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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most prevalent chronic liver
disorder in both children and adults. Pediatric MASLD, however, is not simply an early form of adult
disease, as it exhibits distinct developmental, histological, and metabolic features. These
characteristics reflect the complex, multi-hit, developmental continuum that begins in utero.
Maternal obesity, gestational diabetes, and poor diet quality during pregnancy are linked to hepatic
steatosis in offspring, implicating intrauterine exposure to dyslipidemia, hyperglycemia, and excess
free fatty acid flux as initiators of fetal hepatic lipid deposition. After birth, feeding behaviors such as
a prolonged duration of breastfeeding appears protective, while formula feeding, especially high
added-sugar formulations, may accelerate rapid weight gain and predispose to later steatosis. Early
childhood diets high in added sugars, saturated fats, and ultra-processed foods may further promote
hepatic lipogenesis and inflammation and reveal underlying genetic susceptibility to metabolic
dysfunction. This narrative review summarizes recent human and translational studies examining
the relationship between prenatal, postnatal, and early childhood nutrition and offspring hepatic
lipid accumulation, emphasizing early-life windows for intervention to reduce the burden of
pediatric MASLD.

Keywords: pediatric MASLD; developmental programming; maternal obesity; gestational diabetes;
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1. Introduction

Over the past two decades, the landscape of pediatric chronic disease has been profoundly
shaped by metabolic dysfunction-associated steatotic liver disease (MASLD), now recognized as the
most common chronic liver condition among children worldwide [1,2]. MASLD encompasses a
spectrum of progressive liver disorders defined by excessive hepatic fat accumulation in the context
of metabolic dysfunction. In children, MASLD is diagnosed when hepatic steatosis is detected by
imaging or histology in the presence of at least one cardiometabolic risk factor, such as obesity,
dyslipidemia, dysglycemia, or hypertension [3]. While many children exhibit only simple steatosis, a
clinically meaningful subset progress to metabolic dysfunction-associated steatohepatitis (MASH).
This more severe condition is characterized by steatosis, hepatocellular injury (e.g., ballooning
degeneration), and lobular inflammation, often accompanied by fibrosis.

The development of inflammation and fibrosis in adult MASLD patients usually takes decades
[4]. In contrast, MASH can develop in children and adolescents within only a few years of the onset
of hepatic steatosis or injury [5-7]. This accelerated and more aggressive trajectory suggests that it is
not merely an earlier manifestation of adult disease, but rather, a distinct entity. Features of pediatric
MASLD, such as portal-predominant inflammation and periportal fibrosis [8], as opposed to the
lobular inflammation typical of adults, are consistent with age-specific mechanisms of injury and
repair, and this diverse pattern of pathophysiology may partially explain why MASLD confers a
higher mortality risk in young adulthood [9-12]. These histological differences underscore the
fundamental divergence in pediatric and adult disease pathogenesis.
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In specific, pediatric disease often presents with portal-based (zone 1) inflammation and fibrosis,
whereas adult disease typically shows pericentral (zone 3) injury and perisinusoidal fibrosis [8,13,14].
Schwimmer et al. [14] delineated two histologic sub-types of pediatric steatohepatitis: one
characterized by ballooning degeneration with zone 3 fibrosis and another defined by zone 1 portal
inflammation and fibrosis, the latter associated with younger age and more rapid progression of
fibrosis. Additionally, zone 1 involvement has been found to correlate with advanced fibrosis and
earlier disease onset, while zone 3 predominance has been linked to steatohepatitis [13]. These zonal
patterns may reflect developmental differences in hepatic metabolism, oxygen and nutrient
gradients, and immune-parenchymal signaling [8].

The public health implications of pediatric MASLD are considerable. In the United States,
MASLD affects 5-20% of children and adolescents [15-18]. Among U.S. adolescents aged 12-17,
approximately 20% meet the criteria for obesity, and of these, 70% have MASLD [19]. Internationally,
the prevalence approaches 13% in the general pediatric population and up to 47% among youth with
obesity [2]. While obesity is a strong risk factor for pediatric MASLD, a significant proportion of
young patients have a healthy weight [20,21], mirroring patterns observed in adult disease [22].
However, these figures likely underestimate the true burden of pediatric MASLD, as most children
are asymptomatic and diagnosis is often incidental, revealed by elevated alanine aminotransferase
(ALT) levels or imaging abnormalities in the course of obesity screening [23].

