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Anti-inflammatory effects of hepatocyte growth factor
on the vicious cycle of macrophages and adipocytes

Hiroshi Kusunoki'?, Yoshiaki Taniyama'*?, Rei Otsu!, Hiromi Rakugi? and Ryuichi Morishita'

The paracrine loop involving inflammatory cytokines between adipocytes and macrophages establishes a vicious cycle that
aggravates pro-inflammatory changes in adipose tissue. The serum level of hepatocyte growth factor (HGF) is increased in
metabolic syndrome, but whether HGF is beneficial or detrimental in inflammatory conditions is unclear. We previously reported
that HGF has strong anti-inflammatory effects. We therefore hypothesized that HGF may inhibit chronic inflammation in adipose
tissue by inhibiting the vicious cycle between adipocytes and macrophages. We stimulated the macrophage cell line RAW264
with HGF and evaluated pro-inflammatory cytokines. Coculturing differentiated 3T3-L1 adipocytes with RAW264 results in
marked upregulation of pro-inflammatory cytokines. We examined whether HGF suppresses the upregulation of pro-inflammatory
cytokines in this coculture system. Cardiac-specific HGF transgenic mice (HGF-Tg) were crossed with ApoE KO (knockout)
mice, to yield ApoE KO/HGF-Tg mice, which were treated with a high-fat diet (HFD) and received angiotensin (Ang) IlI.

The phenotypes of ApoE KO and ApoE KO/HGF-Tg mice were compared. Treatment with HGF reduced the expression of
pro-inflammatory cytokine genes (Tumor necrosis factor-o, monocyte chemoattractant protein-1 and interleukin-6) in RAW264
and the coculture system. The anti-inflammatory effects of HGF were also confirmed in in vivo studies. Macrophage infiltration
in epididymal adipose and fatty liver was reduced in ApoE KO/HGF-Tg. Adipocyte diameter was reduced in ApoE KO/HGF-Tg,
and the serum adiponectin level was upregulated. These beneficial effects in ApoE KO/HGF-Tg mice under HFD and Ang Il
infusion were abrogated by an anti-HGF neutralizing antibody. These results suggest that HGF inhibits the vicious cycle of
adipocytes and macrophages through the inhibition of macrophage-mediated pro-inflammatory cytokines and upregulation of
adiponectin in adipocytes. These favorable effects may suppress chronic inflammation in adipose tissue.

Hypertension Research (2014) 37, 500-506; d0i:10.1038/hr.2014.41; published online 13 March 2014

Keywords: adipose tissues; chronic inflammation; hepatocyte growth factor

INTRODUCTION

Metabolic syndrome, an extremely frequent condition characterized
by dyslipidemia, insulin resistance, abdominal obesity and hyperten-
sion, is associated with an elevated risk of cardiovascular events.
Chronic inflammation in fat is believed to have a crucial role in the
development of obesity-related insulin resistance.! Obesity is
associated with macrophage accumulation in adipose tissue.” As
one of the key factors that could stimulate chronic inflammation,
vascular endothelial growth factor is believed to exaggerate chronic
inflammation and contribute to the progression of metabolic
syndrome.®> Indeed, the circulating level of vascular endothelial
growth factor is increased in adipose tissue in metabolic syndrome.
In contrast, previous studies showed that hepatocyte growth factor
(HGF) mediated multiple biological effects including anti-fibrotic,
anti-inflammatory and anti-apoptotic activity in various cells and
in vivo using HGF transgenic mice (HGF-Tg).* Our report also
demonstrated that HGF attenuated the senescence of endothelial
progenitor cells induced by angiotensin (Ang) II through a reduction

