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Tumor necrosis factor alpha (TNF-�) not only induces apoptotic signals but also causes antiapoptotic and
regenerative responses in the liver. However, the molecular mechanism(s) of the latter events remains unclear.
In the present study, we examined TNF-�-induced genes in Hc human normal (unsensitized) hepatocytes by
cDNA microarray analysis. Interleukin-8 (IL-8) induction was the most pronounced of the upregulated genes.
The IL-8 protein level was also increased. IL-8 belongs to the ELR-CXC chemokine family and appears to exert
mitogenic and antiapoptotic functions in other cell systems. IL-8 expression by TNF-� was inhibited when two
survival signals, nuclear factor �B (NF-�B) and phosphatidylinositol 3-kinase (PI3K)/Akt, were inhibited by
a mutant form of inhibitor of NF-�B (I�B); by dominant negative (kinase-dead) Akt; or by treatment with LY
294002, an inhibitor of PI3K. TNF-� induced apoptosis in Hc cells that were sensitized by inhibition of NF-�B
and PI3K activation. IL-8 administration protected mice against concanavalin A-induced hepatitis in vivo. IL-8
also rescued the sensitized Hc cells, at least in part, from TNF-�-induced apoptosis in vitro. TNF-� inhibited
DNA synthesis in unsensitized Hc cells in the absence of serum. Exogenous IL-8 reversed, though anti-IL-8
neutralization antibody enhanced, growth inhibition by TNF-�. These results indicate that IL-8, the production
of which is stimulated by TNF-�, inhibits apoptosis of sensitized hepatocytes and releases normal (unsensi-
tized) hepatocytes from growth inhibition induced by TNF-�.

Tumor necrosis factor alpha (TNF-�) is a multifunctional
cytokine that plays a role in inflammation, immunity, antiviral
responses, and a variety of diseases. In the liver, TNF-� mod-
ulates hepatocyte responses, depending on the physiological
circumstances. TNF-� is particularly important in the patho-
physiology of hepatocytes, inducing viral hepatitis, alcoholic
liver disease, and fulminant hepatitis (4). TNF-� activates a
variety of components implicated in cellular signal transduc-
tion. Binding of TNF-� to the type 1 TNF receptor (TNFR-1)
(p55) results in trimerization of its C-terminal cytoplasmic
death domain and recruitment of some intracellular proteins
involved in apoptotic signal transduction (22, 27, 34). However,
hepatocytes are normally resistant to the cytotoxicity of
TNF-�. Administration of TNF-� alone does not induce he-
patocyte apoptosis in mouse liver in vivo (25, 29, 31) or in
cultured rat RALA (40) and human Hc (30) hepatocytes, sug-
gesting that TNF-� also activates molecules that protect cells
against apoptosis. For example, TNF-� transmits antiapoptotic
signals via nuclear factor �B (NF-�B) and phosphatidylinositol
3-kinase (PI3K)/Akt. Blockage of these signaling pathways
results in sensitization to apoptosis induced by TNF-� (30).
Pretreatment of mouse hepatocytes with TNF-� prevents sub-
sequent TNFR-mediated apoptosis by a rapid defense mech-
anism induced by the activation of NF-�B (26). In addition to

its capacity as an apoptosis inducer, TNF-� plays a role in
hepatocyte proliferation (18, 42). These findings implicate the
TNF-� molecule in a function(s) other than apoptosis. How-
ever, regarding the signals involved in cell responses other than
apoptosis induced by TNF-�, only NF-�B and PI3K/Akt have
been investigated. To date, little is known about other signaling
molecules. Therefore, we adopted cDNA microarray analysis
using Hc hepatocytes to identify genes whose expression levels
are regulated by TNF-�. In the genes upregulated by the
TNF-� treatment, interleukin-8 (IL-8) showed the highest in-
crease in expression level compared to levels in untreated
control cells.

IL-8, a member of the CXC family of chemokines, is a
potent chemoattractant and activates neutrophils (3, 8), and it
may be implicated in infiltration of neutrophils during acute
alcoholic hepatitis (35). IL-8 is an ELR-containing chemokine
that contains three amino acid residues, Glu-Leu-Arg (i.e.,
ELR). ELR-CXC chemokines, including IL-8, also exert mi-
togenic or antiapoptotic effects (6, 10, 11, 14, 36, 37). IL-8 is
produced in response to stimulation by TNF-� (1, 12). How-
ever, the relationship between TNF-� and production of IL-8
in hepatocytes remains to be elucidated.

In the present study, we examined genes that were upregu-
lated by TNF-� and found that IL-8 was remarkably produced
in TNF-�-treated cells. TNF-�-induced IL-8 production cor-
related with activation of the NF-�B and PI3K/Akt pathways.
Inhibition of these two pathways resulted in a blockage of
TNF-�-inducible IL-8 production and also induced apoptosis
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in Hc cells. The synthesized IL-8 rescues sensitized hepato-
cytes from apoptosis and releases normal (unsensitized) hepa-
tocytes from growth inhibition in the presence of TNF-�. We
propose the hypothesis that the role of TNF-� in sensitized
hepatocytes may be different from that in unsensitized hepa-
tocytes.

