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Expression of glycoprotein nonmetastatic melanoma
protein B in macrophages infiltrating injured mucosa is
associated with the severity of experimental colitis in mice
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Abstract. Glycoprotein nonmetastatic melanoma protein B
(Gpnmb) is a transmembrane glycoprotein, which negatively
regulates the inflammatory responses of macrophages.
However, the role of Gpnmb in intestinal macrophages remains
to be fully elucidated. The present study aimed to investigate
the expression of Gpnmb and its effects on colonic mucosal
injuries associated with dextran sulfate sodium (DSS)-induced
colitis in BALB/c mice, DBA/2J (D2) mice lacking Gpnmb
and Gpnmb-transgenic DBA/2J mice (D2-gpnmb+). The
colonic expression of Gpnmb increased with the severity of
DSS-induced colitis in BALB/c mice, and macrophages infil-
trating the inflamed mucosa were found to express Gpnmb. The
D2 mice lacking Gpnmb exhibited more severe DSS-induced
colitis, which was accompanied by higher levels of pro-inflam-
matory cytokines, including interleukin (IL)-1p and IL-6,
compared with the D2-gpnmb+ mice. Following lipopolysac-
charide stimulation, macrophages from the D2 mice expressed
higher levels of pro-inflammatory cytokines and lower levels
of IL-10, compared with the D2-gpnmb+mice. In addition,
in the RAW264.7 murine macrophage cell line, knockdown
of Gpnmb by small interfering RNA was associated with
increased production of pro-inflammatory cytokines, which
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were potentially mediated by the extracellular signal-regulated
kinase (ERK) and p38 signaling pathways. The results of the
present study indicated that macrophages infiltrating injured
mucosa express Gpnmb, and that Gpnmb-positive macro-
phages may ameliorate inflammation in the intestinal mucosa
by decreasing pro-inflammatory cytokine production via the
ERK and p38 signaling pathways.

Introduction

Inflammatory bowel diseases (IBD), including ulcerative
colitis and Crohn's disease, are intractable disorders of
unknown etiology, which cause chronic inflammation of the
gastrointestinal tract (1). A number of immune, genetic and
environmental factors are known to affect the onset and
progression of colitis (2,3). Several studies have suggested that
the innate immune system, which includes macrophages and
dendritic cells, is involved in the pathogenesis of colitis (4-6).

Macrophages are often pro-inflammatory; infiltrating
the injured mucosa and regulating the production of various
inflammatory cytokines, including interleukin (IL)-1p3, IL-6,
and tumor necrosis factor (TNF)-a, as well as the neutrophil
chemoattractant, IL-8. Levels of these cytokines are elevated
in IBD (7,8) and animal models of colitis (9,10). In addition,
abnormally differentiated subsets of intestinal macrophages
are key in T-helper (Th)1 cell-dominant chronic colitis, owing
to elevated production of IL-12 and IL-23 (11). Consistent
with thys, depletion of macrophages and dendritic cells has
been observed to ameliorate disease symptoms in an IL-10
knockout mouse model of colitis (12). Previous studies
have also demonstrated that alternatively activated M2
macrophages can ameliorate experimental colitis through
increased production of IL-10 (13), and blood monocytes
can differentiate into either anti-inflammatory macrophages
or inflammatory dendritic cells in the colon, based on their
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microenvironment (14). Therefore, macrophages can adopt
various phenotypes depending on the local environment (15);
however, the precise mechanism underlying colitis remains
to be fully elucidated.

Originally described in melanoma cells, glycoprotein
nonmetastatic melanoma protein B (Gpnmb), also known as
osteoactivin and DC-HIL, is a heavily N-glycosylated type I
transmembrane domain protein, with a short cytoplasmic
domain containing an endosomal-sorting motif (16-18). The
gene encoding Gpnmb was isolated in our previous study,
and was differentially expressed in the livers of rats fed a
choline-deficient, L-amino acid-defined diet (19). In addi-
tion, our previous investigations demonstrated that transgenic
Gpnmb expression attenuates the development of hepatic
fibrosis (20). Previous studies have demonstrated that the
expression of Gpnmb in macrophages functions as a feedback
regulator of pro-inflammatory responses (21), and that the
binding of Gpnmb on antigen-presenting cells to syndecan-4
on activated T cells inhibits T-cell activation (22). Thus,
the expression of Gpnmb on antigen-presenting cells may
negatively regulate inflammation. However, the potential
pathophysiological roles of Gpnmb in various disorders,
including IBD, remain largely unknown.

