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Abstract

Childhood obesity represents a growing global public health crisis, strongly driven by
the widespread consumption of sugar-sweetened beverages (SSBs) and, increasingly, ar-
tificially sweetened beverages (ASBs). SSB intake drives excessive calorie consumption,
reduces satiety, and disrupts hormones, leading to metabolic dysfunction such as insulin
resistance and type 2 diabetes. Despite some regional declines, global consumption of SSBs
remains high, with persistent socioeconomic disparities. Concurrently, ASBs, marketed as
healthier alternatives, pose emerging metabolic and behavioral risks, such as gut micro-
biota disruption and altered appetite regulation, raising concerns about their long-term
safety. Both beverage types displace nutritionally balanced food options in children’s diets
and foster enduring preferences for sweetness, exacerbating poor dietary quality. Public
health interventions targeting SSB reduction have demonstrated modest success; however,
rising ASB use complicates prevention strategies. Effective mitigation of childhood obe-
sity requires comprehensive approaches that emphasize reducing all sweetened beverage
consumption, promoting water and whole-food hydration, and addressing the behavioral
and environmental factors underlying unhealthy beverage choices to improve lifelong
health outcomes.

Keywords: sugar-sweetened beverages (SSBs); artificially sweetened beverages (ASBs);
childhood obesity; type 2 diabetes; public health; physiological disruption

1. Introduction
Childhood obesity has become a global public health challenge, with increasing

prevalence over the past few decades (WHO, 2020). According to the World Health
Organization (WHO), over 39 million children under the age of five were overweight or
obese in 2022, underscoring the urgency of addressing this issue. The WHO has identified
sugar-sweetened beverages (SSBs) as a major contributor to this epidemic due to their high
caloric content and lack of essential nutrients [1]. High consumption of SSBs has been
linked to several adverse health outcomes, including type 2 diabetes, hypertension, and
cardiovascular diseases, all of which share obesity as a common risk factor [2,3].

The etiology of childhood obesity is complex, encompassing genetic, behavioral, and,
environmental factors [4]. Among these, dietary patterns, specifically the intake of SSBs and
artificially sweetened beverages (ASBs), are regarded as significant contributors to excessive
weight gain in children [5,6]. Research indicates that SSB consumption is associated
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with decreased satiety and incomplete energy compensation, resulting in increased total
caloric intake [7]. In addition to their high caloric content, sugar-sweetened and artificially
sweetened beverages contribute to nutritional imbalance in children by displacing healthier
dietary options. This is associated with a reduced intake of essential nutrients such as
calcium, vitamin D, and fiber, which are critical for healthy growth and development [8].
Although marketed as healthier, artificially sweetened beverages are linked to adiposity
and poor dietary patterns, suggesting they may disrupt appetite regulation and fail to
prevent obesity [9]. Additional evidence shows that both types of beverages are linked
to long-term metabolic risks, including insulin resistance, type 2 diabetes, hypertension,
and metabolic syndrome (Figure 1). Substituting water for these drinks offers measurable
improvements in weight and metabolic profiles [10].

Figure 1. Health impacts associated with sugar-sweetened beverages (SSBs) and artificially sweetened
beverages (ASBs). CVD (cardiovascular disease) and NAFLD (nonalcoholic fatty liver disease).

Furthermore, studies have shown that early exposure to SSBs is associated with
higher body mass index (BMI) z-scores in children as young as 2 to 5 years old, indicating
that the negative impact of these beverages begins early in life. Public health interven-
tions, such as reducing access to SSBs and promoting healthier beverage choices, have
shown moderate success in decreasing consumption and curbing unhealthy weight gain
among children [11].

These findings emphasize the critical importance of minimizing sweetened beverage
intake in children’s diets, not only to preserve overall nutritional quality but also to reduce
the risk of excessive calorie consumption, poor dietary habits, and the development of
obesity-related health issues such as insulin resistance, type 2 diabetes, and metabolic
syndrome. Early dietary interventions that limit sugary drink consumption can contribute
significantly to healthier growth trajectories and long-term well-being.

2. Methods
This article is a narrative review. To improve transparency, we briefly summarize our

approach. We searched PubMed, Web of Science, and Scopus for English-language publi-
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cations between 2000 and January 2025 using combinations of terms such as “childhood
obesity,” “sugar-sweetened beverages,” “artificially sweetened beverages,” “fruit juice,”
“free sugar,” and “metabolic risk.” Reference lists of relevant reviews and meta-analyses
were also screened.

Priority was given to higher levels of evidence. Randomized controlled trials (RCTs)
were emphasized as the strongest source for causal inference. Prospective cohort studies
were included to capture long-term associations, but their findings were interpreted with
greater caution due to potential confounding and reverse causality. Cross-sectional studies
were considered less robust and were used primarily for hypothesis generation. Mechanistic
and animal studies were incorporated selectively to clarify potential biological pathways
but were not weighted equally with human data.

Because definitions of sugar-sweetened beverages (SSBs) vary across studies, particular
attention was paid to whether 100% fruit juice and juice-based drinks were included or
excluded. In line with the World Health Organization, we consider fruit juice a source of
“free sugars,” and we highlight inconsistencies in its classification across the literature.

Articles were excluded if they were non-peer-reviewed, focused solely on adults
without relevance to pediatric populations, or were duplicates. Evidence was synthesized
to highlight consistencies, uncertainties, and sources of heterogeneity across study designs.
Finally, throughout this review, we use “children” to refer to individuals aged 2–11 years
and “adolescents” for those aged 12–19 years, consistent with WHO/CDC definitions.

