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Abstract

The development of alcoholic liver disease (ALD) is a complex process involving both parenchymal and non-
parenchymal cells resident in the liver. Although the mechanisms for ALD are not completely understood, it is
clear that increased oxidative stress, and activation of the innate immune system are essential elements in the
pathophysiology of ALD. Oxidative stress from ethanol exposure results from increased generation of reactive
oxygen species and decreased hepatocellular antioxidant activity, including changes in the thioredoxin/
peroxiredoxin family of proteins. Both cellular and circulating components of the innate immune system are
activated by exposure to ethanol. For example, ethanol exposure enhances toll-like receptor-4 (TLR-4)-dependent
cytokine expression by Kupffer cells, likely due, at least in part, to dysregulation of redox signaling. Similarly,
complement activation in response to ethanol leads to increased production of the anaphylatoxins, C3a and C5a,
and activation C3a receptor and C5a receptor. Complement activation thus contributes to increased inflam-
matory cytokine production and can influence redox signaling. Here we will review recent progress in under-
standing the interactions between oxidative stress and innate immunity in ALD. These data illustrate that
ethanol-induced oxidative stress and activation of the innate immune system interact dynamically during eth-
anol exposure, exacerbating ethanol-induced liver injury. Antioxid. Redox Signal. 15, 523–534.

Introduction

Alcoholic liver disease (ALD) develops in *20% of all
alcoholics with a higher prevalence in women (56). The

development of fibrosis and cirrhosis is a complex process
involving both parenchymal and nonparenchymal cells resi-
dent in the liver, as well as the recruitment of other cell types
to the liver in response to damage and inflammation (28). The
mechanisms for ethanol-induced damage in the liver are
complex; however, it is clear that increased oxidative stress,
and activation of the innate immune system are essential el-
ements in the pathophysiology of ALD. Both cellular and
circulating components of the innate immune system are ac-
tivated by exposure to ethanol. There is a growing apprecia-
tion that ethanol-induced oxidative stress and activation of
the innate immune system interact dynamically during etha-
nol exposure; this interaction likely exacerbates ethanol-
induced liver injury. Here we will review some of the recent
findings on the interactions between oxidative stress and in-
nate immunity in the progression of ALD.

Pathways Leading to Increased Reactive Oxygen in ALD

Cellular sources for reactive oxygen in liver during
ethanol exposure

Chronic ethanol consumption induces oxidative stress via
several mechanisms. Ethanol metabolism by alcohol dehy-
drogenase (ADH) and acetaldehyde dehydrogenase produces
excessive amounts of reducing intermediates by converting
NAD to NADH, resulting in altered redox balance (57). The
metabolic process produces acetaldehyde, a toxic and reactive
compound that impairs mitochondrial function leading to
increases in reactive oxygen species (ROS) production (18).
Metabolism by the microsomal ethanol oxidizing system
(MEOS) pathway, represented by cytochrome P450 2E1
(CYP2E1), induces oxidative stress. Ethanol consumption in-
creases CYP2E1 synthesis and decreases CYP2E1 degradation
in hepatocytes both in vivo and in vitro (21, 86). Chronic eth-
anol exposure also induces CYP2E1 expression in Kupffer
cells (11, 101). Induction of CYP2E1 promotes transition
of hepatic stellate cells from a quiescent to active state
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potentially resulting in fibrosis and cirrhosis (47). In addition
to inducing CYP2E1, chronic ethanol exposure increases
NADPH oxidase activity and increases the production of su-
peroxide and hydrogen peroxide (20, 84, 101). Ethanol also
induces the conversion of xanthine dehydrogenase to xan-
thine oxidase, leading to increased ROS production and oxi-
dative stress (76). Because ethanol metabolism requires a great
deal of oxygen, ethanol catabolism results in hypoxia in the
liver. Hypoxia during ethanol metabolism also contributes to
subsequent increases in reactive oxygen and oxidative stress
(117).