Pediatric MASLD is a multifactorial disease resulting from the dynamic interplay among genetic
predisposition, early developmental programming, and environmental exposures. A strong heritable
component for pediatric MASLD is supported by familial clustering [24,25], and the association of
variants in PNPLA3, TM6SF2, GCKR-known to confer susceptibility in adults-with hepatic steatosis
and fibrosis progression in children [26-29]. Furthermore, ethnic and racial background significantly
influences disease risk, with higher prevalence in Hispanic and Asian youth [19,25]. Early-life factors
such as maternal obesity, insulin resistance, gestational diabetes, and abnormal birth weight further
modulate susceptibility [8]. These differences persist even after accounting for obesity and likely
reflect a combination of genetic, and social, and metabolic determinants, including dietary patterns
and adipose tissue distribution.

As in adult disease, environmental and lifestyle factors are key drivers and important targets for
preventing and managing pediatric MASLD. For example, poor diet quality [30-37] and low physical
activity levels, common in children with MASLD, contribute to hepatic fat accumulation and
metabolic dysfunction [35,38,39]. These modifiable factors provide essential targets for early, non-
pharmacologic intervention. Given the critical role of modifiable factors in early life, the purpose of
this brief narrative review is to synthesize the evidence linking prenatal, postnatal, and early
childhood nutrition to the developmental programming of hepatic lipid accumulation.

To narrow the scope, this review focuses on nutritional and metabolic determinants of pediatric
MASLD and does not explore mechanistic domains such as epigenetic regulation, paternal
contributions, or microbiome-mediated effects, for which readers are referred to recent
comprehensive reviews [8,40,41]. For consistency with current nomenclature, the term MASLD is
used throughout this review. However, most of the cited literature predates the 2023 consensus
reclassification [3], defining hepatic outcomes as nonalcoholic fatty liver disease (NAFLD) or
nonalcoholic steatohepatitis (NASH). Thus, while the terminology has evolved, the underlying
phenotype of excess hepatic fat accumulation in the context of metabolic dysfunction remains largely
comparable.

2. Methods

This narrative review was conducted through comprehensive searches of the PubMed and
Scopus databases, encompassing literature published up to October 2025. The search strategy was
designed to systematically identify human and relevant animal studies linking prenatal, postnatal,
and early childhood nutrition with later-life hepatic outcomes.
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Search terms included combinations of “maternal obesity”, “maternal diet”, “gestational
diabetes”, “fetal programming”, “breastfeeding”, “infant formula”, “added sugars”, “postnatal diet”,
“pediatric nutrition”, “hepatic steatosis”, “liver fat”, “liver fibrosis”, “NAFLD”, “NASH”, “MASLD”,
“MASH”, and “MAFLD”. Longitudinal cohort studies, randomized controlled trials, and recent
systematic reviews were prioritized. Mechanistic animal studies were selectively included to provide

biological context.

3. A Brief Overview of Pediatric MASLD Pathophysiology

MASLD is ultimately a systemic disorder of energy metabolism [42]. Insulin resistance in
adipose tissue and muscle elevates circulating fatty acids and alters adipokine profiles, while gut
dysbiosis increases intestinal permeability and exposure to gut-derived endotoxins [43]. These
extrahepatic disturbances create a feed-forward loop of lipotoxicity, inflammation, and fibrogenesis
[44].

Early-stage MASLD is characterized by hepatic steatosis, which arises from an imbalance
between lipid accretion and disposal. Excess delivery of free fatty acids from adipose tissue, enhanced
de novo lipogenesis driven by both hyperinsulinemia and high dietary fructose intake, and impaired
[B-oxidation collectively promote triglyceride accumulation in hepatocytes [45]. When lipid storage
capacity in hepatocytes is exceeded, metabolic pathways become dysregulated, leading to the
generation of toxic lipid intermediates such as ceramides, diacylglycerols, and free cholesterol, and
inducing mitochondrial dysfunction, oxidative stress, and endoplasmic reticulum stress.

These processes activate the unfolded protein response, generate reactive oxygen species, and
trigger hepatocyte injury accompanied by the release of damage-associated molecular patterns
(DAMPs) [46-49]. DAMPs are then recognized by pattern recognition receptors on immune cells,
which triggers inflammatory cascades [50]. This process stimulates hepatocytes to release cytokines
and chemokines that subsequently recruit Kupffer cells and infiltrating macrophages. Concurrently,
mitochondrial DNA and lipid peroxidation products activate innate immune pathways such as TLR4
and NLRP3 inflammasome signaling [51]. Chronic inflammation further disrupts insulin signaling,
perpetuating a cycle of metabolic stress and cellular injury. Persistent hepatocyte stress also activates
hepatic stellate cells, promoting extracellular matrix deposition and fibrogenesis [49].

