
1392

REVIEW | Hepatology CommuniCations, Vol. 4, no. 10, 2020  

Developmental Programming of NAFLD 
by Parental Obesity
Michael D. Thompson

The surge of obesity across generations has become an increasingly relevant issue, with consequences for associated 
comorbidities in offspring. Data from longitudinal birth cohort studies support an association between maternal obesity 
and offspring nonalcoholic fatty liver disease (NAFLD), suggesting that perinatal obesity or obesogenic diet exposure 
reprograms offspring liver and increases NAFLD susceptibility. In preclinical models, offspring exposed to maternal 
obesogenic diet have increased hepatic steatosis after diet-induced obesity; however, the implications for later NAFLD 
development and progression are still unclear. Although some models show increased NAFLD incidence and progres-
sion in offspring, development of nonalcoholic steatohepatitis with fibrosis may be model dependent. Multigenerational 
programming of NAFLD phenotypes occurs after maternal obesogenic diet exposure; however, the mechanisms for such 
programming remain poorly understood. Likewise, emerging data on the role of paternal obesity in offspring NAFLD 
development reveal incomplete mechanisms. This review will explore the impact of parental obesity and obesogenic 
diet exposure on offspring NAFLD and areas for further investigation, including the impact of parental diet on disease 
progression, and consider potential interventions in preclinical models. (Hepatology Communications 2020;4:1392-1403).

The burgeoning global impact of obesity(1) has 
increased attention on the cardiometabolic 
consequences for children born to obese par-

ents. Approximately 55% of women in the United 
States are overweight or obese at the time of con-
ception.(2) Several works link obesity and gestational 
diabetes to later development of metabolic syndrome 
and associated complications,(3-5) most notably nonal-
coholic fatty liver disease (NAFLD). This review will 
summarize the role of parental obesity in NAFLD 
pathophysiology in offspring, highlighting areas for 
future study, and discuss potential directions for pre-
ventive intervention.

Developmental Origins of 
Health and Disease

The Developmental Origins of Health and Disease 
hypothesis posits that in utero or early-life exposures 
influence one’s susceptibility to chronic diseases later 
in life. Epidemiologic and animal models demon-
strate the impact of the perinatal environment on 
programming long-term risk for chronic disease in 
offspring. Early studies associated low birthweight 
with increased cardiovascular disease mortality and 
hypertension in adulthood.(6,7) This work, reported on 
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a male UK cohort from almost 100 years ago, was the 
first to suggest that perinatal stress has both immedi-
ate implications for offspring and long-term impacts 
on adult health. Subsequent studies of the Dutch 
Hunger Winter and the Chinese Famine confirmed 
the association of gestational malnutrition with risk of 
chronic disease.(8,9)

Clinical Evidence for 
an Association Between 
Maternal Obesity and 
Increased Risk for NAFLD 
in Offspring

With a growing interest in how maternal obesity 
affects offspring, several clinical studies evaluated 
potential associations between maternal prepreg-
nancy body mass index (BMI) and offspring risk 
for NAFLD. The seminal Raine cohort study exam-
ined a large Australian longitudinal birth cohort of 
approximately 2,900 offspring and found that mater-
nal prepregnancy BMI greater than or equal to 30 
increased the risk of NAFLD in offspring. This effect 
was independent of diet and other risk factors, with 
an odds ratio (OR) of 2.29 on multivariable logistic 
regression.(10) Subsequent analysis showed that mater-
nal prepregnancy obesity had a significant effect on 
NAFLD in female offspring.(11) Further evaluation in 
male offspring will be essential to confirm this sex dif-
ference or to account for other variables. Other large 
studies in the United Kingdom and United States have 
shown a similar association between maternal pre-
pregnancy BMI and offspring NAFLD, independent 

of offspring adiposity.(12,13) The UK cohort evaluated 
1,215 children with liver ultrasound and found an 
adjusted odds ratio (aOR) of 2.72 for steatosis if there 
was an elevated maternal prepregnancy BMI.(12) The 
aOR increased to 6.74 if maternal diabetes or glycos-
uria was present. In the US cohort, 254 offspring were 
evaluated for steatosis by measurement of hepatic fat 
fraction (HFF) with magnetic resonance imaging. 
Logistic regression models identified a significant 
association between maternal prepregnancy obesity 
(BMI ≥ 30) and increased HFF.(13)

