Chapter 17
Adipokines in Nonalcoholic Fatty Liver Disease
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Key Points

* The pathogenesis of NAFLD and NASH is hastened by a disturbance of adipokine production.
* Decreased production of adiponectin and increased production of TNF-a, characteristic of obesity,

directly contribute to NASH.

* NASH suppressive effects of leptin are diminished by the widespread leptin resistance, while its

pro-oxidant and fibrogenic properties augment the progression of NAFLD.

* Resistin’s involvement in NASH is documented in rodent models, which may not be applicable to

the human disease of NAFLD.

» Effects of vaspin, visfatin, apelin, nesfatin, omentin, and chemerin require further study in patients

with NAFLD and NASH.

The Spectrum of Nonalcoholic Fatty Liver Disease (NAFLD)

Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of clinicopathologic conditions
characterized by significant lipid deposition in the liver parenchyma of patients who do not consume
excessive amounts of alcohol [1, 2]. At one end of the NAFLD spectrum is steatosis alone (“simple
steatosis”), and at the other end are nonalcoholic steatohepatitis (NASH), NASH-related cirrhosis and
hepatocellular carcinoma. NASH is characterized by hepatic steatosis and by evidence for hepatocyte
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ballooning degeneration, lobular inflammation, and occasionally, Mallory hyaline or sinusoidal
fibrosis [3]. Differential diagnosis between NASH and steatosis alone is important because of their
differential risk for progression [3].

The impact of NAFLD relates to its prevalence and potential for progression. Estimates of the
prevalence of NAFLD are high and are expected to increase with the global epidemic of obesity.
According to the National Health and Nutrition Examination Surveys (NHANES) conducted between
1988 and 2008, the prevalence of nonalcoholic fatty liver disease (NAFLD) increased from 5.51 % to
9.84-11.01 % [4]. From 1988 to 1994, NAFLD accounted for 46.8 % of Chronic Liver Disease (CLD)
cases; from 1994 to 2004 its prevalence increased to 62.84 %, and then to 75.1 % from 2005 to 2008
[4]. The prevalence of NAFLD is highest in populations with preexisting metabolic conditions such
as obesity and type II diabetes (up to 50-90 %) [2, 5-7]. The prevalence of histologically confirmed
NASH is estimated as 1.2—4 %. However, in patients with risk factors such as morbid obesity, preva-
lence of NASH is higher and is estimated as 2047 % [5, 8, 9].

The progression of NAFLD and its subtypes can be estimated from historical cohort studies,
population-based studies and studies reporting sequential liver biopsies. Importantly, patients with ste-
atosis alone rarely progress to cirrhosis, while 10-25 % of those with biopsy proven NASH can prog-
ress to cirrhosis [1, 3, 8]. In fact, most patients with cryptogenic cirrhosis seem to have had “burned-out
NASH” [11]. NASH-related cirrhosis can cause hepatocellular carcinoma (HCC) [10, 11]. The major
risk factors for progression or hepatic fibrosis in NASH are the presence of type 2 diabetes, obesity,
metabolic syndrome, as well as elevated aminotransferase and histologic features of ballooning degen-
eration of hepatocytes and Mallory’s hyaline [8, 12]. Additionally, patients with NAFLD have higher
mortality rates than the general population, in particular, due to associated cardiovascular risks [13].

Definitive diagnosis of NASH can be made only by liver biopsy evaluated by strict pathologic crite-
ria. Although many noninvasive biomarkers for NAFLD assessment have been developed [14—17],
liver biopsy remains “the imperfect gold standard” for diagnosing NASH and staging the extent of
fibrosis. Nevertheless, liver biopsy is expensive, associated with small but definite medical risks and
can be flawed by sampling errors [18, 19]. Studies of the involvement of adipokines in the pathogen-
esis of NAFLD and NASH hold particular promise for the development of noninvasive diagnostic
biomarkers for these conditions.

Several treatment strategies are currently in use, but no therapy has proven to be effective for
NASH [9, 20]. Treatment strategies include modification of the clinical conditions associated with
NASH such as type II diabetes mellitus, hyperlipidemia, and obesity [2, 9]. Specific therapeutic inter-
ventions that have been evaluated so far include weight reduction, the use of ursodeoxycholic acid
(UDCA), clofibrate, betaine, N-acetylcysteine, gemfibrozil, atorvastatin, thiazolidinediones, nitro-
aspirin, pentoxifylline, and vitamin E [2, 9, 20, 21]. Although some of the results are encouraging,
none of these interventions have been approved by the FDA for preventing NASH progression.
Importantly, commonly used bariatric procedures have an impact on liver histology; a number of
studies have shown post-surgical improvement of steatosis with a few studies suggesting an increase
in portal fibrosis [22].

Pathogenesis of NASH

In the past few years, a substantial body of knowledge on the pathogenesis of NASH has been
accumulated. However, the factors involved in its progression from steatohepatitis to fibrosis and
cirrhosis remain to be elucidated. The pathogenesis of NASH appears to be multifactorial.
To acquire an insight into the relationship between triglyceride accumulation within the hepatocyte
and the necroinflammation and fibrosis, the following hypotheses are being investigated: the influ-
ences of abnormal lipid metabolism and the production of reactive oxygen species, increased
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Fig. 17.1 The “multi-hit” hypothesis of the pathogenesis of NASH

hepatic lipid peroxidation, activated fibrocytes, and abnormal patterns of cytokine production
leading to liver cell injury and fibrosis [23].

The “two-hit hypothesis” of NASH suggests that the first “hit” is the accumulation of excessive fat
in the hepatic parenchyma [2, 8, 24]. This first step has been linked to insulin resistance (IR), which
is consistently observed in patients with NASH [23]. The evidence for IR in NAFLD comes from both
animal and human studies. Animal models of NASH show insulin resistance [25] and the use of the
insulin-sensitizing agent, metformin reverses hepatic steatosis [23]. Clinical features of the metabolic
syndrome (obesity, diabetes mellitus, or hypertriglyceridemia) are commonly observed in NAFLD [1, 8].
Additionally, polycystic ovary syndrome (PCOS), an insulin resistance-associated condition, was
identified as a risk factor for developing NAFLD [26]. Growing evidence suggests that patients with
more “severe” forms of insulin resistance are at an even greater risk for progressive liver disease [8].
Importantly, insulin resistance in the adipose tissue plays a larger role in the severity of NAFLD as
compared to liver or muscle IR [27].

The second “hit” in the development of NASH could be multifactorial, involving fatty acid beta
oxidation, oxidative stress, gut-derived endotoxins, pro-inflammatory cytokines, and adipokines.
In fact, due to the multifactorial nature of the second “hit,” the “two-hit hypothesis” of NASH now
is being expanded to “multi-hit model” (Fig. 17.1). Oxidative stress implies an imbalance between
pro-oxidant and antioxidant processes. In the setting of NAFLD, oxidative stress can result from
the induction of microsomal CYP2EI, H,O, release from peroxisomal -oxidation of fatty acids,
cytokines released from activated inflammatory cells, or other unknown factors [23, 28].
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Fig. 17.2 Molecules involved in complex interplay between cells composing the adipose tissue and the liver

This oxidative stress could potentially lead to peroxidation of membrane lipids resulting in the
production of malondialdehyde and 4-hydroxynonenol, which in turn can induce the production of
proinflammatory cytokines, stellate cell activation, and fibrogenesis, as well as direct hepatocyte
damage [8, 23, 29]. The increase in oxidative stress observed in NAFLD hepatocytes may be
linked to mitochondrial dysfunction, as mitochondria are a major potential source of reactive
oxygen species (ROS) in living cells [29].

As noted, both the first and second hits in NASH may involve changes in circulating levels of vari-
ous pro- and anti-inflammatory cytokines, including adipokines (Fig. 17.2). Although a role for cyto-
kines such as TNF-a and IL-6 has been suggested for quite some time [30, 31], recent works center
on the particular roles for adipokines in the pathogenesis of NASH [31].

Adipose Tissue, Adipokines and NAFLD

White adipose tissue produces and releases a variety of proinflammatory and anti-inflammatory
factors, including adipokines (leptin, adiponectin, resistin, apelin, omentin, vaspin, visfatin, chemerin,
nesfatin, and others), cytokines (such as TNF-a, IL-6), and chemokines (such as monocyte chemoat-
tractant protein 1, and others). In addition to adipocytes, white adipose tissue contains several other
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cell types including macrophages and monocytes. It is likely that macrophages are attracted into the
adipose tissue by macrophage migration inhibitory factor (MIF), which is released by both preadipo-
cytes and mature adipocytes in the amounts proportional to body mass index [32]. By producing
several cytokines and adipokines, both adipocytes and other pro-inflammatory cells found within
adipose tissue contribute to the increased systemic inflammation associated with obesity [33]. The
exact contribution of each component of white adipose tissue in the “pro-inflammatory” state of obe-
sity is not entirely clear. Over 90 % of the adipokines released from adipose tissue, except for adipo-
nectin and leptin, originate from nonfat cells embedded in the extracellular matrix [34]. Additionally,
most adipokines are also produced elsewhere in the body [35]. These data suggest that serum adipo-
kine measurements in obese patients most likely reflect secretions by various cells, including, but not
limited to, adipocytes.

Biologically active white adipose tissue plays an important role in metabolic syndrome and associ-
ated NAFLD. Although the role of proinflammatory cytokines (TNF-a, IL-6) in the pathogenesis of
NASH is well documented, the role of adipokines in the pathogenesis of NAFLD is a recent observa-
tion. The exact source of adipokines in patients with NAFLD (e.g., adipocytes, macrophages, mono-
cytes) remains unclear, because serum levels of adipokine probably reflect a “net” effect of the
secretion from various cells in the body. Determining the exact role of adipokines in the pathogenesis
of NAFLD is complicated by the interaction of adipokines with insulin resistance and obesity. Most
studies have not controlled for these important confounders. This issue is critical for future research
focused on elucidating pathways involved in the pathogenesis of NAFLD, NASH and its
progression.