in oxidative stress.> HGF inhibited the proliferation of vascular
smooth muscle cells and inflammation induced by Ang IL°
Moreover, Shimizu et al’ revealed that HGF inhibited
lipopolysaccharide-induced oxidative stress and inflammation using
HGF-Tg. Twabayashi et al® reported that HGF inhibited
atherosclerosis, senescence and oxidative stress mediated by
lipoprotein (a), one of the risk factors for peripheral artery disease.
Interestingly, there was a significant association between serum
HGF level and the degree of abnormality of the components of
metabolic syndrome.” HGF level is reported to be significantly related
to waist circumference, high-density lipoprotein cholesterol and liver
enzymes. Another study showed that elevated serum HGF level was
also significantly associated with the development of insulin
resistance.! Thus, it is noteworthy to understand whether HGF
exaggerates inflammation or mediates anti-inflammatory effects in
adipose tissue. In this study, we employed ApoE KO (knockout) mice
with continuous infusion of Ang II as an animal model of chronic
inflammation in adipose tissue with hypertension. Using ApoE KO
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mice crossed with cardiac-specific HGF-Tg, the present study
demonstrated anti-inflammatory effects of HGF in adipocytes and
macrophages in vitro and in vivo.

METHODS
Cell culture
The RAW264 macrophage cell line (RIKEN BioResourceCenter, Saitama,
Japan) and 3T3-L1 preadipocytes (American Type Culture Collection,
Manassas, VA, USA) were maintained in Dulbecco’s modified Eagle’s medium
(Nacalai Tesque, Kyoto, Japan) containing 10% fetal bovine serum (Sanko
Junyaku, Tokyo, Japan) and antibiotics, and incubated at 37 °C in a humidified
5% CO,/95% air atmosphere. Differentiation of 3T3-L1 preadipocytes to
mature adipocytes was induced, as described previously. Human recombinant
HGF was purchased from PeproTech EC, London, UK.

RAW264 cells were plated in 6-cm dishes maintained at 37°C in a
humidified atmosphere containing 5% CO, for 24 h. Cells were treated with
the indicated concentrations of HGF for 48 h and harvested.

Coculture of adipocytes and macrophages

Coculture of adipocytes and macrophages was performed as follows
(Figure 2A). In the contact system, serum-starved differentiated 3T3-L1 were
cultured in 6-cm dishes, and RAW264 macrophages (1 x 10° cells per dish)
were plated onto 3T3-L1. The cells were cultured for 48 h in contact with each
other and harvested. To promote pro-inflammatory conditions, Ang II (Sigma,
St Louis, MO, USA) was added to this coculture system. 3T3-L1 adipocytes
were pretreated with HGF (50 ngml~!) for 12 h before coculture. As control,
adipocytes and macrophages, the numbers of which were equal to those in the
contact system, were cultured separately and mixed after harvest.

Quantitative real-time PCR
Total RNA was extracted from cultured cells and quantitative real-time PCR
was performed with an ABI Prism 7000 Sequencer (Foster City, CA, USA).
Primer sets were as follows:

Mouse monocyte chemoattractant protein-1 (MCP-1): forward 5'-CCA
CTCACCTGCTGCTACTCAT-3/,

reverse 5'-TGGTGATCCTCTTGTAGCTCTCC-3/,

Interleukin (IL)-6: forward 5'-ACAACCACGGCCTTCCCTACTT-3/,

reverse 5'-CACGATTTCCCAGAGAACATGTG-3/,

Tumor necrosis factor (TNF)-o: forward 5-ACCCTCACACTCAGAT
CATCTTC-3,

reverse 5'-TGGTGGTTTGCTACGACGT-3,

GAPDH: forward 5'-TGCACCACCAACTGCTTAG-3/,

reverse 5'-GGATGCAGGGATGATGTTC-3'.

Levels of messenger RNA were normalized to that of GAPDH.

ApoE/HGF-Tg mouse model and animal experiment protocol

Mice (C57BL6 background) with cardiac-specific (o-myosin heavy chain-
driven) overexpression of human HGF with a high level of heart-derived
serum HGF were generated, as previously reported.” ApoE KO mice were used
as a murine model exhibiting fatty liver and hyperlipidemia as a terminal
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outcome of chronic inflammation in adipose tissue. Male ApoE KO mice with
a C57/BL6 background were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). HGF-Tg were crossed with ApoE KO mice to yield ApoE
KO/HGF-Tg mice. Anti-HGF neutralizing antibody was purchased from
Kringle Pharma (Osaka, Japan).

Ang II promotes the release of these pro-inflammatory cytokines from both
mature adipocytes and preadipocytes.'!~!*> In order to promote the pro-
inflammatory phenotype of ApoE KO mice, Ang II (0.7 mgkg~! per day) was
administered to ApoE KO mice via an osmotic minipump (Alzet, Cupertino,
CA, USA, model 1002) for 4 weeks after 4 weeks of high-fat diet (HFD)
treatment (Figure 3A).

