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Wanninger J, Neumeier M, Weigert J, Bauer S, Weiss TS,
Schiiffler A, Krempl C, Bleyl C, Aslanidis C, Scholmerich J,
Buechler C. Adiponectin-stimulated CXCLS release in primary hu-
man hepatocytes is regulated by ERK1/ERK?2, p38 MAPK, NF-«B,
and STAT3 signaling pathways. Am J Physiol Gastrointest Liver
Physiol 297: G611-G618, 2009. First published July 16, 2009;
doi:10.1152/ajpgi.90644.2008.—Adiponectin is believed to exert
hepatoprotective effects and induces CXCLS, a chemokine that func-
tions as a survival factor, in vascular cells. In the current study, it is
demonstrated that adiponectin also induces CXCLS8 expression in
primary human hepatocytes but not in hepatocellular carcinoma cell
lines. Knock down of the adiponectin receptor (AdipoR) 1 or Adi-
poR2 by small-interfering RNA indicates that AdipoR1 is involved in
adiponectin-stimulated CXCLS8 release. Adiponectin activates nuclear
factor (NF)-kB in primary hepatocytes and pharmacological inhibi-
tion of NF-kB, the p38 mitogen-activated protein kinase, and extra-
cellular signal-regulated kinase (ERK) 1/ERK2 reduces adiponectin-
mediated CXCLS8 secretion. Furthermore, adiponectin also activates
STAT3 involved in interleukin (IL)-6 and leptin-mediated CXCL8
induction in primary hepatocytes. Inhibition of JAK2 by AG-490 does
not abolish adiponectin-stimulated CXCLS, indicating that this kinase
is not involved. Pretreatment of primary cells with “STAT3 Inhibitor
VI,” however, elevates hepatocytic CXCLS8 secretion, demonstrating
that STAT3 is a negative regulator of CXCLS8 in these cells. In
accordance with this assumption, IL-6, a well-characterized activator
of STAT3, reduces hepatocytic CXCLS. Therefore, adiponectin-stim-
ulated induction of CXCLS8 seems to be tightly controlled in primary
human hepatocytes, whereas neither NF-kB, STAT3, nor CXCLS are
influenced in hepatocytic cell lines. CXCLS is a survival factor, and
its upregulation by adiponectin may contribute to the hepatoprotective
effects of this adipokine.

adiponectin; hepatocyte; nuclear factor-kB; adiponectin receptor 1;
STATS3; extracellular signal-regulated kinase; mitogen-activated pro-
tein kinase

ADIPONECTIN IS AN adipocyte-derived protein with antidiabetic
and hepatoprotective properties, but systemic levels are re-
duced in obesity, hepatic steatosis, and liver fibrosis (1, 32, 45,
48). Adiponectin receptors 1 (AdipoR1) and 2 (AdipoR?2) are
expressed in hepatocytes (23, 24, 44) and mediate the hepato-
protective effects of adiponectin, but contradictory data have
been published regarding the abundance of adiponectin recep-
tors in injured liver (2, 23, 39). Binding of adiponectin to
AdipoR2 activates the peroxisome proliferator activated recep-
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tor-a thereby stimulating [-oxidation, whereas AdipoR1 is
involved in the activation of the AMP-activated protein kinase,
p38 mitogen-activated protein kinase (MAPK), and nuclear
factor (NF)-kB (34, 44). Both receptors activate extracellular
signal-regulated kinase (ERK) 1/2 in Hek293 cells through a
Src/Ras pathway and stimulate proliferation (16).

In animal models, it has been shown that adiponectin is
protective in endotoxin- and concanavalin A-induced hepato-
toxicity (19, 43). Adiponectin ameliorates inflammation by
lowering the release of proinflammatory cytokines; it inhibits
the activation of hepatic stellate cells and antagonizes hepato-
cytic cell death (19, 32, 43).

CXC chemokines act as survival factors, and adiponectin
induces CXCLS, a chemokine that exerts mitogenic and anti-
apoptotic functions, in monocytes and endothelial cells (29,
40). CXCLS8 administration protects mice against concanavalin
A-induced hepatitis by inhibiting apoptosis and growth arrest
of hepatocytes (26). Similar protective mechanisms have been
observed in mice with hepatic overexpression of the CXCLS8
ortholog KC where liver injury was induced by galactosamine
and endotoxin (8). KC is upregulated by the hepatoprotective
cytokine interleukin (IL)-6 via the activation of the IL6-gp130-
STAT3 pathway, and recombinant KC reduces serum amino-
transferase levels in mice with concanavalin A-mediated liver
damage (14).

Besides these antiapoptotic and hepatoprotective effects,
CXCLS is a chemoattractant and activator for neutrophils,
basophils, and T cells that may aggravate liver fibrosis (28).
Despite 100-fold elevated KC serum levels in the IL-6-treated
mice, an influx of polymorphonuclear cells in the liver was not
observed (14).

Systemic CXCLS is elevated in obesity (33) and patients
with nonalcoholic fatty liver disease (NAFLD) and is sug-
gested to contribute to the pathogenesis of these disorders (10).
NAFLD is often referred to as the hepatic manifestation of the
metabolic syndrome, and excess hepatic lipid storage repre-
sents a first hit that predisposes the liver to subsequent damage
(37). Incubation of hepatocytes with palmitic acid may be used
as an in vitro model for hepatic steatosis and, despite an
induction of CXCLS8 in the lipid-loaded cells, an enhanced
apoptosis was observed (12).

Taken together, these data indicate that the function of
CXCLS has not been fully characterized, and its tightly con-
trolled activity may be essential to ensure the protective effects
of this chemokine. We have recently shown that adiponectin
induces CXCLS8 in primary human monocytes by a pathway
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involving the p38 MAPK, and similar results were published
for endothelial cells (29, 40). In the current study, our goal was
to investigate whether adiponectin enhances CXCLS release in
hepatocytes and to identify the signaling pathways involved.

