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Abstract: The high prevalence of childhood obesity is known to increase the risk of non-
communicable diseases typically found in adults, such as cardiovascular disease and type 2 diabetes
mellitus. However, worldwide childhood obesity cases continue to rise, thus comprehending its
multiple causes to build healthier approaches and revert this scenario is urgent. Obesity
development is now strongly associated with high fructose intakes, so mitigating the idea that
fructose is a ‘natural nutrient’ and therefore beneficial to health, may be required, since. Excessive
consumption of this highly lipogenic sugar leads to white fat accumulation, stimulates adipogenesis
and causes white adipose tissue (WAT) inflammation, oxidative stress and dysregulated adipokine
release. Unfortunately, dietary consumption of fructose is not always evident to consumers, as it is
commonly added as a sweetener in food and sugar-sweetened beverages (SSB). Global consumption
of fructose has increased dramatically in recent years. Therefore, it is important that the population
has access to reliable information about food ingredients, via food labels. Consumers also need
scientific education to understand potential health risks to themselves and their children. Here we
discuss the impact of excessive fructose intake on adipose tissue biology, its contribution to
childhood obesity and make suggestions for reversing this trend.
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1. Introduction

Childhood obesity, diagnosed by comparing body weight to age [1], is associated with non-
communicable health complications such as cardiovascular disease, type 2 diabetes mellitus (T2DM),
mental health problems and some types of cancer in later life [2,3]. These conditions are usually
observed in adults, but the development of non-communicable disease (NCD) often begins in
childhood. In children, excessive energy intake and/or a sedentary lifestyle can lead to positive
energy balance with consequent expansion of adipose tissue, beyond what is expected in a healthy
child [4]. Since treating this complex multifactorial condition [5,6] is so challenging, preventing
childhood obesity is fundamental to improving public health worldwide. It is also important to
successfully control obesity escalation, since a child living with obesity tends to become an adult
living with obesity [2,3].

Globally, childhood obesity is predicted to rise, especially among male children and adolescents
(aged 5-19 years) from 103 million in 2020 to 208 million in 2035, and from 72 to 175 million in female
children and adolescents [7]. Although the causes of obesity are varied, the increasing consumption
of fructose [8] has become a pivotal issue to understanding the pandemic status of obesity [5,9,10]
and the exponential increase of childhood obesity [11]. Indeed, experimental protocols,
epidemiological studies, and clinical trials have provided convincing evidence that sugar sweetened
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beverages (SSBs) increase the risk for obesity [12]. Here we discuss the impact of excessive fructose
intake on the biology of adipose tissue and its contribution to development of childhood obesity.

2. Biology of adipose tissue

Adipose tissue can be classified into white adipose tissue (WAT) and brown adipose tissue
(BAT). WAT is distributed throughout the body in distinct depots, including visceral (vWAT) and
subcutaneous WAT (sWAT) depots. vVWAT is in omental, mesenteric, retroperitoneal, gonadal, and
pericardial regions, while sWAT is subcutaneous and, in humans, also in the abdomen and
gluteofemoral regions [13,14]. BAT is typically found in the interscapular and supraclavicular regions
and represents approximately 4.3% of the fat mass in humans [15].

White adipocytes are responsible to the storage and release of lipids in response to systemic
nutritional and metabolic needs, and brown adipocytes are specialized in thermogenesis. The brown
adipocyte’s function is due to the expression of the uncoupling protein 1 (UCP1), which decouples
the proton gradient from the mitochondrial ATP synthesis, dissipating energy in form of heat [15]. A
third type of adipocytes have characteristics of both brown and white adipocytes (known as ‘beige’
or ‘brite” adipocytes) and can be found in WAT depots. In addition, the morphological and functional
characteristics of beige adipocytes are very similar to those of brown adipocytes, including
thermogenic capacity due to the expression of UCP1 [16].

In addition to the function of acting as an energy reservoir for protecting vital organs and
controlling body temperature, adipose tissue is also an endocrine organ that produces and secretes
many signaling proteins called adipokines. These proteins modulate various functions in the body,
including systemic metabolic state, inflammatory response, and cardiovascular function [17]. The
role of adipokines such as leptin, adiponectin, interleukin-6(IL-6) and fibroblast growth factor 21
(FGF21) in health and disease were widely presented in a recent review by Clemente-Sudrez et al.
[17].

The development and expansion of adipose tissue can be driven by the formation of new
adipocytes from preadipocyte differentiation in the process of adipogenesis (hyperplasia) and by
increasing lipid storage through lipogenesis (hypertrophy). On the other hand, the process of
lipolysis, which is the hydrolysis of triacylglycerol followed by fatty acids release to generate energy,
isinvolved in the reduction of adipocyte size. Fat accumulation is determined by the balance between
synthesis and breakdown of triacylglycerol [18].