Eight-week-old mice (n=5 per group) were fed HFD (MF plus 0.5%
(wt/wt) cholesterol and 10% yashi oil; Oriental Yeast, Tokyo, Japan). Mice were
divided into three groups: (i) ApoE KO mice with HFD for 8 weeks and Ang II
for 4 weeks; (ii) ApoE KO/HGF-Tg mice with HFD for 8 weeks and Ang II for
4 weeks; (iii) ApoE KO/HGF-Tg mice with HFD for 8 weeks and Ang II for
4 weeks, and 200 pg per week anti-HGF neutralizing antibody (Figure 3A).
There were five mice per group, which were housed in the animal facilities of
Osaka University (Osaka, Japan). The mice had free access to water and food
during the experimental period. Following 3 months of drug and HFD
treatment, the mice were killed. Samples of epididymal adipose tissue and liver
were evaluated.

Measurement of HGF and adiponectin

HGF concentration was measured by an enzyme-linked immunosorbent assay
(ELISA), using an IMMUNIS mouse HGF ELISA kit (Institute of Immunol-
ogy, Tokyo, Japan). Mouse liver samples were disintegrated with IMMUNIS
HGEF extraction buffer, using a Multi-beads shocker (Yasui Kikai, Osaka, Japan)
at 2000 g for 15s. Homogenates were centrifuged at 14000 ¢ for 30 min. The
supernatant was used for the HGF assay according to the manufacturer’s
instructions. Serum adiponectin level was also measured using an ELISA kit
(Otsuka Pharmaceuticals, Tokyo, Japan).

Immunohistochemical staining

Tissues fixed with 4% formalin and embedded in paraffin were subjected to
immunohistochemical staining, as described previously.'* Immunostaining of
F4/80 was performed using an anti-mouse F4/80 antibody (ab6640; Abcam,
Cambridge, UK). Immunostained images were quantified using NIH Image J
software (http://rsb.info.nih.gov/ij/) and then analyzed visually under a light
microscope by two investigators blinded to treatment.

Statistical analysis

Data were expressed as mean + s.e.m. Comparisons were made using analysis
of variance followed by Tukey—Kramer’s simultaneous multiple comparisons.
P<0.05 was considered to indicate a statistically significant difference.

RESULTS

Effect of HGF on pro-inflammatory cytokines in RAW264
macrophages and coculture system

As expected, in RAW264 cells, HGF significantly decreased messenger
RNA levels of MCP-1, 1L-6 and TNF-a. from the basal level in a
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Figure 1 Effects of hepatocyte growth factor on messenger RNA levels of monocyte chemoattractant protein-1 (a), tumor necrosis factor-o (b) and

interleukin-6 (c) in RAW264 cells. *P<0.01 vs. control (n=4).
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Figure 2 (A, B) Effects of hepatocyte growth factor on messenger RNA levels of monocyte chemoattractant protein-1 (a), tumor necrosis factor-o. (b) and
interleukin-6 (c) in the coculture contact system. Differentiated 3T3-L1 adipocytes were cocultured with RAW264 macrophages (1 x 10° cells per dish) for
24 h, and stimulated with angiotensin Il (1 x 10-6M). *P<0.01, TP<0.05 vs. Co-culture (n=4) #*P<0.05 vs. Co-culture + Ang Il. A full color version of

this figure is available at the Hypertension Research journal online.
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Figure 3 Serum levels of hepatocyte growth factor (HGF) and adiponectin. (A) Experimental protocol. ApoE knockout mice (KO) mice with high-fat diet
(HFD) for 8 weeks and angiotensin (Ang) Il infusion for 4 weeks were divided into three groups: (a) ApoE KO mice with HFD for 8 weeks and Ang Il for
4 weeks; (b) ApoE KO/HGF transgenic mice mice with HFD for 8 weeks and Ang Il for 4 weeks; (c) ApoE KO/HGF-Tg mice with HFD for 8 weeks, Ang Il for
4 weeks and anti-HGF neutralizing antibody (200 pg per week). (B) Serum HGF levels in each group. (C) Serum adiponectin levels in each group. *P<0.05

vs. ApoE KO mice, TP<0.05 vs. ApoE KO/HGF-Tg mice (n=5).

