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The consumption of artificially sweetened processed foods, particularly high in fructose or high fructose corn syrup, has increased
significantly in the past few decades. As such, interest into the long term outcomes of consuming high levels of fructose has
increased significantly, particularly when the exposure is early in life. Epidemiological and experimental evidence has linked
fructose consumption to the metabolic syndrome and associated comorbidities—implicating fructose as a potential factor in the
obesity epidemic. Yet, despite the widespread consumption of fructose-containing foods and beverages and the rising incidence of
maternal obesity, little attention has been paid to the possible adverse effects of maternal fructose consumption on the developing
fetus and long term effects on offspring. In this paper we review studies investigating the effects of fructose intake on metabolic
outcomes in both mother and offspring using human and experimental studies.

1. Dietary Trends in Today’s Society

Theprevalence of obesity and diabetes has increased radically
on a global scale over the past two decades to a point where
these conditions are now considered to be “epidemic.” There
are an estimated 312 million obese adults worldwide and at
least 155 million children who are either overweight or obese
[1]. This problem is not limited to developed countries; rates
of obesity have tripled in developing countries as they adopt
a western lifestyle characterised by less physical activity and
over indulgence in high-calorie processed foods [1, 2]. The
increase in obesity has been accompanied by an increase in
the incidence of type 2 diabetes, particularly in areas that have
undergone fairly rapid urbanisation [3, 4]. Advances in food
processing technologies have significantly contributed to an
influx of inexpensive, energy dense diets [5] that are readily
available worldwide.

Countries tend to undergo nutritional transitions from
traditional grain-based diets to high-fat high-sugar diets as

affluence increases and populations become more urban [6];
countries with the highest incomes have the highest fat and
sugar intakes [5]. Throughout the world, the consumption of
fat and sugar is on the rise; their availability per capita has
increased by more than 20% since 1977 and the consumption
of nonsucrose caloric sweeteners has also seen an upsurge
since 1962 [5, 7, 8]. Increasing attention is being paid to the
large increase in sweetened beverage consumptionworldwide
which has been primarily driven by increased sweetened
beverage intake which makes up a substantial proportion of
the total increased caloric load in many developed countries
[9]. Shifts in the use of fructose and high fructose corn-syrup
from sucrose in sweetened beverages as well as in processed
foods have been suggested to play a role in the obesity trend
[10–13], although in some populations sugar intake may be
on the decline [14]. Although evidence exists suggesting that
excessive fructose intake could be one determinant in the
aetiology of the metabolic syndrome long term impaired
hepatic pathophysiologies (Nonalcoholic Fatty Liver Disease,
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NALFD) and type 2 diabetes [11, 15, 16], other studies suggest
that this relationship is not quite as straightforward as some
believe [17, 18]. Currently, although the experimental data are
clear, there is a significant paucity ofwell designed, adequately
powered human studies to fully investigate the long term
effects of fructose intake on metabolic function. Despite
this, a report of the 8th Annual World Congress on Insulin
Resistance, Diabetes, andCardiovascularDisease highlighted
the role of excessive fructose intake in the worldwide
increasing prevalence of type 2 diabetes, obesity, and their
comorbidities [19]. However, a recent meta-analysis suggests
that the association between fructose intake and dyslipidemia
occurs only when fructose intake is excessive and in positive
energy balance [20].Thus, the controversy regarding fructose
intake and long term effects in humans still points toward the
need for large appropriately powered randomized controlled
trials in humans.

2. Fructose: What Is It and How Much
Do We Consume?

Fructose is a naturally occurring sugar and the predominant
monosaccharide found in honey, fruit, and some vegetables
[21]. It is a component of the disaccharide sucrose, formed
by condensation of fructose and glucose monomers [22].
Fructose is a 6-carbon polyhydroxyketone and is an isomer
of glucose; it has the same molecular formula but differs
structurally. Fructose can be produced from glucose by iso-
merisation, a reaction which is utilised in the production of
high fructose corn syrup (HFCS) [23].

In recent decades, human consumption of free fructose
has increased with the introduction of both fructose and
HFCS as manufactured sugars in many soft drinks and pro-
cessed foods. It is now estimated that the average American
consumes approximately 50 g of fructose on a daily basis [24]
and since 1978 mean daily intakes of added and total fructose
increased in all gender and age groups, whereas naturally
occurring fructose intake decreased or remained constant
[25]. Fructose ismore than twice as sweet as glucose andmore
than 1.5 times sweeter than sucrose [26] when sucrose is used
as a baselinemeasure of sweetness [27]. It is alsomore soluble
in water, which makes it an ideal sweetener for beverages and
tinned fruits [27, 28].HFCSswere first introduced in 1967 and
levels of consumption increased bymore than 1000%between
1970 and 1990 [26]. The increase in HFCS consumption has
been particularly marked in the United States, where HFCS
now accounts for more than 40% of caloric sweeteners added
to food and beverages [26].

