2157 US adolescents from the NHANES 1999–2004 data found that 
added sugar was inversely linked to high-density lipoprotein (HDL) cholesterol levels and positively 
linked to low-density lipoprotein (LDL) cholesterol and triglycerides (TGs). Among the overweight/
obese adolescents, added sugar intake was linked to increased insulin resistance, as measured by 
homeostasis model (HOMA-IR). Another study using the NHANES data with 4880 children (3–11 
years) showed that SSB intake was linked to increased C-reactive protein concentrations and waist 
circumference and decreased HDL-cholesterol levels [53]. In a large European study with 546 ado-
lescents [54], those who consumed SSB >5 times/week compared with those consuming less fre-
quently had higher HOMA-IR values. In a study of 63 overweight Hispanic youth (9–13 years), total 
sugar intake and SSBs were linked to decreased acute insulin response and beta-cell function, as 
measured by a frequently sampled intravenous glucose tolerance test (FSIVGTT), and these results 
remained after controlling for pubertal stage and body composition [55]. Davis et al. [21] with 120 
overweight Hispanic youth (10–17 years) showed that total sugar intake was inversely correlated 
with insulin sensitivity and beta-cell function, as measured by FSIVGTT, however, no association 
was found with SSB intake. Another study with 185 Mexican children (9–13 years) showed that soft 
drinks and SSBs were linked to increased fasting glucose levels and diastolic blood pressure [56]. 
All of the above studies suggest that sugar intake, specifically SSBs, exacerbates the risk of type 
2 diabetes and cardiovascular diseases in children. These findings also suggest that added sugar 
intake, specifically SSBs, may be more problematic for metabolic risk in children who are already 
overweight or obese.

As discussed in some of the other chapters, fructose, in particular, has been shown to have more 
metabolically damaging effects than glucose, and the impact of fructose on metabolic outcomes 
may be more pronounced in growing infants and children, as discussed in Chapter 18. A relatively 
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small study with 38 children (5–19 years) showed that fructose intake was linked to increased 
HOMA-IR and decreased adiponectin [57]. A much larger study by Pollock et al. [22] with 559 
adolescents found that total fructose consumption (free fructose plus one-half the intake of free 
sucrose) was linked to increased visceral adipose tissue (VAT), as measured by MRI, but not asso-
ciated with subcutaneous adipose tissue. Fructose intake was also linked to higher systolic blood 
pressure, fasting glucose, HOMA-IR and C-reactive protein, and lower HDL-cholesterol and adipo-
nectin. However, these associations were attenuated when VAT was added to the models, suggesting 
that the effect of dietary sugars on promoting increased VAT stores plays an important role in the 
mechanism behind other metabolic risk factors.

High fructose consumption has been associated with NAFLD in adult studies [58,59], but stud-
ies on the effect of added sugars and fructose intake on liver fat in children are lacking. In a 2-day, 
cross-over feeding study with nine children with NAFLD and 10 matched controls without NAFLD 
[60], the intake of a fructose-sweetened beverage, compared to a glucose beverage, induced post-
prandial and overnight increases in plasma TG and decreases in HDL-cholesterol levels in children 
with and without NAFLD. Nonesterified fatty acids were not impacted by either beverage group but 
were significantly higher in children with NAFLD. These data suggest that dietary fructose induced 
a dyslipidemic effect in both healthy children and those with NAFLD; however, children with 
NAFLD demonstrated an increased sensitivity to the impact of dietary fructose. In a study with 149 
children (2–17 years) with known or suspected NAFLD, uric acid, which may reflect total fructose 
consumption, was significantly associated with nonalcoholic steatohepatitis (NASH) [61]. Goran 
et al. [7] have examined the relationship with genetic factors, liver fat, and dietary sugar in Hispanic 
youth. Hispanic children with the GG genotype in the PNPLA3 gene have a two-fold higher liver 
fat fraction compared to other genotypes. Hispanic youth with this GG variant were also more sus-
ceptible to increased hepatic fat when dietary carbohydrate, specifically total and added sugar, was 
high [62]. These data suggest that interventions focusing on reductions in added sugar, fructose, and 
SSB intake may have profound effects on reducing liver fat in children. However, clinical interven-
tions in this area are warranted.

SSB AND OBESOGENIC ENVIRONMENTS

Evidence is fairly convincing that SSB intake is linked to obesity and related metabolic diseases, 
but children who consume SSBs also tend to live in more obesogenic environments. Children and 
adolescents who live and go to school in areas with more convenient fast food restaurants rather 
than healthier outlets, such as grocery stores, are more likely to consume SSBs [63]. Several studies 
have shown that children who consume SSBs also have higher fast food consumption [64]. In a mul-
ticountry study, children (2–9 years) who consume high sugar foods were more likely to have high-
risk television behaviors, including eating in front of the TV, watching more than 1 h of TV per day, 
and having a TV in their room [65]. A study with over 16,000 high school students (grades 9–12) 
found that consuming one or more SSB per day was linked to the following: (a) watching more than 
2 h of TV per day; (b) playing video games at least 2 h per day; (c) being physically active less than 
five times per week; and (d) being a current tobacco user [66]. It is possible and likely that children 
who drink excessive amounts of SSBs are also the ones that live in obesogenic environments. These 
children exhibit other unhealthy dietary behaviors and tend to be more sedentary. However, many 
of these other factors are considered and controlled for in the above studies, and added sugar intake, 
specifically SSBs, still has an independent and strong effect on increased obesity and metabolic 
disease risk in youth.

PEDIATRIC INTERVENTIONS FOCUSED ON SUGAR REDUCTION

Over the past decade, a few obesity interventions targeting sugar reductions have been conducted 
in children. Ebbeling et al. [67] conducted a randomized controlled 25-week pilot study with 103 
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adolescents (13–18 years), which relied largely on home deliveries of noncaloric beverages to  displace 
SSBs. Although there was no overall intervention effect, among overweight or obese subjects, the 
intervention was successful at reducing BMI compared to the control group (−0.63 ± 0.23 kg/m2 
vs. +0.12 ± 0.34 kg/m2; P = 0.03). More recently, Ebbeling et al. [68] conducted a randomized trial 
where 224 overweight and obese adolescents, who were regular SSB consumers, were either ran-
domized to a 1-year intervention designed to decrease SSBs, with a 1-year follow-up, or a control 
group. The 1-year intervention consisted of home delivery of noncaloric beverages every 2 weeks, 
monthly motivational telephone calls with parents, and three check-in visits with participants. The 
experimental group, compared to controls, had significant reductions in energy, sugar, and SSB 
intake at years 1 and 2. The experimental group compared to controls had smaller increases in BMI 
(0.06 ± 0.20 vs. 0.63 ± 0.20 kg/m2; P = 0.045) and weight gain (1.6 ± 0.6 vs. 3.5 ± 0.6 kg; P = 0.04) 
at year 1, but significant differences were not maintained at year 2. There was also a significant 
ethnic effect, with Hispanics in the experimental group compared to Hispanics controls, having 
smaller increases in BMI and slower weight gains at both years 1 and 2. Another recent 18-month 
trial in Holland where 641 normal weight children (4–11 years) were randomized to either receive 
250 mL (8 fl. oz) per day of sugar-free, artificially sweetened beverage (sugar-free group) or a simi-
lar sugar-containing beverage (sugar group) [69]. The sugar group compared to the sugar-free group 
had greater increases in BMI z-score (mean difference in change of −0.13 SD; P = 0.001) in weight 
(mean difference in change of 1.01 kg; P < 0.001), skinfold thickness measurements (mean differ-
ence in change of —2.2 mm; P = 0.02), waist-to-height ratio, and more fat mass (mean difference in 
change of −1.07% body fat; P = 0.02). A smaller pilot study with 15 overweight/obese German chil-
dren (5–8 years) showed that a 3-month dietary intervention focused on fructose reduction resulted 
in significant reductions in energy intake, fructose, sucrose, and glucose intake as well as reductions 
in BMI parameters; however, this study did not have a control group [70].

To date, only a few interventions have examined the effects of reducing sugar and SSB intake on 
metabolic outcomes. In a 16-week randomized nutrition and strength training intervention with 100 
African American and Hispanic adolescents, the nutrition-only group (which focused on reductions 
in sugar and SSB intake) had significant improvements in insulin sensitivity and beta- cell function 
[71]. Secondary analyses from this 16-week intervention with the Hispanic adolescents found that 
those participants who decreased added sugar intake (mean decrease of 47 g/day, equivalent to one 
soda per day) compared to those who increased sugar intake had significant improvements in glucose 
control and insulin secretion [72]. More interventions targeting reductions in added sugar intake and 
SSBs that examine the effects on metabolic disease outcomes are warranted in pediatric populations.

CONCLUSION

Consumption of added sugars and SSB’s in infants, children, and adolescents is much higher than 
current dietary recommendations and higher than that compared to previous generations. Current 
evidence also suggests that higher levels of dietary sugars, specifically SSB intake, are linked to 
increased energy intake, obesity, and metabolic disturbances in children, with these effects begin-
ning early in life. Convincing evidence exists to show that sugar exposure early in life, in utero, 
and infancy plays a critical role in promoting obesity, adiposity, and disease development. As dis-
cussed in this and other chapters, not all sugars have the same effect on health. Fructose intake, 
in particular, either from sucrose, HFCS (which is the most common sweetener used in our food/
beverage supply), or free fructose, is linked to metabolic diseases, such as dyslipidemia and NAFLD 
in pediatric populations. However, more clinical and experimental research is warranted to fully 
understand the effects of fructose on metabolic health in children.

Current interventions targeting SSB reduction show promising results on reducing obesity and 
metabolic disease risk; however, much more intervention research is needed. Of note, targeting one 
key dietary behavior, such as SSBs, is a very concise and easy-to-follow behavior change compared 
to many of the obesity interventions that target multiple behavior changes. This focused approach 
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might be easier for children and parents to grasp and achieve. There is also a need for interventions 
targeting sugar reduction to be conducted with infants and young children and their parents.

There is a need for public health messages targeting dietary sugar reduction to be implemented 
in the schools, communities, hospitals/health clinics, etc. These public health messages should be 
geared toward both children and parents. Nutrition education programs in federal services, such 
as Supplemental Nutrition Assistance Program (SNAP) and WIC programs, should teach parents 
and children to choose no or low-sugar foods/beverages and discourage consumption of high-sugar 
foods/beverages, including 100% fruit juices. Food vouchers for these programs should incentivize 
low-sugar foods, such as fresh fruits and vegetables, and limit the vouchers available for high-sugar 
foods/beverages.

Decreasing dietary sugars in childhood is going to be very challenging without the support of 
the food and beverage industries. Food and beverage industries should have to comply with recom-
mendations to decrease sugar intake in foods and beverages, particularly those marketed to chil-
dren. There should also be stricter guidelines put on what foods and beverages can be advertised 
to children and when and where these advertisements can occur. The most common and easiest 
reaction to this excessive sugar problem is to place the blame on the food and beverage industries. 
It very evident that the food and beverage industries are extremely powerful, rather permanent, and 
very influential in policy development; therefore, in order to decrease dietary sugar in our food sup-
ply, enlisting the help and support of industry will be more effective than simply challenging them. 
Given that many of the food and beverage companies have healthier low-sugar options, including 
bottled and sparkling waters, the development, availability, and marketing of these low-sugar prod-
ucts to children and their families should be incentivized and encouraged by industries and sup-
ported by the government.

Decreasing availability and consumption of added sugars, particularly SSBs, has the potential to 
have profound effects on reducing obesity and related metabolic diseases in pediatric populations.
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Impact of Dietary Sugars on 
Obesity and Metabolic Risk 
during Critical Periods of 
Growth and Development

Michael I. Goran

KEY POINTS

• Changes in the food supply over the last 50 years have disrupted the balance of fructose 
to glucose in the environment and this may have effects on obesity during developmental 
periods.

• Dietary fructose has different metabolic effects than glucose but the impact of these differ-
ences during development has not been broadly considered.

• Exposure to dietary fructose during critical periods of development may act as an obeso-
gen favoring long-term development of obesity and associated metabolic risks.

• Critical periods of development include fetal development and breastfeeding where expo-
sure may occur through maternal transmission or via direct consumption during infancy.

• The limited studies, mostly animal models, indicate that the negative programming impact 
of sugars on obesity and metabolic pathways during developmental periods are similar to 
those observed in children and adults and likely driven by the impact of fructose.

• Mechanisms of effect include disruption of neuroendocrine function, appetite control, and 
feeding behavior, promotion of adipogenesis, and accumulation of ectopic fat.

INTRODUCTION

Growing evidence supports the link between maternal nutrition during critical periods of develop-
ment and obesity in the offspring, with a major focus surrounding the potential obesogenic effect of 
fructose, as reviewed elsewhere [1,2]. Studies in several animal models and limited human data sug-
gest that fructose-induced metabolic disruptions during critical periods of development, including 
pregnancy and lactation, may be possible mechanisms that predispose offspring to long-term meta-
bolic, neuroendocrine, and behavioral dysfunction [3–6]. For example, limited human data suggest 
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that poor diet during pregnancy is associated with development of similar poor dietary habits in off-
spring [7]. As outlined in previous chapters, there is a strong impact of elevated sugar consumption 
during early childhood on obesity and metabolic risk [8]. However, consumption of high levels of 
dietary sugars and sweetened beverages is not uncommon during pregnancy and lactation [9], and 
in some studies this is associated with poor pregnancy outcomes [9–11]. This chapter provides an 
overview of the evidence linking excess dietary sugars, especially fructose, during critical periods 
of development to increased obesity and metabolic disease and summarizes the limited evidence 
and potential mechanisms of these effects.

obesogeniC effeCts of dietary sugars during CritiCal Periods of early growth

The developing fetus and rapidly growing infant are not immune to the potential hazardous effects 
of high levels of maternal consumption of dietary sugars. McCurdy et al. [12] studied the concept 
of critical periods in pregnant female primates fed a chronic high-fat diet and looked at the impact 
on the development of fetal metabolic systems. They found fetal offspring from both lean and obese 
mothers fed a high-fat diet had a three-fold increase in liver triglycerides, increased hepatic oxida-
tive stress, increased serum triglycerides, and a two-fold increase in body fat, consistent with the 
development of nonalcoholic fatty liver disease [12]. The adverse effects of excess fuel consumption 
during pregnany on fetal development may be due to a lack of white adipose tissue in most species 
until late in pregnancy (typically third trimester). White adiopose tissue is critical for the storage of 
excess lipids and thus failure to develop strucutrally or functionally sufficient adipose tissue depots 
to handle excess lipid leads to ectopic lipid storage that can induce whole body insulin resistance 
and suceptibility to fatty liver disease in adulthood [5,6].

After birth, rapid weight gain during the first 4–6 months of life has been associated with greater 
odds of child overweight at age 4 or 7 years [13–15] and as a teenager [13,16–19]. Child-feeding 
practices and early nutritional experiences play a causal role in children’s energy regulation and 
weight outcomes [20,21]. Mothers who are overweight or obese may inadvertently expose their 
children to an obesogenic food environment. For example, in a study of 718 parents of children ages 
3–5 years, parents with an indulgent feeding style (e.g., offering sugary beverages to placate) had 
children with a higher child body mass index [22]. Another emerging finding is that children with a 
“difficult” temperament may be more prone to obesity [23], and this may be due to parental use of 
sugary treats and sugary beverages to placate their child [24].

Although the deleterious effects of excess sugars and fructose throughout life are well researched, 
there are only limited data regarding the impact of excess sugars/fructose consumption during 
critical periods of development that largely set the stage for lifelong health. Emerging research 
suggests that fructose consumption both by mothers and offspring during gestation, lactation, and 
early-life can lead to persistent neuroendocrine and metabolic dysfunction. Appetite, energy bal-
ance, and metabolism are regulated by the central nervous system. The important components of 
this neural network include neurons located in the arcuate nucleus (ARC) of the hypothalamus, 
particularly those that produce proopiomelanocortin (POMC), neuropeptide Y (NPY), and agouti-
related peptide (AgRP). The hypothalamus primarily regulates the homeostatic drive to eat, while 
other regions such as the ventral striatum, insula, amygdala, and hippocampus form the behavioral 
pathway that controls the hedonic drive to eat [25]. The homeostatic and hedonic feeding regions 
are tightly interconnected and form an integrated network that dictates feeding behavior. This net-
work that is recruited (activated) in the hunger state and its activity normally decreases in response 
to food intake [25]. The hypothalamus undergoes a tremendous growth beginning early in gestation, 
which continues during the postnatal period. These developmental windows represent periods of 
vulnerability, during which alterations in the environment may perturb hypothalamic development 
and subsequent function.

Evidence from animal and human studies support the notion that compared to glucose, fructose has 
very different effects on the brain that favor an increase in food intake and obesity (see Chapter 15). 
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In animal studies, direct administration of fructose versus glucose into the brain has been shown to 
have opposing effects on obesity and food intake regulation [26]. Essentially, these studies show that 
fructose metabolism in the brain is less controlled and more rapidly depletes hypothalamic adenos-
ine triphosphate (ATP), whereas glucose metabolism is more regulated and increases ATP levels in 
the hypothalamus. Consequently, fructose leads to a reduction in malonyl-CoA in the brain and this 
has been shown to be a contributor to increased food intake [26]. In another study, rats fed a very 
high-fructose diet demonstrated leptin resistance and reduced hypothalamic pSTAT3 activation by 
6 months. These leptin-resistant animals gained more weight and had greater fat pad weights than 
control animals when switched to a high-fat diet for 2 weeks [27]. Such leptin resistance would be 
particularly relevant during early-life, as other work has shown that leptin is a critical neurotrophic 
factor for the developing hypothalamus [28], and leptin resistance during this critical period could 
impair energy balance throughout life [29,30].

In other work relative to newborn animals before weaning, Alzamendi et al. [31] examined fruc-
tose exposure by feeding lactating rats either a 10% fructose-rich diet or tap water starting postnatal 
day 1. Offspring of fructose-fed rats showed increased body weight, decreased hypothalamic sen-
sitivity to exogenous leptin, increased food intake, insulin resistance, and increased retroperitoneal 
adipose tissue, with an increase in mass and cell size [31]. Data from animal studies show that 
exposure to 10% fructose during pregnancy increases risk of gestational diabetes [32,33] and liver 
fat infiltration during pregnancy [34]. Additional studies have teased apart the impact of the fruc-
tose moiety during critical periods, by comparative analysis with different sugar concentrations. Jen 
et al. fed female rats either 40% fructose or 50% sucrose diet with a control ad libitum diet during 
gestation and lactation. During gestation, fructose induces elevated levels of circulating glucose 
and triglycerides, which led offspring of fructose-fed dams to be hyperglycemic at birth. Follow-up 
studies using a similar model showed that only the fructose-fed mothers and their offspring had 
hyperglycemia during pregnancy and after birth, suggesting that a possible mechanism may be the 
increased concentration of the fructose moiety [35]. Another study randomly assigned female rats 
to a deionized distilled water diet or a deionized distilled water diet sweetened with 13% glucose, 
sucrose, fructose, or HFCS for 8 weeks. Thirteen percent was used to mimic common sweetener 
concentrations found in the human diet. No difference was found in energy intake; however, the 
type of caloric sweetener added to beverages influenced body fat mass. Only HFCS 55 promoted 
adiposity in rats, suggesting that the type of added sweetener is critical, consistent with Sullivan 
et al.’s conclusions with types of fats, discussed above [36].

Additional studies have used maternal rat diets of 10% fructose versus 10% glucose and showed 
that fructose-fed dams ate more food and drank less water compared to dams fed glucose. The off-
spring of fructose-fed dams had almost double the fasting insulin at weaning compared to the off-
spring of glucose fed dams [37]. In some cases, offspring of fructose-fed dams just showed increased 
plasma leptin and plasma glucose with no change in insulin [38]. Other studies show that increased 
fructose consumption, but not glucose during pregnancy, was associated with increased circulat-
ing triglycerides in offspring [39]. Furthermore, when examining impact of successive generations, 
female rats were weaned onto diets containing either starch (no fructose) or sucrose (50% fructose 
and 50% glucose) and maintained the diet through breeding. Offspring from the first generation born 
to sucrose-fed dams were heavier with increased body fat, higher circulation glucose, and triglycer-
ides compared to those born to starch-fed dams who would have had no fructose exposure [40].

Other studies have focused on understanding the role of maternal nutrition on the development of 
taste preferences in offspring as a potential mechanism. Sweet flavor preferences were hypothesized 
to develop before weaning, suggesting that nutrient conditioning (i.e., the development of flavor 
preferences) from the maternal diet is transmitted through breast milk [41]. Human studies showed 
that maternal intake of protein, fat, and carbohydrates during preganancy was associated with child 
intake at 10 years of age [42]. During the period of lacation, there is some evidence to show that 
fructose negatively impacts milk quality with greater milk fat [43]. Furthermore, 10-week-old rat 
pups born to mothers fed a junk food diet (high fat, sugar, salt) during gestation and lactation 
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showed a greater preference for fatty, sugary, and salty foods, compared to pups whose mothers 
were fed a balanced chow diet [44]. Follow-up studies revealed that offspring whose mothers were 
fed the junk food diet during gestation and lactation developed more obesity, elevated glucose, and 
insulin, increased risk for fatty liver disease, and signs of steatosis and liver damage compared to 
rats given free access to the same diet, but whose mothers had a normal chow diet [45].

MECHANISMS OF EXCESS FRUCTOSE EXPOSURE DURING CRITICAL 
PERIODS OF DEVELOPMENT

There are several potential mechanisms that might explain the negative impact of high-fructose 
exposure during critical perinatal developmental periods that merit further investigation. From an 
evolutionary perspective, infants would not be typically exposed to high levels of fructose since 
sugar from human milk is lactose (glucose bonded to galactose), and although 30 or more oligo-
saccharides are also present [46], fructose is not a natural component. Under normal conditions in 
animal models, it has been shown that the abundance of mRNAs encoding the sodium-dependent 
and facilitative transporter proteins for sugars are developmentally modulated, with the high-
est levels in adult intestines [47]. This suggests that the mechanism for fructose absorption may 
not be fully or even partially functioning during gestation and early life [47]. In some ways, 
this may be protective since an infant might not have the ability to absorb fructose. However, 
in animal models, excess fructose [48] as well as induced hyperglycemia and type 2 diabetes 
have been shown to upregulate Glut-5 expression in the intestine [49,50]. It is unknown whether 
this upregulation can occur during fetal development or infancy, but this is plausible since fruc-
tose does cross the placenta into the developing fetus and infants would be exposed to fructose 
through maternal transmission in breast milk or via direct consumption by the infant. Studies in 
sheep have shown that fetal blood contains appreciable amounts of fructose throughout gestation. 
Subsequent studies revealed a difference in fructose concentration of maternal and fetal blood, 
showing that the sheep placenta actively transfers fructose to the fetal circulation [51,52]. Thus, 
fetal and infant exposure to fructose either through maternal transmission or direct consump-
tion is possible and would have detrimental metabolic effects on fetal and infant metabolism. 
However, there is very limited human data related to the important topic of transport of different 
sugars across the placenta with initial evidence for a role of variations in the GLUT-9 transporter 
in the placenta in diabetic pregnancies [53].

Another hypothesis is that fructose directly promotes adipogenesis during critical periods 
when adipose tissue is rapidly expanding. This is supported by a recent study showing that fruc-
tose induced adipocyte differentiation in 3T3-L1 preadipocytes [54] and that blocking fructose 
uptake in vivo using Glut5−/− mice led to a dramatic reduction in epididymal fat mass com-
pared to Glut+/+ controls [54]. Another possible mechanism through which excess fructose could 
promote obesity during development is by disrupting cross-talk between adipose tissue and the 
hypothalamus. The arcuate nucleus (ARC) of the hypothalamus contains neurons that respond 
to various circulating factors, including glucose, insulin, and leptin [55]. By acting on the ARC, 
leptin conveys the level of adiposity to the brain, thereby promoting energy expenditure and 
reducing food intake [56]. A previous study in mice showed that leptin acts as a critical growth 
factor for connecting the ARC to other hypothalamic nuclei during brain development [28]. 
However, since fructose does not stimulate leptin release, an imbalance in fetal fructose:glucose 
exposure could potentially limit the effects of leptin on these important brain development path-
ways. This seems plausible given that other studies have shown that prenatal or early-life over-
nutrition leads to hypothalamic leptin insensitivity, impaired pSTAT3 signaling, and obesity in 
adulthood [57,58]. Collectively, this evidence supports the concept that excess fructose during 
development could promote obesity by direct action of fructose on the adipose tissue, direct or 
indirect action on the developing hypothalamus, or by disrupting the “adipocyte-hypothalamic 
axis” during critical periods.
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SUMMARY AND CONCLUSION

Evidence from humans and animals suggest differential metabolic effects of fructose that favor the 
development of obesity likely drive the link between dietary sugars and obesity. These effects are oper-
ational and relevant during critical periods of development such as gestation and early infancy, when 
rapid growth and development occurs in both brain and adipose tissue. It is hypothesized that expo-
sure to excess fructose in utero (placental transfer arising from maternal consumption) and/or during 
infancy (transfer through breast milk arising from maternal consumption, or by direct consumption by 
the infant) promotes obesity during periods of adipose tissue development and expansion. In addition, 
since fructose has differential and more adverse effects on the brain that favor obesity, exposure to 
excess fructose during development could result in obesity by direct action of fructose on the develop-
ing hypothalamus, or by disrupting the “adipocyte-hypothalamic axis” during critical developmental 
periods. Given that fructose has a unique metabolic fate that favors the development of obesity, there 
is no reason to believe that the developing fetus, neonate, and infant would be protected from these 
well-known adverse effects. Thus, exposure to fructose, which is not a natural component of an infant’s 
diet, in conjunction with the ability for fructose to cross the placental barrier, likely increases the risk 
for fructose to cause metabolic and developmental dysfunction and requires further investigation of the 
impact of excessive fructose consumption during critical periods of gestation and lactation.
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and Lipoproteins, and 
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KEY POINTS

• The uptake of dietary glucose by the liver is regulated by hepatic energy status, whereas 
the uptake of dietary fructose is unregulated.

• The unregulated hepatic uptake of fructose results in increased production of lipogenic 
precursors, thereby leading to increased de novo lipogenesis (DNL), inhibited fatty acid 
oxidation, and increased hepatic lipid supply.
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• Increased hepatic lipid supply is associated with increased production of large very-low-
density lipoprotein 1 (VLDL1) particles and dyslipidemia.

• Increased hepatic lipid accumulation is associated with hepatic insulin resistance.
• Fructose-induced hepatic insulin resistance has the potential to set up a vicious cycle by 

causing increased activation of DNL → increased hepatic lipid content → increased insu-
lin resistance → further activation of DNL.

• Fructose-induced hepatic insulin resistance may increase VLDL1 production directly 
via impaired insulin suppression of apolipoprotein B (apoB) degradation, microsomal 
triglyceride- transfer protein expression and apolipoprotein CIII expression, and also indi-
rectly via increased hepatic lipid supply.

• Fructose-induced increases in uric acid production and inflammatory factors may also 
exacerbate VLDL production.

• Sustained hypertriglyceridemia may lead to intramyocellular lipid accumulation, which is 
associated with reduced whole-body insulin sensitivity.

• Intervention studies in human subjects consuming high-fructose or -sugar diets have 
documented adverse effects including increased DNL and inhibited fatty acid oxidation; 
increased hepatic lipid content; increased circulating levels of triglyceride, cholesterol, 
low-density lipoprotein (LDL) cholesterol, very low LDL, apoB, and remnant lipoprotein-
triglyceride and -cholesterol; hepatic insulin resistance; intramyocellular lipid accumula-
tion; and reduced whole-body insulin sensitivity.

• There are plausible mechanisms and both epidemiological and direct experimental evi-
dence to support a causal relationship between the consumption of excessive amounts of 
dietary sugars and the development of metabolic disease.

INTRODUCTION

There is considerable epidemiological evidence suggesting intake of added sugars and/or sugar-
sweetened beverages is associated with the presence of unfavorable lipid/lipoprotein levels [1–3], 
insulin resistance [4,5], fatty liver [6,7], type 2 diabetes [8–12], cardiovascular disease [13,14], meta-
bolic syndrome [15–18], and increased visceral adiposity [19,20]. However, these studies do not 
provide definitive evidence that consumption of excessive sugars leads to the development of these 
adverse metabolic states. For that, direct experimental evidence demonstrating that consumption of 
diets high in sugars alters risk factors for metabolic disease compared with isocaloric diets that are 
low in sugar is needed. It is also necessary to demonstrate that there are plausible mechanisms to 
mediate a causal relationship between sugar and metabolic disease.

FRUCTOSE—POTENTIAL LINK BETWEEN SUGAR CONSUMPTION 
AND METABOLIC DISEASE

Our group has reported that overweight to obese adult men and women (40–72 years of age) consum-
ing fructose-sweetened beverages at 25% of energy requirements for 10 weeks exhibited increased 
visceral adipose deposition and de novo lipogenesis (DNL), decreased fatty acid oxidation, dyslip-
idemia, and decreased glucose tolerance/insulin sensitivity. However, subjects consuming glucose-
sweetened beverages did not demonstrate any of these changes, even though both groups of subjects 
gained comparable amounts of body weight (~1.4 kg) [21,22]. Since foods are not sweetened with 
pure fructose or pure glucose, these results have limited direct relevance to the effects of sugars 
as they are normally consumed in the diet. However, they are important in that they suggest that 
fructose consumption has effects on the development of metabolic disease that are independent of 
body weight gain and markedly different from the effects of glucose consumption. They are also 
important in that they suggest that fructose may be the link explaining the associations between 
consumption of sugars and the development of metabolic risk factors and disease. The potential 
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mechanisms [23–27] by which the consumption of fructose leads to lipid dysregulation, liver lipid 
accumulation, and insulin resistance are described below and summarized in Figures 19.1 and 19.2. 
The direct experimental evidence that supports the plausibility of these mechanisms and the causal 
relationship between sugar consumption and risk factors for metabolic disease is also described.

REGULATION OF HEPATIC GLUCOSE METABOLISM

Hepatic glucose uptake is dependent on glucose transport into hepatic cells by a facilitative glucose 
transporter (GLUT2), followed by glucose phosphorylation to glucose-6-phosphate by glucokinase; 
this enzyme has a high Km for glucose, and its activity is essentially regulated by portal glycemia; 
furthermore, its expression is increased by insulin. Glucose-6-phosphate is further metabolized in 
glycolysis, and this pathway is mainly regulated by phosphofructokinase (PFK). PFK is inhibited 
by adenosine triphosphate (ATP) and citrate when hepatic energy status is elevated, thereby limit-
ing hepatic uptake of dietary glucose. Altogether, this regulation of hepatic glucose metabolism by 
insulin and hepatic energy allows much of ingested glucose arriving via the portal vein to bypass the 
liver and reach the systemic circulation. Thus, consumption of glucose-sweetened beverages with 
meals leads to increased plasma glucose and insulin excursions compared with consumption of the 
baseline complex carbohydrate diet [28,29].

REGULATION OF HEPATIC FRUCTOSE UPTAKE

The initial phosphorylation of dietary fructose is largely catalyzed by fructokinase, which is not 
regulated by hepatic energy status. The result is unregulated fructose uptake by the liver with little 

Fructokinase C

↑DNL

↑VLDL production/
secretion

Hepatic
insulin

resistance

Dyslipidemia

Fructose
beverage

↑Liver lipid
↑DAG→nPKC→serine P of insulin receptor

↓Fatty acid
oxidation

Unregulated hepatic uptake/
metabolism of fructose

FIGURE 19.1 Potential mechanism by which consumption of fructose affects lipid metabolism and hepatic 
insulin sensitivity: Unregulated fructose uptake by the liver, mediated primarily by phosphorylation via fruc-
tokinase C, leads to increased DNL. DNL increases the intrahepatic lipid supply directly, via synthesis of 
fatty acids, and indirectly, by inhibiting fatty acid oxidation. Increased levels of intrahepatic lipid content 
promote VLDL production and secretion, which leads to dyslipidemia. Increased levels of hepatic lipids may 
also promote hepatic insulin resistance by increasing levels of DAG, which activates nPKC and leads to serine 
phosphorylation of the insulin receptor and IRS-1 and impaired insulin action. DNL: de novo lipogenesis; 
VLDL: very-low-density lipoprotein; DAG: diacylglycerol; nPKC: novel protein kinase C; serine P: serine 
phosphorylation; IRS-1, insulin receptor substrate 1.
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of the ingested fructose reaching the systemic circulation. This is illustrated in the 24-h fructose 
and glucose profiles in subjects who consumed fructose- or glucose-sweetened beverages with three 
meals in a 24-h crossover trial [30]. When the subjects consumed the glucose-sweetened bever-
ages, postmeal glucose peaks increased over fasting levels by 4–5 mmol; when they consumed 
the fructose-sweetened beverages, postmeal fructose peaks increased by less than 0.4 mmol [30]. 
Accordingly, postprandial increases of plasma glucose and insulin concentrations were substan-
tially lower when subjects consumed fructose along with mixed meals compared with a baseline 
complex carbohydrate diet [28,29].

FRUCTOKINASE C

Ishimoto et al. [31] have recently provided compelling evidence highlighting the importance of fruc-
tokinase in mediating the adverse effects of fructose. They report that fructokinase exists as two 
isoforms: fructokinase A which is widely distributed and has low affinity for fructose; and fructo-
kinase C, which is expressed primarily in the liver, intestine, and kidney and has high affinity for 
fructose. They demonstrated that the adverse metabolic changes induced by fructose consumption 

Fructokinase C

Whole body insulin resistance

↑DNL

↑VLDL production/
secretion

Hepatic
insulin

resistance

Dyslipidemia

Intestine
Fructose
beverage

↑Liver lipid
↑DAG→nPKC→serine P of insulin receptor

↑Uric acid

↑Visceral adiposity
4a

4b

4c

4

5

6

7

1 3

2

↑Inflammatory factors

↑Muscle lipid accumulation

↓Fatty acid
oxidation

Unregulated hepatic uptake/
metabolism of fructose

↑DAG→nPKC→serine P of insulin receptor

FIGURE 19.2 Potential exacerbation of the effects of fructose: the pathway depicted in Figure 19.1 may be 
exacerbated at the seven sites labeled 1–7. The unregulated fructose uptake by the liver, mediated by fructo-
kinase C, also leads to increased production of uric acid via the purine degradation pathway. (1) This pathway 
may indirectly contribute to the liver lipid supply by concurrently generating mitochondrial oxidants that 
upregulate DNL. (2) Uric acid may also promote fructose uptake into the liver by upregulating expression 
of fructokinase C. (3) Uric acid may contribute to the accumulation of lipid in the liver by inhibiting AMP-
activated kinase, an activator of fatty acid oxidation. (4) Fructose-induced increases of visceral adipose (4a), 
or fructose exposure to intestine (4b) or hepatocytes (4c), may promote inflammatory responses that impair 
hepatic insulin signaling or increase hepatic lipid levels. (5) Due to selective insulin resistance, DNL is even 
more strongly activated in the insulin-resistant liver DNL, which has the potential to generate a vicious cycle 
(darkest arrows). (6) This cycle would be expected to further exacerbate VLDL production and secretion by 
increasing the intrahepatic lipid supply. (7) Hepatic insulin resistance also exacerbates VLDL production/
secretion by increasing apoB availability. The potential exacerbation of the adverse effects of fructose at sites 
1–7 may contribute to increased exposure to circulating triglyceride, leading to the accumulation of intramyo-
cellular lipid in skeletal muscle, impaired insulin signaling, and whole-body insulin resistance. DNL: de novo 
lipogenesis; VLDL: very-low-density lipoprotein; apoB: apolipoprotein B.
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are prevented in knockout mice lacking both isoforms, but are exacerbated in fructokinase A knock-
out mice compared with wild-type mice [31]. These results indicate that fructokinase C is the key 
isoform driving the adverse effects of dietary fructose, whereas fructokinase A may offer some pro-
tection against the adverse effects by allowing increased fructose metabolism in extrahepatic tissues.