Fetal adipogenesis begins early in the second trimester of pregnancy in a cranial to caudal and
then medial to lateral manner [19]. At the 28" week of pregnancy, WAT is present in the principal fat
depots throughout the body [19], while BAT can be identified earlier in development [20].
Considering that adipogenesis involves different precursors and distinct regulatory processes, factors
such as maternal nutrition state and obesity can influence the developmental patterning of fetal
adipose tissue with future consequences into adulthood [21].

After two weeks of birth, the expansion of adipose tissue rises rapidly in response to increased
nutrient availability in the postnatal environment [22]. Adipocyte proliferation in human adipose
tissue is markedly observed before two years and during puberty [23,24]. After puberty, adipocyte
number and size become relatively static in lean individuals [25]. However, increases in adipose mass
in individuals living with obesity can result from both adipocyte size and number elevation [26].

Regarding lipogenesis, fatty acids and monoacylglycerols taken up from the circulation are
driven toward triacylglycerol synthesis and storage in the adipocyte. In this process, fatty acids are
acylated with CoA forming acyl-CoA by acyl-CoA synthetase (ACS) [27]. Then, the enzymes glycerol-
3 phosphate acyltransferase (GPAT) and diacylglycerol acyltransferase (DGAT) are responsible for
the final part of the process esterifying acyl-CoA together with glycerol-3-phosphate in
triacylglycerol [28].

Carbohydrates can be converted to fatty acids through a process known as de novo lipogenesis.
This process occurs through the production of citrate followed by its conversion into acetyl-CoA by
the enzyme ATP citrate lyase (ACL) [29]. Through the action of the enzyme fatty acid carboxylase
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(ACC) the acetyl-CoA formed is converted to malonyl-CoA, which will be used as a substrate for the
synthesis of triacylglycerol by the enzyme fatty acid synthase (FAS) [28].

At the early stage of human pregnancy, the amount of fetal fat is provided by transplacental
transfer of fatty acids. However, during the last 3 months, fetal fatty acids are derived predominantly
from their own synthesis de novo [30]. In addition, the glucose used in lipogenesis is delivered by the
mother via the placenta, because the fetus does not synthesize glucose. Thus, conditions such
maternal obesity or gestational diabetes can impair glucose metabolism in fetal adipose tissue, and
consequently increase adiposity and result in elevated birth weight [31].

The regulation of lipolysis has been extensively reviewed in another previous study [32]. Briefly,
lipolysis starts from the binding of noradrenaline to beta-adrenergic receptors, which allows the
increase of cyclic-:AMP and the activation of protein kinase A (PKA). PKA phosphorylates hormone
sensitive lipase (HSL) and perilipins, thus allowing triacylglycerol hydrolysis into fatty acids.
Adipocyte triacylglycerol lipase (ATGL) and monoacylglycerol lipase (MAGL) also play important
roles in the lipolysis, with ATGL participating in the initial phase of triacylglycerol hydrolysis by
cleaving the first fatty acid and MAGL cleaving the last fatty acid of the triacylglycerol [32]. The 3
fatty acids liberated may be oxidized in muscle or BAT, and the glycerol may be used as a precursor
for gluconeogenesis in the liver [33].

Lipolysis occurs during periods of energy demand such as fasting and physical exercise but
seems to be suppressed during fetal life. In fact, adipose tissue favors lipid synthesis over lipolysis
under normal conditions, actively contributing to progressive fat storage during the last weeks of
gestation [34]. While in adults catecholamines are the main lipolytic hormones, thyrotropin hormone
plays a key role in lipolysis in newborns. However, during childhood, catecholamines increase and
replace its effect [35].

3. Biochemical aspects of fructose

Fructose is a monosaccharide made up of six carbon atoms bonded by single covalent bonds,
presenting hydroxyl groups and a carbonyl group, formed by a double bond between carbon and
oxygen. The position of this grouping will determine, after hydrolysis of the monosaccharide, if it
will give rise to ketone or aldehyde. Fructose also called ketohexose, when hydrolysed gives ketone,
since containing the carbonyl group at the end of the chain. Glucose, on the other hand, when
hydrolysed it will give rise to aldehyde, being called aldohexose. In the same way that glucose 1g of
fructose provides 16k] of energy [36].

Usually, fructose is ingested as a monosaccharide or disaccharide (combined with glucose) via
sucrose [37]. It can also be found in tri- and tetrasaccharides, such as raffinose and stachyose, present
in legumes, soybeans, lentils, peas, and beans for example [38]. When sucrose is the source of fructose,
it must be digested to liberate fructose and glucose for absorption. Dietary fructose is absorbed and
transported through facilitative Glucose Transporters (GLUTs) located on both sides of the enterocyte
membrane [39]. Absorption of fructose is performed by GLUTS5, located on the enterocyte’s apical
membrane, and transported to the portal bloodstream by GLUT2 present on the basolateral
membrane of these cells [40]. GLUT5 exclusively transports fructose, while GLUT2 transports both
glucose and fructose, also galactose. When co-ingested with glucose, intestinal fructose absorption is
increased due to upregulation of GLUT5 [41]. Unlike glucose, the uptake of fructose into enterocytes
is an insulin and sodium-independent process without the expenditure of ATP [42].

