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Myocardial Disease

Blocking the Receptor for Advanced Glycation
End Product Activation Attenuates
Autoimmune Myocarditis

Woo-In Yang, MD; Dajeong Lee; Da Lyung Lee, PhD; Sung-Yu Hong, PhD;
Sang-Hak Lee, MD, PhD; Seok-Min Kang, MD, PhD; Dong-Hoon Choi, MD, PhD;
Yangsoo Jang, MD, PhD; Se Hoon Kim, MD, PhD; Sungha Park, MD, PhD

Background: The Receptor for Advanced Glycation End Products (RAGE) is a pattern recognition receptor for
endogenous ligands, and is associated with various inflammatory diseases. However, the role of RAGE activation
in myocarditis has yet to be examined. The potential role of RAGE in the development of experimental autoimmune
myocarditis (EAM) and the effect of RAGE blocking in attenuating the inflammation in the EAM was investigated.

Methods and Results: EAM was evoked in Lewis rats by immunization with porcine cardiac myosin. Soluble RAGE
(sRAGE) was injected to block RAGE activation. Echocardiogram, histological, and immunohistochemical examina-
tions were conducted on days 21 and 42. In rats with EAM, RAGE expression in cardiac tissue was prominent on
day 21. Rats administered sSRAGE during the early antigen-priming phase showed marked attenuation in acute and
chronic inflammation compared with untreated rats. RAGE expression was significantly reduced in rats treated in
the early phase. However, sSRAGE administration, after the initial antigen-priming phase, failed to ameliorate EAM
development.

Conclusions: RAGE expression was significantly increased in the heart during EAM. Blocking RAGE activation
with sSRAGE during the early antigen-priming phase reduced acute and chronic inflammation and improved cardiac
function. In contrast, blocking RAGE after the early phase did not attenuate EAM development. These results imply
that RAGE is involved in regulating innate immune responses during the early phase of myocarditis development.
(Circ J 2014; 78: 1197-1205)
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yocarditis is an often fatal, inflammatory disease of

M the heart with no known specific treatment. Clini-
cal manifestations range from asymptomatic pre-

sentation to development of heart failure, arrhythmia, or circu-
latory collapse.!'* The chronic phase of myocarditis might
result in the development of dilated cardiomyopathy in up to
20% of patients.'~* Although viral infection is a frequent cause
of myocarditis, the autoimmune response has been regarded to
be important in disease progression.>¢ The exposure of cardiac
autoantigen to the host immune system with or without viral

persistence has been suggested to be crucial for myocardial
inflammation. Experimental autoimmune myocarditis (EAM)
is a widely used experimental model of myocarditis, which is
induced by autoimmunization. After cardiac myosin injection,
rats present with severe myocardial damage with inflamma-
tory cell infiltration similar to human myocarditis.”$ In EAM
models, cardiac autoantigens strongly induce innate immune
responses through activation of Toll-like receptors (TLRs) and
inflammasomes, resulting in marked upregulation of pro-in-
flammatory cytokines.” Subsequently, cell-mediated immunity
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by cytotoxic T-cells and macrophages plays an important role
during the peak inflammatory phase.

The Receptor for Advanced Glycation End Products (RAGE)
is a multi-ligand member of the immunoglobulin superfamily of
cell surface molecules.!*!! RAGE activation by RAGE ligands
is associated with the induction of oxidative stress, increases in
inflammatory cytokines, and recruitment of pro-inflammatory
cells.’> RAGE and ligand interactions modulate gene expres-
sion and cellular properties via various signal pathway such as
MAPK, SAPK/INK, Rho GTPase and JAK/SATA. 1314 Conse-
quently, ligation of RAGE activates NF-kB causing immune
responses and tissue damage.!*!5 In myocarditis, self-antigens
have been known to activate an immune response through
TLRs signaling.'® As RAGE is an important endogenous pat-
tern-recognition receptor that triggers innate immune respons-
es, self-proteins generated during myocarditis might activate
RAGE and result in inflammation. However, there have been
no published reports examining the role of RAGE in myocar-
ditis. Therefore, in the present study, we sought to investigate
the extent to which RAGE-mediated inflammation contributes
to the development of EAM. Furthermore, as previous studies
had shown that soluble RAGE (sRAGE) could suppress in-
flammation by the blockade of RAGE receptor signaling,!’-1
we evaluated the potential therapeutic efficacy of SRAGE ad-
ministration during the development of EAM.

