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The pathophysiological role of infiltrating macro-
phages and their subtypes in idiopathic inflammatory
myopathies such as dermatomyositis, polymyositis,
and inclusion body myositis is not fully clear. Mono-
cytes exhibit various phenotypes with different func-
tional properties such as release of pro- or anti-in-
flammatory mediators. Expression of myeloid-related
proteins MRP8 and MRP14, two calcium-binding
S100-proteins, characterizes a proinflammatory sub-
type of macrophages. We immunohistochemically in-
vestigated expression of MRP8 and MRP14 in muscle
biopsies of 33 patients with dermatomyositis, poly-
myositis, and inclusion body myositis. We found a
clear association of expression of MRP8 and MRP14
by infiltrating macrophages with degeneration of
myofibers. Because MRP8 and MRP14 are secreted by
activated macrophages we investigated if these pro-
teins would have direct extracellular effects on myo-
cytes. We found that the purified MRP8/MRP14 com-
plex inhibited proliferation and differentiation of
C2C12 myoblasts and that it induced apoptosis via
activation of caspase-3 in a time- and dose-dependent
manner. These results indicate that in the course of
inflammatory myopathies, activated macrophages
can promote destruction and impair regeneration of
myocytes via secretion of MRP8/MRP14. (Am J
Pathol 2003, 163:947–956)

Myositis is a term describing muscle inflammation inde-
pendent of its etiology. The heterogeneous group of
acute and chronic idiopathic inflammatory myopathies
(IM) is histologically characterized by signs of destruction
and partial regeneration of inflamed muscle fibers.1,2 The
three major types of idiopathic inflammatory myopathies
are: dermatomyositis (DM), including childhood DM,
polymyositis (PM), and inclusion body myositis (IBM).3 In
all three idiopathic IM the mononuclear cell infiltrates
consist predominantly of T lymphocytes and monocytes/

macrophages.1 Despite different underlying pathogene-
sis the molecular mechanisms of monocyte recruitment
and cytokine pattern does not seem to be essentially
different in these distinct forms of IM.4–6The pathophys-
iological role of these infiltrating monocytes is not com-
pletely known. Since monocytes exhibit various pheno-
types with different functional properties it is important to
look for defined subpopulations in distinct inflammatory
conditions.7 Myeloid-related protein 8 (MRP8; S100A8)
and MRP14 (S100A9) are two calcium-binding proteins
belonging to the S100 family. The expression of MRP8
and MRP14 is restricted to granulocytes and to early
stages of monocytic differentiation.8,9 These proteins
represent about 40% of the total calcium-binding capac-
ity in monocytes, but are not detectable in mature tissue
macrophages.10–13 The expression of MRP8 and MRP14
in vivo correlates with the activity of inflammatory pro-
cesses in different murine and human diseas-
es.11,12,14–17 MRP8 and MRP14 form non-covalently as-
sociated complexes with each other. There are reports
about heterodimers, tetramers, trimers and homodimers
but the physiological relevance of these different com-
plex forms is not yet clear. Structural analysis and data
obtained by mass spectrometry indicate a MRP8/MRP14
heterodimer as the basal complex at least in the human
system which associates to a (MRP8/MRP14)2 heterotet-
ramer in a calcium-dependent manner.18–21,22 MRP8 and
MRP14 have been shown to play a role during calcium-
dependent activation of monocytes probably via modu-
lation of cytoskeletal-membrane interactions.13,23,24 In
addition, both proteins are specifically released by mono-
cytes during the course of inflammatory reactions, and
serum concentrations of MRP8 and MRP14 have been
shown to correlate well with the activity of inflammatory
reactions in various human diseases.11,12,14,16,17,25 In the
present study we investigated the expression and local
distribution of MRP8 and MRP14 in different inflammatory
muscle disorders (DM, PM, and IBM) as well as their
effects on muscle cells in vitro. In all three kinds of IM we
found a clear correlation between infiltration of MRP8/
MRP14-expressing monocytes and the inflammatory de-
struction of muscle fibers. Using the myoblast cell line
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C2C12 we found that MRP8/MRP14 exert direct inhibitory
effects on proliferation of myoblasts and on differentiation
to myotubes in vitro. In addition, MRP8/MRP14 exhibit a
time- and concentration-dependent activation of
caspase-3, a central mediator of programmed cell death,
resulting in apoptosis of myoblasts/myotubes.

