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Reciprocal regulation of IL-6 and IL-10 balance by HGF via
recruitment of heme oxygenase-1 in macrophages for
attenuation of liver injury in a mouse model of endotoxemia
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Abstract. Acute liver injury is a clinical hallmark of endo-
toxemia regarding the features of septic organ failure. In this
process, interleukin (IL)-6 and IL-10 are key contributors for
eliciting pro- and anti-inflammatory responses, respectively. In
contrast, heme oxygenase-1 (HO-1) provides a defense
mechanism against endotoxemia by controlling the IL-6/IL-10
balance, but how higher levels of HO-1 are sustained under
pathological conditions remains unknown. Using a mouse
model of endotoxemia, we provide evidence to show that
hepatocyte growth factor (HGF) enhances HO-1 expression
in macrophages, thereby up-regulating IL-10 and down-
regulating IL-6 productions. Lipopolysaccharide (LPS)-treated
mice manifested acute liver injury similar to that observed in
septic patients, while administration of recombinant HGF
enhanced expression of HO-1 by hepatic macrophages in vivo.
As a result, HGF blocked the onset of hepatic injuries in
LPS-treated mice. More importantly, when an HO-1 inhibitor
(Sn-PP) was administered with HGF into LPS-treated mice,
the protective effects of HGF against hepatic injury were
attenuated. Furthermore, Sn-PP partially restored the HGF-
mediated decrease in plasma IL-6 levels, while it inhibited
the HGF-stimulated increase in plasma IL-10 levels. In the
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culture of macrophages (Raw264.7), HGF enhanced the LPS-
mediated HO-1 induction, and this effect was abolished by
cycloheximide, but not by actinomycin-D, thus suggesting that
a post-transcriptional pathway is involved in HGF-mediated
up-regulation of HO-1. Based on the current data, we conclude
that up-regulation of HO-1 plays an important role in HGF-
mediated hepatoprotection during endotoxemia, by favoring
production of IL-10 over IL-6.

Introduction

Currently, the prevalence of sepsis is increasing worldwide
due to an emergence of infectious disorders (1,2). Multiple
organ failure often occurs during pathological processes of
hyper-coagulation and inflammation (1). Systemic immune
response syndrome (SIRS) is the clinical expression of an
abnormal, generalized inflammatory reaction in organs distant
from the initiating insult (2). Acute liver failure is a clinical
hallmark of endotoxemia regarding the features of SIRS,
progression to multi-organ dysfunction and functional immuno-
paresis (2). Indeed, clinical reports documented the association
of infection with encephalopathy through activation of SIRS,
with attendant poor prognosis (3). During endotoxin-induced
organ injury, interleukin-6 (IL-6) is critical to the onset of
inflammation and hyper-coagulation (4). In contrast, IL-10 is
an anti-inflammatory regulator produced by macrophages and
counteracts the effects of IL-6-mediated pathological events
(5). Thus, the balance between IL-6 and IL-10 is considered
an important determinant of the clinical outcome of SIRS-
related liver injuries (2).

In contrast to progression of SIRS, there is a counter-
regulatory immune defense system to suppress the onset of
SIRS. One such counter-regulatory system is heme oxygenase-1
(HO-1), produced mainly by macrophages (6). HO-1 is the
rate-limiting enzyme for heme metabolism, converting heme
to biliverdin and enabling both release of iron and generation
of carbon monoxide (6). The HO-1-mediated release of these
products has a protective effect in vivo under various patho-
logical conditions (6,7). Indeed, patients with an HO-1 gene
mutation(s) show inflammatory phenotypes in several organs
(8), while HO-1-deficient mice have reduced IL-10, but
increased IL-6 production, and are sensitive to endotoxic
challenges (9). These findings demonstrate that HO-1



162

negatively regulates IL-6 production, and positively regulates
IL-10 expression, thereby minimizing the onset of endotoxin-
induced organ injuries. Therefore, it is important to elucidate
the mechanism by which HO-1 expression levels are regulated
at a molecular level(s). However, physiological regulation of
HO-1, IL-6 and IL-10 production levels in macrophages during
endotoxemia remains to be investigated.

Hepatocyte growth factor (HGF) was originally identified
and cloned as a potent mitogen for hepatocytes (10,11). HGF
acts on various types of cells through its receptor, c-Met, and
exhibits pleiotropic activities during embryogenesis and tissue
repair (12,13). In the liver, HGF protects the parenchyma by
stimulation of hepatocyte proliferation and inhibition of
functional cell loss (14,15). Indeed, endogenous and exogenous
HGF prevents acute hepatic failure in rodents, associated
with the anti-apoptotic and anti-necrotic effect of HGF on
hepatocytes (16-18). On the other hand, plasma HGF levels
markedly increase in septic patients (19), and macrophages
sustain high levels of c-Met/HGF receptor in a culture model
of endotoxic challenge (20). These backgrounds prompted us
to examine whether HGF modulates the balance between
inflammatory and anti-inflammatory molecules in macrophages
during endotoxemia.

