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Abstract

The development of alcoholic liver disease (ALD) is a
complex process involving both the parenchymal and
non-parenchymal cells in the liver. Enhanced inflamma-
tion in the liver during ethanol exposure is an important
contributor to injury. Kupffer cells, the resident macro-
phages in liver, are particularly critical to the onset of
ethanol-induced liver injury. Chronic ethanol exposure
sensitizes Kupffer cells to activation by lipopolysaccha-
ride via Toll-like receptor 4. This sensitization enhances
production of inflammatory mediators, such as tumor
necrosis factor-a and reactive oxygen species, that
contribute to hepatocyte dysfunction, necrosis, apop-
tosis, and fibrosis. Impaired resolution of the inflam-
matory process probably also contributes to ALD. The
resolution of inflammation is an active, highly coordi-
nated response that can potentially be manipulated via
therapeutic interventions to treat chronic inflammatory
diseases. Recent studies have identified an adiponectin/
interleukin-10/heme oxygenase-1 (HO-1) pathway that
is profoundly effective in dampening the enhanced acti-
vation of innate immune responses in primary cultures
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of Kupffer cells, as well as in an /7 vivo mouse model of
chronic ethanol feeding. Importantly, induction of HO-1
also reduces ethanol-induced hepatocellular apoptosis in
this /n vivo model. Based on these data, we hypothesize
that the development of therapeutic agents to regulate
HO-1 and its downstream targets could be useful in en-
hancing the resolution of inflammation during ALD and
preventing progression of early stages of liver injury.

© 2010 Baishideng. All rights reserved.

Key words: Liver disease; Alcohol; Macrophages; Heme-
oxygenase-1; Inflammation

Peer reviewer: Wing-Kin Syn, MD, Division of Gastroen-
terology, GSRB-1, Suite 1073, DUMC 3256, 595 LaSalle Street,
Durham, NC 27710, United States

Mandal P, Pritchard MT, Nagy LE. Anti-inflammatory pathways
and alcoholic liver disease: Role of an adiponectin/interleukin-10/
heme oxygenase-1 pathway. World J Gastroenterol 2010;
16(11): 1330-1336 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v16/i11/1330.htm DOI: http://dx.doi.
org/10.3748/wjg.v16.111.1330

INTRODUCTION

Chronic abuse of ethanol in humans leads to liver dis-
ease. An ordered progression of increasingly more seri-
ous liver injury, culminating in liver failure in 15%-20%
of all alcohol abusers, has been described!". Fatty liver
(steatosis) is the catliest stage of liver injury and is char-
acterized by triglyceride accumulation in hepatocytes. If
alcohol abuse continues, some patients with steatosis will
develop inflammatory changes in their livers, a pathology
described as steatohepatitis or simply hepatitis. Hepatitis
is characterized by marked hepatomegaly and infiltration
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of several different subtypes of leukocytes including neu-
trophils, monocytes/macrophages and both T and B lym-
phocytes. Of the patients who develop hepatitis, 50% will
progress further and exhibit fibrotic changes in the liver.
Of note, alcohol abuse is a leading cause of fibrosis in
the USA™. Hepatic stellate cell activation is a major con-
tributor to fibrosis though overproduction of excessive
extracellular matrix components such as type [ and type
Il collagens and proinflammatory molecules”. Alcohol-
induced steatosis and fibrosis can resolve, provided that
the underlying stimulus, i.e. alcohol, is removed. Unfor-
tunately, when the liver progresses to cirrhosis, a stage of
liver injury characterized by significant hardening of the
liver, decreased hepatocyte regeneration and significant
loss of liver function, patients are likely to die as a result
of liver failure unless they receive a liver transplantm. The
medical costs associated with alcohol abuse in the United
States is estimated to be $166 billion per year, of which

more than $30 billion is for direct medical costs".

INNATE IMMUNITY AND WOUND
HEALING

Activation of innate immunity is an essential response to
infection or injury; the ensuing inflammatory response
protects from infection, and also limits cellular and organ
damage to the host organism'. A well-controlled innate
immune response is characterized by rapid initiation of
an inflammatory response. However, this response is sus-
tained only until the immune insult or injury is contained,;
at that point, the inflammatory response is terminated or
resolved. The controlled and appropriate resolution of
inflammation is an essential feature of the innate immune
response. Despite the beneficial effects of innate immu-
nity, a failure to appropriately regulate activation of innate
immunity contributes to a number of chronic inflamma-
tory diseases, including alcoholic liver disease (ALD) .
In addition to the clear role of innate immune responses
to alcoholic hepatitis, activation of the innate immune
response likely contributes to all stages of liver injury, in-
cluding steatosis, hepatocellular injury and fibrosis™.