A National Health and Nutrition Examination Survey
(NHANES III), conducted in the United States between 1988
and 1994, included dietary fructose intake as a reported
variable and its recent analysis found that on average fructose
accounted for over 10% of daily caloric intake in adults
and over 12% of daily caloric intake in adolescents, with a
quarter of adolescents obtaining at least 15% of their caloric
intake from fructose [24]. The major source of fructose was
found to be sugar-sweetened beverages, which accounted for
over 30% of fructose consumed; a further 21.5% came from
grains, a category which includes processed foods, such as

cakes, breads, and pies. Fructose from fruit in the form of
fruit juices accounted for just 19.1% of fructose intake. Given
the continued increase in the use of fructose and HFCSs
and the inconsistencies in reporting fructose intake, it has
been suggested that the percentage of energy consumed as
fructose is greater than 20% in a substantial proportion of
the US population [24]. The most recent analysis from the
National Health and Nutrition Examination Survey 2005–
2008 reported that one half of the US population consumes
sugar drinks on any given day and that 25% consumes at least
200 kcal, which is equivalent to more than one 12 oz can of
soft drink and as much as 5% of the population consumes
at least 560 kcal, more than four 12 oz cans of soft drink
[29]. Not surprisingly, in 2010, the US Dietary Guidelines for
Americans policy document recommended a reduction in
the intake of added sugars in the diet to reduce overall calorie
intake [30].

HFCSmay be present as different formulations consisting
of a mixture of glucose and fructose. Commercial HFCS
typically contains either 42% (HFCS-42) or 55% (HFCS-55)
fructose mixed with glucose. This is biochemically different
from sucrose in that fructose and glucose inHFCS are present
in monosaccharide form rather than linked by a glycosidic
bond to form a disaccharide [23, 26, 31] and therefore has
differentmetabolic properties. Nonetheless, the consumption
of glucose in addition to fructose is important to consider,
as it has been shown to modulate both the absorptive and
metabolic properties of fructose [21, 32, 33].

3. Biochemistry of Fructose—What Makes
It Different from Sugar

In the past, the characteristics of fructose absorption were
not of particular interest because dietary fructose levels were
relatively low. However, because of its commercial value, the
significant introduction of fructose and HFCSs in processed
foods and beverages, and the resulting increase in human
consumption of free fructose, understanding the mecha-
nisms of fructose absorption became increasingly important.
Initially, rodent studies established transporter mechanisms
showing that an active carrier-mediated mechanism of fruc-
tose uptake was present in rat small intestine [22, 34].
Studies on the absorption kinetics of free fructose in rodents
found that fructose transport across the intestinal epithelial
membrane may be a partially active process, as the rate of
transport falls between that of actively transported sugars,
such as glucose, and the rate of passively absorbed sugars [28].
However, no evidence of active transport of fructose has
been found in human studies and it is generally accepted
that intestinal absorption of fructose in humans occurs via
facilitated diffusion alone, through members of the glucose
transporter family, GLUT5 and GLUT2 [22], although GLUT
5 is the sole transporter specific for fructose with no ability to
transport glucose or galactose [35].

Studies investigating acute responses to both sucrose and
HFCS have found similar effects on glucose, insulin, leptin,
and ghrelin profiles between the two sweeteners, which were
intermediate between those induced by fructose alone and
those induced by glucose alone [36]. Both sucrose and HFCS
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increased plasma triglycerides to levels comparable to those
induced by fructose alone and it has been suggested that the
lipogenic properties of sucrose and HFCS can be attributed
to their fructose component [36]. A dose-dependent effect of
glucose on fructose absorption capabilities has been demon-
strated [37]. Consumption of a mixture of fructose and glu-
cose has been shown to significantly increase the absorptive
capacity for fructose and eliminate signs and symptoms of
malabsorption [32]. This facilitative phenomenon is thought
to be the result of apical insertion of GLUT2 transporters
in response to sodium-glucose linked transporter 1 (SGLT1)
transport of glucose, enabling more efficient uptake of all
hexoses [38, 39]. This ability of glucose to enhance fructose
absorption has potentially significantmetabolic implications,
given that fructose is often consumed in conjunction with
glucose as either sucrose or HFCS. In addition, utilisation
of fructose by the liver is altered by the presence of glucose
where fructose is preferentially directed through glycogenic
and lipogenic pathways [28, 33].