MATERIALS AND METHODS

Materials. Hc normal human fetal hepatocytes (Hc cells), which were ob-
tained from six fetal liver tissues by elution following dispase digestion, were
purchased from the Applied Cell Biology Research Institute (Kirkland, Wash.).
Cell culture medium (CS-C complete) was from Cell Systems (Kirkland, Wash.).
Seven-week-old male pathogen-free BALB/c mice were from Japan SLC (Shi-
zuoka, Japan). Recombinant human IL-8 and mouse TNF-� immunoassay kits
were from Genzyme techne (Minneapolis, Minn.). LY 294002 was from Alexis
(San Diego, Calif.). Hoechst 33258 (bisbenzimide) staining dye was from Wako
(Osaka, Japan). Fluorescein isothiocyanate (FITC)-conjugated annexin V was
from Bender MedSystems (Vienna, Austria). [�-32P]dCTP was from ICN Bio-
medicals (Costa Mesa, Calif.). [methyl-3H]thymidine, Cy3 and Cy5 mono-reac-
tive dye pack, anti-rabbit immunoglobulin G horseradish peroxidase-coupled
secondary antibody, QuickPrep Micro mRNA purification kit, and the enhanced
chemiluminescence Western blot detection system were from Amersham-Phar-
macia Biotech (Little Chalfont, Buckinghamshire, United Kingdom). Antibodies
against phosphorylated Akt (Ser-473) and Akt were from Cell Signaling Tech-
nology (Beverly, Mass.). Monoclonal anti-human IL-8 antibody for both Western
blotting and neutralization and concanavalin A (ConA) were from Sigma (St.
Louis, Mo.). Isogen was from Nippon Gene (Tokyo, Japan). Myc-tagged consti-
tutively active or kinase-dead Akt plasmid (pUSE-myc-active Akt or pUSE-myc-
dominant negative Akt) were obtained from Upstate Biotechnology (Lake
Placid, N.Y.). Atlas glass fluorescent labeling kit and Atlas glass human 1.0
microarray were from Clontech Laboratories (Palo Alto, Calif.). Lipofectamine
Plus was from Invitrogen (Carlsbad, Calif.). GF/C glass fiber filters were from
Whatman (Maidstone, United Kingdom). The Centricon YM-10 apparatus was
from Millipore (Bedford, Mass.). All other reagents used were of the highest
analytical grade available.

Cell culture and treatment. Hc cells are not transformed cells, unlike HepG2
and Huh-7 cells, which are often used as human hepatocyte models, and have
recently been used in several studies (23, 30, 43). Hc cells were cultured in CS-C
complete medium supplemented with antibiotics (penicillin and streptomycin).
Cells (3 � 105, 5 � 105, and 3 � 106) were plated on 35-, 60-, and 100-mm-
diameter dishes, respectively. After 12 h of incubation in the medium, the cells
were washed twice with phosphate-buffered saline (PBS), and the medium was
changed to serum-free RPMI 1640. Then, cells were incubated for another 24 h
in the presence or absence of recombinant adenoviruses at a multiplicity of
infection of 25. Prior to stimulation with TNF-� (20 ng/ml), the cells were washed
twice with PBS and, if necessary, incubated for 1 h in serum-free RPMI 1640
containing 25 �M LY 294002. In some experiments, cells were pretreated with
IL-8 (1 ng/ml) or anti-IL-8 neutralization antibody (5 �g/ml) immediately before
TNF-� stimulation.

Expression of Akt. To overexpress constitutively active or dominant-negative
Akt, expression plasmids pUSE-activated Akt or pUSE-dominant negative Akt
were transfected into Hc cells using Lipofectamine Plus according to the man-
ufacturer’s instructions. Stable transfectants were selected in growth medium
containing 0.5 mg of G418 per ml. The clones expressing the highest amounts of
Akt, as assessed by Western blotting, were used in this study.

Array analysis of TNF-�-induced genes. An Atlas glass array was used accord-
ing to the manufacturer’s instructions to compare mRNA expression patterns
between cells stimulated with TNF-� and with PBS. Total RNA was isolated
using Isogen according to the manufacturer’s instructions, and mRNA was pu-
rified with a QuickPrep Micro mRNA purification kit. mRNA was reverse
transcribed and labeled with either Cy3 or Cy5 fluorescent probes using an Atlas
glass fluorescent labeling kit before array. The cDNA was hybridized on a glass
(Atlas glass human 1.0 microarray) containing 1,081 supplied clones, and human
expression sequences were tagged according to the established protocols. Ex-
pression analyses were performed by GenePix 4000A and GenePix Pro 3.0
softwares (Axon Instruments, Inc. Union City, Calif.).