3. Global Trends on SSBs and ASBs Intake
The consumption of sugar-sweetened beverages and artificially sweetened beverages

continues to be prevalent among children and adolescents worldwide, posing significant
nutritional and public health concerns. Despite some regional decreases, particularly
in high-income countries, global intake remains high. A large-scale systematic review,
spanning 43 studies across 15 countries, found that SSB intake among children and ado-
lescents remained relatively stable over three decades in most regions, with the United
States showing the most significant decline only after the early 2000s [12]. Even with
observed declines, SSBs remain the leading source of added sugars in the diets of U.S.
children and adolescents. Recent data show that sweetened beverages provide 12.6–14.3%
of daily calories in children and adolescents, exceeding the <10% recommended by di-
etary guidelines [13]. These trends have improved slightly over the past two decades, but
disparities persist by race, income, and age. For instance, over one-third of U.S. adoles-
cents still consume excessive added sugars, primarily from beverages, with older teens
(12–19 years) and children/adolescents showing the highest prevalence [14]. Additionally,
while soda consumption has declined somewhat, other sweetened beverage categories, like
sports drinks, flavored milks, and energy drinks, have either remained stable or increased,
especially among children/adolescents from low-income households and certain ethnic mi-
norities [15]. In the UK, similar disparities were observed over time, with adolescents from
lower socioeconomic backgrounds maintaining higher SSB consumption despite national-
level reductions [16]. Daily consumption of sugar-sweetened beverages among European
adolescents has significantly declined between 2002 and 2018 across all 21 surveyed coun-
tries [17]. Despite this overall decline, socioeconomic disparities persist, adolescents from
lower-income families continue to report higher levels of daily consumption, especially
in Eastern Europe, where rates ranged from 5.1% to 28.1% in 2018 [17]. Beyond national
trends, behavioral and environmental factors also strongly shape consumption. A large
Brazilian cohort study found that adolescents with habits like high screen time, snacking
on ultra-processed foods, and frequent purchases from school cafeterias were significantly
more likely to consume SSBs daily [18]. Similarly, adolescents reporting loneliness and emo-
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tional distress tend to crave SSBs more frequently, suggesting a psychological component
to consumption behavior [19].

In the United States, approximately 13.3% of adolescents consume artificially sweet-
ened beverages on a given day, according to nationally representative dietary data from
the National Health and Nutrition Examination Survey (NHANES), with stable rates in
recent years and higher intake observed among older adolescents and those with higher
household income or obesity-related conditions [20].

3.1. Juices as Free Sugars

In line with WHO and SACN definitions [21,22], sugars naturally present in fruit juices
are classified as free sugars, because the juicing process removes cellular structure and
fiber, making their metabolic effects similar to added sugars. A standard 240 mL serving of
apple or grape juice contains 24–28 g of free sugars, comparable to or exceeding the sugar
content of cola. In contrast, whole fruit provides the same natural sugars packaged with
fiber and micronutrients, slowing absorption, improving satiety, and reducing glycemic
load. Epidemiological evidence shows that frequent fruit juice consumption in children is
linked to higher BMI z-scores and increased risk of dental caries, whereas whole fruit intake
is consistently protective. Public health guidance should therefore clearly distinguish
between whole fruit (beneficial) and fruit juice (free sugars), grouping juice alongside
sugar-sweetened beverages for obesity prevention.

3.2. SSBs and Childhood Obesity

Sugar-sweetened beverages, including sodas, fruit drinks with added sugars, and
sports drinks, are a major contributor of empty calories in children’s diets and a well-
established factor in childhood obesity [23]. Numerous systematic reviews and meta-
analyses confirm a strong, dose-dependent association between SSB intake and increased
body mass index in children and adolescents across diverse populations [1,12,24]. A
landmark randomized controlled trial demonstrated that children consuming SSBs expe-
rienced significantly greater weight gain and fat accumulation compared to those given
sugar-free alternatives [25]. Another longitudinal study reported that each additional daily
intake of 237 mL of SSB was associated with a mean increase of 0.050 units in BMI z-score
during growth [26].

Globally, rising SSB consumption has paralleled the increase in pediatric obesity,
particularly in low- and middle-income countries [27]. While public health campaigns have
contributed to modest reductions in SSB intake in some high-income settings, SSBs remain
a primary source of added sugars in children’s diets [23]. Observational studies further
suggest that early, habitual SSB intake can shape long-term dietary patterns and elevate
the risk of obesity-related metabolic complications well into adulthood [19,28]. These
consistent findings position SSB reduction as a top priority for global efforts to combat
pediatric obesity.

Although the overall body of evidence strongly supports a link between SSB con-
sumption and obesity, a review of systematic literature reviews found some heterogeneity:
most analyses reported a positive association, but a minority did not [23]. This inconsis-
tency highlights variability in study designs and populations but does not undermine
the general conclusion that reducing SSBs is critical for obesity prevention. These dis-
crepancies likely reflect methodological differences across reviews, such as reliance on
short-term randomized trials versus longitudinal cohort studies, heterogeneity in SSB
definitions, and limitations of dietary assessment tools. Differences in energy intake ad-
justment and the potential influence of funding sources may also have contributed to the
divergent conclusions.
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While sugar-sweetened beverages are defined by the presence of added sugars, it is
important to recognize that many fruit juices and juice-based drinks contain equal or even
higher amounts of free sugar than standard soft drinks. Common juices such as apple,
white grape, and pear juice are particularly high in naturally occurring fructose and glucose,
which metabolically behave similarly to added sugars due to the lack of fiber and high
glycemic load [29,30]. Despite being marketed as “100% juice,” many commercial products
are sweetened primarily with these high-fructose juices to enhance sweetness without the
appearance of added sugars, creating a misleading health halo effect [31]. For example,
240 mL of apple juice typically contains 24–28 g of sugar, comparable to or exceeding that
found in cola, and offers minimal fiber or satiety value [25].