4. Maternal nutrition and offspring hepatic steatosis

Observational studies consistently support associations between maternal obesity, gestational
diabetes mellitus (GDM), and increased hepatic fat in offspring [8,41] (Table 1). Using magnetic
resonance spectroscopy (MRS), Modi et al. [52] observed an 8.6% increase in neonatal intrahepatic
lipid per unit increase in maternal BMI, independent of neonatal body weight. Similarly, Brumbaugh
et al. [53] reported 68% higher hepatic fat in neonates born to obese mothers with GDM compared to
those of normal-weight women, with intrahepatic lipid content correlating with maternal BMI rather
than neonatal adiposity. These findings were among the first to suggest that fetal hepatic steatosis
can occur independently of generalized fat accretion and imply that lipid partitioning to the fetal
liver is affected by adipose storage-independent pathways.

In the longitudinal Western Australia Pregnancy (Raine) Cohort study, maternal pre-pregnancy
obesity predicted MASLD at 17 years of age, independent of a Western-style diet consumption [54].
Likewise, in the Shanghai Prenatal Cohort (SPCS), maternal obesity and GDM were independently
associated with hepatic steatosis in 8-year-old offspring [58]. The prevalence of hepatic steatosis rose
across maternal BMI quartiles, and children of women with both obesity and GDM exhibited an
eightfold-greater odds of steatotic liver compared to those of normal weight, normoglycemic
mothers.

Comparable associations have been documented in large longitudinal cohorts with extended
follow-up, including the Avon Longitudinal Study of Parents and Children (ALSPAC) and the
ESPRESSO (Epidemiology Strengthened by Histopathology Reports in Sweden) studies. The
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ALSPAC cohort, with follow-up into young adulthood, demonstrated a persistent association
between maternal adiposity and offspring hepatic fat [55,56]. Maternal pre-pregnancy overweight
and obesity conferred higher risk of hepatic steatosis, whether assessed by ultrasound in adolescence
(17-18 years) [55] or transient elastography in young adulthood (24 years) [56]. At both time points,
this association was largely mediated by the offspring’s concurrent adiposity, but not by birthweight
or breastfeeding, suggesting that the principal mechanism involves interplay between intrauterine
metabolic programming and postnatal lifestyle trajectories. In contrast, the influence of maternal
diabetes or glycosuria appeared to diminish over time: it was a strong, independent predictor of
adolescent hepatic steatosis [aOR 6.74 (95% CI 2.47, 18.40)] [55], but was substantially attenuated and
nonsignificant by early adulthood [OR 1.39 (95% CI 0.87, 2.21)] [56]. Excess gestational weight also
increased steatosis risk, though this effect was primarily mediated by offspring BML In the
ESPRESSO study, a population-based case-control design leveraging national registry data, maternal
obesity was associated with biopsy-proven MASLD and greater disease severity in adult offspring
(225 years of age), independent of GDM, smoking, and socioeconomic factors [57].

Table 1. Observational studies of maternal BMI or diet quality and offspring hepatic fat.

Cohort Loc n Age  Modality Main Findings Ref
Children’s Greater IHCL content in neonates
Hospital CO USA 2 13 whks MRS born to obese diabetic mothers 53]
Chelsea &
Westminster UK 105 11.7d MRS 8.6 % IHCL increase per BMI unit [52]
Hospital
Maternal obesity increases adolescent
Raine Aus 1170 17y USS MASLD risk, breastfeeding > 6 [54]
months confers protection
ALSPAC UK 1,215 17-18y  Uss Offspring adiposity mediates [55]
maternal obesity/diabetes steatosis
ALSPAC UK 3,353 24y TE sk [56]