Northern blot analysis. To confirm the differential gene expression observed
by microarray, Northern blot analysis was performed. Total RNA (20 �g) was
subjected to electrophoresis in 1% agarose–formaldehyde gel. RNA was trans-
ferred onto nylon membrane and hybridized with 32P-labeled probes. The probe,
which specifically detects human IL-8 mRNA, was synthesized by reverse tran-

scription (RT)-PCR using a set of primers (5�-ATGACTTCCAAGCTGGCCG
TGGCT-3� and 5�-TCTCAGCCCTCTTCAAAAACTTCTC-3�) based on the
human IL-8 cDNA sequence.

Animal treatment. The protocol was approved by the animal care committee
of Gifu University School of Medicine. Seven-week-old male BALB/c mice were
acclimated to our facility for at least 1 week before use. Food and water were
available ad libitum until the experiments. ConA (800 �g/mouse) was intrave-
nously administered in mice simultaneously with or without IL-8 (2.5 �g/mouse).
After these treatments, animals were kept under fasting conditions but were
allowed free access to water. Immediately after each animal was killed by with-
drawal of blood from the inferior vena cava with heparin-coated syringes, the
liver was removed and washed with PBS.

Assessment of hepatotoxicity. Hepatocellular damage was monitored bio-
chemically and histologically. Serum aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) activities were measured using an automatic ana-
lyzer (type 726; Hitachi, Tokyo, Japan). The liver was excised and immediately
fixed with 10% buffered formalin. The sections were cut at a thickness of 5 �m
and stained with hematoxylin and eosin for light microscopic examination.

Measurement of TNF-� concentration in serum. Levels of TNF-� in mouse
serum were determined by a commercially available enzyme-linked immunosor-
bent assay kit according to the manufacturer’s instructions.

Apoptosis assay. For quantitation of apoptotic cells, cells were stained with
Hoechst 33258 and nuclear morphological changes were examined. Briefly, har-
vested cells were fixed at 4°C for 30 min with 1% glutaraldehyde in PBS, stained
with 1 mM Hoechst 33258 for 30 min, and examined under a fluorescent micro-
scope (model BX60; Olympus, Tokyo, Japan) with excitation at 360 nm. In the
second method for evaluating the fraction of cells undergoing apoptosis, expo-
sure of phosphatidylserine to the cell surface was measured by FITC-conjugated
annexin V. Cells were incubated for 10 min at room temperature with annexin V
in binding buffer containing propidium iodide to exclude necrotic cells. FITC
fluorescence was measured using a spectrofluorometer with excitation at 485 nm
and emission at 535 nm.

Western blot analysis. Total cellular protein extracts were used for the West-
ern blot analysis of Akt, phospho-Akt, and IL-8. For the preparation of total cell
proteins, cells were sonicated in RIPA buffer (50 mM Tris-HCl [pH 8.8], 150 mM
NaCl, 10 mM EGTA, 1% Triton X, 0.1% sodium dodecyl sulfate [SDS], 1%
deoxycholic acid, 0.3 mM phenylmethylsulfonyl fluoride, [L-3-trans-carboxyox-
irane-2-carboryl]-L-leucyl-agmatine [E64] [30 �g/ml]). For measurement of re-
leased IL-8, the culture medium was concentrated using a Centricon apparatus.
The proteins were separated by SDS-polyacrylamide gel electrophoresis and
were electrophoretically transferred onto polyvinylidene difluoride membranes.
The membranes were probed with the antibodies against Akt, phospho-Akt, and
IL-8 and then incubated with the anti-rabbit immunoglobulin G horseradish
peroxidase-coupled secondary antibody. Detection was performed with an en-
hanced chemiluminescence system.

Electrophoretic mobility shift assay. Nuclear extracts were prepared as de-
scribed previously (30). NF-�B-binding consensus single-strand oligonucleotide
(5�-TAGTTGAGGGGACTTTCCCAGG-3�) was first annealed with the com-
plement oligonucleotide (5�-TGCCTGGGAAAGTCCCCTCAACTA-3�). The
annealed DNA fragment was labeled with [�-32P]dCTP by Klenow DNA poly-
merase. Nuclear proteins (20 �g) were incubated with 2.5 ng of 32P-labeled
double-strand oligonucleotide probe for 30 min at room temperature. The mix-
ture was electrophoresed on 4% polyacrylamide gels with 0.5� Tris-borate-
EDTA buffer at 4°C. Gels were dried and exposed to film for autoradiography.

