Pathophysiology of NASH: perspectives for a targeted treatment

Fabio Marra'*, and Sophie Lotersztajn**>*

1Dipartimen’co di Medicina Interna and *Center for Research, Transfer and Higher Education
‘DenoTHE’, University of Florence, Italy; SINSERM, U955, Team 17, and “Université Paris-Est,

Faculté de Médecine, and *AP-HP, Hopital H. Mondor-A. Chenevier, Dept. d'Hépatologie et de

Gastroentérologie, Créteil, France;

Running title: Targets for the treatment of NASH

*Please direct all correspondence to:

Fabio Marra, M.D., Ph.D.

Dipartimento di Medicina Sperimentale e Clinica
Largo Brambilla, 3

1-50134 Florence, Italy

Tel.: +39 0554271087

fax: +39 055417123

E-mail: f. marra@dmi.unifi.it

and/or to:

Sophie Lotersztajn, Ph.D.

INSERM U955

Institut Mondor de Recherche Biomedicale
Hopital Henri Mondor,

51 Avenue du Marechal de Lattre de Tassigny
94000 Creteil, France

fax: +33 (0)1 48 98 09 08

Tel. +33 (0)1 49 81 35 30

E-mail: sophie.lotersztajn@inserm.fr




Marra & Lotersztajn, 2

ABSTRACT

Non alcoholic steatohepatitis (NASH) is the more severe form of nonalcoholic fatty liver disease.
In NASH, fatty liver, hepatic inflammation, hepatocyte injury and fibrogenesis are associated, and
thi condition may eventually lead to cirrhosis. Current treatment of NASH relies on the reduction
of body weight and increase in physical activity, but there is no pharmacologic treatment
approved as yet. Emerging data indicate that NASH progression results from parallel events
originating from the liver as well as from the adipose tissue, the gut and the gastrointestinal tract.
Thus, dysfunction of the adipose tissue through enhanced flow of free fatty acids and release of
adipocytokines, and alterations in the gut microbiome generate proinflammatory signals that
underly NASH progression. Additional ‘extrahepatic hits’ include dietary factors and
gastrointestinal hormones. Within the liver, hepatocyte apoptosis, ER stress and oxidative stress
are key contributors to hepatocellular injury. In addition, lipotoxic mediators and danger signals
activate Kupffer cells which initiate and perpetuate the inflammatory response by releasing
inflammatory mediators that contribute to inflammatory cell recruitment and development of
fibrosis. Inflammatory and fibrogenic mediators include chemokines, the cannabinoid system, the
inflammasome and activation of pattern-recognition receptors.

Here we review the major mechanisms leading to appearance and progression of NASH, focusing
on both extrahepatic signals and local inflammatory mechanisms, in an effort to identify the most

promising molecular targets for the treatment of this condition.
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1. Introduction and dimension of the problem

Nonalcoholic fatty liver disease (NAFLD) is the most common hepatic alteration in the Western
world, due to its well-established association with the metabolic syndrome, the prevalence of
which is increasing in both affluent and developing countries. The more severe form of NAFLD,
nonalcoholic steatohepatitis (NASH), is characterized by inflammatory infiltration and
hepatocellular damage, with or without fibrosis. While simple (or ‘bland’) steatosis is considered a
relatively benign condition due to the extremely low likelihood to progress to cirrhosis [1, 2],
NASH is associated with the potential to progress to the entire clinical picture of advanced liver
disease. Indeed, fat accumulation in the liver generates inflammatory signals and reactive oxygen
species that can amplify liver injury and stimulates fibrosis. This is similar to the picture observed
in different etiologies of chronic liver injury, such as chronic HCV or HBV infection, where the
spectrum of alterations may range from a near normal liver to severe hepatitis and cirrhosis. The
development of NASH is the result of a complex interaction between the environment,
represented in the case of NAFLD by a sedentary lifestyle and excessive intake of calories, and
individual predisposition, that affects both the development of excess adiposity and its
consequences.

In Europe, NAFLD is the underlying cause of damage in 40-60% patients with mild fibrosis [3],
and in the USA, where one third of the population is overweight, it is estimated that 9 million
patients have different degrees of NASH [4]. The actual role of NASH as a primary cause of
advanced liver disease is not well known. Some reports suggest that NASH is the underlying
cause of cirrhosis in 1-3% of patients undergoing liver transplantation, but compared to other
chronic liver diseases, NASH-related cirrhosis is less likely to undergo transplantation, and this
may underestimate the relevance of this disease as a cause of end-stage liver disease. Nonetheless,
NASH is considered the principal cause of most cases of cryptogenic cirrhosis, and therefore the
significance of NAFLD as a cause of end-stage liver disease is probably not negligible [5]. More
important, due to the worldwide epidemics in obesity, the prevalence of end-stage liver disease
among NAFLD patients is expected to rise in the future.

Like for any other chronic liver disease, appearance and progression of fibrosis is a critical event in

the course of NASH, although fibrosis does not represent a prerequisite for a diagnosis of NASH.
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Besides the role of NASH as a factor potentially leading to cirrhosis, decompensation, and
hepatocellular carcinoma [6], several studies have highlighted the existence of an increased
cardiovascular risk in these patients [1]. These data clearly indicate that treatment of NASH is an
unmet need of outstanding relevance in Hepatology and Internal Medicine. This review will
summarize the available evidence defining critical aspects of the pathophysiology of NASH. As no
established treatment exists for this condition, discussion will be focused on the potential
therapeutic targets that have been highlighted by experimental studies, and by recent advances in
the field of adipose tissue biology and inflammation. In addition, reference will be made to clinical
studies where approaches suggested by experimental investigation have been translated to the
clinical practice. However, a detailed analysis of published clinical trials for the treatment of

NASH is outside the scopes of this paper, and the reader may refer to several recent reviews [7-9].

2. Significance of NASH progression

Although the natural history of NAFLD is not well known, most studies suggest that the existence
of NASH is a prerequisite to develop progressive fibrosis. On the other hand, the appearance and
development of fibrosis represents a critical factor for the eventual progression to cirrhosis and
end-stage liver disease. Like for other chronic liver diseases, identifying the patients that are more
likely to progress is a clinical challenge. In the field of NASH, not only it is relevant to know the
stage of fibrosis in the presence of established NASH, but it also often necessary to differentiate
simple, non-evolutive steatosis from steatohepatitis. A number of clinical factors have been
demonstrated to provide some prediction of the likelihood to observe advanced fibrosis or
cirrhosis in a given patient. Age >45 years has been shown to predict fibrosis and cirrhosis in
different studies [10, 11]. In contrast, race and female gender have been identified as predictive
factors only in a minority of studies [11]. Components of the metabolic syndrome are also
associated with disease progression, and the majority of patients presenting with NASH have
metabolic abnormalities, including type 2 diabetes, obesity, dyslipidemia, and hypertension. In
particular, diabetes, obesity, and hypertension have been independently associated with advanced
disease [10-14]. Finally, more advanced fibrosis parallels the number of components of the

metabolic syndrome present in the patients [15].
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Genetic factors. Recent studies have demonstrated that polymorphisms of a number of candidate
genes, including those encoding for immunoregulatory proteins, proinflammatory cytokines and
fibrogenic factors, could influence the appearance of NASH and the eventual development of liver
fibrosis in patients with NAFLD [16]. Genetic variations can explain susceptibility to develop
NASH in patients with obesity and/or diabetes. Moreover, it has been hypothesized that genetic
factors influence fibrosis progression. The role of HFE C282Y heterozygosity and iron
accumulation are unclear, since studies have yielded contradictory results [17]. Combination of
polymorphisms in profibrotic genes such as angiotensinogen and TGFf1 are associated with
advanced fibrosis, and polymorphisms in genes encoding for TNFa, microsomal triglyceride
transfer protein, manganese superoxide dismutase, adrenergic receptors or interleukin la have
been shown to influence fibrosis progression [16]. Similarly, variations of PNPLA3 are associated
with histological severity in patients with NASH [18]. Finally, a recent report using a genome-wide
association study identified several genes that regulate the susceptibility to develop NASH,
including farnesyl diphosphate farnesyl transferase 1 [19], although other studies have not
confirmed these findings. The results of these studies suggest that genetic variations could at least
in part explain the broad variability in the natural history of NAFLD among patients with

metabolic syndrome.

3. Fatty liver and insulin resistance: where it all begins?

Steatohepatitis develops only in a fraction of patients with NAFLD, while the majority presents
with only ‘simple’ steatosis, but the two entities are considered part of the same disease spectrum.
While fat accumulation is the common denominator of all forms of NAFLD, from a
pathophysiological standpoint NASH develops when the excess lipid accumulation results in
hepatic lipotoxicity. Toxic effects on hepatocytes, and possibly other liver cells, provokes injury,
which in turn triggers an inflammatory and “would healing’ response that is the basis for the
eventual development of fibrosis. Thus, a critical concept is that increased hepatic fat does not
invariably result in hepatocellular damage, and understanding the mechanisms leading to
lipotoxicity is of pivotal importance for the comprehension of this field. Anyhow, fat accumulation

appears to be a prerequisite for the development of NASH. Therefore, it is also relevant to
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understand the events that lead to the initial accumulation of fat in the context of the metabolic

syndrome.

Fatty liver. Fat accumulates in the liver mainly in the form of triglycerides, although several other
lipid species are present. Human and animal studies have shown that accumulation of
triglycerides in NAFLD is the result of the expansion of the intrahepatic pool of free fatty acids
(FFA). FFA influx is dependent on: a) the amount of FFA released by the adipose tissue due to
insulin resistance and excessive lipolysis (see below); b) dietary fat via chylomicron metabolism; c)
de novo lipogenesis (Figure 1). On the other hand, the liver may dispose of FFA mainly via fatty
acid oxidation, both in the mitochondria and at extramitochondrial sites, or through assembly and
export of triglycerides with VLDL. Human and animals studies have shown that more than half of
the FFA pool is derived from excess adipose tissue lipolysis [20]. Importantly, the pathways that
lead to FFA disposition are usually activated at a higher level in patients with NAFLD, indicating
that the critical factor leading to fat accumulation is related to excessive inflow of FFA rather than
to limited oxidation. In fact, insulin is no longer capable to suppress VLDL secretion, and this
results in atherogenic dyslipidemia, characterized by low HDL and high LDL-cholesterol [21]. A
remarkable exception to this view is represented by patients with impairment of VLDL assembly,
as occurs in familial hypobetalipoproteinemia, where high levels of hepatic TG are not associated
with insulin resistance or steatohepatitis [22].