Several studies and expert bodies, including the WHO and UK Scientific Advisory
Committee on Nutrition (SACN), now classify fruit juice sugars as “free sugars”, recog-
nizing their similar contribution to metabolic risk [32,33]. While orange juice may offer
some micronutrients such as vitamin C or folate, apple and grape juices contain little
beyond sugar, making their health benefits marginal compared to whole fruits. Importantly,
epidemiological evidence links frequent fruit juice consumption, particularly in young
children, to excess calorie intake, weight gain, and dental caries [25,32].

Therefore, in the context of childhood obesity, it is essential to expand the defini-
tion of sugar-containing beverages to include both traditional SSBs and high-sugar fruit
juices, especially those consumed in large volumes or presented as “natural” alternatives.
Public health messaging should reflect this broader classification to better guide parents,
caregivers, and policymakers.

3.3. ASBs: A Risky Alternative?

Artificially sweetened beverages contain non-nutritive sweeteners such as aspartame
and sucralose and are often marketed as healthier alternatives to sugar-sweetened bever-
ages. They have gained popularity, especially among adolescents aiming to manage weight.
Some studies suggest that substituting SSBs with ASBs may reduce caloric intake and
assist with weight management in the short term [33–35]. Overall, randomized controlled
trials consistently indicate that ASBs have neutral to modestly beneficial effects on body
weight compared with SSBs, supporting their short-term utility in reducing calorie intake.
However, their long-term metabolic effects remain controversial.

Evidence suggests that ASBs may influence appetite regulation and reinforce a prefer-
ence for sweet flavors, which could contribute to greater energy intake from other dietary
sources [36,37]. Emerging research has also associated ASB consumption with alterations in
gut microbiota, which may in turn affect metabolic health and obesity risk [38]. In addition,
several cohort studies have reported associations between long-term ASB intake and higher
incidence of metabolic syndrome and type 2 diabetes in children and adolescents [34,39].
A systematic review similarly identified a correlation between artificially sweetened soda
consumption and obesity, raising questions about their proposed benefits [40].

In the United Kingdom and broader European context, longitudinal data from Ger-
many show that approximately 23% of adolescents consume sweetened beverages daily,
including ASBs. This intake often coincides with other unhealthy lifestyle behaviors such
as smoking, high screen time, and low fruit and vegetable consumption, suggesting that
ASBs are part of a broader pattern of poor dietary habits [41]. Notably, adolescents tend
not to replace SSBs with ASBs, but consume both concurrently, potentially compounding
cardiometabolic risks.

Recent reviews support these concerns. Although ASBs may contribute to short-term
caloric reduction, they have also been linked to insulin resistance, altered gut microbiota,
and increased cravings for sweet foods [42]. Similarly, it has been reported that high
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ASB consumption is associated with elevated risks of cardiovascular events and all-cause
mortality [42]. The difficulty of forming evidence-based intake guidelines for non-sugar
sweeteners has been highlighted, due to conflicting findings and the absence of long-
term randomized controlled trials. In mice, long-term consumption of ASBs, containing
acesulfame potassium (Ace-K), aspartame, sucralose, saccharin, or steviol glycosides, did
not induce adverse metabolic effects, whether on a regular or high-fat diet. However, the
steviol glycoside improves insulin sensitivity and alters the intestinal microbiota [43].

Although ASBs are commonly grouped based on their shared effects, each has a unique
chemical structure that influences its metabolism and differentially modulates mechanisms
mediated by the sweet taste receptor, gut hormones, brain activation, the microbiota, and
appetitive sensations, necessitating further research to elucidate the specific impact of each
ASB on appetite, food intake, and body mass index [44].

Overall, the growing body of evidence suggests that ASBs may not provide mean-
ingful metabolic or dietary advantages and may instead serve as markers of unhealthy
behavioral patterns in children/adolescents. Public health strategies should focus on re-
ducing overall sweetened beverage consumption, regardless of whether they are sugar or
artificially sweetened, and address the behavioral and environmental factors driving their
widespread intake.

4. Comparison of SSBs vs. ASBs
From a nutritional standpoint, sugar-sweetened beverages and artificially sweetened

beverages differ substantially in their composition and metabolic effects. SSBs, including so-
das, sweetened teas, and fruit drinks, are typically sweetened with sucrose or high-fructose
corn syrup (HFCS), both of which provide substantial energy without accompanying mi-
cronutrients or fiber. A key concern identified in laboratory-based analyses is the high and
variable fructose content of many commercial SSBs [19]. Several beverages, particularly
those sweetened with HFCS, were found to contain fructose concentrations exceeding
the expected 55% of total sugar, with some as high as 65%. This has important metabolic
implications, as fructose is primarily metabolized in the liver, where excessive intake can
drive hepatic lipogenesis, dyslipidemia, insulin resistance, and elevated uric acid levels,
risk factors for obesity, fatty liver disease, and cardiometabolic complications [45]. However,
it is important to recognize that similar metabolic concerns extend to beverages containing
high levels of free (naturally occurring) sugars, such as fruit juices and juice-based drinks.
While often marketed as “natural” or “healthier,” juices like apple, grape, and pear juice
frequently contain equal or even greater total sugar content than conventional sodas. These
sugars, primarily free fructose and glucose, act biochemically similar to added sugars
when consumed in liquid form and in the absence of fiber. Leading health authorities,
including the WHO and SACN, have thus categorized sugars from fruit juice as “free sug-
ars,” emphasizing that their impact on metabolism is comparable to that of added sugars.
Nevertheless, studies vary in whether 100% fruit juice is classified as a sugar-sweetened
beverage (SSB), which complicates direct comparisons across the literature and contributes
to heterogeneity in findings [46]. Yet, public discourse often overlooks these beverages,
creating a misleading dichotomy between “natural” and “added” sugar sources.