DE NOVO LIPOGENESIS

The unlimited hepatic uptake of fructose results in increased production of lipogenic precursors, 
thereby leading to increased DNL. The rate of fractional DNL was increased in subjects consum-
ing meals containing 25% of energy as fructose-sweetened beverages under steady-state conditions 
compared with when they consumed meals high in complex carbohydrate, and also compared with 
subjects consuming 25% of energy as glucose-sweetened beverages [22]. The actual percentage of 
fructose converted into very-low-density lipoprotein (VLDL) triglyceride under physiologically rel-
evant meal-fed conditions is yet to be determined. Accurate estimations will require assessments of 
DNL and VLDL production, secretion, and clearance using nonsteady-state tracer kinetic models. 
The seminal study from Donnelly et al. [32] demonstrates that in patients with nonalcoholic fatty 
liver disease (NAFLD), 26% of both intrahepatic fat and VLDL-triglyceride are made de novo.

FATTY ACID OXIDATION

Additionally, upregulation of hepatic DNL limits fatty acid oxidation in the liver via production of 
malonyl-CoA, which reduces the entry of fatty acids into the mitochondria [33]. Thus, the same sub-
jects who exhibited fructose-induced increases of fractional DNL also exhibited markedly inhibited 
postmeal fatty acid oxidation compared with the subjects consuming glucose [21].

Hepatic lipid: The data suggest that fructose promotes hepatic lipid accumulation directly by 
increased production of fatty acids via DNL [22] and indirectly by DNL-induced inhibition of oxi-
dation of endogenous and exogenous fatty acids [21]. Thus, in subjects who consumed 3-week diets 
that were supplemented with 1000 kcal/day, provided as candy and sugar-sweetened beverage, the 
increase in liver fat was proportional to the increase in DNL (as indexed by the palmitate to linoleate 
(18:2n−6) ratio) [34]. The best evidence to date that consumption of fructose increases levels of liver 
lipid comes from a study in which subjects consumed 1 L/day of sucrose-sweetened soda at ~20% 
energy requirements, isocaloric amounts of low-fat milk, 1 L/day aspartame-sweetened beverages, 
or 1 L/day water for 6 months. Body weight at the end of the intervention period was not signifi-
cantly different from baseline in any group, but subjects consuming sucrose exhibited increased 
liver lipid content compared with baseline levels and with the three control groups [35].

HEPATIC LIPID AND VLDL PRODUCTION

Hepatic lipid content is involved in the regulation of VLDL production and secretion, which is 
not surprising given it is the role of VLDL to transport excess triglyceride out of the liver [36]. 
Specifically, increased levels of hepatic triglyceride not only provides the lipid substrate that is 
packaged into VLDL, but also leads to reduced posttranslational degradation of apolipoprotein 
B100 (apoB) [37]. ApoB is essential for the intracellular assembly of triglyceride into VLDL. Unlike 
other apolipoproteins, it is nonexchangeable and, therefore, remains with the lipoprotein particle 
from the time it is formed in the liver (usually as a VLDL) until it is taken up (often as an LDL) 
and catabolized by cells [37]. ApoB is the ligand for the LDL receptor [38] and elevated plasma 
levels of LDL-apoB100 are strongly associated with increased risk of coronary artery disease [37]. 
This risk involves the retention of LDL within the arterial wall due to an ionic interaction between 
basic amino acids in apoB and negatively charged sulfate groups on the artery wall proteoglycans 
[39]. Increased availability of hepatic lipid has also been described as a driver of the overproduc-
tion of large VLDL particle (VLDL1) [40]. VLDL1 is a triglyceride-rich lipoprotein, as opposed to 
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VLDL2, which is a smaller lipoprotein containing significantly less triglyceride. It has been sug-
gested that triglyceride derived from DNL increases the size of VLDL, whereas triglyceride derived 
from exogenous fatty acids promotes the production of VLDL2 [36]. Overproduction of VLDL1 
has been described as the underlying defect that leads to the dyslipidemia that is characteristic of 
patients with type-2 diabetes and metabolic syndrome [41].

DYSLIPIDEMIA

Increased secretion of VLDL1 into the circulation, reduced lipoprotein lipase (LPL) activation by 
insulin, and competition for LPL-mediated triglyceride hydrolysis by chylomicrons can all contrib-
ute to a longer VLDL residence time, resulting in increased postprandial triglyceride concentrations 
following consumption of fructose. Six separate studies, with dietary interventions ranging from 
24 h to 10 weeks, conducted by our research group demonstrate that consumption of fructose mark-
edly increases postprandial triglyceride concentrations compared with isocaloric consumption of 
glucose in human subjects [22,28,30,42–44]. Interestingly, and in contrast to the consistent effect 
of fructose to increase postprandial triglyceride levels, the subjects in the short-term studies all 
exhibited fructose-induced increases of fasting triglyceride concentrations [30,42,44], but the sub-
jects in the longer studies (2–10 weeks) did not [22,28,43]. This indicates that the change in fasting 
triglyceride level is not a reliable indicator of fructose-induced dyslipidemia [25]. Several studies 
have shown that consumption of sucrose [45–47] or high-fructose corn syrup (HFCS) [28,42] also 
increases postprandial triglyceride concentrations compared with consumption of starch, glucose, 
or nonnutritive sweeteners. Our studies in both older [22] and younger [28] subjects indicate that 
the differential effects of fructose and fructose-containing sugars compared with complex carbohy-
drate on 24-h triglyceride profiles are apparent shortly after lunch and are most marked in the late 
evening, approximately 4 and 6 h after dinner.

POSTPRANDIAL TRIGLYCERIDE AND PROATHEROGENIC CONDITIONS

There is evidence linking increases of postprandial triglyceride concentrations with a proathero-
genic state [48–53]; however, the possible mechanism(s) remain controversial [54]. Potential mecha-
nisms include [1] increased levels of VLDL1 induce lipoprotein remodeling that is mediated by 
cholesteryl ester transfer protein and hepatic lipase and generates increased levels of small dense 
LDL (sdLDL) [55,56]; [2] increased lipolysis of triglyceride-rich lipoprotein generates remnant par-
ticles which are more able to enter the vessel wall than nascent triglyceride-rich lipoprotein, have 
a high rate of retention, and contain 5–20 times more cholesterol per particle than LDL [57,58]; 
[3] increases of apolipoprotein CIII (apoCIII), a component of VLDL which inhibits clearance of 
triglyceride-rich lipoprotein, promotes channeling of VLDL1 to sdLDL [59] and also activates the 
proinflammatory signal transduction in vascular cells [60].

Whatever the mechanism, a number of studies have documented increases of established 
and potential risk factors for cardiovascular disease in subjects consuming fructose or fructose- 
containing sugars compared with glucose or complex carbohydrate [22,28,61–64]. These risk fac-
tors include fasting and postprandial concentrations of apoB, LDL, sdLDL, oxidized LDL, and 
postprandial concentrations of remnant lipoprotein-triglyceride and -cholesterol.

HEPATIC LIPID AND INSULIN SENSITIVITY

The increase in hepatic lipid may also lead to hepatic insulin resistance [65], possibly through 
increased intrahepatic levels of diacylglycerol (DAG), which activates novel-PKC [66]. Novel-PKC 
decreases tyrosine phosphorylation and/or increases serine phosphorylation of the insulin recep-
tor and insulin receptor substrate-1 (IRS-1) and other downstream proteins, resulting in impaired 
insulin action in the liver (Figure 19.1) [66]. Aeberli et al. [62] have reported that hepatic insulin 
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sensitivity, indexed by endogenous glucose production during euglycemic-hyperinsulinemic clamps, 
was decreased in healthy young men who consumed 80 g of fructose/day for 3 weeks, compared 
with when they consumed 80 g of glucose/day. These results are important, because an average man 
will consume approximately 80 g of fructose/day when consuming added sugar at 25% of energy, 
the maximal intake level of added sugar suggested in the Report of the Dietary Guidelines Advisory 
Committee (DGAC) on the Dietary Guidelines for Americans 2010 [67]. Importantly, Aeberli et al. 
[62] also reported that these young men did not exhibit decreases of whole-body insulin sensitivity, 
as indexed by peripheral glucose disposal. This suggests that the development of hepatic insulin 
resistance on high-sugar diets occurs prior to the development of whole-body insulin resistance.

WHOLE-BODY INSULIN SENSITIVITY

Figure 19.1 summarizes the potential mechanisms by which fructose may mediate liver lipid accu-
mulation, dyslipidemia, and hepatic insulin resistance. It is possible that these events in themselves 
are sufficient to eventually lead to impairments in whole-body insulin sensitivity when the fructose 
exposure exceeds 3 weeks and/or 80 g/day. In older overweight and obese men and women who con-
sumed an average of 167 g of fructose/day for 9 weeks, whole-body insulin sensitivity decreased by 
17% [22] (hepatic insulin sensitivity was not assessed in this study). However, it is more likely that 
other factors, including other direct effects of fructose, exacerbate the sequence of events depicted 
in Figure 19.1 and are therefore important contributors to the eventual development of whole-body 
insulin resistance (Figure 19.2). These other direct effects of fructose include increased production 
of uric acid and possibly inflammation.

URIC ACID

One of the most marked and significant effects of fructose consumption are increases of both fasting 
uric acid and 24-h uric acid exposure (the mean plasma concentration of samples collected every 
30–60 min over a 24-h period). After 10 weeks of fructose consumption, both fasting uric acid con-
centrations and 24-h uric acid exposure were significantly increased in older, overweight subjects 
[68]. In younger, normal, and overweight subjects, who consumed 25% of energy requirements as 
fructose, HFCS, or sucrose for 2 weeks, fasting levels and 24-h exposure of uric acid were also 
significantly increased (unpublished results).

As with the pathways presented in Figure 19.1, the mechanism by which fructose consump-
tion leads to increased uric acid concentrations involves the unregulated uptake and metabolism 
of fructose (Figure 19.2). The first step in the metabolic pathway, the fructokinase-catalyzed phos-
phorylation of fructose to fructose-1-P, results in conversion of ATP to adenosine monophosphate 
(AMP) and a depletion of inorganic phosphate. The degradation of AMP leads to increased uric 
acid production [69]. While uric acid is a potent and physiologically relevant antioxidant, recent 
evidence suggests that elevated levels may be associated with increased oxidative stress, and there 
is still considerable debate as to which of these roles is more important in the context of metabolic 
disease [70]. However, it is well known that increased circulating levels of uric acid can lead to gout, 
and extensive recent work by Richard Johnson and co-workers suggests that the fructose-induced 
increases of uric acid may amplify the lipogenic effects of fructose by several mechanisms. The 
sites of these mechanisms are shown in Figure 19.2 as 1, 2, and 3, and are explained below.

 1. The purine degradation pathway, which generates uric acid, also upregulates DNL via the 
generation of mitochondrial oxidants. Mitochondrial oxidative stress results in the inhibi-
tion of aconitase in the Krebs cycle, resulting in the accumulation of citrate and the activa-
tion of ATP citrate lyase and fatty-acid synthase leading to an enhancement of DNL [71].

 2. Uric acid promotes fructose overload in the liver by upregulating fructokinase expression. 
In cultured human hepatocytes exposed to fructose, uric acid activates the transcription 



272 Dietary Sugars and Health

factor ChREBP, which in turn results in the transcriptional activation of fructokinase by 
binding to a specific sequence within its promoter [72].

 3. Uric acid contributes to the accumulation of lipid in the liver by inhibiting AMP-activated 
kinase, an activator of fatty acid oxidation [73].

In vivo evidence supports the suggestion that fructose-induced increases of uric acid contribute to 
the adverse effects of fructose. Rats treated with uricase inhibitor to increase uric acid levels and/or 
fed sucrose-sweetened beverage exhibited the following [74]:

• Uricase inhibitor induced glomerular hypertension
• Sucrose-sweetened beverage induced insulin resistance
• Uricase inhibitor plus sucrose-sweetened beverage produced both effects, plus synergistic 

effects on systemic blood pressure, intraglomerular pressure, plasma glucose concentra-
tions, hepatic triglyceride content, and oxidative stress [74]

INFLAMMATORY FACTORS

As illustrated in Figure 19.2 at site 4, inflammation may be an important contributor or exacerbator 
of the adverse effects of fructose and the eventual development of whole-body insulin resistance. 
There is considerable data from studies in rodents suggesting that fructose increases levels or expres-
sion of inflammatory factors in the liver [75–78]. These in turn may adversely affect hepatic insulin 
signaling or increase hepatic lipid levels [79]. In humans, direct experimental data that dietary 
fructose induces inflammation and oxidative stress are limited due to constraints regarding clini-
cal liver sampling. However, and despite the fact that plasma levels of inflammatory markers may 
not adequately reflect tissue-specific inflammation, we have reported that fasting concentrations 
of markers of inflammation, monocyte chemoattractant protein-1 (MCP-1), plasminogen activator 
inhibitor-1 (PAI-1), and E-selectin, as well as retinol binding protein-4 and the liver enzyme, gamma 
glutamyl transferase, were increased in older, overweight/obese subjects consuming fructose for 10 
weeks [68,80]. We also observed significant increases of intra-abdominal fat deposition in these 
same subjects [22]. In humans, visceral adipose mass has been shown to be a primary determinant 
of PAI-1 levels [81], and PAI-1 has been shown to be preferentially secreted by visceral adipose tis-
sue compared with subcutaneous adipose tissue [82]. In addition, Bruun et al. [83] investigated the 
relationship between adipose tissue resident macrophages, adiposity, and MCP-1 in human adipose 
tissue and demonstrated that MCP-1 is preferentially secreted from visceral adipose tissue com-
pared with subcutaneous adipose tissue. Thus, the increased deposition of visceral adipose tissue 
in subjects consuming fructose may help to explain the observed increases in PAI-1 and MCP-1 in 
these subjects (Figure 19.2, site 4a).

It is also possible that inflammatory responses to fructose are mediated through its direct expo-
sure to the intestine (Figure 19.2, site 4b) or hepatocytes (Figure 19.2, site 4c). Fructose consump-
tion has been shown to lead to increased intestinal translocation of bacterial endotoxin, induction 
of hepatic tumor necrosis factor-α, and liver lipid accumulation in mice, while treatment with anti-
biotics has been shown to almost completely block these effects [84]. Portal blood concentrations 
of endotoxin were increased by 31% in nonhuman primates consuming an energy-balanced diet 
containing 24% of energy as fructose compared with those consuming a low-fructose control diet 
[85]. Increased circulating concentrations of endotoxin were noted in patients with NAFLD, who 
consumed more fructose and also had higher circulating concentrations and hepatic expression of 
PAI-1 than control patients [86]. In isolated hepatocytes, fructose exposure, compared with glucose 
exposure, leads to activation of c-jun NH2-terminal kinase, increased serine phosphorylation of 
IRS-1, and reduced insulin-stimulated tyrosine phosphorylation of IRS-1 and IRS-2 [87]. These 
acute in vitro effects of fructose could potentially be mediated by increased cellular concentrations 
of methylglyoxal [88].
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HEPATIC INSULIN RESISTANCE AND DNL

The factor with the greatest potential to exacerbate the effects of fructose presented in Figure 19.1 
may be hepatic insulin resistance. While the effects of insulin resistance on hepatic metabolism 
are numerous, Figure 19.2 focuses on just two, starting with upregulation of DNL (see Figure 19.2, 
site 5). DNL is an insulin-activated process in the normal liver that is even more strongly activated 
in the insulin resistant liver [89]. A number of mechanisms have been proposed to explain this 
paradoxical effect of hepatic insulin resistance [90]. The mechanism appears to involve the insulin 
receptor, because, while mice lacking hepatic insulin receptors exhibit hyperglycemia, circulating 
triglyceride concentrations are quite low in these animals [91]. Thus, the selective insulin resis-
tance that allows for continued activation of DNL by insulin results in more severely compromised 
metabolism, consisting of both hyperglycemia/hyperinsulinemia and hypertriglyridemia, than that 
seen when all insulin-regulated processes are impaired due to insulin receptor knockout [92]. 
Increased activation of DNL due to fructose-induced hepatic insulin resistance has the potential to 
set up a vicious cycle (Figure 19.2; see darkest arrows) in which the resulting increase in hepatic 
lipid content exacerbates the insulin resistance which further activates DNL and further increases 
hepatic lipid accumulation.

HEPATIC INSULIN RESISTANCE AND VLDL PRODUCTION

This vicious cycle may also exacerbate VLDL production/secretion due to the increasing liver 
lipid accumulation (Figure 19.2, site 6). However, VLDL production/secretion is also increased in 
the insulin-resistant liver due to mechanisms independent of hepatic lipid supply (Figure 19.2, site 
7). There is evidence to suggest that insulin decreases apoB availability by inhibiting its synthe-
sis [93], and, even more importantly, by targeting apoB for posttranslational degradation [94,95]. 
Insulin also inhibits microsomal triglyceride-transfer protein (MTP) expression via an insulin 
response element on the MTP gene [96]. MTP is essential for assembly of triglyceride and apoB 
into VLDL and secretion of VLDL [97]. Thus, increased availability of apoB and chronic upregu-
lation of MTP expression and protein levels may further promote increased production of VLDL 
in the insulin-resistant liver [89,98]. A third mechanism by which hepatic insulin resistance may 
lead to increased VLDL production/secretion, specifically increased VLDL1 production/secre-
tion, involves apoCIII [98]. It is known that apoCIII promotes hypertriglyceridemia by inhibiting 
LPL activity and clearance of triglyceride-rich lipoproteins by hepatic receptors [59]. More recent 
evidence suggests that apoCIII plays a role in the second-step incorporation of lipid into VLDL, 
which converts VLDL2 into VLDL1 [99,100]. Since expression of apoCIII is suppressed by insulin 
[101], upregulation of apoCIII may be involved in the increased production/secretion of VLDL1 
associated with insulin resistance [98].

A mechanism that is often implicated in the increased production of VLDL by insulin resistance 
is increased fatty acid flux into the liver due to unsuppressed lipolysis in adipose tissue [98]. A 
recent review, however, concludes that kinetic studies show a lack of relationship between free fatty 
acid flux and availability and VLDL production [102]. We have previously questioned the impor-
tance of this mechanism in the insulin resistance induced by fructose [26] based on the observation 
that 24-h free fatty acid exposure is not increased in subjects consuming fructose for 10 weeks [22].

MUSCLE LIPID ACCUMULATION

Increased VLDL secretion increases 24-h exposure to triglyceride and intramyocellular lipid accu-
mulation. In the study already described, in which subjects consumed 1 L/day of sucrose-sweetened 
cola, low-fat milk, aspartame-sweetened cola, or water for 6 months, muscle lipid content increased 
compared with baseline only in subjects consuming sucrose [35]. Intramyocellular lipid concentra-
tions are correlated with reduced whole-body insulin sensitivity in humans [103]. It is possible, 
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but not definite [104], that this relationship is mediated by the same mechanism described for the 
development of hepatic insulin resistance; DAG-mediated activation of nPKC resulting in serine 
phosphorylation of the insulin receptor or IRS-1 [105]. It is also possible that other factors such as 
inflammation and oxidative stress [106] are contributors to, or possibly mediators of, muscle insulin 
resistance [107].

TABLE 19.1
 Questions for Future Research

Question Objective Model Duration Primary Outcomes

Does a high-sugar diet increase 
risk factors compared to a 
high-complex carbohydrate diet 
under a strict dietary protocol, 
that is, experimental diets are 
formulated to achieve an 
identical macronutrient intake 
and eliminate outpatient dietary 
variations and are provided to the 
subjects throughout the entire 
investigation?

To obtain definitive 
evidence that is not 
limited by potential 
diet variations 
between 
experimental 
groups

Healthy 
adults

Two weeks to 
demonstrate increase 
in CVD risk factors 
8+ weeks to 
demonstrate changes 
in whole-body 
insulin sensitivity

Circulating lipids, 
live lipid content, 
hepatic insulin 
sensitivity, 
whole-body insulin 
sensitivity

Does a high-sugar diet increase 
risk factors compared to a 
high-complex carbohydrate diet 
under a strict dietary protocol 
that does not allow for weight 
gain?

To determine if 
sugar consumption 
has effects on risk 
factors for 
metabolic disease 
that are 
independent of 
body weight gain

Healthy 
adults

Two weeks to 
demonstrate increase 
in CVD risk factors 
8+ weeks to 
demonstrate changes 
in whole body 
insulin sensitivity

Circulating lipids, 
live lipid content, 
hepatic insulin 
sensitivity, 
whole-body insulin 
sensitivity

Does a high-sugar diet that is 
provided in quantities that allow 
for weight gain increase risk 
factors compared with an 
identical diet that is provided in 
quantities that do not allow for 
weight gain?

To determine if 
weight gain 
exacerbates the 
independent effects 
of sugar 
consumption

Healthy 
adults

Two weeks to 
demonstrate increase 
in CVD risk factors 
8+ weeks to 
demonstrate changes 
in whole-body 
insulin sensitivity

Circulating lipids, 
live lipid content, 
hepatic insulin 
sensitivity, 
whole-body insulin 
sensitivity

Does a high-sugar diet increase 
DNL and VLDL production 
compared to a high-complex 
carbohydrate diet when assessed 
during meal-fed conditions? 
What percentage of the ingested 
fructose is converted into 
VLDL-TG?

To use nonsteady-
state modeling to 
accurately 
determine DNL 
and VLDL 
production under a 
relevant feeding 
protocol

Healthy 
adults

1+ week DNL, VLDL 
production

Does a high-sugar diet increase 
hepatic and muscle levels of 
inflammation, oxidative stress, 
and lipid intermediates that 
impair insulin signaling 
compared with a high-complex 
carbohydrate diet in obese rhesus 
macaques, a relevant model of 
metabolic syndrome?

To test the proposed 
mechanisms in a 
model that allows 
for multiple 
sampling of liver 
and muscle

Obese 
rhesus 
macaques

6+ months Liver and muscle 
metabolomic/
lipidom profiles
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SUMMARY

The unregulated uptake/metabolism of fructose by the liver increases triglyceride synthesis via 
DNL resulting in accumulation of triglycerides in the liver, increased VLDL production/secretion, 
dyslipidemia, and hepatic insulin resistance. Increases in the production of uric acid resulting from 
fructose consumption, and possibly inflammatory and oxidative stress factors, may exacerbate these 
effects. Sustained exposure to fructose may lead to a vicious cycle in which hepatic insulin resis-
tance exacerbates DNL, leading to increased hepatic lipid content, which in turn worsens hepatic 
insulin resistance. The increased lipid content in the liver and the insulin resistance exacerbates 
VLDL production/secretion, resulting in sustained exposure to circulating triglyceride that leads to 
muscle lipid accumulation and whole-body insulin resistance.

CONCLUSION

The intervention studies with dietary sugars cited above provide support for the plausibility of 
these proposed mechanism by which consumption of fructose and fructose-containing sugars may 
increase risk factors for metabolic disease. While each of these studies has limitations which pre-
cludes its being definitive [108], together they constitute a strong body of direct experimental evi-
dence that support a causal relationship between the consumption of excessive amounts of sugar and 
the development of metabolic disease. Table 19.1 lists the future research that is needed to provide 
the definitive proof of this relationship and also the research that is needed to support the proposed 
mechanisms. The necessary clinical studies will be costly and will take more than 5 years to com-
plete. This projection leads to the question as to whether it is in the best interest of public health 
to wait until this definitive evidence is available to begin educating the public about the potential 
adverse effects of consuming high-sugar diets and initiating public health policies to reduce sugar 
consumption. Coming up with the best answer to this question is not difficult when considering 
that there are no health risks associated with decreasing the added sugar content of the diet, while 
the risks in waiting for all of the definitive evidence to be generated could include further increases 
in the prevalence of metabolic syndrome, cardiovascular disease, diabetes, and NAFLD, and an 
increased burden to the health-care system.
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KEY POINTS

• Fructose raises blood pressure in animals and humans.
• The mechanism may relate to its ability to induce sympathetic nervous system activation, 

endothelial dysfunction, oxidative stress, and the generation of uric acid.
• Reduction of sugar intake in humans results in a reduction of blood pressure.
• Administration of fructose to animals results in glomerular hypertension, arteriolopathy, 

and tubolointestinal disease.
• Fructose administration accelerates chronic kidney disease in rats.
• Proximal tubular cells can also produce fructose via activation of the polyol pathway and 

endogenously produced fructose may have a role in experimental diabetic nephropathy and 
other models.
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INTRODUCTION

Fructose is a monosaccharide found naturally in fruits and honey and is also a major constituent in 
added sugars, including sucrose and high-fructose corn syrup (HFCS). Fructose can also be produced 
in the gut by degradation of fructose polymers (fructans) by bacteria-containing fructanases. Finally, 
fructose can be generated from dietary sorbitol or from glucose by the polyol (aldose reductase-sor-
bitol dehydrogenase) pathway. Currently, the major dietary source of fructose is from added sugars, 
especially in the adolescent and young adult population. However, increasing evidence suggests that 
endogenously produced fructose may also be important in the pathogenesis of kidney disease. In this 
chapter, we will review the current evidence for fructose in driving hypertension and kidney disease.

FRUCTOSE AND HYPERTENSION

Primary (essential) hypertension is one of the most common diseases worldwide and affects over 70 
million individuals in the USA. It was once uncommon, being present in only 5–10% of the popula-
tion, but it has increased markedly over the last 100 years in association with western diet and culture 
[1]. While primary hypertension used to be rare in children, it has become increasingly observed in 
this population, especially among children who are obese and insulin-resistant. The increased fre-
quency of hypertension carries significant morbidity, as hypertension remains the primary cause of 
stroke and heart failure, and the second most common cause of end-stage renal disease.

While fructose is known to have acute effects on blood pressure (BP), the role of fructose in 
driving primary hypertension in humans remains a very controversial topic. We will briefly sum-
marize the studies that both support and argue against this hypothesis. Reviews on this topic are 
also available in Reference [2].

ANIMAL STUDIES

The administration of fructose to rats has been known to induce features of metabolic syndrome 
since the early 1950s [3]. One of the characteristic features is an increase in systemic BP, as docu-
mented by tail-cuff BPs, intra-arterial BP, and renal micropuncture measurements [4–7]. However, 
the gold standard for BP measurement in rodents is to place an intra-arterial pressure transducer 
that allows continuous BP in the conscious, nonsedated state [8]. Two studies subsequently reported 
that 24-h ambulatory BPs were normal in rats fed fructose despite these animals developing other 
features of metabolic syndrome [9,10]. It was, therefore, thought that the reason for this discrepancy 
may relate to the possibility that fructose may enhance sympathetic nervous system (SNS) responses 
that might lead to an increase in BP response with the handling that occurs with tail cuff or intra-
arterial BP measurement, but not be as evident when animals are not being manipulated. Indeed, 
there is evidence that fructose stimulates SNS activity in rats [11]. More recently, studies using the 
24-h intra-arterial BP monitoring system have documented that BP is elevated during the initial 
intake of fructose or sucrose compared to control animals and in some cases persists throughout the 
feeding period [12,13].

A variety of studies have investigated the mechanism(s) involved in fructose-induced hyperten-
sion in laboratory animals [2]. Recent studies suggest that the primary mechanism relates to the 
ability of fructose to increase intracellular and serum uric acid levels. These are summarized below.

role of uriC aCid

Fructose is the only sugar that stimulates the production of uric acid within cells. This is 
because the first enzyme in fructose metabolism, fructokinase C, rapidly metabolizes fructose to 



283Sugars, Fructose, Hypertension, and Kidney Disease

fructose-1-phosphate in an unregulated manner. This results in the accumulation of AMP, which 
is metabolized by AMP deaminase to inosine monophosphate and eventually uric acid. Uric acid 
increases in cells that metabolize fructose (such as the hepatocyte) and then spills out into the cir-
culation, peaking within 10–30 min [14,15].

Understanding the role of uric acid in hypertension in laboratory animals is complicated by the 
fact that rats, like most mammals, have much lower serum uric acid levels than humans. This is 
because most mammals express the enzyme uricase in their livers, which degrades uric acid, ulti-
mately generating allantoin. Indeed, it is difficult to raise uric acid in rats unless uricase is inhib-
ited. However, when rats were given the uricase inhibitor, oxonic acid, rats became hypertensive 
within several weeks [16]. Subsequently, numerous studies demonstrated that uric acid is a biologi-
cally active, proinflammatory substance, even when in soluble form. While it can function as an 
antioxidant in the extracellular environment [17,18], it is prooxidative within the cell, including in 
adipocytes, vascular smooth muscle cells, endothelial cells, cardiac fibroblasts, renal tubular cells, 
islet cells, and hepatocytes [19–25]. Oxidative stress is mediated in part by a stimulation of NADPH 
oxidase in the cytoplasm and mitochondria [19,21,22]. Uric acid can also generate radicals upon 
reaction with peroxynitrite [26].

Uric acid induces oxidative stress rapidly inside the cell and may have a key role in driving the 
biological actions of uric acid [23]. This includes the activation of mitogen-activated protein kinases, 
induction of nuclear transcription factors, and the production of chemokines (such as monocyte 
chemoattractant protein-1), vasoactive mediators (angiotensin II, thromboxane, and endothelin), 
inflammatory mediators (including C-reactive protein) including inflammasomes, and growth fac-
tors [27–30]. A decrease in NO also occurs, due to effects on uptake and metabolism of l-arginine, 
and scavenging by oxidants or uric acid itself [19,22,31–33]. Indeed, the initial hypertension induced 
by uric acid can be prevented by agents that block oxidative stress or the renin angiotensin system 
or that stimulate endothelial NO production [16,34,35].

While the acute effects of uric acid are mediated by vascular effects of uric acid itself, over 
time rats develop microvascular disease in their kidney, likely due to the direct stimulation of 
vascular smooth muscle cell proliferation [28,36]. The development of microvascular disease in 
the kidney results in some ischemia distally with the development of mild interstitial inflamma-
tion that alters the ability of the kidney to excrete salt [37]. Once microvascular disease develops 
in hyperuricemic rats, salt-sensitive hypertension develops and will persist even if the uric acid 
levels return to normal [38]. Thus, there appears to be two ways uric acid can induce hyperten-
sion, with the first being via direct effects on the vasculature and the second driven by subtle 
renal microvascular disease that is induced over time. Consistent with these observations, early 
studies in humans suggest that serum uric acid is highly associated with new onset hypertension 
[39], especially in adolescents, and pilot studies also support a role for uric acid in driving the 
hypertensive response [40,41].

As noted, fructose raises uric acid in rats, and the administration of high doses (60% fructose 
diet) increases serum uric acid and systemic BP (measured by tail cuff or by intra-arterial measure-
ment under anesthesia) [4,5]. Fructose-fed rats also develop renal microvascular lesions similar to 
that observed with hyperuricemia [5,6]. Both the hypertension and renal microvascular disease can 
be prevented by lowering serum uric acid [4,5].

The fact that rodents express uricase can explain why high doses of fructose are needed to 
induce hypertension and metabolic syndrome in rats. Indeed, if uricase is inhibited, serum uric acid 
increases significantly more in response to fructose [42]. Furthermore, much lower doses of fruc-
tose are required to induce features of metabolic syndrome if uricase is inhibited in the rat [43]. In 
addition, female animals tend to have lower uric acid levels than male animals due to the uricosuric 
effects of estrogen, and, while not tested, this could provide an explanation for why female rats are 
relatively resistant to the effects of fructose [44].
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direCt vasCular effeCts

A key observation is that the administration of fructose to rats results in evidence for endothelial 
dysfunction, as noted by a decrease in urinary nitrites, and decreased vasodilation of renal and mes-
enteric arteries in response to acetylcholine [45–47]. Interestingly, the development of hypertension 
occurs several weeks after the development of endothelial dysfunction [47]. The mechanism may, 
in part, be due to suppression of production of nitric oxide (NO) by endothelial cells, as fructose 
reduces NO levels and transiently reduces eNOS expression in cultured endothelial cells [48] and 
eNOS activity in the aorta [49]. Moreover, overexpression of eNOS in vivo can block the develop-
ment of hypertension in fructose-fed rats [50]. Fructose also has other negative effects on endothe-
lium, such as stimulating production of leukocyte adhesion molecules (ICAM-1) [48] and blocking 
endothelium-derived hyperpolarizing factor [51]. A role for angiotensin II may also be involved in 
fructose-mediated hypertension, as blocking angiotensin II formation or action can restore eNOS 
activity [49], block oxidative stress in the blood vessels, and lower BP [52].

sns aCtivation and lePtin

Fructose administration to mice has been shown to increase BP, in part, by activation of the SNS 
in the brain stem [13], and the rise of BP in fructose-fed animals can be blocked by chemical 
sympathectomy [53]. One potential mechanism by which they may occur is via fructose-mediated 
stimulation of leptin. Fructose-fed rats develop leptin resistance [54] and eventually postprandial 
leptin levels [55]. While leptin is best known for its role in mediating satiety, there is also increas-
ing evidence that leptin may be an important mediator for hypertension in metabolic syndrome via 
its effects to induce SNS activation in the brain [56]. The ability of leptin to stimulate SNS activity 
occurs in both leptin-sensitive and -resistant states.

relationshiP with sodium intake

The hypertension induced by fructose (or sucrose) is known to have an important relationship 
with salt intake, as the hypertension is much less evident on a low-salt diet, whereas it may be 
severe and persistent on a high-salt diet [57–59]. Fructose increases sodium absorption by the 
small bowel and also reduces urinary sodium excretion [59]. In addition, the ability of fructose 
to induce renal microvascular disease provides a mechanism for inducing salt-sensitive hyper-
tension [37]. Furthermore, the presence of a high-salt diet with fructose results in a decrease in 
eNOS expression in the renal medulla [60] that may play a role in impairing sodium excretion in 
the setting of high BP.

HUMAN STUDIES

does fruCtose inCrease serum uriC aCid?

The animal studies suggest that fructose may cause hypertension primarily via the generation of 
uric acid. This raises the clinical question of whether fructose increases serum and intracellular 
uric acid. As mentioned earlier, the principal mechanism by which fructose raises uric acid is as a 
consequence of nucleotide turnover that occurs from the transient ATP depletion that occurs with 
fructose administration. Studies in humans show that this can occur with relatively small doses 
of fructose given orally [61]. Indeed, the administration of fructose to humans results in an acute 
rise in serum uric acid [62]. Clinically, the rise in uric acid can easily be demonstrated in the first 
30–60 min following an oral fructose, sucrose, or HFCS challenge [63]. Subjects administered a 
high-fructose diet for 10 weeks also show higher uric acid levels over the 24-h period [64]. Over 
time, even fasting serum uric acid levels rise in humans fed diets high in fructose [65]. This may 
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be due to a stimulation in uric acid synthesis from amino acid precursors [14,66] in addition to its 
effects on nucleotide turnover [15]. Epidemiological studies also link high-fructose intake, or intake 
of sugary soft drinks, with increased risk for elevated serum uric acid levels or gout, especially in 
men [67–69]. The association of soft drink intake, elevated serum uric acid, and hypertension has 
also been reported in adolescents [70]. In another study, fructose intake was associated with higher 
serum uric acid levels in boys [71]. In contrast, a study using US NHANES 1999–2004 databases 
could not find an association of fructose intake with uric acid levels [72].

A meta-analysis also concluded that short-term intake of fructose does not increase serum uric 
acid compared to control diets [73]. However, in most of these studies, the serum uric acid levels 
were determined after an overnight fast when serum uric acid would not be expected to be high in 
a short-term study [74,75]. The meta-analysis also included control groups that were fed sucrose 
(which also contains fructose) [73].

does fruCtose raise bP in humans?

Studies in animals suggest that the rise in BP with fructose is best observed during the time of 
fructose ingestion. Indeed, in humans, the administration of fructose results in an acute increase in 
BP that is not observed with glucose or water [74] (Table 20.1). Humans administered soft drinks 
containing sucrose or HFCS also show an immediate rise in BP associated with a rise in serum uric 
acid, and the BP rise is greater in humans given HFCS and is associated with higher serum uric acid 
and fructose levels [63]. We also administered high doses (200 g/day) of fructose to healthy men 
for a period of 2 weeks and noted a significant increase in both fasting serum uric acid and in 24-h 
ambulatory BP [75]. In this study, one-half of the subjects were randomized to receive allopurinol 
therapy, and in this group the rise in fasting serum uric acid was prevented and an increase in BP 
did not occur [75]. Although these studies provide strong evidence that fructose can raise BP in 
humans, other studies providing high-fructose diets could not show an increase in BP [76]. Indeed, 
a meta-analysis reported that fructose does not raise BP in short-term studies [77]. However, this 
study also suffers from similar methodologic issues [78,79] in that BP was typically measured only 
in the morning after an overnight fast when BP would not expect to be elevated in a short-term 
study. Thus, the data are convincing that the intake of fructose acutely increases BP in humans.

is fruCtose intake assoCiated with hyPertension in humans?

