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SPECIAL REPORTS AND REVIEWS

Nonalcoholic Fatty Liver Disease: Cytokine-Adipokine Interplay and Regulation of

Insulin Resistance

HERBERT TILG* and GOKHAN S. HOTAMISLIGIL*

*Department of Medicine, Christian Doppler Laboratory for Gut Inflammation and Clinical Division of Gastroenterology and Hepatology, Innsbruck Medical University,
Innsbruck, Austria; and *Department of Genetics and Complex Diseases, Harvard School of Public Health, Boston, Massachusetts

Nonalcoholic fatty liver disease (NAFLD), the major reason for
abnormal liver function in the Western world, is associated with
obesity and diabetes and is characterized by insulin resistance
(IR). IR is regulated by mediators released from cells of the
immune system or adipocytes and proinflammatory cytokines
such as tumor necrosis factor-a (TNFea). The importance of
TNFa in human and animal fatty liver diseases, both caused by
genetic manipulation and overnutrition, has been shown con-
vincingly. Furthermore, neutralization of TNFa activity im-
proves IR and fatty liver disease in animals. Adiponectin is a
potent TNFa-neutralizing and anti-inflammatory adipokine
and in vitro and experimental animal studies have proven the
importance of this mediator in counteracting inflammation
and IR. Anti-inflammatory effects of adiponectin are exerted
both by suppressing TNFa synthesis and by induction of anti-
inflammatory cytokines such as interleukin-10 or interleukin-
1-receptor antagonist. Therefore, the balance between various
mediators, either derived from the immune system or adipose
tissue, appears to play an important role in hepatic and sys-
temic insulin action and in the development of fatty liver
disease.

he number of obese and overweight individuals has in-
creased dramatically over the past 2 decades. Obesity is
associated not only with the development of type 2 diabetes and
hypertension, but also has negative effects on liver function.
There is now convincing evidence that nonalcoholic fatty liver
disease (NAFLD) is a component of the metabolic syndrome.!2
NAFLD is a major liver disease throughout the world and is
characterized by a broad spectrum of manifestations, ranging
from simple steatosis to inflammatory nonalcoholic steato-
hepatitis (NASH) and cirrhosis in a small percentage of affected
individuals. It is estimated that around 1% of the Western
population might have NASH.'> However, distinction between
NAFLD and NASH is possible only by liver histology and
cannot yet be predicted by clinical or laboratory features.!?
The number of patients with NAFLD who have NASH is
unclear. This determination is important because inflammation
and/or fibrosis dictate the long-term prognosis of this disease.
Insulin resistance (IR) has been identified as a crucial patho-
physiologic factor in NAFLD.*5 However, the mechanistic basis
of NAFLD and NASH is incompletely understood.®” Although
complex interactions between genetic determinants, nutritional
factors, and lifestyle influence IR, it is increasingly recognized
that soluble mediators synthesized both from cells of the im-

mune system and by the adipose tissue are critically involved in
disease manifestation and progression and even more impor-
tantly in regulation of insulin action.

Insulin acts in all cells through binding to its specific recep-
tor and thereby activating a cascade of intracellular signaling
events. After binding, the insulin receptor phosphorylates itself
and several members of the insulin-receptor substrate (IRS)
family. IRS-1 and IRS-2 are the main mediators of insulin
signaling in the liver, controlling insulin sensitivity. Therefore,
the primary mechanism of IR induced by inflammatory medi-
ators is exerted by interference at this level of signaling.® The
importance of visceral fat in the pathogenesis of hepatic IR and
steatosis has been shown in many animal models including
fa/fa rats. In these animals with inherited leptin resistance,
surgical resection of intra-abdominal fat depots reverses both
conditions.® The details of insulin receptor signaling pathways
are not covered here but can be found in excellent recent
reviews.!%11 This article summarizes the current knowledge,
highlighting the inflammatory/cytokine view of this disease,
with a detailed discussion on the role of cytokines and adipo-
kines in NAFLD and their contribution to IR.

Cytokines in NAFLD

Identification of the mechanisms that cause and medi-
ate obesity-related fatty liver disease are awaited and progress in
the past few years has been substantial.®7 Cytokines are criti-
cally involved in the physiology of a healthy liver and in the
pathophysiology of many acute and chronic liver diseases.
These mediators are released by almost all cell types in the liver
and play a fundamental role in liver function and regeneration.
Cytokines are key mediators of hepatic inflammation, liver cell
death, cholestasis, and fibrosis,!>-14 as well as regeneration of
the liver after injury.15-16

