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Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) are the most common
underlying causes of chronic liver injury. They are associated with a wide spectrum of hepatic disorders
including basic steatosis, steatohepatitis, and cirrhosis. The molecular and cellular mechanisms
underlying hepatic injury in NAFLD and NASH are still unknown. This review describes the roles of
oxidative stress and inflammatory responses in the pathogenesis of NAFLD and its progression to NASH.
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Introduction
Nonalcoholic fatty liver diseases (NAFLDs) are a
group of chronic liver disorders which have garnered
attention in recent years as emerging health problems
worldwide. Up to 35% of adults in the United States
are believed to be affected. The clinical spectrum of
NAFLDs ranges from simple fatty change to nonalco-
holic steatohepatitis (NASH), which is characterized
by cytolytic changes in hepatocytes (i.e. ballooning
degeneration, Mallory bodies, and lobular inflam-
mation). Although NAFLD is mostly benign,
20–30% of the patients develop NASH which may
eventually progress to hepatic cirrhosis.1,2

While the reason why some patients with NAFLD
show signs of chronic liver injury, while others do
not remains elusive, a ‘two-hit’ theory has been postu-
lated to help explain the mechanisms behind the devel-
opment of advanced NAFLD. The ‘first hit’ is fat
accumulation which is believed to sensitize the liver,
triggering an inflammatory process that results in stea-
tohepatitis and fibrosis.3 Although the exact nature of

the ‘second hit’ has yet to be fully described, extensive
research has identified several possible mechanisms,
including oxidative stress (OS)-induced inflammation
with lipid peroxidation, cytokine activation as well as
excess production of reactive oxygen and nitrogen
species (ROS/RNS).4 The association between
insulin resistance (IR) and hepatocellular fat accumu-
lation has also been well documented.5

The role of OS in NAFLD/NASH remains poorly
understood, and it is widely believed that elucidation
of the pathophysiological mechanisms involved may
help to develop noninvasive diagnostic and thera-
peutic options for this condition. This article offers
an updated review of current researches on the role
of OS and anti-oxidant mechanisms in the develop-
ment of NAFLD/NASH.

The synthesis and cellular sources of ROS
Molecular oxygen, which readily accepts electrons, is
the main source of radicals in biological systems, the
most important of which being the hydroxyl radical
(•OH), nitric oxide radical (NO•) and the superoxide
anion (O2

•−). These unstable and reactive radicals are
natural by products of intracellular metabolism and
from exogenous substances, which have the ability to
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react with biological compounds including proteins,
free fatty acids (FFA), and DNA.6 While the main
endogenous intracellular sources of ROS are mito-
chondria, endoplasmic reticulum (ER), and peroxi-
somes, superoxide anion radicals (O2

•−) are produced
as a result of enzymatic activity, such as with xanthine
oxidase (XO) and cytochrome P450 metabolism.7,8

Normally, there is a fine balance between pro-
oxidant and antioxidant mechanisms, and OS has
long been recognized as a key mechanism responsible
for liver damage and disease progression in NAFLD,
is believed to occur due to an imbalance in favor of
prooxidation.9 Accumulating evidence suggests that
mitochondrial dysfunction plays a significant role in
steatosis and steatohepatitis. Mitochondrial dysfunc-
tion results in ROS overproduction, and the ensuing
increase in lipid peroxidation and protein oxidation
has a detrimental effect on fat homeostasis in the
liver. Mitochondria remain the main source of ROS
in hepatocytes, although other subcellular organelles
have also been shown to participate in this
process.9,10 In fact, peroxisomes are able to oxidize
long-chain FFA more rapidly than mitochondria,
thus increasing a cell’s capacity to metabolize FFA.
However, H2O2 which is an end-product of peroxiso-
mal β-oxidation is easily converted into the highly
reactive OH radical.10 Chronic ER stress may also
contribute to OS, by promoting toxic accumulation
of ROS which trigger other signaling pathway within
the cell. The relationship between ER stress and OS
works both ways since ROS generated through inflam-
mation or damage to organelles (e.g. mitochondria)
may also accelerate ER dysfunction.11,12 The toxic
effects of long-chain fatty acids are circumvented
by lipo-oxygenation via microsomal cytochromes,
CYP2E1 and CYP4A, with subsequent release of
ROS. Microsomal and peroxisomal oxidation nor-
mally play a minor role in the metabolism of fatty
acid, but may become more involved when low
CYP2E1 levels result in accumulation of long-chain
fatty acids.13,14 Emery et al.15 have documented that
CYP2E1 levels increased in morbidly obese patients
with NAFLD.

