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Role of xenobiotics in the induction and
progression of fatty liver disease

James E. Klaunig, * Xilin Li and Zemin Wang

Non-alcoholic fatty liver disease is a major cause of chronic liver pathology in humans. Fatty liver disease

involves the accumulation of hepatocellular fat in hepatocytes that can progress to hepatitis.

Steatohepatitis is categorized into alcoholic (ASH) or non-alcoholic (NASH) steatohepatitis based on the

etiology of the insult. Both pathologies involve an initial steatosis followed by a progressive inflammation

of the liver and eventual hepatic fibrosis (steatohepatitis) and cirrhosis. The involvement of pharmaceuti-

cals and other chemicals in the initiation and progression of fatty liver disease has received increased

study. This review will examine not only how xenobiotics initiate hepatic steatosis and steatohepatitis but

also how the presence of fatty liver may modify the metabolism and pathologic effects of xenobiotics.

The feeding of a high fat diet results in changes in the expression of nuclear receptors that are involved in

adaptive and adverse liver effects following xenobiotic exposure. High fat diets also modulate cellular and

molecular pathways involved in inflammation, metabolism, oxidative phosphorylation and cell growth.

Understanding the role of hepatic steatosis and steatohepatitis on the sequelae of toxic and pathologic

changes seen following xenobiotic exposure has importance in defining proper and meaningful human

risk characterization of the drugs and other chemical agents.

Pathogenesis and etiology of non-
alcoholic fatty liver disease
Etiology

Fatty liver disease is a major public health burden affecting up
to one-third of the general population in Western Countries.
Fatty liver disease is the result of accumulation of fat (steato-
sis) in hepatocytes. The diagnosis of steatosis is made when
fat in the liver exceeds 5–10% by weight. Fatty liver disease has
been classified into two general categories; alcoholic (ASH) or
non-alcoholic (NASH) steatohepatitis.1 In the case of the
former, chronic alcohol consumption results in fatty liver due
to production of toxic metabolites of alcohol including alde-
hydes. In NASH, multiple (non-alcohol) factors including
nutritional, drugs and hepatic-toxicants and metabolic dis-
orders have been identified in the initiation and progression
of the disease. While different in etiology, the pathologic
sequelae from the accumulation of hepatocellular fat in alco-
holic or non-alcoholic steatosis are commonly accompanied by
a progressive inflammation of the liver and resulting hepatic
fibrosis (steatohepatitis). Non-alcoholic fatty liver disease con-
sists of a spectrum of liver damage from simple steatosis (non-

alcoholic fatty liver disease), to steatohepatitis (NASH), fibrosis
and cirrhosis, and hepatocellular carcinoma (Fig. 1). The early
stage of fat accumulation is reversible and is characterized by
simple steatosis. Continual fat accumulation results in hepato-
cyte damage, inflammation and fibrosis producing the nonal-
coholic steatohepatitis (NASH) phenotype. Non-alcoholic fatty
liver disease progresses to NASH in approximately 10% of
patients, and cirrhosis in 2–3% (15–25% of those that have
NASH) patients usually over a period of 10–20 years.2 Some
patients with advanced NASH may eventually develop hepato-
cellular carcinoma (HCC). Multiple factors are involved in the
progression from simple steatosis to nonalcoholic fatty liver to
NASH to cirrhosis including diet, genetic predisposition and
the gut microbiota. These factors form the background by
which xenobiotics, including drugs and environmental agents,
may influence the progression to steatohepatitis through
modulation of multiple pathways including oxidative stress,
mitochondrial function, fatty acid biosynthesis and
inflammation.

Pathogenesis

The pathogenesis of non-alcoholic fatty liver disease is multi-
factorial. Genetic background, dietary factors, gut microbiota
and other factors act simultaneously in the initiation and pro-
gression of non-alcoholic fatty liver disease. In addition, recent
studies have suggested a link between xenobiotic exposure
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(including pharmaceuticals and non-pharmaceutical chemi-
cals) and the initiation and progression of the clinical course
of non-alcoholic fatty liver disease.3,4 The liver is the major
organ for the metabolism of drugs and environmental agents
and it has been demonstrated that exposure to some of these
agents may lead to the lipid accumulation in hepatocytes
through increased fatty acid biosynthesis, mitochondrial dys-
function, modulation of nuclear receptor activation, insulin re-
sistance, and impaired lipid excretion (Fig. 1). Moreover, the
progression from simple steatosis to steatohepatitis may be
induced by xenobiotics via oxidative stress, inflammation,
endoplasmic reticulum (ER) stress, and cell death. Finally,
exposure to chemicals may stimulate the cell growth in the
liver, which further increases the chance of developing HCC in
patients with NASH. The initiation and progression of non-
alcoholic fatty liver disease to NASH involves multiple path-

ways. Initially a 2-hit hypothesis for NASH was proposed.5 The
first hit is hepatic steatosis which sensitizes the hepatocytes to
further injury (second hits) from inflammatory cytokines, oxi-
dative stress and mitochondrial dysfunction. The second hit
eventually leading to steatohepatitis and fibrosis. The two-hit
hypothesis has been expanded to a multi-hit model (the modi-
fied two hit hypothesis) which takes into account genetic pre-
disposition, diet, and environmental factors functioning
together during the progression of non-alcohol fatty liver
disease. As with the two hit hypothesis, a number of parallel
mechanisms including insulin resistance, lipotoxicity, inflam-
mation, mitochondria malfunction, oxidative stress, and endo-
plasmic reticulum stress may all be involved at various stages
of the disease.6,7

