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Abstract
Background and Aims—Signal transducer and activator of transcription 3 (STAT3) is known to
be activated in human alcoholic liver disease, but its role in the pathogenesis of alcoholic liver injury
remains obscure.

Methods—The role of STAT3 in alcoholic liver injury was investigated in hepatocyte-specific
STAT3 knockout (H-STAT3KO) mice and macrophage/neutrophil-specific STAT3 KO (M/N-
STAT3KO) mice. Alcoholic liver injury was achieved by feeding mice with a liquid diet containing
5% ethanol for up to 8 weeks.

Results—Compared to wild type mice, feeding H-STAT3KO mice with an ethanol containing diet
induced greater hepatic steatosis, hypertriglyceridemia, and hepatic expression of lipogenic genes
(SREBP1, FAS, ACC1, and SCD1), but less inflammation and lower expression of hepatic
proinflammatory cytokines. In contrast, ethanol-fed M/N STAT3KO mice showed more hepatic
inflammation, worse injury, and elevated hepatic expression of proinflammatory cytokines compared
with wild-type mice. Kupffer cells isolated from ethanol-fed H-STAT3KO mice produced similar
amounts of ROS and TNF-α, while Kupffer cells from M/N-STAT3KO mice produced more ROS
and TNF-α compared with wild-type controls.

Conclusions—These findings suggest that STAT3 regulates hepatic inflammation in a cell type-
dependent manner during alcoholic liver injury: STAT3 in hepatocytes promotes whereas STAT3
in macrophages/Kupffer cells suppresses inflammation. In addition, activation of hepatocellular
STAT3 ameliorates alcoholic fatty liver via inhibition of SREBP1c expression.
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Introduction
Alcohol drinking is a major etiologic factor in chronic liver disease worldwide, causing fatty
liver, alcoholic hepatitis, cirrhosis, and/or hepatocellular carcinoma.1, 2 In the last few decades,
major progress has been made in our understanding of the molecular mechanisms underlying
alcoholic liver injury. These mechanisms include alcohol-induced hepatotoxicity and oxidative
stress, as well as complex interactions between alcohol metabolism, various hepatic cells,
multiple cytokines, and the immune system.3–8 Studies using animal models suggest that
alcohol intake permeabilizes the gut resulting in elevated hepatic endotoxin levels, which is
followed by activation of hepatic macrophages/Kupffer cells. Activated macrophages/Kupffer
cells generate oxidative stress and produce a variety of soluble factors and cytokines.9 Among
them, tumor necrosis factor α (TNF-α) is considered one of the most important cytokines
involved in the pathogenesis of alcoholic liver injury, with evidence showing that disruption
of the TNF-αR1 gene or treatment with a TNF-α neutralizing antibody reduces alcoholic liver
injury in mice.10, 11 In contrast, adiponectin and interleukin-6 (IL-6) have been shown to
protect against alcoholic liver injury.12–16 For example, genetic ablation of the IL-6 gene
enhanced alcohol-induced liver injury, whereas IL-6 treatment ameliorated alcoholic liver
injury and alcoholic fatty liver transplant.14–16 The important role of IL-6 in hepatoprotection
has also been demonstrated in experimental models of liver injury induced by partial
hepatectomy, concanavalin A, Fas agonist (Jo2), high fat diet, hepatotoxins, etc. (see
review17), as well as in chronic human liver disease.18.

The hepatoprotective action of IL-6 is mainly mediated via STAT3 activation. In addition to
IL-6, many other factors and cytokines activate STAT3 in the liver, including IL-22, IL-10,
EGF, and hepatitis viral proteins.17 Activation of STAT3 in hepatocytes has been reported in
virtually all models of liver injury17 and has been shown to contribute to acute phase responses,
19 liver regeneration,20, 21 amelioration of liver injury,22–24 regulation of gluconeogenesis
and carbohydrate metabolism.25 Activation of STAT3 has also been reported in chronic human
alcoholic hepatitis and alcoholic cirrhosis.26, 27 However, the role of STAT3 in alcoholic liver
disease remains elusive. In this study, we explored the functions of STAT3 in alcoholic liver
injury using hepatocyte-specific STAT3 knockout (H-STAT3KO) mice and macrophage/
neutrophil-specific STAT3 knockout (M/N-STAT3KO) mice. Our findings suggest that in
hepatocytes, STAT3 plays an important role in inhibiting steatosis but promoting
inflammation, while in macrophages STAT3 activation inhibits liver inflammation during
chronic alcoholic liver injury.

