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Duchenne muscular dystrophy is a fatal muscle wast-
ing disease that is characterized by a deficiency in the
protein dystrophin. Previously, we reported that the
expression of hematopoietic prostaglandin D syn-
thase (HPGDS) appeared in necrotic muscle fibers
from patients with either Duchenne muscular dystro-
phy or polymyositis. HPGDS is responsible for the
production of the inflammatory mediator, prosta-
glandin D2. In this paper, we validated the hypothesis
that HPGDS has a role in the etiology of muscular
necrosis. We investigated the expression of HPGDS/
prostaglandin D2 signaling using two different mouse
models of muscle necrosis, that is, bupivacaine-in-
duced muscle necrosis and the mdx mouse, which
has a genetic muscular dystrophy. We treated each
mouse model with the HPGDS-specific inhibitor,
HQL-79, and measured both necrotic muscle volume
and selected cytokine mRNA levels. We confirmed
that HPGDS expression was induced in necrotic mus-
cle fibers in both bupivacaine-injected muscle and
mdx mice. After administration of HQL-79, necrotic
muscle volume was significantly decreased in both
mouse models. Additionally, mRNA levels of both
CD11b and transforming growth factor �1 were sig-
nificantly lower in HQL-79-treated mdx mice than in
vehicle-treated animals. We also demonstrated that
HQL-79 suppressed prostaglandin D2 production and
improved muscle strength in the mdx mouse. Our
results show that HPGDS augments inflammation,
which is followed by muscle injury. Furthermore, the
inhibition of HPGDS ameliorates muscle necrosis

even in cases of genetic muscular dystrophy. (Am J

Pathol 2009, 174:1735–1744; DOI: 10.2353/ajpath.2009.080709)

Duchenne muscular dystrophy (DMD) is one of the most
common types of muscular dystrophy, affecting approx-
imately 1 out of 3500 boys.1 Progressive muscular dys-
trophy in DMD is caused by membrane vulnerability,2

which results from a defect in the muscle protein dystro-
phin,3,4 but the precise pathophysiology of the disease
progression is not known. There is still no complete cure
for this disastrous disease, albeit gene transfer has been
extensively tried in mammalian models. Glucocorti-
coids5,6 and their analogs7 are effective in suppressing
the disease only to some degree. In DMD, these steroids
reduce the infiltration of inflammatory cells into the mus-
cle8 and down-regulate the expression of genes involved
in the immune response.9 These data suggest inflamma-
tion may play a role in the progression of the disease.

Earlier we reported the expression of hematopoietic
prostaglandin (PG) D synthase (HPGDS), the enzyme
responsible for the production of PGD2,10 in necrotic
muscle fibers, mainly in the focus of grouped necrosis, in
patients with DMD or polymyositis.11 We recently re-
ported that overproduction of PGD2 produced by HPGDS
aggravates inflammation and causes profound tissue
damage in twitcher, a genetic demyelinating mouse mod-
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el.12 The biosynthesis of PGs was also suppressed by
glucocorticoids, via suppression of enzymes in the
overall synthesis of PGs including phospholipase A2

and cyclooxygenase. PGD2 mediates inflammatory re-
sponses through two specific receptors, DP113 and
DP2,14 causing peripheral vasodilatation, augmentation
of vascular permeability, and chemotaxis.15 Based on
these findings, we hypothesized that HPGDS augments
the inflammation that is followed by the muscle injury,
especially in the foci of grouped necrosis. Here, using
bupivacaine hydrochloride (BPVC)-induced muscle ne-
crosis, where sequences of muscle necrosis are similar
to that of progressive muscular dystrophy,16 and the mdx
mouse as a DMD model, we clarified the role of PGD2 in
the pathogenesis and investigated the therapeutic poten-
tials of blockade of HPGDS/PGD2/DP signaling on the
muscular necrosis.

Materials and Methods

Mice

All animal experiments were performed in accordance
with the Japanese Law for the Protection of Experimental
Animals and conformed to the regulations issued by the
National Institutes of Health and the Society for Neuro-
science. We used the C57BL/6 mouse strain for the
BPVC-induced muscular necrosis model. Human HPGDS
(hHPGDS)-TG mice were generated on an FVB back-
ground as described before.17 Wild-type mice of the FVB
strain were used as controls for the experiments using
hHPGDS-TG mice.

