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ABSTRACT

Fructose-containing added sugars, such as sucrose and high-fructose corn syrup, have been experimentally, epidemiologically, and clinically

shown to be involved in the current epidemics of obesity and diabetes. Here we track this history of intake of sugar as it relates to these

epidemics. Key experimental studies that have identified mechanisms by which fructose causes obesity and diabetes are reviewed, as well as the

evidence that the uricase mutation that occurred in the mid-Miocene in ancestral humans acted as a “thrifty gene” that increases our

susceptibility for fructose-associated obesity today. We briefly review recent evidence that obesity can also be induced by nondietary sources of

fructose, such as from the metabolism of glucose (from high-glycemic carbohydrates) through the polyol pathway. These studies suggest that

fructose-induced obesity is driven by engagement of a “fat switch” and provide novel insights into new approaches for the prevention and

treatment of these important diseases. Adv Nutr 2017;8:412–22.
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Introduction
Obesity and metabolic syndrome are complex conditions
that involve many factors, including diet, exercise, genet-
ics, and environment. Nevertheless, the evidence that the
intake of sugary beverages containing sugar (sucrose) or
high-fructose corn syrup (HFCS) has a role in metabolic

syndrome is now well established (1–3). Indeed, experimen-
tal evidence (4–7), epidemiological studies (1–3, 8), and
clinical studies (9–13) have provided convincing evidence
that sugary beverages increase the risk not only for obesity
but also for features of metabolic syndrome, including
elevated blood pressure, insulin resistance, fatty liver, and
dyslipidemia.

Experimental evidence suggests the key component of
sugar and HFCS responsible for the predisposition for met-
abolic syndrome is fructose. Fructose intake appears to drive
excessive food intake by inducing leptin resistance (14, 15)
and by stimulating neural and hedonic responses in the
brain (16–18). Even when excessive caloric intake is con-
trolled, fructose has been shown in experimental models
to have metabolic effects independent of weight gain, in-
cluding the ability to induce fatty liver, insulin resistance,
and elevated blood pressure (6, 19). These mechanisms are
not mediated by the caloric effects of fructose but rather
by the ability of fructose to induce a decrease in intracellular
ATP levels and adenine nt turnover (4, 20–25). This bio-
chemical pathway is associated with mitochondrial oxidative
stress that leads to increased lipogenesis as well as a block in
FA oxidation; it also stimulates gluconeogenesis (20–24, 26,
27). Blood pressure rises because of an inhibition of endo-
thelial NO and activation of the renin angiotensin system,
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driven by the intracellular uric acid generated during fruc-
tose metabolism (6, 28). A summary of these biochemical
pathways has been previously published (29).

Benner et al. (30) argued that insights into causation can
be enhanced if one incorporates other fields besides classical
epidemiology, genetics, and physiology. One area that is of-
ten ignored is the evolutionary biology, anthropology, and
historical record as it relates to a disease process. In this re-
gard, obesity and diabetes were exceptionally rare in the
1800s but have emerged as major health conditions of the
20th and 21st centuries. We contend that much can be
learned when a disease emerges, because when it is rare it
is easier to identify associated risk factors. One can also ob-
tain insights into how current scientific thought about the
etiology of the disease process developed over time. Given
the knowledge of today, one can identify where assumptions
may have been made in the past that may have led the field
astray. Given these considerations, in this article we review
the emergence of the obesity and diabetes epidemic begin-
ning in the early 20th century and discuss its relation with
the intake of fructose-laden sugars.