The present study aimed to characterize Gpnmb-positive
and -negative macrophages, and investigate their roles in
injured colonic mucosa. In a murine model of experimental
colitis, the effects of macrophages expressing and lacking
Gpnmb on the injured colonic mucosa were examined. In
addition, the effects on the expression of pro-inflammatory
cytokines were examined in vivo and in vitro to determine
whether Gpnmb-positive macrophages contribute to the
severity of experimental colitis in mice.

Materials and methods

Animals. BALB/c mice (n=30; 7-9 weeks-old; male) were
obtained from Kyudo Co., Ltd. (Tosu, Japan). DBA/2J Gpnmb
mutant (D2) mice (7-9 weeks-old; 11 male and 14 female)
and DBA/2J-gpnmb+ (D2-gpnmb+) mice (7-9 weeks-old,
11 male and 14 female), in which the mutated Gpnmb allele
was replaced with a wild-type allele (23), were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA). The mice
were housed in a 24°C-controlled environment with a 12 h
light/dark cycle, and two to three mice were housed together.
The mice were allowed ad libitum access to standard mouse
chow and tap water. All animal experiments were approved
by the Institutional Animal Care and Use Committee of
Kagoshima University (Kagoshima, Japan).

Dextran sulfate sodium (DSS)-induced colitis. To induce
experimental colitis, the mice received 2 or 3% DSS (molecular
weight, 50 kDa; Ensuiko Sugar Refining Co., Tokyo, Japan) in
their drinking water for 7 or 5 days, respectively. The control
mice received sterile filter-purified distilled water.

To evaluate the severity of colitis, the mice were weighed
daily, and disease activity index (DAI) scores were calculated.
DAI scores ranged between 0 and 4, based on weight loss, stool
consistency and the presence or absence of fecal blood (24). All
mice were sacrificed with an overdose of sodium pentobarbital
(65-95 mg/kg; Kyoritsu Seiyaku Co., Ltd., Tokyo, Japan) on
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days 0,2,5,7, 10, or 14, , and the large intestines were removed
between the ileocecal junction and the anal verge. The large
intestines were assessed for weight and length, incised longi-
tudinally and fixed in 10% buffered formalin (Wako Pure
Chemical Industries, Ltd., Osaka, Japan). Intestinal inflamma-
tion was scored, as described previously (25). Briefly, grade 0
was afforded to normal colonic mucosa; grade 1 to colonic
mucosa with loss of one-third of the crypts; grade 2 to colonic
mucosa with loss of two-thirds of the crypts; grade 3 to colonic
mucosa in which the lamina propria was covered with a single
layer of epithelium and mild inflammatory cell infiltration was
present; and grade 4 for colonic mucosa presenting erosions
and marked inflammatory cell infiltration.

Cell culture. RAW264.7 murine macrophage cells were
obtained from the Human Science Research Resources Bank
(Osaka, Japan) and cultured (2x10° cells/ml) in Dulbecco's
modified Eagle's medium (DMEM; Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum (FBS;
Invitrogen Life Technologies, Carlsbad, CA, USA). The
RAW264.7 cells were treated with 100 ug/ml lipopolysaccha-
ride (LPS; Sigma-Aldrich) or phosphate-buffered saline (PBS)
for 24 h at 37°C.