Following an acute dose of fructose, the increased avail-
ability of intermediates in the glycolytic pathway leads to
increased production of pyruvate and lactate, the end prod-
ucts of glycolysis [33]. Importantly, fructose consumption
does not lead to pancreatic insulin secretion due to an absence
of GLUT5 transporters in the pancreas and the inability of
fructose to stimulate gastric inhibitory peptide, which stimu-
lates insulin secretion [26]. Acute fructose consumption also
fails to stimulate leptin release from adipose tissue [40]; as a
result plasma levels of glucose, insulin, and leptin are lower
in the 24-hour period following consumption of fructose or
fructose-sweetened beverages, comparedwith glucose or glu-
cose sweetened beverages [40, 41]. In the postprandial period,
fructose also fails to suppress the release of ghrelin, a potent
appetite stimulating peptide [40]. However, fructose has
been shown to stimulate the release of gastric leptin, which
in turn leads to increased insertion of GLUT 2/5 transporters
into the apical membrane of the small intestine and increased
fructose transport across the intestinal wall [42]. It appears
that at least biochemically the actions of fructose have poten-
tially negative consequences on overall metabolic function if
fructose is consumed excessively for long periods of time.

4. Fructose Effects: Data from Experimental
Studies in Animals

Much of what is known about the long term effects of fructose
has come from experimental studies in rodents.The fructose-
fed rat is an animal model of acquired systolic hypertension
and the metabolic syndrome [43]. Early studies investi-
gating high doses of fructose (50–60%) reported that rats
consuming a high-fructose diet developed insulin resistance,
hypertension, and hypertriglyceridaemia [44]. Consistent
with this, fructose-fed rats demonstrated diminished sup-
pression of hepatic glucose outflow in response to insulin,
characteristic of hepatic insulin resistance [45]. Chronic
fructose consumption (60.4% kcal derived from fructose)
in the rodent did not alter food intake or weight gain but
induced leptin resistance, which exacerbated weight gain in

response to a high fat diet [46]. Other studies have shown
that the hepatic effects of fructose can be achieved in rodents
using diets with as little as 10% wt/vol of fructose in drinking
water [47–49]. However, onemust note that often studies [46,
48, 49] do not account for an overall reduction in food intake;
thus, the total calories derived from fructose in these studies
are likely higher than the reported 10%. Hence, while one can
commonly observe similar overall energy intakes between
control and fructose groups, when one looks at where
the animals are getting energy from a different story may
unfold. Thus, interpretation of experimental studies requires
both the consideration of delivery mode and total relative
percentage of calories derived from fructose, which is often
not delineated in published experimental studies.

Numerous pathways have been proposed to mediate the
effects of fructose, including uric acid formation, inflam-
mation, leptin resistance, and advanced glycation end prod-
ucts [43, 50–52]. Although the precise mechanisms remain
uncertain, these findings experimentally and biochemically
implicate consumption of fructose in the development of
metabolic compromise.

5. Fructose Effects: Data from Human Studies

In humans, it can be difficult to isolate the effects of chronic
fructose consumption, particularly over longer periods of
time. Responses to a single dose of fructose alone are likely to
be different from those elicited by a meal containing fructose
and different again from those elicited by chronic fructose
intake [28]. Furthermore, human studies suffer from issues
with diet composition, subject compliance, and individual
variation in responses [28]. To date there is not a clear con-
sensus on the long term effects of fructose intake in humans;
studies are limited by sample size and power analysis and are
often retrospective.

Of the few studies that have investigated the effects of
fructose consumption in human populations, many show
changes related to lipid regulation. Fructose ismore lipogenic
than glucose and its consumption typically results in imme-
diate elevations in plasma triglycerides, despite the fact that
it provides substrates for gluconeogenesis and glycogenesis.
Fructose consumption favours triglyceride synthesis, partic-
ularly when glucose is also present. Studies of acute fructose
intake have consistently observed elevated plasma triglyc-
erides, and sometimes VLDL, in the 24 h period following
a dose of fructose or a fructose-sweetened beverage [36,
53, 54]. Fructose bypasses the rate-limiting step of glucose
metabolism and provides unregulated amounts of lipogenic
substrates for conversion to fatty acids and triglycerides
as well as upregulating transcription factors and enzymes
involved in lipogenesis, including sterol regulatory element
binding protein 1c (SREBP1c) and acetyl-coenzyme A car-
boxylase (ACC) [36]. It has been suggested that attenuated
stimulation of insulin secretion after fructose may result
in reduced activation of adipose tissue lipoprotein lipase,
leading to impaired triglyceride clearance [53].