Although these studies show a clear association 
between maternal obesity and longitudinal risk for 
NAFLD in offspring, they also indicate an immediate 
impact on the developing fetus. Modi et al. measured 
intrahepatocellular lipid (IHCL) in newborns and 
found a significant positive correlation between IHCL 
and maternal prepregnancy BMI, with an 8.6% increase 
in IHCL for each 1-point increase in BMI.(14) A sim-
ilar positive correlation between IHCL and maternal 
BMI appeared in a separate mother/infant cohort.(15) 
Infants born to obese mothers averaged a 68% increase 
in IHCL compared with infants born to mothers with 
a normal BMI.(15) Both studies highlight the impor-
tance of the liver as a storage site for increased lipids 
in utero. Longitudinal follow-up will be essential to 
characterize IHCL resolution or progression and to 
identify factors affecting disease severity.

Preclinical Models of 
Maternal Obesogenic Diet 
and NAFLD in Offspring

Because maternal prepregnancy BMI is associated 
with offspring NAFLD, animal models have been 
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developed using nonhuman primates and rodents to 
study the mechanisms linking increased offspring 
steatosis with maternal obesity (Fig. 1). Most mod-
els involve feeding an obesogenic diet before mating 
and continuing during pregnancy and lactation. This 
experimental design tests the combined impact of 
prepregnancy obesogenic diet and exposure during 
fetal development.

A Japanese macaque model of maternal high-fat 
diet (HFD) before and during pregnancy showed 
increased fetal hepatic steatosis early in the third 
trimester.(16) This observation is consistent with 

the hypothesis that increased maternal fuel delivery 
increases fat accumulation in the fetal liver. In addi-
tion, offspring from HFD-fed macaques showed 
elevated hepatic triglyceride (TG) levels at postnatal 
days 30 and 180, highlighting persistently increased 
hepatic fat and long-term alterations in hepatic lipid 
metabolism.

Similar findings were observed in rodent models 
of maternal obesogenic diet. Murine maternal HFD 
exposure led to persistent steatosis in 15-week-old 
offspring, despite weaning to a standard chow diet. 
More severe steatosis occurred in offspring exposed 

Fig. 1. Maternal obesogenic diet exposure contributes to offspring NAFLD in preclinical models. Preclinical models have identified 
a role for maternal obesogenic diet exposure on offspring NAFLD. F1 generation offspring have increased intrahepatic triglycerides, 
bile acid pool size, ER stress, oxidative stress, and mitochondrial dysfunction. F1 offspring also exhibit altered innate immunity. Aspects 
of this phenotype that are passed to subsequent generations remain unclear (F2, F3). After exposure to NAFLD-inducing diets, F1 
offspring exhibit increased steatosis and inflammation. The F2 and F3 generations develop a similar degree of steatosis and inflammation. 
Use of these preclinical models will be essential in defining the mechanisms that underlie both intergenerational and transgenerational 
phenotypes. (Illustration by Astrid Rodriguez-Velez and Anne Robinson in association with InPrint at Washington University in St. 
Louis. Reprinted with permission.).
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to maternal HFD, high-fat/high-sucrose (HF/HS) 
diet, and high-fat, high-fructose, high-cholesterol 
(HFFC) diet.(17-21) Genes involved in TG and 
fatty acid (FA) synthesis were increased in the liver, 
including increased sterol regulatory element-bind-
ing protein 1c (SREBP1c).(17) TG and FA synthesis 
increased, whereas FA oxidation decreased.(22,23) This 
combination of increased lipogenesis and decreased 
lipid catabolism leads to increased liver lipid accu-
mulation. Two primary regulators of these pathways, 
peroxisome proliferator–activated receptor alpha 
(PPARα) and sirtuin 1 (SIRT1), decreased in liver 
following maternal obesogenic diet exposure.(24,25) 
Notably, activation of both PPARα and SIRT1 
decreased hepatic TG levels, supporting the impor-
tance of these two targets.(26,27) SIRT1 also regulates 
PPAR gamma coactivator 1 alpha (Pgc1a) expres-
sion and ultimately controls targets of PPARγ.(28)

