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Abstract
The incidence of pediatric non-alcoholic fatty liver disease has increased dramatically, and
growing evidence indicates that the pathophysiology may be unique from the adult form,
suggesting a role for early-life events. Recent radiologic techniques have now demonstrated that
maternal obesity contributes to hepatic fat storage in newborn infants. In this review, we will
explore how maternal obesity and a hyperlipidemic environment can initiate liver
histopathogenesis in utero, including steatosis, mitochondrial dysfunction, oxidative stress, and
inflammatory priming. Thus, early exposure to excess lipids may represent the 'first hit' for the
fetal liver, placing it on a trajectory towards future metabolic disease.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is now the most common cause of adult chronic
liver disease in the United States [1]. The occurrence of NAFLD in children has also
increased, from the first case report in 1983 to a current prevalence of 8 to 11 percent in
adolescents [2–5]. The tripling of childhood obesity in the past thirty years is likely a
significant contributor to this recent epidemic [6, 7], with rates of NAFLD in obese
adolescents reported to be as high as 38 to 83 percent [8, 9]. NAFLD describes a spectrum
of pathology from isolated hepatic steatosis to more severe necro-inflammatory non-
alcoholic steatohepatitis (NASH). The natural history of NASH in pediatrics is unknown,
but in adults approximately one third of patients with NASH will have progressive
inflammation and fibrosis, ending in cirrhosis within 5 to 10 years [10]. A small
retrospective study in 66 children with NAFLD over a 20 year observational period found a
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13.8 fold increased risk of dying or requiring liver transplant from decompensating liver
failure [11].

Pediatric NAFLD is a histologic diagnosis with greater than 5 percent steatosis in the
absence of other specific cause, and NASH is the more severe form with steatosis,
inflammation, and variable degrees of fibrosis [12]. For unclear reasons, pediatric NASH is
characteristically different from the adult form with geographically unique portal
inflammation and fibrosis [13, 14]. The pathogenesis of NAFLD and progression to NASH
is likely multifactorial and has been described by a “two-hit” or more recently a “multiple-
hit” hypothesis [15, 16]. Hepatic lipid accumulation, commonly regarded as the first hit,
results in the characteristic lipid droplets seen in hepatic steatosis, which is thought to be a
protective mechanism to minimize lipotoxicity [17, 18]. Secondary events from lipid likely
involve a combination of factors including mitochondrial dysfunction, oxidative stress, pro-
inflammatory cytokine production, and endotoxemia from the gastrointestinal microbiota
[16, 19, 20]. Such events are associated with activation of Kupffer cells and hepatic stellate
cells, leading to further inflammation, apoptosis, and the development of fibrosis and,
eventually, cirrhosis.

While obesity is the most common risk factor for NAFLD, sedentary lifestyle, increased
waist circumference, high fructose consumption, decreased polyunsaturated fatty acid
intake, insulin resistance, and metabolic syndrome are also associated with increased disease
risk and/or severity [21–26]. Additionally, gene polymorphisms associated with lipid
metabolism, inflammatory cytokines, fibrotic mediators and oxidative stress also appear to
play a role in both susceptibility and severity of pathology [27]. However, the dramatic
increase in pediatric NAFLD over the past 30 years and high prevalence of obesity in
mothers suggests that environmental factors may be igniting the shift.

There is now growing evidence that exposures prior to birth, such as maternal obesity, may
contribute to an individual’s risk of developing metabolic diseases such as NAFLD. In this
review, we will explore how exposure to excess maternal lipids in utero can promote hepatic
steatosis, mitochondrial dysfunction, oxidative stress, and inflammation – the characteristic
features of NAFLD progression. Further, we will discuss how these processes can sensitize
the infant to postnatal inflammatory and metabolic challenges, thus driving the growing
epidemic of pediatric NAFLD, and providing evidence that perinatal programming from
lipid excess may, in fact, be the new first hit.

