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Abstract: Cell-mediated immune events play a role in the pathogenesis of myocarditis provoked by
Group B coxsackievirus (CVB). Studies indicated the synthetic derivative of androstene-33,73,173-
triol, HE3286 (17 x-ethynyl-5-androstene-3(3,7[3,173-triol), may ameliorate the course of immunoinflammatory
and autoimmune diseases in rodents. The aim of this study was to evaluate effects of HE3286 on
histological signs of CVB-induced myocarditis. BALB/c mice were infected with coxsackie B3 virus
(CB3V) and treated by intraperitoneal administration of dexamethasone (Dex) or by oral gavage with
HE3286 or with its vehicle, HERF405, for 18 days. Mice were sacrificed and hearts were explanted for
histological and immunohistochemical analysis (TNF-«, IL-6, MMP9, ADAM10 and HSP-70). Heart
tissues of Dex-treated mice showed a better histological structure compared with mice treated with
HERF405. An almost complete resolution of myocarditis was observed in HE3286-treated mice as
evidenced by lack of inflammatory infiltration. Immunohistochemical findings confirmed HE3286
had a more pronounced effect than Dex in reducing inflammatory response associated with in situ
modulation of cytokine expression and tissue remodeling. Our data demonstrate HE3286 has better
results in inhibiting establishment and progression of murine CVB-induced myocarditis than Dex,
suggesting this drug may also have a therapeutic role in treatment of CVB-induced myocarditis.
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1. Introduction

Myocarditis, characterized by inflammation of the myocardium associated with cardiac
dysfunction [1,2], is divided into three categories: noninfectious, infectious and that in which the
immune mechanism is triggered or maintained by an infection. The clinical signs are variable, from
asymptomatic forms to severe pathological conditions. The heterogeneity of symptoms makes early
diagnosis difficult and leads to underestimation of the real incidence of myocarditis. Since the majority
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of viral myocarditis is asymptomatic or oligosymptomatic, the use of diagnostic biopsy is infrequent
and thus the possible viral cause is often not recognized. Viral myocarditis exhibits an inflammatory
response which, if persistent or excessive, may lead to chronicization [2].

In spite of the experimental evidence suggesting that acute and chronic myocardial injury in
myocarditis is due to an immune response involving T lymphocytes and autoreactive antibodies,
the use of immunosuppressive therapies remains controversial as evidenced in several trials using
treatments with prednisone and either azathioprine or cyclosporine [3].

Glucocorticoids are often administered in addition to hemodynamic support in myocarditis, to
limit the acute inflammatory response [4-6]. However, the use of systemic immunosuppression in viral
infection, with consequent induction of systemic immunosuppression, remains controversial for the treatment
of viral myocarditis and studies aimed at identifying novel immunomodulatory drugs capable of
tuning aberrant immune responses without inducing unwanted systemic immunosuppression.

Previous in vitro and in vivo studies by ourselves and others on HE3286 (17x-ethynyl-5-androstene-
33,7(3,173-triol), a synthetic derivative of androstene-3(3,73,173-triol, 17x-ethynyl-5-androstene-3f3,73,
17p-triol, showed that HE3286 ameliorates the course of immunoinflammatory and autoimmune
diseases in rodent models without inducing systemic immunosuppression [7-14].

Recent evidence highlighted the immunopathogenetic mechanisms responsible for the development
of CVB-induced myocarditis and focused on mediators that may play a role in the pathogenesis of the
disease including the proinflammatory cytokines tumor necrosis factor-o (TNF-«) and interleukin-6
(IL-6) [15-18] and matrix metalloproteinases (MMPs) [19,20]. Furthermore, in the past, studies showed
that in different cardiac-related pathologic conditions, such as ischemic heart disease, congestive
heart failure, dilated cardiomyopathy, septic cardiomyopathy and myocarditis, cardiomyocytes were
actively involved in cytokine biosynthesis [21,22].

The aim of our study was to evaluate the effects of HE3286 on the histological progression of
CVB-induced myocarditis. We evaluated the impact of treatment with HE3286 or Dex in a mouse model
of CVB-induced myocarditis and specifically on histological signs of disease and immunohistochemical
detection of cytokines of TNF-«, IL-6, MMP9, a disintegrin and metalloprotease-10 (ADAM10) and
heat shock protein-70 (HSP-70) involved in molecular mechanisms of cardiomyopathies [15,21,23] and
other tissues [24-28]. Our results support that HE3286 has a stronger anti-inflammatory potential than
Dex in reducing the inflammatory response in CB3V-induced myocarditis.