Inflammation

The hallmarks of NASH include inflammation, hepatocyte
injury, fibrosis, and cell death. Accumulation of fatty acids in
hepatocytes can induce hepatotoxicity exclusive of other path-
ways. Hepatocytes injured by lipid accumulation can recruit
innate immune cells involving Toll-like receptors (TLRs),
Kupffer cells, dendritic cells, natural killer cells, lymphocytes,
and neutrophils, triggering the inflammatory response,
which further promotes simple steatosis to NASH.8 Changes
in the gut microbiota from dietary fat may lead to the dys-
function of the tight junction of epithelial cells in the intes-
tine. This increased gut permeability facilitates the delivery of
endotoxin, bacteria, and virus to the liver, and induces
inflammation.9,10 Reactive oxygen species (ROS) generation
are also involved in the pathogenesis of NASH. One hypo-
thesis put forth is that free oxygen radicals produced by lipid
peroxidation may damage the mitochondria DNA and result
in the apoptosis and necrosis of hepatocytes.11 In addition,
accumulated fatty acids in hepatocytes may induce lipotoxi-
city by generating excessive lipid free radicals that induce oxi-
dative stress. Although rare, hepatocellular neoplasms may be
developed from advanced NASH or cirrhosis. In general, the
sustained cell death and compensatory proliferation in
response to stress and injury in NASH appears to make the
liver more susceptible to neoplasm development.12 In non-
alcohol fatty liver disease several molecular mechanisms
linked to liver tumor promotion have been described.
Cytokines such as TNFα and interleukin 6 (IL-6) released
from expanded adipose tissues are key activators of pro-onco-
genic signaling pathways (NFκB, JNK, etc.). These cytokines,
induced by high fat diet (HFD) feeding, have been demon-
strated to promote liver tumor formation in diethyl nitrosa-
mine initiated mice.13 Secondly, Kupffer cells are a key regu-
lator in liver injury and hepatocarcinogenesis.14 Leptin, a
hormone elevated in non-alcohol fatty liver disease, activates
Kupffer cells resulting in further inflammatory and fibrogenic
factors being released.15,16 While the endotoxin-mediated
inflammatory response in Kupffer cells is normally sup-
pressed by adiponectin,17 reduced adiponectin mRNA and
adiponectin protein levels were found in NASH patients that
may amplify the ongoing inflammation.18

Fig. 1 The potential roles of xenobiotics in non-alcoholic fatty liver dis-
eases. Abbreviations: NAFL, non-alcoholic fatty liver; NASH, non-alco-
holic steatohepatitis; HCC, hepatocellular carcinoma; NR, nuclear
receptor; ER, endoplasmic reticulum; % prevalence/incidence; missing
value (“?”), the magnitude of non-cirrhotic liver cancer developed from
NASH is not well-defined. NAFLD consists of a wide spectrum of liver
damages from simple steatosis (NAFL), to steatohepatitis (NASH), fibrosis
and cirrhosis, and hepatocellular carcinoma (HCC). The pathogenesis of
NAFLD is multi-factorial. Genetic background, dietary factors, gut
microbiota and other factors act simultaneously in the initiation and
progression of NAFLD. In addition, recently studies have shown the link
between xenobiotics and the courses of NAFLD. Liver is the major organ
for the metabolism and transportation of drugs and environmental
agents. Exposure to these compounds may lead to the lipid accumu-
lation in the liver possibly through increased fatty acid biosynthesis,
mitochondrial dysfunction, modulation of nuclear receptors, insulin re-
sistance, and impaired lipid excretion. Moreover, the progression of
steatohepatitis from simple steatosis may be induced by xenobiotics via
oxidative stress, inflammation, ER stress, and cell death. Finally, chemical
exposure may stimulate the cell growth in the liver, which further
increases the chance of developing HCC in NAFLD.
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Fibrosis

Hepatic fibrosis involves the extracellular accumulation of col-
lagen in the sinusoidal and extra hepatocyte areas of the liver
lobule. Fibrosis occurs in 10–15% of NASH patients and the
presence of fibrosis constitutes a poorer prognosis for liver
function and increased mortality.19–21 Multiple causes for the
formation of hepatic fibrosis including excessive alcohol con-
sumption, hepatitis viral infection, and cholestasis have been
demonstrated. In contrast, studies that have examined the role
of xenobiotic exposure in the induction of hepatic fibrosis is
limited.22 Vinyl chloride is an organochloride that is used as
an intermediate in chemical processing and has been linked
to hepatotoxicity (hepatomegaly, hepatic fibrosis) as well as
hepatic hemangiosarcomas in workers.23 Vinyl chloride has
been shown, using ultrasound, to induce both peri-sinusoidal
and perivascular fibrosis in humans. Vinyl chloride is metab-
olized and detoxified in the liver by CYP2E1, aldehyde de-
hydrogenase 2 (ALDH2) and glutathione S-transferase theta 1
(GSTT1) enzymes. The genetic polymorphism of
CYP2E1 might be associated with the observed idiosyncratic
response seen in patients exposed to vinyl chloride.24 In experi-
mental animal models, carbon tetrachloride has been used as
a model compound to induce liver damage and produce a
similar hepatic fibrosis to that seen in humans. Carbon tetra-
chloride, like vinyl chloride is also metabolized in the liver by
CYP2E1 resulting in the generation of reactive metabolites that
induce oxidative damage and lead to hepatocyte cell death.25

The resulting hepatocyte necrosis leads to the activation of
Kupffer cells and the release of cytokines. This promotes the
activation of hepatic stellate cells leading to remodeling of
extracellular matrix and fibrosis.26 Thioacetamide has also
been widely used as a model chemical to induce fibrosis in
rodents. Mice treated by 100 mg kg−1 Thioacetamide 3 times
per week for 8 weeks developed hepatic fibrosis accompanied
with inflammation and centrilobular necrosis.27 In rats,
administration of thioacetamide also produced fibrotic livers
and hepatocyte damage.28 While not completely understood,
the thioacetamide induced hepatic fibrosis in rodents has
been associated with increased oxidative damage and lipid
peroxidation.22

Evidence on the induction of hepatic fibrosis by other
chemical agents is limited. Nevirapine, an inhibitor of HIV
replication, appears to exacerbate the already present fibrosis
in patients with hepatitis C.29 Nevirapine treatment alone did
not induce liver toxicity in rats. However, when co-treated with
D-galactosamine which produces liver damage similar to viral
hepatitis in humans, Nevirapine activated hepatic stellate cells
and induced bridging fibrosis in rats after only eight days.29

While the mechanism of the Nevirapine effects on fibrosis are
not fully understood, apoptotic cell death pathways, toll-like
receptors, and maturation of dendritic cells have been
suggested as target pathways for the effect. The appearance of
liver fibrosis is an important determinant in the morbidity
and mortality of patients with NASH and ASH mortality.20,21

While several chemical agents have been identified as either

inducing fibrosis or amplifying the already present hepatic
fibrosis, this area of research requires further study. In particu-
lar, on how the fibrosis induction and modulation occurs with
chemical exposure in fatty liver disease.

