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Abstract

Non-alcoholic steatohepatitis (NASH) is a disease of expanded
clinical importance. Its pathogenesis remains poorly understood.
Tools to identify patients at risk and targeted treatments are lack-
ing. 

The aim of this work was to analyse potential pathogenic mech-
anisms for inflammatory recruitment and fibrogenesis in NASH,
using animal models.

We demonstrated that oxidative stress, invariably associated
with NASH, is a primary and necessary event for disease progres-
sion. Inhibition of stress-activated transcription factor NF-kB pre-
vents NASH. NF-kB therefore appears as a pathogenic link
between oxidative stress and NASH. 

Increased lipid b-oxidation in NASH could generate oxidative
stress. We used a potent inducer of PPAR-alpha to stimulate b-oxi-
dation in a model of steatohepatitis. Such treatment induced a
complete clearance of steatosis together with a significant reduc-
tion of oxidative stress and oxidative injuries and prevention of
inflammation and fibrosis. Thus in a situation of steatosis,
stimulation of lipid combustion depletes the substrates for lipid
peroxidation and thereby decreases oxidative stress. This effect is
sufficiently powerful to prevent the development of steatohepatitis. 

We demonstrated that leptin is a pro-fibrogenic adipocytokine
and is implicated in the regulation of liver regeneration. Leptin
plays this crucial physiological role in hepatic wound healing by
controlling the production and the activation of cytokines.

The insulin sensitising drugs thiazolidinediones have anti-
inflammatory and anti-fibrotic properties in rats. We demonstrat-
ed that such drugs are poorly effective in the treatment of pre-
established hepatic fibrosis in rats and unable to prevent fibroge-
nesis in vitro as well as in vivo in mice. Direct anti-fibrotic effect of
such substances remains to be demonstrated in humans.

In conclusion, our work demonstrates the importance of oxida-
tive stress in the pathogenesis of NASH, the role of intrahepatic
lipid overload and underlies the links between adipose tissue and
the liver. (Acta gastroenterol. belg., 2007, 70, 25-31).

Introduction

Non alcoholic fatty liver disease (NAFLD) is a dis-
ease of our generation. Mostly unrecognised before
1980 (1) and seldom taken seriously until the past few
years, NAFLD is now recognized as an entity of expand-
ed clinical importance (2). In fact, NAFLD has emerged
during the industrial revolution, which caused food to be
processed differently and provided more abundantly,
and made physical work less demanding. In the 1980’s,
information technology and virtual reality have
enhanced sedentary lifestyle disorders. NAFLD shares
these roots with obesity and type 2 diabetes mellitus and
is now being considered as the hepatic complication of
the metabolic syndrome (3).

The liver pathology that characterises non-alcoholic
steatohepatitis (NASH) is similar to that observed in
alcoholic liver disease (ALD). Because of this, patients

with NASH were for many years thought to be alco-
holics that denied alcohol abuse (1). NASH is part of the
spectrum of non-alcoholic fatty liver diseases (NAFLD)
that ranges from hepatic steatosis to cirrhosis. NASH is
characterised by steatosis, lobular inflammation and
progressive pericellular fibrosis (4) ; the latter may lead
to cirrhosis, and it now seems likely that many cases of
cirrhosis hitherto labelled as “cryptogenic” are actually
the end stage of NASH. As expected, NASH-associated
cirrhosis is also an important precursor for liver failure
and hepatocellular carcinoma. To date, the treatment
options for NASH are limited (5,6) and the identifica-
tion of patients with NAFLD at risk for progression to
NASH remains difficult. 

The difficulties encountered in the diagnosis and
treatment of this progressive disease are mainly related
to the fact that the pathogenic mechanisms behind the
development of NASH remain elusive. Steatosis results
from altered lipid metabolism and lipid partitioning.
Insulin resistance is strongly associated with NAFLD/
NASH (3,7,8) which is, for this reason, now regarded
as the hepatic complication of the metabolic syn-
drome (3,9). Insulin resistance encompasses impaired
insulin signaling, alteration glucose homeostats and
of the metabolism of the adipose tissue together with
profound changes in the pattern and the balance of
production of several adipocytokines. 