Most of the fructose absorbed by enterocytes is directed to the liver where it participates in
carbohydrate metabolism and de novo lipogenesis. Hepatic fructose is rapidly phosphorylated by
ketohexokinase (KHK) to fructose-1-phosphate (F1P), which is further metabolized to glyceraldehyde
3-phosphate and dihydroxyacetone phosphate by aldolase-B. Later, these products are used in
glycolytic pathways, or even in lipogenic processes, especially during high fructose intake (Figure 1)
[43]. The remaining fructose in the enterocyte is also metabolized by KHK to F1P and processed to
further metabolites such as Short-Chain Fatty Acids (SCFAs), glucose, and organic acids by aldolase-
B and triokinase sequentially [44].
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A recent study by Jang et al. [45] showed that with low-dose fructose intake (<0.5 g/kg), the
intestine can metabolize about 90% of this nutrient, mainly into glucose and organic acids, releasing
only nonmetabolized small part into portal circulation. Conversely, with a high intake of fructose (>1
g/kg), the intestinal capacity to metabolize this nutrient is exceeded, releasing the excess fructose to
the liver [45]. Another problem with ingesting large amounts of fructose is that it is likely to exceed
the absorptive capacity of the intestines, thought to be about 5-50 g per serving in a healthy adult
[46]. Incomplete absorption of fructose is associated with diarrhea [47] and other gastrointestinal
symptoms, such as gas accumulation, flatulence, and abdominal pain [48].
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Figure 1. Consequences of high fructose intake for hepatic metabolism. After meal, the fructose

absorbed and not metabolized in the intestine is directed to liver through portal vein and enter the
hepatocyte via GLUT2, to then be phosphorylated to fructose-1-P by ketohexokinase. High fructose
phosphorylation rates may cause ATP depletion, leading to purine degradation, uric acid formation

and its release to systemic circulation. Cleavage of fructose-1-P forms dihydroxyacetone-P and

glyceraldehyde that are then converted to glyceraldehyde-3-P, which participates in glycolytic

process to form pyruvate. In mitochondria, pyruvate is converted to acetyl-CoA that enters

tricarboxylic acid cycle (TCA cycle), resulting in ATP generation in mitochondrial electron transport
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chain. However, after intense fructose oxidation, the citrate produced in the mitochondria can be
displaced into fatty acid synthesis. Citrate exits mitochondria and is reconverted to acetyl-CoA. In the
cytoplasm, acetyl-CoA is converted to malonyl-CoA that ultimately forms triglyceride and VLDL
(very low-density lipoprotein) in endoplasmic reticulum. VLDL is exported to systemic circulation.
Triglyceride esterification is accentuated by dihydroxyacetone-P conversion to glycerol-3-P.

4. Sources and consumption of fructose

The main sources of fructose in the diet are fruit juice, fruit, yogurt, honey, ice cream,
confectionary and soft drinks sweetened with either sucrose or high fructose corn syrup (HFCS) [49].
Naturally occurring fructose found in yogurt and fruit was shown to be protective against
cardiometabolic disease, so there is no advice to limit these foods in the diet [49]. However, in recent
decades, dietary consumption of sugar has increased, and this is often blamed for the increased
prevalence of obesity and cardiometabolic disease [50]. The consumption of fructose in children and
adolescents aged 2-18 years exceeds the desirable goal of less than 5% energy intake from free sugars
[51]. Therefore, healthier approaches to beverage and dietary consumption should be adopted in
infancy [51] to avoid the development of obesity and comorbidities [11].

Recommendations for reducing sugar intakes focus on ‘free sugar’ rather than the intrinsic
sugars found in milk and plant food. Both the World Health Organization [52] and the UK’s Scientific
Advisory Committee on Nutrition [53] recommend limiting free sugar intake to less than 5% of
overall energy intake. Free sugar is defined as sugar added by the manufacturer, cook or consumer,
plus sugar found in honey, syrup, or fruit juice [49,54]. It is often added as a sweetener to food and
drink in the form of sucrose (table sugar) or HFCS (55% fructose) that are commonly used in sugar-
sweetened beverages (SSB) [37]. It is estimated that Americans consume 25kg of HFCS per person,
per year [55]. Most European countries consume far less HFCS, such as the United Kingdom (UK)
consuming < 0.5kg per person, per year [55]. However, nutritional surveys in the UK show that most
people consume far more free sugar compared to the recommendations, with a mean intake of 12.5%
of energy coming from free sugar, including 9% and 3.5% of energy from sucrose and fructose [54].
There appears to be no figures for fructose consumption in Brazil, but consumption of SSB is reported
to be high. In fact, young Brazilians consume an average of 281.5 ml or 1.6 SSB per day, which
contribute to 5.9% of energy intake [56].