Activation of hepatic macrophages (Kupffer cells) is an
important source of oxidative stress during ethanol exposure.
Long-term exposure to ethanol results in commensal bacterial
overgrowth in the jejunum (4). The increase in microflora,
coupled with a disruption of the barrier function of the small
intestine in response to ethanol, increases the translocation of
Gram-negative bacteria into the portal circulation (46, 83). The
concentration of endotoxin is increased in the blood of both
rats and mice exposed to ethanol via intragastric feeding, as
well as in humans who partake in alcohol consumption (26,
74, 103). In rats, when the presence of Gram-negative bacteria
is reduced by treatment with antibiotics, the effects of ethanol
on liver injury are also reduced (73). Because the liver is the
first capillary bed through which the portal blood passes, the
liver is the first organ to respond to increased endotoxin or
lipopolysaccharide (LPS) in the portal circulation. Kupffer
cells detoxify this blood and clear LPS from circulation. LPS
activates Kupffer cells, leading to the production of inflam-
matory mediators, including cytokines, such as tumor ne-
crosis factor-a (TNF-a), and ROS.

Regulation of antioxidant pathways in liver during
ethanol exposure

Small molecular antioxidants

Modulation of glutathione. Although it is clear that oxidant
stress plays a critical role in the initiation and progression of
ethanol-induced liver injury (2), treatment with antioxidants
has met with limited success in small animal models of ALD, as
well as in patients with ALD. These treatment strategies have
been based on our understanding for the molecular effects of
ethanol on endogenous antioxidant pathways in the liver.
Chronic ethanol exposure impairs transport of the endogenous
antioxidant glutathione (GSH) into the mitochondria, sensitiz-
ing the cell to TNF-a-mediated damage (16). In addition,
ethanol decreases the GSH/oxidized glutathione (GSSG) ratio
in the cytosol of hepatocytes, resulting in a shift in redox
balance (89). In mice, treatment with the GSH precursor N-
acetylcysteine (NAC) increased the GSH/GSSG ratio and pro-
tects against oxidative damage and hepatocyte injury; however,
the mice still had ethanol-induced increases in TNF-a (89).

Ethanol exposure disrupts methionine metabolism, de-
creasing hepatic S-adenosyl methionine (SAM) concentra-
tions. There is a resulting shift in the homeostasis of the
methionine cycle, resulting in increased S-adenosyl homo-
cysteine (SAH) and homocysteine concentrations (Fig. 1).
Ethanol-induced shifts in the equilibrium of the methionine
cycle are thought to contribute to decreased GSH synthesis
and contribute to increased oxidative stress (44). While the
mechanisms for changes in the methionine cycle are not well

understood, SAM supplementation has been successfully
used to prevent ethanol-induced liver injury in both mouse
(55) and rat models (99). However, clinical trials in humans
are not conclusive (62). Supplementation with NAC or beta-
ine, a methyl donor for methionine metabolism, also restores
balance to this pathway, decreasing homocysteine and re-
storing GSH levels (44, 106, 110, 114). In addition to restoring
balance to methionine metabolism, betaine may have addi-
tional effects in liver, such as shifting ethanol metabolism
from CYP2E1 to catalase-dependent pathways, thus reducing
oxidative stress (80), decreasing toll-like receptor-4 (TLR-4)
expression (94), improving secretion of very low density li-
poproteins by restoring phosphatidyl choline biosynthesis
(99), and suppressing ethanol-induced apoptosis (44). Thus,
while shifts in the methionine cycle have been associated with
depletion of GSH and oxidative stress, more recent data in-
dicate that the hepatocellular response to disruption in the
methionine cycle is much more complex.

Vitamin E. The potential protective properties of vitamin
E have also investigated in animal models of ALD. Mice
treated with vitamin E are protected from oxidative damage;
however, they still have increases in ethanol-induced in-
flammation, hepatic triglyceride accumulation, and hepato-
cyte damage (72).

Other small molecules with antioxidant activity. Taurine,
also known as 2-aminoethanesulphonic acid, is one of the
most abundant amino acids in humans and rodents. Taurine
is found in high concentrations (mM level) in most of the
mammalian tissues (32). Taurine is synthesized from methi-
onine and cysteine in the liver (Fig. 1) and it is not considered
as an essential amino acid for most of the mammals. While
taurine cannot scavenge ROS directly, it protects cells from
oxidative stress. This protective effect may be due to the

FIG. 1. The methionine cycle and taurine synthesis. THF,
tetrahydrofolate; MS, methionine synthase; BHMT, betaine
homocysteine methyltransferase; SAM, S-adenosyl methio-
nine; SAH, S-adenosyl homocysteine.

524 COHEN ET AL.



ability of taurine to react with dicarbonyl intermediates, ef-
fectively scavenging the reactive carbonyl and glycation in-
termediates, particularly due to its high concentration in most
tissues (32). Taurine also increases cellular antioxidant ca-
pacity by increasing the expression of superoxide dismutase
(SOD) and catalase (6).