The mdx mice (C57BL/10 ScSn, JAX Laboratories)
were a generous gift from Dr. Shin’ichi Takeda (Dept of
Molecular Therapy, National Institute of Neuroscience,
National Center of Neurology and Psychiatry, Kodaira,
Tokyo, Japan), and the mutation was maintained by
interbreeding.

BPVC-Induced Mouse Model

This study was conducted with 7-week-old male mice as
described previously.16,18 Under deep anesthesia, 0.05
ml of 0.1% BPVC was injected into the exposed quadri-
ceps muscle under direct vision. As the control, the
quadriceps muscles of mice were received 0.05 ml of
sterile saline in the same manner.

Mice in the BPVC group were randomly assigned to
two subgroups and treated in a double-blind manner with
vehicle (0.5% methyl cellulose, n � 8) or an HPGDS
inhibitor (HQL-79; 30 mg/kg/day in 0.5% methyl cellulose,
n � 10)19 orally, 1 hour before and every 24 hours, until
7 days after the BPVC injection. In case of treatment with
a specific antagonist for DP1 (BW A868C; Cayman, Ann
Arbor, MI)20 or DP2 (Ramatroban; Cayman),21 mice were
subcutaneously injected 1 hour before and every 24
hours until 7 days after the BPVC injection. BW A868C
and Ramatroban are chemical compounds that respec-

tively bind to DP120 and DP221 receptors for PGD2 and
inhibit their signal transduction at the expression sites.

The mdx Mouse Model

Wild-type C57BL/10 ScSn mice were used as the control.
Male mdx mice at 4 weeks of age were randomly as-
signed to 2 groups and treated in a double-blind manner
with vehicle (0.5% methyl cellulose) or an HPGDS inhib-
itor (HQL-79; 30 mg/kg/day in 0.5% methyl cellulose)
orally for 10 days.

Muscle Pathology and Immunocytochemistry

Removed muscles were immersed overnight at 4°C in 4%
paraformaldehyde in 0.1 M/L sodium phosphate (pH 7.4)
and processed into paraffin blocks. Both paraffin and frozen
sections (5 �m thick) were mounted on 3-aminopropyltri-
ethoxysilane-coated slides. Some serial paraffin sections
were routinely stained with H&E, and others were immuno-
stained for HPGDS; and frozen sections were immuno-
stained for DP1 as previously described.22,23

Western Blot Analysis

The muscle was homogenized in 3 volumes of PBS by
weight. After centrifugation at 16,000 � g for 20 minutes,
the resultant supernatant was used for Western blotting of
HPGDS. Protein (10 �g/lane) was separated by SDS-
polyacrylamide gel electrophoresis, transferred to an Im-
mobilon PVDF membrane (Millipore, Bedford, MA), and
immunostained as described earlier.22

Quantitative PCR

Total RNA was extracted from mouse quadriceps by the
guanidinium thiocyanate-phenol-chloroform method us-
ing ISOGEN (Nippon Gene, Tokyo, Japan). The quanti-
tative PCR analyses of the contents of mRNAs for
HPGDS, DP1, DP2, CD11b (a surface antigen expressed
on macrophages and granulocytes24,25), tumor necrosis
factor (TNF)�, transforming growth factor (TGF)�1, and
glyceraldehyde-3-phosphate dehydrogenase were per-
formed by using the LightCycler amplification and detec-
tion system (Roche Diagnostics, Indianapolis, IN) as de-
scribed below. The sequence-specific primers used
were as follows: HPGDS forward primer, 5�-GAATA-
GAACAAGCTGACTGGC-3�; HPGDS reverse primer, 5�-
AGCCAAATCTGTGTTTTTGG-3�; DP1 forward primer, 5�-
TTTGGGAAGTTCGTGCAGTACT-3�; DP1 reverse primer,
5�-GCCATGAGGCTGGAGTAGA-3�; DP2 forward primer,
5�-TGGCCTTCTTCAACAGCGT-3�; DP2 reverse primer, 5�-
ACGCAGTTGGGGAATTCG-3�; CD11b forward primer, 5�-
CAGGGACAACCACACCTCTTG-3�; CD11b reverse primer,
5�-GCAGCGTCATACCAGCACAC-3�; TNF� forward primer,
5�-AGTGACAAGCCTGTAGCCCACG-3�; TNF� reverse
primer, 5�-TTTCTCCTGGTATGAGATAGC-3�; TGF�1 for-
ward primer, 5�-TGCGCTTGCAGAGATTAAAA-3�; TGF�1
reverse primer, 5�-AGCCCGAAGCGGACTACTAT-3�;
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glyceraldehyde-3-phosphate dehydrogenase forward
primer, 5�-TGAACGGGAAGCTCACTGG-3�; and glycer-
aldehyde-3-phosphate dehydrogenase reverse primer,
5�-TCCACCACCCTGTTGCT-3�.