Fructose is often associated with obesity and cardiometabolic disorders. Countries with a high
intake of fructose (from HFCS) are shown to have a significantly higher prevalence of type 2 diabetes
(8%) compared with countries with low HFCS consumption (6.7%, p=0.03) [55]. Several countries,
including the UK in 2018, have introduced financial penalties (a sugar levy) to dissuade the food
industry from adding free sugar to food and beverages, aiming to reduce free sugar consumption by
20% [54]. Mexico also introduced a similar system in 2014, adding a 15% cost to SSBs, to discourage
consumer purchase [57]. Both countries have observed a reduction in sugar intake since the
introduction of the levy, by 4-12% in Mexico [57] and 10% in the UK [54].

A Canadian study with 1000 adolescents and young adults (aged 16-30) concluded that
consumers appear to base healthiness perceptions on a sweetener’s level of “naturalness” rather than
energy content, probably due to their perception about the level of product processing. Most of the
respondents perceived HFCS (63.9%) and aspartame (52.4%) as less healthy than table sugar, and the
perception of “naturalness” has important implications for understanding consumer preferences [58].
Therefore, an effective approach for limiting SSB consumption among young people might involve
warning labels that includes calorie information [59,60]. A study conducted in 6 countries (Australia,
Canada, Chile, Mexico, UK, and United States) with 10,762 children aged 10-17 showed that different
types of front-of-package label induced the participants to perceive the product as unhealthy,
especially with “high in” labels with intuitive symbols [59]. Additionally, another study performed
with 2002 parents of children aged 11-16 in UK showed that SSB selection by parents for their children
was lower when labels contained an image-based warning (35%) compared with no label (49%) or
calorie information (43.5%) [60].
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5. Excessive fructose intake and its metabolic implications

Excessive fructose intake has been associated with diseases [37,61] such as metabolic syndrome
[62], blood hypertension [63], hypertriglyceridemia [64], non-alcoholic fatty liver disease (NAFLD)
[65] and obesity in adults and infants [12] (Figure 2). Most of the fructose that exceeds the intestinal
ability to absorb and metabolize this nutrient will bedriven to the liver, stimulating pathways that
will simultaneously lead to hepatic fat accumulation and reduction of hepatic fat removal [65].
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Figure 2. Effects of excessive fructose intake on different organs and tissues. High fructose intake
affects metabolic process through several pathways in organs such as hypothalamus, skeletal muscle,
liver, BAT and WAT, contributing to an obesity phenotype and metabolic syndrome development.
BAT, brown adipose tissue; WAT, white adipose tissue; UCP1, uncoupling protein 1; VLDL, very low-
density lipoprotein.

Fructose stimulates sterol regulatory element-binding protein 1 (SREBP-1c) and carbohydrate-
responsive element-binding protein (ChREBP), both key transcriptional regulators of hepatic de novo
lipogenesis [66]. In the other hand, fructose upregulates the synthesis of acetyl-CoA, which is then
converted to malonyl-CoA leading to (-oxidation inhibition by limiting carnitine palmitoyl
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transferase action [67]. VLDL and triglyceride (TG) production are accentuated by the formation of
glyceraldehyde-3-phosphate, a substrate for its synthesis from fructose-1-phosphate [67] (Figure 1).

In healthy subjects, a high-fructose diet consumed for 7 days resulted inan increase in ectopic
fat accumulation in liver and skeletal muscle, increased fasting plasma TG and VLDL, and a decrease
in hepatic insulin sensitivity, independently of family history of T2DM [68]. Glucose metabolism and
uptake pathways may be impaired by dyslipidemia status generated from excessive fructose intake
[69]. Mice fed a 66% fructose diet for 2 weeks decreased the number of insulin receptors in skeletal
muscle and liver, as well as increased blood pressure and TG serum levels [70]. In addition, 28 days
of high fructose feeding reduced insulin stimulated phosphorylation of insulin receptor substrate
(IRS 1/2) in the skeletal muscle and liver of mice. Those mechanisms might be involved in fructose
contributing to insulin resistance and T2DM pathogenesis [71].

Fructose metabolism in liver forms uric acid (UA) as a metabolite, which consequently induces
endothelial dysfunction, inflammation and oxidative stress in hepatocytes [72]. By activating the
proinflammatory NF-kB signaling cascade, hyperuricemia increases the expression of inflammatory
biomarkers such as C-reactive protein, fibrinogen, ferritin, and complement C3 in HepG2 cells [73],
which could contribute to the inflammation observed in metabolic and cardiovascular diseases. In
accordance, fructose administration for 20 weeks in rats, induced hyperuricemia, increased serum
proinflammatory cytokines IL-6, TNF-a, and MIP-2, and decreased anti-inflammatory cytokine IL-10
[74].

