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Non-alcoholic steatohepatitis (NASH), a cause of
cirrhosis and hepatocellular carcinoma, is characterized
by fatty infiltration of the liver, inflammation, hepato-
cellular damage and fibrosis. Progress has been made in
understanding the molecular and cellular mechanisms
implicated in the pathogenesis of this condition, there-
fore, we here review recent developments regarding the
basic mechanisms of NASH development. Accumulation
of triglycerides in the hepatocytes is the result of
increased inflow of free fatty acids and de novo lipogen-
esis. Steatosis leads to lipotoxicity, which causes apop-
tosis, necrosis, generation of oxidative stress and
inflammation. The resulting chronic injury activates a
fibrogenic response that leads eventually to end-stage
liver disease. A better understanding of these mechan-
isms is crucial for the design of novel diagnostic and
therapeutic strategies.

Introduction to the problem
The term non-alcoholic steatohepatitis (NASH) (see Glos-
sary; Box 1) was coined initially by Ludwig to describe
histopathological findings typical of alcoholic liver disease
in a group of patients without significant alcohol consump-
tion [1]. NASH is observed in a subset of patients with non-
alcoholic fatty liver disease (NAFLD), defined as fat
accumulation in the liver exceeding 5–10% by weight.
The clinical relevance of these conditions is related to
the high prevalence of NAFLD in the general population
and to the possible evolution of NASH towards end-stage
liver disease, including hepatocellular carcinoma, as well
as the need for liver transplantation [2].

NAFLD is considered the hepatic manifestation of the
metabolic syndrome, a cluster of closely related clinical
features linked to visceral obesity and characterized by
insulin resistance, dyslipidemia and hypertension [3].
With the rapidly increasing prevalence of the metabolic
syndrome in the general population, NAFLD has become
the most common cause of liver disease in Western
countries [2]. Hepatocellular injury, inflammation and

fibrosis are hallmarks of NASH, which are observed in
only a fraction of subjects with NAFLD, although the
exact mechanisms leading fromNAFLD to NASH are still
largely unknown. In recent years, a large amount of
information on the mechanisms of fat infiltration,
damage, inflammation and fibrosis in NASH has become
available. This review summarizes recent data that
have been generated on this topic. An understanding of
these aspects is crucial in this rapidly moving field, in
which developments in basic science are translated
quickly into diagnostic and/or therapeutic applications.
Data discussed herein are derived from studies on clinical
pathophysiology, cellular and molecular biology and
animal experimentation. The animal experimentation
is performed in several different models and the most
commonly used, or of greatest relevance to the present
review, are reported in Table 1.

Review

Glossary

Adipokines: cytokines produced predominantly at the level of adipose tissue.

Their action is both local (autocrine or paracrine) and distant (hormonal).

Adipokines produced by visceral fat target the liver primarily through the portal

circulation.

De novo lipogenesis: endogenous synthesis of FFAs within the liver.

Hepatic stellate cells: these surround the sinusoids in the normal liver, where

they have a ‘quiescent’ state. After injury, these cells ‘activate’ and acquire

features that are relevant for the development of fibrogenesis.

Non-alcoholic fatty liver disease (NAFLD): fat accumulation in the liver of

subjects with absent or low (<20–30 g/day) alcohol consumption.

Non-alcoholic steatohepatitis (NASH): the histological picture observed in a

subset of patients with NAFLD. Besides fatty infiltration, variable degrees of

hepatocyte damage, inflammation and fibrosis are present.

Peroxisome proliferator-activated receptors (PPARs): molecules belonging to

the family of nuclear hormone receptors. Regulate transcription on binding

with ligands. Transcriptional activity is modulated by a wide number of co-

activators and co-repressors.

Reactive oxygen species (ROS) and reactive nitrogen species (RNS): highly

reactive molecules, the levels of which can increase dramatically during

different types of stress, resulting in damage to cell structures. This cumulates

into a situation defined as oxidative stress.

Thiazolidinediones: a class of antidiabetic drugs that function as PPAR-g

ligands.

Visceral adiposity: fat accumulation inside the abdominal cavity, localized

mostly in the omentum. Products of this type of adipose tissue are drained by

the portal circulation.
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Factors leading to fat accumulation in the liver
Accumulation of fat, mainly in the form of triglycerides, is
the sine qua non for the development of NAFLD and
NASH. The dynamics of lipid in the hepatocytes is both
under control of distantly produced hormones (primarily
insulin) and locally generated factors and represents the
result of complex interactions among multiple cell types
located in different tissues.

Insulin resistance

Insulin resistance (IR) is usually regarded as an impair-
ment in peripheral (i.e. skeletal muscle) glucose metab-
olism because themuscle is quantitatively themajor site of
insulin-stimulated glucose uptake. To overcome IR and
promote glucose storage, insulin-resistant subjects
increase insulin secretion and reduce insulin clearance
[4], resulting in metabolic changes in other tissues
(Figure 1). Insulin is a potent inhibitor of hepatic endogen-
ous glucose production (HGP), which is impaired in the
presence of hepatic insulin resistance [5]. Another import-
ant target of IR is adipose tissue, in which the antilipolytic
effect of insulin is reduced, resulting in an increased
release of free fatty acids (FFAs) into the systemic circula-
tion.

