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Jaruga, Barbara, Feng Hong, Won-Ho Kim, Rui Sun, Saijun
Fan, and Bin Gao. Chronic alcohol consumption accelerates liver
injury in T cell-mediated hepatitis: alcohol disregulation of NF-�B
and STAT3 signaling pathways. Am J Physiol Gastrointest Liver
Physiol 287: G471–G479, 2004. First published April 2, 2004;
10.1152/ajpgi.00018.2004.—Alcohol consumption is a major risk
factor accelerating the progression of liver disease in patients with
chronic hepatitis virus infection. However, the mechanism underlying
the enhanced susceptibility of alcoholics to liver injury is not fully
understood. Here, we demonstrate that chronic ethanol consumption
increases the susceptibility of C57BL/6 mice to concanavalin A (Con
A)-induced T cell-mediated hepatitis. Injection of a low dose of Con
A (5 �g/g) causes severe liver damage in ethanol-fed mice as
evidenced by a significant elevation of serum alanine amino-
transaminase levels, massive necrosis, and infiltration of leukocytes
but only slightly induces liver injury in control pair-fed mice. In
ethanol-fed mice, the activation and cytotoxicity of natural killer T
cells, cells that play key roles in Con A-induced T cell hepatitis, are
not significantly enhanced relative to pair-fed mice. Moreover, Con
A-induced activation of hepatic NF-�B is increased, whereas activa-
tion of STAT1 and STAT3 is attenuated in ethanol-fed mice. Consis-
tent with this result, the expression of chemokines and adhesion
molecules [such as ICAM-1, macrophage inflammatory protein
(MIP)-1, MIP-2, and MCP-1] controlled by NF-�B is upregulated,
whereas STAT1-controlled expression of chemokines (such as MIG
and IP-10) is downregulated in ethanol-fed mice compared with
pair-fed mice. In conclusion, chronic alcohol consumption accelerates
T cell-mediated hepatitis via upregulation of the NF-�B signaling
pathway and subsequently enhances expression of chemokines/adhe-
sive molecules and recruitment of leukocytes into the liver. Down-
regulation of the antiapoptotic STAT3 signal may also contribute to
alcohol potentiation of T cell hepatitis.
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WORLDWIDE, ALCOHOL CONSUMPTION is a major cause of chronic
liver disease. Interestingly, only �15–20% heavy drinkers
develop alcoholic liver injury, suggesting that alcohol is a
cofactor for developing chronic liver disease (14, 17). Accu-
mulating evidence indicates that many genetic and acquired
factors are implicated in the susceptibility of individuals to
alcohol-induced liver injury (5, 12, 14, 27, 30). These factors
include chronic viral infection, nutritional factors, dose and
duration of alcohol consumption, drinking patterns, age when
drinking began, genetic polymorphisms of cytokines and alco-
hol-metabolizing enzymes, gender, histocompatibility anti-
gens, immunological factors, genetic predisposition to alcohol
addiction, and hepatic iron overload (2, 5, 12–14, 27, 30, 35,

39). In rodents, intragastric infusion of ethanol for 4–5 wk
leads to steatosis, inflammation, and, to a lesser extent, fibrosis
in the liver, whereas feeding Lieber-DeCarli liquid diet con-
taining ethanol does not cause significant liver injury except
steatosis in rats (15, 16, 28) but enhances endotoxin (26)- and
galactosamine (41)-induced liver injury in mice and con-
canavalin A (Con A)- and endotoxin-liver injury in rats (6, 7).
Here, we demonstrate that ethanol consumption significantly
enhanced T cell-mediated hepatitis induced by Con A in mice.
A low-dose injection of Con A induced significant elevations
in serum transaminase levels, hepatic inflammation, and ne-
crosis in ethanol-fed mice but not in pair-fed mice.

