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[21,22]. PC (1-acyl 36:5) may therefore be a biomarker specific for
steatosis induced by PH. Thus, MS and IMS are powerful tools that
can assist in the detailed measurement of lipid metabolism.
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Obesity may be viewed as a state of chronic low-grade
inflammation that participates in the development of
the metabolic syndrome. Nonalcoholic steatohepati-
tis (NASH) is considered a hepatic phenotype of the
metabolic syndrome and a high risk for progression
to cirrhosis and hepatocellular carcinoma. Although
the “two hit” hypothesis suggests involvement of ex-
cessive hepatic lipid accumulation and chronic in-
flammation, the molecular mechanisms underlying
the development of NASH remain unclear, in part
because of lack of appropriate animal models. Herein
we report that melanocortin 4 receptor—deficient
mice (MC4R-KO) develop steatohepatitis when fed a
high-fat diet, which is associated with obesity, insulin
resistance, and dyslipidemia. Histologic analysis re-
veals inflammatory cell infiltration, hepatocyte bal-
looning, and pericellular fibrosis in the liver in
MC4R-KO mice. Of note, all of the MC4R-KO mice
examined developed well-differentiated hepatocellu-
lar carcinoma after being fed a high-fat diet for 1 year.
They also demonstrated enhanced adipose tissue in-
flammation, ie, increased macrophage infiltration
and fibrotic changes, which may contribute to exces-
sive lipid accumulation and enhanced fibrosis in the
liver. Thus, MC4R-KO mice provide a novel mouse
model of NASH with which to investigate the se-
quence of events that make up diet-induced hepatic
steatosis, liver fibrosis, and hepatocellular carcinoma
and to aid in understanding the pathogenesis of
NASH, pursuing specific biomarkers, and evaluating
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potential therapeutic strategies. (4mJ Patbol 2011, 179:
2454-2463; DOI: 10.1016/j.ajpath.2011.07.014)

Nonalcoholic fatty liver disease (NAFLD) is characterized
by increased accumulation of lipids in the liver without a
history of excessive alcohol consumption or known liver
disease.' NAFLD often occurs with the metabolic syn-
drome, a constellation of visceral fat obesity, impaired
glucose metabolism, atherogenic dyslipidemia, and ele-
vated blood pressure, and is considered the hepatic
manifestation of the metabolic syndrome.? Patients with
nonalcoholic steatohepatitis (NASH), a subset of NAFLD,
are at high risk for progression to cirrhosis and hepato-
cellular carcinoma (HCC). However, the molecular mech-
anisms involved in disease progression from simple ste-
atosis to NASH to HCC are currently unclear. This is in
part because there are no appropriate animal models
that reflect a liver condition of human NASH, although
many attempts have been made to generate animal
NASH models via genetic, dietary, and pharmacologic
approaches.®

The pathogenesis of NASH is thought to involve a
multistep process in which the first step is excessive
accumulation of lipids in the liver. According to the “two
hit” hypothesis, the development of NASH requires the
presence of additional pathogenic factors such as oxida-
tive stress, endotoxins, cytokines, chemokines, and lipo-
toxicity.*~® Because NASH is often associated with vis-
ceral fat obesity, there should be a mechanistic link
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between the adipose tissue and the liver.” Adipose tissue
secretes a large number of bioactive substances or adi-
pocytokines such as leptin and adiponectin. Unbalanced
production of pro-inflammatory and anti-inflammatory
adipocytokines in obesity has been implicated in the
pathogenesis of obesity-related complications including
NAFLD.”® Indeed, deficiency of leptin signaling protects
against hepatic fibrosis in several rodent models of
chronic liver injury,®~'1 which suggests that leptin may
accelerate development of liver fibrosis. In contrast, stud-
ies in adiponectin-deficient mice have revealed that adi-
ponectin is protective against development of hepatic
fibrosis and inflammation. ™

The melanocortin 4 receptor (MC4R) is a seven-trans-
membrane G protein—-coupled receptor that is expressed
in the hypothalamic nuclei and is implicated in regulation
of food intake and body weight.*3 Previous studies have
identified many pathogenic mutations of the MC4R gene
at a relatively high frequency in severe early-onset obe-
sity, which suggests that MC4R mutations are the most
common known monogenic cause of obesity in hu-
mans.'* Some leptin biological actions are mediated, at
least in part, via the central melanocortin system.® In-
deed, mice with targeted disruption of MC4R have de-
veloped late-onset obesity associated with hyperphagia,
hyperinsulinemia, and hyperglycemia.'®'” MCA4R-defi-
cient mice (MC4R-KO mice) fed a high-fat diet (HFD)
exhibit massive hepatic steatosis and altered gene ex-
pression related to lipid metabolism.’®'® The role of
MC4R in the pathogenesis of NASH, however, has not
been elucidated.

Herein we report for the first time that MC4R-KO mice
develop a liver condition similar to human NASH when
fed an HFD, which is associated with obesity, insulin
resistance, and dyslipidemia. Of note, they also demon-
strate enhanced adipose tissue inflammation, which may
contribute to excessive lipid accumulation and enhanced
fibrosis in the liver. Moreover, they develop well-differen-
tiated HCC when fed the HFD for a prolonged time. Our
data suggest that MC4R-KO mice would provide a novel
rodent model of NASH with which to investigate the se-
quence of events that make up diet-induced hepatic ste-
atosis, liver fibrosis, and HCC.

Materials and Methods

Animals

MC4R-KO mice on the C57BL/6J background were a gift
from Dr. Joel K. ElImquist (University of Texas Southwest-
ermn Medical Center, Dallas, TX).'® Male C57BL/6J wild-
type (WT) mice were purchased from CLEA Japan, Inc.
(Tokyo, Japan). The animals were housed in individual
cages in a temperature-, humidity-, and light-controlled
room (12-hour light and 12-hour dark cycle) and allowed
free access to water and standard diet (CE-2; 343.1
kcal/100 g, 12.6% energy as fat; CLEA Japan, Inc.),
unless otherwise noted. In the HFD feeding experiments,
8-week-old male mice were given free access to water
and either standard diet or HFD (D12492; 524 kcal/100 g,
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60% energy as fat; Research Diets, Inc., New Brunswick,
NJ) for 8 or 20 weeks. Detailed dietary composition of the
standard diet and HFD is given in Supplemental Table S1
(available on http.//ajo.amjpathol.org). At the end of the
experiments, the animals fed ad libitum were sacrificed
after administration of 30 mg/kg i.p. pentobarbital anes-
thesia. All animal experiments were conducted in ac-
cordance with the guidelines of the Tokyo Medical and
Dental University Committee on Animal Research (No.
100098).

Blood Analysis

Blood glucose concentration was measured using the
blood glucose test meter (Glutest PRO R; Sanwa Kagaku
Kenkyusho Co., Ltd., Nagoya, Japan). Serum alanine
aminotransferase, triglyceride (TG), free fatty acid (FFA),
and total cholesterol concentrations were measured us-
ing the respective standard enzymatic assays. Serum
concentrations of insulin and adipocytokines were deter-
mined using the respective enzyme-linked immunosor-
bent assay kits (insulin, Morinaga Co. Ltd., Tokyo, Japan;
adiponectin, Otsuka Pharmaceutical Co., Ltd., Tokyo, Ja-
pan; and leptin and IL-6, R&D Systems, Inc., Minneapo-
lis, MN). The homeostasis model assessment insulin re-
sistance index was calculated as [fasting glucose (mg/
dlL) x fasting insulin (uU/mL)]/405.