A Historical Perspective: The Quiet before the
Storm
On 1 May 1893, a record-breaking world’s fair opened in
Chicago (IL) with 46 countries represented. Celebrating
the 400th anniversary of Columbus’s discovery of America,
the World’s Columbian Exposition boasted full-size rep-
licas of the Niña, the Pinta, and the Santa Maria, the ships
Columbus sailed when he discovered America. However,
although there was commemoration of the past, as exem-
plified by the presence of Buffalo Bill Cody’s Wild West
Show adjacent to the fair, the 27 million visitors that sum-
mer came to witness the new innovation and technology
that would transform the future. The first American auto-
mobile company opened that year using the new gasoline
powered engine. The night lit up with electric lights pro-
vided by Westinghouse. Telephone service had just been es-
tablished between Chicago and New York, nearly 1000 miles
away. Phonograph parlors could now be visited within the
city, and the first commercial disk record was just released.
The fair introduced the moving walkway (so one did not
have to walk) and the Ferris Wheel (so you could see the
whole world without leaving your seat) as well as caramel-
and sugar-coated popcorn, juicy fruit gum, and Pabst beer.
And a young doctor by the name of Arthur Conan Doyle
won the heart of the public with his novel, The Adventures
of Sherlock Holmes, that chronicled a brilliant detective
who could outfox Scotland Yard.

Back at Johns Hopkins, another physician, Sir William
Osler, was publishing the first edition of his classic textbook,
The Principles and Practice of Medicine (31). Here there was
also much to celebrate. The tubercle bacillus had been dis-
covered by Robert Koch only 10 y before, and Louis Pasteur
had introduced a rabies vaccine in addition to the small pox
vaccine already available. Even more exciting was the recent
introduction of antisera for the treatment of tetanus and

diphtheria by Emil von Behring, who would receive the first
Nobel Prize in Medicine (or Physiology) for this discovery. It
seemed like the diseases that had been the scourge of man-
kind, such as tuberculosis, pneumonia, and puerperal sepsis,
would soon be eliminated, and a golden age in human health
would begin.

Little did the world know what diseases the future would
bring, yet within the 1130-page book Osler wrote (31), the
diseases that would take over the 20th century were just be-
ing recognized. Obesity (corpulence) affected only 1 in 30
adults (32) and was given 3 pages, and high blood pressure
(elevated pulse tension) still could not be measured easily
but would be reported 14 y later to affect <1% of the adult
population aged <65 y (33). Diabetes, which had recently
been shown to consist of a lean (type 1) or obese (type 2)
phenotype (34), affected just 2 individuals per 100,000 pop-
ulation but was of sufficient interest to receive 10 pages (31).
Angina, a type of strangling chest pain, received 4 pages
because it was only just being recognized as a symptom of
heart disease and would have to wait an additional 20 y
before it was shown to be caused by disease of the coronary
arteries (35).

The Beginning of the Epidemics: Sugar Intake
or Overnutrition?
In 1907 Sir Richard Havelock Charles, a British physician
stationed in India, made the alarming observation that
type 2 diabetes was increasing rapidly among the wealthy
Bengal Indians living in Calcutta, whereas it was still rare
among the poor Punjabi, and he linked this with an increas-
ing intake of sugar (sucrose) (36). At a symposium held that
year, other physicians from other tropical countries made
similar observations (37–40). New York City Public Health
Commissioner Haven Emerson also became concerned
with the 10-fold rise in diabetes that had occurred in New
York City that then afflicted 1 in 10,000 individuals, and
in one of the finest epidemiological studies Emerson and
Larimore (41) found a strong linkage of refined sugar intake
with diabetes. Other world experts, including Nobel laureate
Sir Frederick Banting, also suggested that refined sugar may
be a major cause of adult-onset diabetes (42).

Although sugar intake was the original risk factor identi-
fied for obesity, this was challenged by Elliott Joslin, who
suggested a simpler explanation. Joslin coined the word,
“overnutrition,” to suggest that the cause of both obesity
and diabetes was simply the fact that as food became more
plentiful, that it was easier to overeat, and likewise, that
the introduction of elevators and cars had made it easier
to avoid exercise (43, 44). Thus, the simple law of thermo-
dynamics could explain the problem. Too much food in,
too little exercise out, and the excess energy has to be stored
as fat. Indeed, because fat contained 9 kcal/g compared with
4 kcal/g for sugar, fat was likely the primary source, and after
all, diseased atherosclerotic vessels were filled with fat and
cholesterol. This simple concept became the central philos-
ophy for what would drive dietary and clinical thinking
about the etiology of the epidemics of obesity, diabetes,

Sugar in historical context 413



and heart disease for the next 75 y. However, if obesity sim-
ply was the result of the personal choice to eat more and ex-
ercise less, as Joslin implied, then why was it so hard for
obese subjects to maintain weight loss? It seemed like some-
thing was missing in our understanding of obesity.

