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The multifunctional cytokine interleukin-6 (IL-6) reg-
ulates growth and differentiation of many cell types and
induces production of acute-phase proteins in hepato-
cytes. Here we report that IL-6 protects hepatoma cells
from apoptosis induced by transforming growth fac-
tor-b (TGF-b), a well known apoptotic inducer in liver
cells. Addition of IL-6 blocked TGF-b-induced activation
of caspase-3 while showing no effect on the induction of
plasminogen activator inhibitor-1 and p15INK4B genes,
indicating that IL-6 interferes with only a subset of
TGF-b activities. To further elucidate the mechanism of
this anti-apoptotic effect of IL-6, we investigated which
signaling pathway transduced by IL-6 is responsible for
this effect. IL-6 stimulation of hepatoma cells induced a
rapid tyrosine phosphorylation of the p85 subunit of
phosphatidylinositol 3-kinase (PI 3-kinase) and its ki-
nase activity followed by the activation of Akt. Inhibi-
tion of PI 3-kinase by wortmannin or LY294002 abol-
ished the protection of IL-6 against TGF-b-induced
apoptosis. A dominant-negative Akt also abrogated this
anti-apoptotic effect. Dominant-negative inhibition of
STAT3, however, only weakly attenuated the IL-6-in-
duced protection. Finally, inhibition of both STAT3 and
PI 3-kinase by treating cells overexpressing the domi-
nant-negative STAT3 with LY294002 completely blocked
IL-6-induced survival signal. Thus, concomitant activa-
tion of the PI 3-kinase/Akt and the STAT3 pathways
mediates the anti-apoptotic effect of IL-6 against TGF-b,
with the former likely playing a major role in this
anti-apoptosis.

A balance between cell proliferation and apoptosis is critical
for tissue homeostasis. Maintenance of the size of liver is a
notable example of homeostasis which is heavily regulated by
many growth factors and cytokines (1). Among these factors,
transforming growth factor-b (TGF-b)1 is a potent inducer of
apoptosis in hepatocytes and several hepatoma cell lines, as

well as in regressing liver in vivo (2–6). TGF-b also inhibits
liver cell proliferation in vitro (7) and plays a crucial role in
terminating liver regeneration after partial hepatectomy (1).
TGF-b exerts its biological effects through the action of two
types of transmembrane serine/threonine kinase receptors.
These receptors subsequently propagate the signal by phospho-
rylating the intracellular targets, Smads. Phosphorylated
Smad2 or Smad3 can form a stable complex with Smad4, which
then translocates to the nucleus to regulate transcriptional
responses to TGF-b (8–10). Although the signal transduction
pathway of TGF-b has been well studied, mechanism of its
apoptotic effect is still not fully characterized. Nevertheless,
induction of oxidative stress (6), activation of caspase-3 (3, 11),
and inhibition of pRb expression (2) have been implicated in
mediating TGF-b-induced apoptosis.

TGF-b-induced apoptosis in liver cells is blocked by growth
factors such as insulin and insulin-like growth factor-1 as well
as by elevated expression of insulin receptor substrate-1 (12).
Our recent studies have revealed that the phosphatidylinositol
3-kinase (PI 3-kinase) and its downstream target, Akt, are
responsible for the anti-apoptotic activity of insulin against
TGF-b (13). PI 3-kinase was reported to suppress apoptotic cell
death induced by a variety of stimuli (14–19). PI 3-kinase
elicits this anti-apoptotic activity through the action of the
serine/threonine kinase, Akt. Recent studies have demon-
strated that activated Akt can phosphorylate the proapoptotic
protein BAD (20, 21). This phosphorylation allows for BAD
association with 14-3-3 and dissociation from BCL-XL, which is
then free to resume its function as a suppressor of apoptosis
(22).

Interleukin-6 (IL-6) is a mutilfunctional cytokine acting in
the immune system, hepatocytes, and neuronal cells (23, 24). In
the liver, IL-6 induces synthesis of acute-phase proteins and
plays central roles in preventing acute hepatitis and initiating
liver regeneration (25, 26). Mice with targeted disruption of the
IL-6 gene have impaired liver regeneration characterized by
liver necrosis and failure (26). The signaling mechanism of IL-6
in hepatocytes is, however, not fully understood. In hematopoi-
etic cells, binding IL-6 to the a subunit of its receptor triggers
the recruitment of gp130, subsequently leading to the activa-
tion of the gp130-associated Janus kinases (JAKs) (27–29).
JAKs phosphorylate gp130 on several tyrosine residues and
these phosphotyrosines recruit various SH2 domain-containing
proteins, such as STAT3 and SHP-2 (30–32). SHP-2 links cy-
tokine receptor to the Ras/MAP kinase pathway and is essen-
tial for mitogenic activity, whereas STAT3 can induce BCL-2
and is involved in anti-apoptosis (33). In addition to JAK/STAT
and Ras/MAP kinase pathways, IL-6 was recently shown to
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activate PI 3-kinase in prostate cancer cells (34). Whether IL-6
in liver cells activates these pathways remains to be
investigated.

