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Abstract Alcoholic liver disease (ALD) is associated

with a spectrum of liver injury ranging from steatosis and

steatohepatitis to fibrosis and cirrhosis. While multifacto-

rial pathogenesis plays a role in the disease progression,

enhanced inflammation in the liver during ethanol exposure

is a major feature of ALD. Dysregulated cytokine metab-

olism and activity are crucial to the initiation of alcohol-

induced liver injury. The pro-inflammatory cytokine tumor

necrosis factor (TNF-a) has been demonstrated to be one of

the key factors in the various aspects of pathophysiology of

ALD. The immunomodulatory cytokines such as interleu-

kin 10 and interleukin 6 play roles in exerting hepatic

protective effects. Adiponectin is an adipose tissue–derived

hormone, which displays protective actions on ethanol-

induced liver injury. Treatment for mice with adiponectin

decreases TNF-a expression, steatosis and prevents alco-

hol-induced liver injury. Adiponectin exerts its anti-

inflammatory effects via suppression of TNF-a expression

and induction of anti-inflammatory cytokines such as

IL-10. Adiponectin attenuates alcoholic liver injury by the

complex network of multiple signaling pathways in the

liver, leading to enhanced fatty acid oxidation and reduced

steatosis. Interactions between pro- and anti-inflammatory

cytokines such as TNFa and adiponectin and other cyto-

kines are likely to play important roles in the development

and progression of alcoholic liver disease.
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Introduction

Alcoholic liver disease (ALD) is a syndrome of progressive

inflammatory liver injury associated with chronic intake of

ethanol. It progresses through different stages from steatosis

to alcoholic hepatitis to fibrosis/cirrhosis (O’Shea et al.

2010). It is evident that multifactorial pathogenesis plays

a role in the disease progression. Among these factors,

impaired immune-mediated events lead to chronic inflam-

mation. It is well established that ALD is associated with

imbalanced immune responses and increased production of

pro-inflammatory cytokines/chemokines (McClain et al.

2004; Tilg and Diehl 2000). Many of the processes related to

alcohol-induced liver injury are mediated via cytokines.

Cytokines are low–molecular weight polypeptide

mediators of cellular communication that are produced and

released by different cell types in the liver (McClain et al.

2004). Cytokines display a wide range of effects such as

modulation of inflammatory responses. In ALD, there is

increased pro-inflammatory cytokine production by etha-

nol-induced LPS-activated Kupffer cells (Thurman 1998).

TNF-a is believed to be one of the major pro-inflammatory

cytokines in alcohol-induced liver injuries, which is

involved in inflammatory response, steatosis and cell death

(McClain et al. 2004; Tilg and Diehl 2000; Endo et al.

2007; Lawler et al. 1998). In addition to pro-inflammatory

cytokines, there are hepatoprotective cytokines such as

IL-6 and anti-inflammatory cytokines such as IL-10 (Gao

2005). These two cytokines are produced by ethanol-

induced LPS-stimulated Kupffer cells and can attenuate
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alcohol-induced liver injury. The disease progression ulti-

mately depends on in vitro interactions with these and other

cytokines and a balance of the pro and anti-inflammatory

factors in the system (Tilg and Diehl 2000). For example,

when the gene for IL-10, the anti-inflammatory cytokine, is

eliminated, TNF-a-mediated liver injury in mice is exac-

erbated (Tilg and Diehl 2000; Berg et al. 1995).

While there are many cytokines involved in the reg-

ulation of ALD, one cytokine, adiponectin, not only

plays a role in regulating inflammation but also enhances

lipid metabolism and fatty acid oxidation (Rogers et al.

2008).

Although the mechanisms contributing to the patho-

genesis of ALD are not completely understood, significant

research has shed light onto our understanding of some of

the key cytokines involved in the pathophysiology of ALD.

Tumor necrosis factor-a

Tumor Necrosis Factor (TNF)-a is a pleiotropic cytokine

produced by different types of cells in the body. However,

in liver, TNF-a is mainly produced by activated Kupffer

cells and is involved in the pathophysiology of various

conditions including viral hepatitis, alcoholic liver disease,

and nonalcoholic fatty liver disease (Tilg and Diehl 2000;

Szabo et al. 2007). TNF-a is also an important mediator in

various physiological processes such as cell proliferation,

inflammation, and cell death (apoptosis; McClain et al.

2004).

LPS-induced Kupffer cell activation and TNF-a effect

Activated Kupffer cells are responsible for the release of

pro-inflammatory cytokines including TNF-a. LPS/Toll-

like receptor (TLR)-4–mediated activation of Kupffer cells

is a central component in the initiation of the pro-inflam-

matory response in ALD (Szabo et al. 2007). TLRs are

pattern recognition receptors that recognize and bind pro-

teins and toxins released by pathogens (Szabo et al. 2006).

The receptor most relevant to endotoxin-induced ALD is

TLR-4, which is expressed on Kupffer cells as well as on

other cell types in the liver (Hines and Wheeler 2004). The

endotoxin molecule, also known as lipopolysaccharide

(LPS), is a component of the cell walls of Gram-negative

bacteria, which normally inhabits the lumen of the colon

and terminal ileum. Endotoxin levels are normally extre-

mely low due to the intestinal barrier and Kupffer cell-

mediated detoxification function in the liver (Rao et al.

