Chapter 12

Developmental Programming
of Nonalcoholic Fatty Liver Disease (NAFLD)

Kimberley D. Bruce and Felino R. Cagampang

Abstract Nonalcoholic fatty liver disease (NAFLD) is currently the most common
cause of chronic liver disease worldwide and is present in a third of the general
population and the majority of individuals with obesity and type 2 diabetes. The less
severe form of the disease is relatively common and can be somewhat benign.
However, in certain individuals, the disease can progress to the more severe
nonalcoholic steatohepatitis (NASH), resulting in a poor health, a poor prognosis,
and a significant healthcare burden. In recent years, there has been a major research
effort focused on identifying the factors that promote NALFD disease progression,
and as a result there has been a significant advancement in our understanding of the
interaction between nutrition and the molecular mechanisms that regulate hepatic
lipid homeostasis. Nonetheless, the capacity of the maternal diet to alter these
fundamental metabolic pathways and thus prime the development of severe fatty
liver disease in the adult liver has proved to be one of the most striking findings
from this body of research. Since the prudence of the maternal diet has wavered in
recent years, this may explain why NAFLD—once commonly associated with older
individuals—is now increasingly common in young adults, children, and adoles-
cents. In the following chapter, we aim to review the current hypothesis surround-
ing the mechanisms that underlie the developmental priming of NAFLD. We will
also explore how these novel insights have facilitated the emergence of promising
new pharmacological and nutritional intervention strategies.
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12.1 The NALFD Spectrum

Nonalcoholic fatty liver disease (NAFLD), which was once thought of as a passive
metabolic condition, describes a spectrum of disorders characterized by the accu-
mulation of ectopic fat accumulation in the liver without significant alcohol use. At
one end of the spectrum is simple steatosis, often termed NAFLD. Although many
individuals with NAFLD remain stable, 25 % of these patients can progress to
steatosis with inflammation, termed nonalcoholic steatohepatitis (NASH) [1]. This
more severe form of the disease (NASH) can progress further still, with a significant
proportion of individuals developing fibrosis (26—37 %) and cirrhosis [2]. NASH
cirrhosis can eventually result in portal hypertension, liver failure, and ultimately
death. Interestingly, a number of recent studies have shown that NASH cirrhosis is
linked to hepatocellular carcinoma (HCC) [3]. Although the precise link between
NAFLD and HCC is currently under investigation, early findings suggest that it
involves alterations in major pathways that regulate hepatic metabolism, such as
insulin resistance and cellular lipid metabolism. Since the development of NAFLD
and HCC involves perturbations in the same molecular pathways, they are likely
influenced by the same metabolic disorders such as obesity and type 2 diabetes
(T2D). The rising prevalence of obesity-related disorders in many industrialized
countries raises huge concerns regarding the concurrent rising incidence of NAFLD
and HCC.

12.2 3-Hit Hypothesis

The precise interplay between factors that promote disease progression is still under
investigation. Nonetheless, it is hypothesized that a 3-hit mechanism is involved in
the pathogenesis and progression of NAFLD. The “Ist hit” consists of hepatic
triglyceride accumulation that may result simply from dietary or lifestyle factors.
The “2nd hit” may include factors that promote disease progression such as
pro-inflammatory cytokines, which in turn lead to steatohepatitis and/or fibrosis
[4]. Recent work suggests that there are in fact a multitude of factors that may act as
the 2nd hit to promote liver disease progression, including diets rich in saturated fat
and cholesterol, diets low in polyunsaturated fat and fiber, diets during develop-
ment, epigenetics, circadian rhythms, and disturbances in intestinal microbiota.
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12.3 NAFLD Is the Hepatic Manifestation of the Metabolic
Syndrome

The metabolic syndrome is a cluster of cardiometabolic conditions, which include
obesity, insulin resistance, high blood pressure, and atherogenic dyslipidemia
[5]. The present definition of metabolic syndrome does not include hepatic steatosis
despite growing evidence suggesting that NAFLD is the hepatic manifestation of
the metabolic syndrome [6]. While the existence of the metabolic syndrome
remains controversial, features of the metabolic syndrome tend to aggregate in
the same individuals, and over time the presence of multiple factors anticipates the
onset of additional components [7]. Thus, the metabolic syndrome, and recognition
of NAFLD as a primary feature, may serve an important utility in clinical practice
as a predictor of progressive NASH and cardiometabolic disease.

12.4 The Incidence and Prevalence of NAFLD and NASH

The prevalence of NAFLD in the general population is variable and ranges from
9 to 37 % [8—10]. Current estimates state that NAFLD is the most common etiology
of chronic liver disease in the USA and other developed countries [11, 12]. Specif-
ically, in the USA recent estimates suggest that NAFLD affects 30 % of the general
population, 58 % of overweight people, and 90 % of individuals who are considered
morbidly obese [13]. As suggested by the natural history of NAFLD, the proportion
of individuals with NASH is much lower and has been estimated to affect 5—7 % of
the general population and as much as 34-40 % of patients who have elevated liver
enzymes [14]. With the global rise of obesity, it is predicted that there will be
greater rates of NAFLD progression and that NAFLD will be the most common
etiology for liver transplantation in the twenty-first century [15].

12.5 Pediatric NAFLD

An increasing number of younger individuals are being diagnosed with NAFLD
[16]. Recent estimates suggest that in Western societies, the number of children
with NAFLD ranges from 3 to 10 % in the general population, and up to 70 % in
children who are considered obese [17]. Alarmingly, the number of adolescents
diagnosed with NAFLD has more than doubled in the last two decades [18], and
like adults, pediatric NAFLD can also follow a severe disease progression to
cirrhosis and end-stage liver disease [19], which is also predictive of features of
the metabolic syndrome and intramyocellular lipid deposition [20]. Also similar to
adults, both sex and race can be a risk factor for NAFLD onset, and its development
appears to be more common in boys than girls [21]. However, unlike adults, in



258 K.D. Bruce and F.R. Cagampang

pediatric NAFLD there is a unique deposition of fat in the periportal region
[22]. While this difference is not well understood, it is clinically significant since
periportal inflammation is often associated with more severe liver disease [23].

There is now a significant body of research which suggests that features of the
metabolic syndrome including NALFD may have their origins very early in life. In
humans, the liver itself begins to develop in the fetus at 4 weeks of gestation with
the formation of the hepatic bud from the ventral endoderm, and gross morphogen-
esis is completed by the end of the first trimester with refined cellular development
continuing throughout gestation [24, 25]. A plethora of genes and their transcription
factors are involved in the development of metabolic processes, including gluco-
neogenesis, glycogenolysis, lipid oxidation, and de novo lipogenesis, and are
already expressed in the fetal liver although not highly expressed until after birth
[26]. The liver is also primary location of hematopoietic development from week
6 to 21 of gestation, with hematopoietic stem cells accounting for 60 % of total liver
mass during peak hematopoiesis followed by regression to the fetal bone marrow by
term [27]. The developing liver is therefore in a constant flux throughout gestation
and is susceptible to adverse environment during this critical period of development
such that the growing organism may undergo changes in its fundamental metabolic
pathways in an attempt to adapt to its environment. Many of these changes persist
into adult life and can increase the susceptibility of developing metabolic disease in
later life stages. Thus, the metabolic health of the mother, whether inherent or
acquired through imbalanced diet, may lead to a transgenerational amplification of
metabolic disease, including NAFLD.

12.6 Conundrum of NAFLD Susceptibility
in the Offspring: Is the “1st Hit” Down to Maternal
BMI or Maternal Diet During Pregnancy?

Studies conducted in various animal models, including rodents, sheep, and
nonhuman primates, have reported that consumption of a Western-style diet, mostly
high-fat diet (HFD) during pregnancy, significantly increase NAFLD susceptibility
in the adult offspring [28]. This is of particular relevance to humans in today’s
society, where abundance of food high in fat and calories coincides with increasing
obesity epidemic that is occurring at a younger age. It is no coincidence that this
epidemic is correlated with increasing number of obese women becoming pregnant
and the onset of obesity-associated morbidities [29-31]. Although there is clearly
an association between maternal obesity and subsequent childhood adiposity [32—
35], it remains uncertain whether it is the consumption of HFD or the resulting
obesity that leads to the development of NAFLD in the offspring.

On one hand, chronic consumption of a HFD, independent of maternal obesity
and gestational diabetes, has been suggested to significantly increase the risk of
NAFLD in the offspring. In a study conducted in a nonhuman primate, the Japanese
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macaque, fetal offspring from both lean and obese mothers chronically consuming a
HFD had significantly elevated liver triglycerides (TGs), suggesting an increased
maternal lipid transfer to the fetus regardless of maternal obesity [36]. This was
further substantiated by their findings of no change in mRNA or protein expression
of lipogenic enzymes involved in de novo lipogenesis. These results therefore
suggest that a developing fetus is highly vulnerable to excess lipids, independent
of maternal obesity, increasing offspring risk to NAFLD. It was suggested that the
increased lipid buildup in the fetal liver can cause lipotoxicity leading to increased
macrophage infiltration and inflammatory cytokine production, the result of which
causes premature gluconeogenic gene expression, steatosis, elevated triglyceride
content, and oxidative stress that could persist into the postnatal period [37]. In
another study, it was also suggested that maternal HFD feeding could increase
apoptosis in the developing fetal liver contributing to the priming of the liver to
NAFLD in later life [38]. However, others have countered that it is maternal
obesity, and not the consumption of the HFD per se, which is the primary mech-
anism driving NAFLD susceptibility in the offspring. In a study conducted in rats,
females were subjected to total enteral nutrition-based overfeeding to bypass the
satiety response that limits ad libitum food intake, causing them to become obese
prior to mating and this resulted in their offspring to be more prone to becoming
obese when fed postnatally with a HFD [39]. In another study, rats dams fed a HFD
but restricted to the caloric intake of pair-fed low-fat diet (LFD) mothers failed to
become obese, and this prevention of maternal obesity resulted in normal body
weight in the adult offspring [40]. Conversely, ad libitum maternal HFD feeding
resulted in obese dams whose offspring were heavier in adulthood than offspring of
non-obese dams. Although these studies show that maternal obesity rather than the
HFD itself increased offspring body weight, it remains to be determined how this
may lead to increased lipid accumulation in the offspring liver.

It is difficult to investigate NAFLD in neonatal studies due to the invasive nature
of its definitive diagnosis. Thus, these kinds of studies have mainly been conducted
in animal models, where maternal obesity is associated with NAFLD even before
birth [28, 41, 42]. Evidence for a direct association between maternal obesity and
offspring hepatic lipid accumulation in humans only recently came to light with the
use of imaging technologies as a noninvasive means to screen for steatosis in
newborn infants [43-45]. Maternal obesity is not only associated with greater
morbidities in the mother but may also be responsible for accelerated hepatic fat
accumulation in the offspring during early-life development. Interestingly, the
aforementioned studies in the newborns found that neonatal hepatic 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 hepatic fat
accumulation [44, 45].

Pregnancies complicated by maternal obesity are often associated with gesta-
tional diabetes, which could serve as the catabolic switch that increases serum lipid
levels and enhances placental lipid transport [46—48]. This excess lipid exposure
may therefore utilize the fetal liver as ectopic sites of fat deposition and could
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promote metabolic and cellular stress and inflammation in an organ not yet com-
petent in handling such substrate overload.

12.7 The Role of Mitochondrial Dysfunction
in Developmentally Primed NAFLD

Mitochondria are essential organelles that process glycolysis and lipolysis products
to generate the cellular energy carrier ATP. They are the main energy source in
hepatocytes and play a major role in oxidative metabolism and normal function of
the liver. Mitochondria regulate cellular lipid metabolism, amino acid metabolism,
cell proliferation, ion homeostasis, and even cell death pathways via reactive
oxygen species (ROS) production. Therefore, it is no surprise that suboptimal
mitochondrial function has been implicated in the development of chronic liver
diseases including HCC and the NAFLD spectra. The mechanisms leading to
altered mitochondrial energy metabolism and characterization of the transcriptional
pathways that regulate mitochondrial biogenesis and function have been the subject
of intense research focus. Recent findings have advanced our understanding and
may offer important insights into possible therapeutic interventions aimed at
improving hepatic pathophysiology.

In the fed state, food-derived NADH or flavin adenine dinucleotide (FADH?2)
acts as a hydrogen or electron donor and transfers the hydrogen/electron to an O,
molecule, via redox components in the electron transport chain (ETC) complexes.
This “oxidative phosphorylation” occurs in the inner mitochondrial membrane,
where the majority of electron donors and acceptors are found, including cyto-
chrome b, cytochrome b562 and b566, in ETC complex III [49]. In times of
increased energy intake and metabolic demands, increased mitochondrial
B-oxidation enhances the formation of NADH and FADH?2 and increases the
delivery of electrons to the ETC. Such an increase in electron flow through the
ETC causes the buildup and leakage of electrons and ROS production
[50]. Overproduction of ROS is considered as a major pathogenic agent of many
metabolic diseases, including NAFLD.