Adipokines in Experimental Models of NAFLD

Common experimental models of NAFLD include mice or rats that are fed high fat or high carbohy-
drate or methionine/choline deficient diets, or mice that exhibit one or another genetic deficiency, for
example, leptin-deficient mice and rats. Additionally, many other animal models spontaneously
develop steatosis, and some progress to steatohepatitis and cirrhosis.

Leptin-deficient ob/ob mice are obese, insulin resistant, hyperglycemic, and hyperlipidemic. Similar
animal models such as db/db mice and fa/fa rats have homozygous loss-of-function due to a mutation
in a leptin receptor encoding gene. All phenotypes (fa/fa rats, ob/ob and db/db mice) are essentially
similar, except for hyperleptinemia, which is present in fa/fa and db/db animals. It is noteworthy that
NAFLD occurs in both leptin-deficient and in hyperleptinemic animals with impaired leptin signaling.
In leptin deficient animals, leptin restoration leads to NAFLD reversal [36]. Another important consid-
eration in NAFLD development is the contribution of central versus peripheral leptin activity. To address
this question, animals with tissue-specific leptin receptor knockouts were created. In contrast to the db/
db and the neuron-specific knockout (KO) mice, the livers of hepatocyte-specific leptin receptor knock-
out animals were normal [37]. Unfortunately, the experimental approach does not exclude the possibil-
ity that fatty liver development is influenced by autocrinous leptin signaling in adipose tissue itself, or
by endocrinous action of the leptin on cytokine releasing cells. So, the question of peripheral versus
central involvement of leptin signaling in NAFLD development remains unanswered.

TNF-a serum levels increase in all animal models of NAFLD. However, the source of TNF-« (i.e.,
adipose tissue versus monocytes and macrophages) is not entirely clear. In NAFLD, TNF-a level may
be influenced by the lipotoxic effects of excess fat. In fact, hepatic steatosis seems to increase oxida-
tive stress and activation of the NF-kB pathway, leading in turn to an increase in TNF-a production.
Once initiated, this vicious cycle of NF-kB/TNF-a becomes self-perpetuating, contributing to a “pro-
inflammatory” state in patients with NASH [25]. Evidence supporting this concept is provided by
anti-TNF-a treatment in ob/ob mice, which can improve liver histology, reduce hepatic total fatty
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acid content, and decrease serum alanine aminotransferase (ALT) levels. In addition, fatty acid
beta-oxidation and uncoupling protein (UCP)-2 expression decreases with anti-TNF-« treatment in
ob/ob mice, both of which suggest an improvement in oxidative stress and probably insulin resistance
[38]. Similarly, metformin, which is known to inhibit hepatic expression of TNF-a and TNF-inducible
factors, also seems to improve fatty liver disease [39]. This has led to the hypothesis that chronic
exposure to TNF-a prompts accumulation of inflammatory cells in the liver parenchyma, thereby
exposing hepatocytes to other damaging factors released by activated mononuclear cells.

In animal models, adiponectin decreases insulin resistance by decreasing triglyceride content in
the muscle and liver tissue and by increasing the ability of sub-physiological levels of insulin to sup-
press glucose production by inhibiting hepatic gluconeogenic enzymes [40, 41]. This results from
increased expression of molecules involved in both fatty-acid metabolism and energy dissipation in
muscle tissue. It has been shown that mice chronically fed high-fat, ethanol containing food, have
lower levels of adiponectin. Experimental replenishment of adiponectin dramatically alleviates hepa-
tomegaly and steatosis in these animals, and attenuates inflammation by suppressing the hepatic pro-
duction of TNF-a [42]. Similar effects are achieved in nonalcoholic ob/ob mice [42]. Experiments
with adiponectin-knockout mice conducted by Kamada and coworkers demonstrated that adiponectin
is capable of attenuating liver fibrosis that develops after carbon tetrachloride administration [43].
Adiponectin also alleviates lipopolysaccharide (LPS)-induced liver injury [44]. Suppressing local
TNF-a production and signaling provides a protective effect in all cases of adiponectin-related
decreases in the extent of acute liver injury.

Studies of the effects of resistin in animal models of NAFLD are substantially less relevant to
human fatty liver disease due to functional differences between resistin encoding genes in animal
models and humans. The expression of resistin mRNA in human adipose tissue and its serum content
are substantially lower (1/250) than that in rodents. Moreover, the resistin-a encoding gene is absent
in humans [45].

Adipokines in Patients with NAFLD

The following sections review the current clinical data on specific adipokines in NAFLD: adiponectin,
resistin, leptin, and TNF-alpha, as well as several other soluble molecules.

Adiponectin

Adiponectin is the most frequently studied adipokine associated with NASH. Many authors have sug-
gested that hypoadiponectinemia may contribute to the development of NASH in obese individuals.
This hypothesis is supported by a study of 257 healthy individuals, which reports a negative correla-
tion between adiponectin serum levels and two markers of liver injury, alanine aminotransferase
(ALT) and gamma-glutamyltranspeptidase (GGT) before and after adjustment for sex, age, body mass
index (BMI) and insulin resistance [46]. Pagano and coworkers showed that plasma adiponectin levels
were significantly lower in NAFLD patients than in the matched controls (5.93+0.45 versus
15.67+1.60 ng/ml). However, there was no difference in adiponectin levels between patients with
simple steatosis and those with NASH (6.16+0.78 versus 5.69+0.49 ng/ml) [47]. The authors
reported an inverse correlation between adiponectin and homeostatic model assessment (HOMA) of
insulin resistance (P=0.008), but no correlation between adiponectin and serum transaminases or
lipid values [47]. A second study confirmed the protective effect of adiponectin against the develop-
ment of radiologically proven steatosis [48]. Finally, a study of 113 obese children confirmed the
protective role of adiponectin against NAFLD in pediatric populations [49].
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Despite increasing evidence supporting the association between hypoadiponectinemia and
steatosis, the role of adiponectin in distinguishing NASH from simple steatosis remains controversial.
A study by Bugianesi and colleagues related decreased levels of circulating adiponectin in NAFLD to
hepatic insulin sensitivity and to the amount of hepatic fat content, but not to liver disease severity as
measured by necroinflammation and fibrosis [50]. On the other hand, Hui and coworkers found that
low serum adiponectin is associated with increased grades of hepatic necroinflammation independent
of insulin resistance [51]. Our own observations suggest that higher serum adiponectin concentrations
also protect against the progressive form of fatty liver disease, NASH (P=0.024) [31]. Finally, a
report by Musso and colleagues is of special interest [52]. This study of 25 nonobese, nondiabetic
patients with biopsy-proven NASH showed that adiponectin was protective against histologically
proven NASH (NASH 5,476 +344 versus matched controls 11,548 +836 ng/ml; P=0.00001) [52].
Adiponectin was negatively correlated with the presence of necroinflammation (OR=5.0; P=0.009),
and fibrosis (OR=8.0; P=0.003). On logistic regression controlling for all important confounders,
hypoadiponectinemia remained an independent predictor of severe necroinflammation and of stage 3
fibrosis [51, 52]. In the same cohort of patients, the magnitude of postprandial lipemia was signifi-
cantly higher in NASH than in controls and was related to fasting adiponectin (f=-0.78; P=0.00003)
[53]. Controls showed a significant increase in serum adiponectin in response to the fat load, whereas
patients with NASH showed a slight decrease. Postprandial free fatty acids response correlated
inversely with adiponectin response in both groups and independently predicted the severity of liver
steatosis in NASH ($=0.51; P=0.031). In other words, the dynamic adiponectin response to an oral
fat load is strikingly different in healthy subjects and patients with NASH and is related to the post-
prandial FFA response. These findings suggest that hypoadiponectinemia precedes the overt manifes-
tation of diabetes and is linked to impairment of the postprandial lipid metabolism.

Circulating levels of adiponectin has a strong genetic component demonstrated by an additive genetic
heritability of 46 % [54]. The regulation of serum adiponectin levels has been linked to regions on chro-
mosome 5p (logarithm of odds [LOD]=4.06) and 14q (LOD=3.2) in a predominantly northern European
population [54] and to chromosome 9p (LOD=3.0) in Pima Indians [55]. In addition, four haplotype-
tagging single-nucleotide polymorphisms (SNPs) have been identified at the adiponectin-encoding
APM1 locus itself. One of them, +276G>T, is associated with serum adiponectin levels collected from
nondiabetic, Caucasian individuals (P=0.032). Individuals homozygous for the +276T allele have
higher adiponectin levels than other subjects [56]. Individuals with an allelic combination of +45T and
+276G (“TG” haplotype) have higher body weight (P=0.03), waist circumference (P=0.004), systolic
(P=0.01) and diastolic blood pressure (P=0.003), total to HDL cholesterol ratio (P=0.01), and insulin
resistance as measured by HOMA scores (P=0.003) as well as fasting serum glucose (P=0.02) and
serum insulin (P=0.005) levels [57]. Subsequent studies of adiponectin polymorphisms in obese and
diabetic subjects suggest similar trends. In NAFLD, the homozygous “GG” genotypes at positions
—11377 and +45 were significantly more prevalent than in matched controls [58]. Moreover, the pres-
ence of the “G” allele at these positions was associated with a necroinflammatory grade [58].

It is important to note that adiponectin is secreted into the circulation as three oligomeric isoforms,
including (low molecular weight, LMW), hexamer (middle molecular weight, MMW) and the high
molecular weight (HMW) oligomeric complex. Obesity-related metabolic complications, including
NAFLD, are especially tightly associated with lower concentrations of HMW adiponectin [59]. This
observation is not incidental as HMW oligomer mediates the insulin-sensitizing effects of adiponectin
on suppression of hepatic gluconeogenesis. In one of the studies, after adjustment for gender, age, and
total body fat, the content of the fat in the liver and within the muscles is associated only with HMW
adiponectin (r=-0.35, P=0.012), but not with total-, MMW-, or LMW adiponectin [60]. Levels of
HMW adiponectin negatively correlate with the expression of nuclear receptor peroxisome proliferator-
activated receptors-y (PPAR-y) expression in the liver, a prosteatotic factor in fatty liver disease [61].