Hepatic TG Content

Total lipids in the liver were extracted using ice-cold
chloroform and methanol, 2:1 (v/v). TG concentrations
were measured using an enzymatic assay kit (Wako Pure
Chemical Industries, Ltd., Osaka, Japan).?°

Histologic Analysis

The liver and epididymal white adipose tissue were fixed
with neutral-buffered formalin and embedded in paraffin.
Two-micrometer-thick sections of liver were stained using
H&E, Masson’s trichrome, and Sirius red.?°?' The pres-
ence of a-smooth muscle actin (a-SMA) and a-fetopro-
tein was detected at immunohistochemistry using mouse
monoclonal anti-human «-SMA antibody (Dako A/S,
Glostrup, Denmark) and polyclonal goat anti-human a-fe-
toprotein antibody (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), respectively.?® Areas positive for Sirius red
and «-SMA were measured using WIinROOF software
(Mitani Corp., Tokyo, Japan). Five-micrometer-thick sec-
tions of the epididymal white adipose tissue were stained
using anti-mouse F4/80 antibody.?22% The number of nu-
clei surrounded by F4/80-positive cells was counted in a
10 mm? area of each section and expressed as the mean
per millimeter squared for quantification of F4/80-positive
macrophages. Liver histologic features were assessed
by two investigators (S.T. and I.S.) who had no knowi-
edge of the origin of the slides according to the NASH
clinical research network scoring system.?* In brief, an
NAFLD activity score higher than 5 was considered “def-
inite NASH.”?* The liver fibrosis score was determined
semiquantitatively as follows: stage 0O, no fibrosis; stage 1,
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periportal or perisinusoidal fibrosis; stage 2, periportal
plus perisinusoidal fibrosis; and stage 3, bridging fibro-
sis.?

Quantitative RT-PCR

Total RNA was extracted from the liver and epididymal
white adipose tissue using Sepasol reagent (Nacalai
Tesque, Inc., Kyoto, Japan). Quantitative RT-PCR was
performed using the ABI Prism 7000 Sequence Detection
System with PCR Master Mix Reagent (Applied Biosys-
tems, Inc., Foster City, CA) as described previously.®
Primers used are given in Table 1. mRNA levels were
normalized to those of 36B4 mRNA.

Measurement of Serum Hydroperoxides

The total amount of organic hydroperoxides in the serum
was measured at spectrophotometry using the deriva-
tives of reactive oxygen metabolites test (FREE Carpe
Diem; Diacron International SAS, Grosseto, ltaly). Hy-
droperoxides are intermediate oxidative products of lip-
ids, peptides, and amino acids, and their concentrations
represent an index of oxidative injury. This method is
described in detail elsewhere.?® In brief, 20-uL serum
samples were added to 1 mlL assay mixture, gently
mixed, and incubated for 3 minutes at 37°C. The absor-
bance increase at 505 nm was monitored for 2 minutes.
The concentrations were expressed in conventional units
[Carratelli units (U.CARR)], where 1 U.CARR corre-
sponds to 0.8 mg/L H,O,.

TG Secretion Rate

The TG secretion rate was measured as previously de-
scribed.?® In brief, 500 mg/kg body weight tyloxapol (Tri-
ton WR-1339; Sigma-Aldrich Corp., St. Louis, MO) was
injected via the tail vein into mice that had been fasted for
5 hours. Serum TG concentrations were measured at 60
minutes after injection. The TG secretion rate was calcu-
lated from the increment in TG concentration per minute
multiplied by the serum volume of mice (estimated as
3.5% of body weight in grams) and expressed in milli-
grams per minute per 100 g body weight.

Statistical Analysis

Data are given as mean + SE. P < 0.05 was consid-
ered statistically significant. Statistical analysis was
performed using analysis of variance followed by
Scheffé’s test.

Results

Metabolic Phenotypes of MC4R-KO Mice

Throughout the experimental period, MC4R-KO mice
demonstrated accelerated body weight gain relative to
WT mice fed either the standard diet or the HFD (Figure
1A). Both the WT mice fed the HFD and the MC4R-KO

Table 1. Primers Used in the Present Study

Genes Primers
ACC1

Forward 5/ -TGAGATTGGCATGGTAGCCTG-3'

Reverse 5'-CTCGGCCATCTGGATATTCAG-3'
Catalase

Forward 5'-GGAGGCAGAAACTTTCCCATT-3'

Reverse 5'-GGCCAAACCTTGGTCAGATC-3'
COL1A1

Forward 5'~-CCTCAGGGTATTGCTGGACAAC-3’

Reverse 5’ ~ACCACTTGATCCAGAAGGACCTT-3’
CPT1A

Forward 5'~CCTGCATTCCTTCCCATTTG-3'

Reverse 5'-TGCCCATGTCCTTGTAATGTG-3'
F4/80

Forward 5’ -CTTTGGCTATGGGCTTCCAGT -3’

Reverse 5'-GCAAGGAGGACAGAGTTTATCGTG-3’
FAS

Forward 5’ -CCTGGATAGCATTCCGAACCT -3’

Reverse 5'~AGCACATCTCGAAGGCTACACA-3'
g ,09 1 phox

Forward 5'-CCAGTGCGTGTTGCTCGA-3'

Reverse 5'~AGTGAGGTTCCTGTCCAGTTGTCT-3'
MMP-2

Forward 5'-CCCCATGAAGCCTTGTTTACC-3'

Reverse 5'-TTGTAGGAGGTGCCCTGGAA-3’
MTP

Forward 5'-ACAGGTCCTCGAGCGTGTCT -3’

Reverse 5'~-CAGTGCTCCGCCAGAGAAG-3'
DZZDHOX

Forward 5’ -CATGGAGCGATGTGGACAGA-3'

Reverse 5’ ~-CCCGAAAAGCTTCACCACAG-3’
D 400/70)(

Forward 5'~CAGCCAACATCGCTGACATC-3’

Reverse 5'~CAAAGTGGCTGGTGAAGCCC-3'
D 4 7plvox

Forward 5'-ACTCTCACTGAATACTTCAACG-3'

Reverse 5'-TCATCAGGCCGCACTTT-3'
p6 7phox

Forward 5'-AAGCAAAAAGAGCCCAAGGAA-3'

Reverse 5'-CATGTAAGGCATAGGCACGCT -3’
PPAR«

Forward 5'-AGGAAGCCGTTCTGTGACAT-3’

Reverse 5'-AATCCCCTCCTGCAACTTCT-3'
SOD1

Forward 5'-GCAGGACCTCATTTTAATCCTCACT -3’

Reverse 5'-AGGTCTCCAACATGCCTCTCTTC-3'
SREBP1c

Forward 5’ ~-GGCACTAAGTGCCCTCAACCT-3'

Reverse 5’ ~-GCCACATAGATCTCTGCCAGTGT-3’
TGFB1

Forward 5'-CCTGAGTGGCTGTCTTTTGACG-3"

Reverse 5'-AGTGAGCGCTGAATCGAAAGC-3'
TIMP1

Forward 5'~CATCACGGGCCGCCTA-3'

Reverse 5/ - AAGCTGCAGGCACTGATGTG-3'
TNFa

Forward 5'-ACCCTCACACTCAGATCATCTTC-3'

Reverse 5'-TGGTGGTTTGCTACGACGT-3'
36B4

Forward 5'-GGCCCTGCACTCTCGCTTTC-3'