Fetal Liver Development and Early Life Exposures
The fetal liver development begins at week four of gestation with the generation of the
hepatic bud from the ventral endoderm [28, 29]. Hepatic cellular specification occurs even
earlier, as shown by serum albumin mRNA expression in mice [30]. Gross hepatic
morphogenesis is completed by the end of the first trimester, however, more refined cellular
determination continues throughout gestation. The hepatic bud is populated by bi-potential
hepatoblasts, which differentiate into mature hepatocytes or cholangiocytes that can be
further refined to achieve unique cellular phenotypes [31]. As reviewed elsewhere, a vast
array of genes and their transcriptional regulators are involved in the development of
hepatocyte metabolic processes, including gluconeogenesis, glycogenolysis, lipid oxidation,
and de novo lipogenesis, however the majority of genes underlying these processes are
normally not highly expressed until after birth [31, 32]. Adding to the complexity, the liver
is the primary location of hematopoietic development from week six to twenty-one of
gestation, and hematopoietic stem cells account for 60 percent of total liver mass during
peak hematopoiesis followed by regression to the fetal bone marrow by term [33]. Thus, the
developing fetal liver is constantly in flux over most of gestation, with large changes in cell
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determination and population, as well as more refined changes in cellular metabolic
phenotypes.

The Developmental Origins of Disease Hypothesis posited by Dr. David Barker argues that
exposure to an adverse environment during critical windows of cellular plasticity results in
increased risk of later life disease [34]. During these critical periods, changes in the local
environment can impact the “programming” of gene expression pathways, with consequent
long-term changes in organ function and/or growth [35]. Multiple observational and
experimental studies in humans and animals have demonstrated that fetal exposure to
stressors such as maternal malnutrition and environmental toxins results in the programming
of later life disease [36]. Importantly, the crux of the Barker Hypothesis focuses on how in
utero under-nutrition programs a “thrifty” phenotype, resulting in metabolic mismatch to a
postnatal obesogenic environment [37, 38]. However, the opposite scenario of maternal
hyper-nutrition and obesity has also been shown to have programming effects on offspring.
As we shall see, this is likely not due to nutrient mismatch, but rather nutrient overload and
resulting maladaptation of metabolic pathways, thus promoting disease upon further nutrient
challenge. Whether and how these changes are passed on to subsequent generations through
epigenetic changes is currently the subject of much debate, and will be reviewed elsewhere.

Maternal Obesity and Lipid Overload During Fetal Liver Development
It is well established that maternal diabetes increases pregnancy-related maternal and fetal
complications. However, both human epidemiological evidence and animal studies indicate
that maternal obesity, independent of diabetes, contributes to adverse metabolic outcomes in
children, including insulin resistance, obesity, and metabolic syndrome [39–41]. Therefore,
it is not surprising that maternal obesity may also be an important risk factor for pediatric
NAFLD.

Because a definitive diagnosis for NAFLD requires a liver biopsy, neonatal studies for
NAFLD are limited in humans due to its invasive nature. In animal models, however,
maternal obesity clearly shows an association with early onset NAFLD, even prior to birth
[42–44]. We previously demonstrated in non-human primates that maternal obesity and a
high fat diet (HFD) during gestation promotes fetal hepatic steatosis and lipotoxicity in the
early third trimester [45]. Further, this steatotic phenotype persisted into the juvenile period,
suggesting persistent hepatic programming. Recently, two innovative human studies utilized
magnetic resonance technology as a non-invasive means to screen for steatosis in newborn
infants. Brumbaugh et al. found a 68 percent increase in intrahepatocellular lipid content in
newborns born to pregnancies complicated by maternal obesity and insulin resistance [46],
and Modi et al. reported an 8.6 percent increase in intrahepatocellular lipid content for each
one point increase in maternal BMI [47]. Both groups found a direct correlation with
maternal BMI and neonatal fatty liver and not with maternal weight gain. Importantly,
neonatal liver fat did not correlate with newborn adiposity, suggesting that the drivers for
hepatic fat storage and subcutaneous fat may be different and that factors associated with
maternal obesity, such as excess serum lipids, could be associated with newborn fatty liver.

Lipid accretion is critical for normal fetal development; however, excess lipids can be
cytotoxic and induce metabolic dysfunction. In adults, lipotoxicity is caused by increases in
intracellular lipids, resulting in increased levels of ceramides, diacylglycerols and reactive
oxygen species (ROS), subsequent activation of cellular stress and inflammation pathways,
and consequent cell death. In normal human pregnancy, placental lipid flux is minimal
during the first and second trimester and exponentially increases in later gestation with
increased maternal lipolysis and placental lipid transport, which coincides with fetal adipose
tissue development [48, 49]. A driving force in fetal lipid accretion relates to physiologic
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insulin resistance in the mother during the second half of gestation, when it is common to
see a two to three fold increase in maternal serum triglycerides [50]. This increased substrate
load, ultimately, creates a concentration gradient driving lipid flux to the fetus. Pregnancies
complicated by maternal obesity, however, are associated with pregravid insulin resistance,
which, when combined with the metabolic stress of pregnancy, can lead to an early catabolic
switch [51], resulting in exaggerated serum lipid levels and increased placental lipid
transport [52, 53]. Excess fetal lipid exposure in early or mid-gestation may therefore utilize
the liver and other developing organs as ectopic sites of lipid deposition in the absence of
adipose tissue.