2004). Ethanol consumption promotes hepatic inflamma-

tion by increasing translocation of gut-derived endotoxins

to the portal circulation and activating Kupffer cells

through the LPS/TLR-4 pathway.

Intestinal sterilization with antibiotics prevents alcohol-

induced liver injury (Adachi et al. 1995; Nanji et al.

1994a). Studies using macromolecular markers including

LPS also show that there is a correlation between intestinal

permeability and alcoholic liver damage in experimental

animal models (Choudhry et al. 2002; Keshavarzian et al.

1994; Parlesak et al. 2000).

Two glycoproteins have been identified as receptors for

LPS: LPS-binding protein (LBP) and CD14 (Uesugi et al.

2002; Wright et al. 1990). CD14 binds to the LPS-LBP

complex, which subsequently attaches to the Kupffer cell.

The LPS/CD14 complexes then interact with TLR-4.

Ligand-induced engagement of the TLR-4 triggers differ-

ent downstream signaling pathways, causing nuclear

factor-jB (NF-jB) activation, which leads to TNF-a pro-

duction and liver injury (Mandrekar and Szabo 2009).

TLR4 acts through two distinct signaling pathways. In

the MyD88-(myeloid differentiation primary response gene

88) dependent pathway, the common adaptor, MyD88,

recruits interleukin 1 receptor-associated kinase (IRAK)

and TNF-a receptor–associated kinase 6 (TRAF6) to the

TLR 4 complex. This results in activation of NF-jB and

subsequent stimulation of TNF-a production. The second

pathway of TLR4 signaling, the MyD88-independent

signaling pathway, is initiated by recruiting IL-1 receptor-

associated kinase through the adaptor molecular toll/inter-

leukin-1 receptor (TIR-) domain–containing adaptor

inducing IFN-b (TRIF). TRIF activation results in produc-

tion of type 1 interferons (IRFs) and delayed NF-jB acti-

vation (Mandrekar and Szabo 2009, Lu et al. 2008; Fig. 1).

A large number of studies have suggested that Kupffer

cell-related cytokine production plays a key role in the

pathogenesis of alcohol-induced liver injury. Kupffer cell

depletion using gadolinium chloride significantly blunted

early alcohol-induced liver injury (Thurman 1998). Acti-

vated Kupffer cells are responsible for the release of var-

ious mediators, including pro-inflammatory cytokines

including TNF-a, IL-1, as well as ROS. ROS participates in

inflammation and modulation of hepatocyte metabolism

(Wheeler 2003). McClain and Cohen reported the first

observation of TNF-a abnormality in cultured monocytes

from patients with ALD (McClain and Cohen 1989). These

monocytes produced large amounts of TNF-a in response

to a LPS stimulus. Elevated serum TNF-a concentrations

were also reported in alcoholic hepatitis patients (McClain

et al. 1999; Bird et al. 1990). The increased serum TNF-a
level has been shown to correlate with disease severity and

mortality (Felver et al. 1990). These data were confirmed

on animal and cellular studies. Chronically ethanol-fed rats

had much higher LPS-stimulated plasma levels of TNF-a
than control rats (Honchel et al. 1992). The development of

liver injury in the intragastric alcohol-feeding model was

also associated with increased TNF-a mRNA expression
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(Kamimura and Tsukamoto 1995; Nanji et al. 1994b).

These results suggest that TNF-a is a principle mediator of

early alcohol-induced liver injury leading to progression of

the liver disease (Honchel et al. 1992; Hill et al. 1995). This

hypothesis was confirmed by studies in animal models using

TNF-a receptor knockout mouse. Mice lacking TNR-a
receptor-1 showed diminished liver injury (Yin et al. 1999)

compared with wild-type enteral ethanol-feeding mice. Anti-

TNF-a antibodies prevented inflammation and necrosis in

the alcohol-fed rats, further indicating that TNF-a plays an

important role in inducing liver injury (Iimuro et al. 1997).

Elevated serum levels of TNF-a-inducible cytokines/che-

mokines including IL-6, IL-8 and IL-18 were also reported in

patients with alcoholic hepatitis (Hill et al. 1992; Sheron

et al. 1993). In addition, there is increased production of ROS

in ALD. ROS can be released from a variety of sources such

as activated Kupffer cells, CYP2E1 and NADPH oxidase.

NADPH oxidase can enhance activation of NF-jB and

phosphorylate the ERK1/2 and p38 MAPK kinases that

amplify Kupffer cell production of TNF-a (Albano 2008).

CYP2E1 is the minor pathway of ethanol metabolism; after

chronic ethanol consumption, there is 5- to 20-fold induction

of CYP2E1 activity through both enzyme stabilization and

increased gene expression (Lu and Cederbaum 2008).

CYP2E1 also potentiates TNF-a-induced hepatotoxicity

through increased oxidative stress and mitochondrial dys-

function (Lu and Cederbaum 2010).