MATERIALS AND METHODS

Culture media and reagents. Dulbecco’s modified Eagle medium
(DMEM) was from Lonza (Wuppertal, Germany), the RNeasy Mini
Kit was from Qiagen (Hilden, Germany), and oligonucleotides were
synthesized by Metabion (Planegg-Martinsried, Germany). Light-
Cycler FastStart DNA Master SYBR Green I was purchased from
Roche (Mannheim, Germany). Recombinant human full-length adi-
ponectin expressed in a mammalian cell line, recombinant IL-6, and
the DuoSet enzyme-linked immunosorbent assay (ELISA) Develop-
ment System for human adiponectin were from R&D Systems (Wiesbaden-
Nordenstadt, Germany). CXCL8 ELISA was from BD Biosciences
(Heidelberg, Germany). Anti-B-actin antibody was ordered from
Sigma (Deisenhofen, Germany). NF-kB p65 antibody was from Acris
(Hiddenhausen, Germany), and STAT3, phosphor (P)-STAT3 (Tyr’%), p38,
phospho-p38, ERK1/2, phospho-ERK1/2, and poly(ADP)-ribose
polymerase (PARP) antibody were from New England Biolabs
(Frankfurt am Main, Germany). AdipoR1 and AdipoR2 antibodies
were used as recently described (24, 40). AdipoR1 (CCUCUUA-
GAGAAUUCAGUALt) and AdipoR2 (CCAACUGGAUGGUACAC
GAtt) human small-interfering RNAs (siRNAs) and Silencer Negative
Control 1 siRNA were from Applied Biosystems (Darmstadt, Ger-
many). The p38 MAPK inhibitor SB-203580, the ERK1/ERK2 inhib-
itor PD-98059, the JAK2 inhibitor AG-490, the InSolution NF-kB
Activation Inhibitor, the STAT3 inhibitor peptide, and STAT3 Inhib-
itor VI (SL_VI) were from Calbiochem (Darmstadt, Germany).

Primary hepatocytes and hepatocytic cell lines. Tissue samples
from liver resections were obtained from patients undergoing partial
hepatectomy for metastatic liver tumors of colorectal cancer. Exper-
imental procedures were performed according to the guidelines of the
charitable state controlled foundation HTCR (Human Tissue and Cell
Research), with the informed patient’s consent approved by the local
ethical committee of the University of Regensburg (35). Primary
human hepatocytes were isolated and cultivated in serum-free me-
dium (DMEM supplemented with 4.5 g/l glucose, 0.4 ng/ml hydro-
cortisone, 0.415 mU/ml insulin, 2 mM glutamine, and 100 U/ml
penicillin/streptomycin) as previously described (41).

Contaminating cells using the standard isolation protocol (11) are
mainly Kupffer cells and endothelial cells and are <2% as examined
by light microscopy and RT-PCR studies (11). In the highly purified
hepatocyte fraction, no contaminating cells were detected using light
microscopy, indicating <0.1% contaminating cells, and this is in
accordance with results from RT-PCR studies (11) where CD68 as a
marker of Kupffer cells was not amplifiable. CD31 as a marker for
endothelial cells was amplified by RT-PCR but was shown to be
similarly abundant in hepatocyte fractions isolated by the standard
protocol and fractions following an additional purification step with
Percoll indicating that mainly Kupffer cells are removed by this
purification step.

The hepatocellular carcinoma cell lines Hep G2, Hep 3B, and PLC
were obtained from the American Type Culture Collection (Wesel,
Germany) and were cultivated in RPMI medium (GIBCO-BRL,
Karlsruhe, Germany) supplemented with 10% FCS as described (25).

Electroporation. Cells (2 X 10°) were suspended in 100 .l Nucleo-
fector Solution (Mouse Hepatocyte Nucleofector Kit, Lonza, Wup-
pertal, Germany), and 3 g siRNA was added. Electroporation was
performed using Nucleofector I (Lonza, Wuppertal, Germany) and the
program T16. Immediately after transfection, 500 wl medium supple-
mented with 10% FCS, 50 mM trehalose, and 1.5% dimethyl sulfox-
ide were added. The resuspended hepatocytes were transferred to 2.4
ml medium supplemented with 10% FCS and 50 mM trehalose and
cultivated in Collagen I Cellware six-well plates (BD Biosciences,
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Heidelberg, Germany) until used in the experiments. Before stimula-
tion with adiponectin or IL-6, cells were cultivated for 12 h in
serum-free medium.

SDS-PAGE and immunoblotting. SDS-PAGE and immunoblotting
were performed as recently described (24, 25, 40). The hepatocytes
were solubilized in RIPA buffer. Proteins (10 pg) were separated by
SDS-PAGE and were transferred (80 volts, 90 min) to polyvinylidene
difluoride membranes (Bio-Rad, Miinchen, Germany). Incubations
with antibodies (diluted 1:1,000-fold) were performed in 1.5% BSA in
PBS, 0.1% Tween overnight. Detection of the immune complexes was
carried out with the enhanced chemiluminescence Western blot de-
tection system (Amersham Pharmacia, Deisenhofen, Germany).

Real-time RT-PCR. Real-time RT-PCR was performed as described
elsewhere (40). The specificity of the PCRs was confirmed by se-
quencing of the PCR fragments (Geneart, Regensburg, Germany). The
primers for B-actin were 5'-CTA CGT CGC CCT GGA CTT CGA
GC-3" (B-actin uni) and 5'-GAT GGA GCC GCC GAT CCA CAC
GG-3" (B-actin reverse). CXCL8 was amplified with 5'-ACC GGA
AGG AAC CAT CTC ACT G-3’ (CXCLS8 uni) and 5'-GCA TCT
GGC AAC CCT ACA ACA-3' (CXCLS reverse).