Genetic predisposition

Genetic predisposition has also been identified as a potential
risk factor that correlates with non-alcohol fatty liver disease
susceptibility between individuals. Romeo et al. identified a
single nucleotide polymorphism in the patatin-like phospho-
lipase domain-containing 3 (PNPLA3) that changes a highly
conserved codon 148 from isoleucine to methionine and is sig-
nificantly correlated with intra-hepatic fat content.30 Variants
in PNPLA3 have been partially explained the susceptibility of
non-alcohol fatty liver disease among different ethnic groups,
in which Hispanics (G allele frequency: 0.49%) tend to have a
higher risk to develop hepatic steatosis whereas African
American (G allele frequency: 0.17%) is more protective from
non-alcohol fatty liver disease. While the mechanism under-
lying PNPLA3148M associated hepatic steatosis is not well
understood, it appears to modify three pathways: (1) increasing
the biosynthesis of triglycerides in the cell due to elevated
acetyltransferase activity;31 (2) reducing the lipolytic ability of
the hepatocyte;32 (3) and depleting of TAG long-chain poly-
unsaturated fatty acids.33 In addition, PNPLA3148M appears to
modify the profibrogenic capability of hepatic stellate cells
(which are involved in the fibrosis seen in NASH).34 An
additional polymorphism, TM6SF2, has also been identified
that appears to confer susceptibility to non-alcohol fatty liver
disease.35 TM6SF2 results in an increased hepatic suscepti-
bility to steatosis due to impaired functioning of apolipo-
protein B and VLDL secretion.

Diet

The role of diet has been well documented in the initiation
and progression of non-alcohol fatty liver disease. Hepatocytes
absorb fatty acids proportional to the fatty acid concentrations
in the blood. An overabundance of saturated fats, sugars and
cholesterol in the diet may lead to the steatosis in the liver.
Increased lipid in the hepatocytes has been linked to an
increased production of reactive oxygen species, mitochondrial
dysfunction, and apoptosis.36 In addition, excess storage of
saturated fat in white adipose tissue can lead to the hypertro-
phy and hyperplasia of adipocytes, which in turn recruit
macrophages and release proinflammatory cytokines into cir-
culation and liver.37 Besides saturated fats, excess fructose con-
sumption has also been linked to the pathogenesis of non-
alcohol fatty liver disease through an increase in lipogenesis
and an inhibition of fatty acid β-oxidation. Fructose is con-
verted to fructose-1-phosphate, a precursor for fatty acids syn-
thesis in hepatocytes.38 Fructose appears to contribute to the
changes involved in the progression from simple steatosis to
NASH by inducing oxidative stress, causing mitochondrial dys-
function and ER stress.39 In addition, fructose consumption
and fibrosis has also been noted in patients with non-alcohol
fatty liver disease.40 It is important to also note the role of
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increase calories in the induction of steatosis. In particular, a
hyper caloric diet along with high fat is an important contribu-
tor to the NASH in Western Cultures.

Excessive carbohydrates in the diet can activate sterol regu-
latory element-binding protein-1c (SREBP-1c) and carbo-
hydrate response element-binding protein (ChREBP) in the
liver, increasing de novo fatty acids synthesis.41 When obesity
develops, the overexpression of tumor necrosis factor α (TNFα)
in the adipose tissue inhibits phosphorylation of insulin recep-
tor substrates, impairs insulin-mediated suppression of
hormone-sensitive lipase, and increases the release of LCFA
into circulation.42 Mitochondrial and peroxisomal β-oxidation
is the major pathway of fatty acid catabolism in hepatocytes.
Carnitine palmonitoyl transferase 1 (CPT1) and peroxisome
proliferator-activated receptor α (PPARα) play important roles
in the process. CPT1 catalyzes the transfer of acyl group from
cytoplasm into mitochondria, where β-oxidation normally
carried out. PPARα regulates the expression of many genes
associated with fatty acids transport, oxidation, and synthesis.
PPARα null mice develop hepatic steatosis spontaneously and
the administration of PPARα activators reverses methionine
choline-deficient diet (MCD) induced NASH and fibrosis in
mice.43,44 Lastly, the accumulated fatty acids in the liver are
esterified into triglycerides and exported into circulation by
VLDL. The biogenesis of VLDL is controlled by mitochondrial
triglyceride transfer (MTT). Studies have shown that drugs can
modify MTT function that in turn will lead to hepatic
steatosis.45,46

Rodent models for non-alcohol fatty liver disease

Several rodent models for non-alcohol fatty liver disease have
been described that allow for the further investigation of the
cellular and molecular changes that occur during the pro-
gression from steatosis to cirrhosis. Given the strong associ-
ation between diet and fatty liver disease in humans, rodent
models for the initiation and progression of non-alcohol fatty
liver disease have for the most part been diet based. A
summary of some of the model diets that have been used for
the induction of steatosis and NASH are shown in Table 1.
One diet, a methionine choline-deficient diet reproduces the
steatosis, inflammation and fibrosis seen in human liver in
mice.47 The lack of methionine and choline in the rodent diet
leads to the impaired biosynthesis and secretion of VLDL. This
results in the rapid accumulation of lipids in hepatocytes
resulting in toxicity, oxidative stress, and inflammation in the
liver. However, the methionine choline-deficient diet does not
replicate the metabolic profile seen in human non-alcohol
fatty liver disease.48 In patients with non-alcohol fatty liver
disease, the metabolic syndrome (obesity and dyslipidemia) is
prevalent. However, in the methionine choline-deficient diet
model, rodents exhibited a decrease body weight, the absence
of insulin resistance, and a decreased triglyceride in the circu-
lation. A modification of the methionine choline-deficient diet
using a choline deficient high fat diet (CD-HFD), while not
physiological, has been shown to better mimic the liver T
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changes seen in humans with non-alcoholic liver disease in
mice.49

A second dietary approach in rodent models of nonalcoholic
fatty liver disease utilizes a high fat diet. In these models,
between 30% to 85% of the calories are derived from fat.50 The
high fat diets produce obesity, insulin resistance, dyslipidemia,
and hepatic steatosis. The development of steatohepatitis and
fibrosis with these diets depends on the composition of the
high fat diet, the test species, and the duration of time on diet.
In an effort to replicate the human diet, a high fat diet com-
monly referred to as the western diet, with 42% of calories from
fat, 43% of calories from carbohydrates, and 0.15% cholesterol
by weight comparable with that of unhealthy human diet in
western countries has been developed. The western diet model
has seen increase use in studying NASH.51–53

Additional studies have shown that dietary cholesterol and
fructose may promote the development of NASH by inducing
insulin resistance, oxidative stress, and inflammation.54 Mice
fed with a higher level of cholesterol and fructose in the diet
exhibited clinically relevant characteristics of non-alcohol fatty
liver disease/NASH seen in humans.55,56 With the Western diet,
simple hepatic steatosis in mice occurs as early as 6 weeks and
progresses to NASH and fibrosis in 20–30 weeks.52,57 With the
supplementation of sugar water, Asgharpour et al. were able to
observe hepatocellular neoplasms in mice fed with western diet
at 52 weeks.58 The metabolic features, histopathology, as well as
transcriptomic patterns in the western diet treated mouse liver
matches with that seen in human non-alcohol fatty liver
disease. Thus, there is strong support that the western diet used
in rodent models best approximates the physiopathology and
etiology of the spectrum of liver damages induced by non-
alcohol fatty liver disease in humans.