The adult liver is a main regulator of lipid homeostasis, and as such it carries out multiple
metabolic processes, including de novo lipogenesis, fatty acid esterification, lipoprotein
processing and export, and β-oxidation for energy. Increases in hepatic lipid influx and
synthesis relative to utilization and export can lead to cellular lipotoxicity, and is
fundamental in the pathophysiology of adult NAFLD [54]. In adults, this imbalance occurs
from the development of hepatic insulin resistance, but whether this is the case in the
developing fetus is still unknown. De novo lipogenesis is limited in the fetus [55], and while
mature hepatocytes routinely process fatty acids for ATP synthesis via β-oxidation, lipid
oxidation in utero is limited, with glucose instead being the primary metabolic fuel [56].
However, fetal hepatic β-oxidation must occur at some basal level, because pregnancies
complicated by fetal fatty acid oxidation defects lead to toxic accumulation of intermediate
metabolites and maternal liver disease [57]. Nevertheless, excess lipid influx into the fetal
liver, particularly prior to fetal adipose tissue development, may result in a lipid
accumulation, which, as we shall discuss, could promote metabolic dysfunction, cellular
stress, and inflammation in an organ not yet competent in handling such a substrate
overload.

Potential Mechanisms for the Developmental Programming of NAFLD in the
Fetal Liver
Mitochondrial Dysfunction and Oxidative Stress

As in adults, children with NAFLD can progress to cirrhosis and end stage liver disease
[11]. Mitochondrial dysfunction is frequently observed in adult NAFLD and NASH.
Mitochondria are the major endpoint in fatty acid oxidation; however, in excess, fatty acids
can promote their dysfunction. Markers of reduced hepatic mitochondrial oxidative capacity
have been reported in rodent weanling and adult offspring of HFD mothers, including
decreased mitochondrial electron transport complex (ETC) I,II/III, and IV activity, and
reduced carnitine palmitoyltransferase 1 (CPT-1) expression, resulting in reduced basal
hepatic fatty acid oxidation and a blunting in oxidative response to post-weaning HFD
challenge [58, 59]. Under normal physiologic conditions, CPT-1 expression and ETC
complex activity are induced by increases in cellular lipid influx; however in NAFLD,
pathological reduction in these proteins’ function and expression has been implicated as a
mechanism of impaired fatty acid oxidation [60]. Importantly, in adult NAFLD, this is tied
to an unchecked increase in de novo lipogenesis and the negative feedback of malonyl-CoA
on CPT-1. However, whether this holds true for the fetal liver is still unclear.

Fatty acid oxidation contributes to normal free radical leak from mitochondria, which can
lead to cell damage if not balanced by antioxidant enzymes such as glutathione peroxidase
(GPX) and superoxide dismutase (SOD). Lipid influx beyond mitochondrial oxidative
capacity can result in accumulation of partially-oxidized lipid products and generate
additional ROS that can overwhelm cellular defenses leading to oxidative stress and
accumulation of free radical injury [61]. In experimental models, ROS-induced
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mitochondrial DNA damage was linked to decreased mitochondria number and increased
steatosis [62]. Ultimately, this mitochondrial damage creates a vicious cycle of reduced
oxidative capacity and increased oxidative stress and is thought to be one of the tenets
underlying the development of NASH.