Methods

Animals and Immunization

Male Lewis rats (6 weeks old, 200-250g) were purchased
from Sankyo Laboratory (Tokyo, Japan). After 1 week, they
(7-weeks-old, 250-300 g) were immunized with purified por-
cine cardiac myosin to induce EAM.” The rats were main-
tained in compliance with animal welfare guidelines of the
Institute of Experimental Animals, Yonsei University College
of Medicine. Purified porcine cardiac myosin (Sigma Chemical
Co, St. Louis, MO, USA) was dissolved in 0.01 mol/L phos-
phate-buffered saline and emulsified with an equal volume of
complete Freund’s adjuvant (CFA) (Difco, Sparks, MD, USA),
supplemented with Mycobacterium tuberculosis H37TRA (Difco)
at a concentration of 10mg/ml. On days 0 and 7, rats were
injected subcutaneously in the footpads with 0.2 ml of emul-
sion, yielding an immunizing dose of 1.0mg of cardiac myo-
sin per rat. Rats in the normal control group were injected only
with 0.2ml of CFA. This study protocol was reviewed and
approved by the Institutional Animal Care and Use Committee
of Yonsei University College of Medicine.

Reagents

We used sRAGE conjugated to the Fc potion of immunoglobu-
lin for our experiments (A&R Therapeutics, Seoul, Korea).
Conjugated sSRAGE was administered daily at a dose of 5 ug
by intraperitoneal injection according to the specified regimen
in each study group.

Experiment Protocol

Experiment 1 This experiment was carried out to investi-
gate the inflammatory phase of EAM and confirm the potential
role of RAGE in the pathogenesis of EAM. Rats with EAM
(immunized with cardiac myosin, n=51) were prepared. An
echocardiographic examination was performed on days 0, 11,
14,21, 28, 35, and 42 after myosin injection. Rats (n=5 on day
0, n=7 on day 11, n=7 on day 14, n=8 on day 21, n=8 on day
28, n=8 on day 35, n=8 on day 42) were sacrificed after an
echocardiographic examination for the pathologic study. As

previous studies demonstrated that myocardial inflammation
began at approximately 11-14 days, we performed evaluations
onday 11, not on day 7.

Experiment 2 This experiment was carried out to investi-
gate the effect of blocking RAGE signaling on EAM. To iden-
tify potential effects against progressing or established disease,
SRAGE injection was administered at different time intervals
according to the various immunologic phases of EAM. As it
had been demonstrated that initiation of myocardial inflamma-
tion begins at approximately 11-14 days, we defined days 011
as the antigen-priming phase, days 12-20 as the immune re-
sponse phase, and day 20 and beyond as the chronic recovery
phase.??" Rats with EAM were divided into 5 groups according
to the SRAGE injection time: (a) Group R 0-20 (from day 0 to
day 20, n=11); (b) Group R 0-11 (from day 0 to day 11, n=12);
(c) Group R 12-20 (from day 12 to day 20, n=11); (d) Group R
21-35 (from day 21 to day 35, n=6); and (e) Group C (un-
treated group, n=12). Rats without EAM (Group N, n=6) were
also included. SRAGE was administered by intraperitoneal in-
jection. An echocardiographic examination was conducted on
days 21 (Group N, n=3; Group R 0-20, n=6; Group R 0-11,
n=6; Group R 12-20, n=6; Group C, n=4) and days 42 (Group
N, n=3; Group R 0-20, n=5; Group R 0-11, n=6; Group R 12-
20, n=5; Group R 21-35, n=6; Group C, n=8). After the echo-
cardiographic examination, rats were sacrificed for the patho-
logic study.

Echocardiographic Examination

Transthoracic echocardiography was performed on rats anes-
thetized by intraperitoneal administration of pentobarbital so-
dium (0.25 mg/kg; Dainihon Chemical Co, Osaka, Japan). An
echocardiographic machine with a 15MHz transducer (Vivid
Q; General Electric-Vingmed, Milwaukee, WI, USA) was
used. A M-mode echocardiogram was obtained along the short-
axis view of the left ventricle at the papillary muscles, and the
left ventricular ejection fraction (LVEF) was calculated from
M-mode echocardiograms.?!