In the liver, IL-6 acts as a hepatoprotecting and/or mitogenic
factor, whereas TGF-b elicits an apoptotic and/or growth-ar-
resting effect. In this study, we elucidate a cross-talk between
signaling pathways induced by these two factors in liver cells.
Our results indicate that IL-6 suppressed TGF-b-induced apo-
ptotic death of hepatoma cells in a dose-dependent manner.
IL-6 inhibited TGF-b-induced activation of caspase-3 but did
not affect its induction of an extracellular matrix protein and a
cell cycle inhibitor, suggesting that IL-6 signaling blocks only
the apoptotic signaling of TGF-b. Furthermore, we demon-
strate that the concomitant activation of the PI 3-kinase/Akt
and the STAT3 signaling pathways mediates the anti-apoptotic
effect of IL-6 against TGF-b.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Human hepatoma cell line Hep3B
was cultured as described previously (11). Hep3B cells stably express-
ing the dominant-negative mutant of Akt were reported previously (13).
Transfection was performed using LipofectAMINE reagent (Life Tech-
nologies) according to the manufacturer’s instructions. For transient
transfection, cells were harvested at 48 h after transfection. For select-
ing of stable clones, G418 (700 mg/ml) was added into culture medium at
48 h after transfection. The G418-resistant clones were individually
picked, expanded, and assayed for expression of the transfected cDNAs
by Western blotting.

Antibodies and Reagents—Mammalian expression plasmids for the
two dominant-negative mutants of STAT3, STAT3D and STAT3F (35),
were kindly provided by Dr. T. Hirano. Antibodies for p85 subunit of the
PI 3-kinase, Akt, and phosphotyrosine were purchased from Santa Cruz
Biotechnology. The anti-STAT3 antibody was from UBI. Wortmannin
and LY294002, the two PI 3-kinase inhibitors, were from Sigma.

Apoptosis Assays—Apoptosis was quantitated with TUNEL and Cell-
Death Detection ELISA assays. For TUNEL assay (36), cells seeded on
chamber slides were serum starved for 24 h and then treated with or
without various cytokines and/or agents for 18 h. Cells were fixed with
4% paraformaldehyde, and permeabilized with 0.1% Triton X-100 and
0.1% sodium citrate. TUNEL assays were performed using the In Situ
Death Detection Kit, Fluorescein (Roche Molecular Biochemicals) ac-
cording to the manufacturer’s instructions. Apoptotic cells were visual-
ized with fluorescence microscopy. The Cell-Death Detection ELISA
assay (Roche Molecular Biochemicals) measures the presence of soluble
histone-DNA complex as a result of DNA fragmentation (37). For this
assay, cells were seeded on 96-well plates at a density of 0.5 3 104

cells/well and were serum-starved and treated with various agents as
for TUNEL assays. Cell-Death ELISA assays were performed according
to the manufacturer’s instructions.

Caspase-3 Activity Assays—Cells were seeded onto 6-well plates,
serum starved for 24 h, and treated with or without TGF-b (5 ng/ml)
and/or IL-6 (60 ng/ml) for various times. Cells were lysed in RIPA buffer
containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride,
10 mg/ml leupeptin, and 10 mg/ml aprotinin and cell lysates were cen-
trifuged at 14,000 rpm. Cell lysate containing 100 mg of proteins in a
1-ml assay buffer containing 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, and
1 mM EGTA was incubated with a fluorogenic peptide substrate, Ac-
DEVD-AMC (5.6 mM) at 37 °C for 30 min. Fluorescence was quantified
with a spectrofluorometer (excitation 380 nm, emission 460 nm).

Luciferase Assays—Reporter plasmids p15P113-luc (38) and p800luc
(39), kindly provided by Drs. X.-F. Wang and R. Derynck, contain the
luciferase expression unit driven by the TGF-b-responsive elements in
p15INK4B and plasminogen activator inhibitor-1 (PAI-1) promoters, re-
spectively. These plasmids, together with a plasmid for constitutive
expression of b-galactosidase, were transfected to Hep3B. One day after
transfection, the cells were serum-starved for 10 h and then treated
with TGF-b (5 ng/ml) and/or IL-6 (60 ng/ml) for 12 h. Luciferase and
b-galactosidase activities were quantitated by the Luciferase Assay
System and the b-galactosidase Enzyme Assay System (Promega),
respectively.