In addition to the studies focusing on serum adiponectin levels, some recent publications looked
into the role of the adipokine receptors. The results are contradictory. Kaser and colleagues showed
that immunostaining of the adiponectin receptor adipoRII as well as its mRNA expression level were
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significantly reduced in liver biopsies of patients with NASH compared to patients with simple steatosis,
but found no differences in adipoRI mRNA expression between the two groups [62]. Similar finding
were reported by Shimizu and colleagues [63]. On the other hand, Vuppalanci and colleagues reported
an increase in the mRNA expression levels of adiponectin receptor AdipoRII in liver specimens of
patients with NASH compared to normal liver tissue [64]. These investigators reported several other
contradictory findings. The Kaser group reported adiponectin expression both in endothelial cells of
portal vessels and in hepatic sinusoids [62], but Vuppalanci found no adiponectin mRNA expression
in any of the liver samples studied [64]. The recent work of Carazo and co-authors corroborated find-
ings of Vuppalanci in a larger group of morbidly obese patients (N=60) showing that NAFLD
progression is associated with increase in the hepatic expression of both adiponectin receptors [65].
Two other studies had not registered any difference in expression of adipoRI and adipoRIIl in NASH
and steatosis only groups [66, 67].

In connection to NAFLD, the allelic states of the human adiponectin receptor encoding gene
ADIPOR1 and ADIPOR?2 have been studied as well. A longitudinal study showed that a common
haplotype of —8503A and —1927C ADIPORI1 alleles were associated with higher liver fat at follow-up
as determined by proton magnetic resonance spectroscopy (P=0.02) compared with the haplotype
consisting of —8503G and —1927T alleles. These observations were independent of basal measure-
ments, sex, and baseline versus follow-up percentage of body fat [68]. In Northern European popula-
tions, the polymorphism of ADIPOR?2 (rs767870) was significantly associated with liver fat content
measured with (1)H-MRS after adjusting for age, gender, and BMI and related to serum gamma glu-
tamyltransferase concentrations [69]. In subjects with diabetes Type I, the at-risk alleles for the com-
mon —64241T/G and +33447C/T SNPs in ADIPOR?2 were associated with increased serum ALT and
AST [70]. Both findings were confirmed by replication studies in larger cohorts.

Further studies of allelic states of adiponectin and its receptor in association with NASH and
NAFLD are clearly warranted.

Resistin

Resistin has been implicated in the pathogenesis of obesity-mediated insulin resistance and Type II dia-
betes mellitus. In addition, resistin also appears to stimulate macrophage secretion of TNF-a and IL-12
to the same extent as lipopolysaccharides. Most likely, its proinflammatory action is an induction of the
nuclear translocation of NF-«B transcription factor [71]. Both pro-inflammatory properties and associa-
tion with insulin resistance suggest that resistin may play an important role in the pathogenesis of NASH.
One study showed that plasma resistin concentrations in serum positively correlate with hepatic fat
content (r=0.66, P<0.001) [72]. In pediatric NAFLD, hepatic progenitor cells express higher levels of
resistin, and this increase is proportional to the degree of fibrosis (r=0.432, P<0.05) [73]. Another study
of pediatric NAFLD indicated that serum resistin levels are lower in children with advanced liver steato-
sis (grade 3, N=10) compared to patients with mild steatosis (grade 1-2, N=23) [74].

However, a number of studies of adult NAFLD cohorts failed to see any NASH-related differences
in plasma or serum resistin concentrations [31, 52]. The role of resistin in the pathogenesis of NAFLD
requires further clarification.

Leptin

Leptin is release by adipocytes into circulation that transfers it to the central nervous system where it
regulates food intake. However, leptin receptors encoded by the LEPR gene are expressed both cen-
trally and peripherally, as they were found in many peripheral tissues. Human livers express high
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mRNA levels for both short and long isoforms of the leptin receptor Moreover, there is a trend toward
lower levels of mRNA encoding the long form of the leptin receptor in hepatic tissue from patients
with NASH as compared to those with steatosis only [75]. In human blood, the bioavailability for
leptin is modulated by the so-called soluble leptin receptor (SLR), a product of ADAM10-dependent
shedding of the extracellular domain of the leptin receptor [76]. This cleavage is enhanced by treat-
ment with lipotoxic agents and apoptosis. On the other hand, when leptin levels and/or ER stress are
high, the levels of SLR in the serum are reduced, which might reflect a decrease in the membrane
expression of leptin receptors.

As the SLR seem to directly block leptin action, the profiling of the serum leptin levels might be
difficult to interpret. So far, only two NAFLD-related studies profiled both leptin and SLR. Huang and
co-authors found that enhanced release of leptin is accompanied by a decrease in SLR concentration,
which suggests higher resistance of peripheral tissues towards the action of leptin [77]. Medici and
co-authors found that the extent of steatotic changes in the liver could be predicted by the Free Leptin
Index (FLI) calculated as the ratio of leptin to SLR, while levels of SLR specifically, were correlated
to the stage of fibrosis [78].

Leptin contributes to the development of NASH in many ways. First, abnormalities in serum leptin
or its receptor promote insulin resistance. Second, leptin-dependent changes in insulin signaling increase
fatty acid influx into hepatocytes, promoting lipotoxicity [79]. In the later stages of pathogenesis of
NASH, leptin enhances the systemic low-grade inflammation, thus providing the “second hit” that
advances simple steatosis to steatohepatitis. In fact, levels of leptin are independently associated with
that of C-reactive protein (CRP) after adjustment for age, gender, BMI, waist-to-hip ratio, smoking and
alcohol consumption (F=12.39, P=0.0007) [80]. Additionally, leptin acts as a profibrogenic cytokine in
several liver diseases. As a profibrogenic agent, leptin influence both endothelial and Kupffer cells [81].

It is important to remember that NAFLD is commonly seen in conjunction with lipodystrophy, a
condition characterized by the partial or complete absence of adipose tissue and hypoleptinemia.
In patients with congenital lipodystrophy, leptin administration improves insulin resistance and cor-
rects liver steatosis and hepatocellular ballooning injury [82, 83]. It also corrects elevation of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels [84]. Interestingly, the degree of
liver fibrosis in NASH patients treated with recombinant leptin remains unchanged [83].

Genetics-wise, polymorphisms in both leptin and leptin receptor encoding genes were reported to
have an effect on NAFLD-related phenotypes. For intronic SNP rs6700896 located within an intron
of the LEPR gene, significantly different allelic frequencies were reported between NAFLD with or
without T2DM and non-steatotic controls [85]. Frequencies of mutant LepR polymorphism were also
significantly associated with IR increments [85]. Similar finding were also reported by Lu and co-
authors [86]. The study of Aller et al. showed a substantial influence for the Asparagine-656 variant
on leptin receptors (Lys656Asn polymorphism within LEPR gene) with obesity-related, rather than
NAFLD-related parameters [87]. Larger, better controlled studies of the polymorphisms of leptin and
leptin receptor-encoding genes in NAFLD are warranted.

TNF-alpha

TNF-a is a proinflammatory cytokine that orchestrates the synthesis, secretion, and activity of other
proinflammatory molecules. Macrophages are a major source of TNF-a in humans. TNF-« is also
produced by many other tissues in response to various pathological processes such as infection, isch-
emia, and trauma. Adipocytic production of TNF-a is very low [88]. Nevertheless, an overall increase
in the adipose mass usually leads to substantial, cumulative production of this cytokine that is achieved
by stromavascular cells and macrophages infiltrating expanded adipose. Increased amounts of TNF-a
released by excessive adipose tissue may contribute to the development of obesity-related NAFLD.
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Several studies have demonstrated that serum levels of TNF-« are significantly higher in patients with
NASH than in healthy controls (see [30, 31] for review). A comprehensive study of TNF-a in steato-
hepatitis shows remarkable increases in the expression levels of mRNA encoding TNF-a in both
hepatic and adipose tissues in NASH patients as compared to obese controls [§9]. Similar mRNA
increases were observed for the pS5 receptor, but not for the p75 receptor of TNF-a. Furthermore, the
degree of hepatic fibrosis correlated with TNF-a expression levels in adipose tissue and levels of
mRNAs encoding p55 in the hepatic tissue [89]. Recent meta-analysis suggests that TNF-o gene pro-
moter polymorphism at position —238 but not —308 might be a risk factor for NAFLD (GA/AA versus
GG [odds ratio=2.06, 95 % confidence interval=1.58-2.69, P<0.00001]) [90].

Additional indirect evidence of TNF-a involvement in NASH comes from a 12-month trial of
pentoxifylline, a methylxanthine that can suppress both TNF-a at the level of mRNA accumulation
and the bioactivity of its secreted form, possibly through the generation of intracellular cAMP. A study
by Adams showed that both alanine and aspartate aminotransferase levels are significantly lower after
12 months of therapy compared to baseline, indicating a significant improvement in treated patients [91].
Another study examined 18 patients with histologically proven NASH who received pentoxifylline
(400 mg three times per day) for 6 months. After 6 months of therapy, the mean AST and ALT
improved significantly (P <0.0001 and <0.0001, respectively). In fact, ALT levels normalized in 23 %
of patients at month 1, 35 % at month 2, and 60 % at month 6 of treatment. The insulin resistance
index also improved (P=0.046) and the serum TNF-a was also reduced significantly after therapy
(P=0.011), while serum triglyceride, cholesterol, and body mass index (BMI) remained unchanged [92].
Both of these studies suggest a potential role for TNF-a in NASH as well as potential interventions
targeting TNF-a. The most recent randomized intention-to-treat pentoxifylline trial (N=26, pentoxi-
fylline arm; N=29, placebo arm) showed a decrease of >2 points in the NASH activity score (NAS)
in 38.5 % of patients on PTX versus 13.8 % of those on placebo (P=0.036); this effect was accompa-
nied by a significant decrease in steatosis and lobular inflammation [93]. Despite the encouraging tone
of these reports, recent systematic reviews show that pentoxifylline reduces AST and ALT levels and
may improve liver histological scores in patients with NAFLD/NASH, but does not appear to affect
TNF-a or other cytokine levels [94]. It is currently unclear whether the effects of pentoxifylline on
NAFLD phenotypes are due to its suppression of TNF-a or to its non-TNF-a related anti-inflamma-
tory properties.