Insights into the Mechanisms Driving Obesity
and Diabetes
It is well known that most animals, including hibernating
mammals and long-distance migratory birds, regulate their
weight throughout the year and that transient manipula-
tions to increase or reduce weight are followed by rapid cor-
rection to the desired weight (45–47). Similarly, studies in
humans have also shown that overfeeding or underfeeding
results in compensatory changes in food intake and energy
metabolism that tend to correct subjects back to their base-
line weight (48–50).

Several biological mechanisms that regulate weight have
subsequently been identified (51, 52). One of the major
mechanisms is by the release of leptin from adipose tissue
after food ingestion, which induces satiety by acting on hy-
pothalamic centers in the brain (51). When leptin is inacti-
vated by mutation, animals do not regulate their food intake,
and massive obesity results. This led to the idea that obesity
might be related to leptin deficiency. However, instead
of low leptin concentrations, obese subjects usually have
high concentrations because the hypothalamic centers are
resistant to the effects of leptin, thus resulting in “leptin
resistance” and the ineffective stimulation of the satiety
response by leptin (53).

In addition to hormonal mechanisms, some foods, espe-
cially sugar, can induce pleasure responses in the brain by
stimulating dopamine in the nucleus accumbens and other
sites of the midbrain (54). Repeated stimulation of dopa-
mine by sugar in mice results in a downregulation of the do-
pamine receptors (especially dopamine 1 and dopamine 2)
that similarly occurs in animals that are addicted to cocaine
or opiates, and signs of withdrawal can be elicited on re-
moval of the sugar (54–56). Volkow et al. (57) reported
that subjects with obesity also show a downregulation of do-
pamine 2 receptors in their midbrain based on neural imag-
ing, suggesting that obesity can also be associated with an
addictive response to food(s).

Thus, obesity is associated with leptin resistance that
would result in an impaired satiety response and with re-
duced dopamine receptors in the nucleus accumbens that
are associated with an impaired control related to food intake
(57, 58). Other mechanisms regulating food intake have also
been identified that appear altered in obesity, such as altera-
tions in ghrelin and glucagon-like peptide-1 (59).

Obesity is also associated with being sedentary, and as an
example the risk for obesity increases with the amount of
time one spends watching television (60, 61). However, it re-
mains unclear if it is the television that is leading to the sed-
entary behavior or whether subjects with obesity are simply
more tired and hence reduce their physical activity. Consis-
tent with the latter are reports that fatigue is more common

in obese children than lean children and that fatigue is in-
creased in obese adults independent of sleep apnea, espe-
cially after the age of 40 (62–64). Obese women also show
less exercise capacity than lean women, fatigue earlier,
walk slower, and achieve only half of the maximum oxygen
consumption (65–67). Indeed, a study that randomly as-
signed children, who were watching television a mean of
28 h/wk, to half of their normal viewing time failed to
show any increase in physical activity with the reduction
in viewing time (68).

One potential mechanism for causing fatigue may relate
to mitochondrial function and/or ATP concentrations. Cer-
tain foods, such as fructose, are known to reduce ATP con-
centrations in the liver, even after oral ingestion of an
amount of fructose equivalent to being in a soft drink (69,
70). Fructose intake also induces mitochondrial oxidative
stress that inactivates enoyl coenzyme A hydratase and leads
to an impairment in fat oxidation that may lead to a reduc-
tion in hepatic ATP concentrations (20). Obesity itself is also
associated with impaired FA oxidation not only in the liver
but in muscle and fat tissues (71–73). In turn, when ATP
concentrations are reduced in the liver by blocking FA oxi-
dation, hunger is stimulated (74–76). The increased energy
intake may help restore ATP concentrations but at the ex-
pense of a greater accumulation of fat (77). In contrast,
high-fat foods increase substrate delivery to mitochondria,
resulting in mitochondrial oxidative stress and normal or
high ATP concentrations, at least initially (78).