PI 3-Kinase Assay—PI 3-kinase activities were assayed as described
previously (40). Briefly, 107 cells were washed twice with ice-cold phos-
phate-buffered saline and lysed with 1 ml of lysis buffer (137 mM NaCl,
2.7 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 1% Nonidet P-40, 10% glycerol,

1 mg/ml bovine serum albumin, 20 mM Tris, pH 8.0, 2 mM orthovana-
date). Cell extracts were incubated with 1 mg of anti-phosphotyrosine
antibody overnight at 4 °C. The immunocomplex was precipitated with
50 ml of protein A-Sepharose for 1 h at 4 °C, washed three times with
lysis buffer, twice with LiCl buffer (0.5 M LiCl, 100 mM Tris, pH 7.6) and
twice with TNE buffer (10 mM Tris, pH 7.6, 100 mM NaCl, 1 mM EDTA).
The immunocomplex was preincubated with 10 ml of 20 mM Hepes (pH
7.4), containing 2 mg/ml PI (Sigma) on ice for 10 min. Kinase reaction
was performed by the addition of 40 ml of reaction buffer (10 mCi of
[g-32P] ATP, 20 mM Hepes, pH 7.4, 20 mM ATP, 5 mM MgCl2) at room
temperature for 15 min. The reaction was stopped by the addition of 100
ml of 1 M HCl and extracted with 200 ml of a 1:1 mixture of chloroform
and methanol. The radiolabeled lipids were separated by thin-layer
chromatography and visualized using a PhosphorImager.

In Vitro Akt Kinase Assay—Akt kinase assays were performed es-
sentially as described (41). Briefly, cells were lysed in lysis buffer
containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol, 1%
Nonidet P-40, 10 mM sodium fluoride, 1 mM NaVO4, 1 mM sodium
pyrophosphate, 2 mM aprotinin, 2 mM leupeptin, and 1 mM phenylmeth-
ylsulfonyl fluoride. The HA-tagged Akt was precipitated from cell ly-
sates with anti-HA antibody followed by protein A-Sepharose conju-
gated with rabbit anti-mouse antibody. The immunocomplexes were
washed once with Akt kinase buffer containing 20 mM Hepes (pH 7.4),
1 mM dithiothreitol, 10 mM MnCl2, 10 mM MgCl2 and then incubated in
30 ml of kinase buffer containing 5 mM ATP, 100 mg of histone 2B, and
10 mCi of [g-32P]ATP at 30 °C for 30 min. The kinase reaction was
terminated by addition of an equal volume of 2 times SDS-PAGE
sample buffer. The samples were boiled for 5 min prior to electro-
phoretic separation by SDS-PAGE.

RESULTS

IL-6 Protects Hepatoma Cells from TGF-b-induced Apopto-
sis—Previous studies revealed that human hepatoma cell line
Hep3B is highly sensitive to the apoptotic activity of TGF-b (4).
To investigate whether IL-6 affects apoptosis induced by
TGF-b, Hep3B cells were co-treated with 5 ng/ml TGF-b and
IL-6 at various concentrations. Using an ELISA assay meas-
uring the presence of soluble histone-DNA complex resulted
from DNA fragmentation, we observed that IL-6 suppressed
TGF-b-induced apoptosis in a dose-dependent manner (Fig. 1,
A and B). The anti-apoptotic effect of IL-6 was readily detected
at a dose as low as 0.1 ng/ml (Fig. 1A). At a concentration of 60
ng/ml, IL-6 elicited a maximal protection. Notably, in the ab-
sence of TGF-b, IL-6 did not promote nor suppress cell survival
(Fig. 1B). These findings suggest the existence of a cross-talk
between the signaling pathways transduced by TGF-b and
IL-6.

IL-6 Does Not Affect the Ability of TGF-b to Induce PAI-1 and
p15INK4B Genes—To explore the mechanism by which IL-6
signaling prevents TGF-b-induced apoptosis, we investigated
whether IL-6 could block all cellular responses to TGF-b or
affect only a subset of the activities. The PAI-1 and p15INK4B

genes are highly induced by TGF-b and are frequently used as
indicators for the effects of TGF-b on production of extracellu-
lar matrix and cell cycle arrest, respectively (42, 43). The re-
porter plasmid p800luc, containing the TGF-b responsive ele-
ment in PAI-1 promoter (39), was used to evaluate the
induction of PAI-1 gene. When Hep3B cells were transiently
transfected with this reporter, TGF-b induced a ;3.5-fold in-
crease in luciferase activity. This induction was not signifi-
cantly affected by co-treatment with IL-6 at 60 ng/ml (Fig. 2A),
i.e. a dosage that showed a maximal inhibition of TGF-b-in-
duced apoptosis (Fig. 1B). Similar results were observed using
the p15P113-luc reporter (38) containing the p15INK4B pro-
moter (Fig. 2B). Our data thus indicate that IL-6, although
preventing apoptosis induced by TGF-b, did not affect the
transcriptional up-regulation of PAI-1 and p15INK4B genes in
response to TGF-b. IL-6 signaling is likely to block a step
specific to the apoptotic activity of TGF-b.