Using a mouse model of endotoxemia, we provide evidence
to show that HGF targets macrophages and alters the balance
of IL-6 and IL-10 by increasing HO-1 levels, contributing to
attenuation of acute hepatic injury. It is believed that the
preventive effect of HGF on acute hepatitis is due to direct
anti-apoptotic and anti-necrotic actions of HGF on hepatocytes
(16-18). In this study, we emphasized the role of ‘macrophage
events’ in HGF-mediated therapeutic outcomes, especially
under macrophage-initiated pathological conditions, such as
SIRS.

Materials and methods

Animals. Eight-week-old female mice (C57B/6J strain) were
purchased from Slc (Hamamatsu, Japan). Lipopolysaccharide
(LPS, E. coli O111:B4) was obtained from Sigma (St. Louis,
MO). Organ injuries were induced via a single injection of
LPS at a dose of 6 mg/kg (i.p.), since our preliminary study
showed that this dose stably induces hepatic damages in mice
(not shown). All mice were housed under specific pathogen-
free conditions.

HGF treatment. Recombinant human HGF (rh-HGF) was
purified from the culture medium of CHO cells that were trans-
fected with an expression vector containing HGF cDNA
(14,16,18). The purity of rh-HGF was >98%, as verified
using SDS-PAGE. To test the effects of HGF on endotoxic
injury, mice were simultaneously treated with either rh-HGF
(1 mg/kg/time, s.c.) or saline and the LPS challenge, followed
by a second injection 12 h post-LPS-challenge. Likewise,
normal mice were treated with rh-HGF to examine if HGF alone
modulates induction of HO-1 in vivo. In another experiment,
the HO-1 inhibitor, tin protoporphyrin IX (Sn-PP, Alexis,
San Diego, CA), was injected at a dose of 30 yM/kg 2 h after
rh-HGF treatment (Fig. 5A). Six mice were sacraficed, and
the liver tissues were removed and fixed in either 70% ethanol
or 10% formaldehyde for histological examination, as
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described below. Remaining tissues were immediately frozen
in liquid nitrogen and stored at -80°C for biochemical analyses.

Blood chemistry. To evaluate hepatic injury, alanine amino-
transferase (ALT) levels were measured in plasma of septic
mice, using a kit (GPT/GOT test Wako, Wako, Osaka, Japan),
as previously reported (18). The concentrations of IL-6 and
IL-10 in plasma were determined using an enzyme-linked
immunosorbent assay (ELISA) kit (Endogen, Woburn, MA).

Histopathology. Liver tissues were embedded in paraffin and
cut into 4-ym sections that were subsequently stained with
hematoxylin and eosin (HE). The liver injury score was
determined using a previously described method, as follows,
0, no injury; 1, mild injury to some or all portal areas; 2,
moderate injury to some or all portal areas; 3, marked injury
to all portal areas (21).

Immune fluorescence. To detect HO-1 in injured tissue, anti-
mouse HO-1 rabbit IgG antibody (SPA895, StressGen,
Victoria, Canada) (1:100) was applied to tissue slices
(thickness, 5 ym) at 4°C overnight, followed by incubation
with the secondary Alexa-546-labeled anti-rabbit IgG anti-
body (Invitrogen, Carlsbad, CA). To confirm localization of
HO-1 in macrophages, sections were incubated with anti-
HO-1 IgG and anti-mouse Macl rat IgG (BD Pharmingen,
San Diego, CA) overnight, followed by detection of fluor-
escence using Alexa 546- or 488-labeled secondary antibodies
(Invitrogen). In this method, HO-1 and Mac1 were visualized
as red and green images, respectively, under a confocal micro-
scopy (LSM-PASCAL, Carl Zeiss, NY). According to the
fluorescence image, the percentage of HO-1-positive cells was
determined either by counting >200 Mac1-positive or -negative
cells. The overall means of these parameters in each group were
calculated based on individual values (n=6). To identify HGF-
targeted cells, we detected tyrosine-phosphorylated c-Met
(p-Met) in 70%-ethanol-fixed sections, as follows. Tissue
sections were incubated with anti-p-Met-1234 rabbit IgG
(Biosource, Camarillo, CA) and anti-mouse Macl rat IgG,
followed by the secondary (i.e., fluorescence-conjugated)
antibodies, as described above.

Immunohistochemistry. Using the anti-HO-1 rabbit IgG
(SPA895) as the primary antibody, HO-1-positive signal was
detected, based on a previous immunoperoxidase technique
(18). The HO-1-positive cells were counted in >15 fields per
mouse (x200). Furthermore, apoptotic cell death of hepatocytes
was evaluated by a TdT-mediated dUTP-biotin nick end-
labeling (TUNEL) method (18). In brief, the ratios of TUNEL-
positive cells to >1,000 hepatocytes were determined, and the
findings were expressed as a hepatocyte apoptosis score. The
overall means of these parameters in each group were calculated
based on individual values (n=6).