Reverse 5'~TGCCAGGACGCGCTTGT -3’

mice fed the standard diet exhibited increased adipos-
ity relative to the WT mice fed the standard diet (Figure
1B). Although increased adiposity was observed in
MC4R-KO mice at 8 weeks of HFD feeding, there was
no further increase or decrease in adipose tissue
weight thereafter (Figure 1B). In contrast, MC4R-KO
mice exhibited a time-dependent increase in liver
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weight and hepatic TG content relative to WT mice fed
either diet (Figure 1, C and D; and data not shown).
Both genotypes fed the HFD exhibited insulin resis-
tance, and MC4R-KO mice fed the HFD exhibited a
significant increase in serum FFA concentrations rela-
tive to WT mice (Table 2). Dysregulation of adipocyto-
kines was also marked in MC4R-KO mice fed the HFD
relative to WT mice (Table 2, and Supplemental Table

S2 at http://ajp.amjpathol.org). Serum alanine amino-
transferase concentrations were significantly in-
creased in MC4R-KO mice fed the HFD relative to any
other groups (Table 2). In essence, these observations
are consistent with previous reports that described the
metabolic phenotypes in the liver in MC4R-KO mice,
which were generated using different strategies.'®®
Collectively, our data indicate that MC4R-KO mice fed

Table 2. Serologic Parameters of MC4R-KO and WT Mice Fed the HFD for 20 Weeks
WT mice MC4R-KO mice
Variable SD HFD SD HFD

Blood glucose (ad fib, mg/dL) 1173258 133.0 83 167.4 = 10.3* 170.1 =124
HOMA-IR 0.8+0.3 1565 £ 3.7 17.0 = 4.0 21.8 37
TG (mg/dL) 846 9.8 46.3 £ 1.2 135.8 = 18.4* 92.7 = 8.1
FFA (mEg/L) 0.27 = 0.02 0.26 = 0.01 0.34 + 0.02 0.51 + 0.06%
TC (mg/dL) 51628 189.7 + 6.47 143.0 = 9.5* 2945 = 904
Adiponectin (ug/mL) 154 =17 19817 135+1.0 8.2 + 0.9%
Leptin (ng/mL) 1.7+03 97.2 + 83" 57.7 = 6.07 112.6 = 9.21
IL-6 (pg/mL) 0.84 = 0.64 221168 3.25+0.75 6.80 = 0.71%1
ALT (IU/L) 369 = 1.1 129.9 = 196 191.9 = 29.2* 623.9 = 50.8*1

n = 7-10. Data are expressed as mean = SE.

*P < 0.05, TP < 0.01 versus WT-SD; ¥P < 0.01 versus WT-HFD; $P < 0.05; "P < 0.01 versus MC4R-SD.
ALT, alanine aminotransferase; FFA, free fatty acid; HFD, high-fat diet; HOMA-IR, homeostasis model assessment-insulin resistance; [L-6, interleukin-6;

SD, standard diet; TC, total cholesterol; TG, triglyceride; WT, wild-type.
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Figure 2. Hepatic histologic features and mRNA expression of genes related to lipid metabolism in MC4R-KO and WT mice fed the HFD for 8 weeks. A: H&E
staining of the liver. C, central vein, Original magnification, X 200. Scale bar = 50 um. Hepatic mRNA expression of genes for de novo lipogenesis (sterol regulatory
element binding protein 1c, fatty acid synthase, and acetyl-CoA carboxylase 1) (B), oxidative metabolism (peroxisome proliferator-activated receptor-a and
carnitine palmitoyltransferase 1A4) (C), and TG secretion (microsomal TG transport protein) (D). E: Triglyceride secretion rate from the liver at 2 weeks of HFD
feeding. *P < 0.05; **P < 0.01; TP < 0.05; TP < 0.01 versus WT-S, WT-S and WT-H, 12 = 5; MC4R-S, n = 5; MCAR-H, n = 6.

the HFD exhibit metabolic characteristics similar to
those in obese humans.

Lipid Metabolism and Oxidative Stress in Liver
from MC4R-KO Mice

Next examined was lipid metabolism and oxidative stress
in liver from MC4R-KO mice fed the HFD. Although his-
tologic examinations revealed minimal lipid accumulation
in liver from WT mice fed the HFD for 8 weeks, liver from
MC4R-KO mice exhibited massive microvesicular steato-
sis in the centrilobular and portal areas (Figure 2A). Ex-
pression of MRNAs for de novo lipogenesis (fatty acid
synthase and acetyl-CoA carboxylase 1) was markedly
increased in liver from MC4R-KO mice relative to WT
mice at 8 weeks (Figure 2B), as previously reported.'®"®
In addition, expression of mRNAs for fatty acid oxidation
(peroxisome proliferator-activated receptor-a and carni-
tine palmitoyltransferase 1A), and TG secretion (micro-
somal triglyceride transport protein) and TG secretion
rate were increased in liver from MC4R-KO mice (Figure
2, C-E). These observations are consistent with lipid me-
tabolism in human NASH.2” In contrast to the changes in
hepatic expression of lipogenic genes in MC4R-KO mice
(Figure 2B), WT mice exhibited up-regulation of lipogenic

genes only after 20 weeks of HFD feeding (data not
shown), which suggests that hepatic steatosis develops
much faster in MC4R-KO mice than in WT mice. There
was a marked increase in mRNA expression of the
NADPH oxidase components (p40P0%, p47°Phox pg7Phox,
gp91PoX and p22P") and a slight increase in MRNA
expression of antioxidant enzymes (superoxide dismu-
tase 1 and catalase) in the HFD-fed MC4R-KO mice
relative to any other groups (see Supplemental Figure S1,
A and B, at http.//ajp.amjpathol.org). Serum concentra-
tions of derivatives of reactive oxidative metabolite
were significantly increased in MC4R-KO mice fed the
HFD (P < 0.01; see also Supplemental Figure S1C at
http.//ajp.amjpathol.org).

Lipid Accumulation and Fibrosis in Liver from
MC4R-KO Mice

After HFD feeding for 20 weeks, microvesicular steato-
sis was observed uniformly, and moderate inflamma-
tory cell infiltration in liver from WT mice (Figure 3A),
whereas liver fibrosis was rarely observed at this time
point (Figure 3, B-D). In contrast, liver from MC4R-KO
mice fed the HFD exhibited microvesicular and mac-
rovesicular steatosis, ballooning degeneration, and
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massive infiltration of inflammatory cells (Figure 3A).
Masson’s trichrome and Sirius red staining revealed
marked pericellular fibrosis in liver from MC4R-KO
mice fed the HFD (Figure 3, B-D). In addition, the area
positive for «-SMA was markedly increased in
MC4R-KO mice relative to WT mice fed the HFD for 8
and 20 weeks (P < 0.05 and P < 0.01, respectively;
Figure 3, E and F). Histologic analysis demonstrated a
significant increase in the NAFLD activity and fibrosis
scores in MC4R-KO mice at 8 and 20 weeks of HFD
feeding (Figure 3, G and H). Expression of mRNAs for
fibrogenic genes (transforming growth factor-g1; col-
lagen, type 1, a1; metalloproteinase-2; and tissue in-
hibitor of metalloproteinase 1), and inflammatory genes
(macrophage marker F4/80 and tumor necrosis factor-)
was increased in liver from MC4R-KO mice relative to WT
mice aiter 20 weeks of HFD feeding (Figure 4). Together,
these observations suggest that MC4R-KO mice fed the
HFD develop liver fibrosis accompanied by histologic pa-
thognomonic features of human NASH: inflammatory cell
infiltration, hepatocyte ballooning, and pericellular fibro-