Mechanisms of Transmission 
of Altered Hepatic 
Metabolism

Multiple animal models show increased hepatic 
lipid accumulation in offspring exposed to maternal 
obesogenic diet along with transcription factor and 
target gene changes consistent with increased hepatic 
lipogenesis. However, the mechanisms behind this 
developmental programming of NAFLD are poorly 
understood. Developmental programming studies 
mostly focus on epigenetic changes as a primary mech-
anism for phenotypes observed in offspring. Epigenetic 
programming may manifest through changes in DNA 
methylation, histone modifications, and microRNA 
(miRNA) expression. In addition to epigenetic 
changes, an altered microbiome may undergo vertical 
transmission from dams to offspring. Recent studies 
have begun to evaluate these potential mechanisms.

epigenetiC moDiFiCations
DNA methylation has been the most frequently 

studied in developmental programming of NAFLD. 
DNA methylation occurs when methyl groups are 
added to cytosine or adenine residues, typically 
repressing gene transcription. Recent studies have 

focused on identifying differentially methylated 
regions (DMRs) in rodent models of maternal obe-
sity. Wankhade et al. identified 82 DMRs associated 
with maternal HFD exposure affecting developmen-
tal processes.(29) Notable DMRs included two genes 
involved in liver metabolism: Pgc1a and fibroblast 
growth factor 21 (Fgf21). Offspring exhibited Pgc1a 
hypermethylation and Fgf21 hypomethylation; how-
ever, associated gene expression was not measured. 
PGC1α levels were decreased in a mouse model of 
hepatic steatosis, consistent with possible hyper-
methylation.(30) PGC1α promotes FA beta oxida-
tion and mitochondrial biogenesis; thus, decreased 
levels would support increased hepatic lipid accu-
mulation. Hypomethylation at FGF21 would likely 
lead to increased expression. Notably, circulating and 
intrahepatic levels of FGF21 increase in NAFLD.(31) 
Additional studies identified methylation changes in 
clock genes following maternal HFD exposure.(32) 
Hypermethylation occurred in the promoter regions 
of brain and muscle aryl hydrocarbon receptor nuclear 
translocator–like protein 1 (Bmal-1) and period circa-
dian protein 2 (Per2), both of which regulate metabo-
lism.(32-34) These changes were associated with a loss in 
rhythmic Bmal-1 and Per2 expression over a 24-hour 
period and with increased hepatic TG accumula-
tion. Exposure to maternal HFD also disrupted the 
rhythmic expression of genes involved in endoplasmic 
reticulum (ER) stress. For instance, hypermethyla-
tion in the glucose-regulated protein 78 (Grp78) pro-
moter decreases this gene’s expression.(35) Although 
these changes in hepatic clock genes are expected to 
increase hepatic TG accumulation, a direct causal link 
has not been defined.

Maternal hepatic insulin resistance also induces 
changes in offspring hepatic DNA methylation. 
Liver insulin receptor knockout (LIRKO) mice 
were used to evaluate the impact of maternal hepatic 
insulin resistance on offspring hepatic metabolism. 
Offspring of LIRKO dams exhibited altered DNA 
methylation and expression of two transforming 
growth factor β superfamily genes: neuronal regen-
eration related protein (Nrep) (hypomethylation and 
increased expression) and growth differentiation 
factor 15 (hypermethylation and decreased expres-
sion).(36) In addition, NREP was shown to control 
hepatic lipid content by regulating FA synthesis and 
oxidation through expression of Pparγ and Srebp1c. 
This observation directly linked an epigenetic 
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modification due to maternal insulin resistance to 
control of hepatic lipid metabolism in the offspring.