An important point with epidemiological studies is to consider fructose from added sugars dif-
ferently from fructose from natural fruits. This is not because the fructose is different, but rather 
because natural fruits contain a variety of substances that can block the metabolic effects of fructose, 
including vitamin C, antioxidants, potassium, fiber, and other nutrients [45,80,81]. Epidemiological 
studies that evaluate total fructose intake (including fruits) may not show a relationship with hyper-
tension [82], whereas this becomes readily evident when the analysis only evaluates the fructose 
content from added sugars [83].

Salt intake is also important to evaluate in subjects ingesting fructose from added sugars. One 
study in adolescents found that salt intake is higher in adolescents taking high-fructose diets, sug-
gesting that some of the association of fructose-rich diets may be due to the higher salt intake [84]. 
However, as noted in the animal studies, the presence of high-salt diet may act synergistically with 
fructose to raise BP [58]. Indeed, one study found that the intake of fructose was independently asso-
ciated with hypertension but this relationship was amplified in the presence of a high-salt diet [85].

The baseline serum uric acid level may also be important to be able to evaluate the relationship 
of fructose with BP. We had shown in experimental studies that uric acid regulates the expression of 
fructokinase and that pretreatment of cells with uric acid increases the ATP depletion in response to 
fructose [86]. A study of subjects with non-alcoholic fatty liver disease also showed that a higher base-
line serum uric acid is associated with a greater depletion of hepatic ATP in response to fructose [87]. 
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Fructose-induced hyperuricemia is also greater in subjects with primary hypertension [88]. These 
observations could explain a recent study that found that fructose intake is associated with uric acid in 
boys, and uric acid is associated with hypertension, but fructose itself is not associated with BP [71].

Thus, the data strongly suggest that fructose intake, particularly from added sugars, is associated 
with hypertension and that these effects might best be observed in subjects with elevated serum uric 
acid levels and/or on a high-salt diet.

does reduCing fruCtose intake lower bP?

To date, there have been very few studies to investigate the effect of reducing fructose intake on 
BP. As noted in the animal studies, it is possible that chronic fructose intake may induce sub-
tle renal injury that will perpetuate salt-sensitive hypertension even if fructose intake is reduced. 
Nevertheless, diets such as DASH are effective in lowering BP and are in essence a diet low in 
fructose from added sugars. In addition, one study reported that a reduction of one soft drink per 
day results in a net reduction in systolic BP of 2 mmHg and a 1 mm in diastolic BP after 18 months 
[89]. In another study by Madero et al. [90], a hypocaloric very-low-fructose diet and a hypocaloric 
low-fructose diet (fructose provided by fruits) for 6 weeks resulted in significant BP-lowering effect 
(8.7 mmHg in SBP and 5.6 mmHg in DPB). Since low-fructose diets also reduced body weight, 
this effect may have also contributed with the reduction in BP. Brymora et al. [91] also reported 
that a low-fructose diet reduced BP in subjects with CKD who had a “dipping pattern” of BP (i.e., 
whose BP tended to fall during sleep). In addition to BP lowering, a low-fructose diet may also 
improve mitochondrial density in the white blood cells of subjects with hypertension, suggesting an 
improvement in overall mitochondrial function [92].

SUMMARY: ROLE OF FRUCTOSE IN HYPERTENSION

In summary, experimental studies demonstrate that fructose can induce elevated BP, especially dur-
ing fructose intake. The mechanism is driven likely, in part, by fructose-induced hyperuricemia, but 
there is also evidence that fructose may have direct effects on the vasculature and also may affect 
sodium absorption and excretion (Figure 20.1). In humans, fructose has also been shown to raise 
BP, in part by increasing intracellular and serum uric acid levels. Intake of fructose from added 
sugars is associated with hypertension in humans, and lowering fructose intake from added sugars 
results in a reduction in BP. Hence, these studies document an emerging role for fructose in being a 
contributor to elevated BP in humans.

FRUCTOSE AND KIDNEY DISEASE

There is also emerging interest in the role of fructose in chronic kidney disease as well as potentially 
being involved in kidney stones. We provide an overview below.

EXPERIMENTAL STUDIES

Fructose may be able to induce kidney disease via two different mechanisms, including by raising 
serum uric acid or by direct effects of fructose on the kidney. There is increasing evidence that both 
may be operative.

fruCtose-induCed hyPeruriCemia as a Cause of kidney disease

Our initial studies focused on the possibility that fructose may raise serum uric acid and that an 
elevation in serum uric acid might increase the risk for kidney disease. Indeed, we had found 
that increasing serum uric acid in rats caused renal microvascular disease that impaired renal 
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autoregulation, resulting in increased transmission of systemic pressure to the glomerular capillar-
ies in association with a reduction in renal blood flow [93]. Rats made chronically hyperuricemic 
developed glomerular hypertrophy and eventually glomerulosclerosis [94]. In rats with chronic kid-
ney disease, raising serum uric acid caused persistent glomerular hypertension and accelerated the 
renal damage [27,95,96].

Similarly, we found that the administration of fructose to rats also caused a similar renal micro-
vascular disease, with impaired autoregulation and glomerular hypertension, and that this could 
be prevented if the increase in serum uric acid was prevented with febuxostat [5]. The glomerular 
hypertension from fructose can be augmented if uricase is inhibited [43]. Long-term administration 
of fructose has also been reported to cause glomerulosclerosis in rats [97,98]. Similarly, a high-
fructose intake was shown to accelerate chronic kidney disease in rats that was not observed with 
a similar diet high in glucose [99]. These data suggested that fructose may increase the risk for 
chronic kidney disease similar to an elevation in uric acid. This is potentially important as there is 
increasing evidence that uric acid may be a true risk factor for chronic kidney disease [100].

direCt effeCts of dietary fruCtose on the kidney

While fructose may induce its effects via systemic hyperuricemia, it is known that the metabolism 
of fructose by fructokinase results in ATP depletion, intracellular uric acid generation, and oxida-
tive stress [21]. In particular, the proximal tubule is a rich source of fructokinase and can take 

Added sugars
(Sucrose, HFCS)

Fructose in diet

SNS

Glucose

Endogenous
fructose

Polyol
pathway KHK

Fructose
+ ATP

Uric acid

Oxidative stress

Endothelial dysfunction

Systemic
Arteriolosclerosis
Insulin resistance

Long-term
hypertension

Renal
Hypoxia

Arteriolopathy
Inflammation

Glomerulosclerosis
Tubulointerstitial

Fibrosis

Short-term
increase in BP

eNO

NADPH-ox

ATP

AII
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Fructose 1-P
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FIGURE 20.1 Proposed mechanism(s) by which fructose may cause hypertension and kidney disease. Key: 
AII, angiotensin II; ATP, adenosine triphosphate; Et-1, endothelin-1; eNO, endothelial nitric oxide; KHK, 
fructokinase; SNS, sympathetic nervous system.
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up fructose from the urinary lumen via the transporter, Glut5 [101]. When proximal tubular cells 
metabolize fructose, there is ATP depletion, oxidative stress, and the release of chemokines, and 
this can be prevented if fructokinase is silenced [25]. Indeed, the administration of fructose to labo-
ratory rats and mice can result in tubulointerstitial injury with prominent proximal tubular involve-
ment [97,101,102]. The renal injury is associated with inflammation associated with the release of 
chemokines (monocyte chemoattractant protein-1) [101] and with the expression of the NOD-like 
receptor 3 (NLRP3) inflammasome [30]. These latter changes could be reversed by treatment with 
allopurinol [30]. Whether this is a consequence of lowering serum uric acid or intracellular uric acid 
within the proximal tubule is not known.

endogenous fruCtose and renal disease

Until now, we have discussed the role of fructose in hypertension and kidney disease solely from 
the standpoint of dietary fructose. Generally, there has been little discussion for a role for endog-
enously generated fructose in any disease state. However, fructose can be generated from glucose 
(fructoneogenesis) through the polyol pathway that involves conversion of glucose to fructose by 
aldose reductase followed by the metabolism of sorbitol to fructose by sorbitol dehydrogenase. In 
the proximal tubule, aldose reductase levels are normally low or absent, but the polyol pathway can 
be induced by increases in serum osmolarity, by hyperglycemia, and by ischemia. Currently, our 
group is studying models of kidney disease induced by diabetes or dehydration, and in preliminary 
studies we can show that mice lacking fructokinase show significant renal protection in these condi-
tions [103] (and unpublished data). We suspect that the endogenous fructose-fructokinase pathway 
may have an important role in various kidney diseases. Thus, the stealth production of fructose may 
be yet another way for kidney disease and/or hypertension to develop.

HUMAN STUDIES

It has only been in the last few years that clinical studies have begun to evaluate the role of fructose 
in kidney disease. There are reports that sugary soft drinks increase the risk for albuminuria [104]. 
Sugar-sweetened drinks and hyperuricemia are also associated with the presence of chronic kidney 
disease but not with the progression of kidney disease [105,106]. Clearly more studies investigating 
this relationship are needed.

There has also been one study evaluating the effect of low-fructose diet in subjects with chronic 
kidney disease. In this study, there was no progression of kidney disease in either the control or treat-
ment group, thus precluding any conclusion on the effect of this diet on renal function. However, 
the subjects given the low-fructose diet did show a reduction in circulating C-reactive protein. As 
mentioned earlier, those subjects with dipping BP (n = 20) showed a reduction in BP, whereas those 
subjects with nondipping BP (n = 8) did not [91].

While not the subject of this chapter, there is also increasing evidence that intake of sugary soft 
drinks is associated with increased risk for kidney stones [107]. This may relate to the fact that soft 
drink intake is greatest in hotter climates where dehydration is common, but also may relate to the 
ability of fructose to increase urinary oxalate [108]. As the prevalence of kidney stones is increasing 
worldwide, studies investigating the role of fructose in its pathogenesis are needed.

SUMMARY

Fructose is a simple sugar that is distinct from all other nutrients in its ability to cause ATP  depletion 
and rapid nucleotide turnover. This process leads to the production of intracellular uric acid and 
oxidative stress that appears to have important effects on the vasculature and the kidney. Increasing 
evidence suggests that fructose may have a role in some subjects with hypertension and kidney 
disease. The major dietary sources are HFCS and sucrose. Further studies need to be performed to 
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determine whether excessive intake of these added sugars may have a role in the current epidemic 
of hypertension and chronic kidney disease that is being observed throughout the world.
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KEY POINTS

• Recent research has implicated fructose and fructose-containing sugars in the develop-
ment of obesity, type 2 diabetes mellitus, and cardiovascular disease.

• Evidence supporting these adverse links originate primarily from animal models of fruc-
tose overfeeding, cross-sectional and ecological analyses, and some short-term human 
studies of fructose feeding at high-fructose doses

• High-quality evidence from randomized controlled trials, prospective cohorts, and sys-
tematic reviews and meta-analyses of these studies currently do not support any adverse 
relation of sugars with cardiometabolic markers of chronic disease, when fructose and 
fructose-containing sugars are compared to other carbohydrates under calorically matched 
conditions.

INTRODUCTION

Over the last 50 years, global sugar consumption patterns have increased in parallel with the increase 
in refined grain and sugar-sweetened beverage (SSB) products [1,2]. As reviewed in other chapters, 
added sugars—primarily sucrose and high-fructose corn syrup (HFCS)—have long been implicated 
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in metabolic and cardiovascular disorders [3]. Recent attention has focused on the fructose moiety 
of sugars, buttressing a potential fructose-mediated role in exacerbating cardiometabolic risk factors 
including body weight, glycemic control, blood pressure, blood lipids, and hepatic function [2,4,5]. 
The effects of chronic, fructose-containing sugar consumption have even been likened to those of 
chronic alcoholism [5]. Likewise, several public health initiatives directed toward limiting sugar 
intake have been proposed, including taxing SSBs [6], SSB serving size restrictions in New York 
City [7], front-of-package warning labels similar to that on cigarette packages [8], and the use of a 
fructose index (similar to the glycemic index) to predict fructose-mediated cardiovascular disease 
(CVD) risk [9].

Despite the widespread health concerns regarding consumption of dietary sugars, fructose, in 
particular (as reviewed in other chapters), this chapter aims to discuss the limited high-quality 
meta-evidence supporting a specific role of fructose in this context. Ecological analyses and ani-
mal models of fructose overfeeding (>60% total energy, above twice the 95th percentile of fruc-
tose intake in humans) chiefly support fructose as a contributor to aggravating cardiometabolic 
parameters [2,4,10]. Ecological analyses have limited credibility beyond hypothesis generation due 
to the use of availability data and numerous unadjusted potential confounders. Animal models 
and human studies of fructose overfeeding are valuable for identifying biological plausibility (as 
outlined in other chapters) and act as useful disease models for pharmacological interventions. 
However, extrapolation of animal model conclusions to humans is limited owing to differences in 
comparative physiology and supraphysiological dosing. In addition, these lines of evidence neglect 
the dietary context—characterized by unhealthy diet and lifestyle choices—in which fructose-con-
taining sugars are generally consumed: a context more associated with cardiometabolic diseases 
than  fructose-containing sugars alone [11,12]. Both lines of evidence, alongside cross-sectional 
analyses, are considered lower-quality evidence by dietary guidelines and policy-makers.

Prospective cohort studies and randomized controlled trials, and systematic reviews and meta-anal-
yses of each, constitute the highest level of evidence used to formulate dietary guidelines and public 
policy. Several prospective cohort studies and many (>50) controlled feeding trials have investigated 
the link between sugars and cardiometabolic disease risk factors (see Chapter 16). The interpretation 
of these levels of evidence has important design considerations. A distinction must be made between 
the three major feeding trial designs: isocaloric, hypercaloric, and hypocaloric. In isocaloric trials, 
fructose-containing sugars are compared with other sources of carbohydrate under calorically matched 
conditions (energy-matched comparisons), allowing the effect of the fructose-containing sugar to be 
isolated from that of energy. On the other hand, in hypercaloric and hypocaloric trials, calories from 
fructose-containing sugars are either added to or subtracted from background diets and compared with 
the background diets alone (energy-unmatched comparisons). Likewise, for prospective cohorts, a criti-
cal distinction must be made between energy-adjusted and energy-unadjusted models.

This chapter will critically review, chiefly through the use of high-quality systematic reviews and 
meta-analyses, the current clinical and epidemiological literature assessing the relationship between 
fructose-containing sugars and body weight, glycemic control, uric acid, blood pressure, blood lip-
ids, hepatic function, and overall CVD risk.

SUGARS IN DIETARY GUIDELINES

Dietary modification of risk factors is the cornerstone of prevention of the five diet-related chronic 
diseases identified by the 2010 Dietary Guidelines for Americans, including CVD, hypertension, 
diabetes, cancer, and osteoporosis [13]. Although fructose has been related to the first four diseases, 
recommendations regarding acceptable levels of intake vary across major health organizations, 
focusing primarily on restricting consumption for managing serum lipids (Table 21.1). Only a few 
guidelines address the levels of acceptable fructose intake: 2013 American Diabetes Association 
(ADA) [14,15], 2004 European Association for the study of Diabetes (EASD) [16], 2013 Canadian 
Diabetes Association (CDA) [17], and the 2011 American Heart Association (AHA) [18].
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Most dietary guidelines have instead focused on limiting total fructose-containing sugar 
 consumption (Table 21.1). Guidelines for limiting total sugar consumption have addressed several 
factors of cardiometabolic risk, including glycemic control [14,16,17], management of serum lip-
ids [18], weight control [13,14,16,19–21], and prevention of dental caries [21]. Despite these con-
cerns, dose thresholds for fructose-containing sugars have been sparsely recommended: the CDA 
[17], AHA [18,20], and EASD guidelines [16] have proposed upper limits for fructose alone, while 
Joint World Health Organization (WHO)/Food and Agriculture Organization [21], and Canadian 
Hypertension Evaluation Program [22] have only recommended limiting total added sugars.

BODY WEIGHT AND OBESITY

A growing body of prospective cohort analyses has assessed the link between fructose consump-
tion and body weight, with heterogeneous results. A WHO commissioned systematic review and 
meta-analysis synthesizing evidence from 16 cohorts of adults (n = 289,614) and 22 cohorts of chil-
dren (n = 29,219) found no significant association between dietary sugar intake and change in body 
weight or other measures of adiposity [23]. A notable exception being SSB whose intake was sig-
nificantly associated with markers of adiposity in adults, and overweight or obese children. These 
results are supported by a recent systematic review and meta-analysis assessing the relation between 
SSB consumption on body weight in 15 cohorts of children (n = 25,745) and seven cohorts of adults 
(n = 174,252) [24]. This study also reported a significant dose–response relationship: for each incre-
mental increase in daily servings of SSBs consumed, an increase of 0.06 (95% CI: 0.02–0.10) unit in 
body mass index (BMI) and 0.22-kg (95% CI: 0.09–0.34 kg) body weight increases were observed 
in children and adults, respectively. Although these observational results provide a sound basis 
for concern, it is not possible to draw direct causal relationships between SSBs and body weight. 
SSB intake is only significantly related to changes in body weight under comparisons between 
extreme quantiles [23,24], at levels unreflective of added-sugar consumption patterns of the average 
American [1,25]. Individuals whose SSB consumption parallels these extreme intakes also tend 
to consume more energy, smoke more, and exercise less [26]. Moreover, a pooled analysis of three 
Harvard cohorts (n = 120,877) have demonstrated that body weight increases from one 12-oz SSB is 
similar to or less than other dietary contributors in which SSBs are collinear: unprocessed meat, French 
fries, processed meat, trans fat, boiled, baked, or mashed potatoes, and potato chips (Figure 21.1) [27]. 
Thus, one must be careful in ascribing too much culpability to SSBs. The weight gain associated 
with SSBs may be more related to an unhealthy dietary pattern for which SSBs are a marker, rather 
than the fructose-containing sugar itself.

High-quality evidence from randomized, controlled feeding trials further support these evidence. 
Consistently, findings suggest that weight gain appears to be driven by excess energy consumption, 
rather than any fructose-specific modality (Figure 21.2a). In a systematic review and meta-analysis 
of 37 randomized controlled feeding trials in 637 participants with a median fructose dose of 69.1-g/
day (17% energy), isocaloric exchange of fructose was found to act no differently from other carbo-
hydrates on body weight [28]. This effect persisted under positive, negative, or neutral energy balance 
conditions, as long as comparator diets were isocalorically matched with other carbohydrates. These 
findings in isocaloric trials have been replicated across other meta-analyses of fructose-contain-
ing sugars [23,29], suggesting that fructose does not act independently from its caloric contribution 
towards weight gain. Nevertheless, body weight increases are seen with fructose-containing sugars 
when baseline diets are supplemented with excess calories from fructose and compared to the baseline 
diet alone (Figure 21.2b) [23,28]. These hypercaloric trials have assessed fructose intake at extreme 
doses (>104 to 250 g/day, >18–97% energy) [23] unrepresentative of “real-world” dietary intakes 
[1]. Recently, considerable attention has focused on the weight-increasing potential of fructose-con-
taining SSBs, the largest contributor of fructose in the North American diet [1]. A meta-regression 
analysis on five trials assessing the effects of SSBs reported a 0.2-kg proportional increase in body 
weight for every 20-oz. SSB consumed, over a 3–12-week period [30]. Similar trends are supported 
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by two recent meta-analyses of five and seven randomized controlled trials [24,31]. Despite the strong 
relationship between SSB-mediated energy supplementation trials and weight gain, its potential as 
an effective weight loss strategy is limited. In the same WHO commissioned meta-analysis, SSB-
reduction interventions were successful in inducing weight loss in adults, but not children [23]. An 
updated systematic review of eight SSB-reduction trials also showed a non-significant effect on 
weight loss [31]. On the other hand, another recently published meta-analysis of five SSB-reduction 
trials in children showed a significant effect using fixed-effects models but not random effects models 
in the presence of significant heterogeneity [24,32]. One of the trials included in the two most recent 
meta-analyses [24,31] and another included in all three meta-analyses [23,24,31] examined 1- and 
2-year postintervention follow-ups, respectively, to determine whether the weight loss seen during 
the intervention periods was sustainable [33,34]. Neither trial showed sustainable weight loss. Despite 
persistent reductions in SSB intake in the intervention group compared to the control group during 
the postintervention follow-up period in the one trial for which this information was available [33], 
there appeared to be a compensatory increase in the consumption of energy from other sources in 
the diet, leading to the observed lack of a body weight effect during the follow-up periods. Therefore, 
although SSB reduction may effectively reduce body weight in the short-term among some groups, 
the sustainability of this weight loss strategy over the long-term remains unclear.

Overall, isocaloric trials provide sound evidence that the body weight-modulating effects of 
fructose-containing sugars seen in hypercaloric and hypocaloric trials are mediated by its caloric 
contribution rather than properties inherent to fructose itself. However, in the absence of an alterna-
tive macronutrient comparator providing equal energy, disentangling the effects of sugary foods 
and beverages versus energy is complicated. Moreover, the relations between fructose-containing 
sugar intakes and dietary and lifestyle choices must not be overlooked.

GLYCEMIC CONTROL AND DIABETES

Since the late 1970s, a growing body of evidence has investigated fructose as an alternative sweet-
ener for individuals with diabetes, largely owing to its low glycemic index [35] and early evidence 
of glycemic benefits from randomized trials [36].
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FIGURE 21.1 Relationship between increased dietary intakes and body weight change within a 4-year 
period: pooled data from 120,877 US men and women. Each red dot represented the multivariate-adjusted 
changes in body weight from increased dietary intake of specified food groups, and the vertical bars represent 
95% confidence intervals. SSB: sugar-sweetened beverage. All relationships are P ≤ 0.001. Adapted from 
Mozaffarian et al. [27].
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Prospective cohort studies have found inconsistent associations between fructose-containing 
sugars and incident type 2 diabetes mellitus (T2DM). One cohort of 36,787 participants reported 
a significant protective association between total sugar intake and incident T2DM, a relationship 
partially explained by low-GI carbohydrates [37]. Conflicting results have been reported for indi-
vidual sugars. Although one prospective cohort study found a significant diabetes risk reduction for 
sucrose [38], several cohorts have found no association with fructose or sucrose [37,39,40], and some 
have even found significant risk elevations with fructose [41,42]. In contrast, prospective cohorts 
assessing SSBs consistently suggest an increase in the risk of developing metabolic syndrome and 
T2DM. A systematic review and meta-analysis of 11 prospective cohorts in 310,819 participants 
found  modest-yet-significant associations (pooled relative risk <1.30) between SSB intake and both 
incident T2DM and metabolic syndrome, when comparing the highest and lowest quantiles of SSB 

(a)

(b)

FIGURE 21.2 Forest plots of pooled effect estimates from a series of meta-analyses of controlled feeding 
trials of the effect of fructose on cardiometabolic biomarkers. In isocaloric trials (a), fructose was exchanged 
for other sources of carbohydrate; in hypercaloric trials (b), control diets were supplemented to provide 
excess energy from fructose and then compared with control diets alone. Summary estimates (diamonds) 
were derived from trial-level data that were pooled using generic inverse variance random-effects models. 
Each endpoint is represented as standardized mean differences (SMD) with pseudo-95% confidence intervals 
(CI). Asterisks indicate significant interstudy heterogeneity assessed by Cochran Q at a significance level of 
P < 0.10. TG: triglyceride; TC: total cholesterol; LDL-C: low-density-lipoprotein cholesterol; HDL-C: high-
density-lipoprotein cholesterol; GBP: glycated blood protein; FBG: fasting blood glucose; FBI: fasting blood 
insulin; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure. Adapted 
from Ha et al. [10].
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intake [43]. No relationship was observed, however, at levels of exposure equivalent at or below the 
50th percentile for added sugar intake (49 g/day or 9.7% energy) in the USA [1]. These analyses 
were also complicated by evidence of significant unexplained inter-study heterogeneity. The het-
erogeneity may have partially related to the preferential inclusion of energy-unadjusted cohorts, 
combining both energy-adjusted and -unadjusted models in the meta-analysis. Although a meta-
regression found no modification of association by adjusting for energy, this lack of adjustment 
significantly complicates interpretation of results. Additionally, adjustment for BMI, family history 
of diabetes, smoking, physical activity, and various other dietary factors associated with metabolic 
syndrome and diabetes varied among included cohorts. As high consumers of SSBs tend to have a 
Western dietary pattern, eat more calories, exercise less, and smoke more [13], incomplete correc-
tion for these potential confounders limit the interpretation of these results.

Conversely, controlled feeding trials support a beneficial effect of fructose on glycemic control 
(Figure 21.2a). Aside from fructose’s low glycemic index, the glycemic benefits observed with fruc-
tose consumption may relate to a mechanism, whereby fructose upregulates glucokinase, increasing 
glycogen synthesis, decreasing hepatic glucogenesis, and improving the overall metabolic han-
dling of glucose [44,45]. An earlier meta-regression analysis of eight trials reported a significant 
dose–response relationship in HbA1c reductions when fructose was exchanged isocalorically for 
other carbohydrates at doses below 100 g/day [39]. A more comprehensive systematic review and 
meta-analysis of 18 controlled feeding trials in 209 individuals with diabetes reported clinically 
meaningful HbA1c reductions approximating 0.53% when fructose was isocalorically exchanged 
for other carbohydrates at a median dose of 60 g/day [46]. Similar glycemic benefits have been 
observed with fruit sources of fructose in controlled feeding trials [47,48]. In a small systematic 
review and meta-analysis of six controlled feeding trials of 118 participants, catalytic fructose doses 
(22.5–36 g/ day) at levels obtainable from fruits showed significant improvements in glycemic con-
trol, without adversely affecting other cardiometabolic parameters [49]. Other fructose-containing 
sugars and their corresponding effects on glycemic control are less consistent. With the exception 
of one small trial [50], the majority of controlled feeding trials assessing the effects of isocalori-
cally exchanging sucrose (at intake up to 220 g/day or 44% energy) for other foods report harmful 
effects to glycemic parameters in people with and without diabetes [36,44,51–57]. Larger trials have 
failed to show consistent glycemic effects: neither the Carbohydrate Ratio Management in Europe 
National (CARMEN) diets nor the Pounds Lost trials reported any differences in glucose or insulin 
when comparing high versus low sugar intake interventions [58–60]. Even hypercaloric trials pro-
viding up to 9% of excess energy failed to show any adverse effects of sugars on glycemic control, 
in interventions up to 22 months [55,61,62].

Overall, these data indicate that fructose-containing sugars do not pose any harm for glycemic 
control and in fact fructose may even prove beneficial for individuals with diabetes [15]. Evidence 
from prospective cohorts investigating the associations between fructose-containing sugar intake 
and incident T2DM may be confounded by excess energy and poor lifestyle patterns and thus should 
be interpreted with caution.

URIC ACID AND HYPERURICEMIA

As outlined in detail in Chapters 19 and 20, fructose-induced increases in uric acid levels have 
been proposed as a driver of increased cardiometabolic disease risk through a nitric oxide-mediated 
mechanism [63]. The relationship between uric acid and fructose consumption has been evaluated 
by a few prospective analyses. No association was found between total fructose consumption from 
all dietary sources and incident hyperuricemia when comparing extreme levels of intake (≤6% vs. 
>11% energy) in a cohort of 9348 NHANES participants [64]. Two larger prospective analyses of 
total fructose intake reported significant increases in incident gout in both men and women, where 
men were at a considerably higher risk than women [65,66]. However, the lack of adjustment for 
meat intake in the male cohort and the loss of significance after adjustment for protein intake in 
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females, both significant risk factors for gout [67], complicate the relationship between fructose 
intake and incident gout in these cohorts. Similar results are seen in prospective cohort analyses 
when comparing extreme quantiles of SSB intake [65,66,68]. A greater risk is again observed in 
men than women. In women, sugar-sweetened colas significantly increased gout risk, while other 
carbonated beverages with sugar did not [66]; it may be that these commonly consumed cola prod-
ucts are more representative of unhealthy dietary and lifestyle patterns and that this pattern may be 
contributing to the elevated gout risk more than the colas themselves [27,32,69].

High-quality controlled trials have failed to support these associations between fructose- 
containing sugars and uric acid, with effects seen only under excess energy conditions. In a system-
atic review and meta-analysis of 18 controlled feeding trials in 390 participants, fructose feeding 
(median dose = 94 g/day; range: 25–213 g/day; >95th percentile of intake) did not change uric acid 
levels when compared isocalorically to other carbohydrates (Figure 21.2a) [41]. Similar results 
yielded from an older meta-analysis with fructose doses <200 g/day [29]. Trials assessing the effect 
of sucrose on individuals with diabetes have also failed to show any aggravation of uric acid when 
compared to an isocaloric carbohydrate comparator [36,57]. Nevertheless, a systematic review and 
meta-analysis of three controlled feeding trials in 35 participants found a significant increase in 
serum uric acid when fructose provided excess calories (35% more calories, 215 g/day) than its 
comparator (Figure 21.2b).

Taken together, the results conclusively suggest uric acid-raising effects mediated by excess 
energy from fructose, and associations which may be confounded by poor lifestyle and dietary 
choices.

BLOOD PRESSURE AND HYPERTENSION

The relationship between fructose-containing sugar intake and blood pressure has been highly 
supported by animal and low-quality cross-sectional analyses [70] and is extensively reviewed 
in Chapter 20. A potential mechanism has been proposed wherein fructose depletes hepatic ATP 
and leads to downstream uric acid generation, subsequently generating oxidative stress in vascular 
smooth muscles, leading to endothelial dysfunction, and aggravating the renin–angiotensin pathway 
[70]. One trial that assessed the effects of allopurinol on lowering uric acid levels and metabolic 
syndrome features induced by extreme overfeeding with fructose (dose: 200 g/day or >2-fold the 
95th-percentile for intake in the USA [1], providing 800 excess calories to the diet) has been repeat-
edly used to support this mechanism in humans [71]. Interpretation of this trial is complicated 
by the lack of a control group providing an equivalent amount of excess calories (800 kcal) from 
another macronutrient for comparison with the fructose group. In the absence of an isocaloric con-
trol group, it is impossible to conclude that any other form of carbohydrate similarly overfed would 
not result in the same increase in uric acid and subsequent rescue by allopurinol.

Higher-quality evidence from large-scale prospective cohort analyses and systematic reviews 
and meta-analyses of controlled feeding trials using appropriate control groups do not support this 
link. Prospective cohort analyses of the Nurses Healthy Study I and II (NHS-I and NHS-II) and the 
Health Professionals Follow-up Study (HPFS) reported no association between total fructose intake 
from all sources and incident hypertension, comparing the lowest to the highest levels of intake 
(≤6% to >14.3% energy) [72]. A small but significant protective association was even observed in 
NHS-I and HPFS, at the third quintile of intake (~9.5% energy, or ~50th percentile intake). This 
protective association may be related to fructose-containing sugar sources, as fruits, vegetables, and 
whole grains constituted a greater-than-average proportion of the diets among individuals in these 
cohorts [1,72], potentially conferring BP-protective effects [48,73]. Prospective cohort analyses of 
SSB intake relates differently to incident hypertension. The Coronary Artery Risk Development in 
Young Adults cohort, NHS-I, and NHS-II all showed modest-yet-significant increases in the risk 
of developing hypertension when comparing extreme quantiles of SSB intake, even after adjusting 
for fructose intake [26,74]. No association was observed in men (HPFS) [26]. In the absence of an 
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association with total fructose, it is unclear how SSBs may exacerbate the risk of hypertension. A 
secondary analysis relating fructose from SSBs versus non-SSB sources found a significant risk 
elevation with SSB sources, but not with non-SSB sources [26]. A significant trend for risk reduction 
was even observed for fructose from non-SSB sources and incident hypertension in NHS-II [26]. 
Moreover, artificially sweetened beverages have been found to be significantly associated to the 
same degree with incident hypertension in NHS-I, NHS-II, and HPFS [26,75]. These epidemiologi-
cal data suggest an SSB-hypertension axis independent of the fructose moiety of sugar. The elevated 
hypertension risk may relate to the lower satiety potential of SSBs, leading to increased energy 
intake, weight gain, and aggravation of cardiometabolic risk factors [26]. The risk may also relate to 
the collinearity that exists between SSBs and other aspects of an unhealthy lifestyle. High consum-
ers of SSBs tend to consume more energy, smoke more, and exercise less [72]. High intakes of SSBs 
also correlate with high intakes of sweets and desserts, French fries, refined grains, and processed 
and red meats, each of which are independently related to weight gain [27] (Figure 21.1), and risk 
of T2DM [32,69,76]. These foods together characterize Western dietary patterns, which are more 
associated with cardiometabolic diseases than SSBs alone, even after adjusting for SSBs [11,12,76].

The lack of a BP-raising effect of fructose-containing sugars is supported by controlled feed-
ing trials (Figure 21.2a). The effects of fructose on BP were found to be no different from other 
carbohydrates in a recent systematic review and meta-analysis of 13 isocaloric trials (n = 352) with 
a median fructose doses of 78.5 g/day (~90th percentile of intake) [77]. Significant reductions 
in diastolic BP and mean arterial BP were even observed in isocaloric trials. In two meta-ana-
lyzed hypercaloric trials (n = 24), however, a median fructose dose of 143 g/day (proving 18–25% 
excess energy than comparator) was found to significantly increase BP (Figure 21.2b), suggest-
ing a mechanism mediated by excess energy [77]. Similar BP effects have been observed with 
other fructose-containing sugars. In the Pounds Lost trial, 811 adults were randomly assigned to 
four energy-matched weight loss diets emphasizing different macronutrients and found no differ-
ence in BP reductions under high and low carbohydrate conditions [59]. The effects of sucrose 
or sucrose-containing beverages on BP have been investigated in several additional trials, with 
mostly similar conclusions [44,51,78,79]. A few discrepancies do exist, however. One 6-month trial 
of 46 overweight individuals with metabolic syndrome reported a reduction in systolic blood pres-
sure (SBP) with a low-fat, high-simple carbohydrate diet, compared to an energy matched low-fat, 
high-complex carbohydrate diet [78]. In contrast, another 6-month trial of 47 overweight individu-
als found a significant SBP-increasing effect with regular consumption of SSB compared to isoca-
loric semi-skim milk [80]. The interpretation of this result is complicated, however, as the study 
reported a significant change-from-baseline BP reduction for semiskim milk: a well-established 
relationship [73,81]; and no effect on change-from-baseline BP for SSBs. Thus, it is difficult to 
determine whether the observed effects were due to harmful effects of SSBs or beneficial effects 
of semiskim milk. Within the same trial and the Choose Healthy Options Consciously Everyday 
(CHOICE) trial, reducing calories from SSBs and replacing them with noncaloric beverages tended 
to decrease BP [80,82]. However, due to the relationship between calorie restriction, weight loss, 
and consequent BP reductions [59,83], disentangling the BP-lowering effect of a decrease in SSBs 
from that of a decrease in energy is difficult.

Taken together, the relationship between fructose-containing sugars and increases in BP and 
incident hypertension is tenuous. Increases appear to be mediated more by excess caloric intake 
and/or an unhealthy dietary pattern, rather than the sugars themselves.