SiS,1 24

Development of HCC in MC4R-KO Mice

After feeding the HFD for 1 year, mild fibrosis was ob-
served in WT mice, which was much more accelerated in
MC4R-KO mice (see Supplemental Figure S2 at http.//
ajp.amjpathol.org). Moreover, multiple liver tumors were
observed in all of the MC4R-KO mice examined (n = 5)
(Figure 5A). Microscopic analysis revealed that the tu-
mors form discrete nodules surrounded by non-tumor
liver tissue (Figure 5B). Normal liver architecture was lost,
and irregular and thick trabeculae were observed in the
tumors (Figure 5C). The tumor cells exhibited severe
dysplasia, with an increased nuclear-cytoplasmic ratio,
enlarged and hyperchromatic nuclei, and fat deposition
in the cytoplasm (Figure 5C). Immunohistochemical anal-
ysis revealed that the tumors express «-fetoprotein, a
widely recognized marker of HCC (Figure 5D). In con-
trast, at 20 weeks and even at 1 year, there was no
appreciable collagen deposition and tumor development
in liver from MC4R-KO mice fed the standard diet (Fig-
ures 3; see also Supplemental Figure S2 at hitp./ajp.
amjpathol.org). To elucidate the involvement of the inher-
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Figure 4. Hepatic mRNA expression in MC4R-KO mice fed the HFD for 20
weeks. Hepatic mRNA expression levels were measured using quantitative
PCR after 20 weeks of HFD feeding. mRNA expression of fibrogenic factors
(transforming growth factor-B1; collagen, type 1, «l; tissue inhibitor of
metalloproteinase 1;, and metalloproteinase 2) (A) and inflammatory markers
(14/80 and tumor necrosis factor-a) (B). *P < 0.03; *P < 0.01; TP < 0.05;
Hp < 0.01 versus WI-S. WT-S, = 8 WIT-H, n = 7; MC4R-S, 1 = 8; and
MCA4R-H, 12 = 10.

ent dysregulation of inflammation and fibrogenesis in
MC4R-KO mice, we examined the liver and adipose lis-
sue phenotypes in 8 week-old MC4R-KO and WT mice.
There was no significant difference in mRNA expression
of pro-fibrotic and inflammatory genes between the ge-
notypes at this time point (see Supplemental Figure S3 at
http.//ajp.amjpathol.org). These observations suggest that
in addition to liver fibrosis, MC4R-KO mice fed the HFD
develop multiple liver tumors with histologic characteris-
tics of well-differentiated HCC.

Inflammatory and Fibrotic Changes in Adipose
Tissue from MC4R-KO Mice

Recent evidence has suggested that obese adipose tis-
sue exhibits chronic inflammatory changes characterized
by macrophage infiltration and fibrosis, which may con-
tribute to ectopic lipid accumulation and systemic insulin
resistance.?®2? In the present study, macrophage infiltra-
tion and pro-inflammatory cytokine expression were
markedly increased in the epididymal white adipose tis-
sue from MC4R-KO mice relative to WT mice after 8
weeks of HFD feeding, although the epididymal white

adipose tissue weight was almost comparable between
the genotypes (Figure 1B and Figure 6, A and B). More-
over, a marked increase was observed in collagen de-
position and in transforming growth factor g4 and in col-
lagen, type 1, a1 mRNA expression in the epididymal
white adipose tissue from MC4R-KO mice relative to WT
mice (Figure 6, C and D). These observations suggest
that adipose tissue inflammation is markedly enhanced in
MC4R-KO mice relative to WT mice during HFD feeding,
along with dysregulation of adipocytokine production in
MC4R-KO mice (see Supplemental Table S2 at hitp://
ajp.amjpathol.org).

Discussion

According to the two-hit hypothesis, the pathogenesis of
NASH may involve at least two processes: excessive
accumulation of lipids in the liver and enhanced liver
fibrosis. To understand the molecular mechanism under-
lying the development of NASH, many animal models of
hepatic steatosis and liver fibrosis have been described.
Herein we demonstrate that MC4R-KO mice fed an HFD
for a relatively short time (20 weeks) exhibit a liver con-
dition similar to human NASH, in addition to obesity and
insulin resistance. As a model of hyperphagic obesity,
ob/ob mice exhibit severe hepatic steatosis, although

B

Tigure 5. Development of hepatocellular carcinoma in liver from MC4R-KO
mice after 1 year of HFD feeding. All MC4R-KO mice (n = 35) developed
multiple liver tumors (arrows). A: Representative macroscopic image of liver
from MC4R-KO mice. H&E staining (B and C) and e-fetoprotein immuno-
staining (D) of the tumor. NT, non-tumor liver; T, tumors. Scale bars: 1 cm
(A); 1T mm (B); 50 wm (C and D).
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they are resistant to liver fibrosis.® Moreover, animals with
diet-induced obesity exhibit hepatic steatosis and de-
velop mild liver fibrosis only after long-term (usually lon-
ger than 1 year) HFD feeding,%%°" as was observed in the
present study. In contrast, chemically induced liver fibro-
sis is not accompanied by obesity, insulin resistance, and
hepatic steatosis.® Dietary deficiency of methionine
and choline also contribute to development of steatosis
and mild fibrosis, without obesity and insulin resistance.®
In this regard, Larter et al® recently reported that foz/foz
mice, carrying truncating mutation in Aims7, demon-
strated both obesity and NASH-like liver histologic fea-
tures during long-term feeding of an HFD. This study has
established MC4R-KO mice fed the HFD for a relatively
short time as a novel rodent model of NASH with obesity,
insulin resistance, and excessive accumulation of lipids
and enhanced fibrosis in the liver.

NASH is a severe form of NAFLD, and can progress to
cirrhosis and HCC. However, there have been no appro-
priate animal models in which NASH progressed to HCC
during the course of obesity. Indeed, there are a few
genetic models of liver fibrosis and HCC: mice with liver-
specific disruption of phosphatase and tensin homolog
deleted from chromosome 10 and those lacking methio-
nine adenosyltransferase 1A, although they do not exhibit
obesity and insulin resistance.®**®* In the present study,
we have demonstrated that MC4R-KO mice, when fed the
HFD over the long term, develop multiple liver tumors with
histologic characteristics of well-differentiated HCC. In
MC4R-KO mice fed the HFD, enhanced pro-inflammatory
cytokine production and fibrotic changes preceded de-
velopment of multiple liver tumors, which is consistent
with a recent report by Park et al®® that increased pro-
duction of tumor necrosis factor-a and IL-6 in obesity is
involved in promotion of carcinogen-induced hepatic tu-
morigenesis. Collectively, MC4R-KO mice would provide
a novel mouse model of NASH with which to investigate
the sequence of events that make up diet-induced he-

patic steatosis, liver fibrosis, and HCC or how overnutri-
tion leads to hepatic steatosis and liver fibrosis and even-
tually to HCC.