Abbreviations used in this paper: IKKB, | k B kinase-B; IL, interleu-
kin; IR, insulin resistance; IRS, insulin-receptor substrate; JNK, c-Jun
N-terminal kinase; NAFLD, nonalcoholic fatty liver disease; NASH,
nonalcoholic steatohepatitis; NF-kB, nuclear factor kB; PPAR, peroxi-
some proliferator activating receptor; ROS, reactive oxygen species;
SOCS, suppressors of cytokine signaling; SREBP, sterol regulatory
element-binding protein; TNF, tumor necrosis factor; TNFR1, type 1
tumor necrosis factor receptors.
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Production of cytokines such as interleukin-6 (IL-6) and
tumor necrosis factor a (TNFa), the 2 prototypic proinflam-
matory cytokines, is one of the earliest events in many types of
liver injury, triggering the production of other cytokines that
together recruit inflammatory cells and initiate a healing pro-
cess in the liver that includes fibrogenesis. TNFa and other
cytokines are barely detectable in the healthy normal liver.
Antibody-neutralization studies' and experiments with mice
that lack type 1 TNF receptors (TNFR1)!7 showed a key role for
TNFa during liver regeneration after partial hepatectomy. In
addition, similar phenomena also are observed in mice with
deletion of other critical cytokines such as IL-6, indicating that
the action of a complex network of cytokines is contributing to
liver regeneration.!¢

Role of Cytokines and Apoptosis in NAFLD

Inflammatory mediators are thought to play a key role
in NFALD. Enhanced TNFa« expression has been shown in
patients with NASH/NAFLD. Crespo et al'® showed increased
expression of TNFa and its type 1 receptor in patients with
NASH compared with patients with simple steatosis. Interest-
ingly, more advanced fibrosis also was accompanied by in-
creased TNFa expression.

Apoptosis is a common mechanism of liver injury. Patients
with NASH compared with simple steatosis show increased
numbers of terminal deoxynucleotidyl transferase-mediated de-
oxyuridine triphosphate nick-end labeling-positive cells in the
liver being accompanied by enhanced expression of caspases 3
and 7, confirming higher rates of apoptosis in NASH.' This
increased apoptotic response seems to correlate with nuclear
factor kB (NF-kB), the master transcription factor of many
proinflammatory mediators, and TNFR1 expression, inflamma-
tory activity, and the amount of fibrosis.!*2° Fas and TNFR1
expression also increase in experimental models of NASH, and
Fas ligand and TNFa promote hepatocyte apoptosis and in-
flammation in animal models of fatty liver disease.2! Therefore,
increased expression of TNFa and an enhanced apoptosis rate
in human NASH may appear in parallel and be causally linked
to each other.

It has been well established that TNFa also modulates sys-
temic and hepatic insulin sensitivity (see later). Furthermore,
certain TNFa polymorphisms are associated with susceptibility
for IR, highlighting the importance of this cytokine in the
interaction between fat accumulation, insulin action, and in-
flammation in human beings.?22 Additional studies to assess
local cytokine production/expression and to understand de-
tailed mechanisms of action in regulating liver function would
be necessary for the development of effective therapeutic inter-
ventions.

Which Factors Might Mediate Enhanced
Cytokine Production in NASH/NAFLD? Role
of Free Fatty Acids in Cytokine Production:
The Obesity Perspective

Free fatty acids (FFAs) are important mediators of li-
potoxicity. When lipids accumulate in various nonadipose tis-
sues (as in obesity), they may enter nonoxidative pathways
leading to cell injury and death. FFAs have been shown to
circulate at higher concentrations in patients with NAFLD, and
even more importantly their levels correlate with disease sever-
ity.23 Accumulation of FFA affects lysosomal permeabilization,
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which also is observed after exposure to proinflammatory cyto-
kines such as TNFa. Feldstein et al?* recently provided evidence
regarding the role of FFAs in mediating hepatic lipotoxicity.
FFAs show dramatic lipotoxicity in the liver and induce TNFa
expression. Liver injury triggers translocation of bax, a proapop-
totic Bcl2 family member, to lysosomes and subsequent lyso-
somal destabilization with release of the cysteine protease ca-
thepsin B (Figure 1). Lysosomal destabilization leads to
activation of NF-kB and generation of more TNF, initiating a
vicious cycle. Importantly, genetic or pharmacologic inactiva-
tion of cathepsin B protects against the development of hepatic
steatosis, liver injury, and IR associated with the metabolic
syndrome.?4 In the cytosol, cathepsin B activates cytokine sig-
naling cascades, thereby also facilitating triglyceride accumula-
tion in the liver and aggravating steatosis and inflammation.
This also could reflect a pathway where hepatic steatosis devel-
ops and worsens under conditions in which inflammation is
dominant irrespective of the extent of obesity. For example,
TNFa could promote IR by triggering I k B kinase-3 (IKKp), the
upstream activator of NF-kB, and/or other critical intracellular
kinases such as c-Jun N-terminal kinase (JNK) activation and
consequently block insulin receptor signaling (Figure 2).8 All
these potential loops and mechanisms are supported by the fact
that in a murine model of steatohepatitis: (1) antibody-medi-
ated neutralization of TNFa improves liver disease?S and (2)
development of fatty liver disease requires the presence of intact
TNFR1 and is dependent on cathepsin B activity.?* Therefore,
evidence is increasing that inflammation in general and proin-
flammatory cytokines such as TNFa in particular could be
involved in the development of NASH and IR at various stages,
either earlier or later in the disease process.