The current hypothesis regarding the pathogenesis of NASH suggests that
multiple “hits” are required for the disease to progress. While the “lst hit” may
involve accumulation of fat in the liver, a growing body of evidence suggests that
the second hit involves oxidative stress, lipid peroxidation, the production of
malondialdehyde, 4-hydroxynonenal, pro-inflammatory cytokines, stellate cell
activation, and fibrogenesis [51]. It is now fairly well established that mitochondrial
dysfunction may be involved in at least one of these hits, due to their central role in
the B-oxidation of free fatty acids (FFAs), ROS production, and lipid peroxidation
[52]. In fact, a number of studies have reported defects in mitochondrial ETC
enzymes in individuals diagnosed with NASH. Specifically, in patients with
NASH, the activity of the ETC enzymes is markedly reduced and correlates
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significantly with pro-inflammatory markers [53]. In addition, NAFLD is associ-
ated with ultrastructural mitochondrial abnormalities and depletion of mitochon-
drial DNA. Such changes in mitochondrial DNA have been shown to further
suppress the expression of mitochondrial respiratory complexes I, III, IV, and V
and exacerbate mitochondrial dysfunction [54]. While there are clear associations
between mitochondrial dysfunction and NALFD pathogenesis, the mechanisms
leading to improperly functioning mitochondria are not fully understood. It is
plausible to suggest that nutrient excess may lead to increased ROS-mediated
lipid peroxidation and mitochondrial dysfunction. In support of this hypothesis,
NAFLD has been observed in the liver of obese sedentary and hyperphagic rats,
characterized by reduced fatty acid oxidation, decreased cytochrome c protein
content, and decreased carnitine palmitoyl-CoA transferase (CPT-1) activity
[55]. Thus, it is thought that positive energy balance and nutrient excess may
play a key role in NAFLD onset and progression.

Curiously, mitochondrial respiratory chain disorders are an established cause of
liver failure in early childhood but have been underdiagnosed, partly due to
underrecognition and partly due to the invasive nature of the investigations
[56]. Since hepatic mitochondria are of maternal origin, they are a likely candidate
vector for maternally inherited metabolic stress. Thus, mitochondria may be con-
sidered an important conduit for metabolic disease and a target for investigations
into metabolic perturbations in offspring of obese mothers. Indeed, in recent years
there has been a plethora of studies highlighting the role of mitochondrial dysfunc-
tional in the molecular pathogenesis of developmentally primed NAFLD. Studies in
rats have shown that adult offspring of mothers exposed to a HFD prior to
conception, and throughout gestation and lactation, develop insulin resistance and
features of NAFLD [57]. Similarly in mice, offspring of mothers fed a HFD, who
are also fed a HFD in postnatal life, develop a more severe liver phenotype akin to
human NASH [28]. In these studies, maternal HFDs have been linked to reduced
ETC activity, which when coupled with further HFD challenge exceeds the liver’s
oxidative capacity, resulting in excessive fat accumulation and increased de novo
lipogenesis, reduced p-oxidation, and inflammation [28].

These initial studies initiated an intensive research effort aiming to understand
how maternal diets interact with mitochondrial function to reduce oxidative capac-
ity. A number of studies have highlighted the role of mitochondrial Sirtuins and the
acetylation of mitochondrial proteins in metabolic disease and aging. Mitochondrial
protein acetylation regulates a number of enzymes involved in the TCA cycle,
gluconeogenesis, and p-oxidation and is regulated (at least in part) by the mito-
chondrial class III NAD+-dependent deacetylate Sirtuin 3 (SIRT3) [58]. Since no
significant changes in mitochondrial acetylation are observed in mice lacking both
SIRT4 and SIRTS, SIRT3 is thought to be the primary mediator of mitochondrial
protein acetylation [59]. Since mitochondrial acetylation is sensitive to nutrient
status, and can be modulated in times of caloric restriction [60], SIRT3 seems a
likely mediator of nutrient-derived mitochondrial stress. In fact, chronic (up to
16 weeks) feeding of a HFD has been reported to reduce SIRT3 activity and cause a
threefold decrease in hepatic NAD+ levels. Chronic HFD feeding results in
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hyperacetylation of mitochondrial proteins, which is associated with reduced pro-
tein activity and mitochondrial function. Interestingly, mice lacking SIRT3 dem-
onstrate even greater hyperacetylation of mitochondrial proteins under HFD
conditions and show a marked disruption in mitochondrial oxidative phosphoryla-
tion and ETC complex activity [60]. Importantly, this reduction in SIRT3 activity
and abundance can be passed to the subsequent generation. For example, offspring
of obese mothers have significantly reduced SIRT3 gene and protein expression
[61]. One of the major consequences of reduced SIRT3 expression is reduced
mitochondrial f-oxidation [61]. It is possible that impaired mitochondrial oxidative
capacity creates a shunt of intermediary metabolites toward lipid storage and/or de
novo lipogenesis, thus contributing toward the development of NASH in the
offspring of obese mothers.

While the mechanisms leading to reduced SIRT3 activity are currently under
investigation, a plausible explanation involves an altered availability of the essen-
tial cofactor NAD+, which in turn is able to directly affect SIRT3 function and
abundance. This has implications not only for SIRT3 but for other NAD+-
dependent Sirtuins, such as SIRT1, a protein long associated with metabolic health
and longevity. During fasting, there is an increase in pyruvate and NAD+ levels that
is able to facilitate SIRT1 activity and increase protein levels and (PMID:
15744310). Although it plays a number of intracellular roles, SIRT1 is also asso-
ciated with mitochondrial function. When NAD+ levels are favorable, SIRT1
deacetylates and activates peroxisome proliferator-activated receptor alpha
(PPAR-a), which in turn transcriptionally activates a number of genes associated
with mitochondrial biogenesis, such as peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PCGla) [62], and mitochondrial oxidative metabolism
[63]. Although the mechanism is not fully understood, it appears that PPAR-a and
SIRT1 act upstream of a number of factors that are heavily associated with the onset
of hepatic steatosis. Interestingly, mice that lack PPAR-a develop severe hepatic
steatosis during fasting, an observation which is consistent with reduced mitochon-
drial capacity [64]. On the other hand, viral-mediated overexpression of SIRT1 is
able to induce a gene cassette associated with a healthy, non-fatty liver. This
included downregulated expression in a number of “lipogenic” genes associated
with increased lipid accumulation, such as sterol regulatory element-binding pro-
tein 1c (SREBP-1c¢), fatty acid synthase (FASN), and the elongation of very long
chain fatty acids protein 6 (ELOLV-6) [65].

Several studies have shown that a maternal HFD feeding and maternal obesity
are both able to downregulate SIRT1, thus preventing the antagonism of lipogenic
transcription factors and contributing to the developmental priming of fatty liver. In
a recent study, in utero exposure to a maternal HFD, but not obesity per se, was
linked to a decrease in SIRT1 gene expression and in vitro protein deacetylase
activity in the offspring liver [66]. Moreover, a maternal HFD was associated with
altered expression of SIRTI-regulated downstream lipogenic effectors, such
PPAR-a, PPAR-y, sterol regulatory element-binding protein F1 (SREBF1), choles-
terol 7alpha-hydroxylase (CYP7A1), FASN, and stearoyl-CoA desaturase (SCD) in
the offspring liver [66]. On the other hand, recent studies using models of maternal
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obesity have reported that SIRT1 mRNA is unchanged in the livers of offspring of
obese dams compared to offspring of normal weight dams. However, the down-
stream PPAR-o and SIRT1 gene cassette still becomes dysregulated, including
blunted PCG-1a expression, which may prevent the mitochondrial biogenesis that
necessitates HF catabolism, resulting in increased hepatic accumulation suscepti-
bility to develop NAFLD [61].

12.8 Epigenetic Modifications Underlying NAFLD
Development

Epigenetics refers to the heritable changes in gene expression that do not involve
changes to the underlying genome, i.e., a change in the observable physical traits or
biochemical characteristics of an individual (phenotype) without a change in its
genetic makeup or genotype [67]. Conrad Hal Waddington first coined the term
epigenetics in 1942, which was derived from the Greek word “epigenesis” to mean
the influence of genetic processes on development [68]. Since then, research efforts
have focused on unraveling epigenetic mechanisms involved in the regulation of
gene expression. Although epigenetic change can occur naturally, it can also be
influenced by several factors including age and environment factors including diet
[69, 70]. Epigenetic aberrations are generally transient and non-heritable, but some
are transmitted from one generation to the next (transgenerational), thus affecting
the traits of the offspring without altering their DNA structure [71].

The process of regulating the expression of genes involves modification of
chromatin structure, initiation and processing of transcription to generate messen-
ger RNA (mRNA), and the translation of the mRNA into sequences of amino acids,
which defines the protein [72]. Epigenetic mechanisms thus regulate the modifica-
tion of the chromatin structure and the initiation of transcription to alter availability
of genes to transcription factors required for their expression [73]. These epigenetic
mechanisms include DNA methylation, posttranslational modification of histones,
chromatin remodeling, and RNA-based mechanisms such as microRNA
[74]. Recent studies have demonstrated that metabolic pathways perturbed by
diets rich in saturated fat and cholesterol can trigger epigenetic changes, thereby
modifying gene expression [75-77]. These epigenetic effects are increasingly
recognized as crucial factors in the pathophysiology of NAFLD, and there are
now a plethora of epigenetic changes associated with genes involved in NAFLD,
in both animals and humans (Tables 12.1 and 12.2). Earlier studies in animal
models have investigated the effects of maternal undernutrition on the epigenotype
and metabolically perturbed phenotype of the offspring. The focus has now shifted
to maternal obesity and its consequential effect on the offspring epigenome. One of
the very early studies using an obese Agouti mouse have shown that genetic
tendency towards obesity was progressively exacerbated when the Agouti allele
was passed along successive generations [78].



264 K.D. Bruce and F.R. Cagampang

Table 12.1 DNA methylation and histone modification in genes linked to development of
NAFLD

Epigenetic
mechanisms | Species Target genes References
DNA Mouse MMTP, PPAR-a, INSIG, FASN [79, 80]
methylation | Rat SREBPF2, AGPAT3, ESRI, FASN, CDKNI1a, lep- | [81-85]
tin, PPAR-«a
Humans PGCla, TFAM, MT-ND6, PC, ACLY, PGCGI, [86-88]
IGF1, IGFBP1, PRKCE, GALNTL4, GRIDI, IP6K3
Histone Mouse ChREBP, CYP8B1, TNFa, CCL2, PPAR-a, EROla, |[89-96]
modification LXRa, SIRT1, SIRT3, RORx
Macaques | GPT2, DNAJA2, RDH12, NPAS2 [97, 98]
Human NER [99]

ACLY ATP citrate lyase, AGPAT3 1-acylglycerol-3-phosphate O-acyltransferase 3, CCL2 chemo-
kine C—C motif ligand 2, CDKNIa cyclin-dependent kinase inhibitor 1a, ChREBP carbohydrate-
responsive element-binding protein, CYP8BI sterol 12a-hydroxylase, DNAJA2 Dnal (Hsp40)
homolog, subfamily A, member 2, ERO!a oxireductase endoplasmic reticulum oxidoreductinla,
ESRI estrogen receptor 1, FASN fatty acid synthase, GALNTL4 putative polypeptide N-
acetylgalactosaminyltransferase-like protein 4, GPT2 glutamic pyruvate transaminase 2, GRID]
glutamate receptor -1 IP6K3 Inositol hexaphosphate kinase 3, /IGF! insulin-like growth factor
1, IGFBP?2 insulin-like growth factor binding protein 2, INSIG insulin-induced gene, LXRa liver X
receptor o, MT-ND6 mitochondrially encoded NADH dehydrogenase 6, MTTP microsomal
triglyceride transfer protein, NER nucleotide excision repair, NPAS2 neuronal PAS domain-
containing protein 2, SREBPF2 sterol regulatory element-binding transcription factor 2, PC
pyruvate carboxylase, PGCla peroxisome proliferator-activated receptor gamma coactivator
1-alpha, PLCG1 phospholipase C-gamma-1, PPARa peroxisome proliferator-activated receptors
o, PRKCE protein kinase C, epsilon, RDH 2 retinol dehydrogenase 12, RORa retinoic acid-related
orphan receptor o, SIRT] sirtuin 1, SIRT3 sirtuin 3, TFAM mitochondrial transcription factor A,
TNFa tumor necrosis factor o

Table 12.2 MiRNA changes in NAFLD

Species | Upregulated MiR Downregulated MiR References
Mouse | miRNA-24, miRNA-33a, miRNA-92b-3p, miRNA-216, [128-137]
miRNA-34a, miRNA-122, miRNA-302a, miRNA-328-3p,
miRNA-155, miRNA-181a, miRNA-467b, miRNA-484,
miRNA-182, miRNA-183, miRNA-574-5p, miRNA-615-3p

miRNA-192, miRNA-199a-3p/5p,
miRNA-200b, miRNA-705,

miRNA-1224
Rat miRNA-15b, miR-155, miRNA- miRNA-27, miRNA-122, [124, 138-
200a/b, miRNA-429 miRNA-451 140]
Humans | miRNA-10b, miRNA-16, miRNA-28-3p, miRNA-99a, [118, 121,
miRNA19a/b, miRNA-21, miRNA-132, miRNA-146b, 141-149]
miRNA-27b-3p, miRNA-34a, miRNA-150, miRNA-181d,
miRNA-122, miRNA125b, miRNA-197, miRNA-296-5p,
miRNA-192-5p, miRNA-451, miRNA-433, miRNA-511,

miRNA-1290 miRNA-517a, miRNA-671
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12.8.1 DNA Methylation in NAFLD

Epigenetic changes through DNA methylation refers to the addition of methyl
groups to cytosine residues of DNA. In mammals, DNA methylation mainly occurs
in regions of DNA where a cytosine nucleotide occurs next to a guanine nucleotide,
or so-called CpG sites. These CpG sites tend to cluster together to form CpG
islands. When a CpG island in the promoter region of a particular gene is methyl-
ated, expression of the gene is repressed or is turned off (Table 12.1). In livers of
patients with NAFLD, there is evidence for increased methylation of the CpG
island in the promoter region of PGCla, a key transcription factor involved in
mitochondrial biogenesis, fatty acid oxidation, gluconeogenesis, and lipogenesis
[87]. Moreover, it has been shown that there is an inverse correlation between
mitochondrial DNA (mtDNA) content and the methylation levels of the PGCla
promoter. Thus, the finding of a reduction in mtDNA content in livers of these
NAFLD patients suggests that mitochondrial dysfunction associated with hepatic
steatosis is due to liver DNA methylation of PGCla. The mitochondria are also a
major source and target of reactive oxygen species (ROS). The mtDNA-encoded
NADH dehydrogenase 6 (MT-ND6) gene is a target of methylation in NAFLD
[86]. In patients with NASH, it has been reported that MT-ND®6 is highly methyl-
ated and the MT-ND6 gene is considerably reduced in their livers. Thus, DNA
methylation of the mitochondrial gene may play an important role in the develop-
ment and pathogenesis of NAFLD.