There are fewer reports regarding TNF-a’s effects

on steatosis (reviewed by Purohit et al. 2009). However,

TNF-a has been shown to induce steatosis in the liver of

mice by increasing mRNA expression of sterol regulatory

element–binding protein-1c (SREBP-1c; Endo et al. 2007)

and act as a mediator of SREBP-1 maturation in human

hepatocytes (Lawler et al. 1998). TNF-a seems to posi-

tively mediate the development of alcoholic fatty liver

(steatosis). This correlates with the histopathological

observation of acute or chronic alcohol consumption in

murine models that steatosis is the earliest stage of liver

injury (Yin et al. 2007).

TNF-a-induced apoptosis

TNF-a can induce cell death by apoptosis. Kupffer cells

can be stimulated by apoptotic hepatocytes to produce

more TNF-a (Canbay et al. 2003). The apoptotic cells also

release cytokines such as IL-8 and IL-18 and cause sus-

tained inflammation (Joshi-Barve et al. 2003). TNF-a sig-

nals and acts through two distinct cell membrane receptors

TNFa-R1 and TNFa-R2. Both TNF-a receptors are a subset

of a wider family of receptors that include CD95 (Fas/APO

1), nerve growth receptor, and CD40 (Deaciuc et al. 1995).

Hepatocytes have higher amounts of high-affinity, low-

capacity TNF-a receptors in comparison with other cells

such as Kupffer cells and endothelial cells (Deaciuc et al.

1995). TNFa-R1 is involved in the majority of TNF-a
biological activities (McClain et al. 2004). The signaling

starts with TNF-a trimer binding to the extracellular

domain of TNFa-R1 (Schwabe and Brenner 2006). This

binding causes a conformational change to occur in the

receptor, leading to the dissociation of the inhibitory pro-

tein, silencer of death domains (SODD) from the intra-

cellular death domain. This dissociation allows the death

domain to interact with the adapter molecule TNF-a
receptor–associated protein with death domain (TRADD).

TNFa-R1-bound TRADD then serves as an assembly

platform for subsequent protein binding of TNF-a recep-

tor–associated factor (TRAF) 2, receptor-interacting kinase

(RIP), and Fas-associated death domain (FADD; Wajant

et al. 2003). FADD, which contains a death effector

domain, then recruits procaspase-8. Activation of procas-

pase-8 through self-cleavage leads to a series of down-

stream events, leading to cell apoptosis.

TNF-a also activates JNK. JNK is a member of the

MAPK super family implicated in the cell death pathway

activated primarily by cytokines (Davis 2000). With

TRAF2 and RIP binding to TRADD, JNK is activated. This

Fig. 1 Ethanol-induced LPS/TLR4-mediated TNF-a production in

alcoholic liver disease. Kupffer cells (KCs) play a major role in

development of ALD. KCs, as well as other cells in the liver, express

the toll-like receptor 4 (TLR4). Ethanol consumption promotes

hepatic inflammation by increasing intestinal tract leakiness, which

causes translocation of gut-derived endotoxins (LPS) into the

circulation, which then stimulates KCs to produce pro-inflammatory

cytokines such as TNF-a through LPS/TLR-4 pathway. Signaling

through the TLR-4 receptor complex results in activation of two

distinct intracellular signaling cascades: MyD88-dependent pathway

and MyD88-independent pathway (TRIF), both of which leads to

TNF-a expression
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is due to the phosphorylation of JNK kinases by upstream

kinases such as MEK kinase 1 (MEKK1) and apoptosis

signaling kinase (ASK1). JNK is phosphorylated efficiently

by MKK 7 and then becomes activated (Tournier et al.

2001). Activated MAPK proteins move from the cytoplasm

into the nucleus and activate transcription factors such as

c-jun, ATF-2 and Jun D. The JNK pathway is involved in

cell differentiation, proliferation and possibly plays proa-

poptotic roles in TNF-a-induced cell death. The death

signaling induced by TNF-a plays a rather minor role

compared with its functions in the inflammatory process.

Importantly, hepatocytes with ALD are more susceptible

to TNF-a killing, whereas normal hepatocytes are more

resistant to TNF-a cell apoptosis. Studies have shown that

mice with chronic alcohol intake die quickly in exposure to

excess TNF-a (Fernandez-Checa et al. 1997). TNF-a
increases mitochondrial energy production, which leads to

increased production of ROS and other factors that further

induce cell death (Schulze-Osthoff et al. 1992; Higuchi

et al. 1997). Alcohol significantly decreased GSH levels in

mitochondria (Fernandez-Checa et al. 1997; Neuman et al.

1998). GSH depletion in chronic alcohol-fed rats sensitizes

liver to TNF-a-induced hepatocyte killing (Chaisson et al.

2002; Fernandez-Checa et al. 1997).