Con A injection has been widely used to study T cell-
mediated hepatitis, whose manifestation closely resembles the
pathology of a variety of human liver disorder (47). Accumu-
lating evidence suggests that activation of a variety of cyto-
kines and their downstream signals plays an important role in
the development and progression of T cell-mediated liver
injury in this model (46). TNF-� activation of the NF-�B
signal (48, 50), IFN-� activation of signal transducer, and
activator transcription factor 1 (STAT1) (21) and IL-4 activa-
tion of STAT4 (22) have all been shown to play crucial roles
in the development of liver injury in Con A-induced hepatitis.
In contrast, IL-6 activation of STAT3 is protective against liver
injury (21). After activation of various signals, a wide variety
of chemokines and adhesion molecules are induced and con-
sequently attract infiltrating granulocytes, resulting in massive
inflammation and necrosis (4, 22, 43). Recently, it has been
shown that natural killer T (NKT) cells are essential for Con
A-induced T cell hepatitis via expression of Fas ligand (FasL),
which directly kills hepatocytes (45). To understand the mo-
lecular mechanism by which alcohol consumption enhances
Con A-induced hepatitis, we compared Con A injection-in-
duced activation of NKT cells, signaling pathways, and the
expression of various chemokines and adhesion molecules in
pair- and ethanol-fed mice. Our results show that in ethanol-fed
mice, Con A-induced activation of STAT1 and STAT3 signal-
ing pathways is inhibited, whereas activation of the NF-�B
signaling pathway is enhanced compared with pair-fed mice.
Consistent with the observed upregulation in NF-�B activa-
tion, the expression of various chemokines and adhesion mol-
ecules controlled by NF-�B is enhanced in ethanol-fed mice,
which may be an important mechanism contributing to the
increase in susceptibility of ethanol-fed mice to T cell-medi-
ated hepatitis induced by Con A.
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MATERIALS AND METHODS

Materials. Anti-STAT1, anti-phospho-STAT1 (Tyr701), anti-phos-
pho-STAT3 (Tyr705), anti-STAT3, anti-phospho-ERK1/2, anti-I�B,
and anti-phospho-I�B antibodies were obtained from Cell Signaling
Technology (Beverly, MA).

Mouse models of chronic ethanol consumption and Con A-induced
hepatitis. Male C57BL/6 mice weighing 20–25 g were fed a nutri-
tionally adequate liquid diet containing 5% ethanol or a control diet in
which ethanol was substituted isocalorically with dextrin maltose
(BioServ, Frenchtown, NJ). Both diets were dispensed in glass liquid-
diet feeding tubes (BioServ). Ethanol was introduced gradually by
increasing the content by 1% (vol/vol) every 2 days until the mice
were consuming diets containing 5% (vol/vol) ethanol for 2 or 4 wk.
Subsequently, pair- and ethanol-fed mice were injected intravenously
with Con A. After various time periods, mice were killed and liver
injury was determined.

Initially, male C57BL/6J mice from the Jackson Laboratory (Bar
Harbor, ME) were used in our studies. However, the ethanol-fed
C57BL/6J mice gained less weight than pair-fed mice, and there was
15–20% mortality in the ethanol-fed group during the 4-wk feeding
period. Similar mortality in ethanol-fed C57BL/6J mice was also
reported previously (26). Although there was 15–20% mortality in the
ethanol-fed C57BL/6J mice during the 4-wk feeding period, the
surviving mice after 2- or 4-wk feeding with ethanol were more
susceptible to Con A-induced liver injury compared with pair-fed
mice (data not shown). Then we tested this model in male C57BL/6N
mice from the National Cancer Institute (NCI) (Frederick, MD).
Interestingly, ethanol-fed male C57BL/6N mice and pair-fed mice
gained weight similarly, and none of them died during the 4-wk
feeding period. Therefore, the data from the study of male C57BL/6N
mice (NCI) were reported in this paper.

Isolation and culture of primary mouse hepatocytes. Mice weigh-
ing 20–25 g were anesthetized with pentobarbital sodium (30 mg/kg
ip), and the portal vein was cannulated under aseptic conditions. The
liver was subsequently perfused with an EGTA solution (in mM: 5.4
KCl, 0.44 KH2PO4, 140 NaCl, 0.34 Na2HPO4, 0.5 EGTA, and 25
Tricine, pH 7.2) and DMEM (GIBCO-BRL, Gaithersburg, MD) and
digested with 0.075% collagenase solution. The isolated mouse hepa-
tocytes were then cultured in Hepato-ZYME-SFM media (GIBCO-
BRL) on rat tail collagen-coated plates for 24 h, then in serum-free
DMEM, and they were used to assay for NKT cytotoxicity.