Fructose consumption also leads to hyperuricemia [55].
The conversion of fructose to fructose-1-phosphate depletes
hepatic ATP stores, activating enzymes involved in the
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degradation of AMP and formation of uric acid [33]. Hype-
ruricemic responses have been observed in subjects who
consumed approximately 10% of their energy intake as
fructose, which suggests that an average individual’s intake of
fructose is on the borderline for inducing hyperuricemia [33].
Chronic elevation of plasma uric acid levels has been linked
to endothelial dysfunction and impaired insulin action via
a reduction in endothelial nitric oxide (NO) [50]. Coupled
with the observation that increased uric acid concentrations
correlate with the increasing prevalence of the metabolic
syndrome, these data suggest that fructose-induced hyper-
uricemia has a pathogenic role in hypertension, insulin resis-
tance, and obesity [16, 50]. Reductions in insulin secretion
and attenuated 24 h leptin profiles observed in short-term
studies are not transient but are maintained after long term
fructose consumption [36]. Long term consumption of a
high-fructose diet also leads to hepatic enzyme adaptation
and the upregulation of fructose-1-6-bisphosphatase, glyco-
gen synthase, glucose-6-phosphatase, and lipogenic enzymes.
As a result, more fructose is converted to glucose and glyco-
gen, there is increased long chain fatty acid synthesis and
hepatic triglyceride, and very low density lipoprotein (VLDL)
output is increased, which leads to hypertriglyceridaemia
[33].

6. Perinatal Fructose Intake

Western populations obtain >10% of their daily caloric
intake from fructose [56]; thus, the long term consequences
of maternal fructose consumption are relevant. The major
contributors to the total energy intake inwomen during preg-
nancy have been reported to consist of low-nutrient-energy
dense foods, comprising high levels of refined carbohydrates
and saturated fat [57] and are particularly prevalent in low
income populations [58]. High maternal intake of nutrient-
poor energy-dense foods may suggest that in many pregnan-
cies the nutritional needs of a healthy growing fetus may be
compromised. Indeed recent studies show that few women
succeed in complying with nutrition and lifestyle recom-
mendations for planning a pregnancy [59] and only 46%
of women in the Southampton Women’s survey achieved
the recommended intake of fruits and vegetables in early
pregnancy [60].

It is well established that fructose is an important energy
source during fetal life, particularly in ruminants [61, 62];
in the ovine placenta glucose is used in the production of
endogenous fructose [62] and fructose is found in the fetal
circulation in significant amounts, although for themost part
glucose is the primary substrate for oxidative metabolism
[61, 63]. It has been suggested that the presence of fructose
in human umbilical cord blood is indicative of fructose
production by the fetal-placental unit [64]. Indeed, apprecia-
ble amounts of fructose have been found in first trimester
amniotic fluid [65], similar to that observed in the sheep.
Early work suggests that fructose is transported across the
human placenta [66] and that the human placenta is capable
of producing endogenous fructose [67]. The transport of
fructose in other tissues is carrier mediated but there are
little conclusive data identifying the presence of a GLUT5

transporter in humanplacental tissue. Although there is some
evidence that placental transport of fructosemay be diffusion
mediated [68], recent localisation of GLUT9 in human
placental tissue [69] may be indicative of another route of
carrier mediated fructose transport.

7. Perinatal Fructose Intake: Human Trends
and Outcomes

Due to its inability to stimulate an insulin response, fructose
was historically suggested as an alternative fuel source in
diabetics [70]. Early studies demonstrated that maternal
fructose infusion during labor elevated blood sugars com-
pared to control (no infusion) or an infusion of glucose and
increased levels of pyruvate and lactate in newborns [71]
and increased the degree of acidosis in the mother [72].
Work by Trindade et al. examined the presence of fructose
in umbilical cord blood of full term newborns in low risk
pregnancy. Fructose concentration in umbilical cord blood
was higher than maternal blood, suggestive of endogenous
fructose production by the fetal-placental unit. Furthermore,
fructose concentrations were higher in newborns at 48 h after
birth than in the fetal umbilical cord blood, suggesting that
fructose production is a continuous process from fetus to
newborn. It was proposed that fructose production by the
sorbitol pathway, present in the fetus and newborn, is an
alternative pathway in glucose metabolism that may be used
to maintain redox balance in the fetus; thus, the route for
metabolizing fructose is already present in the early steps of
human development [64].

To date, there remains a paucity of data on the effects
of dietary fructose intake during pregnancy and none that
have examined long term effects on the offspring. What little
evidence exists has been done using small animal studies.