6. Fructose and obesity: what happens with adipose tissue

High fructose consumption and obesity development in modern societies has become
indissociable [75]. This highly lipogenic sugar stimulates adipogenesis and results in WAT
accumulation [76], and may also cause WAT inflammation [77], oxidative stress [75], dysregulated
adipokine release [78] and BAT whitening [79], involving different tissues and metabolic pathways
(Figure 2).

In mice, a 15% increase in fructose intake via water consumption, increased adiposity [76], while
a high-fat (31% g/kg) and high-fructose (24% g/kg) diet increased WAT accumulation and adipocyte
hypertrophy, glucose intolerance and reduced insulin secretion by isolated pancreatic islets [80].
Moreover, rats fed a fructose-rich diet for 8 weeks showed increased epididymal and mesenteric
WAT, with more large adipocytes and less small adipocytes in visceral WAT, compared to controls
[81]. Increased adipocytes size following exposure to a fructose-rich diet was also observed in rat
retroperitoneal WAT, with increased number of adipocyte precursor cells (APCs) and adipogenic
potential, inferred by the higher expression level of two adipogenic competency markers, PPARy2
and Zfp423 [82].

Fructose-stimulated adipogenesis is also mediated by the increasing of active glucocorticoids
(GC) levels through 113-hydroxysteroid dehydrogenase type 1 (113-HSD1) activity in WAT [83].
Fructose metabolism in 3T3-L1 adipocytes [85] and epidydimal WAT [85] generates NADPH that is
required for the activation of 113-HSD1, an enzyme that converts inert GC metabolite into active
hormone, resulting in high levels of plasma GC [83]. GCs are required to fully differentiate adipocytes
by induction of key adipogenic transcription factors such as C/EBPa, C/EBP(, C/EBPd, KLF5, KLF9,
and PPARYy in the early phase of differentiation [86,87]. In vitro, 3T3-L1 preadipocytes cultured with
only fructose as the carbohydrate source differentiated into adipocytes [88].

High-fat and high-fructose diets have a negative impact on the metabolome of liver, muscle,
BAT and WAT [89], and long-term fructose consumption increased mRNA levels of genes involved
in fatty acids synthesis such as FAS and SCD1, and decreased expression of genes involved in lipid
mobilization like ATGL and HSL, contributing to adipocytes enlargement [90]. A high-fructose diet
for 3 weeks increased adipocytes area, FAS activity and GLUT5 expression in rats [91]. Large
adipocytes and increased plasma TG persisted even after fructose withdrawal from diet, which might
indicate a longstanding negative effect of a fructose-rich diet in the young that may persist into
adulthood [91].
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Excessive fructose intake also might contribute to low-grade systemic inflammation. Male and
female rats fed a high-fructose diet during 24 weeks presented a visceral WAT accumulation with
high concentrations of inflammatory markers such as iNOS, TNFa, IL-1f3, IL-18, MDA, and ALT [77].
Kovacevi et. al [92] found that visceral WAT inflammation precedes obesity in female rats maintained
with 10% added fructose in water. In this study inflammatory markers like IL-1{3, IL-6, TNFaand
nuclear accumulation of NF«kB were higher even before increases in visceral adiposity. The authors
also observed insulin resistance in visceral WAT, detected by IRS1 inhibitory phosphorylation and
decreased Akt activity, and hyperuricemia [92], which in turn activates NFkB inflammatory pathway
[73], and may be a key factor responsible for the proinflammatory endocrine imbalance in WAT [93].
Local inflammation was found in WAT from high-fructose fed rats, with increased TNF-a levels,
MPO activity, and decreased adiponectin, an anti-inflammatory molecule, that persisted after
fructose diet withdrawal [91].

Singh et. al [94] found that a 60% fructose diet, fed over 10 weeks, induced the already
mentioned fructose effects (visceral adiposity, insulin resistance and increased TG levels)
accompanied by the activation of NLRP3 in rat epidydimal adipose tissue. In turn, NLRP3 inhibition
mitigated inflammatory signaling and lipogenesis in WAT, as well as improved insulin sensitivity
[93]. NLRP3 is an intracellular sensor that, when activated, forms an inflammasome complex and
results in caspase-1 expression and secretion of IL-1§3 and IL-18 in macrophages [93]. Therefore,
NLRP3 represents another mediator of high-fructose deleterious effects, including the increased
lipogenesis rates that contributes to development of obesity. However, the relation between high
fructose ingestion and inflammation in human is less clear. The excessive consumption  of fructose
over a period of 8 days from SSBs did not worsen the low-grade chronic systemic inflammation or
increase body weight in adults, probably due to the short period of nutrient ingestion [95].

In obesity, systemic oxidative stress is accentuated by several mechanisms, including the
activation of NADPH oxidase (NOX) with superoxide production as consequence of elevated FFA,
inflammatory cytokines or hyperglycemia [96]. Fructose-induced obesity caused oxidative stress in
hypertrophic visceral adipose tissue in male Wistar rats [97], and ROS production in cultured
macrophages was higher in fructose-treated cells compared with untreated or glucose-treated cells
[98]. Hyperuricemia might mediate this fructose induction of oxidative stress [75] since UA is
involved with ROS production by activating NOX and reducing endothelial level of the NO [99].