Cultured hepatocyte proliferation. Cell proliferation was monitored by DNA
synthesis as assessed by [3H]thymidine incorporation. Hc cells were plated at a
density of 3 � 105 cells on a 35-mm-diameter dish in CS-C complete medium and
incubated for 12 h. Cells were incubated for another 24 h in serum-free RPMI
1640 medium and then stimulated with TNF-� (20 ng/ml) in the presence or
absence of IL-8 or anti-IL-8 neutralization antibody for 24 h, and [methyl-
3H]thymidine (10 �Ci/ml) was included for the last 4 h. Cells were then lysed
with 0.05% SDS, and DNA was precipitated by trichloroacetic acid. The samples
were filtered through the GF/C filter. The radioactivity retained on the filter was
counted in a Beckman liquid scintillation counter (model LS-6500). The changes
in thymidine incorporation were normalized based on total protein.

RESULTS

Gene expression profiling of TNF-�-modulated genes.
cDNA microarray analysis was performed to search for genes
that are upregulated by TNF-� stimulation in Hc hepatocytes.
A total of 1,081 genes were screened. The genes whose expres-
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sion levels increased more than twofold were regarded as pos-
itive and are summarized in Table 1. These 19 genes account
for �2% of the genes profiled. Among the genes induced by
TNF-�, some are known for their roles in cell growth or cell
death. For example, insulin-like growth factor 2 receptor
(IGF2R), erbB2 CCND2, CCNE, EDG5, and hepatocyte
growth factor (HGF)-like protein are related to cell growth,
and IEX-1L, FLICE-like inhibitory protein (FLIP), TRAF5,
c-rel, and BBP/53BP2 are implicated in cell apoptosis. Since
IL-8 was found to show the highest induction, we focused on
this molecule. To confirm the mRNA expression observed by
microarray, Northern blot analysis was performed (Fig. 1). The
mRNA expression of IL-8 was upregulated by TNF-� treat-
ment in a time-dependent manner.

Protective effect of IL-8 against ConA-induced mouse liver
injury and TNF-�-induced hepatocyte apoptosis. Since TNF-�
induced genes are implicated in cell death or cell growth, the

effect of IL-8 on TNF-�-mediated liver injury was first exam-
ined. ConA appears to cause liver injury through a TNF-�-
dependent apoptosis pathway (21, 38). In BALB/c mice, ConA
elicited liver damage, and the serum AST and ALT levels
increased to �10-fold the control values at 48 h (Fig. 2). IL-8
treatment just before ConA administration reduced serum
AST and ALT levels by �75% (Fig. 2). Histological analysis
revealed that ConA injection resulted in pronounced hepato-
cyte destruction with a multifocal distribution in large areas of
the liver (Fig. 3, middle panel). Consistent with the changes in
serum transaminase activities, IL-8 treatment inhibited mor-
phological changes in the liver at 48 h after ConA administra-

FIG. 1. Changes in IL-8 mRNA levels in Hc hepatocytes treated
with TNF-�. Total RNA was prepared from Hc cells at the indicated
time points after exposure to TNF-� (20 ng/ml). Twenty micrograms of
RNA was separated by electrophoresis on 1% agarose gel and trans-
ferred to nylon membranes. The membranes were hybridized with the
specific probe against IL-8 synthesized by RT-PCR. The results shown
are representative of at least two independent experiments.

FIG. 2. Effect of IL-8 on ConA-induced liver damage. BALB/c
mice were treated with (per mouse) 800 �g of ConA alone or 2.5 �g
of IL-8 plus ConA for 48 h. Blood was removed from each mouse for
AST and ALT activity determinations. Data are means � standard
deviations (error bars) from seven independent experiments. Symbols
for statistical significance (Student’s t test): *, P � 0.01 compared to
control; #, P � 0.01 compared to ConA alone.

TABLE 1. Gene expression profiling of TNF-�-stimulated Hc cells with microarraya

Accession no. Ratio Description Abbreviation

Y00787 14.10 IL-8 precursor IL-8
AF003521 10.02 jagged2 JAG2
M57730; M37476 5.03 eph-related receptor tyrosine kinase ligand 1 precursor EPGL1
M90813; D13639 4.84 Cyclin D2 CCND2
M92357 3.20 B94 protein
X14420 3.03 Procollagen 3 alpha 1 subunit precursor COL3A1
AF039067; AF071596 2.63 IEX-1L anti-death protein
L20814 2.61 Glutamate receptor 2 precursor GLUR-2
Y00285; J03528 2.41 IGF2R IGF2R
AF010127; Y14039; Y14040 2.40 FLICE-like inhibitory protein FLIP
M95667; M11730 2.34 erbB2 proto-oncogene
U02081 2.14 Rho guanine nucleotide regulatory protein, alternate splice form NET1
M73812 2.14 Cyclin E CCNE
U14417 2.13 RalGDSB RALGEF
U69108 2.09 TRAF5
AF011466 2.08 G protein-coupled receptor EDG4
X75042 2.08 c-rel proto-oncogene
D49742; S83182 2.04 HGF-like protein
U58334 2.03 Bcl2 and p53 binding protein BBP/53BP2

a Hc cells were treated with or without TNF-� for 1 h. mRNA was isolated, reverse-transcribed into fluorescent-labeled cDNA, and hybridized to glass microarray
containing 1,081 genes. The data show 19 genes which are increased by two times above in expression ratios (post-TNF/no TNF).
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tion (Fig. 3, lower panel). To examine whether IL-8 admin-
istration affects TNF-� levels, serum TNF-� levels were
measured (Fig. 4). Serum TNF-� levels elevated at 8 h after
ConA injection. IL-8 pretreatment did not block elevation of
TNF-� by ConA administration. Thus, the protective effect of
IL-8 is not due to changing serum TNF-� levels.