8. Perinatal Fructose Intake: Evidence from
Animal Models

In early animal studies, female rats fed a 50% fructose diet
during pregnancy and lactation demonstrated significantly
elevated plasma glucose concentrations and elevated liver
gluconeogenic enzymes during pregnancy [73]. In early preg-
nancy, fructose-fed dams had elevated plasma triglycerides
compared to control and sucrose fed dams, and pups born to
fructose-fed dams exhibited hyperglycemia at birth but the
fructose intake in this study clearly exceeded that of normal
human intake [73].

Work by Ching et al. showed that a maternal 60%
fructose diet led to increases in serum triglycerides, FFAs,
and insulin in offspring. This was concomitant with elevated
hepatic triglyceride concentrations, increased expression of
acetyl-coenzyme A carboxylase beta (ACC2) and carnitine
palmitoyltransferase (CPT1a), and decreased expression of
antioxidant enzymes and fatty acid binding protein,
PPAR-gamma coactivator 1-𝛼, and peroxisome proliferator-
activated receptor-𝛼 [74].
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Zou et al. also used a supraphysiological fructose diet
(63%) to show that maternal fructose intake results in fatty
liver and glucose intolerance during pregnancy and lactation;
although birth weights were not affected, weaning weights
were significantly reduced in offspring of fructose fed dams
[75]. However, studies in rodents using very high fructose
diets are commonly associated with significant reductions
in overall food intake and thus may be confounded due to
macronutrient imbalances which are known independently
to confer an increased risk of disease in offspring.There is also
evidence that dietary fructose can perturb calcium (Ca2+)
handling, particularly during physiologically challenging
conditions such as lactation, due to fructose induced reduc-
tions in synthesis of 1,25-OH

2
D
3
[76].

Most recently, it was demonstrated that the combination
of chocolate and fructose consumption in pregnant dams
resulted in increased total body fat and impaired liver func-
tion in offspring [77]. However, as with the Zou et al. study
above, this work is potentially confounded by the fact that
the mothers significantly reduced intake of the regular chow
diet and as a result were protein deprived during pregnancy,
a circumstance known to independently result in metabolic
reprogramming of offspring [78].

Studies using lower fructose exposures have also reported
significant changes in genes related to fatty acid biosynthesis
and carbohydrate metabolism. Mukai et al. reported that
a 10% fructose intake during rat pregnancy leads to the
upregulation of maternal and fetal hepatic sterol regulatory
element-binding protein- (SREBP-) 1c [79].More recentwork
by Rodŕıguez et al. has shown that 10% fructose leads to
maternal hypertriglyceridemia and alteredmaternal and fetal
leptin signalling [80]. A further study also using a 10%
fructose solution found that dams given fructose were hyper-
glycaemic, hyperinsulinemic, and hypertriglyceridemic and
had heavier livers and higher body fat content and hepatic
glycogen content than their control counterparts [81]. These
offspring had lower birth weights and were hypoglycemic
and hyperinsulinemic at weaning [81]. Alzamendi and col-
leagues found that male offspring of rats who received
10% fructose during lactation had increased body weights
and increased food intake and were hyperinsulinemic
at postnatal day 60 compared to control offspring [82].
These rats also demonstrated neuroendocrine dysfunction,
with decreased hypothalamic responsiveness to leptin and
decreased hypothalamic expression of anorexigenic peptides
[82].

We have showed that maternal intake of fructose (20%
of total caloric intake) during pregnancy results in sig-
nificant elevations in circulating maternal fructose levels
accompanied bymaternal hyperinsulinemia. One of themost
important and novel observations of this study was the
marked sex-specific effects of maternal fructose intake on
placental growth and fetal and neonatal metabolic profiles.
We demonstrated in term rat fetuses that maternal fructose
intake significantly elevated circulating plasma leptin levels
in females [83] and that these changes were paralleled by a
reduction in female placental weights without any effect on
fetal growth (Figure 1).

9. Countering the Adverse Metabolic
Effects of Fructose

Several studies have examined possible intervention strate-
gies to negate the adverse metabolic effects associated with
excess fructose consumption. One of the most studied inter-
ventions is that of the amino acid taurine with a number of
studies reporting beneficial effects of taurine supplementa-
tion in the setting of fructose-induced metabolic disorders
[84–87]. Taurine has been shown to prevent hypertension
and increase exercise capacity in rats with fructose-induced
hypertension, possibly via antioxidation and maintenance
of nitric oxide concentrations [88, 89]. Using a model of
25% fructose intake, it has been shown that taurine and
L-arginine have synergistic effects on attenuating insulin
resistance hypertension [90].Wehave shown that taurine (2%
in drinking water) can reverse the adverse metabolic effects
in mother and offspring associated with a high fat : high
fructose intake and also have data that maternal hyper-
insulinemia associated with fructose intake is normalised
with taurine supplementation [91]. However, as reported by
Larsen et al., the combination of taurine and fructose can
also increase fasting glucose levels in certain experimental
models, therefore suggesting that the beneficial effect of
taurine supplementation towards amelioration of glucose
intolerance and insulin resistance may be dependent upon
the dose and duration of fructose intake [92].