Subjects with NAFLD are highly insulin resistant at the
level of: (i) muscle because they exhibit reduced glucose
uptake [6]; (ii) liver because they show impaired suppres-
sion of HGP [6,7] and (iii) adipose tissue because they
exhibit high lipolytic rates and increased circulating FFAs
[6,8]. IR in NAFLD is a primary defect independent of

obesity and/or diabetes, as shown recently in non-obese,
non-diabetic subjects with NAFLD [6]. The presence of
diabetes worsens the problem because these subjects tend
to accumulate more abdominal fat (both hepatic and vis-
ceral), which is correlated strictly to the degree of both
peripheral and hepatic IR [9].

Sources and dynamics of hepatic lipids

The mechanism(s) responsible for the increase in hepatic
fat accumulation is unclear and little information is avail-
able on the time course of the development of hepatic
steatosis. Animal models indicate that the liver might
accumulate lipids within a few weeks and even a few days
[10]. It has been suggested that fatty liver might result
from increased delivery of fatty acids, impaired hepatic
fatty acid oxidation and/or impaired synthesis or secretion
of very low-density lipoprotein (VLDL). Among these fac-
tors, the increased flow of FFAs to the liver is considered as
the most important. There is general agreement that
NAFLD subjects have increased lipolysis and high circu-
lating FFA levels; tracer studies have shown that neither
hepatic nor total lipid oxidation is reduced but rather
increased [6,8]. Elevated secretion of VLDL is also
observed in these subjects [11]. The increased availability
of FFAs to the liver might be multifactorial depending on
increased release of fatty acids from adipocytes, excess
lipid content in the diet or increased de novo lipogenesis
(DNL) (i.e. endogenous FFA synthesis in the liver) [12]
(Figure 1). Animal and human studies indicate that vis-
ceral adipose tissue is the major source of the increased
FFA flow to the liver. Increased visceral fat has been
associated with hepatic IR [7,9] because visceral fat is
highly lipolytic and FFAs are released directly into the
portal vein. Animals administered with high-fat feeding
show both hepatic steatosis and impaired suppression of
HGP, whereas, in humans, hypocaloric, low-fat diets
decrease hepatocellular lipid levels by 40–80% [13]. Thus,
it has been postulated that preferential influx of FFAs
through the portal circulation is a relevant determinant
of hepatic lipid accumulation. High splanchnic lipid flux is
observed not only after high fat meals but also during
fasting conditions in subjects with predominantly abdomi-
nal obesity [14]. Accordingly, visceral fat accumulation has
been associated with NAFLD because a strong correlation
exists between visceral and liver fat content [7,9]. DNL
might be another important source of hepatic FFAs.
Although the contribution of DNL during fasting is rather
small (�5%) in normal subjects, in patients with NAFLD,
DNL is elevated, with rates of approximately 25% [15].
DNL requires transcription of lipogenic genes, which is
stimulated by insulin through sterol regulatory element
binding protein 1 (SREBP-1) and by glucose through carbo-
hydrate-response element-binding protein [16].

Adipokines

The enlargement of adipose tissue and in particular of
visceral fat has been associated with a decreased release
of insulin-sensitizing and anti-inflammatory cytokines and
increased expression of proinflammatory molecules. IR is
associated with adipose tissue inflammation, which
modifies adipokine secretion. Recent evidence indicates

Box 1. Non-alcoholic steatohepatitis (NASH) in a nutshell

� It is observed in a subset of patients with NAFLD (daily alcohol

intake �20 g/day).

� The metabolic syndrome (central obesity, hyperglycemia, dysli-

pidemia and hypertension) is a major risk factor for fatty liver and

NASH.

� Besides fatty infiltration of the liver, NASH is characterized by

histological evidence of inflammation, hepatocellular damage

(ballooning, Mallory bodies) and/or fibrosis.

� More severe insulin resistance, susceptibility to oxidative stress,

cytokine imbalance favoring inflammation and a ‘profibrogenic’

phenotype have been proposed as factors involved in the

progression from bland steatosis to NASH.

� In the absence of NASH, simple steatosis is considered benign,

although it might worsen the course of chronic viral hepatitis or of

alcoholic liver disease.

� Most patients with NAFLD are referred to physicians for mild

elevations in liver enzymes (aminotransferases and/or gGT) and/

or for detection of a ‘bright liver’ on abdominal ultrasound.

� Magnetic resonance spectroscopy enables a precise measure-

ment of the amount of fat in the liver.

� No imaging technique has the capability to differentiate NASH

from simple steatosis; this is only achieved by liver biopsy.

� In a fraction of patients, NASH progresses to severe fibrosis,

cirrhosis and liver decompensation. Evolution of NASH is now

considered the cause of the majority of cases formerly defined as

‘cryptogenic cirrhosis’.