Chemical induced non-alcohol fatty
liver disease
Drugs

Besides dietary factors, the formation of hepatic steatosis and
its progression to NASH has also been linked to the pharma-
ceuticals and environmental chemicals.1,4,59,60

Pharmaceuticals drug induced steatosis is one of the more
common manifestations of drug induced liver injuries
(Table 2). Chronic treatment with amiodarone has produced
steatosis in patients through impaired mitochondrial function
and inhibition of lipid oxidation.61 Similarly, long term use of
valproic acid, an antiepileptic drug, is associated with fatty
liver.62 Valproic acid induced steatosis appears to correlate
with the induction of metabolic disorders leading to fatty acid
retention in human liver. Chronic exposure to valproic acid
has been shown to increase hepatic steatosis in mice on a high
fat diet by impairing mitochondrial β-oxidation.63 Other drugs
such as tamoxifen, tetracycline, methotrexate, and corticoster-
oids have also been associated with steatosis in the human
liver.4,64–67

Non-pharmaceutical chemicals

Given the confirmed role for the induction of steatosis and
non-alcohol fatty liver disease by selective pharmaceuticals,
recent efforts have also focused on the possible linkage
environmental chemical exposure and fatty liver changes.
Despite this, few studies have been done to show a causal
effect of chemicals on NASH. Recently, Cave and colleagues
have proposed novel nomenclature to describe the spectrum of
toxicant-associated fatty liver diseases (TAFLD) including stea-
tosis, steatohepatitis (TASH).3 The use of the terms TAFLD and
TASH were proposed to highlight the unique differences
between the mechanisms underlying the drug-induced liver
injury and hepatotoxicity induced by industrial toxicants com-
pared with dietary induced NASH. Many classes of industrial
chemicals, including halogenated hydrocarbons, volatile
organic mixtures, POPs, pesticides, and some nitro-organic
compounds, have been associated with TAFLD.3 The specific
mechanisms of TAFLD/TASH appear in many cases to be
chemical-specific. While insulin resistance, proinflammatory
cytokines, and apoptotic cell death have been reported in
TAFLD/TASH,68 modulation of nuclear receptors by these
environmental and industrial chemicals may also be critical in
the onset of steatosis, the progression to steatohepatitis, and
the development of fibrosis and hepatocellular carcinoma. The
term TASH was first used to describe vinyl chloride induce
liver disease in workers. Studies from the Cave group showed
that vinyl chloride exposure resulted in impairment of mito-
chondrial beta oxidation leading to an increased sensitivity of
the liver to steatohepatitis from high fat diet.68 They have pro-
posed that the mitochondrial dysfunction seen in the initial
hit with vinyl chloride may be due to the formation of protein

Table 2 Drugs induced steatosis and steatohepatitis

Chemicals Hepatic effects Potential mechanism Ref.

Tamoxifen Steatosis/
steatohepatitis

Increase fatty acids
biosynthesis

65

Amiodarone Steatosis/
steatohepatitis

Inhibit mitochondrial
fatty acid oxidation

55

Valproic acid Steatosis Induce metabolic
disorders; impair
mitochondrial functions

57

Tetracyclinesa Steatosis Upregulate lipogenic
genes

61

Methotrexate Steatosis/
steatohepatitis

Induce oxidative stress 63
and 64

Corticosteroids Steatosis Inhibit mitochondrial
fatty acid oxidation;
increase de novo fatty
acids synthesis

55

a Tetracyclines compounds, including tetracycline, doxycycline and
minocycline, may induce acute microvesicular steatosis. Hepatic stea-
tosis and steatohepatitis are important considerations in drug induced
liver injury (DILI). Histological features of micro- or macrovesicular
steatosis may present after acute or chronic use of these compounds.
The potential mechanisms of chemical induced steatosis and steato-
hepatitis may include the impairment of mitochondrial function, upre-
gulation of de novo fatty acids synthesis, induction of lipotoxicity and
oxidative stress.
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adducts from vinyl chloride metabolites. Metabolomics data
from vinyl chloride workers showed increased serum lipid per-
oxides and altered acyl carnitines consistent with incomplete
hepatic lipid peroxidation was also apparent.69 In addition, a
potential role for PPAR receptors was suggested.

Efforts have been made to investigate the mechanisms of
environmental chemical induced steatosis and non-alcohol
fatty liver disease using rodent models. The Japanese
Toxicogenonics Project (TG-GATEs) has included steatosis as
an endpoint. In the evaluation of 131 chemicals Using
TG-GATEs at multiple doses and time points, 17 chemicals in
this database caused steatosis formation in the rat liver.70

While the underlying mechanism of steatosis induced by each
compound may be different, transcriptomic analysis showed
genes involved in glucose metabolism, lipid biosynthesis and
transportation are modified by the majority of these chemi-
cals.71 Kaiser et al.72 identified 16 environmental chemicals
that have mechanistic support to induce fatty liver in rodents.
Mitochondrial malfunction, impaired fatty acid exportation,
increased cytokine production, and insulin resistance were
suggested as possible mechanisms for the development of
steatosis by these chemicals. Interestingly, most of these
chemicals share a similar molecular structure with a high
degree of chlorination. More recently using two large data-
bases; the Toxicological Reference Database (ToxRefDB) and
the Chemical Effects in Biological Systems (CEBS) with the key
words fatty change, fatty necrosis, Oil red O-positive staining,
steatosis, and lipid deposition, Al-Eryani et al. identified 123
chemicals associated with liver steatosis.73

Questions remain concerning the potential causal relation-
ship between chemical exposure and the development of non-
alcohol fatty liver disease. Treviño and Katz74 in a recent review
suggested a possible linkage between endocrine disruptors and
fatty liver diseases in human via modulation of xenobiotic
nuclear receptors. In addition, the role of these nuclear recep-
tors has been suggested in the pathogenesis of non-alcohol
fatty liver disease.75 Activation of nuclear receptors following
xenobiotic exposure results in the induction of phase I and
phase II drug-metabolism enzymes.76,77 Specifically, the peroxi-
some proliferator activated receptors (PPARs), the pregnane X
receptors (PXR), the constitutive androstane receptor (CAR), the
liver X receptor (LXR), and the farnesoid X receptor (FXR), and
acyl hydrocarbon receptor (AHR) have been shown to participate
in non-alcohol fatty liver disease induction.75,78 These same
receptors are activated by xenobiotics in the formation of liver
tumors in rodents.79 The following section reviewed selective
nuclear receptor mediated chemicals that have been associated
with steatosis and steatohepatitis (Table 3).