In contrast, ASBs contain non-nutritive sweeteners such as aspartame, sucralose,
or stevia, formulated to deliver sweetness without significant caloric or carbohydrate
content. Although often perceived as healthier alternatives, ASBs may still exert metabolic
effects. Emerging evidence suggests that certain non-nutritive sweeteners may influence gut
microbiota composition, glucose metabolism, and reward signaling in the brain, potentially
altering hunger and satiety regulation. Furthermore, replacing SSBs with ASBs does not
necessarily constitute a nutritionally superior choice, as both categories lack essential
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nutrients and may reinforce habitual preference for sweet-tasting foods, regardless of
calorie content [19].

Indeed, Table 1 provides a comparative overview of common SSBs and ASBs, under-
scoring differences in caloric load, sugar composition, including the fructose percentage,
and types of sweeteners used. These findings highlight the need for more nuanced dietary
guidance that goes beyond sugar content alone, focusing instead on overall diet quality
and the broader metabolic consequences of habitual sweetened beverage intake.

Regarding appetite regulation, a randomized, double-blind, crossover fMRI study in
75 fasted adults demonstrated that sucralose significantly increased medial hypothalamic
blood flow compared to sucrose and water, an effect associated with greater subjective
hunger. Sucralose also enhanced functional connectivity between the hypothalamus and
brain regions involved in motivation and somatosensory processing, suggesting that non-
caloric sweeteners may influence key mechanisms of central appetite regulation [47].

Table 1. Nutritional content of selected sugar-sweetened beverages (SSBs) and artificially sweet-
ened beverages (ASBs). Values are shown per standard 12 oz (355 mL) serving, with equivalent
per-100 mL values provided for international comparability. Data are based on nutrient composition
data from USDA FoodData Central and manufacturer SmartLabelTM disclosures, supplemented by
FDA serving-size standards, ensuring values are traceable to primary sources. Example products are
brand-agnostic (e.g., “cola-type soda,” “fruit punch-type drink”) to avoid commercial bias [48–50].

Beverage Type Example Sweetener(s) Energy (kcal) 2 Total
Sugars (g) 2

Added
Sugars (g) 2,3

Total
Carbohydrates (g) 2

SSB Cola-type soda High-fructose corn syrup 140/39 39/11 39/11 39/11
SSB Fruit punch–type drink Sucrose, HFCS 1 150/42 35/10 35/10 38/11
SSB Orange juice (100% juice) Fructose/glucose 160/45 36/10 0/0 37/10
ASB Diet cola Aspartame 0/0 0/0 0/0 0/0
ASB Zero-sugar lemonade Sucralose, Acesulfame-K 5/1 0/0 0/0 1/<0.5

1 High-Fructose Corn Syrup. 2 Energy and nutrient values are per 12 oz (355 mL) serving, with per-100 mL
equivalents for comparability. 3 Added sugars are those incorporated during processing/preparation (e.g., sucrose,
HFCS); free sugars follow the WHO/SACN definition, including sugars naturally present in fruit juice.

Although much of the literature supports a positive association between sugar-
sweetened beverage (SSB) consumption and adverse health outcomes in children, several
recent systematic reviews and prospective cohort studies have reported null or inconsis-
tent findings, particularly when confounding factors such as total dietary intake, physical
activity, and reverse causality are considered. For example, a 2024 systematic review and
meta-analysis by Espinosa et al. found that randomized controlled trials (RCTs) showed
modest reductions in BMI when children consumed non-nutritive sweeteners (NNS) instead
of sugar, whereas prospective cohort studies did not demonstrate statistically significant
associations between NNS intake and BMI in children/adolescents populations [51]. In the
case of 100% fruit juice, multiple cohort studies similarly reported no consistent association
with weight gain in preschoolers [52,53], while a recent umbrella review concluded that
fruit juice consumption was associated with a very small increase in BMI z-score among
children (β ≈ 0.03 per 240 mL/day). In contrast, RCTs in adults reported no significant
effects [54]. Although these differences were detectable in large samples, the observed
changes in children are of limited clinical relevance at the individual level.

The included studies showed moderate methodological rigor, with considerable het-
erogeneity and potential residual confounding, limiting the strength of the conclusions.
Observational cohorts linking artificially sweetened beverage (ASB) intake to obesity, type
2 diabetes, or cardiometabolic risk should therefore be interpreted with caution, as these
associations may reflect confounding (e.g., diet quality, pre-existing conditions) or reverse
causality (e.g., weight gain prompting a switch from SSBs to ASBs). These findings suggest
that the context in which these beverages are consumed, such as total energy intake, di-
etary pattern, and physical activity, may moderate their health impact, underscoring the
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importance of a nuanced and comprehensive approach in evaluating the role of both SSBs
and ASBs in pediatric nutrition.

Taken together, discrepancies across studies can largely be explained by heterogeneity
in study design (short-term RCTs versus multi-year cohort studies), population characteris-
tics (age, baseline adiposity, socio-behavioral context), and by differences in how studies
account for key lifestyle and dietary factors such as total energy intake, physical activity,
and weight-control behaviors.

5. Innate and Modifiable Nature of Sweet Preference
Human preference for sweetness is innate, emerging from birth and shaped by both

biological and environmental factors. From an evolutionary perspective, an affinity for
sweet tastes likely served an adaptive function by guiding infants toward energy-rich, safe
foods and away from bitter or toxic substances. Colostrum and breast milk are naturally
sweet, due to the presence of lactose and various oligosaccharides, which contribute to
early flavor learning and hedonic acceptance of sweet tastes [55].