In order to inhibit the expression of Gpnmb in the
RAW264.7 cells, small interfering (si)RNA specific for
Gpnmb (5'-UUAGCAUCUUCCUUCUGGCAUCUGG-3";
Invitrogen Life Technologies) was transfected into the cells
using RNAIMAX (Invitrogen Life Technologies). Stealth
RNAIi Negative Control Medium GC Duplex (Invitrogen
Life Technologies) was used as a negative control siRNA
(NC-siRNA). One day prior to transfection, the cells were
plated in 500 x1 DMEM without antibiotics. The cells were
30-50% confluent at the point of transfection. The macro-
phages transfected with siRNA were cultured in RPMI-1640
medium (Invitrogen Life Technologies) supplemented with
10% FBS for 24 h at 37°C in a CO, incubator.

Isolation of thioglycollate-elicited peritoneal macrophages
(TEPMs). The D2 and D2-gpnmb+ mice were intraperitone-
ally injected with 1 ml 10% thioglycollate (Sigma-Aldrich).
The TEPMs were harvested via peritoneal lavage with PBS
3 days post-injection, and were cultured in RPMI-1640 medium
supplemented with 10% FBS. Following a 24 h incubation at
37°C, the medium was replaced, and the TEPMs were treated
with 10 yg/ml LPS or PBS for an additional 24 h.

RNA extraction, and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). RNA was extracted from
the cells or tissues following homogenization using TRIzol®
regent (Invitrogen Life Technologies). Total RNA (0.5 ug)
was reverse transcribed using a PrimeScript™ RT Reagent kit
(Takara Bio Inc., Otsu, Japan). Each reaction mixture for RT
(total volume 20 ul) consisted of total RNA (adjusted to 500 ng,
2.5 ul), oligo dT PCR primer (50 yM, 1 ul), 5X PrimeScript
buffer (4 ul), PrimeScript RT enzyme mix (1 ul), random 6 mers
(100 uM, 1 ul) and RNase free distilled H,O (10.5 ul). The
synthesized cDNA was amplified by RT-qPCR using SYBR
Premix Ex Tagq II (Takara Bio Inc.). Each reaction mixture
for PCR (total volume 20 pl) consisted of cDNA (adjusted to
500 ng, 2 ul), forward and reverse PCR primer (10 xM, 0.8 ul
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Table I. Polymerase chain reaction primer sets.

Gene Forward primer (5'-3") Reverse primer (5'-3")
Gpnmb ATCCCTGGCAAAGACCCAGAC CCTATTGGCTTGTACGCCTTGTG
IL-1p TCCAGGATGAGGACATGAGCAC GAACGTCACACACCAGCAGGTTA
IL-6 CCACTTCACAAGTCGGAGGCTTA GCAAGTGCATCATCGTTGTTCATAC
TNF-a AAGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG
MCP-1 GCATCCACGTGTTGGCTCA CTCCAGCCTACTCATTGGGATCA
[-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA

Gpnmb, glycoprotein nonmetastatic melanoma protein B, IL, interleukin, TNF-a, tumor necrosis factor-a; MCP-1, monocyte chemoattractant

protein-1.

each), SYBR Premix Ex Taq II (10X, 10 pl), ROX reference
dye (50X, 0.4 pl) and distilled H,O (6 ul). The synthesized
cDNA was quantified using an ABI prism 7700 Sequence
Detector (Applied Biosystems Life Technologies, Foster City,
CA, USA). The cycling conditions were as follows: One cycle
at 95°C for 30 sec followed by 35 cycles each at 95°C for 5 sec
and 60°C for 34 sec. The PCR primer sequences used are
listed in Table I (Sigma-Aldrich). Gene expression levels were
normalized to those of B-actin, which was used as an internal
control.