In utero exposure to excess lipids may potentiate both mitochondrial dysfunction and
resulting oxidative damage (Figure 1). Our findings in the non-human primate clearly
demonstrated hepatic oxidative stress as early as the third trimester concomitant with the
previously discussed steatosis [45]. This is reinforced by data in rodent models, showing
maternal over-nutrition resulted in activation of hepatic oxidative stress pathways in
neonatal pups, which persisted into adolescence, even after weaning on to a control diet
[63]. The reduced oxidative capacity of the fetal liver, coupled with an immaturity in
antioxidant defense systems [64], may promote the accumulation of excess ROS and
partially oxidized lipid intermediates under conditions of excess lipid influx. Supporting this
are the findings in a mouse model of maternal HFD combined with an antioxidant
supplementation cocktail during gestation and lactation showed improved redox homeostasis
and oxidative stress in the fetus, in addition to normalizing metabolic parameters and total
body adiposity at 2 months of age [65]. Further, there is evidence that maternal HFD may
induce mitochondrial damage even earlier in mouse embryonic development, including in
the oocyte prior to fertilization [66]. Thus, mitochondrial dysfunction and consequent
oxidative damage of the fetal liver may be a primary mechanism for reduced hepatic
oxidative capacity in later life.

Sirtuins and the PPARα/PGC1α Pathway
Impairments in mitochondrial metabolism can often become a chicken-or-egg scenario, with
reduced mitochondrial function leading to metabolic dysregulation, and dysregulation
further impairing mitochondrial function. Fatty acid oxidation is controlled by a number of
inputs. Among these are the sirtuins- a family of NAD+ dependent deacetylases that act as
nutrient sensors, and have a role in modifying both genes and proteins via post-translational
protein activity [67]. Sirtuin-3 (SIRT3), specifically, is a key regulator of mitochondrial
function and antioxidant capacity [68], and SIRT3 knockout results in reduced ETC function
and increased production of free radicals from lipid excess [69]. In a HFD mouse model of
NAFLD, we showed decreased hepatic SIRT3 activity and increased oxidative damage of
mitochondrial proteins [70]. Further, rat weanlings from HFD mothers were shown to have
decreased hepatic SIRT3 expression along with impaired SIRT3 activation [59], suggesting
an early role for SIRT3 in impaired nutrient sensing and mitochondrial dysfunction.

SIRT1, similar to SIRT3, is a key cellular deactelyase important in post-translation
regulation of various proteins and genes involved in glucose and lipid homeostasis.
Importantly, SIRT1 positively regulates peroxisome proliferator-activated receptor alpha
(PPARα) transcription of target proteins involved in fatty acid oxidation. Further, reduced
SIRT1 expression and activity decreases PPARα transactivation, and increases HFD-
susceptibility to NAFLD, as seen in SIRT1 knockout mice [71]. Interestingly, fetal livers of
non-human primates exposed to a maternal high fat diet had decreased SIRT1 expression,
protein, and activity in the presence of heightened oxidative stress [45, 72]. While lipids and
their derivatives are the natural ligands for PPARα, resulting in increased PPARα
transcriptional activity to promote fatty acid oxidation, this activation appears to be impaired
in patients with NAFLD [60, 73].

While the mechanisms of sirtuin regulation remain to be fully elucidated, increased sirtuin
expression is closely linked to periods of caloric restriction [68, 69]. Further, sirtuins have
been shown to be upregulated by peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PGC1α), the co-activator of PPARα, and a master regulator of
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mitochondrial biogenesis [74]. In liver biopsies obtained from adult NAFLD patients,
Sookoian and colleagues found increased methylation of specific PGC1α promoter regions
resulted in gene silencing that significantly correlated with histologic diagnosis [75].
Further, in newborn cord blood, the same PGC1α epigenetic modifications correlated with
pregravid maternal BMI [76]. This was supported in a mouse model of maternal HFD,
where they observed reduced PGC1α expression in the liver of adult male offspring [77].

While reduced SIRT1 and SIRT3 expression and/or activity are likely linked to decreased
mitochondrial function and oxidative capacity, consequent mitochondrial dysfunction and
elevated ROS may in turn further impair SIRT1 and SIRT3 function and expression. There
is early evidence in rodent models that ROS activation of cellular stress kinases, particularly
c-Jun N-terminal Kinase-1 (JNK1) promotes SIRT1 degradation leading to hepatic steatosis
[78]. Further, the lipid peroxidation product 4-hydroxynonenol (4-HNE), which is increased
under conditions of oxidative stress, has been shown to reduce SIRT3 activity by direct
protein modification [79]. Thus, early mitochondrial dysfunction and oxidative stress due to
fetal exposure to excess lipids may result in reduced sirtuin activity and expression,
contributing to impairments in overall hepatic oxidative capacity and its downstream
consequences.