Selected chemicals
Perfluoralkyl acids

Perfluoralkyl acids (PFAAs) such as perfluorooctanoic acid
(PFOA), perfluorooctane sulfonate (PFOS), and perfluoronon-
anoic acid (PFNA) are persistent and widely distributed

environmental contaminants.80 Exposure to PFAAs has been
attributed to a wide range of adverse effects in human and
animal studies.80,81 Mechanistically, PFAAs have been shown
to activate PPARα which appears to be linked to many of the
adverse effects in the rodent liver with exposure.82,83 The acti-
vation of PPARα has been shown to upregulate are critical in
hepatic lipid oxidation genes such as CYP4A, acylCoA oxidase
1 (ACOX1), and CPT-1A. The activation of PPARα also enhances
the clearance of lipids in the rodent liver.

PFAAs have been shown to cause micro- and macro-vesicu-
lar steatosis in the hepatocytes.84–87 PFOS was found to induce
fatty liver in mice in a dose and time dependent manner via
the upregulation of fatty acid translocase and inhibition of
mitochondrial β-oxidation.88 PFOA also exaggerated high fat
diet induced hepatotoxicity as well as lipid accumulation in
the liver.89 In a recent study, short term administration of
PFAAs (PFOA, PFNA, and PFHxS) was found to induce hepatic
steatosis in mice in a PPARα dependent way.87 The molecular
mechanism underlying the correlation between PFAAs and
lipid accumulation is still unresolved. The activation of PPARα
leads to an increase of fatty acid oxidation genes in the lipo-
genic pathway such as CD36, fatty acids synthase, and
SREBP-1. An imbalance of this pathway may lead to either an

Table 3 Selective nuclear receptor mediated chemicals and their effect
on NAFLD

Chemicals
Nuclear
receptor Effects on NAFLD Ref.

Perfluoroalkyl acids
(PFOA, PFOS, PFNA,
etc.)

PPARα,
CAR, PXR

Steatosis, inflammation,
cell proliferation

84–87

Phalates(DEHP) PPARα,
PPARγ

Steatosis, inflammation,
oxidative stress, cell
proliferation

94–97

Dioxins(TCDD) AhR Steatosis, inflammation,
cell proliferation

98–102

Polychlorinated
biphenyls

CAR, PXR,
AhR

Steatosis, inflammation 105–108

Cyclodienes CAR, PXR Steatosis 109–111

Trichloroethylene and
perchloroethylene

PPARα,
PPARγ

Steatosis, inflammation,
cell cycle

113, 117
and 118

Vinyl chloride PPARα Steatosis, inflammation,
cell death

69

Abbreviations: PPAR: peroxisome proliferator activated receptors; PXR:
the pregnane X receptors, CAR: the constitutive androstane receptor;
AhR: aryl hydrocarbon receptor. Modulation of nuclear receptors has
been suggested as a potential mechanism underlying the linkage
between chemical exposure and NAFLD. The above table summarized
some selective nuclear receptor mediated compounds and their effects
on NAFLD in rodent studies. PFAAs and DEHP cause extensive micro-
and macro-vesicular steatosis, inflammation, oxidative stress and cell
proliferation in the liver mainly through the activation of PPARα. TCDD
and PCBs may induce steatosis and steatohepatitis in the liver via the
activation of AhR, CAR, and PXR. TCE and PCE induce steatosis,
inflammatory response, and promote cell cycle in the liver. PPARα and
PPARγ may play important roles in the pathogenesis. Organochlorine
insecticides such as cyclodienes induce fatty changes in the liver after
chronic exposure. Activation of CAR/PXR may account for the imbalance
of energy homeostasis and lipid accumulation.
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accumulation of fat or oxidation of fatty acids in hepatocytes.87

In contrast to the PFAAs, other PPARα activators such as Wy-
14643, do not induce hepatic steatosis. However, the PFAAs
also activate other xenobiotic nuclear receptors besides PPARα
such as CAR and PXR.90,91 Therefore, the lipogenic effects in
the liver following PFAA exposure may possibly be linked to
the cross-talk between PPARα and CAR/PXR. Administration of
Wy-14643, a potent PPARα agonist, prevented the hepatic stea-
tosis and liver injury in the mouse from dietary administration
of a high fat diet.92 Similarly treatment with the hypolipidemic
drug, clofibrate (a PPARα agonist) also decreased high fat diet
induced hepatic steatosis and liver inflammation in mice.93

Di (2-ethylhexyl) phthalate (DEHP)

Another PPARα activator, di(2-ethylhexyl) phthalate (DEHP), is
a common phthalate ester that is widely used as a plasticizer.94

DEHP induces liver tumors in rodents through the activation
of PPARα.95 Meanwhile, DEHP and its metabolites may also
interact PPARγ and in turn affect the regulation of energy
metabolism in the liver.96 DEHP feeding to rats exacerbated
the liver effects of concomitantly administered high fat diet to
induce non-alcohol fatty liver disease.97 Similar to the PFAA
compounds, DEHP administration induced a dose-dependent
modification of gene expression and resulting proteins in both
the lipogenesis and lipolysis pathways. Thus, the activation of
liver PPARα activation by environmental chemicals remains
unclear if this is a beneficial or detrimental effect on the
induction and progression of non-alcohol fatty liver disease.