2. Materials and Methods

2.1. Animals

A total of 41 BALB/c male mice, 4—5 weeks old (Harlan Nossan, Correzzana, Italy), were housed
in stainless steel cages during the entire stabling period. The animals were maintained under standard
laboratory conditions (20-22 °C; humidity of 40%-60%; photoperiod of 12/12 h, light and dark)
with ad libitum food and water and were allowed to adapt one week to their environment before the
experiment began. Ante- and post-mortem examinations were conducted by a veterinary surgeon to
establish the state of health of each subject (according to Community Regulation CE n. 854/04 and
council of 29 April 2004).

2.2. Drugs

Test compound 17x-ethynyl-5-androstene-33,7(3,17p3-triol (HE3286), vehicle (HERF405) and
dexamethasone (Dex) were provided by HollisEden Pharmaceuticals (San Diego, CA, USA).
HERF405 contained 0.1% carboxymethylcellulose, 2% polysorbate 80 and 0.1% metabisulfite in
phosphate-buffered saline pH 7.4. Healthy animals (controls) were treated with an equal volume
of vehicle.
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2.3. Experimental Design

Mice were treated by oral gavage with HE3286 80 mg/kg or vehicle HERF405, or intraperitoneally
with dexamethasone (Dex) at the dose of 0.4 mg/kg for 18 consecutive days.
The 41 animals were divided into 4 groups:

(1) HE3286-treated mice (n = 12);
(2) Dex-treated mice (n = 12);

(3) HERF405-treated mice (n = 12);
(4) Control (healthy) mice (1 =5).

Treatment started on the day of intraperitoneal infection with coxsackie B3 virus (CB3V), and was
continued up to the 18th day post-infection when the mice were sacrificed and hearts collected for
histological analyses. This period of time for sacrifice of the mice was chosen according to literature
data showing that the peak of inflammatory infiltrate post-CVB3 challenge occurs 2-3 weeks after
challenge. We started the treatment the same day of intraperitoneal infection with coxsackie B3 virus
in order to evaluate the possible role of HE3286, not only in the progression of murine CVB-induced
myocarditis, but also in inhibiting establishment of the disease. The HERF405-treated mice group was
considered as the control of the coxsackie B3 virus infection (pathogenic model group). Animals were
monitored twice daily, 7 days a week, for health status recording body weight. The day of the sacrifice,
hearts were weighed and submitted for histological analysis and immunohistochemistry.

2.4. Histology and Histochemistry

Heart tissue was collected from each animal and fixed in 10% buffered formalin for 2 h;
after an overnight wash, specimens were dehydrated in graded ethanol, cleared in xylene and
paraffin-embedded. Sections 3—4 pum in thickness were cut from paraffin blocks using a rotary
microtome (Leica RM2235; Leica Microsystems, Wetzlar, Germany), mounted on silane-coated slides
(Dako, Glostrup, Denmark), and air-dried. Slides were dewaxed in xylene, hydrated in graded ethanol,
and stained with Hematoxylin and Eosin (H and E) for histopathological evaluations to highlight the
presence or absence of structural alterations. The sections were examined with a Zeiss Axioplan light
microscope (Carl Zeiss; Oberkochen, Germany) and photographed with a digital camera (AxioCam
MRc5, Carl Zeiss).

2.5. Immunohistochemistry (IHC)

For immunohistochemical analysis, specimens were processed as previously described [29].
Briefly, the slides were dewaxed in xylene, hydrated using graded ethanol and were incubated for 30
min in 0.3% HyO,/methanol solution to quench endogenous peroxidase activity and then rinsed for
20 min with phosphate-buffered saline (PBS; Sigma, Milan, Italy). The sections were heated (5 min x 3)
in capped polypropylene slide-holders with citrate buffer (10 mM citric acid, 0.05% Tween 20, pH 6.0;
Bio-Optica, Milan, Italy), using a microwave oven (750 W) to unmask antigenic sites. The blocking
step was performed before application of the primary antibody with 5% bovine serum albumin (BSA;
Sigma, Milan, Italy) in PBS for 1 h in a humid chamber. BSA was used as a blocking agent to prevent
non-specific binding of the antibody. Following blocking, the sections were incubated overnight at
4 °C with mouse monoclonal anti-TNFa antibody (sc-130349, Santa Cruz Biotechnology, Inc., Dallas,
TX, USA) diluted 1:100 antibody diluent (Dako, Agilent Technologies Company, Santa Clara, CA,
USA); goat polyclonal Anti-IL-6 antibody (sc-1265-R, Santa Cruz Biotechnology, Inc.) diluted 1:100 in
antibody diluent (Dako, Agilent Technologies Company); mouse monoclonal Anti-MMP-9 antibody
(NCL-MMP9-439, Novocastra Laboratories Ltd., Newcastle upon Tyne, UK) diluted 1:100 antibody
diluent (Dako, Agilent Technologies Company); rabbit polyclonal Anti-ADAM10 antibody (ab 1997,
Abcam plc, Cambridge, UK) diluted 1:100 antibody diluent (Dako, Agilent Technologies Company);
mouse monoclonal Anti-HSP-70 antibody (sc-24, Santa Cruz Biotechnology, Inc.) diluted 1:100 in
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antibody diluent (Dako, Agilent Technologies Company). Immune complexes were then treated with
a biotinylated link antibody (HRP-conjugated anti-mouse, anti-goat and anti-rabbit were used as
secondary antibodies) and then detected with peroxidase labeled streptavin, both incubated for 10 min
at room temperature (LSAB + System-HRP, K0690; Dako). The immunoreaction was visualized by
incubating sections for 2 min in a 0.1% 3,3/-diaminobenzidine and 0.02% hydrogen peroxide solution
(DAB substrate Chromogen System; Dako). The sections were lightly counterstained with Mayer’s
hematoxylin (Histolab Products AB, Goteborg, Sweden) mounted in GVA (Zymed Laboratories, San
Francisco, CA, USA) and observed with an Axioplan Zeiss light microscope (Carl Zeiss, Oberkochen,
Germany) and photographed with a digital camera (AxioCam MRc5, Carl Zeiss).