All mRNA levels are shown after normalization with the
mRNA level of glyceraldehyde-3-phosphate dehydroge-
nase. The constructs used to create a standard curve were
made by cloning each amplified fragment into the HindIII
site of a pGEM vector (Promega, Madison, WI). All PCR
products were visualized under UV light after electrophore-
sis in an agarose gel containing ethidium bromide and were
subsequently sequenced to verify that only the specific
polymerization from the intended mRNA had occurred.

Estimation of the Volume of Necrotic Muscle by
Injecting Evans blue dye

Evans Blue dye (10 mg/ml PBS, Sigma, St. Louis, MO)
was injected intravenously into a tail vein of mice (50 �l
per 10 g body weight) as described previously.26,27 The
animals were sacrificed 4 hours after the injection. Mus-
cles were removed, frozen on dry ice and lyophilized.
Evans blue dye in the muscles was extracted by form-
amide (Nakalai Tesque, Kyoto, Japan) at 60°C overnight.
The amount of Evans blue dye in the extract was quan-
tified with an absorption spectrometer at 630 nm, and
with external standards ranging from 10 to 1000 ng/ml.

Computed Tomography Scan Analysis

The volume of necrotic muscle was visualized radio-
graphically by using a LaTheta X-ray computed tomog-
raphy (CT, ALOKA, Tokyo, Japan) according to the man-
ufacturer’s protocol. Anesthetized mice were scanned in
the dorsal position 15 minutes during an intravenous
infusion via a distal tail vein of a non-ionic contrast me-
dium (Iopamiron, Bayer, Osaka, Japan) at the infusion
rate of 1.2 ml/hr.

The CT scan image data from each mouse were ana-
lyzed by visualization software (ALOKA), which displayed
the data as 2D axial cross-sectional images. We con-
firmed a linear correlation of the necrotic volume between
the X-ray CT analysis and the estimation of the volume of
necrotic muscle made by using Evans blue dye injection
(data not shown). The three-dimensional data were con-
structed from sliced CT images by summing those im-
ages along the Z-axis by using VGStudio MAX software
(Volume Graphics, Heidelbelg, Germany).

Measurement of Urinary PGD2 Metabolite

11,15-Dioxo-9-hydroxy-2,3,4,5-tetranorprostan-1,20-dioic acid
(tetranor-PGDM) was identified by mass spectrometry as a
metabolite of infused PGD2 that is detectable in mouse and
human urine.28 Daily urine was collected from wild-type
mice and mdx mice, and the amount of tetranor-PGDM in it
was determined by using liquid chromatography-tandem
mass spectrometry as previously described.28 The creati-

nine concentration was measured by assay kit (Wako Pure
Chemical, Osaka, Japan).

Grip Strength Test

Grip strength was assessed with a grip strength meter
consisting of a horizontal forelimb mesh (Brain Science
Idea, Osaka, Japan). Five successful forelimb strength
measurements within 2 minutes were recorded. The av-
erage values of each day were used for subsequent
analysis. The grip strength measurements were collected
in the morning hours.

Statistical Analysis

Values were expressed as the mean � SE. Data were
analyzed by using the 2-tailed t-test, and values P � 0.05
were considered to be significant.