Although NASH occurs in the context of a fatty liver, it still remains to be established whether
steatosis per se should be considered a primary target for the treatment of NASH. Some clinical
studies would argue in this direction, as the amount of fat accumulating in the liver is a predictor
of the presence of NASH. Nonetheless, experimental studies clearly demonstrate that interference
with triglyceride accumulation and effective decrease of steatosis may not only be ineffective in
ameliorating steatohepatitis, but could even worsen this condition. Diacylglycerol acyl transferases
(DGAT) catalyze the final incorporation of a fatty acid in triglycerides. Inhibition of DGAT2 with
antisense oligonucleotides was effective in reducing steatosis but caused more severe
inflammation, oxidative stress and fibrosis [23]. In contrast, mice with hepatic overexpression of
DGAT?2 developed marked hepatic steatosis without liver injury or insulin resistance [24].

Nonetheless, the role of DGATs in NASH is more complex. Overexpression of DGATT in
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adipocytes and macrophages resulted in protection from adipose tissue and systemic
inflammation, in spite of more severe obesity. On the other hand, DGAT1 knockout was found to
be ineffective on steatosis, while it decreased fibrogenesis, increasing the amount of vitamin A
stored in hepatic stellate cells (HSC) and inducing a less fibrogenic phenotype [25].

These results are of particular relevance, because they indicate that simply reducing the amount of
triglycerides stored in the liver is unlikely to be an appealing target for the treatment of NASH.
Dissociation between steatosis, insulin resistance and the features of NASH is also shown by data
from the hepatic effects of bariatric surgery. While most of the available studies indicate that
weight loss induced by this procedure is associated with reduced insulin resistance and an
improvement of steatosis, the effects on necro-inflammation and fibrosis are more debatable [26].
Based on these observations, it appears that lipotoxicity that causes hepatocellular damage and
subsequently NASH, should not be considered a synonym of steatosis (Figure 2). Moreover, these
considerations introduce another unaddressed issue in the field of NASH, i.e. whether
steatohepatitis develops in some patients after the appearance of a fatty liver or if the two entities
originate as such in the individual patient. Although this uncertainty is difficult to be solved
experimentally or with human studies, it is conceptually very important because it would allow

the investigators to follow less strictly those patients without signs of inflammation and damage.

Insulin resistance. The degree of insulin resistance or the presence of diabetes are predictors of the
existence of NASH or of a more advanced stage of fibrosis, suggesting a role for this disorder in the
pathogenesis of steatohepatitis. Schematically, the current view suggests that insulin resistance
originates at the level of the expanded and inflamed adipose tissue (see below), eventually
involving the skeletal muscle, the pancreas, and the liver [7]. The presence of a fatty liver in turn
contributes to the reduced response to insulin and aggravates alterations in glucose and lipid
metabolism. It is well established that insulin resistance is associated with elevated levels of
circulating insulin, and in hepatocytes, not all insulin-activated pathways are equally insensitive to
the hormone. In fact, the ability of insulin to stimulate lipogenesis is maintained, via activation of
the transcription factor sterol regulatory element binding protein-1c [20]. In addition, insulin

preserves its mitogenic effects, that may contribute to promote carcinogenesis [27].
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Along these lines, the possibility that other liver cells have an altered response to insulin has not
been adequately addressed, but there are several experimental data suggest a possible direct role of
insulin resistance in the pathogenesis of NASH and fibrosis. In particular, hepatic stellate cells
(HSC) express receptors for insulin, insulin-like growth factor-I, and advanced glycation end-
products, all of which generate profibrogenic signals, e.g. increasing the expression of type I
collagen and connective tissue growth factor (CTGF) [28]. These data suggest that treatment of
glucose dysmetabolism and/or of insulin resistance may contribute to ameliorate fibrosis occurring
in the context of steatohepatitis. The possibility that insulin signaling directly affects the biology of
other sinusoidal cells needs additional investigation [29].

In spite of the conceptual basis for the involvement of insulin resistance, the results of experimental
studies and clinical trials did not provide definitive evidence indicating that modulation of this
disturbance is effective for the treatment of NASH. Metformin, an activator of adenosine
monophosphate-regulated kinase (AMPK), ameliorates glucose metabolism, has anti-inflammatory
properties, and may interfere with profibrogenic pathways [30]. In spite of these actions, several
published trials failed to show a consistent effect on NASH [31]. Thiazolidinediones (TZD) have
been extensively evaluated for the treatment of NAFLD and NASH, and different studies in animal
models and in patients have been published [7]. TZD mainly act activating the transcription factor
peroxisome proliferator-activated receptor (PPAR)-gamma, which in turn targets pathways that
may be beneficial in the treatment of NASH. PPAR-gamma activation improves insulin sensitivity
in the adipose tissue and in the liver. In addition it induces adipose tissue differentiation towards a
triglyceride-storing phenotype, limiting lipolysis. In the liver, TZD have been shown to be anti-
inflammatory and anti-fibrogenic, acting on different targets, some of which are independent of
PPAR-gamma, including NF-kappaB and AMPK. Specifically, PPAR-gamma has been shown to
reduce Kupffer cell activation and cytokine secretion, and to polarize macrophages towards an anti-
inflammatory phenotype [32].

PPAR-gamma-deficient mice fed a high-fat diet or administered a methionine- and choline-deficient
diet are more sensitive to lipid accumulation or to the development of steatohepatitis [33]. PPAR-
gamma is highly expressed in adipocytes, but is present also in different hepatic cells. In particular,
PPAR-y is expressed in quiescent HSCs and its expression decreases along the activation process

that accompanies the acquisition of fibrogenic properties [34]. Moreover, exposure of HSCs to
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PPAR-y ligands reverts most features of the activated phenotype of HSC and inhibits fibrosis in
vivo [35]. However, it has been reported that starting the treatment with TZD once steatohepatitis
is established results in limited effects on damage and fibrosis [36]. Making a parallel with studies
in humans, treatment of patients with pioglitazone has been effective, as long as the treatment has
been maintained, on steatosis and insulin resistance. In the recently published PIVENS trial the
effects of pioglitazone on the NASH activity score were significantly higher than those of placebo,
but similar to those of vitamin E. No treatment was superior to placebo in terms of fibrosis [37].
Based on these data it appears that solely treating insulin resistance is probably not sufficient to
revert the complex effects of lipotoxicity that characterize NASH. Thus, treatments that specifically
target the inflammatory and reparative process are more likely to interrupt the development and

worsening of fibrosis and the eventual deterioration of liver function.

3. Signals from outside the liver

NAFLD is a typical systemic disease, where complex metabolic alterations affect the liver and
many other tissues. While the critical step that leads to steatohepatitis is hepatocellular lipotoxic
damage secondary to fat accumulation, the pathogenesis of NASH is far more complex and
involves both a cross-talk among different resident and infiltrating liver cells, and the contribution

of factors depending on extrahepatic systems.

3.1 Adipose tissue

Overweight and obesity are a major risk factor for NAFLD, and predict the eventual appearance of
diabetes and other metabolic complications. Current knowledge points at the adipose tissue as a
critical site for both the development of insulin resistance and the appearance of the changes that
ultimately will cause NASH. While the initial site of alterations responsible for the reduction of
insulin sensitivity remains debated, peripheral (i.e. adipose tissue) insulin resistance is considered a
critical factor for the eventual development of NAFLD [38]. The first change is the expansion of the
adipose tissue in the frame of obesity or overweight. Besides the contribution to insulin resistance,
there are several mechanisms by which the expanded, inflamed, and overall dysfunctional adipose

tissue leads to development of NASH (Figure 3).
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FFA release. A first consequence of the expanded and dysfunctional adipose tissue is the increased
release of FFA in the circulation, due to the insufficient inhibition of lipolysis by insulin. Adipose
tissue is the major energy storage site and triglyceride accumulation contributes to protect other
tissues from the toxic effects of free fatty acids. The molecular mechanisms of lipid trafficking in
adipocytes and in other cells have been recently reviewed [39]. The effects of insulin on the adipose
tissue are mainly mediated by adipose tissue triglyceride lipase (ATGL) also known as PNPLA2,
which belongs to the family of the patatin-like lipases. As flow of FFA to the liver is one of the
initial and critical steps in the pathogenesis of NASH, regulation of ATGL activity may be a
potential target in the effort to limit FFA flow to the liver. Recently, initial information on the
phenotype of mice with genetic deletion of ATGL have been provided. Fuchs et al. [40] have
demonstrated that lack of ATGL protects mice from tunicamycin-induced endoplasmic reticulum
stress, in part via modification of the fatty acid profile. In mice with liver-specific inactivation of
ATGL, severe progressive hepatic steatosis was found, although this was not associated with major
metabolic abnormalities [41]. Moreover, while plasma ALT levels were elevated, inflammation and
fibrosis were similar to or lower than those in controls.