Another mechanism of epigenetic regulation 
involves histone modifications such as methylation 
and acetylation of specific residues. In mice, exposure 
to maternal obesogenic diet significantly increased 
histone 3 lysine 14 acetylation (H3K14ac) and his-
tone 3 9 trimethylation (H3K9me3) in the off-
spring liver.(37) These differential modifications were 
enriched in the promoter regions of genes regulating 
metabolism, including Pparγ, Pparα, retinoid X recep-
tor alpha, and retinoic acid–related orphan receptor 
alpha. However, gene expression was only affected for 
Pparα (decreased). H3K14ac also increased in primate 
offspring exposed to a maternal HFD.(38) Changes 
in histone modifications also occurred in phosphoe-
nolpyruvate carboxykinase 1 in response to gesta-
tional HFD; these modifications include decreased 
H3K9me3 and increased H3K 4 dimethylation.(39) 
Because these histone modifications do not necessarily 
alter gene expression, the impact on offspring hepatic 
metabolism remains unclear. One possibility includes 
histone modifications exerting a greater effect on gene 
expression in the setting of offspring exposure to a 
nonalcoholic steatohepatitis (NASH)–inducing diet.

MiRNAs regulate expression in a posttranscrip-
tional manner by driving degradation of mRNAs 
before translation. In mice, maternal HFD exposure 
led to altered expression of approximately 6% of 579 
miRNAs assayed in liver, with 10 miRNAs increased 
and 23 decreased.(40) Among those down-regulated 
was miR-122, one of the most abundant miRNAs 
in the liver. A subsequent analysis in mice showed a 
similar reduction in miR-122.(41) Notably, miR-122 
decreased in the mouse liver during diet-induced 
development of NASH, whereas circulating miR-122 
levels increased.(42) Together, the existing data sup-
port a sustained impact of maternal obesogenic diet 
and insulin resistance on epigenetic modifications in 
offspring liver. Further studies should delineate the 
mechanisms of these changes and determine whether 
similar changes occur in human tissue.

tRansmission oF alteReD 
miCRoBiome

Vertical transmission of an altered microbiome 
represents another potential method for passing 
phenotypes across generations. A shift in offspring 

microbiome with maternal obesity or maternal obe-
sogenic diet occurred in both humans and preclini-
cal models.(29,43) Maternal obesogenic diet exposure 
in mice shifted offspring microbial populations by 
decreasing alpha diversity and increasing the abun-
dance of Firmicutes compared with Bacteroidetes.(44) 
Changes in the gut microbiome also occurred in 
nonhuman primates after maternal HFD expo-
sure.(45) Furthermore, the impact of maternal obe-
sity on the offspring microbiome has been studied 
in humans. For instance, Soderborg et al. used fecal 
microbiome transplantation (FMT) from infants of 
obese or normal BMI mothers to gnotobiotic mice. 
In mice receiving FMT from infants of obese moms, 
an increased Firmicutes to Bacteroidetes ratio and 
hepatic steatosis occurred after 6  weeks of Western 
diet.(43) The increased steatosis was present despite 
microbiome differences equilibrating between the 
two groups. The authors concluded that changes 
transmitted by an altered microbiome occur before 
offspring diet exposure. Thus, the initial “pioneer-
ing” bacteria present in the gut appear to educate 
the immune system. Indeed, maternal HFD exposure 
in mice induced changes in offspring innate immu-
nity and likely increased disease severity, specifically 
through impaired phagocytic function in Kupffer 
cells and reduced numbers of natural killer T cells.(46) 
Gut dysbiosis can also induce changes in intestinal 
permeability, resulting in delivery of harmful bacte-
rial products to the liver through the portal circula-
tion. Adult mice exposed to maternal HFD exhibited 
an altered gut barrier with increased permeability 
and as well as levels of circulating lipopolysaccharide 
(LPS).(47)