Taurine supplementation inhibits Kupffer cell activation
and decreases the production of inflammatory cytokine pro-
duction by macrophages (3) and prevents ethanol-induced
steatosis and oxidative stress in rats (13). Since taurine is
nontoxic and is widely used to supplement infant formulas
and energy drinks (65), further investigations into its protec-
tive effect in ameliorating ethanol-induced oxidative stress
and injury are warranted (31).

Antioxidant proteins. Strategies to enhance the antioxi-
dant capacity of cells during ethanol-induced oxidative stress
are also likely to protect from ethanol-induced liver injury.
Key enzymes that prevent oxidative stress include SOD and
catalase. Mice deficient in SOD exhibit increased sensitivity to
ethanol-induced liver injury (48), whereas SOD mimetics
protect hepatocyte cell lines from oxidative damage (79). This
is similar to the protective effects of taurine supplementation

on oxidative stress in the liver of rats during ethanol expo-
sure associated with increased expression of SOD and
catalase (13).

Small disulphide-containing redox proteins in the thior-
edoxin (Trx) and peroxiredoxin family also contribute to the
maintenance of redox balance in cells. Trx is a 12 kDa redox-
sensitive protein involved in maintaining intracellular redox
balance, promoting cell growth, and inhibiting inflammation
and apoptosis (8). Trx scavenges and reduces ROS via a family
of proteins known as peroxiredoxins (71) (Fig. 2). There are at
least six isoforms of the peroxiredoxins, each functions to re-
duce hydroperoxides, with peroxiredoxin 6 also acting to re-
duce lipid peroxides (45).

Trx is ubiquitously expressed and has three isoforms: Trx-1
in the cytosol, Trx-2 in the mitochondria, and Trx-3 in the
endoplasmic reticulum. Trx functions as an antioxidant and
can also reduce oxidized proteins. The two cysteine residues
in Trx active site act as hydrogen donors and can reduce tar-
get proteins. Once Trx-1 is oxidized, it can be reduced by
Trx reductase (36) (Fig. 2). When exogenous stresses, such as
ROS, are introduced to the cell, Trx-1 translocates into
the nucleus and increases in expression of Trx-1 occur after
*1 h (38).

FIG. 2. Thioredoxin (Trx)
is an endogenous protein
with antioxidant and anti-
apoptotic properties. Trx
scavenges and reduces reac-
tive oxygen species via a
family of proteins known as
peroxiredoxins. Additionally,
Trx reduces oxidized pro-
teins. Once oxidized, Trx is
reduced by the enzyme
thioredoxin reductase (TrxR)
and the hydrogen donor
NADPH. Trx is upstream of
apoptosis signal-regulating
kinase-1 (ASK-1), a protein
involved in apoptosis, and
prevents activation, signal-
ing, and induction of
apoptosis.
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In addition to its role as a general free radical scavenger, the
antioxidant properties of Trx-1 are critical in the regulation of
several redox-sensitive signaling pathways. This specific
function is generally considered to convey Trx-1 with anti-
inflammatory properties. Trx suppresses the LPS-stimulated
activation of p38 and c-Jun N-terminal kinase ( JNK), mitogen-
activated protein kinases (MAPK) located upstream of the
inflammatory cytokine TNF-a (70), by preventing the activa-
tion of apoptosis signal-regulating kinase-1 (ASK-1), a
MAPKK located upstream of p38 and JNK (41) (Fig. 2). Trx
also has antiapoptotic properties, since ASK-1 is also located
upstream of caspase-3 in the apoptotic signaling pathway (33)
(Fig. 2).

Since the redox-sensitive protein Trx-1 and the family of
peroxiredoxin proteins provide a critical link between redox
signaling and innate immune responses, several groups have
initiated investigations into the effects of ethanol on the
function and activity of these redox proteins, as well as their
potential role as a useful therapeutic strategy for the treatment
of ALD. Recent studies have found that ethanol feeding to
mice rapidly reduces the quantity of Trx-1 protein (14), as well
as peroxiredoxin 6 (88). Importantly, when mice are supple-
mented with recombinant human Trx-1 during 4 days of
ethanol feeding, they are protected from ethanol-induced
oxidative stress (14). Markers of hepatic injury, including
apoptosis, cytokine expression, and steatosis, were also
ameliorated with treatment with recombinant human Trx-1
(14). In contrast, when peroxiredoxin 6 transgenic mice were
fed ethanol over 9 weeks, no protection was observed (87).
These recent studies identify the Trx/peroxiredoxin family as

an important target of ethanol exposure in animal models.
Further studies will be required to more completely interro-
gate the regulation of the Trx/peroxirdoxin pathway in ALD.