Materials and Methods

Patients

Twelve patients with DM, including 4 patients with child-
hood DM (5 male and 7 female), 12 patients with PM (2
male and 10 female), and 9 patients with IBM (6 male and
3 female) were included in this study. The diagnoses of
different IM were based on clinical history and histologi-
cal examinations of muscle biopsies. The diagnosis of
IBM was confirmed by electron microscopy in all cases.
Control specimens were obtained from 7 patients with
neuromuscular diseases without any signs of inflamma-
tion. This group included 3 patients with amyotrophic
lateral sclerosis (ALS) and 4 patients with morphologi-
cally normal muscle. Muscle biopsies of IM patients were
performed before administration of immunosuppressive
drugs or other immunomodulators. Approval from the
Institutional Research Board was obtained.

Immunohistochemistry

Biopsies were fixed in formalin for routine histopathology
and specimens were sectioned at a thickness of 5 �m
and mounted on slides coated with silane. Rabbit anti-
sera against recombinant MRP8 (a-MRP8) and MRP14
(a-MRP14) were produced as described earlier.8,9 Mono-
specificity of antibodies was analyzed by immunoreac-
tivity against recombinant MRP8 and MRP14, Western
blot analysis of lysates of monocytes and granulocytes as
well as by immunoreactivity against MRP8 and/or MRP14
transfected fibroblastic cell lines as described earlier.8,9

To detect complex formation of MRP8 and MRP14 in situ
monoclonal antibody 27E10 was used, which detects an
epitope exclusively formed by MRP8/MRP14 complexes
but not by the isolated subunits.26 In addition, sections
were stained with monoclonal antibodies against human
leukocyte common antigen (LCA, clones 2B11 and PD7/
26; DAKO Diagnostika, Hamburg, Germany), anti-human
CD4 antigen (a-CD4; DAKO Diagnostika) and monoclo-
nal antibody KP1 against CD68 antigen (a-CD68), a
110-kd transmembrane glycoprotein highly expressed by
human monocytes and tissue macrophages (DAKO Di-
agnostika).27,28 A monoclonal antibody against Ki67 (Di-
anova, Hamburg, Germany), a proliferation marker, was
used for investigation of C2C12 cells in culture. Rabbit
anti-human CPP32 (cysteine protease protein; Cell Sig-
naling, Beverly, MA) was used to detect active
caspase-3, a central mediator of programmed cell death.
In double-labeling experiments sections were labeled for
CD68 antigen and either MRP8 or MRP14 as described
earlier.16 Specific primary antibodies were detected us-
ing appropriate peroxidase-, alkaline phosphatase-, flu-

orescein isiothiocyanate (FITC)- or Cy3-conjugated sec-
ond-stage antibodies against mouse or rabbit IgG,
respectively (Dianova). Isotype-matched antibodies with-
out relevant specificity were used as negative controls
(Dianova). Finally, sections were counterstained with
Mayer’s hematoxylin (Merck, Darmstadt, Germany).
Slides were not counterstained after double-labeling pro-
cedure.

Purification of MRP8 and MRP14 from Human
Neutrophils

Complexes of MRP8 and MRP14 were isolated from hu-
man granulocytes as described in detail previously.29

Briefly, granulocytes were lysed in homogenization buffer
(20 mmol/L Tris, 1 mmol/L EGTA, 1 mmol/L ethylenedia-
minetetraacetate (EDTA), 1 mmol/L dithiothreitol (DTT),
1% NP40 pH8.5) supplemented with a protease-inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany) using
a Branson sonifier (model 250; Branson Ultrasonics, Dan-
bury, CT). After ultracentrifugation (100,000 � g for 150
minutes at 4°C using Centrikon T-1065; Kontron Instru-
ments, Munich, Germany), proteins were precipitated by
70% ammonium sulfate. After centrifugation the superna-
tant was dialyzed and proteins were separated using
anion exchange chromatography (MonoQ, Amersham
Biosciences, Inc., Piscataway, NJ). At this stage, MRP8/
MRP14 complexes appeared to be essentially pure
(�98%). The identity of MRP8 and MRP14 was ascer-
tained by amino acid sequencing and mass spectrome-
try (UV-MALDI-MS).22,29 Proteins were dialyzed against
Dulbecco’s modified Eagle’s medium (DMEM).