One of the main challenges has been to identify the
factors responsible for mediating the transition from
benign steatosis to steatohepatitis. Insulin resistance is
likely to be a significant determinant of NASH patho-
genesis (3,7,8). An increase in oxidative stress on a
background of steatosis is also thought to be impor-
tant (10-13), but the molecular mechanisms linking
oxidative stress and liver injury and inflammation are
yet to be delineated in this setting. Also, the source(s) of
reactive oxygen species (ROS) are still undecided.
Various lines of evidence suggest that cytochrome P450
2E1 and 4A enzymes are important (10,14). Other
options include mitochondria, peroxisomes, inflamma-
tory cells and cytokines (reviewed in (15-17)). The role
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of lipids and in particular lipid accumulation and altered
lipid metabolism is still under-evaluated.

As NASH is associated with obesity, insulin resis-
tance and type 2 diabetes mellitus, conditions that are
increasingly common in the community, the prevalence
of NASH is predicted to rise. It is clear that a better
understanding of the pathogenic mechanisms involved
in the development of NASH would assist in creating
effective strategies to both prevent and treat this disease.
My personal contribution to studies that explore the
potential pathogenic mechanisms for steatohepatitis is
developed here.

Pathogenesis of liver steatosis

Liver triglycerides content is a reflection of the bal-
ance of complex processes of input, output, synthesis
and oxidation of fatty acids. Obesity and insulin resis-
tance tip this balance towards triglycerides accumulation
and fatty liver. Excess of dietary fat, saturation of capac-
ity for lipid storage in adipocytes and increased activity
of lipoprotein lipase due to insulin resistance in the adi-
pose tissue increases the pool of serum free fatty acids.
The liver readily takes those up. The hyperinsulinemia
and the low-grade inflammatory state stimulate intra-
hepatic de novo lipogenesis. Together with decreased
intrahepatic fat burning and impaired VLDL formation,
all these mechanisms concur to fatty liver (reviewed
in (3,18)).

While there has been explosion of interest about why
and how hepatic steatosis develops in humans, little is
known about the mechanistic basis for the clinically
most important outcome : chronic inflammation and
progressive hepatic fibrosis.

The source of oxidative stress and the role of lipid accu-
mulation and/or altered lipid metabolism

Oxidative stress is constantly observed in NASH
livers (11,12). Reactive oxygen species and reactive
radicals modify key constituents of the cells such as
lipids, proteins and nucleic acids and thereby alter their
function. As a result, intracellular lesions develop and
adaptative mechanisms are activated (13). 

In previous work, we have shown that NASH livers
are characterized by increased expression and activity of
several cytochrome P450 isoforms capable to generate
reactive radicals (10). The main siege for lipid b-oxida-
tion is the mitochondria. Peroxisomes and endoplasmic
reticulum participate to a lesser extent (oxidation of very
long chain fatty acids or w-oxidation). The process of
oxidation of fatty acids is intrinsically associated to
the production of reactive oxygen radicals (ROS, H2O2,
O2.-, …) (17). We therefore asked whether enhancement
of fatty acid b-oxidation, in the face of increased hepatic
lipid load, could be implicated in the generation of 
deleterious oxidative stress and initiate the transition
from fatty liver to NASH. To test this, we stimulated b-
oxidation by the use of a potent inducer of PPAR-alpha

(the “super fibrate” Wy-14,613) in mice with steato-
hepatitis induced by a diet deficient in methionine and
choline. This results, in mice, in the up-regulation of key
enzymes controlling both mitochondrial and peroxiso-
mal pathways for b-oxidation of fatty acids (19). With
PPAR-alpha treatment, we observed an almost complete
clearance of fatty liver. But surprisingly, in these livers,
the oxidative stress and the oxidative injury were signif-
icantly reduced, the development of inflammatory lesion
was prevented as well as fibrogenesis. 

In addition, PPAR alpha agonist appeared as a very
effective treatment of pre-established fibrosing steato-
hepatitis, as the treatment reverted steatosis, inflamma-
tion as well as fibrosis (20). We suggested that, in a sit-
uation of fatty liver, stimulation of lipid combustion is
associated with a decrease in intrahepatic lipid load.
This consequently removes fatty acids as substrates for
lipid peroxidation, an effect sufficiently powerful to pre-
vent the development of steatohepatitis. 

