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Abstract

Hepatocyte growth factor (HGF) is one of the vital factors for wound healing. HGF expression markedly increases in wounded
skin and is mainly localized in dermal fibroblasts. HGF expression level in human dermal fibroblasts in vitro, however, is low and
thus may be stimulated by some factors in the process of wound healing. Candidates of the factors are inflammatory cytokines
released by polymorphonuclear and mononuclear cells infiltrating the wounded area, but HGF production in human dermal fibro-
blasts is only slightly induced by interleukin (IL)-1, tumor necrosis factor (TNF)-a or interferon (IFN)-c. We here report that a
combination of IL-1b and IFN-c or a combination of TNF-a and IFN-c very markedly induced HGF production. The synergistic
effect of the former was more marked than that of the latter. Synergistic effects of IL-1b and IFN-c were observed at more than
10 pg/ml and 10 IU/ml, respectively, and were detectable as early as 12 h after addition. Neither IFN-a nor IFN-b was able to
replace IFN-c. HGF mRNA expression was also synergistically upregulated by IL-1b and IFN-c. IL-1b plus IFN-c-induced syn-
ergistic production of HGF was potently inhibited by treatment of cells with the extracellular signal-regulated kinase (ERK) kinase
inhibitor PD98059 and the p38 inhibitor SB203580 but not by the c-Jun N-terminal kinase (JNK) inhibitor SP600125. Taken
together, our results indicate that a combination of IL-1b and IFN-c synergistically induced HGF production in human dermal
fibroblasts and suggest that activation of ERK and p38 but not of JNK is involved in the synergistic effect.
� 2004 Elsevier Inc. All rights reserved.
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Wound healing is a complex process of inflammation,
granulation tissue formation, angiogenesis, re-epitheliali-
zation, and remodeling [1]. The complexity of this process
is compounded by the fact that skin is comprised of two
distinct compartments, the ectodermally derived epithe-
lial epidermis and the mesodermally derived mesenchy-
mal dermis, which are separated by a basement
membrane barrier. To regenerate this organ, numerous
cellular, hormonal, matrix, and enzymatic activities in
each compartment are required to act in a coordinated
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mannerwith those in the other compartment. If re-epithe-
lialization occurs without sufficient underlying granula-
tion tissue formation, which encompasses macrophage
accumulation, fibroblast ingrowth, matrix deposition,
and angiogenesis, then an atrophic scar results. If granu-
lation tissue proceeds without the requisite re-epitheliali-
zation, then a nonhealed wound with hypergranulation
tissue is the outcome. It has become increasingly apparent
that epithelial cells and mesenchymal cells communicate
with each other through cytokine networks to coordinate
their migratory and proliferative responses to injury [2].

Hepatocyte growth factor (HGF), also known as
scatter factor, was initially isolated as a mitogenic factor
for adult rat hepatocytes in primary culture and is
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mainly produced by mesenchymal cells such as fibro-
blasts and smooth muscle cells [3–9]. It has been shown
to stimulate proliferation of many kinds of epithelial
cells and have multiple activities such as motogenic,
morphogenic, and tumor-inhibiting activities besides
mitogenic activity [10,11]. HGF is capable of stimulating
migration and proliferation of keratinocytes, and thus
has been suggested to be involved in cutaneous physiol-
ogy and wound healing [12–14]. Recent studies have
indicated that expression of HGF and its receptor, c-
Met, increases in response to cutaneous wounding
[15,16]. The expression level of HGF is high in fibro-
blasts at the wound edge, whereas expression of c-Met
is upregulated in keratinocytes, vascular endothelial
cells, and myofibroblasts in granulation tissue [16].
When neutralizing anti-HGF is locally and continuously
delivered to subcutaneous lesions, retardation in the
number of capillary vessels, expansion of granulation
tissue, re-epithelialization, and rate of wound closure oc-
cur [16]. Since unstimulated dermal fibroblasts produced
only a small amount of HGF [8,17], some factors may
induce HGF production in fibroblasts during wound
healing.