IL-6 Signaling Prevents TGF-b-induced Activation of
Caspase-3—Our previous studies demonstrated that caspase-3
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is activated upon TGF-b treatment of Hep3B cells (13). To
evaluate whether IL-6 could block this activity of TGF-b, cell
extract derived from Hep3B treated with or without TGF-b
and/or IL-6 was analyzed for caspase-3 activity by measuring
cleavage of a fluorogenic substrate, Ac-DEVD-AMC. As shown
in Fig. 3, TGF-b-induced caspase activity was abolished by
co-treatment of IL-6. This finding suggests that IL-6 signaling
prevents the apoptotic activity of TGF-b by inhibiting the ac-
tivation of caspase-3.

PI 3-Kinase Is Involved in the Antiapoptotic Signaling of
IL-6—Our previous studies indicated not only that the PI
3-kinase/Akt pathway mediates the anti-apoptotic signal of
insulin against TGF-b but also that this signal leads to a
blockage of caspase-3 activation in response to TGF-b (13).
Therefore, we sought to investigate whether IL-6 induces PI
3-kinase in Hep3B cells and whether the anti-apoptotic activity
of IL-6 is mediated through the function of PI 3-kinase. We
observed that IL-6 treatment of Hep3B cells stimulated tyro-
sine phosphorylation of the regulatory subunit of PI 3-kinase,
p85, as determined by immunoprecipitations with an anti-
phosphotyrosine antibody followed by Western blotting using
an anti-p85 antibody (Fig. 4A). Furthermore, IL-6 induced a
substantial increase of PI 3-kinase activity in immunoprecipi-
tates with the anti-phosphotyrosine antibody (Fig. 4B). Both
tyrosine phosphorylation of the p85 and PI 3-kinase activity
were readily evident within 5 min and declined at 60 min after
exposure to IL-6, indicating a rapid activation of PI 3-kinase by

IL-6. To determine the involvement of PI 3-kinase in the anti-
apoptotic effect of IL-6, two specific inhibitors of PI 3-kinase,
wortmannin and LY294002 (44, 45), were used. As shown in

FIG. 1. IL-6 suppresses TGF-b-induced apoptosis in hepatoma
cells. Hep3B cells were treated with TGF-b (5 ng/ml) and IL-6 at low
(A) or high concentrations (B) as indicated. Apoptotic cells at 18 h after
treatment were determined by the Cell-Death Detection ELISA. Data
from three independent experiments are presented as mean 6 S.D.

FIG. 2. IL-6 does not affect TGF-b-induced activation of PAI-1
and p15INK4B promoters. Hep3B cells transiently transfected with
the reporter plasmid were treated with or without TGF-b (5 ng/ml)
and/or IL-6 (60 ng/ml) for 12 h. The reporter plasmid p800luc containing
the PAI-1 promoter was used in A, whereas the p15P113-luc reporter
was used in B. For each transfection, luciferase activity was normalized
to transfection efficiency and cell survival by using b-galactosidase
activity as an internal control. Values are mean 6 S.D. of three inde-
pendent transfections.

FIG. 3. IL-6 inhibits TGF-b-induced caspase-3-like activity.
Caspase-3 activities in Hep3B cells treated with various agents were
measured by the amount of fluorescence generated from the cleavage of
Ac-DEVD-AMC.
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Fig. 4C, wortmannin markedly diminished the anti-apoptotic
activity of IL-6 at a dose of 10 nM. A similar finding was
observed with 25 mM LY294002. However, these two inhibitors
did not by themselves induce apoptosis in the absence of
TGF-b. Taken together, our results demonstrated a critical role
of PI 3-kinase in the anti-apoptotic signaling of IL-6 against
TGF-b.

Akt Is Activated following IL-6 Stimulation and Is Involved
in the Antiapoptotic Signaling of IL-6—Having demonstrated
the involvement of PI 3-kinase in the anti-apoptotic signaling

of IL-6, we next investigated whether the serine/threonine
kinase Akt, a downstream target of PI 3-kinase, is a critical
component of this anti-apoptotic signaling pathway. Attempts
to evaluate the activity of endogenous Akt were hindered by the
lack of an antibody that could efficiently immunoprecipitate
Akt from the lysates of Hep3B cells. Therefore, an HA-tagged
Akt (19) was transiently transfected into Hep3B cells. The
transfected cells were treated with IL-6 for various time inter-
vals and cell lysates were used for immunoprecipitations with
an anti-HA antibody followed by in vitro kinase assays. As
shown in Fig. 5A, IL-6 substantially increased Akt activity, and
the kinetics of Akt activation resembled that of the IL-6-in-
duced tyrosine phosphorylation of p85 (Fig. 4A). Furthermore,
both LY294002 and wortmannin efficiently suppressed the IL-
6-induced Akt activity, indicating that the activation of Akt by
IL-6 is mediated through PI 3-kinase. To assess the role of Akt
in the anti-apoptotic activity of IL-6 against TGF-b, we evalu-
ated whether a dominant-negative mutant of Akt can block
IL-6-induced protection. Our previous study generated Hep3B
cells stably expressing a kinase-defective mutant of Akt (Akt
179A) (13), which can inhibit wild type Akt in a dominant-