Adiponectin

Adiponectin is a 30-kDa adipokine, a protein mostly syn-

thesized and secreted by adipocytes. Adiponectin has an

amino-terminal collagenous domain and C-terminal glob-

ular domain that is structurally similar to complement

factor C1q (Kadowaki et al. 2006). Adiponectin circulates

in serum as different oligomeric forms: a low–molecular

weight (LMW) trimer, a medium–molecular weight

(MMW) hexamer and a high–molecular weight (HMW)

multimer (Pajvani et al. 2003; Wake et al. 2003; Neumeier

et al. 2006). Full-length adiponectin can undergo proteo-

lytic processing to liberate a fragment containing the

C-terminal globular domain (gAd), which exists in serum

in very small amounts and exhibits more potent biological

activity (Fruebis et al. 2001). gAd, similar to its full-length

counterpart, possesses anti-diabetic, anti-atherogenic and

anti-inflammatory properties (Kadowaki et al. 2006).

Adiponectin is highly abundant in human serum, and its

production by adipose tissue is inversely proportional to

the body mass index (Arita et al. 1999). Both murine and

human adiponectin exert their bioactivity by binding to the

specific membrane-bound receptors (AdipoRs), designated

as adiponectin receptor 1 (AdipoR1) and adiponectin

receptor 2 (AdipoR2; Yamauchi et al. 2003). Initial studies

using rodent tissues showed that AdipoR1, with high

affinity for globular but low-affinity receptor for full-length

adiponectin, is predominantly expressed in skeletal muscle.

AdipR2, an intermediate affinity receptor for both forms,

shows preference of expression in the liver. In human tis-

sues, AdipoR1 and AdipoR2 mRNAs are most abundant in

skeletal muscle and both are moderately expressed in the

liver (Yamauchi et al. 2003). Further, AdipoR1 protein was

easily detected in human hepatocytes, indicating that

both AdipoR1 and AdipoR2 have liver-specific effects

(Neumeier et al. 2005).

Role of adiponectin in lipid metabolism

Chronic ethanol feeding decreases circulating levels of

adiponectin (Xu et al. 2003; You et al. 2005; Thakur et al.

2006). This is associated with accumulation of lipid.

Treatment for mice with adiponectin during ethanol

exposure increases fatty acid metabolism (Xu et al. 2003).

This suggests that adiponectin plays a role in inducing lipid

oxidation. While the exact mechanisms of the adiponectin

effects are not quite clear, it appears that adiponectin has

the ability to alleviate steatosis in alcoholic liver disease

(Xu et al. 2003).

Dyslipidemia (high circulating triglycerides and low

levels of high density lipoprotein (HDL) cholesterol) is

frequently associated with steatosis, which is characteristic

of an early stage of liver injury (Qureshi and Abrams.

2007). Adiponectin negatively correlates with serum tri-

glycerides and apolipoprotein B (Matsubara et al. 2002).

The lipid deposition in the liver can be decreased through

additional expression of adiponectin (Awazasa et al. 2009).

Studies in different animal models with liver injury due to

various pharmacological compounds, such as LPS, have

demonstrated the hepatoprotective effect of adiponectin

(Thakur et al. 2006; Matsumoto et al. 2006; Masaki et al.

2004). Two mechanisms for how adiponectin regulates

lipid metabolism are through an increase in insulin sensi-

tivity and interaction with metabolism-regulating factors

(reviewed by Rogers et al. 2008).

Insulin-sensitizing effect

Adiponectin is involved in modulation of insulin sensitiv-

ity, cardiovascular disease and inflammatory responses.

Kadowaki and colleagues contributed to the earlier finding

that adiponectin is an insulin-sensitizing adipokine in their

animal model studies (Yamauchi et al. 2001). Adiponectin

level is decreased in subjects with metabolic syndrome and

type 2 diabetes in comparison with healthy individuals

(Kadowaki et al. 2006). In obese animal models, lack of

insulin sensitivity can be restored by treatment with

adiponectin (Berg et al. 2001).
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Adiponectin signaling and its protective effect against

ALD: adiponectin in the S-adenosyl-L-methionine

(SAM) cycle

Homocysteine plays a role in the regulation of adiponectin

expression in the liver. In mice models with hyperhomo-

cysteinemia, adiponectin levels were decreased (Song et al.

2008). Chronic ethanol lowers the synthesis of methinoine

from homocysteine through inhibition of methionine syn-

thase. The lack of methionine prevents conversion to

S-adenosyl methionine in the SAM cycle. This is associ-

ated with lowered adiponectin levels and increased liver

steatosis. In ethanol-fed animals, SAM supplement lowers

the homocysteine levels and helps block ethanol-induced

reduction in circulating adiponectin levels (Esfandiari et al.

2007).

AMPK and SREBPS signaling

AMP-activated protein kinase (AMPK) is a key regulator

of lipid metabolism in liver. Its activation allows for the

metabolism of fatty acids. Adiponectin stimulates AMPK

to phosphorylate Acetyl-CoA carboxylase (ACC) and

decreases ACC activity. This decrease in ACC blocks the

production of malonyl-CoA, an allosteric inhibitor of car-

nitine palmitoyltransferase I (CPT1). Thus, activity of

CPT1 increases, thereby promoting the transportation of

fatty acids to the mitochondria for oxidation. In cultured

hepatic cells or the livers of ethanol-fed mice, there is

decreased AMPK activity and intensified steatosis in the

liver, associated with increased ACC activity (You et al.