Possible sources of HGF-inducing factors are poly-
morphonuclear cells, activated macrophages, and T cells,
which infiltrate the wound area and produce a series of
inflammatory cytokines, including interleukin (IL)-1b,
tumor necrosis factor (TNF)-a, and interferon (IFN)-c.
However, themagnitude ofHGF induction by the inflam-
matory cytokines in human dermal fibroblasts is minimal
[18,19]. Here we report that a combination of IL-1b and
IFN-c promptly and markedly induced HGF production
in human dermal fibroblasts and that the synergistic
induction of HGF was blocked by inhibitors of extracel-
lular signal-regulated kinase (ERK) kinase and p38 mito-
gen-activated protein kinase (MAPK) but not by a c-Jun
N-terminal kinase (JNK) inhibitor.
Materials and methods

Reagents. Dulbecco�s modified Eagle�s medium (DMEM) was
purchased from Nissui Pharmaceutical (Tokyo, Japan). Recombinant
human IL-1a and IL-1b were obtained from Otsuka Pharmaceutical
(Tokyo, Japan) and R&D Systems (Minneapolis, MN), respectively.
Natural human TNF-a, IFN-a, and IFN-c were purchased from
Hayashibara Biochemical Laboratories (Okayama, Japan). Re-
combinant human IFN-b was obtained from PBL Biomedical Labo-
ratories (Piscataway, NJ). PD98059 and SB203580 were purchased
from Calbiochem (San Diego, CA). SP600125 was obtained from
BIOMOL Research Laboratories (Plymouth Meeting, PA). Other re-
agents were obtained from previously reported sources [20].

Cell culture. Normal human dermal fibroblasts isolated from 200
individual neonatal donors were obtained from Cell Systems (Kirk-
land, WA) and used between 7th and 10th passages. Normal human
dermal fibroblasts isolated from a 3-day-old baby were obtained from
the Riken Cell Bank (Tsukuba, Japan) and used between 7th and 10th
passages in some experiments. The cells were grown as monolayers in
DMEM supplemented with 10% fetal bovine serum, 4 mM LL-gluta-
mine, 100 U/ml penicillin, and 100 lg/ml streptomycin at 37 �C in a
humidified atmosphere of 5% CO2 and 95% air as described previously
[20].

Determination of HGF levels in conditioned media. Human dermal
fibroblasts, trypsinized and suspended in the medium described in the
previous section, were seeded in 96-well plates (Nunc) at a density of
1.8 · 104 cells/cm2 (0.17 ml/well). After reaching confluence, the med-
ium was replaced with the same fresh medium or that containing IL-
1b, IFN-c or IL-1b plus IFN-c, and the cultures were incubated for
72 h, unless stated otherwise. The conditioned medium was then col-
lected and was frozen at �30 �C for a human HGF ELISA. The
sandwich ELISA for human HGF was performed at room temperature
as described previously [21], with a slight modification [19].

Northern blot analysis. The medium of confluent human dermal
fibroblasts grown in 9-cm dishes (Nunc) was replaced with the same
fresh medium and incubated for 15 h. IL-1b, IFN-c or IL-1b plus IFN-
c was then added, and the cultures were further incubated for 12 h.
Total RNA was isolated from the cells using RNA-Bee (TEL-TEST).
Northern blotting was performed as described previously [20].
Results

Synergistic induction of HGF production by IL-1b and

IFN-c in human dermal fibroblasts

IL-1b or TNF-a effectively induces HGF production
in MRC-5 and IMR-90 human embryonic lung fibro-
blasts, but it is a weak inducer of HGF production in
human dermal fibroblasts [18,19,22]. Induction of
HGF production in human dermal fibroblasts by IFN-c
is also minimal, although IFN-c markedly induces
HGF production in human leukemia cell lines such as
KG-1 and RPMI-8226 [18]. However, a combination
of IL-1b and IFN-c or a combination of TNF-a and
IFN-c synergistically induced HGF production in hu-
man dermal fibroblasts (Fig. 1). The synergistic effect
of the former was more marked than that of the latter.
IL-1b dose-dependently induced HGF production at
doses of more than 10 pg/ml in the presence of IFN-c
(100 IU/ml) (data not shown). Similarly, IFN-c dose-de-
pendently induced HGF production at doses of more
than 10 IU/ml in the presence of IL-1b (1 ng/ml) (data
not shown). A combination of IL-1b and IFN-c also
synergistically induced HGF production in human der-
mal fibroblasts from a 3-day-old baby (data not shown).
Cells treated with IL-1b plus IFN-c produced more
HGF than that produced by cells treated with EGF
(3 ng/ml), which has been shown to induce HGF [23]
(Fig. 1). The effect of IL-1a was also synergistic with
IFN-c (data not shown). In contrast, IL-1b plus TNF-a,
IL-1b plus IFN-a or IL-1b plus IFN-b showed no syn-
ergistic induction of HGF production (data not shown).
The synergistic effect of IL-1b plus IFN-c was not fur-
ther enhanced by TNF-a (Fig. 1). Time courses of the
synergistic effects of IL-1b plus IFN-c are shown in
Fig. 2. Significant synergism occurred as early as 12 h
after the start of incubation, when EGF-induced HGF
production does not occur. Both constitutive and in-



Fig. 2. Time courses of synergic induction of HGF production in
human dermal fibroblasts by IL-1b and IFN-c. Confluent human
dermal fibroblasts were incubated for the indicated periods with or
without IL-1b (1 ng/ml), IFN-c (100 IU/ml), their combination, or
EGF (3 ng/ml). The data are representative of two independent
experiments and are expressed as means ± SEM of triplicate cultures.