2.6. Evaluation of Immunohistochemistry

The antibodies-staining (TNF-«, IL-6, MMP9, ADAM10 and HSP-70) status was identified as
either negative or positive. Inmunohistochemical positive staining was defined as the presence of
brown chromogen detection on the edge of the hematoxylin-stained cell nucleus, distributed within
the cytoplasm or in the membrane via evaluation by light microscopy as previously described [30].
Positive and negative controls were performed to test the specific reaction of primary antibodies used
in this study at a protein level. Positive controls consisted of tissue specimens with known antigenic
positivity. Sections treated with PBS without the primary antibodies served as negative controls.
Seven fields, randomly selected from each section, were analyzed for morphometric and densitometric
analysis. The percentage areas stained with antibodies (TNF-«, IL-6, MMP9, ADAM10 and HSP-70),
expressed as percentage positive, dark brown pixels of the analyzed fields, and the level (high/low) of
staining intensity of positive areas, expressed as densitometric count (pixel2) of positive, dark brown
pixels of the analyzed fields, were calculated using a software for image acquisition, (AxioVision
Release 4.8.2-SP2 Software, Carl Zeiss Microscopy GmbH, Jena, Germany). Data were expressed as
mean =+ standard deviation (SD). Statistical significance of results was thus accomplished. Digital
micrographs were taken using the Zeiss Axioplan light microscope (Carl Zeiss) fitted with a digital
camera (AxioCam MRc5, Carl Zeiss); evaluations were made by three blinded investigators, whose
evaluations were assumed to be correct if values were not significantly different. In case of dispute
concerning interpretation, the case was reconsidered to reach a unanimous agreement.

2.7. Statistical Analysis

Statistical analysis was performed using SPSS software (SPSS® release 16.0, Chicago, IL, USA).
Data were tested for normality with the Kolmogorov-Smirnov test. All variables were normally
distributed. Immunohistochemical comparisons between means were tested with one-way ANOVA
post-test: Dunnett Multiple Comparisons Test. p-Values of less than 0.05 were considered statistically
significant; p-values of less than 0.01 were considered statistically highly significant. Data are presented
as the mean + SD.

3. Results

3.1. Histology and Histochemistry

The histological analysis showed that heart muscle tissue from HE3286-treated mice had features
similar to healthy control mice (Figure 1A,C). In contrast, in HERF405-treated mice, signs of damage in
myocytes architecture persisted, showing loss of cellular organization, diffused /focal inflammatory
infiltrate and micro hemorrhages (Figure 1B). In Dex-treated mice, though the heart tissue largely
showed a better histological structure with respect to HERF405-treated mice, a number of inflammatory
infiltration foci were evidenced (Figure 1D). The histological examination of the heart tissue showed
a clear trend toward the resolution of myocarditis in mice treated with HE3286 compared to those
treated with vehicle alone and also to those treated with Dex, suggesting a benefit particularly from
treatment with HE3286.
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Figure 1. Histology of heart muscle tissue. Hematoxylin and Eosin staining. (A). Healthy control mice:
heart tissue with normal morphology; (B) HERF405-treated mice: damaged myocytes architecture
with loss of cellular organization, diffused/focal inflammatory infiltrate (black arrow) and micro-
hemorrhages (black arrowheads); (C) HE3286-treated mice: heart tissue with features similar to
healthy control mice; (D) Dex-treated mice: heart tissue with improved morphology but with a
number of inflammatory infiltration foci (black arrows). Original magnification (A-D), 20x; scale bars:
(A-D) =100 pm.

3.2. Immunohistochemistry (IHC)

We evaluated the expression of TNF-«, IL-6, MMP9, ADAM10 and HSP-70, in mice heart tissue
of all experimental groups. The percentage of stained areas (morphometric analysis) by TNF-«, IL-6,
MMP9, ADAM10 and HSP-70, and densitometric count (pixel?) (densitometric analysis), expressed by
dark brown pixels of the analyzed fields, were considered.

