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Abstract
Although much is known about how fat accumulates 
in the liver, much remains unknown about how this 
causes sustained hepatocellular injury. The conse-
quences of injury are recognized as nonalcoholic 
steatohepatitis (NASH) and progressive fibrosis. The 
accumulation of fat within the hepatocytes sensitizes 
the liver to injury from a variety of causes and the re-
generative capacity of a fatty liver is impaired. An ad-
ditional stressor is sometimes referred to as a “second 
hit” in a paradigm that identifies the accumulation of 
fat as the “first hit”. Possible candidates for the second 
hit include increased oxidative stress, lipid peroxidation 
and release of toxic products such as malondialdehyde 
and 4-hydroxynonenal, decreased antioxidants, adi-
pocytokines, transforming growth factor (TGF)-β, Fas 
ligand, mitochondrial dysfunction, fatty acid oxidation 
by CYPs (CYP 2E1, 4A10 and 4A14), and peroxisomes, 
excess iron, small intestinal bacterial overgrowth, and 
the generation of gut-derived toxins such as lipopoly-
saccharide and ethanol. Oxidative stress is one of the 
most popular proposed mechanisms of hepatocellular 
injury. Previous studies have specifically observed in-

creased plasma and tissue levels of oxidative stress 
markers and lipid peroxidation products, with reduced 
hepatic and plasma levels of antioxidants. There is also 
some indirect evidence of the benefit of antioxidants 
such as vitamin E, S-adenosylmethionine, betaine, 
phlebotomy to remove iron, and N-acetylcysteine in 
NASH. However, a causal relationship or a pathogenic 
link between NASH and oxidative stress has not been 
established so far. A number of sources of increased 
reactive oxygen species production have been estab-
lished in NASH that include proinflammatory cytokines 
such as tumor necrosis factor (TNF)-α, iron overload, 
overburdened and dysfunctional mitochondria, CYPs, 
and peroxisomes. Briefly, the pathogenesis of NASH is 
multifactorial and excess intracellular fatty acids, oxi-
dant stress, ATP depletion, and mitochondrial dysfunc-
tion are important causes of hepatocellular injury in 
the steatotic liver. 
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is one of  
the most prevalent forms of  chronic liver disease in the 
United States[1]. Contributing factors to this may include 
the increasingly sedentary lifestyle of  the population and 
increased consumption of  a high-fat (HF) diet and high 
fructose corn syrup (HFCS)[2]. In the setting of  excessive 
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central adiposity, insulin resistance is the major underlying 
cause of  fat accumulation in the liver[3-7]. Nonalcoholic 
steatohepatitis (NASH), as a subgroup of  NAFLD, is 
characterized by chronic and progressive liver pathology 
and may lead to advanced fibrosis, cirrhosis, end-stage 
liver disease, hepatocellular carcinoma and liver-related 
death[8-10]. One of  the important and unresolved prob-
lems in NASH is the pathogenesis of  hepatocyte injury. 
One hypothesis for the pathogenesis of  NAFLD is the 
“two-hit” hypothesis[11]. According to this paradigm, the 
primary abnormality (“first hit”) is most likely insulin 
resistance, which leads to the accumulation of  triglycer-
ides within the hepatocytes. Then, a “second hit” induces 
hepatocyte injury and inflammation (NASH). The mecha-
nisms that cause hepatocyte injury in fatty liver have not 
been fully elucidated to date. Oxidative stress is one of  
the most popular proposed mechanisms of  hepatocellular 
injury (Figure 1). It was reported that obesity correlated 
with systemic oxidative stress in humans and mice[12-14]. 
Obese adults with metabolic syndrome (MS) have hig-
her plasma concentration of  oxidative stress biomarkers 
than obese adults without MS. Increased reactive oxygen 
species (ROS) production has been selectively shown in 
adipose tissue of  obese mice[15,16]. Previous studies also 
specifically observed increased plasma and tissue levels of  
oxidative stress markers and lipid peroxidation products 
with reduced hepatic and plasma levels of  antioxidants in 
patients with NASH[2-6,12-16].