� As in other forms of cirrhosis, the appearance of hepatocellular

carcinoma might occur as a consequence of NASH evolution.

� Diet (leading to reduction of body weight) and an increase in

physical activity have proven beneficial for patients with NAFLD.

� No drugs are approved currently for the treatment of NASH.

Individual components of the metabolic syndrome should be

treated according to the existing guidelines.
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that the chemokine monocyte chemoattractant protein-1
(MCP-1) is involved in the generation of adipose tissue
inflammation via an increased recruitment of macro-
phages, leading to fatty liver and insulin resistance [17].

Subjects with NAFLD exhibit decreased adiponectin
levels [18], which are correlated negatively with hepatic
TG content. The direct role of adiponectin inNAFLD is still
unclear, but this hormone is supposed to improve primarily
glucose and lipidmetabolism. Adiponectin also inhibits the
expression of several proinflammatory cytokines [19], in-
cluding tumor necrosis factor (TNF)-a. Leptin is also
involved in the accumulation of hepatic TG through the
regulation of fat and its distribution [20] and the modu-
lation of hepatic oxidation [21]. A suggestedmechanism for
the accumulation of hepatic TG could therefore be a resist-
ance to leptin action independently of IR [20]. Leptin also
has a multifunctional role in inflammation, acting as a
proinflammatory stimulus [22]. Among other factors
released within adipose tissue, TNF-a promotes lipolysis
and increases FFAs; both TNF-a and interleukin (IL)-6 are
related to mitochondrial dysfunction. The role of resistin is
still unclear. Resistin is produced by adipocytes and mono-
nuclear cells in rodents and mainly by stromal cells of
adipose tissue in humans [23]. Although plasma-resistin
levels correlate with hepatic TG and are decreased during
pioglitazone treatment, its circulating levels are not
increased with increased body-mass index or with insulin

resistance and are not elevated uniformly in Type 2 dia-
betes [23]. Intrahepatic resistin is increased in patients
with NASH and inflammatory cells contribute to its
expression [24]. Recently, the proinflammatory action of
visfatin, a protein produced preferentially by visceral adi-
pose tissue, has also been reported [25]. In spite of the
different molecules involved in the inflammatory cyto-
kines, the role of each of these factors and the interconnec-
tion among each other needs still to be elucidated.

Peroxisome proliferator-activated receptors

Three isoforms of peroxisome proliferator-activated recep-
tors [(PPARs); PPARa, PPARg and PPARb (or d)] have
been identified and are believed to have a central role in
the sensing of nutrient levels and in the regulation of lipid
and glucose metabolism [26]. Synthetic ligands for PPARg

(thiazolidinediones) and PPARa (fibrates) are used in the
treatment of diabetes and dyslipidemia. PPARg agonists
augment insulin-mediated adipose tissue uptake and sto-
rage of FFAs and also inhibit hepatic fatty acid synthesis
through the activation of adenosine monophosphate
(AMP)-activated protein kinase (AMPK) [27]. Thus, local
effects of PPARg agonists in adipose tissue can result in
reduced IR in distant sites, leading to a reduction of
circulating FFAs, glucose production, visceral fat accumu-
lation and liver steatosis [5,28]. Both PPARa and PPARg

have anti-inflammatory actions [27] and reduce adipose

Table 1. Animal models for the study of NAFLD and NASHa

Aspect

investigated

Description Limitations

Thrifty genotype Psammomys obesus (sand rat) is a gerbil that shows normal metabolic

parameters when fed a low-calorie diet, whereas, on standard chow, it

develops all the parameters of the metabolic syndrome,

aminotransferase elevation and macrovesicular steatosis [78]

The possibility of a pathogenetic cascade leading

from the thrifty genotype to the metabolic

syndrome and to NAFLD or NASH remains to be

determined

Diet-induced

thermogenesis

A contribution to obesity is provided by abnormalities in energy

expenditure, which depends in part on adaptive thermogenesis.

Adaptive thermogenesis involves sensing of dietary excesses, leading to

an increase in energy expenditure, that is, ‘diet-induced thermogenesis’.

The sympathetic nervous system is the efferent pathway by which the

brain regulates adaptive thermogenesis and mice lacking all three b-

adrenergic receptors (b-less mice) have been created [79]. When fed a

hypercaloric diet, b-less mice develop massive obesity, due entirely to a

defect in diet-induced thermogenesis

The target tissues of the sympathetic nervous

system in mediating diet-induced thermogenesis

are still unknown. No data on the development of

insulin resistance, NAFLD and NASH are available

on b-less mice

Models of

insulin

resistance

Mutations in the obese (ob) or diabetes (db) genes prevent the synthesis

(ob/ob mice) or the effects (db/db mice and fa/fa rats) of leptin, a satiety

hormone that inhibits feeding and increases energy expenditure. These

strains share a common phenotype, being hyperphagic, obese, diabetic

and hyperlipidemic, with expanded white adipose tissue mass [22].