Enzyme-linked immunosorbent assay. The enzyme-linked immu-
nosorbent assays (ELISAs) were performed as recommended by the
distributor. Supernatants were diluted 1:500 for determination of
CXCLS. All measurements were performed in duplicate. Total protein
concentrations were determined in the hepatocytes incubated with or
without adiponectin (4 different experiments) and were 1.6 = 0.3
png/pl, indicating variations of maximally 20% that are explained by
differences in media volume or cell number, and, therefore, were not
taken into account for calculation of CXCL8 concentrations in the
supernatants.

Electrophoretic mobility shift assay. Nuclear protein was isolated
as recently described (31). The Lightshift Chemiluminescent Kit
(Thermo Fisher Scientific, Bonn, Germany) was used according to the
instructions of the manufacturer. An oligonucleotide duplex contain-
ing a NF-kB binding site (AGTTGAGGGGACTTTCCCAGG) or a mu-
tated NF-kB binding sequence (AGTTGAGGcGACTTTCCCAGGC)
was used.

Statistics. Data are given as mean values = SD (SPSS 15.0 for
Windows). Statistical differences were analyzed by two-tailed #-test,
and a value of P < 0.05 was taken as statistically significant.

RESULTS

Adiponectin induces CXCLS in primary human hepatocytes.
Primary human hepatocytes of eight different donors were
isolated, cultivated for 48 h, and subsequently incubated with
10 pg/ml adiponectin for 24 h. CXCL8 mRNA and B-actin
mRNA for normalization were determined by real-time RT-
PCR, and CXCL8 mRNA was found to be nearly eightfold
induced by adiponectin (Fig. 1A). The protein was measured in
the supernatants of these cells, and CXCLS8 was found to be
significantly higher in the supernatants of adiponectin-treated
cells (Fig. 1B). Incubation of hepatocytes of three different
donors with adiponectin for 3, 6, and 12 h indicated that
CXCLS8 protein was already induced after 6 h and was not
further upregulated in cells stimulated for 12 h (Fig. 1C). When
primary hepatocytes of three different donors were cultivated
in the presence of increasing concentrations of adiponectin for
24 h, a significant upregulation of CXCLS8 was observed by 10
wg/ml adiponectin, whereas 0.1, 1, 2.5, and 5 pg/ml had no
effect (Fig. 1D).

To analyze the contribution of nonparenchymal cells to the
effects of adiponectin, CXCL8 was determined in the super-
natants of hepatocytes isolated with the standard protocol (98%
hepatocytes in cell fraction) and in more highly purified hepa-
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tocytes (<0.1% contaminating cells) from the identical donor
(11). CXCLS concentration was similar in the supernatants of
the hepatocytes isolated by the standard procedure and the
supernatants of cells undergoing an additional Percoll purifi-
cation. However, adiponectin-stimulated CXCL8 was lower in
the supernatants of highly purified hepatocytes, indicating that
adiponectin also upregulated CXCLS8 in the nonparenchymal
cells (Fig. 1E).

To exclude any toxic effects of the recombinant adiponectin,
lactate dehydrogenase was measured in the supernatants but
was found to be similar in control and adiponectin-treated
hepatocytes (data not shown). Furthermore, the nuclear PARP
that is cleaved by caspases in response to environmental stress
was similarly abundant in control and adiponectin-treated cells
(data not shown).

AdipoR]1 is involved in adiponectin-mediated upregulation
of CXCLS. Primary human hepatocytes (triplicate experiments
with hepatocytes of three different donors) were transfected
with scrambled siRNAs as control or siRNAs specific for
AdipoR1 or AdipoR2 by electroporation. After transfection (48

h), the specific siRNAs had reduced AdipoR1 expression by
~90% and AdipoR2 by ~80% when compared with the
control siRNA-treated cells (Fig. 2A). CXCL8 levels were
similar in the supernatants of control siRNA-, AdipoR1 siRNA-,
and AdipoR2 siRNA-treated hepatocytes. CXCLS8 in the su-
pernatants of hepatocytes with AdipoR2 knockdown and adi-
ponectin stimulation was similar to controls but was signifi-
cantly lower in the supernatant of AdipoR1 siRNA-treated
cells incubated with adiponectin (Fig. 2B).

Adiponectin does not induce CXCLS in hepatocytic cell
lines. CXCLS8 was determined in the supernatants of Hep G2,
Hep 3B, and PLC cell lines cultivated for 24 h. The levels were
similar in Hep G2 cells, Hep 3B cells, and primary hepatocytes
and were significantly higher in the supernatants of PLC cells
(data not shown). However, adiponectin did not induce CXCL8
in the cell lines even when 20 pg/ml recombinant protein was
used (data not shown).

Adiponectin enhances NF-kB activity in primary hepato-
cytes. Induction of CXCLS8 may depend on the activation of
NF-kB; therefore, NF-kB activity was analyzed by electro-
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phoretic mobility shift assay using nuclear protein of primary
hepatocytes or Hep G2 cells that were incubated with adi-
ponectin for 0, 30, or 60 min. An enhanced binding to an
oligonucleotide duplex containing an NF-kB binding site was
only observed when nuclear protein of primary cells stimulated
with adiponectin was investigated. Binding was not detected
when an oligonucleotide duplex with a mutated NF-kB site was
used, indicating that the observed effect was specific (Fig. 3A).
Binding to NF-kB was not enhanced in Hep G2 cells incubated
with adiponectin for 30 or 60 min (data not shown). In
accordance with elevated NF-«kB activity, in nuclear extracts of
adiponectin-incubated primary hepatocytes, the abundance of
the NF-kB family member p65 was transiently elevated (Fig.
3B). The InSolution NF-kB Activation Inhibitor was used to
investigate the involvement of NF-«kB, and 5 wM of the
inhibitor nearly blocked CXCLS8 induction by adiponectin,
whereas basal concentrations were not altered (Fig. 3C).