Although not all studies show a reduction in ATP con-
centrations in subjects with obesity, there are several reports
that hepatic ATP concentrations correlate inversely with
BMI (in kg/m2) and are lower in subjects with nonalcoholic
fatty liver disease, especially in those with a history of a high
fructose intake (79, 80). ATP concentrations also tend to be
lower in the muscle of obese subjects (81, 82) and are lower
in the brain of obese subjects than in the brain of lean sub-
jects (82). Mitochondrial dysfunction and oxidative stress
have also been reported to be present in obese subjects (83).

These data are consistent with the concept that obesity is
driven by an increased food intake and sedentary behavior as
originally proposed by Joslin. However, the emerging data
are that increased energy intake and sedentary behavior
may not simply reflect the consequence of choice, but that
there are hormonal and hedonic pathways driving food in-
take, as well as alterations in mitochondrial function that
may adversely affect energy production. Of course, culture
remains important, and advertisement agencies know how
to encourage individuals to be sedentary by providing at-
tractive television shows and the internet and by encourag-
ing the intake of processed foods, high in calories and low in
nutrients (84). Yet the basis of obesity likely involves an un-
derlying biology (Figure 1).

Indeed, the process of storing fat is also associated with
features of the metabolic syndrome. For example, fatty liver,
insulin resistance, and increased adiposity are observed in
many animals that have activated the switch to store fat, in-
cluding long-distance migrating birds in the weeks before
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their flight or hibernating mammals in the late autumn as
they prepare for their winter sleep (45, 85). This is why
we have suggested that the metabolic syndrome not be
viewed as a pathophysiological condition but rather as fat
storage syndrome (86).

Revisiting Fructose as a Driver of Fat Storage
Syndrome
As discussed earlier, sugar was discarded as a cause of obesity
and diabetes in the 1930s, and although the nutritional con-
tent was acknowledged to be poor (for which it was described
as an “empty calorie”), it was viewed as a risk factor solely be-
cause of its caloric content. However, in the last 15 y fructose
or sugar has been shown to induce leptin resistance and he-
donic responses in animals, to block FA oxidation, and to re-
duce energy output, leading to increasing fat stores (14, 20,
21, 55). Studies in humans have also shown that fructose in-
creases energy intake, reduces insulin sensitivity, increases cir-
culating TGs and visceral fat stores, reduces fat oxidation, and
reduces energy metabolism compared with other foods such
as glucose or starch (11, 87, 88). Thus, fructose activates a
process that leads to fat storage, and indeed fructose (or
sugar) intake is strongly linked with the development of obe-
sity, diabetes, fatty liver, and heart disease (2, 3, 89, 90).

The reason fructose is distinct from other foods in its
ability to cause fat storage was shown to be a unique enzyme
(fructokinase C) in fructose metabolism that phosphorylates
fructose so rapidly that intracellular phosphate and ATP
depletion result, leading to activation of AMP deaminase
and the stepwise degradation of AMP to uric acid (Figure
2) (4). The activation of AMP deaminase generates uric
acid and mitochondrial oxidative stress that result in in-
creased lipogenesis (from reduced aconitase and increased
activation of ATP citrate lyase), reduced FA oxidation
(from the reduction of enoyl coenzyme A hydratase), an

inhibition of AMP-activated protein kinase, and a reduction
in ATP generation (20–22). This same process also results in
local oxidative stress and inflammation via activation of
NAD(P)H oxidase, nuclear factor-kB, and other cellular sig-
naling systems (21, 92).