The role of different lipases has also been evaluated in the light of the observation that mutations in
PNPLA3 (adiponutrin) have an impact on the development of NAFLD and possibly on its
progression. PNPLA3 has emerged from several genome-wide association studies as a potent factor
predisposing to fatty liver [42]. Eventually, it has been reported that PNPLA3 mutations are also
associated with a greater likelihood to have NASH and advanced fibrosis [18, 43]. The functional
significance of PNPLA3 is still undetermined and only recently its major role as a nutritionally
regulated lysophosphatidic acid acyltransferase has been clarified [44]. Interestingly, a sucrose-rich
diet results in increased PNPLAS3 activity, suggesting a mechanism for the increased susceptibility
to steatosis in subjects with the I148M variant [44]. As expression of PNPLA3 is not unique to
hepatocytes, it will be important to evaluate the possible role in other cells and the possible impact
on steatohepatitis. Along these lines, the possibility to modulate the expression and/or function of
this group of molecules represents a very interesting perspective for a targeted treatment in the

field.
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Adipose tissue inflammation. Obesity generates a state of chronic, low-grade inflammation,
originating from the adipose tissue and the liver [45, 46]. Accumulation of immune cells in adipose
tissue, particularly macrophages, is an important component of obesity-associated adipose tissue
inflammation and contributes to the development of insulin resistance and fatty liver. Fat
inflammatory response results from lipid accumulation into adipocytes, leading to chemokine
production by adipocytes and recruitment of proinflammatory macrophages [45, 46].

The adipose tissue of lean subjects is characterized by a low number of macrophages that are
maintained in an anti-inflammatory, M2 phenotype by regulatory T cells (Tregs) and eosinophil-
derived cytokines (IL-4, IL-13) [47, 48]. In an obese environment, the recruitment of Tregs and the
number of M2 macrophages decrease, whereas the enrichment of Th1 cells and endotoxemia drives
recruitment of CCR2-expressing, proinflammatory M1 macrophages [45, 49-52]. The initial
mechanism governing invasion of adipose tissue by CCR2-positive macrophages is most likely
represented by production of cytokines and chemokines, including the CCR2 ligand CCL2 (MCP-1),
by fat- laden adipocytes, although adipocyte death and hypoxia have also been incriminated [45,
46]. The relevance of inflammation appears evident considering the 30% of adipose tissue is
constituted by the so-called “vascular-stromal’ fraction, that comprises macrophages, endothelial
cells and immune cells [53].

Increased adipose tissue inflammation contributes to insulin resistance, disrupting insulin-
dependent signaling pathways, and leading to enhanced delivery of FFA to the liver, and thereby to
hepatic steatosis [54]. In keeping, ablation of Cdllc-positive adipose tissue macrophages is
associated with reduction of steatosis and normalization of insulin sensitivity [55]. Moreover,
invalidation of M1 genes, such as TNF alpha, IL-1 beta, iNOS, osteopontin, MCP-1 or its receptor
CCR2, blunts insulin resistance, adipose tissue and hepatic inflammation, and steatosis (for
reviews see [45, 46]). Interestingly, the decrease in M2-polarized adipose tissue macrophages that
parallels the increase in the M1 counterpart may also be of importance, since exacerbation of liver
fat accumulation is observed when disrupting transcription factors that govern M2 macrophage
polarization, such as PPARg, PPARd, or KIF4 \[32, 56, 57].

In this scenario, activation of JNK has been associated with increased serine phosphorylation of
IRS, reducing the response to insulin [58]. In addition, NF-kappaB activation leads to increased

expression of several proinflammatory cytokines and chemokines that amplify inflammation and
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critically contributes to insulin resistance [59]. Interestingly, activation of NF-kappaB appears to
require ceramide biosynthesis and the following activation of toll-like receptor (TLR)-4 [60]. Thus,
similar to what happens in the liver (see below), increased availability of free fatty acids,
generation of oxidative stress-related products, and endoplasmic reticulum stress are major factors
involved in the activation of proinflammatory signals in the adipose tissue. Enlargement of the
subcutaneous adipose tissue compartment is associated with a variable proportion of abdominal
(visceral) obesity, which has been found to correlate with hepatic inflammation and fibrosis in
humans [61]. While the relative role of subcutaneous vs. abdominal obesity is still a matter of
debate, several lines of evidence indicate that visceral fat is more ‘dysfunctional’, i.e. less sensitive
to insulin and more prone to inflammation [46]. As the drainage of blood from the visceral district
primarily encounters the liver, it is possible that visceral obesity has a greater impact on the

development of NASH [62].

Adipokines. Another pivotal aspect of adipose tissue dysfunction is represented by an altered
pattern of adipocytokine secretion. Several recent studies have highlighted a relation between
adipokines and different aspects of NASH, including fibrosis [63, 64]. More consistent data have
been obtained for leptin and adiponectin.

Leptin. Leptin levels are increased in obese patients, and leptin has been shown to mediate
profibrogenic effects on the liver [64]. Hepatic stellate cells express functional leptin receptors and
are directly responsive to leptin with a number of biological actions that collectively promote
fibrogenesis, including activation of the hedgehog pathway [65]. Once activated, HSCs contribute to
leptin expression, whereas low levels of leptin in quiescent HSCs are associated with higher
expression of adiponectin [66], which in turn inhibits leptin signaling and limits the fibrogenic
properties of HSC [67]. Interestingly, leptin has also been shown to mediate the angiogenic potential
of HSC, which accompanies the development of fibrosis. This pathway requires activation of the
mTOR pathway and generation of reactive oxygen species [68]. Moreover, hyperleptinemia during
experimental steatohepatitis is associated with increased production of hepatic endocannabinoids,
and enhanced responsiveness to the vasoconstrictor effects of endothelin-1, aggravating the

microcirculatory dysfunction that characterizes chronic liver diseases [69].
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Besides an action on HSC, leptin also targets Kupffer cells and sinusoidal endothelial cells,
stimulating TGF-f expression [70]. More recently, an intriguing cross-talk between leptin’s action
and endotoxin has been identified. Leptin was found to upregulate the expression of CD14 in
Kupffer cells, resulting in enhanced response to low-dose endotoxin and accelerated progression of
NASH [71]. When considering leptin as a target for therapy, it should be noted that this adipokine
also reduces the deposition of ectopic fat in the liver, and has been used for the treatment of
NAFLD in lipodystrophic patients [72] . However, in obese patients several tissues are resistant to
the actions of leptin, and it is possible that, similarly to what is observed for insulin resistance, not
all cells develop leptin resistance, and that fibrogenic and inflammatory cells remain sensitive to the
actions of this adipokine, contributing to the progression of NASH. Thus, similar to other
therapeutic approaches, it is likely that interference with the action of leptin is more promising if
targeted to the cells that are more directly involved in inflammation and repair.

Adiponectin. Adiponectin increases insulin sensitivity and has in general a hepatoprotective and
antifibrogenic effect in the liver wound healing process [63]. Although adiponectin and leptin share
their effects counteracting ectopic fat deposition, they have divergent effects on inflammation. In
fact, while leptin-deficient mice are protected from T cell-mediated hepatitis, lipodystrophic mice,
that lack both adiponectin and leptin, are not, unless adiponectin is administered [73]. In general,
adiponectin reduces inflammation, stimulating secretion of anti-inflammatory cytokines (e.g. IL-10),
blocking NF-«B activation, and inhibiting release of TNF-q, IL-6, and chemokines [74]. Conversely,
inflammation blocks adiponectin secretion, and specifically, adipose tissue inflammation
contributes to reduce plasma adiponectin levels in obesity. Moreover, a direct antifibrogenic action
of adiponectin has been demonstrated in models of toxic liver damage, and adiponectin ameliorates
metabolic alterations and liver fibrosis in different models of steatohepatitis [75, 76]. Some of the
anti-fibrogenic effects of adiponectin are dependent on activation of AMP-activated protein kinase
(AMPK)), that is activated in hepatic stellate cells upon interaction of adiponectin with its cognate
ligands [77, 78].

Reduced generation of oxidative stress-related products in the adipose tissue and in the liver is
another mechanism by which adiponectin may be beneficial in the context of NASH [79]. The
antioxidant effects of adiponectin have been recently linked to activation of AdipoR1 and the

resulting downstream release of intracellular calcium, together with increased activation of AMPK
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and sirtuin-1 [80]. In macrophages, adiponectin modulates the response to lipopolysaccaride
dependent on TLR4, which leads to TNF-alpha secretion and generation of reactive oxygen species
[81]. Interestingly, this effect, which is mediated by expression of interleukin-10, occurs after an
initial phase during which adiponectin actually increases TNF-alpha expression, indicating a
complex action of adiponectin on the pathways regulating inflammation. Along these lines, in fatty
liver undergoing ischemia-reperfusion, adiponectin siRNA confer protection against oxidative
stress and injury [82]. The anti-inflammatory effects of adiponectin are also mediated by its ability
to favor an M2 antiinflammatory phenotype and to inhibit M1 polarization [83]. Thus adiponectin
may maintain Kupffer cells in an M2 status in lean mice, while hypoadiponectinemia associated
with obesity may be a key factor for Kupffer cell activation and steatohepatitis.

The adiponectin system represents therefore an appealing target for the treatment of NASH and
the metabolic syndrome [84]. Some of the drugs that are currently used, including
thiazolidinediones or metformin, exert at least part of their actions modulating the adiponectin
system or its intracellular targets, such as AMPK. In addition, adiponectin receptors could be
potentially targeted by the use of agonists. However, the relevance of these findings needs to be
further validated in patients with NASH, because hypoadiponectinemia is a characteristic of
patients with metabolic syndrome, but correlation to NASH has been inconsistently reported [7].
Other adipocytokines. Other adipokines could possibly participate in hepatic inflammation and
fibrosis. These include resistin, that has been shown to modulate both inflammation and hepatic
stellate cell biology [85, 86], and visfatin, which has been associated with propagation of lipotoxic
inflammation [87]. Adipose tissue is a major site of expression of cytokines and chemokines that are
also abundantly expressed within the liver. CCL2 (also known as monocyte chemoattractant
protein-1, see above) has been implicated in the recruitment of inflammatory cells to the inflamed
adipose tissue, possibly in concert with other chemokines [88]. Expression of TNF-alpha and IL-6
has been shown in the adipose tissue and it is considered to contribute to hepatic inflammation via
an endocrine action, reaching the liver through the bloodstream. The possible role of these

cytokines is discussed below (see 4.1).