The p38 MAPK and ERKI/2 are involved in CXCLS
induction by adiponectin. Adiponectin stimulated the phos-
phorylation of the p38 MAPK within 30 min of incubation
(Fig. 3D). Because p38 MAPK may be involved in the
induction of CXCLS8, hepatocytes were incubated with 10
pg/ml adiponectin alone or in combination with the p38
MAPK inhibitor SB-203580 at a concentration of 100 or 200
nM. CXCLS8 in the supernatants of hepatocytes incubated
with the p38 MAPK inhibitor alone was significantly re-
duced (Fig. 3E and data not shown). Adiponectin-mediated
elevation of CXCLS8 was slightly lower when 200 nM of the
inhibitor was added (Fig. 3E).

Adiponectin stimulated the phosphorylation of ERK1/2 10
min after addition of 10 wg/ml adiponectin to the medium (Fig.

Fig. 3. Extracellular signal-regulated kinase Q
(ERK) 1/2, the p38 mitogen-activated protein
kinase (MAPK), and nuclear factor (NF)-«B are
involved in the induction of CXCLS8. A: nuclear
extracts of primary human hepatocytes (PHH)
incubated with adiponectin (0, 30, 60 min) were
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3F). PD-98059 (20 wM), an inhibitor of the ERK1/2 pathway,
significantly reduced CXCLS in the supernatant of adiponec-
tin-stimulated cells but did not alter CXCLS release in control-
cultivated hepatocytes (Fig. 3G).

Adiponectin stimulates the phosphorylation of STAT3. Ac-
tivation of STAT3 was described to induce CXCLS; therefore,
it was analyzed whether adiponectin enhances STAT3 phos-
phorylation. Elevated phosphorylated STAT3 was detected in
primary hepatocytes after 3 and 6 h incubation with adiponec-
tin (Fig. 4A). IL-6 activates STAT3; therefore, IL-6 was
determined in supernatants of hepatocytes of eight donors
incubated with or without adiponectin for 24 h. IL-6 was
42.0 = 25.4 pg/ml (P = 0.003) in the supernatants of adi-
ponectin-incubated cells and nearly eightfold induced com-
pared with control-cultivated hepatocytes (Fig. 4B). IL-6 (100
pg/ml) did not stimulate phosphorylation of STAT3 in primary
hepatocytes, indicating that these low IL-6 levels may not
account for the activation of STAT3 in the cells (Fig. 4C).
However, this concentration of IL-6 may act synergistically
with adiponectin in stimulating activation of P-STAT3, but
P-STAT3 was similar in hepatocytes incubated with adiponec-
tin alone or in combination with 100 pg/ml IL-6 (Fig. 4D).

In Hep G2 cells, adiponectin (10 pg/ml) could not enhance
STAT3 phosphorylation, although IL-6, a well-described acti-
vator of STAT3, markedly elevated P-STAT3 (data not
shown).

To analyze whether adiponectin-mediated activation of
STAT3 is involved in the induction of CXCLS8, AG-490, a JAK
family tyrosine kinase inhibitor described to inhibit activation
of STAT3 (17), was applied. However, AG-490 used in the nM
and pM range did not influence CXCLS in adiponectin-incu-
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Fig. 4. Adiponectin activates STAT3. A: P-STAT3
and STAT3 in cell lysates of primary human hepato-
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bated cells (data not shown), and P-STAT3 was similar in
hepatocytes incubated with adiponectin or adiponectin and 1
wM AG-490 (Fig. 4E). Furthermore, the inhibitor was ana-
lyzed in IL-6-incubated hepatocytes and failed to abolish
IL-6-stimulated phosphorylation of STAT3 (data not shown).
Therefore, SI_VI (0.4 mM), which directly prevents STAT3
phosphorylation, was used. SI_VI (0.4 mM) reduced P-STAT3
in IL-6-treated hepatocytes (data not shown) and in adiponec-
tin-stimulated cells (Fig. 4F). Adiponectin and SI_VI sepa-
rately enhanced CXCLS in the supernatants, and coincubation
of the hepatocytes with SI_VI and adiponectin led to a syner-
gistic elevation of CXCLS8 (Fig. 5A). Similar results were
obtained when STAT3 was blocked by a STAT3 Inhibitor
Peptide (0.2 mM) (Fig. 5B). These findings indicate that
activated STAT3 inhibits CXCL8 release in hepatocytes.
Therefore, the influence of IL-6 on hepatocytic CXCL8 was
determined, and it was shown that 20 ng/ml IL-6 slightly but
significantly reduced CXCLS in the supernatants (Fig. 5C).

DISCUSSION

In the current study, we demonstrated that adiponectin
induces CXCL8 mRNA and protein in primary human hepa-

tocytes. As expected, basal CXCLS release in the primary cells
showed some variation but, although consistently observed, the
effect of adiponectin ranged between a 2- to 15-fold induction
of CXCLS, indicating that intrinsic properties of the primary
cells alter the response to adiponectin in vitro.