Western blot analysis. Liver tissue extracts were prepared by
homogenation in lysis buffer (30 mM Tris, pH 7.5, 150 mM sodium
chloride, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium or-
thovanadate, 1% Nonidet P-40, 10% glycerol) at 4°C, followed by
centrifugation at 16,000 rpm at 4°C for 10 min. After protein con-
centrations were quantified, the supernatants were mixed in Laemmli
loading buffer, boiled for 4 min, and then subjected to Western blot
analysis. Membranes were blotted against primary antibodies for 16 h,
washed with 0.05% (vol/vol) Tween 20 in PBS (pH 7.4), and incu-
bated with a 1:4,000 dilution of horseradish peroxidase-conjugated
secondary antibodies for 45 min. Protein bands were visualized by the
enhanced chemiluminescence reaction method (Amersham Pharmacia
Biotech, Piscataway, NJ).

Hematoxylin and eosin staining of liver sections. After fixation of
the livers with 4% formalin/PBS, livers were sliced and stained with
hematoxylin and eosin.

Analysis of alanine aminotransaminase and asparate aminotrans-
ferase activities. Liver injury was quantified by measuring plasma
enzyme activities of alanine aminotransaminase (ALT) and aspartate
aminotransferase (AST) using a kit purchased from DREW Scientific
(Cumbria, UK).

Immunohistochemistry. Neutrophils and macrophages in the liver
were detected immunohistochemically using, respectively, anti-neu-
trophil MPO antibody (Lab Vision, Fremont, CA) and anti-F4/80
antibody (Novus Biologicals, Cambridge, UK) as described previ-

ously (22). The numbers of neutrophils in the liver were counted in 10
randomly chosen visual fields (magnification, �200), and the average
of 10 selected microscopic fields was calculated.

Assay of hepatic eosinophil peroxidase activity. Hepatic eosinophil
peroxidase (EPO) activity was measured as described previously (40).
EPO enzymatic activities in hepatic tissues were calculated by sub-
tracting the mean background absorbance and are expressed as a
change at 490 nm absorbance.

RT-PCR

RT-PCR analysis and the sequences of the primers used in the
study were described previously (22, 36). The �-actin gene was
amplified and used as an internal control. The PCR bands were
scanned using a Storm PhosphoImager (Molecular Dynamics, Sunny-
vale, CA).

EMSA. EMSAs were performed in 20-�l volumes with 20 mM
Tris �HCl, pH 7.9, 1.5% glycerol, 50 �g/ml BSA, 1 mM DTT, 0.5 mM
phenylmethylsulfonyl fluoride, 2 �g poly(dI-dC), 1 ng 32P-labeled
probe, and 10 �g nuclear extract. Reactions were incubated at 25°C
for 20 min and subsequently analyzed by electrophoresis through
nondenaturing stock polyacrylamide gels (6 or 10%) in 0.5 � TBE
buffer containing 44.5 mM Tris �HCl, pH 8.2, 44.5 mM boric acid,
and 1 mM EDTA. After the gel was prerun at 100 V for 2 h,
electrophoresis was performed at 270 V for 2 h at 4°C. The gels were
then analyzed using the PhosphorImager ImageQuant program (Mo-
lecular Dynamics). The NF-�B binding site of the double-stranded
oligonucleotide 5�-AGT TGA GGG GAC TTT CCC AGG-3� was
used as a probe to determine NF-�B binding.

Isolation of liver mononuclear cells and adoptive transfer. Pair-
and ethanol-fed mouse livers were removed and pressed through a
200-gauge stainless steel mesh. The liver cell suspension was col-
lected and suspended in RPMI 1640 media (GIBCO-BRL). After
centrifugation at 50 g for 5 min, mononuclear cells (MNC superna-
tant) were separated from parenchymal cells (pellet). MNCs were then
washed in PBS and resuspended in 40% Percoll (Sigma) in RPMI
1640. The cell suspension was gently overlaid onto 70% Percoll and
centrifuged for 20 min at 750 g. MNCs were collected from the
interphase, washed twice in PBS, and resuspended in RPMI 1640.

Adoptive transfer of hepatic MNCs into the liver was performed as
described previously (22).

Cytotoxicity assay. The cytotoxicity of hepatic MNCs against pri-
mary mouse hepatocytes was measured using a 4-h AST release assay as
described previously (22). Briefly, mice were treated with Con A for 2 h,
then hepatic MNCs were isolated and subsequently added to cultured
mouse hepatocytes at the indicated effector-to-target (E/T) ratios. After
4 h, the supernatant was harvested and AST activity was measured. The
specific cytotoxicity was calculated as ASTexperimental 	 ASTspontaneous/
ASTmaximum 	 ASTspontaneous � 100%.