During the course of obesity, there might be complex
interactions between the adipose tissue and the liver (the
adipohepatic axis) in the pathogenesis of NASH.®7 In the
present study, enhanced adipose tissue inflammation, ie,
increased macrophage infiltration and fibrotic changes,
was observed in MC4R-KO mice relative to WT mice
during the HFD feeding. We previously have demon-
strated that cross-talk between adipocytes and macro-
phages in obese adipose tissue results in marked up-
regulation of pro-inflammatory adipocytokines such as
tumor necrosis factor-a and significant down-regulation
of anti-inflammatory adiponectin.3® Of note, saturated
fatty acids, which are released in large guantities from
hypertrophied adipocytes via macrophage-induced lipol-
ysis, may act as an endogenous ligand for the Toll-like
receptor 4 complex.®” Moreover, FFAs, when overpro-
duced in the visceral fat depots through the cross-talk
between adipocytes and macrophages, may enter the
liver via the portal vein. Indeed, MC4R-KO mice demon-
strated increased serum concentrations of FFA relative to
WT mice during the HFD feeding. It is, therefore, likely
that enhanced adipose tissue inflammation in MC4R-KO
mice causes dysregulation of adipocytokine production
and FFA release, thereby contributing to the NASH-like
hepatic phenotype. Also observed was a marked in-
crease in collagen deposition in white adipose tissue
from MC4R-KO mice. Khan et al®® recently reported that
in collagen VI-deficient mice extracellular matrix compo-
nents, when increased in obese adipose tissue, inhibited
adipose tissue expansion. This is consistent with a recent
clinical study that demonstrated that adipose tissue fibro-
sis is negatively correlated with adipocyte diameter in
obese humans.®® Moreover, McQuaid et al*® reported
that the lipid storage function in adipose tissue is nega-
tively associated with ectopic lipid accumulation in obese
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humans. It is, therefore, conceivable that both adipose
tissue macrophage infiltration and fibrotic changes in-
crease the release of FFAs, thereby contributing to ex-
cessive fat accumulation in the liver in MC4R-KO mice.
Together, these observations suggest that enhanced ad-
ipose tissue inflammation has a role in development of
NASH as both the first and second hits in MC4R-KO
mice. These data suggest that MC4R-KO mice are useful
for investigation of the role of the adipohepatic axis in the
development of NASH.

Because MC4R mRNA expression is restricted to the
hypothalamus and other brain regions** and is undetect-
able in liver from WT mice fed the HFD (Itoh et al, unpub-
lished data, 2010), it is likely that the hepatic phenotype
in MC4R-KO mice results from loss of function of MC4R in
the brain. In the present study, MC4R-KO mice demon-
strated increased expression of mRNAs for de novo lipo-
genesis, fatty acid oxidation, and TG secretion relative to
WT mice fed the HFD. This is consistent with a recent
report by Nogueiras et al*® that short-term pharmaco-
logic blockade of the central melanocortin system in WT
mice results in increased expression of de novo lipogenic
genes and microsomal TG transport protein in the liver.
Evidence has accumulated suggesting that the brain and
liver interact via neuronal pathways, central insulin sig-
naling regulates glucose metabolism in the liver, and
peroxisome proliferator-activated receptor-vy activation in
the liver modulates energy expenditure and systemic in-
sulin sensitivity via the sympathetic nervous system.*344
In this regard, we previously reported that the central
melanocortin system is involved in renal macrophage
infiltration in a mouse model of renal fibrosis.?! This dis-
cussion also supports the concept that MC4R signaling in
the brain is involved in excessive accumulation of lipids
and fibrosis in the liver in MC4R-KO mice.

Because MC4R-KO mice exhibited hyperleptinemia,
leptin signaling may have a role in the pathogenesis of
the hepatic liver phenotype in MC4R-KO mice. Indeed,
deficiency of leptin signaling protects against hepatic
fibrosis in several rodent models of chronic liver
injury.®~"" Exogenous leptin administration also acceler-
ates carbon tetrachloride-induced liver fibrosis in WT
mice.*® These findings led us to speculate that leptin acts
as a pro-inflammatory and pro-fibrotic cytokine in liver
fibrosis. However, obesity is associated with the reduced
ability of circulating leptin to regulate energy homeostasis
or central leptin resistance.*® Inasmuch as leptin recep-
tors are widely expressed in peripheral tissues including
the liver,*” leptin may act directly on the liver to induce
inflammation and fibrosis. If so, it would be important to
know whether leptin is effective in the peripheral tissues
in obesity. Further studies will be required to elucidate
how hyperleptinemia is involved in development of the
hepatic phenotype in MC4R-KO mice. it would be inter-
esting to generate tissue-specific leptin receptor-defi-
cient mice and/or MC4R-KO mice crossed with ob/ob
mice for the next phase of study.

In conclusion, the present study is the first to demon-
strate that MC4R-KO mice develop a liver condition sim-
ilar to human NASH when fed an HFD, which is associ-
ated with obesity, insulin resistance, and dyslipidemia. Of

note, they develop well-differentiated HCC after long-
term HFD feeding. Our data support the concept that
NASH develops from a combination of excessive lipid
accumulation in the liver and systemic andfor local
chronic inflammation. Thus, MC4R-KO mice would pro-
vide a novel mouse model of NASH with which to inves-
tigate the sequence of events that make up diet-induced
hepatic steatosis, liver fibrosis, and HCC, and thus aid in
understanding its pathophysiologic features, pursuing
specific biomarkers, and evaluating potential therapeutic
strategies.
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Evidence has accumulated indicating that obesity is associated with a state of chronic, low-grade inflammation. Obese adipose
tissue is characterized by dynamic changes in cellular composition and function, which may be referred to as “adipose tissue
remodeling”. Among stromal cells in the adipose tissue, infiltrated macrophages play an important role in adipose tissue
inflammation and systemic insulin resistance. We have demonstrated that a paracrine loop involving saturated fatty acids
and tumor necrosis factor- derived from adipocytes and macrophages, respectively, aggravates obesity-induced adipose tissue
inflammation. Notably, saturated fatty acids, which are released from hypertrophied adipocytes via the macrophage-induced
lipolysis, serve as a naturally occurring ligand for Toll-like receptor 4 complex, thereby activating macrophages. Such a sustained
interaction between endogenous ligands derived from parenchymal cells and pathogen sensors expressed in stromal immune cells
should lead to chronic inflammatory responses ranging from the basal homeostatic state to diseased tissue remodeling, which may
be referred to as “homeostatic inflammation”. We, therefore, postulate that adipose tissue remodeling may represent a prototypic
example of homeostatic inflammation. Understanding the molecular mechanism underlying homeostatic inflammation may lead

to the identification of novel therapeutic strategies to prevent or treat obesity-related complications.

1. Introduction

The metabolic syndrome is a constellation of visceral fat obe-
sity, insulin resistance, atherogenic dyslipidemia, and hyper-
tension, which all independently increase the risk of athe-
rosclerotic diseases [1-5]. The adipose tissue secretes a num-
ber of bioactive substances or adipocytokines, and unbal-
anced production of pro- and anti-inflammatory adipocy-
tokines in obese adipose tissue may critically contribute to
many aspects of the metabolic syndrome [1-5]. Obesity is
now viewed as a state of systemic, chronic low-grade in-
flammation [1-4]. In contrast to acute inflammation which
resolves by an active termination program, chronic inflam-
mation may involve persistent stress and/or impaired resolu-
tion process, thereby resulting in functional maladaptation
and tissue remodeling [6]. On the other hand, during the
course of obesity, adipose tissue is characterized by adipocyte
hypertrophy, followed by increased angiogenesis, immune
cell infiltration, and extracellular matrix overproduction

[1, 2, 7, 8], which may be referred to as adipose tissue re-
modeling.

Pathogen sensors or pattern-recognition receptors
(PRRs), which are important for the recognition of path-
ogen-associated molecular patterns (PAMPs) in innate im-
munity, are also capable of recognizing endogenous ligands,
damage-associated molecular patterns (DAMPs) or danger
signals (Figure 1) [6, 9, 10]. Interaction between endogenous
ligands and pathogen sensors may play a role in the basal ho-
meostatic state as well as diseased tissue remodeling, which
has been referred to as homeostatic inflammation [6, 11].
This paper summarizes the molecular mechanism and pa-
thophysiologic implication of adipose tissue remodeling as a
prototypic example of homeostatic inflammation.