3.2.1. TNF-«

Morphometric analysis: Considering the percentage of stained areas in control healthy mice, no
TNF-a immunostaining was detected (Figure 2A,E), in contrast to HERF405-treated mice (Figure 2B,E),
in which it was very extensive (14.85 + 1.14) (p < 0.01), as a consequence of the inflammatory response
in CB3V-induced myocarditis. In HE3286-treated mice (Figure 2C,E), TNF-« immunostaining was
present only in traces (0.91 & 0.14), comparable to that of control healthy mice (p > 0.05). In Dex-treated
mice (Figure 2D,E), TNF-« immunolabeling was detected (6.28 + 0.79) in a wider area with respect to
HE3286-treated mice (p < 0.01), but in a smaller area compared to HERF405-treated mice (p < 0.01).

Densitometric analysis: Considering the densitometric count (pixel?) as reported above, in
control healthy mice, no TNF-a immunostaining was detected (Figure 2F and insert in Figure 2A).
In HERF405-treated mice, a mainly high TNF-oc expression was evident with also a low TNF-«
immunostaining (respectively red and green color in Figure 2F and insert in Figure 2B). In HE3286-
treated mice only traces of high mixed to low TNF-« immunostaining (respectively red and green
color in Figure 2F and insert in Figure 2C) was detected. In Dex-treated mice, a mix of high and low
TNF-o immunolabeling (respectively red and green color in Figure 2F and insert in Figure 2D) was
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highlighted, to a greater extent compared to HE3286-treated mice (p < 0.01), but to a lesser extent with
respect to HERF405-treated mice (p < 0.01).
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Figure 2. TNF-o immunostaining in mice CB3V-induced myocarditis. A-insert in (A) section of heart
tissue of control healthy mice and its image analysis by software in which no TNF-« immunostaining
was detected; B-insert in (B) section of heart tissue of experimental mice treated with vehicle alone
(HERF405 group) in which TNF-a immunostaining was extensive; the relative image analysis by
software in which a mainly high TNF-a expression was evident with also a low TNF-« immunostaining
(respectively red and green color); C-insert in (C) section of heart tissue of experimental HE3286-treated
mice in which TNF-a immunostaining was present only in traces, situation comparable to that of
control healthy mice; the relative image analysis by software confirming the datum; D-insert in (D)
section of heart tissue of experimental Dex-treated mice in which TNF-oc immunolabeling was detected
though in a smaller area compared to HERF405 group; the relative image analysis by software in which
a mix of high and low TNF-a immunolabeling was highlighted (respectively red and green color);
(A-D) original magnification 40 x; scale bar: 50 um; (E) A bar chart representing a comparison of the
percentage areas of TNF-«x-positive areas in HE3286 (n. 12), Dex (n. 12), HERF405 (n. 12)-treated
mice vs. control healthy (n. 5) mice, expressed as percentage positive, dark brown pixels of the
analyzed fields (total of high + low immunostaining); (F) A bar chart representing a comparison of the
immunostaining intensity in TNF-a-positive areas in HE3286 (n. 12), Dex (n. 12), HERF405 (n. 12)-
treated mice vs. control healthy (n. 5) mice, expressed by densitometric count (pixel®) of dark brown
pixels of the analyzed fields. Red bars, high immunostaining; green bars, low immunostaining. Data
are presented as mean + SD. * p < 0.05; ** p < 0.01.
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Morphometric analysis: As with TNF-«, considering the percentage of stained areas in control

75

healthy mice, no IL-6 immunostaining was detected (Figure 3A,E), whereas it was very extensive

in HERF405-treated mice (18.46 + 0.76) (Figure 3B,E) (p < 0.01), as a consequence of inflammatory
response in CB3V-induced myocarditis. In HE3286-treated mice (Figure 3C,E), IL-6 immunostaining
was detected as well as in Dex-treated mice (respectively, 8.5 + 1.02 and 9.31 + 0.82) (Figure 3D,E)
(p > 0.05), but in a smaller area compared to HERF405-treated mice (p < 0.01).

Densitometric analysis: Considering the densitometric count (pixel?) as reported above, in

control healthy mice, no IL-6 immunostaining was detected (Figure 3F and insert in Figure 3A).