Although the effects of fructose on leptin and hedonic re-
sponses encourage increased food intake, the mitochondrial
effects of fructose are likely the reason fructose can also in-
duce features of metabolic syndrome compared with other
nutrients when total caloric intake is identical (6, 7, 93).
In experimental studies in rats and mice, one cannot show
a difference in weight gain because the duration of the study
is usually too short for the subtle differences in resting
metabolism to manifest. However, differences in body
composition are relatively easier to show. We have found,
for example, that fructose (or sugar) will induce fatty liver
and insulin resistance (or diabetes) even in calorically re-
stricted rats (7). Thus, the metabolic effects tend to reduce
ATP generation while shifting the incoming energy to fat
or glycogen stores.

Uric Acid, the Thrifty Gene, and the
Predisposition of Humans to
Fructose-Containing Sugars
As mentioned, uric acid is produced during the side-chain
noncaloric reaction in fructose metabolism (Figure 2), and
fructose intake also stimulates de novo uric acid synthesis
from amino acid precursors (94, 95). Although the role of
uric acid in obesity and metabolic disease remains contro-
versial, there is experimental evidence that uric acid may
have a role in mediating the mitochondrial oxidative stress
induced by fructose, and that it may have a contributory
role by which fructose induces metabolic syndrome (21).
Soluble uric acid, for example, can induce mitochondrial
oxidative stress, reduce ATP production in endothelial cells,

FIGURE 1 Obesity and the law of
thermodynamics. Elliott Joslin
proposed that obesity and diabetes
resulted from overnutrition and a
reduction in exercise. The concept
was simple: we are taking in more
calories than we expend, and the rest
is stored in fat. The theory was
transformed into the idea that the
increased ingestion of calories and
the reduction in exercise were the
result of behavior and a lack of will
power. However, over time it became
apparent that the process of both
gaining and losing weight involves a
lot of metabolic adaptations. The
modern paradigm is based on the

fact that there are multiple mechanisms driving weight gain, of which one of the more important is increased food intake because of
the inability to suppress satiety responses as a result of leptin resistance and because certain foods induce a pleasure (hedonic)
response associated with dopamine release. Likewise, most obese subjects show defects in mitochondrial function with an impairment
in fat oxidation and reduced ATP concentrations that correlate with fatigue. Although cultural influences are still important, the basis of
obesity relates to biological changes that result in fat storage and weight gain. TV, television.
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and stimulate lipogenesis and block fat oxidation in liver
(HepG2) cells (20, 21, 27). Lowering uric acid can also im-
prove metabolic syndrome in both fructose-dependent and
-independent animal models (6, 96), and some studies sug-
gest similar improvements in blood pressure and insulin re-
sistance in humans (97–99).

It is of interest that humans have higher concentrations of
serum uric acid than almost all other mammals because of a
mutation that occurred in the mid–Miocene Epoch (100,
101). The mutation occurred in the gene uricase, which
codes for an enzyme that breaks down uric acid. Studies
have shown that there was a stepwise series of mutations
that progressively reduced the activity of the enzyme until
it was completely knocked out ;15 million years ago in
an ancestor of both humans and great apes (100). A similar
mutation knocked out uricase in ancestors of the lesser apes
during the same period, which suggests a natural selection
advantage to having higher uric acid levels (101).

The Miocene corresponds to a period of time in which the
first apes populated Africa. These tree-living apes lived primar-
ily on fruits that were present in the forests throughout the
year. Initially, the apes were very successful (102), and indeed,
many apes migrated into Eurasia;17 million years ago when
global cooling resulted in a land bridge between Eurasia and
Africa as sea levels fell (103). Unfortunately, as global cooling
continued the Eurasian apes began to suffer seasonal starva-
tion during the cooler months when fruits were less available,
and during this time these apes had to forage for other fallback
foods, such as tubers and roots, forcing them to walk on the
ground and to change their dentition to eat harder foods,
such as nuts (102, 103). Although the apes eventually died
out in Europe, the fossil record strongly suggests that some
of these European apes returned to Africa and are the com-
mon ancestor to humans and great apes (102–105).