While repeated exposure to sweet-tasting beverages, whether sugar-sweetened or
artificially sweetened, can reinforce or maintain sweet preferences, these exposures do
not create the preference. Numerous studies in developmental nutrition have demon-
strated that children, even those who have never consumed SSBs or artificially sweetened
beverages, still exhibit a strong liking for sweetness, suggesting that sweet preference
is biologically driven, and subsequently modulated, but not determined, by dietary ex-
posure [56]. Beyond these biological foundations, recent longitudinal and experimental
evidence shows that short-term changes in what children eat or drink do not reset their
built-in liking for sweetness. In the OPALINE birth cohort, it was demonstrated that infants’
liking for sweet taste was already detectable at three months of age and remained stable
through the first year of life, even as exposure to sweet tastes increased markedly during the
introduction of complementary foods. These findings suggest that early exposure to dietary
sweetness does not recalibrate innate sweet preferences during infancy [19]. Consistent
with these findings, a randomized controlled trial in preschoolers revealed that a two-week
period of daily consumption of either a sucrose-sweetened beverage or an iso-palatable
sour drink did not alter the sucrose concentration preferred at a two-month follow-up,
confirming that brief dietary interventions fail to modify intrinsic preference for sweet
flavors [56]. Recognizing this distinction is important for developing realistic public health
strategies. Rather than attempting to eliminate sweetness from children’s diets altogether,
efforts should aim to shift the source and frequency of sweet exposures, emphasizing
nutrient-rich, naturally sweet foods over high-calorie, low-nutrient beverages [57].

Sweet preference is a robust feature of childhood, but it is not merely a behavioral
habit, it rests on physiological mechanisms that are being progressively elucidated. In
many settings, sweetened beverages constitute a non-negligible source of free sugars for
children/adolescents [23], with physiological consequences: they bypass normal gastric-
volume satiety, leading to incomplete energy compensation at subsequent meals [58].
Beneath this behavioral phenotype lies a coordinated gut–brain–liver–microbiome network:
intestinal sweet-taste chemosensing and incretin release, hepatic hepatokines that signal
fructose load, cortico-striatal reward adaptations that shape cue-driven intake, fructose-
to-uric-acid biochemistry fueling de novo lipogenesis, developmental changes (including
GLUT5 maturation and epigenetic programming) that create windows of susceptibility,
hypothalamic gliosis that blunts leptin/insulin signaling, and microbiota-mediated effects
on metabolism and cognition.



Beverages 2025, 11, 137 9 of 20

5.1. Hepatokine FGF21: A Fructose Stress Sensor

Fructose is catabolized in hepatocytes by ketohexokinase (fructokinase) without feed-
back inhibition, rapidly depleting ATP and increasing AMP. The ensuing bioenergetic
stress activates ChREBP and induces hepatic transcription of fibroblast growth factor 21
(FGF21). In humans, oral fructose or sucrose acutely elevates circulating FGF21 within
hours, and the magnitude of this response tracks habitual sweet intake and preference [59].
These dynamics suggest that repeated, modest daily exposures, such as sugar-sweetened
beverages or fructose-rich juices, may sustain FGF21 signaling over time, particularly in
adolescents with greater adiposity [59,60]. In animal models, chronic fructose exposure
drives sustained FGF21 release and reinforces sweet-seeking behavior through reward path-
ways. Clinically, elevated circulating FGF21 concentrations are consistently associated with
higher BMI z-scores, and in adolescents the anticipation of soft-drink intake is accompanied
by heightened ventral-striatal activation [60,61]. Thus, chronically higher FGF21 acts as an
endocrine early-warning signal that predicts deterioration of glycemic control and incident
type 2 diabetes, but current evidence supports a predictive rather than causal role [62].

5.2. Intestinal Sweet-Taste Receptors (T1R2/T1R3) and Incretin–SGLT1 Coupling

Enteroendocrine cells express the T1R2/T1R3 sweet-taste receptor and the G-protein
α-gustducin. This chemosensory pathway detects luminal sweetness and stimulates
glucagon-like peptide-1 (GLP-1) secretion [63]. In parallel, gut T1R3/α-gustducin signaling
upregulates SGLT1 (Na+–glucose cotransporter 1) in enterocytes, increasing apical glucose
transport capacity and thereby coupling sugar detection to absorptive readiness [64]. In
humans, sucralose alone does not reliably stimulate GLP-1 or GIP, nor does it slow gastric
emptying, whereas caloric sugars do [65]. When sweetness is decoupled from calories,
central appetite signals can diverge from peripheral glycaemia. In a large randomized
study, consumption of a sucralose-sweetened beverage led to a greater increase in medial-
hypothalamic blood flow and subjective hunger compared to a sucrose-sweetened beverage,
across all BMI categories [47]. Together, these findings support a “coupling/decoupling”
model in which caloric sugars deliver a coherent gut–incretin–brain signal, while some
non-nutritive sweeteners provide sweetness without calories, altering neuroendocrine re-
sponses, helping reconcile mixed results for artificially sweetened beverages and clarifying
why high-fructose juices (fully coupled calories) can metabolically resemble SSBs.