Other Cytokines

Obesity is a chronic state of low-grade inflammation which predisposes obese individuals to both
insulin resistance (IR) and NAFLD. A progressive infiltration of classically activated (M1) macro-
phages into obese adipose tissue leads to a release of proinflammatory cytokines. In lean individuals
macrophages are in an alternatively activated (M2) state; these cells secrete IL-10, an anti-inflammatory
cytokine, which may protect against inflammation. Differential activation of resident macrophages
defines net inflammatory/anti-inflammatory balance of secreted peptides released by adipose.
Additionally, overproduction of inflammatory cytokines in adipose could be explained by a decrease
in the production of miRNAs that regulate their synthesis. Concerted decrease of mature miRNA
levels has recently been reported in adipose of patients with advanced stages of NASH [95].

In obese subjects, both visceral and subcutaneous adipose tissues release potent pro-inflammatory
cytokines interleukin-6 (IL-6) and interleukin-8 (IL-8) [34, 96]. In fact, explanted human adipose tissue
releases even more IL-6 and IL-8 than adiponectin [97], probably due to an obesity-related increase in
the TNF-a production involving p38 MAPK and NF-kB pathways [98]. Unfortunately, little is known
about IL-6 and IL-8 in patients with NAFLD or NASH. Some studies showed that serum IL-6 and IL-8
levels in patients with NASH are significantly higher than the healthy controls [31, 99, 100].
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On the other hand, IL-6 seems to have hepatoprotective effects [101]. In particular, it prevents sinusoidal
endothelial cell damage and associated changes in hepatic microcirculation and decreases hepatocyte
death [102]. Moreover, in vitro, IL-6 treatment improves the outcomes for patients with liver trans-
plants for alcohol-related liver disease [102]. These contradictory data emphasize our incomplete
understanding of the role of these cytokines in NAFLD.

Another significant focus of interest is on monocyte chemoattractant protein-1 (MCP-1)/CCL2.
This potent chemoattractant is secreted mainly by macrophages known to infiltrate adipose tissue in
obese humans. Levels of MCP-1 are elevated in both the adipose tissue and the plasma of obese mice
[103]. Interestingly, MCP-1 deficiency in mice fed a high-fat diet decreases insulin resistance and
hepatic steatosis whereas mice overexpressing MCP-1 in adipose tissue show increased insulin resis-
tance and hepatic triglyceride levels [104]. In mouse models of acute and chronic hepatic injury,
pharmacological inhibition of MCP-1 suppresses the infiltration of macrophages into the liver and
intrahepatic production of proinflammatory cytokines [105]. In humans, data on the role of MCP-1 in
NAFLD are sparse. MCP-1 serum levels are elevated in patients with ultrasound-diagnosed NAFLD
and positively correlate with body-mass index and fasting glucose [106].

Recently, the presence and accumulation of the CD11c(+)CD1c(+) dendritic cells has been dem-
onstrated in the adipose tissue of obese individuals [107]. These cells are capable of inducing the
differentiation of IL17-producing type of T-helpers (Th17) that functionally oppose T(reg)-mediated
responses. In turn, Th17 cells may infiltrate the liver and facilitate the transition from simple ste-
atosis to steatohepatitis [108]. This line of thought is augmented by observations of Th17 cells
acting synergistically with FFAs to induce IL-6 production in cultured hepatic cells and of an
increase in the hepatic expression of Th17 cell-related genes encoding for retinoid-related orphan
receptor gamma (ROR)yt, IL-17, IL-21, and IL-23 in NASH patients as compared to healthy con-
trols [108]. Moreover, in mice, neutralization of IL17 with specific antibodies improved their resis-
tance to LPS-induced liver injury as measured by lower serum alanine aminotransferase (ALT)
levels and reduced inflammatory cell infiltrates in the liver [108]. These data suggest that Th17 cell
expansion and hepatocyte-generated IL-6, particularly in the presence of FFAs, such as would
occur in NAFLD, may contribute to a vicious cycle leading to increased levels of hepatic inflamma-
tion and steatosis. Targeting the balance between Th17 cells and T(regs) may lead to novel strate-
gies in preventing NAFLD progression.

The Role of Adipokines in Promoting Hepatic Steatosis, Insulin Resistance
Oxidative Stress, and Hepatic Fibrosis

As previously noted, hepatic steatosis, insulin resistance and oxidative stress all play critical roles in
the pathogenesis of NAFLD, forming the basis of the “two-hit” or “multi-hit” hypotheses [23, 24].
The following paragraphs focuses on the potential role of adipokines in inducing hepatic steatosis,
enhancing insulin resistance, and promoting oxidative stress or hepatic fibrosis.

Adipokines and Steatosis

Fat accumulation in hepatocytes may result from an increase in the delivery of FFAs to the liver,
increased FA synthesis, decreased FA degradation, impaired triglyceride release from the liver, or a
combination of these factors. The role of several key adipokines in each of these steps is described
below.
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Adiponectin as an Anti-steatotic Agent

One hypothesis linking low serum adiponectin to the development of NAFLD focuses on an increase
in hepatic lipid retention, a consequence of adiponectin-dependent suppression of very-low-density
lipoprotein (VLDL) synthesis, the chief route of hepatic lipid export. One of the rate-determining
steps in hepatic VLDL production is the synthesis of apoB-100. The absolute synthesis rates of apoB-
100 in patients with NASH are lower (31.5+3.4 mg/kg/day) than in either obese (115.2+7.2 mg/kg/
day, P<0.001) or lean non-NAFLD controls (82.4+4.1 mg/kg/day, P=0.002) [109]. In fact, plasma
adiponectin concentrations are inversely associated with both VLDL-apoB-100 concentrations
(r=-0.337) and VLDL-apoB-100 production rates (r=—0.373) [110]. Additionally, results reported
by Ng and coworkers [111] indicate that lower than normal adiponectin levels may weaken its benefi-
cial effects on the accumulation of triglycerides and on the concentration of fatty acids in skeletal
muscle. Earlier work showed that adiponectin enhances fatty acid oxidation both in liver and muscle
tissue through activation of acetyl CoA oxidase, carnitine palmitoyltransferase-1, and 5'-AMP acti-
vated protein kinase (AMPK) [112]. Adiponectin increases lipoprotein lipase (LPL) translocation to
the cell surface where it could be released [113]; decreased serum adiponectin is associated with LPL
deficiency and acts independently of systemic inflammation and/or insulin resistance [114, 115].
Seemingly, these data indicate that the decrease in serum adiponectin concentrations may stimulate
the accumulation of fat in the liver by promoting LPL deficiency and subsequent increase in free fatty
acid flux to the liver. However, there are other data suggesting that the logic of relationship between
adiponectin and LPL levels may be inverted. In patients with loss-of-function LPL gene variants,
plasma adiponectin concentrations are significantly lower than in matched controls [116]. In fact, in
the LPL mutation group, lower levels of adiponectin explained a proportion of the variance in meta-
bolic covariates and, after adjustments for anthropometrics, lipids, glucose and other factors, substan-
tially contributed to risks of obesity-associated disorders [116].

Other researchers have suggested an alternative mechanism for the steatogenic effects of low levels
of adiponectin. One mechanism involves an increase in FA synthesis and/or a decrease in FA degrada-
tion within the liver. Through PPARalpha, adiponectin stimulates the expression of carnitine palmito-
yltransferase 1 (CPT1), a rate limiting enzyme involved in the transport of long-chain fatty acids into
the mitochondrial matrix of liver cells [117]. At the same time, adiponectin decreases the activity of
two key enzymes in the hepatic lipogenesis pathway, namely, acetyl-CoA carboxylase (ACC) and
fatty acid synthase (FAS) [117]. In transgenic mice that overexpress adiponectin via the aP2-promoter
(ADNTg mice), lipogenic gene expression is reduced as well [118]. These data suggest that an
increase in adiponectin concentrations should stimulate beta-oxidation of fatty acids in the liver,
decreasing the intrahepatic lipid load, while low adiponectin levels should promote hepatic steatosis,
further supporting the anti-steatotic properties of adiponectin.

Leptin as an Anti-steatotic Agent

Leptin protects against steatosis and lipotoxicity in non-adipose tissues, including the liver, but the
molecular mechanisms underlying these effects are not fully understood. Most likely, the mechanism
for this protection is peripheral. In cultured pancreatic islets, leptin lowers triglyceride content by
increasing FFA oxidation and preventing its esterification [119]. A similar mechanism may be at work
in the liver, as it expresses leptin receptors. In fact, tissue-specific over expression of wild-type leptin
receptors in steatotic livers of leptin-receptor-null fa/fa rats reduces TG accumulation in the liver but
not anywhere else [120].

Early studies demonstrated that, in hepatocytes, the stimulation of the long isoform of the leptin
receptors provides IL-6-like signals, as it synergizes with IL-1 and TNF-alpha to activate STAT pro-
teins and synthesize acute-phase plasma proteins [121]. In addition, leptin dramatically suppresses the



17 Adipokines in Nonalcoholic Fatty Liver Disease 261

expression of hepatic stearoyl-CoA desaturase-1 (SCD-1), the rate limiting enzyme in the biosynthesis
of monounsaturated fats [122, 123]. SCD-1 suppression, in turn, supports resistance to both hepatic
steatosis and obesity due to marked increase in energy expenditure. The proposed mechanisms for the
metabolic effects mediated by leptin induced SCD-1 deficiency include the blocking of triglyceride
synthesis and the export of VLDL [122, 124]. This, in turn, leads to a concomitant increase in the pool
of saturated fatty acyl CoAs, which allosterically inhibits acetyl CoA carboxylase (ACC) and reduces
the amount of malonyl CoA. As a result, inhibition of the mitochondrial carnityl palmitoyl shuttle sys-
tem is relieved, stimulating the import and oxidation of fatty acids in mitochondria. Thus, leptin admin-
istration de-represses fatty acid oxidation, leading to increased fat burning [122]. Other proposed
mechanisms of anti-steatotic effects of leptin involve increases in peroxisome proliferator-activated
receptor-a (PPAR-a) signaling [125] and/or activity of AMP-activated protein kinase (AMPK) [126].