dose-dependent manner (Figure 1). Coculture of differentiated
3T3-L1 and RAW264 in the contact system revealed a significant
increase in the expression of pro-inflammatory cytokines such as
MCP-1, IL-6 and TNF-o as compared with the control culture
(Figure 2, P<0.01). Moreover, addition of Ang II to this coculture
system further stimulated the expression of these pro-inflammatory
genes (Figure 2B). Importantly, pretreatment with HGF significantly
attenuated the increases in messenger RNA levels of these cytokines
(P<0.01). These data demonstrated that HGF exhibited anti-
inflammatory effects in adipocytes and macrophages.
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Anti-inflammatory effects of HGF in vivo

To confirm the anti-inflammatory effects of HGF in vivo, we
generated HGF-Tg mice using ApoE KO mice (Figure 3A). Consistent
with our previous reports,® the serum HGF level was increased by
1.5- to 2-fold in ApoE KO/HGF-Tg mice (Figure 3B). Treatment with
anti-HGF neutralizing antibody did not change the serum HGF level.
Interestingly, the serum adiponectin level was significantly increased
in ApoE KO/HGF-Tg mice (Figure 3C, P<0.05), whereas this increase
in adiponectin level was attenuated by treatment with anti-HGF
antibody. These data demonstrated that an increase in serum level of



HGF stimulated an increase in the circulating adiponectin level. On
the contrary, although lipid levels such as low-density lipoprotein
cholesterol and triglyceride were not different among mice, serum
high-density lipoprotein cholesterol was significantly increased in
ApoE KO/HGF-Tg mice. In contrast, the serum free fatty acid level
was significantly decreased in ApoE KO/HGF-Tg mice (Table 1).
Importantly, anti-HGF antibody inhibited the increase in high-
density lipoprotein cholesterol and the decrease in free fatty acid
(Table 1, P<0.05).

Although there was no significant difference in body weight and
food intake between ApoE KO mice and ApoE KO/HGF-Tg mice,
epididymal and retroperitoneal adipose tissue weight were signifi-
cantly lowered in ApoE KO/HGF-Tg mice (P<0.05, Figure 4).
Consistently, histological examination showed smaller adipocyte size
and crown-like structures (formed by the gathering of macrophages)
in ApoE KO/HGEF-Tg mice, as demonstrated by F4/80 (a macrophage
marker)-positive areas (Figure 5A). Consistent with the histological
findings, F4/80-positive areas were also significantly decreased in

Table 1 Serum parameters in each group

ApoE KO/HGF-Tg

ApoE KO WT () HGF Ab
AST (UI-1) 118.9+12.7 103.1+14.0 120.3+16.2
ALT (UI-D) 28.5+5.8 25.5+£3.0 27.7+1.8
LDL Chol (mgdl—1) 874.1+67.2 810.5+80.5 853.6+33.8
TG (mgdl—1) 39.0£5.4 42.0+£9.3 43.0+6.1
FFA (mEqI—1) 1.53+0.14 1.05+0.19* 1.38+0.14
HDL Chol (mgdI—1) 256.2+16.8 367.5+45.0* 270.3+13.7

Abbreviations: ALT, alanine aminotransferase; anti-HGF Ab, anti-HGF neutralizing antibody
treatment; ApoE KO WT, ApoE knockout mice; ApoE KO/HGF-Tg, ApoE knockout/HGF
transgenic mice; AST, aspartate aminotransferase; FFA, free fatty acid; HDL Chol, high-density
lipoprotein cholesterol; LDL Chol, low-density lipoprotein cholesterol; TG, triglyceride.
*P<0.05 vs. ApoE KO WT, data were shown as mean*s.e.m.
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ApoE KO/HGF-Tg mice (P<0.01, Figure 5B). Similarly, adipocyte
diameter was significantly decreased in ApoE KO/HGEF-Tg mice
(Figure 5C). These beneficial changes in adipocytes were owing to
HGE as anti-HGF antibody significantly attenuated these changes
(P<0.01). In this model, ApoE KO mice demonstrated a unique
phenotype of severe fatty liver with marked deposition of lipid, as
assessed by oil-red O staining (Figure 6a). Notably, ApoE KO/HGF-Tg
mice exhibited a significant reduction in lipid accumulation, whereas
anti-HGF antibody treatment significantly attenuated the decrease in
lipid area (Figure 6b). There was no difference in blood pressure in
each group both before and after 4 weeks of Ang II infusion (Table 2).