Elevated CXCLS8 stimulated by adiponectin was already
demonstrated in human microvascular endothelial cells, rheu-
matoid synovial fibroblasts, and monocytes (13, 29, 40). The
p38 MAPK, JNK, and NF-kB were identified to participate in
the adiponectin-mediated increase of CXCLS in these cells.
The CXCLS8 promoter contains a NF-kB binding site (9), and
inhibition of NF-«kB nearly blocked induction of CXCLS8 in the
current study. Furthermore, an enhanced binding to a NF-kB
binding site was detected in adiponectin-treated primary hepa-
tocytes and is in accordance with an increased nuclear trans-
location of the p5S0 and p65 NF-kB family members demon-
strated by others (13), and for p65 herein. Activation of NF-«B
by adiponectin has already been shown in endothelial cells,
fibroblasts, and myocytes (34, 36, 38) but to the best of our
knowledge not in hepatocytes so far. NF-kB is a master
regulator of inflammation, cell survival, and proliferation. In
NEMO"PEKO mice, NF-kB activity in the liver is completely
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blocked, and the specific loss of NEMO in hepatocytes spon-
taneously induces chronic inflammation, steatohepatitis, and
liver cancer (18). Therefore, adiponectin-mediated activation
of NF-kB in liver parenchymal cells may resemble one mech-
anism that explains the hepatoprotective effects of this adipo-
kine (10, 32). The p38 MAPK that participates in the adiponec-
tin-stimulated induction of CXCL8 in monocytes and of IL-6
in fibroblast (34, 40) is also partly involved in hepatocytic
upregulation of CXCLS. This kinase is activated by binding of
adiponectin to AdipoR1 (34), and, in accordance with these
data, knock down of AdipoR1 reduced CXCLS protein in the
supernatants of adiponectin-treated primary hepatocytes. How-
ever, in synovial fibroblasts, AdipoR2 was involved in CXCLS8
induction, whereas in human microvascular endothelial cells
the effect was independent of both adiponectin receptors de-
scribed so far (13, 29). These studies confirmed RNAi-medi-
ated knock down of AdipoR1 or AdipoR2 at the mRNA but not
the protein level; therefore, the extent of protein reduction in
their and the current studies cannot be compared but might
partly explain the discrepant findings (13, 29). Pharmacologi-
cal inhibition of ERK1/2 also reduced CXCLS8 in the superna-
tants of adiponectin-treated hepatocytes, indicating that p38,
ERK1/2, and NF-kB are involved in the induction of CXCLS8
by adiponectin.

Upregulation of CXCLS by adiponectin indicates proinflam-
matory effects of this adipokine although several studies dem-
onstrate that adiponectin is an anti-inflammatory protein. Nev-
ertheless, elevated circulating adiponectin levels that even
correlate with inflammatory markers were found in patients
with inflammatory bowel disease or type 1 diabetes, and an
induction of inflammatory proteins similar to the findings
herein was described in several studies (4). Therefore, the link
between adiponectin and inflammation is unclear, and addi-
tional studies have to clarify the role of adiponectin in inflam-
matory diseases.

Most studies published so far described that activation of
STAT3 is associated with an elevation of CXCLS. Nonethe-
less, activated STAT3 was also identified as a repressor of
inflammatory responses and CXCLS8 synthesis (5, 20). STAT3
inhibits NF-kB activity by directly binding to this transcription
factor, and this may explain the elevated synthesis of cytokines
and chemokines in STAT3-deficient cells (42, 47). Adiponec-
tin activates STAT3 in primary hepatocytes, and a similar
effect was very recently demonstrated in mouse fibroblasts
(17). Inhibition of STAT3 significantly elevated CXCLS8 re-
lease in control and adiponectin-incubated hepatocytes, indi-
cating that activated STAT3 inhibits CXCLS8 synthesis in the
cells studied herein. Whether this repressive effect is explained
by STAT3-mediated downregulation of NF-kB activity (47)
has to be evaluated in future studies. In accordance with a
repressive effect of activated STAT3 on CXCLS, IL-6 also
lowered hepatocytic CXCLS. Inhibition of JAK2 neither influ-
enced adiponectin-mediated induction of CXCL8 nor IL-6-
stimulated activation of STAT3, and this finding is in accor-
dance with studies in JAK2-deficient mice where IL-6 signal-
ing was not affected (27).

In contrast to primary hepatocytes, hepatocytic cell lines
were resistant to the effects of adiponectin, and neither an
elevated release of CXCL8 nor an activation of STAT3 was
observed. To exclude the possibility that solely nonparenchy-
mal cells respond to adiponectin, highly purified hepatocytes

ADIPONECTIN INDUCES HEPATIC CXCL8

with <0.1% contaminating cells were used (11). Although the
induction of CXCLS8 was less pronounced in these cell prepa-
rations when compared with less pure hepatocyte fractions
with ~2% nonparenchymal cells isolated from the identical
liver, adiponectin clearly enhanced CXCLS8 levels.

Although Hep G2 cells did not respond to adiponectin
incubation, P-STAT3 was elevated in Hep G2 cells incubated
with IL-6, indicating that these cells have a proper response to
a well-described activator of STAT3. Hep G2 cells have been
described to respond to recombinant adiponectin, but signifi-
cant effects were only observed when 30 pg/ml recombinant
protein were used (21, 22). These high amounts of protein even
repressed STAT3 activity in Hep G2 cells, but CXCLS8 was not
determined in this study (22).

Activation of STAT3 in adult mouse cardiac fibroblasts by
adiponectin was explained by an autocrine/paracrine mecha-
nism where adiponectin upregulated IL-6 to a concentration of
~1 ng/ml in the supernatants of the cells, and IL-6 subse-
quently activated STAT3 (11). However, IL-6 levels in the
supernatants of the purified primary hepatocytes were very low
(<50 pg/ml) and most likely originate from nonparenchymal
cells (7), indicating that different mechanisms are involved in
the activation of STAT3 in hepatocytes and fibroblasts.

Adiponectin decreases CXCL8 release in tumor necrosis
factor-activated human aortic endothelial cells (15) and in
lipopolysaccharide-stimulated macrophages, whereas CXCLS8
is induced in nonactivated cells (30). These findings might
indicate that, in inflammation, NF-kB stimulating pathways of
adiponectin are suppressed and anti-inflammatory signals are
transduced. Therefore, adiponectin-mediated activation of
STAT3 may prevail in these conditions and contribute to the
suppression of CXCLS8. These findings may explain the dual
role of adiponectin described as an pro- and anti-inflammatory
protein in various studies (4, 29, 30, 40).