Innate Immune Pathways Activated in ALD:
Interactions with Redox Signaling

Cell-based activity of the innate immune system

Kupffer cells and TLRs. Cellular components of the in-
nate immune response, including NK and NKT cells (66),
dendritic cells (39, 77), and Kupffer cells (68), contribute to
ethanol-induced liver injury. Kupffer cells are particularly
critical to the progression of ethanol-induced liver disease.
Treatment with the macrophage toxin gadolinium chloride
depletes Kupffer cells and prevents ethanol-induced liver in-
jury in rats (1). LPS-mediated signaling is also essential for the
progression of ethanol-induced liver injury. LPS signaling
occurs when LPS and LPS-binding protein (LBP) attach to the
cell surface receptor CD14. CD14, interacting with TLR-4,
comprises two major components of the LPS receptor com-
plex. Activation of the LPS receptor complex stimulates a
number of signal transduction cascades (98) (Fig. 3). Mice that
lack LPS receptor components (CD14, TLR-4, and LBP) are
protected from chronic ethanol-induced liver injury after in-
tragastric ethanol exposure (97, 105, 115).

TLR-4-dependent signaling. Macrophages express multiple
TLRs. Recent studies have demonstrated that ethanol feeding
to mice increases the expression of multiple TLR mRNAs in
the liver (29); however, the interaction between ethanol and

FIG. 3. Toll-like receptor-4
(TLR-4) signaling via MyD-
88-dependent pathways.
Chronic ethanol exposure in-
creases lipopolysaccharide
(LPS) in the circulation, and
initiates a signaling cascade
via TLR-4 on the surface of
Kupffer cells. This signaling
pathway activates mitogen-
activated protein kinases
(MAPKs), p38, c-Jun N-
terminal kinase (JNK), and
extracellular signal-regulated
kinases 1 and 2 (ERK1/2),
resulting in increased tumor
necrosis factor (TNF)-a
expression and stability.
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TLR-4 signaling is the most well studied. TLR-4 signaling is
mediated via MyD88-dependent and -independent pathways
(Fig. 4) (8). Chronic ethanol feeding increases expression of
TLR-4 mRNA in mouse liver after chronic ethanol exposure
(27). In cellular models, changes in the expression of TLR-4
mRNA influence TLR-4-dependent responses (28); increased
expression of TLR-4 likely contributes to ethanol-induced
increases in TLR-4-MyD88-dependent and -independent sig-
naling in the liver.

Ethanol and MyD88-dependent responses. Chronic ethanol
exposure sensitizes Kupffer cells to TLR-4-MyD88-dependent
responses, such as rapid activation of MAPKs and nuclear
factor kB (NFkB), as well as TNF-a expression (2) (Fig. 3).

While LPS-mediated activation of Kupffer cells results in
expression of many proinflammatory mediators, it is clear
that increased TNF-a appears to be critical to the progression
of ethanol-induced liver disease (104). TNF-a is a key medi-
ator of the mammalian inflammatory response. TNF-a
transduces differential signals that can mediate cellular acti-
vation, proliferation, cytotoxicity, or apoptosis. TNF-a plays
important roles in mediating immuno- and hepatoprotective
functions by serving as a critical component of immune
function. Pharmacological or genetic manipulations that de-
crease TNF-a concentrations can impair the immune response
(67). TNF-a is critical to normal liver regeneration, as TNF
receptor 1 (TNFR1)-deficient mice have impaired hepatocyte
proliferation in response to partial hepatectomy (113). How-

ever, not all of TNF-a roles are beneficial to an organism; TNF-
a is associated with septic shock, inflammatory diseases such
as rheumatoid arthritis (91), as well as the progression of
ethanol-induced liver disease. Increased production of TNF-a
is an early indicator of ethanol-induced liver injury, and the
role of TNF-a in the progression of ethanol-induced liver
disease has been extensively studied and characterized (68,
103, 104).