Methods and Materials
Mice

STAT3flox/flox mice were developed as described previously.28 Hepatocyte-specific
STAT3KO (H-STAT3KO)(STAT3flox/floxAlbCre+/−) mice were generated by crossing
STAT3flox/flox mice with albumin-promoter Cre transgenic mice (the Jackson Laboratory, Bar
Harbor, Maine). STAT3flox/floxAlbCre−/− mice were used as littermate wild-type (WT)
controls.

Macrophage/neutrophil-specific STAT3KO (STAT3flox/floxLysCre+/−)(M/N-STAT3KO)
mice were generated by crossing STAT3flox/flox mice with lysozyme M-promoter Cre
transgenic mice (the Jackson Laboratory). M/N-STAT3KO mice were fed a regular chow. A
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small percentage of M/N-STAT3KO mice developed colitis after 12 weeks. Mice with obvious
symptoms of colitis were removed from the study. STAT3flox/floxLysMCre−/− mice were used
as littermate WT controls. M/N-STAT3KO mice have been proven to be a valuable tool for
conditional knockout of the STAT3 gene in monocytes/macrophages and neutrophils.29.

Other Materials and Methods
Other materials and methods are described in the supporting document. These include: mouse
model for chronic ethanol consumption, blood chemistry, hepatic lipid contents, histology,
immunohistochemistry, Oil red O staining lipid content, serum cytokine levels, Western
blotting, isolation of hepatocytes and Kupffer cells, measurement of reactive oxidative species
(ROS), semiquantitive RT-PCR, real-time PCR, lipopolysaccharide (LPS) stimulation of
Kupffer cells and TNF-α production. Flow cytometric analysis. Primers used in RT-PCR and
real-time PCR are listed in the supporting document.

Statistical Analysis
Data are expressed as means ± SD. To compare values obtained from 2 groups, the Student t
test was performed. To compare values obtained from three or more groups, 1-factor analysis
of variance (ANOVA) was used, followed by Tukey's post hoc test. Statistical significance
was taken at the P <0.05 level. The statistical comparisons between pair-fed knockout mice
and pair-fed WT mice or between ethanol-fed knockout and ethanol-fed WT mice are shown
in the Fig. 1–Fig. 7. The statistical comparisons between pair-fed and ethanol-fed WT mice or
between pair-fed and ethanol-fed knockout mice are shown in sFig. 1–sFig. 7 in supporting
materials.

Results
H-STAT3KO mice are more susceptible to ethanol-induced fatty liver

Fig. 1A documents the complete loss of STAT3 protein expression in hepatocytes from H-
STAT3KO mice, confirming the deletion of STAT3 in these cells. Weak expression of the
STAT3 protein in whole liver tissue of H-STAT3KO mice in Fig. 1A is probably due to the
expression of STAT3 in nonparenchymal cells. Expression of STAT1 protein was slightly
higher in H-STAT3KO mice compared with WT mice, and was further increased after ethanol
feeding. Expression of CYP2E1 was similar in H-STAT3KO and WT mice and, as expected,
was elevated after ethanol feeding (Fig. 1A). Next, the effects of alcohol feeding on liver injury
were compared in H-STAT3KO mice and WT controls. As shown in Fig. 1B, serum ALT and
AST levels were similar in H-STAT3KO and WT mice, and higher in the ethanol-fed groups
than in the respective pair-fed groups. H&E and oil-red-O staining revealed greater steatosis
(fat deposition) in the livers of H-STAT3KO mice compared with WT mice after ethanol
feeding (Fig. 1C), which was also confirmed via biochemical analyses (Fig. 1D). Furthermore,
ethanol-fed H-STAT3KO mice showed significantly higher triglyceride levels in the serum
than corresponding WT controls (Fig. 1E). In contrast, no significant difference was found in
cholesterol levels in the liver and serum between ethanol-fed H-STAT3KO and WT mice,
although alcohol feeding increased the amount of cholesterol (Fig. 1D).