Fig. 3. Synergistic upregulation of HGF gene expression in human
dermal fibroblasts by IL-1b and IFN-c. Confluent human dermal
fibroblasts were incubated for 12 h with or without IL-1b (1 ng/ml),
IFN-c (100 IU/ml) or their combination. Autoradiographs and fluo-
rescence photographs (A) are representative of three independent
experiments. The signal intensity of the 6.8-kb HGF mRNA band was
normalized to the fluorescence intensity of the 28S rRNA band and
expressed as fold-change relative to the control cultures, which were
incubated in the medium alone. The data (B) are means of three
independent experiments. Bars indicate SEM. Synergistic upregulation
of HGF mRNA expression is indicated by **P < 0.01 (2-way
ANOVA). ##P < 0.01 (Dunnett�s t test), as compared with the values
of the medium alone.

Fig. 1. Synergistic induction of HGF production in human dermal
fibroblasts by a combination of IL-1b and IFN-c, and of TNF-a and
IFN-c. Confluent human dermal fibroblasts were incubated for 72 h
with or without IL-1b (1 ng/ml), TNF-a (30 JRU/ml), IFN-c
(1000 IU/ml), their combinations indicated, or EGF (3 ng/ml). The
data are means of three independent experiments. Bars indicate SEM.
Synergistic induction of HGF production is indicated by **P < 0.01
(2-way ANOVA). ##P < 0.01 (Dunnett�s t test), as compared with the
values of the medium alone. §§P < 0.01 (Dunnett�s t test), as compared
with the values of IL-1b plus IFN-c.
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duced HGF production in various kinds of cells are
inhibited by TGF-b and dexamethasone [17,24–26].
The synergistic production of HGF induced by IL-1b
plus IFN-c was also potently inhibited by TGF-b1
and dexamethasone (data not shown).

Synergistic upregulation by IL-1b and IFN-c of HGF

mRNA expression

The effects of IL-1b, IFN-c, and IL-1b plus IFN-c on
HGF gene expression in human dermal fibroblasts
determined 12 h after addition are shown in Fig. 3. IL-
1b or IFN-c significantly upregulated HGF mRNA



Fig. 4. Synegistic induction of HGF production by a combination of
IL-1b and IFN-c is blocked by the inhibitors of ERK kinase and p38
MAPK but not by the inhibitor of JNK. Confluent human dermal
fibroblasts were pre-incubated for 2 h with or without 25 lM
PD98059, 5 lM SB203580 or 10 lM SP600125 and incubated for
72 h with or without IL-1b (1 ng/ml), IFN-c (100 IU/ml) or their
combination. The data are means of three independent experiments.
Bars indicate SEM. **P < 0.01 (Dunnett�s t test), as compared with the
values of the inducer alone.

Y. Takami et al. / Biochemical and Biophysical Research Communications 327 (2005) 212–217 215
expression, and IL-1b plus IFN-c synergistically
increased the level of HGF mRNA.

Involvement of ERK and p38 MAPK in the synergistic

induction of HGF production by IL-1b and IFN-c

After binding to its cell-surface receptor, IL-1b trig-
gers a cascade of signaling events, including activation
of ERK, p38 MAPK, and JNK, which upregulate the
expression of many inflammation-related genes in the
nucleus. We examined the roles of these pathways in
mediating the synergistic effect of IL-1b plus IFN-c on
HGF induction by use of their selective pharmacological
inhibitors. The inhibitors we used are the MEK inhibi-
tor PD98059, the p38 MAPK inhibitor SB203580, and
the JNK inhibitor SP600125. IL-1b plus IFN-c-caused
induction of HGF was potently inhibited either by
PD98059 or SB203580 but not by SP600125 (Fig. 4).
Discussion