Maternal obesity increases
ESPRESSO Sweden 165 <25y Biopsy MASLD/severe MASLD in young [57]

adults
. Offspring steatosis aOR 8.26 for
SPCS China 430 8y 1B maternal obesity and GDM [58]
Healthy Start USA 78 48y MRI Poor maternal diet increases offspring [59]

steatosis susceptibility

4.1. Connecting Human Observational Findings and Mechanisms

Human studies indicate that both maternal metabolic status and diet quality during pregnancy
independently modulate offspring risk of hepatic steatosis. However, heterogeneity exists in the
timing and modality of hepatic outcome assessment, ranging from infancy to adulthood and from
ultrasound to biopsy. Mediation analyses suggest that while postnatal adiposity accounts for part of
the association, the persistence of prenatal effects even after adjustment supports the idea that
intrauterine exposure may establish a “metabolic memory” within the developing liver. The
consistency of findings across ethnically diverse cohorts supports an independent effect of maternal
metabolic dysregulation on offspring hepatic lipid handling. Rare histologic evidence from autopsy
studies of stillborn infants reinforces this link by eliminating postnatal confounding. In a
retrospective autopsy study, Patel et al. [60] found macrovesicular steatosis in 79% of stillborn infants
(n=33) of diabetic mothers, compared to 17% of infants (n=48) born to normoglycemic mothers. The
severity of steatosis correlated with gestational age and fetal weight. Although this study was limited
by the grouping of all maternal diabetes types (type 1, type 2, and gestational) into a single category
and potential postmortem lipid redistribution, its findings suggest that maternal hyperglycemia and
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dyslipidemia alone can induce substantial fetal hepatic lipid deposition, independently of shared
postnatal factors.

During normal pregnancy, maternal triglycerides and free fatty acids rise to support fetal
growth. However, mothers with obesity and gestational diabetes experience a sharper increase, with
triglyceride levels ~40-50% higher than those of normal-weight women throughout early to late
gestation [61]. This maternal hypertriglyceridemia, influenced by both maternal body composition
and dietary fat consumption, modulates placental lipid processing and contributes significantly to
offspring metabolic health [62]. Barbour and Hernandez [61] termed the resulting process “making
fat from fat” whereby elevated maternal triglycerides, hydrolyzed by placental lipases, are
transferred as free fatty acids to the developing fetus (Figure 1). Because the fetal liver has limited
oxidative capacity and inefficient VLDL transport, it is poorly equipped to manage this significant
lipid flux. Ultimately, this excess lipid accretion drives increased fetal adiposity, a key predictor of
childhood obesity and lifelong metabolic dysfunction [63,64].

Placenta L
Placental Syncytiotrophoblast

Membrane

VAN

Umbilical "\
Cord \ TGs
\ NG
stwateyed | «— FrAs
het / DN/ Maternal

Blood / p 7 Blood
Vesse's\«y/ Vessels

Hepatic Steatosis

Figure 1. Mechanisms of fetal lipid overload in maternal obesity. Elevated maternal triglycerides (TGs) and
free fatty acids (FFAs) characteristic of excess adiposity and gestational diabetes, are delivered to the placenta.
Placental lipases hydrolyze TGs, generating FFAs that are transported across the syncytiotrophoblast via fatty
acid transporters (FATs), such as FATP, FABP, and CD36. The resulting increase in lipid flux to the fetus
overwhelms hepatic oxidative and VLDL export capacities, leading to intrahepatic lipid accumulation and fetal

hepatic steatosis.

4.2. Insights from Animal Models

Understanding the mechanisms underlying fetal metabolic programming is an ongoing area of
investigation, necessitating the use of animal models to define placental transport and fetal organ
responses in utero [62]. However, species differences in placental architecture and placental lipid
handling complicate extrapolation from animal models. For example, while rodent models have been
vital for understanding the long-term metabolic programming in offspring, they frequently differ
from the human phenotype, sometimes resulting in a fetal growth restricted phenotype rather than
overgrowth [65-69].

Despite these caveats, non-human primate studies have yielded informative insights into
maternal programming of offspring hepatic steatosis. Studies in macaques and baboons exposed to a
high calorie, high fat, or high fructose diet observed a substantial increase in fetal hepatic
triglycerides, oxidative stress, and upregulation of lipogenic and gluconeogenic genes during late
gestation that often persisted after birth [70-72]. A Western-style (i.e., high-sugar, high-fat, high-
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calorie, low fiber) maternal diet also induced bile acid dysregulation, mitochondrial impairment, and
altered immune programming in macaque offspring [73] and resulted in periportal collagen
deposition and stellate cell activation in fetal macaque liver [74,75]. This pattern persisted in juvenile
offspring even after weaning to a control diet [74]. However, modification of the obesogenic diet back
to a control diet prior to a second pregnancy normalized fetal oxygenation and reduced markers of
hepatic lipotoxicity and oxidative stress [75], indicating that maternal nutrition exerts lasting, diet-
responsive effects on offspring hepatic physiology.