FIG. 4. PI 3-kinase is involved in the anti-apoptotic effect of
IL-6 against TGF-b. A, induction of tyrosine phosphorylation of p85
subunit of the PI 3-kinase by IL-6. Hep3B cells were treated with IL-6
(60 ng/ml) for various time intervals as indicated. Upper panel, cell
lysates with equal amount of proteins were immunoprecipitated with
an anti-phosphotyrosine (PY) antibody. The immunoprecipitates were
separated on SDS-PAGE and subjected to Western blot with antibody
against p85. Lower panel, cell lysates with equal amounts of proteins
were subjected to Western blot with the anti-p85 antibody to verify the
same amount of p85 in all samples. B, activation of PI 3-kinase activity
by IL-6. Cells were treated as indicated and lysates with equal amounts
of protein were subjected to immunoprecipitations with anti-phospho-
tyrosine antibody. The immunocomplex was used for PI 3-kinase as-
says. C, wortmannin and LY294002, two specific inhibitors of PI 3-ki-
nase, block the protection of IL-6 against TGF-b-induced apoptosis.
Hep3B cells were treated with various agents as indicated. The concen-
trations of wortmannin and LY294002 used were 10 nM and 25 mM,
respectively. Apoptotic cells were stained with the TUNEL assay and
identified under a fluorescent microscope. Data are presented as means
of three experiments.

FIG. 5. Akt, a downstream effector of PI 3-kinase, mediates the
survival signal transduced by IL-6. A, IL-6 stimulates Akt activity.
Upper panel, Hep3B cells transiently transfected with an HA-tagged
Akt were treated with 60 ng/ml IL-6 in the presence or absence of 10 nM

wortmannin (W) or 25 mM LY294002 (LY) for various time intervals as
indicated. Cell lysates were subjected to immunoprecipitations with an
anti-HA antibody followed by in vitro kinase assays using histone 2B as
a substrate. Lower panel, the same immunoprecipitates were used for
Western blotting with an anti-Akt antibody to verify equal amount of
proteins were loaded. Akt kinase activity in each lane was quantitated
and normalized to the equal amount of proteins and was shown under
the upper panel. B, dominant-negative Akt inhibits the anti-apoptotic
effect of IL-6. Parental Hep3B and stable transfectants expressing the
dominant-negative Akt, Akt(K2), were treated with various agents as
indicated and apoptosis was assayed as for Fig. 4C.
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negative fashion (19). Akt(K2)-8, a stable transfectant of
Hep3B expressing a high level of such mutated Akt, exhibited
a markedly reduced protection of IL-6 against TGF-b (Fig. 5B).
A similar but less prominent reduction of IL-6-induced anti-
apoptosis was observed using a mixture of eight stable clones,
Akt(K2)-M (13), expressing a lower level of the mutated Akt
(Fig. 5B). Taken together, our findings indicate that the PI
3-kinase/Akt pathway is activated by IL-6 and mediates the
anti-apoptotic effect of IL-6.

STAT3 Elicits a Weak Anti-apoptotic Effect against TGF-
b—In hematopoietic cells, STAT3 mediates the survival signal
of cytokines through its ability to induce BCL-2 (33). To inves-
tigate whether STAT3 is involved in suppressing TGF-b-in-
duced apoptosis by IL-6, a STAT3 dominant-negative mutant
(STAT3D) carrying EE to AA substitutions at positions 434 and
435 (35) was introduced to Hep3B cells. Seven stable transfec-
tants were generated and Fig. 6A displayed the expression

levels of the endogenous, wild type STAT3 and the mutant
proteins in these cells. A high expressor (STAT3D-1) and a
mixture of all seven clones (STAT3D-M) were analyzed in
terms of their responsiveness to IL-6-induced anti-apoptosis.
As shown in Fig. 6B, IL-6 induced a slightly reduced protection
against TGF-b-induced apoptosis in both STAT3D-1 and
STAT3D-M cells, comparing to the parental Hep3B cells. This
reduction was consistently observed in three independent ex-
periments (Table I). In addition, this reduced protection was
also observed from Hep3B cells stably expressing a second
STAT3 dominant-negative mutant, STAT3F (35) (data not
shown). Thus, our results suggest that STAT3 is involved in the
anti-apoptotic signaling of IL-6.