Cell Culture

Murine C2C12 myoblasts were cultured at 37°C in a
humidified atmosphere of 5% CO2 in DMEM with high
glucose (concentration of CaCl2 200 mg/L, no zinc sup-
plementation), supplemented with 15% fetal bovine se-
rum (FBS; Greiner Bio-One, Frickenhausen, Germany),
100 U/ml penicillin G, and 100 �g/ml streptomycin sul-
fate. Cells were grown at subconfluency of 80% to 90%
and were passaged every 3 days. To induce differentia-
tion of myoblasts into myotubes, confluent cells were
incubated for an additional 3 days in the presence of 5%
FBS. To examine the effects of MRP8/MRP14 complexes
on C2C12 myoblasts, 5 � 104 cells were plated in 8-well
Lab-Tek chambers (Lab-Tek Chamber Slide System;
Nalge Nunc International Corp., Naperville, IL) with 300
�l medium supplemented with 5% or 15% FBS as indi-
cated.30,31 The cultures were incubated with different
concentrations of MRP8/MRP14 (range from 25 to 1600
�g/ml) for 16 to 72 hours. After indicated time periods
cells were fixed and stained with hematoxylin and eosin
(H&E) to evaluate differentiation of myoblasts to myo-
tubes by morphological criteria. In parallel, cells were
fixed in glutaraldehyde for ultrastructural evaluation of
apoptosis by transmission electron microscopy (TEM). In
addition, activity of lactate dehydrogenase (LDH) was
measured in supernatants as a marker of cell death.
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Electron Microscopy

For ultrastructural analysis murine C2C12 myoblasts
were incubated with 800 �g/ml MRP8/MRP14 or medium
as control for 72 hours. After this time cells were pro-
cessed using a standard protocol.32 Briefly, cultured
cells were washed in PBS and centrifuged for 5 minutes
at 200 � g and fixed in 2% glutaraldehyde, in 0.1 mol/L
sodium cacodylate buffer (pH 7.4) for 1 hour at room
temperature. Cells were washed twice in Tris-buffer
alone, postfixed for 1 hour at room temperature in 2%
OsO4 in PBS, dehydrated in ethanol and embedded in
Epon. Thin sections were contrasted with uranylacetate
and lead citrate and examined on a Philips electron mi-
croscope for morphological signs of apoptosis.

Detection of Apoptosis by DNA Fragmentation

The leakage of fragmented DNA from apoptotic nuclei
was measured according to the method of Nicoletti et
al.33 C2C12 myoblasts were treated for the indicated time
with different concentrations of MRP8/MRP14. Cells were
harvested, washed, centrifuged, and the cell pellet was
resuspended in hypotonic lysis buffer (1% sodium citrate,
0,1% Triton X-100, 50 �g/ml propidium iodide) and sub-
sequently analyzed by flow cytometry with the FL-2/FSC
profile. Nuclei to the left of the 2 N peak containing
hypodiploid DNA were considered as apoptotic. Flow
cytometry analyses were performed on a FACScalibur
(BD Biosciences Clontech, Heidelberg, Germany) using
CellQuest analysis software.

Fluorimetric Assay of Caspase Activity

Cytosolic cell extracts were prepared by lysing 5 � 104

C2C12 cells in 150 �l buffer containing 0.5% NP-40, 20
mmol/L HEPES (pH 7.4), 84 mmol/L KCl, 10 mmol/L
MgCl2, 0.2 mmol/L EDTA, 0.2 mmol/L EGTA, 1 mmol/L
DTT, 5 �g/ml aprotinin, 1 �g/ml leupeptin, 1 �g/ml pep-
statin, and 1 mmol/L phenylmethylsulfonyl fluoride.
Caspase activities were determined by incubation of 50
�l of cell lysates with 50 �mol/L of the fluorogenic sub-
strate DEVD-AMC (N-acetyl-Asp-Glu-Val-Asp-amino-
methyl-coumarin; Bachem, Heidelberg, Germany) in 200
�l buffer containing 50 mmol/L HEPES pH 7.3, 100
mmol/L NaCl, 10% sucrose, 0.1% CHAPS and 10 mmol/L
DTT. The release of aminomethylcoumarin was measured
by fluorometry using an excitation wavelength of 360 nm
and an emission wavelength of 475 nm.