To further assess the role of IL-8 during hepatocyte apopto-
sis, its effect on TNF-�-mediated apoptosis was examined in
Hc cells. It is known that TNF-� alone does not induce apo-
ptosis of normal culture hepatocytes (30, 40). TNF-� (20 ng/
ml) induced apoptosis of Hc cells only when two antiapoptotic
signals, NF-�B and PI3K, were blocked (Fig. 5A), as previously

reported (30). Less than 20% of cells were apoptotic as as-
sessed by nuclear staining with Hoechst 33258 when Hc cells
were infected with Ad5I�B (multiplicity of infection, 25) or
pretreated with LY 294002 (25 �M) alone, but nearly 50% of

FIG. 3. Histological appearance of livers from mice treated with
ConA or ConA plus IL-8. Mice were treated with (per mouse) 800 �g
of ConA alone or 2.5 �g of IL-8 plus ConA for 48 h. Liver sections
were stained with hematoxylin and eosin for light microscopic exami-
nation. The results shown are representative of three independent
experiments.

FIG. 4. Changes in serum TNF-� levels in mice treated with ConA
or ConA plus IL-8. Mice were treated with (per mouse) 800 �g of
ConA alone or 2.5 �g of IL-8 plus ConA for 8 h. Serum TNF-� levels
were determined by enzyme-linked immunosorbent assay. Data are
means � standard deviations (error bars) from four independent ex-
periments. cont, control.

FIG. 5. Effect of IL-8 on hepatocyte apoptosis induced by TNF-�.
(A) Hc cells infected with Ad5I�B or Ad5LacZ were preincubated
with 25 �M LY 294002 for 1 h and then treated with TNF-� (20 ng/ml)
for 24 h. (B) Hc cells treated with the indicated agents were incubated
for 24 h in the absence or presence of IL-8 (1 ng/ml) or anti-IL-8
neutralization antibody (5 �g/ml). Typical apoptotic cells stained with
Hoechst 33258 were counted among more than 1,000 cells, and the
percentage of apoptotic cell was determined. Data are means � stan-
dard deviations (error bars) from three independent experiments.
Data were compared by the Student’s t test.
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cells were apoptotic when pretreated with both Ad5I�B and
LY 294002. However, exogenously added IL-8 (1 ng/ml) sig-
nificantly protected Hc cells against apoptosis induced by
TNF-� in the presence of both Ad5I�B and LY 294002 (Fig.
5B). The protective effect, which was not prominent but sig-
nificant (nearly 40% reduction, P � 0.01, n 	 5), of IL-8 on
TNF-�-induced apoptosis was confirmed by another method
for evaluating apoptotic cells, annexin V staining (data not
shown). To examine whether the inhibition of IL-8 production
induced apoptosis in Hc cells after TNF-� treatment, anti-IL-8
neutralization antibody (5 �g/ml) was added to TNF-�-treated
Hc cells. The antibody did not promote apoptosis in TNF-�-
treated Hc cells (Fig. 5B). Therefore, IL-8 production was not
necessarily required for survival of Hc hepatocytes after
TNF-� treatment.

Signal transduction pathways for induction of IL-8 expres-
sion. As described above, IL-8 protected hepatocytes against
TNF-�-induced apoptosis, and activation of NF-�B and PI3K
was necessary for survival of Hc cells after TNF-� treatment.
To elucidate the involvement of these signaling molecules in
IL-8 induction, the effects of Ad5I�B and LY 294002 on IL-8
expression were examined. Infection of Hc cells with Ad5I�B
resulted in an inhibition of TNF-�-induced IL-8 mRNA ex-
pression (Fig. 6A). LY 294002, a PI3K inhibitor, also sup-
pressed TNF-�-induced IL-8 mRNA expression. Moreover,
treatment of cells with combined Ad5I�B and LY 294002 syn-
ergistically inhibited IL-8 mRNA expression. Consistent with
Northern blot analysis, the protein level of IL-8 after TNF-�
treatment in the cells (Fig. 6B) and in the culture medium (Fig.

6C) was reduced by Ad5I�B or LY 294002 and was reduced
synergistically by their combination.