To examine the time course of liver injury, we also investigated the effects of ethanol feeding
for various weeks in H-STAT3KO and WT mice. There was no difference in serum ALT and
AST levels between these 2 groups (Fig. 1B), while the hepatic and serum triglyceride levels
were significantly higher in H-STAT3KO mice at 2, 4, and 8 weeks post ethanol feeding (Fig.
1D–E). Levels of hepatic cholesterol and serum cholesterol, glucose, and insulin were similar
in these 2 groups at all time points post ethanol feeding (Fig. 1D and sFig. 8).
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Ethanol upregulates the expression of lipogenic genes in H-STAT3KO mice
To identify the mechanism by which ethanol induces more steatosis in H-STAT3KO mice than
in WT mice, we profiled the expression of a group of fat metabolism-related genes. As shown
in Figs. 2A–B, mRNA expression of SREBP1c and the SREBP1c-regulated genes, FAS, ACC1,
and SCD1, were higher in ethanol-fed H-STAT3KO mice than in WT mice. Expression of
CPT1 and PPARα mRNA, which accelerate fatty acid lipid oxidation, was also upregulated in
ethanol-fed H-STAT3KO mice compared to WT groups. Upregulation of SREBP1c protein
was further confirmed by Western blotting. As shown in Figs. 2C–D, consistent with previous
reports,30 ethanol feeding increased mature form of nuclear SREBP1c protein expression
about 2 fold in WT (white bars). Interestingly, the same feeding increased expression of nuclear
SREBP1 protein about 10 fold in H-STAT3KO mice (grey bars). As expected, nuclear pSTAT3
protein was much lower in H-STAT3 KO mice than in WT mice (Fig. 2C).

In contrast, expression of gluconeogenesis-related genes such as PCK1, G6PC, and PGC-1α
was similar in pair- and ethanol-fed WT and H-STAT3KO mice (Fig. 2A). Finally, there was
no significant difference in phospho-AMPKα expression between H-STAT3KO and WT mice;
however, ethanol feeding increased phospho-AMPKα levels relative to the control diet (Figs.
2E–F).

H-STAT3KO mice are resistant to ethanol-induced hepatic inflammation, expression of pro-
inflammatory cytokines and chemokines

Ethanol feeding increased the number of inflammatory foci and neutrophils (myeloperoxidase
[MPO]+ cells) in both H-STAT3KO and WT mice, but such increase was less pronounced in
H-STAT3 KO mice (Fig. 3A). This suggests that H-STAT3KO mice are not similarly prone
to inflammation as WT mice after ethanol feeding.

Expression of CCR2 and F4/80, markers for monocytes and macrophages, respectively, were
examined to detect the infiltration of monocytes/macrophages. As shown in Fig. 3B, expression
of CCR2 and F4/80 increased after ethanol feeding in WT mice, but such increase was less
evident in H-STAT3KO mice. Taken together, this implies that ethanol-induced infiltration of
inflammatory cells is attenuated in H-STAT3KO mice.

Expression of a variety of proinflammatiory cytokines in the liver was examined by real-time
PCR. As shown in Fig. 3C, ethanol feeding increased the hepatic expression of several
proinflammatory cytokines and chemokines in WT mice (white bars); however, such increase
was not observed, or was less pronounced, in H-STAT3KO mice (grey bars). In contrast,
ethanol decreased hepatic IFN-γ mRNA expression in both WT and H-STAT3KO mice.
Moreover, ethanol feeding decreased slightly the expression of hepatic complement 3 (C3) and
C5 mRNA expression in WT mice, and the decrease in C5 was more pronounced in H-
STAT3KO mice after ethanol feeding (Fig. 3C).