Obesity is associated with production of increased inflam-
matory cytokines, particularly from visceral adipose tissue.®
Definitive links also have been established between TNFa ac-
tion and suppression of insulin action in cells, whole animals,
and human beings (see later).® A high-fat diet causes an increase
in soluble and membrane-bound TNF« both in fat, liver, and
muscle tissues in experimental animals and human beings,
whereas TNFa remains mostly at low levels in serum.?627 Ab-
errant expression also has been observed in muscle, leading to
the conclusion that obesity-related increased TNFa expression
at this site also contributes to the development of IR.28

Furthermore, visceral fat might promote fatty liver disease by
the release of FFAs that are delivered directly into the portal
vein.?® In mice, conditions that increase the delivery of FFAs to
tissues, including the liver, can induce localized IR.3° In addi-
tion, gene disruption studies in mice have proven that interfer-
ence with insulin signaling in hepatocytes activates fat-synthe-
sizing enzymes in these cells and results in hepatic steatosis.>!
Therefore, one might conclude that obesity in itself might be
sufficient with (or without) enhanced levels of circulating FFAs
to activate the cytokine cascade, thereby triggering and regulat-
ing IR. In fact, there are experimental models in which animals
are strikingly protected against fatty liver disease despite obesity
and higher FFA availability.32

Early vs Late Disease Stages of Liver Disease
and Role of Gut-Derived Flora and
Endotoxin

As discussed earlier, increased cytokine production
could be the result of metabolic disturbances and caused by
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Figure 1. TNFa and adiponectin interplay in various biological systems, particularly in metabolic homeostasis. TNFa, a key proinflammatory
cytokine synthesized by many cell types, including adipocytes, is a pleiotropic mediator of the immune system. Adiponectin is the abundant fat
cell-derived product with important metabolic and immune functions. These 2 key mediators control the synthesis and activity of each other and
thereby allow a balanced physiologic situation. This could be of key importance in diseases associated with IR because the critical balance might be
impaired, leading to chronic inflammation. Such an imbalance might directly lead to IR. Besides suppressing TNF« adiponectin has several other
anti-inflammatory features (eg, induction of other anti-inflammatory cytokines such as IL-10 and IL-1-receptor antagonist). Adiponectin stimulates
glucose use and fatty acid oxidation by activating AMP-activated protein kinase (AMPK). It also increases the transcriptional regulator peroxisome
proliferator-activated receptor y coactivator o (PGC-1a) that is required for adiponectin-induced up-regulation of PPARa. FFAs induce TNFa
expression and injury in the liver and lead to lysosomal destabilization with release of cathepsin B. Lysosomal destabilization leads to activation of
NF-«B and generation of more TNFa. In addition, FFAs activate the stress/inflammatory kinases JNK and IKKB. 1, up-regulation; | , suppression.

lipid products such as FFAs. On the other hand, endotoxin and
related products mainly derived from the gut also could present
an alternative trigger for inflammatory responses. Although
this might not generally be the case in early liver disease, it
could hold true for advanced stages. Probiotics and manipula-
tion of gut flora has been shown to positively affect liver fat
content and inflammation in the 0ob/0ob mouse model.25:33 Data
in human beings are rare but a small study suggests a benefit
for probiotic treatment in patients with NASH.>* Endotoxin
can be absorbed under normal circumstances from the gastro-
intestinal tract into the portal vein system and then undergoes
clearance by the hepatic reticuloendothelial system.3%3¢ In pa-
tients with acute and chronic liver disease, an impairment of
the reticuloendothelial system and/or the presence of portosys-
temic shunts may lead, in the absence of sepsis, to an increased
release of endotoxin into the systemic circulation.3” Increased
endotoxin levels correlate well with the severity of hepatic
insufficiency.3® Therefore, in advanced stages of NAFLD, gut-

derived products might be involved in the activation of cytokine
cascades and/or regulation of IR. It will be interesting to ex-
plore whether such phenomena also are operative in early dis-
ease stages and could be exploited for therapeutic or preventive
purposes.

Suppressors of Cytokine Signaling in NAFLD

Intracellular suppressors of cytokine signaling (SOCS)
contribute to the negative regulation of many inflammatory
mediators. The importance of these negative regulators (ie,
anti-inflammatory mediators) is best illustrated by data show-
ing that SOCS-1 (—/—) mice die by 3 weeks of age with
inflammation and fatty necrosis of the liver.3® It has been
shown recently that mice with SOCS-1 deficiency in myeloid
and lymphoid cells also develop disease, although at 50-250
days of age, with uncontrolled inflammation.*® These animals
also showed liver inflammation with infiltration by CD4" and
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Figure 2. Regulation of
NASH and IR: involved media-
tors and pathways. TNFa and
other cytokines such as IL-6 are
involved in the generation of IR.
Other factors of the immune
system such as SOCS-proteins
(1, 2, and 7) also are involved in
these processes. SOCS-1 and
SOCS-3 can link IRSs to ubig-
uitin-mediated degradation path-
ways and also to an increase in
the key regulator of fatty acid
synthesis in liver, the transcrip-
tion factor SREBP-1c. In recent
years, critical intracellular path-
ways have been identified that
are involved in the molecular
pathogenesis of IR. Endoplas-
mic reticulum (ER) stress and
various kinases such as JNK
and IKKB, are of critical impor-
tance because they not only ac-
tivate inflammatory pathways
but also attenuate insulin signal-
ing. ER stress leads to suppres-
sion of insulin-receptor signaling
through activation of JNK and
the subsequent serine phos-
phorylation of IRS-1.