The renin-angiotensin system. Accumulating data indicate that the renin-angiotensin system is a

major modulator of insulin resistance and therefore may have a particular relevance in patients
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with NASH [28]. Local activation of this system has been shown to take place in adipose tissue,
where it may contribute to the abnormalities associated with the metabolic syndrome [89], and in
the liver, where it is critical for inflammation and fibrogenesis. Several experimental studies have
demonstrated that interference with this system is accompanied by reduced damage, inflammation
and fibrosis in models of steatohepatitis [90]. Based on the extensive clinical knowledge of drugs
interfering with this system, renin-angiotensin system inhibition may be a promising strategy to
prevent fibrosis progression in different chronic liver diseases, including NASH [91], and

clinical trials are underway.

3.2 Intestine and the microbiome

In the last few years considerable attention has been directed to a possible direct role of the
microbiome in the pathogenesis of NAFLD and NASH, with very intriguing results. Availability of
novel sequencing techniques allows a comprehensive and detailed analysis of the microbiome,
which has led to the identification of different ‘enterotypes’ in the general population [92].
Analysis of the role of different families of intestinal bacteria has been performed in several
conditions, including obesity, and it has been proposed that the microbiome contributes to the
susceptibility to become obese and to gain or lose weight more effectively why on a given dietary
regimen [93]. These findings have a clear relevance for the pathophysiology of the metabolic
syndrome and NAFLD [94, 95]. In fact, studies in mice and humans have demonstrated that gut
bacteria contribute to determine the susceptibility to develop fatty liver, partly through
modifications in choline metabolism [96, 97].

Epidemiological approaches have been recently associated with efforts to modify the microbiome.
Henao-Mejia et al. have provided evidence that defects in the NALP3 inflammasome are
associated with lower levels of IL-18 and other cytokines in the intestine, resulting in modulation
of the gut microbiome [98]. This is associated with more severe development of NASH, through
influx of TLR4 and TLR9 agonists into the portal circulation. Remarkably, co-housing of wild-type
mice with mice defective in inflammasome, led to acquisition of the altered microbiome and
transmission of a NASH phenotype [98]. These data indicate that experimentally, transfer of the
microbiome even in the absence of previous destruction of the ‘normal’ flora, may be sufficient to

transmit NASH. It still remains to be assessed at which level(s) the inflammasome is critical, in
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particular whether defects in the intestine are sufficient to transmit the phenotype. Moreover,
these data should be reconciled with other studies implicating a deleterious effect of

inflammasome activation in the pathogenesis of NASH [99, 100].

3.3 Dietary factors

While there is general agreement that a reduction in calorie intake is beneficial for NASH, as part
of a complex lifestyle intervention [101], it is uncertain whether changes in the type of nutrients
may be an additional approach to be pursued in the treatment of this condition. These aspects may
be viewed as additional extrahepatic factors that ultimately modulate the response of the liver to
the excess of calories and to lipid accumulation. Most of the available data are provided by studies
in mice, and only initial evidence has been obtained in humans (Figure 4). Nonetheless,
identification of the more “detrimental’ types of food could represent an important tool when
counseling the patients, and it may ultimately contribute to the success of other therapies.

Data from clinical studies suggest that patients with NASH have an imbalance in the type of fat
consumed, including an excess in saturated fat and n-6 fatty acids, together with a relative
deficiency in n-3 polyunsaturated fat [102, 103]. The different types of dietary lipid may have an
impact on the development of hepatic lipotoxicity, although dietary fat contributes to
approximately only 10% of the hepatic FFA pool [20]. In general, saturated fatty acids are more
lipotoxic than mono- or polyunsaturated ones, mainly due to their lower ability to be incorporated
in less toxic triglycerides and to higher induction of apoptosis [104-106].

Monounsaturated fatty acids are part of the ‘Mediterranean diet’ which has been suggested to be
beneficial in the metabolic syndrome [107]. In addition, several studied have addressed the
potential beneficial effects of omega-3 PUFA in patients with NAFLD [108]. A recent metanalysis
indicates that supplementation with omega-3 PUFA is associated with reduction of hepatic fat,
whereas the effects on necroinflammation are more uncertain [109]. In addition, data obtained in
population studies indicate that consumption of dietary n-3 PUFAs is inversely associated with the
occurrence of hepatocellular carcinoma [110]. Omega-3 fatty acids have consistently been shown to
reduce hepatic steatosis in murine models, and to lower plasma ALT in ob/ob mice [111, 112].
More recently, supplementation with eicosapentaenoic acid was investigated in mice with

hepatocyte-specific deletion of PTEN, which develop steatohepatitis and cancer [113].
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Supplementation was associated with reduced generation of ROS and lower inflammation,
together with inhibition of HCC development. In this and other studies, part of the effects of
omega-3 PUFA have been attributed to their ability to increase the expression of PPAR-alpha.
Additionally, the anti-inflammatory effects of omega-3 fatty have been linked to modulation of
eicosanoids [111], and of TNF or adiponectin [114].

Considerable recent interest has been placed on the role of cholesterol. Data from Mari et al. have
indicated that upon administration of a cholesterol-rich diet, free cholesterol accumulates in
mitochondria and sensitized hepatocytes to apoptosis and lipotoxic injury [115]. The relevance of
hepatocellular free cholesterol is supported by recent findings obtained in foz/foz mice, which
carry a spontaneous mutation associated with early obesity, insulin resistance, and development of
NASH with fibrosis [116]. In these mice, increasing the amount of dietary cholesterol resulted in
more severe inflammation, hepatocellular injury and fibrosis. These observations have a clear
potential impact on the treatment of NASH, and several studies are underway. The excellent safety
profile of cholesterol-lowering drugs and the well-established pharmacology of these compounds
make them very attractive candidates for a pharmacological-based approach to NASH [117].

Solid data have also been obtained for the role of consumption of different types of carbohydrates,
which increase insulin levels and contribute to elevate triglyceride levels, even in isocaloric
conditions [118]. Moreover, histologic severity has been shown to be associated with higher
carbohydrate intake, and a reduction in dietary carbohydrates was more effective in lowering ALT
even with similar weight loss [119, 120]. These data have epidemiological and practical relevance,
as the consumption of simple carbohydrates has dramatically increased in the past decades. In
particular, fructose and sucrose, which contains 50% fructose, have been suggested to play a major
role in metabolic disorders [121]. Among sugars, fructose has many peculiarities, as it poorly
stimulates insulin or leptin secretion, and therefore it is less able to induce satiety [122]. Moreover,
it is more efficient than glucose in inducing formation of advanced glycation end-products [121].
In a large clinical study performed by the NASH Clinical Research Network, dietary fructose
consumption was found to be associated with major features of steatohepatitis, including higher
fibrosis stage, hepatic inflammation and hepatocyte ballooning [123].

Experimental studies have unraveled at least in part the molecular mechanisms underlying the

detrimental effects of fructose on the development of steatohepatitis. Fructose is directly
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proinflammatory, through elevation of endotoxin levels, induction of oxidative stress, and up-
regulation of TNF-alpha expression [124]. Along these lines, chronic fructose intake in mice mutant
for TLR4 caused lower hepatic triglyceride accumulation and reduced oxidative stress and
expression of proinflammatory factors [125]. More recently, fructose was found to induce copper
deficiency and to lead to iron overload in rats [126]. This resulted in worsened necroinflammation
and suppression of antioxidant defenses, leading to lipid peroxidation. ER stress also contributes
to the effects of fructose on the liver, as indicated by upregulated expression of GRP78 and
increased phosphorylation of elF2a and PERK [127]. These findings have a practical counterpart,
and abstinence from beverages containing fructose should be suggested to patients with NAFLD.
Accumulating evidence indicates that coffee has a relevant protective effects on the development
of fibrosis in different chronic liver diseases [128]. In a recent study, patients with NASH reported
a lower consumption of coffee compared to controls or subjects with simple steatosis [129].
Moreover, a negative relationship between coffee caffeine consumption and hepatic fibrosis was
observed. Of note, other molecules besides caffeine may be protective in the setting of NASH. In a
rodent model of steatohepatitis, addition of coffee to a high fat diet resulted in a reduction in
hepatic fat accumulation, oxidative stress and liver inflammation [130]. These results were
independent of caffeine, and were reproduced by administration of polyphenols or melanoidins.
Nonetheless, caffeine appears to contribute to the actions of coffee, as demonstrated by data in
patients [129, 131]. In addition, caffeine has been shown to modulate the effects of the
profibrogenic cytokine TGF-beta on cultured hepatocytes. [132]. These data suggest that
modification in the consumption of usual foods may be potentially helpful in preventing
progression of NAFLD. Along these lines, even orange juice was recently shown to have anti-

steatogenic effects in mice [133].

3.4 Gastrointestinal hormones

Hormones released in the gastrointestinal tract and targeting the liver and the pancreas have been
recently implicated in the pathogenesis of metabolic disturbances. Glucagon-like peptide-1 (GLP-
1) is an incretin secreted by the L-type cells of the intestine in response to food intake [134]. The
half-life of GLP-1 is limited due to the rapid degradation by dipeptidyl dipeptidase-4 (DPP-4), and

therefore long-acting agonists of the GLP-1 receptor such as exenatide or liraglutide have been
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generated. Similarly, DPP-4 inhibitors such as sitagliptin have been used in experimental and
clinical studies. The main action of GLP-1 is the stimulation of glucose-dependent insulin
secretion, but recent studies indicate that GLP-1 may be relevant in the pathogenesis of
steatohepatitis. In ob/ob mice, exendin-4 was found to reduce hepatic steatosis and to improve
insulin’s action [135]. Moreover, activation of the GLP-1 receptor led to induction of autophagy
and to reduction of ER stress, two key events in the pathogenesis of steatohepatitis [136].
Ghrelin is another factor that has received recent attention in the pathogenesis of liver fibrosis
[137]. Data in a model of steatohepatitis showed that necrosis and inflammation, oxidative stress,
and lipid peroxidation were limited by treatment with ghrelin, acting through the LKB1/AMPK

and PI3 K/ Akt pathways [138].