Flow cytometric analysis of NKT cell activation in the liver after
administration of Con A. To compare activation of NKT cells in pair-
and ethanol-fed mice, hepatic MNCs was stained with anti-NK1.1,
anti-CD3, and anti-Fas antibodies (PharMingen, San Diego, CA) and
analyzed through a fluorescent-activated cell sorter (FACScalibur,
Becton Dickinson, Mountain View, CA).

Statistical analysis. For comparing values obtained in three or more
groups, one-factor analysis of variance was used followed by Tukey’s
post hoc test. Statistical significance was taken at the P 
 0.05 level.

RESULTS

Chronic ethanol consumption potentiates T cell-mediated
hepatitis induced by Con A. As shown in Fig. 1, injection of a
low dose of Con A (5 �g/g) failed to induce significant liver
injury in 2- or 4-wk pair-fed groups (Fig. 1, A and B).
However, the same treatment caused severe liver damage in
both 2- and 4-wk ethanol-fed groups, as evidenced by signif-
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icant elevations in serum ALT and AST levels (Fig. 1, A and
B) and massive necrosis in the liver (Fig. 1C). Similarly,
injection of Con A (6 �g/g) did not induce significant liver
injury in 4-wk pair-fed mice but significantly elevated serum
ALT and AST levels in 4-wk ethanol-fed mice (Fig. 1D).

Cytotoxicity of hepatic MNCs against primary hepatocytes is
not enhanced in ethanol-fed mice. The cytotoxicity of hepatic
NKT cells against hepatocytes has been suggested to play an
important role in Con A-induced liver injury (45). Therefore,
we examined whether the cytotoxicity of hepatic MNCs
against hepatocytes was enhanced in ethanol-fed mice as a
potential mechanism for alcohol potentiation of T cell-medi-
ated hepatitis. Three different groups of effectors/targets were
compared. As shown in Fig. 2, MNCs from Con A-treated
pair-fed mice, compared with MNCs from Con A-treated
ethanol-fed mice, showed significantly higher cytotoxicity
against both pair-fed (Fig. 2A) and ethanol-fed mouse hepato-
cytes (B) at a 50:1 E/T ratio. This indicates that the cytotoxicity
of hepatic MNCs from ethanol-fed mice was reduced com-
pared with MNCs from pair-fed mice. Figure 2, A and B, also
showed that hepatocytes from ethanol-fed mice were more
susceptible to MNC killing than from pair-fed mice. As shown
in Fig. 2, A and B, pair-fed MNCs were cytotoxic against 45%

of hepatocytes from ethanol-fed mice compared with only 29%
of pair-fed mouse hepatocytes. Similarly, ethanol-fed liver
MNCs caused cytotoxicity in 25% of ethanol-fed mouse hepa-
tocytes and only 17% of pair-fed mouse hepatocytes. In Fig.
2C, the cytotoxicity of pair-fed mouse MNCs against pair-fed
mouse hepatocytes and ethanol-fed mouse MNCs against eth-
anol-fed mouse hepatocytes was compared, indicating that the
cytotoxicity between these two groups of effectors/targets was
comparable. Taken together, these findings show that increased
hepatic MNC cytotoxicity is not likely responsible for ethanol-
induced potentiation of T cell-mediated hepatitis.

Next, the activity of liver MNCs from pair- and ethanol-fed
mice via adoptive transfer was compared. As shown in Fig. 2D,
adoptive transfer of liver MNCs from ethanol-fed mice induced
higher levels of ALT elevation after Con A injection relative to
adoptive transfer of pair-fed mouse liver MNCs. These find-
ings suggest that chronic ethanol consumption enhances the
sensitivity of liver MNCs to the effects of Con A administra-
tion (P 
 0.05).