PI 3-Kinase/Akt and STAT3 Pathways Act Cooperative-
ly—As described earlier, both PI 3-kinase/Akt and STAT3
pathways were involved in the IL-6-induced anti-apoptosis. We
therefore determined exactly how this anti-apoptosis could be
affected by blocking both pathways. For this purpose, parental
Hep3B and the STAT3D transfectants were treated with or
without TGF-b, IL-6, and/or LY294002. As shown in Fig. 7, the
anti-apoptotic activity of IL-6 against TGF-b was completely
abolished in the STAT3D transfectants treated with
LY294002. This complete inhibition of IL-6-induced anti-apo-
ptosis was not observed in parental Hep3B cells treated with
LY294002. In three independent experiments (Table II), we
consistently observed a more complete abrogation of the anti-
apoptotic activity of IL-6 in STAT3D transfectants than in
parental Hep3B cells. These findings allow us to infer that PI
3-kinase/Akt and STAT3 pathways act cooperatively to medi-
ate the anti-apoptotic effect of IL-6.

DISCUSSION

IL-6 is a pleiotropic cytokine capable not only of inducing
growth and differentiation in many cell types but also of stim-
ulating acute-phase protein synthesis in liver cells (23, 24).
However, the anti-apoptotic effect of IL-6 has not been well
documented. In this study, we demonstrated that IL-6 sup-
pressed TGF-b-induced apoptotic death of hepatoma cells in a
dose-dependent manner. The anti-apoptotic effect of IL-6 cor-
related with its inhibition of TGF-b-induced activation of
caspase-3. IL-6 stimulation, however, did not alter the effect of
TGF-b on the induction of PAI-1 and p15INK4B genes. Our
results suggest that IL-6 interferes with only a subset of TGF-b
signaling without affecting general TGF-b signaling.

This study provides several insights into the anti-apoptotic
mechanism of IL-6. The PI 3-kinase/Akt and the JAK/STAT3
pathways are both activated by IL-6 and function cooperatively
to achieve the maximal anti-apoptotic effect of IL-6 against
TGF-b. Previous investigations have indicated that the PI 3-ki-
nase/Akt is involved in preventing apoptosis induced by vari-
ous growth factors in many different cell types (14–21),

FIG. 6. The anti-apoptotic activity of IL-6 can be partially in-
hibited by a dominant-negative mutant of STAT3. A, expression of
the dominant-negative STAT3 (STAT3D) in 7 stable transfectants as-
sayed by Western blot using an anti-STAT3 antibody. An equal amount
of proteins was loaded in each lane, and therefore the first lane repre-
sented the level of endogenous, wild type STAT3. B, expression of
STAT3D attenuates the survival signal transduced by IL-6. STAT3D-M
is a mixture of all stable transfectants shown in A. Cells were treated
with various agents as indicated and apoptosis was assayed by the
Cell-Death Detection ELISA.

TABLE I
Apoptotic death of Hep3B and STAT3D stable transfectants induced by TGF-b and/or IL-6

Cell Treatment
Apoptotic cellsa

Experiment 1 Experiment 2 Experiment 3

Hep3B 0.081 6 0.009 0.063 6 0.002 0.089 6 0.007
TGF-b 0.511 6 0.009 0.465 6 0.041 0.679 6 0.048
IL-6 0.069 6 0.011 0.070 6 0.009 0.076 6 0.003
IL-6 1 TGF-b 0.102 6 0.003 0.088 6 0.005 0.142 6 0.011

STAT3D-1 0.091 6 0.007 0.076 6 0.006 0.079 6 0.005
TGF-b 0.486 6 0.033 0.471 6 0.022 0.703 6 0.019
IL-6 0.088 6 0.013 0.065 6 0.003 0.073 6 0.008
IL-6 1 TGF-b 0.205 6 0.019 0.152 6 0.009 0.298 6 0.021

STAT3D-M 0.078 6 0.005 0.069 6 0.004 0.096 6 0.009
TGF-b 0.523 6 0.028 0.489 6 0.039 0.638 6 0.049
IL-6 0.075 6 0.003 0.077 6 0.010 0.086 6 0.002
IL-6 1 TGF-b 0.189 6 0.012 0.161 6 0.013 0.212 6 0.025

a Apoptotic cells were quantitated by Cell-Death Detection ELISA kit. The number represents absorbance at A405.
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whereas STAT3 is a critical mediator of the anti-apoptotic
effect of oncostatin M in osteosarcoma cells (46) and the sur-
vival signals transduced by gp130 in B cells (33). The anti-
apoptotic mechanism of PI 3-kinase/Akt is at least partially
attributed to phosphorylation of the BCL-2 family member
BAD by Akt (20, 21). The phosphorylated BAD is then associ-
ated with 14-3-3, which sequesters BAD from BCL-XL, thereby
promoting cell survival (22). Regulating the BCL-2 family
member is also considered as one of the anti-apoptotic mecha-
nisms of STAT3, which was reported to be capable of inducing
BCL-2 in pro-B cells (33). Thus, both anti-apoptotic signaling
pathways transduced by IL-6 are likely to converge to BCL-2
family members, which could act upstream of caspase-3 (47,
48). This is consistent with our finding that IL-6 blocked the
TGF-b-induced activation of caspase-3. In addition to induction
of BCL-2, STAT3 can directly up-regulate the transcription of
p21, which is implicated in the anti-apoptosis (46). In our
system, an increased expression of p21 upon IL-6 stimulation
was also observed (data not shown). Whether p21 and BCL-2
are induced independently by STAT3 and exactly how p21
promotes survival remain to be investigated.