In HERF405-treated mice, a high IL-6 expression was evident (red color in Figure 3F and insert in
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Figure 3B). In both HE3286-treated mice and Dex ones, a similar and mainly low IL-6 immunostaining
was detected (green color in Figure 3F, inserts in Figure 3C,D) (p > 0.05), in contrast to the high IL-6
expression in HERF405-treated mice (p < 0.01).
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Figure 3. IL-6 immunostaining in mice CB3V-induced myocarditis. A-insert in (A) section of heart
tissue of control healthy mice in which no IL-6 immunostaining was detected; the relative image
analysis by software confirming the datum; B-insert in (B) section of heart tissue of experimental mice
treated with vehicle alone (HERF405 group) in which IL-6 immunostaining was very extensive; the
relative image analysis by software in which a high IL-6 expression was evident (red color); C-insert in
(C) section of heart tissue of experimental HE3286-treated mice in which IL-6 immunostaining was
detected; the relative image analysis by software in which a low IL-6 expression was detected and
in a smaller area compared to HERF405 group (green color); D-insert in (D) section of heart tissue
of experimental Dex-treated mice in which IL-6 immunostaining was detected as well as in HE3286
group; the relative image analysis by software in which a mainly low IL-6 expression was detected,
similar to HE3286 group (green color); (A-D) original magnification 40x; scale bar: 50 um; (E) A
bar chart representing a comparison of the percentage areas of IL-6-positive areas in HE3286 (n. 12),
Dex (n. 12), HERF405 (n. 12)-treated mice vs. control healthy (n. 5) mice, expressed as percentage
positive, dark brown pixels of the analyzed fields (total of high + low immunostaining); (F) A bar chart
representing a comparison of the immunostaining intensity in IL-6-positive areas in HE3286 (1. 12),
Dex (n. 12), HERF405 (n. 12)-treated mice vs. control healthy (n. 5) mice, expressed by densitometric
count (pixel2) of dark brown pixels of the analyzed fields. Red bars, high immunostaining; green bars,
low immunostaining. Data are presented as mean + SD. * p < 0.05; ** p < 0.01.

3.2.3. MMP9

Morphometric analysis: Considering the percentage of stained areas in control healthy mice, an
almost undetectable MMP9 immunostaining was present (0.136 + 0.05), in contrast to all other groups
in which it was highly evident (p < 0.01) (Figure 4A E). In HE3286-treated mice (Figure 4C,E), MMP9
immunostaining was extensive (5.64 + 0.58) and similar to Dex-treated mice (5.39 + 0.52) (p > 0.05)
(Figure 4D,E), but higher with respect to HERF405-treated mice (5.01 + 0.47) (p < 0.05) (Figure 4B,E).

Densitometric analysis: Considering the densitometric count (pixelz), in control mice, no MMP9
immunostaining was detected (Figure 4F and insert in Figure 4A). In HE3286-treated mice only a
high MMP9 immunolabeling was evident (red color in Figure 4F and insert in Figure 4C) similar to
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Dextreated mice (red color in Figure 4F and insert in Figure 4D), though slightly lower (p < 0.05), but
more evident than in HERF405-treated mice (red color in Figure 4F and insert in Figure 4B) (p < 0.01).
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Figure 4. MMP9 immunostaining in mice CB3V-induced myocarditis. A-insert in (A) section of
heart tissue of control healthy mice and the relative image analysis by software in which an almost
undetectable MMP9 immunostaining was present; B-insert in (B) section of heart tissue of experimental
mice treated with vehicle alone (HERF405 group) in which the MMP9 immunostaining was evident;
the relative image analysis by software in which only a high MMP9 immunolabeling was highlighted
(red color); C-insert in (C) section of heart tissue of experimental HE3286-treated mice in which
MMP9 immunostaining was extensive; the relative image analysis by software in which only a high
MMP9 immunolabeling was evident (red color); D-insert in (D) section of heart tissue of experimental
Dex-treated mice in which MMP9 immunostaining was extensive and similar to HE3286 group; the
relative image analysis by software in which only a high MMP9 immunolabeling was evident similarly
to HE3286 group (red color); (A-D) original magnification 40x; scale bar: 50 um; (E) A bar chart
representing a comparison of the percentage areas of MMP9-positive areas in HE3286 (1. 12), Dex
(n. 12), HERF405 (n. 12)-treated mice vs. control healthy (1. 5) mice, expressed as percentage positive,
dark brown pixels of the analyzed fields (total of high + low immunostaining). (F) A bar chart
representing a comparison of the immunostaining intensity in MMP9-positive areas in HE3286 (1. 12),
Dex (n. 12), HERF405 (n. 12)-treated mice vs. control healthy (1. 5) mice, expressed by densitometric
count (pixel2) of dark brown pixels of the analyzed fields. Red bars, high immunostaining; green bars,
low immunostaining. Data are presented as mean + SD. * p < 0.05; ** p < 0.01.

3.2.4. ADAM10

79

Morphometric analysis: Considering the percentage of stained areas in control healthy mice,
ADAM10 immunostaining was detected to a low extent (3.11 + 0.27) (Figure 5A,E). In HE3286 and
in Dex-treated mice, ADAM10 immunostaining was evident and similar (respectively 41.14 + 0.91
and 40.26 + 1.28) (p > 0.05), but to a lower extent compared to HERF405-treated mice (53.11 + 1.61)

(p < 0.01) (Figure 5B-E).