Perinatal Environment and 
Progression to Fibrosis in 
Offspring NAFLD

Although the association between maternal obesity 
and offspring steatosis has been defined for infants 
and adolescents, the impact of perinatal exposure on 
NAFLD progression is unknown. A retrospective 
analysis from the NASH Clinical Research Network 
approached this question by using birthweight to 
stratify biopsy findings in children with NAFLD. 
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Children with high birthweight had a significantly 
increased OR for steatosis severity and NASH diag-
nosis, consistent with the aforementioned longitu-
dinal birth cohorts.(48) Conversely, low-birthweight 
patients had a higher OR for advanced fibrosis. 
Although this study was retrospective and did not 
account for maternal diet, it highlighted the poten-
tial role of the perinatal environment on disease 
progression. Furthermore, this study suggested a 
potential divergence in the impact of perinatal risk 
factors on steatosis and inflammation versus fibrosis. 
This could be related to differences in zonality seen 
in children with NAFLD, because zone 3 (pericen-
tral) steatosis was more associated with steatohepa-
titis, whereas zone 1 (periportal) steatosis was more 
strongly associated with fibrosis.(49) Disease progres-
sion in relation to maternal obesogenic diet exposure 
has also been evaluated in mouse models. Offspring 
of mice exposed to maternal obesogenic diet devel-
oped worse inflammation and fibrosis when they 
were themselves fed a HFD.(46) Exposure to mater-
nal HFD activated hepatic stellate cells, increased 
expression of profibrotic genes, and led to liver 
fibrosis in offspring weaned to a low-fat diet.(20) 
Wankhade et al. also demonstrated increased hepatic 
fibrogenesis in offspring of mothers fed HFD when 
the offspring were subsequently placed on a methi-
onine/choline-deficient diet.(29) A separate model 
using a maternal HFFC diet confirmed increased 
fibrogenesis in offspring.(18) Notably, disease patho-
genesis was accelerated in this model: Significant 
fibrosis occurred after only 7  weeks of HFFC diet 
feeding, making this an ideal model for studying 
rapid disease progression.

Although multiple mouse models clearly demon-
strate worse disease progression with maternal obe-
sogenic diet exposure, this phenotype may be nutrient 
specific. For example, maternal HF/HS-exposed off-
spring fed a NASH-inducing diet were protected 
from fibrosis despite higher levels of hepatic TGs.(21) 
Confirming this finding in other models will be essen-
tial for comparing epigenetic changes and identifying 
specific alterations leading to disease progression ver-
sus protection. There is precedent for transmitting 
protection from fibrosis across generations. Inducing 
fibrosis in male rats led to suppression of fibrosis 
development in filial 1 (F1) and F2 offspring through 
epigenetic changes that increased PPARγ, a potential 
protective factor.(50)

Paternal Obesity/Obesogenic 
Diet and Offspring NAFLD

Fewer studies have focused on the impact of 
paternal obesogenic diet exposure on offspring liver 
metabolism. Follow-up analysis of the Raine cohort 
addressed paternal obesity in relation to adoles-
cent NAFLD in both sexes.(11) Paternal obesity and 
NAFLD were positively associated in male offspring; 
however, multivariate analysis did not confirm this 
association.

In mice, paternal obesogenic diet exposure led to 
increased intrahepatic TG levels in the offspring.(51) 
This was exacerbated if both the dam and stud were 
fed an HFD. A similar increase in offspring steato-
sis occurred in a rat model of paternal HF/HS and 
high-salt diet.(52) The offspring also had changes in 
hepatic expression and methylation of glucose and 
lipid metabolism genes, suggesting that paternal obe-
sity induced epigenetic changes to the sperm. Indeed, 
HFD changed the histone distribution and methyla-
tion in the sperm genome.(53,54) Although the num-
ber of studies is currently limited, paternal obesity 
appears to affect offspring hepatic lipid metabolism.

Multigenerational 
Transmission of Phenotypes

Another important aspect of developmental 
NAFLD programming is whether these events are 
transmitted across multiple generations. An outcome 
following maternal exposure is considered intergen-
erational if passed from the F0 to the F2 generation, 
and transgenerational if passed to the F3 generation 
or beyond (Fig. 1). This designation distinguishes 
between alterations in the F2 generation, which 
could directly result from an F0 event or exposure, 
and findings in the F3 generation, which must be 
passed epigenetically. Following paternal exposure, 
transmission to F2 and beyond is considered trans-
generational, because the sperm of the F1 offspring 
are not present in utero. Few studies have evaluated 
multigenerational passage of parental obesogenic 
diet exposures in relation to offspring NAFLD. In 
the maternal HF/HS diet model, a similar degree of 
steatosis occurs in F2 and F3 offspring, suggesting 
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that the maternal HF/HS diet does not have a 
transgenerational impact on steatosis.(21) Barbosa  
et al. showed no increase in intrahepatic TG levels in 
F2 offspring from a paternal HFD lineage. In fact, 
after offspring HFD feeding, intrahepatic TG lev-
els increased to a lesser degree than control mice.(55) 
This study did show transgenerational changes in 
hepatic immunometabolism.