Priming of Hepatic Inflammation and Inflammation-Associated Insulin Resistance
Inflammation is another major component in the pathophysiology of NAFLD, as it relates to
development of insulin resistance and disease progression to NASH. Obesity, and
particularly maternal obesity, increases markers of chronic low-grade systemic inflammation
in the mother as well as in cord blood samples from the fetus [80–82]. Whether this increase
can lead to fetal insulin resistance, as measured by increased cord blood insulin and glucose
levels, is not yet known [83, 84]. Importantly, the relative contribution of the mother, the
placenta, and the fetus to observed increases in cord blood pro-inflammatory cytokines is an
open question. Numerous animal models of maternal obesity have demonstrated
inflammatory changes in adult offspring liver, corresponding with the progression of
NAFLD, including increased hepatic levels of TNFα and IL1β [85], altered hepatic insulin
signaling proteins, increased hepatic fibrogenesis [42], and enhanced Kupffer cell density
[86]. However, given that all these changes occurred with the concomitant development of
offspring obesity, the relative impact of pro-inflammatory changes in utero is still unclear.

The Kupffer cell is the tissue macrophage of the liver, and its activation may be critical for
the development of insulin resistance and NASH [87]. Kupffer cell activation is regulated by
a number of factors, including the binding of cell surface Toll-Like Receptors (TLRs). TLRs
are pattern recognition receptors that sense pathogen-associated molecular patterns (PAMPs)
such as lipopolysaccharide (LPS) and bacterial DNA, but can also be activated by saturated
fatty acids [88]. TLRs promote inflammation by stimulating local cytokine production via
NF-κB activation in the presence of antigen. They can also promote insulin resistance via
JNK and IκB kinase pathways. Additionally, lipotoxicity within hepatocytes themselves can
promote the activation of stress kinases, inflammation and consequent insulin resistance as
well [89].

Evidence for early activation of Kupffer cells within the fetal liver is currently lacking,
however our findings in the non-human primate suggest that maternal HFD can ‘prime’ their
pro-inflammatory response, such that Kupffer cells derived from juvenile offspring on a
healthy diet have an exacerbated response when exposed to lipid or LPS to any observed
development of obesity [90]. Macrophages, including Kupffer cells, are known to up-
regulate TLR4 expression in response to pro-inflammatory stimuli, thus priming them for
further response to antigen [91, 92]. Increased TLR4 expression, likewise, has also been
implicated in the promotion fibrogenesis via hepatic stellate cell (HSC) activation [93]. Of
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importance, TLR4 knockout mice were protected from HFD-induced insulin resistance and
obesity [94]. In utero exposure to the increased placentally-derived pro-inflammatory
cytokines and lipids observed in our non-human primate model [81], as well as local hepatic
pro-inflammatory stimuli, could promote such a priming and thus place the fetal liver on a
path toward postnatal metabolic and inflammatory dysfunction, resulting in progression
through NAFLD to NASH with continued metabolic challenge.

Many animal studies have indicated increased de novo lipogenesis in obese adult offspring
from high-fat fed mothers [58, 65, 95]. While the early stimulus for enhanced de novo
lipogenesis leading to the pathologic development of NAFLD remains unclear, programmed
changes in inflammation and consequent hepatic insulin resistance may shift fuel utilization
toward steatosis [60]. Insulin resistance results in elevated hepatic glucose uptake, which is
shuttled into the fatty acid synthetic pathway as acetyl-CoA, providing substrate for de novo
lipogenesis enzymes acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS). Sterol
regulatory element-binding protein 1c (SREBP-1c) regulates the expression of these genes,
and is traditionally activated by insulin. Importantly, SREBP-1c appears to remain insulin
sensitive, even in the face of hepatic glucose insulin resistance, as seen in inflammatory
NAFLD [60, 96, 97]. Thus, in the pediatric liver, programming of inflammation-related
insulin resistance could result in continued triglyceride synthesis in the presence of
hyperinsulinism as well as unchecked gluconeogenesis. All of which could be further
exacerbated by a heightened pro-inflammatory response to repeated hypercaloric and
particularly high-fat dietary challenge.

The Importance of the Neonatal Environment: Early Challenges and Defenses
Developmental programming can extend beyond the intrauterine environment to include
important postnatal exposures. In fact, in utero exposure to maternal obesity may impair
fetal liver development such that it is less capable of counteracting continued postnatal
challenges, resulting in susceptibility to NAFLD disease progression. Of particular concern
during early neonatal life is the development of innate immune responses to environmental
exposures, as exemplified by the establishment of the infant microbiome (Figure 2).