BLOOD LIPIDS AND DYSLIPIDEMIA

Dietary guidelines recommend limiting fructose consumption due to its propensity to aggra-
vate blood lipids [14,16–18] as reviewed in Chapter 19. Nevertheless, potential adverse effects on 
lipid profiles with fructose intake are only seen in controlled feeding trials at supraphysiological 
doses (>95th percentile of intake) and/or under hypercaloric feeding conditions (Figure 21.2a). A 
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systematic review and meta-analysis of 16 controlled fructose feeding trials in 236 individuals with 
T2DM found no effect of fructose when isocalorically exchanged for other carbohydrates on fasting 
triglycerides (TG), LDL-C, HDL-C, and total cholesterol (TC) in overall analyses, but a significant 
TG-raising effect was observed at doses beyond >60 g/day in subgroup analyses [84]. Similarly, 
dose thresholds of >100 and >50 g/day were reported for fasting and postprandial TG, respectively, 
in a previous meta-analysis of 60 isocaloric trials in individuals with and without diabetes [85]. All 
of these thresholds exceed the current 50th percentile of fructose intake of Americans (49 g/day or 
9.7% energy) [1]. On the other hand, intakes below 60 g/day have consistently shown no adverse 
effects on lipids [47,49,84]. The lack of any lipid-aggravating effects may relate to the inability 
of moderate fructose doses (<60 g/day) to stimulate hepatic de novo lipogenesis. Further analyses 
are necessary to better understand the implications of the TG-aggravating effects of high doses 
of fructose, and its relation to cardiometabolic disease risk. Unlike fructose, isocaloric exchange 
of sucrose does not appear to raise lipid parameters, irrespective of dose. With few exceptions 
[50,78], no significant differences in blood lipids were observed in trials where sucrose was isoca-
lorically exchanged for other sources of energy up to 220 g/day, and for up to 22-month interven-
tions, in individuals with and without diabetes [53–56,86–88]. SSBs, unlike sucrose, may confer 
TG-raising effects under isocaloric conditions under some limited circumstances. In a 6-month 
intervention trial, large intakes of SSBs (107 g/day sucrose) in isocaloric exchange for milk signifi-
cantly increased TG [80].

A lack of effect has also been seen in ad libitum trials in which sugars are freely replaced with 
other carbohydrates. The CARMEN trial, a large-scale, well-powered controlled feeding trial of 
316 participants found no change in blood lipids when comparing ad libitum high-sugar and high-
complex carbohydrate diets, over 6 months [60].

In contrast with these results, lipid changes have been consistently reported in hypercaloric 
trials, in which fructose-containing sugars supplemented a diet with excess energy at high doses 
compared with the same diets where low-calorie sweeteners have replaced the sugars or the 
same diets alone (without the excess energy), and hypocaloric trials, in which the energy from 
existing sugars in the diet have been displaced by low-calorie sweeteners compared with the 
original diet containing the sugars. In one hypercaloric trial, diets supplemented with excess 
energy from large intakes of SSBs (107 g/day sucrose) significantly increased TG, compared 
with diets in which the energy from SSBs was displaced by low-calorie sweetened beverages or 
water over 6 months [80]. The reverse was seen in two other hypocaloric trials. Displacement of 
energy from sucrose using a low-calorie sweetener resulted in lower TG in both healthy [56] and 
hyperlipidemic participants [89].

Overall, fructose-containing sugars tend to have a TG-raising effect when consumed in excess in 
isocaloric trials. Moderate levels of consumption, however, do not seem to affect lipid parameters 
adversely under these same trial conditions. In the absence of an adequate macronutrient compara-
tor supplementing or displacing the same amount of excess energy in the hypercaloric trials, it is 
difficult to exclude excess energy and extreme doses as the main culprit in mediating any adverse 
lipid effects of sugars.

LIVER HEALTH AND NONALCOHOLIC FATTY LIVER DISEASE

The relationship between fructose-containing sugar intake and nonalcoholic fatty liver disease 
(NAFLD) has recently received considerable attention from the scientific community. However, 
no prospective cohorts evaluating the association between fructose-containing sugar intake and 
incident NAFLD currently exist. Only lower-quality cross-sectional and retrospective studies have 
been reported, most of which support a positive association between fructose-containing sugars 
and NAFLD risk [90–92]. However, these same types of studies have also found positive associa-
tions with numerous factors which are equal or better predictors of the risk of developing NAFLD. 
These include increased caloric intake, total fat, total carbohydrate, animal protein, cholesterol, the 
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n-6:n-3 polyunsaturated fatty acid ratios, and decreased dietary fiber intakes [93]. In the absence of 
high-quality prospective cohort studies, the reliability of these observational analyses in assessing 
the relationship between fructose-containing sugars and NAFLD risk is questionable.

A small number of controlled feeding trials have studied the effect of fructose on biomarkers 
of NAFLD. Short-term, isocaloric trials exchanging fructose for other carbohydrate sources have 
failed to show a harmful effect on liver biomarkers [94–96]. Conversely, hypercaloric feeding tri-
als of fructose-sweetened beverages which supplemented background diets with 21–35% excess 
energy (104–220 g/day) reported elevations in both alanine aminotransferase (ALT) and intrahe-
patocellular lipids (IHCLs), markers of NAFLD [94,96–99]. Thus, the role of excess energy may 
play an important role in mediating the effects of fructose on NAFLD. Similar results have been 
reported for sucrose consumption. A 6-month randomized intervention in 46 participants found 
increases in IHCL when diets were hypercalorically supplemented with excess energy from 1-L/day 
of SSBs (430 calories, approximately 22% energy) in comparison to diets in which the energy from 
SSBs was displaced by low-calorie sweetened beverages or water. The same was true even where 
the SSBs were isocalorically substituted for milk [80]. Further research is necessary to determine 
whether SSBs will raise IHCL when isocalorically substituted for other drinks at levels representa-
tive of average US intakes.

These data suggest a signal for harm when fructose-containing sugars contribute excess energy 
to habitual diets or are substituted for milk, but not starch. Due to the scarcity of the available evi-
dence, it is premature to draw conclusions regarding the effects of fructose-containing sugars on 
the risk of NAFLD.

CARDIOVASCULAR DISEASE

In the absence of large randomized trials assessing the effect of fructose-containing sugars on 
cardiovascular events, prospective cohort studies have failed to implicate fructose-containing 
sugars in the development of CVD. One cohort of 75,521 US women over a 10-year follow-up 
found no increase in CVD risk with sucrose or fructose intake comparing extreme quantiles of 
intake [100]. Similarly, another cohort examining total sugar intake in elderly Dutch males also 
reported no association with incident CVD [101]. Most prospective analyses have focused on 
SSBs and its relation with the incident CVD, with conflicting findings. A prospective analysis of 
88,250 women in the NHS reported significant increases in the risk of developing coronary heart 
disease comparing the highest to the lowest level of SSB intake [102]. However, this analysis was 
not adjusted for total caloric intake, thus complicating the interpretation of these results. The 
relationship between SSB consumption and incidence of stroke is unclear. Prospective analyses 
of US women (n = 84,085), but not men (n = 43,371), reported significant increases in stroke risk 
when comparing the highest to the lowest quantiles of SSB intake [103]. Likewise, a Japanese 
cohort of 39,786 individuals analyzed over18 years found modest increases in the risk of isch-
emic stroke in women but not in men, when comparing the highest to the lowest quantiles of SSB 
intake [104]. The sex difference may be explained by differences in handling of carbohydrate 
quality. A recent systematic review and meta-analysis of 12 prospective cohorts found high-GI 
diets to be associated with increased risk for CVD in women, but not men [105]. Likewise, high 
SSB intakes may lower HDL-C and simultaneously increase triglycerides in women more than 
in men [106]. In addition, the associations are modest (relative risk <1.4), and no relationship 
exists at moderate intakes which are equivalent to the 50th percentile for intakes of added sugars 
in the USA [1].

The ability to draw conclusions regarding the relation of fructose-containing sugars with CVD 
risk is limited. The lack of an association with total sucrose or fructose, the differences in the asso-
ciations for men and women, and the potential confounding of SSB analyses by unhealthy dietary 
and lifestyle factors remain important complicating factors.
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CONCLUSIONS

Health concerns relating the consumption of fructose-containing sugars to cardiometabolic dis-
ease risk are chiefly founded in low-level evidence from animal models and ecological and cross-
sectional studies. High-quality evidence from prospective cohorts and controlled feeding trials do 
not support these concerns. Prospective cohorts have not shown a significant relationship between 
sugars and weight gain, T2DM, hypertension, or CVD. The only reproducible disease risk elevating 
associations were reported with SSB intake, although these relations were not present at moderate 
levels of intake (~50th percentile of US intake). Moreover, these associations are highly subject 
to cofounding by other unhealthy dietary and lifestyle factors characteristic of a Western dietary 
pattern, which relates better with cardiometabolic risk than SSBs alone, even after adjustment for 
SSBs. Randomized controlled feeding trials are subject to the least confounding and are considered 
the highest level of evidence to inform public health policy and clinical practice guidelines. High-
quality systematic reviews and meta-analyses of randomized controlled trials have found no adverse 
effects on measures of body weight, glycemic control, uric acid, blood pressure, blood lipids, and 
markers of NAFLD when representative doses of fructose-containing sugars are exchanged iso-
calorically for other sources of carbohydrate energy. Nevertheless, harmful effects on markers of 
cardiometabolic risk are observed when fructose-containing sugars are provided hypercalorically, 
or at supraphysiological doses, although not necessarily any more so than other sources of carbohy-
drate overfed at similar levels.

Additional high-quality studies are needed to assess the effect of fructose-containing sugars and 
the products sweetened with these sugars when freely replacing other sources of energy at “real-world” 
levels of exposure. In the absence of high-quality evidence supporting a unique link between fructose-
containing sugars and markers of cardiometabolic diseases, the reduction of cardiometabolic disease 
risk should focus on modifying lifestyle factors and managing general overconsumption of highly palat-
able, energy-dense, nutrient-poor foods, including those high in refined carbohydrates and sugars.
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KEY POINTS

• The development and identification of biomarkers for liver disease will allow larger-scale 
population studies of the impact of dietary sugars on nonalcoholic fatty liver.

• For medium-size, metabolic studies (sample sizes up to thousands of subjects), imaging 
techniques have advanced sufficiently to provide reproducible, noninvasive results of liver 
fat and fibrosis.

• The biochemical pathway of de novo lipogenesis is significantly elevated in nonalcoholic 
fatty liver disease and can be measured using stable, nonradioactive isotope administration.

• Research developments in the measurement of lipogenesis and fatty acid flux have shown 
that the timing of isotope labeling will influence the results.

• Advances in the use of isotopes, in combination with PET and CT, provide much promise 
in allowing real-time, in vivo measurements of lipid flux.

• Additional method development will be needed to assess the key outcome of liver fatty 
acid oxidation in vivo in humans.

INTRODUCTION

As described in other chapters, the intake of fructose in the diet has risen steadily over the past 30 
years, as has the incidence of obesity and diabetes in the USA. One comorbidity associated with 
obesity and diabetes is nonalcoholic fatty liver disease (NAFLD) and recent observational studies 
have suggested a connection between dietary intake of fructose and NAFLD in children [1,2] and 
adults [3–5]. Given the strong interest in the metabolic causes of NAFLD, development of clinical 
research methods in this field has been expanding rapidly. The present paper will review methods 

22

CONTENTS

Key Points ...................................................................................................................................... 315
Introduction .................................................................................................................................... 315
Current Biomarkers and Tests for Diagnosis of NAFLD ............................................................... 316
Imaging Techniques for Diagnosis of NAFLD .............................................................................. 319
Isotopic Turnover Methods to Measure Fructose Effects in the Liver ........................................... 320
Future Directions and Conclusion ................................................................................................. 322
References ...................................................................................................................................... 322



316 Dietary Sugars and Health

for assessing liver metabolism in humans, with special reference to research techniques that can be 
used to assess metabolic changes when fructose-containing foods are consumed. Other chapters 
in this volume have reviewed the basic biochemical and metabolic fates of fructose in animals and 
humans. Here, we will consider the most recently identified research biomarkers that can be used for 
the detection of liver injury in fructose studies. Described next are methods for imaging liver fat and 
fibrosis and for measuring liver function using nuclear magnetic resonance spectroscopy. Lastly, 
we will provide an in-depth review of the use of stable isotopes to measure liver fatty acid flux and 
fructose effects on the process of hepatic de novo lipogenesis. Data from animal studies provide 
multiple molecular and biochemical mechanisms by which overconsumption of fructose leads to 
liver dysfunction. For the translation of these findings to human studies, the methods described 
herein hold much promise to allow the effects of fructose metabolism to be measured directly, 
noninvasively, and in vivo.

CURRENT BIOMARKERS AND TESTS FOR DIAGNOSIS OF NAFLD

Studies on the impact of fructose on metabolism performed in human studies with large sample 
sizes require accurate surrogate markers of liver physiology. As a result, although liver biopsy is 
the gold standard test for evaluating the nature and severity liver diseases [6,7], serum biomarkers 
have become the focus of recent research because of their noninvasiveness (low risk), potential for 
high reproducibility, and low cost. As shown in Table 22.1, among the biomarkers that have been 
associated with NAFLD, alanine transaminase (ALT), aspartate transaminase (AST), and the AST 
to ALT ratio are the most routinely measured indicators used to assess and predict hepatocellular 
damage and disease [8–10]. Westerbacka et al. [11] observed modestly strong, yet highly significant 
correlations between ALT and liver fat measured by proton magnetic resonance spectroscopy 
(1H-MRS) for women (r = 0.49, P < 0.0001) and men (r = 0.62, P < 0.0001). Further, a study by 
Omagari et al. [12] of 1578 Japanese adults showed that serum ALT concentration not only indi-
cated fatty liver at baseline, but also predicted a natural regression of fatty liver in adults whose 
ALT concentrations fell over the 7–8-year period. However, both Mofrad et al. [13] and Sorrentino 
et al. [14] have pointed out that NAFLD patients with steatohepatitis and advanced fibrosis may 
present with normal ALT values, and it is also acknowledged that plasma ALT concentrations are 
increased by other conditions such as alcohol intake [15], viral [16] and autoimmune hepatitis [17], 
and hepatotoxic medication [18,19].

Plasma AST is considered less specific than ALT in detecting liver disease [20]. Although 
AST concentration has received relatively less attention as an independent biomarker of NAFLD, 
Kotronen et al. [10] found it to independently predict higher liver fat in a group of diabetic and 
nondiabetic subjects (Table 22.1), and Gholam et al. [21] found that AST, when combined with the 
presence of diabetes, predicted nonalcoholic steatohepatitis (NASH). Moreover, Kotronen et al. 
[10] found that a low AST/ALT ratio independently predicted NALFD. Another liver function 
test commonly used as a marker of excess alcohol intake [22], gamma-glutamyltranspeptidase 
(GGT), was found by Tahan et al. (Table 22.1) as a marker for advanced fibrosis in NAFLD [23]. 
The major intermediate filament protein in the liver, cytokeratin 18 (CK-18), was first identified by 
Wieckowska et al. [24] to be an independent predictor for NASH. As shown in Table 22.1, CK-18 
has been used to assess fibrosis and independently predict the presence of NASH in a large clini-
cal trial with 139 adult patients with biopsy-proven NAFLD and 150 age-matched healthy controls 
[25]. In addition, CK-18 has a high accuracy for diagnosing NASH in children with fatty liver 
disease [26]. CC-chemokine ligand 2 (CCL-2), also known as monocyte chemotactic protein-1 
(MCP-1; Table 22.1) has been shown to be elevated during the conversion from steatosis to NASH 
[27]. Page et al. [28] have shown that CCL-2 and HDLc levels together in multiple linear regression 
predicted advanced fibrosis in a study of 37 NAFLD patients. They have also shown that soluble 
Fas ligand (sFasL) levels were significantly higher in patients with fibrosis, suggesting sFasL as a 
key biomarker in need of further investigation (Table 22.1). Lastly, Tanaka et al. [29] demonstrated 
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TABLE 22.1
Summary of Routinely Used Biomarkers of Liver Function and Disease

Biomarkers References Research Subjects Comments

Protein/Enzymes
ALT [11–14] Westerbacka et al. 

[11]
132 nondiabetic, apparently 
healthy subjects (66 male, 66 
female)

Serum ALT was moderately associated 
with liver fat in both women (r = 0.49, 
P < 0.0001) and men (r = 0.62, 
P < 0.0001)

Omagari et al. [12] 1578 Japanese adults (1208 
men and 370 women)

Serum ALT not only indicated fatty 
liver, but also predicted the natural 
regression of fatty liver

Mofrad et al. [13] 386 patients with steatosis or 
steatohepatitis

51 patients of NAFLD or steatohepatitis 
with normal ALT values

Sorrentino et al. [14] 80 obese subjects (BMI ≥ 35) 
with metabolic syndrome and 
normal liver enzyme test

Normal ALT levels can be found within 
a group of patients with varying 
degrees of NASH

AST [10] Kotronen et al. [10] 359 nondiabetic and 111 type 
2 diabetic subjects

Independently predicted liver fat 
content

AST and diabetes 
presence [21]

Gholam et al. [21] 97 obese subjects (BMI ≥ 40) 
undergoing Roux-en-Y 
gastric bypass surgery

A detection model incorporating AST 
and the presence of diabetes predicted 
NASH (sensitivity: 0.76; accuracy: 
0.70)

AST/ALT [10] Kotronen et al. [10] 359 nondiabetic and 111 type 
2 diabetic subjects

Independently predicted NAFLD when 
the ratio was included as a factor in a 
calculated risk score

GGT [23] Tahan et al. [23] 50 biopsy-proven NAFLD 
patients (24 male, 26 female)

Serum GGT levels predicted advanced 
fibrosis (AUROC = 0.74)

CK-18 [25,26] Feldstein et al. [25] 139 biopsy-proven adult 
NAFLD patients and 150 
age-matched controls

CK-18 independently predicted NASH 
(AUROC = 0.83)

Feldstein et al. [26] 201 biopsy-proven NAFLD in 
children (age 10.7 ± 2.5)

CK-18 has high accuracy for 
diagnosing NASH in children 
(AUROC = 0.933)

CCL-2/MCP-1 
[27]

Haukeland et al. [27] 47 histologically verified 
NAFLD patients and 30 
matched healthy controls

CCL-2 is a significant predictor of 
disease activity in NAFLD (P = 0.012)

CCL-2/MCP-1 
and HDLc [28]

Page et al. [28] 37 histologically proven 
NAFLD

CCL-2 with HDLc levels together in 
multiple logistic regression predicted 
advanced fibrosis (P < 0.028)

sFasL [28] Page et al. [28] 37 histologically proven 
NAFLD

sFasL levels were higher in patients 
with fibrosis (P < 0.015)

Ferritin [29] Tanaka et al. [29] 53 cryptogenic chronic 
hepatitis patients

Serum ferritin level (odds ratio 1.013, 
P = 0.048) may be a factor to 
discriminate NASH from cryptogenic 
chronic hepatitis

Lipid Species and Related Metabolites
Palmitoleic, oleic, 
γ-linolenic and 
dihomo-γ-
linolenic acids

Puri et al. [30] 25 NAFLD, 50 NASH 
patients, and 50 lean normal 
controls

Levels of palmitoleic, oleic, γ-linolenic, 
and dihomo-γ-linolenic acids were 
increased in both NAFLD and NASH 
patients (P < 0.01)

continued
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that serum ferritin independently predicted NASH and may discriminate NASH from cryptogenic 
chronic hepatitis.

In recent years, scientists performing metabolomic analyses on plasma have identified several 
lipid species such as TG, phosphatidylcholine, or other related lipid metabolites to be associated 
with NAFLD. One molecule, in particular, 11(S)-hydroxy-eicosatetraenoic acid (11-HETE) was 
identified as an important indicator for NASH [30]. While most independent biomarkers identified 
so far hold great promise for use as noninvasive tests for NAFLD, these biomarkers each reflect dif-
ferent aspects of the pathology. Therefore, prediction of NAFLD and determination of the disease 
stage may be improved by combining one or more of these independent biomarkers. An excellent 
example of this is shown in Table 22.1, in which Orešič et al. [31] identified a serum metabolite 
signature comprising three lipid species which accurately allowed for the estimation of liver fat per-
centage. In addition, the composite biomarker was applied to a second group of subjects to validate 
its use in diagnosing NAFLD. The biomarker had a sensitivity of 69.1% and a specificity of 73.8% 
and was useful in predicting liver-TG reduction during a weight loss study.

Algorithm tools used for NAFLD/NASH diagnosis have also been developed by a number of 
groups. To develop a biomarker panel for the diagnosis of NASH, Younossi et al. [32] combined con-
centrations of CK-18, M30 and M65 (cleaved CK-18), adiponectin, and resistin. A group in France has 
also led the way in commercializing such tests, which include the SteatoTest [33], FibroTest [34], and 
the NashTest [35]. These panels utilize commonly measured patient characteristics (e.g., age, BMI, 
TG, ALT, AST/ALT) and mathematical equations to result in the diagnosis of NAFLD. The tests 
can be performed only in validated laboratories; for example, the results are calculated through the 
BioPredictive web site (http:/ / www. biopredictive. com), and a score is obtained. An excellent review 
of the various biomarker and algorithm tests has been presented by Miller et al. [20]. With regard to 
clinical studies on the metabolic effects of fructose in healthy subjects and those with NAFLD, vari-
ous concentrations of blood parameters (TG, nonesterified fatty acids, ferritin, etc.) have been used in 
adults [36,37] and children [2]. Much work is needed to validate these biomarkers for use in research. 

TABLE 22.1 (continued)
Summary of Routinely Used Biomarkers of Liver Function and Disease

Biomarkers References Research Subjects Comments

Linoleic acid Linoleic acid level was decreased in 
both NAFLD and NASH patients 
(P < 0.05)

5-HETE, 8-HETE, 
15-HETE

Increased levels of 5-HETE, 8-HETE, 
and 15-HETE were associated with 
progression from normal to NAFLD 
to NASH

11-HETE [30] 11-HETE level was elevated in NASH 
patients only (P < 0.01)

TG 16:0, 18:0, 
18:1

PC 18:1, 22:6
PC 20:4, ether 
linked 24:1 [31]

Orešič et al. [31] 679 obese or type 2 diabetes 
patients

These three lipids were found to be 
strongly associated with the diagnosis 
of NAFLD.

Abbreviations: ALT, alanine amino transferase; AST, aspartate transaminase; AUROC, area under receiver operating charac-
teristic curve; CCL-2, CC-chemokine ligand 2; CK-18, Cytokeratin 18; GGT, gamma-glutamyltranspeptidase; HDL, high-
density lipoprotein; HETE, hydroxy-eicosatetraenoic acid; MCP-1, monocyte chemotactic protein-1; NAFLD, nonalcoholic 
fatty liver disease; NASH, nonalcoholic steatohepatitis; PC, phosphatidylcholine; sFSL, soluable Fas ligand;  TG, triacylg-
lycerols; VLDL, very low-density lipoprotein.
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However, in large population studies, in which a liver biopsy may not be appropriate (e.g., children, 
and those with early stages of disease), the indicators reviewed above can be readily used to test the 
effects of fructose. Given the large number of studies currently underway in this area, improvements 
in the use of biomarkers in liver research is expected in the very near future.

IMAGING TECHNIQUES FOR DIAGNOSIS OF NAFLD

Liver fat contents can be detected noninvasively using experimental imaging modalities such as 
ultrasound, computed tomography (CT), magnetic resonance imaging (MRI), and MRS. Excellent 
reviews on liver imaging techniques to quantify hepatic fat and to study NAFLD and NASH have 
been described in detail by Browning [38] and Ma et al. [39]. Clinical ultrasound is based on the 
reflection and attenuation of the sound beam by liver fat and is the first imaging modality used 
to assess liver abnormalities [38]. However, it can only qualitatively test for moderate or severe 
fatty infiltration [39]. While ultrasound may detect hepatic steatosis [40], it is unable to distinguish 
between NASH and other types of NAFLD [41]. Duplex Doppler ultrasonography, by determining 
the blood flow in the hepatic and portal vasculature [42], is used to enhance standard ultrasound 
and in patients with liver fatty infiltration [43] and cirrhosis [44,45], abnormal hepatic vein Doppler 
waveform has been observed. Newer technologies that supplement traditional ultrasonography 
include transient elastography for the detection of fibrosis [46,47] and contrast-enhanced ultraso-
nography to distinguish NAFLD from NASH [48]. These methods have been validated by compari-
son to biopsy analysis and are currently in use in many research studies.

Unenhanced CT (single-energy noncontrast CT) which generates a liver–spleen ratio is a tech-
nique which allows for the qualitative and semiquantitative evaluation for the presence of steatosis. 
The accumulation of fat results in a lower attenuation than the spleen, leading to a reduction of this 
ratio that diagnoses hepatic steatosis [39]. When the ratio is less than 1, it indicates the existence 
of moderate-to-severe fat accumulation [49]. Although contrast-enhanced CT can be used to stage 
fibrosis and determine the disease severity in chronic liver diseases [50,51], it is not able to differen-
tiate steatosis from steatohepatitis [52]. On the other hand, MRI is one of the most sensitive methods 
to detect fatty infiltration of the liver [53]. Typically, MRI estimates the degree of fatty filtration by 
using chemical shift imaging which detects the difference in the precession frequencies between 
fat (–CH2) and water (–OH) protons. Chemical shift imaging is able to accurately detect and quan-
tify liver fat [53–55]. Recently, Mazhar et al. [56] found this technique to be sensitive and specific 
(sensitivity: 80%; specificity: 95%) in detecting mild-to-moderate liver fat. However, MRI is not 
capable of quantifying the absolute liver fat concentration. In a study of 30 patients with histopatho-
logically proven NASH, Elias et al. [57] found that MRI findings of liver steatosis and fibrosis were 
moderately correlated with histopathologic grades of steatosis and fibrosis, respectively (steatosis: 
r = 0.43, P < 0.05; fibrosis: r = 0.61, P < 0.001). Contrast materials such as superparamagnetic iron 
oxide (SPIO) can be used to enhance MRI. Tomita et al. [58] performed SPIO-enhanced MRI in 19 
NAFLD patients and reported a good correlation between histological NAFLD activity scores and 
the contrast agent (%T2 values) (r = −0.58, P = 0.009). A cutoff %T2 value of 32.5 predicted “defini-
tive NASH” with a specificity and sensitivity of 72.7 and 87.5%, respectively. Another accurate but 
noninvasive method for assessment of fatty liver is MRS. Proton MRS has been demonstrated to 
be precise to measure the liver-TG content with a coefficient ≥0.90 [59,60]. A recent meta-analysis 
[61] comparing various imaging techniques with liver biopsy for evaluation of hepatic steatosis 
found that MRI and 1H-MRS also perform better than ultrasound and CT for detecting disease 
grades, especially for mild disease (<30% steatosis). In addition to MRS, 31P has been applied to 
study the cytosolic energy, glucose, and membrane phospholipid metabolism [62–64]. Earlier stud-
ies applied the 31P-MRS technique to study fructose metabolism in the liver of healthy humans and 
animals [65,66] and concluded that dynamic 31P-MRS was promising for the liver function evalua-
tion. Although the imaging techniques discussed above are accurate and reproducible, they provide 
a snapshot of liver-TG content and cannot be used to understand intrahepatic metabolism in vivo. 
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Recent advances in the use of stable isotopes in humans have been made to test the impact of dietary 
and lifestyle factors on liver function and disease [67]. The methods that use stable isotope tracers 
to study fatty acid flux and fructose effects in the liver are discussed in the next section entitled 
“Isotopic Turnover Methods to Measure Fructose Effects in the Liver.”

ISOTOPIC TURNOVER METHODS TO MEASURE FRUCTOSE EFFECTS 
IN THE LIVER

It is clear that fructose flux can increase the in vivo rate of fatty acid synthesis in a process termed 
de novo lipogenesis [68]. Data in animals are overwhelmingly clear (reviewed elsewhere in this 
volume) and numerous strong studies in humans have now shown that a bolus of fructose acutely 
stimulates the pathway of de novo lipogenesis [69,70]. Long-term consumption of fructose signifi-
cantly stimulates lipogenesis and concurrently elevates plasma-TG concentrations in the fasting 
[71] and fed states [70,72]. However, the mechanism of the hypertriglyceridemia is complicated 
by the complexity of fatty acid sources, including lipogenesis, which contribute to TG synthesis in 
the liver. Over the past 10 years, a large body of literature has amassed to suggest that the de novo 
lipogenesis is chronically stimulated in subjects with conditions associated with hypertriglyceride-
mia, including those with obesity [69], insulin resistance [73], and diabetes [74,75]. Yet, conclusions 
about the direct contribution of lipogenesis from fructose to plasma TG elevations are impacted by 
a number of factors. With regard to methodology, de novo lipogenesis has been measured in plasma 
VLDL-TG fatty acids by labeling the pathway with heavy (deuterated) water or stably labeled ace-
tate (fed or infused). We have shown that the level of newly made fatty acids in VLDL-TG mir-
rors that in liver [76]. Lipogenesis is frequently measured in units reflecting the percentage of the 
VLDL-TG palmitic acid that is derived from the lipogenic pathway. The percentage is used (as 
opposed to the absolute quantity of de novo palmitate in VLDL-TG) because the percentage reflects 
assembly of fatty acids into hepatic-TG and this value is unaffected by the turnover rate of these 
lipids when they are detected in plasma.

It is important to point out that the percentage of de novo fatty acids detected in VLDL-TG after 
isotope labeling will also depend on the length of time of isotope administration. Our laboratory 
[70,76–78] and others [74,79] have shown that a longer duration of labeling (>1–2 days) may be 
necessary to accurately assess lipogenesis in plasma TG of healthy subjects, possibly due to a delay 
in the movement of these fatty acids through intrahepatocyte storage pools before secreting out into 
plasma via VLDL-TG. Liver-TG is synthesized from a number of fatty acid sources including plasma 
FFA that clear to the tissue, dietary fatty acids, de novo synthesized fatty acids, and fatty acids stored 
in intracellular droplets. It appears that differences exist between the timing of the liver’s usage of 
plasma FFA and de novo fatty acids for TG synthesis such that plasma FFA are immediately re-ester-
ified when they enter the liver and move into a pool that is instantaneously used for TG synthesis and 
VLDL secretion [76]. For example, for many subjects, if an FFA isotope is infused beginning at 5:00 
AM in the fasting state, this label will appear in VLDL-TG within 30 min, which is the estimated 
time for total assembly of a VLDL particle through the endoplasmic reticulum and Golgi in the 
liver. By contrast, it takes approximately 12 h of labeling with 13C-acetate to achieve significant label 
of newly made fatty acids in the VLDL-TG pool in plasma. Thus, de novo fatty acids appear to be 
routed to a “delay pool” in the liver before being esterified into the TG pool used for VLDL synthesis. 
This delay is observed when either 13C-acetate is infused or fed, or when oral dosing of deuterated 
water (D2O) is used to label lipogenesis. The D2O method involves giving research subjects multiple 
doses overnight to bring the body water pool up to steady enrichment followed by maintaining D2O 
in drinking water the next day [80,81]. We have found that for subjects with fatty liver, daily dosing 
must continue for at least 5 days to achieve sufficient turnover of liver-TG pools to accurately mea-
sure lipogenesis in plasma VLDL-TG. Not only does the timing of the isotope administration impact 
the measurement of de novo lipogenesis, but also the timing of meals. Fasting levels of lipogenesis 
will be higher if subjects are administered isotopes concurrently with meal consumption, before the 
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fasting measurement is made [70,77,78]. This suggests that if a delay pool does exist in the liver for 
newly made fatty acids, turnover of that pool is stimulated by food intake.

With regard to circadian rhythm, in a recent study in NAFLD patients, day-long measurements 
of lipogenesis showed peak levels between midnight and 2:00 AM [81] in agreement with studies 
in by Hudgins et al. [79] and Vedala et al. [74]. In the NAFLD patients, the peak level in TG-rich 
lipoproteins (VLDL and chylomicrons) was 24.1 ± 15.2% of palmitate [81], and this level then fell 
toward morning. In 10 of the 13 subjects, peak night-time values of de novo lipogenesis were above 
35% of plasma lipoprotein-TG palmitate and in one subject, 60% of palmitate was derived from 
the de novo lipogenesis pathway [81]. When the fasting state is extended beyond 12 h, lipogenesis 
will continue to fall but patients with NAFLD exhibit poor suppression of the pathway even with 
an extended fast [81]. In these subjects, the intake of dietary sugars correlated with the extent of de 
novo lipogenesis (Lambert and Parks, Unpublished).

With respect to fructose intake increasing the content of liver fat, studies have given mixed 
results. In children with metabolic syndrome, fructose feeding was associated with elevations in 
liver-TG contents, but this effect has not been consistently observed in healthy lean subjects [82]. In 
this regard, more research is needed on the differing effects of fructose consumption in eucaloric 
diets versus when it is fed in excess of energy needs [83]. Research needs in the area of fructose’s 
influence on metabolism and disease have been reviewed in a recent report from an NIH-sponsored 
consensus conference on the topic [83]. Theoretically, aside from stimulating fatty acid synthesis 
directly, fructose consumption can lead to elevations in plasma TG by two other mechanisms. If 
fructose is combined with glucose in an oral bolus, glucose’s stimulation of insulin secretion could 
increase the production of enzymes for TG synthesis leading to greater TG concentrations than by 
just feeding fructose alone. Increased enzyme activity for TG synthesis, combined with dietary 
availability of fatty acids for esterification, or from adipose tissue flux can exaggerate the hypertri-
glyceridemia observed with diets high in sugars [84].

A third means by which fructose consumption can increase liver and plasma TG levels is through 
inhibition of fatty acid oxidation [85]. This effect is mediated by an intermediate in the fatty acid 
synthesis pathway, malonyl-CoA, which inhibits the transport of fatty acids into the mitochondria 
via carnitine-palmitoyl transferase [85]. Elegant studies by Frayn and coworkers demonstrated that 
in healthy subjects, dietary fatty acids were 40-fold less oxidized when fructose was present in just a 
single meal [86] or when it was consumed as a 3-day diet containing 53% of total energy from sug-
ars compared to one with 32% of energy from sugars [87]. In addition to lower dietary fat oxidation, 
re-esterification of plasma FFA was also 2-fold higher. The effect of fructose to spare fatty acids 
from oxidation may even carry over from one meal to the next. Parks et al. studied healthy subjects 
consuming morning boluses of glucose (~75 g) or an equimolar mixture of 50:50 glucose:fructose 
on separate occasions. After both boluses, a standardized lunch was fed. When the glucose:fructose 
bolus was given in the morning, higher postlunch TG concentrations were observed compared to the 
postlunch TG concentrations after the glucose bolus [70].

If fructose consumption reduces the oxidation of fatty acids from the diet or from adipose tissue, 
it could be tested using combinations of imaging and isotope administration. Ravikumar et al. [88] 
used 13C-labeled dietary fatty acids and performed MRS to demonstrate that diabetics cleared more 
of their dietary fat to liver compared to nondiabetic controls. Carpentier and colleagues [89] have 
developed an in vivo method using a positron-emitting fatty acid analog which is added to a meal 
and then tissue uptake of these dietary fatty acids is assessed by PET. They demonstrated that in 
muscles the absolute extraction of plasma FFA is similar between diabetics and healthy controls, 
despite the diabetics having greater plasma FFA concentrations [90]. This result would lead to 
greater availability of FFA for uptake in the liver. It is not known whether fructose fed concurrently 
would increase the retention dietary fat in the liver but it is possible that diabetics would be even 
more sensitive to the effects of fructose in causing NAFLD.

Given these developments in isotopic methods combined with imaging, one concept that can now 
be investigated is the impact of dietary fat consumed with and without fructose in individuals at risk 
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for NAFLD. Thus, one hypothesis to be tested is that if fructose reduces liver fatty acid oxidation 
and increases re-esterification, then insulin-resistant individuals who clear more dietary lipid to 
liver would be more likely to store this lipid if the meal fat is consumed along with fructose. Many 
foods that contain high-fructose corn syrup can also be high in fat (i.e., jelly donuts, cakes, confec-
tionaries). The effect of fructose to reduce fatty acid oxidation from any fatty acid source (dietary or 
endogenous) also suggests that liver-TG recycling should also increase as fatty acids liberated from 
intracellular TG droplets would be rechanneled back into synthesis. The relative impact of such 
substrate cycling is unknown.