Densitometric analysis: Considering the densitometric count (pixelz), in control healthy mice, as
reported above, ADAM10 immunostaining was detected to a low extent and it was mainly high (red
color in Figure 5F and insert in Figure 5A). In HERF405-treated mice, a mainly low mixed to high
ADAM10 immunolabeling was detected (respectively green and red color in Figure 5F and insert in
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Figure 5B) to a greater extent with respect to both HE3286 and Dex groups (p < 0.01). In HE3286-treated
mice, a high ADAM10 immunostaining was detected with also a low ADAM10 immunostaining
(respectively red and green color in Figure 5F and insert in Figure 5C). In Dex-treated mice, a mix of
high and low ADAM10 immunolabeling (respectively red and green color in Figure 5F and insert in
Figure 5D) was highlighted, to a slightly different extent compared to HE3286-treated mice (p < 0.01).
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Figure 5. ADAMI10 immunostaining in mice CB3V-induced myocarditis. A-insert in (A) section of
heart tissue of control healthy mice in which ADAM10 immunostaining was detected to a low extent;
the relative image analysis by software in which a mainly high ADAM10 immunostaining was shown
(red color); B-insert in (B) section of heart tissue of experimental mice treated with vehicle alone
(HERF405 group) in which the ADAM10 immunostaining was shown to a greater extent with respect
to both HE3286 and Dex groups; the relative image analysis by software in which a mainly low mixed
to high ADAM10 immunolabeling was detected (respectively green and red color); C-insert in (C)
section of heart tissue of experimental HE3286-treated mice in which ADAM10 immunostaining was
evident and similar to Dex group; the relative image analysis by software in which a high mixed
to alow ADAM10 immunostaining was detected (respectively red and green color); D-insert in (D)
section of heart tissue of experimental Dex-treated mice in which ADAM10 immunolabeling was
evident and similar to HE3286 group; the relative image analysis by software in which a mix of high
and low ADAM10 immunolabeling was detected (respectively red and green color); (A-D) original
magnification 40 x; scale bar: 50 um; (E) A bar chart representing a comparison of the percentage areas
of ADAM10-positive areas in HE3286 (n. 12), Dex (n. 12), HERF405 (n. 12)-treated mice vs. control
healthy (n. 5) mice, expressed as percentage positive, dark brown pixels of the analyzed fields (total
of high + low immunostaining); (F) A bar chart representing a comparison of the immunostaining
intensity in ADAM10-positive areas in HE3286 (n. 12), Dex (n. 12), HERF405 (n. 12)-treated mice
vs. control healthy (1. 5) mice, expressed by densitometric count (pixel?) of dark brown pixels of the
analyzed fields. Red bars, high immunostaining; green bars, low immunostaining. Data are presented
as mean + SD. * p < 0.05; ** p < 0.01.

3.2.5. HSP-70

Morphometric analysis: Considering the percentage of stained areas, in control healthy mice,
an extensive HSP-70 immunostaining was detected (15.74 + 1.78) (Figure 6A,E), in contrast to
HERF405-treated mice (Figure 6B,E) in which it was absent (0.02 + 0.01) (p < 0.01) as a consequence of
pathological events due to CB3V-induced myocarditis. In HE3286-treated mice (Figure 6C,E), HSP-70
immunostaining was evident and slightly lower than in control mice (14.25 + 1.52) (p < 0.05). In
Dex-treated mice (Figure 6D,E), HSP-70 immunolabeling was slightly detected (1.14 + 0.51) so that the
difference with respect to HERF405-treated mice is not significant (p > 0.05).
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Densitometric analysis: Considering the densitometric count (pixel?) in control healthy mice, a high
mixed to low HSP-70 immunostaining was detected (respectively red and green color in Figure 6F
and insert in Figure 6A). In HERF405-treated mice, as reported above, the HSP-70 immunolabeling
was absent (Figure 6F and insert in Figure 6B). In HE3286-treated mice, a mainly high HSP-70
immunostaining was evident with also a low HSP-70 immunostaining (respectively red and green
color in Figure 6F and insert in Figure 6C). In Dex-treated mice, a mix of high and low HSP-70
immunolabeling (respectively red and green color in Figure 6F and insert in Figure 6D) was highlighted,