Differential methylation has also been identified in genes involved in metabo-
lism and in insulin signaling when liver samples from NAFLD patients were
analyzed by array-based DNA methylation and mRNA expression profiling
[88]. The former includes pyruvate carboxylase (PC), ATP citrate lyase (ACLY),
and Phospholipase C-gamma-1 (PLCG1), while the latter includes Insulin-like
growth factor 1 (IGF1), Insulin-like growth factor binding protein 2 (IGFBP1),
and Protein kinase C, epsilon (PRKCE). On the other hand, global hepatic DNA
methylation can become progressively demethylated in mice that develop a fatty
liver phenotype similar to human NASH induced by feeding a lipogenic methyl-
deficient diet [100]. Thus, DNA methylation is particularly affected by the avail-
ability of S-Adenosyl-L-methionine (SAMe) and the dietary methyl donors includ-
ing folate, betaine, and choline, which are associated with SAMe synthesis
[101, 102]. SAMe influences the pathogenesis of NAFLD as a methyl donor in
the synthesis of phosphatidylcholine, which is required for very-low-density lipo-
protein (VLDL) assembly and hepatic triglyceride export. Evidence of a role for
SAMe in NAFLD development has largely been based on animal studies. Methyl-
deficient diets have been reported to result in the development of NAFLD in mice
[103, 104]. These mice were found to have reduced concentration of hepatic SAMe
and CpG island methylation of genes involved in DNA damage and repair, lipid and
glucose metabolism, and the progression of fibrosis in their livers [105]. Inducing
hepatic fat accumulation by feeding a HFD can be reversed by supplementation
with methyl donors containing folic acid, choline, betaine, and vitamin B12. These
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methyl donors reduced hepatic global DNA methylation and changed the methyl-
ation levels of CpG sites in the sterol regulatory element-binding transcription
factor 2 (SREBF2), 1-acylglycerol-3-phosphate O-acyltransferase 3 (AGPAT3),
and estrogen receptor 1 (ESR1) promoter regions [81]. Furthermore, methyl donor
supplementation resulted in fatty acid synthase (FASN) DNA hypermethylation,
leading to improvement of HFD-induced NAFLD [82]. Betaine supplementation
was also found to restore methylation capacity by increasing SAMe concentration
and genomic methylation level and the reduction in the methylation of the micro-
somal triglyceride transfer protein (MTTP) promoter [79]. This promotes hepatic
triglyceride export and attenuates fat accumulation.

Feeding pregnant mothers a HFD can result in increased NAFLD susceptibility
in the offspring in mice [28, 41], and DNA methylation plays an important role in
this process. DNA methylation can be inherited from parents and passed to the next
generation [106]. In rat offspring of HFD-fed mothers that develop NAFLD, it was
suggested that hypomethylation of cyclin-dependent kinase inhibitor 1A
(CDKN1a), an inhibitor of the hepatic cell cycle, and increased hepatic expression
of the CDKN1a gene in early postnatal life contribute to predisposition to NAFLD
in later life [83]. Interestingly, the hormone melatonin, which regulates the body’s
24-h “clock,” has been reported to reverse the methylation of leptin and prevent
glucocorticoid-induced hepatic steatosis [84].

12.8.2 Histone Modifications in NAFLD

Evidence is now accumulating that histone modifications are also involved in
transmitting an epigenotype with increased NAFLD risk (Table 12.1). Histone
modifications mainly consist of acetylation, methylation, phosphorylation, and
ubiquitylation. Histones are proteins that organize DNA strands into nucleosomes
by forming molecular complexes around which the DNA winds, and modification
of histone proteins can impact gene regulation by altering chromatin structure or
recruiting histone modifiers. Most of the current evidence points to changes in
histone acetylation in the development of NAFLD [97]. The modifying enzymes
involved in histone acetylation are called histone acetyltransferases (HATs) and
histone deacetylases (HDACs), and they play an important role in controlling
histone H3 and H4 acetylation [107]. Histone H3 is primarily acetylated at lysines
9, 14, 18, 23, and 56 (denoted at H3K9, H3K14, H3K18, H3K23, and H3K56),
while HDACs catalyze the hydrolytic removal of acetyl groups from histone lysine
residues. There are four classes of HDACs, with. for example. HDAC1, HDAC?2,
HDAC3, and HDACS grouped as class | HDACs. In primates, hyperacetylation of
H3K14 has been reported in the fetal hepatic tissue and this was accompanied by
upregulated acetylation at H3K9 and H3K 18 [97]. The same study also showed that
the feeding the pregnant mother with a HFD can result in the depletion of HDAC1
protein in the fetal liver. These findings indicate that maternal obesity due to HFD
feeding can already change fetal chromatin structure via histone modifications.
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NAFLD development is also regulated by carbohydrate-responsive element-bind-
ing protein (ChREBP) by acting as transcriptional activator of lipogenic and
glycolytic genes. A reduction in the activity of the HAT activator p300 was
found to attenuate ChREBP-mediated hepatic steatosis in mice [89]. Furthermore,
histone modification of genes that regulate bile acid synthesis and dietary choles-
terol absorption was found to be linked to NAFLD development. Sterol 12-
a-hydroxylase (CYP8B1) regulates bile acid synthesis and intestinal cholesterol
absorption, and that histone acetylation of the gene promoter CYP8B1 was found to
be induced following recruitment of cAMP response element-binding protein-
binding protein (CBP) by the cholesterol-activated nuclear receptor and clock-
controlled gene retinoic acid-related orphan receptor & (ROR) [90]. Thus, modi-
fying RORa activity could potentially attenuate NALFD progression by histone
modification. The link between histone modification and 24 h or circadian rhythms
will be discussed further in the proceeding section of this chapter.

In mice, hepatic lipid accumulation due to a HFD was also reported to alter
histone H3K4 and H3K9 trimethylation in PPARa and lipid catabolism-related
genes increasing their expression levels and thus perpetuating further lipid buildup
leading to hepatic steatosis and NAFLD progression [92]. The modifying effect of a
HFD on histone has been reported to occur over generations. Offspring from
pregnant mice with a HFD was found to have altered expression of genes involved
in the upregulation of lipogenesis and ER stress due to reduced accumulation of
methylated histones in liver X receptor o (LXRa) and oxireductase endoplasmic
reticulum oxidoreductinla (ERO1a) gene promoters [93]. In another study, mater-
nal HFD feeding resulted in increased fetal hepatic acetylation of histone H3K14
and decreased SIRT1 expression [66]. Deacetylation by SIRT1 is responsible for
the regulation of various proteins that are involved in the pathophysiology of
NAFLD [108]. In the liver, SIRT1 is also reported to interact with the protein
MENIN, and a reduction in MENIN gene expression particularly in aging acceler-
ated hepatic steatosis following HFD feeding by recruiting SIRT1 to regulate CD36
expression and triglyceride accumulation via histone deacetylation [94]. Feeding a
HFD in mice also induces hepatic mitochondrial protein hyperacetylation and
downregulation of the major mitochondrial protein deacetylase of another sirtuin
SIRT3, which resides at the mitochondria and modulates fatty acid oxidation
[95, 109]. Hence feeding a HFD alters both SIRT1 and SIRT 3 expression via
histone modification, and this impacts on lipid metabolism that is associated with
NAFLD development.

12.8.3 MicroRNA Changes in NAFLD

Another epigenetic modification that is linked to NAFLD development is the
alteration of microRNAs (miRNAs) (Table 12.2). MiRNAs are short, single-
stranded RNA molecules approximately 22 nucleotides in length that can nega-
tively modulate post-transcriptionally around 30% of all mammalian protein-
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encoding genes [110]. They induce gene silencing by binding to target sites found
within the 3'UTR of the targeted mRNA, thus preventing protein production by
suppressing protein synthesis and/or by initiating mRNA degradation
[111]. MiRNAs play a key role in many important physiological processes such
as cell proliferation, differentiation, apoptosis, and embryonic development, and
that altered miRNA expression has been implicated in obesity, insulin resistance,
T2D, and fatty liver disease [112, 113]. In patients with NASH, about 100 miRNAs
that are involved in the pathogenesis of steatohepatitis, including the regulation of
lipid and glucose metabolisms, oxidative stress, cellular differentiation, inflamma-
tion, and cell survival pathways, are differentially expressed [114, 115]. The most
abundant miRNA in the liver is miRNA-122, which is a key regulator of glucose
and lipid metabolism in adult livers [116, 117]. Serum miRNA-22 levels, which
mainly circulate in argonaute 2-free forms, are significantly higher in mice with
NASH [118]. In NAFLD patients, early studies found this miRNA to be signifi-
cantly underexpressed in their livers [119, 120]. Further studies have shown that
reduction in hepatic miRNA-122 was much lower in NAFLD patients with mild
steatosis compared to those with severe steatosis, while patients with mild fibrosis
showed higher serum and hepatic miRNA-122 levels than those with severe fibrosis
[121]. Genetic deletions of miRNA-122 in mice also resulted in hepatic steatosis
and inflammation [122, 123]. Besides miRNA-122, other miRNAs are reported to
be involved in NAFLD development, including miRNA-21, miRNA-23a, miRNA-
34a, miRNA-143, and miRNA-146b, which were found to be overexpressed in
human NAFLD and NASH [120].

Diet fed to rats can cause considerable dysregulation of miRNAs and their target
genes. In a study done in rats, HFD feeding was found to cause marked reduction in
hepatic miRNA-122, miRNA-451, and miRNA-27 expression and increased
expression of miRNA-200a, miRNA-200b, and miRNA-429 [124]. This study
also showed changes in expression levels of proteins involved in regulating lipid
and carbohydrate metabolism and signal transduction that are being regulated by
these miRNAs in livers from the HFD-fed rats. These finding demonstrate that a
HFD can alter the expression levels of miRNAs and some of their targets, contrib-
uting to the development of fatty liver and progression of nutritional steatohepatitis.
Nevertheless, there is a paucity of information on whether maternal nutrition during
pregnancy impacts on the hepatic miRNA status in their offspring. Our own study
in mice shows that in livers of offspring mothers fed a HFD during pregnancy had
markedly increased hepatic expression of key genes including those regulating fetal
growth, such as insulin-like growth factor-2, and fat metabolism, including perox-
isome proliferator-activated receptor-alpha and carnitine palmitoyl transferase-1la
[125]. These changes were accompanied by reduced expression of miRNAs
involved in developmental timing (let-7c) and fat oxidation (miRNA-122). More
recently, it has been reported that in livers of weaned offspring of mouse dams fed a
HFD during pregnancy and lactation, the expression of miRNA-122 was reduced
but that of miRNA-370 was increased [126]. Moreover, miRNA-370 is involved in
metabolism by activating lipogenic genes indirectly through miRNA-122
[127]. Thus, changes in key metabolic genes and miRNAs in the liver of offspring
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from dams fed a HFD may alter early fetal growth and fat metabolism increasing
offspring NAFLD susceptibility in later life.

12.9 Disruption of the Circadian Clock and NAFLD
Development

A wide array of physiological processes is expressed in a rhythmic pattern with
duration of about 24 h, coinciding with the day—night cycle. These 24 h rhythms are
termed “circadian” and are regulated by an endogenous circadian clock network
composed of key “clock” genes. Circadian rhythms are entrained by the light—dark
cycle but can also be influenced by environmental temperature and food availabil-
ity. The central circadian clock network is found in the hypothalamic region of the
brain called the suprachiasmatic nuclei (SCN). It is now well established that clock
genes are found and rhythmically expressed in most organs and tissues, including
those involved in metabolism such as the liver, muscle, and adipose tissues. The
generation of circadian rhythms is through a series of autoregulatory transcriptional
and translational interactions [150, 151]. The key clock genes are circadian loco-
motor output cycle kaput (CLOCK) and brain and muscle aryl 1-hydrocarbon
receptor nuclear translocator-like 1 (BMALT1), which form a heterodimer complex
that activates transcription of other clock genes, including Period (PER1, PER2,
PER3) and Cryptochrome (CRY1 and CRY2). The translated PER and CRY pro-
teins form complexes and translocate back to the nucleus where they then nega-
tively regulate CLOCK and BMALLI activity. Though the central circadian clock
network regulates circadian processes such as the sleep/wake cycle, body temper-
ature, blood pressure, and hormone secretion, at the whole body level, it is the
intrinsic clock gene network in the liver that determines hepatic clock function.
Nevertheless, the systemic cues, such as light—dark cycles, fine-tune hepatic
rhythms.

The circadian clock network in the liver regulates a plethora of genes and
nuclear receptors that are important in several metabolic pathways, such as the
metabolism of glucose, fatty acids, cholesterol, and amino acids [152—156], and in
the detoxification of xenobiotics [157]. Thus, an intact circadian clock is essential
for the maintenance of body homeostasis, and disruption of the clock network at the
central and organ level leads to desynchronization of metabolism and consequently
the development of obesity and fatty liver disease. In healthy individuals, there is a
nycthemeral rhythm in de novo lipogenesis associated with the sleep—wake cycle
and the feeding—fasting cycle [158]. At night when individuals are normally asleep
and are therefore in the fasted state, de novo lipogenesis supplies less than 5 % of
fatty acids to the hepatocyte. During the day when individuals are normally in the
feeding state, characterized by high insulin levels, insulin stimulates de novo
lipogenesis, supplying approximately a quarter of the free fatty acids to
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hepatocytes. This nycthemeral rhythm in de novo lipogenesis is absent in NAFLD
patients [158].