Increased expression of TNF-a and relatively low levels of adiponectin

promote lipolysis and FFA release. Activated sterol regulatory element

binding protein (SREBP)-1c promotes de novo lipogenesis

These models have been studied extensively,

although the ob mutation is not prevalent in the

human situation. Leptin levels correlate poorly

with the development of NASH. Little or no

fibrosis is observed in these animals

Models of

NASH

Feeding mice or rats with a methionine- and choline-deficient diet (MCD)

leads to the development of steatosis, inflammation and fibrosis. MCD

impairs VLDL assembly and secretion, reduces mitochondrial b-oxidation

and leads to induction of CYP2E1 expression, which induces ROS

production, mtDNA damage and apoptosis, with hepatic stellate

activation and extracellular matrix deposition [38]. Rats administered a

high-calorie diet containing 49% saturated fat develop visceral obesity,

increased levels of portal FFA, hepatic insulin resistance and increased

ROS production. Steatosis is associated with hepatocyte ballooning,

inflammation and apoptosis [80]

The MCD model does not replicate the phenotype

or the pathogenetic mechanisms of human NASH

because animals are cachectic, have low plasma

triglyceride levels and reduced liver weight/body

weight ratio and no insulin resistance. Collagen

deposition is evident after 6 months of the

high-fat diet

aSeveral animal models have been proposed to investigate the different aspects that lead to NASH, although their ability to mirror the genetic or environmental abnormalities

observed in human beings might be limited. This table reports some of the aspects that might be investigated in rodent models, relevant for the exploration of mechanisms

leading to NASH. For detailed information on animal models of steatosis, please refer to [81].
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tissue-derived circulating factors that could promote IR. In
particular, PPARg agonists increase adiponectin levels
and reduce resistin, TNF-a, IL-6 and C-reactive protein
levels in Type 2 diabetes patients and in patients with
NASH [29,30]. PPARg-induced increases in plasma
adiponectin could also mediate some of the insulin-sensi-
tizing effects of PPARg agonists. Recently, treatment with
thiazolidinedioneswas found to increase adiponectin levels
in NASH patients and this change was correlated with the
improvement in hepatic steatosis [30].

Mechanisms of damage in fat-laden hepatocytes
Fat accumulation in the cell might induce cytotoxicity
either directly or through sensitization to other agents.
Metabolic dysregulation, mitochondrial impairment and
oxidative stress have a significant role in determining
hepatocyte damage and result in profound changes in gene
expression, leading ultimately to apoptosis and contribut-
ing to the inflammatory process [31].

Mitochondrial dysfunction and oxidative stress

Mitochondria are involved in both FFA b-oxidation and
reactive oxygen species (ROS) generation. Patients with
NASH are characterized by abnormal mitochondria from
both a functional and a morphological point of view.
Accumulating evidence indicates that respiratory-chain
defects are a key determinant of mitochondrial dysfunc-
tion [32]. Mitochondrial dysfunction is mainly the

result of IR and the excess of FFAs (lipotoxicity). Mito-
chondrial impairment causes enhanced ROS production,
which, in turn, initiates a self-sustaining loop that leads
to chronic organelle damage. In fact, malondialdehyde
and 4-hydroxynonenal, resulting from cellular lipid
peroxidation, are able to inhibit cytochrome c oxidase
of mitochondrial complex IV and ROS per se might
damage both mitochondrial DNA (mtDNA) and iron–
sulphur cluster enzymes of the respiratory chain [33].
Inflammatory cytokines, including TNF-a, also contrib-
ute to mitochondrial dysfunction by interfering with the
mitochondrial respiratory chain and by forming super-
oxide anion [34]. An indirect effect of TNF-a in promot-
ing mitochondrial dysfunction is the increased
production of reactive nitrogen species (RNS) as a con-
sequence of nitric oxide synthase 2 (NOS2) induction.
RNS might inactivate proteins of the mitochondrial
respiratory chain functionally through nitration of tyro-
sine residues or the intermediate formation of S-nitroso-
cysteine or S-nitroso-glutathione [35] and might also
induce DNA damage [36]. The relevance of RNS for
mitochondrial dysfunction is confirmed by data obtained
in ob/ob mice, in which administration of uric acid,
which reacts with peroxynitrite to form inactive
nitrogenous urates, reduced cytochrome c nitro-tyrosine
formation and lipoperoxide content [37].

The excess FFA oxidation inmitochondria, peroxysomes
and microsomes as well as the activation of Kupffer cells

Figure 1. Mechanisms of fat accumulation in non-alcoholic steatohepatitis. Insulin resistance causes an influx of FFAs to the liver, owing to increased lipolysis, especially in

the visceral adipose tissue. Increased de novo lipogenesis and fat from the diet also contribute to the fatty-acid pool. Both VLDL generation and FFA oxidation are increased

and are sufficient to prevent intrahepatic lipid accumulation. Abbreviations: DNL, de novo lipogenesis; GNG, gluconeogenesis; ROS, reactive oxygen species; TG,

triglycerides; VLDL, very low-density lipoproteins.
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are also relevant sources of ROS, contributing to the
condition of oxidative stress typical of NASH. The
increased availability of FFAs determines the activation
of microsomal cytochrome P450 isoforms CYP2E1 and
CYP4A10/4A14, both involved primarily in FFA
v-oxidation, leading to an increased ROS production and
uncoupling mitochondrial respiration [32,38]. Accumu-
lation of cholesterol within mitochondria has been ident-
ified recently as an additional factor linking fatty
infiltration with the development of NASH [39].