to a much smaller extent compared to HE3286-treated mice (p < 0.01).
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Figure 6. HSP-70 immunostaining in mice CB3V-induced myocarditis. A-insert in (A) section of heart
tissue of control healthy mice with an evident HSP-70 immunostaining; the relative image analysis
by software in which a high mixed to a low HSP-70 immunostaining was detected (respectively red
and green color); B-insert in (B) section of heart tissue of experimental mice treated with vehicle alone
(HERF405 group) in which the HSP-70 immunostaining was not detected; the relative image analysis by
software confirming the datum; C-insert in (C) section of heart tissue of experimental HE3286-treated
mice in which HSP-70 immunostaining was evident though slightly lower than in control healthy mice;
the relative image analysis by software in which a mainly high HSP-70 immunostaining was evident
with also a low HSP-70 immunostaining (respectively red and green color); D-insert in (D) section of
heart tissue of experimental Dex-treated mice in which HSP-70 immunolabeling was slightly detected;
the relative image analysis by software in which a mix of high and low HSP-70 immunolabeling
(respectively red and green color) was detected but to a much smaller extent compared to HE3286
group; (A-D) original magnification 40 x; scale bar: 50 um; (E) A bar chart representing a comparison
of the percentage areas of HSP-70-positive areas in HE3286 (1. 12), Dex (1. 12), HERF405 (1. 12)-treated
mice vs. control healthy (1. 5) mice, expressed as percentage positive, dark brown pixels of the
analyzed fields (total of high + low immunostaining); (F) A bar chart representing a comparison
of the immunostaining intensity in HSP-70-positive areas in HE3286 (n. 12), Dex (n. 12), HERF405
(n. 12)-treated mice vs. control healthy (. 5) mice, expressed by densitometric count (pixel?) of dark
brown pixels of the analyzed fields. Red bars, high immunostaining; green bars, low immunostaining.
Data are presented as mean + SD. * p < 0.05; ** p < 0.01.

4. Discussion

Myocarditis, particularly types with viral etiology, are difficult to diagnose.
inflammatory response contributes to myocardial injury and whether tissue alteration could be avoided
by a more rapid decline of inflammation is currently unknown [2]. As reported previously, mediators

that may play a role in the pathogenesis of the CVB-induced myocarditis include proinflammatory
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cytokines such as TNF-oc and IL-6 [15-18] and MMPs [19,20]. In addition, studies showed that in
different cardiac-related pathologic conditions, cardiomyocytes were actively involved in cytokine

biosynthesis [21,22].
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In pathological conditions such as dilated cardiomyopathy, heart failure and reperfusion injury,
the activity of MMPs increases, thus effecting the cell and cell-matrix reassortment, playing a role
in the abnormal remodeling of the heart [23,31-34]. ADAMs are also important enzymes affecting
the basic structure of heart tissue by controlling cell-cell and cell-matrix interaction. When activated
in pathological conditions, such as cardiomyopathy, collagen outgrowth and decomposition are
accelerated [23]. All ADAMs are expressed in inflammatory cells [35]. Among ADAMs, ADAM-10
is involved in physiological [36,37] and pathological processes [29,30,38,39], and it is able to
modulate inflammatory responses through several patterns [30,40-43]. In particular, ADAM-10
expression increases in dilated heart tissue from patients with atrial fibrillation, with chronic dilated
cardiomyopathy and in some experimental-induced cardiomyopathy [23,44,45]. Human body
normally reacts to tissue stress activating adaptive cellular mechanisms, which tend to restore a state
of tissue homeostasis. Among them, the increased production of HSPs is well known [24,25,46,47].
HSPs, normally present in cells, increase when damage occurs after subsequent periods of oxidative
stress and provide a rapid tissue remodeling [26,28]. HSPs preserve cellular integrity through several
mechanisms [26,46,47], and their immunoregulatory functions are highlighted in the activation of
innate and adaptive immune system [48-51]. In cardiovascular biology and diseases, HSPs exhibit
different protective functions, including inhibition of pro-inflammatory cytokines [48,52,53]. Among
HSPs, HSP-70, whose expression is highlighted in the myocardial tissue as consequences of functional
or pathological causes [28,46,47,54], has the ability to repair proteins [24,55].