Cell culture. Raw264.7, a mouse macrophage cell line, was
obtained from the American Type Culture Collection
(Manassas, VA) and maintained in DMEM (Gibco, Palo Alto,
CA) including 10% fetal bovine serum (FBS) at 37°C in air
with 5% CO,. After washing twice with saline, LPS (100 ng/ml)
was added to the cultures of Raw264.7 (5x10* cells/cm?)
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Figure 1. Protective effect of HGF against liver injury in a murine model of endotoxemia. (A) Experimental protocol for rh-HGF therapy in LPS-treated mice.
(B) Changes in plasma ALT levels after LPS treatment in mice. (C) Attenuation of hepatic injuries by rh-HGF in LPS-treated mice. Left, alterations in histological
injury scores 12-24 h post-LPS challenge. Right, typical morphological findings of degenerative changes (x280, H.E. staining) and apoptosis (x330, TUNEL
staining) in the liver 24 h after LPS challenge. Data are expressed as mean +SD, (n=6). Statistical analysis, p<0.05; “p<0.01 compared with saline group at

the same time points.

without FBS, up to 12 h post LPS challenge, because cell
survival was unchanged (>90%) within this short-term culture
(not shown). The LPS-treated cells were co-incubated with
rh-HGF (10, 30 and 100 ng/ml) for 3, 6 and 12 h under FBS-
free conditions. The cells were harvested at the time points
indicated for Western blotting or real-time polymerase chain
reaction (PCR), as described below. To explore the effects of
HGF on the pathway by which HO-1 is synthesized, either
cycloheximide (Nacalai, Kyoto, Japan) or actinomycin-D
(Calbiochem, San Diego, CA) was added at 1 pg/mg to the
culture 6-12 h after addition of LPS and rh-HGF. To determine
the role of HO-1 in IL-6/IL-10 balance, Sn-PP was added to
the Raw264.7 cultures based on a previously described method
(22) with slight modifications. In brief, Sn-PP (30 xM) was
added to Raw264.7 cells, concomitantly with LPS, plus HGF
(100 ng/ml each). The culture supernatants were harvested
after a 12-h incubation and subjected to ELISA, as described
for the animal model.

Western blot analysis. Liver tissue homogenates or lysates of
Raw264.7 cells were prepared in lysis buffer (50 mM Tris-
HCI, 150 mM NacCl, 25 mM B-glycerophosphate, 1% Triton
X-100, 10% glycerol, 5 mM EDTA, 1 mM phenyl methyl
sulfonyl fluoride, 0.7 mg/ml pepstatin-A, 1 mg/ml leupeptin,
and 1% aprotinin, pH 7.5). These samples were subjected to
SDS-PAGE and then transferred to PVDF membranes. Anti-
mouse HO-1 IgG or anti-B-actin (Sigma) was applied to
PVDF membranes, followed by reaction with peroxidase-
labeled secondary antibodies (Dako, Glostrup, Denmark).
Positive signals were visualized using an ECL kit and semi-
quantified by use of an electronic densitometer (18).

Likewise, phospho-Met and total Met signals in hepatic
tissues or Raw264.7 cells were detected, as reported (18).

Real-time quantitative PCR. Total RNA was prepared from
the liver, using ISOGEN (Nippon Gene, Tokyo, Japan). Total
RNA (1 mg) was reverse-transcribed into the first strand of
cDNA with a random hexaprimer using Superscript II reverse
transcriptase (Life Technologies Inc., Rockville, MD) (18).
Mouse HO-1 mRNA levels were quantified using an ABI
PRISM 7700 system (Perkin Elmer, Foster City), according
to the manufacturer's instructions (for primer designs see
catalogue no Mm00516004_m1).

Statistical analysis. A Student's t-test, ANOVA analysis, or
Mann Whitney U-test was used to compare the group means,
and a value of p<0.05 was considered significant.

Results

Prevention of acute liver injury by HGF in LPS-treated mice.
Using LPS-treated mice, we examined the effects of HGF on
SIRS (including hyper-cytokinemia). Mice were injected with
rh-HGF (1 mg/kg/12-h, s.c.), concomitantly with a single
injection of LPS (6 mg/kg, i.p.) (see, Fig. 1A). As a result,
rh-HGF strongly inhibited the increase in plasma ALT levels
observed in the saline-treated group at 12 and 24 h after the
LPS challenge (24 h, 25.2+4.3 vs. 171.2+32.1 1U/dl, p<0.01)
(Fig. 1B). Consistent with biochemical data, there was a
significant difference in the hepatic injury scores between the
saline and HGF groups (Fig. 1C, left). Histological examination
revealed that destructive lesions, such as necrotic changes in
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Figure 2. Effects of HGF on plasma IL-6 and IL-10 levels in mice after LPS challenge. (A) Inhibitory effect of HGF on the increase in plasma IL-6 levels in
mice. (B) HGF-mediated increases in plasma IL-10 levels 12 and 24 h after LPS challenge. Data are expressed as mean +SD, (n=6). Statistical difference,