MOLECULAR SIGNAL OF DEVELOPMENT 
OF FATTY LIVER IN OBESITY
Obesity is associated with low-grade chronic inflamma-
tion in humans, and this chronic inflammation is a link 
between obesity and insulin resistance[17-19]. Indeed, obesity 
is strongly associated with chronic macrophage accumu-
lation within increased adipose tissue in obese humans. 
Xu et al[16] showed that inflamed macrophages are active 
within white adipose tissue and this activation occurs after 
increased adiposity and before insulin resistance. Macro-
phages secrete cytokines which promote insulin resistance 
in adipose tissue and eventually increase adipose tissue 
lipolysis, which causes insulin resistance in both muscle 
and the liver, besides significant amount of  inducible 
NO synthase and interleukin-6[15]. Moreover, a positive 
correlation between adipocyte size and the content of  
accumulated macrophages in adipose has been reported. 
Increased fatty acids or accumulated macrophages might 
be the reason for this increased ROS production within 
adipose tissue. These data indicate localized inflammation 
and systemic consequences such as insulin resistance and 
increased circulating free fatty acids. Additional evidence 
that this chronic inflammation causes insulin resistance 
comes from restoring insulin sensitivity by various anti-
inflammatory agents, such as high-dose salicylates via 
IKK-β inhibition or anti-tumor necrosis factor (TNF)-α 

antibody infusion[20].

OXIDATIVE STRESS AND LIPID 
PEROXIDATION FOR DEVELOPMENT OF 
HEPATIC FIBROSIS
A logical and attractive hypothesis is that oxidative stress 
in TG-loaded hepatocytes is the cause of  sustained in-
jury with consequent NASH, fibrosis and cirrhosis[11] 
(Figure 2). The imbalance between the increased ROS 
and decreased antioxidants leads to lipid peroxidation 
of  polyunsaturated fatty acids, cellular membranes, mi-
tochondrial membranes, and DNA[21]. Lipid peroxida-
tion products have longer half-lives and the capability to 
reach extracellular targets. Lipid peroxidation produces 
cytotoxic aldehydes such as malondialdehyde (MDA) 
and 4-hydroxynonenal. ROS and these aldehydes further 
contribute to oxidative stress, decreased ATP produc-
tion, and increased proinflammatory cytokine release. 
These events promote hepatocyte injury, necroinflam-
mation and hepatocytes apoptosis. Despite the attrac-
tiveness of  this hypothesis, most clinical studies only 
provide correlations between the presence of  NASH 
and elevated indices of  oxidant stress, without estab-
lishing a causal relationship[22-27]. The lipid peroxidation 
product 4-hydroxynonenal is found more in perivenular 
zone (zone 3), correlating with the histological lesions of  
NASH that are predominantly in zone 3[21]. Lipid peroxi-
dation is greater in patients with NASH than in patients 
with simple steatosis. The same study has also shown 
that increased 4-hydroxynonenal strongly correlates 
with both the grade of  necroinflammation and the stage 
of  NASH, but not with the grade of  steatosis, while 
increased evidence of  oxidant damage to DNA as mea-
sured by 8-hydroxydeoxyguanosine only correlates with 
the grade of  necroinflammation in patients with NASH. 
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Figure 1  Oxidative stress is one of the most popular proposed mecha-
nisms of hepatocellular injury and possible source of the oxidant stress 
as follows: increased free fatty acids supply, iron, intestinal bacterial over 
growth. NASH: Nonalcoholic steatohepatitis; NAFLD: Nonalcoholic fatty liver 
disease. 