Serum levels of several proinflammatory cytokines were also examined. As shown in Fig.
3D, ethanol increased serum levels of TNF-α and IL-12p70, but decreased IFN-γ and MCP-1
in WT mice. No significant differences were found in TNF-α, IFN-γ, IL12p70 and MCP1 levels
between WT and H-STAT3KO mice. Serum levels of IL-6 and IL-10 were under the assay
detection limits in each group (data not shown).

Kupffer cells from ethanol-fed H-STAT3KO mice and WT mice respond similarly to LPS
stimulation

Fig. 4A shows that ethanol feeding induces ROS production by hepatocytes and Kupffer cells
in WT mice. In hepatocytes from H-STAT3KO mice, ethanol-induced ROS was reduced, while
Kupffer cells from WT and H-STAT3KO mice produced similar levels of ROS after ethanol
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feeding. Moreover, Kupffer cells from ethanol-fed mice produced higher basal levels of TNF-
α compared with pair-fed mice (Fig. 4B). Production of TNF-α by Kupffer cells from ethanol-
fed mice further increased with LPS treatment. This increase was less evident in Kupffer cells
from pair-fed mice, in agreement with previous findings that ethanol increases Kupffer cell
sensitivity to LPS stimulation due to increased expression of the LPS receptor, CD14, after
ethanol feeding.31 There was no difference in TNF-α production by Kupffer cells from either
WT or H-STAT3KO mice (Fig. 4B).

M/N-STAT3 KO mice are more susceptible to ethanol-induced hepatic injury and
inflammation

Fig. 5A shows STAT3 protein expression was markedly reduced in peritoneal macrophages
and hepatic macrophages/Kupffer cells from M/N-STAT3KO mice. The significant reduction
of STAT3 activation (pSTAT3) in hepatic macrophages/Kupffer cells was also confirmed by
flow cytometric analyses (sFig. 10). Fig. 5B shows that ethanol feeding elevated serum ALT/
AST levels in both M/N-STAT3KO and WT groups, such increase was more evident in the
M/N-STAT3KO group (grey bars). Although liver histology showed similar levels of fat
deposition, greater inflammation was observed from livers of ethanol-fed M/N-STAT3KO
versus WT mice (Fig. 5C). The similar levels of hepatic fat deposition in these 2 groups were
further confirmed by measurement of lipid contents (Fig. 5D). Serum levels of triglyceride,
cholesterol, glucose, and insulin were also similar in M/N-STAT3KO and WT mice (sFig. 9).
Finally, more hepatic inflammation in M/N-STAT3KO versus WT mice was further
demonstrated by increased numbers of inflammatory foci and neutrophils, and increased
expression of CCR2 and F4/80 mRNA (Figs. 5E–F).

Upregulation of proinflammatory cytokines and chemokines in the liver and serum of
ethanol-fed M/N-STAT3KO versus WT mice

Fig. 6A shows that in pair-fed groups, basal levels of various hepatic pro-inflammatory
cytokines and chemokines were higher in M/N-STAT3KO than in WT mice. Ethanol feeding
slightly increased the expression of all of those cytokines and chemokines in WT mice, but
dramatically increased their expression levels in M/N-STAT3KO mice. Interestingly, ethanol
feeding decreased hepatic expression of IFN-γ in M/N-STAT3KO mice. Similarly, in pair-fed
mice, serum levels of TNF-α, IFN-γ, and IL-6 were higher in M/N-STAT3KO than in WT
mice (Fig. 6B). Ethanol feeding further increased TNF-α and IL-6 but decreased IFN-γ serum
levels in M/N-STAT3KO mice (Fig. 6B).