Beyond this, leptin seems to promote the elimination of plasma cholesterol by decreasing choles-
terol biosynthesis. Cholesterol elimination is achieved by down regulating the hepatic activity of
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, up-regulating the activities of both
sterol 27-hydroxylase and cholesterol 7a-hydroxylase and diminishing the cholesterol fraction bound
to VLDL by limiting triglyceride supply [127]. Lowered leptin signaling may even be responsible for
the increased prevalence of cholesterol gallstones in obese patients as compared to the general popula-
tion [128].

Because obesity is associated with leptin resistance, exogenous leptin administration does not
diminish liver steatosis. The development of both central and peripheral leptin resistance depends on
the liver. In animal models, chronic leptin treatment in leptin-naive animals induces leptin receptors
and subsequent increases in the serum concentration of the soluble leptin receptor protein (SLR). This
increase occurs as a consequence of ectodomain shedding from the membrane-bound isoforms. SLR
shedding sequesters leptin and prevents its productive interactions with the receptor. In this way, the
hepatic circuit limits peripheral leptin activity all over the body. To reflect available leptin as opposed
to any leptin, the free leptin index (FLI), calculated as the ratio of leptin to SLR, was developed.
Studies correlating FLI and hepatic steatosis, however, contradict each other; some studies show that
FLI scores are lower in steatosis as compared to non-NAFLD obese individuals [78], while others
point at the opposite [77, 129].

Resistin as a Pro-steatotic Agent

In rodents, resistin is capable of influencing lipid metabolism. Adenovirus-mediated resistin over
expression leads to an increase in plasma triglycerides in mice and rats [130, 131]. Loss of resistin
ameliorates hyperlipidemia and hepatic steatosis in leptin-deficient mice [132]. In healthy men, serum
resistin levels were found to negatively correlate with high-density lipoprotein cholesterol (HDL-C)
levels [133]. When human hepatocytes are treated with resistin, at levels observed in human obesity,
the secretion of apoB dramatically increases along with hepatocyte lipid content. These increases are
due to the stimulation of de novo lipogenesis via the SREBP1 and SREBP2 pathways [134]. This
suggests that higher than normal resistin levels, typically seen in obesity and type II diabetes, might
contribute to the development of fatty liver through its dyslipidemic effects.

TNF-a as a Pro-steatotic Agent

The list of the pleiotropic effects of TNF-a includes changes in lipid metabolism. In the liver, TNF-
alpha stimulates the expression of genes involved in de novo synthesis of FAs, while suppressing those
responsible for FA oxidation. This activation is achieved through interactions with the insulin-Insig-
Srebp signaling pathway. The direct consequences to steatogenesis include reduction of
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HDL-cholesterol, increase of LDL-cholesterol, the accumulation of potentially harmful precholesterol
metabolites and the suppression of cholesterol elimination through bile acids [135]. It also enhances
the secretion and metabolic processing of VLDLs [136].

Over the years, mice expressing T cell-targeted human TNF-a transgenes have served as an animal
model for persistent low-grade exposure to TNF-a typical of morbid obesity. In these mice, hepatic
triglyceride and cholesterol levels are increased, despite concomitant serum cholesterol lowering [137].
In addition, mitochondrial f-oxidation is inhibited in the livers of hTNFa-transgenic mice [137], as
well as the activities of carnitine palmitoyltransferase-II (CPT-II) and mitochondrial HMG-CoA syn-
thase [137]. Peroxisomal p-oxidation is also lowered [137]. These changes are probably mediated by
low mRNA levels of peroxisome proliferator-activated receptors a and & (PPARa and PPARS) [137].
On the other hand, there is no increase in de novo fatty acid synthesis. In fact, both fatty acid synthase
(FAS) activity and the gene expression of acetyl-CoA carboxylase 2 (ACC2) are reduced [137].
Therefore, liver-specific steatogenic effects of TNF-a are predominantly caused by lipid retention due
to the suppression of fatty acid decomposition. It is important to mention that both the control and
the transgenic mice in this study were fed ad libitum. Thus, this model does not allow us to determine
whether these effects are direct consequences of TNF-a, peripheral consequences of elevated TNF-a
levels, or secondary effects related to other TNF-a-mediated mechanisms such as appetite.

In addition to pronounced inhibition of mitochondrial and peroxysomal -oxidation, TNF-a stimu-
lates VLDL production in the liver [136] and inhibits the activity and mRNA expression of lipoprotein
lipase in adipocytes [138]; these processes favor lipolysis in visceral and subcutaneous fat depots that
contribute to the development of TNF-a dependent hypertriglyceridemia and associated NAFLD.

Adipokines and Insulin Resistance

There is a striking association between NASH and insulin resistance. As insulin resistance is thought
to lead to the accumulation of triglycerides in the liver [139]; thus, any factor promoting a vicious
cycle of insulin signaling can be steatogenic and factors counteracting insulin resistance can be
protective against the development of NAFLD.

Adiponectin as Insulin Sensitizer

Hyperinsulinemia caused by insulin resistance increases fatty acid synthesis and impairs both mito-
chondrial B-oxidation and the export of triglycerides in multiple ways. Early studies indicate that adi-
ponectin decreases insulin resistance by increasing oxidation of FAs, thereby reducing the triglyceride
content in peripheral tissues [112]. Adiponectin also suppresses glucose production in the liver and
enhances the hepatic action of insulin. These glucose-lowering effects of adiponectin require liver-
specific activation of AMP-activated protein kinase (AMPK) [140], a central component of the protein
kinase cascade that plays a key role in the regulation of energy control. It is tempting to speculate that
the AMPK-mediated antiglycemic effects of adiponectin in the liver may play a role in the prevention
of NAFLD, but this seems unlikely. Recent work indicates that short-term over expression of a consti-
tutively active form of AMPK in the liver can lead to the development of steatosis even in the presence
of lowered hepatic glycogen synthesis and circulating lipid levels [141]. Most likely, the NAFLD-like
disorder in these animals develops from the hepatic accumulation of lipids released from adipose tissue
in response to the relative scarcity of glucose. Therefore, additional stimulation of AMPK provided by
a sudden increase of adiponectin (e.g., due to thiazolidinedione (TZD) treatment) may aggravate early
stages of the steatogenic processes in the liver. This may also explain the infrequent but potentially
serious hepatotoxic side effects of chronic administration of TZDs [142] and the pronounced exacerba-
tion of hepatic steatosis in mice with polygenic obesity treated by rosiglitazone [143].
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Insulin-sensitizing effects of adiponectin are not limited to AMPK signaling events. For example,
in primary mouse hepatocytes, the absence of AMPK, or other components of the same signaling
cascade did not prevent adiponectin from inhibiting glucose output or reducing gluconeogenic gene
expression [144]. It is also important to note that adiponectin inhibits autophagy, while AMPK stimu-
lates it, pointing at other signaling pathways sensitive to the presence of adiponectin. One potential
contributor to AMPK-independent adiponecting response is newly discovered suppressor of glucose
by autophagy (SOGA) that both inhibits autophagy and contributes to the inhibition of glucose pro-
duction in hepatocytes [145].

Interestingly, various treatments successful at improving insulin response (thiazolidinediones
(TZDs), n-3 polyunsaturated fatty acid (PUFA) supplementation) also stimulate adiponectin produc-
tion [146].

Leptin as an Insulin Sensitizer

It is widely accepted that leptin exerts a systemic insulin-sensitizing effect. The interaction between
the insulin and leptin signaling cascades in peripheral organs have been studied both in vitro and in
vivo [147]. However, the results are inconsistent in different cell lines and the complete mechanism
remains unclear. Most likely, these cross-cascade interactions involve down-regulation of the PKR-
like endoplasmic reticulum (ER) kinase/eukaryotic translation inhibition factor 2a (PERK-elF2a)
arm of ER stress in liver, skeletal muscle, and adipose tissue [148]. One way of inhibiting the periph-
eral effects of leptin is through the feedback inhibition by SOCS3 via phosphorylation of Tyrosine
985 on its receptor [149]. When this tyrosine is mutated, hence, abrogating this inhibitory signaling,
the insulin sensitivity is enhanced throughout the body via increased insulin action on the suppression
of hepatic glucose production [150]. The liver is probably central to this mechanism, as some studies
suggest that leptin selectively improves insulin receptor (IR) activation only in this organ, but not in
the skeletal muscle or fat [151]. Unfortunately, the insulin-related branch of the leptin-dependent
signaling in obese livers is profoundly suppressed [152]. Therefore, it is unlikely that therapeutic
administration of leptin would alleviate liver steatosis through improved insulin sensitivity.

Resistin as an Inductor of Insulin Tolerance

Hyperresistinemia certainly contributes to impaired insulin sensitivity in obese rodents. In mice, resis-
tin elimination reduces hepatic glucose production due to decreased gluconeogenic enzyme expres-
sion in the liver and to the activation of AMPK [153]. In humans, the situation is much more difficult
to trace, because serum resistin levels are related to sex, age, testosterone and estradiol levels [154].
These fluctuations in resistin levels and the relatively low homology between resistin and resistin-like
molecules in humans and rodents complicate the study of resistin involvement in the development of
insulin resistance in the liver and NAFLD.

TNF-a Impairs Insulin Signaling

TNF-a alters systemic energy homeostasis in a way that closely resembles the insulin resistance phe-
notype. Mice with a complete knock-out of TNF-a signaling show significantly improved insulin
sensitivity in both diet-induced and leptin-deficient obesity [155]. Molecular studies show that long-
term exposure to TNF-a completely abolishes insulin-induced glycogen synthesis in hepatocytes
[156]. TNF-a inhibits #yr phosphorylation of IRS-1 that promotes the transmission of the insulin
signal, and stimulates ser phosphorylation instead, thus blunting peripheral insulin response [157, 158].
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It was also shown that TNF-a-mediated insulin resistance of glucose uptake occurs through a
MEK/Erk-dependent activation of CDKS5 [159]. This compelling evidence demonstrates that abnor-
mal production of TNF-a may predispose obese individuals to the development of insulin resistance
and NAFLD.