2. Adipose Tissue Inflammation and Adipose
Tissue Remodeling

In addition to lipid-laden mature adipocytes, the adipose
tissue is composed of various stromal cells, including
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Innate immunity

Pathogens (bacteria and virus) Cell/ECM-derived molecules

Exogenous ligands Endogenous ligands
(PAMPs) (DAMPs)
Nucleic acid

Nucleic acid (ATP)
(CpGand ds RNA) Lipid (oxLDL and
Lipid (lipid A) saturated fatty acids)
Protein (PGN) Protein (HSPand HMGBI)
N
Toll-like receptors TNFa
NOD-like receptors 1L-6
C-type lectin and so forth IL-1B and

so forth
Pattern-recognition receptors T

Figure 1: Adipose tissue inflammation as homeostatic inflammation. In innate immunity, exogenous ligands (pathogen-associated
molecular patterns; PAMPs) are sensed by pattern-recognition receptors (PRRs), thereby inducing inflammatory changes. On the other
hand, damage-associated molecular patterns (DAMPs) released from damaged or stressed cells and tissues can activate PRRs, thereby
inducing homeostatic inflammation ranging from the basal homeostatic state to diseased tissue remodeling. For instance, free fatty acids
(FFAs) released from hypertrophied adipocytes can report, as a danger signal, their diseased state to macrophages via Toll-like receptor 4
(TLR4) complex during the course of obesity. dsRNA, double-strand RNA; PGN, peptidoglycan; ATP, adenosine tri-phosphate; oxLDL,
oxidized low-density lipoprotein; HSP, heat shock protein; HMGBI, high-mobility group box-1.

Monocytes

Migration

Chemotactic factors

MCP-1
Osteopontin
Angptl2

CXCL14 and
so forth

Figure 2: Molecular mechanism underlying adipose tissue inflammation. During the course of obesity, adipose tissue secretes several
chemotactic factors to induce macrophage infiltration into adipose tissue. Circulating monocytes migrate and infiltrate into adipose tissue
through adhesion process to endothelial cells. Macrophages enhance the inflammatory changes through the crosstalk with parenchymal
adipocytes. For example, the macrophage-derived tumor necrosis factor-« (TNFe) induces the release of saturated fatty acids from
adipocytes via lipolysis, which, in turn, induces inflammatory changes in macrophages via TLR4. Such a paracrine loop between adipocytes
and macrophages constitutes a vicious cycle, thereby further accelerating adipose tissue inflammation. TNF-R, TNFa receptor.
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preadipocytes, endothelial cells, fibroblasts, and immune
cells [12]. Obese adipose tissue exhibits functional and mor-
phological changes, thereby leading to unbalanced produc-
tion of pro- and anti-inflammatory adipocytokines [1, 2, 7,
8]. The morphological changes found in obese adipose tis-
sue are reminiscent of the chronic inflammatory responses in
atherosclerotic vascular walls termed vascular remodeling,
which arise from the complex interactions among vascular
endothelial cells, vascular smooth muscle cells, lymphocytes,
and monocyte-derived macrophages [4]. Vascular remodel-
ing is considered to be an adaptive process in response to
long-term changes in hemodynamic conditions and lipid
metabolism, thereby contributing to the pathophysiology of
vascular diseases [13]. Thus, the dynamic changes seen in
obese adipose tissue can be referred to as adipose tissue re-
modeling. Notably, macrophage infiltration and inflamma-
tion-related gene expression in the adipose tissue precedes
the development of insulin resistance in animal models [14,
15], suggesting that macrophages should play a central role in
adipose tissue remodeling. It is, therefore, important to know
the pathophysiologic role of macrophages infiltrated into the
adipose tissue during the course of adipose tissue remodel-
ing.

3. Macrophage Infiltration into
Obese Adipose Tissue

Evidence has accumulated that adipocytes per se secrete pro-
inflammatory cytokines and chemokines, such as tumor ne-
crosis factor-a (TNF«), interleukin-6 (IL-6), and monocyte
chemoattractant protein-1 (MCP-1), during the course of
adipocyte hypertrophy [1-3]. Increased production of che-
mokines in obese adipose tissue has been implicated in the
regulation of monocyte recruitment to adipose tissue [14].
The involvement of MCP-1/chemokine receptor 2 (CCR2)
pathway has been extensively studied as the mechanism un-
derlying macrophage infiltration into obese adipose tissue
(Figure 2) [16-19]. Moreover, several reports have suggested
the role of other chemotactic factors in obesity-induced ma-
crophage infiltration: osteopontin, angiopoietin-like protein
2 (Angptl2), and CXC motif chemokine ligand-14 (CXCL14)
(Figure 2) [20-22]. Inhibition of macrophage infiltration
into obese adipose tissue through genetic and/or pharmac-
ologic strategies has improved the dysregulation of adipocy-
tokine production, thereby leading to the amelioration of
obesity-induced adipose tissue inflammation and insulin re-
sistance. Indeed, macrophage infiltration and inflammation-
related gene expression in the adipose tissue precedes the de-
velopment of insulin resistance in animal models [14, 15].
Understanding the molecular mechanisms underlying in-
creased macrophage infiltration into obese adipose tissue
may lead to the identification of novel therapeutic strategies
to prevent or treat obesity-induced adipose tissue inflamma-
tion.

4. Interaction between Adipocytes and
Macrophages

The adipose tissue macrophages also represent a major
source of pro-inflammatory cytokines, which play important
roles in chronic inflammatory responses in obese adipose
tissue. Using an in vitro coculture system composed of ad-
ipocytes and macrophages, we have demonstrated that a
paracrine loop involving saturated fatty acids and TNFa«
derived from adipocytes and macrophages, respectively,
establishes a vicious cycle that augments the inflamma-
tory changes (Figure 2) [23]. Among numerous cytokines
derived from infiltrated macrophages in obese adipose tissue,
TNFa acts on TNE receptor in hypertrophied adipocytes,
thereby inducing pro-inflammatory cytokine production
and adipocyte lipolysis via nuclear factor-xB- (NF-xB-)
dependent and independent (possibly mitogen-activated
protein kinase- (MAPK-) dependent) mechanisms, respec-
tively [24]. On the other hand, saturated fatty acids released
from adipocytes serve as a naturally occurring ligand for Toll-
like receptor 4 (TLR4) complex, which is essential for the
recognition of lipopolysaccharide (LPS), to induce NE-«xB
activation in macrophages [24].

The interaction between adipocytes and macrophages
results in marked upregulation of pro-inflammatory adipo-
cytokines and significant downregulation of anti-inflamma-
tory adipocytokines, which lead to development of obesity-
related complications in multiple organs, such as atheroscle-
rosis and hepatic steatosis [ 1—4]. For instance, adiponectin is
a well-established anti-inflammatory adipocytokine, which
is markedly downregulated in obese adipose tissue, and sup-
plementation of adiponectin in obese mice effectively re-
verses insulin resistance in the skeletal muscle and liver [25,
26]. On the other hand, overproduction of MCP-1 induces
macrophage infiltration into the adipose tissue and directly
induces insulin resistance in the skeletal muscle and liver [17,
18, 27]. Thus, dysregulation of adipocytokine production as
aresult of inflammatory changes in the adipose tissue may be
involved in the pathogenesis of metabolic derangements in
obesity.