Western Blotting

For detection of myogenin as a differentiation marker 1 �
105 C2C12 myoblasts were plated in 8-well Lab-Tek
chambers with 300 �l medium and cultured in growth
medium for 1 day, and in differentiation medium with 5%
FBS for 3 more days. MRP8/MRP14 was added to the
culture medium (range from 50 to 800 �g/ml). Subse-
quently, cells were harvested, washed and lysed in 70 �l
sodium dodecyl sulfate (SDS) buffer. The protein concen-

tration was determined by Bradford test and equal
amounts of protein (15 �g) were loaded on a 12.5%
SDS-polyacrylamide gel electrophoresis, and blotted
onto a nitrocellulose membrane. Filters were equilibrated
in TBST for 10 minutes, blocked with TBST plus 4% nonfat
dry milk powder, and myogenin was detected with a
specific antibody (clone F5D; BD PharMingen, San Di-
ego, CA). Rabbit anti-mouse IgG peroxidase reaction
was used for immunostaining.

Statistical Analysis

Mann-Whitney U-test (for values without normal distribu-
tion) was performed to determine significant differences
of MRP8 and MRP14 expression between distinct cate-
gories of IM and to describe significant results in the cell
culture experiments. P values greater than 0.05 were
considered to be not significant.

Results

Phenotyping of Leukocytes in Control Biopsies
without Signs of IM

Three patients with ALS and 4 muscle biopsies without
any pathological feature served as controls. In all sec-
tions, labeling for MRP8 and MRP14 revealed only a few
single positive mononuclear cells. Staining for CD68
showed some positive tissue macrophages, which were
negative for MRP8 or MRP14. LCA� and CD4� cells were
rarely (� 1%) observed in sections of these patients.

Expression of MRP8 and MRP14 in IM

In all kinds of IM infiltrating monocytes presented a sig-
nificant expression of MRP8 and MRP14 as well as the
leukocyte markers LCA, CD4, and CD68 in the endo-
and/or perimysium.

Dermatomyositis

In 12 biopsies of patients with DM about 17% of all
infiltrating cells were positive for MRP8, 12% were posi-
tive for MRP14, and 16% were positive for CD68. Immu-
nohistochemical experiments revealed the predomi-
nance of two different monocytic phenotypes in the
infiltrate of DM. Serial sections of the same biopsy
showed parallel expression of CD68 as well as MRP8 and
MRP14 around necrotic fibers (Figure 1, A and B) which
was confirmed by double-labeling experiments (Figure 1,
C and D) and confocal microscopy (Figure 1, G and H).
In contrast, CD68� cells around blood vessels or the
perimysium (Figure 1E) showed almost no immunoreac-
tivity for MRP8 or MRP14 (Figure 1F) in the absence of
myotube necrosis. Infiltrates consisted of nearly 10%
CD4� T cells; about 45% were positive for LCA.
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Polymyositis

Immunohistochemical stainings in 12 patients with PM
partly resembled that of DM. The percentages of positive
cells in inflammatory infiltrates are 16% for CD68, 21% for
CD4, and 50% for LCA. These results do not differ sig-
nificantly from that obtained in DM. However, the percent-
age of MRP8-expressing cells (8%) was significantly
lower than in DM (P value 0,04), their percentage of
infiltrating cells expressing MRP14 was 14%. Double-
labeling experiments with a-MRP8 or a-MRP14 and a-
CD68 showed a similar prevalence of two different cellu-
lar phenotypes in the infiltrate as described for DM
above. Expression of MRP8 and MRP14 by CD68� cells
was pronounced in and around necrotic muscle fibers
whereas monocytes negative for MRP8 and MRP14 were
found primarily in the perimysium (not shown).