“p<0.01 compared with the saline group at the same time points.

hepatocytes and clot formation in peri-portal areas, were
evident 24 h after the LPS challenges, whereas HGF almost
completely inhibited LPS-induced hepatitis in the mice
(Fig. 1C, HE staining). Furthermore, rh-HGF administration
strongly inhibited the apoptotic cell death of hepatocytes
(Fig. 1C, TUNEL staining). Indeed, the hepatocyte apoptosis
score was markedly reduced in LPS-treated mice after rh-HGF
administration, as compared with that of saline-treated endo-
toxicemic mice (24 h, 1.17+1.1 in HGF group vs. 4.78+1.34%
in saline group, p<0.05). These data indicate anti-necrotic and
anti-apoptotic outcomes of HGF, as reported in other models
of experimental hepatitis (16,18).

Changes in plasma IL-6 and IL-10 levels in LPS-treated mice
after rh-HGF administration. To identify the HGF-mediated
protective mechanism, we next focused on changes in plasma
IL-6 and IL-10 concentrations. There was an apparent increase
in plasma IL-6 concentration 12 h after the LPS injection.
HGF inhibited the increase in plasma IL-6 to 13% of saline
control concentrations (12 h, 18.2+6.9 vs. 122.7+10.7 ng/ml,
p<0.01) (Fig. 2A). In contrast, plasma IL-10 concentrations
12 h after the LPS injection were increased 2.2-fold, but had
returned to basal levels within 24 h (Fig. 2B). Of note, rh-HGF
treatment increased circulating levels of IL-10 3-fold
compared with saline-treated LPS mice (12 h, 3039+387.3
vs. 1006£291.7 pg/ml, p<0.01). Twenty-four hours after the
LPS challenge, blood IL-10 levels in HGF-treated endotoxic
mice remained 3-fold greater than plasma IL-10 levels in endo-
toxic mice (Fig. 2B). This result delineates a new role for HGF,
correcting the cytokine imbalance, which is responsible for the
manifestations of septic syndrome (2,9).

HGF targets macrophages to increase HO-1 levels in vivo.
We determined if HGF treatment activates c-Met under endo-
toxic stresses. In LPS-untreated control mice, rh-HGF did not
elicit c-Met activation, whereas c-Met tyrosin phosphorylation
was seen in LPS-treated livers 12 h after rh-HGF injections
(Fig. 3A-I). This is consistent with previous reports that show
that c-Met activation occurs in injured organs, but not in intact
tissues (23,24). We then focused on interstitial macrophages,

since they are a major source of HO-1,IL-6 and IL-10 (4-7). In
the liver of LPS-treated mice, phospho-Met signal was weak
in Macl-positive cells (including infiltrated macrophages and
possibly, Kupffer cells) (Fig. 3A-II), due to possible loss of
endogenous HGF activation, as reported (25) (see Discussion).
In contrast, rh-HGF (i.e., active form of HGF) enhanced
positive p-Met signals in Macl-positive cells (Fig. 3A-II)
(and in part, in hepatocytes), indicating that HGF directly
targets macrophages under endotoxemia.

Second, we explored the effects of HGF on macrophages,
focusing on HO-1 expression. Western blot analysis revealed
that HO-1 was expressed in the liver 12 h after LPS challenge
(Fig. 3B). Hepatic HO-1 expression was not induced by HGF
alone, but HGF treatment enhanced LPS-induced HO-1
expression (Fig. 3B), associated with attenuation of hepatic
injury (Fig. 1B). In this process, HGF did not alter the level
of HO-1 mRNA (Fig. 3C). Immunohistochemically, HO-1-
positive signals were detected mainly in interstitial cells, but
not in hepatocytes (Fig. 3D, left), the same as septic patients
(26). HGF further increased the number of the HO-1 positive
cells (24 h, 46.0£3.9 vs. 16.3+4.1 cells/x200 field, p<0.01)
(Fig. 3D, right). HO-1 was identified in Mac1-positive cells
(i.e., account for 70% of total HO1-positive cells), as shown by
double fluorescent images (Fig. 3E-I). There were significant
increases in the number of HOI-positive macrophages in
LPS-treated mice after th-HGF injections (Fig. 3E-II). HO-1-
positive signal was also seen in Macl-negative cells, along
sinusoidal walls, while HGF mildly increased HO-1 expression
in these cells (Fig. 3D-II), indicating the predominant role of
HGF in HO-1 expression by macrophages. In these
experiments, HGF did not alter the number of macrophage
per se (not shown). Therefore, we speculate that HGF-
enhanced HO-1 expression is due to accumulation of excess
HO-1 in individual cells, rather than an increase in the number
of HO-1-producing macrophages.