Heart Preparation

After the echocardiographic examination on days 21 and 42,
the heart was extracted above the origin of great vessels. Then,
the heart was divided into 5 transverse sections. Three sections
from the apex, mid-ventricular, and basal levels were prepared
for pathologic examination.

Histologic Evaluation

Myocardial tissues were fixed in 10% neutral formaline, em-
bedded in paraffin and sectioned. The sections were stained by
hematoxylin-eosin and Masson’s trichrome. The extent of fi-
brosis was measured with a digital camera (Olympus DP72;
Tokyo, Japan) and a computer-assisted analyzer (Image J 1.43
Software Package downloaded from http//imagej.nih.gov/ij/;
NIH, Bethesda, MD, USA). The blue-stained area and total
myocardial area were analyzed with color-based thresholding.
The area of fibrosis (percentage value of the blue-stained area/
entire area) was calculated by 2 investigators who were blind-
ed to slide identification. The average of the area ratio in the 3
sections was calculated.

Immunohistochemical Study

Immunohistochemistry was used to examine CD45RC, CD4RC,
CD8RC, RAGE, high-mobility group box 1 protein (HMGB1)
and intracellular adhesion molecule-1 JICAM-1) expression in
the myocardium. We performed immunohistochemical stain-
ing with anti-CD45RC (1:500, ab33945; Abcam, Cambridge,
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UK), CD4RC (1:500, ab82252; Abcam, Cambridge, UK),
CDS8RC (1:500, ab65865; Abcam, Cambridge, UK), RAGE
(1:50, ab3611; Abcam, Cambridge, UK), HMGB1 (1:100,
ab18256; Abcam Cambridge, UK) and ICAM-1 (1:50,
ab33894; Abcam, Cambridge, UK) antibodies using a Ven-
tana BenchMark XT autostainer (Ventana Medical System,
Inc, Tuscon, AZ, USA), according to the manufacturer’s proto-
col. The areas of CD45, RAGE, HMGBI1 and ICAM-1 immu-
noreactivity were analyzed with a digital camera (Olympus
DP72, Tokyo, Japan) and image-processing software (Image
J 1.43; Bethesda, MD, USA). The stained area and total myo-
cardial area were analyzed with color-based thresholding. The
affected area (percentage value of stained area/entire area) was
calculated by 2 investigators who were blinded to the slide
identification. The average of the area ratio in the 3 sections
was calculated.

Double Immunofluorescence Staining

We conducted double immunofluorescence staining for RAGE
with CD68, and HMGB1 with CD68, on myocarditis tissues.
After deparaffinization, the slides were blocked by using 3%
H202 and 3 mg/ml donkey serum for 1h at room temperature.
After the incubation of mouse CD68 (1:100, abcam #ab31630)
for 90min at room temperature, we incubated mouse Cy3
(Jackson immunoResearch #715-165-151) for 60 min at room
temperature. After washing, we incubated rabbit RAGE (1:100,
abcam #ab3611) and rabbit HMGB1 (1:100, abcam #ab18256)
for 90 min at room temperature). Subsequently, incubation
with Rabbit Alexa 488 (Jackson immunoResearch #715-545-
152) was conducted for 60 min at room temperature and the
slides were observed under a fluorescence microscope.

Enzyme-Linked Immunosorbent Assay of RAGE and HMGB1
An ELISA was performed to determine serum levels of
interleukin-1p (IL-18), RAGE, and HMGBI1. Blood was ob-
tained from the abdominal aorta after animals were sacrificed
for pathologic examination. Serum IL-13, RAGE and HMGB1
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Figure 1. Left ventricular ejection fraction (LVEF) after im-
munization. Heart function in rats with experimental autoim-
mune myocarditis (EAM) decreased significantly starting on
day 21. *P<0.05 vs. day 0 by the Mann-Whitney U-test.

levels were quantified using the commercial kits (R&D sys-
tems, Minneapolis, MN, USA; Abcam, Cambridge, UK; IBL
International, Hamburg, Germany) according to the manufac-
turer’s instructions.

