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Abstract

Background—Myocarditis is a life-threatening heart disease characterized by myocardial
inflammation, necrosis and chronic fibrosis. While mast cell inhibition has been suggested to
prevents fibrosis in rat myocarditis, little is known about its effectiveness in attenuating cardiac
remodeling and dysfunction in myocarditis. Thus, we sought to test the hypothesis that mast cell
inhibition will attenuate the inflammatory reaction and associated left ventricular (LV) remodeling
and dysfunction after fulminant autoimmune myocarditis.

Methods and Results—To induce experimental autoimmune myocarditis, we immunized 30
rats with porcine cardiac myosin twice at a 7-day interval. On day 8 animals were randomized into
treatment either with an intraperitoneal (IP) injection of 25mg/kg of cromolyn sodium (n=13), or
an equivalent volume (~0.5ml IP) of normal saline (n=11). All animals were scanned by serial
echocardiography studies before treatment (baseline echocardiogram) and after 20 days of
cromolyn sodium (28 days after immunization). Furthermore, serial cardiac magnetic resonance
was performed in a subgroup of 12 animals. After 20 days of treatment (28 days from first
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immunization), hearts were harvested for histopathological analysis. By echocardiography,
cromolyn sodium prevented LV dilatation and attenuated LV dysfunction, compared with
controls. Postmortem analysis of hearts showed that cromolyn sodium reduced myocardial
fibrosis, as well as the number and size of cardiac mast cells in the inflamed myocardium,
compared with controls.

Conclusions—Our study suggests that mast cell inhibition with cromolyn sodium attenuates
adverse LV remodeling and dysfunction in myocarditis. This mechanism-based therapy is
clinically relevant and could improve the outcome of patients at risk for inflammatory
cardiomyopathy and heart failure.
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Introduction

Myocarditis, a serious and potentially fatal cardiac disease,1 is an important and under-
diagnosed cause of both acute heart failure and the late development of dilated
cardiomyopathy.3# Despite clear evidence of immune system involvement in the
pathogenesis of myocarditis, >~ studies have failed to show that the use of
immunosuppressive treatment clearly benefits acute myocarditis patients.8: Thus, treatment
of myocarditis remains non-specific and supportive, demonstrating the need to develop
effective, mechanism-based therapy for fulminant myocarditis and its subsequent
complications.

Targeting mast cells could provide a mechanism-based therapy to attenuate inflammation
and cardiac remodeling in myocarditis. Mast cells are granulocytes that develop in bone
marrow and migrate with the blood stream to different tissues where they differentiate and
mature. Although found mainly in the skin, gastrointestinal tract and airways, they are
normally known to reside in cardiac tissue.10 Cardiac mast cells degranulate in response to
infectious and inflammatory stimuli, producing and releasing many mediators such as
histamine, leukotrienes, growth factors, proteases and several cytokines, including IL-1 and
TNF-a which are main participants in the pathogenesis of myocarditis and dilated
cardiomyopathy.11

During the last decade, increased evidence has suggested that mast cells play an important
role in the pathological processes which are part of a variety of cardiac diseases and which
lead to the development of dilated cardiomyopathy and heart failure.1? Mast cells have been
recognized as a potential target for the development of cardioprotective agents in ischemia-
reperfusion injury,® and have been identified as key-factors in the process of myocardial
collagen degradation and fibrosis in the stressed, injured or diseased heart.14-16

Mast cell stabilization compounds have shown promising results in the treatment of various
cardiac diseases in rats. For instance, nedocromil sodium effectively prevented left
ventricular (LV) remodeling, as measured by Millar conductance catheter in hypertensive
rats,1” and reduced morbidity and mortality from heart failure in volume overload rats.18
Cromolyn sodium improved cardiac contractility following hemorrhagic shock and
resuscitation of rats, 19 significantly attenuated pathological cardiac hypertrophy,2° and
reduced myocardial fibrosis, as measured by histopathology, in rats with post-myocarditis
dilated cardiomyopathy.?!