Effects of chronic ethanol consumption on NKT cells in Con
A-induced hepatitis. Activation of NKT cells has been sug-
gested to play an important role in Con A-induced liver injury
(45). We wished to examine Con A activation of NKT cells in

Fig. 1. Chronic ethanol (ETOH) consumption potentiates
conconavalin A (Con A)-induced T cell-mediated hepatitis.
A and B: 2-wk pair- and ETOH-fed mice (A), 4-wk pair- and
ETOH-fed mice (B) were injected with Con A (5 �g/g).
After 12 h, serum were collected for alanine aminotranferase
(ALT) and aspartate aminotransferse (AST) assay. C: livers
collected from A were stained with hematoxylin and eosin.
Yellow arrows indicate massive necrosis observed in the
liver. D: 4-wk pair- and ETOH-fed mice were injected with
Con A (6 �g/g). After various time periods, serum were
collected for ALT and AST assays. Values in A, B and D
represent means � SE from 3–11 mice at each time point.
Significant difference from the corresponding pair-fed group
is indicated by * (*P 
 0.05, **P 
 0.01).
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pair- and ethanol-fed mice. As shown in Fig. 3, A and B,
lymphocytes from pair-fed C57BL/6 mouse livers contained
�31.56% NKT cells (gate R2, top-right quadrant), similar to
levels found in normal C57BL/6 mice. The percentage of NKT
cells was slightly but not significantly elevated in ethanol-fed
C57BL/6 mouse livers compared with pair-fed mice. The total
number of NKT cells was similar in ethanol- and pair-fed mice
due to the comparable overall number of hepatic lymphocytes
between these two groups (data not shown). After Con A was
injected, the percentage and number of NKT cells similarly
declined in both groups of pair- and ethanol-fed mice (Fig. 3,
A and B).

Next we examined the expression of FasL on NKT cells,
which has been implicated in Con A-induced T cell hepatitis
(45). As shown in Fig. 3C, 3.83% FasL-positive cells (gate R2,
right panel) were detected in pair-fed mouse liver lympho-
cytes, which was comparable with 2.78% in ethanol-fed group.
After injection of Con A, FasL expression was rapidly elevated
in pair-fed mice and reached to 22.90% 12 h postinjection.
FasL expression was also increased in ethanol-fed mice after
injection of Con A but was not less evident compared with
pair-fed group. These results are consistent with the findings
shown above demonstrating a decrease in cytotoxicity from
hepatic MNCs in ethanol-fed mice (Fig. 2).

Effects of chronic ethanol consumption on infiltration of
leukocytes in T Cell-mediated hepatitis. To further understand
the mechanism responsible for ethanol potentiation of Con
A-induced hepatitis, infiltration of leukocytes into the liver was
compared between pair- and ethanol-fed mice. As shown in
Fig. 4, significant numbers of Kupffer cells were detected in
normal livers. Previously, it was shown (22) that injection of a
high dose of Con A (16 �g/g) rapidly and markedly caused
Kupffer cell death. Injection of a low dose of Con A (5 �g/g)
failed to cause Kupffer cell death in pair-fed mice (Fig. 4A). In
contrast, the same treatment caused massive Kupffer cell death
in ethanol-fed mice (Fig. 4A).

Before Con A stimulation, there were no significant neutrophils
detected in the livers of pair- and ethanol-fed mice (Con A, 0 h in
Fig. 4B). Con A administration caused significant infiltration of
neutrophils in the livers 12 h postinjection. Such infiltration was
significantly higher in ethanol-fed mice compared with pair-fed

mice (Fig. 4B; P 
 0.05). Injection of Con A also caused
significant elevation of hepatic EPO activity (Fig. 4C), suggesting
eosinophils infiltrate the livers. Con A injection-induced elevation
of hepatic EPO activity was much higher in ethanol-fed mice than
that in pair-fed mice (P 
 0.05; Fig. 4C).

Effects of chronic ethanol consumption on multiple signals
in T cell-mediated hepatitis. The activation of multiple signals
has been implicated in the development and progression of T
cell-mediated hepatitis (21, 22, 48, 50). Therefore, Con A-me-
diated activation of these signals between pair- and ethanol-fed
mice was compared. As shown in Fig. 5A, injection of Con A
induces activation of STAT1 and STAT3 in the livers of
pair-fed mice, as evidenced by the detection of phosphorylated
STAT1 and STAT3. Such activation was markedly suppressed
in ethanol-fed mice. STAT1 protein expression was also in-
duced after injection of Con A, which was less evident in the
ethanol-fed group relative to the pair-fed group. Similar
STAT3 protein expression was detected in both Con A-treated
pair- and ethanol-fed groups. Furthermore, Con A injection
also caused activation of ERK1/2 in the liver; such activation
was significantly enhanced in the ethanol-fed group compared
with the pair-fed group (Fig. 5A).