UNDERSTANDING THE MOLECULAR 
MECHANISIMS OF NASH
Oxidative stress 
Oxidative stress might play a role in the pathogenesis of  
hepatocyte dysfunction and inflammation in NAFLD. 
Oxidative stress can result from either excess ROS pro-
duction and/or deficient antioxidant capacity[12-15,21]. The 
enzyme NAD(P)H oxidase catalyzes the transfer of  a 
single electron to molecular oxygen to produce superox-
ide. Upregulation of  NAD(P)H oxidase can raise ROS 
production, and thereby contribute to the pathogenesis 
of  oxidative stress in HF and high-sucrose-fed mice. 
Formation of  ROS is enhanced by different mecha-
nisms, including xanthine oxidase activation, NADH 
auto-oxidation, and superoxide dismutase (SOD) inacti-
vation. Experimental evidence supports the concept of  
diverse ROS, such as superoxide anion, hydrogen perox-
ide, hydroxyl radical, nitric oxide and peroxynitrite. 

Assessment of: (1) NAD(P)H oxidase (a major 
source of  ROS) in liver; (2) downregulation of  the 
main antioxidant enzymes, SOD, glutathione peroxidase 
(GPX), catalase, and heme oxygenase (HO) in liver tis-
sue; (3) level of  lipid peroxidation products, MDA + 
4-hydroxyalkenals in the liver; (4) plasma concentration 
of  8-isoprostanes, lipoperoxides in plasma samples by 
measuring MDA via HPLC; and (5) immunoblotting to 
quantify NADPH oxidase, Mn SOD, Cu Zn SOD, GPX, 
catalase, and HO-2 levels in liver will help to understand 
the underlying mechanisms of  oxidative stress in the 

pathogenesis of  NASH[12,13,22-28]. A number of  sources 
of  increased ROS production have been established in 
NASH that include proinflammatory cytokines, such as 
TNF-α, iron overload, overburdened and dysfunctional 
mitochondria, CYPs, and peroxisomes. 

Sources of oxidants
Mitochondria and mitochondrial β-oxidation: The 
hepatocyte is a cell rich in mitochondria. Each hepato-
cyte contains approximately 800 mitochondria[28]. The 
hepatocyte mitochondria are the main site of  β-oxidation 
of  free fatty acids. The electrons removed from free 
fatty acids during β-oxidation are shuttled through the 
mitochondrial respiratory chain (MRC), eventually lead-
ing to ATP synthesis and generation of  CO2 and water. 
Inherent in this process is the dissociation of  partially 
reduced molecular oxygen in the form of  superoxide, 
hydrogen peroxide and the hydroxyl radical, species 
collectively termed ROS. About 1%-5% of  oxygen con-
sumed during cellular respiration is not fully reduced to 
water during this process under physiological conditions, 
and the production of  these ROS is further increased in 
dysfunctional mitochondria. Thus, mitochondria have 
been proposed to play a central role in the pathogenesis 
of  NASH[29]. Mitochondria also increase their oxidation 
capacity for the increased fatty acid flux as observed in 
obesity and insulin resistant states in humans. However, 
this increase has its limits and excess free fatty acids are 
metabolized at other sites in hepatocytes such as per-
oxisomes (β-oxidation) and the smooth endoplasmic 
reticulum (ω-oxidation). Acyl-CoA oxidase catalyzes the 
initial reaction of  fatty acid oxidation in peroxisomes; a 
process that generates hydrogen peroxide and thus may 
contribute to oxidant stress.

Mitochondrial β-oxidation of  short-, medium- and 
long-chain fatty acids involves multiple steps that include 
entry of  long-chain fatty acids into the mitochondria; a 
process dependent on carnitine shuttle enzymes carni-
tine palmitoyltransferase (CPT)-I (an outer membrane 
enzyme) and CPT-II, and the β-oxidation of  fatty acids 
to form progressively shorter acyl-CoA moieties, acetyl-
CoA[29]. These oxidation processes are associated with 
the reduction of  oxidized NAD+ and FAD to NADH 
and FADH2. Reoxidation of  NADH and FADH2 to 
NAD+ and FAD produces electrons that transfer to the 
MRC[29,30]. Partially reduced oxygen molecules, termed 
ROS, are constitutively generated during this process 
when the electrons of  NADH and FADH2 directly re-
act with oxygen and may contribute to oxidant stress if  
endogenous protective mechanisms are overwhelmed[30]. 
Consistent with the increased flux of  nonesterified fatty 
acid to the liver in obese patients with NAFLD, mito-
chondrial β-oxidation of  fatty acids in the liver is also 
increased and as such may contribute to increased gen-
eration of  ROS and oxidant stress. 