Possible mechanism of HGF for the enhancement of LPS-
induced HO-1 expression. To test this speculation, we explored
the mechanism by which HGF increases HO-1 expression
levels in macrophages. In cultured Raw264.7 macrophages,
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Figure 3. HGF enhances HO-1 expression in hepatic macrophages of LPS-treated mice. (A) I, Changes in c-Met tyrosine phosphorylation and total c-Met
expression of hepatic tissue (12 h post-LPS-challenge), as evidenced by Western blotting; II, typical fluorescence images showing c-Met activation in
macrophages. Fluorescence: Green, Macl; Red, p-Met. Arrows indicate double-positive signals. (B) Immunoblotting showing HGF-induced increase in HO-1
expression. Liver tissues were harvested 12 h after LPS treatment and were subjected to biochemical analyses, as described in Methods. (C) Changes in HO-1
mRNA levels of the livers after LPS treatment, as evaluated by real-time PCR. (D) HGF-induced increase in the number of HO-1-positive cells. Livers were
harvested 12-24 h after LPS challenge and were subjected to an immunoperoxidase technique (18). HO-1-positive cells were counted in >10 randomly
selected fields (x200) in hepatic sections. (E). Quantitative data to show the enhancing effect of HGF on LPS-induced HO-1 expression. I, Typical images
showing HO-1 expression by hepatic macrophages; II, Changes in the HO-1-positive ratio to macrophages, or to non-macrophages (%). All data are expressed
as mean =SD, (n=6). Statistical analysis, "p<0.05; “p<0.01 compared with the saline group at the same time points.

HGF elicited c-Met tyrosine phosphorylation at 15 min
(Fig. 4A) and 2 h after LPS addition (not shown). Likewise,
HGEF alone elicited c-Met activation under LPS-free conditions,
which differed from the data obtained from normal mice, due
to the possibility that Raw264.7 cells undergo injurious (i.e.,
serum-starved) stress in vitro. We then examined the effect
of HGF on HO-1 expression. Western blotting revealed that
HO-1 was induced at 12 h in response to an LPS challenge
(Fig. 4B). Consistent with the in vivo data, HGF enhanced
LPS-mediated induction of HO-1, when Raw264.7 cells were
incubated with 100 ng/ml HGF for 12 h (Fig. 4B). In contrast,
HGF alone did not alter the very low levels of HO-1 protein at
12 h (Fig. 4B) or at any time point after LPS addition (data not
shown). Real-time PCR revealed that LPS markedly increased
HO-I mRNA levels. For example, 6 h after LPS treatment,
HO-1 mRNA levels increased 4-fold (Fig. 4C). HGF slightly
enhanced LPS-mediated HO-1 transcription, but no
significant difference was observed between the LPS and LPS

plus HGF groups. Therefore, we hypothesize that a post-
transcriptional pathway is involved in the increase of HO-1
protein levels by HGF in LPS-treated Raw264.7 cells. Cyclo-
heximide (an inhibitor of ribosome protein synthesis) was
added to cultures of Raw264.7 cells after 6 h, because HO-1
protein levels increased dramatically between 6 and 12 h
after addition of LPS, without changes in HO-1 mRNA (not
shown). Cycloheximide diminished the HGF-mediated increase
in HO-1 observed 12 h post-LPS addition (Fig. 4D-I). In
contrast, actinomycin-D (an inhibitor of RNA transcription)
did not interfere with the ability of HGF to enhance HO-1
accumulation (Fig. 4D-II), thus supporting our hypothesis.

Modulation of IL-6 and IL-10 levels by HGF in LPS-challenged
Raw264.7 cells. We next determined whether the increase in
HO-1 expression by HGF in LPS-stimulated macrophages
leads to changes in IL-6/IL-10 balance, using the culture model
of Raw264.7 cells. Just as the in vivo experiment (Fig. 2),



KAMIMOTO et al: INCREASES OF HO-1 BY HGF FOR HEPATOPROTECTION

B C

166

A

9 -
Raw264, 2-hr | O Irkact
Raw264, 15-min Intaan_GF
HO-1 « 7} DO LPS+saline
4 Z g | WLPS+HGF
sosino-ves [T z2
cvet I .t | a— O
I3
LPS 100ng'ml (=) (+) (=) (+) 2
HGF 0 100 O 10 30 100ng "

e —eeeeeenREE

&hr

D1

HO-1 HO-1

-actin M -actin

B p-actin ‘
LPS10hgil (=) (=) (+) (+) (+) (+) LPS10Ongil (=) (+) (+) (+) (+)
HGF10Ongl (=) (+) (=) (=) (+) (+) HGF10Ongml (=) (=) (=) (#) ()
cycloheximide (=) (=) (=) (+) (=) (+) Actinomycin-D (=) (=) (+) (=) (+)