4. Inside the liver: local inflammatory and fibrogenic mechanisms

Sustained inflammation in the liver is critical in the progression of NAFLD. Compelling evidences

indicates that hepatic macrophages, comprising liver-resident macrophages (Kupffer cells) and
monocytes infiltrating the injured liver, as well as specific lymphocyte subsets, play a pivotal role
in the initiation and perpetuation of the inflammatory response, with a major deleterious impact

on key steps of fatty liver progression to fibrosis.

4.1 Kupffer cell activation affects multiple steps of NAFLD

Kupffer cells are key players in the pathogenesis of NASH, as shown by the resistance to steatosis,
inflammatory cell recruitment, hepatic injury and fibrosis, in mice where Kupffer cells are depleted
with clodronate or gadolinium chloride [139-144]. Alike other macrophages, Kupffer cells and
hepatic monocyte-derived macrophages are a highly heterogeneous and plastic populations that
may adopt various phenotypes ranging between the extreme states known as M1 and M2. During
NAFLD, Kupffer cells are exposed to a variety of exogenous and endogenous signals that shift
their phenotype towards a proinflammatory M1 state, in particular danger signals released by
steatotic hepatocytes and toxic lipids accumulated in Kupffer cells (Figure 5). In addition,
exogenous inflammatory mediators originating from the adipose tissue and from bacterial
products released from the gut, such as endotoxin (LPS), also activate Kupffer cells and trigger

hepatic inflammation (see below). Inflammation driven by M1 Kupffer cells is counterbalanced by
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alternatively-polarized M2 macrophages, that produce anti-inflammatory cytokines such as IL-10,
and promote resolution of inflammation [145, 146]. Macrophage polarization into an M2
phenotype is promoted by Th2-derived cytokines (IL-4, IL-13) [145, 146], that may also originate
from hepatocytes [56, 147]. Factors promoting M2 Kupffer cell polarization are poorly
characterized, but include the transcription factor PPARdelta [56, 147], adiponectin [83, 148] and
the cannabinoid receptor CB2 [149] (see below).

Dysregulation of the hepatic M1/M2 phenotypic balance is emerging as a central mechanism
governing NAFLD. Initially considered as a consequence of fat accumulation in hepatocytes,
Kupffer cell activation is now viewed as a central mechanism triggering steatosis [56, 140, 150,
151]. In fact, recent studies have shown that IL-1beta released by Ml-polarized Kupffer cells
promotes triglyceride synthesis in hepatocytes following activation of diacylglycerol
acyltransferase 2, and inhibits fatty acid oxidation by decreasing PPAR-alpha trans-activating
activity [150, 151]. Moreover, invalidation of PPAR-delta in myeloid cells, which inhibits M2 and
favors M1 Kupffer cell polarization, results in enhanced steatosis via inhibition of fatty acid
oxidation in hepatocytes [56]. These studies demonstrate the causal relationship between the loss
of alternative Kupffer cell polarization and/or acquisition of the M1 phenotype, and the
development of steatosis.

Activation of Kupffer cell also governs the recruitment of blood-derived positive monocytes
during NASH. Accumulating studies demonstrate that macrophage infiltration into the liver is
primarily promoted by CCL2, a chemokine up-regulated in the serum and in the liver of patients
with NASH [152], that drives the recruitment of C-C chemokine receptor 2 (CCR2) expressing
monocytes. In particular, pharmacological or genetic invalidation of CCL2 or CCR2 reduces
macrophage infiltration in mice fed CDAA or MCD, in addition to preventing steatosis [143, 153].
However, variable results have been obtained in mice with different genetic backgrounds [154].
Other molecules of the chemokine family have been shown to play a possible role in the
pathogenesis of NASH, including CCL5 (RANTES) which s implicated in the recruitment of
inflammatory cells and in the pathogenesis of fibrosis in different conditions. In principle,
chemokine receptors represent an ideal target for the treatment of NASH. Inflammatory
chemokines such as CCL2 or CCL5 are predominantly expressed in conditions of inflammation, and

therefore inhibition of their action may possibly be achieved without major off-target effects.
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Moreover, chemokine receptors are G protein-coupled receptors that are generally easy to target
with drugs. Therefore, it is likely that this group of molecules will represent an appealing target in
the near future.

In addition to their key role in the initiation of the inflammatory reaction associated with early
steps of NAFLD, Kupffer cells and recruited monocytes contribute to liver fibrosis progression,
both by perpetuating inflammatory cell recruitment and triggering hepatic stellate cell activation.
Emerging evidence also indicates that macrophages play a pivotal role in the resolution of liver
fibrosis [155]. Although the characteristic profile of these pro- and anti-fibrotic macrophages is still
unclear, recent data have demonstrated that M1 macrophages originating from resident Kupffer
cells and Grl" monocytes promote progression of liver fibrosis by releasing inflammatory
mediators such as IL-1beta, that activate hepatic stellate cells [150]. Conversely, M2-like Kupffer
cells may display anti-fibrogenic functions [156-158]. Indeed, mice carrying a specific deletion of
either the M2 marker arginase-1 or the chemokine receptor CX3CR1 in macrophages show reduced
expression of M2 genes, and are prone to liver fibrosis [157, 158]. Along the same lines, the
chemokine CX3CL1 suppresses hepatic stellate cell fibrogenic functions by triggering M2 Kupffer
cell polarization [156]. However, M2 Kupffer cells have been also indicated as inducers of fibrosis,
because of their capacity to produce TGF-beta and matrix metalloproteinases [145]. These studies
highlight the fact that modulating Kupffer cell phenotype is an interesting strategy to protect
against NAFLD progression, although better characterization/classification of pro and

antifibrogenic macrophage populations is required.

4.2 Accumulation of lipids in Kupffer cells is proinflammatory

Recent studies have shown that alterations in lipid metabolism during NAFLD drive polarization
of Kupffer cells into an M1 phenotype, via several mechanisms. First, uptake of oxidized
lipoproteins by Kupffer cells, orchestrated by the scavenger receptors CD 36 and SR-A, leads to the
formation of foamy macrophages with a proinflammatory phenotype [159]. In keeping with these
data, immunization strategies against oxidized low-density lipoprotein or removal of cholesterol
from the high fat diet in foz/foz or ldr-/- hyperlipidemic mice, ameliorates NASH-induced
hepatic injury and inflammation [116, 160]. Second, excessive exposure to fatty acids, as induced

by high fat diet, leads to accumulation of diacylglycerol and ceramide in Kupffer cells, that shift
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their phenotype towards an M1 state [161]. Noticeably, fat-laden M1 Kupffer cells from obese mice
become hyperreactive to low levels of LPS, which may account for the vulnerability of these
animals to develop liver inflammation and NASH [161]. Third, recognition of fatty acid moieties
by TLR4 has been proposed as a mechanism by which lipids may activate Kupffer cells. However,
free fatty acids most probably do not directly bind to TLR4 [162], but rather interact with TLR4 via
the free fatty acid carrier fetuin A, a liver secretory glycoprotein recently identified as an

endogenous TLR4 ligand [163].

4.3 Pattern recognition receptors (PRR)

Obesity is associated with increased gut permeability, leading to translocation of bacterial
products which interact with pattern recognition receptors (PRR). Originally described as a
defense mechanism against pathogens (bacteria, viruses and fungal components), PRR have now
been shown to play an essential role in the pathogenesis of NAFLD. PRR comprise at least two
sensing protein families, the NOD like receptors (NLR), which are associated with inflammasome
complexes in the cytosol [164], and the Toll-like receptors (TLR), expressed at the cell surface or in
the endosomal compartment [165]. Both NLR and TLRs detect danger signals, such as pathogens
originating from gut-derived microorganisms (pathogen-associated molecular patterns, PAMPs),
or molecules released endogenously from dying or stressed cells, in particular by hepatocytes
(endogenous damage-associated molecular patterns, DAMPs) [164, 166]. Kupffer cells are the
primary sensors of PAMPs and DAMPs, and TLR and inflammasomes have emerged as important
components of Kupffer cell activation and NAFLD progression.

TLR are a family of receptors that recognize gut-derived bacterial products such as
lipopolysaccharide (LPS), bacterial DNA, peptidoglycan, viral and fungal components originating
from gut microbiota, but also denatured host DNA and indirectly free fatty acids [165]. Studies on
the role of TLRs in the pathogenesis of NAFLD were initiated a decade ago, by the description of
alterations in gut permeability and composition of gut microbiome in obesity, both in humans and
experimental models [167-169]. As a result, Kupffer cells and other liver cells, in particular stellate
cells and hepatocytes are exposed to a high load of gut-derived bacterial products that function as
TLR ligands to promote NAFLD progression. Results from knock out animals indicate that TLR4

and TLR9 are deleterious in NAFLD, whereas TLR2 may display hepatoprotective effects [170,
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171]. Although TLR5 is not expressed in the liver, Tlr57 mice fed a high fat diet are prone to
obesity, insulin resistance and steatosis, related to alterations in the gut microbiome [172].

Among the TLRs, TLR4 has a central role in Kupffer cell activation by binding both LPS and
danger signals such as HMGB1 or oxidized phospholipids. TLR4 acts in concert with its co-
receptors CD14 or MD-2 to recognize LPS, leading to the recruitment of adaptor molecules MyD88
and TRIF. TLR4 triggers a cascade of signaling pathways that culminates in the activation of
members of the NF-kappaB complex, and the resulting production of proinflammatory cytokines
and type I interferons [166]. The role of TLR4 in NAFLD was demonstrated by the use of TLR4-
deficient mice, which show impaired Kupffer cell activation, whereas LPS levels remain elevated
[125, 144, 173]. Moreover, activation of TLR4 in Kupffer cells leads to generation of reactive oxygen
species and the resulting activation of X-box binding protein-1, a transcription factor involved in
the unfolded protein responses [174].