FUTURE DIRECTIONS AND CONCLUSION

In summary, new clinical diagnostic and research methods have been employed to better define the 
level of disease in patients with suspected NAFLD. The predictive nature of biomarkers needs to be 
reproduced in new cohorts to strengthen their use and if any combination of biomarkers is going to 
be adopted for clinical practice, much more data are needed in comparison with liver biopsy data. 
For now, any changes in liver enzymes or in metabolomic analyses observed following fructose 
feeding in humans will be difficult to interpret. By contrast, the ability of newer imaging methods 
to quantitate changes in liver fat and fibrosis holds great promise in the study of liver metabolism. 
In future, MRI or MRS may become accepted clinical diagnostic tools for the measurement of 
liver-TG. By contrast, further innovations are needed in the in vivo use of isotopic molecules. In 
particular, no physiological method exists presently for the measurement of liver fatty acid oxidation 
without using hepatic artery and vein catheters. Quantifying liver fatty acid oxidation will be key to 
determining the impact of fructose feeding on inflammation and reactive oxygen species. Finally, 
since saturated fatty acids are the primary products of fructose-induced fatty acid synthesis in the 
liver [86,91], it may be that the cardiometabolic ramifications of fructose-induced elevations in de 
novo lipogenesis need to be compared to the results of consumption of dietary saturated fats. On 
very high fructose-containing diets, the quantity of palmitate made via hepatic de novo lipogenesis 
may still be less than the estimated quantity of preformed (dietary) palmitate that enters the liver, 
but it is currently unknown whether the local production of palmitate from dietary sugars can lead 
to downregulation of LDL receptors as shown for dietary saturated fatty acids [92]. The existence 
of intracellular compartmentalization of lipogenesis versus the route of trafficking of dietary fatty 
acids will be an important target for future investigation.
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Dietary Sugars and Dental 
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KEY POINTS

• Dietary sugars still play an important role in the etiology of dental caries, albeit the asso-
ciation between sucrose intake and caries is currently weaker than earlier.

• Another oral health problem, that is, dental erosion, is arising from increased consumption 
of sugary beverages.

• Fluoride reduces caries risk but has not been able to eliminate dental health problems 
completely.

• Daily use of sugar substitutes, xylitol, in particular, is a novel method to reduce the risk of 
caries.

INTRODUCTION

The harmful effect of sucrose on dental health has been discussed repeatedly during the last 30 
years. According to contemporary research, the former strong association between sucrose intake 
and dental caries has weakened considerably. This is believed to be due to the generalized and wide-
spread use of fluoride and fluoride products. In addition to caries, there is increased concern about 
a relatively new oral health problem arising from increased consumption of sugary beverages, that 
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is, dental erosion. Most soft drinks, fruit juices, lemonades, and energy drinks are not only high in 
dietary sugars, but in addition they also contain organic and other acids. Frequent daily use of acidic 
drinks and juices may cause rapid erosion of enamel resulting in visible esthetic and functional 
harm to the dentition.

Fluoride reduces caries risk but has not been completely able to eliminate dental caries. More 
modern methods are needed to prevent caries among caries-prone individuals. Daily use of sugar 
substitutes, xylitol, in particular, is one example of a novel method to promote dental health and 
reduce the risk of caries.

This chapter reviews and highlights current knowledge on the links between dietary sugars and 
dental health as well as identifying priorities for future research.

DIETARY SUGARS AND THEIR ROLE IN THE DEVELOPMENT OF DENTAL CARIES

This chapter is restricted to review the effects of fermentable sugars in the oral cavity. These include 
disaccharides, such as sucrose, maltose, and lactose, and monosaccharides, such as glucose, fruc-
tose, and galactose. In animal studies, lactose and glucose syrups, common ingredients of soft 
drinks, have been found to be less cariogenic than sucrose [1,2]. Most sugary beverages, at least in 
the USA, contain high-fructose corn syrup which is chemically similar to invert sugar (50% fruc-
tose and 50% glucose). In a longitudinal study on preschool children, invert sugar was found slightly 
less cariogenic than sucrose [3]. Sugars can also be divided into intrinsic sugars found in fruits and 
vegetables, and free sugars which refer to all mono- and disaccharides added to food products.

The cariogenic effect of sugar-containing dietary products on dental health is mainly local and 
depends on many factors such as intake frequency and amount, consumption habits, and retention 
time, that is, the time the food product is retained in the oral cavity. In addition, individual’s age, the 
density of his/her cariogenic oral flora, use of fluoride products, salivary flow rate, and oral clear-
ance all affect the cariogenic impact.

Dental caries is defined as an infectious microbial disease that results in localized dissolution 
and destruction of enamel and dentine. In other words, caries is the result of repeated demineral-
izing episodes caused by organic acids produced by cariogenic species fermenting dietary sugars in 
the dental biofilm (dental plaque).

EFFECT OF DIETARY SUGARS ON CARIES-ASSOCIATED BACTERIA

The negative impact of dietary sugars on dental health is mediated by caries-associated bacteria in 
the dental biofilm. The oral cavity is an ideal habitat for many microorganisms. Several hundreds 
of species have been identified to thrive in the moist, warm, and favorable conditions of the human 
mouth, but only aciduric or acidogenic species such as mutans streptococci and lactobacilli are 
cariogenic [4]. Microbial colonization of the oral cavity starts from birth, and the number of species 
increases over time, especially following eruption of teeth [4–6]. The most diverse collection of 
microorganisms is found as biofilm on teeth. Dental biofilm contains early colonizers who are able 
to bind to saliva-coated tooth surfaces by the help of adhesion molecules. Some of the early colo-
nizers such as Streptococcus salivarius and S. sanguinis are inert in relation to dental health. Some 
bacteria modify the microenvironment more suitable for later colonizers. Bacterial water-insoluble 
extracellular glucans and fructans grow the thickness of the biofilm and are dependent on high con-
centration of sucrose. These extracellular polymers enhance accumulation of mutans streptococci 
resulting in greater acid production immediately adjacent to the tooth surface. As byproduct of the 
glucan and fructan synthesis, cariogenic bacteria (mostly mutans streptococci and lactobacilli) in 
the biofilm start to produce lactic acid. The cariogenic mutans streptococci and lactobacilli can 
thrive in more acidic conditions than bacteria producing other organic acids such as propionic or 
butyric acid. Though other bacteria may also contribute to demineralization of enamel and dentine, 
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this chapter is restricted to mutans streptococci and lactobacilli as their relation to caries has been 
studied most. As a result of exposure to sugar, the pH value of the biofilm covering the tooth surface 
may decrease to the point where demineralization of enamel can occur. This takes place around and 
below pH 5.5, which in the dental literature is called the “critical pH.” A single oral sucrose rinse 
is known to cause an immediate drop in the pH of the biofilm below the critical pH followed by a 
slow return to baseline.

CARIES-RISK PERIODS AND SITES OF HUMAN TEETH

The outermost layer of a healthy sound enamel surface of any mature tooth has a higher concentra-
tion of fluoride than that of an unerupted or erupting tooth. Currently, it is believed that the uptake 
of fluoride ions is the result of an active exchange of minerals mediated by microbial accumulation 
covering the tooth surfaces during the most part of eruption [7]. Hence, newly erupted or erupting 
teeth of children and adolescents are more vulnerable to the harmful effects of excessive sucrose 
intake than fully erupted teeth. And indeed, the relationship between dietary sucrose and caries 
rises more steeply when newly erupted teeth are present in young children and adolescents. Further, 
high-risk periods occur later in life if salivary flow is reduced due to medications or radiation 
therapy of head and neck.

Differences in vulnerability between tooth surfaces may also occur: sites which encourage bio-
film accumulation like fissures are at greater risk to become carious than surfaces that can be 
mechanically cleaned like proximal tooth surfaces or are continuously flushed by saliva like labial 
or palatal surfaces.

SUGAR INTAKE AND CARIES

The fact that frequent intake of sugary products with high sugar concentrations increases caries 
activity has been known for long but the association was experimentally shown in a 5-year lon-
gitudinal study [8]. Though some studies show that the amount of sugar intake is more important 
than frequency [2,9,10], the concept that frequency is more important is more generally accepted. 
However, a strong correlation exists between the two [2] and it is likely that in relation to caries both 
are potentially important. Nevertheless, when sugars are used in large amounts over protracted peri-
ods of time, caries scores are usually high. On the other hand, little decay is found in the absence 
of sugars, for example, among age cohorts born during war time [11], or among subjects unable to 
consume fructose or sucrose due to hereditary fructose intolerance [12]. Epidemiological studies 
further show that consumption of starchy staple foods and fresh fruit are associated with low levels 
of dental caries [13].

In European countries, a clear general trend of decreasing dental caries with only a minor 
decrease in total sugar consumption was found during the period between 1970 and 1980 [14]. It was 
concluded that the relationship between sugar consumption and caries is much weaker in the mod-
ern age of fluoride exposure than it used to be. However, children who consume a higher proportion 
of their total energy intake as sugars have even today more caries than children consuming less 
sugar [9,15,16]. The most recent review on sugar intake and caries demonstrates only a moderately 
significant relationship between sugar intake frequency and dental caries [17].

Instead of the former linear relationship between dietary sucrose and caries [18], the dose–
response curve is currently believed to have a sigmoid shape: at levels of annual sugar consumption 
below 10 kg/person, the incidence of caries is acceptably low, between 15 and 35 kg/person, the 
incidence of caries increases more steeply, while beyond 35 kg/person, the curve flattens out [19]. 
Interpreted into practice, this could mean that the level of caries would be the same if the annual 
sugar consumption were 3–5 kg more than 35 kg/person, or in reverse, that a 3–5 kg decrease in 
annual sugar consumption would not automatically mean a decrease in caries incidence.
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Using national averages of annual sugar consumption for research purposes may be misleading. 
Therefore, daily intake of sugars expressed as grams and proportions of total energy intake per 
day (E%) are preferred in current dietary studies. Evidence shows that when sugars consumption 
is <10E%, dental caries is low [13] but, sugar intake of adolescents can range between 17E% and 
25E% [20,21]. The most recent WHO report on diet, nutrition, and prevention of chronic diseases 
recommend that the intake of free sugars should be limited to a maximum of no more than 10% of 
daily energy intake [22] and the frequency of consumption of foods and/or drinks containing free 
sugars should be limited to four times per day.

While the per capita consumption of sugar-containing products has been fairly stable during 
the last three decades, the consumption of sweets and soft drinks has increased, for example, in 
Sweden, Finland, and Australia [23–25]. Use of sucrose in developing countries is rapidly increas-
ing to the levels reported by developed countries, and developing countries are currently major 
growth markets for the soft drink industry [26]. Consumption of high-sugar desserts and snacks 
may also be increasing in urban centers in some developing countries [26]. Caries remains a serious 
problem for disadvantaged individuals in many industrialized countries and is a rising problem in 
many developing countries [27]. Increasing urbanization and globalization have altered children’s 
diets worldwide, promoting availability and access to processed foods and sweet drinks resulting in 
significant associations between sweet drink intake and caries experience [25].

EFFECT OF FLUORIDE

The generalized use of fluoride products is believed to be the reason why currently the relationship 
between sucrose intake and caries is weaker than before. Fluoride is a preventive agent that has been 
categorized as strongly cariostatic. Fluoride increases the resistance of teeth to sugar by raising the 
threshold of sugar intake at which caries progresses to cavitation and moves the dose–response 
curve to the right.

Although fluoride has had a profound effect on the level of caries progression, it is far from being 
a complete cure. It is unlikely that there is any concentration of fluoride that will eliminate caries 
completely. High-fluoride strategy cannot be followed in children to avoid risk of adverse effects 
due to overexposure to fluoride. Despite community water fluoridation, caries experience of 6- and 
12-year-old children has increased since the mid to late 1990s in Australia which is believed to be 
due to the increased consumption of sweet drinks and bottled waters [25].

PRACTICAL IMPLICATIONS

Avoiding frequent sugar intake combined with toothbrushing twice a day with fluoridated tooth-
paste can generally be recommended for all dentate subjects commencing from early infancy. The 
feasible amount for toddlers is a thin smear of toothpaste, while a pea-size of toothpaste can be used 

RECOMMENDATIONS IN RELATION TO DENTAL HEALTH

Frequent (>4 times a day) and large (>10E%) amounts of sugar intake should be avoided.
Information and advice of sugar intake should be given for all parents of infants at 

maternity/well-baby clinics.
Sugar intake counseling at later ages should be given only for individuals at high 

caries risk.
Collaboration with schools and manufacturers of soft drinks and sweets should be built 

to reduce caries and erosion risk of adolescents.
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for children of 6 years and above. Adolescents and adults, who no longer have developing teeth, nor 
any risk of overexposure to fluoride, may use larger amounts of toothpaste.

As sucrose intake habits modify the microbial composition of dental biofilm in early infancy, 
educating counseling and intervening is most important and cost-effective just before harmful 
sucrose intake habits are born. The recommended guidelines for parents of infants include: avoiding 
frequent consumption of juice and other sugar-containing drinks in the nursing bottle, discourag-
ing the habit of a child sleeping with a bottle, promoting healthy eating patterns, limiting cario-
genic foods to mealtimes, and avoiding sugar-containing snacks that are slowly eaten. Individual 
sugar intake counseling later in life is highly recommended for patients at high caries risk. Public 
should be made aware that consuming sweet drinks can have deleterious impact on dental health. 
Restricting sales of sweet drinks and sweet foods and instead providing healthy food and drinks for 
purchase in schools is important. Collaboration between public health authorities and manufactur-
ers/distributors of soft drinks and sweets to support caries preventive programs is recommended.

In conclusion, controlling the consumption of sugar is still a justifiable part of caries prevention, 
however, not the only important aspect.

DIETARY ACIDS AND DENTAL HEALTH

Dental erosion has, for many years, been a condition of little interest to clinical dental practice or 
dental public health. It starts with softening of the outermost surface by (extrinsic or intrinsic) acids 
of different origins. This softened layer is vulnerable for abrasion and needs a long time (weeks 
to months) until it would be resistant against abrasive forces like that of toothbrushing. Only if a 
strong acidic insult is present, for example, after vomiting, will dental hard tissue dissolve without 
any abrasive forces involved. Thus, in most cases, overlapping between dental erosion and abrasion 
is present. Therefore, today the combination of these two processes that occurs in daily life is called 
erosive tooth wear.

Erosive tooth wear is becoming an increasingly important factor when considering the long-term 
health of the dentition. It is a condition in which many risk and protecting factors are involved. The 
interplay of chemical, biological, and behavioral factors is crucial and helps to explain why some 
individuals exhibit more erosion than others. Erosive tooth wear is not a new phenomenon. What is 
probably new is the increased attention to it since caries, the main “tooth disease,” has been decreas-
ing in many societies, although it is still much more spread compared to tooth wear. There is increas-
ing evidence, from many studies, that excessive consumption of acidic drinks and foods poses a risk 
to dental hard tissues [28–35]. The prevalence of tooth wear and related risk factors in a sample of 
3187 European adults was assessed in a recent study [36]. There were large differences between dif-
ferent countries with the highest levels of tooth wear observed in the UK. Important risk factors for 
tooth wear included heartburn or acid reflux, repeated vomiting, fresh fruits, and juice intake. In this 
adult sample, 29% had signs of tooth wear, making it a common feature in European adults.

Indeed, there is a trend toward increased consumption of acidic drinks and foods. In the year 
2007, the worldwide annual consumption of soft drinks reached 552 billion liters, the equivalent of 
just under 83 L/person per year, and this was projected to increase to 95 L/person per year by 2012. 
However, the figure had reached an average of 212 L/person per year in the US already in 2009 [37]. 
The erosive potential of erosive agents, including acidic drinks or foodstuffs, depends on chemical 
factors (e.g., pH, calcium content, and buffering capacity). Biological factors, such as saliva, acquired 
pellicle, tooth structure, and positioning of the teeth in relation to soft tissues and tongue, are related 
to the pathogenesis of dental erosion. Furthermore, behavioral factors, including eating and drinking 
habits, regular exercise with dehydration and a decrease in salivary flow, excessive oral hygiene, and 
an unhealthy lifestyle (chronic alcoholism), are predisposing factors for dental erosion [38].

It is essential for medical personnel and patients to have a thorough knowledge of the erosive 
potential of popular dietary substances. Many drinks, foods, and medications, such as soft drinks, 
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sports drinks, juices, salad dressings, candies, herbal teas, alcoholic drinks, vinegar, vitamin C 
tablets, etc., may be associated with the increase in erosion. Normally, soft drinks are mainly com-
posed of filtered water, citric acid and/or phosphoric acid, artificial additives, and refined sugar. 
Thus, they offer limited nutritional benefit, but energy. Sports drinks, which are designed to replen-
ish fluids lost during activity, typically contain water, electrolytes, acids, and sugar. Energy drinks 
are basically soft drinks that contain some forms of vitamins and other chemicals that boost energy 
for a very short span.

The erosive potential of certain drinks or foods can be estimated using the information in Table 
23.1. The pH, calcium and fluoride contents, and the degree of softening (erosion) or hardening of 
the enamel surface when compared to baseline are given. In this study, enamel specimens were first 
immersed in 20 mL of freshly collected human saliva for 3 h to form the salivary pellicle. After 
immersion in the test solution for 2 min, the enamel samples were taken out of the respective solu-
tion and the hardness measurement was performed once again. Apple juice, soft drinks, energy 
drinks, sports drinks, juices, fruits, some medications, and alcoholic drinks caused statistically 
significant softening of enamel samples during this short immersion time of 2 min. Table 23.1 also 
shows that yoghurts, black tea, coffee, and mineral water without any acidic additives did not have 
a detrimental effect on enamel hardness. Flavored mineral water has, in contrast to plain mineral 
water, a high erosive potential that may not be recognized by consumers. This has some implication 
concerning dental health because the vast majority of the public is not aware of the erosive potential 
of these acidic drinks labeled as mineral water. Rose hip tea showed a distinct erosive potential.

In the context of judging the hardness numbers in Table 23.1, it has to be mentioned that decrease 
of hardness of some units (up to −5) will most probably not cause softening in vivo, because saliva 
may clear the substance very fast.

It is important to evaluate the different etiologic factors in order to identify persons at risk of ero-
sion. Early detection of such risks is a prerequisite to initiating adequate preventive measures. The 
modern preventive strategy underlines the importance of training dentists to recognize early signs 
of erosive tooth wear. Only with these capabilities can dentists provide adequate care for patients. 
Often, patients themselves do not seek treatment until the condition is at an advanced stage, when 
teeth have become hypersensitive, or when esthetic appearance is affected. This is particularly true 
for patients who suffer from anorexia nervosa or bulimia. Dentin hypersensitivity is one possible 
sign of erosive tooth wear [38].

When dental erosion is detected by a dentist or when there are indications of an increased risk, a 
detailed patient assessment should be undertaken. All of the causes have to be taken into account. 
A very important part of the patient assessment is taking a case history. It is advisable to ask for a 
complete dietary intake for four consecutive days. The time of day and quantity of all ingested foods 
and beverages, including dietary supplements, should be recorded. Both weekdays and weekend 
days should be included, as dietary habits during weekends may differ considerably from those on 
weekdays. The dentist can determine the erosive potential of the different acidic food items and 
drinks, assess the frequency of ingestion during main meals and snacks, and then estimate the daily 
acid challenge. Erosion-protecting foods should also be considered.

Based on this information, preventive measures can be tailored to meet the specific needs of each 
patient. The data obtained from recording all foods and beverages consumed serve as a basis from 
which to reduce acid exposure and to change dietary habits accordingly. Consumption of acidic 
foods and beverages should be reduced and those that are taken should be consumed swiftly to 
reduce the time the products linger in the mouth. Slipping or sucking beverages through the front 
teeth are habits leading to increased risk of erosion. Adding calcium, phosphate, and/or fluoride 
ions, or calcium phosphate complexes, may decrease the erosive potential of some acidic beverages 
or fruit juices. Consuming modified beverages (e.g., orange juice with added calcium, sport drinks 
containing calcium or casein) is a simple but effective measure to prevent dental erosion [40]. In the 
case of intrinsic acid exposure, a causally determined systemic therapy should be initiated. Some 
recommendations [40] to reduce the risk of erosion are given in the adjacent text box.
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TABLE 23.1
Erosive Potential of Different Beverages and Foodstuffs, pH, Calcium and Fluoride 
Content as Well as Change of Surface Microhardness (Vickers 50 mN) After 2 Min 
Incubation in Different Beverages and Foodstuffs

Tested Product
Important Erosive 

Ingredients pH [Ca] (mmol/L) [F] (mg/L) ΔSH2–0

Soft drinks

Coca-Cola Phosphoric acid, flavors 2.5 1.1 0.22 −157

Coca-Cola light Phosphoric acid, citric acid 2.6 0.8 0.22 −277

Fanta regular Citric acid 2.7 0.5 0.04 −245

Ice tea classic Citric acid 2.9 0.5 0.76 −84

Ice tea lemon Citric acid 3.0 0.2 0.58 −86

Ice tea peach Citric acid 2.9 0.1 0.53 −82

Pepsi Cola Phosphoric acid, citric acid 2.4 0.3 0.04 −191

Pepsi Cola light Phosphoric acid, citric acid 2.8 0.3 0.04 −180

Sports and energy drinks

Gatorade Citric acid 3.2 0.1 0.05 −125

Powerade Malic acid, citric acid 3.7 0.3 0.21 −63

Red Bull Citric acid, taurine 3.3 1.9 0.11 −89

Fruit juice

Apple juice Malic acid, oxalic acid 3.4 2.0 0.06 −145

Grapefruit juice Citric acid 3.2 2.3 0.03 −153

Orange juice Citric acid, malic acid 3.6 2.0 0.03 −60

Alcoholic drinks

Beer — 4.1 1.9 0.06 +1

Red wine Malic acid, salicylic acid 3.4 1.3 0.07 −31

White wine Malic acid, salicylic acid 3.6 1.3 0.27 −25

Medication

Alka-Seltzer fizzy 
tablet

Acetylsalicylic acid, citric acid 6.2 2.1 0.08 −4

Aspirine-C fizzy tablet Acetylsalicylic acid, vitamin C 5.5 2.0 0.08 −17

Neocitran Vitamin C 2.9 4.6 0.09 −250

Yoghurt, milk

Kiwi Tropicana — 4.0 45.8 0.04 +7

Nature — 3.9 43.3 0.04 +3

Mineral water

Valser — 5.6 9.9 0.60 −2

Valser Viva Lemon Citric acid, herbs 3.3 9.8 0.63 −81

Tea and coffee

Black tea — 6.6 1.1 1.63 −1

Pepper mint — 7.5 1.9 0.05 +1

Rose hip Malic acids, tartaric acid 3.2 2.7 0.05 −181

Espresso — 5.8 0.7 0.07 +4

Note: A positive ΔSH2–0 value denotes hardening of the surface, while a negative value represents softening (in part from [39]).
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In addition to measures discussed above, it is sensible to instruct patients suffering from active ero-
sive lesions about adequate dental hygiene. As a rule, teeth should be brushed immediately after eating. 
Other instructions should be recommended only if erosive processes are present or vomiting occurs. 
Recommendation to leave a time interval before brushing is no longer recommended. Dentifrice with 
low abrasiveness, soft toothbrushes, and gentle toothbrushing techniques are indicated.

The timing of toothbrushing in relation to tooth wear is still a matter of controversy. Some  studies 
report a minimal protective capability of saliva in counteracting the acidic damaging effect. Others 
indicate that rehardening of the softened tooth surface is a process that takes a longer time. All these 
studies have used small sample sizes. In a large study sample, little evidence was found (P = 0.088) 
that postponing toothbrushing after breakfast had any effect on the degree of tooth wear. In contrary, 
delaying toothbrushing for up to 44 min was associated with more tooth wear, which is why post-
poning toothbrushing could not be considered protective [36]. Generally, dentists should not advise 
patients to delay toothbrushing after breakfast. Only if erosive processes are present or vomiting 
occurs, other instructions should be recommended by professionals, for example, toothbrushing and/or 
rinsing before acid intake. Toothbrushing before meals protects against caries and erosion [41,42].

SUGAR SUBSTITUTES AND DENTAL HEALTH WITH SPECIAL 
REFERENCE TO XYLITOL

Sugar substitutes, used to substitute sucrose, consist of carbohydrate monosaccharides such as glu-
cose (dextrose) and fructose and disaccharides such as lactose and maltose. These carbohydrates are 
readily fermented in the dental biofilm (plaque) implicating that they are cariogenic. They have the 
same nutritive value as sucrose (4 cal/g).

The sugar alcohol or polyol sweeteners are also carbohydrates. Polyols such as erythritol, xylitol, 
and sorbitol occur in low amounts, for example, in fruits and plants (for formulas, see Figure 23.1). 
Most polyols are slowly fermented in dental biofilm but erythritol and xylitol show no acid produc-
tion in dental biofilm. Polyols are used in sugar-free products to give bulk to the product. Except for 
erythritol, all polyols are laxative which restricts their daily consumption to 10–20 g/day. In most 
countries, polyols are given a lower nutritional value than that of sucrose.

For properties of the most common carbohydrate sweeteners, see Table 23.2. Sweetness value of 
intense sweeteners is several hundred times higher than that of sucrose. Most of the intense sweet-
eners are artificially produced, but stevioside occurs in the nature. Selected properties of the most 
common intense sweeteners are shown in Table 23.2.

RECOMMENDATIONS TO REDUCE THE RISK OF EROSION

Reduce acid exposure by reducing the frequency (<4) and contact time of acids (main 
meals only).

Avoid acidic foods and drinks last thing at night.
Do not hold or swish acidic drinks in your mouth.
Avoid sipping, drink beverages swiftly, no sucking between teeth.
Choose calcium-enriched or modified (sports) drinks and foods with no or reduced 

erosive potential.
Be aware of acidic medicaments.
Chew tooth-friendly gum to stimulate saliva production and to reduce reflux.
When reflux is a problem: avoid reflux-inducing foods and beverages, such as wine, 

fatty foods (fried, etc.), tomatoes, coffee, black tea, chocolate.
Suspected gastroesophageal reflux: refer to gastroenterologist.
Anorexia/bulimia: initiate psychological or psychiatric treatment.
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POLYOL SWEETENERS, MUTANS STREPTOCOCCI, AND DENTAL HEALTH

Mutans streptococci (MS) counts may not be important in healthy subjects but the early coloniza-
tion of a child’s teeth with MS is considered to increase the future caries risk of the child and high 
MS counts are a risk factor, for example, in xerostomic patients. In the existing clinical studies, 
sorbitol consumption neither decreases nor increases the MS counts (for review, see [44]). One study 
employing very high maltitol doses demonstrates a decrease in MS [45]. However, many studies 
have shown that xylitol consumption decreases MS (for review, see [46]). Some studies suggest that 
erythritol may also decrease MS [43].

Several mechanisms have been proposed to be responsible for the xylitol-dependent decrease 
in MS: growth inhibition with xylitol, elevated pH in the oral cavity acting against MS, a decrease 
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FIGURE 23.1 Structures of the four-carbon erythritol, five-carbon xylitol, and six-carbon sorbitol. The 
molecular weight of each polyol is shown below the formula [43]. With permission from S. Karger AG, Basel.

TABLE 23.2
Properties of Common Sugars and Tooth-Friendly Sugar Substitutes

Sweetener Natural Origin Sweetnessa Acid Production in Dental Biofilm

Sugars

Sucrose Yes 1.0 High

Glucose Yes 0.8 High

Fructose Yes 1.5 High

Polyols

Erythritol Yes 0.8 No

Xylitol Yes 1.0 No

Sorbitol Yes 0.6 Low

Maltitol No 0.9 Low

Lactitol No 0.4 Low

Isomalt No 0.5 Low

Intense sweeteners

Aspartame No 180 No

Saccharin No 300 No

Sucralose No 600 No

Acesulfame No 200 No

Stevioside Yes 200 No

a Sweetness of sucrose 1.0.
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in adhesive polysaccharides produced by MS. The xylitol-dependent decrease in MS appears to be 
both dose- and frequency-dependent [47]. Xylitol is not retained in the dental biofilm and is not an 
antimicrobial agent. Therefore, high enough doses and frequent exposure of oral microbiota are 
apparently needed for the desired “xylitol effects.”

EFFECTS ON DENTAL BIOFILM

Considering that dental biofilm is an accepted risk factor of caries, while MS actually are not, sur-
prisingly few studies have addressed the effect of polyols on dental biofilm. Biofilm models appear 
not to be optimal to study the effects of polyols [48].

Several clinical studies on healthy subjects have demonstrated a decrease in the amount of dental 
biofilm in association with habitual xylitol consumption [44,46]. Chewing per se does not explain 
the decrease in dental biofilm since chewing gum base alone does not decrease the amount of 
dental biofilm. Sorbitol apparently neither decreases nor increases the amount of dental biofilm 
[29]. Xylitol dosages large and frequent enough to decrease MS counts also reduce the amount of 
dental biofilm. However, in the case of poor oral hygiene, the otherwise “effective” xylitol dosages 
do not seem to affect the amount of dental biofilm [49]. Thus “effective” doses of xylitol may not 
reduce dental biofilm or show other “xylitol effects” in subjects with exceptional oral conditions. 
The mechanism by which xylitol reduces dental biofilm can most probably be explained by the 
mechanisms behind the reduction of MS.

POLYOLS IN CLINICAL CARIES TRIALS

Clinical caries trials with sorbitol have been summarized by Mäkinen [43]. Sorbitol gum chewing 
can reduce caries occurrence when the gum is chewed for at least 20 min, however, then the “chew-
ing effect” may be responsible for the result. In a recent trial, xylitol/maltitol and erythritol/maltitol 
lozenges showed no additional caries-preventive effect in low-caries conditions [50]. Of all polyols, 
by far the highest number of clinical trials has been published for xylitol.

CARIES TRIALS WITH XYLITOL

In the Turku Sugar Studies [51], in which the subjects were caries-active adults, all added sucrose in 
the diet was replaced with xylitol. Such a sugar substitution, though effective, is unrealistic. After 
that study all studies have dealt with partial substitution. In other words, sugar substitutes have been 
added to the normal diet usually in the form of candies or chewing gums. Very few caries trials have 
been conducted in adults. Recently, 21–80-year-old adults participated in a multicenter xylitol trial. 
Xylitol decreased caries occurrence on root surfaces but not on coronal surfaces [52].

TARGET GROUPS OF XYLITOL

Children with erupting teeth
Mothers/persons taking care of infants
Caries-active patients
Patients suffering from dry mouth
Patients with dental biofilm retention (mentally retarded patients, orthodontic patients 

with braces)
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Most clinical xylitol trials have been conducted on children. When looking at trials with car-
ies occurrence as the outcome measure, a daily xylitol dose of 5 g or more appears to be effective 
in reducing caries occurrence [43,53]. The trials with low daily doses of xylitol showed no caries 
reduction. Interestingly, children with erupting teeth have benefited from the xylitol intervention 
most [54].

In most studies, xylitol was delivered in the form of chewing gums or slowly dissolving lozenges. 
With such products, the xylitol level in saliva stays elevated for several minutes. Chewing gums 
and lozenges are, however, not feasible delivery methods for infants. Giving xylitol to infants in the 
form of syrup [55] or in wipes [56] have decreased caries occurrence compared to control products. 
These methods being effective in delivering xylitol emphasize that xylitol works even without the 
involvement of saliva stimulation. Toothpastes with xylitol have received interest even though there 
are hardly any clinical studies to back up their effect. If toothpaste is used as recommended, the 
daily doses of xylitol will amount only to milligrams.

XYLITOL IN PREVENTION OF MS TRANSMISSION

Habitual xylitol consumption of mothers with high MS counts reduced the colonization of MS 
on the teeth of their children 5-fold at the age of 2 years [57]. This was reflected as a significant 
decrease of 70% in caries occurrence of their children when compared to the controls. A signifi-
cant difference in caries occurrence was still to be detected when the children were 10 years old 
[58]. This finding has been confirmed by studies conducted with slightly different study designs in 
Sweden, Japan, and Estonia.

GUIDELINES FOR POLYOL USE FOR CARIES PREVENTION

There are several guidelines and recommendations concerning polyols in caries prevention. One 
among the most important is the xylitol recommendation of American Association of Paediatric 
Dentistry [59]. The most recent systematic review consistently concludes that habitual use of xylitol 
or polyol combination chewing gum/lozenges is an effective adjunct in caries prevention [60].

There are hundreds of publications on xylitol and oral health. Hence it is quite possible to draw 
clinical guidelines from these. According to the Finnish evidence-based guidelines for caries pre-
vention [61], it is recommended that mothers of small children should use xylitol products (at least 
5–6 g daily) especially if they are caries-active and that xylitol products (min. 5 g of xylitol) reduce 
the formation of caries when used daily after each meal.

Polyols, especially xylitol and possibly erythritol, offer a prevention method suitable for self-
care but also population-based caries prevention programs. More clinical trials are, without doubt, 
needed but the already existing evidence supports the idea of using xylitol as an adjunct to other car-
ies prevention methods. Especially, caries-active young mothers with infants, children with erupting 
teeth, and caries-risk patients should benefit from xylitol-based caries prevention.

MORE RESEARCH IS NEEDED ON

The influence of total sugar intake on the prevalence of dental decay in longitudinal 
study designs

Behavioral factors that influence sugar intake
The efficacy of dietary counseling and nutrition education on sugar intake
Caries-preventive effects of erythritol in randomized controlled trials
The mechanism of action of xylitol
The effects of xylitol consumption on oral microbiota other than MS
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RECOMMENDATIONS OF FUTURE RESEARCH

Research on biological and behavioral factors that influence caries risk is needed. More studies 
are needed on the influence of the total sugar intake in relation to energy intake, the form in which 
it is consumed and the frequency of its consumption in relation to the prevalence of dental decay. 
Studies on nutrition education and counseling parents to reduce caries in children are needed. 
Preventive and oral health promotion programs should be planned and implemented for devel-
oping countries. Age-specific caries risk assessment tools with high sensitivity and specificity 
should be designed.

As caries-preventive polyols, erythritol and xylitol appear to be the most interesting. For eryth-
ritol, so far no clinical caries trials on its effects on dental health have been published. In spite of 
the abundant literature on xylitol, still more research is needed, for example, on the mechanisms of 
action. Also newer well-designed, placebo-controlled randomized controlled trials (RCTs) are still 
needed. Very few publications address possible synergistic effects of xylitol and other methods used 
in caries prevention. Apart from MS, hardly anything is known about the effects of xylitol consump-
tion on oral microbiota.
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KEY POINTS

• Around 30% of cancers in high-income countries could be prevented by improving dietary 
quality, maintaining a healthy body weight, and being physically more active.

• A number of theories exist as to how sugar could promote carcinogenesis. These are linked 
to insulin and insulin-like growth factor production, weight gain, transit time, and oxidative 
stress.

• Assessment of dietary sugar intakes in large epidemiological studies is challenging. Very 
few studies have differentiated between types of sugar; improved measures of dietary 
assessment are needed.

• The largest systematic reviews of diet and cancer conclude that evidence on sugar intake 
and cancer risk is limited.

• Case–control studies but not cohort studies have provided some evidence of positive rela-
tionships between sugar intake and cancer risk. Case–control studies are the weaker study 
design due to inherent limitations around recall bias.

• Colorectal cancer risk does not appear to be increased with intake of sugar, fructose, GI, or 
GL from the most recent systematic reviews on the topic. This is the cancer with the most 
evidence available on sugar intake in relation to risk.

• Endometrial cancer risk may be increased with higher intakes of sugar, CHO, and GL.
• One large cohort study has shown an increased risk of esophageal cancer with energy-

adjusted sugar intake.
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• For all other cancers, the evidence is inconclusive or does not suggest an effect of sugar 
on risk.

INTRODUCTION

In the USA, about 40% of the population will be diagnosed with some sort of cancer during their 
lifetime, according to cancer statistics provided by the Surveillance, Epidemiology, and End Results 
Program of the National Cancer Institute [1]. Rates of incidence and mortality for the most impor-
tant cancer sites are shown in Figure 24.1. While it is generally accepted that different dietary fac-
tors are involved in either promoting or preventing cancers, the range of estimates for the proportion 
of cancers that may be attributed to diet and related lifestyle variables remains wide and varies by 
cancer site [2,3]. However, recent estimates suggest that around 30% of cancers in high-income 
countries may potentially be prevented by addressing dietary quality, through maintaining a healthy 
body weight, and through being physically active [4].