Recent studies in other animal models provide additional mechanistic context for maternal
dietary influences on offspring hepatic metabolism. In rats, high-fat feeding during gestation and
lactation induced hepatic steatosis in offspring, accompanied by increased body weight, impaired
glucose tolerance, elevated serum cholesterol, and altered expression of lipogenic and beta-oxidation
genes at weaning [76,77]. Similar effects were observed following maternal consumption of junk food
or high-fat/high-sucrose diets, which promoted hepatic triglyceride accumulation, oxidative stress,
insulin resistance, and downregulation of genes involved in lipid oxidation and VLDL transport
[78,79]. When these diets were consumed during lactation, offspring exhibited greater total body fat
and impaired liver function [80].

Excess maternal sugar intake and obesity exert additional diet-independent programming
effects. Maternal fructose feeding, ranging from 10% to 63% of energy, induced maternal
hypertriglyceridemia, fetal hyperinsulinemia, and altered leptin, SREBP-1c, and ACC2 signaling in
rat offspring [81,82]. Perinatal obesity in mice primed a persistent hepatic metabolic stress response,
characterized by impaired oxidative phosphorylation, dysregulated hepatokine expression, and
long-lasting alterations in lipid metabolism, even in the absence of histological steatosis [83].
Postnatal exposure to a high-fat diet amplified these effects, exacerbating hepatic lipid accumulation
and promoting ceramide deposition in offspring [84].

4.3. Macronutrient Composition and Hepatic Steatosis Risk

Overall, findings from human studies complement animal evidence. In the Healthy Start Study,
poor maternal diet quality, characterized by high intakes of sugar and “empty calories”, and low
consumption of green vegetables and legumes, was associated with greater hepatic fat in children
aged 4-8 years [59]. Conversely, higher maternal fiber intake and adherence to a Mediterranean-style
dietary pattern during pregnancy were linked to lower hepatic fat, independent of pre-pregnancy
BMI [59]. Findings from the ALSPAC cohort showed a link between high free-sugar intake during
pregnancy and hepatic steatosis in young adulthood [56]. Together, these studies suggest that
maternal nutritional quality, in additional to maternal metabolic status, influences offspring hepatic
lipid handling.

Emerging evidence further implicates maternal overnutrition in altering fetal immune and
microbial programming. Fecal microbiota from infants of obese mothers induced hepatic
inflammation, gut barrier dysfunction, and periportal injury in germ-free mice, recapitulating
features of pediatric MASLD [85]. Related studies suggest that maternal insulin resistance and
hypertriglyceridemia activate de novo lipogenic and inflammatory pathways in the fetal liver that
persist despite post-weaning dietary normalization [86-88]. These findings support the hypothesis
that the “first hit” in pediatric MASLD originates in utero through enduring metabolic and
immunologic imprinting.

4.4. Modifiability

Interventional animal studies provide crucial proof-of-principle that the programmed metabolic
trajectory may be modifiable. For example, supplementation with the antioxidant pyrrolquinoline
quinone during gestation and lactation in mice restored mitochondrial fatty acid oxidation, increased
protective n-3 polyunsaturated fatty acids, and reduced triglyceride accumulation in offspring [89].
Furthermore, studies in non-human primates show the efficacy of dietary change: while maternal
high-fat feeding decreased fetal n-3 fatty acids, increased the n-6:n-3 ratio, and promoted hepatic
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apoptosis, switching dams to a control diet prior to subsequent pregnancy normalized these adverse
fetal outcomes [90]. Similarly, pre-conception diet reversal in obese macaques partially normalized
fetal hepatic triglycerides, oxidative stress, lipogenic gene expression, and key metabolites, although
effects like elevated ceramides persisted [75,91]. Targeted interventions, such as treating obese
macaques on a Western-style diet with resveratrol, have also been found to reduce markers of hepatic
injury including fetal hepatic collagen deposition, portal triad fibrosis, and oxidative stress, and fetal
hypoxemia [91]. Collectively, these findings demonstrate that the adverse fetal hepatic programming
induced by maternal overnutrition is not permanent and can be significantly mitigated through pre-
conception or gestational nutritional and therapeutic interventions.