Other Adipokines Influencing Insulin Resistance

The secretion of the extracellular form of nicotinamide phosphoribosyltransferase (NAMPT), also
known as visfatin, is upregulated in obesity and has been shown to help in the regulation of glucose
homeostasis. Visfatin regulates insulin secretion, insulin receptor phosphorylation and intracellular
signaling and the expression of a number of beta-cell function-associated genes in the pancreas [160].
In rat livers, visfatin is strongly expressed, while in visceral fat its expression is significantly lower,
and in subcutaneous adipose, it is undetectable. When visfatin was downregulated in rat hepatocytes
by RNAI, a significantly decrease in glucose uptake after stimulation with insulin was observed, thus
pointing at substantial autocrine effects on the sensitivity of liver cells to insulin action, possibly
through its effects on NAD biosynthesis [161].

Another interesting adipokine with potential effects on the pathogenesis of NASH is vaspin, vis-
ceral adipose tissue-derived member of serine protease inhibitor (serpin) family [162]. Vaspin admin-
istration in obese mice fed with high-fat high-sucrose chow normalizes their serum glucose levels by
reversing altered gene expression related to insulin resistance, including all other adipokines dis-
cussed above [162]. In humans, the role for vaspin in metabolic regulation is unclear at present. Serum
vaspin concentrations display a circadian rhythm, along with a preprandial rise and postprandial fall,
similar to that of ghrelin, while unscheduled meals lead to a decrease in vaspin levels [163]. The study
in normoglycemic (N=259) and diabetic Japanese patient (N=275) showed that serum vaspin levels
closely correlate with HOMA scores for insulin resistance rather than with BMI and other anthropo-
metric parameters. Moreover, the minor (A) allele of SNP rs77060950 in the promoter region of the
vaspin-encoding gene SERPINA12 appears to be closely linked to increased levels of serum vaspin
and higher HOMA scores [164]. Additionally, insulin sensitivity was shown to be the strongest deter-
minant of vaspin mRNA expression in human subcutaneous adipose [165]. These data point at vaspin
as an important insulin sensitizer of adipocytic origin that may play an instrumental role in NAFLD.

Apelin inhibits glucose-stimulated insulin secretion both in vivo and in vitro by acting on its recep-
tor, which is expressed in beta-cells of pancreatic islands [166]. The expression of apelin in fat cells
and apelin plasma levels are largely increased in all the hyperinsulinemia-associated obese states of
mice, independent of diet composition [167]. In obese patients, plasma apelin levels are also signifi-
cantly higher than in normal controls. When apelin levels were studied in patients with NAFLD and
healthy controls of the same gender, apelin levels correlated with and HOMA indexes positively
(r=0.4, P=0.008). Importantly, adjustments for BMI and HOMA indices eliminated the differences
in apelin concentrations between compared groups [168].

Chemerin, encoded by the retinoic acid receptor responder 2 gene RARRES?2, exacerbates glucose
intolerance, lowers serum insulin levels, and decreases tissue glucose uptake in obese/diabetic but not
normoglycemic mice when administered exogenously [169]. The disruption of the chemokine-like
receptor-1 (CMKLR1) gene that encodes the receptor for chemerin leads to glucose intolerance as
evidenced by decreased glucose stimulated insulin secretion as well as decreased skeletal muscle and
white adipose tissue glucose uptake [170]. Studies using hemerin-deficient murine islands and a
chemerin-ablated p-cell line showed that chemerin regulates f-cell function via maintaining expres-
sion of MafA, a pivotal transcriptional factor that stimulates insulin gene promoter activity [171].
In adipocytes, chemerin potentiated insulin-stimulated glucose uptake concomitant with enhanced
insulin signaling [172]. Intravenous administration of the chemerin analog in sheep led to a dramatic
increase in the insulin levels and a drop in glucose levels, along with an immediate increase in the
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level of triglycerides [173]. In humans, receptors for chemerin, CMKLRI1, could be detected in
primary human hepatocytes (PHH), Kupffer cells, bile-duct cells, and hepatic stellate cells; its
amounts were strongly induced by treatment with exogenous adiponectin [174].

It seems that the NUCB2-encoded nesfatin play important roles in both central and peripheral
branches of the glucose homeostasis regulation. In the brain, it stimulates the PEPCK/InsR/IRS-1/
AMPK/Akt/TORC?2 pathway, thus contributing to increased peripheral and hepatic insulin sensitivity
by decreasing gluconeogenesis and promoting hepatic glucose uptake in vivo [175]. In p-cells, nesfa-
tin exerts a direct, glucose-dependent insulinotropic action [176, 177]. It acts by promoting Ca(2+)
influx through L-type Ca(2+) channels independently of PKA and PLA(2) [177]. Levels of nesfatin
are elevated in newly diagnosed type 2 diabetes patients and glucose intolerant subjects [178], but are
decreased in patients with insulin resistance-associate polycystic ovary syndrome (PCOS) [179]. In
line with the above, there is some evidence of the reduction of sensitivity to nesfatin in obese individu-
als, possibly due to the saturation of transporters [180].

Omentin is expressed in stromal vascular cells of the visceral adipose, but not in the fat cells per se
[181]. In human adipocytes grown in vitro, omentin enhances insulin-stimulated glucose uptake,
while not affecting basal influx of glucose [181]. In omental adipose tissue explants, both insulin and
glucose significantly and dose-dependently decrease the secretion of omentin [182]. Fasting serum
omentin levels negatively correlate with HOMA-IR scores and positively correlate with serum levels
of adiponectin [183].

In serum samples of patients with NAFLD or with NAFLD-associated disorders, the concentration
of these, newly emerging, adipokines are altered. The interplay between novel insulin-sensitizing and
insulin suppressing soluble molecules may represent an important avenue for future studies of the
pathogenesis of NAFLD and NASH.

Adipokines and Oxidative Stress

Several lines of evidence support the role of adipokines in the increased oxidative stress seen in
patients with NASH. Most studies converge on CYP2E1, peroxisomal release of reactive oxygen spe-
cies and mitochondrial dysfunction with high proton potential. Within the liver, the reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are generated by the parenchymal cells, by acti-
vated Kupffer cells and by both resident and attracted inflammatory cells, which further mobilize
cellular defense mechanisms and contribute to liver injury and necrosis. Here we will review ROS/
RNS-promoting and antioxidant properties of adipokines, leaving out their cytokine-mediated proin-
flammatory/anti-inflammatory effects as these are reviewed in detail in other chapters.

Antioxidant Role of Adiponectin

The potential role of adiponectin in the prevention of oxidative stress in the liver lacks direct evidence.
Nakanishi and coworkers presented the most compelling indirect evidence of such an influence [184].
The authors used an oral glucose test to study 259 Japanese Americans with normal glucose tolerance,
impaired glucose tolerance, or diabetes. Concentrations of 8-iso-prostaglandin F(2-a) (isoprostane), a
marker of oxidative stress, were measured in the urine and adiponectin concentrations were measured
in the serum. Adiponectin levels negatively correlated with urinary isoprostane levels (adjusted for
age, gender, and smoking status). This association was attenuated but remained significant after
adjusting for waist-to-hip ratio, body mass index, percent body fat, C-reactive protein levels, glucose
tolerance status, or HOMA scores [184].
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A different line of evidence suggests a reverse causative relationship between oxidative stress and
levels of adiponectin, such that the production of adiponectin might be suppressed in pro-oxidative
conditions. For example, in differentiated murine adipocytes exposed to increasing concentrations of
glucose oxidase, adiponectin mRNA expression is suppressed [185]. Moreover, a significant inverse
correlation between the formation of 4-Hydroxynonenal (4-HNE), an important by-product of lipid
peroxidation, and adiponectin secretion was observed. Additionally, 4-HNE inhibits adiponectin pro-
duction when administered alone [185]. Researchers have proposed a direct transcriptional effect of
4-HNE on the adiponectin gene and/or effects mediated by NF-kB activation through the phosphory-
lation of Ik [185].

On the other hand, there is a certainty that adiponectin exerts antioxidant effects in non-hepatic cell
types. For example, it inhibits the generation of ROS in human glomerular mesangial cells treated
with high concentrations of glucose; it also stimulates eNOS activity, which has additional protective
effects [186]. Similar effects were observed in primary human phagocytes; these effects were invoked
by full-length adiponectin only, while the globular fragment of adiponectin enhanced the production
of ROS [187]. The list of other cellular types protected by full-size adiponectin from an excess of
oxidative stress include: p-cells of the islets, endothelial cells, cardiomyocytes, and adipocytes. It is
likely that in the human livers the HMW or full-size adiponectin is exerting similar effects, thus pro-
tecting from the progression of simple steatosis to NASH.

The most recent, intriguing observation on possible liver-specific anti-inflammatory function of
adiponectin is that, in the liver cells, it stimulates the expression of UCP-2, the mitochondrial inner
membrane transporter uncoupling protein 2 with hepatoprotective effects. A recent study of adiponec-
tin knockout (ADN-KO) mice treated with adiponectin found that it stimulates mitochondrial super-
oxide production that, in turn, facilitates the transportation, stabilization and translation of UCP2
mRNA in nonparenchymal cells of the liver [188]. Livers of untreated AND-KO mice readily accu-
mulate fat and have dysfunctional mitochondrial, while the replenishment of adiponectin restores the
oxidative capability of the mitochondrial respiratory chain (MRC) complexes, thereby preventing the
accumulation of lipid peroxidation products without a direct effect on mitochondrial biogenesis [189].
LPS induces elevation of TNFa and ALT levels in the livers of ADN-KO mice, but not in the livers of
UCP2-KO mice [189]. These evidences suggest a UCP-2 dependent beneficial effect of adipose-
derived adiponectin on the levels of oxidative stress in the liver (Fig. 17.3).

Pro-oxidant Role of Leptin

Leptin inhibits antioxidant systems and enhances lipoperoxidation in the liver and other tissues.
Administering leptin to experimental animals increases hepatic acetyl-coenzyme A carboxylase phos-
phorylation, fatty acid oxidation and ketogenesis [189] along with the hepatic levels of thiobarbituric
acid reactive substances (TBARS), which are markers of lipoperoxidation [190]. On the other hand,
this same treatment decreases antioxidant GSH levels and the activities of glutathione-S-transferases
(GSTs), superoxide dismutase (SOD) and catalase [191]. These differences are more pronounced
when hyperleptinemia is induced in alcohol-treated animals, suggesting that leptin may augment liver
injury mediated by free radicals via other mechanisms [191].