Dystegulation in the initiation and/or resolution of
the inflammatory process could contribute to the devel-
opment of ALD. Indeed, there is a growing appreciation
that the resolution of inflammation is an active, highly co-
ordinated response that could potentially be manipulated
via therapeutic interventions to enhance the resolution of
inflammatory processes and treat chronic inflammatory
diseases, such as ALD.

ROLE OF IMMUNE RESPONSES IN THE
INITIATION AND PROGRESSION OF ALD

The innate and adaptive immune systems are 2 distinct
branches of the immune response, yet these 2 compo-
nents of immunity are intimately linked at many stages
of an organism’s response to injury or stress. Compo-
nents of the innate immune response, including natural
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killer (NK) and NKT cells”, Kupffer cells (resident he-
patic macrophages)”o] and the complement system[“m,
as well as T-cells and antibody-dependent adaptive im-

14
mune responses[ ]

, are involved in the hepatic response
to various types of injury, including bacterial and viral
infections, exposure to toxins (including ethanol), partial
hepatectomy and ischemia-reperfusion.

The localized hepatic response of the innate immune
system to ethanol may be distinct from the systemic in-
nate immune response and/or localized responses of
other organs to ethanol. For example, chronic alcohol
consumption generally increases the susceptibility of
individuals to infections™"”, suggesting that, despite in-
creased inflammatory responses observed in the liver af-
ter chronic ethanol exposure, systemic immune responses
are suppressed by chronic ethanol exposure. Even within
the liver, there may be distinct responses of individual
components of the immune response. One example is
the interaction of ethanol and hepatitis C virus (HCV)
infection. Chronic alcohol abuse is associated with an
increased incidence of HCV infection"”. This decreased
ability to ward off viral infections contrasts with the in-
creased response of the liver to endotoxins. Understand-
ing the localized and specific effects of chronic ethanol
on the immune system will help to develop intervention
strategies specifically directed at targets of ethanol action
leading to the progression of ALD.

Initiation of inflammation: chronic ethanol-dependent
sensitization of Toll-like receptor 4 (TLR4)-dependent
signal transduction and cytokine production

How does ethanol initiate inflammatory responses in the
liver? An important working model for ethanol-induced
liver injury proposes that lipopolysaccharide (LPS)-induced
tumor necrosis factor-o. (TNFa) production by Kupffer
cells, the resident macrophage of the liver, is critical for
development of ethanol-induced liver injury. Chronic
ethanol exposure alters the jejunal microflora leading to
an increase in Gram-negative bacteria and/or disrupts the
batrier function of the small intestine allowing access of
bacterial products to the portal circulation™. In support
of this hypothesis, endotoxin or LPS, a component of
the cell wall of Gram-negative bacteria, is increased in
the circulation of alcoholics"” and murine models of
chronic ethanol exposurelzo’zﬂ. Further, if gut bacteria are
diminished using antibiotics, ethanol-induced fatty liver
and inflammation are attenuated””.

Kuppfer cells and TLR4 in the initiation of inflam-
mation: The liver contains the first capillary bed through
which blood from the intestine flows. Kupffer cells are
located in the hepatic sinusoids and, among other physi-
ologic functions, clear endotoxins from the blood, but
usually without discernable inflammation. Chronic etha-
nol exposure also increases the sensitivity of Kupfter cells
to endotoxins'”. Therefore, in the presence of persistent
ethanol exposure and increased exposure to gut-detrived
endotoxins, Kupffer cells become activated and contribute
to liver disease.
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Kupffer cells are innate immune effectors that pro-
duce several proinflammatory mediators, including reac-
tive oxygen species (ROS) and TNFa, which promote
liver injury after chronic ethanol in response to LPS"",
In rats depleted of Kupffer cells by gadolinium chloride
treatment, ethanol-induced liver injury is attenuated'”,
Further evidence for a role of activated Kupffer cells
and LPS in the development of ethanol-induced liver in-
jury has been revealed, as mice deficient in LPS receptor
complex components TLR4 and CD14, and NADPH
oxidase function (p47” -/- mice) are protected from
ethanol-induced liver injury™!, TLR4 signaling via its
MyD88-independent pathway (TRIF-dependent) is a
critical contributor to increased steatosis and inflamma-

tion during chronic ethanol exposure™*’,

Ethanol and the regulation of TNFo expression:
TNFa is produced predominately by cells of mono-
cyte/macrophage lineage and is particulatly critical for
ethanol-induced liver injury. TNFa, concentration is en-
hanced in the blood of alcoholics”” and in the blood of
rats and mice exposed to chronic ethanol"”. Addition-
ally, if TNFq, is blocked in mice using TNFa-specific
antibodies or if TNFq signaling is prevented in TNFo
receptor-deficient mice, ethanol induced liver injury is
diminished"”.