This represents a proof of principle that targeting
steatosis is effective for the prevention and the treatment
of NASH. Unfortunately, PPAR-alpha agonists do not
significantly enhance hepatic fatty acid fat burning in
human as they do in rodents. First, hepatic expression
of PPAR-alpha is much lower in human than in mice.
Second, in rodents, the rate-limiting enzymes of b-oxi-
dation are exclusively controlled by PPAR-alpha. This is
not the case in human. Indeed, fibrate treatment in
humans lowers serum triglycerides but has no significant
effect on steatosis nor on steatohepatitis (reviewed in
(5)). To corroborate the prove of principle of a beneficial
effect of hepatic fat clearance, the treatments leading to
melioration of NASH today are those reducing hepatic
steatosis such as life style adjustments (5,6) or glita-
zones (21).

NF-kB activation : a link between oxidative stress,
chronic inflammation and fibrogenesis in fatty liver ?

In animal models, we showed that oxidative stress is
linked to the development of inflammatory reaction and
to fibrosis of the liver parenchyma. We analysed the
temporal evolution of oxidative stress and oxidative
injury in a dietary model of NASH (22). By comparative
studies of several animal models of fatty liver, we deter-
mined that inflammatory lesions as well as fibrosis only
develop when there is operation of oxidative stress and
active peroxidation of lipids (23). We proposed the
transcription factor NF-kB, which can be activated in
response to oxidative stress, as a possible link between
oxidative stress, oxidative injury, recruitment of inflam-
matory reaction and initiation of fibrogenesis. Indeed,
when using the natural substance curcumin that has anti-
oxidant properties and acts as an inhibitor of this tran-
scription factor, we observed a significant improvement
of the inflammatory reaction and fibrosis in mice fed a
NASH-inducing diet (24) (Fig. 1). Similar results were
obtained by specific blockade of NF-kB activation by
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viral transfection of a non-degradable form of the
inhibitory protein IkB (25). In both sets of experiments,
inhibition of NF-kB resulted in reduced production of
pro-inflammatory and chemoattractant factors such as
TNF or ICAM-1. Importantly, those manipulations had
no effect on oxidative stress and hepatic steatosis. NF-kB
can also be strongly induced in response to pro-inflam-
matory stimuli such as the cytokine TNF. However, abo-
lition of TNF signalling such as in TNF-null mice or in
mice lacking TNF receptor 1, does not prevent the acti-
vation of NF-kB, nor the development of steatohepatitis
in our model (25). Therefore, we propose that oxidative
stress and consequent peroxidation of lipids, are key
mechanisms for activation of the transcription factor
NF-kB, initiating inflammatory changes and disease
progression in the context of hepatic steatosis. 

Adipocytokines, hepatic fibrosis and altered wound
healing in NASH

Non-alcoholic steatohepatitis belong to a cluster of
metabolic abnormalities (Table 1) called the metabolic
syndrome (MS). Resistance to the action of insulin is the
corner stone of this syndrome which predisposes to
increased risk of developing type II diabetes, cardio-vas-
cular diseases or steatohepatitis (Table 1) (3,26). Two
new paradigms may provide a framework for our under-
standing of the etiopathology of the MS : ectopic fat
storage and endocrine dysfunction of the adipose tissue.

Some evidence that the MS may represent a failure of
lipo-homeostasis has emerged. Lipid overload is no
longer confined to white adipocytes but also occurs in
liver, skeletal muscle and pancreas, which results in
lipotoxicity, insulin resistance and impaired insulin
secretion (3,7,27). This view holds that the machinery to
oxidize fat is not sufficient to match the dietary load or
is not activated in a timely fashion by appropriate sig-
nals. Some of these are adipocyte-secreted hormones
(collectively known as adipocytokines). These factors
lay adipose tissue at the heart of a complex network
influencing energy homeostasis, insulin sensitivity, glu-
cose and lipid metabolism, vascular homeostasis,
immune and inflammatory responses, cell cycle and cell
differentiation (28). Any change in adipose tissue mass
will cause altered adipocytokines production/action.
Such a dysregulation triggers the development or wors-
ens the evolution of the metabolic syndrome and its
complications. 