2004; Garcia-Villafranca et al. 2008). Treating ethanol-fed

mice with recombinant adiponectin relieves the liver injury

(Xu et al. 2003).

Sterol regulatory element-binding proteins (SREBPS)

are transcriptional factors that regulate cholesterol and lipid

synthesis. SREBP-1c in particular regulates fatty acid syn-

thesis (Awazasa et al. 2009). Adiponectin activates AMPK,

which leads to decreased mRNA and protein expression of

SREBP-1c regulating genes, thus reducing lipid synthesis

(Yamauchi et al. 2002). Ethanol increases nuclear SREBP-

1c levels in cultured hepatic cell lines (You et al. 2002; Ji

and Kaplowitz 2003) and different animal models (Esf-

andiari et al. 2007; Ji et al. 2006). This increased SREBP-1c

activity by ethanol is associated with increased mRNA

levels of lipogenic enzymes of lipid metabolism. In

SREBP-1c knockout mice, there is no steatosis develop-

ment in liver (Ji et al. 2006). AICAR, an activator of

AMPK, has been shown to have antagonistic effects on

SREBP-1 and can potentially be used to treat ethanol-

activating effects on SREBP-1 (Tomita et al. 2005).

Sirtuin 1 (SIRT1) is a NAD?-dependent class III pro-

tein deacetylase that regulates gene expression of SREBP-

1c. SIRT has been shown to be downregulated in chroni-

cally ethanol-fed animals. Ethanol inhibits SIRT1 activity,

which allows for SREBP-1c activation. Resveratrol (ago-

nist of SIRT1) increases adiponectin concentrations with

associated increased levels of SIRT1 and/or FOXO1 in

adipose tissue (You et al. 2008). The ethanol-mediated

decrease in SIRT1 is associated with diminished adipo-

nectin levels during alcoholic liver steatosis.

Treatment with S-adenosylmethionine (SAM) restores

adiponectin levels and allows adiponectin to inhibit

SREBP-1 activity through AMPK induction (Esfandiari

et al. 2007). Globular adiponectin has been shown to

increase SIRT1 expression levels. This suggests that

adiponectin can normalizes SREBP-1 levels in ethanol

exposure by upregulating SIRT1.

Adiponectin regulation of PPARa

Peroxisome proliferator-activated receptor alpha (PPARa)

is a transcription factor that controls genes that encode fatty

acid oxidation enzymes (Jay and Ren 2007). Adiponectin

stimulates PPARa and increases the activity of many

hepatic enzymes involved in fatty acid oxidation. Adipo-

nectin activation of PPARa-responsive promoter activity

requires the coexpression of PPARc coactivator-1a (PGC-

1a; Bouskila et al. 2005). This suggests that adiponectin

induces PPARa activity through upregulation of PGC-1a.

Ethanol inhibits PPARa transcription and increases stea-

tosis in the liver. Treating mice with PPARa activators

helps assuage the effect of alcohol by increasing fatty acid

oxidation enzyme activity. Additional adiponectin enhan-

ces this treatment. Thiazolidinedione (TZD), a ligand of

PPARc, increases levels of gene expression and systemic

levels of adiponectin (Maeda et al. 2001).

Regulation of adiponectin expression

Gene expression and regulation of adiponectin in alcoholic

and nonalcoholic liver injuries are highly complex. Ethanol

decreases adiponectin secretion in adipocytes. This is

associated with disruption in the intracellular trafficking of

adiponectin (Thakur et al. 2006). Adiponectin and TNF

suppress each other’s gene expression. Ethanol-induced

gut-derived endotoxin (LPS) activates Kupffer cells to

produce TNF-a. Circulating adiponectin and TNF-a levels

have an inverse relationship in several ethanol-feeding

animal models, suggesting that increased TNF-a might

cause the depression of adiponectin level (Xu et al. 2003;

You, et al. 2005; Thakur et al. 2006). Alcohol diminishes

Adiponectin receptor 1 (adipoR1) expression. However,

treatment with SAM supplements was able to restore this

depression of adiponectin activity back to control values

(Fig. 2).
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Anti-inflammatory effects of adiponectin

Increasing evidence suggests that the imbalance between

pro- and anti-inflammatory factors contributes to alcoholic

liver injury. Ethanol intake promotes hepatic inflammation

by increasing the translocation of gut-derived endotoxins to

the portal circulation and activating the Kupffer cells

through a LPS/TLR-4 pathway (Szabo et al. 2006; Hines

and Wheeler 2004; Rao et al. 2004). Activated Kupffer

cells are responsible for the release of pro-inflammatory

cytokines and mediators, particularly TNF-a, interleukin 6

(IL6) and reactive oxygen species (ROS; McClain et al.