Macrophages, such as the Kupffer cell, are the major pro-
ducers of TNF-a. TNF-a is elevated in the blood of rats (116)
and humans (63) under most conditions of chronic ethanol
exposure. TNFR1 is one of the surface receptors responsible
for the signaling capabilities of TNF-a. TNFR1-deficient mice
(116) and mice treated with polyclonal anti-mouse TNF-a
rabbit serum intravenously (40) are resistant to ethanol-
induced liver damage. When treated with antibiotics, rats
exposed to ethanol have decreased expression of TNF-a and a
lower incidence of ethanol-induced liver injury (103), sug-
gesting that LPS contributes to increased TNF-a expression
after chronic ethanol exposure. In addition to the increased
exposure to LPS, chronic ethanol sensitizes Kupffer cells to
TLR-4-mediated activation. This sensitivity is observed both
in vivo, as chronic ethanol consumption increases the vul-
nerability of rats to endotoxin-induced liver injury and death
(37) and in isolated Kupffer cells from rats fed an ethanol-
containing diet for 4 weeks, which exhibited increased TLR-4-
stimulated TNF-a expression by when compared to pair-fed
controls (49, 51).

Ethanol and MyD88-independent/TRIF-dependent signal-
ing. While the rapid LPS-stimulated expression of TNF-a
is characteristic of MyD88-dependent signaling, MyD88-
independent signals are more slowly activated and result in
increased expression of type I interferon (IFN) and IFN-
dependent genes (8). Recent studies have identified role
for MyD88-independent/TIR domain-containing adaptor
protein-1 (TRIF)-dependent TLR-4 signaling in the progres-
sion of ALD in mice (39, 119).

However, much less is known about the interaction
between ethanol and MyD88-independent signaling in
macrophages. One recent study found that, similar to the
ethanol-induced sensitization of macrophages to stimulation
of TNF-a, a MyD-88 signature cytokine, chronic ethanol also
sensitizes mice and isolated Kupffer cells to LPS-stimulated
production of IFN-b and CXCL10, two signature cytokines for
TLR-4/MyD88-independent signaling (59).

Summary. Taken together, these data suggest that chronic
ethanol sensitizes macrophages to both MyD88-dependent
and -independent signaling pathways. Both pathways of
TLR-4 signaling also likely contribute to ethanol-induced liver
injury. Further studies are required to define the specific dy-
namics of the interactions between ethanol and signaling via
these two TLR-4-mediated signaling cascades.

Interactions between redox signaling and TLR-4 during
ethanol exposure. Production of inflammatory cytokines is
a highly regulated process; regulation occurs at the level of
transcription, translation, and secretion (78, 111). Ethanol
exposure impacts each level in the molecular regulation of
TNF-a expression, resulting in an enhanced initiation of in-
flammation in the liver (68). Ethanol mediates these changes

FIG. 4. Chronic ethanol-induced liver injury involves
MyD-88-independent signaling pathways. TLR-4
mediating signaling via MyD-88-dependent and MyD88-
independent/TRIF pathways is illustrated schematically.
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in the activation of Kupffer cells by a profound dysregulation
in TLR-4-initiated signal transduction (68), leading to in-
creased TNF-a transcription and mRNA stability (51, 69).

Transcriptional control of TNF-a expression. Regulation of
TNF-a expression is dependent on multiple signaling cas-
cades stimulated downstream of TLR-4. Stimulation of mac-
rophages with LPS activates tyrosine kinases, protein kinase
C, NFkB, as well as members of the MAPK family, including
extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38,
and JNK (98). Increased TNF-a transcription and stabilization
of its mRNA after chronic ethanol is the consequence of
multiple changes in this complex signaling network. Chronic
ethanol feeding generally enhances these activation path-
ways, including increased LPS-stimulated phosphorylation of
ERK1/2 and p38 (49, 51, 93) and NFkB activation (100). These
signals are then translated into increased activity of two re-
dox-sensitive transcription factors, p65-NFkB and early
growth response-1, that are important regulators of tran-
scription of TNF-a, as well as other inflammatory cytokines,
by Kupffer cells. Chronic ethanol feeding enhances NFkB
activation (100) and increases LPS-stimulated ERK1/2 acti-
vation-Egr-1 expression (64). Enhanced activation of these
two signaling pathways likely contributes to increased tran-
scription of TNF-a (119).