In collaboration with Peter Andrews at the Museum of
Natural History in London, we have postulated that the uri-
case mutation may have acted to enhance the effect of fruc-
tose to increase fat stores and thereby may have provided a
survival advantage (106, 107), similar to the thrifty gene as

proposed by James Neel >50 y ago (108). Indeed, blocking
uricase in rats increases their sensitivity to the metabolic ef-
fects of fructose. One mechanism may be a positive feedback
by which uric acid upregulates fructokinase (22). To further
address this pathway, we collaborated with Eric Gaucher
who resurrected the ancestral uricase from early hominoids
(100). When this uricase was expressed in human liver
(HepG2) cells, we could show a blunted effect of fructose
both on lipogenesis and gluconeogenesis, thereby strongly
suggesting that the loss of uricase was a mechanism that
could enhance the ability of fructose to generate fat (91,
100). Of note, other benefits of the uricase mutation have
also been proposed and are not mutually exclusive, includ-
ing effects on reaction time and foraging or effects to block
systemic oxidative stress (109, 110).

The Rise of Sugar Intake Parallels the Rise in
Obesity and Diabetes
Early humans were hunters and gatherers who could not un-
commonly face periods of food shortage. Adequate fat stores
not only allowed survival through these difficult periods but
were particularly critical for successful pregnancy (111) and
have been proposed as the reason why the fertility (Venus)
figurines of the Neolithic Period commonly depict women
who were obese. However, obesity remained relatively rare,
although there is indirect evidence that the production of
honey after the introduction of apiaries in the Egyptian
Old Kingdom may have led to a rise in obesity and caries
among the noblemen and royalty of that period (112).

This all changed with the discovery of sugarcane in the
Ganges River Valley in ;400 BC. The great physician Sus-
hruta was the first to link obesity and diabetes with the in-
take of sugary liquids (113). Subsequently sugarcane was
brought to China (100 AD), Persia (500 AD), and Egypt
(600 AD) where it was grown. Maimonides, a physician
from the 12th century, spent much of his life in Spain where
he noted diabetes was absent (and sugar had not yet been in-
troduced), whereas he found >20 cases after he moved to
Egypt (where sugar had entered the diet) (114). Sugar was

FIGURE 2 The unique metabolism of
fructose. Fructose is the only nutrient that
reduces energy in liver cells before
generating energy. The mechanism is
caused by the rapid phosphorylation of
fructose by fructokinase C that leads to
intracellular phosphate depletion, the
activation of AMPD, and the stepwise
breakdown of AMP to uric acid. This side-
chain reaction leads to intracellular
inflammation in and oxidative stress to the
mitochondria, resulting in an impairment of
FA oxidation and reduction in ATP. There is
also inhibition of AMP-activated protein
kinase and a stimulation of hepatic
gluconeogenesis. Studies of this side chain
suggest it is responsible for activating a “fat
switch” that leads to fat storage, insulin resistance, and metabolic syndrome (20, 21, 91). AMPD, AMP deaminase.
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then taken to Venice, where it was so expensive that 1 pound
(0.5 kg) was worth the equivalent of 28 pounds (12.7 kg) of
cheese (115, 116). As such, it was the kings and royalty who
could afford sugar, and many kings became severely obese,
including William the Conqueror, who was accused of being
pregnant because of his obesity (112).

Sugar remained expensive until the plantations in the
Americas began mass producing sugar. England initially
horded the sugar, resulting in a dramatic rise in sugar intake
compared with other countries, such as France (Figure 3)
(112, 117). Perhaps not surprisingly, obesity, diabetes, hy-
pertension, and cardiovascular disease emerged first in Eng-
land (118–120). Not far behind was Holland, for the Dutch
East Indies Company would bring sugar in from Java, which
was linked by Stephen Blankaart and others to the rise of
obesity there as well (121–123).