Statistical Analysis

All data were expressed as the mean+standard deviation (SD).
Comparisons between SRAGE-treated groups and untreated
groups were performed by using the Mann-Whitney U-test.
Data analyses were conducted with a commercially available
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Figure 2. Serum levels of interleukin (IL)-18 and high-mobility group box 1 protein (HMGB1) in rats with experimental autoimmune
myocarditis (EAM) after immunization. (A) Serum levels of IL-13 were markedly elevated from day 11 to day 21 in the EAM model
system. (B) Serum levels of HMGB1 peaked on day 11. *P<0.05 vs. day 0 by the Mann-Whitney U-test.
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Figure 3. Active inflammation measured by the infiltration of
CD45-positive cells after induction of experimental autoim-
mune myocarditis (EAM) in rats; myocardial infiltration of
CD45-positive cells began on day 14 and became prominent
on day 21. *P<0.05 vs. day 0 by the Mann-Whitney U test.

statistics software package (SPSS 18, Chicago, IL, USA). A
P-value of <0.05 was considered statistically significant.

Results

Reduced Cardiac Function in EAM

The heart function in rats with EAM was reduced compared
to that of controls beginning at day 14, with a marked reduc-
tion of the LVEF from day 21 to day 42 (Figure 1).

Elevated Serum Level of IL-18 and HMGB1 in EAM

After the induction of EAM, serum levels of the pro-inflam-
matory cytokine, IL-1f, were significantly elevated from day
11 to day 21. After this point, serum IL-1/ concentrations re-

turned to baseline levels (Figure 2A). Serum HMGB1 con-
centrations increased markedly by day 11 and remained ele-
vated through to day 35 (Figure 2B).

Prominent Inflammation in Myocarditis

In rats with EAM, myocardial infiltration by CD45-positive
cells was detectable beginning on day 14. CD45* cell infiltra-
tion increased prominently at day 21 before beginning a grad-
ual decline through to day 42 (Figure 3). However, even at
day 42, increased numbers of CD45* cells were still evident in
myocardial tissues, as compared to control mice without EAM.

Elevated Expression of RAGE, HMGB1, and ICAM-1 in
Cardiac Tissue During Myocarditis

Expression of RAGE, HMGB1, and ICAM-1 were all elevated
in the cardiac tissue of rats with EAM. Expression of RAGE
was significantly increased from day 21 onwards, but was de-
tectable in 29% of rats beginning on day 11 (Figure 4A). Ex-
pression of HMGB1 and ICAM-1 followed a similar pattern,
first becoming detectable at day 11 and then becoming sharply
upregulated at day 21 (Figures 4B,C).

Expression of RAGE and HMGB1 in Cardiac Myocytes and
Macrophages

Under a fluorescence microscope examination, RAGE and
HMGB1 were expressed both in the cardiac myocytes and mac-
rophages (Figure S1).

Improved Cardiac Function After Blocking RAGE

All rats with and without EAM survived through to day 42. An
echocardiographic examination revealed an improved heart
function on day 21 and day 42 in rats treated with SRAGE
during the antigen-priming phase (Group R 0-20, Group R
0-11) when compared with untreated rats (Group C; Figure 5).
However, sSRAGE administration after the antigen-priming
phase (Group R 12-20, Group R 21-35) failed to improve heart
function relative to untreated controls at the time points exam-
ined (Figure 5).

Effect of SRAGE Administration on Active Inflammation and
Chronic Fibrosis
Myocardial infiltration by CD45-positive cells on day 21 was
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Figure 4. Expression of RAGE, HMGB1, and ICAM-1 in the heart during EAM in rats; Expression of RAGE (A), HMGB1 (B) and
ICAM-1 (C) were significantly increased on day 21. *P<0.05 vs day 0. RAGE, receptor for advanced glycation end products;
HMGB1, high-mobility group box 1 protein; ICAM-1, intercellular adhesion molecule 1.
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Figure 5. Heart function on day 21 and day 42 after immunization. (A) Representative M-mode echocardiogram on day 21 (Right)
and day 42 (Left). Group R 0-20 (sRAGE injected from day 0 to day 20); Group R 0-11 (sRAGE injected from day 0 to day 11;
Group R 12-20 (sRAGE injected from day 12 to day 20); Group R 21-35 (sRAGE injected from day 21 to day 35); Group C (un-
treated group); Group N (without EAM). (B) Left ventricular ejection fraction (LVEF) on day 21. (C) LVEF on day 42; rats treated
during the early antigen-priming phase (Group R 0-20, Group R 0-11) presented with improved LVEF compared with untreated
rats (Group C). However, sRAGE administration after the antigen-priming phase (Group R 12-20, Group R 21-35) did not improve
LVEF. Data are expressed as mean+SD. *P<0.05 vs. Group C. sRAGE, soluble receptor for advanced glycation end products;
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significantly attenuated in rats treated with SRAGE during the
antigen-priming phase (Group R 0-20, Group R 0-11). How-
ever, in rats treated after the antigen-priming phase (Group R
12-20), SRAGE administration failed to attenuate the infiltra-
tion by CD45-positive cells, resulting in marked inflammation
on day 21 (Figure 6). Furthermore, Masson’s trichrome stain-
ing on day 42 revealed that fibrosis in Groups R 0-20 and R
0-11 was significantly reduced compared with untreated rats
(Group C). However, rats treated after the antigen-priming
phase (Group R 12-20, Group R 21-35) showed a significantly
larger degree of fibrosis on day 42, compared with untreated
rats (Group C; Figure 6).