Inclusion Body Myositis

In 9 patients the diagnosis of IBM was verified by electron
microscopy, which demonstrated typical cytoplasmatic
and intranuclear tubulofilaments. The immunohistochem-
ical features were similar to the findings in DM or PM.
Double-labeling experiments with a-MRP8 or a-MRP14
and a-CD68 showed a high association of MRP8 and
MRP14 expression in monocytes associated with muscle
fiber necrosis (about 90% of CD68� cells express MRP8/
MRP14; not shown).

Immunoreactivity of monoclonal antibody 27E10 par-
allels stainings for MRP8 and MRP14, indicating that
complexes of MRP8/MRP14 are the predominant form
expressed by monocytes in IM. This finding was constant
in all three inflammatory muscle disorders.

MRP8/MRP14 Complex Inhibits Proliferation of
C2C12 Myoblasts in Vitro

The complex of both proteins represents the predominant
extracellular form.12,34 Since presence of MRP8/MRP14
complexes was such a characteristic feature in all three
types of IM and since it was associated with muscle
necrosis, we wondered whether MRP8/MRP14 would
have a direct effect on striated muscle cells. To investi-
gate direct effects of MRP8/MRP14 complexes on prolif-
eration of C2C12 myoblasts in vitro, cells were cultured
for 24 hours with varying concentrations of MRP8/MRP14
and then stained with anti-Ki67 (Figure 2). We found a
significant and dose-dependent inhibition of proliferation
by MRP8/MRP14 treatment compared to untreated con-

trols. This inhibitory effect on proliferation was constant
over at least 3 days (data not shown).

MRP8/MRP14 Complex Inhibits Differentiation
of C2C12 Myoblasts

To investigate the effects of MRP8/MRP14 on differentia-
tion, C2C12 myoblasts were cultured for 72 hours in
differentiation medium (containing 5% FBS) in the pres-
ence of varying doses of MRP8/MRP14. During this pe-
riod of time, control cells show a clear differentiation of
myoblasts to myocytes indicated by a pronounced for-
mation of myotubes. This process of differentiation was
almost completely inhibited in a time- and dose-depen-
dent manner by addition of MRP8/MRP14 (Figure 3). In
parallel, expression of myogenin was analyzed by West-
ern blot as a marker of differentiation.35 While 72 hours
after induction of differentiation untreated C2C12 myo-
blast showed a significant increase of myogenin expres-
sion, MRP8/MRP14 treatment resulted in marked inhibi-
tion of myogenin expression (Figure 4).

MRP8/MRP14 Complex Induces Apoptosis in
C2C12 Cells

Since expression of MRP8/MRP14 was locally associated
with degeneration of muscle fibers we investigated ef-

Figure 2. MRP8/MRP14 inhibit proliferation of C2C12 myoblasts. Prolifera-
tion of C2C12 myoblast was analyzed using monoclonal antibody Ki67. Cells
were cultured with different concentrations of MRP8/MRP14 or medium as
control for 24 hours. At least 500 cells were counted and the ratio of Ki67�

cells to the total number was calculated. The results are shown as percent-
ages of positive cells. Asterisks indicate statistically significant differences
compared to untreated controls (P � 0.002).

Figure 1. MRP14-expressing CD68� cells are associated with necrosis of muscle fibers (see Immunohistochemistry). 5-�m sections of DM were stained by
immunohistochemistry (A to F) or immunofluorescence (G and H). A: Immunoperoxidase staining of DM with an antibody against CD68 on a cross-section of
a necrotic muscle fiber (arrow). B: Serial section of the same biopsy showed parallel expression of MRP8 around the necrotic fiber as well as extracellular secreted
MRP8 within the muscle destruction. Sections were counterstained with H&E. C and D: Double-labeling experiments with a-CD68 (blue, alkaline phosphatase)
and a-MRP8 (C, red, peroxidase) or a-MRP14 (D, red, peroxidase) of a cross-section (C) and a longitudinal section (D) of a necrotic muscle fiber revealed a clear
expression of both proteins in CD68� macrophages (no counterstaining). E: A high number of CD68� cells is also detectable in the perimysium of DM in the
absence of muscle fiber necrosis (H&E staining). F: Serial section of the same biopsy was labeled in a double-labeling experiment with a-CD68 (red, peroxidase)
and a-MRP14 (blue, alkaline phosphatase, no counterstaining). Only a minority of CD68� cells shows a low expression of MRP14 in the absence of necrotic muscle
fibers. G and H: Immunofluorescence staining for CD68 (G, FITC) and MRP14 (H, Cy3) in a necrotic muscle fiber (N) in DM analyzed by confocal laser microscopy
confirmed high expression of MRP14 by almost all CD68� macrophages. Bar, 50 �m.