Sugar production continued, fueled not only by the sugar-
cane plantations, but by the discovery that sugar beets were
also an excellent source of sucrose. Based on disappearance
data, the average per capita sugar intake in the United States
and England rose from 4 pounds (1.8 kg)/y in 1700 to >150
pounds (68.2 kg)/y in 2000 (124, 125). An inflection point at
;1975 led to an even greater rise in overall intake of fructose-
containing sugars because of the introduction of HFCS (126).
HFCS not only was less expensive but was liquid and could be
added to a wide variety of foods to enhance its taste.

One of the most important sources of sugar was liquid
sugar provided in soft drinks. Soft drink intake increased
markedly over the last century and by the year 2000 ac-
counted for ;9% of overall energy intake in the average
American (127, 128). Given that the obesogenic effects of
fructose are mediated by intracellular energy depletion,
which is a function of the fructose concentration a cell is ex-
posed to, it is readily evident why liquid sugary beverages
confer much greater risk than solid foods containing sugar.

Decreasing Intakes of Sugar and HFCS is
Leading to a Stabilization of the Obesity and
Diabetes Epidemics
During the last decade, there has been a remarkable spread-
ing of knowledge on the role of sugar and HFCS in driving
obesity and diabetes (2, 87, 129–132), and this has led to a

wide variety of measures to reduce sugar intake. Guidelines
established by the AHA have proposed a maximum intake of
37.5 g (;9 teaspoons) of sugar for men and 25 g (;6 tea-
spoons) for women (133). Community-based education
programs, such as the ShFat That initiative in Colorado,
have not only educated children but led to public health
initiatives and state proclamations to focus on children’s
health (http://www.shfatthat.com/). Some elementary and
middle schools, such as in California, eliminated the sale
of sugary beverages from their premises and were able to
show a reduction in obesity (134). Taxes on sugary bever-
ages have also been initiated in several countries, including
Mexico and Great Britain, as well 18 states in the United
States (135).

These measures have also been associated with a leveling
and then a steady decrease in the intake of sugary soft drinks.
According to some estimates, the intake of dietary fructose
and sugars peaked in 1999 in the United States, with data
based on sugar dispersed for sales giving a per capita intake
of 158 pounds (71.8 kg)/y (136). This overestimates true
sugar intake, as it measures the amount of sugar that went
to the markets and disappeared from the shelves. Although
consumption of carbonated soft drinks was increasing at a
rate of ;3%/y until 1999, the increase slowed, and since
2005 it has been progressively decreasing by 0.5% in 2010,
1% in 2011, 1.2% in 2012, and 3% in 2013 (137, 138).
Not surprisingly, the obesity epidemic in the United States
has begun to plateau (139, 140), although it is still increasing
in adolescent males (141) in whom sugar intake remains ex-
tremely high. The prevalence of type 2 diabetes has also pla-
teaued (142). Nevertheless, intake of sugar/HFCS is still very
high compared with earlier in the twentieth century, and
much more needs to be done.

Limitations and Other Considerations
Challenges to the fructose hypothesis
Not all studies have concluded that the intake of sugary bev-
erages or high-sugar diets increase the risk of obesity. For ex-
ample, 2 meta-analyses concluded that sugar (or fructose)
does not induce weight gain in isocaloric trials in which
sugar is exchanged for a nonsugar caloric source (143,
144). However, as discussed earlier, fructose has been shown

FIGURE 3 Sugar consumption
increases in England. England
initially controlled most of the
importation of sugar from the
Americas, and most of the sugar
was consumed in England
compared with other European
countries, such as France. Shown
is the amount of sugar consumed
per capita compared with
England during the 18th century.
Data are originally from Austen

and Smith (117), and the quotes are by authors who wrote about the rise in Obesity in England (118, 119). Reproduced from reference
112 with permission.
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to induce weight gain by stimulating energy intake, so one
would not expect to see differences in weight in an isocaloric
study (145). There are also reviews that suggest that the cur-
rent intake of sugar does not increase the risk of obesity or
metabolic syndrome (146). However, the degree of sugar in-
take varies markedly in the country with some high-risk
groups, such as adolescents, young adults, and ethnic groups
(Native Americans, African Americans, and Hispanic Amer-
icans), having particularly high intakes (3, 147–149). These
observations, coupled with the strong epidemiology linking
sugar intake with obesity and metabolic syndrome (1), as
well as clinical data showing a direct relation of fructose in-
take with ATP depletion (69, 70), a rise in serum uric acid
(88, 150), and the development of fatty liver (12), strongly
argue that the current intake is high, and it explains why
the AHA (133) and WHO (151) have argued for a reduction
in sugar intake.