Effect of SRAGE Administration on Myocardial T Cell
Infiltration
Myocardial infiltration by CD4- and CD8-positive cells on

day 21 was significantly reduced in rats treated with SRAGE
during the antigen-priming phase (Group R 0-20, Group R
0-11). However, in rats treated after the antigen-priming phase
(Group R 12-20), sRAGE administration failed to attenuate
the infiltration by CD4- and CDS8-positive cells (Figure 7).

Reduced Myocardial Expression of RAGE, HMGB1, and
ICAM After RAGE Blocking With sSRAGE
Immunohistochemical staining of myocardium samples re-
vealed markedly reduced expression of RAGE, HMGB1, and
ICAM-1 on day 21 in those rats that received sSRAGE during
the early antigen-priming phase (Group R 0-20, Group R 0-11).
However, there was no statistically significant difference in the
expression of RAGE, HMGB1 and ICAM-1 between Group
R 12-20 and Group C (Figure 8).
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Figure 6. Acute and chronic inflammation in rats with EAM. (A) On day 21, rats injected with sSRAGE during the antigen-priming
phase (Group R 0-20, Group R 0-11) showed markedly attenuated CD45-positive cell infiltration, compared with untreated rats
(Group C). (B) On day 42, the area of fibrosis in Groups R 0-20 and R 0-11 was significantly reduced compared with that in Group
C. However, myocardial fibrosis was more prominent in Group R 12-20 and Group R 21-35 than Group C. (C) Representative
images of CD45 immunohistochemical staining on day 21 and Masson'’s trichrome on day 42 in each group. Group R 0-20 (sRAGE
injected from day 0 to day 20); Group R 0-11 (sRAGE injected from day 0 to day 11); Group R 12-20 (sRAGE injected from day
12 to day 20); Group R 21-35 (sRAGE injected from day 21 to day 35); Group C (untreated group); Group N (without EAM). Data

are expressed as mean+SD. *P<0.05 vs. Group C. sRAGE, soluble receptor for advanced glycation end products; EAM, experi-
mental autoimmune myocarditis.
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Figure 7. Representative images of CD4 and CD8 immunohistochemical staining on day 21. On day 21, rats injected with sRAGE
during the antigen-priming phase (Group R 0-20, Group R 0-11) showed markedly attenuated CD4- and CD8-positive cell infiltra-
tion, compared with untreated rats (Group C). sRAGE, soluble receptor for advanced glycation end products.
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Figure 8. Expression of RAGE, HMGB1, and ICAM-1in EAM on day 21; expression of RAGE (A), HMGB1 (B) and ICAM-1 (C) on
day 21 in rats treated at the early antigen-priming phase (Group R 0-20, Group R 0-11) was significantly lower than that of un-
treated rats (Group C). Blocking of RAGE after the antigen-priming phase (Group R 12-20) did not significantly attenuate the ex-
pression of RAGE, HMGBH1, or ICAM-1. (D) Representative images of RAGE, HMGB1, and ICAM-1 immunohistochemical staining
on day 21. Group R 0-20 (sRAGE injected from day 0 to day 20); Group R 0-11 (sRAGE injected from day 0 to day 11); Group R
12-20 (sRAGE injected from day 12 to day 20); Group R 21-35 (sSRAGE injected from day 21 to day 35); Group C (untreated group);
Group N (without EAM). Data are expressed as mean+SD. *P<0.05 vs. Group C. RAGE, receptor for advanced glycation end
products; HMGB1, high-mobility group box 1 protein; ICAM-1, intercellular adhesion molecule 1; EAM, experimental autoimmune
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Discussion