Western blot analysis. The RAW264.7 cells and TEPM from the
D2 or D2-gpnmb+ were also washed PBS and removed from the
dishes using acell scraper with 0.5% SDS (Promega Corporation,
Madison, W1, USA). The cell lysates were heated to 100°C for
5 min and cooled on ice. Following centrifugation at 450 x g for
5 min at 20°C, the cell lysates were analyzed for protein content
using a Lowry Assay (Bio-Rad Laboratories Inc., Hercules, CA,
USA). Equal quantities of protein (1 ug/ul) were separated on
10% SDS-PAGE (Wako Pure Chemical Industries, Ltd.) and
transferred onto polyvinylidene fluoride membranes (Bio-Rad
Laboratories, Inc.). Following blocking overnight at 4°C with
5% non-fat milk, the blots were probed with primary antibodies
for 1 h at room temperature. The membranes were then incu-
bated with the following primary antibodies: Polyclonal goat
anti-mouse Gpnmb (1:1,000; cat. no. AF2330) purchased from
R&D systems, Inc. (Minneapolis, MN, USA). Polyclonal rabbit
anti-mouse phosphorylated (p)-ERK1/2 (1:1,000, cat. no. 9101),
ERK1/2 (1:1,000, cat. no. 3372), phosphorylated c-jun
N-terminal kinase (p-JNK; 1:1,000; cat. no. 9251), p-p mitogen
activated kinase (MAPK; 1:1,000; cat. no. 4511), p38 MAPL
(1:1,000, cat. no. 9212) and IxB (1:1,000; cat. no. 9242), as well as
monoclonal rabbit anti-mouse JNK (1:1,000; cat. no. 9258) were
purchased from Cell Signaling Technology Inc. (Danvers, MA,
USA). Monoclonal mouse anti-B-actin (1:1,000; cat. no. A5441)
was purchased from Sigma-Aldrich. The membranes were
washed with Tris-buffered saline (Bio-Rad Laboratories, Inc.)
with Tween 20 (Wako Pure Chemical Industries) three times.
Following incubation of the membranes with the appropriate
peroxidase-conjugated secondary antibodies [polyclonal
donkey anti-goat immunoglobulin G-horseradish peroxi-
dase (IgG-HRP), 1:2,000, cat. no. sc-2033; polyclonal goat
anti-rabbit IgG-HRP, 1:2,000, cat. no. sc-2004] purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA) for 1 h at

room temperature, the membranes were visualized using an
Enhanced Chemiluminescence Detection kit (cat. no. RPN2232
GE Heathcare, Buckinghamshire, UK). Secondary antibodies
were diluted using Can Get Signal® (cat. no. NKB-301; Toyobo
Co., Ltd., Osaka, Japan) Expression level quantification was
performed using Image J version 1.48 (National Institutes
of Health, Bethesda, MD, USA), and f-actin was used as an
internal control.

Immunohistochemistry. For immunohistochemical analysis,
the colon tissues were fixed in 10% buffered formalin and
incubated with goat anti-mouse Gpnmb antibodies (R&D
Systems, Inc.) or rat anti-mouse F4/80 antibodies (AbD
Serotec, Kidlington, UK). For immunofluorescence analysis,
paraffin-embedded (Sigma-Aldrich) and 2 ym frozen tissue
sections were incubated with goat anti-mouse Gpnmb anti-
bodies (R&D Systems, Inc.) or rat anti-mouse CD68 antibodies
(AbD Serotec), followed by imaging under a fluorescence
microscope (BZ-9000; Keyence Corporation, Osaka, Japan).

ELISA. The concentrations of IL-1f, IL-6, TNF-a, MCP-1,
and IL-10 were measured in the culture supernatants using
the following cytokine ELISA kits; IL-f mouse ELISA
(Invitrogen Life Technologies), mouse IL-6 quantikine ELISA
(R&D Systems, Inc.), mouse IL-10 quantikine ELISA (R&D
Systems, Inc.), mouse TNF-a quantikine ELISA (R&D
Systems, Inc.), and MCP-1 mouse ELISA (Invitrogen Life
Technologies). Samples were analyzed in duplicate using a
microplate reader model 680 (Bio-Rad Laboratories, Inc.). The
concentrations of cytokines in the samples were calculated
using standard curves. Protein concentrations in each sample
were determined using an RC DC protein assay (Bio-Rad
Laboratories, Inc.).