Enhanced TLR4 signal transduction by ethanol
Production of inflammatory cytokines is a highly regu-
lated process; regulation occurs at the level of trans-
cription, translation and secretion””. Ethanol exposure
impacts the molecular regulation of TNF-q expression
at each level of control in macrophages, resulting in an
enhanced initiation of inflammation in the liver"”. Etha-
nol mediates these changes in the activation of Kupffer
cells by a profound dysregulation in TLR4-initiated sig-
nal transduction”. Interestingly, many of the same sig-
naling pathways tatgeted by ethanol in neurons, resulting
in the complex behavioral effects of ethanol, are also
involved in TLR4-mediated signal transduction in mac-
rophages. Briefly, LPS binds to a cell surface receptor,
CD14, which, »ia interactions with TLR4"" stimulates
a complex array of signal transduction cascades”™.
Stimulation of macrophages with LPS activates tyrosine
kinases, protein kinase C, nuclear factor kB (NFxB), as
well as members of the mitogen-activated protein kinase
family, including extracellular signal-regulated kinase 1/2
(ERK1/2), p38 and c-jun N-terminal kinase™. Chronic
ethanol feeding generally enhances these activation path-
ways, including increased LPS-stimulated phosphoryla-
tion of ERK1/2 and p38134’36J and NFkB activation””.

Role of ROS in increased cytokine expression

Increased production of ROS during chronic ethanol
exposure, cither by hepatocytes during ethanol meta-
bolism"™ and/or from Kupffer cells during ethanol
exposurem] and in response to LPS"" may contribute to

this sensitization in LPS-dependent signal transduction.
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ROS play a critical role in the modulation/regulation of
a number of signal transduction cascades'", including
LPS-stimulated signaling pathways both in cells of
the innate immune system (monocytes/macrophages,
neutrophils, e#.) and non-immune cells™**. Indeed, we
have specifically identified NADPH oxidase-derived ROS
as an important contributor to LPS-stimulated ERK1/2
phosphorylation in rat Kupffer cells, particularly after
chronic ethanol™. Taken together, these data suggest
that the chronic ethanol-induced increase in ROS is
an important contributor to the dysregulation of LPS-
mediated signal transduction and inflammatory cytokine
production in Kupffer cells.

Clinical implications of enhanced initiation of
inflammation after chronic ethanol exposure

While the role of TNF-q in the development of ethanol-
induced liver injury has been well characterized in animal
models"”. clinical investigations of the therapeutic effi-
cacy of antibodies to TNF-a (e.g. infliximab) to treat pa-
tients with acute alcoholic steatohepatitis have generated
variable results*™’. There is particular concern about
side effects of completely inhibiting TNF-q, function.
For example, since TNF-q is a critical component of
immunity, infectious disease is a primary concern during
anti-TNF-qo therapyl47’48]. Moreover, TNF-q is required
for normal liver regeneration; hepatocyte proliferation
in response to injury is impaired in mice lacking TNF-q,
receptors”’. Therefore, therapeutic strategies to normal-
ize, rather than eliminate, TNF-o expression in ALD are
more likely to be safe and effective. Interventions that
re-establish normal homeostatic control of initiation and
resolution of innate immune responses in liver would
allow for maintenance of normal immune function and
repair of hepatocyte injury during treatment to resolve

ALD.

RESOLUTION OF INFLAMMATION: ROLE
OF ANTI-INFLAMMATORY MEDIATORS

The controlled and appropriate resolution of inflam-
mation is an essential feature of the innate immune
response; failure to terminate an inflammatory response
likely contributes to a number of chronic inflammatory
diseases, including ALD"". Importantly, the resolution of
inflammation is an active, highly coordinated response.
Indeed, inflammatory signals initiate the induction of
negative regulators. During ethanol exposure, despite
high expression of inflammatory mediators, the resolu-
tion phase is not functionally appropriate. Understanding
the mechanisms for the failure to resolve inflammation,
and the identification of effective anti-inflammatory
pathways that can be upregulated in the context of
chronic ethanol exposure are likely to lead to therapeutic
strategies to treat, as well as prevent, ALD.