MRP8/14 in Inflammatory Muscle Diseases 951
AJP September 2003, Vol. 163, No. 3



fects of MRP8/MRP14 on viability of muscle cells. After
treatment of C2C12 myoblasts with MRP8/MRP14 for 72
hours many cells displayed changes in their morphology
in a dose-dependent manner, eg, a decrease in cell

volume and chromatin condensation by conventional mi-
croscopy, indicating induction of apoptosis. To confirm
this finding we performed ultrastructural analysis by TEM.
In contrast to controls, MRP8/MRP14-treated C2C12 cells

Figure 3. MRP8/MRP14 block differentiation of C2C12 myoblasts to myotubes. A to F: To analyze the effect of MRP8/MRP14 on proliferation and differentiation,
C2C12 myoblast were cultured in medium, as described in Materials and Methods, with indicated concentrations of MRP8/MRP14 for 72 hours. After this time cells
were fixed and stained with H&E. There was a significant and dose-dependent inhibition of the formation of myotubes after treatment with MRP8/MRP14
compared to untreated control cells. At high concentrations MRP8/MRP14 induce morphological features of apoptosis. A: Control. B: 100 �g/ml MRP8/MRP14.
C: 200 �g/ml. D: 400 �g/ml. E: 800 �g/ml. F: 1600 �g/ml. G to L: Cells were cultured in medium (G to I) or 400 �g/ml MRP8/MRP14 (J to L). Cells were fixed
and stained with H&E after 0 hours (G and J), 24 hours (H and K), or 72 hours (J and L). Bar, 10 �m.

952 Seeliger et al
AJP September 2003, Vol. 163, No. 3



show typical nuclear features of apoptosis, such as con-
densation of the chromatin along the inner surface of the
nuclear envelope and nuclear shrinkage (Figure 5). There
was no clumping of nuclear chromatin as observed in
necrotic nuclei. To further prove these morphological and
ultrastructural signs of apoptosis by an independent
method we determined activity of caspase-3 in lysates of
C2C12 cells as an early central mediator of programmed
cell death at certain time periods during MRP8/MRP14
treatment. There was a clear dose- and time-dependent
induction of caspase-3 activity after MRP8/MRP14 treat-
ment with a maximum at 16 hours preceding morpholog-
ical changes described above (Figure 6). In addition,
subsequent leakage of fragmented DNA from apoptotic
nuclei as a later event of apoptosis was observed after
incubation with MRP8/MRP14 for 72 hours and detected
by the method of Nicoletti et al (Figure 7).33,36

Discussion

Characterization of cellular events in IM has revealed
different aspects of possible pathomechanisms involved
in DM, PM, and IBM.1,37–39 In DM, immune complex and

complement-mediated alterations of endothelial cells
have been considered to be the primary event. In PM and
IBM, destruction of muscle fibers was observed to be
associated with invasion of oligoclonal, autoaggressive
CD45RO- and CD8-positive T cells and macro-
phages.4,40 Deposition of immune complexes at the vas-
cular endothelium as well as cytokines secreted by au-
toaggressive T cells are known to result in activation of
the macrophage system. Macrophages represent a sub-
stantial percentage of leukocytes in the endo- and per-
imysial inflammatory infiltrates of all three disorders.1