ROS may also interact with polyunsaturated fatty
acids (PUFAs). The resultant induction of lipid per-
oxidation within the cell leads to the formation of 4-
hydroxy-2-nonenal (4-HNE) and malondialdehyde
(MDA) (Table 1), which have longer half-lives than
ROS, but can freely diffuse into the extracellular
space to affect distant cells, therefore amplifying the
effects of OS. It would seem that all endogenous intra-
cellular sources of ROS (mitochondria, XO, ER,
CYP2E1, and peroxisomes) contribute to disease pro-
gression in NAFLD.

Decreased antioxidant defense and increased
lipid peroxidation in liver cells
Oxidative stress occurs as a result of either excessive
production of ROS within the hepatocyte or reduced
antioxidant defences. The major antioxidant
enzymes, copper/zinc superoxide dismutase (Cu/Zn
SOD) and manganese-superoxide dismutase (Mn-
SOD), which are mainly present in the cytoplasm
and mitochondria, promote the reduction of O2

•− to
H2O2. Another antioxidant enzyme, glutathione per-
oxidase (GPx), facilitates the subsequent conversion
of H2O2 into H2O.6,16 A breakdown in antioxidant
defenses has been proven to play a significant role in
OS associated with NASH, as evidenced by decreased
hepatic glutathione (GSH) and diminished SOD, GPx,
catalase, and glutathione transferase activities in corre-
lation with disease severity.8,17 Yesilova et al. observed
an increase in serum oxidative markers (e.g. MDA)
which was paralleled by a decrease in the activity of
antioxidants (coenzyme Q10, Cu/Zn SOD, and cata-
lase activity) in patients with NAFLD. Investigators
also reported on a significant correlation between
severity of liver disease and IR.18 Low levels of mito-
chondrial GSH have also been reported in a murine
model of NASH, and it has been suggested that
increased levels of cholesterol within the inner mito-
chondrial membrane may have contributed to this
reduction.8

Thioredoxin (Trx) plays an essential role in cell
function as it limits OS directly via its antioxidant
properties and also indirectly by proteins interaction
with key signal transduction molecules. Sumida et al.
reported on higher serum levels of Trx in patients
with NASH compared to those with simple steatosis
or healthy volunteers.19 A similar result was also
reported in a comparison between patients with
NASH and healthy controls.20

NAFLD is characterized by fat accumulation in
hepatocytes, which provides a potential substrate for
lipid peroxidation and ROS toxicity. Ensuing excessive
ROS production enhances lipid peroxidation which
subsequently leads to the formation of other reactive
metabolites in the liver, such as 4-HNE and MDA.
IR is another contributing factor, leading to increased

Table 1. Potential noninvasive diagnostic biomarkers of
hepatic oxidative stress in NAFLD/NASH

Products of oxidative stress, which is parallel to increase of ROS
Malondialdehyde
4-Hydroxy-2-nonenal
F2-isoprostanes
3-Nitrotyrosine
8-Hydroxy-2′deoxyguanosine
Xanthine oxidase
CYP450 enzyme isoforms (CYP2E1 and CYP4A)

Enzymatic anti-oxidants: SOD, GPx, Catalase, and GSH
reductase

Non-enzymatic anti-oxidants: GSH, thioredoxin, ferritin, bilirubin,
uric acid, and vitamins (e.g. E, C)
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production of ROS in the liver, higher levels of hepatic
lipid peroxidation, and decreased antioxidant capacity
in the plasma21,22 (Fig. 1).