Since expression of HGF in wounded skin of mice in-
creases as early as 2 days post-wounding and reaches a
peak on day 4 [16], levels of the factor(s) that induces
HGF production in skin fibroblasts may increase prior
to these events. A strong infiltration of polymorphonu-
clear cells has been detected in the wounded area be-
tween 6 and 12 h post-wounding [27]. Within 48–72 h,
most of the polymorphonuclear cells are replaced by
mononuclear cells such as macrophages: the number
of activated macrophages markedly increases at 1 day
post-wounding and the elevated levels are maintained
for several days [28]. In accordance with the increase
in the number of polymorphonuclear cells and activated
macrophages, expression of IL-1b mRNA has been
shown to increase markedly as early as 6 h post-wound-
ing and peak at 48–72 h [27]. Induced IFN-c mRNA
and protein expression by infiltrating macrophages and
T cells have also been detected as early as 1 day and
have been highest 3 days post-wounding in the wounded
area [29]. Although the HGF-inducing activity of each
inflammatory cytokine is weak, IL-1b or TNF-a showed
a marked induction of HGF production in human skin
fibroblasts when combined with IFN-c. Thus, it is pos-
sible that inflammatory cytokines that are released by
cells infiltrating the wound site during the inflammation
phase cooperatively induce HGF production. Increased
HGF may act as a component of cytokine networks,
through which epithelial cells and mesenchymal cells
communicate with each other to coordinate their migra-
tory and proliferative responses to injury, and play an
important role in the formation of capillary vessels
and granulation tissues, re-epithelialization, and wound
closure [16].

Several other instances of synergism between IL-1b
and IFN-c are known: both cytokines synergistically
upregulated mRNA or protein expression of interfer-
on-inducible protein-10 and monocyte chemotactic pro-
tein-1 and -2, and production of nitric oxide [30–32],
although the molecular mechanisms responsible for
these synergistic effects have not been elucidated. IL-
1b triggers a cascade of signaling events, including acti-
vation of three members of the MAPK family, ERK,
JNK, and p38 MAP kinases [33–35]. Results of our
experiments using specific pharmacological inhibitors
suggested that activation of ERK and p38 but not that
of JNK is involved in the synergistic induction of
HGF production by IL-1b and IFN-c. Since members
of the MAPK family that participate in upregulation
of IL-1 responsive genes differ among the genes, it seems
likely that transcription factors involved in the tran-
scriptional regulation of an IL-1 responsive gene deter-
mine which members of the MAPK family are required.

We previously reported that IL-1b, which alone
exhibits a slight induction of HGF production, inhibited
HGF production induced by the protein kinase A-acti-
vating agents cholera toxin and 8-bromo-cAMP in hu-
man dermal fibroblasts, and that the inhibitory effect
of IL-1b was completely overcome by IFN-c but not
by either IFN-a or IFN-b [19]. Since inhibition by IL-
1b of cholera toxin-induced phosphorylation of
cAMP-responsive element-binding protein (CREB)
was not attenuated in cells treated with IFN-c [19], we
speculated that IFN-c may overcome the inhibitory ef-
fect of IL-1b on HGF induction not through a direct
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antagonistic action but through a more complex mecha-
nism(s). The results obtained in this study showing that
IL-1b and IFN-c synergistically induced HGF produc-
tion may at least partly explain the mechanisms respon-
sible for prevention by IFN-c of IL-1b-caused inhibition
of HGF induction.

Following partial hepatectomy, regeneration is usu-
ally accomplished by replication of remaining mature
hepatocytes, but impairment of the regenerative capac-
ity of hepatocytes may result in proliferation and migra-
tion of oval cells originating from ductular cells, which
appear to form a reservoir capable of forming both ma-
ture hepatocytes and bile duct cells [36]. The gene net-
work connected to IFN-c, including IFN-c receptor-a
and -b, gp91phox, urokinase-type plasminogen activa-
tor, and IL-1b, has been shown to be modulated in this
process [37]. It has also been shown that IL-1b is capable
of inducing IFN-c production in rat hepatocytes [38].
Moreover, HGF has been shown to stimulate prolifera-
tion and differentiation of oval cells [39,40]. Thus,
marked induction of HGF production by a combination
of IFN-c and IL-1b is worthy of further study in the
context of not only wound healing but also liver regen-
eration from oval cells.

In conclusion, the results of this study demonstrated
that a combination of IL-1b and IFN-c synergistically
induced HGF production in human dermal fibroblasts
and suggest that activation of ERK and p38 but not that
of JNK is involved in the synergistic effect.
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hepatocyte growth factor is expressed in fat-storing cells of rat liver
and is downregulated during cell growth and by transforming
growth factor-b, Biochem.Biophys.Res. Commun. 183 (1992) 739–
742.

[25] E. Gohda, T. Matsunaga, H. Kataoka, I. Yamamoto, TGF-b is a
potent inhibitor of hepatocyte growth factor secretion by human
fibroblasts, Cell Biol. Int. Rep. 16 (1992) 917–926.