To summarize, in the current study, it was demonstrated that
adiponectin induces CXCLS8 by a pathway involving the p38

Adiponectin

AdipoR1? AdipoR1

p38 MAPK

STAT3

. o
1 Inhibition CXCLS 1
Fig. 6. Adiponectin activates the p38 MAPK, ERK1/2, and NF-«kB and
thereby elevates CXCLS in the supernatants of primary human hepatocytes. In
addition, adiponectin stimulates phosphorylation of STAT3, and activated
STATS3 inhibits induction of CXCLS8. Nevertheless, the net result is 2- to 8-fold
elevated CXCLS8 in adiponectin-incubated hepatocytes. Involvement of Adi-
poR1 in the induction of CXCL8 was confirmed by siRNA experiments.
Activation of STAT3 may also depend on AdipoR1 because siRNA-mediated
knock down of AdipoR2 did not alter CXCLS8 but should be associated with
elevated CXCLS if STATS3 is activated by this receptor.
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MAPK, ERK1/2, and NF-kB. In addition, adiponectin acti-
vates STAT3 and thereby suppresses CXCLS release (Fig. 6).
CXCLS is an antiapoptotic protein, and, therefore has to be
tightly regulated to guarantee cell survival but also to prevent
excess cell proliferation that may lead to carcinogenesis.

ACKNOWLEDGMENTS

The technical assistance of Stefan Kirchner, Katja Miiller, and Anja Gribe
is greatly appreciated.

GRANTS

This study was supported by a grant from the Deutsche Forschungsgemein-
schaft (BU 1141/3-2) and the Regensburger Forschungsforderung in der
Medizin (ReForm C).

REFERENCES

1. Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa J,
Hotta K, Shimomura I, Nakamura T, Miyaoka K, Kuriyama H,
Nishida M, Yamashita S, Okubo K, Matsubara K, Muraguchi M,
Ohmoto Y, Funahashi T, Matsuzawa Y. Paradoxical decrease of an
adipose-specific protein, adiponectin, in obesity. Biochem Biophys Res
Commun 257: 79-83, 1999.

2. Bullen JW Jr, Bluher S, Kelesidis T, Mantzoros CS. Regulation of
adiponectin and its receptors in response to development of diet-induced
obesity in mice. Am J Physiol Endocrinol Metab 292: E1079-E1086,
2007.

3. de la Iglesia N, Konopka G, Lim KL, Nutt CL, Bromberg JF, Frank
DA, Mischel PS, Louis DN, Bonni A. Deregulation of a STAT3-
interleukin 8 signaling pathway promotes human glioblastoma cell prolif-
eration and invasiveness. J Neurosci 28: 58705878, 2008.

4. Fantuzzi G. Adiponectin and inflammation: consensus and controversy. J
Allergy Clin Immunol 121: 326-330, 2008.

5. Fielding CA, McLoughlin RM, McLeod L, Colmont CS, Najdovska
M, Grail D, Ernst M, Jones SA, Topley N, Jenkins BJ. IL-6 regulates
neutrophil trafficking during acute inflammation via STAT3. J Immunol
181: 2189-2195, 2008.

6. Gharavi NM, Alva JA, Mouillesseaux KP, Lai C, Yeh M, Yeung W,
Johnson J, Szeto WL, Hong L, Fishbein M, Wei L, Pfeffer LM,
Berliner JA. Role of the Jak/STAT pathway in the regulation of inter-
leukin-8 transcription by oxidized phospholipids in vitro and in athero-
sclerosis in vivo. J Biol Chem 282: 31460-31468, 2007.

7. Gregory SH, Wing EJ, Danowski KL, van Rooijen N, Dyer KF,
Tweardy DJ. IL-6 produced by Kupffer cells induces STAT protein
activation in hepatocytes early during the course of systemic listerial
infections. J Immunol 160: 6056—6061, 1998.

8. Hanson JC, Bostick MK, Campe CB, Kodali P, Lee G, Yan J, Maher
JJ. Transgenic overexpression of interleukin-8 in mouse liver protects
against galactosamine/endotoxin toxicity. J Hepatol 44: 359-367, 2006.

9. Hoffmann E, Dittrich-Breiholz O, Holtmann H, Kracht M. Multiple
control of interleukin-8 gene expression. J Leukoc Biol 72: 847-855,
2002.

10. Jarrar MH, Baranova A, Collantes R, Ranard B, Stepanova M,
Bennett C, Fang Y, Elariny H, Goodman Z, Chandhoke V, Younossi
ZM. Adipokines and cytokines in non-alcoholic fatty liver disease. Ali-
ment Pharmacol Ther 27: 412—421, 2008.

11. Jeschke MG, Klein D, Thasler WE, Bolder U, Schlitt HJ, Jauch KW,
Weiss TS. Insulin decreases inflammatory signal transcription factor
expression in primary human liver cells after LPS challenge. Mol Med 14:
11-19, 2008.

12. Joshi-Barve S, Barve SS, Amancherla K, Gobejishvili L, Hill D, Cave
M, Hote P, McClain CJ. Palmitic acid induces production of proinflam-
matory cytokine interleukin-8 from hepatocytes. Hepatology 46: 823—830,
2007.

13. Kitahara K, Kusunoki N, Kakiuchi T, Suguro T, Kawai S. Adiponectin
stimulates IL-8 production by rheumatoid synovial fibroblasts. Biochem
Biophys Res Commun 378: 218223, 2009.