IL-6 was reported to protect multiple myeloma plasma cells
from anti-Fas- and dexamethasone-induced apoptosis (49). In-
hibition of JNK/SAPK pathway is involved in IL-6-induced
protection against anti-Fas but not dexamethasone. These re-
sults support a hypothesis that multiple mechanisms are in-
volved in the IL-6-induced anti-apoptosis. However, blockage of
JNK/SAPK pathway is unlikely to account for the mechanism
by which IL-6 suppresses TGF-b-induced apoptosis, since
TGF-b failed to induce JNK/SAPK activity in Hep3B cells (data
not shown). Thus, distinct signaling pathways could mediate
IL-6-induced protection from apoptosis induced by different
stimuli.

Previous studies demonstrated that dominant-negative inhi-

bition of STAT3 activity completely abolishes gp130-mediated
survival signal in a pro-B cell line (33). In the case of Hep3B
cells, however, the same dominant-negative mutants only par-
tially blocked the anti-apoptotic effect of IL-6 against TGF-b.
Interestingly, in mouse leukemia M1 cells, STAT3 is involved
in the differentiation and growth arrest but not required for the
anti-apoptotic signal (35, 50). These findings highlight the sig-
nificance of cellular context in determining the biological func-
tions of STAT3. STAT3 may induce the expression of a distinct
set of genes depending on cell type involved. Another determi-
nant of the biological consequences of STAT3 activation is
likely to be the concomitant activation of other STAT family
members and/or other signaling pathways, such as the PI 3-ki-
nase/Akt pathway, upon ligand binding to the cytokine
receptors.

A recent investigation indicated that IL-6 treatment of pros-
tate cancer cell line LNCaP induces an increase in tyrosine
phosphorylation of the p85 subunit of PI 3-kinase and its ki-
nase activity (34). Accordingly, we observed a rapid induction of
p85 tyrosine phosphorylation and PI 3-kinase activity by IL-6
in Hep3B cells. In addition, two specific inhibitors of PI 3-ki-
nase, wortmannin and LY294002, blocked the anti-apoptotic
effect of IL-6, implying the activation of PI 3-kinase by IL-6.
Furthermore, we demonstrated for the first time that the ser-
ine/threonine kinase Akt is activated upon IL-6 treatment. A
similar induction of PI 3-kinase and Akt activities was found in
cardiac myocytes stimulated with leukemia inhibitory factor, a
cytokine transducing signal via gp130 (51). Thus, in addition to
JAK/STAT and Ras/MAP kinase pathways, the PI 3-kinase/Akt
could be an important signaling pathway activated by various
cytokines. The mechanism of IL-6-induced activation of PI 3-ki-
nase remains unclear, although JAK can bind PI 3-kinase upon
activation of gp130 (51).

In the liver, IL-6 plays a crucial role in anti-inflammatory
responses to prevent liver injury (25, 52) and is a key growth
factor to initiate liver regeneration (1, 26). This study demon-
strates another important activity of IL-6 in the liver, namely,
anti-apoptosis. We propose that the ability of IL-6 to suppress
apoptosis induced by TGF-b could be physiologically important.
TGF-b is thought to be a terminator of liver regeneration
through its growth-inhibitory and apoptotic effects (1). How-
ever, the mRNA of TGF-b is induced at an initiation stage of
liver regeneration (53), indicating that hepatocytes can proceed
with regeneration despite the increase in the concentrations of
TGF-b. Accordingly, hepatocytes isolated from actively regen-
erating liver are resistant to TGF-b (54). This raises the pos-
sibility that the effect of TGF-b is blocked by other growth
factors and/or cytokines as part of their regeneration-promot-
ing effects. IL-6 is a logical candidate of these factors, because
the timing of its induction correlates with the resistance of

FIG. 7. The anti-apoptotic effect of IL-6 is completely abolished
by blocking both PI 3-kinase and STAT3 signaling pathways.
Hep3B, STAT3D-1, and STAT3D-M were treated with or without
TGF-b (5 ng/ml), IL-6 (60 ng/ml), and LY294002 (25 mM) and apoptosis
was assayed as for Fig. 6B.