Mice deficient for TLR4 in hematopoietic cells are resistant to high fat diet-induced adipose tissue
inflammation, insulin resistance and steatosis [175]. In addition, TLR4-deficient mice do not
develop steatohepatitis and fibrosis when fed MCD, suggesting direct contribution of TLR4
expressed in liver cells to NASH [176]. On the other hand, when LPS release is reduced by
administration of antibiotics or probiotics, obese mice are resistant to liver inflammation and liver
injury [177]. Conversely, infusion of low-dose LPS to lean mice triggers hepatic steatosis, insulin
resistance, and weight gain [178] and administration of LPS accelerates steatohepatitis in mice fed
MCD [179]. Of note, activation of TLRs, including TLR4, has been shown to mediate the
detrimental effects of fructose on the development of fatty liver [180]. These data demonstrate that
activation of the LPS-TLR4 pathway in the liver and in the adipose tissue is a major component of
NAFLD progression.

HSC also express several TLRs. Seki et al. have investigated the effects of TLR4 on the
development of fibrosis, demonstrating that activation of this receptor in HSC potentiates the
effects of TGF-beta downregulating the inhibitory co-receptor, Bambi [181]. Of note, fibrogenesis
was dependent on the expression of TLR4 in HSC more than in other hepatic cell types, as
demonstrated by experiments in chimeric mice. This view is supported by the observation that

LPS and other bacterial products are also pro-inflammatory through a direct action on HSC [182].
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More recently, the role of TLR9 in steatohepatitis has been addressed. Deletion of TLR9 resulted in
a marked amelioration of experimental steatohepatitis, including the development of fibrosis [150].
Besides LPS, bacterial products such as bacterial DNA are increased during NASH, as shown in
mice fed CDAA [150]. Bacterial DNA is a TLR9 ligand, and TLR9-deficient mice fed CDAA are
resistant to steatosis, liver injury, inflammatory cell infiltration and fibrosis. In addition, these
mice show a specific decrease in the production of IL-1 beta by Kupffer cells, a cytokine with
apoptotic and steatogenic effects on in cultured hepatocytes and with fibrogenic properties
towards isolated hepatic stellate cells [150]. Therefore, bacterial DNA binding toTLR9 Kupffer cells

activates several features of NAFLD, via IL-1 release from Kupffer cells.

4.4 Inflammasome

Inflammasomes are cytoplasmic protein complexes that are key regulators of the innate immune
response, by controlling the activation and secretion of IL-1 beta, IL-18 or IL33 in response to
danger signals. Inflammasome structures comprise an intracellular NOD-, LRR- and pyrin
domain-containing (NLRP) family member, an adaptor sensor molecule (ASC) and pro-caspase 1
[164]. Among NLRP, NLRP3 is the best characterized for its role in insulin resistance and NAFLD.
NLRP3 is activated by PAMPs or DAMPs in intracellular compartments, resulting in the
processing of pro-caspase 1 into activated caspase 1, and subsequent maturation of inactive pro IL-
1-beta, IL-18 and IL33 into their active forms [164].

Recent data have highlighted the major but complex contribution of inflammasome components
expressed in the adipose tissue, the gut and the liver at multiple steps of NAFLD progression. The
expression of inflammasome components (NLRP3, ASC, caspase-1) and production of mature IL-1
beta are up-regulated in patients with NASH and in mice fed MCD or a high fat diet, but only after
prolonged overfeeding and not just when simple steatosis develops [99]. Nevertheless, NLRP3-
derived IL-1beta drives steatosis in HFD-fed mice, probably as a consequence of adipose tissue
macrophage infiltration and enhanced insulin resistance [183, 184].

The contribution of inflammasome to NASH progression may involve the coordinated interplay
between inflammatory cells, hepatocytes and hepatic stellate cells. Indeed, although
inflammasome activation was initially thought to be restricted to inflammatory cells, accumulating

data indicate that this complex is also expressed in hepatocytes and hepatic stellate cells. In



Marra & Lotersztajn, 25

hepatocytes, activation of inflammasome by lipotoxic lipids may represent an additional event
governing activation of Kupffer cells during NAFLD. Thus, hepatocytes exposed to saturated fatty
acids release IL-1beta and danger signals, that will activate inflammasome in Kupffer cells, and
trigger subsequent release of proinflammatory signals [99]. The nature of the danger signal
released by hepatocytes remains to be identified, but a good candidate could be HMGB1, a DAMP
ligand of TLR4 released upon exposure to free fatty acids that results in inflammasome activation
in macrophages [185, 186]. Direct activation of the inflammasome pathway in Kupffer cells could
also be promoted by free fatty acids, free cholesterol and toxic lipids such as ceramides, as
described in adipose tissue macrophages [164], thereby contributing to their polarization into an
M1 state. Finally, activation of inflammasome in cultured hepatic stellate cells enhance their
fibrogenic properties, suggesting that this pathway could also contribute to NASH-related fibrosis
via direct effects on fibrogenic cells [187]. In keeping with these data, NLRP3-/-, ASC-/- or caspase
1-/- mice are protected against carbon tetrachloride or MCD-induced fibrosis [187, 188].

On the other hand, activation of inflammasome may also show beneficial effects against NASH,
because mice invalidated for NLRP3, NLRP6, ASC or caspase-1 that are fed MCD show
exacerbated steatosis [98] [142] and hepatic inflammation [98], in contrast to mice fed HFD, which
are resistant to steatosis [183, 184]. Further studies are needed to reconcile these data, but the
relative IL-18 to IL-1beta ratio in the two models (MCD, a NASH model without obesity and
insulin resistance vs high fat diet, a model of metabolic syndrome with limited features of NASH)
may be a key issue, because IL-18 but not IL-1 beta drives protection against MCD-induced NASH,

in contrast to the major role of IL-1 beta in the high fat diet model [98].

4.5 NFkB and INK as key signaling pathways linking inflammation to NAFLD

NFxB and the c-Jun-N terminal kinases (JNK) are strongly up-regulated in the liver and the
adipose tissue of patients with NASH, and in obese mice or mice fed MCD. Both pathways are
activated by a variety of danger signals, including endotoxin, oxidative stress, insulin, lipotoxic
molecules or proinflammatory cytokines. Their activation in adipose tissue macrophages and in
the liver, both in Kupffer cells and hepatocytes, contribute to steatosis, hepatic inflammation

insulin resistance, and NASH-related liver injury.
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Pharmacological inhibition of IKK beta, an upstream kinase which promotes NF-kB activation,
prevents mice fed MCD from steatosis and NASH [189]. Selective deletion of IKK beta in myeloid
cells results in suppression of inflammatory cytokine production, and protects from peripheral
insulin resistance. In hepatocytes, manipulation of IKK-beta by specific gene deletion or
overexpression in overfed mice has led to the demonstration of its contribution to Kupffer cell
activation, steatosis and hepatic insulin resistance[190, 191]. Surprisingly, hepatocyte deletion of
NEMO, a kinase which enhances IKK action, leads to increased inflammation, hepatocyte
apoptosis and development of liver tumor in mice fed HFD [192]. These unexpected results
probably reflect the consequences of a more severe inhibition of NF-kB when disrupting NEMO,
with a resulting loss of the protective effects of NF-kB against hepatocyte apoptosis.

The two isoforms of JNK, JNK1 and JNK2, display distinct outcomes on NAFLD. In different
models of obesity and NASH, pharmacological inhibition of JNK or global invalidation of JNK1,
but not JNK2, protects against steatosis, insulin resistance, Kupffer cell activation, inflammatory
cell recruitment and liver injury [193-196]. The requirement of myeloid JNK1 in Kupffer cell
activation and steatosis was demonstrated by the use of chimeric mice generated by transplanting
bone marrow cells lacking JNK1 into WT mice [197]. Although these results demonstrated the role
of macrophage JNK1 in NASH pathogenesis, an additional study demonstrated that hepatocyte-
specific deletion of JNK1 actually promotes steatosis and insulin resistance [198], suggesting that
the deleterious effects of JNK1 in myeloid cells may predominate over the beneficial effects of
JNK1 in hepatocytes.

Taken together, these data undoubtedly point out the major impact of the NF-xB and JNK
pathways, in myeloid cells and hepatocytes, in insulin resistance and various aspects of NASH.
They also further argue for a cross talk between hepatocytes and Kupffer cells in the pathogenesis
of NASH. However, they underscore the complex cell specific roles of these signaling pathways in

disease progression.

4.6 Lymphocytes

In addition to Kupffer cells, NAFLD progression is also governed by alterations in lymphocyte
subsets. Indeed, fat-laden Kupffer cells promote recruitment of CD4+, CD8+ and B lymphocytes

[161], and cause hyperresponsiveness to chemotactic agents in obese mice [199]. Moreover,



Marra & Lotersztajn, 27

alterations in the Treg/Th17 balance has also been hypothesized. Indeed, as described in the
adipose tissue, the number of Tregs decreases in the liver of mice fed high fat diet, as a result of
enhanced apoptosis promoted by oxidative stress [200]. Adoptive transfer of regulatory T cells
reduces liver inflammation and injury upon exposure to low levels of LPS, suggesting that
reduction in Tregs contributes to inflammation and hypersensitivity of obese mice to LPS-induced
injury [200]. Whether, as described for adipose tissue M2 macrophages, Tregs also contribute to
maintain the M2 Kupffer cell phenotype in lean mice is an intriguing possibility that deserves to be
investigated. In parallel to the decrease in Tregs, an increase in hepatic Th17 lymphocytes has been
observed in high fat diet fed mice senisitized to a low dose of LPS, and their neutralization reduces
LPS-induced liver injury [201]. These data, together with the reported activation of Th17 responses
in the adipose tissue of obese mice and in patients with type 2 diabetes [202], suggest that
modifications of the Treg/Th17 balance could contribute to the inflammatory process associated
with obesity and NAFLD, both in the adipose tissue and in the liver.