Early studies have suggested mutations in the core clock genes are linked to
NAFLD development. Mice with mutations in clock genes have provided key
insights into the interdependence between the circadian clock and metabolism.
Altering key components of the clock network, for example, in the CLOCK mutant
mice, give rise to the development of metabolic pathologies including obesity and
hepatic steatosis [159]. Moreover, mice deficient in CLOCK and BMALL1 exhibit
suppressed diurnal variations in glucose and triglyceride levels, which were ampli-
fied by feeding a HFD [153]. This observation has been extended to findings in
humans, where common genetic variations of the CLOCK gene are reported to be
linked to susceptibility to NAFLD [160, 161]. These studies show that CLOCK
variant haplotype frequencies significantly differ between NAFLD patients and
controls.

The epigenetic modifications associated with NAFLD development involve the
circadian clock network. CLOCK itself possesses histone acetyltransferase (HAT)
activity, and this HAT activity is necessary for CLOCK-BMALI-dependent
transactivation of clock-controlled genes and, therefore, downstream circadian
clock function [162, 163]. In addition, it has been shown that activation of several
CLOCK-BMALI target genes involves changes in histone H3 acetylation in the
PERI1, PER2, and CRY1 promoter regions [164]. Thus, clock-mediated epigenetic
processing is upstream of several cellular metabolic cascades associated with
hepatic liver accumulation. PPAR-«, for example, is a nuclear receptor that regu-
lates the transcription of genes involved in lipid and glucose metabolism following
binding of endogenous nonesterified free fatty acids (NEFAs). The CLOCK-
BMALI heterodimer mediates transcription of the PPAR-a gene and an increase
in PPAR-a protein, which subsequently binds to the PPAR response element
(PPRE) and activates the transcription and translation of BMALI, demonstrating
the reciprocal link between circadian and lipid metabolic processes [165, 166]. Stud-
ies have also shown that there is a daily whole-genome cycling of the activating
chromatin mark H3K4me3 (histone H3 trimethylated at lysine 4) and the inhibitory
chromatin mark H3K9me3 (histone H3 trimethylated at lysine 9) in the mouse liver
[167], suggesting that these activation marks are regulated in a circadian manner at
thousands of gene loci. In the same study, the histone-remodeling enzyme mixed
lineage leukemia 3 (MLL3) was also found to modulate hundreds of epigenetically
targeted liver circadian output genes, especially those in the one-carbon metabolism
pathway [167]. This suggests that MLL3 is a clock-controlled factor that could
potentially regulate circadian epigenomic profiles and is thus a good candidate
linking the circadian clock and liver diseases.

HDAC3 occupancy on genes involved in lipid metabolism in the mouse liver
was also shown to have a pronounced circadian pattern, which peaks during the day
and is at its nadir at night [168]. This circadian pattern was found to be inversely
associated with the genome-wide histone acetylation and RNA polymerase II
recruitment at the same sites, suggesting that HDAC3 is involved in circadian
epigenomic remodeling that leads to transcriptional repression of hepatic lipogenic
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genes during the day but allows transcriptional activation of these genes at night.
The genomic binding sites of REV-ERBa were also found to significantly overlap
with those of HDAC3 and its binding partner, the nuclear receptor corepressor
(NCoR), especially on genes involved in fatty acid synthesis, and that there is a
close correlation between signal intensities of REV-ERBa binding and those of
HDAC3-NCoR at the same sites. In the HDAC3 liver-specific knockout mice,
depletion of HDACS3 in the liver switches metabolic precursors for lipid synthesis
and storage within lipid droplets and away from hepatic glucose production by
sequestration of lipids in perilipin 2-coated droplets and this contributes to the
development of steatosis [169]. Thus, a loss in the circadian rhythm of REV-ERBa
binding should result in de novo lipogenesis and development of hepatic steatosis in
a similar manner as was found in the HDAC3 liver-specific knockout mice. This
was indeed the case [168] and implies that circadian epigenomic remodeling
controlled by HDAC3 is largely directed by REV-ERBa.

Disruption of circadian clock function caused by chronic lifestyle disturbances,
such as professional jet lag (night workers) or long-term shift work, is also
suggested to contribute to the manifestations of fatty liver disease [170, 171]. A
mouse model of shift work appears to share the same mechanism in humans where
timed sleep restriction resulted in disruption of circadian rhythms of genes in the
liver that are involved in glucose and lipid metabolism, including BMAL1, PERI1,
REV-ERBa, and the D site of albumin promoter binding protein (DBP) [172]. It is
interesting to note that timed food access was able to restore molecular rhythms in
the liver and metabolic function under sleep restriction conditions, suggesting that
hepatic circadian desynchrony marks an early event in the metabolic disruption
associated with chronic shift work. Thus, strengthening circadian clock network in
the liver by minimizing food intake during night shifts may counteract the adverse
physiological consequences frequently observed in human shift workers. In another
mouse study, increased lipogenesis brought about by timed sleep restriction was
found to be blunted in PER1/2 double mutant animals [173]. Although this was
examined at the adipose tissue, it suggests that the absence of a functional clock in
these double mutants may also protect these mice from sleep restriction-induced
metabolic reprogramming that may include the development of NAFLD.

Altered nutrition during critical developmental periods could lead to disruption
of the circadian clock network modulations in the rhythm of expression and
increased NAFLD susceptibility in later life. This notion is now being supported
by results of recent investigations. In utero exposure to maternal HFD has been
shown to upregulate the expression of fetal hepatic circadian-associated neuronal
PAS domain-containing protein 2 (NPAS2), at least in part, through
hyperacetylation of histone H3 at lysine 14 [98]. In another study in mice, offspring
exposed to HFD both in utero and in postnatal life develop NAFLD, and this was
accompanied by the disruption of rhythmic pattern in expression of the key clock
genes BMALI1, CLOCK, PER1, PER2, CRY1, and CRY2 in the offspring liver
[174]. Hypermethylation of the promoter regions for BMAL1 and PER2 and altered
24-h rhythmicity of hepatic pro-inflammatory and fibrogenic mediators were also
observed in these offspring. Thus, exposure to HFD in utero may alter the hepatic
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circadian clock network during development, resulting in the disruption of rhyth-
mic patterns in metabolic processes leading to NAFLD development. It will be of
interest to examine whether the REV-ERBa/NCoR/HDAC3-mediated epigenomic
remodeling is involved in the HFD-induced modulation of the activity of other
transcription factors involved in lipogenesis such as the SREBPs and PPAR-y.

12.10 Developmental Priming of NAFLD as a Marker
of Premature Metabolic Decline

As previously described throughout this book, there is a wealth of data from both
human and animal studies to suggest that poor nutritional exposures during early
life increase the risk of developing features of the metabolic syndrome in later life.
Collectively, these findings demonstrate that early dietary exposures can accelerate
the onset of conditions traditionally associated with aging such as insulin resistance,
type 2 diabetes, obesity, hypertension, CVD, and NAFLD [175]. This suggests that
nutritional challenges that are imposed during critical periods of development and
plasticity are able to set the trajectory of “metabolic aging” throughout the life
course. While the mechanisms that link early nutrition to longevity are currently
under investigation, preliminary findings highlight changes in cellular processes
with established roles in aging, such as reduced longevity-associated Sirtuin pro-
teins, altered epigenetic regulation of key metabolic genes, and maternally inherited
mitochondrial dysfunction [175].

SIRT1 is a longevity-associated lysine deacetylase, a crucial sensor of cellular
metabolism, and a central molecule connecting various metabolic processes in the
liver. As the nexus of metabolism and aging, SIRT1 protects cells against oxidative
stress, regulates glucose/lipid metabolism, and promotes DNA stability by binding
to and deacetylating several substrates [176]. During aging and the onset of
age-related disorders, including metabolic diseases, cancer, and neurodegenerative
conditions, Sirtuin abundance and activity is reduced [177]. Thus, it has long been
hypothesized that SIRT1 may play a role in the developmental priming of fatty
liver. Indeed, in utero exposure to a maternal HFD has been shown to increase fetal
histone acetylation with a concomitant decrease in SIRT1 expression and activity,
implying that SIRT1 is a likely molecular mediator of the fetal epigenome and
metabolome, and with additional implications for hepatic SIRT1 in premature
aging of the liver [66].

There is also a strong association between SIRT3 and longevity [178]. As
previously described, several studies have also shown that the mitochondrial Sirtuin
SIRT3 may be also perturbed by maternal obesity, with detrimental consequences
for offspring liver function. Recent human studies have shown that obese pregnant
women display decreased skeletal muscle mitochondrial ETC activity and reduced
mitochondrial antioxidant defense, concomitant with reduced SIRT3 activity,
suggesting that reduced SIRT3 plays a role in the increased oxidative stress often
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observed in pregnancies complicated by obesity and gestational diabetes
[179]. Such a decrease in this antioxidant capacity is likely to impair the defense
system in the offspring liver. A recent rodent model has also demonstrated that
maternally derived SIRT3 aberrations in the liver may be a conduit for suboptimal
liver function in the offspring. Specifically, offspring of HFD dams show reduced
SIRT3 expression, which leads to impaired hepatic fatty acid oxidation [61]. These
observations suggest that SIRT3-mediated mitochondrial dysfunction may be key
underlying mechanism that reduces hepatic fatty acid oxidation and antioxidant
defense system, contributing to the metabolic aging of the liver and the premature
onset of severe fatty liver disease.

While further studies are needed to ascertain the effect of early diet exposure on
liver function and ultimately life span, reduced Sirtuin abundance is a likely
candidate that mediates detrimental effects on both metabolism and longevity.
Much of the research aiming to understand the mechanisms by which the maternal
diet can prime the development of fatty liver disease has focused on SIRT1 and
SIRT3. However, recent data suggest that other longevity-associated Sirtuins such
as SIRT6 and its cofactor FOXO3 are also involved in the pathophysiology of
NAFLD. For example, SIRT6 and FOXO3 may transcriptionally and epigenetically
regulate proprotein convertase subtilisin kexin type 9 (PCSK9) expression and
LDL-cholesterol homeostasis [180]. In particular, hepatic SIRT6 deficiency leads
to elevated PCSK9 gene expression and LDL cholesterol. Since the ability of
monoclonal antibodies that inhibit PCSK9 and dramatically lower LDL cholesterol
has received much attention of late, the role of SIRT6 in this process is an exciting
research avenue. Thus, Sirtuin proteins present a promising target for pharmaco-
logical intervention to prevent the developmental priming of NAFLD, and further
investigation is needed to determine the role of other Sirtuin proteins and their
transcriptional cofactors.

12.11 Potential Strategies to Delay and Reverse
the Developmental Priming of NAFLD

Current efforts to ameliorate NAFLD or T2D with pharmacologic agents have been
met with limited success. It is likely due to the fact that many treatments have
focused on treating the end-stage disease and not the mechanisms that are central to
the disease pathogenesis itself. While interest in the “developmental priming”
phenomena has led to important nutritional and education guideline reforms during
pregnancy and early life, arguably some of the most important outcomes have been
due to scientific findings using preclinical disease that have provided unrivaled
insight into the molecular pathogenesis of disease. Research into the developmental
priming of NAFLD has been a particularly intensive and has highlighted a number
of key mechanisms that are critical in the molecular pathogenesis of the disease,
namely mitochondrial dysfunction, oxidative stress, lipid peroxidation, and de novo
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lipogenesis and epigenetics. We are now seeing a new wave of innovative inter-
ventions that target these key pathways to prevent, delay, and reserve the onset of
NAFLD.

12.11.1 Enhancing Mitochondrial Metabolism

As previously described, a number of studies have highlighted the role of
suboptimal mitochondria in developmentally primed NASH. It is therefore inter-
esting that a number of proof-of-concept studies have explicitly shown that
increased mitochondrial efficiency can promote NAFLD reversal. In a recent
study, a liver-targeted derivative of mitochondrial protonophore 2,4-dinitrophenol
(DNP) was shown to enhance hepatic mitochondrial uncoupling and ameliorate
NAFLD and T2D in the rat [181]. The thermogenic effect of this drug has long been
known, and DNP has been investigated since the early twentieth century for its
ability to promote weight loss. However, production of the drug ceased in the USA
in the late 1930s following numerous reports of deaths in individuals taking DNP.
In the aforementioned studies, the molecule used was targeted specifically to the
liver, significantly reducing its toxicity, while retaining its potent mitochondrial
uncoupling effects in the liver [181]. Subsequently, Perry et al. further improved the
safety and efficacy of DNP by developing a version of the drug with lower peak
plasma concentrations and sustained-release pharmacokinetics called CRMP
(controlled-release mitochondrial protonophore) [181]. In rat models, CRMP pro-
duces mild hepatic mitochondrial uncoupling and reduced hypertriglyceridemia,
insulin resistance, hepatic steatosis, and diabetes [182]. These data support the
notion that mild hepatic mitochondrial uncoupling may be a safe and effective
therapy for the related epidemics of metabolic syndrome, T2D and NASH. Whether
this strategy could be employed in models of maternally inherited stress remains to
be seen. One problem may lie within the already damaged mitochondrial pool in the
livers of offspring from obese mothers. While mitochondrial uncoupling may
increase oxidative metabolism in a healthy mitochondrial pool, CRMP may not
have the desired effect in the dysfunctional mitochondrial pool in the developmen-
tally primed liver and may in fact exacerbate oxidative stress. Needless to say,
further research is needed to ascertain the effect of mitochondrial uncouplers on
already suboptimal mitochondria.