4.5. The DOHaD Framework

The Developmental Origins of Health and Disease (DOHaD) theory posits that early nutritional
and metabolic exposures establish long-term physiological set points, influencing later disease
susceptibility [92,93]. While the hypothesis was initially framed around cardiovascular disease and
type 2 diabetes, MASLD has now become accepted as an organ-specific extension of this concept. It
is through the combination of intrauterine nutrient oversupply and subsequent postnatal dietary
excess that the long-term hepatic lipid metabolism, insulin sensitivity, and inflammatory tone are
programmed across the life course in offspring. Specifically, clinical, imaging, and experimental data
confirm that maternal metabolic dysregulation can initiate hepatic lipid deposition and fibrogenic
signaling in utero, thereby predisposing offspring to metabolic dysfunction later in life.

This developmental continuum, linking maternal status and early feeding to MASLD risk, is
supported by a recent systematic review of maternal and perinatal factors influencing pediatric liver
health [94]. Across studies, several risk and protective factors align with the DOHaD model (Table
2). While findings regarding gestational diabetes, preterm birth, and small-for-gestational-ages
remain inconclusive or inconsistent, the collective evidence strengthens the developmental linkage
between maternal metabolic status and early feeding patterns and subsequent pediatric MASLD risk.

Table 2. Key Risk and Protective Factors Aligned with DOHaD Model.

Association with pediatric

Factor MASLD risk Potential role in DOHaD programming
Maternal pre-pregnancy Consistently identified asa  Programs fetal liver for high lipid storage
overweight/obesity modifiable risk factor due to nutrient oversupply
. Frequently associated with ~ Promotes a slower, healthier growth
Breastfeeding (=6 . . . . .
duration-dependent trajectory and provides bioactive factors
months) . :
protective effect that modulate metabolism

. . Exacerbates metabolic stress on an in utero-
Rapid post-natal catch- May contribute to later

. . rogrammed liver, accelerating fat
up growth hepatic steatosis 0 i

accumulation

5. Early Childhood Nutrition and Liver Fat Accretion
5.1. Postnatal and Infant Dietary Factors

The transition from exclusive milk feeding to complementary foods represents a sensitive
window for shaping hepatic metabolism. Evidence from the Raine cohort indicates that breastfeeding
without supplemental milk for > 6 months reduces the odds of adolescent MASLD by 36%,
independent of Western dietary pattern at 17 years of age [54]. Early introduction of formula or
supplemental milk (< 6 months) was associated with a higher prevalence and severity of steatosis and
a more adverse metabolic profile. These findings are consistent with those of Nobili et al. [95], which
showed a protective role for infant nutrition, with a longer duration of breastfeeding independently
associated with a lower risk of biopsy-proven MASH and MASH fibrosis in later adolescence, even
when accounting for age, waist circumference, gestational age, and birth weight. However, an
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unrelated study showed that associations between infant feeding and general, visceral, and hepatic
fat at age 10 were largely attenuated after adjustment for sociodemographic and maternal factors [96].
Examination at earlier postnatal timepoints (i.e., two months of age) detected no differences in
adipose tissue or intrahepatocellular lipid accumulation between breastfed and formula-fed infants
[97]. This observation may suggest that the substantial intrahepatocellular lipid increase seen early
in life, independent of method of feeding, may be a normal physiological process or that the adverse
effects of formula on liver fat are delayed beyond this early neonatal window.

Infant formula composition can further influence hepatic lipid accumulation. A recent analysis
of commercial products showed that infant formulas contain significantly more medium-chain fatty
acids compared with human milk [98]. Feeding high-energy, medium-chain fatty acid-rich formula
to neonatal pigs induced hepatic steatosis and altered hepatocyte intermediary metabolism
compared with isocaloric long-chain fatty acid formula [99]. Although extrapolation to human infants
is limited, these findings indicate that the quality and chain length of dietary fats can influence hepatic
lipid storage during early development.