5. Heterogeneity of Adipose Tissue
Macrophages

Recent studies have pointed to the phenotypic change of
macrophages in lean and obese adipose tissue; M1 or clas-
sically activated (pro-inflammatory) macrophages and M2
or alternatively activated (anti-inflammatory) macrophages
(Pigure 3) [28]. Adipocytes in lean adipose tissue produce
humoral factors that induce M2 activation of macrophages,
such as interleukin-4 (IL-4) and interleukin-13 (IL-13), and
M2 activated macrophages release anti-inflammatory medi-
ators, such as interleukin (IL-10) [29]. On the other hand,
hypertrophied adipocytes secrete pro-inflammatory satu-
rated fatty acids, cytokines, and chemokines to induce M1
polarization of macrophages [29]. Activated M1 macro-
phages in turn produce pro-inflammatory cytokines and
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Figure 3: Regulation of macrophage polarity in adipose tissue. Recent evidence has also pointed to the heterogeneity of adipose tissue
macrophages, that is, M1 or classically activated (pro-inflammatory) macrophages and M2 or alternatively activated (anti-inflammatory)
macrophages. Under lean condition, adipocytes secrete factors that promote M2 activation of macrophages, such as interleukin-4 (IL) and
interleukin-13 (IL-13). M2 macrophages secrete anti-inflammatory mediators. On the other hand, adipocytes secrete pro-inflammatory
FFAs, chemokines, and cytokines under obese condition. Activated M1 macrophages produce large amounts of pro-inflammatory cytokines,
thereby accelerating inflammatory responses in adipose tissue through paracrine interaction between adipocytes and macrophages.

chemokines, thereby accelerating adipose tissue inflamma-
tion.

We have recently identified activating transcription factor
3 (ATF3), a member of ATF/cAMP response element-bind-
ing protein family of basic leucine zipper-type transcription
factors, as a target gene of saturated fatty acids/TLR4 sig-
naling in adipose tissue macrophages and found that ATF3
attenuates obesity-induced macrophage activation in obese
adipose tissue [30]. On the other hand, peroxisome prolif-
erator-activated receptor y (PPARy) and peroxisome pro-
liferator-activated receptor /8 (PPARB/S) can stimulate M2
polarization of adipose tissue macrophages and thus sys-
temic insulin sensitivity [31-34]. Indeed, the activation of
PPARy by pioglitazone, a thiazolidinedione class of insulin
sensitizer, improves the unbalanced M1/M2 phenotype of
adipose tissue macrophages in diet-induced obese mice [35].
Interestingly, circulating blood monocytes, precursors of in-
filtrated macrophages to the site of chronic inflammation,
also express both M1 and M2 markers [36, 37]. Moreover,
monocytes in obese mice and/or obese type 2 diabetic pa-
tients show significantly higher expression of M1 markers
and lower expression of M2 markers relative to normal-
weight controls [36]. Thus, pioglitazone treatment improves
the unbalanced M1/M2 phenotype of monocytes, which may
contribute to its antidiabetic and antiatherogenic effect [36,
37].

Recent studies have found other molecules that regulate
macrophage polarization; that is, Jumonji domain contain-
ing-3 (Jmjd3) is essential for M2 activation through de-
methylation of interferon-regulatory factor 4 (IRF4) under
infectious condition [38], and interferon-regulatory factor 5
(IRF5) is crucial for conversion from M2 to M1 activation in
response to LPS [39]. It is interesting to know their impor-
tance in the regulation of macrophage polarization and plas-
ticity during the course of obesity. Modulating macrophage

activation state in obese adipose tissue would be a novel ther-
apeutic target to treat or prevent the progression of obesity-
induced complications such as diabetes and atherosclerosis.

6. Adipose Tissue Remodeling and Ectopic
Lipid Accumulation

The adipose tissue is primarily an energy reservoir that stores
fatty acids in the form of triglyceride, which is facilitated by
insulin. However, obesity induces insulin-resistant state and
inflammation in the adipose tissue, both of which lead to
increased fatty acid release from the adipose tissue [1, 23,
29]. Moreover, recent studies have suggested that increased
expression of genes related to ECM components and fibrotic
changes in the adipose tissue from obese subjects and an-
imals [40—43]. It is reported that adipose tissue fibrosis is
negatively correlated with adipocyte diameters in human ad-
ipose tissue [44], suggesting that increased ECM compo-
nents may limit adipose tissue expandability. Indeed, Khan
et al. reported that mice lacking collagen VI, which is ex-
pressed predominantly in the adipose tissue, exhibit the un-
inhibited adipose tissue expansion and substantial improve-
ments in whole-body energy homeostasis during a high-fat
diet feeding [43]. It is conceivable that the rigid extracel-
lular environment limits adipocyte expansion, and triggers
adipocyte cell death and inflammatory responses through
MAPK activation by increased shear stress and membrane
stretching [43, 44]. Recent evidence suggests that impaired
lipid storage in the adipose tissue may contribute to ectopic
lipid accumulation in the skeletal muscle, liver, and pancre-
atic f-cells, where lipotoxicity impairs their metabolic fanc-
tions [45-47]. This discussion supports the emerging view
that metabolic problems associated with obesity become
overt when adipose tissue cannot fully meet demands for
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additional lipid storage in addition to the dysregulation of
adipocytokine production.

7. Adipose Tissue Remodeling as
Homeostatic Inflammation

TLR4 is a pattern-recognition receptor essential for the rec-
ognition of LPS, which is reported to play an important role
in obesity-induced adipose tissue inflammation and systemic
glucose and lipid metabolism in vivo [24, 48-50]. In obese
adipose tissue, TLR4 expressed in macrophages is capable of
sensing saturated fatty acids (FAs) released from adipocytes
to induce chronic inflammatory responses [24, 51, 52], sug-
gesting that saturated fatty acids could be a danger signal.
On the other hand, free fatty acids (FFAs) are an important
energy source mobilized from triglycerides stored in the adi-
pose tissue, particularly under starvation conditions. Kosteli
et al. have recently suggested that FFAs released from adi-
pocytes during fasting recruit macrophages into the adipose
tissue, which may be involved in the regulation of local
lipid concentrations [53]. In this regard, FFAs, when released
physiologically during fasting or starvation via adipocyte li-
polysis, may be involved in the regulation of metabolic ho-
meostasis within the adipose tissue rather than a danger sig-
nal. Under overnutrition conditions, increased concentra-
tions of FFAs also activate inflammatory pathways to main-
tain adipose tissue homeostasis such as tissue repair and reg-
ulation of metabolism. When cellular and/or tissue stresses
are excessive and/or sustained and adaptive responses are no
longer possible, inflammatory responses are prolonged (i.e.,
chronic inflammation), thereby leading to diseased tissue re-
modeling [6].

Recently, we have reported that macrophage-inducible
C-type lectin (Mincle; also called Clec4e and Clecsf9), a
pathogen sensor for pathogenic fungi and Mycobacterium
tuberculosis, is induced in adipose tissue macrophages in
obesity at least partly through the saturated fatty acid/TLR4/
NF-xB pathway, thereby suggesting its pathophysiologic
role in obesity-induced adipose tissue inflammation [54].
Yamasaki et al. reported that Mincle serves as a receptor for
SAP130, a component of small nuclear ribonucleoprotein
released from damaged cells, to sense cell death and induce
pro-inflammatory cytokine production [55]. Since dead adi-
pocytes are surrounded by macrophages in the adipose tissue
of obese humans and mice (crown-like structure) [7, 8, 56],
itis conceivable that Mincle plays a role in sensing adipocyte-
derived endogenous ligand(s) during adipocyte death.

The above discussion supports the concept that interac-
tion between endogenous ligands and pathogen sensors in
the adipose tissue involves multiple stages of adipose tissue
remodeling, ranging from normal metabolic homeostasis
to diseased tissue remodeling, which may be referred to as
homeostatic inflammation. It is interesting to identify other
endogenous danger signals and pathogen sensors that con-
tribute to the pathophysiology of adipose tissue inflamma-
tion.