Regulation of TNF-a mRNA stability. In addition to the
redox-sensitive signaling pathways regulating cytokine tran-
scription, ethanol also impact signals regulating cytokine
mRNA stability. The phosphorylation of p38 is closely asso-
ciated with stimulus-dependent increase in TNF-a mRNA
stability via phosphorylation of the protein tristetraprolin, a
modulator of TNF-a mRNA stability (7, 12). By increasing p38
activation, chronic ethanol exposure also increases TNF-a
mRNA stability (51). When rat Kupffer cells in culture are
treated with SB203580, an inhibitor of p38 activation, ethanol-
mediated stabilization of TNF-a mRNA is attenuated, dem-
onstrating that mRNA stabilization is dependent on p38
activation (51). The stabilization of mRNA is critical to the
quick, strong induction of genes involved in the inflammatory
process (50). The potential interaction between redox signal-
ing and regulation of mRNA stability is strong, given the role
of ASK-1/Trx system in activation of p38 MAPK.

Ethanol and redox-sensitive TLR-4-MyD88-dependent signal
transduction. Increased production of ROS during chronic
ethanol exposure, by hepatocytes during ethanol metabolism
(2) and/or from Kupffer cells during ethanol exposure (112)
and in response to LPS (95), may contribute to the sensitiza-
tion in LPS-dependent signal transduction after ethanol ex-
posure. Redox-sensitive signaling mechanisms 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 (mono-
cytes/macrophages, neutrophils, etc.) and in nonimmune
cells (102). 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 (101) (Fig. 2), whereas Cao
and colleagues (118) found that CYP2E1 contributes to acti-
vation of MAPK signaling in macrophages. Taken together,
these data suggest that chronic ethanol-induced increases in

ROS make important contributions to the dysregulation of
LPS-mediated signal transduction and inflammatory cytokine
production in Kupffer cells.

Ethanol-induced loss of cellular antioxidant activity and TLR-4
signal transduction. As described in Pathways Leading to
Increased Reactive Oxygen in ALD section, chronic ethanol
exposure has a profound impact on antioxidant functions in
the liver. Recent studies suggest that restoration of antioxi-
dant activity can normalize TLR-4-mediated responses after
chronic ethanol. Treatment of primary cultures of Kupffer
cells with recombinant human Trx-1 protein normalizes LPS-
stimulated signal transduction via the MAPKs and NFkB. Si-
milarly, treatment of mice with recombinant human Trx-1
reduced ethanol-induced activation of MAPK family mem-
bers. This dampening of redox-sensitive signaling pathways
contributed to a decrease in LPS-stimulated TNF-a expression
after chronic ethanol exposure, both in vivo and in isolated
Kupffer cells (14). These recent studies suggest an important
link between endogenous Trx-1 expression, the effects of
ethanol on Kupffer cells signaling via TLR-4 and the devel-
opment of liver injury (14).

Ethanol and redox-sensitive TLR-4-MyD88-independent
signaling. Given the recent evidence for a role for MyD88-
independent/TRIF-dependent pathways in mediating
chronic ethanol-induced liver injury (39, 119), there is a
pressing need to determine if ethanol exposure also enhances
LPS-stimulated signaling via TRIF-dependent cascades in a
redox-sensitive mechanism. Improved understanding of the
interactions between ethanol, redox signaling, and these two
independent signaling cascades activated by TLR-4 is of
critical importance in the design of therapeutic interventions
to treat ALD.

Circulating components of the innate immune system:
complement and ALD

The complement cascade is a phylogenetically ancient part
of our immune system critical to an organism’s ability to ward
off infection (27). The functions of complement can be gen-
erally grouped into three major types of activity (Fig. 5): (i)
Defense against microbial infection involves the generation of
lytic complexes (membrane attack complex [MAC]) on the sur-
face of pathogens, formation of opsonins that promote phago-
cytosis, as well as the regulation of local pro-inflammatory
responses; (ii) bridging of the innate and adaptive immune
pathways; and (iii) removal of immune complexes and cel-
lular debris that can result from inflammatory injury.