Intravenous injections of leptin induce the release of nitric oxide (NO) by both inducible NO syn-
thase (iNOS) and endothelial nitric oxide synthase (eNOS) [192]. When overexpressed eNOS remains
uncoupled, it changes from a protective enzyme to a contributor to oxidative stress, thus adding up to
a pro-oxidative environment [193]. Therefore, leptin induced stimulation of eNOS and iNOS may be
a pro-oxidative event.

Leptin also upregulates CYP2EI expression, a cytochrome P450 responsible for the oxidation of alco-
hol and production of activated oxygen species leading to oxidative stress. Proofs that leptin regulates
CYP2E] activity come from observations that livers of leptin-deficient mice express much lower levels
of CYP2EI, while short-term leptin replacement completely reverses suppression of CYP2E1 [194].
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Fig. 17.3 Mutual regulation of adiponectin and UCP2 across the liver and adipose tissue

Paradoxically, CYP2EI-dependent production of ROS inhibits apoptosis but accelerates necrosis,
stimulated by polyunsaturated fatty acids [195]. This latter observation is consistent with the neuroinflam-
matory features seen in patients with NASH. Finally, higher hepatic CYP2E1 expression and activity have
been frequently observed in the context of NAFLD (see [196] for review).

Pro-oxidant Role of Resistin

Despite the scarcity of observations showing that resistin directly influences oxidative stress, there is
a body of evidence suggesting a pro-oxidative role for this adipokine. In porcine coronary arteries,
resistin evokes an increase in the production of superoxide radical [197], while in rats, the long-term
overexpression of resistin in cardiomyocytes in vivo results in larger amounts of TNFa release, along
with increased phosphorylation of IkBa and intracellular ROS content [198]. It is of interest that indi-
viduals with high expression levels of NAD(P)H:quinone reductase (NQO), a prototypical phase II
antioxidant enzyme, tend to have higher levels of resistin mRNA in their subcutaneous adipose tissue
[199]. The positive effects of NQO are exercised only in individuals with at least one —180G allele
that confers significant increase to the basal activity of the resistin promoter [199]. It is possible that
antioxidant enzymes and oxidative stress-promoting resistin are co-regulated. Importantly, levels for
both gene and protein expression of resistin are substantially higher in the liver than in the adipose
[200]. Accordingly, it is important to find out wither locally produced resistin plays its pro-oxidative
role within the liver parenchyma.

Pro-oxidant Role of TNF-o

The important role of TNF-a in the enhancement of ROS production, observed in steatotic livers, is
certain. Key components of TNF signaling include sphingolipids, particularly ceramide, generated
from acidic sphingomyelinase activation [201]. Mitochondria isolated from TNF-a-treated liver cells
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show a two- to threefold increase in the amount of ceramide when compared with mitochondria from
untreated cells. Ceramide, in turn, influences the mitochondrial electron transport chain and evokes
hydrogen peroxide overproduction [202], one of the most potent sources of oxidative damage. In
addition, ceramide induces necrosis through the mitochondrial membrane permeability transition
(MMPT) mechanism [203]. In mitochondria, treatment with TNF-o induces pronounced morphologi-
cal changes, decreased mitochondrial membrane potential and reduced production of intracellular
ATP [204]. These changes are accompanied by accumulation of significant amounts of reactive oxy-
gen species (ROS) [204].

Some conditions sensitize liver cells to TNF-a-induced cell death; one of these is the depletion of
reduced glutathione [205]. It is peculiar that chronic exposure to low levels of TNF-a, similar to that
observed in NAFLD patients, profoundly modulates GSH metabolism. Reduced levels of catalase and
glutathione peroxidase (reflecting impaired redox buffering capacity) were observed in the livers of
mice with low, persistent expression of TNF-a in the T-cell compartment [206]. GSH depletion driven
by TNF-a may further enhance oxidative stress, constituting a vicious circle augmenting parenchymal
injury. Consistent with this notion, the oxidized/reduced glutathione ratio (GSSG/GSH) is increased
in NASH patients, while superoxide dismutase, glutathione peroxidase and glutathione reductase
activities remain unchanged [207].

Interestingly, TNF-a enhances UCP-2 expression in hepatocytes [208]. In these effects, the action
of TNF-a is similar to that of adiponectin (see argument in respective subchapter). On the one hand,
the up-regulation of UCP-2 may compromise cellular ATP levels and worsen liver damage by aug-
menting cell death; on the other hand, it may have a protective role by reducing ROS. Studies of
adiponectin-dependent upregulation of UCP-2 [188, 189] point toward the second option. It is also
possible that these two effects cancel each other out. The latter suggestion has been supported by the
finding that serum alanine aminotransferase (ALT) levels and steatohepatitis scores in UCP-27~ mice
remains similar to those of wild-type controls, both in genetically and diet-induced obesity [209].
Little is known about the state of UCP-2 activity in NAFLD and NASH patients. There is only one
study that covers hepatic expression of UCP-2 in humans; in this study, the staining intensity of
TNF-o and UCP-2 were correlated with the severity of liver disease [210]. If the majority of NAFLD
patients, indeed, overexpress UCP-2, as do NAFLD mice, and if this over expressed molecule remains
functional, it seems that it is unable to protect against steatohepatitis, possibly due to the overwhelm-
ing effect of ROS that exceeds the compensatory potential of mitochondrial uncoupling. As mito-
chondrial uncoupling sensitizes cell to TNF-« induced death, it might be that this effect outweighs the
simultaneous decrease in the ROS production.

Other Adipokines and Oxidative Stress

The effects of NAMPT/visfatin at the levels of oxidative stress are unclear at best. On the one hand,
nicotinamide mononucleotide (NMN), a product of the NAMPT reaction and a key NAD(+) inter-
mediate, restores sensitivity to glucose in diabetic mice through enhancement of hepatic insulin
sensitivity and restoration of gene expression related to oxidative stress and inflammatory response
[211]; On other hand, in both human primary pulmonary artery endothelial cells and A549 lung
epithelial cells, the overexpression of visfatin affects intracellular ROS production in either the pres-
ence or absence of IL1-f. These effects are abrogated by visfatin-specific siRNA and by treatment
with rotenone, a NADH oxidase complex I inhibitor [212]. In mouse models of ischemia and reper-
fusion in vivo, pharmacological inhibition of NAMPT with FK866 reduced both neutrophil infiltra-
tion and reactive oxygen species (ROS) generation within infarcted hearts. Sera from FK866-treated
mice showed reduced circulating levels of the neutrophil chemoattractant, CXCL2, and impaired
capacity to prime migration of these cells in vitro; these effects were reduced by either FK866, or
sirtuin (SIRT) inhibitors, implying that visfatin stimulates the production of this chemokine [213].
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In glomerular injury, often observed in diabetic patients, visfatin promotes the formation of lipid raft
redox signaling platforms, which produces local oxidative stress resulting in the disruption of micro-
tubular networks in glomerular endothelial cells and an increase in the glomerular permeability
[214]. Similar effects are observed in coronary circulation, when visfatin-dependent lysosome-asso-
ciated molecular trafficking and consequent ceramide accumulation in cell membrane mediates the
assembly of NOX subunits and their activation, producing endothelial dysfunction [215]. The obser-
vations mentioned above might be explained by the pleiotropic action of visfatin. Being beneficial as
an NMN-producing enzyme, visfatin may serve as a soluble signal detrimental to the oxidative state
within the cells comprising a particular tissue. It is unclear whether hepatocytes or others cells of the
liver are sensitive to the ROS-augmenting effects of visfatin.

Through its receptor APJ, apelin mediates oxidative stress in blood vessels, thus contributing to
atherogenesis [216]; however, in cardiomyocytes, the same protein inhibits the hypertrophic response
to oxidative stress in a dose-dependent manner through stimulation of the activity of catalase [217].
As pertains to NAFLD, treatment with apelin increases fatty acid oxidation and mitochondrial biogen-
esis in muscles of apelin-treated mice [218]. Apelin is highly expressed by stellate cells and its recep-
tor is expressed in the parenchyma of the liver. Whether these insulin-sensitizing effects of apelin take
place in the liver, or whether they increase oxidative stress in the liver, is currently unknown.

Studies of chemerin levels measured in portal venous (PVS), hepatic venous (HVS) and systemic
venous (SVS) blood of patients with liver cirrhosis showed that its levels seem to be associated with
inflammation rather than BMI, and that this adipokine is also released by the liver [219]. Serum
chemerin concentrations are significantly higher in NAFLD patients as compared to healthy volun-
teers, and in NASH patients as compared to simple steatosis [220]. Almost nothing is known about
the involvement of chemerin in the pathogenesis of NAFLD.

Treatment with omentin prevents TNF-a-induced COX-2 expression and subsequent vascular
inflammation in human endothelial cells through stimulating eNOS [221]. Similar to chemerin, the
influence of omentin levels on inflammatory features of NAFLD and NASH were never studied.

It is clear that thorough studies of inflammation-related effects of newly discovered adipokines are
needed.

The Role of Adipokines in Hepatic Fibrosis

Liver fibrosis is a wound healing response that involves several cell types. It is characterized by
inflammation, activation of matrix-producing cells, extracellular matrix (ECM) deposition and remod-
eling, and epithelial cell regeneration or an attempt thereof. The major matrix producing cells in the
liver are hepatic stellate cells (HSC) that may undergo a phenotypic transition to myofibroblast-like
cells that synthesize various ECM components. This fibrogenic response might result in cirrhosis in
NASH livers and may instigate the progress to hepatocellular cancer and liver-related death. Despite
a strong association between necroinflammatory activity and fibrosis on cross sectional studies, fibro-
sis progression in many NASH patients may still occur in the presence of an improvement in inflam-
mation, ballooning, and steatosis [222].