Additionally, fructose increases the production of GC [83], that such as dexamethasone and
cortisol also play a role in inducing the over production of ROS [100]. Such oxidative stress status
could be implicated in adipogenesis and lipid accumulation in adipocytes, representing another link
between high fructose intake and obesity development [75]. In addition, oxidative stress in 3T3-L1
cells mediated the expression of pro-adipogenic genes PPARy, RXRa and C/EBPa and resulted in
adipogenesis and lipid accumulation [101], and the impairment of ROS production decreased the
expression of adipogenic markers and lipid deposition in this cell line [102].

The profile of adipokines produced by different adipose tissue depots reflects its health status
[103]. WAT from lean subjects releases an anti-inflammatory adipokine profile with high levels of
adiponectin, IL-10 and IL-4, and low levels of leptin, TNF-a, IL-6 and MCP-1, while the WAT from
obese releases the same adipokines but in inverse proportion [104]. Interestingly, high-fructose intake
has also been associated with damaged adipokine profile secretion [78]. Fructose may lead to reduced
adiponectin levels [91] as consequence of hyperuricemia [93], impairing its anti-inflammatory and
anti-diabetic effects [105]. Adiponectin is very sensitive to fructose intake, since a single high-fructose
meal in rats was enough to reduce its serum concentration after 2 or 4 hours, as well as increasing
TNF-a content and neutrophil recruitment in liver [106]. These effects limit the potential of
adiponectin to decrease hepatic gluconeogenesis and WAT inflammation, or increase fatty acid
oxidation in skeletal muscle and liver, contributing to the maintenance of obesity phenotype [107].

WAT from individuals with obesity increases leptin secretion, leading to leptin resistance by
desensitizing its receptors in the hypothalamus, prejudicing its regulation of food intake and
contributing to obesity [108]. High-fructose intake seems also to induce hyperleptinemia in rats
[78,109,110] by leptin gene overexpression in WAT, which was further decreased by treatment with
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hypouricemic agents, suggesting that fructose-induced hyperuricemia is directly associated with
hyperleptinemia [109]. However, further investigations are required, since this effect was not
observed in other studies [111,112]. Despite that, high-fructose ingestion induced peripheral leptin
resistance in rats, in combination or not with high-fat diets [110-113]. This effect was reversed after
fructose withdrawal from diet [110]. Intraperitoneal leptin injections successfully reduced food intake
in adult rats fed a fructose-free diet but had no effect in animals fed a 60% fructose diet for 6 months.
This leptin resistance was associated with decreased phosphorylation in hypothalamic signal
transducer and activator of transcription 3 (STAT3) [111]. When fructose was added in the diet of
post-weaning rats, it resulted in decreased leptin receptors and SOCS3 in WAT, suggesting that long-
term fructose diet alters paracrine signaling of leptin [112], alerting for the risks of a high-fructose
consumption already early in life.

Recent studies indicate an effect of fructose also in BAT metabolism [79,114-116]. C57BL/6 mice
fed ahigh-fructose diet (50% of energy as fructose) during 12 weeks showed an interscapular BAT
(iBAT) whitening process, with a reduction in UCP1 immunodensity [79]. A similar study from the
same group did not find a pronounced whitening process in high-fructose fed mice, only in high-fat
fed animals. However, high-fructose diet caused lipid accumulation in iBAT and had a negative
immunostaining for vascular endothelial growth factor A (VEGEF-A), which could indicate a hypoxic
state that precedes mitochondrial loss and suggests that whitening might occur in prolonged high-
fructose intake. Those effects were reduced after PPAR-a activation, known to induce mitochondrial
biogenesis, [3-oxidation, fatty acid uptake, and UCP1 expression [114].

Additionally, in high-fructose fed mice a proportional reduction in BAT mass was observed in
comparison with visceral WAT and morphological remodeling, with increased lipid deposition in
enlarged intracellular lipid droplets [115]. In humans, a 14-day high-fructose diet impaired glucose
uptake in BAT, without changes in cold-stimulated thermogenesis [116].

7. The multiple causes of childhood obesity

Obesity is a multifactorial condition, therefore some factors such as maternal lifestyle during the
pre-gestational and gestational phases, birth weight, nutrition and physical activity, socioeconomic
and genetic factors are associated with childhood obesity pathogenesis [117,118]

Prenatal and early postnatal factors increase the risk of developing obesity and several
additional diseases throughout life [117,119]. Children born from mothers with obesity or from
women that developed gestational diabetes are more likely to develop obesity and metabolic
problems compared to children born from healthy mothers [119]. Therefore, factors such as pre-
pregnancy body mass index (BMI), maternal weight gain and glucose metabolism during pregnancy
and lactation correlates with the occurrence of childhood obesity [120-122]. Additionally, there is a
greater propensity for obesity in adulthood in children with high birthweight, and an increase in the
central distribution of fat in those with low birthweight, reaffirming that the gestational phase is an
important moment for an increase in later body adiposity [119].