Complement activation pathways. Activation of the
complement pathway can occur via the classical, lectin, or
alternative pathways; all three pathways culminate in the
activation of C3 (Figs. 1 and 5). These pathways leading to C3
cleavage are ‘‘triggered enzyme cascades,’’ analogous to the
regulated activation of the coagulation pathway (109). C1q is
the central protein in the classical pathway. Binding of C1q to
IgG- or IgM-containing immune complexes results in the
autoactivation of C1q as a result of a conformational change in
the collagen region of C1q (52). C1q can also be activated by
binding to microbial ligands, as well as apoptotic cell surface
components (24). The lectin pathway is initiated by the
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binding of mannose binding protein (mannose binding lectin
[MBL])/ficolin to carbohydrate moieties on surfaces of vari-
ous pathogens. Activation of the initial steps in both the
classical and lectin pathways leads to the cleavage of C4 and
C2 to form C4bC2a, which acts as a C3 convertase to cleave C3
(25). The alternative pathway is activated by a diverse array of
surfaces and substances, including bacterial and yeast cell
walls, LPS, and cobra venom (25), leading to a low-grade
cleavage of C3. C3b generated in this cleavage reaction forms
a complex with factor B, C3bBb, which acts as a C3 convertase,
allowing for further accelerating cleavage of C3 (25, 108).

Functions of complement: anaphylatoxins, opsonins, and
MAC and redox signaling. All three pathways of comple-
ment activation converge at the point of C3 cleavage. The
cleavage products C3a and C5a, termed the anaphylatoxins,
are important regulators of the inflammatory response.
Kupffer cells express receptors for both C3a and C5a (92), and
exposure of Kupffer cells to C5a results in the rapid produc-
tion of prostanoids and inflammatory cytokines (92), either
alone or in the presence of other inflammatory mediators,
such as LPS (92). C3a can activate the respiratory burst, eli-
citing rapid Ca + 2 transients and generating potentially inju-
rious ROS (22, 23). C5a is particularly critical in mediating a
pro-inflammatory response, as it functions as a chemotactic
agent, recruiting neutrophils to the site of infection/injury by
regulating the expression of chemokines and adhesion mole-
cules (19, 43).

The C3 cleavage products C3b and iC3b act as opsonins,
promoting the phagocytosis of bacterial particles by macro-
phages expressing complement receptors (CR1, CR3, or CR4).

C3b also joins the C3bBb and C4bC2a convertases to form a
C5 convertase activity (5). Cleavage of C5 is the first step in the
further targeted enzymatic cleavage of complement proteins
involved in the formation of the MAC, which is comprised of
C5b, C6, C7, C8, and multiple C9 molecules. These proteins
assemble into a pore/hole in the phospholipid bilayer, lead-
ing to cell lysis (27). Formation of a sublytic MAC initiates a
variety of redox-regulated signaling pathways, including Ras
and Raf-1, as well as MAPKs and PI3 kinase (75).

Intrinsic complement regulatory proteins. Given the
powerful nature of the complement pathway, several mech-
anisms have evolved for self-protection of the host organism
from destruction by this pathway (5). A number of soluble
complement inhibitors are secreted, including C1 inhibitor
(C1-INH), C4b binding protein, factor H, and factor I. Cells
also express membrane-associated inhibitors (e.g., CD46, de-
cay accelerating factor [DAF]/CD55, and CD59). Each com-
plement regulatory protein counters specific activation steps
or formation of the MAC (5).

Complement and the liver. The liver plays essential
functions in the complement system, acting as the primary site
of production and secretion of circulating complement pro-
teins. Cells in the liver also express CRs and intrinsic regula-
tory proteins. In healthy liver, Kupffer cells and stellate cells
express both C3a and C5a receptor; C5a receptor expression
can be induced in hepatocytes in response to inflammatory
cytokines (92) or in regenerating hepatocytes (17). While the
liver is exposed to complement proteins, as well as activated
complexes, it is resistant to complement-induced lysis (53, 54).
This protection likely involves the activity of intrinsic com-
plement regulatory proteins, since CD55/DAF and CD59 are
expressed by hepatocytes (30, 53), hepatic endothelial cells
(58), and Kupffer cells (Stavitsky and Nagy, unpublished
observations). Further, resistance of hepatocytes to comple-
ment-mediated injury also depends on phosphoinositol-3
kinase/Akt signaling (53).