Excessive fatty acids might use alternative pathways 
other than mitochondrial β-oxidation to be metabo-
lized and cause mitochondrial injury. These include 
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Figure 2  Logical and attractive hypothesis is that oxidative stress in TG-
loaded hepatocytes is the cause of sustained injury with consequent 
NASH, fibrosis and cirrhosis. HSP: Heat shock proteins. 
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ity to molecular oxygen, leading to the release of  species 
such as superoxide anion radical, hydroxyl radicals, and 
hydrogen peroxide.

Mitochondrial dysfunction and ATP depletion: Mi-
tochondria are the organelles primarily responsible for 
fatty acid β-oxidation and oxidative phosphorylation; 
the process responsible for the production of  ATP[30]. 
Several observations including decreased mitochondrial 
enzyme activities and increased fat concentration of  
skeletal muscle cells in obese or diabetic patients have 
suggested mitochondrial dysfunction in these disorders. 
Such abnormalities may increase ROS production and 
promote both oxidative stress and lipid peroxidation 
within hepatocytes. Mitochondrial dysfunction is fre-
quently due to a combination of  genetic abnormalities, 
physical inactivity, aging, lipotoxicity (free fatty acids), 
lipid peroxidation (mitochondrial DNA alterations), 
and TNF-α[29,30,34]. Hepatic mitochondrial abnormali-
ties have been identified in NAFLD, suggesting that 
mitochondria may be the source or target of  injury and 
that ineffective mitochondrial function resulting in cel-
lular ATP depletion may be important pathophysiologi-
cal processes in NAFLD and NASH. The presence of  
megamitochondria, or mitochondrial swelling, is a mi-
croscopically detectable structural abnormality of  hepa-
tocyte mitochondria found in a variety of  liver diseases 
including NAFLD[28]. Crystalline inclusions within the 
mitochondrial matrix have been documented by elec-
tron microscopy in patients with NASH. Hepatic mito-
chondrial DNA levels and the protein products of  the 
mitochondrial genes are also decreased in patients with 
NASH. Impaired hepatic MRC function increases ROS 
production, and if  ROS production exceeds antioxidant 
capabilities, oxidative stress and injury, lipid peroxidation 
of  macromolecules and cellular membranes, mitochon-
drial DNA damage, direct damage of  several mitochon-
drial enzymes, and further MRC dysfunction with more 
pro-oxidant production are observed. Mixed macro- and 
microvesicular steatosis due to β-oxidation defects in 
the mitochondria was the predominant type of  steatosis 
in this study, and CYP 2E1 expression was upregulated, 
and levels of  the antioxidant glutathione were decreased. 
Carnitine and CPT-I and CPT-II are required to trans-
fer long-chain free fatty acids into the mitochondria for 
β-oxidation. Some investigators have reported the role 
of  carnitine deficiency in NAFLD development, while 
others have observed normal hepatic content of  total 
and free carnitine in patients with NASH. 

Iron, oxidant stress and NASH: Iron can play a cen-
tral role in promoting oxidant stress and this is proposed 
to be the mechanism of  progressive liver disease. A 
large-population based study reported a correlation be-
tween elevated serum alanine aminotransferase levels 
and increased serum transferrin and iron concentra-
tions[35,36]. After initial measurements, investigators in-

peroxisomal and cytochrome P450 (microsomal CYP) 
oxidation systems regulated by mainly fatty acids and 
insulin[31]. These alternative fatty acid oxidation systems 
produce more ROS and thus their utilization may be a 
source of  oxidant stress.