12.11.2 PUFA Supplementation

The presence of inflammation within the liver is a key marker of NAFLD progres-
sion and NASH onset. In light of this, interventions that promote an anti-
inflammatory state would be a suitable strategy to limit disease severity. Although
anumber of studies have shown that maternal obesity can cause inflammation in the
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offspring, our understanding of the effectiveness of anti-inflammatory agents
administered during pregnancy is limited. Nonetheless, preliminary studies have
shown that dietary supplementation with polyunsaturated fatty acids (PUFAs) may
have an anti-inflammatory effect. PUFAs exist as either omega 6 [n-6; linoleic acid
(LA)] or omega 3 [n-3; alpha linolenic acid (ALA), eicosapentanoic acid (EPA),
and docosahexanoic acid (DHA)] fatty acids [183]. It is generally accepted that
eicosanoid signaling molecules derived from n-6 PUFAs are more immune-reactive
than eicosanoids derived from n-3 PUFAs, considered to be anti-inflammatory
[184]. Importantly, HFDs are predominantly n-6 PUFA rich and are relatively
deficient in n-3 PUFAs, thus being a potential contributing factor to the
pro-inflammatory state of obesity. Studies have shown that both EPA and DHA
may have anti-obesogenic effects and may be able to prevent diet-induced obesity
(DIO) [185]. Moreover, in a rat model of HFD feeding, dietary supplementation
with krill-derived oils (KO) rich in EPA and DHA was able to increase fatty acid
oxidation and inhibit lipogenesis in the liver, preventing hepatic steatosis. It is
noteworthy that these effects may have mitochondrial origins since KO supple-
mentation was associated with a significant increase in the activity of CPT-I,
suggesting that the flux of fatty acids entering the mitochondria for oxidation
may be enhanced by EPA and DHA [186]. Interestingly, CPT-I is known to be
transcriptionally regulated by the member of the PPAR nuclear receptor family
[187], of which n-3 PUFAs are a known agonist. It is therefore likely that PPAR
signaling is an important mechanism in the insulin-sensitizing effects of n-3
PUFAs. In support of this notion, the hepatic insulin-sensitizing effects of n-3
PUFA supplementation were absent in PPAR-alpha knockout mice compared to
wild-type controls [188].

The evidence from animal models regarding the potential of PUFAs as thera-
peutic agent to treat NAFLD is quite convincing; however, there is less data to
support the notion that PUFA supplementation during pregnancy may have positive
outcome on liver function in the resulting offspring. However, studies using Fat-1
transgenic mice, which are able to covert endogenous n-6 PUFA to n-3 PUFA, have
shown that offspring of HFD-fed mothers who possessed the Fat-1 transgene were
protected against hepatic fat accumulation, suggesting that increased relative n-3
fatty acids can ameliorate the developmental priming of fatty liver disease
[189]. This lack in our understanding strongly suggests that further studies are
warranted that specifically determine the effect of n-3 PUFA supplementation
during development on hepatic fat accumulation and disease progression in
offspring.

12.11.3 Sirtuin Activators

There has been considerable attention focused on the Sirtuin proteins that have been
repeatedly implicated in the benefits to health and longevity associated with fasting
and caloric restriction. It is therefore unsurprising that in models of maternal
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obesity, a state of nutritional excess, reduced Sirtuin abundance and activity has
been repeatedly observed in the developmental priming of NAFLD. In response, a
number of studies have assessed the role of Sirtuin activators, such as resveratrol, in
animal models of maternal obesity and maternal HFD feeding. For example, in a
nonhuman primate model, resveratrol supplementation was able to improve both
maternal and fetal hepatic fat accumulation [190]. While these proof-of-concept
studies are promising, further studies in humans that better determine safety and
efficacy are much needed.

12.11.4 Metformin

Metformin is a commonly used as an insulin-sensitizing agent that is able to
suppress hepatic gluconeogenesis. Although still subject of intense investigation,
current thinking suggests that the molecular mechanism of metformin involves
inhibition of the mitochondrial respiratory chain (complex I), inhibition of
glucagon-induced elevation of cyclic adenosine monophosphate (cAMP), activa-
tion of protein kinase A (PKA), inhibition of mitochondrial glycerophosphate
dehydrogenase, and activation of AMP-activated protein kinase (AMPK)
[191]. Probably one of the best-studied effects is AMPK activation, which is
thought to stimulate ATP-producing catabolic pathways and to inhibit
ATP-consuming anabolic processes such as gluconeogenesis. Indeed in the liver,
activated AMPK reduces hepatic gluconeogenesis via the phosphorylation of
CREB-binding protein (CBP) and the dissociation of the gluconeogenic transcrip-
tional complex CREB-CBP-TORC2 [192]. Metformin-induced activation of
AMPK decreases fatty acid and cholesterol synthesis at least in part by reducing
acetyl-CoA carboxylase (ACC), 3-hydroxy-3-methylglutaryl (HMG)-CoA reduc-
tase, fatty acid synthase (FASN), and inhibiting SREBP-1c [193]. In support, in the
obese leptin-deficient Ob/Ob mice, a proxy model for hepatic steatosis, metformin
treatment was able to reverse hepatomegaly, hepatic fat accumulation, and ALT
abnormalities [194]. Clearly, metformin administration may be a suitable interven-
tion to ameliorate the increased fat accumulation and gluconeogenesis that occurs
during the developmental priming of NAFLD.

Metformin has been given to pregnant women since the 1970s [195] and is
increasingly used as an alternative treatment of infertility and gestational diabetes
[196-198]. However, its effect on offspring metabolic health is the current focus of
research. In a study conducted in rats, diet-induced obesity during pregnancy
enhanced fetal and placental cytokine production, which was reduced by maternal
metformin treatment [199]. It remains to be determined whether this reduction in
maternal and fetal inflammation impacts on NAFLD susceptibility of the adult
offspring. In another study in mice, maternal metformin treatment was found to
significantly improve glucose tolerance in HFD-fed offspring [200]. Nevertheless,
it still remains to be determined if the improved metabolic profile in the metformin-
exposed offspring also protects them from developing NAFLD. Several clinical
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trials are currently under way to examine the effect of maternal metformin treat-
ment during gestational diabetes in the offspring. In an earlier trial conducted in
women with gestational diabetes, Rowan et al. have shown that children exposed to
metformin had more subcutaneous fat at 2 years of age without the expense of the
total amount of fat compared to those exposed only to insulin [201]. These changes
in the fat distribution were suggested to provide a protection against later accumu-
lation of ectopic fat, but can only be validated when these children have become
adults. Findings from the recent Efficacy of Metformin in Pregnant Obese Women,
a Randomised controlled (EMPOWaR) clinical trial, however, were discouraging
and showed that metformin did not affect birth weight percentile in obese pregnant
women and suggested that metformin should not be used to improve pregnancy
outcomes in obese women without diabetes [202]. However, it is important to
remember that birth weight is not the only important marker for long-term health
in the offspring, but liver fat accumulation and function should also be considered.

In summary, while there are a number of strategies showing promising clinical
outcomes, the capacity to reverse the developmental priming of NAFLD has not
been demonstrated. Several studies have shown that proof-of-concept interventions
during critical periods of development or plasticity may be able to ameliorate or
reverse the effects of maternal obesity. However, their specific effect on liver
function requires further investigation. It is important to note that while many of
the interventions described target common metabolic pathways, the exact mecha-
nisms are distinct (i.e., promotion of mitochondrial uncoupling via DNP, versus
mitochondrial complex inhibition via metformin). A therapy that is beneficial for
one individual may exacerbate the condition in another. Thus, the patient should be
metabolically assessed as thoroughly as is reasonably possible before a pharmaco-
logical intervention during pregnancy is recommended.

As a group, pregnant women are extremely compliant to healthcare recommen-
dations in order to do the very best for their developing baby and thus are likely to
strongly adhere to suggested lifestyle and nutritional regimes during pregnancy.
Therefore, identification of suitable intervention, or indeed preventative, strategies
during pregnancy has huge clinical potential for both the current and the future
generations.

12.12 Conclusion

The prevalence of maternal obesity is rapidly increasing worldwide, and as a
consequence of developmental priming, the features of the NAFLD are also
increasing in the next generation. The exact pathogenesis of NAFLD is likely
multifactorial and adverse in utero events very likely play a role. Exposure to
excess maternal lipids during pregnancy can already promote fetal mitochondrial
dysfunction, oxidative stress, a disrupted circadian clock network, and premature
gluconeogenesis, glycogenolysis, lipid oxidation, and de novo lipogenesis, thus
priming the offspring liver to increase susceptibility to postnatal nutritional insults
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resulting in NAFLD development. Thus, reduced oxidative capacity of the liver not
only contributes to liver disease progression but also to whole-body hyperlipidemia,
insulin resistance, and consequent metabolic syndrome and T2D.

Although further studies are still needed in both human and animal models to
better understand the role of prenatal events in the pathogenesis of NAFLD,
potential treatments are already emerging that benefit not only the obese pregnant
mothers but also the future metabolic health of the offspring.

References

10.

11.

12.

13.

14.

15.

16.

. Marchesini G, Bugianesi E, Forlani G, Cerrelli F, Lenzi M, Manini R et al (2003)

Nonalcoholic fatty liver, steatohepatitis, and the metabolic syndrome. Hepatology 37
(4):917-923

. Adami HO, Chow WH, Nyren O, Berne C, Linet MS, Ekbom A et al (1996) Excess risk of

primary liver cancer in patients with diabetes mellitus. J Natl Cancer Inst 88(20):1472-1477

. Baffy G, Brunt EM, Caldwell SH (2012) Hepatocellular carcinoma in non-alcoholic fatty

liver disease: an emerging menace. J Hepatol 56(6):1384-1391

. Day CP, James OF (1998) Steatohepatitis: a tale of two “hits”? Gastroenterology 114

(4):842-845

. Eckel RH, Grundy SM, Zimmet PZ (2005) The metabolic syndrome. Lancet 365

(9468):1415-1428

. Sookoian S, Burgueno AL, Castano G, Pirola CJ (2008) Should nonalcoholic fatty liver

disease be included in the definition of metabolic syndrome? A cross-sectional comparison
with adult treatment panel III criteria in nonobese nondiabetic subjects: response to Musso
et al. Diabetes Care 31(5):e42

. Kawada T (2012) Predictors of the development of metabolic syndrome in male workers: a

3-year follow-up study. J Occup Environ Med 54(3):292-295

. Bedogni G, Miglioli L, Masutti F, Tiribelli C, Marchesini G, Bellentani S (2005) Prevalence

of and risk factors for nonalcoholic fatty liver disease: the Dionysos nutrition and liver study.
Hepatology 42(1):44-52

. Vernon G, Baranova A, Younossi ZM (2011) Systematic review: the epidemiology and

natural history of non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in adults.
Aliment Pharmacol Ther 34(3):274-285

Williams CD, Stengel J, Asike MI, Torres DM, Shaw J, Contreras M et al (2011) Prevalence
of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis among a largely middle-
aged population utilizing ultrasound and liver biopsy: a prospective study. Gastroenterology
140(1):124-131

Ong JP, Younossi ZM (2007) Epidemiology and natural history of NAFLD and NASH. Clin
Liver Dis 11(1):1-16, vii

Sass DA, Chang P, Chopra KB (2005) Nonalcoholic fatty liver disease: a clinical review. Dig
Dis Sci 50(1):171-180

Torres DM, Harrison SA (2008) Diagnosis and therapy of nonalcoholic steatohepatitis.
Gastroenterology 134(6):1682—-1698

Bianchi L (2001) Liver biopsy in elevated liver functions tests? An old question revisited. J
Hepatol 35(2):290-294

Agopian VG, Kaldas FM, Hong JC, Whittaker M, Holt C, Rana A et al (2012) Liver
transplantation for nonalcoholic steatohepatitis: the new epidemic. Ann Surg 256(4):624—633
Loomba R, Sirlin CB, Schwimmer JB, Lavine JE (2009) Advances in pediatric nonalcoholic
fatty liver disease. Hepatology 50(4):1282-1293



20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Developmental Programming of Nonalcoholic Fatty Liver Disease (NAFLD) 279

. Alisi A, Manco M, Vania A, Nobili V (2009) Pediatric nonalcoholic fatty liver disease in

2009. J Pediatr 155(4):469-474

. Welsh JA, Karpen S, Vos MB (2013) Increasing prevalence of nonalcoholic fatty liver

disease among United States adolescents, 1988-1994 to 2007-2010. J Pediatr 162(3):496-500

. Feldstein AE, Charatcharoenwitthaya P, Treeprasertsuk S, Benson JT, Enders FB, Angulo P

(2009) The natural history of non-alcoholic fatty liver disease in children: a follow-up study
for up to 20 years. Gut 58(11):1538-1544

Schwimmer JB, Pardee PE, Lavine JE, Blumkin AK, Cook S (2008) Cardiovascular risk
factors and the metabolic syndrome in pediatric nonalcoholic fatty liver disease. Circulation
118(3):277-283

Schwimmer JB, McGreal N, Deutsch R, Finegold MJ, Lavine JE (2005) Influence of gender,
race, and ethnicity on suspected fatty liver in obese adolescents. Pediatrics 115(5):e561-e565
Schwimmer JB, Behling C, Newbury R, Deutsch R, Nievergelt C, Schork NJ et al (2005)
Histopathology of pediatric nonalcoholic fatty liver disease. Hepatology 42(3):641-649
Brunt EM, Kleiner DE, Wilson LA, Unalp A, Behling CE, Lavine JE et al (2009) Portal
chronic inflammation in nonalcoholic fatty liver disease (NAFLD): a histologic marker of
advanced NAFLD-clinicopathologic correlations from the nonalcoholic steatohepatitis clin-
ical research network. Hepatology 49(3):809-820

Godlewski G, Gaubert-Cristol R, Rouy S, Prudhomme M (1997) Liver development in the rat
and in man during the embryonic period (Carnegie stages 11-23). Microsc Res Tech 39
(4):314-327

Zaret KS (2001) Hepatocyte differentiation: from the endoderm and beyond. Curr Opin Genet
Dev 11(5):568-574