Several adipocyte-derived factors have been shown to
modulate hepatic fibrosis : Adiponectin has anti-fibrotic
properties (29), while angiotensinogen and PAI-1 are
pro-fibrotic (30). Our work has provided conclusive evi-
dence that leptin plays a central role in the control of
hepatic wound healing (31-33). We have shown that lep-
tin is an indispensable player in hepatic fibrogenesis.
Leptin-deficient ob/ob mice are indeed protected against
the development of hepatic fibrosis either induced by
repeated toxic insult to the liver or in the context of
steatohepatitis (31). We have shown that leptin-deficien-
cy per se, and not the metabolic abnormalities resulting
from the absence of leptin such as obesity, fatty liver or
insulin resistance, is responsible for the fibro-protective
effect (31). The literature provides contradictory data on
the mechanisms implicated. For some authors, leptin has
a direct effect on HSC : it stimulates the transcription of
pro-fibrotic genes such as collagen or tissue inhibitor of
metalloprotease-1 (TIMP-1) (34,35) and increases mito-
genesis (36,37). But us and others support the proposi-
tion that leptin-dependent stimulation of TGFb1 expres-
sion and released by Kupffer cells is the indirect mech-
anism by which leptin influences fibrogene-
sis (18,32,38-41) (Fig. 2).
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Fig. 1. — Prevention of NF-kB activation by curcumin
decreases hepatic inflammation in the MCD-diet model of
steatohepatitis.
Representative liver histology from mice receiving (A) the
MCD diet or (B) the MCD diet together with curcumin, for
4 weeks. Arrows point to the inflammatory infiltrates. Note
that curcumin decreases the severity of hepatic inflammation,
but has no effect on steatosis and hepatic lipoperoxides.
°area of inflammation : relative area of the liver section occu-
pied by inflammatory infiltrates. °°lipoperoxides are measured
as Thiobarituric acid reactive substances (TBARS). 
*statistically significant in Curcumin treated MCD-fed mice
compared to MCD-fed mice.
Adapted from (24) with permission.

Table 1. — Syndrome of insulin resistance : Abnormalities
and related clinical outcomes

Pathophysiological disturbances Clinical manifestations
Glucose intolerance Type II diabetes mellitus
Dyslipidemia Increased risk of

cardiovascular diseases
Endothelial dysfunction Essential hypertension
Pro-inflammatory state Polycystic Ovarian Syndrome
Pro-coagulant state Non-alcoholic fatty liver diseases
Abnormal uric acid metabolism Increased risk of cancer
Hemodynamic changes Sleep apnea syndrome
Sleep disordered breathing.

Adapted from (26).
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In addition to impaired fibrogenesis, leptin deficient
ob/ob mice have also impaired liver regeneration. We
demonstrated that, in ob/ob mice, impaired liver regen-
eration after acute toxic injury to the liver is rescued by
the administration of exogenous leptin (32). In this con-
text, the increased production of TNF, IL-6, and TGFb1
seen in wild type animals in response to acute liver
injury was blunted in ob/ob mice and restored after 
leptin repletion. Also, in a non-inflammatory model of
liver regeneration that respects hepatocellular integrity,
namely partial hepatectomy, hepatocyte proliferation is
dampened in leptin deficient mice (33). However, by
contrast to the toxic model, leptin repletion did not
restore normal rate of liver cell regeneration, nor the
normal pattern of hepatic cytokine expression. Thus,
leptin does not directly signal to liver cells to promote
hepatocyte proliferation and the obese phenotype is not
solely responsible for impaired regeneration. Maturation
of inflammatory cells and modulation of cytokine pro-
duction by leptin is likely to play crucial physiological
roles in hepatic wound healing.

Targeting PPARg as a treatment for NASH and fibrosis ?

Thiazolidinediones or glitazones are agonist drugs of
the transcription factor PPARg, which is crucial for adi-
pogenesis and for the control of adipocytokines produc-
tion. Glitazones are used in the treatment of type 2 dia-
betes because they increase the sensitivity to
insulin (42). 

In the context of NASH, PPARg agonist appears as a
very attractive therapeutic option because it regulates the
function of the adipose tissue, which is believed to be
the primary dysfunctional site in the development of

NASH. Animal and clinical studies have shown that
PPARg agonists effectively ameliorate insulin resistance
and fatty liver associated with obesity or type 2 diabetes.
They also ameliorate steatosis, inflammation and hepat-
ic insulin resistance in animal models of alcoholic and
non-alcoholic steatohepatitis (43-45). In pilot studies of
NASH patients, glitazones (pioglitazone and rosiglita-
zone) ameliorate insulin resistance, decrease steatosis,
inflammation and fibrosis (46,47). However, the effect
on fibrosis has not been confirmed in more recent place-
bo-controlled trials (21,48).