Ethanol feeding induces greater production of ROS and TNF-α in Kupffer cells from M/N-
STAT3KO compared to WT mice

Ethanol feeding enhanced ROS production by hepatocytes and Kupffer cells in WT mice (white
bars in Fig. 7A). Basal levels of ROS production in pair-fed groups were higher in hepatocytes
and Kupffer cells from M/N-STAT3KO compared with WT mice. The high basal levels of
ROS found in M/N-STAT3KO mice were further increased after ethanol feeding. Similarly,
as shown in Fig. 7B, ethanol feeding increased basal and LPS-stimulated TNF-α production in
Kupffer cells from WT mice (white bars), whereas in M/N-STAT3KO mice it only enhanced
TNF-α production stimulated by 10 but not by 1 ng/mL of LPS, probably due to the very high
basal levels of TNF-α (grey bars). Finally, basal and LPS-stimulated TNF-α production by
Kupffer cells was greater in M/N-STAT3KO than in WT mice in pair-fed or ethanol-fed groups
(grey bars vs. white bars).

Discussion
It is widely accepted that chronic alcohol consumption permeabilizes the gut, leading to the
accumulation of endotoxins in the liver. These endotoxins activate macrophages/Kupffer cells
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produce ROS and a variety of soluble factors and cytokines (eg, TNF-α), precipitating liver
injury.9 It is also known that endotoxin-activated macrophages/Kupffer cells produce IL-6 and
IL-10, which in turn activate STAT3 in hepatocytes and macrophages/Kupffer cells. Indeed,
STAT3 activation was detected in human alcoholic hepatitis and alcoholic cirrhosis.26,27 The
present findings suggest that during alcoholic liver injury, activation of STAT3 in hepatocytes
serves a compensatory role in preventing fatty liver, but also has a detrimental effect in
promoting inflammation, whereas in macrophages/Kupffer cells the same STAT3 activation
has antinflammatory effects. We have integrated these findings in a new model (summarized
in Fig. 8) that depicts the role of STAT3 in alcoholic liver injury.

Hepatic STAT3 promotes lipolysis in ethanol-induced fatty liver
Changes in liver histology and serum biochemistry shown in Fig. 1 clearly illustrate that H-
STAT3KO mice are more prone to develop ethanol-induced fatty liver. Several lines of
evidence suggest that the greater steatosis in H-STAT3KO mice is due to increased triglyceride
synthesis. First, both serum and hepatic levels of triglyceride were higher in H-STAT3KO than
in WT mice after ethanol feeding, while levels of cholesterol were similar (Fig. 1 and sFig. 8).
Second, expression of SREBP1c, a key regulator of fatty acid synthesis,32 was higher in the
livers of H-STAT3KO than WT mice after ethanol feeding. Consistently, SREBP1-controlled
lipogenic genes (eg, FAS, SCD1, ACC1) were also more highly expressed in the livers of
ethanol-fed H-STAT3KO versus WT mice. The important role of SREBPs in the development
of fatty liver has been well documented.33, 34 Thus, activation of SREBP-1 in H-STAT3KO
mice likely contributes to the increased steatosis in these mice after ethanol feeding.
Furthermore, it has been reported that insulin and glucose induce expression of SREBPs;
however, serum levels of insulin and glucose were similar in H-STAT3KO and WT mice after
being fed an ethanol diet, suggesting that higher levels of SREBP1 in H-STAT3KO occur
independently of insulin and glucose. Moreover, transfection with STAT3 has been shown to
inhibit SRBEP1 promoter activity in hepatic cells,35 suggesting that STAT3 directly attenuates
SREBP1c gene transcription, consequently inhibiting fatty acid synthesis and the development
of fatty liver during ethanol feeding. The protective role of STAT3 in fatty livers has also been
suggested in several models of nonalcoholic fatty liver diseases.15, 25 Collectively, hepatic
STAT3 activation ameliorates alcoholic and nonalcoholic fatty livers. Interestingly, hepatic
STAT3 signaling is impaired in ethanol-36 or high fructose diet-induced steatosis,37
suggesting that impaired STAT3 signaling could accelerate the development of hepatic
steatosis in ethanol or high fructose-induced liver injury.