The mechanisms for resolution of an inflamma-
tory response are complex, requiring the elimination
of infiltrating neutrophils, as well as a normalization of
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macrophage numbers and activitym]. Within the context
of this review, we will focus our attention on the identi-
fication of specific intrinsic pathways that normalize the
increased pro-inflammatory activity of Kupffer cells af-
ter chronic exposure to ethanol. In order for a particular
anti-inflammatory pathway to have potential therapeutic
value, it must remain functional after chronic ethanol ex-
posure, must target the specific pro-inflammatory path-
ways enhanced by ethanol and must contribute to the
prevention of hepatocellular injury. Finally, the pathway
must be amenable to therapeutic intervention.

Ethanol and adiponectin
Recent studies have explored the potential of adipo-
nectin, an abundant 30 kDa adipokine with potent anti-
inflammatory properties, as a useful anti-inflammatory
to exploit in the treatment of ALD. Treatment of mice
with supra-physiological concentrations of adiponectin
during chronic ethanol exposure prevented the devel-
opment of liver injury, decreasing both steatosis and
TNF-q, expression in the liver™. You ez a/™ have re-
cently reviewed the molecular mechanisms for the anti-
steatotic effects of adiponectin in liver. In hepatocytes,
activation of a SIRT1-AMPK (sirtuin 1-AMP-activated
protein kinase) pathway appeats to be critical in decreas-
ing ethanol-induced lipid accumulation in the liver™,
Adiponectin also normalizes LPS-induced TNF-q
production in primary cultures of Kupffer cells after
chronic ethanol exposuremj. Interestingly, the anti-infla-
mmatory effects of adiponectin appear to be mediated
by either globular adiponectin (gAcrp) or full-length
adiponectinﬁ?’]. This may be due, at least in part, to the
ability of macrophages to cleave full-length adiponectin
to its globular form"™. gAcrp signals primarily iz adipo-
nectin receptor 1 in Kupffer cells™. In contrast to the
predominant role of AMPK in mediating the effects
of adiponectin in hepatocytes[sz]
tiple signaling pathways in macrophages, including the
mitogen-activated protein kinase family members, NFxB
and protein kinase AP, Together, activation of these
signaling pathways culminates in the expression of anti-
inflammatory mediators, including interleukin (IL)—lO[SG].
Despite the efficacy of adiponectin in dectreasing
LPS-mediated responses, both in mouse models and
primary cultures of Kupffer cells, the development of
adiponectin for therapeutic interventions in patients with
ALD is likely of limited utility, because of the high con-
centration of adiponectin in the circulation, as well as the
complex oligomeric structure of adiponectin. Therefore,
investigators have begun to focus either on mechanisms
to increase endogenous adiponectin expression, such as
treatment of mice with rosiglitazone®”
identification of downstream molecular targets of adi-
ponectin in the liver. Recent studies in Kupffer cells have
identified an adiponectin-mediated I11.-10/heme oxygen-
ase-1 (HO-1) pathway involved in the anti-inflammatory
effects of adiponectin in macrophages that may be more
amenable to pharmacological intervention.

, gAcrp activates mul-

, as well as on the
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IL-10/HO-1 pathway

IL-10 is an immunomodulatory cytokine with potent anti-
inflammatory properties. 11.-10 decreases production of
pro-inflammatory cytokines, including TNF-o and 1L-
1[3[58]. While little is known about the regulation of IL-10
expression and activity in the liver in response to chronic
ethanol, studies show that impaired expression of 1L-10
contributes to inflammation in alcoholic cirthotics”™ and
11.-10 deficient mice are more sensitive to ethanol-induced
liver injury®”. Drechsler ¢ a/”" found that treatment with
IL-10 reduced the acute effects of ethanol in monocytes
in an HO-1 dependent mechanism.

We have recently identified an 11.-10/HO-1 mediated
pathway that can be activated in Kupffer cells after chron-
ic ethanol feeding and suppresses LPS-stimulated TNF-q,
expressionbsj. IL-10 mediates its anti-inflammatory func-
tions zia induction of I1.-10-inducible genes, including
HO-1, suppressor of cytokine signaling 3 and BCL3".
There is a growing appreciation that HO-1, in particular,
is an important downstream mediator of the anti-inflam-
matory effects of I1-10 in macrophages™. Interestingly,
induction of HO-1 by Kupffer cells after chronic ethanol
is particularly robust"™; siRNA knockdown or chemical
inhibition of HO-1 in Kupffer cells demonstrates that
HO-1 is critical to the suppression of TLR4-stimulated
TNF-q, expression in response to either adiponectin or
11-10 after chronic ethanol exposurelSSJ