Offspring from a maternal obesogenic lineage were 
protected from fibrosis across all three generations.(21) 
The mechanism for this transgenerational effect has 
not been defined. However, one male lineage trans-
mitted fibrosis protection across multiple generations 
in association with epigenetic changes in Pparγ.(50) 
This same group identified plasma DNA methylation 
in Pparγ as an independent predictor of fibrosis sever-
ity in patients with NAFLD.(56)

Li et al. evaluated the impact of repeat HFD from 
the F0 to the F2 generation.(57) Repetitive genera-
tional HFD resulted in more severe steatosis in subse-
quent generations, with reduced histone methylation 
in liver X receptor alpha and ER oxidoreductase 1 
alpha promoters and decreased expression of the his-
tone methyltransferase responsible for H3K9me2.(57) 
These findings highlight a feed-forward cycle of 
repetitive HFD across generations.

Theoretical Link Between 
Maternal Obesogenic Diet 
and Periportal Disease in 
Offspring

In pediatric NAFLD, children tend to develop 
steatosis and inflammation in the periportal region 
rather than the pericentral distribution observed in 
adult NAFLD.(58) Periportal disease distribution is 
associated with increased fibrosis and more advanced 
liver disease.(59) Animal models with periportal dis-
ease also demonstrate bile ductular proliferation, 
or ductular reaction, which has been reported in 
biopsies from children and adults with NASH and 
fibrosis.(60,61) Furthermore, periportal inflamma-
tory infiltrates strongly predict fibrosis severity in 
both adult and pediatric NAFLD.(62,63) All of these 
factors likely contribute to increased progressive 

disease; however, the molecular drivers for this 
pathologic distinction between periportal and peri-
central are unclear (Fig. 2). One possible contribu-
tor is altered bile acid homeostasis, as observed in 
offspring exposed to maternal HF/HS diet. The 
bile acid pool increased, and the abundance of spe-
cific intrahepatic bile acid species shifted, including 
increased muricholic acid and decreased deoxycholic 
acid.(21) These shifts occurred partly due to changes 
in bile acid synthesis, including increased cyto-
chrome P450 7A1 (Cyp7a1) expression and activity. 
Resident gut bacteria also modulate enterohepatic 
bile acid metabolism through enzymatic modifica-
tion of intestinal bile acids. Changes in the micro-
biome of offspring exposed to maternal obesogenic 
diet have been reported in humans, nonhuman 
primates, and rodents. In fact, this phenomenon 
could play a primary role in bile acid metabolism. 
Indeed, FMT from infants with obese mothers to 
gnotobiotic mice showed increased intrahepatic bile 
acid levels and increased Cyp7a1 expression.(43) In 
this study, recipient mice also developed peripor-
tal inflammation similar to the maternal HF/HS 
diet model. The presence of periportal inflamma-
tion often suggests an altered gut barrier leading to 
translocation of proinflammatory factors (i.e., LPS) 
into the portal circulation. However, this inflam-
mation could also indicate underlying cholestatic 
liver disease. Although only a hypothetical link cur-
rently exists, perinatal events, including exposure to 
maternal obesity, may program a propensity for the 
development of periportal disease in children. Other 
factors, such as genetics and environmental expo-
sures, also likely play a role, although these have not 
yet been studied.