Peroxisomal and microsomal b-oxidation cooperate in
limiting mitochondrial overload in the presence of excess
FFAs and it has been proposed that polymorphisms affect-
ing these pathwaysmight contribute to the pathogenesis of
NASH [40]. Of notice is the finding that a non-mitochon-
drial source of ROS, such as the NADPH-oxidase system of
Kupffer cells, is also activated in NASH models, probably
as a consequence of lipoperoxide or endotoxin phagocytosis
[41]. This pathway is also present in activated hepatic
stellate cells (HSCs), possibly contributing to the general
oxidative stress condition. Nonetheless, inactivation of
NADPH oxidase by genetic deletion of gp91phox was
shown recently to be ineffective in blocking cytokine pro-
duction and fibrogenesis in dietary steatohepatitis [42].

Effects of oxidative stress

Chemical modification of essential biomolecules by ROS
and RNS causes their functional inactivation and leads to
either cell death or to an adaptive cellular response, for
example, activation of redox-sensitive transcription factors
[43,44] (nuclear factor (NF)-kB, Nrf-1 and Sp-1), which
contributes to the production of proinflammatory and
fibrogenic mediators by Kupffer cells and HSCs. Interest-
ingly, and potentially relevant for the pathogenesis of
NASH, Houstis showed a causal connection recently be-
tween disequilibrium in ROS production and IR [45]. The
well established primary role of oxidative stress in the
pathogenesis of NASH is demonstrated by: (i) a significant
increase of markers of oxidative damage for lipids (i.e.
thiobarbituric acid reactive substances, malondialdehyde,
4-hydroxynonenal) [46,47], proteins (i.e. nitro-tyrosine
protein content) [8] and DNA (i.e. 8-OH-dG) [46], as well
as an increase in thioredoxin, a plasmatic oxidative stress
marker [48]; and (ii) a concomitant reduction of antioxidant
factors, including coenzyme Q10, CuZn-superoxide dismu-
tase, catalase activity, glutathione and glutathione S-trans-
ferase [47]. Thus, as described earlier, consequences of
oxidative stress are associated with promotion and main-
tenance of cellular damage, involving the mitochondrial
‘vicious cycle’ bothactingat local and systemic levels (Box2).

Hepatocyte cell death in NASH

In spite of their powerful antioxidant resources, hepatocytes
suffer from the cytotoxic effect of oxidative stress, leading to
cell death by necrosis and apoptosis, as well as triggering
inflammation [49,50]. Both the intrinsic (triggered by cel-
lular stress) and the extrinsic (induced by death receptors)
pathways are involved in the pathogenesis of NASH [50].
The finding that the anti-apoptotic Bcl-2 is significantly
elevated in NASH patients compared with controls [51] is
suggestive of a major involvement of the extrinsic pathway,

in which Bcl-2 action is secondary. Inhibition of apoptosis
induced by death receptors and evaluation of plasmatic
content of caspase-activity products (i.e. cytokeratin-18
fragments, as in [50]) are potentially promising targets
for non-invasive diagnosis and therapy of NASH.

Gene expression control and NASH

The complex changes in hepatocyte biology imply a
relevant alteration in the gene expression profile. In
patients with NASH, several cellular responses coexist,
involving apoptotic genes, lipid metabolism, chaperone
activity, extracellular matrix remodeling, mitochondrial
activity and nucleic acid metabolism, as well as genes
involved in the adaptive response to oxidative stress
[52]. The transcription factors Sp1 and Sp3 have been
identified as potential new factors in the development of
NASH, being responsible for the early activation of genes,
such as type I procollagen, which is involved in active
fibrogenesis [31,53], or CCAAT-enhancer-binding protein
b (C/EBP b), which is involved in lipid synthesis, the
inflammatory response and endoplasmic reticulum stress
[54]. Of interest is the recent finding of a role for the
transcription factorNrf-1 [44], a pivotal player in controlling
gene expression of antioxidant genes through the binding to
AU-rich element sequences, and the upregulation in NASH
biopsies [31] of apurinic/apyrimidinic endonuclease-1/redox
factor-1 (APE/Ref-1), a central coordinator of the adaptive
cellular response to oxidative stress. Interestingly, bothNrf-
1 and APE/Ref-1 are overexpressed in liver cancer [44]. A
new system emerging from gene-deletion studies is
represented by the phosphatidylinositol 3-kinase/Akt/phos-
phatase and tensin homolog (PTEN) pathway [55] because
PTEN-deficient mice display features characteristic of
NASH as well as hepatocellular carcinoma. Despite the
enormous amount of data provided by platforms for gene-
expression analysis, little information on proteins, both in
terms of expression levels and post-translational modifi-
cations, or on potential circulating biomarkers for the diag-
nosis of NASH is available currently. Future work in this

Box 2. Mechanisms leading to hepatocyte damage in NASH

� Excessive FFA oxidation can cause oxidative stress through

mitochondria, peroxisomes and microsomes.