However, previous studies on mast cell inhibition in myocarditis did not use up-to-date
imaging modalities, such as echocardiography or cardiac magnetic resonance (CMR) and it
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is unclear whether mast cell inhibition can improve cardiac remodeling and function.
Therefore, we aimed to determine whether mast cell stabilization, using cromolyn sodium,
would not only attenuate the inflammatory reaction and subsequent myocardial fibrosis, but
also adverse remodeling and dysfunction, during autoimmune myocarditis in rat. The
findings of the present study could be relevant to the treatment of patients with autoimmune
fulminant myocarditis.

Materials and Methods

The study was performed in accordance with the guidelines of The Animal Care and Use
Committee of Sheba Medical Center, Tel-Aviv University, which conforms to the policies
of the American Heart Association and the Guide for the Care and Use of Laboratory
Animals (Department of Health and Human Services, NIH Publication no.85-23).

Experimental autoimmune myocarditis (EAM) Model

Treatment

To induce EAM we anesthetized rats with a combination of Ketamine-Xylazine (40mg/
10mg/kg), and subjected them to porcine cardiac myosin (PCM) immunization (PCM;
MO0531, Sigma-Aldrich, Israel). In brief, we emulsified PCM with an equal volume of
complete Freund’s adjuvant (CFA; Difco, Detroit, MI, USA) mixed with desiccated
Mycobacterium tuberculosis H37Ra (Difco, Detroit, MI, USA). On days 1 and 8, 0.2ml
PCM-CFA emulsion (containing 1mg PCM) was subcutaneously injected into the foot pad
of rats.

Thirty male Lewis rats were used to determine the effect of mast cell stabilization on
histological and functional outcome in myocarditis. After exclusion of animals that died
during EAM induction or anesthesia, the final analysis included 24 rats.

Rats were randomized into two groups: first, a treatment group (n=13) to which an
intraperitoneal (IP) injection of 25 mg/kg cromolyn sodium (Sigma) was administered
starting at day 9 for a period of 20 days. This dose was based on similar studies showing
prevention of infiltration and degranulation of mast cells in rats.2 The second group was a
control group (n=11) which received an equivalent volume of normal saline IP for the same
time period.

Echocardiography to evaluate remodeling and function

Transthoracic echocardiography was performed in all animals before day 1 (baseline
echocardiogram) and after 20 days of cromolyn sodium treatment (28 days after 15t PCM
injection). Echocardiograms were performed with a commercially available
echocardiography system (Sonos 7500, Philips, Andover, MA, USA) equipped with a 12-
MHz phased-array transducer. All measurements were averaged for 3 consecutive cardiac
cycles and reviewed by a cardiologist and an echocardiography expert blinded to study
protocol.22

Cardiac magnetic resonance (CMR)

CMR examinations were performed under isoflurane anesthesia (1.5%, Abbot Laboratories
Ltd., UK), at a constant temperature of 37°C using home-built hot water circulation. Serial
CMR scans were performed in a subgroup of animals (h=12) as a baseline evaluation before
day 1, and after 20 days of treatment (28 days after 15t PCM injection) to evaluate LV
function, scar formation and pericardial effusion. A 3T MRI system was used (3T HDxt Ver.
15 M4A, GE Medical Systems) using a custom-built quadrature cylindrical radiofrequency
volume coil, I.D. 77mm x 178mm length (Doty Litzcage Coil-Doty Scientific, Inc.,
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Columbia, SC, USA). All scans were performed using electrocardiogram gating. For cine
CMR, sequence parameters were as follows: ECG-gated multiphase gradient-echo pulse
sequence with TR=11.8ms, TE=4.3ms, flip angle=20°, field of view (FOV) = 8cm, matrix =
384x192 (in plane resolution of 208uum), receiver bandwidth (BW) = 31.25kHz, slice
thickness = 1.5-2mm, 2 averages, and 1 view per segment.

We analyzed CMR images using a dedicated post-processing CMR Workstation (Medis
Medical Imaging Systems BV, QMass MR 7.4, Leiden, The Netherlands). Cine images
acquired in the short-axis plane with multiple slices were used for functional analysis.
Epicardial and endocardial LV borders at end diastolic and systolic phases were manually
contoured. End diastolic and systolic volumes, ejection fraction, LV wall thickness, wall
thickening and wall motion were calculated and evaluated accordingly.

morphometric and histological analysis

After treatment and functional evaluation, animals were sacrificed with an overdose of
pentobarbital and hearts were arrested with 15% KCI. Hearts were then harvested and
processed for histological examination after perfusion with 4% formaldehyde (15 mmHg)
for 20 minutes. Adjacent blocks were embedded in paraffin, sectioned into 5-pm slices and
stained with hematoxylin-eosin and Masson-Trichrome (Sigma). The slides stained with
Masson-Trichrome were used to evaluate LV remodeling by morphometric analysis
including parameters like LV area, average wall thickness, fibrotic tissue area, and
percentage of fibrosis out of the surface LV area.