TNF-� treatment elicited phosphorylation of Akt in Hc cells
(Fig. 7A). LY 294002 eliminated TNF-�-induced Akt activa-
tion, but Ad5I�B infection did not affect Akt activation (Fig.
7A). NF-�B activation induced by TNF-� was not prevented by
LY 294002 (Fig. 7B), as previously reported (30). These results
indicate the independence of NF-�B and PI3K/Akt signalings
and the involvement of these two signals in IL-8 production.

Effect of stably expressed Akt on IL-8 mRNA expression. As
described above, the PI3K inhibitor LY 294002 exerted a sup-
pressive effect on TNF-�-induced IL-8 mRNA expression. In
Hc cells, TNF-� appears to activate serine/threonine kinase
Akt via PI3K (30). To further explore the role of the PI3K/Akt
pathway in IL-8 expression, Hc cells were stably transfected
with plasmids containing kinase-dead or constitutively active
Akt. In cells expressing kinase-dead Akt, IL-8 mRNA expres-
sion by TNF-� was depressed (Fig. 8). In contrast, TNF-�-
induced IL-8 response was slightly enhanced in cells expressing
constitutively active Akt. IL-8 mRNA expression was not ob-
served in constitutively active Akt-expressed cells in the ab-
sence of TNF-� treatment. These results indicate that the
PI3K/Akt pathway is associated with but is insufficient by itself
for IL-8 production. An additional signaling pathway, such as
NF-�B, is necessary for IL-8 production.

Effect of IL-8 on hepatocyte proliferation. The TNF-�-in-
duced genes implicated in cell growth in the microarray anal-
ysis as listed in Table 1. The cell proliferative effect of IL-8 was

FIG. 6. Effects of Ad5I�B and LY 294002 on IL-8 induction by
TNF-�. Hc cells infected with Ad5I�B or Ad5LacZ were pretreated
with or without 25 �M LY 294002 for 1 h prior to treatment with
TNF-� (20 ng/ml). (A) Total RNA (20 �g) from Hc cells at 1 h after
TNF-� administration was subjected to Northern blot analysis using
the specific probe against IL-8 synthesized by RT-PCR. (B) Total cell
lysate of Hc cells at 3 h after TNF-� administration was subjected to
Western blotting with antibodies against IL-8 and actin. (C) At 5 h
after TNF-� administration, the culture medium was harvested, con-
centrated, and subjected to Western blotting with antibody against
IL-8. The results shown are representative of at least two independent
experiments.

FIG. 7. Effects of Ad5I�B and LY 294002 on TNF-�-induced ac-
tivation of NF-�B or Akt. (A) Hc cells infected with Ad5I�B or
Ad5LacZ were pretreated with or without 25 �M LY 294002 for 1 h
and then incubated with TNF-� (20 ng/ml) for 3 h. Extracted proteins
were subjected to SDS-polyacrylamide gel electrophoresis, and immu-
noblotting was performed using anti-phosphorylated Akt and Akt an-
tibodies. (B) Nuclear extracts were isolated from Ad5I�B-infected
(right panel) or -uninfected (left panel) Hc cells which had been
treated for 15 min with TNF-� alone or with LY 294002 plus TNF-�.
Gel shift assays were performed as described in Materials and Meth-
ods. The positions of the p50/p65 NF-�B heterodimer and p50 ho-
modimers are marked as NF-�B and (p50)2, respectively. For comp
lanes, a sample of cells treated for 15 min with TNF-� was incubated
with a 50-fold excess of unlabeled oligonucleotide. The results shown
are representative of at least two independent experiments.
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explored by measuring [3H]thymidine incorporation into DNA
(Fig. 9A). Exogenous IL-8 (1 ng/ml) caused a slight increase of
[3H]thymidine incorporation compared to that in cells exposed
to PBS. On the other hand, TNF-� treatment markedly de-
creased [3H]thymidine incorporation. Anti-IL-8 neutralization
antibody (5 �g/ml) further decreased DNA synthesis of TNF-
�-treated cells, by 20%. In contrast, IL-8 administration to
TNF-�-treated cells reversed the suppression of cell prolifer-
ation by 30%. These results suggested that TNF-� itself inhib-
ited hepatocyte proliferation and that TNF-�-induced IL-8
production reversed the inhibitory effect of TNF-�.

p21 protein is known to induce G1 arrest of the cell cycle in
a variety of cells. In hepatocytes, p21 also participates in cell
cycle arrest (13, 24). To examine whether the reduction of cell
proliferation caused by TNF-� was associated with p21, pro-
tein expression levels of p21 were assessed by Western blot
analysis (Fig. 9B). Expression of p21 was not observed in cells
exposed to PBS. p21 was upregulated by TNF-� treatment in a
time-dependent manner. Moreover, anti-IL-8 neutralization
antibody exerted an additive effect on p21 expression in TNF-
�-treated Hc cells, although it had no effect in untreated con-
trol cells.