Leptin as Fibrogenic Agent

The first evidence of the fibrogenic effects of leptin comes from studies of leptin deficient animals that
are resistant to fibrosis resulting from long-term thioacetamide administration [223]. Ablation of
leptin also alleviates profibrogenic effects of exposure to carbon tetrachloride [224, 225], Schistosoma
mansoni infection [225], or as a consequence of steatohepatitis. Subsequent studies revealed a
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profound positive influence of leptin on TGF-p [223] and collagen I and III mRNA and protein
production in HSCs [226]. Leptin effects on collagen production are at levels seen in obese individu-
als [226]. Leptin also augments the effect of TGF-f1 on collagen production [213].

The mechanism of leptin-dependent stimulation of collagen production includes the Janus kinase-
phosphatidylinositol 3-kinase-Akt (JAKs-PI3K-Akt) pathway [227] and peroxide-dependent compo-
nents coupled to the ERK1/2 and p38 pathways [228], thus opening the door to possible antioxidant
therapy of liver fibrosis. Moreover, in HSCs, the same leptin-induced signaling leads to enhanced
production of the tissue inhibitor of metalloproteinase TIMP-1 that suppresses collagen degradation
[229]. To induce expression of the smooth muscle actin xSMA, leptin synergizes with IL-6 [230].

Taken together, these data indicate that leptin is a potent hepatic fibrosis promoter. In obese indi-
viduals, the increase in the leptin levels observed along with increasing fatty mass leads to persistent
hyperleptinemia that may be a detriment to their livers through leptin-dependent profibrogenic effects.
Observations in lipodystrophic patients treated with recombinant leptin support this conclusion.
Despite significant improvements in hepatic steatosis, ballooning injury and NASH activity scores,
there were no changes in hepatic fibrosis in patients treated with recombinant leptin [83, 231].

Adiponectin as Antifibrotic Agent

Kamada and co-authors revealed that adiponectin attenuates liver fibrosis in a carbon tetrachloride
administration model [43]. In cultured hepatic stellate cells, adiponectin suppresses PDGF-induced
proliferation and migration and attenuates the effects of TGF-p1 [43]. Another recent study demon-
strates that adiponectin can inhibit proliferation and induce apoptosis in activated HSCs, but not in
quiescent HSCs [232]. Local adiponectin production has been demonstrated in quiescent HSCs. Both
AdipoR1 and AdipoR2 receptors are present in both quiescent and activated HSCs; however, AdipoR 1
mRNA expression is reduced by 50 % in activated HSCs as compared to quiescent HSCs [232]. This
data indicates that adiponectin is essential to either maintaining the quiescent phenotype of HSCs or
is capable of reversing hepatic fibrosis by hampering the proliferation of activated HSCs and by
inducing HSC apoptosis.

Importantly, in activated HSCs, adiponectin dampens the profibrogenic signaling through leptin
receptor and prevents excess extracellular matrix production. Adiponectin-dependent suppression of
the proliferation and the migration of HSCs is achieved through activation of AMPK [233, 234] and
subsequent inhibition of leptin-mediated Stat3 phosphorylation and SOCS-3 binding to the leptin
receptor [234, 235]. In addition, adiponectin-stimulated AMPK inhibits transforming growth factor
(TGF)-B-induced fibrogenic properties of HSCs by regulating transcriptional coactivator p300 [236].
Adiponectin also stimulates PTP1B expression and activity, thus inhibiting JAK2/STAT3 signaling at
multiple points [235].

Resistin as a Potential Fibrogenic Agent

Resistin has no known connection with hepatic fibrosis, except indirect evidence. In particular, resis-
tin levels are associated with fibrosis severity in patients with chronic hepatitis B and C [237]. In liver
cirrhosis, the plasma resistin levels are elevated as well [238]. On the other hand, resistin has been
implicated in pulmonary fibrosis induced by bleomycin. In fact, microarray profiling has revealed a
17-25-fold induction of the RELM-alpha encoding gene FIZZ1 in the alveolar and airway epithelium
of bleomycin treated rats. Co-cultures of FIZZ1-expressing epithelial cells and fibroblasts stimulate
alpha-smooth muscle actin and type I collagen expression independently of transforming growth
factor-beta. Similar effects were achieved in experiments transfecting a FIZZ1-expressing plasmid
into fibroblasts [239]. Similar resistin-dependent responses might be produced in HSCs, if resistin
indeed contributes to the development of NASH.
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TNF-a and Fibrogenic Responses

There is direct evidence of the involvement of TNF-a in fibrogenic responses. When double knockout
mice lacking both TNF receptors (TNFRDKO mice) are fed methionine- and choline-deficient (MCD)
diets, they develop less pronounced liver steatosis than their wild-type counterparts [240]. The livers
of these mice show significantly decreased numbers of recruited Kupffer cells, together with the
extent of centrizonal fibrosis; stellate cell activation is also diminished [240]. Similar findings in
TNFRp55 knock-out mice indicate that even partial suppression of TNF-a signaling can alleviate
liver fibrosis [241]. Diet-driven induction of a1(I) collagen and TIMP-1 in TNFRDKO livers was also
significantly lower, indicating TNF-a involvement in the stimulation of collagen deposition. Moreover,
in primary cultures, TNF-o administration enhances TIMP-1 mRNA expression in activated hepatic
stellate cells and suppresses apoptosis [241]. It seems that TNF-a increases the recruitment of Kupffer
cells that, in turn, produce extra TNF-a and hasten fibrosis in either an autocrine or paracrine manner,
thus contributing to NASH progression to cirrhosis. It seems that TNF regulates the profibrogenic
effects of HSC through its binding to TNFR1, which is required for both HSC proliferation and
MMP-9 expression. Both in vivo liver damage and fibrogenesis after bile-duct ligation were reduced
in TNFR-DKO and TNFR1 knockout mice, compared to wild-type or TNFR2 knockout mice [242].

Other Adipokines and Fibrogenic Responses

Recent studies on rats have shown that apelin is overexpressed in activated HSCs and its receptor APJ—
in the hepatic parenchyma of animals with cirrhosis [143]. The treatment of these animals with antago-
nist of APJ lead to the decrease in both grade of hepatic fibrosis and vessel density [243]. Similar effects
of apelin signaling suppression were observed in rats treated with carbon tetrachloride [244]. Interestingly,
the treatment with profibrogenic agent TNF-a stimulates the expression of apelin in cardiomyocytes and
adipocytes [245, 246]. It is important to note that, in cardiovascular tissues, apelin prevents fibrosis by
inhibition of the TGF-p-mediated expression of the myofibroblast marker a-SMA and the production of
collagen. The prevention of collagen accumulation by apelin is mediated by a reduction in the activity
of sphingosine kinase 1 (SphK1) [247]. Similarly, the decrease in the extent of the cardiovascular fibro-
sis and the levels of mRNA encoding plasminogen activator inhibitor type-1 (PAI-1) was observed in
mice treated with both apelin and profibrotic peptide angiotensin II [248]. It is possible that the opposing
effects of apelin on the liver and non-hepatic tissues are due to its differential regulation.

It seems that visfatin has at least some fibrogenic effects. In cardiac fibroblasts, visfatin stimulates
collagen I and III production, procollagen I and III mRNA expression and protein production via
p38MAPK, PI3K, and ERK 1/2 pathways in a dose- and time-dependent manner [249]. Importantly,
in the livers of NAFLD patients, the expression levels of visfatin were significantly higher in patients
with fibrosis (P=0.036) and were positively correlated with the fibrosis stage (r=0.52, P=0.03),
while no difference in intrahepatic visfatin levels were registered when patients with NASH were
compared to those with simple steatosis [250]. These observations point at the necessity of further
investigations of possible fibrotic effect of visfatin in the liver.

Conclusions

The past decade has produced a great deal of knowledge about the epidemiology and pathogenesis of
NAFLD and NASH. It is increasingly clear that the development of NASH is a complex process
involving multiple mechanisms including insulin-resistance, oxidative stress, abnormal free fatty acid
metabolism, and inflammatory cytokines and adipokines. Increasing evidence indicates that the patho-
genesis of NAFLD and NASH is hastened by a disturbance of adipocytic production of adipokines.
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Table 17.1 Positive and negative effects of adipokines to particular cellular processes contributing on NASH

Cellular processes contributing to NASH

Lipid accumulation Oxidative Role in NASH
Adipokine in liver (steatosis) Insulin resistance damage Fibrotic responses  progression
Adiponectin  Suppresses Suppresses Suppresses Suppresses Prevents
NASH
Leptin Suppression effects  Suppression effects are ~ Pro-oxidant Fibrogenic action ~ “Wolf in
are low due to low due to leptin sheep’s
leptin resistance clothes”
resistance
Resistin Possibly Possibly involved in Possibly Possibly fibrogenic  Unclear
steatogenic insulin resistance; pro-oxidant
difficult to study in
humans
TNF-a Steatogenic Impairs insulin Pro-oxidant Fibrogenic action ~ Augments
signaling NASH
Visfatin Unknown Regulates insulin Contradictory At least some Unclear
secretion, insulin data fibrogenic
receptor effects
phosphorylation
Vaspin Unknown Insulin sensitizer Unknown Unknown Unclear
Apelin Unknown Inhibits glucose- Unclear Profibrotic in the Unclear
stimulated insulin liver; anti-
secretion fibrogenic in
cardiac tissue
Chemerin Unknown Exacerbates glucose Unknown Unknown Unknown
intolerance, lowers
serum insulin levels,
and decreases tissue
glucose uptake
Nestfatin Unknown Exerts both central and ~ Unknown Unknown Unknown
peripheral insulin
sensitizing effects
Omentin Unknown Enhances insulin- Unknown Unknown Unknown

stimulated glucose
uptake

Decreased production of adiponectin and increased production of TNF-a, characteristic of obesity, seem
to contribute to all major NASH-related cellular processes (Table 17.1). Leptin, on the other hand,
behaves as a “wolf in sheep’s clothing.” Its NASH suppressive effects are diminished by the widespread
effects of leptin resistance, and it becomes potentially pro-oxidant and fibrogenic. Resistin’s involve-
ment in NASH is documented in rodent models, which may not be applicable to the human disease
of NAFLD. Therefore, the molecular effects of resistin in patients with NASH remain to be investigated.
In addition, other adipokines that seem to be involved in insulin signaling, such as vaspin, visfatin, ape-
lin, nesfatin, omentin and chemerin require further study in patients with NAFLD and NASH.
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