Early sugar exposure may also be detrimental. In a population-based cohort of nearly 2,000
infants, those consuming >2 servings/day of sugar-containing beverages had a ~3-fold higher odds of
MASLD at 10 years compared to infants consuming <1 serving/day, with strongest effects among
children of mothers with lower education levels and those who developed excess adiposity [100].
Although added sugar is not recommended for children < 2 years of age [101], most infant formulas
sold in the United States primarily contain added sugars rather than naturally occurring lactose [102].
In an analysis of 73 commercial formulas, the median proportion of added sugars was ~60% in
standard formula and 85-90% in gentle and lactose-free formulations [102]. Formula feeding is a
predictor of rapid weight gain [101,103], a strong driver of later obesity and insulin resistance that
promotes ectopic fat deposition and hepatic de novo lipogenesis [104]. Indeed, rapid weight gain in
the first three months of life was associated with later fatty liver index in young adulthood [105].
Mechanistically, hepatic metabolism of rapidly absorbed simple sugars, particularly fructose,
stimulates de novo lipogenesis and impairs insulin signaling, accelerating hepatic fat accumulation
[106]. Experimental sugar-reduction studies in children lower de novo lipogenesis and liver fat,
supporting a causal role for dietary sugars in hepatic steatosis [107-109]. Studies such as these raise
concerns that the high added sugar content of many commercial formulas could contribute to rapid
weight gain, early adiposity, increased cardiometabolic risk, and downstream liver fat accumulation.

5.2. Childhood and Early Adolescent Dietary Influences

As children transition into middle childhood and early adolescence, cumulative dietary patterns,
environmental exposures, and genetic susceptibility begin to interact. The EPOCH (Exploring
Perinatal Outcomes Among Children) study found that increased consumption of fiber, vegetable
protein, and polyunsaturated fats from childhood (~10 years) to adolescence (~16 years) was
associated with lower hepatic fat, whereas greater intake of animal protein predicted higher hepatic
fat [110]. Examination of gene-diet interaction revealed that the PNPLA3 rs738409 risk variant
strengthened the dietary associations with hepatic fat [110]. Specifically, the inverse associations of
fiber and vegetable protein and a positive association of saturated fat were markedly stronger in
carriers of the risk allele.

The evidence linking nutrient intakes to hepatic fat primarily derives from cross-sectional
studies, which cannot assess causality [32,111-115]. Longitudinal studies are scarce. No associations
were observed between energy-adjusted macronutrient intakes at different time points in childhood
and hepatic fat at 17 years [116]. Likewise, no association between dietary pattern in childhood with
later hepatic fat was found in the EPOCH cohort, although adherence to a healthier diet was
associated with lower hepatic fat[117].

Complementary evidence links dietary inflammatory potential with disease severity. In a cross-
sectional cohort of 125 children and adolescents with MASLD, higher Dietary Inflammatory Index
(DII) scores were associated with 4-fold greater odds of severe steatosis and higher FIB-4 scores [118].
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Each unit increase in DII corresponded to a 2.6-fold increase in odds of more severe steatosis,
suggesting that pro-inflammatory dietary patterns exacerbate hepatic injury even after MASLD
onset.

Although randomized trials in older children demonstrate that both Mediterranean and low-fat
diets reduce hepatic steatosis and improve insulin sensitivity [119,120], such studies primarily target
secondary prevention. The current review aims to focus on early-life determinants —prenatal through
childhood-when hepatic metabolic pathways are still being established. Dietary exposures occurring
after approximately three years of age increasingly reflect environmental and behavioral influences
more than developmental programming. Readers interested in dietary interventions in older children
and adolescents are referred to recent comprehensive reviews [36,37,108].

6. Conclusions
6.1. Conclusions: A Life Course Developmental Continuum

The collective evidence reviewed here supports the classification of pediatric MASLD as a
developmental disease evolving from the prenatal and early postnatal nutritional environments.
Maternal metabolic dysfunction, diet quality, and gestational weight gain represent determinants of
hepatic lipid metabolism in offspring, initiating a cascade of lipogenic and inflammatory adaptations
that can persist long after birth.

Human and non-human primate studies demonstrate that maternal obesity and consumption of
a Western-style diet not only drive fetal hepatic lipid accumulation, and initiate fibrogenic changes
in utero, revealing how susceptible the fetal liver is to excess maternal lipids. The subsequent
postnatal period represents a second critical window in this continuum (Figure 2). Longitudinal
studies suggest that breastfeeding provides sustained protection against hepatic fat accumulation,
while sucrose-containing formula feeding can promote rapid weight gain and prime the liver for
increased de novo lipogenesis and insulin resistance. As children grow, cumulative dietary exposures
further influence hepatic lipotoxicity and inflammation, while nutrient-dense dietary patterns and
genetic variants modulate the extent of these effects.