TABLE II
Apoptotic death of Hep3B and STAT3D stable transfectants induced by various agents

Cell Treatment
Apoptotic cellsa

Experiment 1 Experiment 2 Experiment 3

Hep3B 0.089 6 0.005 0.063 6 0.008 0.072 6 0.014
TGF-b 1.046 6 0.079 0.782 6 0.061 0.682 6 0.023
IL-6 1 TGF-b 0.148 6 0.035 0.097 6 0.011 0.103 6 0.034
IL-6 1 TGF-b 1 LY 0.821 6 0.056 0.582 6 0.006 0.454 6 0.008

STAT3D-1 0.069 6 0.012 0.081 6 0.006 0.083 6 0.013
TGF-b 0.947 6 0.044 0.843 6 0.035 0.746 6 0.031
IL-6 1 TGF-b 0.295 6 0.017 0.267 6 0.012 0.192 6 0.005
IL-6 1 TGF-b 1 LY 1.012 6 0.021 0.796 6 0.048 0.712 6 0.027

STAT3D-M 0.105 6 0.017 0.077 6 0.002 0.069 6 0.015
TGF-b 1.112 6 0.023 0.874 6 0.044 0.775 6 0.026
IL-6 1 TGF-b 0.300 6 0.070 0.356 6 0.041 0.254 6 0.014
IL-6 1 TGF-b 1 LY 1.078 6 0.014 0.942 6 0.025 0.689 6 0.036

a Apoptotic cells were quantitated by Cell-Death Detection ELISA kit. The number represents absorbance at A405.
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hepatocytes to TGF-b (55). Additional studies would be re-
quired to further define the physiological roles of the anti-
apoptotic activity of IL-6 against TGF-b in liver cells.
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21. del Peso, L., Gonzáles-Garcia, M., Page, C., Herrera, R., and Nunez, G. (1997)

Science 278, 687–689
22. Zha, J., Harada, H., Yang, E., Jockel, J., and Korsmeyer, S. J. (1996) Cell 87,

619–628
23. Van Snick, J. (1990) Annu. Rev. Immunol. 8, 253–278
24. Hirano, T. (1994) in The Cytokine Handbook (Thomson, A. W., ed) 2nd Ed.,

Academic Press, Lodon
25. Mizuhara, H., O’Neill, E., Seki, N., Ogawa, T., Kusunoki, C., Otsuka, K.,

Satoh, S. Niwa, M., Senoh, H., and Fujiwara, H. (1994) J. Exp. Med. 179,
1529–1537

26. Cressman, D., Greenbaum, L., DeAngelis, R., Ciliberto, G., Furth, E., Poli, V.,
and Taub, R. (1996) Science 274, 1379–1383

27. Murakami, M., Hibi, M., Nakagawa, N., Yasukawa, K., Yamanishi, K., Taga,

T., and Kishimoto, T. (1993) Science 260, 1808–1810
28. Lutticken, C., Wegenka, U. M., Yuan, J., Buschmann, J., Schindler, C.,

Ziemiecki, A., Harpur, A. G., Wilks, A. F., Yasukawa, K., Taga, T.,
Kishimoto, T., Barbirri, G., Pellegrini, S., Sendtner, M., Heinrich, P. C., and
Horn, F. (1994) Science 263, 89–92

29. Narazaki, M., Witthuhn, B. A., Yoshida, K., Silvennoinen, O., Yasukawa, K.,
Ihle, J. N., Kishimoto, T., and Taga, T. (1994) Proc. Natl. Acad. Sci. U. S. A.
91, 2285–2289

30. Akira, S., Nishio, Y., Inoue, M., Wang, X. J., Wei, S., Matsusaka, T., Yoshida,
K., Sudo, T., Naruto, M., and Kishimoto, T. (1994) Cell 77, 63–71

31. Boulton, T. G., Stahl, N., and Yancopoulos, G. D. (1994) J. Biol. Chem. 269,
11648–11655

32. Sadowski, H. B., Shuai, K., Darnell, J. E., Jr., and Gilman, M. Z. (1993) Science
261, 1739–1744

33. Fukada, T., Hibi, M., Yamanaka, Y., Takahashi-Tezuka, M., Fujitani, Y.,
Yamaguchi, T., Nakajima, K., and Hirano, T. (1996) Immunity 5, 449–460

34. Qiu, Y., Robinson, D., Pretlow, T. G., and Kung, H.-J. (1998) Proc. Natl. Acad.
Sci. U. S. A. 95, 3644–3649

35. Nakajima, K., Yamanaka, Y., Nakae, K., Kojima, H., Ichiba, M., Kiuchi, N.,
Kitaoka, T., Fukada, T., Hibi, M., and Hirano, T. (1996) EMBO J. 15,
3651–3658

36. Gavrieli, Y., Sheman, Y., and Ben-Sasson, S. A. (1992) J. Cell Biol. 119,
493–501

37. Thome, M., Schneider, P., Hofmann, K., Fickenscher, H., Meinl, E., Neipel, F.,
Mattmann, C., Burns, K., Bodmer, J. L., Schröter, M., Scaffidi, C.,
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