CD8™* T cells, and macrophages localized mainly to portal tracts
or in isolated foci.

More interestingly, SOCS-1 and SOCS-3 have been shown to
block insulin signaling by ubiquitin-mediated degradation of
IRS-1 and IRS-2 (Figure 2).#1:42 Several SOCS proteins are
regulated by cytokines that could modulate insulin action.*
For example, SOCS-3 seems to be involved in IL-6 - dependent
IR in hepatocytes.** The overexpression of SOCS-1 and SOCS-3
in liver also causes IR and an increase in the key regulator of
fatty acid synthesis in the liver, the transcription factor sterol
regulatory element-binding protein (SREBP)-1c. Conversely, in-
hibition of SOCS-1 and SOCS-3 in obese diabetic mice im-
proves insulin sensitivity, normalizes increased expression of
SREBP-1c, and improves hepatic steatosis and hypertriglyceri-
demia.*s SOCS-3 haploinsufficiency in mice also produces a
similar phenotype of increased insulin sensitivity.#¢ Recently,
SOCS-7 also has been implicated in the regulation of IR.47 A
similar SOCS-mediated mechanism might be involved in hep-
atitis C-associated IR because it has been shown that hepatitis
C virus core protein up-regulates SOCS-3 and promotes pro-
teosomal degradation of IRS-1 and IRS-2 through ubiquitina-
tion.*8 SOCS proteins therefore reflect good candidates as a key
link between liver inflammation, steatosis, and IR.

Role of Cytokines in Genetically Obese Rodents
Studies of genetically obese ob/ob mice and fa/fa rats

have provided information about the pathogenesis of obesity-
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related fatty liver disease. Both of these rodent strains have
spontaneous mutations that either diminish production of the
appetite-suppressing hormone, leptin (in 0b/ob mice), or that
inactivate the leptin receptor (in fa/fa rats).®7:4°

Similar to obese human beings, ob/ob mice and fa/fa rats
have IR, hyperglycemia, hyperlipidemia, and fatty livers.c-8
These rodent models also show several immunologic defects
including phagocyte dysfunction and altered cytokine gene
transcription including enhanced TNFa expression.®7-5 Fur-
thermore, murine leptin deficiency influences production of
other cytokines such as IL-12 or IL-15, thereby promoting
hepatic CD4-positive natural killer cell depletion in 0b/ob liv-
ers.>! Therefore, in fatty liver disease, cytokine imbalance and
dysregulation might involve not only inflammatory but also
other immunoregulatory cytokines.

It has to be mentioned that these animal models might have
certain limitations. Obese human beings almost always have
high serum levels of leptin.5? Leptin-deficient ob/ob mice show
no or only mild chronic steatohepatitis and do not develop
fibrosis, which can be overcome by exogenous administration of
leptin,53 suggesting that leptin is one essential mediator of
hepatic fibrosis. Noradrenaline administration has been shown
to promote hepatic fibrosis by inducing hepatic transforming
growth factor B and collagen gene expression in the ob/ob
mouse.5* Interestingly, in these studies fibrosis developed de-
spite reduction in proinflammatory cytokine production, fur-
ther supporting the notion that fibrosis might develop in cer-
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tain instances without any inflammation. Despite the
shortcomings of several animal models including the ob/ob
mouse and their limited relation to human NAFLD, they are

helpful in studying and elucidating several pathophysiologic
aspects of fatty liver diseases.

How to Improve Fatty Liver Disease in
Animal Models?

Considering that gut-derived flora and proinflamma-
tory cytokines play a key role in fatty liver diseases, interference
at one of these steps might be beneficial. Similarities in the
histopathology of alcohol-induced steatohepatitis and obesity-
related NASH suggest that common mechanisms may mediate
both diseases. Various treatments, at least in experimental an-
imal systems, that inhibit TNFe activity prevent both diseases.
Several anti-TNF agents such as anti-TNF antibodies protect
against fatty liver diseases.?%55 It also has been shown that
metformin improves liver disease in 0b/ob mice via suppression
of TNFa.5¢ Furthermore, peroxisome proliferator activating
receptor y (PPARYy) ligands such as pioglitazone, which can
suppress TNFa function, also positively affect fatty liver dis-
eases.>”-5% Li et al?S treated ob/ob mice with either a probiotic
(VSL#3, ie, lyophilized bifidobacteria, lactobacilli, and Strepto-
coccus thermophilus) or an anti-TNFa antibody for 4 weeks. Treat-
ment with both agents improved liver histology, reduced he-
patic total fatty acid content, and decreased enhanced liver
function tests. These benefits were paralleled by decreased he-
patic expression of TNFe, especially after treatment with the
anti-TNFa antibody. Furthermore, these treatments reduced
activity of JNK and NF-kB pathways, both of which are down-
stream of TNFa and promote IR. Therefore, intestinal bacteria
might induce endogenous signals that play a role in hepatic IR
and NAFLD and suggest that either interfering at this stage or
disrupting the proinflammatory cytokine cascades might be
beneficial in fatty liver diseases.