Potential Interventions in 
Preclinical Models

Once a role for developmental programming has 
been determined, preventive methods targeting its 
mechanism may be effective. One logical approach 
to eliminating the impact of maternal obesity on 
offspring would include dietary changes before con-
ception. In the Japanese macaque model of maternal 
obesity, dietary reversal led to a partial but incom-
plete resolution of increased fetal hepatic TGs in 



Hepatology CommuniCations, Vol. 4, no. 10, 2020 THOMPSON

1399

subsequent pregnancies.(16) Zhou et al. recently 
determined that the timing of dietary reversal is 
crucial in a mouse model of maternal HFD expo-
sure.(64) Female mice fed HFD for 12  weeks prior 
to breeding underwent one of two potential inter-
ventions: dietary reversal for 1 week or for 9 weeks 
before breeding. Reversing maternal diet for 9 weeks 
abrogated the increased steatosis seen in control 
offspring (those exposed to maternal HFD through 
weaning). Conversely, dietary reversal for 1  week 
before breeding resulted in more severe offspring 
steatosis than control. These findings suggest that 
developmental programming related to maternal 
diet is complex, and some interventional approaches 
may cause more harm. Thus, understanding the 
appropriate timing for dietary adjustment is neces-
sary before providing clinical advice. Promotion of 
breastfeeding also likely benefits offspring, as dura-
tion of breastfeeding greater than 6 months was an 
independent protective factor from steatosis in the 
Raine cohort.(10)

Although prenatal or postnatal lifestyle modifi-
cations are the most benign approach, other preven-
tive therapies with a low side-effect profile could 
be beneficial. Oxidative stress and mitochondrial 
dysfunction occurred in livers of offspring exposed 
to maternal HFD.(17) One study evaluated pyrrolo-
quinoline quinone (PQQ), an antioxidant found in 
soil and plants, in a mouse model of maternal obe-
sogenic diet exposure. Supplementation with PQQ 
reduced accumulation of hepatic TGs and ceramides 
in offspring fed a Western diet.(65) PQQ supplemen-
tation during gestation and lactation also reduced 
hepatic TG accumulation and increased expression 
of lipid-catabolism genes in the offspring. PQQ 
supplementation also reduced expression of proin-
flammatory genes, including interleukin-6, nucleotide- 
binding oligomerization domain-like receptor fam-
ily pyrin domain containing 3, and prostaglandin- 
endoperoxide synthase 2, suggesting this compound 
may prevent disease progression. PQQ reduced 
thioacetamide-induced liver fibrosis in mice but  

Fig. 2. Theoretical model for factors contributing to periportal inflammation/fibrosis, which may contribute to NAFLD progression. 
Multiple perinatal and environmental factors have been linked to the development of periportal disease (inflammation/fibrosis). In relation 
to NAFLD, periportal disease is more common in children and associated with the development of fibrosis. Studies in mice have shown 
that maternal obesogenic diet exposure is associated with baseline periportal inflammation/fibrosis in offspring. Although the mechanisms 
are not defined, vertical transmission of an altered gut microbiome likely plays a role. A developing hypothesis is that predisposition for 
periportal disease due to these factors contributes to worse disease progression in NAFLD. (Illustration by Astrid Rodriguez-Velez and 
Anne Robinson in association with InPrint at Washington University in St. Louis. Reprinted with permission.).
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has not been studied in NAFLD-associated 
fibrosis.(66)

Given the role of vertical microbiome transmission 
in the setting of maternal obesity, microbiome-directed 
approaches may be feasible. Microbiome-targeted 
therapies include prebiotics (nutrient delivery affecting 
existing gut bacteria), probiotics (delivery of live bacte-
ria), and synbiotics (both). Administration of the pre-
biotic oligofructose to dams fed HF/HS diet resulted 
in reduced steatosis, improved glucose tolerance, and 
enhanced insulin sensitivity in offspring.(67) Synbiotic 
treatment of offspring with psyllium seed, Enterococcus, 
and Lactobacillus in Japanese macaques only resulted 
in minor, short-term changes to the gut microbiome 
and did not protect from later HFD-induced gut dys-
biosis.(68) Therefore, if the altered gut microbiome acts 
by impaired immune system development early in life, 
treatments focused on the offspring microbiome may 
be too late to have a meaningful effect. Given this 
observation, microbiome-targeted approaches may be 
more successful if instituted prenatally to pass on a 
healthy microbiome to offspring at the time of birth.