Gordillo M, Evans T, Gouon-Evans V (2015) Orchestrating liver development. Development
142(12):2094-2108

Dame C, Juul SE (2000) The switch from fetal to adult erythropoiesis. Clin Perinatol 27
(3):507-526

Bruce KD, Cagampang FR, Argenton M, Zhang J, Ethirajan PL, Burdge GC et al (2009)
Maternal high-fat feeding primes steatohepatitis in adult mice offspring, involving mitochon-
drial dysfunction and altered lipogenesis gene expression. Hepatology 50(6):1796—1808
King JC (2006) Maternal obesity, metabolism, and pregnancy outcomes. Annu Rev Nutr
26:271-291

Catalano PM (2010) Obesity, insulin resistance, and pregnancy outcome. Reproduction 140
(3):365-371

Guelinckx I, Devlieger R, Beckers K, Vansant G (2008) Maternal obesity: pregnancy
complications, gestational weight gain and nutrition. Obes Rev 9(2):140-150

Stamnes Kopp UM, Dahl-Jorgensen K, Stigum H, Frost AL, Naess O, Nystad W (2012) The
associations between maternal pre-pregnancy body mass index or gestational weight change
during pregnancy and body mass index of the child at 3 years of age. Int J Obes (Lond) 36
(10):1325-1331

Heerwagen MJ, Miller MR, Barbour LA, Friedman JE (2010) Maternal obesity and fetal
metabolic programming: a fertile epigenetic soil. Am J Physiol Regul Integr Comp Physiol
299(3):R711-R722

Lawlor DA, Lichtenstein P, Fraser A, Langstrom N (2011) Does maternal weight gain in
pregnancy have long-term effects on offspring adiposity? A sibling study in a prospective
cohort of 146,894 men from 136,050 families. Am J Clin Nutr 94(1):142-148

Lawlor DA, Lichtenstein P, Langstrom N (2011) Association of maternal diabetes mellitus in
pregnancy with offspring adiposity into early adulthood: sibling study in a prospective cohort
of 280,866 men from 248,293 families. Circulation 123(3):258-265

McCurdy CE, Bishop JM, Williams SM, Grayson BE, Smith MS, Friedman JE et al (2009)
Maternal high-fat diet triggers lipotoxicity in the fetal livers of nonhuman primates. J Clin
Invest 119(2):323-335



280

37

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54

55.

K.D. Bruce and F.R. Cagampang

. Leclercq IA (2007) Pathogenesis of steatohepatitis: insights from the study of animal models.
Acta Gastroenterol Belg 70(1):25-31

Burdge GC, Slater-Jefferies JL, Grant RA, Chung WS, West AL, Lillycrop KA et al (2008)
Sex, but not maternal protein or folic acid intake, determines the fatty acid composition of
hepatic phospholipids, but not of triacylglycerol, in adult rats. Prostaglandins Leukot Essent
Fatty Acids 78(1):73-79

Shankar K, Harrell A, Liu X, Gilchrist JM, Ronis MJ, Badger TM (2008) Maternal obesity at
conception programs obesity in the offspring. Am J Physiol Regul Integr Comp Physiol 294
(2):R528-R538

White CL, Purpera MN, Morrison CD (2009) Maternal obesity is necessary for programming
effect of high-fat diet on offspring. Am J Physiol Regul Integr Comp Physiol 296(5):R1464—
R1472

Elahi MM, Cagampang FR, Mukhtar D, Anthony FW, Ohri SK, Hanson MA (2009) Long-
term maternal high-fat feeding from weaning through pregnancy and lactation predisposes
offspring to hypertension, raised plasma lipids and fatty liver in mice. Br J Nutr 102
(4):514-519

Oben JA, Mouralidarane A, Samuelsson AM, Matthews PJ, Morgan ML, McKee C
et al (2010) Maternal obesity during pregnancy and lactation programs the development of
offspring non-alcoholic fatty liver disease in mice. J Hepatol 52(6):913-920

Stewart MS, Heerwagen MJ, Friedman JE (2013) Developmental programming of pediatric
nonalcoholic fatty liver disease: redefining the “first hit”. Clin Obstet Gynecol 56(3):577-590
Brumbaugh DE, Tearse P, Cree-Green M, Fenton LZ, Brown M, Scherzinger A et al (2013)
Intrahepatic fat is increased in the neonatal offspring of obese women with gestational
diabetes. J Pediatr 162(5):930-936

Modi N, Murgasova D, Ruager-Martin R, Thomas EL, Hyde MJ, Gale C et al (2011) The
influence of maternal body mass index on infant adiposity and hepatic lipid content. Pediatr
Res 70(3):287-291

Dube E, Gravel A, Martin C, Desparois G, Moussa I, Ethier-Chiasson M et al (2012)
Modulation of fatty acid transport and metabolism by maternal obesity in the human full-
term placenta. Biol Reprod 87(1):14, 1-14, 11

Catalano PM, Ehrenberg HM (2006) The short- and long-term implications of maternal
obesity on the mother and her offspring. BJOG 113(10):1126-1133

Zhu MJ, Ma Y, Long NM, Du M, Ford SP (2010) Maternal obesity markedly increases
placental fatty acid transporter expression and fetal blood triglycerides at mid-gestation in the
ewe. Am J Physiol Regul Integr Comp Physiol 299:R1224-R1231

Sato N, Hagihara B (1970) Spectrophotometric analyses of cytochromes in ascites hepatomas
of rats and mice. Cancer Res 30(7):2061-2068

Wallace DC (1999) Mitochondrial diseases in man and mouse. Science 283
(5407):1482-1488

James O, Day C (1999) Non-alcoholic steatohepatitis: another disease of affluence. Lancet
353(9165):1634-1636

Fromenty B, Berson A, Pessayre D (1997) Microvesicular steatosis and steatohepatitis: role
of mitochondrial dysfunction and lipid peroxidation. J Hepatol 26(Suppl 1):13-22
Perez-Carreras M, Del HP, Martin MA, Rubio JC, Martin A, Castellano G et al (2003)
Defective hepatic mitochondrial respiratory chain in patients with nonalcoholic
steatohepatitis. Hepatology 38(4):999-1007

. Hruszkewycz AM (1988) Evidence for mitochondrial DNA damage by lipid peroxidation.
Biochem Biophys Res Commun 153(1):191-197

Rector RS, Thyfault JP, Uptergrove GM, Morris EM, Naples SP, Borengasser SJ et al (2010)
Mitochondrial dysfunction precedes insulin resistance and hepatic steatosis and contributes to
the natural history of non-alcoholic fatty liver disease in an obese rodent model. J Hepatol 52
(5):727-736



56.

57.

58.

59.

60.

61.

62.

63.

64.

65

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Developmental Programming of Nonalcoholic Fatty Liver Disease (NAFLD) 281

Morris AA (1999) Mitochondrial respiratory chain disorders and the liver. Liver 19
(5):357-368

Taylor PD, McConnell J, Khan IY, Holemans K, Lawrence KM, Asare-Anane H et al (2005)
Impaired glucose homeostasis and mitochondrial abnormalities in offspring of rats fed a
fat-rich diet in pregnancy. Am J Physiol Regul Integr Comp Physiol 288(1):R134-R139
Choudhury M, Jonscher KR, Friedman JE (2011) Reduced mitochondrial function in obesity-
associated fatty liver: SIRT3 takes on the fat. Aging (Albany NY) 3(2):175-178

Hirschey MD, Shimazu T, Goetzman E, Jing E, Schwer B, Lombard DB et al (2010) SIRT3
regulates mitochondrial fatty-acid oxidation by reversible enzyme deacetylation. Nature 464
(7285):121-125

Schwer B, Eckersdorff M, Li Y, Silva JC, Fermin D, Kurtev MV et al (2009) Calorie
restriction alters mitochondrial protein acetylation. Aging Cell 8(5):604—606

Borengasser SJ, Lau F, Kang P, Blackburn ML, Ronis MJ, Badger TM et al (2011) Maternal
obesity during gestation impairs fatty acid oxidation and mitochondrial SIRT3 expression in
rat offspring at weaning. PLoS One 6(8):¢24068

Nemoto S, Fergusson MM, Finkel T (2005) SIRT1 functionally interacts with the metabolic
regulator and transcriptional coactivator PGC-1{alpha}. J Biol Chem 280(16):16456—16460
Rodgers JT, Lerin C, Gerhart-Hines Z, Puigserver P (2008) Metabolic adaptations through
the PGC-1 alpha and SIRT1 pathways. FEBS Lett 582(1):46-53

Hashimoto T, Cook WS, Qi C, Yeldandi AV, Reddy JK, Rao MS (2000) Defect in peroxi-
some proliferator-activated receptor alpha-inducible fatty acid oxidation determines the
severity of hepatic steatosis in response to fasting. J Biol Chem 275(37):28918-28928

. Walker AK, Yang F, Jiang K, Ji JY, Watts JL, Purushotham A et al (2010) Conserved role of

SIRT1 orthologs in fasting-dependent inhibition of the lipid/cholesterol regulator SREBP.
Genes Dev 24(13):1403-1417

Suter MA, Chen A, Burdine MS, Choudhury M, Harris RA, Lane RH et al (2012) A maternal
high-fat diet modulates fetal SIRT1 histone and protein deacetylase activity in nonhuman
primates. FASEB J 26(12):5106-5114

Bonasio R, Tu S, Reinberg D (2010) Molecular signals of epigenetic states. Science 330
(6004):612-616

Waddington CH (2012) The epigenotype. 1942. Int J Epidemiol 41(1):10-13

Mathers JC, Strathdee G, Relton CL (2010) Induction of epigenetic alterations by dietary and
other environmental factors. Adv Genet 71:3-39

McKay JA, Mathers JC (2011) Diet induced epigenetic changes and their implications for
health. Acta Physiol (Oxf) 202(2):103-118

Heard E, Martienssen RA (2014) Transgenerational epigenetic inheritance: myths and mech-
anisms. Cell 157(1):95-109

Villard J (2004) Transcription regulation and human diseases. Swiss Med Wkly 134
(39-40):571-579

Egger G, Liang G, Aparicio A, Jones PA (2004) Epigenetics in human disease and prospects
for epigenetic therapy. Nature 429(6990):457-463

Wang J, WuZ, Li D, Li N, Dindot SV, Satterfield MC et al (2012) Nutrition, epigenetics, and
metabolic syndrome. Antioxid Redox Signal 17(2):282-301

Katada S, Imhof A, Sassone-Corsi P (2012) Connecting threads: epigenetics and metabolism.
Cell 148(1-2):24-28

Sassone-Corsi P (2013) Physiology. When metabolism and epigenetics converge. Science
339(6116):148-150

Kaelin WG Jr, McKnight SL (2013) Influence of metabolism on epigenetics and disease. Cell
153(1):56-69

Waterland RA, Travisano M, Tahiliani KG, Rached MT, Mirza S (2008) Methyl donor
supplementation prevents transgenerational amplification of obesity. Int J Obes (Lond) 32
(9):1373-1379



282

79

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

K.D. Bruce and F.R. Cagampang

. Wang LJ, Zhang HW, Zhou JY, Liu Y, Yang Y, Chen XL et al (2014) Betaine attenuates
hepatic steatosis by reducing methylation of the MTTP promoter and elevating genomic
methylation in mice fed a high-fat diet. J Nutr Biochem 25(3):329-336

Pruis MG, Lendvai A, Bloks VW, Zwier MV, Baller JF, de Bruin A et al (2014) Maternal
western diet primes non-alcoholic fatty liver disease in adult mouse offspring. Acta Physiol
(Oxf) 210(1):215-227

Cordero P, Campion J, Milagro FI, Martinez JA (2013) Transcriptomic and epigenetic
changes in early liver steatosis associated to obesity: effect of dietary methyl donor supple-
mentation. Mol Genet Metab 110(3):388-395

Cordero P, Gomez-Uriz AM, Campion J, Milagro FI, Martinez JA (2013) Dietary supple-
mentation with methyl donors reduces fatty liver and modifies the fatty acid synthase DNA
methylation profile in rats fed an obesogenic diet. Genes Nutr 8(1):105-113

Dudley KJ, Sloboda DM, Connor KL, Beltrand J, Vickers MH (2011) Offspring of mothers
fed a high fat diet display hepatic cell cycle inhibition and associated changes in gene
expression and DNA methylation. PLoS One 6(7):e21662

Tiao MM, Huang LT, Chen CJ, Sheen JM, Tain YL, Chen CC et al (2014) Melatonin in the
regulation of liver steatosis following prenatal glucocorticoid exposure. Biomed Res Int
2014:942172

Sie KK, LiJ, Ly A, Sohn KJ, Croxford R, Kim YT (2013) Effect of maternal and postweaning
folic acid supplementation on global and gene-specific DNA methylation in the liver of the
rat offspring. Mol Nutr Food Res 57(4):677-685

Pirola CJ, Gianotti TF, Burgueno AL, Rey-Funes M, Loidl CF, Mallardi P et al (2013)
Epigenetic modification of liver mitochondrial DNA is associated with histological severity
of nonalcoholic fatty liver disease. Gut 62(9):1356-1363

Sookoian S, Rosselli MS, Gemma C, Burgueno AL, Fernandez GT, Castano GO et al (2010)
Epigenetic regulation of insulin resistance in nonalcoholic fatty liver disease: impact of liver
methylation of the peroxisome proliferator-activated receptor gamma coactivator lalpha
promoter. Hepatology 52(6):1992-2000

Ahrens M, Ammerpohl O, von Schonfels W, Kolarova J, Bens S, Itzel T et al (2013) DNA
methylation analysis in nonalcoholic fatty liver disease suggests distinct disease-specific and
remodeling signatures after bariatric surgery. Cell Metab 18(2):296-302