Next, NF-�B activation was determined by using gel mobility
shift assay. As shown in Fig. 5B, Con A injection was shown to
induce NF-�B binding in pair-fed mice, with peak effect occur-
ring at 1 h, whereas significantly higher and prolonged NF-�B
binding was observed in ethanol-fed mice. Consistent with the
results of the gel mobility shift assay, Western blot analysis
showed that I�B was rapidly phosphorylated after injection of
Con A in pair-fed mice, and this phosphorylation was much
higher and prolonged in ethanol-fed mice (Fig. 5C). The I�B
protein was rapidly degraded 1 h after Con A injection and
recovered to normal levels at 3 h in pair-fed mice (Fig. 5C). In
ethanol-fed mice, injection of Con A also caused rapid degrada-
tion of I-�B protein at 1 h, but the I-�B protein was not com-
pletely recovered until 12 h later (Fig. 5C).

Effects of chronic ethanol consumption on expression of
chemokines and adhesion molecules in T cell-mediated hepa-
titis. The above data demonstrate that ethanol consumption
regulates activation of various signaling pathways during T
cell-mediated hepatitis. Next, we examined whether Con

Fig. 2. Effects of chronic ETOH consumption on the cy-
toxicity of hepatic lymphocytes against primary hepato-
cytes. A, B and C: hepatic mononuclear cells (MNCs) were
isolated from pair-fed (pfMNC) or ETOH-fed (ethMNC),
and their cytotoxicity was tested against pair-fed mouse
hepatocytes (pfHep) or ETOH-fed mouse hepatocytes
(ethHep) at the indicated effector-to-target (E/T) ratios as
described in MATERIALS AND METHODS. Values are shown as
means � SE from 3 mice at each time point. *P 
 0.05
compared with corresponding ETOH. MNC groups. D:
adoptive transfer of ETOH-fed mouse MNCs potentiates
Con A-induced liver injury compared with transfer of pair-
fed mouse MNCs. Total hepatic MNCs (5 � 106 cells)
isolated from pair- or ETOH-fed mice were injected into the
livers of C57BL/6 mice, followed by intravenous injection
of Con A (5 �g/g). Serum ALT levels were measured 9 h
later. Values are shown as means � SE from 3 independent
experiments. *P 
 0.05 compared with the group trans-
ferred with pair-fed mouse MNCs.
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A-induced expression of various chemokines and adhesion
molecules, which are controlled by these signaling path-
ways, is regulated in ethanol-fed mice compared with pair-
fed mice. As shown in Fig. 6A, Con A injection induced
expression of various chemokines and adhesion molecules
in the liver, with peak effect between 1 and 6 h. Compared
with pair-fed mice, Con A induction of VCAM-1, ICAM-1,
Eotaxin-1, Eotaxin-2, macrophage inflammatory protein
(MIP)-1�, MIP-1�, MIP-2, and MCP-1 in ethanol-fed mice
was prolonged, whereas induction of MIG and IP-10 was
decreased. To further confirm the prolonged induction of
these chemokines and adhesive molecules, we compared
and quantified their expression at the 12-h point after Con A
injection. As shown in Fig. 6, B and C, induction of
ICAM-1, MIP-1�, MIP-1�, MIP-2, and MCP-1 was signif-
icantly potentiated in ethanol-fed mice compared with that
in pair-fed mice 12 h after injection of Con A, whereas
induction of MIG was decreased.

DISCUSSION

In this paper, we demonstrated that chronic ethanol con-
sumption markedly potentiates T cell-mediated hepatitis in-
duced by injection of Con A in mice. Furthermore, it was
determined that ethanol potentiation of T cell-mediated hepa-
titis is due mainly to enhancing the NF-�B signaling pathway
and the subsequent induction of NF-�B-controlled chemokines
and adhesion molecule expression in the liver. As shown in
Fig. 5, B and C, NF-�B binding, I�B phosphorylation, and I�B
degradation after Con A injection were significantly enhanced
in ethanol-fed mice compared with pair-fed mice. Consistent
with this finding, ICAM-1, MIP-1�, MIP-1�, MIP-2, and
MCP-1 expression, which are controlled by NF-�B (11, 18,
37), are significantly prolonged in ethanol-fed mice after Con
A injection compared with pair-fed mice. It has been reported
(31, 32) that ethanol consumption causes activation of NF-�B
and subsequent induction of chemokines and adhesion mole-