Mitochondrial dysfunction in NAFLD
Mitochondrial dysfunction and OS play a central role
in the pathophysiology of NAFLD/NASH, regardless
of initial cause (e.g. drug-induced or IR-related),
although the underlying mechanisms remain unclear.
They have been shown to participate at various levels
in NASH pathogenesis, by impairing fat metabolism
and consequently increasing OS and cytokine pro-
duction, which trigger cell death and promote inflam-
mation.8,9 The formation of ROS and RNS, GSH
depletion and protein oxidation are major events
associated with mitochondrial dysfunction, which rep-
resent critical initiating events for the development of
NAFLD.23 The loss of mitochondrial function leads
to secondary inhibition of the β-oxidation of lipids,
further increasing the steatosis and starting a vicious
circle. This is further complicated by the presence of
obesity and IR, which in themselves are associated
with an imbalance between uptake/synthesis and oxi-
dation/export of fatty acids and accumulation of tri-
glycerides in hepatocytes.9,24 ROS generation in a
lipid-rich environment in turn induces lipid peroxi-
dation and which may lead to the release of highly
reactive aldehydic derivatives (e.g. MDA) that have
diverse detrimental effects on hepatocytes and other
liver cells. ROS and other products of lipid peroxi-
dation further impair the respiratory chain in hepato-
cytes which is also an important subcellular source of
ROS. Impaired oxidative phosphorylation resulting in
reduced hepatic ATP synthesis and increased ROS

production has been reported in patients with
NASH.9,25 Uncoupling protein 2 (UCP-2) is an
inner mitochondrial protein that becomes abundant
in hepatocytes of fatty liver, and its expression in phys-
iological circumstances is mainly limited to Kupffer
cells. Increased expression of UCP-2 in the livers of
patients with NAFLD has been shown to reflect
impaired oxidative phosphorylation.8

Alterations in mitochondrial morphology, impaired
mitochondrial bioenergetics, increased mitochondrial
lipid peroxides, and decreased ATP content have also
been described in a variety of models of fatty liver
disease.26,27 The peroxisome proliferator activated
receptor-α (PPAR-α) regulates the expression of mito-
chondrial and peroxisomal β-oxidation enzymes
involved in the metabolism of lipids. PPAR-α is acti-
vated by long-chain FFAs, and its activation also
increases expression of UCP-2 mRNA. Increased
expression of hepatic PPAR-α mRNA has also been
demonstrated in different genetic models of obesity
and massive steatosis.8,28

Under normal physiological conditions, fatty acids
are deposited predominantly via mitochondrial oxi-
dative pathways. Significant increase in mitochondrial
oxidation is believed to be the main source of ROS in
NAFLD6 (Fig. 1). The resultant increase in mitochon-
drial ROS augments lipid peroxidation to release more
reactive aldehydes, further damaging mitochondrial
DNA (mtDNA) and respiratory chain polypeptides.29

In summary, mitochondrial dysfunction not only
impairs fat homeostasis in the liver but also leads to
an overproduction of ROS which is considered to be
an important factor in producing lethal hepatocyte
injury associated with NAFLD.8,30

Figure 1 Basic mechanistic model associated with oxidative stress in the pathogenesis of NAFLD and progression to NASH.
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Effects of inflammation and oxidative stress in
NASH
Recent studies have suggested several possibilities,
including inflammation caused by OS associated
with lipid peroxidation, cytokine activation, NO and
endogenous toxins of fructose metabolites.3,4

Mitochondrial dysfunction not only facilitated the
production of ROS, but also contributes to the pro-
gression of NAFLD by inducing hepatic inflamma-
tory cytokines. It has been postulated that obesity,
IR, and adipokine/cytokine networks induce both
liver fat accumulation and NASH development.31

ROS along with products of lipid peroxidation result
in increased release of several cytokines (tumor necro-
sis factor-alpha (TNF-α), Fas ligand) which playing a
key role in cell death, inflammation, and fibrosis8,9

(Fig. 1). Besides the membrane damage caused by
lipid peroxidation, protein damage has also been
shown to develop as a consequence of OS. The alde-
hyde end products of lipid peroxidation are well-docu-
mented proinflammatory mediators which activate
stellate cells, leading to increased collagen synthesis
and subsequent development of liver fibrosis.32

Although higher levels of lipid peroxidation activity
have been demonstrated in the livers of patients with
NASH compared to those with simple steatosis,
results of studies investigating the association
between systemic levels of lipid peroxidation products
and hepatic necroinflammatory activity have been
inconsistent.29