Results

HPGDS� Immunoreactivity Recognized in the
Necrotic Fibers in BPVC-Induced Muscular
Necrosis

Figure 1 illustrates the temporal alteration in HE staining
and HPGDS immunocytochemistry at 6 hours, and 2 and
4 days after a BPVC injection into mice (C57BL/6 strain).
H&E staining revealed obvious muscle injury at 6 hours
(Figure 1A), which reached its peak at day 2 (Figure 1B)
when numerous infiltrating cells (arrows in Figure 1B)
were found surrounding the necrotic fibers. At day 4 after
the BPVC injection, eosinophilic regenerating fibers were
increased in number (Figure 1C, arrowsheads) and their
diameter enlarged. The necrotic fibers were almost com-
pletely replaced by regenerated fibers by day 7. HPGDS-
immunoreactivity was not observed in the muscle fibers
before or 6 hours after the BPVC injection (Figure 1D), but
it was detected at day 1 and after (Figure 1, E and F) in
the necrotic muscle. The number of HPGDS-positive ne-
crotic fibers reached a peak at day 2 (Figure 1E). There
were many HPGDS-positive macrophages observed at
day 2 and 4 (arrows in Figure 1, E and F). Weak HPGDS
immunoreactivity was also observed in eosinophilic re-
generating fibers during the early phase of regeneration
(Figure 1 F, arrows). At day 7, regenerating muscle fibers
were well enlarged, and HPGDS immunoreactivity had
diminished (data not shown). Western blotting (Figure
1G) revealed that HPGDS protein was induced in both
BPVC- and saline-injected muscle at 6 hours; however,
its level decreased quickly in the case of the saline in-
jection but increased after BPVC injection with a peak at
day 2 and gradually decreased thereafter. DP1 immuno-
reactivity was also observed in the necrotic fibers at day
2 (Figure 1H), as in the case of HPGDS indicated above.
Figure 1, I–L shows the expression profile of mRNAs for
HPGDS, CD11b (a marker for infiltrating macrophages),
DP1, and DP2 as determined by quantitative reverse
transcription (RT)-PCR. The lavels of both HPGDS and
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CD11b mRNAs increased after the BPVC injection,
reached their peak at day 2, and thereafter gradually
decreased (Figure 1, I and J, respectively). On the other
hand, both DP1 and DP2 mRNAs showed a bimodal
expression pattern with peaks at day 1 and day 7 (Figure
1, K and L, respectively).

HPGDS-Overexpression Exacerbated Muscle
Necrosis

We hypothesized that PGD2 produced by HPGDS in the
muscle injury aggravated the muscular necrosis in the
BPVC-induced muscular necrosis model. To evaluate this
possibility, we compared the BPVC-induced muscular
necrosis between wild-type mice and human HPGDS-

overexpressing transgenic (hHPGDS-TG) mice17 of the
same genetic background (FVB strain), which constitu-
tively express a large amount of human HPGDS in addi-
tion to endogenous mouse HPGDS (Figure 2, A and B).
As shown in Figure 2A, H&E staining revealed that massive
muscular necrosis occurred at day 2 in the BPVC-injected
hHPGDS-TG mice; and there were wide interfiber spaces in
the muscle, suggesting severe edema. When compared
with that in the control muscles, the muscle necrosis in the
hHPGDS-TG mice was exaggerated and prolonged. As
shown in Figure 2B, the relative water content was signifi-
cantly higher in the hHPGDS-TG mouse muscle than in the
wild-type one at 2 days after the BPVC injection. These
results indicate that overproduction of PGD2 augmented the
muscle necrosis and edema.

Figure 1. A–H: HPGDS expression in necrotic muscle fibers. Results of HE staining (A–C) and HPGDS immunostaining (D–F) at 6 hour (A, D), 2 days (B, E), and
4 days (C, F) after BPVC injection. Scale bar � 50 �m. Arrows and arrowheads indicate HPGDS-positive infiltrating macrophages and regenerating muscle fibers,
respectively. G: Western blotting for HPGDS. H: DP1 expression in necrotic muscle fibers. Left, HE staining; right, DP1 immunocytochemistry. Scale bar � 50
�m. I–L: Quantitative RT-PCR for mRNAs of HPGDS (I), CD11b (J), DP1 (K), and DP2 (L). n � 4. Data are the mean � SE.
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HPGDS Inhibitor Ameliorated Muscle Necrosis
in the BPVC-Induced Model

Next we treated BPVC-injected mice with HQL-79, a spe-
cific inhibitor of HPGDS.19,29,30 Mice were orally admin-
istrated 30 mg/kg/day of HQL-79 1 hour before the BPVC
injection and then once a day for 7 days after it. The
volume of necrotic muscle and severity of necrosis were
evaluated by Evans blue dye leakage and cell infiltration.
As shown in Figure 3A, the necrotic muscle volume eval-
uated by the use of Evans blue dye was increased after
BPVC injection and peaked at day 2 in both vehicle-
treated mice and HQL-treated mice. However, from day 2
the volume was lower in the HQL-79-treated mice than in
the vehicle-treated ones. At day 4, the volume of muscle
necrosis was significantly reduced to 70% of the control
by the HQL-79 treatment (P � 0.05, Figure 3A). At day 7,
the amount of Evans blue dye within the muscle returned
to the level before BPVC administration. We also deter-
mined, by quantitative RT-PCR, the mRNA level of