Resveratrol supplementation in the rat has been shown
to restore many features of HFCS-induced disturbances
including amelioration of vascular insulin resistance and
endothelial dysfunction, possible by regulating eNOS and
iNOS production [93, 94]. Further, a clinical trial with grape-
derived polyphenols has also shown beneficial effects in
prevention of fructose induced oxidative stress and insulin
resistance in healthy volunteers with a high metabolic risk
[95]. Dietary sardine protein can lower insulin resistance,
leptin, and TNF-𝛼 and beneficially affect adipose tissue
oxidative stress in rats with fructose-induced metabolic
syndrome [96]. Supplementation of a high fructose diet with
Vitamin E and 𝛼-lipoic acid ameliorates adverse cardiovas-
cular and metabolic outcomes, possible via a reduction in
lipid peroxidation [97, 98]. However, there remains a paucity
of data regarding effective intervention strategies to negate
the adverse metabolic effects of high fructose intake during
critical developmental windows and effects on both mother
and offspring.

10. Why Is This Important?

Currently 36 million people die each year from noncom-
municable diseases (NCDs) [99]. Obesity is a predisposing
factor in chronic disease and is associated with a loss in life
expectancy; in Canada having diabetes at age 55 has a loss
of ∼5 years in life expectancy [100]. As the rate of NCDs
increases, the burden on health care will be unsustainable.
Chronic disease risk is inextricably linked to our early
life environment [101] where paternal, maternal, fetal, and
childhood factors predict NCD risk later in life [101].
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Figure 1: Fetal weight (a) and placental weight (b) at fetal day 21 (E21) and maternal plasma fructose levels at E21 and P10 (c) and maternal
plasma insulin levels inCont and Fr dams at E21 (d).Maternal fructose intake had no effect on fetal weight but significantly decreased placental
weight in female fetuses, 𝑃 < 0.05. Sample size: Cont male (𝑛 = 10), Fr male (𝑛 = 9), Cont female (𝑛 = 10), and Fr female (𝑛 = 9). Maternal
fructose intake significantly increased maternal fructose at E21 and P10 and insulin levels at P10. Data are means ± SEM; 𝑛 = 9-10 per group
(E21) and 𝑛 = 5–8 per group (P10). ∗𝑃 < 0.05. Cont = control; Fr = fructose. Data from Vickers et al. (2011).

Almost two thirds of women of reproductive age in
the United States are overweight translating to a marked
increase in women entering pregnancy either overweight or
obese. In 2006, >30% of Canadian women entered pregnancy
either overweight or obese [102] and maternal obesity is
the most significant predictor of childhood obesity [103]
and metabolic complications in offspring [104]. Childhood
obesity has become a global epidemic. In the US, the 2007-
2008 National Health and Nutrition Examination Survey
(NHANES) data showed that 17 percent of children and
adolescents (ages 2–19 years) were obese, and over 30 percent
were overweight or obese [105]. Nutrition and other prenatal
environmental signals interact with the fetal genome impact-
ing adult pathophysiology and chronic disease [106–108].
Prenatal signals, including nutrition,modulate disease risk by
inducing integrated gene-environment interactions in fetal
homeostasis leading to persistent changes in key metabolic

signalling pathways. This, combined with an increased inci-
dence ofmaternal obesity, has resulted in a feed-forward cycle
of obesity/chronic disease where daughters of obese mothers
are metabolically compromised becoming obese mothers
themselves and give rise to another generation of children
at risk of metabolic disease. Insulin resistance in children of
obese mothers is present during fetal life and high maternal
weight is associated with abnormal fetoplacental function
[109], supporting the notion that lifelong metabolic health is
determined very early in life.

Current evidence in experimental animalmodels strongly
suggests that high fructose intake during pregnancy and lac-
tation leads to metabolic dysfunction in both the mother and
the newborn. Increased liver weight and glycogen content
and the presence of hyperinsulinemia and elevated plasma
glucose and triglycerides may suggest that fructose can
promote lipogenesis and induce a state of hepatic insulin
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resistance in the mothers. Although offspring appear to have
early onset changes in metabolic regulation it is unclear
whether phenotypic effects in the offspring are the direct
effect of fructose transfer through the placenta to the fetus,
the effect of fructose transmitted to the neonate during
lactation through the mother’s milk, or the result of adaptive
responses made by the offspring in response to alteredmater-
nal metabolism. It is clear that further research is required
to elucidate the mechanisms behind the effects of maternal
fructose intake on the mother and the offspring and to
determine consequences for the offspring in adulthood.