Statistical analysis. Statistical analysis was performed using
SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA).
Data were analyzed using the Mann-Whitney U test or Tukey's
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Gpnmb is expressed in macrophages infiltrating into injured
colonic mucosa. Following administration of the mice with
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Figure 1. Expression of Gpnmb in the injured colonic mucosa of mice with DSS-induced colitis. (A) Disease activity index scores were evaluated for 14 days
in mice with DSS-induced colitis. Data are presented as the mean + SD (n=5). (B) mRNA expression levels of Gpnmb in the proximal and distal colon tissues
from mice with DSS-induced colitis were examined using reverse transcription-quantitative polymerase chain reaction. The expression of Gpnmb gradually
increased following the administration of DSS and remained elevated until day 14, despite withdrawal of DSS at day 7. mRNA expression levels of Gpnmb in
the proximal colon tissues at day O were set as 1. Data are presented as the mean = SD (n=5) "P<0.01 and “"P<0.001, vs. day 0. (C) Histological analysis of distal
colon tissues from mice treated with vehicle (control) or 2% DSS for 7 days. Representative images of HE staining and immunohistochemistry for Gpnmb are
shown at original magnifications of 40x and 100x, respectively. (D) Dual-immunofluorescence analysis of Gpnmb and CD68 in distal colon tissues of mice
treated with 2% DSS for 7 days, shown at the original magnification of 100x. Gpnmb, glycoprotein nonmetastatic melanoma protein B; DSS, dextran sulfate

sodium; HE, hematoxylin and eosin; SD, standard deviation.

2% DSS for 7 days, DAI scores gradually increased until day 10
(3 days following removal of DSS), and remained elevated
above baseline until day 14 (Fig. 1A). mRNA expression levels
of Gpnmb were increased in parallel with the development
of colitis in the distal large intestine (Fig. 1B), which was the
primary site of DSS-induced mucosal injury. The mRNA
expression levels peaked on day 7 and remained elevated
even following the cessation of DSS treatment (Fig. 1B). By
contrast, the mRNA expression levels of Gpnmb remained low
in the proximal large intestine throughout the experimental
period (14 days; Fig. 1B). Furthermore, protein expression of
Gpnmb was confirmed on day 7 using western blot analysis,
which was observed in the distal large intestine, but not in the
proximal large intestine (data not shown). Histologically, the
mice treated with 2% DSS exhibited destruction of epithelial

tissue, infiltration of inflammatory cells into the mucosa and
submucosa, edema and mucosal thickening by day 7 (Fig. 1C).
Gpnmb was also observed in the infiltrating inflammatory
cells, but not in epithelial cells, determined using immunohis-
tochemistry (Fig. 1C). In order to detect the cells positively
expressing Gpnmb, double immunostaining was performed on
the samples. Gpnmb was expressed in a subset of cells posi-
tive for the macrophage marker CD68 (Fig. 1D), and also in
a subset of cells positive for F4/80 (data not shown). These
results indicated that Gpnmb is expressed in macrophages
infiltrating into the injured colonic mucosa.

DSS-induced mucosal injury is exacerbated in mice lacking
Gpnmb. DSS (3%) was administered for 5 days to D2 mice,
which exhibit a naturally occurring mutation in Gpnmb
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Figure 2. Gpnmb ameliorates DSS-induced colitis and expression of pro-inflammatory cytokines in colon tissues. D2 mice lacking Gpnmb and D2-gpnmb+
(D2+) mice expressing wild-type Gpnmb were treated with 3% DSS or water for 5 days. (A) Changes in body weight (% weight change) and (B) disease activity
index scores were examined on day 6. Data are presented as the mean = SD (n=5). "P<0.01; “P<0.001. (C) Histological scores for the D2 and D2+ mice treated
with 3% DSS for 5 days. Data are presented as the mean = SD (n=5). "P<0.001. (D) Immunohistochemical analysis of F4/80 and Gpnmb in colon tissues of
D2 and D2+ mice administered 3% DSS for 5 days. Representative images are shown. (E) mRNA expression levels of IL-1f, IL-6, TNF-o and MCP-1 were
detected in colon tissues using reverse transcription-quantitative polymerase chain reaction. mRNA expression levels in the colon tissues of D2+ mice treated
with water were set as 1. Data are presented as the mean = SD (n=5). "P<0.01. Gpnmb, glycoprotein nonmetastatic melanoma protein B; DSS, dextran sulfate
sodium; SD, standard deviation; IL, interleukin; TNF, tumor necrosis factor; MCP, monocyte chemoattractant protein.