Other mechanisms driving obesity
Although sugar (fructose) intake appears to have a major
role in causing obesity and metabolic syndrome, there are
other important factors that regulate weight, such as genet-
ics (152), epigenetics and fetal programming (153), and the
host microbiome (154–156). High-glycemic carbohydrates
(157), trans-fats (158), v-6 FAs, high-fat diets (159), and a
high salt intake (160, 161) also increase the risk of obesity
or metabolic syndrome, whereas v-3 FAs and dairy fats
may be protective (162, 163).

Fructose may also have a role in obesity in response to
certain micronutrients or foods that do not contain fructose
but can induce endogenous fructose production. For exam-
ple, we have found that high-glycemic diets can induce fruc-
tose production in the liver because of the stimulation
of aldose reductase and that the endogenous fructose is re-
sponsible for how high-glycemic diets induce fatty liver
and insulin resistance and is partly responsibility for the
development of obesity (164). Likewise, we have unpub-
lished data that a high-salt diet can induce obesity and
metabolic syndrome by increasing serum osmolarity and
inducing aldose reductase and endogenous fructose pro-
duction in the liver (MA Lanaspa, A Andres-Hernando,
M Kuwabara, N Li, C Cicerchi, T Jensen, DJ Orlicky,
C Roncal-Jimenez, T Ishimoto, T Nakagawa, et al., unpub-
lished results, 2017). Other foods, such as beer, contain pu-
rines that may by-pass fructose to enter the AMP deaminase
side-chain pathway that results in metabolic syndrome and
may provide a mechanism linking umami-based foods
with increased diabetic risk (165, 166). Thus, obesity is
not simply driven by sugar but may involve mechanisms
mediated by endogenously produced fructose and uric
acid, as well as other nonfructose pathways.

Role of natural fruit
Our studies suggest natural fruits may also increase the risk
of obesity and diabetes. Indeed, it is known that some animals,
including orangutans, bears, migrating birds, and the Pacu
fish will ingest large amounts of fructose-containing fruit

as a means of increasing their fat stores (45, 167–169). How-
ever, a single, natural fruit is usually limited in fructose con-
tent (4–8 g) and contains fiber that may slow absorption
and a variety of antioxidants and flavonols that may counter
the effects of fructose. Indeed, a low-fructose diet that in-
cluded fruits provided greater benefits than a low-fructose
diet without fruits (170). Having said this, the intake of fruit
juice, which contains high concentrations of fructose,
should be limited according to the American Academy for
Pediatrics because fruit juice is associated with an increased
risk of obesity in children (171).

Importance of exercise
Finally, although fructose-containing sugars provide a great
mechanism for stimulating the storage of fat and features of
fat storage syndrome, the loss of weight requires not only
caloric restriction but exercise. With obesity there is a pro-
gressive loss of mitochondria (83), and stimulating mito-
chondrial biogenesis is likely key to being able to reset to a
lower weight. Exercise remains one of the best ways to stim-
ulate mitochondrial biogenesis (172) and is likely key to
long-term success for any weight-loss program.

In conclusion, the year 1893 was the starting point for
major epidemics of obesity and diabetes. Although multiple
factors likely play a role, we suggest that one contributor
is the excessive intake of sugar (and HFCS). With education,
the better labeling of foods, and taxes, measures to reduce
the consumption of sugar and HFCS should be possible
and that should not only arrest but eventually help reverse
this epidemic that has been costly to human health.
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