STAT3 in hepatocytes acts as a pro-inflammatory signal during alcoholic liver injury
Although H-STAT3KO mice had greater steatosis than WT mice after ethanol feeding, they
had less inflammation in the liver compared to the WT control group. Compared with ethanol-
fed WT mice, the number of inflammatory foci and neutrophils, and expression of
proinflammatory cytokines and chemokines in the liver were lower in ethanol-fed H-
STAT3KO mice (Fig. 3). In addition, expression of C3 and C5, two complement components
that contribute to inflammation and steatosis in alcoholic liver injury,38 was also lower in H-
STAT3KO mice compared to WT mice after ethanol feeding. These findings clearly suggest
that STAT3 activation in hepatocytes is a proinflammatory signal during ethanol-induced liver
injury. However, the mechanism by which STAT3 functions as a proinflammatory signal in
hepatocytes is not clear. Previous studies suggest that IL-6/STAT3 stimulates inflammation
via induction of MCP-1, ICAM-1, and VEGF, and subsequent inhibition of macrophage
infiltration in murine models of spinal injury39 and in laser-induced choroidal
neovascularization.40 Here we have shown that expression of MCP-1, MIP-1, and MIP-2 is
lower in ethanol-fed H-STAT3KO compared with WT mice (Fig. 3), suggesting that STAT3
in hepatocytes is involved in the induction of proinflammatory cytokines and chemokines,
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followed by increased monocyte/macrophage infiltration into the liver, leading to more
inflammation.

It is generally believed that accumulation of triglycerides in the hepatocyte is the first step,
which leads to inflammation and acts as “lipotoxicity”, in alcoholic liver injury as well as in
non-alcoholic liver injury.41 However, in our model, ethanol-fed H-STAT3KO mice had more
steatosis than WT mice, but the degree of liver injury was unexpectedly similar in these 2
groups, suggesting that steatosis and injury may be independent. This notion was also supported
by several other recent studies. For example, Pritchard et al. reported that C3 KO mice had less
steatosis but more liver injury, while C5 KO mice had more steatosis but less liver injury in a
model of alcohol feeding.38 Moreover, Yamaguchi et al. reported that inhibition of triglyceride
synthesis improved steatosis but exacerbated liver damage and fibrosis.42 These findings
suggest that steatosis may not be necessarily correlated with the liver injury and other factors
may also contribute to liver injury. Indeed, the less severe hepatic inflammation we observed
in ethanol-fed H-STAT3KO compared to wild-type mice may explain why liver injury was
similar in the two strains despite of the greater degree of steatosis in the knockouts.

STAT3 in macrophage acts as an anti-inflammatory signal during alcoholic liver injury
In contrast to hepatocytes, where STAT3 functions as a proinflammatory signal, in
macrophages and neutrophils it acts as an anti-inflammatory signal during alcoholic liver
injury, as suggested by greater inflammation and expression of pro-inflammatory cytokines/
chemokines in the livers of M/N-STAT3KO compared to WT mice (Fig. 5–Fig. 6). M/N-
STAT3KO mice were generated by crossbreeding lysozyme M-Cre mice with
STAT3flox/flox mice. This strategy has been documented to result in the selective deletion of
the STAT3 gene in bone-marrow-derived macrophages and neutrophils,29 which was also
confirmed here (Fig. 5A). However, the efficiency of lysozyme M-Cre recombination-mediated
gene deletion in Kupffer cells is not clear. Maeda et al reported that lysozyme M-Cre
recombination-mediated deletion of IKKβ is efficient in circulating macrophage but not useful
in Kupffer cells.43 However, the Western blot data in Fig. S6 from Dr. Maeda’s paper43
showed that expression of IKKβ protein was significantly lower in Kupffer cells from Lyz-Cre
IKKβFlox/Flox mice, suggesting IKKβ protein was partially deleted in Kupffer cells. Here we
showed that STAT3 expression and activation were markedly reduced in Kupffer cells from
M/N-STAT3KO mice (Fig. 5A and sFig. 10), suggesting that STAT3 is efficiently but not
completely deleted in these cells. The weak STAT3 protein expression detected in these cells
may be due to contamination of some non-macrophages or the heterogeneity of
macrophages44. Taken together, STAT3 likely acts as an anti-inflammatory signal in
macrophages/Kupffer cells in alcoholic liver injury; however, further studies are required to
confirm the absolute role of STAT3 in Kupffer cells using a promoter more specific to Kupffer
cells to achieve cell-specific deletion of the STAT3 gene.