� Plasmatic markers of oxidative stress are increased in NASH

patients.

� Increase in FFA (i) determines hyperactivation of microsomal

CYP450 enzyme isoforms CYP2E1 and CYP4A leading to an

increase in ROS production and (ii) acts in uncoupling mitochon-

drial respiration.

� NASH is characterized by functional and morphological mito-

chondrial abnormalities.

� Impairment of oxidative phosphorylation inhibits the respiratory

chain and b-oxidation, ultimately causing a marked impairment of

mitochondrial fatty acid oxidation and leading to ROS production.

� TNF-a secreted by adipose tissue, hepatocytes and Kuppfer cells

contributes significantly to mitochondrial dysfunction by promot-

ing ROS and RNS production by iNOS.

� Hepatocyte apoptosis (both by the intrinsic and the extrinsic

pathway) is involved in the pathogenesis of NASH.

� A deep alteration in gene expression profiles occurs during NASH

pathogenesis. The transcription factors Sp1 and Sp3, C/EBPb, Nrf-1

and NF-kB are actively involved in controlling inflammation and

fibrogenesis.
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direction isneeded to fully understandwhether somekind of
specificity can be ascribed to the onset ofNASHwith respect
to other etiologies and to provide the reliable availability
of serum biomarkers for non-invasive diagnosis for this
pathology.

It should be underscored that recent data indicate that
other factors, besides the overall amount of fat, might be
crucial for the induction of metabolic abnormalities, cell
damage and fibrogenic progression of NASH. Disruption of
the gene encoding the elongase Elovl6 in mice prevents the
formation of very-long-chain fatty acids [56]. When admi-
nistered a high-fat, high-sugar diet, the Elovl6-deficient
mice had a comparable degree of steatosis when compared
with wild-type mice but their sensitivity to insulin was
much higher. Recent reports indicate that the lipid
accumulation in the form of triglyceride might even be
protective for the development of liver fibrosis. Inhibition
of diacylglycerol acyltransferase 2 in mice by the use of
antisense oligonucleotides was effective in limiting trigly-
ceride accumulation, although oxidative stress, lobular
necroinflammation and fibrosis were more severe [57].
These changes were associated with higher intrahepatic
levels of FFAs, which are likely to have a major detrimen-
tal role in the process of lipotoxicity.

NASH: inflammation and fibrosis
Together with hepatocyte damage, inflammation and fibro-
sis are the key features denoting the progression from
simple steatosis to steatohepatitis. The molecular mechan-
isms of inflammation are largely cross-talking with those

responsible for hepatocellular damage and fibrosis. In a
large series of patients, hepatic inflammation or alanine
aminotransferase (ALT) levels, as a proxy of necroinflam-
matory activity, are independent predictors of the fibrogenic
progression of the disease. Finally, liver inflammation con-
tributes to insulin resistance and possibly to cardiovascular
risk through systemic inflammation [58].

Signaling pathways leading to hepatic inflammation

Among different components of the inflammatory infil-
trate, neutrophils are an important source of oxidative
stress-related molecules [59], although different types of
mononuclear cells are also present. Inflammation inNASH
is the result of a cross-talk between parenchymal and non-
parenchymal cells through biologically active soluble
mediators. Liver cells are also the target of factors gener-
ated by the visceral adipose tissue, especially when infil-
trated by inflammatory cells, as in obesity. Activated
Kupffer cells and hepatic stellate cells also contribute
significantly to cytokine expression during steatohepatitis
[60]. Finally, sinusoidal endothelial cells are important for
the interaction with circulating leukocytes, through the
expression of adhesion molecules (Figure 2). Hepatocyte
damage and oxidative stress are initial triggers to inflam-
mation, although additional factors, including endoplas-
mic reticulum stress, contribute to the generation of
inflammatory signals and IR [61]. These upstream events
converge on the activation of proinflammatory transcrip-
tion factors that ultimately cause the recruitment of
leukocytes. NF-kB activation is crucial for inflammation,

Figure 2. Mechanisms of inflammation in NASH. Damage to hepatocytes caused by fat loading and resulting lipotoxicity leads to the activation of intracellular signaling

pathways, which leads to the expression of several cytokines that are responsible for the recruitment of inflammatory cells. Hepatic damage also affects the biology of other liver

cells, such as Kupffer cells, which become activated and contribute to cytokine secretion. Recruitment of inflammatory cells is also conditioned by factors produced by activated

hepatic stellate cells and sinusoidal endothelial cells. Most liver-resident cells are targeted by adipokines secreted by visceral adipose tissue These events lead to a vicious circle

that causes worsening of liver damage, further inflammation, maintenance of steatosis, disease progression and insulin resistance. Abbreviations: CAM, cell adhesion

molecule; ECM, extracellular matrix; ER, endoplasmic reticulum; JNK, c-Jun N-terminal kinase, PDGF, platelet-derived growth factor; TGF-b, transforming growth factor-b.
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although it is also involved in the maintenance of cell
survival [43]. The NF-kB pathway is upregulated in rodent
models and in patients with NASH [62] (Figure 2). Con-
ditional activation of NF-kB within hepatocytes is suffi-
cient to trigger low-grade liver inflammation, steatosis and
IR [60]; deletion of the upstream kinase IkB kinase b