5.3. Cortico-Striatal Reward Adaptations

Repeated sucrose exposure reduces µ-opioid and dopamine D2/3 receptor availability
across striatal, accumbal, and related reward regions in animal models, as demonstrated by
longitudinal PET studies. This is consistent with addiction-like neuroadaptations that bias
behavior toward seeking stronger sweet cues [51]. At the transcriptional level, repeated
natural rewards cause the unusually stable activity-dependent transcription factor delta
FosB to accumulate in the nucleus accumbens. Overexpression of delta FosB increases
sucrose intake in rodents, supporting a causal role in sweet seeking [66]. Not all sweeteners
have identical neurobiological signatures: for example, stevia exposure modifies delta FosB
immunoreactivity in reward circuits, and environmental enrichment can attenuate this
effect, highlighting the interplay between palatability, learning context, and plasticity [67].
In summary, reward-circuit plasticity may explain why simply switching beverages does
not reduce the neurobiological drive for sweetness.

5.4. Fructose, Uric Acid, and Hepatic De Novo Lipogenesis

Excess AMP, generated during fructose metabolism via ketohexokinase, is catabolized
via the purine pathway to uric acid by xanthine oxidase. Intracellular uric acid acts as
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a signaling metabolite that further upregulates ketohexokinase and promotes lipogenic
pathways, thereby increasing de novo lipogenesis and hepatic triglyceride accumulation.
Thus, high fructose exposure directly drives hepatic fat production and contributes to fatty
liver disease [68]. Clinical studies show that when adolescents with fatty liver disease
reduce their intake of free sugars, including those from 100% fruit juice, the amount of fat
produced by the liver and stored in it goes down [69]. In short, understanding this link
between fructose, uric acid, and fat production helps explain why even so-called “healthy”
juices can have similar metabolic effects as sugar-sweetened drinks. This supports including
them in the same category as other free-sugar beverages when giving guidance for children.

5.5. GLUT5 Maturation and Epigenetic Programming Across Early Life

Fructose absorption depends primarily on GLUT5 (SLC2A5), whose expression is low
in early life and increases with postnatal maturation and luminal fructose exposure. Dietary
fructose further up-regulates GLUT5 through transcriptional and post-transcriptional
mechanisms, potentially creating a feed-forward loop of heightened absorptive capacity
during growth spurts that may be epigenetically reinforced [70]. Pediatric biopsy data
demonstrate higher duodenal GLUT5 protein expression in children with obesity compared
to normal-weight peers, supporting the concept of developmental intensification of fructose
handling in at-risk children [71]. However, this up-regulation is not inevitable and appears
to vary across individuals, highlighting the importance of inter-individual variability in
transporter expression. Parallel to transporter maturation, prenatal exposures may also
influence offspring phenotype: in a large birth cohort, maternal consumption of ASBs
during pregnancy was associated with higher infant BMI z-score and greater odds of
overweight at 1 year, suggesting an in utero epigenetic susceptibility to sweet taste or
exposure, though mechanisms remain incompletely defined [72]. Overall, developmental
windows from late gestation through early childhood can magnify, but not universally
determine, the metabolic impact of sweetened beverage intake.

5.6. Hypothalamic Gliosis and Appetite Signaling

Children commonly show a strong sweet preference, and the hypothalamus is the
brain center that converts leptin and insulin signals into “eat” or “stop” messages. Within
the hypothalamus, the mediobasal region (MBH) helps set day-to-day appetite thresholds.
In pediatric MRI studies, a higher T2 signal in the MBH, interpreted as compatible with
gliosis, has been observed in children with obesity, and the magnitude of this signal
predicts later BMI z-score gain in at-risk children [73]. However, this T2 signal should be
regarded as an associative marker of risk rather than proof of causation. Early-life studies
indicate that microglia actively wire hypothalamic circuits that govern glucose control
and shape orexigenic AgRP innervation during development. When these glial processes
are perturbed in critical windows, the resulting networks can shift toward stronger “eat”
signaling and weaker satiety, with effects that can persist into adulthood [74,75]. This
brain-centered mechanism helps explain why late lifestyle advice often underperforms,
and it underscores the value of prevention in childhood, particularly by limiting sweetened
beverages during brain maturation.

6. Physiological Alterations Associated with SSBs and ASBs
Sugar-sweetened beverages contribute to weight gain in children through multiple

physiological pathways. First, SSBs are energy-dense yet provide minimal satiety, meaning
they add significant calories to the diet without reducing subsequent food intake. This
poor caloric compensation is associated with positive energy balance, which is a direct
contributor to weight gain. SSB intake did not significantly suppress hunger or increase
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satiety in minority adolescents, supporting the idea that these beverages fail to trigger
appropriate appetite-regulating responses [76]. Similarly, it has been found that energy-
dense snacks and sugar-containing beverages were perceived to have similar expected
satiation, yet actual consumption of SSBs led to lower fullness, further underscoring their
limited impact on satiety signaling [77].

6.1. Gut Microbiota

Moreover, frequent consumption of SSBs has been shown to affect the gut microbiota,
reducing microbial diversity and promoting dysbiosis, which is linked to inflammation
and altered energy metabolism. It has been found that higher intake of added sugars and
sugar-sweetened beverages was associated with a distinct gut microbiota composition,
characterized by lower microbial diversity and shifts toward pro-inflammatory bacterial
profiles. Similarly, it has been reported that SSB intake was correlated with gut microbiota
alterations and changes in circulating metabolites linked to higher diabetes risk [35]. Despite
concerns about the impact of non-caloric artificial sweeteners on glucose metabolism
and gut microbiota, a double-blind study in humans and mice found that short-term
consumption of pure saccharin at the maximum acceptable intake level did not alter
glucose tolerance and absorption, or gut microbiota composition [78].

6.2. Inflammatory Effects

In parallel, another study demonstrated that SSB consumption was positively associ-
ated with elevated inflammatory markers, such as C-reactive protein (CRP) and white blood
cell counts, particularly among individuals with abdominal obesity and prediabetes [20].
Their findings underscore the role of chronic inflammation as a potential mediator between
high SSB intake and the progression of metabolic disorders. Collectively, these findings
suggest that habitual consumption of SSBs may have long-term metabolic consequences
mediated through both gut microbial pathways and systemic inflammation.