Bricambert J, Miranda J, Benhamed F, Girard J, Postic C, Dentin R (2010) Salt-inducible
kinase 2 links transcriptional coactivator p300 phosphorylation to the prevention of ChREBP-
dependent hepatic steatosis in mice. J Clin Invest 120(12):4316-4331

Pathak P, Li T, Chiang JY (2013) Retinoic acid-related orphan receptor alpha regulates
diurnal rhythm and fasting induction of sterol 12alpha-hydroxylase in bile acid synthesis. J
Biol Chem 288(52):37154-37165

Mikula M, Majewska A, Ledwon JK, Dzwonek A, Ostrowski J (2014) Obesity increases
histone H3 lysine 9 and 18 acetylation at Tnfa and Ccl2 genes in mouse liver. Int ] Mol Med
34(6):1647-1654

Jun HJ, Kim J, Hoang MH, Lee SJ (2012) Hepatic lipid accumulation alters global histone h3
lysine 9 and 4 trimethylation in the peroxisome proliferator-activated receptor alpha network.
PLoS One 7(9):e44345

Li J, Huang J, Li JS, Chen H, Huang K, Zheng L (2012) Accumulation of endoplasmic
reticulum stress and lipogenesis in the liver through generational effects of high fat diets. J
Hepatol 56(4):900-907

Cao Y, Xue Y, Xue L, Jiang X, Wang X, Zhang Z et al (2013) Hepatic menin recruits SIRT1
to control liver steatosis through histone deacetylation. J Hepatol 59(6):1299-1306
Hirschey MD, Shimazu T, Jing E, Grueter CA, Collins AM, Aouizerat B et al (2011) SIRT3
deficiency and mitochondrial protein hyperacetylation accelerate the development of the
metabolic syndrome. Mol Cell 44(2):177-190



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

Developmental Programming of Nonalcoholic Fatty Liver Disease (NAFLD) 283

Pazienza V, Borghesan M, Mazza T, Sheedfar F, Panebianco C, Williams R et al (2014)
SIRT1-metabolite binding histone macroH2A1.1 protects hepatocytes against lipid accumu-
lation. Aging (Albany NY) 6(1):35-47

Aagaard-Tillery KM, Grove K, Bishop J, Ke X, Fu Q, McKnight R et al (2008) Develop-
mental origins of disease and determinants of chromatin structure: maternal diet modifies the
primate fetal epigenome. J Mol Endocrinol 41(2):91-102

Suter M, Bocock P, Showalter L, Hu M, Shope C, McKnight R et al (2011) Epigenomics:
maternal high-fat diet exposure in utero disrupts peripheral circadian gene expression in
nonhuman primates. FASEB J 25(2):714-726

Schults MA, Nagle PW, Rensen SS, Godschalk RW, Munnia A, Peluso M et al (2012)
Decreased nucleotide excision repair in steatotic livers associates with myeloperoxidase-
immunoreactivity. Mutat Res 736(1-2):75-81

Pogribny IP, Tryndyak VP, Bagnyukova TV, Melnyk S, Montgomery B, Ross SA et al (2009)
Hepatic epigenetic phenotype predetermines individual susceptibility to hepatic steatosis in
mice fed a lipogenic methyl-deficient diet. J Hepatol 51(1):176-186

Kalhan SC, Edmison J, Marczewski S, Dasarathy S, Gruca LL, Bennett C et al (2011)
Methionine and protein metabolism in non-alcoholic steatohepatitis: evidence for lower
rate of transmethylation of methionine. Clin Sci (Lond) 121(4):179-189

Niculescu MD, Zeisel SH (2002) Diet, methyl donors and DNA methylation: interactions
between dietary folate, methionine and choline. J Nutr 132(Suppl 8):2333S-2335S
Wortham M, He L, Gyamfi M, Copple BL, Wan YJ (2008) The transition from fatty liver to
NASH associates with SAMe depletion in db/db mice fed a methionine choline-deficient diet.
Dig Dis Sci 53:2761-2774

Anstee QM, Goldin RD (2006) Mouse models in non-alcoholic fatty liver disease and
steatohepatitis research. Int J Exp Pathol 87(1):1-16

Tryndyak VP, Han T, Muskhelishvili L, Fuscoe JC, Ross SA, Beland FA et al (2011)
Coupling global methylation and gene expression profiles reveal key pathophysiological
events in liver injury induced by a methyl-deficient diet. Mol Nutr Food Res 55(3):411-418
Wolff GL, Kodell RL, Moore SR, Cooney CA (1998) Maternal epigenetics and methyl
supplements affect agouti gene expression in Avy/a mice. FASEB J 12(11):949-957

de Ruijter AJ, van Gennip AH, Caron HN, Kemp S, van Kuilenburg AB (2003) Histone
deacetylases (HDACS): characterization of the classical HDAC family. Biochem J 370
(Pt 3):737-749

Colak Y, Yesil A, Mutlu HH, Caklili OT, Ulasoglu C, Senates E et al (2014) A potential
treatment of non-alcoholic fatty liver disease with SIRT1 activators. J Gastrointestin Liver
Dis 23(3):311-319

Green MF, Hirschey MD (2013) SIRT3 weighs heavily in the metabolic balance: a new role
for SIRT3 in metabolic syndrome. J Gerontol A Biol Sci Med Sci 68(2):105-107

Ambros V (2004) The functions of animal microRNAs. Nature 431(7006):350-355

. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116

(2):281-297

Lynn FC (2009) Meta-regulation: microRNA regulation of glucose and lipid metabolism.
Trends Endocrinol Metab 20(9):452-459

Hulsmans M, Holvoet P (2013) MicroRNAs as early biomarkers in obesity and related
metabolic and cardiovascular diseases. Curr Pharm Des 19(32):5704-5717

Li YY (2012) Genetic and epigenetic variants influencing the development of nonalcoholic
fatty liver disease. World J Gastroenterol 18(45):6546—-6551

Lakner AM, Bonkovsky HL, Schrum LW (2011) microRNAs: fad or future of liver disease.
World J Gastroenterol 17(20):2536-2542

Esau C, Davis S, Murray SF, Yu XX, Pandey SK, Pear M et al (2006) miR-122 regulation of
lipid metabolism revealed by in vivo antisense targeting. Cell Metab 3(2):87-98

Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M et al (2005)
Silencing of microRNAs in vivo with ‘antagomirs’. Nature 438(7068):685—689



284

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

K.D. Bruce and F.R. Cagampang

Clarke JD, Sharapova T, Lake AD, Blomme E, Maher J, Cherrington NJ (2014) Circulating
microRNA 122 in the methionine and choline-deficient mouse model of non-alcoholic
steatohepatitis. J Appl Toxicol 34(6):726-732

Chang J, Nicolas E, Marks D, Sander C, Lerro A, Buendia MA et al (2004) miR-122, a
mammalian liver-specific microRNA, is processed from hcr mRNA and may downregulate
the high affinity cationic amino acid transporter CAT-1. RNA Biol 1(2):106-113

Cheung O, Puri P, Eicken C, Contos MJ, Mirshahi F, Maher JW et al (2008) Nonalcoholic
steatohepatitis is associated with altered hepatic MicroRNA expression. Hepatology 48
(6):1810-1820

Pirola CJ, Fernandez GT, Castano GO, Mallardi P, San MJ, Mora Gonzalez Lopez LM
et al (2015) Circulating microRNA signature in non-alcoholic fatty liver disease: from serum
non-coding RNAs to liver histology and disease pathogenesis. Gut 64(5):800-812

Tsai WC, Hsu SD, Hsu CS, Lai TC, Chen SJ, Shen R et al (2012) MicroRNA-122 plays a
critical role in liver homeostasis and hepatocarcinogenesis. J Clin Invest 122(8):2884-2897
Hsu SH, Wang B, Kota J, Yu J, Costinean S, Kutay H et al (2012) Essential metabolic, anti-
inflammatory, and anti-tumorigenic functions of miR-122 in liver. J Clin Invest 122
(8):2871-2883

Alisi A, Da SL, Bruscalupi G, Piemonte F, Panera N, De VR et al (2011) Mirnome analysis
reveals novel molecular determinants in the pathogenesis of diet-induced nonalcoholic fatty
liver disease. Lab Invest 91(2):283-293

Zhang J, Zhang F, Didelot X, Bruce KD, Cagampang FR, Vatish M et al (2009) Maternal high
fat diet during pregnancy and lactation alters hepatic expression of insulin like growth factor-
2 and key microRNAs in the adult offspring. BMC Genomics 10:478

Benatti RO, Melo AM, Borges FO, Ignacio-Souza LM, Simino LA, Milanski M et al (2014)
Maternal high-fat diet consumption modulates hepatic lipid metabolism and microRNA-122
(miR-122) and microRNA-370 (miR-370) expression in offspring. Br J Nutr 111
(12):2112-2122

Iliopoulos D, Drosatos K, Hiyama Y, Goldberg 1J, Zannis VI (2010) MicroRNA-370 controls
the expression of microRNA-122 and Cptlalpha and affects lipid metabolism. J Lipid Res 51
(6):1513-1523

Ahn J, Lee H, Chung CH, Ha T (2011) High fat diet induced downregulation of microRNA-
467b increased lipoprotein lipase in hepatic steatosis. Biochem Biophys Res Commun 414
(4):664-669

Hoekstra M, van der Sluis RJ, Kuiper J, Van Berkel TJ (2012) Nonalcoholic fatty liver
disease is associated with an altered hepatocyte microRNA profile in LDL receptor knockout
mice. J Nutr Biochem 23(6):622-628

Dolganiuc A, Petrasek J, Kodys K, Catalano D, Mandrekar P, Velayudham A et al (2009)
MicroRNA expression profile in Lieber-DeCarli diet-induced alcoholic and methionine
choline deficient diet-induced nonalcoholic steatohepatitis models in mice. Alcohol Clin
Exp Res 33(10):1704-1710

Pogribny IP, Starlard-Davenport A, Tryndyak VP, Han T, Ross SA, Rusyn I et al (2010)
Difference in expression of hepatic microRNAs miR-29¢, miR-34a, miR-155, and miR-200b
is associated with strain-specific susceptibility to dietary nonalcoholic steatohepatitis in mice.
Lab Invest 90(10):1437-1446

Ng R, Wu H, Xiao H, Chen X, Willenbring H, Steer CJ et al (2014) Inhibition of microRNA-
24 expression in liver prevents hepatic lipid accumulation and hyperlipidemia. Hepatology 60
(2):554-564

Tryndyak VP, Latendresse JR, Montgomery B, Ross SA, Beland FA, Rusyn I et al (2012)
Plasma microRNAs are sensitive indicators of inter-strain differences in the severity of liver
injury induced in mice by a choline- and folate-deficient diet. Toxicol Appl Pharmacol 262
(1):52-59



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Developmental Programming of Nonalcoholic Fatty Liver Disease (NAFLD) 285

Derdak Z, Villegas KA, Harb R, Wu AM, Sousa A, Wands JR (2013) Inhibition of p53
attenuates steatosis and liver injury in a mouse model of non-alcoholic fatty liver disease. J
Hepatol 58(4):785-791

Li T, Francl JM, Boehme S, Chiang JY (2013) Regulation of cholesterol and bile acid
homeostasis by the cholesterol 7alpha-hydroxylase/steroid response element-binding protein
2/microRNA-33a axis in mice. Hepatology 58(3):1111-1121

Li B, Zhang Z, Zhang H, Quan K, Lu Y, Cai D et al (2014) Aberrant miR199a-5p/caveolinl/
PPARalpha axis in hepatic steatosis. J Mol Endocrinol 53(3):393—403

Miyamoto Y, Mauer AS, Kumar S, Mott JL, Malhi H (2014) Mmu-miR-615-3p regulates
lipoapoptosis by inhibiting C/EBP homologous protein. PLoS One 9(10):e109637

Zhang Y, Cheng X, Lu Z, Wang J, Chen H, Fan W et al (2013) Upregulation of miR-15b in
NAFLD models and in the serum of patients with fatty liver disease. Diabetes Res Clin Pract
99(3):327-334

Vella S, Gnani D, Crudele A, Ceccarelli S, De SC, Gaspari S et al (2013) EZH2 down-
regulation exacerbates lipid accumulation and inflammation in in vitro and in vivo NAFLD.
Int J Mol Sci 14(12):24154-24168

Yamada H, Ohashi K, Suzuki K, Munetsuna E, Ando Y, Yamazaki M et al (2015) Longitu-
dinal study of circulating miR-122 in a rat model of non-alcoholic fatty liver disease. Clin
Chim Acta 446:267-271

Zheng L, Lv GC, Sheng J, Yang YD (2010) Effect of miRNA-10b in regulating cellular
steatosis level by targeting PPAR-alpha expression, a novel mechanism for the pathogenesis
of NAFLD. J Gastroenterol Hepatol 25(1):156—163

Cermelli S, Ruggieri A, Marrero JA, Ioannou GN, Beretta L (2011) Circulating microRNAs
in patients with chronic hepatitis C and non-alcoholic fatty liver disease. PLoS One 6(8):
€23937

Estep M, Armistead D, Hossain N, Elarainy H, Goodman Z, Baranova A et al (2010)
Differential expression of miRNAs in the visceral adipose tissue of patients with
non-alcoholic fatty liver disease. Aliment Pharmacol Ther 32(3):487—497

Yamada H, Suzuki K, Ichino N, Ando Y, Sawada A, Osakabe K et al (2013) Associations
between circulating microRNAs (miR-21, miR-34a, miR-122 and miR-451) and
non-alcoholic fatty liver. Clin Chim Acta 424:99-103

Tan Y, Ge G, Pan T, Wen D, Gan J (2014) A pilot study of serum microRNAs panel as
potential biomarkers for diagnosis of nonalcoholic fatty liver disease. PLoS One 9(8):
el05192

Celikbilek M, Baskol M, Taheri S, Deniz K, Dogan S, Zararsiz G et al (2014) Circulating
microRNAs in patients with non-alcoholic fatty liver disease. World J Hepatol 6(8):613—620
Miyaaki H, Ichikawa T, Kamo Y, Taura N, Honda T, Shibata H et al (2014) Significance of
serum and hepatic microRNA-122 levels in patients with non-alcoholic fatty liver disease.
Liver Int 34(7):¢302-307

Min HK, Kapoor A, Fuchs M, Mirshahi F, Zhou H, Maher J et al (2012) Increased hepatic
synthesis and dysregulation of cholesterol metabolism is associated with the severity of
nonalcoholic fatty liver disease. Cell Metab 15(5):665—-674

Cazanave SC, Mott JL, Elmi NA, Bronk SF, Masuoka HC, Charlton MR et al (2011) A role
for miR-296 in the regulation of lipoapoptosis by targeting PUMA. J Lipid Res 52
(8):1517-1525

Reppert SM, Weaver DR (2002) Coordination of circadian timing in mammals. Nature 418
(6901):935-941

Ko CH, Takahashi JS (2006) Molecular components of the mammalian circadian clock. Hum
Mol Genet 15(Spec No 2):R271-R277

La Fleur SE, Kalsbeek A, Wortel J, Fekkes ML, Buijs RM (2001) A daily rhythm in glucose
tolerance: a role for the suprachiasmatic nucleus. Diabetes 50(6):1237-1243



286

153.