Conclusions

There is now compelling evidence that (1) enhanced
liver TNFa expression is observed in animal models and human
beings with NASH/NAFLD, (2) this cytokine, released by many
cells in the body including various cell types in liver and adi-
pocytes, is crucially involved in the pathogenesis of IR (as
discussed later), and (3) neutralization of TNFa, at least in
experimental animal models, improves IR, hepatic steatosis,
and liver inflammation.

Adiponectin, the Key TNFa-Neutralizing
Adipocytokine, and Its Role in
Inflammation and NAFLD

Adipose tissue and its metabolic products recently have
gained great interest. Various products of the fat tissue have
been characterized including not only cytokines such as TNFa
or IL-6, but also the so-called adipo(cyto)kines including leptin,
adiponectin, and visfatin.® Adiponectin, the predominant pro-
tein synthesized by adipocytes, circulates in rather high concen-
trations and shows a wide spectrum of biological activities.

Adiponectin is secreted predominantly from adipose tissue
and shares sequence homology with a family of proteins that
show a characteristic NH,-terminal collagen-like region and a
COOH-terminal, complement factor Clg-like globular do-
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main.6°-62 Plasma levels of adiponectin are reduced markedly in
visceral obesity and in states of IR such as NASH,®3 atheroscle-
rosis, and type 2 diabetes mellitus.54-67 Therefore, low adi-
ponectin plasma levels correlate negatively with percentage of
body fat, central obesity, and IR. Adiponectin exists in the
circulation as a full-length and a putative proteolytic cleavage
fragment consisting of the globular C-terminal domain, which
might have enhanced activity within high-order complexes.
Adiponectin receptors (AdipoR1/2) have been cloned recently.
AdipoR1 is expressed primarily in adipose tissue and has a wide
distribution throughout the organism; however, AdipoR2 is
expressed primarily in the liver.?® In addition to these mole-
cules, T-cadherin, which shows a broader tissue distribution,
also has been identified as a receptor for adiponectin.®®

Adiponectin Serum Levels in Various Liver
Diseases

Adiponectin serum levels are decreased in states of IR. A
negative association between serum levels of adiponectin and
liver enzyme levels has been shown in healthy subjects.”® Hui et
al®® convincingly showed that patients with both steatosis and
NASH have decreased serum levels of adiponectin. Hypoadi-
ponectinemia might predict severity of liver fibrosis in patients
with NASH because its serum levels were correlated negatively
with the amount of necroinflammation and fibrosis.”! This,
however, was not observed in another large study in which
decreased levels of adiponectin were related to hepatic insulin
sensitivity and to the amount of hepatic fat content but not
with necroinflammation and fibrosis.”> We recently observed
decreased hepatic adiponectin expression in patients with
NASH73 and observed that in these patients weight loss induced
by bariatric surgery increases expression of adiponectin (Wolf,
unpublished data). Surprisingly, patients with cirrhotic disease
of various origins including fatty liver disease have high levels
of adiponectin, probably reflecting one of the body’s anti-
inflammatory strategies in such situations.”*7%

Regulation of Adiponectin Expression

Adipose tissue so far has been considered as the major
site of endogenous adiponectin production, even though other
potential sources such as muscle cells, cardiac myocytes,”® or
endothelial cells also have been reported.”””® TNFa suppresses
the transcription of adiponectin in 3T3-L1 adipocytes, which
might be an underlying mechanism for the lower adiponectin
levels in obesity. The best evidence that adiponectin synthesis is
correlated negatively with proinflammatory cytokine produc-
tion came from studies on adiponectin-deficient mice.®? In
these studies, adiponectin (—/—) mice were characterized with
high levels of TNFa messenger RNA (mRNA) expression in
adipose tissue and high TNFa protein concentrations in
plasma.

Adiponectin also is regulated by other inflammatory media-
tors. IL-6 and dexamethasone suppress adiponectin mRNA ex-
pression and protein synthesis in 3T3-L1 adipocytes.”® Besides
these immune mediators, weight loss itself is a potent inducer
of adiponectin synthesis.8® Keller et al®! recently showed that
circulating adiponectin levels are reduced during resting and
fasting states and this effect could be reversed by endotoxin
injection into human beings. In contrast to proinflammatory
cytokines, activation of PPARy results in induction of adi-
ponectin in adipose tissue.®? Accordingly, adipose-specific
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PPARYy knockout causes IR and decreased circulating levels of
adiponectin.8?