Figure 4. Possible mechanism by which HGF increases HO-1 in macrophages in vitro. (A) c-Met tyrosine phosphorylation of Raw264.7 cells after each
treatment, as visualized by immunoblotting. (B) Western blot analysis showing HGF-included enhancement of HGF on LPS-induced HO-1 induction. The
total lysate of Raw264.7 cells was obtained 12 h after the LPS challenge, and subjected to Western blot analysis, as previously described (18). (C) Real-time
PCR for quantification of HO-1 mRNA levels. Total RNA was isolated 3 and 6 h after addition of LPS to the cultures and then was subjected to real-time
PCR. (D) Possible involvement of a post-transcriptional pathway in up-regulation of HO-1 by HGF. I, Western blot showing that the HGF-mediated increase
in HO-1 expression is blocked by cycloheximide (CHX). Six hours after LPS addition, CHX (1 pg/ml) was added to the culture, and 12 h after the LPS
challenge, total cell lysate was obtained. II, Minimal effect of actinomycin-D (Act-D) on the HGF-mediated increase in HO-1. Act-D (1 yg/ml) was added to
Raw264.7 cells 6-12 h post-LPS challenge.

A 16000

[~ *k 250 rr
— ek
T 12000 - 1 T T
g § g 150 |
= 8000 |- ?_
- — =ll 100 |~ o
£ 4000 |
3 S 50 |
g [ H
= 0 nd. 3 = 0 nd. .
< o
« @\‘& @&G & x@& qﬁ_‘x\@
X
3 ¥ \9‘5 ~

Figure 5. Changes in IL-6 and IL-10 levels by HGF in LPS-challenged macrophage in vitro. (A) Suppressive effect of HGF on LPS-mediated increase of IL-6
levels in the culture medium of Raw264.7 cells. (B) Enhancement of LPS-induced IL-10 production by HGF in this cell line. The culture supernatant was
harvested 12 h after LS challenge and then subjected to ELISA. Data are expressed as mean +SD, (n=6). n.d., not detected. Statistical differences, ““p<0.01.

LPS markedly increased IL-6 levels in the culture media of
Raw264.7 cells. When LPS-treated Raw264.7 cells were co-
incubated with rh-HGF (100 ng/ml) for 12 h, IL-6 levels
declined to 25% of those in the LPS-treated cells (Fig. 5A),
and this was associated with the concomitant increase in HO-1

levels (Fig. 4B). In contrast to the change in IL-6, HGF further
enhanced the LPS-mediated increase of IL-10 levels in the
culture medium of Raw264.7 cells (Fig. 5B). In the culture of
mouse macrophages, SnPP repressed the HGF-induced
increase in IL-10 levels by >50%, while the inhibition of IL-6
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Figure 6. Effect of Sn-PP on HGF-mediated liver protection in LPS-treated mice. (A) Protocol for Sn-PP treatment during rh-HGF administration in LPS-
treated mice. (B) In vivo effects of Sn-PP on acute hepatitis. Left, changes in plasma AST levels in mice subjected to various treatments. Right, typical hepatic
morphology, as observed in endotoxic mice treated either with saline, HGF, or HGF plus Sn-PP (HE staining, x180). (C) Alterations of IL-6 (I) and IL-10 (II)
levels in plasma of endotoxic mice, treated with saline, HGF and HGF plus Sn-PP. Plasma was obtained from mice 12 and 24 h after the LPS challenge and
then was subjected to ELISA. Data are expressed as mean £SD, (n=6). Statistical analysis, “"p<0.01 compared with the saline group at the same time points.

production by HGF was in part restored by this HO-1 inhibitor
(data not shown). These findings suggest that HGF-induced
change in IL-6/IL-10 balance in vivo is, in part, due to a direct
effect on macrophages.

Reversal of HGF-mediated protection by HO-1 inhibition
in vivo. We returned to an animal model to determine if endo-
genous HO-1 contributes to the protective effects of HGF on
hepatic injuries. For this purpose, Sn-PP was administered at
30 uM/kg (Fig. 6A), since this dose is widely used in
numerous models of inflammation, with the apparent loss in
HO-1 activity (27,28). As shown in Fig. 1B, HGF inhibited
the onset of liver injuries, as evaluated by plasma ALT levels.
Of note, the protective effect of HGF against hepatic injury
was partially reversed by Sn-PP injections. HGF treatment
decreased plasma ALT levels in the LPS-treated mice to 12%
of the saline control, while Sn-PP negated the HGF-mediated
decrease in AST levels (Fig. 6B, left). Together with the
increase in HO-1 levels (Fig. 3B), HGF reduced the area of
necrotic and apoptotic tissue, as seen in the saline-treated
mice up to 24 h after the LPS challenge. Of note, the
combination of HGF plus Sn-PP reduced the HGF-mediated
protective effects on hepatocytes (Fig. 6B, right). A significant
difference was seen in the liver injury score between the
HGF group and HGF plus Sn-PP group (24 h, 0.40+0.22 vs.
1.13+0.35, p<0.05).