8. Homeostatic Inflammation and Other
Metabolic Disorders

Recent evidence has provided new insight into the interac-
tion between endogenous ligands and pathogen sensors in a
variety of chronic inflammatory diseases such as atheroscle-
rosis, diabetes mellitus, malignant cancers, autoimmune dis-
eases, and even neurodegenerative diseases. Similar to the in-
teraction between saturated fatty acids and TLR4, oxidized
low-density lipoprotein (LDL), known as a ligand for the
scavenger receptor CD36, is reported to trigger inflammatory
signaling through a newly identified heterodimer of TLR4
and TLR6 in macrophages [57] and also to trigger CD36-
TLR2-dependent apoptosis in macrophages under endoplas-
mic reticulum stress [58]. On the other hand, Schulthess et
al. reported that CXC motif chemokine ligand-10 (CXCL10),
when upregulated in diabetic pancreatic islet, is capable of
binding to TLR4 in f cells in pancreatic islets to induce apop-
tosis [59].

In Nod-like receptor family, the NACHT, LRR, and PYD
domain-containing protein 3 (NLRP3) inflammasome is well
characterized. The NLRP3 inflammasome is a cytosolic pro-
tein complex consisting of the regulatory subunit NLRP3,
the adaptor protein apoptosis-associated speck-like protein
containing a caspase-recruitment domain (ASC) and the ef-
fector subunit caspase-1. It is activated by pathogen-derived
DNA and endogenous DAMPs such as components of ne-
crotic cells and damaged tissues [60, 61]. Several lines of ev-
idence have suggested that the NLRP3 inflammasome plays
an important role in the pathogenesis of obesity-related dis-
eases. NLRP3 deficient mice show improved glucose toler-
ance and insulin sensitivity [62]. It is also reported that
ceramide and islet amyloid polypeptide (IAPP) activate as
danger signals for NLRP3 inflammasome in adipose tissue
macrophages and pancreatic islets, respectively, which results
in insulin resistance [63—65]. In atherogenesis, it is reported
that crystalline cholesterol acts as an endogenous danger sig-
nal and its deposition in arteries or elsewhere is an early cause
rather than a late consequence of inflammation [66]. A better
understanding of the molecular basis underlying homeo-
static inflammation would allow more efficient multidisci-
plinary approach to and a better assessment of the metabolic
syndrome.

9. Concluding Remarks

Obesity may be viewed as a chronic low-grade inflammation
as well as a metabolic disease. Although considerable pro-
gress has been made in understanding the cellular and mo-
lecular events that are involved in acute inflammation caused
by infection, there is no clear understanding of their phys-
iological counterpart of the systemic chronic inflammatory
state, which could be referred as homeostatic inflammation.
The interaction between parenchymal and stromal cells
through a number of endogenous ligands and pathogen sen-
sors may contribute to inflammatory responses in obese adi-
pose tissue as well as other metabolic organs. Understanding
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the molecular mechanism underlying adipose tissue remod-
eling as homeostatic inflammation may lead to novel ther-
apeutic strategies to prevent or treat obesity-related compli-
cations.
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Increased Expression of Macrophage-Inducible C-type
Lectin in Adipose Tissue of Obese Mice and Humans
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OBJECTIVE—We have provided evidence that saturated fatty
acids, which are released from adipocytes via macrophage-
induced adipocyte lipolysis, serve as a naturally occurring ligand
for the Tolllike receptor (TLR) 4 complex in macrophages,
thereby aggravating obesity-induced adipose tissue inflammation.
The aim of this study was to identify the molecule(s) activated in
adipose tissue macrophages in obesity.

RESEARCH DESIGN AND METHODS—We performed a cDNA
microarray analysis of coculture of 3T3-L1 adipocytes and
RAW264 macrophages. Cultured adipocytes and macrophages
and the adipose tissue of obese mice and humans were used to
examine mRNA and protein expression.

RESULTS—We found that macrophage-inducible C-type lectin
(Mincle; also called Clecde and Clecst9), a type Il transmembrane
C-type lectin, is induced selectively in macrophages during the
interaction between adipocytes and macrophages. Treatment
with palmitate, a major saturated fatty acid released from 3T3-
L1 adipocytes, induced Mincle mRNA expression in macrophages
at least partly through the TLR4/nuclear factor (NF)-«kB pathway.
Mincle mRNA expression was increased in parallel with macro-
phage markers in the adipose tissue of obese mice and humans.
The obesity-induced increase in Mincle mRNA expression was
markedly attenuated in C3H/HeJ mice with defective TLR4 sig-
naling relative to control C3H/HeN mice. Notably, Mincle mRNA
was expressed in bone-marrow cell (BMC)-derived proinflamma-
tory M1 macrophages rather than in BMC-derived anti-inflammatory
M2 macrophages in vitro.

CONCLUSIONS—Our data suggest that Mincle is induced in
adipose tissue macrophages in obesity at least partly through the
saturated fatty acid/TLR4/NF-«B pathway, thereby suggesting its
pathophysiologic role in obesity-induced adipose tissue inflam-
mation. Diabetes 60:819-826, 2011
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dipose tissue of obese animals and humans is
characterized by adipocyte hypertrophy, fol-
lowed by increases in angiogenesis, macro-
phage infiltration, and extracellular matrix and
unbalanced production of pro- and anti-inflammatory adi-
pocytokines (1-3). The dynamic change seen in adipose
tissue during the course of obesity has been referred to as
adipose tissue remodeling (4). Given their multifunctional
roles in a variety of biological contexts, macrophages
should play a central role in adipose tissue remodeling,
thereby regulating adipocytokine production (2,4). Recent
studies have pointed to at least two different polarization
states of adipose tissue macrophages: M1 or “classically
activated” (or proinflammatory) macrophages (5), which
are induced by proinflammatory mediators such as lipo-
polysaccharide (LPS) and Thl cytokine interferon (IFN)-y,
and M2 or “alternatively activated” (or anti-inflammatory)
macrophages, which are generated in vitro by exposure to
Th2 cytokines such as interleukin (IL)-4 and IL-13. It is
noteworthy that macrophages, which are infiltrated into
the adipose tissue during the course of obesity, exhibit the
phenotypic switch from M2 to M1 polarization (6).

To explore the molecular mechanism underlying the
crosstalk between adipocytes and macrophages during the
course of adipose tissue remodeling, we have developed
an in vitro coculture system composed of 3T3-L1 adipo-
cytes and RAW264 macrophages and provided evidence
that a paracrine loop involving saturated fatty acids and
tumor necrosis factor (TNF)-a derived from adipocytes
and macrophages, respectively, establishes a vicious cycle,
thereby accelerating the inflammatory change in the adi-
pose tissue in obesity (7). Interestingly, saturated fatty
acids, which are released via macrophage-induced adipo-
cyte lipolysis, may act as naturally occurring ligands for
the Toll-like receptor (TLR) 4 complex, which is essential
for the recognition of LPS, to induce nuclear factor (NI)-
kB activation in macrophages (8). With the aid of the co-
culture system, we recently have identified activating
transcription factor 3, a member of basic leucine zipper-
type transcription factors, which is induced in adipose
tissue macrophages through the saturated fatty acid/TLR4
pathway, thereby regulating transcriptionally the obesity-
induced macrophage activation (9). We, therefore, think
the coculture system would provide a unique in vitro
experimental system with which to investigate the mo-
lecular basis underlying obesity-induced adipose tissue
inflammation.

Through a combination of cDNA microarray analyses of
the coculture of 3T3-L1 adipocytes and RAW264 macro-
phages (7), we found that macrophage-inducible C-type
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