As reviewed in other chapters, consumption of dietary sugars is increasing worldwide [5], and 
in this chapter we will review the evidence of how this might contribute to risk of various cancers. 
Some attention has been given to the effects of sucrose, and a few studies have investigated the pos-
sible associations of fructose as well as glycemic index (GI) and glycemic load (GL) with cancer 
risk. It is plausible that diets, which are high in sugars, may promote carcinogenesis. A number of 
theories exist as to how sugar could promote carcinogenesis, although these are likely to be site-
specific if a true relationship does occur. Sugar consumption may stimulate synthesis of insulin and 
insulin-like growth factor-I (IGF-I) [6], although other energy-containing nutrients would also have 
this effect. Insulin regulates energy metabolism and increases synthesis of IGF-1 and decreases 
a number of IGF-binding proteins [6]. This would lead to enhanced tumor development through 
promotion of cell proliferation and by inhibiting cell death. High sugar intake may promote weight 

Lung

Breast

Colorectum

Stomach

Prostate

Liver

Cervix uteri

Esophagus

Bladder

Non-Hodgkin lymphoma

Leukemia

Corpus uteri

Kidney

Pancreas

Male Female
World ASR (W)

Lip, oral cavity

40 30 20 10 0 10 20

Incidence
Mortality

30 40

FIGURE 24.1 (See color insert.) Risks of cancer worldwide.



343Dietary Sugars and Cancer Risk

gain which is associated with a number of cancers [7]. Sucrose could increase mouth-to-anus transit 
time and increase the fecal concentration of secondary bile acids [8]; these compounds may have 
tumor-promoting capacity. Oxidative stress and associated metabolic abnormalities can be affected 
by carbohydrate intake along with other dietary components [9].

The largest systematic reviews of diet and cancer undertaken concluded that evidence on sugars 
and cancer risk was limited. The only potential relationship of note was that foods containing non-
milk added sugars may increase risk of colorectal cancer [7]. It is particularly difficult to measure 
the effect of sugars on cancer risk because of inconsistency in the classification of sugars across 
studies. Dietary sugar assessments in most epidemiological studies are limited to food frequency 
questionnaires, which are subject to high degrees of measurement error. Urinary fructose has been 
used as a biomarker of sucrose intake [10], but has not been used in studies linking carbohydrate and 
cancer risk. An overview of epidemiological studies on carbohydrates and cancer concluded that 
data from prospective studies are too limited to be able to draw conclusions for an effect of sugars 
on cancer other than sucrose for colorectal, and perhaps lactose for ovarian cancer, with further 
research needed [8]. Case–control studies have provided some evidence of positive relationships 
between intake of dietary sugars and cancer risk [11,12]. However, inherent limitations of case–
control study design, especially relating to potential bias in recall of diet, make the interpretation 
of findings difficult, especially when effects of dietary sugars on cancer may be small. Prospective 
cohort studies do not suffer from the same biases as case–control studies and have generally not 
seen positive associations between sugar intakes and cancer risks.

CANCERS OF THE DIGESTIVE TRACT

CanCers of the mouth, Pharynx, and larynx

Smoking and dietary factors are thought to be strongly implicated in the development of cancers 
that originate in the mouth and throat, through being in direct contact with inhaled or consumed 
carcinogens. Alcohol and smoking are considered the dominant risk factors, but the role of other 
dietary factors has also been explored in a considerable number of case–control studies and a more 
limited number of cohort studies [13]. The World Cancer Research Fund considered the evidence 
available up to 2007 and judged that there was a probable causal protective association between the 
consumption of nonstarchy vegetables, fruits, and carotenoid-rich foods. Few studies have investi-
gated the relationship of these cancers with dietary sugars or sugar-rich foods.

One case–control study conducted in Italy and Switzerland investigated the relationship between 
foods groups, macronutrients, and laryngeal cancer in 527 incident cases and 1297 hospital controls 
[14,15]. Some evidence of reduced risk in individuals with greater consumption of total sugars was 
observed (OR 0.71, 95% CI 0.48–1.05) when comparing the lowest and highest consumption quin-
tiles. However, there was some evidence of an increased risk with increasing consumption of sugars 
when analyzed as a food group (OR 1.55, 95% CI 1.04–2.13) when comparing the highest and lowest 
consumption quintiles. One cohort study has investigated the association between consumption of 
sugars and risk of cancer of the mouth and larynx. Tasevska et al. [16] explored the risk of 24 differ-
ent malignancies in association with consumption of a range of different sugar exposures, including 
total sugars, sucrose, fructose, added sugars, added sucrose, and added fructose in the large NIH-
AARP Diet and Health Study. Of more than 400,000 participants who were initially aged 50–71 
years, 29,099 men and 13,355 women developed cancer after 7.2 years of follow-up. Oral cancer 
occurred in 547 men and 205 women and was found to be inversely associated with energy-adjusted 
added sucrose and added fructose intakes in men, but not in women. Overall, the highest consumers 
of total sugars, fructose, and sucrose had a 30% lower risk of oral cancer compared with the lowest 
consumers. No significant associations were observed, however, between dietary sugar consumption 
and risk of cancer of the larynx. Based on this limited body of evidence, there appears to be some 
suggestion of lower risk of cancers of the mouth and upper aerodigestive tract in people with higher 
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sugar consumption. However, in both of these studies, multiple comparisons were undertaken, which 
increases the possibility that some of their findings may have occurred by chance.

CanCer of the esoPhagus

Cancer of the esophagus is one of the most commonly occurring cancers worldwide, with higher 
rates among men (Figure 24.1). It confers a high mortality risk. There are two main types: adeno-
carcinoma and squamous cell carcinoma. Incidence rates of adenocarcinoma of the esophagus have 
increased markedly in higher-income countries in the last few decades, but rates of squamous cell 
carcinoma have remained relatively stable [17]. Tobacco smoking, particularly when combined with 
alcohol consumption, is a strong risk factor, and abdominal obesity is increasingly being recognized 
as an important driver for the rising incidence of adenocarcinoma of the esophagus [17]. From a 
dietary perspective, other than alcohol consumption and body fatness, for which the World Cancer 
Research Fund judged the evidence as “convincing,” most studies have indicated lower risk of this 
cancer in people with dietary patterns incorporating greater amounts of nonstarchy vegetables, 
fruits, and foods rich in carotenoids and/or vitamin C [7]. In 2007, insufficient evidence was avail-
able upon which to base a judgment concerning the role of sugars and sugar-rich foods in the etiol-
ogy of this cancer.

Since 2007, one cohort study has undertaken analyses exploring the role of carbohydrates in 
determining risk of cancers of the esophagus. In the NIH-AARP cohort study, adenocarcinoma of 
the esophagus was positively associated with consumption of energy-adjusted added sugars (HR 
1.62, 95% CI 1.07–2.45) for Q5 versus Q1, although this association appears to be driven by the 
findings for men, since gender-specific analyses did not reveal an association in women [16].

One case–control study explored the relationship between dietary GI, GL, and risk of esopha-
geal cancer [18]. For each 10-unit/day increase in GI, the odds of squamous cell esophageal cancer 
increased by 10% (OR 1.1, 95% CI 0.9–1.5), and for each 100-unit/day increment in GL, the odds 
were increased by 20% (OR 1.2, 95% CI 1.0–1.5). Similarly, in the NIH-AARP cohort study, no 
association was observed between dietary GI or GL for men and women combined; however, in men 
there was an elevation in risk in the highest quintile of dietary GI compared with the lowest (RR 
1.50, 95% CI 1.10–2.05) [19]. However, case numbers in women were relatively small after just 7 
years of follow-up. The authors of the NIH-AARP study indicate that the elevation in risk in men 
associated with increasing consumption of added sugars may be independent of body mass index, 
since omission of this variable from the analysis model did not materially influence the estimates of 
risk. They suggest that since there are parallels between the rising incidence of esophageal adeno-
carcinoma in the USA and consumption of high-fructose corn syrup-sweetened food and beverages, 
this finding is worthy of further investigation.

gastriC CanCers

Gastric cancer incidence has decreased worldwide over the last few decades, but it remains as one 
of the leading causes of cancer death around the world, particularly in males (see Figure 24.1). 
There is a marked disparity in incidence and mortality rates between richer and poorer regions of 
the world, with major reductions in higher-income countries relative to low- and middle-income 
regions [20]. Much of this reduction has been attributed to improvements in general nutrition, but 
also to improvements in living conditions and standards of hygiene which have lowered infection 
rates of Helicobacter pylori, one of the key causative agents of gastric adenocarcinomas occur-
ring in the noncardia region of the stomach [21]. Interestingly, some research has suggested that 
hyperglycemia may act as a possible cofactor, increasing the gastric cancer risk of H. pylori infec-
tion and may increase the risk of developing gastric hyperplasia (a precursor of gastric cancer) 
[22,23].
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There is a limited body of evidence concerning the potential impact of sugars and sugary foods 
on risk of gastric cancers. The World Cancer Research Fund in 2007 [7] was unable to draw any 
conclusions concerning the role of these dietary exposures due to the lack of studies at that time. 
Evidence is suggestive, however, that obesity, and, in particular, abdominal obesity may be associ-
ated with increased risk of stomach cancers occurring in the cardia, or upper region of the stomach, 
and there is therefore some potential for a link here with dietary sugar consumption [24].

Relatively few studies have explored the links between intake of dietary sugars and risk of stom-
ach cancer. One Italian population-based case–control study reported some evidence of a reduc-
tion in risk in individuals consuming greater amounts of total dietary sugars [25]. This finding 
was somewhat at odds with earlier case–control studies that had suggested a positive association 
with dietary sugars or sugar-rich foods [26–28], but consistent with others that also demonstrated 
inverse associations [29]. Other case–control studies conducted in Europe and Canada have found 
no evidence of an association [25,30–32]. Generally, the results of case–control studies have been 
extremely inconsistent, possibly due to variations in dietary methodology, categorization of dietary 
sugars, adjustment for presence of H. pylori infection, and variation in location and subtype of 
stomach cancer within the studied population. The one cohort study that has published data on sugar 
consumption and gastric cancer risk found no evidence of an association [16].

In terms of dietary GI or GL, the evidence base is again rather limited. One case–control study 
conducted in Italy found no association with dietary GI, but participants in the highest category 
of GL experienced an elevation in risk of gastric cancer compared with those consuming low-GL 
diets (OR 1.94, 95% CI 1.47–2.55) [33]. One further hospital-based case–control study conducted in 
Serbia did not find an association with either dietary GI or GL [29]. Two cohort studies, conducted 
in Sweden and the USA, have investigated the role of dietary GI and GL in risk of stomach cancer 
[19,34]. Neither found any evidence of an association, although in both studies case numbers were 
relatively small. Collectively, evidence of a consistent robust association between gastric cancer risk 
and dietary sugar consumption or high-GI or -GL diets is lacking.

CanCers of the Colon and reCtum

Cancers in the colon and rectum are one of the most common types of cancer worldwide, with a 
relatively high associated mortality rate (Figure 24.1). There is considerable geographical variation 
in incidence rates globally, with many lower-income countries now experiencing rises in incidence, 
whilst in many higher-income regions, rates have tended to stabilize over the last few decades. In 
2007, the World Cancer Research Fund judged that a number of dietary variables were “convinc-
ingly,” or “probably” etiologically implicated in the development of colorectal cancer. In particular, 
red and processed meat, alcoholic drinks, and excessive body fatness were suggested to increase 
risk, whilst foods rich in dietary fiber, garlic, milk, and calcium were considered to be potentially 
protective [7].

With a more extensive evidence base than for other gastrointestinal cancers, some reviewers 
have suggested that colorectal cancer risk may be elevated in individuals consuming diets higher in 
total or added sugars. Based on results from five US and Canadian cohort studies, Key and Spencer 
[8] suggested that sucrose may elevate colorectal cancer risk, although none showed statistically 
significant associations. The World Cancer Research Fund (WCRF) also concluded that there was 
“limited suggestive evidence” that sugar is causally associated with colorectal cancer [7]. More 
recently, Galeone et al. [35] reviewed the literature on added sugars and risk of colorectal cancer 
and through meta-analysis, generated a pooled estimate of risk for eight case–control studies and 
one cohort study. The pooled estimate for the case–control studies indicated a 34% higher risk 
in the highest sugar consumers compared with the lowest (RR 1.34, 95% CI 1.07–1.70), although 
there was considerable heterogeneity around this estimate (I2 = 67%, P = 0.002), which suggests 
that interpretation should be cautious. The one cohort study they identified observed no association 
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between dietary sugars (whether added or not) and risk of colorectal cancer in participants of the 
NIH-AARP study [16].

As part of the WCRF Continuous Update Project on colorectal cancer risk, Aune et al. [36] 
undertook update searches of the literature to October 2011 and were able to run meta-analyses 
of cohort studies that had provided risk estimates in association with sucrose and fructose con-
sumption. The pooled estimates of risk for six and five studies, respectively, comparing highest 
and lowest consumers, were close to 1, and indicative of no association (sucrose RR 1.01, 95% CI 
0.87–1.16 and fructose RR 1.01, 95% CI 0.87–1.27). Accordingly, the authors concluded that there 
is no evidence of an association between sucrose and fructose consumption and risk of colorectal 
cancer.

A number of reviews have been published on the relationship between dietary GI and GL and 
risk of colorectal cancer [35–38]. Using the superior dose–response meta-analysis approach, 
rather than comparison of high versus low consumption categories, Aune et  al. [36] pooled 
the results of 12 cohort studies. The summary risk estimates indicated no association between 
either dietary GI (expressed per 10-unit/day increment RR 1.07, 95% CI 0.99–1.15, I2 = 39%) 
or GL (expressed per 50-unit/day increment RR 1.01, 95% CI 0.95–1.08, I2 = 47%) and risk of 
colorectal cancer.

It may be argued that a distinction should be made between sugars that are naturally occurring 
and those that have been “added,” but the balance of evidence coming from the less-biased cohort 
studies would indicate that there is little evidence to support suggestions of an independent effect of 
dietary sugars, dietary GI or GL on colorectal cancer risk.

PanCreatiC CanCer

Unlike some other cancer types, which have benefitted from improvements in detection and man-
agement in recent years, pancreatic tumors have remained one of the leading causes of cancer death 
in men and women around the world [39]. Cancers occurring in the pancreas tend to generate few 
early symptoms, get diagnosed rather late, and lead to poor survival times [40]. One of the key risk 
factors for cancer of the pancreas is type 2 diabetes, with a 1.5–2-fold increased risk [41]. It might, 
therefore, be hypothesized that modulations in glucose tolerance that could be induced through 
long-term consumption of diets rich in simple sugars or rapidly absorbed carbohydrates might be 
implicated in the development of this particular cancer and therefore warrant exploration as a modi-
fiable factor for prevention.

Aune et al. [42] summarized the results of prospective cohort studies published up to September 
2011 that had explored the relationship between dietary carbohydrates and risk of pancreatic can-
cer. Using a random-effects meta-analysis, the summary relative risk for each 25 g/day increment 
of dietary sucrose of 1.05 (95% CI 0.85–1.23) was indicative of no association. However, fructose 
intake was positively associated with risk of pancreatic cancer, with a 22% increased risk for each 
25 g/day consumed (95% CI 8–37%). It is noteworthy that all seven cohort studies included in 
the meta-analysis were conducted in the USA, where soft drinks are generally sweetened with 
high-fructose corn syrup. The results of the NIH-AARP cohort analysis were not included in this 
meta-analysis, and in this US study, an inverse association was observed between consumption of 
added sucrose and added fructose and risk of pancreatic cancer, with some indication of a positive 
association with naturally occurring fructose (derived from fruits) [16]. Further cohort studies are 
warranted to tease apart inconsistencies between studies and the separate influences of total fruc-
tose, added fructose, and sugars derived from solid and liquid sources.

The relationship between dietary GI and GL and risk of pancreatic cancer has been summarized 
in two recent meta-analyses of cohort studies. Aune and colleagues undertook dose–response meta-
analyses of nine cohort studies that were published before 2011. Neither GI nor GL was associated 
with risk of pancreatic cancer. Choi et al. [37] synthesized the results from the same number of 
cohort studies by using a random-effects meta-analysis comparing risk between highest and lowest 
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consumers, rather than through the derivation of dose–response curves. Similar pooled estimates 
indicative of no association were reported.

HORMONE-DEPENDENT CANCERS

CanCers of the female reProduCtive organs

Cohort studies that have explored links between sugars and ovarian or endometrial cancer have 
focused on measurement of lactose or dairy products rather than total sugars. Lactose is a disaccha-
ride that is found primarily in milk and milk products. Other foods may contain “hidden” lactose, 
such as breads or cereals. Lactose is converted by intestinal lactase to produce galactose and glucose.

A meta-analysis of three prospective cohort and 18 case–control studies found varying results. 
The case–control studies did not provide evidence of positive association between lactose and ovar-
ian cancer risk. However, the cohort study results were consistent and showed significant positive 
associations between intakes of lactose, total dairy foods, and low-fat milk and risk of ovarian 
cancer. For a daily increment of 10 g lactose (approx. = 1 glass milk), the summary relative risk 
of ovarian cancer was 1.13 (95% CI 1.05–1.22) [43]. However, there was significant heterogeneity 
among results of all studies, which may affect the reliability of the findings, although no publica-
tion bias was evident. A pooled analysis of 12 prospective cohort studies found a weak, marginally 
significant positive association observed for lactose and ovarian cancer risk (pooled multivariate RR 
for 10 g/day increment of lactose, 1.04; 95% CI 0.99–1.08). Lactose intake was highly correlated 
with milk and calcium intake within this pooled analysis; those intakes were not associated with 
risk of ovarian cancer [44].

A large Canadian cohort study that followed up women for a mean of 16.4 years observed 264 
incident ovarian cancer cases. They found no association between ovarian cancer risk and sugar 
intake, or for total carbohydrate or GI [45]. However, the large NIH-AARP study which was fol-
lowed up for 7.2 years found that all sugars investigated (total and added sugars, fructose, and 
sucrose) were inversely associated with ovarian cancer risk [16] and this was not affected by adjust-
ing for fruit intake. The authors suggest that their results may have been confounded or indicative 
of a particular dietary pattern.

High levels of circulating galactose have been postulated to be linked with increased risk of 
ovarian cancer. Galactose is formed from lactose and also found in dairy products, sugar beets, 
gums, and produced by the body. Galactose may impair ovarian feedback to the pituitary causing 
increased gonadotropin levels or by direct toxicity to the ovarian germ cells [43]. Case–control stud-
ies which have explored the relationship between galactose metabolism and risk of ovarian cancer 
have not found evidence to support this theory [46–48].

Endometrial cancer risk is linked to reproductive characteristics affecting hormone levels. 
Consumption of foods with high sugar content promotes insulin production, leading to obesity and 
potentially hyperinsulinemia. Insulin promotes cellular proliferation and tumor growth by acting 
directly on endometrial tissue. There are also insulin receptors in the endometrium [49]. Six cohort 
studies were included in a meta-analysis up to December 2011. A higher intake of total sugar, CHO, 
and GL were predictors of increased risk of endometrial cancer. The dose–response relative risk for 
25 g/day additional sugar was 1.07 (95% CI 1.01–1.13) [50]. A systematic review and meta-analysis 
of four cohort and one case–control study published before December 2007 found an increased risk 
for endometrial cancer with higher GL consumption. Risk was increased further in obese women. 
No significant associations were observed for GI [51]. This implies that endometrial cancer risk 
may be linked more closely to blood glucose levels and hence insulin. In the European Prospective 
Investigation into Cancer (EPIC), there were no significant associations between major sugar-con-
taining food groups and endometrial cancer risk. However, there was a slightly increased risk with 
total sugar consumption. On calibration of the results using 24-h recall values, there was a signifi-
cantly higher risk associated with total sugar intakes (RR per 50 g/day 1.36, 95% CI 1.05–1.76) [52]. 
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A similar size of effect was found in the Swedish Mammography Cohort. During 18.4 years of 
follow up in that cohort, 729 participants were diagnosed with incident endometrial cancer. Higher 
sucrose intake and consumption of sweet buns and cookies were significantly positively associated 
with increased risk [53].

A meta-analysis of diabetes-related cancers included five cohort studies that had examined 
endometrial cancer and GI/GL. The aim was to evaluate the hypothesis that GI or GL could 
predict cancer risk, particularly those cancers related to high levels of blood glucose or insulin. 
This review found that the highest category of GL intake was significantly associated with a 21% 
greater risk of developing endometrial cancer compared with the lowest category of intake (95% 
CI 1.07–1.37) [37].

breast CanCer

Established risk factors for breast cancer are largely hormonal and reproductive factors. Risk among 
postmenopausal women is increased by obesity, probably because of relatively high estrogen pro-
duction in obese women as a result of synthesis in adipose tissue from androgen precursors. Linking 
this to sugars intake, it is possible that high intakes of sucrose or high GL might increase risk by 
leading to obesity [8]. However, due to multicollinearity associated between sugars and other mac-
ronutrients, it is challenging to characterize risk as a result of sugars intake per se, and even more 
challenging to ascribe associations to one type of sugar over another. Other possible mechanisms 
have linked increasing blood glucose levels and measures of insulin resistance. This has been shown 
to increase risk of breast cancer in an Italian cohort [54]. However, circulating insulin and glucose 
levels were not predictive of future breast cancer incidence in a small US cohort, although there was 
a weak association with type 2 diabetes [55].

The World Cancer Research Fund systematic reviews of breast cancer and diet concluded that the 
evidence was limited regarding sugar, sucrose, sugary foods, and drinks so that no conclusion could 
be drawn [7]. Only a few cohort studies have explored sugar intakes in relation to breast cancer risk. 
No association was seen between sucrose and fructose intake in adolescents and risk of later breast 
cancer in the Nurses Health II cohort study [56]. There was also no association between any sugar 
(glucose, fructose, sucrose, maltose, lactose, or starch) and breast cancer risk in a Danish cohort 
of postmenopausal women. In addition, taking into account, tumor estrogen receptor status did not 
alter the results [57]. The Canadian National Breast Screening cohort also found no relationship 
between total sugar intake and risk of breast cancer [54].

Consumption of a high GI or GL diet could promote carcinogenesis by inducing hyperglycemia 
and hyperinsulinemia, linked to the IGF-1 system. A recent meta-analysis illustrated that IGF-1 lev-
els were associated with premenopausal but not postmenopausal breast cancer risk [58]. However, 
a systematic review of 10 cohort studies and four case–control studies found no positive associa-
tions between GI or GL and risk of breast cancer [59]. A further systematic review including 13 
cohort studies also found no relationship between GI or GL on risk of breast cancer [37]. The 
large European EPIC cohort found that overall GI, GL, and carbohydrate intakes were not related 
to breast cancer. However, there was a significant positive association in postmenopausal women 
who had estrogen receptor negative (ER−) breast cancer, comparing extreme quintiles of intakes 
for GL (HR Q5–Q1 1.36; 95% CI 1.02–1.82; Ptrend = 0.010) and carbohydrate intake (HR Q5–Q1 
1.41; 95% CI 1.05–1.89; Ptrend = 0.009) [60]. Carbohydrate intake was also positively associated with 
ER− breast tumors in the E3N cohort of postmenopausal women [61]. The Swedish Mammography 
Cohort of 61,433 women found a weak positive association between GL but not GI or carbohydrate 
intake. In this cohort, stratification by estrogen and progesterone receptor status found statistically 
significant positive associations between GL, GI, and CHO intake for only ER + /PR− breast cancer 
[62]. It is not clear why there are inconsistencies in relation to hormone receptor status, and evidence 
to date is limited. GI and GL evaluate different aspects of total carbohydrate intake. GL uses the GI 
to estimate the impact of carbohydrate consumption taking into account the amount of carbohydrate 
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that is consumed, assessing both the quality and quantity of dietary carbohydrate. GL and carbohy-
drate intake are correlated, although GL has been shown to be better than carbohydrate content of 
the diet to predict postprandial glycemia and insulin demand [63]. Nevertheless, caution is required 
when interpreting estimates of cancer rates linked to GI or GL since impact of total meal composi-
tion or meal preparation can affect results [8].

Prostate CanCer

Prostate cancer is the most common malignancy in men in high-income countries. It is a hormone-
dependent cancer, and growth factors such as IGF-1 have been associated with risk of prostate 
cancer. Dietary carbohydrate may play a role in the etiology of this cancer through influences on 
the IGF-axis or insulin levels. One of the most potent stimulants for insulin production is carbo-
hydrate consumption [64]. The IGF system is also influenced by genetic variation. IGF pathway 
genes were measured in >5500 Caucasian men and 5500 Caucasian women from the Breast and 
Prostate Cancer Cohort Consortium. Common genetic variation in the IGF-1 and SSTR5 genes 
do influence circulating levels although they explain only a small percentage of the variation in 
circulating IGF-I [65].

Epidemiological evidence linking sugars and prostate cancer is limited. The Malmo diet and 
cancer cohort found positive associations between intakes of cakes and biscuits and low-risk pros-
tate cancer. However, there was no association between sucrose intake, or sweets and sugar intake 
and overall prostate cancer. Sugar-sweetened beverage intakes were associated with borderline 
increased risk of symptomatic prostate cancer [64]. The Prostate, Lung, Colorectal, and Ovarian 
Cancer Screening Trial did not find any associations between dietary CHO, GI, or GL [66]. A meta-
analysis of three cohort studies, all from the USA, which had explored these exposures found no 
significant associations [37].

OTHER CANCERS

Limited evidence exists for sugar intake in relation to any other individual cancer type. The liver is 
exposed to high concentrations of insulin and IGF signaling. Deregulation of insulin-linked path-
ways may promote liver or bile duct cancer [67]. Total sugar intake in 477,206 participants in EPIC 
was positively associated with hepatocellular carcinoma (HR 1.43, 95% CI 1.17–1.74 per 50 g/day). 
Higher dietary CHO, GI, or GL was not associated with liver or biliary tract cancer [67]. In a 
Canadian case–control analysis, GI and GL were also not associated with liver cancer [32]. An 
Italian case–control study found significant positive trends between GI and GL and renal cell car-
cinoma [68].

A pooled analysis of the Nurses’ Health Study and Health Professionals Follow-Up Study found 
that sugar-sweetened soda consumption was associated with increased risk of non-Hodgkin lym-
phoma. However, findings for men and women analyzed separately were inconsistent; men having 
increased risk but not women. Total and added sugars in the NIH-AARP study were positively 
associated with risk of leukemia in women but not in men [16].

Lung cancer may be influenced by diet, although smoking is by far the most important cause. 
Dietary patterns in men from the Netherlands Cohort Study on Diet and Cancer found that the 
pattern labeled “sweet foods” were inversely associated with lung cancer after multivariate 
adjustment (RR 0.80, 95% CI 0.70–0.90 per linear increment of 1 SD). This was unexpected; the 
higher intakes of monosaccharides, disaccharides, fruits, and lower consumption of alcohol asso-
ciated with this pattern was not able to fully account for the protective effect [69]. Most research 
looking at diet and lung cancer has focused on fruits, vegetables, and related micronutrients, with 
little attention given to carbohydrates. No dietary effects on lung cancer have been established. 
Dietary factors and risk observed in studies are weak and may be due to residual confounding by 
smoking [8].
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CONCLUSION

Despite a large amount of epidemiological research, the precise nature of the effect of sugar intake 
in the diet on risk of specific cancer types is still uncertain. Very few studies have differentiated 
between types of sugar, and improved measures of dietary assessment are needed. There is a lim-
ited amount of evidence linking reduced risk of mouth and upper aerodigestive cancer incidence 
with higher sugar intakes. However, risk of esophageal cancer is potentially increased with higher 
sugar intakes. The evidence around risk of sugar intake in relation to colorectal cancer incidence 
is more extensive but results are mixed leading to limited suggestive evidence of a role for sugar. 
Endometrial cancer risk may be increased with higher intakes of sugar, CHO, and GL. For other 
cancer types the evidence is inconclusive or does not suggest an effect of sugar. The link between 
sugar intake and obesity is one which is difficult to completely disentangle through adjustment for 
confounders. Although the epidemiological evidence linking sugars to cancer is mixed, there are 
potential mechanisms through which the two could be linked. Improved epidemiological methods 
which take account of all relevant confounders and have more robust measures of diet are needed.
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Dietary Sugars and Physical 
Performance

Asker E. Jeukendrup

KEY POINTS

• Carbohydrate ingestion can improve performance during prolonged exercise (>2 h), but 
also during shorter higher-intensity exercise (~60 min).

• New proposed guidelines take into account the duration and intensity of exercise and 
advice is no longer restricted to the amount of carbohydrate, but also addresses type of car-
bohydrate. In general, smaller amounts of carbohydrate are recommended when exercise 
duration is shorter, and relatively high intakes are recommended for more prolonged and 
extreme exercise.

• There is a positive relationship between carbohydrate delivery (ingestion, digestion, absorp-
tion), exogenous carbohydrate oxidation, and exercise performance when the exercise 
is >2 h.

• Combinations of glucose and fructose (or other multiple transportable carbohydrates) have 
been shown to be most effective in increasing exogenous carbohydrate oxidation and exer-
cise performance.
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• The vast majority of sugars ingested during exercise are oxidized (70–90%) and carbo-
hydrate ingestion is usually only a small percentage of the total energy expenditure in 
athletes (up to 25%).

• Since exercise is a major modulator of the metabolic fate of sugars, discussions on the 
effects of sugars should take into account physical activity.

INTRODUCTION

Especially in the context of exercise, it is important to define the term “sugars.” The term typically 
refers to mono- and disaccharides including glucose, fructose, galactose, sucrose, maltose, lactose, 
and a few others. Sugars are a subcategory of carbohydrates, which also contain larger and more 
complex molecules. It is important to note that from a functional point of view, this subdivision is 
meaningless, as some of the complex molecules such as maltodextrins and amylopectin, for exam-
ple, behave identical to glucose, whereas some of the simple sugars such as fructose behave quite 
differently. Therefore, in this chapter, we will not refer to the term sugar, but will use the term car-
bohydrate instead. Here we will discuss the effects of different types of carbohydrates on exercise 
metabolism and performance. This is also a plea to stop using terms such as simple and complex 
carbohydrates as these terms are confusing since some complex carbohydrates are metabolized 
much more rapidly than some simple sugars.

Both carbohydrate and fat are important energy sources during exercise. Carbohydrate is the 
main energy source when exercise intensities are relatively high and therefore essential for optimal 
performance in most competition settings. Fat stores are relatively large (even in a lean person 
there is enough for days of activity), whereas carbohydrate stores (in the muscle and liver) are small 
and may become depleted during 1–2 h of exercise. During exercise, carbohydrates are mobilized 
from their intramuscular and liver stores for energy production in the contracting muscle. Athletes 
employ strategies to optimize carbohydrate stores prior to exercise as well as topping up carbohy-
drate during prolonged activity.

The first report of carbohydrate use during long-distance runs dates back to around 520 bc. The 
athlete in this report is Pheidippides (539–490 bc), a Greek runner known for his 40-km run from 
the battlefield near Marathon to Athens to announce the Greek victory over Persia in the Battle of 
Marathon (490 bc). Although there is debate about whether Pheidippides actually ran this “mara-
thon,” it is pretty certain that he was an outstanding distance runner. Amongst many of his long 
runs, is a run from Athens to Sparta and back, a distance of at least 400 km in 3–4 days, during 
which he used figs as his main fuel. Figs are a good source of carbohydrate. According to the U.S. 
Department of Agriculture, a 60 g serving of dried, uncooked figs has 6 g of fiber and 29 g of sugar. 
A 60 g serving of fresh figs has 2 g of fiber and 10 g of sugar as well as 48 g of water.

Several centuries later in the 1920s, interesting observations were made by Levine et al. [1] during 
the Boston Marathon. They measured blood glucose in some of the participants of the 1923 Boston 
Marathon and observed that in most runners, glucose concentrations markedly declined after the 
race. The investigators suggested that low blood glucose levels were a cause of fatigue. To test that 
hypothesis, they encouraged several participants of the same marathon 1 year later to consume sugar 
(candy) during the race. This practice, in combination with a high-carbohydrate diet before the race, 
prevented hypoglycemia (low blood glucose) and significantly improved running performance (i.e., 
time to complete the race). Perhaps not the most robust study design, but interesting nevertheless.

In the 1960s, carbohydrate containing sports drinks started to be developed to deliver fluids to 
the athlete in order to prevent dehydration (but also energy in the form of sugars and other carbo-
hydrates) [2]. In the 1980s, a number of studies demonstrated the ergogenic effects of carbohydrate 
intake during exercise [3–8]. These effects were initially reported during prolonged exercise (>2 h) 
but more recently, performance-enhancing effects have also been found during shorter-duration, 
higher-intensity exercise (30–60 min) [9–13] as well as skill sports where coordination, timing, and 
other cognitive tasks are an important component of performance [13–16]. This chapter will review 
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the evidence that carbohydrates can enhance endurance performance and will discuss more recent 
findings on the effects of carbohydrates and in particular glucose and fructose during exercise. The 
metabolic fate of these sugars will be discussed as well as the mechanisms behind the ergogenic 
effects and some practical implications.

SUBSTRATE USE

At low-to-moderate exercise intensities, most energy can be obtained from oxidative phosphory-
lation of acetyl-CoA derived from both carbohydrate and fat (Figure 25.1). At higher exercise 
intensities, glycolysis is stimulated, and muscle glycogen is rapidly broken down to provide energy. 
Glucose is also mobilized from liver glycogen stores, transported to the muscle, and oxidized. At 
higher exercise intensities, fat oxidation is inhibited and fats play a less important role in energy 
provision. Fat oxidation in extreme cases (very prolonged exercise with depleted carbohydrate 
stores) has been reported to amount up to about 1 g/min but typically does not reach values above 
0.5 g/ min (2 kcal/min).

Body stores and maximal rates of adenosine triphosphate (ATP) resynthesis from different 
sources (phosphocreatine, carbohydrate, and lipid) are shown in Table 25.1. It is clear that fats can-
not provide ATP at the same rate as carbohydrates. As such, carbohydrates are the most important 
energy source at exercise intensities above approximately 65% of maximal oxygen uptake (VO2max). 
However, because body carbohydrate stores are relatively small, they may become depleted during 
exercise and this, as will be discussed below, can contribute to fatigue.

MUSCLE GLYCOGEN

Although noninvasive methods are available (nuclear magnetic resonance), the traditional method 
of quantifying muscle glycogen content is via muscle biopsy where a small amount of muscle is 
removed using a biopsy needle. The muscle sample is usually homogenized and the concentration of 
glycogen is described in terms of the number of “glucose or glucosyl units” per kg of tissue. Normal 
muscle glycogen concentrations at rest generally range from 60 to 150 mmol glucosyl units/kg wet 
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FIGURE 25.1 Substrate use during endurance exercise from different exogenous (fructose, galactose, glucose) 
and endogenous (adipose tissue triglyceride stores, muscle triglyceride stores, muscle and liver glycogen) sources.
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weight (ww) or 250–650 mmol glucosyl units/kg dry weight (dw). The total amount of glycogen 
stored in an average athlete is equivalent to about 500–600 g. Glycogen both in muscles and liver is 
stored with about 3 g water for every gram of glycogen. Therefore, after a period of oral carbohy-
drate loading (a method regularly used by athletes where dietary carbohydrate intake is increased, 
leading up to competition), any additional weight gain will not be entirely due to the increased gly-
cogen content alone, but also the presence of coincident water.

LIVER GLYCOGEN

Liver glycogen content depends on the nutritional state of the individual. For example, in the fed 
state, an adult liver weighing about 1.5 kg contains approximately 80 g of glycogen. Weight for 
weight, the liver contains more glycogen than does skeletal muscles. However, skeletal muscles 
represent by far the largest absolute glycogen store owing to the greater total body mass of skeletal 
muscles versus liver. After a number of days of high dietary carbohydrate intake, liver glycogen 
content can increase to about 100 g. Overnight fasting severely reduces total liver glycogen amounts 
(<20 g) [17]. This is because the main purpose of liver glycogen is to make sure blood glucose con-
centrations are maintained within a fairly narrow range (4–5 mmol/L). Liver glycogen stores are 
replenished after a meal but in the fasted state these stores will slowly decline as glucose is released 
into the circulation.