HO-1 plays an important anti-inflammatory role in a
number of chronic inflammatory diseases, and also has
anti-apoptotic and anti-proliferative properties”. HO-1 is
a 288 amino acid protein that is anchored in the endoplas-
mic reticulum, although localization of a cleaved form of
HO-1 has also been observed in the nucleus under some
conditions'””. HOs catalyze the initial and rate limiting
step in the oxidative degradation of heme, yielding equi-
molar amounts of biliverdin IXa,, carbon monoxide (CO),
and free iron'™. Three isoforms of the HO protein have
been identified, which are encoded by separate genes.
HO-2 and HO-3 are constitutive forms, while HO-1 (also
known as heat shock protein 32) is an inducible isozyme,
with high expression levels in spleen and Kupffer cells™!,
HO-1 is a stress-responsive protein whose expression is
upregulated by a broad spectrum of inducers, including
heme, heavy metals, nephrotoxins, cytokines, endotoxins
and oxidative stress.

Surprisingly, acute and chronic ethanol exposure do
not increase HO-1 expression in Kupffer cells or in the
liver™. However, this may be dependent on the age of
the animals studied®”. While ethanol does not increase
HO-1 expression, several recent studies suggested that
induction of HO-1, as well as increasing concentra-
tions of its downstream mediator CO, prevents ethanol-
induced inflammation in the intestine™ and liver™, as
well as oxidative damage to hepatocytes™ and hepato-
cyte apoptosis. Importantly, induction of HO-1 in mice
after chronic ethanol exposure by treatment with cobalt-
protoporphyrin-IX normalizes LPS-induced TNFa ex-
pression in the liver™.
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HO-1: downstream anti-inflammatory mediators
Induction of HO-1 plays a key role in mediating cellular
protection against the insult of oxidants both 7 vitro and
in vivd™. In vivo expression of HO-1 has potent protec-
tive effects against atherogenesis, acute cardiac ischemic
failure, ischemia/reperfusion injury in liver, as well as
hyperoxia-induced liver injury™. The exact mechanisms
involved in the anti-inflammatory effects of HO-1 are
poorly understood. Recent studies suggested that 2 of
the break-down products of heme generated by HO-1, i.e.
CO and biliverdin (and its breakdown product bilirubin),
are each potential mediators of HO-1 activity®. Release
of free iron by HO-1 typically induces the expression
of ferritin, which can also have protective properties. In
Kupffer cells from ethanol-fed rats, we find that treat-
ment with the CO donor, CORM-2 (CO-releasing mol-
ecule), was sufficient to decrease LPS-stimulated TNF-o
expression[ss], suggesting CO has strong anti-inflammato-
ry effects in Kupffer cells after chronic ethanol feeding,

CO is also an important regulator of a number of
signaling pathways that regulate hepatic metabolism
and inflammatory responses, including MAPK family
members, peroxisome proliferator-activated receptor-y,
Egr-1 and adenosine 2A receptor”"?. Each of these
signaling pathways is also a target of chronic ethanol in
hepatocytes and/or Kupffer cells.

CONCLUSION

Considering the strong association between ethanol-me-
diated activation of the innate immune system and ALD,
it is critical to understand the mechanism(s) by which
ethanol disrupts the intricately regulated innate immune
response. Characteristically, the innate immune response
involves both a rapid, yet transient, activation; the transient
nature of the innate immune response contributes to an
appropriate resolution of inflammation™". In the past,
studies have focused primarily on the impact of ethanol on
activation of the innate immune response zia production
of pro-inflammatory mediators. However, recent studies
suggest that ethanol must also impair the “anti-inflamma-
tory” responses elicited during inflammation, thus delay-
ing and/or impaiting the tesolution of the inflammatory
response. Impaired resolution of inflammation contributes
to chronic inflammatory states!”. Recent studies have
demonstrated that induction of HO-1 in primary cultures
of Kupffer cells isolated from rats after chronic ethanol
exposure normalizes chronic ethanol-induced sensitization
to LPS™. Importantly, HO-1 induction also normalizes
LPS-stimulated TNF-q, expression, as well as hepatocyte
apoptosis, in an 7 vive mouse model of chronic ethanol
exposure[ss]. We hypothesize that the development of ther-
apeutic agents to regulate these HO-1-activated pathways
will enhance the resolution of inflammation during ALD
and prevent progression of early stages of liver injury.
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