Prenatal Postnatal Childhood
»
‘ w»
Maternal obesity Breastfeeding Diet
GDM Formula feeding Genetics
Maternal diet Rapid weight gain Lifestyle
Other maternal exposures Environment

Adiposity

Fetal
hepatic
lipid
overload

Pediatric
MASLD

Figure 2. Cumulative trajectory from early metabolic programming. This figure illustrates the cumulative and
chronological exposure to risk factors across developmental stages that converge to increase lifetime risk of
pediatric MASLD. Prenatal: Fetal exposures, including maternal obesity, gestational diabetes mellitus (GDM),
maternal diet, and exposures to smoking, stress, environmental toxins, and medications, result in fetal hepatic
overload; the initial metabolic injury that programs subsequent disease risk. Postnatal: Early infancy practices,
such as feeding methods and rapid weight gain, contribute to established metabolic dysfunction. Childhood:
Continuing factors, such as poor diet quality, genetic susceptibility, lifestyle (e.g., sedentary behavior), and

adverse environmental exposures (e.g., pollutants, endocrine disrupting compounds), compounded by
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increasing adiposity, finalize the trajectory towards MASLD. The curved arrow represents the cumulative
pathway of metabolic programming. It signifies that the effects of exposures from all preceding stages (prenatal,
postnatal, childhood) build upon each other, resulting in the development of pediatric MASLD.

From a mechanistic perspective, the overlap between maternal and postnatal exposures implies
that pediatric MASLD results, in part, from maladaptive hepatic and systemic responses to energy
excess during sensitive developmental stages. Altered placental lipid transport initiates early hepatic
fat deposition, which is later compounded by overnutrition and accelerated growth. The
predominance of portal-based injury in pediatric MASLD supports the idea that early nutritional
exposures may sensitize periportal hepatocytes to metabolic stress, creating a biological imprint that
predisposes to fibrosis later in life.

6.2. Methodological Limitations and Future Directions

Despite evidence for a developmental continuum, the current body of literature faces
methodological limitations. Variability in study design, dietary assessment, outcome measures, and
follow-up duration complicates comparisons and limits causal inference [41]. Moreover, because
most of the studies summarized here used imaging-based measures of hepatic steatosis or older
NAFLD terminology, extrapolation to MASLD as currently defined needs to be made with caution.
Human studies are further limited by their reliance on self-reported intake and lack of biochemical
validation, while controlled feeding studies that could establish causality remain difficult to perform
for ethical and logistic reasons.

6.3. Opportunities for Prevention and Intervention

The reversibility of developmental programming provides a potential path for intervention.
Animal models show that improving pre-conception diet or supplementing with compounds such as
resveratrol attenuates fetal hepatic injury. Translating these insights into clinical practice requires a
life-course prevention approach that emphasizes optimal maternal nutrition before and during
pregnancy, supports breastfeeding for at least six months, limits added sugars in infant formulas and
complementary foods, and fosters nutritious dietary habits from infancy onward [121,122]. Thus,
prioritizing nutrition across the lifespan, beginning prior to conception, represents the single most
effective strategy for reducing the global burden of pediatric MASLD.
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Abbreviations

The following abbreviations are used in this manuscript:

ACC2 acetyl-CoA carboxylase 2

ALSPAC Avon Longitudinal Study of Parents and Children
ALT alanine aminotransferase

aOR adjusted odds ratio

BMI body mass index

CD36 cluster of differentiation 36

CI confidence interval

DAMPs damage-associated molecular patterns

DII Dietary Inflammatory Index

EPOCH Exploring Perinatal Outcomes Among Children
ESPRESSO Epidemiology Strengthened by Histopathology Reports in Sweden
FABP fatty acid binding protein

FATP fatty acid transport protein
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FATs fatty acid transporters

FFAs free fatty acids

FIB-4 fibrosis-4 index

GCKR glucokinase regulatory protein

GDM gestational diabetes mellitus

IHCL intra-hepatocellular lipid

MAFLD metabolic associated fatty liver disease

MASH metabolic dysfunction-associated steatohepatitis
MASLD metabolic dysfunction-associated steatotic liver disease
MRS magnetic resonance spectroscopy

NAFLD nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

NLRP3 NLR family pyrin domain containing 3

OR odds ratio

PNPLA3 patatin-like phospholipase domain-containing 3
SPCS Shanghai Prenatal Cohort Study

SREBP-1c sterol regulatory element binding protein 1c
TGs triglycerides

TM6SF2 transmembrane 6 superfamily 2

TLF4 toll-like receptor 4

VLDL very low-density lipoprotein
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