2004; Hines and Wheeler 2004), thus leading to progres-

sion of liver injury. Adiponectin regulates immune

response through both AdipoR1 and AdipR 2 (Yamauchi

et al. 2003; Neumeier et al. 2005). Earlier observations

show that adiponectin inhibits the proliferation of myelo-

monocytic progenitor cells, reduces the phagocytic activity

of human macrophages and suppresses cytokine production

(Yokota et al. 2000). Adiponectin suppresses TNF-a-

mediated inflammatory responses in human endothelial

cells (Ouchi et al. 2000). In mice fed with alcohol chroni-

cally, treatment with adiponectin decreases hepatic steatosis

and prevents liver injury (Xu et al. 2003). There is an

improvement in fatty acid oxidation and also normalization

of TNF-a by adiponectin treatment (Xu et al. 2003).

Adiponectin treatment inhibits TLR-mediated NF-jB acti-

vation in murine macrophages (Yamaguchi et al. 2005). In a

study using murine macrophage-like cells, globular adipo-

nectin (gAd) showed inhibition of NF-jB activation and

IjB phosphorylation by negatively regulating TLR signal-

ing (Yamaguchi et al. 2005). LPS-induced NFjB activation

and ERK1/2 activity are attenuated through anti-inflam-

matory effects of adiponectin (Thakur et al. 2006; Wulster-

Radcliffe et al. 2004).

In several animal models of immune-mediated hepatitis,

adiponectin reduces TNF-a but induces interleukin-10

(IL-10) release from Kupffer cells. Matsumoto and col-

leagues demonstrated the hepatoprotective effects of

adiponectin in the galactosamine (GalN)/LPS mouse model

(Matsumoto et al. 2006). After intraperitoneal injection of

GalN/LPS in adiponectin deficient mice, plasma IL-10

levels were significantly diminished, while TNF-a levels

were remarkably increased; this was associated with more

serious liver injury and higher mortality. There was sig-

nificantly less damage in the wild-type mice, indicating

that deficiency of adiponectin could enhance LPS-induced

liver injury through modulation of cytokine production by

Kupffer cells (Matsumoto et al. 2006). Adiponectin

increases IL-10 expression and decreases TNF-a expres-

sion through inhibition of NF-jB activation in porcine

macrophages (Wulster-Radcliffe et al. 2004). Adiponectin,

particularly the globular form, renders macrophages to

develop resistance to further stimulation by adiponection

(Tsatsanis et al. 2005). Nagy and associates further elab-

orated on the mechanism of adiponectin actions via pro-

and anti-inflammatory cytokines. Their studies show that

treatment of rat Kupffer cells with adiponectin can nor-

malize LPS-stimulated TNF-a production after chronic

ethanol feeding. This normalization of TNF-a is due to

increased sensitivity of Kupffer cells to the inhibitory

effects of gAd (Thakur et al. 2006), suggesting the hepatic

protective effect of adiponectin. They further demonstrated

that expression of IL-10 is required for the anti-inflam-

matory effects of adiponectin in the macrophages (Tsats-

anis et al. 2005), as antibodies to IL-10 prevent gAd-

mediated desensitization to LPS (Park et al. 2007). This

suggests a possible link between adiponectin and IL-10,

two critical anti-inflammatory mediators and their role in

ethanol-induced liver injury.

Interleukin-6

Interleukin-6 (IL-6) is a cytokine with a variety of cellular

functions in the human body. It belongs to a family of

Fig. 2 The role of adiponectin on fatty acid synthesis and oxidation

in the liver. Adiponectin can attenuate alcoholic fatty liver by

stimulating AMP-activated protein kinase (AMPK), which inhibits

acetyl-CoA carboxylase (ACC), increases CPT-1 activity resulting in

increased fatty acid oxidation and decreased synthesis. Adiponectin

modulates sterol regulatory element-binding proteins (SREBPS) via

activating AMPK, which decreases SREBP-1 activity resulting in

decreased lipid synthesis. AICAR, an activator of AMPK, possesses

antagonistic effects on SREBP-1 and blunts the ethanol effects on

increasing SREBP-1. SIRT-1, a NAD?-dependent class III protein

deacetylase, is known to bind to SREBP-1, resulting in its inactiva-

tion. Adiponectin also upregulates peroxisome proliferator-activated

receptor-a (PPAR-a), which regulates transcription of genes involving

in fatty acid oxidation and attenuates alcoholic liver injury
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mediators involved in the regulation of acute-phase

response to injury and infection (Heinrich et al. 2003). It

has pro- as well as anti-inflammatory properties. In the

liver, IL-6 is released along with IL-10, TNF-a and other

cytokines by activated macrophages/Kupffer cells after

alcohol consumption (reviewed in Gao 2005). IL-6 and

IL-10 are two cytokines that play roles in reducing alco-

holic liver injury and inflammation through activation of

STAT 3 (Signal Transducer and Activator of Transcription;

Gao 2005).