14. Klein C, Wustefeld T, Assmus U, Roskams T, Rose-John S, Muller M,
Manns MP, Ernst M, Trautwein C. The IL-6-gp130-STAT3 pathway in
hepatocytes triggers liver protection in T cell-mediated liver injury. J Clin
Invest 115: 860—869, 2005.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.
. Rovin BH, Song H. Chemokine induction by the adipocyte-derived

30.

31.

32.

33.

Kobashi C, Urakaze M, Kishida M, Kibayashi E, Kobayashi H,
Kihara S, Funahashi T, Takata M, Temaru R, Sato A, Yamazaki K,
Nakamura N, Kobayashi M. Adiponectin inhibits endothelial synthesis
of interleukin-8. Circ Res 97: 1245-1252, 2005.

. Lee MH, Klein RL, El-Shewy HM, Luttrell DK, Luttrell LM. The

adiponectin receptors AdipoR1 and AdipoR2 activate ERK1/2 through a
Src/Ras-dependent pathway and stimulate cell growth. Biochemistry 47:
11682-11692, 2008.

Liao W, Yu C, Wen J, Jia W, Li G, Ke Y, Zhao S, Campell W.
Adiponectin Induces Interleukin-6 Production and Activates STAT3 in
Adult Mouse Cardiac Fibroblasts. Biol Cell 101: 263-272, 2008.
Luedde T, Beraza N, Kotsikoris V, van Loo G, Nenci A, De Vos R,
Roskams T, Trautwein C, Pasparakis M. Deletion of NEMO/IKK-
gamma in liver parenchymal cells causes steatohepatitis and hepatocellular
carcinoma. Cancer Cell 11: 119-132, 2007.

Man K, Zhao Y, Xu A, Lo CM, Lam KS, Ng KT, Ho JW, Sun CK, Lee
TK, Li XL, Fan ST. Fat-derived hormone adiponectin combined with
FTY720 significantly improves small-for-size fatty liver graft survival.
Am J Transplant 6: 467-476, 2006.

Matsukawa A, Kudo S, Maeda T, Numata K, Watanabe H, Takeda K,
Akira S, Ito T. Stat3 in resident macrophages as a repressor protein of
inflammatory response. J Immunol 175: 3354-3359, 2005.

Matsuura F, Oku H, Koseki M, Sandoval JC, Yuasa-Kawase M,
Tsubakio-Yamamoto K, Masuda D, Maeda N, Tsujii K, Ishigami M,
Nishida M, Hirano K, Kihara S, Hori M, Shimomura I, Yamashita S.
Adiponectin accelerates reverse cholesterol transport by increasing high
density lipoprotein assembly in the liver. Biochem Biophys Res Commun
358: 1091-1095, 2007.

Miyazaki T, Bub JD, Uzuki M, Iwamoto Y. Adiponectin activates c-Jun
NH2-terminal kinase and inhibits signal transducer and activator of tran-
scription 3. Biochem Biophys Res Commun 333: 79-87, 2005.
Neumeier M, Hellerbrand C, Gabele E, Buettner R, Bollheimer C,
Weigert J, Schaffler A, Weiss TS, Lichtenauer M, Scholmerich J,
Buechler C. Adiponectin and its receptors in rodent models of fatty liver
disease and liver cirrhosis. World J Gastroenterol 12: 5490-5494, 2006.
Neumeier M, Weigert J, Schaffler A, Weiss T, Kirchner S, Laberer S,
Scholmerich J, Buechler C. Regulation of adiponectin receptor 1 in
human hepatocytes by agonists of nuclear receptors. Biochem Biophys Res
Commun 334: 924-929, 2005.

Neumeier M, Weigert J, Schaffler A, Weiss TS, Schmidl C, Buttner R,
Bollheimer C, Aslanidis C, Scholmerich J, Buechler C. Aldehyde
oxidase 1 is highly abundant in hepatic steatosis and is downregulated by
adiponectin and fenofibric acid in hepatocytes in vitro. Biochem Biophys
Res Commun 350: 731-735, 2006.

Osawa Y, Nagaki M, Banno Y, Brenner DA, Asano T, Nozawa Y,
Moriwaki H, Nakashima S. Tumor necrosis factor alpha-induced inter-
leukin-8 production via NF-kappaB and phosphatidylinositol 3-kinase/Akt
pathways inhibits cell apoptosis in human hepatocytes. Infect Immun 70:
6294-6301, 2002.

Parganas E, Wang D, Stravopodis D, Topham DJ, Marine JC, Te-
glund S, Vanin EF, Bodner S, Colamonici OR, van Deursen JM,
Grosveld G, Thle JN. Jak2 is essential for signaling through a variety of
cytokine receptors. Cell 93: 385-395, 1998.

Remick DG. Interleukin-8. Crit Care Med 33: S466-S467, 2005.

cytokine adiponectin. Clin Immunol 120: 99-105, 2006.

Saijo S, Nagata K, Nakano Y, Tobe T, Kobayashi Y. Inhibition by
adiponectin of IL-8 production by human macrophages upon coculturing
with late apoptotic cells. Biochem Biophys Res Commun 334: 1180-1183,
2005.

Schaffler A, Ehling A, Neumann E, Herfarth H, Paul G, Tarner I, Gay
S, Buechler C, Scholmerich J, Muller-Ladner U. Role of specificity
protein-1, PPARgamma, and pituitary protein transcription factor-1 in
transcriptional regulation of the murine CORS-26 promoter. Biochim
Biophys Acta 1678: 150—-156, 2004.

Schaffler A, Scholmerich J, Buchler C. Mechanisms of disease: adipo-
cytokines and visceral adipose tissue—emerging role in nonalcoholic fatty
liver disease. Nat Clin Pract Gastroenterol Hepatol 2: 273-280, 2005.
Straczkowski M, Dzienis-Straczkowska S, Stepien A, Kowalska I,
Szelachowska M, Kinalska I. Plasma interleukin-8 concentrations are
increased in obese subjects and related to fat mass and tumor necrosis
factor-alpha system. J Clin Endocrinol Metab 87: 4602—-4606, 2002.