Birthweight is an indicator of fetal health that reflects both intrauterine growth and gestational
age. Abnormal fetal growth is correlated with increased risk for cardiometabolic disease [118,119]
and there is a linear association between birth weight and BMI in adulthood [123].

Since a lack of physical activity and an inadequate diet are closely related to energy balance,
these are often identified as the main risk factors for obesity in childhood [118]. Diets that lack a good
fruit and vegetable intake, alongside increased consumption of ultra-processed foods and SSBs are
thought to be among the various nutritional patterns that contribute to childhood obesity [124]. Since
the family is primarily responsible for the child's development, the provision of food, and that
children look to their parents for examples, parental involvement in lifestyle changes and obesity
prevention are essential. Promoting an environment that prioritizes a balanced diet and encourages
the practice of regular physical activity are essential ingredients for obesity prevention [125].

Low socioeconomic status is also identified as one of the risk factors for childhood obesity, since
individuals from lower socioeconomic groups tend to have a different lifestyle than individuals with
higher purchasing power. Individuals in higher socioeconomic groups can have improved access to
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more nutritional diets that contribute to better food choices, and greater opportunities for regular
physical activity, thus reducing the risk of overweight and obesity [118,126].

In addition to environmental factors, genetic factors are involved with excessive weight gain,
such as the mutations in the genes for leptin (LEP) and leptin receptors (LEPR), proopiomelanocortin
(POMC), melanocortin-4 receptor (MC4R) and prohormone convertase, that all alter appetite
regulation [121,127]. However, genetic defects directly leading to obesity are rare, representing less
than 1% of cases. So, genetic factors play a key secondary role in the development of childhood
obesity, by increasing an individual’s predisposition to body weight gain, in the presence of other
factors such as the environmental and behavior [121].

8. Fructose and childhood obesity

High fructose ingestion and childhood obesity are linked through several paths taken at
different stages of a child's life (Figure 3), even before the birth, since fructose crosses the placental
barrier [128] and fetal membranes exhibit nutrient transporter expression profiles like the placenta
[129]. Supplementation of maternal diet with carbohydrate (glucose, fructose, or both) provoked a
significant increase in amniotic fluid glucose and a significant decrease in amniotic fluid uric acid, as
the level of carbohydrate increased in the maternal diet [130]. Furthermore, in this study, the glucose
content of amniotic fluid was predictive of fetal body weight [130]. Thus, maternal excessive intake
of fructose may affect fetal development very early, impacting the developmental patterning of fetal
adipose tissue, with its highly adipogenic effect [76]. Whether this intrauterine exposure to excess
fructose modulates the expression of adipogenic factors such as C/EBPa, C/EBPP, C/EBPd, KLE5,
KLF9, PPARY and Zfp423 in fetal adipose tissue remains a gap in knowledge.

* Altered amnioticfluid composition

* Elevated circulating levels of fructose

* Increased weight gainin offspring (mice)
DNA damage in offspring (mice)

* Dyslipidemia in offspring (mice)

* Hyperglycemia in offspring (mice)

* Impaired fetal BAT development (in mice)

Pregnancy

2 * Increased fructose contentin breastmilk
ﬁ * Increased FFA content in breastmilk
& -+ Higherlevels of FFA, UA and TG in offspring
-é guinea pigs serum
o ° Increased weight gain in offspring (mice)
@ -+ Alteredinfant microbiome
* Increased weight gain
B8 ° WAT expansion
2 +  Ectopicfat accumulation
= Hyperuricemia
ﬁ * Dyslipidemia

* Reduced insulin sensitivity

Figure 3. Effects of high fructose intake and childhood obesity. Studies with humans and other
animal models support the hypothesis that at different stages of life, from the fetal stage to childhood,
excessive consumption of fructose can cause effects that will lead to overweight and/or childhood
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obesity. BAT, brown adipose tissue; FFA, free fatty acids; UA, uric acid; TG, triglyceride; WAT, white
adipose tissue.

The impact of fructose consumption during pregnancy and the impact on fetal metabolic
programming is of particular concern. Animal studies have shown that the offspring of mice fed
fructose (via fructose syrup), during pregnancy and lactation, consumed more food and gained more
weight than controls [131,132]. Furthermore, offspring from the mice fed a high fructose diet, showed
evidence of DNA damage in blood, liver, kidney, and brain [131], or induced dyslipidemia and
hyperglycemia [132]; all suggestive of increased long-term susceptibility to cardiometabolic disease.
High fructose consumption during pregnancy and lactation was also associated with hypertension
in offspring during adulthood; thought to be due to fetal renal programming [133]. Additionally, in
pregnant mice consumption of water with 20% of added fructose, resulted in elevated circulating
levels of fructose in dams and their fetuses, which led to impaired fetal BAT development, attenuated
diet-induced thermogenesis, and metabolic disorders in adult offspring [134].