While experimental investigations into the effects of
excessive fructose intake (and that of other manufactured
sugars) on metabolic function and obesity have shown clear
long term compromise, whether the same effects hold true in
human studies is still contentious. No doubt this is fuelled by
the complexity of the human diet, owing to increased intake
of overall calories derived from not only excessive sugar
intake but high fat intake as well, thus making assessment of
the direct effects of fructose per se difficult to delineate. The
next few years will likely result inmore cohort studies that are
well-designed and controlled and which can effectively mea-
sure the impact of increased intake of manufactured sugars
on metabolic outcomes in both mother and offspring.

Only recently has excessive fructose intake become the
focus of perinatal research; as maternal obesity and excessive
weight gain during pregnancy continue to rise it is now
imperative that we begin to understand not only maternal
global nutritional impacts on fetal, placental, and offspring
development but also specific components of today’s diet.
Together with controlled studies ofmaternal nutrition during
pregnancy in women, we will begin to elucidate the mecha-
nisms of action where a particular focus should be on sex-
specific effects and on placental function.
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[80] L. Rodŕıguez,M. I. Panadero,N. Roglans et al., “Fructose during
pregnancy affects maternal and fetal leptin signaling,” The
Journal of Nutritional Biochemistry, vol. 24, no. 10, pp. 1709–
1716, 2013.



10 Journal of Obesity

[81] S. Rawana, K. Clark, S. Zhong, A. Buison, S. Chackunkal, and
K.-L. C. Jen, “Low dose fructose ingestion during gestation and
lactation affects carbohydrate metabolism in rat dams and their
offspring,” The Journal of Nutrition, vol. 123, no. 12, pp. 2158–
2165, 1993.

[82] A. Alzamendi, D. Castrogiovanni, R. C. Gaillard, E. Spinedi,
and A. Giovambattista, “Increased male offspring’s risk of
metabolic-neuroendocrine dysfunction and overweight after
fructose-rich diet intake by the lactating mother,” Endocrinol-
ogy, vol. 151, no. 9, pp. 4214–4223, 2010.

[83] M. H. Vickers, Z. E. Clayton, C. Yap, and D. M. Sloboda,
“Maternal fructose intake during pregnancy and lactation alters
placental growth and leads to sex-specific changes in fetal and
neonatal endocrine function,” Endocrinology, vol. 152, no. 4, pp.
1378–1387, 2011.

[84] H. O. El Mesallamy, E. El-Demerdash, L. N. Hammad, and H.
M. ElMagdoub, “Effect of taurine supplementation onhyperho-
mocysteinemia and markers of oxidative stress in high fructose
diet induced insulin resistance,” Diabetology and Metabolic
Syndrome, vol. 2, no. 1, article 46, 2010.

[85] A. T. A. Nandhini, V. Thirunavukkarasu, and C. V. Anuradha,
“Taurinemodifies insulin signaling enzymes in the fructose-fed
insulin resistant rats,”Diabetes andMetabolism, vol. 31, no. 4, pp.
337–344, 2005.

[86] C. V. Anuradha and S. D. Balakrishnan, “Taurine attenuates
hypertension and improves insulin sensitivity in the fructose-
fed rat, an animalmodel of insulin resistance,”Canadian Journal
of Physiology and Pharmacology, vol. 77, no. 10, pp. 749–754,
1999.

[87] A. T. AnithaNandhini and C. V. Anuradha, “Taurinemodulates
kallikrein activity and glucose metabolism in insulin resistant
rats,” Amino Acids, vol. 22, no. 1, pp. 27–38, 2002.

[88] M. M. Rahman, H.-M. Park, S.-J. Kim et al., “Taurine pre-
vents hypertension and increases exercise capacity in rats with
fructose-induced hypertension,” The American Journal of
Hypertension, vol. 24, no. 5, pp. 574–581, 2011.

[89] H. Harada, T. Tsujino, Y. Watari, H. Nonaka, N. Emoto, and M.
Yokoyama, “Oral taurine supplementation prevents fructose-
induced hypertension in rats,” Heart and Vessels, vol. 19, no. 3,
pp. 132–136, 2004.

[90] Y. Feng, J. Li, J. Yang et al., “Synergistic effects of taurine
and L-arginine on attenuating insulin resistance hypertension,”
Advances in Experimental Medicine and Biology, vol. 775, pp.
427–435, 2013.

[91] M. Li, C. M. Reynolds, D. M. Sloboda, C. Gray, and M. H.
Vickers, “Effects of taurine supplementation on hepaticmarkers
of inflammation and lipid metabolism inmothers and offspring
in the setting of maternal obesity,” PLoS ONE, vol. 8, no. 10,
Article ID e76961, 2013.