Another potential intervention may be targeted 
molecular therapies. Several studies of maternal obe-
sogenic diet exposure in mice have noted a decrease 
in PPARα and PPARγ signaling in offspring liver. 
Magliano et al. used bezafibrate, a dual PPAR ago-
nist, in offspring exposed to maternal obesogenic 
diet to reduce hepatic TG levels.(26) In this study, 
treatment was performed in offspring fed a stan-
dard chow diet. Testing the performance of PPAR-
directed therapies in the setting of offspring HFD 
will be an important next step. Future studies should 
also explore other molecular therapies. However, 
such targeted treatments will likely have side-effect 
profiles, precluding preventive use during pregnancy 
or childhood.

Conclusions and Future 
Directions

Both human and animal data support mater-
nal obesity or obesogenic diet exposure leading 
to increased hepatic steatosis in newborns and 
enhanced future risk for NAFLD/NASH. This 
finding holds across several models and different 
types of maternal dietary exposures. Recent studies 

point to epigenetic modifications and vertical trans-
mission of an altered microbiome as key mechanistic 
factors in transmission of this phenotype. However, 
there are still important topics that need further 
study and clarification in this field. Based on the 
existing literature, the following key areas require 
further investigation:

• The impact of maternal obesity on risk of disease 
progression is not clear. Although most preclinical 
studies support that inflammation and fibrosis are 
worse in offspring exposed to maternal obesogenic 
diet, this observation may depend on the maternal 
and/or offspring diet. With maternal HF/HS diet 
in mice, less inflammation and fibrosis occur in 
offspring after Western diet exposure. To present 
some conflicting evidence, high birthweight asso-
ciates with increased steatosis grade and NASH, 
whereas low birthweight associates with worse fi-
brosis in children with NAFLD.(48) Reconciling 
these discrepancies will be essential to fully un-
derstand how maternal obesity impacts disease 
progression in offspring. Future studies should in-
clude pathologic analysis in existing longitudinal 
birth cohorts.

• Current studies evaluating paternal obesity and 
offspring are insufficient and primarily limited 
to mouse models. Including paternal data in lon-
gitudinal birth cohorts will be crucial to identify 
whether paternal weight, diet, or both affect off-
spring in a clinically relevant way. Early indica-
tions from mouse models suggest an impact on 
hepatic lipid metabolism that could be additive if 
there is maternal obesity. However, further analy-
sis of preclinical models with mechanistic studies 
will be key.

• The most powerful outcome from studies of peri-
natal determinants of NAFLD could be biomarker 
discovery. Identifying circulating biomarkers that 
predict long-term risk in existing preclinical mod-
els will be an important step. Ultimately, these 
findings can be translated to circulating biomarker 
identification in humans. These predictive factors 
will be essential in recognizing which patients 
will achieve maximum benefit from preventive 
therapies.

• Given that epigenetic changes occur in the set-
ting of parental obesity, their possible transmission 
across multiple generations remains an important 
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question. Although preclinical rodent models are 
beginning to address this question, studying changes 
in multiple generations of mice is costly and time- 
intensive. Models with a shorter generation time 
(i.e., Caenorhabditis elegans, Drosophila, or zebrafish) 
could provide rapid, cost-effective, and large-scale 
analysis of the transgenerational impact of obesity 
on NAFLD.

• Significant progress has been made in establishing 
the role of maternal diet in offspring NAFLD risk. 
However, studies of interventions to prevent devel-
opmental programming of offspring liver disease 
require expansion. Although the best approach still 
needs identification, the recent study from Zhou et 
al. also highlights the importance of correct timing 
for each intervention.(64) Depending on the treat-
ment, administration may occur before pregnancy, 
perinatally, or postnatally, with consideration for the 
intervention’s maternal impact. Targeting these im-
portant questions will illuminate the mechanisms 
underlying parental diet programming of devel-
opmental liver phenotypes. Understanding these 
mechanisms will ultimately drive the development 
of preventive approaches to attenuating NAFLD in 
a rapidly growing population of patients at risk.
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