Acute fasting has no such effect on muscle glycogen stores. Muscle glycogen stores remain 
intact after an overnight fast. The main reason for this is that glucose, once inside the muscle cell, 
is phosphorylated to glucose-1-P (G-1-P) and the muscle does not contain enzymes to dephos-
phorylate G-1-P. Once glucose is in the muscle, it is trapped in the muscle and cannot return to 
the circulation. Muscle glycogen is used when the muscle contracts but its usage is minimal in 
resting conditions.

In the fasted state, glucose in the circulation is therefore derived predominantly from the liver 
(with a small contribution from the kidneys). After meal ingestion, glucose may also be derived 
from carbohydrate in that meal. When we refer to blood glucose as a substrate in this chapter, it is 
glucose derived from liver glycogen breakdown with or without a contribution of ingested carbohy-
drate, depending on timing of meal intake.

EXERCISE METABOLISM

Major shifts in substrate utilization occur in the transition from rest to exercise. Metabolism can be 
accelerated 10-fold, and carbohydrate and fat are rapidly mobilized from their respective storage 
sites. The relative contributions of carbohydrate and fat to energy production changes with exercise 
intensity and duration. For example, with transition from walking to running, substrate utiliza-
tion shifts from oxidation of fatty acids with minor contributions from blood glucose to a large 

TABLE 25.1
Body Stores and Maximal Rates of ATP Resynthesis from Different Sources

Duration That Body Stores Can 
Theoretically Support Maximal 
Activity Using This Source Only

Max Rate of ATP Resynthesis 
(mmol ATP/kg ww/s)

PCr breakdown 10 s 2.25

Glycolysis (glycogen → lactate) 5–10 min 1.10

Glycogen oxidation 1–2 h 0.70

Glucose (from blood) oxidation 5–15 min 0.35

Fat oxidation Days 0.25



359Dietary Sugars and Physical Performance

contribution of muscle glycogen and a reduced role of fatty acids (Figure 25.2). The recruitment of 
glycogen to support energy production during moderate to high-intensity exercise is necessary as 
this shift provides ATP at a rate sufficient to meet the higher energy demands of muscles at greater 
exercise intensity. Although there is an abundant store of fat in the body, fatty acids cannot be 
oxidized rapidly enough to support ATP production during heavy exercise. Nevertheless, during 
prolonged moderate-to-heavy exercise, muscle glycogen is degraded relatively quickly and the rate 
of fatty acid oxidation increases commensurately. The contribution of blood glucose increases [18] 
as well. If the exercise intensity increases further, muscle glycogen becomes the predominant fuel, 
blood glucose contributions increase, and fat metabolism is downregulated. The regulation of car-
bohydrate and fat metabolism is discussed in more detail in a number of reviews [19–21].

CAUSES OF FATIGUE DURING EXERCISE

Fatigue during exercise is a multifactorial process. Although in the vast majority of situations, no 
single factor causes muscle contraction to fail, low muscle glycogen content is consistently associ-
ated with exhaustion. Muscle glycogen breakdown during prolonged constant-pace exercise occurs 
more rapidly in type I than in type II skeletal muscle fibers. Nevertheless, at the point of fatigue, 
muscle glycogen concentrations are very low in both fiber populations. Individual fibers may selec-
tively fail to contract due to insufficient ATP generation caused by local glycogen depletion. One of 
the main reasons for fatigue, however, is simply a drop in the rates of carbohydrate oxidation (from 
muscle glycogen and other sources). Fat oxidation is able to support exercise up to about 60–65% 
VO2max. If an exercise intensity above that needs to be maintained, carbohydrate is required as a 
fuel to provide ATP at sufficient rates. If carbohydrate oxidation rates drop below a critical level and 
ATP cannot be resynthesized at high enough rates, muscle contraction will be negatively affected. 
At the same time, disturbances in energy status will send afferent signals to the brain. The brain 
integrates all feedback from the periphery (muscles and other tissues). Through the accumulated 
afferent feedback from these tissues (lactic acid, ADP, IMP, Pi, NAD+, low muscle glycogen, etc.), 
the brain is informed about the metabolic state of the muscle and when the number and intensity 
of these signals increases, the brain reduces motor output to these regions in an effort to reduce the 
negative afferent feedback.

Low blood glucose concentration, also known as hypoglycemia, is another contribution to 
fatigue during prolonged exercise. Blood glucose concentrations can decline in situations where 
exercise is prolonged enough to result in depletion of liver glycogen stores. Thus, without sub-
strate, the liver can no longer sustain glucose production sufficient to maintain adequate blood 
glucose concentration. The resulting hypoglycemia reduces glucose supply to the brain, fur-
ther contributing to fatigue. Athletes commonly refer to this metabolic situation as “hitting the 
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FIGURE 25.2 Substrate utilization during exercise at three different intensities (low intensity, 25% VO2max; 
moderate intensity, 65% VO2max; and high intensity, 85% VO2max). It is clear that especially muscle gly-
cogen plays an important role at moderate-to-high intensities. (Data from Romijn JA et al. Am J Physiol. 
1993;265:E380–91.)
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wall” or “bonking.” Usually at the same time, muscle glycogen is also reaching very low levels. 
Carbohydrate feeding during exercise is a simple way to maintain blood glucose concentration 
and prevent hypoglycemia.

CARBOHYDRATE INGESTION DURING EXERCISE AND PERFORMANCE

It has been known for some time that carbohydrate ingestion during exercise can increase exer-
cise capacity and improve exercise performance [22,23]. In general, when compared with pla-
cebo ingestion during exercise longer than 2 h, carbohydrate feeding will prevent hypoglycemia, 
maintain high rates of carbohydrate oxidation, delay the onset of fatigue, reduce ratings of per-
ceived exertion (RPE), and increase endurance capacity. Coyle et al. [4] demonstrated that blood 
glucose concentrations dropped to very low levels toward the end of exercise when subjects 
exercised at 70% to exhaustion over 3 h. However, when study participants were fed glucose 
during exercise, blood glucose concentrations and total carbohydrate oxidation rates were main-
tained, prolonging time to exhaustion by 1 h. In a follow-up study [6], cyclists exercised at 70% 
VO2max until fatigue (170 min) on three occasions. During these trials, plasma glucose declined 
to very low concentrations (3 mmol/L) and respiratory exchange ratio (RER) fell from 0.87 to 
0.81, indicating decreased carbohydrate use and increased fat utilization. After resting 20 min, 
the subjects attempted to continue exercise either [1] after ingesting a placebo, [2] after ingesting 
glucose polymers (3 g/kg), or [3] when glucose was infused intravenously (“euglycemic clamp”). 
Placebo ingestion did not restore euglycemia or RER. However, with glucose ingestion and 
infusion plasma glucose increased to ~5 mM and RER rose to 0.83. Plasma glucose and RER 
then fell gradually after carbohydrate ingestion but were maintained by glucose infusion. Most 
importantly, time to fatigue during this second exercise bout was significantly longer during the 
carbohydrate ingestion (26 min) or glucose infusion (43 min) compared with placebo (10 min).

These results have been confirmed by a large number of studies [8,24–28]. The ergogenic effects 
of carbohydrate ingestion have been discussed in more detail in a recent meta-analysis [29] as 
well as several comprehensive reviews [23,30,31]. It is clear that when carbohydrate is ingested, 
glycogen from the liver is “spared.” Studies have shown that with very high carbohydrate intakes 
(3 g/ min), hepatic glucose output can be completely blunted [32,33]. At lower carbohydrate intake 
rates, hepatic glucose output may not be completely blocked but it will be substantially reduced 
[32–34]. Muscle glycogen breakdown seems to be less affected by carbohydrate ingestion.

Since positive effects of carbohydrate feeding were typically seen during exercise lasting at 
least 2 h, it was believed for decades that the duration of exercise had to be at least 2 h for carbohy-
drate to demonstrate measurable impact on performance. However, more recent observations dem-
onstrate that carbohydrate ingestion can improve exercise performance during shorter duration 
exercise of higher intensity (e.g., 1 h around 75% VO2max). The mechanism behind these perfor-
mance improvements with carbohydrate feeding during shorter duration, high-intensity exercise 
is completely different from the ergogenic effects during very prolonged exercise. In fact, no per-
formance effect was observed during exercise at 75% VO2max with intravenous glucose infu-
sions in spite of accelerated tissue uptake of glucose [35]. This provides evidence that increasing 
glucose availability, as a substrate to the working muscle, has no effect during this type of activity. 
Interestingly, however, when subjects rinsed their mouth with a carbohydrate solution, this resulted 
in performance improvements [11] and these were similar to the improvements seen with carbohy-
drate ingestion. Therefore, there must be signals from the mouth to the brain that enable a greater 
power output and improved performance. There are numerous studies now that, on balance, show 
that this effect is real. These studies are reviewed in several recent papers [11,12,23,30,36]. This 
would suggest that the beneficial effects of carbohydrate feeding during exercise are not confined 
to its conventional metabolic advantage, but may also contribute to a more positive afferent signal 
capable of modifying motor output [37]. These effects are specific to carbohydrate and are inde-
pendent of taste [38].
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In summary, it is obvious that carbohydrate ingestion during exercise can enhance exercise per-
formance. Effects have been demonstrated with intense exercise as short as 30 min and the ergo-
genic effects seem to be especially robust during very prolonged exercise (>2 h).

The mechanisms during prolonged exercise are of metabolic nature, whereas during shorter 
high-intensity exercise, where even a mouth rinse can be effective, the effects seem to be through 
afferent signals to the central nervous system.

EXPLANATION OF CARBOHYDRATE MOUTH RINSE PHENOMENON

It is known that whenever food or drink is placed in the mouth, taste receptor cells (TRCs) are 
stimulated, providing the first analysis of potentially ingestible food [39–41]. TRCs exist in groups 
of 50–100 in taste buds, which are distributed across different papillae of the tongue, soft palate, 
and epiglottis [42]. Electrical activity initiated by a taste cue is transmitted to gustatory neurons 
(cranial nerves VII, IX, and X) that innervate the taste buds [43,44]. This information converges on 
the nucleus of the solitary tract in the medulla and is subsequently relayed via the ventral posterior 
medial nucleus of the thalamus to the primary taste cortex, located in the anterior insula and adjoin-
ing frontal operculum, and the putative secondary taste cortex in the orbitofrontal cortex [39]. The 
primary taste cortex and orbitofrontal cortex have projections to regions of the brain, such as the 
dorsolateral prefrontal cortex, anterior cingulate cortex, and ventral striatum, which are thought to 
provide the link between gustatory pathways and the appropriate emotional, cognitive, and behav-
ioral response [45,46]. The fact that many of these higher brain regions have been reported to be 
activated by oral carbohydrates and not nonnutritive sweeteners [38,47,48] may provide a mechanis-
tic explanation for the positive effects of a carbohydrate mouth rinse on exercise performance. Thus, 
the actual sensing systems involved may be responding to carbohydrate or energy versus taste per se. 
To date, the receptors in the oral cavity that mediate these performance-related effects have not yet 
been identified and the exact role of various brain areas is not clearly understood. Further research 
is warranted to fully understand the separate taste transduction pathways for various types of car-
bohydrates and how these differ between mammalian species, particularly in humans. However, 
it has been convincingly demonstrated that carbohydrate is detected in oral cavity by unidentified 
receptors and this can be linked to improvements in exercise performance [11]. It appears that this 
effect is independent of the type of carbohydrate, although further confirmatory research is needed.

OPTIMIZING CARBOHYDRATE INTAKE RECOMMENDATIONS

It appears that in many situations some form of carbohydrate supplementation can have ergogenic 
effects. More recently, efforts have focused on optimizing the carbohydrate supply and to develop 
more specific recommendations for athletes in different sports and activities [36]. Evidence is 
accumulating that greater exogenous carbohydrate oxidation during prolonged exercise can result 
in better performance [23,49]. Therefore, research has aimed to identify carbohydrates that result 
in high exogenous carbohydrate oxidation rates [23]. Using stable isotope tracer techniques, the 
oxidation of ingested carbohydrate (exogenous carbohydrate oxidation) was investigated in a vari-
ety of carbohydrate types. It was concluded that carbohydrates could be separated into two dif-
ferent categories: those oxidized at rates up to 60 g/h (or 1 g/min) and others oxidized at lower 
rates (up to about 35 g/h or 0.6 g/min) (Table 25.2). The “faster” carbohydrates include glucose, 
maltose, sucrose, maltodextrins, and soluble starch. “Slower” carbohydrates are fructose, galac-
tose, trehalose, isomaltulose, and insoluble starch. The main reasons for these lower oxidation 
rates include

 1. Slower digestion (hydrolysis in the gut lumen)
 2. Slower absorption
 3. The necessity for conversion in the liver before oxidation by muscle
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Interestingly, the oxidation rate observed with consumption of “faster” carbohydrates can increase 
up to approximately 1 g/min but not higher [50]. Even when glucose was ingested at a rate of 3 g/min, 
the observed oxidation rate did not exceed 1 g/min [32]. This concept is reflected in guidelines pub-
lished by the American College of Sports Medicine, which recommends intakes between 30 and 60 g 
of carbohydrate per hour for athletes during endurance exercise [51,52]. The upper limit of 60 g/h is 
a result of apparent maximal oxidation rates of carbohydrates at 1 g/min or 60 g/h.

In theory, possible reasons for the observed maximal oxidation rate limit during exercise include

 1. Gastric emptying, digestion for di- and polysaccharides
 2. Intestinal absorption
 3. Extraction from the liver and storage
 4. Uptake by the exercising muscle

It is unlikely that gastric emptying, extraction by the liver, or uptake by the muscle are limiting 
factors. However, there is evidence supporting the notion that intestinal absorption is the rate-limit-
ing step and contributes most to the observed carbohydrate oxidation rate limit of 1 g/min [30,50]. 
The following section will discuss intestinal carbohydrate absorption in more detail.

ABSORPTION, DIGESTION, AND METABOLISM OF DIFFERENT SUGARS

The absorption of carbohydrates (mono- and disaccharides) may be passive or facilitated by intesti-
nal transporters. A sodium-dependent glucose transporter called SGLT1 is the most abundant trans-
porter in the intestine and transports glucose from the intestinal lumen across the apical membrane 
into the epithelial cells. Exit of glucose from the epithelial cells across the basolateral membrane is 
facilitated by GLUT2. SGLT1 appears to be saturated at a glucose intake around 60 g/h [12,23] and 
it is SGLT1 and not GLUT2 that appears limiting to exogenous carbohydrate oxidation.

Fructose is absorbed from the duodenum and jejunum through passive absorption as well as 
active transport by GLUT5, a transport protein located in the brush border membrane. Transport of 
fructose from the epithelial cell into the circulation is also facilitated by GLUT2.

The capacity of these intestinal transporters is not entirely clear. Textbooks state that the absorp-
tive capacity for glucose is virtually unlimited, but studies during exercise suggest that no more than 
60 g/h can be absorbed. GLUT5 seems to have a lower capacity than SGLT1 but this may depend 
on the conditions. Studies have demonstrated that fructose absorption increases in the presence of 
glucose. It is well known that fructose, when ingested on its own, is incompletely absorbed and 

TABLE 25.2
Different Types of Carbohydrate According to Their Exogenous Carbohydrate Oxidation 
Rates

Faster Carbohydrates Slower Carbohydrates

Definition Are oxidized at the highest possible rates 
when ingested during prolonged exercise

Are oxidized at lower rates when ingested 
during prolonged exercise

Oxidation rates Up to 1 g/min Up to 0.6 g/min

Examples Glucose, maltose, sucrose, maltodextrins, 
amylopectin

Galactose, fructose, amylose, 
isomaltulose, trehalose

Digestion No digestion needed: glucose
Rapid: maltose, sucrose, maltodextrins, 
amylopectin

No digestion needed: fructose, galactose
Slow: amylose, isomaltulose, trehalose

Main intestinal 
carbohydrate transporter

SGLT1 (glucose) SGLT1 (galactose), GLUT5 (fructose)
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can cause gastrointestinal distress (by promoting a hyperosmolar environment in the intestine). 
Malabsorption of fructose is reduced significantly in the presence of glucose.

The mechanism by which glucose facilitates the transport of fructose is not completely under-
stood. Sucrose is a disaccharide composed of glucose and fructose. Absorption studies at rest show 
no differences between glucose and fructose ingested separately or as sucrose [53]. However, studies 
during exercise seem to demonstrate differences in oxidation rates between sucrose and equivalent 
amounts of glucose and fructose [23]. There is some evidence that sucrose may pass directly into the 
body as a disaccharide. Although an intestinal sucrose transporter has not been identified in humans 
and direct sucrose transfer to the circulation occurs in very small quantities in healthy individuals 
[54,55]. In addition to the SGLT1 and GLUT5 transport mechanism, there is evidence from animal 
studies that there might be sugar-induced trafficking of intracellular GLUT2 to the apical membrane 
which would facilitate both glucose and fructose transport (for review, see Reference 56) Recently, 
GLUT8 was also implicated in the regulation of mammalian intestinal fructose transport [57].

Most carbohydrates are hydrolyzed in the oral cavity, in the stomach, or intestinal lumen into 
their monosaccharide components and absorbed through SGLT1 with the exception of fructose and 
perhaps to a smaller degree sucrose. Once glucose is absorbed, it will be transported to the liver 
through the portal vein after which it will be delivered to various tissues including skeletal muscles. 
Fructose is essentially taken up by intestinal and liver cells and is rapidly and almost completely 
converted into triose-phosphates [58]. It appears that fructose is essentially converted into glucose 
and lactate in liver cells to be subsequently oxidized in extrahepatic tissues [59,60]. Increased blood 
lactate concentrations with fructose feeding during exercise suggest that a significant amount of 
fructose is converted into lactate [61–63]. Lactate is readily taken up by skeletal muscles and is an 
excellent substrate for oxidation. This will be discussed in more detail in the section on the meta-
bolic fate of fructose.

GREATER OXIDATION OF MULTIPLE TRANSPORTABLE CARBOHYDRATES

Since a single carbohydrate source can only be oxidized at rates up to 1 g/min as a result of satura-
tion of the intestinal transport system, the only way to increase total carbohydrate absorption is to 
engage different intestinal transporters simultaneously. Indeed, glucose ingested at a rate of >60 g/h 
in combination with an alternate carbohydrate (ex. fructose) dependent on a different transporter 
can result in observed oxidation rates that are well above 60 g/h [64]. A series of studies was con-
ducted to characterize maximal oxidation rates with exogenous administration of various combina-
tions of different carbohydrate (for reviews on this topic, see Refs. 12,13,23). In these studies, the 
rate of carbohydrate ingestion varied as well as type and combination of carbohydrate. All studies 
confirmed that simultaneous ingestion of multiple transportable carbohydrates resulted in higher 
oxidation rates than carbohydrate facilitated by a single transporter [22,23]. Up to 75% greater 
oxidation rates were observed in one study [65]. Interestingly, similar oxidation rates were detected 
when carbohydrates were administered as a gel [66] or low fat, low protein, low fiber energy bar [67] 
compared with a carbohydrate beverage.

MULTIPLE TRANSPORTABLE CARBOHYDRATES AND PERFORMANCE

There are several studies that link the increased exogenous carbohydrate oxidation rates observed 
with ingestion of multiple transportable carbohydrates to delayed fatigue and improved exercise 
performance. In one study, subjects ingested 1.5 g/min of glucose:fructose or glucose during 5 h 
of moderate intensity exercise and it was observed that the subjects’ RPE was lower with the mix-
ture of glucose and fructose than with glucose alone. Cyclists were also better able to maintain 
their cadence toward the end of 5 h cycling [68]. Rowlands et al. [69] confirmed these findings and 
reported reduced fatigue when ingesting a maltodextrin:fructose mix. It was also demonstrated that 
a glucose:fructose drink could improve exercise performance [70]. Cyclists exercised for 2 h on a 
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cycle ergometer at 54% VO2max during which they ingested either a carbohydrate drink or placebo 
and where then asked to perform a time trial that lasted approximately another 60 min. When the 
subjects ingested a glucose drink (at 1.8 g/min), they improved their power output by 9% (254 W vs. 
231 W). However, when they ingested glucose:fructose, there was another 8% improvement of the 
power output over and above the improvement by glucose ingestion (275 W vs. 254 W). This is the 
first study to show that exogenous carbohydrate oxidation rates may be linked to performance and 
the first to demonstrate a clear performance benefit with glucose:fructose compared with glucose 
alone [70]. Others have since reported similar findings [71,72]. For example, Rowlands et al. [72] 
studied trained cyclists in mountain-bike races (average 141 min) and laboratory trials (94-min high-
intensity intervals followed by 10 maximal sprints). Carbohydrate solutions (maltodextrin:fructose 
or glucose:fructose in 2:1 ratio) were ingested at a rate of, on average, 1.2 g carbohydrate/kg/h (or 
95 g/h). The maltodextrin:fructose solution substantially reduced race time by 1.8% and abdominal 
cramps by 8.1 points on a 0–100 scale. After accounting for gastrointestinal discomfort, the effect 
of the maltodextrin:fructose solution on lap time was reduced by 1.1, suggesting that gastrointestinal 
discomfort explained part of the effect of maltodextrin:fructose on performance. In the laboratory, 
mean sprint power was enhanced by 1.4% with fructose–maltodextrin.

Performance benefits have generally be observed in studies that are 2.5 h or longer and effects 
start to become visible in the third hour of exercise [68]. When exercise duration is shorter, multiple 
transportable carbohydrates may not have the same performance benefits [73], but it must be noted 
that the effects are at least similar to other carbohydrate sources.

CARBOHYDRATE DURING EXERCISE AND PERFORMANCE: DOSE–RESPONSE

Very few well-controlled dose–response studies on carbohydrate ingestion during exercise and 
exercise performance have been published. Most of the older studies had serious methodological 
issues that made it difficult to establish a true dose–response relationship between the amount of 
carbohydrate ingested and performance. Until a few years ago, the conclusion seemed to be that you 
needed a minimum amount of carbohydrate (probably about 20 g/h based on one study) but it was 
generally assumed that there was no dose–response relationship [52].

More recently, however, evidence has been accumulating for a dose–response relationship 
between carbohydrate ingestion rates, exogenous carbohydrate oxidation rates, and performance. 
In one recent carefully conducted study, endurance performance and fuel selection were measured 
during prolonged exercise while ingesting glucose (15,30, and 60 g/h) [49]. Twelve subjects cycled 
for 2 h at 77% VO2peak followed by a 20-km time trial. The results suggest a relationship between 
the amount of glucose ingested and improvements in endurance performance. The exogenous glu-
cose oxidation rate increased with ingestion rate and it is possible that this is directly linked with, 
or responsible for, improved exercise performance.

A large-scale multicenter study by Smith et al. [74] also investigated the relationship between 
carbohydrate ingestion rate and cycling time trial performance to identify a range of carbohydrate 
ingestion rates that would enhance performance. In their study, across four research sites, 51 cyclists 
and triathletes completed four exercise sessions consisting of a 2-h constant load ride at a moder-
ate to high intensity. Twelve different beverages (consisting of glucose:fructose in a 2:1 ratio) were 
compared, providing participants with 12 different carbohydrate doses raging from 10 to 120 g 
carbohydrate/h during the constant load ride. The carbohydrates used were multiple transportable 
carbohydrates (glucose:fructose). At all four sites, a common placebo that was artificially sweet-
ened, colored, and flavored and did not contain carbohydrate was provided. The order of the bev-
erage treatments was randomized at each site (3 at each site). Immediately following the constant 
load ride, participants completed a computer-simulated 20-km time trial as quickly as possible. The 
ingestion of carbohydrate significantly improved performance in a dose-dependent manner and the 
authors concluded that the greatest performance enhancement was seen at an ingestion rate between 
60 and 80 g carbohydrate/h. Interestingly, these results are in line with an optimal carbohydrate 
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intake proposed by a recent meta-analysis [75]. It is likely that once accustomed to higher intakes, 
the optimal intake during prolonged exercise may be closer to 90 g/h or even higher [12].

Based on the studies mentioned above, carbohydrate intake recommendation for more prolonged 
exercise can be formulated and are listed in newly proposed guidelines in Table 25.3.

CARBOHYDRATE INTAKE IN REAL-LIFE EVENTS

Relatively few studies have investigated how much carbohydrate athletes ingest during races and 
whether they meet the guidelines. In a study by Kimber et al. [76], the average carbohydrate intake 
during an Ironman distance triathlon was 1.0 g/kg BW/h in female triathletes and 1.1 g/kg BW/h 
in male triathletes. They achieved these carbohydrate intakes by ingesting very large amounts of 
carbohydrate during cycling (approximately 1.5 g/kg BW/h). Most of the intake occurred during 
the cycling leg where intake was almost three times as high as during the running leg. In male 
athletes, carbohydrate intake was positively correlated with finish time but this relationship could 
not be confirmed in females. A large study of endurance events by Pfeiffer et al. [77] demonstrated 
wide variation in carbohydrate intake reported by athletes between and within events, with highest 
intakes in cycling and triathlon events and lowest in marathons. In this study, it was also found that 
in Ironman races, carbohydrate intake was related to finish time with greater carbohydrate intake 
correlating to better performance. These findings appear to be in agreement with the recent dose–
response studies by Smith et al. [49,78].

METABOLIC FATE OF FRUCTOSE

In the liver, fructose can be converted into glucose or lactate [58]. Fructose when ingested in combi-
nation with glucose or another type of carbohydrate with SGLT1-facilitated absorption will undergo 
hepatic metabolism to form lactate [58]. In all studies in which lactate concentrations are reported 
after the ingestion of fructose, plasma lactate concentrations rose rapidly after the ingestion of the 
carbohydrate. Lactate is an excellent substrate for the working muscle and it is believed that a large 
fraction of the ingested fructose in these studies was oxidized through conversion to lactate upon 
first pass through the liver [79]. It is clear from a number of studies that ingested carbohydrate is 
largely oxidized. The percentage of ingested carbohydrate oxidized is sometimes referred to as 
oxidation efficiency [22]. The oxidation efficiency depends on a number of factors including the 
amount of ingested carbohydrate, type of carbohydrate, and the duration of exercise. Typically 
70–90% of ingested carbohydrate is oxidized during the exercise itself [22]. The remaining carbo-
hydrate is likely to be oxidized in the postexercise period when metabolism is still elevated and/or 
used in liver and muscles to replenish the glycogen stores. There are studies demonstrating that fruc-
tose and galactose are preferentially used to restore liver glycogen stores, whereas glucose tends to 
be stored in the muscle [80]. In these studies, the different carbohydrates were ingested in relatively 
large quantities postexercise to aid recovery.

TABLE 25.3
Carbohydrate Intake Recommendations with Increasing Exercise Duration

Duration of Event Carbohydrate Advised Type of Carbohydrate

<30 min No carbohydrate needed

30–75 min Small amounts of carbohydrate 
or a mouth rinse

Any type of carbohydrate

1–2 h 30 g/h Glucose, sucrose, maltose, maltodextrin, or equivalent

2–3 h 60 g/h Glucose, sucrose, maltose, maltodextrin, or equivalent

>2.5 h Up to 90 g/h A combination of glucose (60 g/h) and fructose (30 g/h)
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SUMMARY

In summary, recently there have been significant changes in the understanding of the role of carbo-
hydrate metabolism during exercise. The new findings allow for more specific and more individual-
ized advice with regard to carbohydrate ingestion during exercise. New proposed guidelines take 
into account the duration and intensity of exercise and advice is no longer restricted to the amount of 
carbohydrate, but also addresses type of carbohydrate. Recommendations presented in this review 
are derived mostly from studies with trained and well-trained athletes. Athletes who perform at 
absolute intensities that are lower will have lower carbohydrate oxidation rates and the amounts 
presented here should be adjusted (downwards) accordingly. Recommended carbohydrate intake 
can be achieved by consuming drinks, gels of low fat, low protein, and low fiber solid foods (bars) 
with selection determined by personal preference. Athletes can adopt a mix and match strategy to 
achieve their carbohydrate intake goals. However, carbohydrate intake should be balanced with a 
fluid intake plan and it must be noted that solid foods and highly concentrated carbohydrate solu-
tions have been shown to reduce fluid absorption. Slowing of gastric emptying and absorption can 
be partly prevented by using multiple transportable carbohydrates and this is something the athlete 
should consider when developing their individualized nutrition strategy. Although more research is 
needed, it is highly recommended to train with a nutrition strategy that reduces the chance of gas-
trointestinal discomfort and increases absorptive capacity of the intestine. In combination with glu-
cose, fructose stimulates rapid fluid and solute absorption in the small intestine and helps increase 
exogenous carbohydrate oxidation during exercise, an important response for improving exercise 
performance.

Since exercise is a major modulator of the metabolic fate of sugars, discussions on the effects of 
sugars should take into account physical activity.
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• Normal-weight people can experience metabolic syndrome. To the extent that added sugar 
overconsumption promotes metabolic disease, it poses a population-wide public health 
problem.

• Sugar and alcohol have parallels at multiple levels—they have metabolic, hedonic, cul-
tural, and market similarities.

• Alcohol control provides an appropriate paradigm for reducing sugar consumption 
population-wide.

• Preconditions for the societal regulation of a substance include ubiquity, toxicity, abuse, 
and externalities. Added sugars meet all four.

• Public education and governmental guidelines alone are unlikely to alter consumption. 
Saturation of added sugars in the food supply must be addressed as well.

• The “iron law of public health policy” states that reductions in the availability of harmful 
substances will reduce their consumption, thereby reducing related health harms at the 
population level.

• Effective population-based strategies for reducing added sugar consumption include taxa-
tion, price controls, alteration of subsidies, regulation of sales and distribution, regulation 
of marketing and advertising, and subsidy withdrawal.

INTRODUCTION

Preceding chapters in this volume have reviewed data implicating the widespread availability and 
overconsumption of added dietary sugars as a determinant of chronic disease. By “overconsump-
tion,” we mean the consumption of added sugars (i.e., not those occurring naturally in foods such 
as fruits) beyond limits recommended by impartial scientific bodies such as the American Heart 
Association [1]. So far, public debate around the role of added sugars in health has targeted obesity 
and, to a lesser extent, dental disease. But a growing body of evidence suggests that obesity should 
not be the primary focus of concern. Metabolic syndrome, linked to the extended overconsumption 
of added sugars, is an underlying factor in most forms of chronic disease—diseases that are now 
the leading cause of death worldwide [2,3]. Some studies show that 20% of those deemed morbidly 
obese are metabolically healthy and will go on to have normal life spans [4,5]. Meanwhile up to 40% 
of normal-weight adults harbor metabolic perturbations typically seen in the obese and may mani-
fest in metabolic syndrome, with its hallmarks being insulin resistance, hypertension, dyslipidemia, 
high cholesterol, and disproportionate waist circumstance [6,7].

Bench and clinical science findings on dietary sugars continue to be debated both in the halls of 
academe and by business enterprises that purvey sugary beverages and packaged foodstuffs [8–11]. 
There are legitimate concerns about when the science is solid enough that governments should act 
to reduce consumption of dietary sugars at the population level. And once government actors decide 
to intervene, there are further questions about precisely how to do so effectively, and particularly 
how to do so in ways that avoid substitution of sugar with other dietary components that are equally 
or even more detrimental to health [12].

Within US borders, these concerns, combined with industry lobbying, have thus far prevented mean-
ingful policy changes that could substantially reduce intake of added dietary sugars population-wide 
[13]. This is ironic since Americans are among the most affected by the overconsumption of added 
sugars on a global basis, consuming on average nearly three times the dietary limit recommended by 
impartial expert panels [1]. Meanwhile, we are witnessing a global trend toward stricter regulation of 
sugar-laden foods and beverages. Fifteen countries, including Mexico most recently, have adopted 
sugar taxation regimes and more are currently deliberating [14]. At least one international bank has 
called for taxation as the most credible option for reducing the resultant health-care costs [15].

Even in the absence of meaningful policy change in America, the rising tide of scientific evi-
dence has begun to shift the debate toward new concerns about metabolic disease, liver damage, 
and the potential addictive properties of added sugars [16]. This information is filtering through the 
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medical community and down to individual consumers, leading to some changes in attitudes toward 
sugar. Thus, a recent report documents that 90% of physicians view dietary sugars as causative of 
diabetes and 65% view them as addictive [15]. Shifts in popular opinion have led to recent calls for 
stronger government intervention [17–19].

This chapter is motivated by an interest in promoting knowledge about evidence-based policy 
solutions to the health harms associated with the overconsumption of added sugars. Admittedly, 
this is challenging in the absence of a large body of public health evidence showing what does and 
does not work to prevent sugar-related health harms. Since the early 1970s, consumption of added 
sugars and related disease rates have precipitously climbed, leaving little time to accumulate all 
the evidence needed to advise policymakers. Given this, a useful strategy is to draw evidence from 
analogous or closely related public health issues where the evidence is vast and robust. So far, two 
substances have provided templates for such a regulatory framework: tobacco and alcohol. While 
tobacco provides a useful paradigm in some respects, it differs from sugar on several counts. Unlike 
sugar, tobacco is not a source of energy or nutrition, no amount of tobacco exposure is deemed safe, 
and its production and distribution channels are easily identified, that is, the tobacco market is con-
centrated in a few companies producing relatively few tobacco products. As elaborated below, we 
proffer that the alcohol paradigm is more immediately relevant to the debate surrounding dietary 
sugar policy.

Our goal is to first provide a bird’s eye view of the alcohol literature and its relevance to sugar 
policy—one that will hopefully enable scientists and policymakers to better understand the connec-
tions between alcohol and sugar, both with respect to their health harms and policy solutions. Over 
the long history of alcohol policymaking, we have observed a gradual shift away from interventions 
solely directed towards changing individual health behaviors and toward those focused on the envi-
ronment [20,21]. We argue that sugar policy should track the same pathway toward environmentally 
focused reforms. Hopefully, the world’s 1500-year experience with controlling the harmful effects 
of alcohol overconsumption can allow us to truncate the process of political learning with respect to 
added sugars. Doing so will lead policymakers toward solutions focused on the food environment 
and toward policies that target marketing and availability—solutions that have proved successful 
with alcohol on a worldwide basis.

WHY IS ALCOHOL POLICY SO RELEVANT?

With respect to human health, as well as matters of public policy, there are important similarities 
between alcohol and dietary sugars. First, both are legal substances that have the built-in risk of 
producing potential health harms when overused. For both alcohol and sugar, particular patterns of 
overuse are important for short- and long-term health impacts. For alcohol, negative outcomes can 
be acute, such as binge drinking with its associated likelihood of acute health harms (e.g., respira-
tory depression, auto accidents, and other unintentional injuries). Alcohol overconsumption also 
has chronic impacts on health, such as long-term debilitating diseases including liver disease, heart 
disease, cancer, and dementia. While a majority of the health harms associated with added sugar 
overconsumption are chronic in nature, some acute harms have been observed, ranging from binge 
behavior to sugar-induced diabetic coma. Notably, many of the chronic health effects shared by 
sugar and alcohol involve elements of the metabolic syndrome, such as hypertension and dyslipid-
emia [22]. This comes as no surprise given that alcohol is obtained from the fermentation of sugars. 
Moreover, fructose, a common sugar, and alcohol are metabolized within the liver in a virtually 
identical fashion. It follows that their overconsumption would impact similar metabolic disease 
outcomes [23]. It should be noted that fructose and glucose have different effects on blood flow and 
in activating brain neural circuitry [24], such that their parallels with alcohol’s effects will vary (see 
Chapter 15).

There are also neurobiological parallels between alcohol and sugar, including altered dopa-
mine neurotransmission and reduced dopamine receptors suggestive of physical tolerance 
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[25,26]. Although not all scientists are convinced of the parallels, neuroimaging studies sug-
gest that both sucrose and alcohol activate reward circuitry in the limbic region of the brain 
and that the pattern of activation is different from that of dietary fat [27]. This is taken by 
some as evidence that sucrose is capable of producing both reward and tolerance [28]. It has 
also been established that, particularly among women, there are common biological vulner-
abilities to alcoholism and obesity and that the population prevalence of their co-occurrence 
is  increasing over time due to the increased availability of highly palatable, sugary foods, and 
beverages [29].