[92] L. H. Larsen, L. K. Orstrup, S. H. Hansen, N. Grunnet, B.
Quistorff, andO.H.Mortensen, “The effect of long-term taurine
supplementation and fructose feeding on glucose and lipid
homeostasis inWistar rats,”Advances in Experimental Medicine
and Biology, vol. 776, pp. 39–50, 2013.

[93] C. Babacanoglu, N. Yildirim, G. Sadi, M. B. Pektas, and F.
Akar, “Resveratrol prevents high-fructose corn syrup-induced
vascular insulin resistance and dysfunction in rats,” Food And
Chemical Toxicology, vol. 60, pp. 160–167, 2013.

[94] F. Akar, O. Uludag, A. Aydin et al., “High-fructose corn
syrup causes vascular dysfunction associated with metabolic

disturbance in rats: protective effect of resveratrol,” Food And
Chemical Toxicology, vol. 50, pp. 2135–2141, 2012.

[95] M. Hokayem, E. Blond, H. Vidal et al., “Grape polyphenols
prevent fructose-induced oxidative stress and insulin resistance
in first-degree relatives of type 2 diabetic patients,” Diabetes
Care, vol. 36, no. 6, pp. 1454–1461, 2013.

[96] Z. Madani, K. Louchami, A. Sener, W. J. Malaisse, and D. A.
Yahia, “Dietary sardine protein lowers insulin resistance, leptin
and TNF-𝛼 and beneficially affects adipose tissue oxidative
stress in rats with fructose-induced metabolic syndrome,”
International Journal of Molecular Medicine, vol. 29, no. 2, pp.
311–318, 2012.

[97] V. Thirunavukkarasu, A. T. Anitha Nandhini, and C. V. Anu-
radha, “Effect of 𝛼-lipoic acid on lipid profile in rats fed a high-
fructose diet,” Experimental Diabesity Research, vol. 5, no. 3, pp.
195–200, 2004.

[98] J. Patel, N. A. Matnor, A. Iyer, and L. Brown, “A regenerative
antioxidant protocol of vitamin e and -lipoic acid ameliorates
cardiovascular and metabolic changes in fructose-fed rats,”
Evidence-Based Complementary and Alternative Medicine, vol.
2011, Article ID 120801, 8 pages, 2011.

[99] WHO IAfRoC, IARC Monographs on the Evalation of Carcino-
geneic Risks To Humans; Painting, Firefighting and Shiftwork,
WHO, 2010.

[100] Committee PHAoCS, “Health-adjusted life expectancy in
Canada,” Public Health Agency of Canada, Ottawa, Canada,
2012, http://www.phac-aspc.gc.ca/publications-eng.php.

[101] M. Hanson, P. Gluckman, D. Nutbeam, and J. Hearn, “Priority
actions for the non-communicable disease crisis,” The Lancet,
vol. 378, no. 9791, pp. 566–567, 2011.

[102] Canada PHAo, “Obesity in Canada—Snapshot,” Strategic Issues
Management Division, Public Health Agency of Canada,
Ottawa, Canada, 2009, http://www.phac-aspc.gc.ca.

[103] P. M. Catalano, L. Presley, J. Minium, and S. H.-D. Mouzon,
“Fetuses of obese mothers develop insulin resistance in utero,”
Diabetes Care, vol. 32, no. 6, pp. 1076–1080, 2009.

[104] C. M. Boney, A. Verma, R. Tucker, and B. R. Vohr, “Metabolic
syndrome in childhood: associationwith birthweight,maternal
obesity, and gestational diabetes mellitus,” Pediatrics, vol. 115,
no. 3, pp. e290–e296, 2005.

[105] Y. Wu, B. D. Lau, S. Bleich et al., “Future Research Needs
for Childhood Obesity Prevention Programs: Identification
of Future Research Needs From Comparative Effectiveness,”
Review no. 115, Agency for Healthcare Research and Quality,
Rockville, Md, USA, 2013.

[106] M. J. Meaney, M. Szyf, and J. R. Seckl, “Epigenetic mechanisms
of perinatal programming of hypothalamic-pituitary-adrenal
function and health,” Trends in Molecular Medicine, vol. 13, no.
7, pp. 269–277, 2007.

[107] M. A. Hanson and P. D. Gluckman, “Developmental origins of
health and disease: new insights,” Basic and Clinical Pharmacol-
ogy and Toxicology, vol. 102, no. 2, pp. 90–93, 2008.

[108] J. Landon, M. Davison, C. U. Krägeloh et al., “Global undernu-
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