154

156.
157.

158.

159.

160.

161.
162.
163.
164.
165.

166.
. Valekunja UK, Edgar RS, Oklejewicz M, van der Horst GT, O’Neill JS, Tamanini F

167

168.

169.

170.

171.

172.

173.

174.

175.

176.

K.D. Bruce and F.R. Cagampang

Rudic RD, McNamara P, Curtis AM, Boston RC, Panda S, Hogenesch JB et al (2004)
BMALI1 and CLOCK, two essential components of the circadian clock, are involved in
glucose homeostasis. PLoS Biol 2(11):e377

. Green CB, Takahashi JS, Bass J (2008) The meter of metabolism. Cell 134(5):728-742
155.

Yang X, Downes M, Yu RT, Bookout AL, He W, Straume M et al (2006) Nuclear receptor
expression links the circadian clock to metabolism. Cell 126(4):801-810

Mazzoccoli G, Vinciguerra M, Oben J, Tarquini R, De CS (2014) Non-alcoholic fatty liver
disease: the role of nuclear receptors and circadian rhythmicity. Liver Int 34(8):1133—-1152
Zmrzljak UP, Rozman D (2012) Circadian regulation of the hepatic endobiotic and
xenobitoic detoxification pathways: the time matters. Chem Res Toxicol 25(4):811-824
Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ (2005) Sources
of fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty
liver disease. J Clin Invest 115(5):1343-1351

Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, McDearmon E et al (2005) Obesity and
metabolic syndrome in circadian Clock mutant mice. Science 308(5724):1043—-1045
Sookoian S, Castano G, Gemma C, Gianotti TF, Pirola CJ (2007) Common genetic variations
in CLOCK transcription factor are associated with nonalcoholic fatty liver disease. World J
Gastroenterol 13(31):4242-4248

Scott EM, Carter AM, Grant PJ (2008) Association between polymorphisms in the Clock
gene, obesity and the metabolic syndrome in man. Int J Obes (Lond) 32(4):658-662

Doi M, Hirayama J, Sassone-Corsi P (2006) Circadian regulator CLOCK is a histone
acetyltransferase. Cell 125(3):497-508

Hirayama J, Sahar S, Grimaldi B, Tamaru T, Takamatsu K, Nakahata Y et al (2007) CLOCK-
mediated acetylation of BMALI controls circadian function. Nature 450(7172):1086—1090
Etchegaray JP, Lee C, Wade PA, Reppert SM (2003) Rhythmic histone acetylation underlies
transcription in the mammalian circadian clock. Nature 421(6919):177-182

Froy O (2011) The circadian clock and metabolism. Clin Sci (Lond) 120(2):65-72

Froy O (2012) Circadian rhythms and obesity in mammals. ISRN Obes 2012:437198

et al (2013) Histone methyltransferase MLL3 contributes to genome-scale circadian tran-
scription. Proc Natl Acad Sci USA 110(4):1554-1559

SunZ, Feng D, Everett LJ, Bugge A, Lazar MA (2011) Circadian epigenomic remodeling and
hepatic lipogenesis: lessons from HDAC3. Cold Spring Harb Symp Quant Biol 76:49-55
Sun Z, Miller RA, Patel RT, Chen J, Dhir R, Wang H et al (2012) Hepatic Hdac3 promotes
gluconeogenesis by repressing lipid synthesis and sequestration. Nat Med 18(6):934-942
Sookoian S, Gemma C, Fernandez GT, Burgueno A, Alvarez A, Gonzalez CD et al (2007)
Effects of rotating shift work on biomarkers of metabolic syndrome and inflammation. J
Intern Med 261(3):285-292

Wang XS, Armstrong ME, Cairns BJ, Key TJ, Travis RC (2011) Shift work and chronic
disease: the epidemiological evidence. Occup Med (Lond) 61(2):78-89

Barclay JL, Husse J, Bode B, Naujokat N, Meyer-Kovac J, Schmid SM et al (2012) Circadian
desynchrony promotes metabolic disruption in a mouse model of shiftwork. PLoS One 7(5):
e37150

Husse J, Hintze SC, Eichele G, Lehnert H, Oster H (2012) Circadian clock genes Perl and
Per2 regulate the response of metabolism-associated transcripts to sleep disruption. PLoS
One 7(12):¢52983

Mouralidarane A, Soeda J, Sugden D, Bocianowska A, Carter R, Ray S et al (2015) Maternal
obesity programs offspring non-alcoholic fatty liver disease through disruption of 24-h
rhythms in mice. Int J Obes (Lond) 39(9):1339-1348

Barnes SK, Ozanne SE (2011) Pathways linking the early environment to long-term health
and lifespan. Prog Biophys Mol Biol 106(1):323-336

Guarente L, Franklin H (2011) Epstein lecture: sirtuins, aging, and medicine. N Engl J Med
364(23):2235-2244



177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Developmental Programming of Nonalcoholic Fatty Liver Disease (NAFLD) 287

Longo VD, Kennedy BK (2006) Sirtuins in aging and age-related disease. Cell 126
(2):257-268

Bellizzi D, Rose G, Cavalcante P, Covello G, Dato S, De RF et al (2005) A novel VNTR
enhancer within the SIRT3 gene, a human homologue of SIR2, is associated with survival at
oldest ages. Genomics 85(2):258-263

Boyle KE, Newsom SA, Janssen RC, Lappas M, Friedman JE (2013) Skeletal muscle
MnSOD, mitochondrial complex II, and SIRT3 enzyme activities are decreased in maternal
obesity during human pregnancy and gestational diabetes mellitus. J Clin Endocrinol Metab
98(10):E1601-E1609

Tao R, Xiong X, DePinho RA, Deng CX, Dong XC (2013) FoxO3 transcription factor and
Sirt6 deacetylase regulate low density lipoprotein (LDL)-cholesterol homeostasis via control
of the proprotein convertase subtilisin/kexin type 9 (Pcsk9) gene expression. J Biol Chem 288
(41):29252-29259

Perry RJ, Kim T, Zhang XM, Lee HY, Pesta D, Popov VB et al (2013) Reversal of
hypertriglyceridemia, fatty liver disease, and insulin resistance by a liver-targeted mitochon-
drial uncoupler. Cell Metab 18(5):740-748

Perry RJ, Zhang D, Zhang XM, Boyer JL, Shulman GI (2015) Controlled-release mitochon-
drial protonophore reverses diabetes and steatohepatitis in rats. Science 347
(6227):1253-1256

Burdge GC, Calder PC (2005) Conversion of alpha-linolenic acid to longer-chain polyunsat-
urated fatty acids in human adults. Reprod Nutr Dev 45(5):581-597

Calder PC (2013) Omega-3 polyunsaturated fatty acids and inflammatory processes: nutrition
or pharmacology? Br J Clin Pharmacol 75(3):645-662

Kalupahana NS, Claycombe K, Newman SJ, Stewart T, Siriwardhana N, Matthan N
et al (2010) Eicosapentaenoic acid prevents and reverses insulin resistance in high-fat diet-
induced obese mice via modulation of adipose tissue inflammation. J Nutr 140
(11):1915-1922

Ferramosca A, Conte A, Burri L, Berge K, De NF, Giudetti AM et al (2012) A krill oil
supplemented diet suppresses hepatic steatosis in high-fat fed rats. PLoS One 7(6):e38797
Song S, Attia RR, Connaughton S, Niesen MI, Ness GC, Elam MB et al (2010) Peroxisome
proliferator activated receptor alpha (PPARalpha) and PPAR gamma coactivator
(PGC-1alpha) induce carnitine palmitoyltransferase IA (CPT-1A) via independent gene
elements. Mol Cell Endocrinol 325(1-2):54-63

Draper E, Reynolds CM, Canavan M, Mills KH, Loscher CE, Roche HM (2011) Omega-3
fatty acids attenuate dendritic cell function via NF-kappaB independent of PPARgamma. J
Nutr Biochem 22(8):784-790

Heerwagen MJ, Stewart MS, de la Houssaye BA, Janssen RC, Friedman JE (2013) Trans-
genic increase in N-3/n-6 Fatty Acid ratio reduces maternal obesity-associated inflammation
and limits adverse developmental programming in mice. PLoS One 8(6):e67791

Roberts VH, Pound LD, Thorn SR, Gillingham MB, Thornburg KL, Friedman JE et al (2014)
Beneficial and cautionary outcomes of resveratrol supplementation in pregnant nonhuman
primates. FASEB J 28(6):2466-2477

Rena G, Pearson ER, Sakamoto K (2013) Molecular mechanism of action of metformin: old
or new insights? Diabetologia 56(9):1898-1906

He L, Sabet A, Djedjos S, Miller R, Sun X, Hussain MA et al (2009) Metformin and insulin
suppress hepatic gluconeogenesis through phosphorylation of CREB binding protein. Cell
137(4):635-646

Kohjima M, Higuchi N, Kato M, Kotoh K, Yoshimoto T, Fujino T et al (2008) SREBP-Ic,
regulated by the insulin and AMPK signaling pathways, plays a role in nonalcoholic fatty
liver disease. Int J Mol Med 21(4):507-511

Lin HZ, Yang SQ, Chuckaree C, Kuhajda F, Ronnet G, Diehl AM (2000) Metformin reverses
fatty liver disease in obese, leptin-deficient mice. Nat Med 6(9):998-1003



288

195.

196.

197.

198.

199.

200.

201.

202.

K.D. Bruce and F.R. Cagampang

Feig DS, Moses RG (2011) Metformin therapy during pregnancy: good for the goose and
good for the gosling too? Diabetes Care 34(10):2329-2330

Thatcher SS, Jackson EM (2006) Pregnancy outcome in infertile patients with polycystic
ovary syndrome who were treated with metformin. Fertil Steril 85(4):1002—1009

Glueck CJ, Pranikoff J, Aregawi D, Wang P (2008) Prevention of gestational diabetes by
metformin plus diet in patients with polycystic ovary syndrome. Fertil Steril 89(3):625-634
Rowan JA, Hague WM, Gao W, Battin MR, Moore MP (2008) Metformin versus insulin for
the treatment of gestational diabetes. N Engl J Med 358(19):2003-2015

Desai N, Roman A, Rochelson B, Gupta M, Xue X, Chatterjee PK et al (2013) Maternal
metformin treatment decreases fetal inflammation in a rat model of obesity and metabolic
syndrome. Am J Obstet Gynecol 209(2):136-139

Salomaki H, Heinaniemi M, Vahatalo LH, Ailanen L, Eerola K, Ruohonen ST et al (2014)
Prenatal metformin exposure in a maternal high fat diet mouse model alters the transcriptome
and modifies the metabolic responses of the offspring. PLoS One 9(12):e115778

Rowan JA, Rush EC, Obolonkin V, Battin M, Wouldes T, Hague WM (2011) Metformin in
gestational diabetes: the offspring follow-up (MiG TOFU): body composition at 2 years of
age. Diabetes Care 34(10):2279-2284

Chiswick C, Reynolds RM, Denison F, Drake AJ, Forbes S, Newby DE et al (2015) Effect of
metformin on maternal and fetal outcomes in obese pregnant women (EMPOWaR): a
randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol 3
(10):778-786



	Chapter 12: Developmental Programming of Nonalcoholic Fatty Liver Disease (NAFLD)
	12.1 The NALFD Spectrum
	12.2 3-Hit Hypothesis
	12.3 NAFLD Is the Hepatic Manifestation of the Metabolic Syndrome
	12.4 The Incidence and Prevalence of NAFLD and NASH
	12.5 Pediatric NAFLD
	12.6 Conundrum of NAFLD Susceptibility in the Offspring: Is the ``1st Hit´´ Down to Maternal BMI or Maternal Diet During Pregn...
	12.7 The Role of Mitochondrial Dysfunction in Developmentally Primed NAFLD
	12.8 Epigenetic Modifications Underlying NAFLD Development
	12.8.1 DNA Methylation in NAFLD
	12.8.2 Histone Modifications in NAFLD
	12.8.3 MicroRNA Changes in NAFLD

	12.9 Disruption of the Circadian Clock and NAFLD Development
	12.10 Developmental Priming of NAFLD as a Marker of Premature Metabolic Decline
	12.11 Potential Strategies to Delay and Reverse the Developmental Priming of NAFLD
	12.11.1 Enhancing Mitochondrial Metabolism
	12.11.2 PUFA Supplementation
	12.11.3 Sirtuin Activators
	12.11.4 Metformin

	12.12 Conclusion
	References