A ‘double-edged sword’ role has been demonstrated for natural killer T (NKT) cells. NKT cells are
a subset of lymphocytes that are particularly abundant in healthy livers. They are activated by
lipid antigens and can produce both proinflammatory Thl and Thl7 cytokines, and anti-
inflammatory Th2 mediators. Liver NKT cells are decreased in steatotic human livers and in ob/ob
mice or mice fed a high-fat high-sucrose diet [203, 204]. The loss of NKT cells in the steatotic liver
is deleterious, since CD1d-deficient mice that lack NKT have exacerbated steatosis and glucose
intolerance, whereas adoptive transfer of NKT cells in obese mice ameliorates steatosis and insulin
resistance [203]. Depletion of NKT cells is also associated with increased Th1l and decreased Th2
cytokine production, and results from Kupffer cell-derived production of IL-12, that induces NKT
cell death [204]. However, NKT cells accumulate in the liver of patients with advanced NASH and
in mice fed MCD, via a Hedgehog-dependent pathway [205, 206]. In this context, NKT cells
contribute to NAFLD progression, since CD1d-deficient mice fed MCD are protected from NASH-
related fibrosis [207]. Therefore, NKT cells display beneficial effects at early steps of NAFLD (i.e

steatosis), while promoting progression to steatohepatitis and fibrosis at later stages.

4.7 The endocannabinoid system




Marra & Lotersztajn, 28

Dysregulation of the peripheral endocannabinoid (EC) system has been linked to the progression
of NAFLD. Patients with NAFLD show increased serum levels of 2-arachydonoylglycerol, and
endocannabinoid ligand, and enhanced hepatic expression of both cannabinoid receptors, CB1 and
CB2 [208, 209]. In keeping with these data, convergent studies have highlighted the contribution
of the endocannabinoid system in the pathogenesis of NAFLD [210] .

CB1-deficient mice are resistant to high fat diet-induced obesity and show neither insulin
resistance nor fatty liver [211]. Along the same lines, ob/ob mice treated with the CB1 receptor
antagonist rimonabant show reversal of hepatic steatosis and improved insulin sensitivity [212].
Beneficial effects of CB1 receptor antagonism on steatosis and insulin resistance are not exclusively
related to a decrease in body weight, but also results from interaction with peripheral receptors.
Indeed, CB1 receptors are up-regulated in hepatocytes and adipocytes from mice fed a high fat
diet. Moreover, mice bearing hepatocyte-specific deletion of CB1 receptors become obese in
response to high fat diet, but are protected from steatosis, dyslipidemia and insulin resistance,
demonstrating the direct contribution of hepatocyte CB1 to the steatogenic process [211]. Studies in
cultured liver slices or in isolated hepatocytes have shown that increased fat accumulation directed
by CB1 receptor activation results from the combination of an increase in hepatocyte lipogenesis
following SREBP1c activation, a reduction of fatty acid oxidation via inhibition of AMP kinase, and
a decrease in the hepatic production and release of TG-rich VLDL [211]. However, mice with liver-
specific deletion of CB1 are only partially protected from steatosis, whereas mice with a global CB1
deletion are totally resistant, suggesting a role for adipose tissue-derived fat. Accordingly,
activation of CB1 receptors in adipocytes enhance free fatty acid influx to the liver [213].

Data from epidemiological and therapeutic studies also support the causal role of the
endocannabinoid pathway in the pathogenesis of steatosis. Daily cannabis use has been identified
as an independent predictor of severe steatosis in patients with chronic hepatitis C [214]. In
addition, hepatic CB1 expression correlates with the extent of steatosis in these patients, and is up-
regulated in those with increased steatosis grade [215].

Activation of CB1 receptors may also participate to the inflammatory response and liver injury
associated with NASH. CBl-dependent increase in fat TNFalpha is associated with reduced
secretion of adiponectin, and administration of rimonabant to ob/ob mice reduces liver

inflammation and liver injury, while restoring adiponectin levels [212]. Moreover, recent studies



Marra & Lotersztajn, 29

have shown that CB1 receptor activation in macrophages triggers the release of proinflammatory
cytokines [216, 217], but whether CB1 is also expressed in Kupffer cells deserves future studies.
Finally, CB1 receptors promote ER stress, via up-regulation of the Bip-PERK-elF2alpha pathway
and activates CREBH, a stress-associated liver-specific transcription factor inducible by LPS or
proinflammatory cytokines [218-220]. Clinical data also support a role of CB1 in liver injury, since
analysis of pooled 1-year data from four pivotal trials in overweight patients showed a significant
decrease in alanine aminotransferase in patients under rimonabant [221]. Similar results were
reported in the ADAGIO trial enrolling 800 patients with abdominal obesity and dyslipidemia
[222].

CB1 receptors also play a major role in liver fibrosis. Enhanced hepatic CB1 receptor expression
has been described in hepatic myofibroblasts from patients with NAFLD, and CB1 receptors were
found to signal profibrogenic responses in experimental models of liver fibrosis [223]. Moreover,
mice administered rimonabant or invalidated for CB1 are protected from fibrosis, by a mechanism
involving reduced proliferation and increased apoptosis of hepatic myofibroblasts [223]. These
results are corroborated by epidemiological data showing that daily cannabis smoking is an
independent predictive factor of fibrosis severity and fibrosis stage in patient with chronic
hepatitis C [224].

These data show that peripheral overactivation of CB1 receptors contributes to the progression of
NAFLD, by acting at multiple steps of the disease. However, rimonabant has been withdrawn
from the market, given an alarming rate of side effects on the central nervous system. This major
drawback could soon be overcome with the emerging availability of CB1 antagonists unable to
cross the blood-brain barrier. Along these lines, recent studies have validated the efficacy of two
orally bioavailable CB1 antagonists with limited ability to penetrate the brain, AM6545 and JD
5037, on steatosis, liver injury, insulin resistance and blood glucose [220, 225, 226]. Interestingly,
our recent unpublished findings indicate that AM6545 displays antifibrogenic properties similar to
that of rimonabant (Lotersztajn, unpublished).

Enhanced hepatic expression of CB2 receptors has been documented in NAFLD patients and in fat
stromal vascular fraction in obese mice [227]. Moreover, treatment of obese mice with the CB2
agonist JWH-133 enhance fat inflammation, insulin resistance and steatosis, while CB2-deficient

animals are protected [227]. These data indicate that CB2 receptors contribute to metabolic
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steatosis, probably as a result of increased adipose tissue inflammation and insulin resistance.
However, activation of CB2 receptors expressed in Kupffer cells protects hepatocytes from
steatosis by promoting a shift of Kupffer cells towards an M2 phenotype and inhibiting the release
of steatogenic cytokines (i.e TNF alpha and IL-1 beta, [149]. Moreover, CB2 receptors display
potent hepatoprotective properties in a variety of models of acute and chronic liver injury [228].
Finally, CB2 receptors show antifibrogenic properties, via direct antiproliferative and apoptotic
effects on hepatic myofibroblasts, and indirect anti-inflammatory effects on Kupffer cells and Th17
lymphocytes [149, 229, 230]. Therefore, CB2 receptors may display deleterious effects at early

stages of NAFLD, but protective effects against NASH.

4.8 Apoptosis

NASH is characterized by hepatocyte apoptosis, and generation of apoptotic bodies has been
recognized as a potent proinflammatory and profibrogenic stimulus [231]. Several pathways lead to
lipotoxic apoptosis, including inflammation, ER stress, oxidative stress and fatty acids themselves,
such as palmitic acid. After the appearance of apoptosis, apoptotic bodies are engulfed by Kupffer
cells and HSC, resulting in release of proinflammatory and profibrogenic mediators. The direct link
between apoptosis and NASH has been demonstrated by a number of experimental studies, which
have shown that blockade of the apoptotic pathway results in a beneficial effect on inflammation,
hepatocyte injury, and fibrosis. This mechanism also shows a cross-talk with the adipokine system,
as leptin stimulates the phagocytotic process of apoptotic bodies by HSC, generating additional
profibrogenic cues [232]. For these reasons, clinical trials have been performed to assess the
possibility to translate these findings to the human setting [233]. Nonetheless, it should be kept in
mind that strategies that chronically reduce apoptosis could potentially favor the appearance of
hepatocellular carcinoma, the incidence of which has been found to be increased in patients with

NAFLD even in the absence of cirrhosis.

4.9 ER stress
One of the consequences of lipotoxicity is the activation of the so-called “unfolded protein
response’ (UPR) that is characterized by a series of intracellular events that counteract the

excessive presence of misfolded proteins within cells, including hepatocytes [234]. The activation
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of the UPR includes increased activity of pathways that results in apoptosis and inflammation,
primarily JNK. Of note, the UPR and the related ER stress have also been implicated in the
determination of insulin resistance both at the level of adipose tissue and of the liver [235]. In
particular, ER stress-mediated activation of JNK interferes with insulin receptor signaling,
resulting in limited metabolic effects (see above). Like for many other pathways activated in
conditions of hepatocyte injury or lipotoxicity, ER stress is to some extent protective, whereas its
excessive activation may trigger cell death and injury. However, increasing understanding of the
molecules implicated in its activation and fine tuning may eventually represent an important

target to investigate for the treatment of chronic liver diseases.

4.10 Lipid droplets and autophagy

In hepatocytes, excess fat in form of triglycerides is stored in separate structures known as lipid
droplets. Lipid droplets are separated by the cytosol by a protein layer, and have been considered
relatively inert structures until recently. Recent studies have indicated that proteins lining the
intracellular lipid droplets have a regulatory function which may have an impact on the dynamics
of intracellular fat in both the adipose tissue and the liver, and in the development of inflammation
[236]. In patients with NAFLD, expression of perilipin and adipophilin was found on the rim of
lipid droplets in both NASH and simple steatosis. Interestingly, the frequency of adipophilin-
positive ballooned hepatocytes correlated with inflammation and fibrosis [237].