Peroxisomal fatty acid β-oxidation: Peroxisomal oxi-
dation of  fatty acids is the normal route of  metabolism 
of  very long chain fatty acids and dicarboxylic acids[31]. 
Peroxisomal oxidation is a four-step pathway in which 
electrons from FADH2 and NADH are transferred 
directly to oxygen. Although this increases the produc-
tion of  hydrogen peroxide, peroxisomes are uniquely 
endowed with the enzyme catalase that eliminates this 
reactive oxygen molecule. Fatty acids not oxidized by 
mitochondria are mainly oxidized by CYP2E1; a process 
that further increases ROS production within the hepa-
tocytes[32]. Increased endogenous substrate burden such 
as increased levels of  free fatty acids and ketone bodies 
induce CYP2E1 expression in humans. In normal con-
ditions, CYP2E1 oxidation produces oxygen radicals, 
but the balance between these ROS and the abundance 
of  endogenous antioxidants determines the extent of  
resulting oxidant stress. Increased hepatic CYP2E1 ex-
pression has been demonstrated by immunostaining of  
paraffin-embedded liver biopsy sections in patients with 
NASH. In contrast, hepatic content of  CYP3A was de-
creased in all liver sections from patients with NASH. 
These studies also showed that weight loss decreased 
hepatic CYP2E1 activity. In parallel, Leclercq et al[33] 
previously had reported that dietary sugar restriction de-
creased CYP2E1 activity in humans. These novel studies 
pointed out that insulin rather than ketone bodies, with 
or without glucose contribution, regulate the expression 
and activity of  hepatic CYP2E1. These metabolic ab-
normalities increase hepatic CYP2E1 activity and subse-
quent pro-oxidant production in patients with NAFLD. 

Cytochrome P450 fatty acid ω (omega)-oxidation: 
Fatty acids can undergo oxidation by the CYP enzymes 
of  the smooth endoplasmic reticulum which is a rela-
tively minor pathway. CYP2E1 and CYP4A isoforms are 
involved in fatty acid oxidation in conditions with sub-
strate overload such as increased ketone bodies in type 
2 diabetes mellitus. CYP4A upregulation particularly 
occurs in conditions with decreased CYP2E1 activity. 
The expression of  both CYP2E1 and CYP4A mRNA 
and their protein levels are increased in both obese and 
diabetic humans[32,33]. Their hepatic activity and expres-
sion are also reported to be increased in patients with 
NASH due to the increased substrates, mainly fatty acids 
and ketone bodies, irrespective of  the underlying clini-
cal condition of  diabetes or obesity. Nonetheless, the 
capacity of  this enzyme system is very low to handle 
fatty acids. Oxidation reactions by the CYP enzymes can 
be major producers of  ROS because of  a low degree of  
coupling between substrate binding and their weak affin-
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duced iron depletion to a level of  near-iron deficiency by 
phlebotomy. Interestingly, they observed improvements 
in both insulin sensitivity and serum alanine aminotrans-
ferase activity in some of  the patients, indicating that 
iron may play a role not only in oxidant stress but also in 
the initial predisposing factor of  insulin resistance. 

Free fatty acid toxicity: In addition to insulin resis-
tance and hyperinsulinemia, obesity and type 2 diabetes 
mellitus are strongly associated with increased concen-
trations of  free fatty acids in the circulation[24,26]. Fatty 
acids are involved in many important cellular events such 
as synthesis of  cellular membranes, energy storage, and 
intracellular signaling pathways. However, chronically 
elevated free fatty acids have the capability to disturb 
diverse metabolic pathways and induce insulin resistance 
in many organ systems[37-39]. In addition to their meta-
bolic effects, fatty acids could induce cellular apoptosis, 
also called lipotoxicity, in two ways: direct toxicity and an 
indirect effect. One proposed mechanism of  fatty acid 
toxicity in hepatocytes is that fatty acids induce trans-
location of  Bax (which is a mitochondrial protein and 
a member of  the Bcl-2 family) to lysosomes and cause 
lysosomal destabilization, which promotes the release 
of  cathepsin B (a specific lysosomal enzyme), from 
lysosomes to the cytosol. Subsequently, a cathepsin-
B-dependent process induces nuclear factor (NF)-κB 
activation and TNF-α overexpression in the liver[26]. 
TNF-α might further increase lysosomal destabilization 
and cathepsin-B-dependent hepatocyte apoptosis. Then, 
cytochrome c release from dysfunctional mitochondria 
may occur. Mitochondrial dysfunction causes energy 
depletion, which activates proteolytic caspases and in-
duces DNA fragmentation and chromatin condensation. 
NF-κB is a transcriptional factor and has both apoptotic 
and antiapoptotic effects. In healthy hepatocytes, acti-
vation of  NF-κB by TNF-α induces Bcl-2 synthesis, 
which prevents the release of  cytochrome c from the 
mitochondria and subsequent apoptosis. Moreover, 
while cathepsin B has been demonstrated in hepatocyte 
lysosomes of  healthy control individuals, the majority 
of  hepatocytes in patients with NAFLD show diffuse 
distribution of  cathepsin B in the cytosol, with a positive 
correlation with the stage of  NASH[40-44]. 