In rat, the administration of PPARg agonists prevents
hepatic fibrosis induced by various means (49,50), pos-
sibly via direct control of the biology of hepatic stellate
cells (51,52). Other mechanisms such as the control of
intrahepatic inflammation or modulation of adipocy-
tokines production have not been conclusively explored
yet. Much to our surprise, although pioglitazone pre-
vents fibrogenesis, it has a limited efficacy in the treat-
ment of pre-established hepatic fibrosis : Pioglitazone
reduces fibrosis only if administered early in the course
of fibrotic disease, but is not effective in advanced or bil-
iary diseases (45) (Fig. 3). Moreover, the anti-fibrotic
effect appears to be limited to rats, since we failed to
observe a similar fibro-preventive effect in mice in vivo
as well as in primary murine hepatic stellate cells in
vitro (53). The anti-fibrotic effect of such substances
remains to be demonstrated in humans. 

Agenda for future research

Many questions pertaining to the pathogenesis of
NASH and the determinants of it progression remain
unanswered. Among those open questions, we are
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Fig. 2. — Pro-fibrogenic effect of leptin : possible mechanisms of action.
Leptin, derived from adipocytes or produced locally during fibrogenesis by activated HSC, participates in the paracrine/autocrine
regulation of the cytokine microenvironment : Leptin increases the release and the bio-activation of the most potent fibrogenic
cytokine, TGFb1. Leptin is involved in the maturation and activation of immune cells and, thereby, modulates cytokine balance. Also,
leptin regulates the expression of several cytokine receptors and responsiveness to cytokines. In addition, a direct effect of leptin on
collagen I expression has been proposed. 
Reproduced with permission from (41).
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particularly interested in the role of dysregulated adi-
pose tissue function in the emergence of steatosis,
inflammation and fibrosis. To resolve this, we will have
to understand the intricated cross-talks between, adipose
tissue (including altered adipocytokines balance, altered
metabolic function and resulting chronic low-grade

systemic inflammation) and the liver. This will have to
be explored in terms of intrahepatic energy metabolism,
but also in terms of consequences for the biology of
intrahepatic inflammatory resident cells or hepatic effec-
tor cells of fibrosis. 

Much remains to be learned about the consequences
of insulin resistance for the liver and the links between
insulin-resistance and the triggering of hepatic inflam-
mation and fibrosis. Indeed, if insulin resistance is a
hallmark of NASH, only a small proportion of patients
with insulin resistance or type 2 diabetes will develop
NASH. This implies that factors, others than impaired
insulin signalling or severity of insulin resistance, par-
ticipate to the pathogenesis of the disease. It is likely that
complex additional factors such as diet, exercise and/or
environment, as well as the efficiency of defence or pro-
tective mechanisms are implicated. In addition, the fact
that the prevalence of NAFLD/NASH largely varies
among different racial groups and that there are variable
rates of disease progression within individuals with sim-
ilar risk factors strongly suggests that genes also play a
role in both prevalence and natural history of the dis-
ease. The interactions between environment and genet-
ics, and the way they condition the hepatic phenotypic
expression of insulin resistance remains largely unex-
plored. 

Resolving this complex intricacy of metabolic,
endocrine, environmental and genetic factors is the chal-
lenge that lies upon scientist interested in the field for
the next decade. Indeed, the understanding of the patho-
genesis of NASH is mandatory for identification of
NAFLD or insulin resistant patients at risk of develop-
ing an aggressive fibrosing form of the disease. This
understanding is also a prerequisite for the identification
of potential therapeutic targets.
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Fig. 3. — Effects of Pioglitazone (PGZ) treatment on the pro-
gression of CCl4-induced hepatic fibrosis.
Representative photomicrographs of Sirius red stained liver
sections from rats received CCl4 for 2 weeks (A), for 5 wks
without (B) or with PGZ treatment for the last 3 weeks (C), for
9 wks without (D) or together with PGZ treatment for the last
4 wks (E). Original magnification 5X. Quantification of hepat-
ic hydroxy-proline content (F) in rats injected twice weekly
with CCl4 for the indicated period of time (white bars) and in
rats treated with PGZ for the last 3 wks of the 5 wks CCl4
regimen or the last 4 wks of the 9 wks CCl4 regimen (CCl4 +
PGZ ; hatched bars). Data are expressed as mean ± SD for
n=5/group. *** p < 0.001 compared to 2wk CCl4 livers, &
p < 0.05 and && p < 0.01 compared to similar treatment at
5wks.
Reproduced with permission from (45).
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