CD11b, a marker for inflammatory cells, to monitor the
accumulation of macrophages that had infiltrated into the
necrotic muscle fibers (Figure 3B). The content of CD11b
mRNA rapidly increased after the BPVC injection, peaked
at day 2, and then slowly became reduced in the vehicle-
treated mice. In the HQL-79-treated mice, the content
also rapidly increased after the BPVC injection, peaked at
day 2, but then decreased more rapidly after day 2 than
that in the vehicle-treated mice. At day 4, the CD11b
mRNA level in the HQL-79-treated mice was significantly
(P � 0.01) reduced to less than 50% of that in the
vehicle-treated mice. These results, taken together, indi-
cate that inhibition of HPGDS by HQL-79 decreased both
the muscular necrosis and the infiltration of inflammatory
cells.

As was shown in Figure 1, the mRNA levels of both
receptors for PGD2, ie, DP1 and DP2, were up-regulated
in the necrotic muscle. To examine whether either or both
of these receptors were involved in the muscle necrosis,
we administered an antagonist specific for DP1 (BW

Figure 2. PGD2 overproduction augments mus-
cle necrosis. A: Result of H&E staining of the
quadriceps muscle of wild-type and human
HPGDS-TG mice obtained at 2 and 4 days after
the injection of BPVC. Scale bar � 50 �m. B:
Comparison of the water content in the muscle
between wild-type and human HPGDS-TG mice
at 2 days after the BPVC injection. The water
content is shown as the value relative to that of
control mice. n � 4 in each group. Data are the
mean � SE. *P � 0.05.

Figure 3. HPGDS inhibition reduces muscular necrosis. A, B:
Evans blue dye leakage (A) and expression of CD11b mRNA
(B) in the quadriceps muscle from mice in a BPVC-induced
model of muscular necrosis treated with or without daily oral
applications of the HPGDS inhibitor HQL-79. n � 3. Data are
the mean � SE. *P � 0.05, **P � 0.01. C: Enhanced CT
imaging. The three-dimensional images are constructed by
summing those sliced CT images along the Z-axis. Arrows
indicate enhanced necrotic muscle. D–G: Three-dimensional
images of necrosis evaluated by enhanced X-ray CT analyses
of the quadriceps muscle of mice with BPVC-induced mus-
cular necrosis treated with vehicle (D), HQL-79 (E), DP1
antagonist (BW A868C, F) or DP2 antagonist (Ramatroban,
G). Red spots indicate the penetrated enhancer, and blue
color indicates the bone. H: Necrotic muscle volume, n � 6.
Data are the mean � SE. *P � 0.05.
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A868C; 1 mg/kg or DP2 (Ramatroban, 5 mg/kg) 1 hour
before the BPVC injection and then once a day for 7
days and compared their effects on the expansion of
muscular necrosis with that effect of HQL-79 by con-
ducting enhanced X-ray CT analysis after infusion of a
non-ionic contrast medium. We confirmed a linear cor-
relation between the necrotic volume determined by
the X-ray CT and the estimation of the volume of ne-
crotic muscle made by using the Evans blue dye in-
jection. Figure 3C explain how to construct the 3D
images of muscular necrosis.

Figures 3D-G represent the reconstructed 3D images
of enhanced CT of BPVC-injected mice at day 4 after
treatment with vehicle, HQL-79, BW A868C or Ramatro-
ban, respectively, in which the damaged muscle contain-
ing the non-ionic contrast medium is shown in red. The
calculated necrotic muscle volume at day 4 was signifi-
cantly reduced in mice treated with HQL-79, but not in
those given the DP1 or DP2 antagonist (Figure 3H).
These results indicate that the HPGDS inhibitor was more
effective to reduce the muscle necrosis than either DP1
or DP2 antagonist alone and that PGD2 signaling exerted
its function via both DP1 and DP2 receptors in muscular
necrosis.