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)

Exposure to dioxins, specifically, 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), is associated with abnormal lipid metabolism
and diabetes in humans.98 TCDD is metabolized through acyl
hydrocarbon receptor (AhR) mediate enzymes. The disruption
of the normal function of AhR may lead to the hepatic steato-
sis and inflammation.99 In transgenic mice with constitutively
activated AhR, hepatic steatosis developed spontaneously. This
was considered to be related to the upregulation of CD36.100

Short tern administration of TCDD to wild type female mice
also produced an increased hepatic steatosis and lipid compo-
sition.101 AhR activation has been shown to also suppress the
normal functions of PPARα dependent pathways, resulting in
increased insulin resistance and lipid accumulation.98,102

Polychlorinated biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) are polyhalogenated aro-
matic hydrocarbons that persistent in environment.103

Epidemiological studies have associated PCBs exposure with
obesity, insulin resistance and non-alcohol fatty liver
disease.104,105 PCB126 which possesses dioxin-like AhR acti-
vation capability induced fatty change in the liver in female
Sprague-Dawley rats. Similarly, PCB126 induced an accumu-
lation of triglycerides in primary cultured hepatocytes through
the upregulation of SREBP-1c and microsomal triglyceride
transfer protein.106 PCB126 (similar to TCDD) inhibited PPARα
activation and expression of the PPARα downstream genes

Acox1 and hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2)
in rat liver resulting in lipid accumulation in the
hepatocytes.107

Non TCDD- like PCBs that have limited AhR activity (e.g.
PCB153, Aroclor 1260) activate the CAR/PXR pathway and
inhibit the progression of non-alcohol fatty liver disease.
PCB153 treatment alone produced minimal effects on rodent
hepatic steatosis but a combination of PCB153 and co admi-
nistered high fat diet significantly impaired fatty acid
β-oxidation and upregulated lipogenic genes.108 These obser-
vations were attributed to the modulation and activation of the
nuclear receptors AhR, CAR/PXR by the high fat diet which
may make the liver more susceptible to chemically induced
toxicities. In contrast to PCB153, Aroclor 1260 increased
hepatic inflammation in western diet induced hepatic steatosis
in mice.53 In this study, hepatic Cyp2b10 and Cyp3a11 were
increased as were an elevation of proinflammatory cytokines
release.

Cyclodienes

The cyclodienes are organochlorine insecticides that were
widely used but are now banned by EPA due to the adverse
effects on human and environmental health. Chronic feeding
of cyclodienes to rodents resulted in hepatic steatosis. For
example, liver fatty changes were seen in female rats fed the
cyclodiene, Chlordecone, for 2 years.109 Chlordane induced
hepatic steatosis in mice after prolonged dietary treatment.110

Both Chlordane and Chlordecone were found to be activators
of CAR/PXR.111,112 Although not fully understood, the modu-
lation of PXR induced by Chlordecone may partially contri-
bution to the observed fatty changes in the liver through the
alterations of cholesterol homeostasis and lipoprotein
metabolism.112

Tri and tetrachloroethylene

Trichloroethylene (TCE) and Tetrachloroethylene (PERC) are
widely used organic solvents and have been reported to induce
hepatotoxicity including liver tumors in mice following oral or
dermal exposure.113 TCE activation of PPARα has been
suggested to be responsible for the formation of liver tumors
in mice.114 The association between TCE and fatty changes in
the liver has been reported.3 Interestingly, Ramdhan et al.
showed that TCE increased liver triglyceride levels and steato-
sis in Pparα-null and humanized PPARα mice, but not in
mPPARα mice.115 TCE treatment also significantly increased
the expression of PPARγ in Pparα-null and hPPARα mice and
but not in mPPARα mice. PPARγ regulates genes in the lipogen-
esis pathway in the liver, which may account for the observed
increase in triglyceride accumulation with TCE treatment.115

PERC has also been shown to be a PPARα activator116 and has
been associated with altered hepatic lipid metabolism.
Increased hepatic triglycerides along with a decrease in serum
triglycerides and an induction of Cyp4a10 and Acox1 were seen
in mice treated with PERC for 24 hours.117 More recently, non-
alcohol fatty liver disease was found to be a susceptibility
factor of PERC induced liver effects.118
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Xenobiotic nuclear receptors

The alteration of drug metabolism enzymes in non-alcohol
fatty liver disease is an emerging topic. Studies have shown
that both phase I and phase II metabolic enzymes are modu-
lated in models of non-alcohol fatty liver disease.119 While the
mechanism underlying these changes has not been well
understood, activation or downregulation of the xenobiotic
nuclear receptors has been suggested to be important in regu-
lating the expression of drug metabolism and transport
enzymes. Work in our lab showed that nuclear receptors were
modulated in the mouse model of the high fat diet induced
hepatic steatosis (Table 4). The nuclear receptors modified by
the high fat diet are the same receptors involved in drug and
other xenobiotic metabolism and activation.120

PPARs

The PPAR family of nuclear receptors consists of three
members; PPARα, PPARβ/δ, and PPARγ, with PPARα the pre-
dominant subtype in hepatocytes.121 PPARα regulates numer-
ous signaling pathways involving in lipid metabolism in
hepatocytes. For example, activation of PPARα increases carni-
tine palmitoyltransferase 1A (CPT-1A), the rate limiting
enzyme in the mitochondrial β-oxidation.122 The uptake of free
fatty acids from circulation to hepatocytes is tightly mediated
by CD36, which is also upregulated by PPARα. Other lipid
metabolism pathways mediated by PPARα includes: peroxiso-

mal β-oxidation, acyl-CoA formation and hydrolysis, fatty acid
biosynthesis, lipoprotein transportation and metabolism,
cholesterol transportation, and ketogenesis.123

In patients with NASH, the mRNA level of PPARα is nega-
tively correlated with the severity of steatosis and insulin resis-
tance.124 A decreased in PPARα may result in an impaired
function of mitochondrial and peroxisomal β-oxidation, which
further leads to the accumulation of fatty acids in the hepato-
cytes. Elevation of PPARα gene expression correlated with
improved liver histopathology of these patients. Thus, the acti-
vation of PPARα has been proposed to be a therapeutic target
in non-alcohol fatty liver disease. In animal models, PPARα is
activated by chronic high fat diet feeding.125–127 PPARα is con-
sidered a nutritional sensor that allows the adaption based on
the rate of lipid catabolism or biosynthesis.128 Thus, the
increased long chain fatty acids influx to hepatocytes may lead
to the adaptive activation of PPARα.129 C57BL/6N mice fed by
western diet for 12 weeks had a significant higher level of
hepatic phosphatidylcholine, which has been demonstrated as
the natural ligand of PPARα.130,131

The other two members PPARγ and PPARβ/δ are also
present in the liver. PPARγ responses to fatty acids, eicosa-
noids, and various anti-diabetics drugs and regulate lipid
homeostasis mainly in the muscles and adipose tissues.132 In
a hepatic steatosis mouse model, PPARγ mRNA showed a sig-
nificant increase in the liver.133,134 This increase may contrib-
ute to the abnormal accumulation of triglycerides in the liver,
while protecting other tissues from insulin resistance. Mice
with liver specific Pparγ-null showed a reduced level of hepatic
steatosis but hyperlipidemia and muscle insulin resistance.132