DISCUSSION

The present study demonstrated that HGF significantly reduced the
expression of pro-inflammatory cytokines (MCP-1, TNF-o and IL-6)
in not only RAW264 macrophages, but also in a RAW264 and 3T3-L1
adipocyte coculture system. It has been known that HGF exerts its
anti-inflammatory action by disrupting NF-kB signaling.!® Previously,
we proved HGF counteracts the progression of renal fibrosis by
mediating the inhibition of phosphatase and tensin homolog. It is
supposed that these mechanisms may underlie the anti-inflammatory
effects by HGE!® In a previous study, HGF suppressed the production
of IL-6 in bone marrow-derived macrophages in vitro,) and the
expression of MCP-1 in tubular epithelial cells in vitro'8 by its anti-
inflammatory effects such as NF-kB inactivation. It is supposed that
HGEF inhibits inflammation mediated by M1-polarized macrophages.
The summary of this study is shown in Figure 7.

To investigate the anti-inflammatory effects of HGF in vivo, we
employed ApoE KO mice with HFD and Ang II infusion. This model
showed a phenotype of chronic inflammation, including macrophage
infiltration in adipose tissue, adipocyte hypertrophy and fatty liver.
These findings were significantly reduced in ApoE KO/HGF-Tg mice
as compared with ApoE KO alone mice. In our previous study, we
demonstrated that irbesartan (a PPARy agonistic ARB) mediated
similar effects in ApoE KO mice. As PPARY agonists are known to
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Figure 4 Body weight (a), food intake (b), epididymal adipose tissue (c) and retroperitoneal adipose tissue (d) in ApoE knockout mice (KO) mice and ApoE
KO/hepatocyte growth factor transgenic mice mice. *P<0.05 vs. ApoE KO mice, TP<0.05 vs. ApoE KO/HGF-Tg mice (n=5).
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Figure 5 Macrophage infiltration and adipocyte diameter in adipose tissue of ApoE knockout mice (KO) mice and ApoE KO/hepatocyte growth factor
transgenic mice mice. (A) Typical micrographs of immunostaining for F4/80 in periodic cross-sections of epididymal adipose tissue after 8 weeks of high-fat
diet and 4 weeks of angiotensin Il. Brown-stained area shows the F4/80 protein-positive area. (B) Quantitative data of immunohistochemical staining for
macrophages (F4/80) (%). (C) Quantitative analysis of diameter of adipose cells (um) *P<0.01 vs. ApoE KO mice, TP<0.01 vs. ApoE KO/HGF-Tg mice
(n=5).
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Figure 6 Lipid accumulation in liver of ApoE knockout mice (KO) mice and ApoE KO/hepatocyte growth factor transgenic mice mice. (a) Upper panels:
typical micrographs of periodic cross-sections of liver with oil-red O staining after 8 weeks of high-fat diet and 4 weeks of angiotensin Il; *P<0.01 vs.
ApoE KO mice, "P<0.01 vs. ApoE KO/HGF-Tg mice (n=5).

stimulate the expression of HGE, irbesartan could partially inhibit
inflammation through the upregulation of HGE.!® The present study
Before Ang Il infusion  After 4 weeks of Ang Il infusion  Successfully proved the anti-inflammatory effects of HGF directly

Table 2 Blood pressure in each group

(SBP/DBP) (SBP/DBP) in.vivo. Serum adiponectin level was increased ig ApoE KO/HGF-Tg

mice, and this was reversed by anti-HGF neutralizing antibody. HGF

ApoE KO WT 101.9+2.3/67.1£3.0 114.4+2.9/72.1£1.5 inhibited the vicious cycle mediated by macrophages and adipocytes

ApoE KO/HGF-Tg 101.6+£2.2/68.9+3.1 103.8+£2.5/64.1+2.3 by inhibiting pro-inflammatory cytokines from macrophages.