To identify mast cells in the heart tissue, serial sections were immuno-labeled with a
monoclonal antibody against mast-cell tryptase (Imgenex, San Diego, CA, USA). Mast cell
density was quantified by counting the number of tryptase-positive cells per field (X200) in
at least 11 fields from each slide. Average mast cell size was calculated by measuring the
area of at least 12 cells per slide in different fields (X400).

To assess vessel density, serial sections were immuno-labeled with antibodies against a-
smooth muscle actin isoform (Sigma-Aldrich, St. Louis, MO, USA). Angiogenesis was
quantified by counting the number of small-medium sized blood vessels per field (X100) in
at least 5 fields from each slide.

Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism 5.00. All values were expressed as
mean +SEM. Differences between baseline and 28 days were assessed with 2-tailed paired t
tests. The difference between means of groups was compared by a 2-tailed unpaired t test. In
addition, a general linear model, two-way repeated-measures ANOVA was used in order to
assess the variation over time of functional measures among the experimental groups. The
model included the effects of treatment, time, and treatment-by-time interaction. Bonferroni
correction was used to assess the significance of predefined comparisons at different time
points.

Cromolyn sodium attenuates LV remodeling and dysfunction

Cromolyn sodium attenuated significant adverse LV dilatation and dysfunction 28 days after
immunization (Table 1). While control rats developed a marked increase from baseline in
LV diastolic and systolic dimensions and marked LV dysfunction (p<0.001, Table 1),
cromolyn-treated rats experienced a non-significant increase in LV dimensions and a modest
deterioration in LV function (Table 1). For instance, LV end diastolic area and LV end
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systolic area increased from baseline by 61+14 and 154+44% in controls, and only by 8+8
and 63+£29% in treated animals. Fractional shortening and fractional area change
deteriorated by 27+6 and 26+6% in controls, and by nearly half (165 and 13+6%) in
treated animals. Thus, cromolyn sodium reduced the adverse changes of LV remodeling and
dysfunction in myocarditis.

CMR was performed in a subgroup of animals (n=12) (Table 2). Although both groups
experienced a significant increase in LV end diastolic volume and systolic volume, the
cromolyn-treated group experienced a smaller increase of these variables (Fig. 1).
Cromolyn-treated rats presented a smaller decline in ejection fraction and maintained a
better stroke volume compared with controls.

Cromolyn sodium preserves LV wall thickness and mass, and reduces fibrosis

Postmortem morphometric analysis of the heart sections was performed 28 days after
induction of EAM (Table 3). LV wall thickness and mass were relatively preserved in
cromolyn-treated hearts compared with controls (Fig. 2). However, LV cavity area was 37%
larger in the controls than in the treatment group (22.2+3.4 vs.16.3+2.6 mm?, p=0.18).
Furthermore, the proportion of myocardial fibrosis was 39% smaller in the cromolyn
sodium-treated hearts (p=0.065, Fig. 3).

Cromolyn sodium reduces cardiac mast cell density and size, and improves angiogenesis

Administration of cromolyn sodium significantly reduced mast cell density in the
myocardium 28 days after induction of EAM, compared with control rats (Fig. 4).
Moreover, average mast cell size was smaller in the myocardium of cromolyn-treated rats
compared with controls (Fig. 4). Angiogenesis was improved in cromolyn-treated hearts
compared with controls (Fig. 5).

Discussion

The major new findings of the present study suggest a protective effect of mast cell
inhibition in the acute phase of fulminant myocarditis. While this effect was evident from
the reduction of fibrosis and the preservation of LV wall mass, it was also supported, for the
first time, by functional evaluation using serial echocardiography and CMR studies. These
non-invasive modalities allowed us to perform a more comprehensive investigation of the
effect of mast cell inhibition, and to create a more solid basis for further clinical research
regarding the use of cromolyn sodium in myocarditis.