HPGDS-Immunoreactive Fibers Recognized in
the Foci of Grouped Necrosis in mdx Mouse
Muscle

We then examined the immunocytochemical distribu-
tion of HPGDS expression in the mdx mouse, which is
an authentic mouse model of DMD caused by defec-
tive dystrophin molecules. As shown in Figure 4A and
B, many HPGDS-positive fibers were observed in mdx
mouse muscles, which fibers were often clustered and
identified to be necrotic as compared with those in an
H&E-stained adjacent section, as seen similarly in
DMD as described before11 (Figure 4, A and B). Higher
magnification views disclosed that HPGDS expression
was hardly seen in opaque fibers (Figure 4, C and D)
but was strong in the ballooned hyaline-like fibers with-
out (Figure 4, E and F) or with (Figure 4, G and H)
cellular infiltration. Infiltrating macrophages also ex-
pressed HPGDS (arrowheads in Figure 4, G, I, H, L). At
the last stage, the necrotic muscle was replaced with
HPGDS-positive macrophages (arrowheads in Figure
4, I and J) and regenerating muscle fibers (arrows in
Figure 4, I and J). When we quantified the number of
HPGDS-expressing fibers at each stage of degenera-
tion, HPGDS-immunoreactivity was not detected in the
opaque fibers but was detected in 97% of the bal-
looned hyaline-like fibers without cell infiltration, 95% of
those with cellular infiltration, and 60% of the regener-
ating fibers of mdx mice. Quantitative RT-PCR revealed
that the contents of HPGDS, DP1, and DP2 mRNAs
were significantly higher in the 4-week-old mdx mice
than in the wild-type mice (Figure 4, K–M).

HQL-79 Treatment Reduced the Muscular
Necrosis in mdx Mice

To examine whether HQL-79 could reduce the muscle
necrosis in the mdx mouse as it did in the BPVC-induced
muscle necrosis model, we treated mdx mice with
HQL-79 and analyzed their muscles by enhanced X-ray
CT analysis after infusion of the non-ionic contrast me-
dium. Based on the 3D-images constructed from the
sliced CT images, we monitored the changes in the ne-
crotic muscular volume of each mdx mouse before and
after oral administration of vehicle or HQL-79 daily for 5
days. Figure 5A shows the typical three-dimensional im-
ages of an mdx mouse before and after oral administration
of vehicle or HQL-79, in which the damaged muscle con-
taining the non-ionic contrast medium is shown in red. The
positions of the necrotic muscle fibers (red in Figure 5A)
changed during the 5-day period in both mdx mice. The
total necrotic volume was almost unchanged in the vehi-
cle-treated mouse but remarkably decreased in the HQL-
79-treated mouse. Figure 5B (left panel) shows the
change in the volume of necrotic muscle fibers in each of
several mdx mice before and after daily treatment with
vehicle and HQL-79 for 5 days. The necrotic muscle
volume increased in 5 out of the 9 vehicle-treated mice;
however, it decreased in all HQL-79-treated mice except
one. As summarized in Figure 5B (right panel), treatment
with HQL-79 significantly (P � 0.05) reduced the necrotic
muscle volume in the mdx mice.

To confirm the effect of HQL-79, we determined the
mRNA contents of CD11b, HPGDS, DP1, DP2, and two
types of proinflammatory cytokines, TNF� and TGF�1, in
wild-type mice and mdx mice treated with vehicle or
HQL-79 for 10 days, by quantitative RT-PCR (Figure 5,
C–H). As compared with those of the wild-type mice, the
levels of mRNAs for CD11b, HPGDS, DP1, and DP2 were
significantly increased in the mdx ones (Figure 5, C–F).
The mRNA levels of CD11b, HPGDS, and DP2 were
significantly decreased after HQL-79 treatment in mdx
animals (P � 0.05, Figure 5, C–F). The levels of pro-
inflammatory cytokines TNF� and TGF�1 were also sig-
nificantly increased in mdx muscles (Figure 4, G and H,
P � 0.05). HQL-79 treatment significantly (P � 0.05)
decreased the TGF�1, but not the TNF�, mRNA in the
mdx mice.