Fig. 3. Effects of chronic ETOH consump-
tion on activation of natural killer T (NKT)
cells and expression of Fas ligand (FasL) on
NKT cells after administration of Con A.
Pair- and ETOH-fed mice were injected with
Con A (5 �g/g). After 3, 6, or 9 h, hepatic
lymphocytes were isolated. The surface ex-
pression of NK1.1�CD3� (A) and
NK1.1�FasL� (C) was analyzed by flow
cytometry. A representative example of 3
independent experiments is shown. The top
right quadrant (gate R2) in A shows
CD3�NK1.1� double-positive cells (% of
the total hepatic MNCs), which was summa-
rized in B. The right panel in C (gate R2)
shows FasL� positive cells (% of the total
hepatic MNCs), which was summarized in
D. Values in B and D are shown as means �
SE from 3 mice at each time point. *P 

0.01 compared with corresponding pair-fed
groups.
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cules in rodent livers as well as in monocytes from human
patients with alcoholic hepatitis. For example, Nanji et al. (33)
reported that intragastric feeding of an ethanol diet with fish oil
or corn oil induced significant activation of NF-�B and induc-
tion of regulated on activation normal T-expressed and pre-
sumably secreted, MCP-1, MIP-1�, MIP-2, IP-10, cytokine-
induced neutrophil chemoattractant, and ENA-78 in the livers
of rats compared with feeding rats with an ethanol diet con-
taining saturated fatty acids. The activation of NF-�B and
induction of chemokines and adhesion molecules strongly
correlated with liver inflammation and injury in this intragas-

tric model (33). The activation of NF-�B in monocytes was
also reported in human alcoholic liver disease (20). Addition-
ally, the critical role of NF-�B activation in alcoholic liver
injury has been clearly demonstrated through delivery of the
adenoviral I�B super-repressor gene, which reduced early
alcohol-induced liver injury in rats (49). However, the mech-
anisms underlying ethanol-mediated activation of NF-�B are
not fully understood. Recent data (31, 44) show that alcohol
exposure elevates TNF-� levels, which are mediated via mul-
tiple mechanisms including potentiation of LPS-activated
ERK1/2-Egr-1 signal pathway, stabilization of TNF-� mRNA

Fig. 4. ETOH consumption potentiates Con A injection-mediated infiltration of neutrophils and eosinophils in the liver. A: pair-
and ETOH-fed mice were injected with Con A (5 �g/g) for 12 h. Liver sections were prepared and subjected to immunohisto-
chemistry using anti-F4/80 antibodies to detect macrophages. B: liver sections in A were also immunostained with anti-MPO
antibody to detect neutrophils. Ten fields were randomly selected, and positive cells were counted. Values are shown as means �
SE from 5 mice at each time point. *P 
 0.05 compared with corresponding pair-fed groups. C: pair- and ETOH-fed mice were
injected with Con A (5 �g/g) for 12 h. Hepatic eosinophil peroxidase activities were measured. Values are shown as means � SE
from 5 mice at each time point. *P 
 0.01 compared with pair-fed group.

Fig. 5. Chronic ETOH consumption dysregulates STATs and
NF-�B signaling pathways in T cell-mediated hepatitis induced
by Con A. A: pair- and ETOH-fed mice were injected with Con
A (5 �g/g) at various time points; total liver protein extracts
were immunoblotted using various antibodies as indicated. B
and C: activation of NF-�B was measured by using gel mobility
shift analysis of NF-�B binding (B) and Western blot analysis
of I�B phosphorylation (pI-�B) and I�B degradation (C). In B,
100-fold cold NF-� probe was included in the gel shift binding
assay. Data in A-C are representatives of 3 independent exper-
iments with similar results.
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(23, 24, 42), and induction of oxidative stress (1, 51). Hence,
elevated levels of TNF-� could be an important mechanism
contributing to NF-�B activation. Here, we showed that ex-
pression of TNF-� mRNA was significantly higher 3 h after
injection of Con A in ethanol-fed mice compared with pair-fed
mice (Fig. 6A), suggesting that ethanol potentiated NF-�B
activation in T cell-mediated hepatitis, partly mediated via an
increase in TNF-� production.