The dynamics of intracellular lipid droplets are also associated with the role of autophagy.
Autophagy is a metabolic process that degrades and recycles intracellular organelles and proteins.
Autophagy delivers intracellular proteins and organelles sequestered in double-membrane
vesicles (autophagosomes) to lysosomes for degradation and use as an energy source [238]. The
Czaja’s group has demonstrated a connection between autophagy and steatosis, reporting that
inhibition of autophagy in hepatocytes and in mouse liver increases triglyceride storage in lipid
droplets [239]. While autophagy may be viewed as a protective mechanism against steatosis, its
activation appears to favor the progression of fibrosis. In mouse stellate cells, an increase in
autophagic flux was observed during activation in culture, and exposure of HSC to an inhibitor of

autophagy decreased proliferation and expression of activation markers [240]. Moreover, the levels
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of autophagy were increased upon liver injury in mice and in human samples. Loss of autophagic

function in mice following injury reduced fibrogenesis and matrix accumulation [241].

4.11 Mitochondria and oxidative stress

Oxidative stress has been traditionally considered one of the ‘second-hits’ responsible for the
progression from steatosis to steatohepatitis [242] and demonstration of oxidative damage in the
liver of patients with NAFLD has been provided [243]. One of the problems with this pathogenetic
factor has been the observation that while the treatment with antioxidant was effective in animal
models of steatohepatitis, it was rather ineffective in humans. This idea has been at least partially
challenged by the results of the recent PIVENS study, where vitamin E was superior to placebo in
reducing necroinflammation in patients with NASH [244]. In steatohepatitis, reactive oxygen
species and reactive aldehydes may be generated by different sources [245]. An important
contribution is the one provided by inflammatory cells, as shown by the observation that reduction
of inflammation is associated with reduced oxidative stress [154]. The endoplasmic reticulum
contributes to ROS generation mostly via induction of cytochrome P450, altered nutritional state,
diabetes, and obesity [246]. The involvement of cytochrome P4502E1 in NASH has been elegantly
shown in mice administered a methionine and choline-deficient (MCD) diet, where liver injury
and fibrosis were associated with induction of CYP2E1, and Cyp2el—/- mice were protected from
damage [247]. Peroxisomes are sources of cytosolic hydrogen peroxide associated with fatty acid
oxidation [245].

Mitochondria are a relevant source of oxidative stress-related products. [248]. Of note,
mitochondrial alterations have been reported in NASH and in obese subjects, leading to
uncoupling of oxidative phosphorylation and resulting in ROS generation. [248, 249].
Additionally, the role of iron in NAFLD and NASH has been recently be re-evaluated [250]. Iron
overload has been recently shown to contribute to insulin resistance, altering post-receptor
signaling. Moreover, mild hepatic iron overload promotes the progression of liver damage
independently of IR, through oxidative stress [250]. Reactive aldehydes and ROS directly target
hepatic stellate cells causing a fibrogenic stimulus [251], and this is favored by an increase in iron
stores. Accordingly, iron depletion caused a decrease in oxidative stress and HSCs activation in

experimental models of liver injury [252]. Modulation of iron stores may be done effectively and
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inexpensively with venesection, an approach which deserves consideration as a possible therapy
for NASH [250].

Treatment with natural compounds with antioxidant activities may represent a new approach in
this area, also considering the potential affordability of these molecules [253]. In this respect,
curcumin is a very promising compound. Administration of curcumin in rodent models of
steatohepatitis has been shown to prevent inflammation, injury and fibrosis [254, 255]. The
beneficial actions of curcumin are based on modulation of different molecular effectors and
inhibition of fibrogenic activities of hepatic stellate cells [256, 257]. Extracts of milk thistle, such as
silybin, have demonstrated protective effects on fatty liver both in animals models and in patient
studies [258]. These and other studies have highlighted to potential relevance of ‘nutraceuticals’ in

this field.

5. Conclusions and perspectives

Steatohepatitis developing in patients with the metabolic syndrome is a relevant clinical problem,
and a targeted therapy still an unmet need. While weight loss and physical exercise have provided
clear benefits, a pharmacological therapy needs an in-depth knowledge of the pathogenetic aspects
that are associated with the appearance of steatohepatitis. This entity appears to be separated by
the simple steatosis observed in the majority of patients, and a wealth of information has
accumulated in the past 10 years on several aspect of the pathogenesis of NASH. Application of
translational research, which combines studies in humans with mechanistic information from
preclinical investigation is the challenge for the discovery of new therapeutic targets.

The data discussed above demonstrate not only that a wide number of potential therapeutic
targets are available (Table 1), that for many of those a pharmacological targeting is feasible or
even already available. Nonetheless, the active elucidation, through controlled clinical trials, of the
therapies that could be of benefit for this condition, is still hampered by the need of a liver biopsy
to differentiate simple steatosis from true NASH. Thus, the search for a targeted therapy is closely
linked to research that aims to identify easy-to-use tests to at least narrow down the population of
patients to subject to liver biopsy and to start on a therapeutic trial. The explosion of information
on this condition witnessed in the past few years is likely to lead in reasonable time to new and

targeted therapies.
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Table 1 - Summary of the pathways representing possible targets for the treatment of NASH

Insulin resistance

Clinical studies show effectiveness on steatosis and
inflammation, but little effects on fibrosis

Lipid accumulation

Evidence from experimental models suggests that NASH
actually worsens if triglyceride accumulation is blocked.
Lipases regulating intracellular lipid trafficking (e.g. ATGL) are
an interesting target but little data are available.

Inflammation: macrophages

M1 macrophage accumulation is a key event in both the adipose
tissue and the liver. Possible targets include chemokines (e.g.
CCL2), their receptors, cytokines released by these cells (TNF,
IL-6), and osteopontin.

Increased M2 polarization of macrophages to generate anti-
inflammatory signals. Consider possible detrimental effects on
fibrosis?

Inflammation: lymphocytes

Increase in regulatory T cell function or number.

Inflammation: inflammasomes

IL-1beta is released by inflammasome activation and drives
inflammation and fibrosis. However, Activation of
inflammasome in the gut may be protective on NASH by
modulating the microbiota.

Inflammation: signaling

pathways

NF-kappaB has pleiotropic effects and prevents of cell death.
Targeting selective downstream targets of NF-kappa B would be
more realistic

Renin-angiotensin system

Relevant for insulin resistance, liver inflammation and fibrosis.
Well known drugs in clinical practice for decades.

Microbiome

Prebiotics, probiotics, antibiotics.

TLRs

Strong evidence as mediators of inflammation and fibrosis.
However, targeting TLR may increase susceptibility to
infections.

Modulation of the GLP-1
system

Long-acting GLP-1 ligands or DPP4 inhibitors.

TNK

Involved in insulin resistance and cell death. However, possible
risk of hepatocarcinogenesis upon prolonged inhibition

Oxidative stress

Clinical studies have shown efficacy of vitamin E on
inflammation but not fibrosis. Need for new, more active
molecules.

Autophagy Antisteatogenic effects but drives fibrogenesis.

ER stress Involved in both insulin resistance and liver damage

Omega-3 Possible effects on steatosis. Beneficial action on inflammation
and fibrosis still controversial.

Adipokines Increase in adiponectin levels or signaling, e.g. AMPK, has
potential to limit metabolic abnormalities, liver inflammation
and fibrosis.

Cannabinoids Upcoming availability of peripheral-restricted antagonists
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FIGURE LEGENDS

Figure 1 — Central role of free fatty acids (FFA) in the pathogenesis of NAFLD.

In the presence of insulin resistance, the majority of FFA reaching the liver derive from adipose
tissue lipolysis. Lipids from the diet or de novo lipogenesis also contribute to expand the FFA
pool. In the hepatocyte, FFA may be oxidized at mitochondrial and extramitochondrial sites, or
incorporated in triglycerides. These in turn may be accumulated in lipid droplets, leading to

steatosis or secreted in the circulation as VLDL, leading to a proatherogenic lipid pattern.

Figure 2 — The fate of excess fatty acids is linked to the severity of nonalcoholic fatty liver
disease.

Increased hepatic inflow of fatty acids due to peripheral insulin resistance is associated in some
patients with lipotoxic injury, while in other to limited damage. Experimental evidence indicates
that accumulation of triglycerides may represent a protective mechanism to limit the toxic action
of fatty acids and other lipotoxic products. In the presence of lipotoxicity, steatohepatitis develops

possibly leading to end stage liver disease and its complications.

Figure 3 — Contribution of the adipose tissue to the development of nonalcoholic
steatohepatitis.

In the lean subject, M2-polarized macrophages and regulatory T cells (Treg) predominate in the
vascular stromal fraction. Weight gain leads to expansion of the adipose tissue, resulting in tissue
hypoxia and adipocyte apoptosis, leading to secretion of chemotactic cytokines such as CCL2
(MCP-1). CCL2 secretion recruits M1-polarized macrophages that secrete proinflammatory
cytokines, contributing to insulin resistance, which increases lipolysis and the delivery of free fatty
acids (FFA) to the liver. The expanded and inflamed adipose tissue also causes an imbalance in

adipokine secretion, with an increase in leptin and a decrease in adiponectin circulating levels.

Figure 4 - Dietary factors influence the development of steatohepatitis.
Saturated fatty acids, particularly palmitic acid, are highly lipotoxic and may lead to apoptotic cell
death. In contrast, n-3 PUFA have a protective effect on steatosis. Free cholesterol targets the

mitochondria, and contributes to lipotoxicity and apoptosis. Fructose favors steatosis and
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contributes to injury, inflammation and fibrogenesis increasing the availability of
lipopolysaccharide (LPS), increasing the levels of advanced glycation end-products (AGE),

increasing iron and depleting copper.

Figure 5 — Pivotal role of activated Kupffer cells in the pathogenesis of nonalcoholic
steatohepatitis and fibrogenesis.

Increased levels of lipoipolysaccaride (LPS) and lipotoxic lipid products lead to activation of
Kupffer cells, which release chemotactic factors (e.g. CCL2), and proinflammatory cytokines, and
generate oxidative stress-related products including reactive oxygen species (ROS). These factors
contribute to hepatocyte injury, which in turn, through danger signals, cause further activation of
toll-like receptors (TLRs). In addition, inflammation and damage contribute to hepatic stellate cell

activation and fibrosis.
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