(R150X), and to D2-gpnmb+ mice, in which the mutated
Gpnmb allele was replaced with a wild-type allele (21). The
body weight of the D2 mice decreased significantly as colitis
developed, compared with the D2-gpnmb+ mice treated
with DSS (P<0.001 on day 4; P<0.01 on days 5 and 6), as
shown in Fig. 2A, and the D2 mice had significantly higher
DALI scores on day 5 (P<0.001; Fig. 2B). The colonic weight
following administration of DSS for 5 days was similar in the
D2 and D2-gpnmb+ mice; however, the colon lengths were

significantly shorter in the DSS-treated D2 mice, compared
with the D2-gpnmb+ mice (7.1+0.8, vs. 8.0+1.1 cm; P<0.01).
Histological analyses revealed that colon tissues from the
DSS-treated D2-gpnmb+ mice were characterized by shorter
crypts and mild inflammatory cell infiltration, with no epithe-
lial cell destruction. By contrast, DSS-induced colitis in the
D2 mice resulted in complete loss of crypts, destruction of
the epithelium and severe inflammatory cell infiltration in the
colon tissues (data not shown). In addition, histopathological
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Figure 3. TEPMs lacking Gpnmb expression exhibit enhanced expression of pro-inflammatory cytokines. TEPMs were isolated from D2 and D2-gpnmb+
(D2+) mice. (A) mRNA expression levels of Gpnmb, IL-1f, IL-6, TNF-a, MCP-1 and IL-10 in the absence or presence of LPS were detected using reverse
transcription-quantitative polymerase chain reaction. mRNA expression levels in TEPMs isolated from D2+ mice without LPS treatment were set as 1.
(B) Protein levels of IL-1f, IL-6, TNF-a, MCP-1 and IL-10 in the supernatants of TEPMs in the absence or presence of LPS, examined using ELISA.
The protein levels were adjusted by the total protein concentration in the supernatant. Data are presented as the mean + standard deviation (n=3). "P<0.01;
“P<0.001. TEMPs, thioglycollate-elicited peritoneal macrophages; Gpnmb, glycoprotein nonmetastatic melanoma protein B; DSS, dextran sulfate sodium; IL,
interleukin; TNF, tumor necrosis factor; MCP, monocyte chemoattractant protein; LPS, lipopolysaccharide.

scoring revealed that DSS-induced colitis in the D2 mice
was significantly exacerbated, compared with that in the
D2-gpnmb+ mice (P<0.05; Fig. 2C).

The expression of Gpnmb was observed in the distal
colonic tissues from the DSS-treated D2-gpnmb+ mice
(Fig. 2D), however, no Gpnmb was observed in the colon
tissues isolated from the DSS-treated D2 mice. In addition,
marked infiltration of F4/80-positive macrophages into the
injured colonic mucosa was observed in the D2-gpnmb+ and
D2 mice, and a number of macrophages from the D2-gpnmb+
mice expressed Gpnmb (Fig. 2D). As expected, the expression
of Gpnmb was not detected in macrophages infiltrating the
injured colonic mucosa of the D2 mice, regardless of whether
DSS was administered.

When the D2 and D2-gpnmb+ mice were treated with
3% DSS for 5 days, the mRNA expression levels of IL-1§,
IL-6, and MCP-1 were significantly elevated, and significantly
higher levels of IL-1p and IL-6 were observed in the injured
colon tissues from the D2 mice, compared with in those from
the D2-gpnmb+ mice (Fig. 2E). The D2 mice treated with
3% DSS also exhibited elevated expression levels of MCP-1
in injured colon tissues; however, no significant difference
was observed in the expression of MCP-1 between the D2 and
D2-gpnmb+ mice (P=0.075; Fig. 2E).