ApOE KO/HGF-Tg and 101.2+1.6/67.8£4.3 103.5+2.5/62.9+2.5 These effects mlght maintain a Small adipocy‘te Size) and also

anti-HGF Ab induce adiponectin production from small adipocytes in vivo. It is

Abbreviations: anti-HGF Ab, anti-HGF neutralizing antibody treatment; ApoE KO WT, ApoE well known that adiponeCtin imPIOVeS many aspects of metabolic

knockout mice; ApoE KO/HGF-Tg, ApoE knockout/HGF transgenic mice; DBP, diastolic blood disorders such as obesity atherosclerosis 20 type 2 diabetes 21
pressure; SBP, systolic blood pressure. . 5 . . > >3 > YpP o >

Data were shown as mean +s.e.m. fatty liver’> and insulin resistance.”> Thus, the anti-inflammatory
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Figure 7 Summary of anti-inflammatory effects of hepatocyte growth
factor on the vicious cycle of macrophages and adipocytes. 1. Activated
macrophages secreted pro-inflammatory cytokines (monocyte chemo-
attractant protein-1, interleukin-6 and tumor necrosis-o). 2. Adipocytes
stimulated by pro-inflammatory cytokines became larger. 3. These
hypertrophied adipocytes resulted in lower levels of adiponectin and higher
levels of saturated fatty acids (such as FFA), which induced pro-
inflammatory feedback to macrophages. 4. HGF inhibited this vicious cycle
between macrophages and adipocytes by inhibiting pro-inflammatory
cytokines from macrophages. 5. When the vicious cycle was inhibited by
HGF, the adipocytes became smaller and the adiponectin level increased.
A full color version of this figure is available at the Hypertension Research
journal online.

effects of HGF might be partially mediated by upregulation of
adiponectin.

Recently, we reported that HGF inhibited/regressed myocardial
fibrosis in a heart failure model using HGF-Tg mice, suggesting that
circulating HGF could mediate cardioprotective effects.?* In dialysis
patients with ischemic cardiomyopathy, circulating levels of HGF
were reported to be increased.?>?® As HGF secreted endogenously
may act to protect against organ damage in local tissues such as the
heart, a similar phenomenon might occur in chronic inflammation in
adipose tissue.

Rehman et al. reported that obesity was associated with an increase
in circulating HGFE. Serum HGF levels in obese subjects were more
than threefold higher than those in lean subjects. The increase in HGF
concentration in obese subjects may not be secondary to insulin
resistance or hypertension, as they also reported that freshly isolated
human adipose cells secreted HGE?” Recently, it was reported that
mesenchymal stromal cells derived from adipose tissue also secreted
HGF and improved acute kidney injury via paracrine/endocrine
effects.?®? 1t is also reported that adipose-derived stem cells
secreted HGF and improved brain damage in a murine stroke
model.° Tt is also reported that adipose tissue-derived stromal cells
secreted HGF and showed potential as an angiogenic cell therapy in
peripheral arteries for ischemic disease.>"*? One possible explanation
for these findings is that stem cells or mesenchymal stromal cells in
adipose tissue could secrete HGF to repair tissue damage.

Currently, the relationship between HGF and non-alcoholic
steatohepatitis and hepatocyte growth factor (NASH) is the center
of interest, as HGF reduced liver fibrosis in NASH. It is also reported
that HGF reduced fatty liver in murine models.?? In addition, serum
HGF level was reported to be higher in NASH patients than in
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controls.>* Consistently, the present study demonstrated that HGF
inhibited the lipid area in the liver in a fatty liver model. Bertola
et al® reported that HGF induced glucose uptake in 3T3-L1
adipocytes and counteracted TNF-a. It is reported that HGF has a
key role in the increase in islet cell mass and hyperinsulinemia in diet-
induced obese rats, suggesting its role in insulin signaling in the
liver.3® Further investigation is needed to clarify whether HGF
improves other aspects of metabolic disorders such as insulin
resistance and glucose tolerance. In conclusion, the present study
demonstrated that the anti-inflammatory effects of HGF ameliorated
the vicious cycle between adipocytes and macrophages in vitro and
in vivo. HGF could be a novel therapeutic target to inhibit chronic
inflammation in adipose tissue.
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