PPARβ/δ is a critical regulator of glucose and lipoprotein
metabolism in the liver.135 Information on the role of hepatic
PPARβ/δ rodent models of non-alcohol fatty liver disease is
limited. However, some studies have shown that activating
PPARβ/δ reduces steatosis, inflammation, and liver fibrosis in
the mouse liver,136–138 suggesting the expression and activity
of PPARβ/δ may be impaired in non-alcohol fatty liver disease.
In contrast to the rodent models of steatosis, Francque and
colleagues reported no changes in gene expression of PPARγ
and PPARβ/δ in patients with steatosis and steatohepatitis.124

CAR/PXR

A role for CAR/PXR in energy metabolism has been demon-
strated.139 PXR can regulate lipid metabolism in the liver
through activation of lipogenic genes (such as CD36 and
Stearoyl-CoA desaturase-1 (SCD1)) and induce triglyceride
accumulation. PXR can also suppress PPARα function, which
further impairs β-oxidation in mitochondria. Reports on the
role of CAR in mediating lipid homeostasis are less clear. CAR
activation has been associated with the induction of Insig-1,
which inhibits the translocation of SREBP-1, an important
protein in fatty acids biosynthesis.140 In contrast, CAR may
compete with PPARα for the binding of 3-hydroxyacyl-CoA
dehydrogenase and thus inhibit β-oxidation.139 Moreover, the
crosstalk between CAR and PXR makes it more difficult to
investigate the functions of CAR alone in the lipid metabolism.

Table 4 Gene expression analysis of xenobiotic nuclear receptors and
their target genes in a mouse model of NAFLDa

Genes
Fold change over
control by qPCR

Fold change over
control by RNA-seqb

Pparα 2.27 1.35
Pparγ 2.24 1.72
Pparδ/β −3.85 −2.02
Cyp4a10 2.58 1.25
Car (Nr1i3) 1.48 1.72
Pxr (Nr1i2) 1.56 1.23
Cyp2b10 21.92 3.27
Cyp3a11 4.20 1.83
Ahr 2.30 1.42
Cyp1a1 1.76 1.36
Cyp1a2 −1.69 −1.86
Lxrα −1.02 −1.11
Abcg5 4.08 2.42
Abcg8 3.58 2.06
Fxr 1.14 1.12
Abcb4 2.12 1.89
Abcb11 1.11 −1.36

a Fatty and normal liver samples were generated from C57BL/6 mice
fed with western diet or low-fat control diet for 16 weeks, respectively.
bDifferential expression analysis was done using DESeq-2 package in
R. Bold: Statistically different from controls (for qPCR analysis: N =
4–6; student two-tailed t-test, p < 0.05; for RNA-seq: N = 4; fold change
>1.5; adjusted p < 0.05). Study design: male C57BL/6 (5–6 weeks old)
mice were randomly assigned to two groups fed with either control
(13.5% calories from fat; TD.120336 Harlan Teklad) or HFD (42% calo-
ries from fat; TD.09682 Harlan Teklad). Animals were allowed
ad libitum to food and water. Liver tissues were sampled at 16 weeks of
treatment.
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CAR/PXR regulates the expression of CYP3A, which has been
reported to be altered in both human and rodent non-alcohol
fatty liver disease. A pilot study conducted by Kolwankar et al.
suggested that hepatic CYP3A4 activity was inversely associated
with the severity of steatosis in patients.141 Subsequently,
Fisher et al. found no change in the CYP3A4 mRNA level in
human fatty liver samples, although a marginal decrease of
protein level of CYP3A4 was seen.142 More recently, biopsies of
patients compared to healthy controls.143 CYP3A mRNA and
protein level was decreased in high-fat diet fed rats.144,145 In
the mouse, high fat diet induced changes to mRNA and
enzyme activity of Cyp3a11 showed inconsistent results. Ning
& Jeong using a western diet (∼42% fat) reported on a signifi-
cant increase in Cyp3a11 mRNA and activity level in mice.146

Kirpich et al. using a “pure” high fat diet (∼60% fat) reported
on the suppression of Cyp3a11 gene expression.147 Besides
high fat content, the western diet model also contains high
levels cholesterol. Previous study showed that high cholesterol
diet significantly increased hepatic Cyp3a11 level in wild-type
but not Pxr-null mice, suggesting that dietary cholesterol is a
ligand of PXR.148 In a study from our laboratory using the
western diet (Table 4), Pxr and Cyp3a11 mRNA level in the liver
of mice were significantly higher than that in controls.
Therefore, the dietary content of cholesterol may influence the
activation of PXR and more work is needed to clarify the
modulation of PXR and its downstream Cyp3a11 induction in
high fat diet models for fatty liver disease.

CYP2B is the prototypical marker of CAR/PXR activation in
the liver. Limited studies have reported the linkage between
non-alcohol fatty liver disease and CYP2B6 expression in
humans.119 Concordantly, there is also no robust evidence on
the modification of Cyp2b activity in rat models of non-alcohol
fatty liver disease.149,150 In mice, the induction of Cyp2b10
gene expression and enzymatic activity is inconsistent among
studies. Similar with previous findings, our data suggested
Cyp2b10 was marginally induced by western diet feeding
(Table 5). Interestingly, the trend of Cyp2b10 and Cyp3a11
modulation tends to be comparable within a single
study,147,151 indicating the cross-talk between CAR and PXR
upon the effects of dietary components.152

AHR

As a major functional member in CYP1A subfamily, CYP1A2
constitutes about 15% of total hepatic CYP enzymes.153 It is
responsible for the metabolism of a variety of drugs including
antipsychotics, antihistamines, β-blockers, cyclooxygenase-2
inhibitors.154 CYP1A2 also is important in the biotransform-
ation of a number of environmental toxicants including afla-
toxin B1 and aromatic/heterocyclic amines.155 The inhibition
of CYP1A2 in fatty liver has been consistently shown in human
studies. Fisher and colleagues reported a significant decrease
of CYP1A2 protein levels as well as microsomal activity with
non-alcohol fatty liver disease progression.142 In cirrhotic
livers, the CYP1A2 protein levels decreased to 50% of that of
non-cirrhotic liver.156 In rodents, high fat diets also consist-
ently decrease Cyp1a2 mRNA and protein level.146,147 However,

the alteration of hepatic Cyp1a2 in mice on the MCD diet or
with transgenic mouse models of non-alcohol fatty liver
disease has been inconsistent.119 AHR is a major upstream
inducer of CYP1A2. Activation of AhR by TCDD caused hepatic
steatosis in rodents, likely due to the upregulation of CD36.100

The mRNA level of Cyp1a2 was also significantly increased
with the activation of AhR. Recently, treatment with
α-naphthoflavone (an antagonist of AhR) prevented high fat
western diet induced obesity and fatty liver in male and female
C57BL/6 mice.157 While the mRNA or protein level of Cyp1a2
was not reported in this study, the authors suggested that
Cyp1b1 (also mediated by AhR) may be critical in modulation
the lipid metabolism in non-alcohol fatty liver disease. These
studies suggest that AhR activation (and the resulting
increased CYP1A2 expression) is linked to the modulation of
hepatic steatosis however more work is needed to understand
the observed paradox.