AJP-Gastrointest Liver Physiol « VOL 297 « SEPTEMBER 2009 « WWW.ajpgi.org

Downloaded from journals.physiology.org/journal/ajpgi at Univ Regensburg (132.199.144.061) on August 19, 2024.



G618

34.

35.

36.

37.

38.

39.

40.

41.

Tang CH, Chiu YC, Tan TW, Yang RS, Fu WM. Adiponectin enhances
IL-6 production in human synovial fibroblast via an AdipoR1 receptor,
AMPK, p38, and NF-kappa B pathway. J Immunol 179: 5483-5492, 2007.
Thasler WE, Weiss TS, Schillhorn K, Stoll PT, Irrgang B, Jauch KW.
Charitable State-Controlled Foundation Human Tissue and Cell Research:
Ethic and Legal Aspects in the Supply of Surgically Removed Human
Tissue For Research in the Academic and Commercial Sector in Germany.
Cell Tissue Bank 4: 49-56, 2003.

Tomizawa A, Hattori Y, Kasai K, Nakano Y. Adiponectin induces
NF-kappaB activation that leads to suppression of cytokine-induced NF-
kappaB activation in vascular endothelial cells: globular adiponectin vs.
high molecular weight adiponectin. Diab Vasc Dis Res 5: 123—127, 2008.
Torres DM, Harrison SA. Diagnosis and therapy of nonalcoholic steato-
hepatitis. Gastroenterology 134: 1682-1698, 2008.

Tsao TS, Murrey HE, Hug C, Lee DH, Lodish HF. Oligomerization
state-dependent activation of NF-kappa B signaling pathway by adipocyte
complement-related protein of 30 kDa (Acrp30). J Biol Chem 277:
29359-29362, 2002.

Uribe M, Zamora-Valdes D, Moreno-Portillo M, Bermejo-Martinez
L, Pichardo-Bahena R, Baptista-Gonzalez HA, Ponciano-Rodriguez
G, Uribe MH, Medina-Santillan R, Mendez-Sanchez N. Hepatic ex-
pression of ghrelin and adiponectin and their receptors in patients with
nonalcoholic fatty liver disease. Ann Hepatol 7: 67-71, 2008.

Weigert J, Neumeier M, Wanninger J, Wurm S, Kopp A, Schober F,
Filarsky M, Schaffler A, Zeitoun M, Aslanidis C, Buechler C. Reduced
response to adiponectin and lower abundance of adiponectin receptor
proteins in type 2 diabetic monocytes. FEBS Lett 582: 1777-1782, 2008.
Weiss TS, Pahernik S, Scheruebl I, Jauch KW, Thasler WE. Cellular
damage to human hepatocytes through repeated application of 5-aminole-
vulinic acid. J Hepatol 38: 476-482, 2003.

42.

43.

44.

45.

46.

47.

48.

ADIPONECTIN INDUCES HEPATIC CXCL8

Welte T, Zhang SS, Wang T, Zhang Z, Hesslein DG, Yin Z, Kano A,
Iwamoto Y, Li E, Craft JE, Bothwell AL, Fikrig E, Koni PA, Flavell
RA, Fu XY. STAT3 deletion during hematopoiesis causes Crohn’s dis-
ease-like pathogenesis and lethality: a critical role of STAT3 in innate
immunity. Proc Natl Acad Sci USA 100: 1879-1884, 2003.

Xu A, Wang Y, Keshaw H, Xu LY, Lam KS, Cooper GJ. The
fat-derived hormone adiponectin alleviates alcoholic and nonalcoholic
fatty liver diseases in mice. J Clin Invest 112: 91-100, 2003.
Yamauchi T, Nio Y, Maki T, Kobayashi M, Takazawa T, Iwabu M,
Okada-Iwabu M, Kawamoto S, Kubota N, Kubota T, Ito Y, Kamon J,
Tsuchida A, Kumagai K, Kozono H, Hada Y, Ogata H, Tokuyama K,
Tsunoda M, Ide T, Murakami K, Awazawa M, Takamoto I, Froguel
P, Hara K, Tobe K, Nagai R, Ueki K, Kadowaki T. Targeted disruption
of AdipoR1 and AdipoR2 causes abrogation of adiponectin binding and
metabolic actions. Nat Med 13: 332-339, 2007.

Yan E, Durazo F, Tong M, Hong K. Nonalcoholic fatty liver disease:
pathogenesis, identification, progression, and management. Nutr Rev 65:
376-384, 2007.

Yoshida N, Katada K, Handa O, Takagi T, Kokura S, Naito Y,
Mukaida N, Soma T, Shimada Y, Yoshikawa T, Okanoue T. Interleu-
kin-8 production via protease-activated receptor 2 in human esophageal
epithelial cells. Int J Mol Med 19: 335-340, 2007.

Yu Z, Kone BC. The STAT3 DNA-binding domain mediates interaction
with NF-kappaB p65 and iuducible nitric oxide synthase transrepression in
mesangial cells. J Am Soc Nephrol 15: 585-591, 2004.

Zografos TA, Liaskos C, Rigopoulou EI, Togousidis E, Makaritsis K,
Germenis A, Dalekos GN. Adiponectin: a new independent predictor of
liver steatosis and response to IFN-alpha treatment in chronic hepatitis C.
Am J Gastroenterol 103: 605-614, 2008.

AJP-Gastrointest Liver Physiol « VOL 297 « SEPTEMBER 2009 « WWW.ajpgi.org

Downloaded from journals.physiology.org/journal/ajpgi at Univ Regensburg (132.199.144.061) on August 19, 2024.