(IKKb) preserves the sensitivity to insulin when mice
are placed on a high-fat diet [63]. Recent data indicate a
much more complex role of this transcription factor
because neutralization in liver parenchymal cells of NF-
kB essential modulator (NEMO or IKKg), which is
required for NF-kB activation, causes steatohepatitis,
fibrosis and the development of liver cancer in mice [64].
This apparent discrepancy might be explained by the fact
that severe deficiency of NF-kB activation, such as in
NEMOconditional-knockoutmice, leads to enhanced apop-
tosis, triggering compensatory hepatocyte proliferation,
oxidative stress, inflammation and fibrosis. It could be
speculated that strategies that are extremely effective in
neutralizing NF-kB activation might be detrimental ulti-
mately for the evolution of steatohepatitis and might even
favor the development of cancer.

JNK (c-Jun N-terminal kinase), a mediator of TNF-
induced cell death, is another signaling pathway associated
with both inflammation and IR. Genetic deletion of both
JNK-1 and JNK-2 in hepatocytes is accompanied by a

reduction of inflammation and IR in mice [65]. However,
althoughJNK-1-deficientmice are protectedmarkedly from
the development of inflammation and liver injury, the phe-
notype of JNK-2-knockout mice is similar to that of wild-
typeanimals [66]. Thesedata point to JNK, andparticularly
the JNK-1 isoform, as an attractive target to limiting the
development of inflammation, injury and apoptosis associ-
ated with lipid accumulation in the hepatocyte.

Cytokines as effectors of proinflammatory signals

Intrahepatic gene expression and/or plasma levels of TNF-
a and IL-6 are increased in fatty liver and in NASH in
humans [67,68]. These factors are produced under the
control of NF-kB, JNK or p38MAPK. Modulation of TNF-a
expression by genetic deletion or other means results in
amelioration of steatosis, inflammation and hepatocyte
damage in ob/ob mice and in dietary models of steatohe-
patitis [69], suggesting a pivotal role for this cytokine in
NASH. Contrary to this conclusion, it was reported
recently that, in dietary steatohepatitis, lipid peroxidation
and hepatocellular damage were similar in wild-type mice
or in animals with targeted deletion of TNF-a or its re-
ceptor, TNFR1 [62]. By contrast, interference with NF-kB
activation protected significantly from the development of
steatohepatitis and reduced the expression of TNF-a and
intercellular adhesion molecule-1 [62]. These observations

Table 2. Molecular mechanisms of hepatic fibrosis in NASHa

Mechanism Evidence Potential clinical relevance

Inflammation Inflammatory cells release fibrogenic factors, such as platelet-derived

growth factor and TGF-b1, which stimulate the profibrogenic actions of

HSCs. Depletion of natural killer cells worsens matrix accumulation,

inducing programmed cell death of activated HSCs

Anti-inflammatory drugs or cytokines might block

fibrosis. Chemokine antagonists are in development

Oxidative stress Oxidative stress-related molecules mediate progression of liver fibrosis

and increase procollagen expression in human HSCs. Reactive

aldehydes induce nuclear translocation of JNK in HSCs and induce

expression of TGF-b and MCP-1 [82]

Potential usefulness of antioxidant approaches,

although their efficacy has not been proven

convincingly in humans

Apoptosis Generation of apoptotic hepatocytes stimulates fibrogenesis in vivo

and in vitro [83]. Phagocytosis of apoptotic bodies by HSCs amplifies

the process, causing NADPH-mediated production of ROS

IDN-6556, a general caspase inhibitor, is being

tested currently in clinical trials

Altered glucose

metabolism

Diabetes is a potent predictor of fibrosis. Elevated glucose levels or

insulin upregulate TGF-b and connective tissue growth factor and also

affect HSC biology [84]. Receptors for advanced glycation end-products

are expressed by HSCs and have a role in migration of activated HSCs

[85]

Aggressive management of hyperglycemia might

slow fibrosis progression

Nuclear hormone

receptors

PPARg is expressed in quiescent HSCs and decreases with the

activation process. PPARg ligands revert most features of the activated

phenotype of HSCs and inhibit fibrosis in vivo [86]

Experimental work indicates that the antifibrotic

response occurs when animals are treated early.

Clinical trials suggest a beneficial action of

thiazolidinediones on fibrosis during NASH

Endogenous

cannabinoid

system

Cannabinoids act through CB1 and CB2 receptors. CB2 mediates

antifibrogenic actions whereas CB1 modulates fibrosis positively.