LXR/FXR

LXR has two isoforms LXRα and LXRβ, with LXRα predomi-
nantly expressed in the liver.158 LXR is associated with non-
alcohol fatty liver disease because (1) it controls the expression
of lipogenic genes such as SREBP-1 and SCD-1, and thus pro-
motes fatty acids biosynthesis; (2) LXR is a regulates chole-
sterol excretion of the liver via Abcg5/8; (3) LXR upregulates
CYP7A1 and facilitate cholesterol degradation in bile acids.159

In humans, LXR expression has been correlated with the
degree of hepatic fat deposition, as well as with hepatic inflam-
mation and fibrosis.160 In rat fed with HFD, the elevated levels
of Lxrα and Lxrβ as well as their target genes Abca1 and Abcg5
were seen at the stage of hepatic steatosis.161 Concordantly,
increased Lxrα mRNA level has been observed in mice fed with
high fat high sucrose diet as early as 2 weeks.162 In high fat
high fructose induced non-alcohol fatty liver disease in mice,
Abca1 was also increased after prolonged treatment.163 Taken

Table 5 Ingenuity pathway analysis predicts hepatic xenobiotic nuclear
receptor activation in a mouse model of NAFLDa

Upstream
nuclear receptor

Predicted
activity Activation z-score p-Value

PPARα +++ 4.159 1.08 × 10−50

PPARγ + 1.342 5.73 × 10−15

PPARδ +++ 2.815 9.53 × 10−15

CAR + 0.972 1.71 × 10−13

PXR +++ 3.153 1.13 × 10−19

AHR - -1.740 3.67 × 10−16

LXR + 0.886 8.89 × 10−9

FXR + 0.943 1.41 × 10−10

a Steatoic and normal liver samples were generated from C57BL/6 mice
fed with western diet for 16 weeks. RNA-seq (4 samples per group) was
done to profile the whole transcriptome of these samples. Differential
expression analysis was done using DESeq-2 package in R. Ingenuity
pathway analysis was done to predict the activation of xenobiotic
nuclear receptors based on differential expression analysis results.
Activation z-score and p-value were calculated by the build-in algor-
ithms in IPA. +++: strong activation; +: weak activation; −: weak
inhibition.
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together, evidence strongly support that LXR is activated
during the progression of non-alcohol fatty liver disease.

FXR plays critical roles in the bile acids and cholesterol
metabolism. Both conjugated and unconjugated forms of bile
acids are the endogenous ligands of FXR.164 It should be
noted that FXR is expressed in stellate cells in human and
rodent livers. The activation of FXR not only suppresses
obesity and hepatic steatosis but also inhibits the formation of
extracellular matrix in rodent models.165,166 Currently, limited
study reported FXR and its downstream ATP-binding cassette
transporters in dietary models of NAFLD in rodents. In rat,
high fat diet seemed to significantly increase the expression of
Fxr as well as Abcb11 and Abcb4.161

Gene expression analysis of hepatic
nuclear receptors

Recent studies in our laboratory have examined the changes in
nuclear receptor in a mouse model with high fat diet treat-
ment (Table 4).120 In this study male C57BL/6 were placed ran-
domly into two groups consisting of a control diet (13.5% cal-
ories from fat) or a high fat diet (42% calories from fat).
Animals were allowed food and water ad libitum and mice
from each group were sampled after 16 weeks on dietary treat-
ment. Histopathology and receptor activation analysis was per-
formed as well as measurements for steatosis. In this model,
sequential hepatic steatosis (8 weeks onwards) was seen along
with increased hepatocytes DNA synthesis, lobular inflam-
mation (16–52 weeks), and fibrosis (24–52 weeks).120 The
expression of PPARα, CAR/PXR, AHR, LXR, FXR and their
target genes were measured in the livers of mice fed with
control and high fat diet for 16 weeks (Table 4). We observed
the activation of PPARα, CAR/PXR, and LXR in mice with
hepatic steatosis. Consistent with previous results, AHR
mediated Cyp1a2 was significantly downregulated in high fat
diet mice compared to controls. In addition, moderate induc-
tion of FXR mediated Abcb4 was seen, suggesting a modifi-
cation of bile acid biosynthesis and transport. Ingenuity
pathway analysis based on RNA-seq results confirmed the
modulation of nuclear receptors in mice with NAFLD com-
pared to controls (Table 5).

Conclusions

Fatty liver disease involves the accumulation of hepatocellular
fat from either alcoholic or non-alcoholic derived steatosis.
Non-alcoholic fatty liver disease is a major cause of chronic
liver disease in humans and is the predominantly the result of
an increased supply of fat to the liver from dietary sources. A
number of drugs and other chemicals have been shown to
induce steatosis and subsequently steato fibrosis. Many of the
same hepatic pathways, including metabolism, inflammation,
and cell growth that are targeted by xenobiotic treatment are
also modified in fatty liver disease. Based on the published lit-

erature and our preliminary results (Tables 4 and 5) it is appar-
ent that nuclear receptor activation is definitely modify during
the progression of the steatosis to steatohepatitis. Thus, the
presence of fatty liver disease prior to exposure to drugs and
other chemicals may modify the usual pattern of adaptive and
adverse cellular and molecular effects of these xenobiotics on
the liver. Conversely, exposure to xenobiotics may modify the
progression and pathology of the non-alcoholic fatty liver
disease resulting in either an enhancement or reduction of the
toxicopathologic effects. Understanding the way that fatty liver
changes modify hepatic pathways, in particular those depen-
dent on nuclear receptor activation, are important in under-
standing how the presence of the fatty changes may modify
the potential human risk of a drug or environmental chemical.
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