Activation of hepatic NKT cytotoxicity through expression
of FasL against hepatocytes has also been shown to play an
important role in Con A-induced liver injury (45). Our results
in this paper showed that the cytotoxicity of hepatic NKT cells
from ethanol-fed mice against hepatocytes from the same mice
was similar to the cytotoxicity of hepatic NKT cells from
pair-fed mice against hepatocytes from pair-fed mice (Fig. 2C),
suggesting that ethanol potentiation of T cell-mediated hepa-
titis is not through enhancing NKT cell cytotoxicity. Further
investigation showed that the cytotoxicity of ethanol-fed
mouse liver NKT cells was lower than that of pair-fed mouse
liver NKT cells, because the ability of ethanol-fed mouse liver
NKT cells to kill the same target cells significantly decreased
compared with NKT cells from pair-fed mouse liver. This is
likely due to a downregulation of FasL expression in NKT cells
after injection of Con A from ethanol-fed mice compared with
pair-fed mice (Fig. 3, C and D). Moreover, hepatocytes from
ethanol-fed mice were more susceptible to NKT cell killing
compared with pair-fed mouse hepatocytes. Although the cy-
totoxicity of liver MNCs is not enhanced in ethanol-fed mice
(Fig. 2), adoptive transfer of liver MNCs from ethanol-fed
mice, compared with transfer of pair-fed liver MNCs, en-

hanced Con A-induced liver injury (Fig. 2D). Similarly, Cao et
al. (7) reported that transfer of liver-associated T cells from
ethanol-fed rats potentiated Con A-induced liver injury com-
pared with cell transfer from pair-fed rats, which is likely
mediated by enhanced TNF-� production. Taken together,
these findings suggest that ethanol consumption may dysregu-
late liver MNCs, such as enhancing TNF-� production, and
consequently T cell-mediated hepatitis is enhanced.

In contrast to potentiation of NF-�B signaling pathway,
ethanol consumption decreased Con A-mediated activation of
multiple STATs in the liver compared with pair-fed mice. As
shown in Fig. 5A, injection of Con A caused activation of
STAT1 and STAT3 in the livers of pair-fed mice, which was
significantly decreased in ethanol-fed mice. Previously, it was
shown that acute and chronic ethanol exposure inhibited IL-6
activation of STAT3 and IFN-� activation of STAT1, which is
partly mediated via activation of ERK1/2 and PKC (9, 10, 34).
Here, we also showed that activation of ERK1/2 is significantly
higher in ethanol-fed mice after Con A injection compared
with pair-fed mice, suggesting that enhanced ERK1/2 activa-
tion could be involved in the downregulation of STAT activa-
tion in ethanol-fed mice. Activation of IL-6/STAT3 has been
shown to protect against liver injury in Con A-induced T cell
hepatitis (21); thus downregulation of STAT3 signaling may
also contribute to ethanol potentiation of Con A-induced liver
injury.

T cell-mediated immune responses have been implicated in
the pathogenesis of a variety of human liver disorders (3, 19,
25) including autoimmune liver disease (29) and viral hepatitis
(8, 38). Our findings here show that chronic ethanol consump-

Fig. 6. Effects of ETOH feeding on expression of chemokines,
cytokines, and adhesion molecules in T cell-mediated hepatitis
induced by Con A. A: pair- and ETOH-fed mice were injected
with Con A (5 �g/g) for various time points. Total RNA
samples were prepared and subjected to RT-PCR using various
primers as indicated. B: pair-fed mice (n  5) and ETOH-fed
mice (n  4) were injected with Con A (5 �g/g) for 12 h. Total
RNA samples were prepared and subjected to RT-PCR using
various primers as indicated. C: the band densities in B blots
were quantified, and the relative intensity to �-actin is shown.
Values are shown as means � SE from 5 mice in the pair-fed
group and 4 mice in ETOH-fed group. *P 
 0.05, **P 
 0.01
compared with pair-fed groups. MIP, macrophage inflamma-
tory protein.
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tion potentiates Con A-induced T cell-mediated hepatitis in
mice via dysregulation of cytokine signals such as stimulation
of NF-�B signaling but inhibition of STAT signaling. Chronic
alcohol consumption likely also dysregulates these cytokine
signals and accelerates the development and progression of T
cell-mediated injury in human liver diseases.
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