TEPMs lacking Gpnmb expression exhibit enhanced expres-
sion of pro-inflammatory cytokines. The mRNA expression
of Gpnmb in the TEPMs from the D2 mice was low or
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phage cells were transfected with NC-siRNA, Gp-siRNA, or vehicle alone, and the expression of Gpnmb was examined using RT-qPCR. Data are presented
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RT-PCR. Data are presented as the mean + SD (n=3; ‘P<0.01; “P<0.001. (C) Effects of Gpnmb knockdown on p38, ERK1/2, and JNK signaling and IxB
activation were examined using western blotting. (D) Expression of Gpnmb in the RAW264.7 cells was decreased in response to LPS and increased following
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merase chain reaction; JNK, c-Jun N-terminal kinase; p-, phosphorylated.

undetectable, regardless of LPS stimulation; whereas the
mRNA expression of Gpnmb was reduced in the D2-gpnmb+
mice following LPS stimulation (Fig. 3A). In the absence of
LPS, TEPMs from the D2-gpnmb+ and D2 mice expressed
low mRNA levels of IL-1p, IL-6, TNF-a, MCP-1 and IL-10.
Conversely, LPS stimulated the expression of these mRNAs
in the TEPMs isolated from the D2-gpnmb+ and D2 mice,
and the mRNA expression levels of IL-1f, IL-6, TNF-a and
MCP-1 were significantly higher in the TEPMs from D2 mice,
compared with those from the D2-gpnmb+ mice. In addition,
the expression of IL-10 was markedly lower following LPS
stimulation in the D2 mice, compared with the D2-gpnmb+
mice, although this difference was not statistically significant.

The protein expression levels of IL-1 and TNF-a were
significantly higher, and the expression of IL-10 was signifi-
cantly lower in the supernatants of TEPMs from the D2 mice,
compared with those from the D2-gpnmb+ mice (Fig. 3B).
These results suggested that the inhibition of inflammatory
cytokines and the stimulation of anti-inflammatory cytokines
by Gpnmb in macrophages may reduce inflammation in the
injured colonic mucosa.

Expression of Gpnmb in response to LPS, and its effects
on cytokine and chemokine production in murine macro-
phages. The siRNA-mediated knockdown of Gpnmb in
RAW264.7 macrophages in the present study was effective.
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The Gpnmb-specific siRNA (Gp-siRNA) reduced the mRNA
and protein expression levels of Gpnmb to ~1/3 of the
levels observed in the cells transfected with NC-siRNA
(Fig. 4A and B). Furthermore, inhibition of the expression of
Gpnmb led to significant increases in the expression levels of
IL-1P, IL-6, TNF-a and MCP-1 (Fig. 4C). In addition, when
the expression of Gpnmb was knocked down by Gp-siRNA,
p38 and ERK1/2 were phosphorylated at significantly higher
levels; whereas the phosphorylation of JINK and the expression
of IxB were not significantly affected (Fig. 4C). These results
indicated that Gpnmb negatively regulated the production of
pro-inflammatory cytokines and chemokines by inhibiting
signaling pathways involving p38 and ERK1/2.

Macrophages infiltrating into injured tissues are have been
suggested to alter phenotypes in response to the myriad of
stimuli present during wound healing (26). The present study
investigated changes in the expression of Gpnmb in murine
RAW?264.7 cells in response to LPS. The RAW264.7 cells
expressed Gpnmb in the absence of LPS (Fig. 4B). The cells
exposed to LPS for 24 h expressed significantly lower levels
of Gpnmb during the treatment period, compared with the
control cells treated with PBS alone. However, the expression
of Gpnmb increased significantly over the 2 days following the
removal of LPS (Fig. 4D).

Discussion

The results of the present study demonstrated that DSS
induced mucosal injury between the rectum and the distal
colon, whereas the proximal colon remained unaffected. In
this murine model, infiltrating macrophages expressed Gpnmb
in injured colonic tissues, whereas the expression of Gpnmb
was almost undetectable in the proximal colon tissues, even
when the mice were treated with DSS for 7 days. These results
indicated that macrophages recruited to the injured mucosal
tissue express Gpnmb, whereas the resident macrophages
of the uninjured intestine do not. In addition, the results
suggested a potential role for Gpnmb in suppressing inflam-
matory responses in colitis by attenuating pro-inflammatory
cytokine production mediated by p38 and ERK signaling.