Their presence as well as distinct proinflammatory effec-
tor mechanisms of these cells, eg, expression of cyto-
kines or adhesion receptors, has been shown to be a
common feature in DM, PM, and IBM.4–6 However, the
exact sequence of events and ensuing muscle-destroy-
ing mechanisms are not yet clear. It has to be considered
that monocytes and macrophages do not represent a
homogeneous cell population, but that different sub-
populations may exhibit antagonistic inflammatory prop-
erties. Depending on their stage of differentiation and
activation monocytes/macrophages secrete pro- or anti-
inflammatory mediators and may be involved in propa-
gation as well as in suppression of inflammatory
reactions.7Pathogenetical concepts involving macro-
phages focus on their possible interactions with T cells
and on their generally damaging potential by release of
degrading enzymes and of chemokines. Other or more
distinct effector mechanisms have not been demon-
strated yet.

In the present study we investigated the expression of
MRP8 and MRP14 in the infiltrate of different types of IM.
Both proteins are expressed in early differentiation
stages of monocytes.8,9,41 Expression of MRP8 and
MRP14 in vivo correlates well with disease activity in
different models of inflammation in mice as well as in
various kinds of human inflammatory diseas-
es.11,12,14,16,17,25 Analyzing expression of MRP8 and
MRP14 in IM we found two different phenotypes of infil-

Figure 4. MRP8/MRP14 inhibit expression of myogenin. C2C12 cells were
cultured in the presence of different concentrations of MRP8/MRP14 in
differentiation medium for 72 hours. Immunoblotting shows the two protein
bands known to be recognized by a monoclonal antibody against myogenin
(clone F5D). The different lanes represent myogenin expression of C2C12
cells after 72 hours treatment with decreasing concentrations (800, 200, 50, 0
�g/ml) of MRP8/MRP14. There was an impressive inhibition of myogenin
expression by MRP8/MRP14 treatment.

Figure 5. MRP8/MRP14 induce morphological features of apoptosis in myo-
blasts. Ultrastructural changes of C2C12 myoblasts induced by treatment with
MRP8/MRP14 are consistent with apoptosis. Presented here are control
C2C12 myoblast grown under normal culture conditions (A) and grown
under addition of 800 �g/ml MRP8/MRP14 for 48 hours (B). After prepara-
tion for ultrastructural analysis control C2C12 myoblast present a nucleus
with well-defined margins, regular distribution of chromatin and a nucleolus.
Myoblasts treated with MRP8/MRP14 show typical nuclear features of apo-
ptosis such as condensation of the chromatin along the inner surface of the
nuclear envelope and nuclear shrinkage. There was no clumping of nuclear
chromatin as observed in necrotic nuclei (original magnification, �4600; bar,
2 �m).

Figure 6. MRP8/MRP14 activate caspase-3 in C2C12 cells. C2C12 myoblasts
were incubated with different concentrations of MRP8/MRP14 or medium as
control and prepared as described in Material and Methods. After 16 hours
the cell lysates were incubated with the fluorogenic caspase substrate DEVD-
AMC and measured in a spectrofluorometer. Caspase activity is given in
arbitrary units. Asterisks indicate statistically significant differences com-
pared to untreated controls (P � 0.002).
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trating monocytes/macrophages with a close association
of highly MRP8/MRP14-expressing monocytes with de-
structed muscle fibers in DM, PM, and IBM. Since both
proteins are secreted by monocytes at local sites of
inflammation via a so-called alternative pathway of secre-
tion16,34 we looked for direct effects of extracellular
MRP8/MRP14 on myocytes. We observed a direct inhib-
itory action of MRP8/MRP14 complexes on proliferation of
C2C12 myoblasts as well as on differentiation of this
myoblastic cell line to myocytes in vitro. Inhibition of dif-
ferentiation by MRP8/MRP14 was reflected by a signifi-
cant reduction of myotube formation and confirmed by an
inhibitory effect on the expression of myocytic differenti-
ation markers such as myogenin.35,42 In addition, prolif-
eration of C2C12 cells was blocked in the presence of
MRP8/MRP14. At higher concentrations MRP8/MRP14 in-
duced characteristic morphological and ultrastructural
changes of apoptosis in C2C12 cells as shown by light
and electron microscopy. This finding was confirmed by
two independent assays, eg, detection of DNA fragmen-
tation and determination of caspase-3 activity. Induction
of apoptosis has been described for rat MRP8/MRP14 in
murine fibroblasts and carcinoma cells. This effect de-
pends on de novo protein synthesis and is attenuated by
the presence of different divalent cations as zinc or cop-
per. However, the underlying molecular mechanism and
intracellular signal pathways inducing apoptosis in differ-
ent cells are not yet clear.43–45 A potential candidate to
be involved in this process is the scavenger receptor
CD36 which is supposed to be involved in apoptosis as
well as in interaction with MRP8/MRP14.46,47