With regard to adipose tissue, a study demonstrated that repeated consumption of a
commercially available diet soda sweetened with sucralose and Acesulfame-K, adminis-
tered three times daily over an eight-week period, induces significant molecular alterations
within this tissue, affecting immune and inflammatory signaling pathways such as NF-κB,
interleukins, and interferons [79].

6.3. Hormonal Disruption and Obesity

Secondly, SSBs have a high glycemic load, rapidly increasing blood glucose and insulin
levels. Thus, frequent SSB intake has been linked to hormonal imbalances that influence
energy regulation and fat accumulation [80]. Repeated spikes in insulin not only promote
fat storage (lipogenesis) but also contribute to the development of insulin resistance over
time. Fructose, a dominant sugar in many SSBs, has been shown to induce insulin resistance
and impair leptin signaling, a hormone responsible for appetite suppression [81]. Leptin
resistance, in turn, promotes increased food intake and reduced energy expenditure, exacer-
bating obesity [19]. Supporting this, a rodent model study demonstrated that consumption
of glucose led to increased expression of several hypothalamic satiety peptides, including
cholecystokinin (CCK), whereas fructose consumption suppressed CCK and significantly
raised circulating triglycerides [82]. This disruption in hypothalamic signaling suggests
that fructose may impair central appetite regulation, increasing the risk of overeating. Ad-
ditionally, sucrose and high-fructose corn syrup produced mixed effects on satiety-related
genes, indicating varied metabolic consequences depending on sugar type. Similarly, some
artificial sweeteners may paradoxically stimulate insulin secretion even in the absence of
glucose, leading to hypoglycemia and increased hunger [39]. Consequently, habitual intake
of SSBs and ASBs is associated with repeated elevations in insulin levels and suppression
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of glucagon release, thereby impairing the homeostatic balance of this key metabolic axis.
Beyond their lipogenic potential, evidence suggests that a physiological rise in circulating
glucagon concentrations can increase hepatic mitochondrial oxidation rates by 50–75% [83].
Animal studies have reported metabolic disruptions linked to ASB consumption, yet further
clinical research is needed to determine their significance in pediatric populations [84,85].

Taken together, these mechanisms explain why high consumption of sugar-sweetened
beverages is strongly associated with increased adiposity in children and support public
health efforts aimed at reducing their intake.

6.4. Other Pathologies

Sugar-sweetened beverage consumption has also been associated with the onset
of asthma by age two, prior to the emergence of obesity-related signs in children. A
prospective cohort study involving 1140 participants demonstrated that intake of SSBs
was directly correlated with increased childhood asthma indicators, including physician
diagnosis, elevated eosinophil levels, emergency visits, and rhinitis [54].

A study by the Interact Consortium 2013 [86] demonstrated that a daily increase of
350 mL in SSBs consumption was associated with a 22% higher risk of developing type
2 diabetes, while the association with ASBs was no longer statistically significant after
adjusting for total energy intake and body mass index. However, another prospective
cohort study found that consumption of ≥2 servings/day of both SSBs and ASBs was
associated with a 41% and 11% higher risk of developing type 2 diabetes, respectively [87].
Although both studies included adjustment for BMI and total energy intake, divergent
results are more likely driven by differences in exposure measurement and classification
(single baseline measure or repeated cumulative assessments; increment models or high-
intake categories), alongside variation in follow-up length and in the sociodemographic
and metabolic profiles of the populations studied.

The consumption of SSBs and ASBs is also associated with increased total mortality.
A cohort study reported that, compared to consuming less than one serving per month,
individuals consuming ≥2 servings/day of SSBs had a 21% higher risk of total mortality,
with significant associations observed for cardiovascular disease mortality (31%) and cancer
mortality (16%) [88]. For ASBs, increased total mortality was observed only at the highest
intake levels, and this association was limited to cardiovascular disease mortality, with no
significant association found for cancer mortality.

Moreover, nonalcoholic fatty liver disease (NAFLD), a condition characterized by
excessive fat accumulation in the liver unrelated to alcohol use, has been increasingly
linked to the consumption of sugar-sweetened beverages [89]. These drinks, high in
fructose and other added sugars, promote hepatic fat synthesis through lipogenesis and
insulin resistance, key mechanisms in the development of NAFLD. Regular intake of SSBs
has been associated with a higher prevalence and severity of this liver condition, especially
in children and adolescents. Although artificially sweetened beverages do not contain sugar,
some studies suggest they may still influence metabolic processes and liver health indirectly,
possibly through alterations in gut microbiota or insulin sensitivity. While ASBs are often
marketed as safer alternatives, their long-term impact on liver function remains unclear,
highlighting the need for cautious consumption of both beverage types [90]. In pediatric
populations, longitudinal evidence is scarce; there is a lack of long-term prospective studies
on NAFLD [91], and the evidence linking ASB consumption to NAFLD remains limited [92],
underscoring the need for well-designed cohorts with standardized liver endpoints.

Sugar-sweetened beverages (SSBs) are a major contributor to dental caries due to
their high sugar content and acidity. The sugars in these drinks serve as a substrate
for oral bacteria, which produce acids that demineralize enamel and promote cavities.
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Frequent consumption, particularly between meals or in children, significantly increases
risk. Globally, dental caries affects a majority of school-aged children and nearly all adults,
according to the most recent WHO estimates [93]. Frequent intake of acidic beverages,
including SSBs, carbonated sodas, artificially sweetened beverages (ASBs), and even natural
fruit juices, is a primary risk factor for dental erosion, a chemical process that irreversibly
dissolves tooth enamel independent of bacterial acids [94]. While ASBs are sugar-free, their
acidity can still erode enamel and contribute to tooth wear [95]. Public health guidelines
recommend limiting intake of both SSBs and ASBs, maintaining good dental hygiene, and
minimizing exposure to acidic drinks to reduce the risk of dental caries and erosion [93,94].