Finally, we evaluated the balance between IL-6/IL-10 to
elucidate the mechanism whereby HGF-stimulated HO-1
results in therapeutic outcomes. As shown in Fig. 2, HGF

increased the concentration of IL-10 in plasma and reduced
IL-6 levels, between 12 and 24 h after the LPS challenge.
Sn-PP partially reversed the HGF-induced reciprocal changes
in IL-6 and IL-10 in septic mice (Fig. 6C). HGF reduced the
plasma IL-6 levels to 16% of saline control 12 h after the
LPS challenge. This effect was partially reversed by Sn-PP
(Fig. 6C-I). As shown in Fig. 2, there was an apparent
increase in plasma IL-10 levels 12 h post-LPS-challenge,
while Sn-PP suppressed the HGF-mediated up-regulation of
IL-10 by >50% (Fig. 6C-1I).

Discussion

There is now ample evidence that HO-1 is required for an
anti-inflammatory response during pathological conditions,
including septic stresses (6,7). In the present study, we
examined the effect of HGF on macrophages for the following
reasons, (i) LPS up-regulates c-Met expression in macrophage
in vitro (20); (ii)) HO-1 is induced in hepatic macrophages of
humans with septic conditions (7,26); and (iii) IL-6 and IL-10
are produced mainly by macrophages (4,5), while HO-1 is a
key regulator of these cytokines (9). Using an animal model of
endotoxemia, we found herein that HGF increases expression
levels of HO-1 in hepatic macrophages, accompanied by
protection of this organ. Of interest, an HO-1 inhibitor partially
diminished the HGF-mediated protective effect against
endotoxemia-induced injury. Based on the present results, we
conclude that HGF-induced enhancement of HO-1 levels in
macrophages is, at least in part, responsible for the host
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defense system under endotoxemia. This is the first report to
show the role of HO-1 in HGF-produced protective outcomes
under pathological conditions.

One key finding is that p-Met signals were mainly detected
in Macl-positive cells (and partially in hepatocytes) after
rh-HGF treatment, thus indicating an importance of macro-
phages as an initial target of HGF. We reported that HGF
inhibits the loss of hepatocytes in rats after LPS challenges (29),
while it is known that the products of the HO-1-catalyzed
reaction (such as carbon monoxide and biliverdin) protect
hepatocytes from various injuries (30,31). Thus, it is possible
that during endotoxemia HGF protects hepatocytes via a release
of HO-1-mediated products, such as carbon monoxide, from
neighboring macrophages. In contrast, HGF blocked severe
hepatitis in mice caused by Fas-agonist (jo2) (16), through a
direct effect of HGF on hepatocytes (32). In this model,
however, jo2 attacks hepatocytes, while HGF also acts on
c-Met of hepatocytes, resulting in anti-apoptosis via
sequestration of Fas by c-Met (32). In other words, HGF
targets and activates c-Met tyrosine in ‘cells undergoing initial
pathological events’ (i.e., LPS-challenged macrophages or
Fas-stimulated hepatocytes). Such a selective signaling via
HGF/c-Met in injured cells (e.g., macrophage > hepatocytes,
within 12 h after LPS treatment) may be reasonable for
inhibiting ‘up-stream’ pathological events.

It is important to elucidate the mechanism by which HGF
enhances HO-1 expression in mice. Using an in vitro model,
we delineated a direct action of HGF toward LPS-treated
macrophages. It is still difficult to explain the failure of HGF
alone to induce HO-1, since the p-Met signal was different
between LPS-untreated Raw264.7 cells and intact mice. One
way or another, the fact that HGF alone does not induce HO-1
indicates that the enhancing effect by HGF is ‘not additive’.
Thus, our attention was focused on the role of HGF in ‘LPS-
induced’ HO-1 expression. Based on the results shown in Fig.
4, we predict that HGF increases HO-1 levels in LPS-treated
macrophages, via a post-transcriptional pathway, as reported
(33). Little is known about the mechanism by which HO-1 is
degraded during inflammation, but HGF may inhibit the
cascade that leads to degradation of HO-1. Another possibility
is that HGF directly induces HO-1 expression in interstitial
cells, other than macrophages, as reported (34). Thus, we
speculate that stabilization of HO-1 (in macrophages) as well
as induction of HO-1 (in non-macrophages) produces the
protective effect of HGF in vivo, and future studies are required
to address this speculation.