HEPATIC FIBROGENESIS IN NASH
Hepatic steatosis is the most frequent and initially ob-
served morphological feature of  these processes[45-53]. 
Steatosis, inflammation, glycogen nuclei, lipogranulomas, 
ballooning of  hepatocytes, Mallory bodies, and fibrosis 
are the major features of  NAFLD.

Genetic and environmental factors may affect the de-
velopment of  liver fibrosis in NAFLD[54-62]. Age, severity 
of  obesity, presence of  diabetes, and hyperglycemia are 
the major nongenetic factors. Elevated plasma glucose, 
free fatty acids and adipocytokines activate both Kupffer 

cells and hepatic stellate cells (HSCs) and stimulate fi-
brogenesis[63-65]. Hepatic connective tissue growth factor 
(CTGF) mRNA was overexpressed in all NASH pa-
tients, while hepatic CTGF mRNA and its protein were 
upregulated in fa/fa rats (obese and diabetic) compared 
with their lean littermates. The same study also dem-
onstrated upregulation of  both CTGF mRNA and its 
protein in HSCs after exposure to high concentrations 
of  either glucose or insulin. After activation, HSCs pro-
liferate and express α-smooth muscle actin. Activated 
HSCs express myogenic markers such as c-myb and 
myocyte enhancer factor-2, exhibit proinflammatory and 
profibrogenic properties, migrate and secrete extracel-
lular matrix components (ECM) such as collagen, and 
regulate the degradation of  ECM. Activation of  HSCs is 
the crucial step in liver fibrogenesis. A study of  NAFLD 
patients (16 patients with steatosis alone and 60 with 
NASH) demonstrated that activation of  HSCs was posi-
tive in almost all cases, and markedly in two thirds of  pa-
tients, and it was correlated with the degree and location 
of  hepatic fibrosis. HSC activation and upregulation of  
profibrogenic genes were observed in rats on an HF diet. 

Lipid-peroxidation-associated inflammation and HSC 
activation with increased TGF-β1 mRNA expression in 
methionine-choline-deficient steatohepatitis models have 
also been reported. 

Oxidative stress may also participate in the activation 
of  HSCs and the development of  fibrosis in NAFLD. 
The intracellular NADPH oxidase pathway produces 
ROS, and the disruption of  NADPH oxidase protects 
mice from developing severe liver injury. Lipid peroxida-
tion products enhance the production of  both TGF-β 
and collagen.

Currently, proposed mechanisms for the transforma-
tion from NASH to NASH-associated hepatocellular 
carcinoma are severe and cumulative oxidative stress to 
the hepatocytes, production of  damaged DNA, defec-
tive or inhibited DNA repair systems, chronic continued 
hepatocyte injury and inflammatory infiltration, impaired 
antioxidant systems, and increased cell cycle of  hepato-
cytes[65-67]. Animal and human studies have also indicated 
that a connection between age, sex and the disease might 
be possible[66-70].

In conclusion, a liver with excess fat may be more 
vulnerable to stressors than a normal liver. The factors 
that play key roles in the development of  NASH from 
NAFLD remain uncertain.
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