DISCUSSION

Our present study demonstrates that TNF-� treatment in-
duces IL-8 mRNA expression (more than a 10-fold increase
over expression in the control) in hepatocytes. The production
of IL-8 was mediated through NF-�B and Akt signaling cas-
cades involved in TNF-�-induced signaling pathways, and this
chemokine exerted antiapoptotic and mitogenic effects on
hepatocytes.

CXC chemokines are widely recognized as inflammatory cell
recruitment factors (37). Recently, the list of functions attrib-
utable to CXC chemokines has expanded, and newer biological
effects of these mediators include angiogenesis (36) and mito-
genesis (10). In particular, ELR-CXC chemokines containing
IL-8 participate in the wound healing response (6, 14, 35).
Previous studies have shown that increased levels of TNF-� in
the damaged liver directly promote the generation of ELR-
CXC chemokines (6, 7). ELR-CXC chemokines, including
IL-8, protect the liver against damage induced by acetamino-
phen (14). In the present study, IL-8 was shown to rescue
hepatocytes from damage induced by ConA, which is known to
cause liver injury through a TNF-�-dependent apoptosis path-
way (21, 38). The direct antiapoptotic effect of IL-8 on TNF-
�-induced hepatocyte apoptosis was further examined in an in
vitro model. TNF-� induces apoptosis of Hc hepatocytes when
NF-�B and PI3K/Akt are inhibited (30). Exogenously added
IL-8 efficiently suppressed hepatocyte apoptosis in this model.
IL-8 appears to inhibit neutrophil apoptosis (11). Moreover,
TNF-�-induced suppression of neutrophil apoptosis is medi-
ated through IL-8 production (12). IL-8 also rescues human
fetal astrocytes from Fas-mediated apoptosis (33). In contrast,
the antisense IL-8 gene enhanced endothelial cell apoptosis
(16). These findings and our results suggest that IL-8 directly
acts on hepatocytes and promotes a protective effects against
apoptosis.

FIG. 8. Effects of dominant-negative and constitutively active Akt
on IL-8 expression in Hc cells. Hc cells were transfected with a stable
expression vector for dominant-negative (D.N.) or constitutively active
(C.A.) Akt. After selection using G 418, the cells were incubated in
serum-free medium and treated with or without TNF-� (20 ng/ml) for
1 h. Total RNA extracted from the cells was separated by electro-
phoresis on 1% agarose gels and transferred to nylon membranes. The
membranes were hybridized with the specific probe against IL-8 syn-
thesized by RT-PCR. The Akt expressed was assessed by Western
blotting, as shown in the lower panel. The results shown are represen-
tative of at least two independent experiments.

FIG. 9. Effects of TNF-� and IL-8 on proliferation of Hc cells.
(A) Hc cells were treated with IL-8 alone (1 ng/ml) or TNF-� (20
ng/ml) in combination with or without IL-8 or anti-IL-8 neutralization
antibody (5 �g/ml). DNA synthesis was measured by [3H]thymidine
incorporation into acid insoluble fraction. Data are means � stan-
dard deviations (error bars) from at least six independent experiments.
*, P � 0.01 using Student’s t test. (B) Hc cells were treated with TNF-�
(20 ng/ml) for the indicated periods of time in the absence or presence
of anti-IL-8 neutralization antibody (Ab) (5 �g/ml). Total cell lysates
were subjected to Western blotting with antibodies against p21 and
actin. The results shown are representative of at least two independent
experiments.
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IL-8 production is reported to be controlled by a variety of
signals. There are several potential binding sites for nuclear
transcription factors, including AP-1, NF-�B, and PEA3 in the
IL-8 promoter region (15, 28, 39). In the HepG2 hepatoma cell
line, which constitutively expresses IL-8 mRNA, AP-1 and
PEA3 are shown to play important roles (15). In contrast,
NF-�B has been shown to be essential for expression of IL-8 in
several types of cells, and TNF-� has been known as an acti-
vator of NF-�B (29, 30). In the present study, IL-8 production
by TNF-� was inhibited by either Ad5I�B or LY 294002.
Therefore, transcription of IL-8 is located downstream of the
NF-�B and PI3K signaling cascades in Hc hepatocytes. More-
over, Akt, a downstream effector of PI3K, is involved in IL-8
production, although its activation alone is not sufficient to
induce IL-8 production. The involvement of PI3K/Akt as well
as that of other kinases in IL-8 expression has been reported in
other cell systems. For example, neurosin, a neuropentide in
the gastrointestinal tract, leads to IL-8 secretion via extracel-
lular signal-regulated kinase (ERK)- and NF-�B-dependent
pathways in human colonocytes (45). HGF-induced activation
of ERK kinase and PI3K was found to contribute to IL-8
expression in a human neck squamous cell cancer cell line (9).
ERK and p38 mitogen-activated protein kinase are implicated
in Fas-induced IL-8 expression in human glioma cells (5).
However, the transcription factor(s) which locates at the down-
stream of PI3K/Akt is not clearly understood. To clarify the
regulatory mechanism for IL-8 production, the transcription
factor(s) should be identified and further investigation is under
current progress in our laboratory.