To confirm the functional significance of the inhibi-
tion by HQL-79, we measured the level of tetranor-
PGDM, a PGD2 metabolite, in the urine of mdx mice
before and after HQL-79 administration. The urinary
level of tetranor-PGDM was about 3 times higher in the
mdx (17.8 � 0.8 ng/mg Cre, mean � SE) than in the
wild-type mice (6.8 � 1.0; P � 0.0003). As shown in
Figure 5I, HQL-79 administration to mdx mice for 5
days significantly (P � 0.0003) decreased the amount
of urinary tetranor-PGDM from 12.4 � 1.4 to 4.2 � 0.4
(ng/mg Cre), which was slightly lower than the level for
the wild-type mice. These results indicate that the
PGD2 production was increased in the mdx mice and
that HQL-79 suppressed the PGD2 production by
HPGDS up-regulated in these animals.
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Furthermore, to examine the clinical response of mdx
mice to HQL-79, we performed a forelimb grip strength
test by using an automated grip strength meter. As
shown in Figure 5J, the grip strength in the HQL-79-
treated mdx mice (180.9 � 16.3 g/sec; mean � SE) was
significantly increased by the inhibitor compared with
that for the vehicle-treated ones (132.9 � 10.7 g/sec; P �

0.05). These results demonstrate that HQL-79 improved
the clinical symptom of muscular dystrophy in mdx mice.

Discussion

Significance of HPGDS Expression in the
Hyalinated Necrotic Fibers in the Foci of
Grouped Necrosis

In this study, we showed that HPGDS was expressed in the
necrotic muscular fibers in both BPVC-induced and mdx
mouse models in a stage-specific manner. In both BPVC-

Figure 4. HPGDS expression in the necrotic muscle from an mdx mouse. A, C, E, G, I: H&E staining. B, D, F, H, J: HPGDS immunocytochemistry. Scale bar �
50 �m. Arrowheads indicate HPGDS-positive macrophages; and arrows, HPGDS-positive regenerating muscle fibers. K–M: Quantitative RT-PCR for HPGDS,
DP1, and DP2 mRNAs. n � 4. Data are the mean � SE. *P � 0.05, **P � 0.01.
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induced muscle injury and mdx mice, we hardly found any
of the HPGDS-positive opaque fibers that had been previ-
ously observed in patient with DMD and polymyositis.11

Furthermore, in mouse muscle, regenerated muscle fibers
contained strong HPGDS immunoreactivity in their nuclei
and weak immunoreactivity in their cytoplasm; whereas we
did not observe HPGDS-positive regenerating muscle fi-
bers in patient with DMD and polymyositis.11 The HPGDS-
immunoreactivity in the regenerating mouse muscle
fibers diminished along with maturation and/or diame-
ter enlargement.

It is unclear how necrotic muscle fibers express
HPGDS immunoreactivity. However, an apoptosis-like
phenomenon has recently been reported to occur during
muscle necrosis.31,32 Mizutani and Ohno33 also reported
that caspase-3, which is related to mitochondrial-medi-
ated apoptosis, was expressed in necrotic muscle fiber.

Furthermore, Honda et al34 reported that the expression
of the caspase-12 gene is involved in the endoplasmic
reticulum stress pathway and that the Bax, caspase-9,
and caspase-3 genes are involved in the mitochondrial
stress pathway in the mdx masseter muscle. These data
suggest that apoptosis occur during degeneration of mdx
muscle. From these lines of evidence, it is possible that
HPGDS expression is induced in muscle fibers during
apoptosis.

We reported earlier that HPGDS expression was ob-
served in “grouped necrosis” in patients with DMD.11 The
grouping of necrotic fibers is characteristic of DMD, and
the underlying mechanism for this grouped necrosis has
been proposed to be mast cell-mediated myocytotoxic-
ity35 or vascular ischemia.36,37 Since PGD2 is actively
produced and released by mast cells,10 and also func-
tions as a vasodilator, it may be involved in progression of