Collectively, STAT3 plays a dual role in regulating inflammation: a proinflammatory effect
in hepatocytes and an anti-inflammatory effect in macrophages in alcoholic liver injury,
suggesting a complex role of STAT3 in regulating inflammation, which has been well
documented in many other models.45,46 These findings lead to the question of what is the net
effect of STAT3 on the hepatic inflammatory response during alcoholic liver injury. Since
macrophages/Kupffer cells play a major role in inducing inflammation in the liver, the anti-
inflammatory effect of STAT3 in macrophages/Kupffer cells likely dominates over the
proinflammatory effect in hepatoctyes. Indeed, hepatic inflammation and expression of
proinflammatory cytokines were reduced by only half in ethanol-fed H-STAT3KO versus WT
mice, but increased by up to 15-fold in ethanol-fed M/N-STAT3KO versus WT controls. In
addition, STAT3 in endothelial cells has been shown to act as an anti-inflammatory signal.
47 Thus, it is likely that the overall effect of STAT3 is anti-inflammatory during alcoholic liver

Horiguchi et al. Page 7

Gastroenterology. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



injury. The next obvious question is how STAT3 exerts opposite effects on inflammation in
hepatocytes and macrophages/Kupffer cells. Both IL-6 and IL-10 activate STAT3, but they
play differing roles, with IL-6 as a proinflammatory cytokine and IL-10 as an anti-inflammatory
cytokine.48, 49 Hepatocytes only express functional receptors for IL-6, but not for IL-10,50
while macrophages/Kupffer cells express functional receptors for both cytokines, which may
partly explain why STAT3 promotes inflammation in hepatocytes, but inhibits it in
macrophages/Kupffer cells during chronic alcoholic liver injury (Fig.8).