Complement has hepatoprotective activity in liver, but also
contributes to the progression of liver injury. For example, C3
and C5 are required for hepatocyte proliferation in response
to toxin-induced injury and partial hepatectomy (60, 61, 96).
This ‘‘Jekyll-Hyde’’ role of complement is similar to the dual
role of a number of innate immune mediators and acute-phase
proteins in mediating both injury and protection in the liver,
with the dual role of TNF-a being the classically studied ex-
ample [see (81) for a discussion of this issue]. Interestingly,
mice lacking C3 and C5 are differentially protected against
ethanol-induced increases in hepatic triglycerides and circu-
lating ALT, respectively (Fig. 6) (9, 82). Conversely, mice
lacking CD55/DAF, a complement regulatory protein, have
exacerbated liver injury compared to wild-type controls (Fig.
6) (82). In rats, chronic ethanol exposure increases C3 activity
and decreases expression of Crry, the rat homolog of CD55/
DAF, and CD59 in the liver (42). Additionally, rats deficient in
complement component 6 (C6), a protein that makes up part
of the MAC, have increased hepatic steatosis and inflamma-
tion compared to wild-type controls (10). After 4 days or 4
weeks of ethanol feeding to mice, complement is activated
with increases in circulating C3a (82), as well as C3b deposi-
tion in the liver (9, 90). Complement activation products then
interact with C3a receptor and C5aR to increase TNF-a

FIG. 5. Activation and functions of complement. Com-
plement is activated via the classical, lectin, or alternative
pathways, culminating in the proteolytic cleavage of C3.
Functions of complement include opsinin activity against
bacteria and apoptotic cells, stimulation of inflammatory
cytokine and chemokine expression, and lysis of targeted
bacteria or cells.
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expression (90). Ethanol-mediated complement activation is
dependent on C1q, a protein of the classical pathway (15).
Complement also likely contributes to other types of liver
injury, as a recent study detected products of complement
activation in liver of patients with NAFLD/NASH (85).

Summary: Interactions Between Redox Signaling
and Innate Immunity During Ethanol Exposure

The innate immune system is designed to rapidly respond
to both endogenous and exogenous stresses, including infec-
tions, trauma, and toxins. It has long been appreciated that
ROS contribute to the regulation of cellular signal transduc-
tion (102). Studies focusing on the role of ethanol-induced
oxidative stress and aberrant TLR-4-dependent signal trans-
duction have identified a key interaction between redox sig-
naling and the expression of inflammatory cytokines in the
liver and other tissues (68, 107). In addition to the interaction
between redox signaling and TLR-4-mediated responses,
there is a growing appreciation for the interactions between
oxidative stress and activation of complement, stemming
primarily from studies of macular degeneration and ischemia-
reperfusion injury (34, 35). The mechanisms for complement
activation during ethanol exposure are not well understood;
however, it appears likely that ethanol-induced oxidative
stress is intimately linked to activation of complement, as well
as to the cellular response to the products of complement
activation. The available data indicate that early ethanol-
induced increases in inflammatory cytokines are dependent
on complement activation (15); these early increases in cyto-
kine expression contribute to subsequent oxidative stress in
the liver and the progression of ethanol-induced liver injury
(90). It is also likely that the interaction of ethanol metabolism
and redox signaling in the liver contribute to complement
activation, resulting in a feed-forward mechanism for exac-
erbation of injury during ethanol exposure.
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Abbreviations Used

ADH¼ alcohol dehydrogenase
ALD¼ alcoholic liver disease

ASK-1¼ apoptosis signal-regulating kinase-1
BHMT¼ betaine homocysteine methyltransferase

CR¼ complement receptor
CYP2E1¼ cytochrome P450 2E1

DAF¼decay accelerating factor
ERK1/2¼ extracellular signal-regulated kinases 1

and 2
GSH¼ glutathione

GSSG¼ oxidized glutathione
IFN¼ interferon
JNK¼ c-Jun N-terminal kinase
LBP¼LPS-binding protein
LPS¼ lipopolysaccharide

MAC¼membrane attack complex
MAPK¼mitogen-activated protein kinase

MBL¼mannose binding lectin
MEOS¼microsomal ethanol oxidizing system

MS¼methionine synthase
NAC¼N-acetylcysteine
NFkB¼nuclear factor kB

ROS¼ reactive oxygen species
SAH¼ S-adenosyl homocysteine
SAM¼ S-adenosyl methionine
SOD¼ superoxide dismutase
THF¼ tetrahydrofolate

TLR-4¼ toll-like receptor-4
TNF¼ tumor necrosis factor

TNFR1¼TNF receptor 1
TRIF¼TIR domain-containing adaptor protein-1

Trx¼ thioredoxin
TrxR¼ thioredoxin reductase
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