7. Public Health Implications
The widespread consumption of sugar-sweetened beverages and artificially sweet-

ened beverages among children presents a major public health concern, particularly as
childhood obesity rates continue to rise globally. Robust evidence links high SSB intake to
increased risk of obesity, insulin resistance, type 2 diabetes, inflammation, and metabolic
dysfunction. This has prompted public health policies targeting SSB reduction through
taxation, marketing restrictions, improved labeling, and bans in school settings. Fiscal
interventions such as SSB taxation have been shown to substantially reduce purchases and
intake. A systematic review and meta-analysis including 17 evaluations across multiple
countries indicated that a 10% excise tax is associated with an average 10% decline in SSB
purchases and intake, with sensitivity analyses suggesting reductions of up to 13.3% [96].

A well-documented case is the beverage excise tax implemented in Philadelphia
in 2017. The city levied a 1.5-cent-per-ounce excise tax on sugar-sweetened beverages,
equivalent to approximately 5 cents per 12–16 oz drink. Following implementation, sales
of taxed beverages within the city declined significantly, while modest increases were
observed in bordering areas, yielding a net reduction in overall [97]. This standardized per-
ounce framing ensures consistency across studies and better reflects the fiscal mechanism
underpinning observed behavioral changes.

The interventions have shown some success in lowering SSB consumption, yet the
simultaneous rise in ASB intake introduces new complexities. Though ASBs may con-
tribute to short-term reductions in caloric intake, growing concerns about their effects on
appetite regulation, insulin sensitivity, and gut microbiota highlight the uncertainty of their
long-term safety. The ambiguity surrounding ASBs complicates public health messaging,
particularly when they are marketed as “healthier” alternatives.

In addition to the physiological burden, childhood obesity carries significant psy-
chosocial consequences, including low self-esteem, social stigma, and impaired academic
and social development [98,99]. Economically, obesity-related conditions such as type
2 diabetes and cardiovascular disease strain healthcare systems worldwide, driving up
medical costs and reducing quality of life [100,101].

Evidence from several studies indicates that implementing specific school food en-
vironment policies has been shown to improve targeted dietary behaviors, thereby con-
tributing to enhanced childhood dietary habits and overall child health. Across regions,
regulation of the sale of foods and beverages within the school setting resulted in a reduc-
tion in SSB intake by 0.18 servings per day without compensatory increases in total calories,
indicating real behavioral change within schools [102]. In the UK, introducing national
School Food Standards reduced the amount of free sugar in secondary-school lunches
by an average of 2.78 g, demonstrating that statutory nutrient standards can measurably
lower sugar exposure during the school day [103]. In the USA, installing cafeteria water
dispensers increased convenient access to water and was linked to small reductions in
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BMI z-score (0.022 in girls and 0.025 in boys) and a lower risk of overweight, illustrating a
simple, scalable substitution strategy [104].

Thus, public health strategies must move beyond substitution of SSBs with ASBs and
instead promote a broader cultural shift toward water and whole-food-based hydration.
Educational initiatives targeting children, parents, and schools play a critical role in re-
shaping dietary norms and reducing dependency on all sweetened beverages. Ultimately,
tackling the environmental and behavioral drivers of excessive SSB and ASB consumption
is key to reversing the childhood obesity epidemic and building lifelong healthy habits.

8. Conclusions
Childhood obesity remains a critical global health challenge, influenced by a complex

interplay of dietary, behavioral, and socioeconomic factors. Among these, sugar-sweetened
beverages, including sodas, fruit drinks, and juices with high free sugar content, are consis-
tently associated with increased caloric intake, weight gain, and metabolic disturbances.
However, a growing body of research highlights that not all sweetened beverages exert uni-
form effects, and that context matters. Artificially sweetened beverages, often considered
healthier alternatives, present their own concerns. Although they do not contain calories,
emerging evidence suggests possible effects on appetite regulation, gut microbiota, and
long-term dietary preferences. At the same time, some studies report null or inconclusive
findings, especially when confounding factors such as reverse causality, total energy in-
take, and physical activity are accounted for. Importantly, the preference for sweet taste is
biologically driven, present from birth through exposure to lactose-rich breast milk and
colostrum and is not created solely by consuming sweetened beverages. Nevertheless, fre-
quent and early exposure to sweet beverages, whether caloric or non-caloric, can reinforce
these preferences and shape long-term eating habits. Both SSBs and ASBs may displace
nutrient-dense drinks like milk or water, contributing to poor dietary quality. From a public
health standpoint, strategies to reduce sweetened beverage consumption have shown
promise, particularly in high-income settings. Yet, global consumption remains high, with
the growing ASB intake among adolescents and persistent disparities across income and
education levels. Moving forward, interventions must go beyond SSB reduction alone,
addressing all sources of sweet-tasting beverages, including fruit juices with high free sugar
and artificially sweetened drinks.

Future efforts should emphasize the promotion of water and whole-food hydration
options, supported by behavioral, environmental, and policy-based strategies that begin
early in life. Reducing all forms of sweetened beverage intake, not just those with added
sugars, is essential to mitigating the physical, psychological, and economic burden of
pediatric obesity and fostering healthier generations worldwide.
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T1R2 Taste Receptor Type 1 Member 2
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