Stimulation of adiponectin and suppression of TNFa also
might contribute to the anti-inflammatory and insulin-sensi-
tizing effects of PPARy ligands (thiazolidinediones). Thiazo-
lidinediones increase fatty acid uptake in peripheral adipose
tissue, thus decreasing circulating FFA levels and hepatic tri-
glyceride content, partly via altered adipocytokine release. Ini-
tial pilot studies have suggested that thiazolidinediones such as
pioglitazone or rosiglitazone might be beneficial in patients
with NAFLD.8485

Other sources of adiponectin. Delaigle et al”” re-
cently presented evidence that skeletal muscle tissue also is able
to synthesize adiponectin. Injection of endotoxin into animals
caused a 10-fold increase in adiponectin mRNA expression in
tibialis anterior muscle. This effect also was reproducible in
cultured human myotubes. Recently, cardiac myocytes have
been shown to produce adiponectin.”® We showed that liver
might be an additional source of adiponectin.”® Concanavalin
A-induced liver failure resulted in increased production of
adiponectin by the liver and cell-specific analysis revealed that
most likely primary hepatic sinusoidal endothelial cells contrib-
uted to its synthesis.”®

Anti-Inflammatory Properties of Adiponectin
In Vitro

Adiponectin and its role in suppressing TNFa.
Initially, an anti-inflammatory effect of adiponectin was de-
scribed in endothelial cells.®¢ In these experiments, adiponectin
resulted in inhibition of TNFa-regulated endothelial adhesion
molecule expression. Adiponectin inhibits endothelial NF-«B
signaling through a 3',5'-cyclic adenosine monophosphate-
dependent pathway®¢ and interferes with macrophage function
(Figure 1).87 Treatment of cultured macrophages with adi-
ponectin significantly inhibited TNFa synthesis in response to
endotoxin. Adiponectin (—/—) mice show evidence of increased
local and systemic TNFa production, suggesting a suppressive
effect of adiponectin on TNFa expression and synthesis.¢2

Adiponectin induces its anti-inflammatory properties
through induction of other mediators such as IL-10 and IL-1-
receptor antagonist in various cell types and suppression of IL-6
and interferon vy (Figure 1).88-0 Therefore, adiponectin exerts
anti-inflammatory effects at several levels, which might be of
importance in health and disease to counteract proinflamma-
tory cytokines such as TNFa.

Adiponectin improves experimental fatty liver
disease and liver fibrosis. Adiponectin exerts anti-inflam-
matory effects in various animal models of liver inflammation.
Xu et al®! showed a beneficial effect of adiponectin in both
alcoholic and nonalcoholic fatty liver disease in mice. In this
study, adiponectin considerably improved hepatomegaly, ste-
atosis, and abnormal alanine aminotransferase activity in ob/ob
mice. These beneficial effects were paralleled by a decrease in
TNFa expression in the liver. Kamada et al®? used the carbon-
tetrachloride liver fibrosis model and showed that adiponectin
attenuates liver fibrosis in mice. Hepatic stellate cells express
type 1 and 2 adiponectin receptor mRNAs, in which adiponec-
tin inhibits proliferation and migration as well as the expres-
sion of TGFP1, the main activator of extracellular matrix pro-
tein synthesis. Adiponectin also protects endotoxin-induced
liver injury in another model of fatty liver, namely the KK-AY
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obese mice.”> Galactosamine/endotoxin injury was more pro-
nounced in KK-AY obese mice compared with lean controls.
Pretreatment with adiponectin ameliorated the galactosamine/
endotoxin-induced increase of liver enzyme levels and apoptotic
and necrotic changes in hepatocytes, resulting in reduced le-
thality. These adiponectin effects were accompanied by de-
creased levels of TNFa both systemically and locally in the liver.
Sennello et al®* studied concanavalin A-induced hepatotoxicity
in lipodystrophic aP2-nSREBP-1c transgenic mice lacking adi-
pose tissue, ob/ob mice, and lean wild-type controls. Protection
from hepatotoxicity was observed in ob/ob mice (high serum
adiponectin levels), but not in lipodystrophic aP2-nSREBP-1c
transgenic mice (low serum adiponectin levels), despite low
cytokine levels, reduced T-cell activation, and diminished he-
patic natural killer T cells in both groups. Administration of
adiponectin protected lipodystrophic aP2-nSREBP-1c trans-
genic mice from hepatotoxicity and protected primary hepato-
cytes from TNFa-induced cell death. Our recent studies in
concanavalin A-induced hepatotoxicity indicated that the pro-
tective effect of adiponectin in this model is mediated mainly
via induction of IL-10.78

Conclusions

Adiponectin is an abundant adipocyte-derived protein
with well-established anti-atherogenic, anti-inflammatory, and
insulin-sensitizing properties. Both serum levels and hepatic
adiponectin expression are decreased in patients with NAFLD.
PPARYy ligands have been used recently in the treatment of
NAFLD and are able to increase tissue and serum concentra-
tions of adiponectin. Adiponectin might play a role in suppress-
ing inflammation and macrophage activity, and its reduced
synthesis as observed in NASH/NAFLD might lead to a imbal-
ance in favor of proinflammatory mediators.