Babies are born essentially sterile, and acquire their initial microbiome through direct
contact with maternal enteric flora, and subsequently through breast milk and skin contact
during lactation [98]. In humans, mode of maternal delivery, method of feeding, and early
antibiotic exposure can all impact the neonatal microbiome, and significantly increase risk
for later obesity [99–102]. Endotoxins released from the gut microbiota are elevated in
obesity, which is termed “metabolic endotoxemia” [103]. This is also true in pregnancy,
where obese mothers were found to have serum endotoxin levels twice that of lean mothers
at term, indicating subclinical endotoxemia [104]. Further, elevated endotoxin levels have
been observed in children with NALFD, and appear to be critical to disease progression
[105, 106]. Defining how a mother’s physiology influences her intestinal bacteria, and how
such changes might impact the development of the infant’s microbiome, may provide better
understanding of the early origins of pediatric NAFLD, obesity, and chronic metabolic
disease.

Mechanisms behind microbiota influence on development of NAFLD continue to be
investigated, however, alterations in nutrient absorption and chronic systemic inflammation
from intestinal microbes are important factors [107–110]. Because the liver receives the
majority of its blood supply from the portal vein, hepatocytes are often the first line defense
for intestinal-derived antigens [107]. In rodents, HFD combined with chronic LPS infusion
resulted in elevated endotoxin levels, increased inflammatory cytokines, hepatic steatosis,
and insulin resistance [103]. Ultimately, chronic hepatic inflammation and insulin resistance
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appear to be related to gastrointestinal microbes, and the direct correlation between common
neonatal exposures and the risk for NAFLD is waiting to be discovered.

Conclusions and Future Directions
The true pathogenesis of pediatric is likely multifactorial; adverse in utero events, however,
likely play a role. Exposure to excess maternal lipids and resulting hepatic steatosis may
promote fetal hepatic mitochondrial dysfunction, oxidative damage, and inflammation,
leading to increased susceptibility to postnatal insults required for the progression from
NAFLD to NASH. Of particular importance is whether these changes are accelerated in the
context of a postnatal obesogenic environment, including high-fat, hypercaloric diets,
sedentary lifestyle, and metabolic endotoxemia; and whether they are reversible if infants
are raised in a more health-conscious environment. Following the adult NAFLD paradigm, it
is likely that liver cells with reduced oxidative capacity and increased pro-inflammatory
priming would not only contribute to liver disease progression but also whole-body
hyperlipidemia, insulin resistance, and consequent metabolic syndrome.

Further studies are needed in both humans and animal models to better characterize the role
of events prior to birth in the programming of metabolic disease as well as identify potential
therapeutic interventions. Improving maternal metabolic adaptations associated with
pregravid obesity, including insulin resistance and low-grade inflammation, may be a
desirable therapeutic target during pregnancy. Postnatally, improved pediatric screening
methods are needed to better identify at-risk populations, and at an earlier age, such that
immediate action can be taken to minimize disease progression.

In conclusion, pediatric NAFLD is accelerating in incidence, and while this corresponds
with the overall rise in pediatric obesity, there may also be a liver-specific programming
mechanism in utero promoting this devastating trend. New evidence supports the idea that
maternal obesity may initiate the pathogenesis of NAFLD, even before birth. Consequently,
the first hit in the development of pediatric NAFLD may, in fact, be in utero.
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Figure 1. In utero lipid excess and hepatocyte maladaptive changes
Increased lipid flux to the developing fetal liver establishes a lipotoxic environment
characterized by oxidative stress, increased inflammation, cell death, and consequent
dysregulation in oxidative metabolism genes. Additionally, Kupffer cell and hepatic stellate
cell (HSC) pro-inflammatory priming by hepatocellular stress as well as direct stimulation
by circulating lipids may also increase susceptibility to later disease. Antioxidant enzymes
(AOX), Reactive Oxidative Species (ROS), Sirtuin 1 and 3 (SIRT1 and SIRT3), Toll-like
receptors (TLR).
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Figure 2. A revised pediatric NAFLD paradigm: In utero challenges establish the new “first hit”
Maternal obesity, insulin resistance, and a high-fat diet lead to excess fetal hepatic lipid
exposure. This results in cytotoxic lipid accumulation and maladaptive changes in oxidative
metabolism and pro-inflammatory pathways, leading accelerated disease progression in a
future obesogenic environment.
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