Lipid peroxidation, release of inflammatory
cytokines, and cell death are the consequences of
ROS-mediated mechanisms. Biologically active lipid
peroxidation products and cytokines act together by
inducing hepatic inflammation leading to the develop-
ment of diverse hepatic lesions associated with
NASH.8 The inflammatory response is induced as a
result of upregulation of pro-inflammatory cytokines
including TNF-α, interleukin (IL) 1, and IL-6,33,34

which play an important role in directing polymorpho-
and mono-nuclear leukocytes into inflamed tissues.
Research on serum levels of TNF-α and IL-6 in
patients with NASH has so far produced inconsistent
results.35 A positive correlation has been reported
between hepatic IL-6 expression, stage of fibrosis,
and degree of systemic IR.36,37 Moreover, activation
of Kupffer cells and expression of death receptor
Fas-ligand12 has been shown to be associated with
increased necrosis via activation of caspases and Fas-
ligand mediated cell death.14,38

The effects of TNF-α in NASH are enhanced
through an abnormal cytokine profile, and increased
expression of the TNF-α-receptor in the liver.39 This
contributes to additional lipid peroxidation of mito-
chondrial membranes, hence worsening their function

and further inducing OS.38 Adipose tissue shows pro-
minent deregulation of genes related to inflammation
in patients with NASH. Induction of NADPH
oxidase by TNF-α also leads to inflammation
through TNF receptor-1 expression and nuclear
factor kappa B (NF-κB) activation.14,40

The association of elevated serum iron values and
increased hepatic tissue ferritin deposition with
hepatic inflammation and IR in patients with NASH
has been well established.34,41 On the other hand,
ROS and lipid peroxidation cause direct damage to
hepatocytes by affecting membranes, proteins, and
DNA.42 Ensuing damage to nuclear and mtDNA
results in necro-inflammation, particularly in the
nuclei/cytoplasm of hepatocytes and sinusoidal
cells.42,43 ROS also trigger NF-κB activation, which
in turn induces triggers TNF-α synthesis and conse-
quently mtDNA damage.44 Increased levels of 8-
hydroxy-2′deoxyguanosine (8-OHdG), which is a
modified DNA base product generated by ROS, are
indicative of due to nuclear and mtDNA damage,
and have been demonstrated to correlate with grade
of inflammation.42

Hepatic inflammation and fibrogenic progression
are pivotal features in the pathogenesis of steatohepa-
titis. Although hepatocyte damage and OS are
believed to be the initial triggers of inflammation,
additional factors such as mitochondrial dysfunction
and ER stress have also been implicated as contribu-
tory factors in the progression of NAFLD to
NASH, by promoting the generation of signals and
mediators of inflammation.

Markers of iron metabolism in NAFLD/NASH
In recent years, a strong link has been demonstrated
between iron overload and several manifestations of
the metabolic syndrome including NAFLD. It has
been argued that increased ferritin levels observed in
the majority of patients with NASH is due to the
underlying necro-inflammatory condition which facili-
tates the release of tissue iron and ferritin into the
blood.25,45 Mendler et al.46 were the first to suggest
the presence of a possible link between hepatic iron-
overload and IR. The association between NASH
and IR has recently been described as a ‘new iron over-
load syndrome’ characterized by hyperferritinemia.
The dysmetabolic iron overload syndrome has now
been established as a frequent finding in the general
population, occurring in about one-third of patients
with NAFLD and the metabolic syndrome. Altered
regulation of iron transport associated with steatosis,
IR, and subclinical inflammation, often in the pres-
ence of predisposing genetic factors are considered
the main contributors to iron overload.47 Although
iron-associated OS is believed to play at least a
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partial role in the pathogenesis in NAFLD/NASH,
the exact mechanisms behind deposition of hepatic
iron remain unknown. One of the clinical features of
NASH is the buildup of iron in the liver accompanied
by increased level of serum ferritin, which is highly
suggestive of a central role of iron in the disease
process.34,48 It is well known that iron generates
highly reactive hydroxyl radicals through the Fenton
reaction, and the resultant ROS may contribute to
liver damage.6 While ROS induce peroxidation of
PUFAs and nucleic acids,49 lipophilic antioxidants,
such as vitamin E, have been shown to decrease hepa-
tocellular damage in NASH.47. A role of iron overload
in oxidative DNA damage has also been suggested.
Significant increases in hepatic 8-OHdG generated
by OH radicals have been reported in patients with
NASH, particularly in correlation with iron overload,
IR, and severity of hepatic steatosis.47,50