How the HGF-mediated increase in HO-1 levels leads to
a therapeutic outcome should be discussed. Under endo-
toxemic states, IL-10 is a key anti-inflammatory regulator (5).
Indeed, there is a rapid progression of LPS-induced hepatitis in
IL-10-knockout mice, as compared with wild-type mice (35). In
our mouse model, HGF increased plasma IL-10 levels, while
this effect was diminished by HO-1-inhibition, suggesting that
HO-1 is an IL-10-inducer. Consistent with our findings, it was
reported that HO-1 increases IL-10 production levels in macro-
phages both in vitro (36) and in vivo (37). Furthermore, the
anti-inflammatory effects of HO-1 were abolished during IL-10
deficiency (37). Thus, we predict that the signaling cascade,
starting with induction of HO-1 by HGF and continuing with
the stimulation of IL-10 by HO-1, is a key mechanism by
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which HGF inhibits inflammatory disorders. Indeed, recent
studies demonstrated that HGF increases IL-10 levels in
rodents, associated with improvements in inflammation (38-40).
Furthermore, in vitro, HGF increases IL-10 production directly,
especially during the conversion of macrophage to dendritic
cells (41). Thus, both the direct and indirect effects of HGF on
IL-10 production lead to anti-inflammatory responses during
endotoxic stresses.

In contrast to IL-10, there is an intrinsic mechanism by
which the progression of SIRS is accelerated. For example,
IL-6 plays a causative role in organ failures during endo-
toxemia (2,4). Actually, anti-IL-6 antibodies attenuated
endotoxin-mediated pathological conditions, including fibrin
deposition (42). Importantly, HO-1 is a key mediator of the
counter-regulatory response against IL-6. For example, after
LPS challenge, plasma IL-6 levels in HO-1-deficient mice
are >100-fold greater than levels in wild-type mice (9). This
observation supports the distinguished role of HO-1 in
inhibition of IL-6 production. Using LPS-treated mice, we
found that HGF reduced plasma IL-6 levels and increased
HO-1 levels. Sn-PP partially reversed this inhibitory effect,
indicating that the HGF/HO-1 pathway is, at least in part,
involved in down-regulation of IL-6. Indeed, HGF reduces
IL-6 levels in rodents with local inflammation (43), whereas
HO-1 is needed for protection against systemic or localized
inflammation (6-9). HGF prevents hepatitis and suppressed
fibrin deposition in septic rats (44). Collectively, we speculate
that HO-1 is a down-stream effecter of HGF that has anti-
coagulant effects during endotoxemia.

Although we emphasized the importance of macrophage
events, we consider the possibility that HO-1-independent
pathway is also involved in HGF-mediated liver protection,
since Sn-PP reversed the preventive outcome of HGF, but its
effect was not complete. During endotoxemia, inflammatory
cytokines, such as interferon-y, are over-expressed (9), and
interferon-y induces apoptosis of hepatocytes (45), thus
indicating a down-stream pathological event. Of interest,
HGF counteracts interferon-y-induced apoptosis (45).
Furthermore, HGF inhibits both apoptosis and necrosis in
primary culture of hepatocytes (29,46), via HO-1-independent
mechanisms (32). Such direct effects of HGF on hepatocytes
also participate in HGF-mediated liver protection (i.e., down-
stream mechanism). Overall, possible protective events are
summarized as follows, (i) anti-apoptosis by HO-1-catalyzed
products (such as carbon monoxide) (30,31); (ii) regulation
of IL-6/IL-10 balance (9); and (iii) counteractive effect of
HGF on cytokine-mediated apoptosis (45). Under diseased
conditions, HGF has anti-coagulant and anti-apoptotic
properties in endothelium (44,47) and promotes regeneration
of resident epithelial cells (14,18). Such multiple functions of
HGF lead to beneficial outcomes under endotoxic conditions
(2944).

Finally, we wish to postulate a potential use of rh-HGF
(i.e., activated HGF) for treatment of sepsis. Physiologically,
HGF is synthesized and secreted as an inactive single-chain
precursor (i.e., pro-HGF) and then activated to a hetero-
dimeric form by proteolytic processing (12). It is known that
plasma HGF levels increase in septic patients (19) and in our
model (not shown), but endogenous HGF is inactivated, since
p-Met signal was not evident in LPS-treated mice without
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rh-HGF treatment (Fig. 3A-I). One possible explanation is that
plasminogen activator inhibitor-1 (PAI-1) levels markedly
increase in mice after LPS challenge (48), while PAI-I is
required for inhibiting cleavage of pro-HGF to active form
HGF (25). Given that pro-HGF is an antagonist of c-Met
(49), the possible loss in HGF-activation is involved in patho-
genesis of septic injury, as reported in other organ diseases
(25,50). Thus, administration of rh-HGF is considered as a
novel option for attenuation of septic diseases (29,44).
Molecular studies on HGF/HO-1 axis would shed more light
on the understanding of the host defense system of SIRS and
other inflammatory and immunological diseases.
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