In this study, we investigated the contribution of RAGE, a mem-
ber of the immunoglobulin superfamily, in the development of
autoimmune myocarditis. Pathologic analysis of cardiac tissue
in the rat EAM model revealed a significant increase in the
expression of RAGE over controls. RAGE blockade by SRAGE
during the early antigen-priming phase reduced the degree of
acute and chronic inflammation and improved cardiac function.
Furthermore, the early administration of SRAGE resulted in the
markedly reduced expression of RAGE, HMGB1, and ICAM-
1 in the myocardium. However, blocking RAGE after the ini-
tial antigen-priming phase did not attenuate EAM development
or reduce the expression of RAGE, HMGB1 and ICAM-1, and
it failed to improve heart function.

RAGE is a multi-ligand signal transduction receptor for ad-
vanced glycation end products (AGEs), HMGB1 and S100/
calgranulin, and is an important mediator of immune respons-

es.!222 RAGE is involved in inflammation through binding li-
gands and subsequently activating the inflammatory cascade,
as well as by promoting leucocyte recruitment as an adhesion
receptor.?? Increased RAGE expression has been demonstrated
in various chronic inflammatory diseases such as diabetes,
atherosclerosis, rheumatoid arthritis, and inflammatory kidney
disease.?*?* Although myocarditis is the most representative
inflammatory disease of the heart, the role of RAGE in myo-
carditis has not been examined previously. This is the first re-
ported study to demonstrate enhanced expression of RAGE in
the heart during EAM and attenuation of this disease through
RAGE blockade with sSRAGE.

RAGE is normally expressed in lung tissue, macrophages,
T cells, vascular cells, and endothelial cells.?® In this study, we
found that RAGE was not significantly expressed in normal
myocardium. However, in EAM, the expression of RAGE was
markedly increased on day 21 during active inflammation. We
also found that expression of HMGB1 was increased as well.

Circulation Journal Vol.78, May 2014



1204

YANG WI et al.

This result was compatible with a recent study that demon-
strated increased expression of HMGBI in heart tissue during
EAM, and an attenuation of inflammation when HMGB1 was
blocked.?* HMGBI, one of the pro-inflammatory ligands for
RAGE, is usually located in the nucleus, although peripheral
distribution can be induced by cytokine stimulation of im-
mune cells.?”?® The binding of HMGB1 to RAGE can influ-
ence the adhesion of inflammatory cells directly via the activa-
tion of integrins, and indirectly through the enhancement of
adhesion molecule expression including ICAM-1, vascular cell
adhesion molecule-1 and tissue factors.?*3 In this study, serum
levels of IL-15 and HMGBI increased markedly on day 11
after cardiac myosin injection. Unlike the pro-inflammatory
cytokine, IL-18, which remained at high levels in the serum
from days 11 to 21, the serum level of HMGBI1 showed a
trend toward declining between days 11 and 14, and then re-
mained relatively constant through to day 35 (Figure 2). In
contrast, the cardiac expression of HMGB1 and RAGE did not
reach high levels until day 21 following auto-immunization.
HMGBI can be passively released from necrotic cells or ac-
tively secreted by inflammatory cells, such as monocytes or
macrophages.’'3? The notable increase of serum HMGBI at
day 11 might be derived from secretion by inflammatory cells
during the early immune process, which then induces an innate
immune response via its interaction with cell surfaces recep-
tors. Myocardial HMGB1 expression might mainly result from
markedly inflamed myocardium. So, myocardial HMGBI1 is
likely to express late after active immune response. As HMGB1
is an important ligand for RAGE activation, it stands to reason
that RAGE might be important for mediating myocarditis dur-
ing early pathogenesis. This is supported by the findings pre-
sented in our current study, as we demonstrated that blocking
RAGE during the early antigen-priming phase ameliorates
EAM development. Furthermore, we demonstrated that block-
ing RAGE signaling via soluble SRAGE administration during
the early antigen-priming phase led to reduced infiltration by
inflammatory cells and a diminished expression of RAGE.
This reduction in RAGE expression was accompanied by a
reduction in the RAGE ligand, HMGBI1, and the adhesion
molecule, ICAM-1.