Diagnostic biomarkers and therapeutic targets
The value of research so far has been limited by lack of
reproducibility or failure to accurately distinguish
basic steatosis from more advanced situations.
Investigators have stressed on a need for the discovery
of new biomarkers in an effort to support a diagnosis
of NAFLD.51 To date, there is no routine biomarker
for NAFLD and liver biopsy remains the gold
standard for diagnosis. Nevertheless, there is a
growing consensus that NAFLD could be diagnosed
accurately without the need for liver biopsy, using a
combination of clinical history, laboratory tests, and
ultrasound.52

Previous studies have demonstrated elevated levels
of MDA and 4-HNE in up to 90% of NASH patients
compared to those with steatosis, a result indicative of
increased OS. Levels of 4-HNE, which is mainly found
in hepatocyte cytoplasm and sinusoidal cells, have
been shown to correlate with grade of inflammation.
Other noninvasive markers of OS that have been pro-
posed include isoprostanes and 3-nitrotyrosine (3-NT),
the increased activities of which are believed to be
indicative of hepatic lipid peroxidation. Liver 3-NT
reactivity, a marker of RNS-induced stress, has been
shown to increase significantly in the presence of stea-
tosis.29 F2-isoprostanes are produced by nonenzy-
matic peroxidation of arachidonic acid, and
increased plasma and urine levels are widely regarded
as valuable biomarkers of lipid peroxidation.2

Significant elevations in F2-isoprostanes have been
reported in patients with NASH53 as well as in rat
NAFLD models, findings which support a role of
OS in the steatotic liver.
Elevated 8-OHdG content in hepatic mtDNA has

been demonstrated in patients with NAFLD42.
Furthermore, higher levels of 8-OHdG expression in
the liver as well as urinary excretion has been reported

in patients with NASH compared to healthy
controls.54

Multiple interrelated factors such as IR, OS, inflam-
mation, and genetic predisposition, all contribute to
the development of NAFLD, each of which is poten-
tial therapeutic target. Lower levels of serum antioxi-
dants are present in patients with NASH, and
depletion of antioxidants via lipid peroxidation and
ROS renders the liver more susceptible to oxidative
damage. When administered, the lipophilic antioxi-
dant vitamin E acts to counteract this decrease in
levels of antioxidant enzymes, thus slowing pro-
gression of NAFLD to NASH. A beneficial effect of
vitamin E was demonstrated in steatohepatitis mice
fed with a methionine–choline-deficient diet, evi-
denced by a decrease in liver enzymes as well as a
reduction in histological steatosis and necroinflamma-
tion scores. The naturally occurring thiol antioxidant,
alpha lipoic acid, has been shown to have a hepatopro-
tective effect associated with reduced expression of
CYP2E1 and decreased ER stress, while also reducing
the activity of mitogen-activated protein kinases and
NF-κB.55

Conclusion
The undeniable role of OS in the pathogenesis of
NAFLD has been evidenced by the detection of sig-
nificant increases in markers of oxidative damage of
lipids (MDA, 4-HNE), proteins (3-NT content), and
DNA (8-OH-dG), paralleled by a reduction in antiox-
idant mechanisms, including a decrease in levels of
coenzyme Q10 and GSH levels as well as a reduction
in the activity of SOD, GPx, and catalase. Other sup-
porting findings include an increase in Trx and the
induction of iNOS and CYP2E1.18,19,42 These
changes are manifested by a significant increase in
serum levels of MDA and 4-HNE levels, as has been
demonstrated in patients with steatohepatitis com-
pared to those with simple steatosis.56 The importance
of the above contention is highlighted by the lack of a
drug therapy that is effective for NAFLD at present,57

suggesting potentially attractive therapeutic targets to
improve insulin sensitivity in obese NAFLD patients.
Better understanding of the role of OS and inflamma-
tory response in the pathogenesis of NAFLD and
NASH would help in the development new manage-
ment strategies.
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