Besides signs of destruction, there are also clear signs
of muscle regeneration during IM reflected, eg, by ex-
pression of neural cell adhesion molecule in myocytes.
They could be considered an important compensatory
mechanism against the predominating destructive pro-
cesses which is induced as a constitutive part within the
inflammatory response.48 Impairment of this response
would thus increase the overall destructive outcome. Our
data clearly indicate that MRP8/MRP14 inhibit mecha-
nisms of regeneration by inhibition of myoblast prolifera-

tion and differentiation to myotubes. Although it is not
possible to determine the exact concentrations of MRP8
and MRP14 at the local sites of destruction of myofibers
in IM, MRP8/MRP14 concentrations used in our in vitro
assays are not higher than those demonstrated in various
inflammatory exudates in vivo such as wound secretions
and synovial fluid of rheumatoid arthritis.16,49 The detec-
tion of such large amounts of MRP8/MRP14 in certain
inflammatory conditions thus indicates that our in vitro
data bear relevance in vivo.

In addition, our findings clearly demonstrate that
MRP8/MRP14 induce apoptosis of myoblasts in vitro.
However, our data cannot reflect to what extent this
mechanism is involved in the pathogenesis of DM, PM,
and IBM in vivo. Concentrations of MRP8/MRP14 necessary
to induce apoptosis in vitro are much higher compared to
those sufficient to inhibit proliferation and differentiation of
myocytes. Furthermore, there is a controversial debate
whether or not apoptosis is involved in IM. While Fas/FasL
expression and morphological signs of muscle apoptosis
were found in at least PM and DM by Sugiura et al39 other
independent investigators detected only minor DNA frag-
mentation, only a few cells with characteristic apoptotic
features and no signs of marked caspase activation in situ in
IM. In addition, several anti-apoptotic molecules are up-
regulated in myocytes during IM.50–56

In spite of different etiology possibly involved in induc-
tion of DM, PM, IBM, their pathophysiological pathways
converge on severely disturbing the physiological bal-
ance between destructive and regenerative processes
and shifting it toward degeneration of muscle fibers. The
complete array of molecular effector mechanisms result-
ing in this destructive process is currently not clear. All
three forms of IM present with pathomechanisms result-
ing in activation of the macrophage system, eg, synthesis
of IL-1, tumor necrosis factor, or MCP-1.1,4,5 The obvious
association of MRP8/MRP14 expression with myofiber
destruction in vivo and the clear interference of MRP8/
MRP14 with myocyte regeneration in vitro points to a
novel common role of macrophages in the destructive
processes of different IM. Identification of proinflamma-

Figure 7. MRP8/MRP14 induce DNA fragmentation in myoblasts/myocytes. The leakage of fragmented DNA from apoptotic nuclei was measured by the method
of Nicoletti et al (see Material and Methods).33 The figure presents histograms of flow cytometry after staining with propidium iodide. C2C12 myoblasts were
cultured in the presence of different concentrations of MRP8/MRP14 for 72 hours (A, 800 �g; B, 400 �g; C, 200 �g). There is a high percentage of fragmented
DNA after treatment with 800 �g/ml MRP8/MRP14. The result for 200 �g/ml MRP8/MRP14 was similar to untreated controls.
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tory stimuli leading to recruitment of MRP8/MRP14-ex-
pressing cells and further analysis of the molecular
mechanisms underlying release and extracellular func-
tions of these calcium-binding proteins may thus offer
novel molecular targets for future therapeutic strategies
to inhibit destructive effects of monocytes in IM.
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