The evidence in humans is less clear as it is an under researched area. However, a Norwegian
study [135] demonstrated an increased risk of preterm birth, when pregnant women regularly
consumed SSB (high in sucrose/fructose). It is unclear whether the risks were associated directly with
the beverages or indirectly, due to other dietary or socioeconomic factors, as regular intakes of SSBs
are associated with inferior quality diets and poorer socio-economic status [134]. In China, a
significant increased risk of gestational diabetes was found in pregnant women with higher fasting
serum fructose; however, the authors believe that the higher serum fructose was due to endogenous
production of fructose, rather than an association with diet [136].

An American study [137] assessed the intake of SSBs and fructose in 1,068 pregnant women
using a food frequency questionnaire. Higher consumption of SSBs were associated with non-white
ethnicity, younger maternal age, lower education and income, plus higher pre-pregnancy BML
Furthermore, they found that higher intake of SSBs (odds ratio, 1.70; 95% confidence interval, 1.08-
2.67) and total fructose (odds ratio, 1.58; 95% confidence interval, 0.98-2.53) during pregnancy was
associated with an increased prevalence of asthma in offspring during mid-childhood [137]. Cohen
et al. [138] found that sugar consumption during pregnancy, especially from SSBs, adversely affected
childhood cognition scores in offspring. In terms of food, breast milk can be the child's first contact
with fructose, if the mother consumes foods excessively rich in this nutrient, with negative
consequences for weight control in progeny. Although the presence of fructose in breast milk does
not eliminate the many other benefits of exclusive breastfeeding, the possibility of this nutrient
interfering with child's taste formation cannot be ruled out, since the foods eaten by the mother
during pregnancy and lactation form the basis of the child’s weaning patterns [139].

Fructose consumption during lactation may also be problematic, as research [140] has found that
consumption of SSBs during lactation increases the fructose content of breastmilk, and this increase
remained for up to five hours post consumption. So, infants who are breastfed by mothers consuming
SSBs, will be consuming significantly higher levels of fructose during early life. In guinea pigs fed a
high fructose diet, an increased FFA content in milk was found, which resulted in offspring altered
serum FFA, as well as increased levels of UA and TG [141]. Goran et al. [142] found higher growth in
infants at 6 months of age (an increase in both lean and fat mass), when fructose was identified in
breastmilk. Moreover, high consumption of SSBs in women during early lactation was associated
with lower neurological development scores in infants at 24 months of age [143].

After birth, the development of infant's gut microbiota becomes a very important issue. When
compared with human milk or a traditional lactose-based infant formula, consumption of lactose-
reduced infant formula with added corn syrup, for a period of six months, was found to shape an
infant’s microbiome prematurely and was directly associated with the consumption of a high fat and
high carbohydrate diet during childhood [144]. Alternatively, the numerous human milk
oligosaccharides serve as substrate for the proliferation of beneficial bacteria, contributing to an
intestinal microbiota composition with health benefits for the breast-fed neonate [145]. Considering
that fructose is not the most abundant sugar found in human milk (lactose is made of glucose and
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galactose), the early introduction of fructose into infant's diet certainly figures as a risk factor for
childhood obesity.

Moreover, consumers erroneously tend to perceive fructose as a “natural” nutrient [146]
originating from fruits and therefore considering it neutral or even beneficial to health [147].
Conversely, SSB intake was correlated with healthy diet and physical activity among adolescents
[148], while a study of 548 children over 19 months showed an association between SSB consumption
and obesity, increasing BMI by 0.24kg/m? (p=0.03) with a 60% rise in obesity (p=0.02) [149]. These
findings point to the importance of guidance from parents and tutors, regarding healthy
consumption of SSB, but also the requirement that the population in general, have access to adequate
information about food, its components, and the consequences of its ingestion for people's health.

9. Conclusions

High fructose intake has several different harmful effects on metabolism and adipose tissue
function, including stimulation of adipogenesis and lipogenesis that ultimately can lead to WAT
accumulation and obesity. Early exposition to high fructose levels, from the intrauterine environment
and breast-feeding (both associated with maternal fructose consumption), and in childhood, all
represent a significant concern for childhood obesity development and its current prevalence
globally. In this review we explored the multiple relationships between excessive fructose ingestion
and childhood obesity with particular interest in WAT pathophysiology. Finally, we highlight the
importance of ensuring that the population has sufficient access to reliable information about the
food they are consuming, including nutrient content, indicated on food labels. Consumers also need
to have reliable knowledge about diet, through scientific education to be able to make good choices
about what foods will or will not enter their homes. A population able to choose high quality food
will be a population capable of preventing and managing childhood obesity.
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