Inactivation of CB1 receptors decreases fibrogenesis by lowering

hepatic TGF-b and reducing accumulation of fibrogenic cells in the

liver [87]

Availability of rimonabant, a CB1 receptor

antagonist, which reduces obesity and ameliorates

parameters of the metabolic syndrome

Renin–

angiotensin

system

Angiotensin II induces profibrogenic actions in HSCs, which express

all components of the renin–angiotensin system. Interference with the

renin–angiotensin system attenuate fibrosis development in different

experimental models of chronic liver injury [88,89]

Patients with the metabolic syndrome and NASH

often require pharmacological treatment of

hypertension. Clinical trials are underway

Adipokines Leptin is a potent profibrogenic factor, acting directly on HSCs and

potentially involved in the development of cancer [22,90,91].

Adiponectin ameliorates liver damage in models of steatohepatitis and

blocks fibrogenesis after toxic liver damage [92,93]

Adiponectin receptors have been characterized and

are probably a target for future studies in NASH

aInformation is derived from studies in animal models of steatohepatitis and in cultures of fibrogenic cells, primarily human or rodent stellate cells.
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suggest that TNF-a is only one of the multiple effectors of
steatohepatitis, under the control of NF-kB, especially in
the dietary model.

Serum levels of IL-6, another NF-kB target, correlate
with parameters of chronic low-grade inflammation [68].
The role of IL-6 is somewhat controversial because this
cytokine has stimulatory effects on liver regeneration and
a possible beneficial effect on fatty liver in mice has also
been reported [70]. Nonetheless, chronic exposure to IL-6 is
actually characterized by sensitization to liver damage and
several lines of evidence identify IL-6 as a mediator of
inflammation and IR [71]. IL-6 signals through activation
of the Jak–STAT pathway, which is regulated negatively
by the suppressors of cytokine signaling (SOCS) family
[72]. SOCS1 and 3 mediate insulin resistance in response
to cytokines, blocking insulin-receptor signaling at differ-
ent levels [72]. SOCS also interfere with leptin-receptor
signaling, suggesting their contribution to the induction of
leptin resistance.

Other proinflammatory mechanisms

Thepattern-recognition receptor (PRR) family has also been
suggestedas contributing to theproinflammatory responses
in fatty liver, especially in the later stages of the disease,
when bacterial-derived products are increasingly absorbed
from the gut and target non-parenchymal liver cells, in-
cluding Kupffer cells. PRRs comprise Toll-like receptors
(TLRs) and other receptors that recognize endotoxin and
other bacterial products [73,74]. TLR activation triggers
multiple intracellular signaling pathways, including NF-
kB, and could be important for the amplification and main-
tenance of inflammatory signals and fibrosis [74,75]. Che-
mokines are a subfamily of cytokines that regulates
inflammation through receptor-mediated recruitment of
different leukocyte subclasses. IL-8 and MCP-1, which
recruit neutrophils and mononuclear cells, respectively,
are under the control of NF-kB and their expression is
increased in patients with steatohepatitis and in animals
models thereof [68,76].

Molecular mechanisms of hepatic fibrosis in NASH

Fibrosis and cirrhosis are the final outcomes of all chronic
liver disease, however, some morphological and biological
differences distinguish fibrosis due to NASH from the one
secondary to other causes of liver damage. NASH-related
fibrosis develops primarily in the pericentral areas, where
thin bundles of fibrotic tissue surround groups of hepato-
cytes and thicken the space of Disse, in a ‘chicken wire’
fashion. The main cell type responsible for extracellular
matrix deposition is represented by HSCs, which undergo
activation in conditions of liver injury, acquiring a pheno-
type that enables them to participate in the liver wound-
healing process (reviewed in [77]). The profibrogenic mech-
anisms operating in NASH are partly in common with
those observed in other chronic liver diseases. However,
the increase in circulating adipokines, oxidative stress
generated by accumulation of fat in hepatocytes and the
hormonal profile associated with the metabolic syndrome
might have a specific role for the induction of fibrogenesis
in this condition. The molecular mechanisms of fibrogen-
esis in NASH are summarized in Table 2.

Concluding remarks
An impressive amount of informationhasbeenaccumulated
in the past 5 years on all aspects of pathophysiology, mol-
ecular and cellular biology ofNASH.Fatty infiltration of the
liver is closely linked to IR and is considered a component of
the metabolic syndrome. Ectopic fat infiltration might also
lead to hepatocyte damage, a process defined ‘lipotoxicity’.
Lipotoxicity and cell death are associated with activation of
proinflammatory pathways, leading to leukocyte infiltra-
tion, damage amplification and fibrosis. Despite these
advances, several unanswered questions remain (Box 3).
Particular attention should be directed to the factors that
causeprogressive liver damage, interplayamong IR, inflam-
mation and fibrosis, and the relationships between fatty
liver, NASH and cardiovascular risk. In addition, the mol-
ecular factors of lipotoxicity need to be identified more
precisely, unraveling the role of different FFAs in this
context. It will be crucial to generate animal models that
more accurately reflect themetabolic changes characteristic
of NASH, to reliably test novel therapeutic approaches
because effective treatments for this condition are still
lacking.
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