In EAM, inflammation has been demonstrated to have 3
phases: an antigen priming phase on days 0-14, an autoim-
mune response phase on days 14-21, and a chronic recovery
phase thereafter.®* During the antigen-priming phase, cardiac
injury begins with the activation of the innate immune re-
sponse. Next, during the autoimmune response phase, activated
T cells are recruited to the myocardium and myocardial dam-
age is aggravated by innate and acquired immune responses.
Thereafter, the chronic recovery phase begins. To identify the
kinetics of SRAGE treatment, we injected SRAGE at different
times. In Group R 0-20, we injected SRAGE from day 0 to day
20, from the antigen-priming phase to the autoimmune re-
sponse phase. Rats in Group R 0-11 were injected from day 0O
to day 11, during the antigen-priming phase, while Group R
12-20 was treated from day 12 to day 20 to focus on the auto-
immune response phase. Treatment of Group R 21-35 oc-
curred from day 21 to day 35, the chronic recovery phase. On
day 21, Group R 12-20 did not show any significant difference
in myocardial inflammation and heart function compared with
rats not treated with SRAGE. Contrary to this, Groups R 0-11
and R 0-20 presented markedly reduced myocardial inflamma-
tion. Thus, treatment with SRAGE was effective when admin-
istrated during the early antigen-priming phase.

In myocarditis, the clinical symptoms manifest after the
initial phase. Therefore, therapeutic interventions need to be

effective when administered after the initiating phase. Contrary
to our expectations, treatment with SRAGE from day 12-20
failed to ameliorate EAM. Even though RAGE expression in
the heart began in earnest after day 14, the administration of
sRAGE within this phase was not able to suppress myocardial
inflammation or expression of RAGE and HMGBI1 on day 21.
There are several possible explanations for this result. The ef-
fective dosage of SRAGE could differ according to the inflam-
matory phase. Alternatively, as active inflammation progresses
in a vicious cycle, the amount of SRAGE required to compete
for RAGE and eliminate ligands might be greater. Another
possible explanation is that RAGE might be mainly involved
in the early, innate immune response during myocarditis. In
this study, increased HMGB1 serum levels were demonstrated
at day 11 of EAM. Therefore, it is likely that the RAGE activa-
tion mediated through the HMGB1-RAGE interaction in im-
mune cells might be important for mediating myocardial in-
flammation during the early phase of EAM. This might be a
major reason for the lack of efficacy of SRAGE administered
after day 11. Furthermore, the initial inflammation mediated
by RAGE might propagate into T cell activation, and once the
adaptive immune response is activated, SRAGE might not be
effective at attenuating inflammation.

Contrary to our expectation, Masson’s trichrome staining on
day 42 revealed that rats treated after the antigen-priming
phase (Group R 12-20, Group R 21-35) showed a larger degree
of fibrosis on day 42, compared with untreated rats (Group C).
It is not clear why myocardial fibrosis was more prominent in
rats treated after the antigen-priming phase compared to the
untreated rats, as the Heart function on day 42 was similar
between rats treated after the antigen-priming phase and un-
treated rats. We do not believe it to be an effect of SRAGE
blockade as rats administered with SRAGE in the antigen-
priming phase did not have an increase in fibrosis.

One limitation of this study is that we could not demon-
strate whether RAGE activation in the leukocytes or the car-
diomyocytes was the major mechanism for the development
of EAM. The co-immunostaining of RAGE/HMGB 1 with
CD68 revealed that RAGE and HMBG1 were expressed both
in leukocytes and cardiomyocytes. Another limitation is that
we did not measure the antibody for cardiac myosin. We did
not examine the effect of RAGE blocking on the production
of anti-myosin antibody. Despite these limitations, we believe
this study has merit in demonstrating, for the first time, the
possible role of RAGE activation in the pathogenesis of acute
myocarditis.

Conclusions

In conclusion, the expression of RAGE was significantly in-
creased in the heart of EAM. The blockade of RAGE by
sRAGE during the early antigen-priming phase reduced acute
and chronic inflammation and significantly improved cardiac
function. However, blocking RAGE after the antigen-priming
phase did not ameliorate the expression of RAGE, HMGBI,
or ICAM-1, and it did not reduce myocardial T-cell infiltration
or improve heart function. From these results, we conclude
that RAGE-mediated inflammation might be important for
the initiation of myocarditis and that blockade of RAGE by
SRAGE during the early phase is associated with a reduction
in myocarditis and preservation of LV function.
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