Scientific research seeks to obtain new anti-inflammatory treatments for viral myocarditis,
characterized by a low incidence of adverse effects, typical of glucocorticoids. HE3286 is one
of the new drugs studied for this purpose. It is characterized by an ethynyl group at the 17«
position, making the molecule orally bioavailable and stable to metabolism [56,57]. HE3286 has
already been object of experimental studies [7-14,57-59]. Our results confirm the anti-inflammatory
activity for HE3286. Results of our study on mice with CB3V-induced myocarditis demonstrated
immunohistochemically that, in vehicle-treated mice, TNF-oc and IL-6 expression are extensive and with
a high level of intensity, a consequence of the inflammatory response. On the contrary, in mice treated
with HE3286, a great reduction in TNF-o expression is evident also when compared to mice treated
with Dex. Our results clearly indicate that HE3286 contributes to suppress the expression of TNF-ot in
CB3V-induced myocarditis, and in a better manner compared to Dex. Also, IL-6 expression is reduced
in HE3286-treated mice, but the reduction is similar to that of mice treated with Dex, even if in the latter
a high intensity of expression is also detected. Our results indicate that HE3286 has some efficacy in
contributing to suppress expression of IL-6 in CB3V-induced myocarditis, as well as Dex. These results
together support that HE3286, even while maintaining the necessary immune response, prevents
an excessive inflammatory activity which may itself worsen the clinical picture of viral myocarditis.
Furthermore, the activity of HE3286 seems to be more desirable than that of Dex, which is less incisive
than HE286. On the other hand, our data show that MMP9 expression is evident, extensive and at
comparative levels of intensity in all experimentally treated groups. This indicates that neither HE3286
nor Dex have some influence in mice CB3V-induced myocarditis, with respect to this enzyme. Results
concerning ADAMI10 highlighted that its expression in mice treated with HE3286 is similar to that of
Dex-treated mice, and lower than that of experimental mice treated with vehicle alone. Our results
indicate that HE3286 and Dex contribute in a similar manner to maintain slightly lower expression
levels of ADAM10 in CB3V-induced myocarditis. Given the ability of HSP-70 to activate the adaptive
cellular mechanisms, which tend to restore tissue homeostasis when an injury occurs, we evaluated its
expression upon HE3286 administration. Results show that HSP-70 expression in mice treated with
HE3286 is similar to that of healthy control mice, though slightly lower but with a mainly high intensity,
and much higher than that of mice treated with Dex. Instead, in mice treated with vehicle alone,
HSP-70 is not expressed, thereby suggesting that CB3V infection inhibits the remodeling function of
HSP-70 in heart tissue. This indicates that HE3286 contributes to a better response of myocardial tissue
to the cytological stress caused by a CB3V infection, as compared to other drugs such as Dex. From our
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immunohistochemical findings, HE3286 seems to have a significant role in reducing the inflammatory
response that could lead to chronicity of myocarditis induced by CB3V, in a more efficient manner than
Dex. In relation to the influence on cytokines involved in molecular mechanisms of cardiomyopathies,
including tissue remodeling, at least those we have considered in our study (MMP-9, ADAM10 and
HSP70), the action of HE3286 does not seem to be uniform. Histological analysis strengthens the
immunohistochemical results, showing morphological improvement of heart tissue in mice treated
with HE3286, better than in mice treated with Dex, thus demonstrating that HE3286 exerts beneficial
effects on resolving the disease without apparent immunosuppressive activity. The mechanism by
which HE3286 mediates its anti-inflammatory activity is not yet well known. A possible pathway
includes ligand inactivation, modulation of ion channels, interaction with atypical receptors, and
modulation of steroidogenic enzymes [57,60,61]. Previous studies associated the activity of HE3286
with increased regulatory T cells, maintaining immune homeostasis and preventing autoimmune
disease [57,62,63]. Moreover HE3286 plays a role in the reduction of pro-inflammatory cytokines such
as IL-17 and IL-6, involved in the biology of regulatory T cells [12,57,64] and in the transition from acute
to chronic inflammation [57,61,65]. From theliterature, HE3286 could downregulate NFkB-mediated
pro-inflammatory cytokine production [12,59,66-68] or decrease phosphorylation of IKK, NFkB,
P38, and JNK associated with inhibition of TNF-« action [59,69]. Previous studies show that CVB3
infection induces ERK1/2 phosphorylation and that the inhibition of ERK1/2 activation attenuates
viral replication and subsequent cell death [70-72]. It is proposed that ERK1/2 phosphorylation is
triggered by viral protease-mediated cleavage of RasGAP during CVB3 infection [71]. In addition,
it was reported that ERK1/2 regulates the entry of CVB3 into the host cells [73]. It is therefore likely
that the protective action of HE3286 in the present model of CVB3-induced myocarditis may be due to
its ability to inhibit the ERK1/2 pathway [59,69].

Although the mechanism of action is not yet defined, HE3286 seems to have good pharmaceutical
properties, including good oral bioavailability and resistance to metabolism [56,57]. Thus its use in
disease settings of chronic inflammation, in which administration over a long period is more opportune,
seems to be more adequate than glucocorticoids [57].

5. Conclusions

Since timely diagnosis is crucial for resolution of myocarditis but often difficult due to the
oligosymptomatic presentation of the disease in the early phases, we remark that a support therapy
can help to improve the evolution of myocarditis. We believe that this study could have a clinical
relevance, encouraging the scientific community to find treatments, besides the existing ones, that
could have some beneficial effects with respect to the progression of viral myocarditis and hence its
possible chronicization. HE3286 is one of the new drugs studied for this purpose, and our results
provide indications for further investigations. A limitation of the present study is the lack of other
quantification methods such as Western blot, in order to confirm and support the results obtained from
paraffin-embedded samples.
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