An inflammatory environment causes recruited macro-
phages to assume heterogeneous phenotypes, which together
assist in balancing the damaging and healing mechanisms
within the tissue (14,27). The present study demonstrated that
the expression of Gpnmb gradually increased during 7 days
of DSS administration, and remained elevated, even following
the removal of DSS from the drinking water. In addition,
when RAW264. 7 cells were treated with LPS for 24 h, the
expression of Gpnmb was reduced in response to inflam-
matory stimuli in vitro; however, the expression of Gpnmb
gradually increased following removal of the LPS, ultimately
rising above the baseline level at 72 h. These results suggested
that macrophages infiltrating the injured mucosa expressed
Gpnmb in response to the inflammatory environment, and
that these Gpnmb-positive macrophages were involved in a
delayed phase of inflammation and/or tissue repair processes.

Macrophages involved in tissue repair can assume the
alternatively activated phenotype (26), whereas macrophages,
which are isolated from wounds, are not alternatively activated.
The phenotype of macrophages in injury changes over time,
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and does not reflect the classic classification schemes (28). In
the present study, the expression of Gpnmb in the macrophage
cell line was downregulated in the presence of LPS, but was
upregulated following the removal of LPS. In vivo experiments
demonstrated that elevated levels of Gpnmb persisted following
the removal of DSS from the drinking water. These results
suggested that Gpnmb-expressing macrophages are involved
in the wound-healing process and ameliorate mucosal inflam-
mation by modulating the expression of pro-inflammatory
cytokines.

In the identification of genes, which are preferentially
expressed in macrophages, Rippoll ez al (21) identified Gpnmb
as a macrophage-specific gene, reporting that the expression
of Gpnmb is inhibited in RAW264.7 cells exposed to LPS
for 21 h. Conversely, the expression of Gpnmb in RAW264.7
cells reduces the LPS/interferon (IFN)-y-induced secretion
of IL-6 and IL-12p40 (21). The results of the present study
were consistent with these findings; in which the expression
of Gpnmb in RAW264.7 cells decreased during 24 h treat-
ment with LPS. Furthermore, siRNA-mediated knockdown of
Gpnmb in RAW264.7 cells increased the expression of IL-1f,
IL-6, TNF-a and MCP-1, in the absence of LPS and IFN-y.
These results indicated that Gpnmb suppressed pro-inflam-
matory cytokine production in macrophages, suggesting that
Gpnmb-positive macrophages negatively regulates inflamma-
tion in the injured intestinal mucosa. In addition, the present
study demonstrated that inhibition of the expression of Gpnmb
in RAW?264.7 cells resulted in the enhanced phosphorylation
of p38 and ERK1/2; however, no significant difference was
observed in the expression of IkB, which is directly associ-
ated with nuclear factor (NF)-«B activation. Zhou et al (29)
previously demonstrated that the absence of Gpnmb increased
the expression of IL-18 in the iris/ciliary body by increasing
the activation of NF-kB and the phosphorylation of MAPKs,
predominantly in CD69-positive cells. These results suggest
that Gpnmb suppresses pro-inflammatory cytokine production
in inflammatory cells via the attenuation of MAPK signaling.
Furthermore, p38/MAPK phosphatase-1 regulates AKT,
which coordinates phenotypic transitions of macrophages,
and resolution of inflammation during tissue repair (30).
Aktl and Akt2 also contribute differentially to macrophage
polarization (31). Therefore, Gpnmb may be associated with
macrophage polarization.

In conclusion, the present study demonstrated that
macrophages infiltrating the injured intestinal mucosa
express Gpnmb. These cells are anti-inflammatory, due to
their decreased production of pro-inflammatory cytokines,
and elevated levels of Gpnmb persisted following removal
of the inflammatory stimulus. These results suggested that
Gpnmb-positive macrophages may be important in amelio-
rating mucosal injury. Although further investigations are
required to clarify the roles of Gpnmb-positive macrophages
in the injured mucosa, these findings provide novel informa-
tion regarding the roles of innate immunity in tissue injury,
inflammation and healing of the intestinal mucosa.
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