Dietary sugars and alcohol also share important parallels in modern consumer societies, creat-
ing a basis for arguing that similar regulatory strategies would be appropriate. Both are highly 
profitable market commodities, with market shares and international trade driven by powerful, 
multinational corporations. Strategies for the marketing, sales, and distribution of alcohol bear 
striking similarities to those used by sugary beverage and food manufacturers. Furthermore, for 
both alcohol and added sugar, a disproportionate burden of the population-level health burden 
falls on low-socioeconomic, disenfranchised populations. This is, in part, due to deliberate tar-
geting of low-income populations, as well as ethnic minority populations, with selective advertis-
ing and marketing.

NO ORDINARY COMMODITY

Today, many societies are debating the question of whether, like alcohol, heavy consumption of 
added sugars constitutes a significant threat to health that warrants government intervention—
one that goes beyond sugar’s known role in obesity. In modern liberal societies, personal choice 
and freedom are defining aspects of the political culture. This leads governments to be wary of 
encroachment into the personal lives of citizens. In the US, government sets a particularly high 
threshold on the use of regulatory control policies, confining intervention to only a few substances, 
including harmful addictive substances like alcohol as well as food additives proved to be carci-
nogenic. To justify intervention, health harms must be well documented, with clear evidence that 
overuse of the substance is disabling or causes premature mortality. In the US, many “personal 
responsibility” diseases only became public health crises after an accumulation of science dem-
onstrated that everyone in the population was at risk. Examples include infectious diseases, such 
as syphilis, cholera, tuberculosis, and HIV; chemically induced diseases, such those attributable 
to tobacco, air pollution, and pesticides; nutritional diseases, such as vitamin deficiencies and 
endemic goiter; and “social” diseases, such as teen pregnancy and gun violence. If chronic meta-
bolic diseases are similarly due to specific exposures, such as exposure to heavy doses of alcohol 
and added sugar, then these substances are more likely to qualify as public health concerns that 
warrant a governmental response.

In their seminal work, Alcohol: No Ordinary Commodity, Babor et al. [21] lay out specific cri-
teria required before a substance qualifies for societal intervention. The phrase “ordinary commod-
ity” derives from global debates over alcohol policy. Governments worldwide accept that alcohol 
constitutes a special case, as a market commodity, due to both its addictive properties and the health 
detriments of overconsumption. Consequently, structured interventions, such as price controls, tax-
ation, and direct restrictions on availability, are used worldwide to regulate alcohol production and 
distribution. Indeed, early 2010 brought a U.N. World Health Assembly Resolution (WHA61.4) that 
promotes international public health regulations to counterbalance free market trade agreements 
fostering cross-border alcohol trade [30]. Growing evidence, from the molecular to the population 
levels, supports a similar rethinking of products laden with added sugar [31–33]. New evidence 
raises important questions about whether added sugar is just an “ordinary commodity,” given its 
global overproduction and overconsumption, and its role in chronic metabolic disease. Babor et al. 
propose that four criteria must be met to justify government regulation of substance, all of which 
can be argued apply to added sugar:
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ubiquity

Every developed and developing country has manifested an increase in obesity prevalence alongside 
rising consumption of added sugars. This suggests some global environmental insult, particularly 
since the greatest increases in obesity prevalence have occurred in the youngest populations [34,35]. 
If obesity resulted from lack of willpower or aberrant behaviors, then one would expect high rates 
of success with behavioral interventions; yet results are underwhelming [36,37]. Furthermore, the 
prevalence of chronic or noncommunicable diseases (diabetes, heart disease, cancer, dementia) has 
increased worldwide concurrent with rising sugar consumption [38]. In America, 74% of packaged 
foods contain added sugar [39], thereby limiting consumer choice. As the price of dietary sugar 
has declined in recent decades, food manufacturers have taken advantage by adding more sugar to 
processed foods, so that it has taken the place of more expensive nutrients and acts to increase the 
shelf life of foods, thus decreasing depreciation.

toxiCity

It is taken as truism in the debate over obesity that dietary sugars are problematic because they con-
stitute an abundant source of “empty calories.” Indeed, the average American currently consumes 
120 pounds of sugars per year or about three times the dietary limit put forth by the American Heart 
Association. A growing body of evidence shows that there are health effects due to heavy sugar 
consumption above and beyond its caloric equivalent. Thus, a recent study from the Centers for 
Disease Control and Prevention using the NHANES database has examined the relationship between 
cardiovascular mortality hazard risk and percent of calories as added sugars consumed. The authors 
demonstrate a parabolic curve with an inflection point at 15% of calories as added sugars; those 
approaching 30% of calories in added sugars exhibited a hazard ratio of three [40]. A recent prospec-
tive analysis of the European EPIC-Interact study found that sugary beverage consumption increased 
diabetes incidence by 29% exclusive of its total calories or body mass index [41]. Lastly, Basu et al. 
[42], using a global econometric analysis, showed that sugar availability predicted the prevalence of 
diabetes, exclusive of total calories, calories from other foodstuffs, aging, obesity, physical activity, 
or income. For every 150 calories per day in excess, diabetes prevalence increased 0.1%. If those 150 
calories happened to come from a can of soda, diabetes prevalence increased by 1.1%.

The heavy consumption of one particular type of sugar, the monosaccharide fructose, 
adversely impacts human health, beyond and unrelated to its caloric equivalent, in many ways 
paralleling the health harms associated with alcohol overconsumption. Fructose (50% of table 
sugar and typically 55% of high-fructose corn syrup, although concentrations range up to 90%) 
is a specific cause of increased energy intake [43], weight gain [44], and metabolic syndrome 
[45]. As reviewed in Chapters 19 and 20, the hepatic metabolism of fructose qualitatively and 
quantitatively resembles that of alcohol, by promoting: (1) hypertension via uric acid production 
and lowering nitric oxide [46]; (2) dyslipidemia and hepatic steatosis through excessive de novo 
lipogenesis and defective lipid oxidation [47]; (3) skeletal muscle insulin resistance and oxidative 
stress [48]; (4) hepatic insulin resistance and inflammation; and (5) hyperglycemia via hepatic 
gluconeogenesis [22].

abuse

As reviewed in Chapters 14 and 15, fructose acts on the brain to increase energy intake by: (1) lack of 
suppression of the hunger hormone ghrelin [43]; (2) by promoting high triglyceride levels, which pre-
vent leptin transport signaling the brain to reduce caloric intake; (3) by promoting insulin resistance, 
which interferes with leptin signaling [49]; (4) by depleting hypothalamic malonyl-CoA, resulting 
in central nervous system starvation; and (5) altering dopamine signaling in the nucleus accumbens 
(the brain’s reward center), making it more difficult for individuals to regulate consumption [50]. As 
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with alcohol overconsumption, animal models demonstrate that prolonged, heavy sucrose use has the 
capability to decrease dopamine D2 receptors in the reward center of the brain, thereby leading to 
increased sugar intake. Neuroimaging studies in humans demonstrate parallel evidence supporting 
the notion that this mechanism generalizes from animal to human models [51]. Furthermore, high 
sugar intake has been linked to reduced dopamine release in patients with metabolic syndrome so 
that affected patients must consume more sugar to achieve the same level of reward [52].

externalities or negative imPaCts on soCiety

Certain substances not only harm the user, but also nonusers and the general public, thereby war-
ranting regulation by governments. Evidence of harms produced by second-hand smoke and drink-
ing-driving have provided strong arguments for tobacco and alcohol control, respectively. One 
argument that the food industry uses to prevent societal intervention on dietary sugars is the lack 
of an analogy to second-hand smoke or alcohol-related auto accidents. Currently, the downstream 
detriments of excessive sugar consumption are confined to economic losses, but these are quite 
substantial. It has been projected that Medicare will be bankrupt by 2026 as the health plan largely 
covering the high costs of end-state chronic diseases associated with metabolic syndrome. Private 
insurers in America pay an additional $2751 for health coverage related to obesity, whether the 
employee is obese or not. The Credit Suisse report [15] argues that the long-term economic, health-
care, and human costs of obesity now place the chronic effects of sugar overconsumption in the 
same category as alcohol and tobacco with respects to externalities [53,54].

HOW THE ALCOHOL EXPERIENCE INFORMS POLICY ON DIETARY SUGARS

We have thus far suggested that biological, hedonic, and societal similarities between dietary sugar 
and alcohol argue for a rethinking of the public policy status of added sugars and methods to reduce 
consumption for the public good. Given the long history of alcohol control, there exists a robust 
body of evidence related to the efficacy of policies implemented nationally and internationally to 
consider in shaping future sugar-related policy. At the outset, it is as important to review what has 
worked, as well as what has been shown to be not effective in the area of alcohol policy, and whether 
any such parallels are present in nutrition research.

whiCh PoliCies are least likely to work and why?

One of the most important findings from many decades of research on mitigating alcohol problems 
is that individually focused behavior change approaches tend to be less effective and cost-effective 
than regulatory controls on alcohol availability in the environment. Some of the strongest scien-
tific consensus speaks to the lack of evidence on the effectiveness of school-based education pro-
grams. Despite being a mainstay of alcohol prevention for many decades, the worldwide evidence 
shows that school-based health education programs have little lasting impact on actual consumption 
behavior, although some may have short-term effects on knowledge and attitudes about drinking 
[21,55,56]. Individually focused medical approaches to treating alcohol abuse and dependence have 
a better record of efficacy and effectiveness. There is evidence that alcohol antagonist and ago-
nist medications, and behavioral treatment approaches, can mitigate early- and late-stage alcohol 
dependence [57–59]. However, such “tertiary prevention” approaches are costly in comparison to 
“primary prevention” strategies aimed at reducing the overall availability of alcohol in the environ-
ment [60]. And while addiction treatment may be effective, it currently reaches less than 10% of the 
US population in need of care [61]. Treatment services are costly, with long waiting lists and usually 
require multiple episodes of care to achieve success [62].

Despite what we know from the alcohol experience, obesity and nutritional interventions in the 
US rely largely on individually focused strategies. And as with alcohol, the record of long-term 
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success in individually focused obesity interventions leaves little cause for optimism [36,37,63]. In 
the US, a vast industry has sprung up for the treatment of end-state addiction and other alcohol use 
disorders. But the size and scope of this industry pales in comparison to the weight loss industry. 
And thus far, the majority of individually focused lifestyle interventions for weight loss have not 
proved effective long-term, with some evidence of producing significant iatrogenic harms, such 
as those resulting from “yo-yo dieting” [64]. In sum, most of the currently popular approaches—
school-based health education and clinical treatments for end-state disease—have very little 
evidence supporting their efficacy and are not the strongest approaches for obesity prevention 
[56,62,65–67].

In the alcohol field, there are also some popular environmentally based interventions that appear 
to have only modest effectiveness. Government-sponsored media campaigns, including public ser-
vice announcements and counter-advertising campaigns targeted against producer marketing mes-
sages, may have only modest effects with respect to alcohol [68]. Evidence from the US suggests 
that government labels warning consumers about the health effects of alcohol have little effect 
on total consumption, although they may have a limited effect on risky drinking patterns such as 
drinking-driving [69,70]. While econometric studies find some positive effects for alcohol advertis-
ing bans, studies of even short-term impacts on alcohol consumption behavior find no measureable 
effects [21]. Finally, regulations on the marketing and promotion of alcohol products have mainly 
targeted youth. Alcohol ads appear to have a cumulative effect that shapes young peoples’ percep-
tions about alcohol by encouraging pro-drinking attitudes and greater consumption, but some of 
the most important advertising channels remain unregulated [71]. It should be noted that the record 
of success for counter-advertising and warning labels in tobacco prevention gives greater cause for 
optimism; more research is called for to ascertain how these approaches can be better put to use in 
other fields [72].

Voluntary agreements among alcohol manufacturers and distributors to control marketing, 
advertising, packaging, and sales restrictions have been tried repeatedly, but with little long-term 
success [21]. Often industries under attack propose voluntary regulatory agreements as a strategy to 
obviate the need for, or to at least postpone, outside governmental regulation. For this reason, these 
agreements are often symbolic, being written in ways that are not legally binding. Over time, even 
binding agreements break down and ultimately fail due to the lack of enforcement and monitoring 
[73]. Today, as manufacturers of sugary foods and beverages grow increasingly concerned about 
government intervention, proposals for industry self-regulation are becoming more common.

Historically, voluntary agreements within industry have focused on self-restrictions on alcohol 
marketing and advertising, particularly campaigns targeting young people [74]. After the repeated 
failure of voluntary codes, the US government banned alcohol advertising targeting young people, 
as well as all television advertising. But alcohol beverage company sponsorship at sporting and 
cultural events attended by young people remains a problem, and internet-based media channels are 
poorly regulated. Child-targeted media and advertising of high-sugar products is substantially more 
pervasive, particularly with regard to children’s television programming [75–80]. In a 2003–2004 
study of television advertisements aired during the most highly rated children’s television programs, 
nearly 50% of the total calories in products advertised came from added sugars and 98% of cereal 
advertisements were for those high in added sugars [75]. A 2007 study showed that the average 
American child views 30,000 TV commercials annually marketing fast food or candy [81]. Of the 
3.4 billion advertisements on children’s web sites, 84% promote foods high in sodium, fat, or sugar 
[82]. Such advertising is associated with purchasing requests [83,84], as well as the intake of adver-
tised foods and beverages [85–87].

Thus far, there are no US government bans on the marketing of products with high sugar con-
tent to children and, as with alcohol, industry-led voluntary agreements have not met with much 
success [88]. Producers of soft drinks and snack products have also promoted voluntary industry 
agreements to limit advertising and promotion to children in schools [89]. While studies report 
a trend of decreasing expenditures on television advertisements directed toward youth, there has 
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been increased spending on advertising in other forms of media (e.g., cell phones, web, and social 
media) [90]. Although voluntary industry agreements may have led to a decrease in advertising of 
sweets and sugar-sweetened beverages over time [91], such agreements are limited only to the com-
panies who voluntarily participate. In April 2011, a working group consisting of the Federal Trade 
Commission, the Food and Drug Administration, the Centers for Disease Control and Prevention, 
and the U.S. Department of Agriculture released preliminary recommendations for the nutritional 
quality of food marketed to children and adolescents, yet no upper limit for dietary sugars was dis-
cussed. Despite the voluntary nature of these guidelines, it is hoped that companies will feel pres-
sure to comply with guidelines that encompass not only television advertising, but also other forms 
of multimedia advertising (e.g., web sites, online games, social media, movies) [92].

whiCh PoliCies are most likely to work and why?

Literature provides little evidence supporting the efficacy and cost-effectiveness of individually 
focused interventions, as well as industry voluntary agreements. While there is some evidence sup-
porting the effectiveness of warning labels, counter-advertising and advertising restrictions, the 
effects tend to be modest at best. In contrast, there is strong, robust evidence supporting the effective-
ness and cost-effectiveness of environmentally focused, market-based regulatory controls that impact 
the pricing, marketing, and distribution of alcohol, as well as sugar-laden, products [21,55,62,93–95].

All market-based policies build upon a premise that we call the iron law of public health policy. This 
argues that if societies wish to mitigate the harms caused by commodities with adverse health impacts, 
the best way to do so is by reducing the overall availability and the ease of accessing those products. In 
the large body of research on alcohol policy, the most effective, cost-effective, and unobtrusive public 
health interventions all share a common basis in the iron law. These include pricing strategies (such 
as taxation, direct price controls, and withdrawal of government crop subsidies), regulations on sales 
and distribution (e.g., bar open hours, restrictions on sales to minors) and  ideally, the bundling of these 
interventions together to achieve more substantial impacts on the consumer environment. Virtually all 
are premised on the notion that by making alcohol—particularly in its most concentrated forms (e.g., 
spirits)—slightly harder to get and more costly to obtain, consumers will naturally curb their consump-
tion of those products, thereby mitigating the adverse health impacts of overconsumption. We argue 
that, due to the similarities between alcohol and sugar, the iron law should apply not just to alcohol, 
but also to policies targeting the harmful effects of heavy sugar consumption.

STRATEGIES THAT WORK

PriCing strategies 

Taxation
Alcohol taxation, in the form of special excise duties, value-added taxes, and sales taxes, has proved 
worldwide among the most popular and effective ways to reduce overall per capita alcohol consump-
tion, and in turn, alcohol-related health harms (for reviews, see [21,55,95–98]. If alcohol research 
offers no better lesson for policymaking around sugar, it is that even the relatively modest taxation 
of highly concentrated products—ideally greater than 20% of the product’s price—offers a simple, 
effective policy option for addressing the growing population burden of sugar-related health harms. 
Taxation policies follow the economic law of supply and demand; adding a tax increases the price 
of the product such that consumers can afford to buy less, thereby reducing consumption.

Alcohol taxes are popular worldwide because they are relatively cheap and easy to collect and 
cause little market distortion [99]. Empirical studies show that alcohol taxation can have beneficial 
effects on both acute (e.g., injuries) and chronic (e.g., cirrhosis) health conditions—illnesses that 
disproportionately impact low socioeconomic status (SES) groups [100]. Time-series analyses show 
changes in population-based indicators of harm pursuant to changes in taxation levels. For instance, 
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Cook and Tauchen [101,102] compared US states that raised their liquor taxes to find significant 
reductions in heavy drinking, cirrhosis, motor vehicle accidents, and mortality (see also [103]). 
There is also evidence that alcohol taxes disproportionately impact youth and the heaviest drinkers 
in the population—groups at particularly high risk for alcohol-related harms [104].

In the US, public health promotion via food taxation has thus far been limited, although there 
is a longstanding tradition of taxing food products as a means to raise general revenues for local, 
state, and federal governments [89,105,106]. In contrast, the main thrust of alcohol taxation has 
been toward protecting public health. Thus, products are taxed on the basis of the harm they pro-
duce—a practice called “differential taxation” [94,107]. Domestically and internationally, highly 
concentrated alcohol products, such as spirits, tend to be taxed more heavily than less concentrated 
ones—in some cases, by a factor of 4 or even greater [93]. Careful studies in the Nordic countries 
underscore the public health benefits of this approach where, through careful tinkering with price 
controls and taxation, there have been demonstrable shifts in consumption toward lower alcohol-
content products, such as light beer, with resultant reductions in alcohol-attributable harms [93,108].

As empirical evidence regarding the effects of sugar taxation remains more limited, it may be 
useful to borrow lessons from the tradition of alcohol taxation. One effective strategy for the dif-
ferential taxation of added sugars would involve placing a per-gram tax on the amount of sugar 
added to products, or a tax rated by the proportion of calories from added sugars. While such a 
tax would ideally be applicable to the widest possible variety of processed food products to reduce 
consumption across the board, thus far, political discussions about sugar taxation have been limited 
to sugary drinks alone. Arguments over the efficacy of such a tax abound. Most current taxation 
proposals proffer a 10% tax, which would likely raise money for nutrition and health programs, 
but is unlikely to result in a salutary reduction in sugary beverage consumption. Econometric 
analyses, such as a new one from the UK, suggest that a 20% sales tax on sugary drinks would 
have measureable impacts on consumption—in the case of the UK, reducing consumption by 15%, 
which would manifest as a 1.3% reduction in obesity prevalence and 0.9% reduction in persons 
overweight [109].

Guidance from alcohol research indicates that a differential taxation approach could help to avoid 
some of the potential unintended consequences of taxation policies. On the one hand, it reduces 
incentives for producers and distributors to make changes in pricing and product content that could 
neutralize some benefits of the tax [110]. On the other hand, it would mitigate against potential prob-
lems with consumers substituting one sugar-laden product for another [55]. Experience shows that 
when alcohol tax regimes have proved too objectionable to the alcohol industry, tax increases are 
often neutralized by strategic changes in pricing by producers and sellers [110]. In such cases, taxa-
tion can reduce the consumption of one type of alcohol only to increase consumption of another. 
Similarly, product substitution can occur at the level of consumer choice. The potential for negative 
substitution clearly requires appropriate safeguards. In a study examining the association of state 
soft drink excise taxes, state soft drink sales, and beverage consumption, taxation led to decreased 
soft drink consumption among children and adolescents; however, consumption of other high- 
calorie beverages, such as fruit juice and whole milk, increased [111].

The limited literature on sugar taxation similarly suggests that if sugary foods and beverages 
are taxed heavily, without any changes in the price of unhealthy substitutes that do not contain 
added sugars, then consumers may simply substitute sugar-laden foods and beverages with equally 
calorically dense products, or artificially sweetened products, which have their own adverse health 
effects [112]. Ideally, taxation regimes will be accompanied by strategies that decrease the price of 
healthier food and beverage alternatives (e.g., whole fruits, vegetables, water) to counteract such a 
substitution effect [113].

Taxation policies for sugar must anticipate a common problem encountered with alcohol tax 
policies: the fact that they tend to be “regressive” taxes, that is, they tend to place a greater burden 
of cost on consumers with less disposable income [89,114,115]. Given the substantial socioeco-
nomic disparities with both alcohol- and sugar-related health harms, one may question whether 
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regressive taxation is not, in fact, in the broad public health interest [100]. The burden of chronic 
disease, after all, tends to be greatest in the lower social strata for alcohol, sugar, and chronic 
metabolic disease [116–118].

However, since the US has a strong tradition of consumer rights protection, regressive sugar 
taxes are likely to be seen as imposing unfair constraints on individual choice among economically 
disadvantaged groups (see [119]). By applying any proceeds from the tax to public health promo-
tion programs serving lower-income groups targeted by industry, it is possible to balance out the 
regressive nature of the tax. In the case of sugar, tax revenues could be applied toward health care, 
park development and maintenance, children’s sports programs, subsidies on fruits and vegetables, 
increased access to safe drinking water, and to commercial loan and development programs that 
encourage grocery stores and farmer’s markets to relocate in underserved low-income communi-
ties, or “food deserts” [75,105,120]. One reason for the defeat of soda tax measures thus far is 
the concern that taxes from sugary beverages would go toward a general treasury where they are 
channeled into other general funding needs (e.g., cleaning highways, creating health profession 
schools, or  programs), rather than being specifically earmarked for obesity and diabetes prevention 
or  treatment [106].

Price Controls
In many places, alcohol taxation policies have been bolstered by the concentration of market power 
in government-controlled alcohol monopolies where it proves simple to place controls on price, 
production, import, and sales. This approach has been utilized in many US states and localities, 
as well as in parts of South America, Eastern Europe, and the Nordic countries. In such cases, 
government monopolies often use “differential pricing” to mark up the costs of more concentrated 
alcoholic beverages to discourage their use. By strategically positioning government-run stores on 
the outskirts of metropolitan areas, and prohibiting sales in grocery and corner stores, government 
monopolies are further able to create an environment that is less saturated by alcohol, thereby 
gently discouraging overconsumption. While it is difficult to imagine a government monopoly on 
sugary drinks or foods, analogous pricing strategies could be applied in government voucher pro-
grams, such as the Women, Infants, and Children Program (WIC) and the Supplemental Nutrition 
Assistance Program (SNAP; formerly known as Food Stamps), with the potential for similarly 
positive effects on health.

Subsidy Withdrawal
Crop subsidies for alcohol have been common on a worldwide basis, but many nation states have 
curtailed subsidization in the interest of promoting public health. Traditionally, there are two types 
of food crop subsidies: payments to farmers only when the price of the crop is low to keep them 
from going out of business, and payments to farmers based on performance, regardless of price. 
Subsidies for sugars in the US currently operate according to neither of these principles. Within 
the US sugar program, the USDA operates a complex loan program to guarantee sugar growers 
certain prices, which are enforced and enhanced using import barriers and domestic production 
controls [121].

Propping up markets for specific foodstuffs (such as sugar) with price subsidies causes market 
distortion and ultimately defies the iron law of public health policy. Ending the US sugar subsidy, 
on the other hand, would produce precisely those outcomes desired to protect public health—it 
would effectively raise the costs of sugar production, which would likely be passed on to consum-
ers, thereby effectively raising the price of the most concentrated sugary foods and drinks. While 
the logic here seems sound, there are detractors who argue that such pricing effects could be rather 
limited [122]. To avoid exacerbating market distortion, termination of the USDA loan program 
would need to be accompanied by termination of the US corn subsidy, which artificially deflates 
the price of high-fructose corn syrup. A proposal to end these subsidies was debated in Congress as 
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amendments to the Farm Bill of 2013. However, Congress ultimately took no action following heavy 
lobbying by industry trade groups.

In the absence of complete subsidy termination, a compromise would involve “differential sub-
sidization.” Here, instead of subsidizing corn and soy (commodity crops that are storable), govern-
ment would subsidize the production of fresh fruits and vegetables. Promotion of high-fiber foods 
in US low-income food programs, such as through the WIC, SNAP, and the National School Lunch 
Program (NSLP), would be the most expedient places to begin. Differential subsidization is cur-
rently being applied to water in many parts of the US, as well as in the developing world [123], 
where inhabitants often have limited options for hydration due to the lack of readily accessible 
potable water.

regulating sales and distribution

In addition to pricing strategies, some of the most effective means for limiting the volume of alcohol 
 consumed—and to a lesser extent, risky patterns of drinking—involves making it less convenient 
to obtain alcohol at the point of sales. Once again, there is robust international evidence supporting 
the effectiveness of strategies that directly control alcohol availability, which include placing limits 
on opening hours or days for retail sales, regulating the placement and location of retail markets, 
the density of sales outlets within a particular community, and limits on who can legally purchase 
alcohol (for reviews, see [21,62,69,124,125]). Low SES communities in the US, for example, often 
have a higher density of alcohol beverage outlets due to weak enforcement of local and state zoning 
laws. Research has shown that reducing the density of retail alcohol outlets through stricter state 
licensing and zoning ordinances is associated with reductions in alcohol problems in these com-
munities [126–128]. A reasonable parallel for added sugars would be to tighten licensing require-
ments on vending machines and snack bars that sell products with high concentrations of sugar in 
schools and workplaces. Implementation of such restrictions must be carefully regulated to avoid 
substitution of one sugar beverage for another by distributors [129]. In addition, states could apply 
zoning ordinances in ways that control the number of fast food outlets selling high-sugar foods and 
beverages in low SES communities, while providing incentives for the entry of grocery stores and 
farmer’s markets that sell fruits and vegetables.

Albeit limited, there is already some evidence that such controls on distribution can be effec-
tive at reducing added sugars and unhealthy food consumption [130–132]. For example, many 
states and local jurisdictions have created policies to restrict the sales of sugar-sweetened bever-
ages and high-sugar foods in schools. Although there is limited evidence regarding the impact of 
such sugar-related policies on childhood obesity [133], the literature suggests that these policies 
may be effective in decreasing access to and consumption of high-sugar foods and beverages 
[111,134–140].

Studies from schools provide an object lesson in how to best implement restriction on sales of 
unhealthy foods and beverages, not just in schools but also in workplaces and other public ven-
ues. Despite regulations, some studies suggest that there may not be full implementation of health-
promoting food and beverage policies in schools [141–144], especially during celebrations and 
fundraisers [145,146]. Even when schools are adherent to nutrition policies, students may bring in 
unhealthy foods and beverages from home [139] or purchase unhealthy items off campus through 
corner stores or vendors [147]. Although many states and school districts limit sales of soda, fla-
vored milks, 100% fruit juice and sports drinks, they may still be allowed, leading to problems with 
substitution [148]. In addition, a recent analysis of 5th and 8th grade children showed that consump-
tion of soda declined during school hours, but total daily consumption was unaffected presumably 
due to consumption after school and at home [149].

All of this underscores the need for policymakers to think beyond regulating any particular envi-
ronment, such as the school, to the wider context in which populations consume foods and beverages, 
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including homes, worksites, parks, restaurants, corner stores, and food vendors [150]. Recent experi-
ence with school regulations also underscores the importance of careful enforcement.

THE NORDIC MODEL: BUNDLING POLICIES

Evidence from the field of alcohol control points to the iron law of public health policy and its call to 
reduce availability as a means of reducing alcohol consumption to improve public health. The value 
and importance of relying on policy development to reshape the environment in which individu-
als are expected to make appropriate behavioral choices is compelling. This goal can be achieved 
through a number of market-driven, environmental change strategies.

Each specific policy recommendation for alcohol (e.g., pricing, regulation of sales, and distribution) 
has the potential to make an environmental impact. The “Nordic Model of Alcohol Control” bun-
dles more than one of these policy options together to achieve a more robust regulatory regime [93]. 
Most Nordic societies have struggled for generations with alcohol problems due to cultural patterns 
of “explosive drinking” whereby individuals tend to abstain from alcohol during the working week 
only to binge, largely on spirits, during “time out” on the weekends [151,152]. This pattern of drinking 
is associated with high rates of alcohol-related social harms, and high rates of intentional and unin-
tentional injuries [62]. Prior to European Integration, most Nordic countries assumed governmental 
control over the production, supply, and distribution of alcoholic beverages. This allowed governments 
to manage the supply and distribution of alcohol by confining sales to government monopoly stores, 
applying controls at the point of distribution, as well as aggressive differential taxation schemes [93].

By combining or bundling multiple policy interventions known to be effective, some 
Scandinavian countries were able to bring about pronounced shifts in alcohol consumption and 
related problems population-wide, without resorting to all-out prohibition or more aggressive 
interventions that tend to be associated with unintended, negative consequences. The results of 
Sweden’s bundled policy approach in the 1970s vividly demonstrates the effectiveness of policy 
bundling, where time-series analyses demonstrated dramatic declines in rates of alcohol-related 
admissions to hospitals (see Figure 26.1). It is unlikely that we will see chronic disease abatement 
until communities, states, and nations adopt a similarly comprehensive array of concurrent, syner-
gistic policy strategies that fundamentally reshape their food environments.

CONCLUSION

Any successful regulatory approach to preventing the health harms associated with the overcon-
sumption of dietary sugars must not just confront, but ideally balance, the complex and competing 
interests of consumers, government, and commercial interests, including producers, distributors, 
and retailers. The production and sale of alcohol, as with sugar, is an important economic activity 
that generates profits, jobs, tax dollars, and currency. Industrial producers and distributors face 
economic losses when consumption is reduced, thus placing public health goals at loggerhead 
with commercial interests. Meanwhile, government has its own competing interests. On the one 
hand, it is charged with protecting the economy, encouraging commodity exports, increasing 
its own tax base, and generating tariffs. On the other hand, governments are responsible for pro-
tecting public health, as well as financing the costs of chronic disease through pubic insurance 
programs like Medicare and subsidizing the costs of food through federal assistance programs for 
low-income populations. While these interests are not necessarily irreconcilable, understanding 
and balancing these personal– commercial–governmental alignments is essential for promoting 
effective regulatory regimes.

The political and economic barriers inherent in applying lessons learned from the alcohol expe-
rience to dietary sugar are significant, but not insurmountable. One barrier to policy change is the 
food industry itself. Virtually all food companies are now part of vast, publicly traded conglomer-
ates that have a fiduciary responsibility to shareholders and are judged on 3-month profit cycles. 
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This makes producers unlikely to change of their own volition, as experience with voluntary indus-
try agreements has borne out. Yet food corporations are more likely to change if all members of 
the industry are made subject to the same rules, so that there is no competitive disadvantage. And 
as long as shareholders are made aware of corporate commitments to the social good, publicly 
traded corporations can legally pursue growth strategies that take public health into account—per-
haps to their own “bottom-line” advantage by differentiating their firms as socially responsible. 
Approaches for sugar modeled on those proposed for salt reduction by the FDA and Institute of 
Medicine should be considered [153].

If there is any lesson to draw from the long story of alcohol control policy, it is an important 
cautionary tale. We have learned that highly aggressive, absolutist policy regimes—as evidenced by 
the US alcohol prohibition experiment from 1919 to 1933—are prone to unintended consequences 
that can undercut the ultimate success of any health policy project. Experience shows that aggres-
sive restrictions on alcohol availability through prohibition and rationing can lower alcohol con-
sumption and reduce alcohol-related morbidity, but often with adverse social side effects [21,154]. 
These included unintentionally stimulating the development of illegal markets that tend to push the 

BOX 26.1  EFFECTS OF NORDIC ALCOHOL POLICY BUNDLING

FIGURE 26.1 AAA-hospitalization rates per 100,000 aged 10–19 years. (Reprinted from Room R, 
editor. The effects of nordic alcohol policies: What happens to drinking and harm when alcohol con-
trols change? Helsinki, Finland: Nordic Council for Alcohol and Drug Research, 2002, p. 121. With 
permission.)

In July 1977, Sweden passed a law that taxed medium-strength beer like strong beer and 
that limited the sales of medium beer to government-owned stores. Prior to that time, beer 
could be purchased in 11,550 grocery stores throughout Sweden. Sweden bundled a number 
of different control policies alongside, including reductions in the number of sales outlets, dif-
ferential taxation, age restrictions on purchasing and confinement of spirit sales to government 
monopoly stores. The figure shows the time-series trend for hospitalizations due to alcohol-
ism, alcohol intoxication, and alcohol psychosis throughout Sweden. The 1977 law reversed a 
trend in increased hospital admissions related to drinking in all age groups, but as shown here, 
particularly among younger people. The effects were particularly pronounced among young 
people because, given comparatively less disposable income to spend on alcohol, the price 
increase had a greater impact in discouraging consumption compared to adults.
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population toward consumption of more concentrated forms of the product (e.g., spirits vs. wine), as 
well as problems of producer and consumer product substitution.

Parallels with our current epidemics of obesity and metabolic disease are striking and important. 
Rising rates of obesity and metabolic disease only began in the early 1970s as food manufacturers 
concerned about high fat levels in packaged, processed foods increased the content of dietary sugars 
in “low-fat” products to make them more palatable to the consumer. At the time, introduction of 
high-fructose corn syrup into the American marketplace provided enhanced economic competition 
in the packaged food industry, reducing the price of dietary sugars worldwide. It may very well be 
that the “solution” to reducing chronic disease risk—lowering the fat content of processed foods—
was a key cause of rising sugar consumption, with all its ramifications for the increased risks of 
chronic disease via metabolic syndrome.

Such object lessons ultimately call for broad-based food policies that, while appreciating the 
problems associated with particularly harmful single food substances, such as added sugars, ulti-
mately embrace the widest possible vision of a healthy food environment. To hold this broader 
vision means carefully analyzing and monitoring communities as they begin to implement a variety 
of local and state policy initiatives targeting added sugar consumption. And as has been true in the 
case in alcohol policy, bundled strategies will likely be needed to enable the types of comprehensive 
approaches that are key in changing our food environment.
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FIGURE 5.1 Colors of unifloral honeys. Examples of unifloral honeys: (a) robinia, (b) citrus, (c) clover, 
(d) rape, (e) tilia, (f) leatherwood, (g) dandelion, (h) sunflower, (i) chestnut, (j) eucalyptus, (k) honeydew, 
(l) manuka. The honeys were liquefied (except manuka honey). The color of any type of unifloral honey 
may vary to a certain extent, especially when a honey crystallizes, for example, a crystallized rape honey is 
whitish-yellow.
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FIGURE 10.1 Average daily per capita calories from added sugar and sweeteners availability, adjusted for 
spoilage and other waste.
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FIGURE 15.2 Top: Coronal sections of a brain showing the features of the astrocyte–cerebral capillary 
relationships. The asterisk indicates an astrocyte close to the capillary, outlined arrows indicate one astrocyte 
contacting several vascular sites via multiple feet, and solid arrow indicates a single site receiving feet from 
several astrocytes. Scale bar: 50 μm. (Taken from Kacem K et al. Glia. 1998;23(1):1–10. Epub 1998/04/30.) 
Bottom: Leftmost figure shows regions of EGFP expression corresponding to one (green) astrocyte. Part A 
shows schematic figure of three astrocytes. The holes are filled with neurons, one of which is shown to have 
its processes extending out to other astrocytes pointing to the potential of different neuronal compartments 
being modulated by different astrocytes. Part B shows schematic of functional synaptic islands: a group of 
dendrites from several neurons are enwrapped by a single astrocyte. Synapses localized within the territory of 
this astrocyte have the potential to be modulated in a coordinated manner by gliotransmitter(s) released from 
this glial cell. (Taken from Halassa MM et al. J Neurosci. 2007;27(24):6473–7. Epub 2007/06/15.)
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