Clinical data indicate that STAT3 is activated in alcoholic hepatitis and alcoholic cirrhosis.
26, 27 Compared to viral hepatitis, alcoholic hepatitis presents with greater STAT3 activation,
26 whereas STAT3 activation is less pronounced in alcoholic cirrhosis.27, 51 This suggests
that STAT3 may be more active in the early stages of alcoholic liver disease, but then becomes
suppressed in end-stage disease. The stronger activation of STAT3 in early alcoholic liver
injury (alcoholic hepatitis) may be compensatory to ameliorate fatty liver and inhibit
inflammation, while decreased STAT3 activation in the later stages of alcoholic liver injury
(cirrhosis) could contribute to the progression of chronic alcoholic liver disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
H-STAT3KO mice are more susceptible to ethanol-induced fatty liver. (A) Western blot
analyses of STAT3 protein from the isolated hepatocytes or from the whole liver tissues. (B–
E) WT and H-STAT3KO mice were pair-fed or fed ethanol diet for 4 weeks or various weeks.
Sera were collected for measurement of ALT/AST (B); Liver tissues collected for H&E and
Oil-red O staining (C) and for measurement of hepatic lipid contents (D); (E) Serum triglyceride
levels. Values shown in the left panels B, D, and E, represent 4 week-feeding, in the right panels
represent 1 to 8 week-feeding. The values represent means ± SD (n=6 mice per group in 1 or
8 week groups; n=8 mice per group in 2 week groups; In 4 week groups, n= 8 mice per group
in pair-fed groups, n=15 mice per group in ethanol-fed groups). *P<0.05, **P<0.01 denotes
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significant difference from corresponding ethanol-fed WT groups. H-ST3KO: H-STAT3KO;
TG: triglyceride; Chol.: cholesterol.
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Figure 2.
Upregulation of lipogenic gene expression in ethanol-fed H-STAT3KO mice. Liver samples
from 4 week-fed WT and H-STAT3KO mice in Fig. 1 were used to analyze the expression of
lipid metabolism- and gluconeogenesis-related genes (mRNAs) by semi-quantitative RT-PCR
(A). The densities in panel A were quantified by densitometry (B). (C–D) Expression of nuclear
SREBP1c and pSTAT3 proteins was examined (C) and quantified (D). (E–F) pAMPK and
AMPK proteins in whole liver tissues were examined by Western blotting (E) and quantified
(F). Values in panels B, D, and F represent means ± SD (n= 3–5). *P<0.05, **P<0.01 denotes
significant differences in comparison with WT groups.
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Figure 3.
H-STAT3KO mice are resistant to ethanol-induced hepatic inflammation. Feeding of mice for
4 weeks as in Fig. 1. Liver tissues were collected for H&E staining and MPO staining. (A) The
number of inflammatory foci and the number of MPO positive cells were counted. (B) Real-
time PCR analyses for CCR2 and F4/80 expression in liver. (C) Real-time PCR analyses of
cytokine and chemokine expression in the liver. (D) Serum cytokine and chemokine levels.
Values represent means ± SD (n=8–10 mice). *P<0.05, **P<0.01, ***P<0.001 denotes
significant differences in comparison with corresponding WT groups.
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Figure 4.
Kupffer cells from H-STAT3KO and WT mice produce similar levels of ROS and respond
similarly to LPS stimulation. Feeding of mice for 4 weeks as in Fig. 1. (A) ROS production in
hepatocytes and Kupffer from WT or H-STAT3KO mice. (B) Kupffer cells from WT or H-
STAT3KO mice were stimulated with LPS for 4 h. TNF-α production was measured. Values
represent means ± SD (n=5–6 mice per group.) *P<0.05 denotes significant differences in
comparison with WT groups.
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Figure 5.
M/N-STAT3KO mice are more susceptible to ethanol-induced liver inflammation. (A) Western
blot analyses of STAT3 protein expression in peritoneal macrophages and Kupffer cells. (B–
F) WT and M/N-STAT3KO mice were given an ethanol-diet or pair-fed with a control diet for
4 weeks. Sera were collected for measurement of ALT/AST (B); Liver tissues collected for
H&E staining (C) or for measurement of lipid contents (D). (E) The number of inflammatory
foci and MPO positive cells in the liver. (F) R real-time PCR analyses for CCR2 and F4/80
expression. Values shown in panels B, D, E, and F represent means ± SD (n=6 in pair-fed group
[one M/N-STAT3KO mouse was removed from the study due to enterocolitis. n=10 in ethanol-
fed group [two M/N-STAT3KO mice were removed due to enterocolitis]). *P<0.05, **P<0.01,
**P<0.001 denotes significant differences in comparison with WT groups. M/N-ST3KO: M/
N-STAT3KO.
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Figure 6.
Upregulation of proinflammatory cytokines and chemokines in M/N-STAT3 KO mice.
Feeding of mice as in Fig. 5. (A) Real-time PCR analyses of gene expression in liver. (B) Serum
cytokine and chemokine levels. Values represent means ± SD (N=6–10). **P<0.01,
***P<0.001 denotes significant differences in comparison with WT groups.
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Figure 7.
Increased production of ROS and TNF-α by Kupffer cells from M/N-STAT3KO mice. Feeding
of mice as in Fig. 5. (A) Hepatocytes and Kupffer cells were isolated and ROS production
measured. (B) Kupffer cells WT and M/NSTAT3KO mice were stimulated with LPS for 4 h.
TNF-α production was measured. Values represent means ± SD (n=5–6). *P<0.05, **P<0.01,
***P<0.001 denotes significant differences in comparison with WT groups.
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Figure 8.
Schematic representation of roles of hepatocyte- and macrophage-STAT3 in alcoholic liver
injury. Alcohol leads to the accumulation of endotoxin in the liver, followed by activation of
macrophages/Kupffer cells and subsequent production of a variety of toxic mediators, leading
to hepatic steatosis and inflammation. Macrophages/Kupffer cells also produce IL-6 and IL-10.
IL-6 activates STAT3 in hepatocytes, which attenuates steatosis via inhibition of SREBP1c
but promotes inflammation. IL-10 activates STAT3 in macrophages/Kupffer cells, which acts
as an anti-inflammatory signal to inhibit inflammation during alcoholic liver injury.
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