Figure 5. Reduction in the necrotic muscle volume and inflammation in the muscle from mdx mice by treatment with the HPGDS inhibitor HQL-79. A:
Representative three-dimensional imaging of muscle necrosis in mdx mouse before and after treatment with vehicle or HQL-79 for 5 days. light pink: total muscle,
red: enhanced muscle. B: Left panel shows changes in the volume of necrosis in individual mdx mice. Right panel summarizes changes in volume of necrosis.
Necrotic Vehicle; n � 9, HQL-79; n � 14. C–H: Quantitative RT–PCR for mRNAs of CD11b, HPGDS, DP1, DP2, TNF�, and TGF�1 in the muscle from wild-type
and mdx mice after treatment with vehicle or HQL-79. Data are the mean � SE. n � 6 in each group. *P � 0.05. **P � 0.01. I: Amount of tetranor-PGDM in the
urine of mdx mice before and after HQL-79 administration. n � 12 and n � 11 in vehicle-treated and HQL-79 treated mdx mice, respectively. **P � 0.0003. J:
Grip strength test for mdx mice before and after HQL-79 administration. n � 5 in each group. **P � 0.0003.
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grouped necrosis via both of the causative mechanisms
mentioned above. We demonstrated that overproduction
of PGD2 caused massive muscular necrosis after BPVC
injection into hHPGDS-TG mice (Figure 2A). In these
mice, the histology showed remarkable interstitial edema
and increased cell infiltration. PGD2 elicits its biological
actions, such as augmentation of vascular permeability
and inhibition of platelet aggregation, through binding to
the Gs-coupled DP1 receptor.23,38 Thus PGD2/DP1 sig-
naling may enhance the pathological process of muscu-
lar necrosis by increasing vascular permeability. In addi-
tion, PGD2 also acts on a G�i-coupled DP2 receptor and
may thereby induce the chemotactic migration of of Th2
cells, eosinophils, basophils, and monocytes to the ne-
crotic fibers.14 The increase in inflammatory cell infiltra-
tion into the necrotic area may contribute to augmentation
of the inflammatory process. We demonstrated that the
muscle necrosis tended to be affected by the antagonists
for DP1 and DP2 but was efficiently suppressed by the
HPGDS inhibitor, suggesting that both of these receptors
are involved in augmented inflammatory responses in the
muscular necrosis. Furthermore, as shown Figure 1, DP1
and DP2 receptors were up-regulated biphasically in
BPVC-induced muscle necrosis. It is, therefore, possible
that DP1 and DP2 receptors are involved in the regener-
ation of muscle fibers.

Therapeutic Implications of HPGDS Inhibitors in
Muscle Necrosis

In this study, we demonstrated that HQL-79, an HPGDS
inhibitor, suppressed PGD2 production and improved
muscle strength in the mdx mouse. The administration of
corticosteroid to DMD patients was reported to produce
clinical improvement.5 Corticosteroid may cause the
down-regulation of proteases and/or net increase in pro-
tein content.39 Furthermore, the beneficial effects of cor-
ticosteroid may be due to suppression of cytosolic phos-
pholipase A2 and cyclooxygenase, which lead to the
overall inhibition of PG synthesis.40 However, the long-
term administration of corticosteroids leads to serious
side effects. Additionally, corticosteroids inhibit the pro-
duction of cytoprotective prostanoids including prosta-
glandin E2,41 which is important in healing and muscle
regeneration after injury. From these lines of evidence, it
is theoretically advantageous to treat muscle necrosis
focusing specifically on PGD2 production and signaling.

Shen et al42 mentioned that the decision to use non-
steroidal anti-inflammatory drugs, which are inhibitors of
cyclooxygenase, to treat the muscle injuries warrants
critical evaluation, because nonsteroidal anti-inflamma-
tory drugs might impair muscle healing by inhibiting the
fusion of myogenic precursor cells. In this study, we
found that HPGDS was also expressed in the regenerat-
ing muscle in the early phase of regeneration, although
the role of HPGDS in muscular regeneration remains to
be clarified.

The molecular and enzymatic properties of HPGDS
have been well characterized by us and other groups.43

The crystal structure of HPGDS has already been deter-

mined.43 The crystal structures of rat HPGDS,43 human
HPGDS,44 and the complex of human HPGDS and HQL-
7919 have already been determined. Based on the crys-
tallographic structure of the human HPGDS-HQL-79
complex, new HPGDS inhibitors are being designed by
several pharmaceutical companies to be more potent
and selective toward HPGDS. As we demonstrated here,
since PGD2 augmented the muscle necrosis in BPVC-
induced necrosis and mdx mice, the suppression of
PGD2 production by HPGDS inhibitors may be beneficial
for the treatment of DMD. Furthermore, because we re-
ported previously that HPGDS expression is detectable in
the muscle of polymyositis patients,11 such HPGDS in-
hibitors may be predicted to be effective also for the
treatment of polymyositis.
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