IL-6 type cytokines bind to plasma membrane receptor

complexes containing the common signal-transducing

subunit gp130 (glycoprotein 130), which is expressed on

hepatocytes at high levels (Gao 2005). There are two signal

transduction pathways involved in IL-6 type cytokine sig-

naling: the activation of transcription factors of the STAT

family via activating tyrosine kinase family member Janus

kinase (JAK) and the mitogen-activated protein kinase

(MAPK) cascade (Heinrich et al. 2003). IL-6 binds with

IL-6 receptors, forming a complex that induces the gp130

to activate the receptor-associated JAK1, JAK2 and Tyk2

(Gao 2005), which then activates STAT. The activated

STAT translocates into the nucleus to activate the tran-

scription of many genes including acute-phase genes (Hibi

et al. 1996). Disruption of the STAT3 gene impairs liver

regeneration and causes insulin resistance (Li et al. 2002;

Inoue et al. 2004).

Studies have demonstrated that IL-6 plays a role in

alleviating alcoholic liver injury (reviewed by Miller et al.

2011). IL-6 has been shown to be involved in the acute-

phase response, liver regeneration and protection against

liver injury (Gao 2005). IL-6 level correlated with the

severity of the alcoholic liver disease (Hill et al. 1992).

Mice deficient of IL-6 became vulnerable to ethanol-

induced steatosis (El-Assal et al. 2004). When mice that

were affected by fatty liver disease associated with previ-

ously excessive alcohol intake were treated with IL-6, the

disease was significantly relieved (Hong et al. 2004).

Further, IL-6 pre-treatment for steatotic rat liver graft

provided hepatoprotective effects on the transplantation.

There is marked improved hepatic circulation and reduced

mortality in the ethanol-induced fatty liver transplant in the

rat model (Sun et al. 2003). This is due to the activation of

the cell survival signal of STAT3. Chronic ethanol plus

TNF-a-induced apoptosis is prominent in IL-6 deficient

mice but not in wild-type mice (Hong et al. 2002). IL-6

treatment prevented the effects of ethanol-induced hepatic

apoptosis.

In ethanol-fed mice, conditional deletion of STAT 3 in

hepatocytes enhances hepatic steatosis (Horiguchi et al.

2008), whereas, conditional deletion of STAT 3 in endo-

thelial cells markedly increases both endothelial and

hepatocyte damage (Miller et al. 2010). There is clearly a

cell type-specific STAT effect in alcoholic liver disease.

From studies of cell type-dependent role of STAT 3,

hepatocyte STAT3 may act as a pro-inflammatory cyto-

kine. This may be caused by cytokines and other mediators

produced by stimulated hepatocytes (Horiguchi et al.

2008). However, the anti-inflammatory effect of STAT3

from myeloid cell linage (macrophages and neutrophils)

may dominate the pro-inflammatory effects of STATS 3 in

hepatocytes (Miller et al. 2011).

Interleukin-10

Interleukin-10 (IL-10) is a major immunoregulatory cyto-

kine with anti-inflammatory properties (Moore et al. 2001).

IL-10 was originally identified as a molecule mainly pro-

duced from B cells, activated macrophages/monocytes and

T-cell subsets including Th1 cells. IL-10 decreases pro-

duction of pro-inflammatory cytokines from activated

macrophages (Moore et al. 2001). IL-10 also possesses a

hepatic protective effect on proliferation and fibrosis

(McClain et al. 2002; Louis et al. 2003).

Protective effects of IL-10 on the liver have previously

been demonstrated in several models. In these studies,

IL-10 inhibits the release of pro-inflammatory cytokines

such as TNF-a and Interleukin-6 (IL-6) by macrophages/

monocytes. In a study of D-galactosamine (GalN)-sensi-

tized mice, administration of LPS in GalN-sensitized mice

caused lethal shock and massive hepatic necrosis in almost

all of the mice. This effect was associated with a significant

increase in plasma TNF-a level, upregulation of adhesion

molecules, and neutrophil infiltration and lethality. Pre-

treatment with IL-10 decreased the serum levels of TNF-a,

LPS/GalN-induced liver injury and lethality (Santucci et al.

1996).

In the liver, Kupffer cells are the prominent sources of

pro-inflammatory cytokines. Kupffer cells produce IL-10

in response to LPS challenge and downregulate the release

of IL-6 and TNF-a (Knolle et al. 1995). This is evidenced

in an animal model of partial hepatectomy, when TNF-a
synthesis is counter-regulated by IL-10 production during

the regeneration process (Rai et al. 1997).

Endotoxin administration is an extensively studied

model to induce IL-10 from monocytes and macrophages

(Fiorentino et al. 1991). Human monocytes activated by

LPS are able to produce a high level of IL-10 in a dose-

dependent manner (Waal Malefyt et al. 1991). The acti-

vated monocytes inhibit production of pro-inflammatory

cytokines such as IL-6, IL-1 and TNF-a. Further, LPS

enhanced alcohol-induced liver inflammation and injury in

the IL-10 knockout mice fed with alcohol to a greater

extent than that of the wild-type mice. Pro-inflammatory

cytokine levels such as TNF-a and IL-1b were also
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increased by LPS treatment in the IL-10 knockout mice

(Hill et al. 2002).