Hepatic IR and Underlying Mechanisms

The first link between obesity, increase in the expression
of a proinflammatory cytokine, namely TNFa, and insulin
action came from a study more than 13 years ago.”s These
findings led to the concept of inflammation in obesity and
showed that adipocytes express TNFa. In these studies, expres-
sion of this cytokine in obese animals (fz/fa rat and ob/ob
mouse) has been increased and shown to regulate insulin ac-
tion.>> Further evidence supporting a key role for TNFa in IR
came from studies published by Uysal et al®¢ in which it was
shown that mice lacking TNFa or TNF receptors had improved
insulin sensitivity in both dietary and genetic (0b/0b) models of
obesity. These observations were paralleled by similar findings
in human beings®” with increased adipose tissue TNFa expres-
sion in obesity and correction of this increased TNFa expres-
sion after weight loss.?”?8 Furthermore, both TNF« levels and
its soluble receptors were correlated positively with body mass
index.”® Besides TNFa, other cytokines such as IL-6'°° and
cytokine-regulated molecules such as C-reactive protein'®! also
correlate with obesity and body mass index, further enhancing
the concept that obesity and IR are inflammatory conditions.

At a molecular level, exposure of cells to TNFa or increased
levels of FFA stimulates inhibitory phosphorylation of IRS-1 on
serine residues.!02-104 After this modification, tyrosine phos-
phorylation of IRS-1 and its ability to associate with the insulin
receptor is reduced in response to insulin, thereby inhibiting
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downstream signaling and insulin action (Figure 2).194105 It was
shown that these effects are mediated via TNFRI1 in cultured
cells'°¢ and whole animals with genetic obesity.1°”7 Csehi et al08
also showed that the death domain of TNFR1 is responsible for
the inhibitory effects of TNFa on tyrosine phosphorylation of
IRS-1, implicating ceramide generated by an acid sphingomy-
elinase as a downstream mediator of inhibition of IR signaling.

Role of the IKK3 NF-kB Pathway

In searching for mechanisms involved in cytokine-
induced IR, Yuan et al'®® identified the IKKB pathway as a
target for TNFa-induced insulin resistance. Yin et al'®3 already
showed in 1998 that aspirin and salicylates inhibit the activity
of IKKB. Interestingly, high doses of salicylates (up to 10 g) have
been used historically to treat inflammatory conditions such as
rheumatic fever and rheumatoid arthritis. High doses of salicy-
lates also were suggested for decreasing high blood glucose
concentrations 130 years ago by William Ebstein.!'® Yuan et
alt®® showed the following in their work: (1) high doses of
salicylates reverse hyerglycemia, hyperinsulinemia, and dyslipi-
demia in fa/fa rats and ob/ob mice, (2) overexpression of IKKf
attenuates insulin signaling in cultured cells, (3) IKKB inhibi-
tion by salicylates reverses IR, and (4) heterozygous depletion
(IKKB=) protected against the development of IR during high-
fat feeding and in ob/ob mice. These findings showed the im-
portant role of IKK, a proximal mediator in NF-«B activation
in IR.

Two studies recently have shown the relationship between
IKKB expression in the liver and IR.111:112 Cai et al'!! created a
stage of chronic subacute inflammation in the liver in a trans-
genic mouse model by selective hepatocellular activation of
NF-kB, causing continuous low-level expression of IKKB. These
mice showed a diabetic phenotype with evidence of moderate
systemic IR. Interestingly, IR was improved by systemic neutral-
ization of IL-6, thereby suppressing SOCS protein expression in
the liver or by oral salicylate therapy in this transgenic model.
Hepatic expression of the IkBa super-repressor also reversed
both the phenotype of these transgenic mice and mice fed a
high-fat diet. Although many pieces of the mechanistic network
are still missing, including the pathways through which steato-
sis activates IKKB and NF-«B and how IL-6 mediates hepatic IR,
it is clear that IKKB, NF-«kB, and IL-6 all contribute to liver
insulin action in experimental mice models.

Arkan et al''2 recently presented similar findings in mice
lacking either IKKB in hepatocytes or myeloid cells. Liver-
specific deletion of IKKf resulted in relative insulin sensitivity
in the liver when placed on a high-fat diet or intercrossed with
the ob/ob model of genetic obesity, while developing IR in
muscle and fat tissues. In contrast, mice deficient in myeloid
IKKB showed increased insulin sensitivity and were partially
protected from IR. Importantly, because circulating cytokines
were not measurable, it seems likely that the improvement in
insulin sensitivity reflects impaired inflammatory pathway ac-
tivity within resident myeloid cells such as Kupffer cells in the
liver. These data suggest that drugs with an insulin-sensitizing
effect also may act by targeting myeloid cells in addition to
muscle or fat tissues.