[26] K. Matsumoto, H. Tajima, H. Okazaki, T. Nakamura, Negative
regulation of hepatocyte growth factor gene expression in human
lung fibroblasts and leukemic cells by transforming growth factor-
b1 and glucocorticoids, J. Biol. Chem. 267 (1992) 24917–24920.

[27] Y. Sato, T. Ohshima, The expression of mRNA of proinflamma-
tory cytokines during skin wound healing in mice: a preliminary
study for forensic wound age estimation (II), Int. J. Legal Med.
113 (2000) 140–145.

[28] A.J. Cowin, M.P. Brosnan, T.M. Holmes, M.W.J. Ferguson,
Endogenous inflammatory response to dermal wound healing in
the fetal and adult mouse, Dev. Dyn. 212 (1998) 385–393.

[29] Y. Ishida, T. Kondo, T. Takayasu, Y. Iwakura, N. Mukaida, The
essential involvement of cross-talkbetween IFN-candTGF-b in the
skin wound-healing process, J. Immunol. 172 (2004) 1848–1855.

[30] X. Wang, T. Yue, E.H. Ohlstein, C. Sung, G.Z. Feuerstein,
Interferon-inducible protein-10 involves vascular smooth muscle
cell migration, proliferation, and inflammatory response, J. Biol.
Chem. 271 (1996) 24286–24293.
[31] S. Struyf, E.V. Coillie, L. Paemen, W. Put, J.-P. Lenaerts, P.
Proost, G. Opdenakker, J.V. Damme, Synergistic induction of
MCP-1 and -2 by IL-1b and interferons in fibroblasts and
epithelial cells, J. Leukoc. Biol. 63 (1998) 364–372.

[32] S. Kwon, S.C. George, Synergistic cytokine-induced nitric oxide
production in human alveolar epithelial cells, Nitric Oxide 3
(1999) 348–357.

[33] J.D. Laporte, P.E. Moore, J.H. Abraham, G.N. Maksym, B.
Fabry, R.A. Panettieri Jr., S.A. Shore, Role of ERK MAP
kinases in responses of cultured human airway smooth muscle
cells to IL-1b, Am. J. Physiol. 277 (1999) L943–L951.

[34] J.S. Matthews, L.A. O�Neill, Distinct roles for p42/p44 and p38
mitogen-activated protein kinases in the induction of IL-2 by IL-1,
Cytokine 11 (1999) 643–655.

[35] J. Ninomiya-Tsuji, K. Kishimoto, A. Hiyama, J. Inoue, Z. Cao,
K. Matsumoto, The kinase TAK1 can activate the NIK-Ij B as
well as the MAP kinase cascade in the IL-1 signaling pathway,
Nature 398 (1999) 252–256.

[36] E. Galun, J.H. Axelrod, The role of cytokines in liver failure and
regeneration: potential new molecular therapies, Biochim. Bio-
phys. Acta 1592 (2002) 345–358.

[37] H.C. Bisgaad, S. Müller, P. Nagy, L.J. Rasmussen, S.S. Thorge-
irsson, Modulation of the gene network connected to interferon-c
in liver regeneration from oval cells, Am. J. Pathol. 155 (1999)
1075–1085.

[38] R.A. Schroeder, J.S. Gu, P.C. Kuo, Interleukin 1b-stimulated
production of nitric oxide in rat hepatocytes is mediated through
endogenous synthesis of interferon gamma, Hepatology 27 (1998)
711–719.

[39] J. Okano, G. Shiota, K. Matsumoto, S. Yasui, A. Kurimasa, I.
Hisatome, P. Steinberg, Y. Murawaki, Hepatocyte growth factor
exerts a proliferative effect on oval cells through the PI3K/AKT
signaling pathway, Biochem. Biophys. Res. Commun. 309 (2003)
298–304.

[40] Z.P. He, W.Q. Tan, Y.F. Tang, M.F. Feng, Differentiation of
putative hepatic stem cells derived from adult rats into mature
hepatocytes in the presence of epidermal growth factor and
hepatocyte growth factor, Differentiation 71 (2003) 281–290.


	Synergistic induction of hepatocyte growth factor in human skin fibroblasts by the inflammatory cytokines interleukin-1 and interferon- gamma 
	Materials and methods
	Results
	Synergistic induction of HGF production by IL-1 beta  and IFN- gamma  in human dermal fibroblasts
	Synergistic upregulation by IL-1 beta  and IFN- gamma  of HGF mRNA expression
	Involvement of ERK and p38 MAPK in the synergistic induction of HGF production by IL-1 beta  and IFN- gamma 

	Discussion
	Acknowledgment
	References