The present results also indicated that TNF-� itself inhibited
proliferation of normal hepatocyte and that TNF-�-induced
IL-8 production reversed the inhibitory effect of TNF-�. p21
protein, a potent inhibitor of cyclin-dependent kinases (13),
was induced in response to TNF-�. p21 is known to be asso-
ciated with various cyclin/cyclin-dependent kinase complexes
and inhibits their activations, causing G1 arrest in mammalian
cells. The involvement of p21 in TNF-�-induced growth arrest
at the G1 phase has been reported in several types of cells:
MCF-7 cells (17), human colon cancer WiDr cells (20), and rat
oligodendrocytes (44). Our data and these findings suggest that
TNF-� induces growth arrest of Hc hepatocytes via p21. How-
ever, previous studies (32, 41, 42) have shown that TNF-� is
implicated in hepatocyte regeneration. For example, mice lack-
ing TNFR-1 were unable to exert a regenerative response after
partial hepatectomy (42). TNF-� was also shown to stimulate
mitogenic response of murine hepatocytes in culture (32).
These results indicate that TNF-� plays a role in hepatocellu-
lar proliferation and liver mass homeostasis. Possible explana-
tions for this discrepancy between our results and the prevail-
ing hypothesis are numerous but unconvincing. For example, a
proliferative effect of TNF-� was observed only when the hepa-
tocytes were cultured in the medium containing fetal calf se-
rum (i.e., not in its absence), indicating that TNF-� is not a
complete mitogen for hepatocytes but, rather, that it acts by
priming hepatocytes for replication (18). Indeed, TNF-� in-
duced upregulation of mRNA levels of IGFR2, erbB2, and
EDG4, which are receptors for mitogens in our microarray
analysis. The induction of p21 is observed after 70% partial
hepatectomy of the rat (2). Primary rat hepatocyte in culture
demonstrated increased p21 expression after treatment with

HGF (2). Thus, it seems quite reasonable to speculate that the
induction of p21 is related with the priming events to stay
hepatocytes at the G1 stage, ready to respond the following the
challenge of mitogens (e.g., growth factors). TNF-� promotes
hepatocyte proliferation, when other growth factor(s) is pres-
ent. However, in the absence of the second challenge hepato-
cytes tend to stay at the G1 stage through activation of p21.

TNF-� activates both the NF-�B and PI3K/Akt pathways,
and blockage of these signals sensitizes hepatocyte to TNF-�-
induced apoptosis (30). As described above, TNF-� induced
apoptosis in sensitized hepatocytes and growth inhibition in
unsensitized cells. IL-8 protected sensitized hepatocytes against
TNF-�-induced apoptosis. Moreover, IL-8 reversed the effects
on cell growth arrest and p21 protein expression by TNF-�
treatment in unsensitized hepatocytes. Therefore, the released
IL-8 may reverse the growth inhibition of unsensitized hepa-
tocytes and rescue sensitized hepatocytes from apoptosis in-
duced by TNF-�. IL-8 is invariably found in the damaged liver
(35) and has potent mitogenic effects on hepatocytes (6, 14).
An increase in IL-8 secretion occurred after TNF-� treatment
in unsensitized Hc cells and was correlated with the ability of
the Hc cells to resist TNF-�-mediated apoptosis. However,
administration of exogenous IL-8 resulted in a partial rescue of
cells pretreated with Ad5I�B and LY 294002 from death in-
duced by TNF-�. Moreover, anti-IL-8 neutralization antibody
did not sensitize hepatocytes against TNF-�. Thus, down-
stream of NF-�B and PI3K/Akt, an additional molecule(s) is
implicated in survival signaling pathways in TNF-�-stimulated
hepatocytes.

IL-8 has antiapoptotic and mitotic effects on hepatocytes,
although the mechanism(s) of these effects is unclear. Klein
et al. (19) have reported that IL-8 inhibits polymorphonuclear
neutrophil apoptosis by activation of the ERK- and PI3K-
dependent pathways. However, IL-8, in the range of 1- to 100-
fold concentrations, at which antiapoptotic and mitotic effects
were observed (1 to 100 ng/ml), did not activate either ERK or
Akt in Hc cells (data not shown). The elucidation of the intra-
cellular signaling by IL-8 will provide a clearer picture of the
mechanism of its antiapoptotic effect, and further investigation
is under way.

In summary, we have shown here that TNF-� produces IL-8
through the NF-�B and PI3K mediating pathways in hepato-
cytes. Produced IL-8 rescues sensitized hepatocytes from apo-
ptosis and releases normal (unsensitized) hepatocytes from
growth inhibition, both of which are events induced by TNF-�
itself.
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