When energy intake exceeds energy expenditure, most of the
excess is stored as triglycerides in fat and other insulin-sensitive
tissues. Indeed, lipid accumulation in the liver is a hallmark of
high-fat diet-induced IR. Although it is not clear how a high-fat
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diet causes activation of NF-kB and its target genes in liver cells,
it is possible that excessive fatty acid oxidation in mitochondria
generates peroxidation products!!3 that may initiate a signaling
cascade that culminates in NF-kB activation. Most recently,
generation of ER stress has been discovered as a potential
mechanism linking metabolic surplus to activation of stress
and inflammatory pathways.!''# Thus, lipid accumulation may
lead to macrophage activation as these cells try to clear oxidized
lipid deposits through scavenger receptors. Taken together,
these studies highlight the role of inflammation, especially
through the IKKB pathway in IR and may offer future thera-
peutic targets.

JNK

Several serine/threonine kinases are activated by in-
flammatory stimuli contributing to IR including JNK, IKK, and
others. Activation of these kinases takes place in situations in
which inflammatory and metabolic pathways are triggered,
which is, for example, also seen after activation of Toll-like
receptors or endotoxin stimulation. JNK recently has emerged
as an important regulator of IR in obesity.!!'S The JNK group
belongs to the group mitogen-activated protein kinases and
controls many cellular functions through regulation of activa-
tor protein-1, including c-Jun and JunB. In obesity, JNK activity
is increased in the liver, muscle, and fat tissues, and loss of
JNK1 prevents the development of IR in both genetic and
dietary models of obesity. FFAs activate the stress/inflammatory
kinases JNK and IKKB, SOCS-3, increase TNFa synthesis and
decrease synthesis of adiponectin into the medium.!'¢ Nguyen
et al''® showed that JNK can be activated by FFAs through
TNFa-independent mechanisms, activated JNK is a major con-
tributor to FFA-induced cellular IR, and TNFa is an autocrine/
paracrine downstream effector of activated JNK that also me-
diates IR. Therefore, it seems that JNK is regulated by FFAs and
is an important proximal mediator in IR.

For limitations of space, we are unable to provide an exten-
sive overview of an important group of key mediators that also
act at the interface of lipid metabolism and inflammatory
pathways. These molecules include adipocyte/macrophage fatty
acid binding proteins,32117 the PPAR!18-120 and LXR family of
nuclear hormone receptors,!21122 and the SREBP family of
transcription factors.123.124

Role of Oxidative Stress and Why Does
NASH Evolve in a Liver Loaded With Fat?

One of the final common mediators of this process
seems to be oxidative stress caused by generation of reactive
oxygen species (ROS) and/or decreased antioxidant defenses.!2%
ROS can be generated in the liver through several mechanisms
including mitochondria, peroxisomes, cytochrome P-450, re-
duced nicotinamide adenine dinucleotide oxidase, cyclooxygen-
ase, and lipoxygenase. In both NASH and experimental steato-
hepatitis, the hepatic expression of CYP2E1 is increased, leading
to oxidative stress,'2¢ and this enhanced expression has been
shown to impair insulin signaling.'?” Further supporting the
importance of ROS in NAFLD, Xu et al'28 recently showed a key
role for the Nrfl gene in NASH. Mice with liver-specific deletion
of Nrfl, a gene mediating activation of oxidative stress-response
genes, develop all features of NAFLD including steatosis, apop-
tosis, necrosis, inflammation, fibrosis, and, finally, liver cancer,
highlighting the importance of oxidative stress in this disease.
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In patients with NASH at least 40% of mitochondria are
structurally abnormal.’?5 This abnormality is associated with
impaired electron-transport-chain enzyme activity resulting in
uncoupling oxidation from phosphorylation leading to further
ROS formation.!?° Hepatic gene expression studies in histolog-
ically progressive human NASH have shown reduced expression
of several genes associated with mitochondrial function,!3°
which might lead to the attenuated capacity of the liver to
control ROS activity. ROS also increase TNFa expression and
can cause additional lipid peroxidation of mitochondrial mem-
branes, further worsening mitochondrial function and eventu-
ally cell death.

So, why and who develops NASH? The exact mechanisms by
which NAFL develops into steatohepatitis and/or cirrhosis are
unknown. From the discussion so far it is clear that besides
genetic factors several other aspects have to be taken into
consideration including inflammatory signals, cytokines, ROS,
adipokines, and triggering factors such as gut-derived flora and
calorie intake as an initiating factor in most patients. It is also
unknown whether progression toward NASH is indepen-
dent of IR.

Conclusions

NAFLD has emerged as a major cause of abnormal liver
function tests worldwide and is considered an integral part of
the metabolic syndrome. Accumulating insights should help
clinicians to consider this diagnosis even when patients present
without other clinical features of the metabolic syndrome,
thereby allowing early identification of this syndrome. Cyto-
kines and adipokines seem to play a major role at various stages
of NAFLDs and improvement of understanding in the past few
years has clearly led to identification of inflammatory under-
pinnings of insulin resistance and NAFLD. Recent develop-
ments in these areas have been discussed and with a better
understanding of the molecular mechanisms, it is anticipated
that better treatment of the metabolic syndrome and its hepatic
manifestations will be possible in the near future.
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