Ethanol-induced steatosis and lipid accumulation (also a

common histological feature to nonalcoholic steatohepati-

tis-NASH) results from an increase in fatty acid synthesis

via transcription factor SREBP-1, which encodes for lipo-

genic enzymes (Lawler et al. 1998); TNF-a and IL-1 have

been implicated in promoting steatosis (Yin et al. 1999;

Miura et al. 2010). It has been suggested that steatosis

promotes inflammation, as lipid accumulation induces

production of pro-inflammatory cytokines (Joshi-Barve

et al. 2007; Feldstein et al. 2004), and lipotoxicity enhances

hepatic damage and inflammation (Neushwander-Tetri

2010). However, the effects of inflammation on steatosis

and liver damage are still unclear.

In a recent study (Miller et al. 2011), Miller and col-

leagues investigated the role of IL-10 on ALD and NASH

by using IL-10 knockout (IL-10-/-) mice. IL-10-/- mice

showed greater liver inflammatory response, but less stea-

tosis and hepatocellular damage after alcohol or high fat

diet (HFD). Interestingly, they found that IL-10-/- mice

produce higher levels of IL-6/STAT3 activation in hepa-

tocytes, which may be responsible for attenuation of stea-

tosis and liver injury; an additional deletion of IL-6 or

hepatic STAT 3 restored steatosis and exacerbated

inflammation in IL-10-/- mice. In this model, inflamma-

tion response reduces steatosis via activation of hepatic

IL-6/STAT3 that subsequently downregulates the lipogenic

genes. These results further demonstrated the anti-inflam-

matory effects of IL-10 as well as its possible steatosis-

reducing effects through producing IL-6/STATS.

IL-10 interacts with IL-10 receptors. The receptor

complex activates the Janus kinases JAK1 and Tyk2. JAK1

initiates phosphorylation of the IL-10R chain. This results

in the recruitment of STAT3 to the IL-10R, which activate

the anti-inflammatory cascade (Weber-Nordt et al. 1996).

IL-10 also stimulates the expression of SOCS3 (suppressor

of cytokine signaling 3; Murray 2007), a regulator of gp130

(IL-6 receptor) and other cytokine receptors. SOCS3 is

induced by IL-10 and exerts negative regulatory effects on

other cytokines besides IL-10. IL-10R does not bind to

SOCS and appears to be refractory to the effects of all

members of the SOCS family (Williams et al. 2004).

Deletion of SOCS3 increases STAT 3 signaling from

gp130 (Croker et al. 2003). Therefore, SOCS3 controls the

quality and quantity of STAT activation mediated via

gp130 through IL-6, allowing interleukin-6 to exert anti-

inflammatory effects (Yasukawa et al. 2003).

IL-10 treatment also causes diminished NF-jB activa-

tion in response to a variety of different stimuli (Williams

et al. 2004). There is suppression of inhibitor of NF-jB

(IjB) kinase (IKK) activity, inhibition of translocation of

NF-jB from cytoplasm to nucleus and of binding to DNA

(Schottelius et al. 1999). The inhibition of NF-jB by IL-10

decreases the effectiveness of immune responses.

Conclusion

The mechanisms underlying alcohol-induced liver injuries

are complex, involving interactions of mediators and

cytokines of inflammatory response, transcriptional regu-

lators of hepatic lipid metabolism and various systems/

pathways.

Ethanol exposure activates a gut-derived LPS-TLR4-

Kupffer cell pathway and produces TNF-a, which plays a

major role in inducing inflammation in NASH as well as

ALD. Alcohol consumption induces steatosis by increasing

SREBP-1 and decreasing PPAR-a. TNF-a seems to con-

tribute to alcoholic fatty liver by upregulating SREBP-1

gene expression.

Adiponectin, a hormonal peptide, has been shown to

suppress hepatic steatosis by positively affecting tran-

scription regulating factors of lipid metabolism such as

AMPK, PGC-1a and PPAR-a, thus enhancing fatty acid

oxidation, decreasing fatty acid synthesis and decreasing

SREBP-1 activity. Adiponectin has also demonstrated

hepatic protective effects by suppressing TNF-a-mediated

inflammatory response, liver injury and decreasing LPS-

stimulated TNF-a production. IL-10 may be required for

the anti-inflammatory effects of adiponectin.

Despite numerous studies, the exact molecular signaling

mechanisms of ethanol-mediated inhibition of lipid regu-

lators are still unknown. Further studies will help reveal

these details and lead to a better understanding whether any

functional modification is possible on these signaling

proteins.

IL-10 is one of the most important anti-inflammatory

cytokines in ameliorating liver inflammation in different

models, whereas IL-6 may play a compensatory role in

protecting against alcoholic liver injury. This was further

demonstrated in a recent study (Miller et al. 2011) in that

IL-10 knockout mice had greater inflammatory response

but less steatosis after ethanol or HFD feeding, suggesting

that inflammation induced during ethanol exposure may

actually attenuate the fatty liver via inducing cytokines

such as IL-6, which can activate STAT3 and reduce stea-

tosis. It is probable that interactions between different

cytokines and the balance between detrimental cytokines

that promote steatosis and hepatoprotective ones that pre-

vent steatosis may determine the disease progression. It

will be of great interest to further study the effect of

inflammation on steatosis and explore therapeutic options

to treat ALD.
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