Mast cell and myocarditis

Mast cell enzymes have been shown to mediate the extracellular matrix remodeling in the
heart through activation of matrix metalloproteinases.23 Degranulating cardiac mast cells are
observed as early as 6 hours following coxsackievirus B3 infection,24 and increased
numbers of cardiac mast cells have been reported in human patients with end-stage
cardiomyopathy.2> More specifically, the survival of mast-cell deficient mice was
significantly higher compared with controls in a model of acute viral myocarditis, 26 and the
anti-inflammatory effect of eplerenone in viral myocarditis in mice was shown to be related
to inhibition of mast cell-derived proteinases, which resulted in improved myocardial
remodeling by suppressing fibrosis.2’” Moreover, endomyocardial biopsies of patients with
acute myocarditis have shown that cardiac mast cells increase significantly in these patients,
compared with controls.28
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Mast cell inhibition in myocarditis

Although significant advances in understanding the pathophysiological mechanisms of
myocarditis have been achieved during the last years, standard treatment strategies remain
limited to non-specific heart failure therapy in most cases.? Immunosuppressive therapy has
been evaluated in several clinical trials but has not become a standard for myocarditis
therapy.? Thus, mast cell modulation could be an alternative therapeutic approach. Previous
studies have suggested that mast cells play a role in the pathogenesis of myocarditis and
dilated cardiomyopathy?4:26:29.30 and that their inhibition under these circumstances results
in decreased fibrosis and remodeling in rats and mice.2131:32 However, except for the
protective effect of 1L-10 gene transfer in EAM, that was related to prevention of mast cell
degranulation?, little is known regarding the effect of mast cell inhibition in the early
phases of myocarditis, and the functional consequences of this intervention.

We sought to initiate cromolyn sodium treatment before the progression phase of EAM.
This phase is known as the autoimmune response phase, between 10 and 21 days post-
immunization, in which inflammation is significantly increased in the heart.33 We also chose
to evaluate not only histological but also the functional effects of treatment 28 days from
immunization, to assess the mast cell stabilization effect in fulminant myocarditis. Cromolyn
sodium was administered IP and had a systemic effect as a mast cell stabilizer, preventing
degranulation of mast cells by stabilizing the mast cell membrane in all tissues, including
resident cardiac mast cells, thereby also reducing cytokine secretion, as shown in previous
studies.19:34 Twenty-eight days later, we found that cardiac mast cell density and size were
reduced compared with controls, providing possible evidence for the inhibition of cytokine
release, which led to attenuated chemotaxis, replication and differentiation of mast cells. The
role of mast cells in promoting local tissue damage and extracellular matrix degradation is
strongly related to the ability of their products, such as chymase and tryptase, to provide
alternative matrix metaloproteinase activation.23:35:36 |n addition, among many cytokine-
releasing cells, mast cells are the only ones known to store pre-formed TNF-a in their
cytoplasmic granules and release it upon activation.3” Thus, stabilization of mast cells
prevented cytokine storm and local damage to heart tissue. This environment was less
appropriate for the inflammatory processes involved in fibrosis and remodeling of cardiac
tissue to occur, and indeed we found that cromolyn sodium reduced the proportion of
myocardial fibrosis. This result was expected, since cardiac mast cell density has been
demonstrated to strongly correlate with collagen volume fraction?! and to increase
coincidently with the pattern of heart fibrosis.29 Mast cells have been linked to the process
of angiogenesis and especially tumor angiogenesis,3® and the injection of mast cell granules
after myocardial infarction in rats resulted in improved angiogenesis.3® Thus, inhibition of
mast cells would have been expected to prevent angiogenesis in the injured cardiac tissue.
Surprisingly, however, we found that cromolyn sodium increased angiogenesis compared
with controls, and we propose that this result could reflect less fibrosis, thereby facilitating
improved tissue healing and angiogenesis.

We were specifically interested in using CMR due to its increasingly more frequent use for
the non-invasive assessment of patients with suspected myocarditis,*041 and its
effectiveness in assessing LV dimensions and global LV function in pre-clinical and clinical
research. In our study, we used a clinical 3T CMR scanner with a specially designed rat coil.
We believe that the small number of animals in the subgroup undergoing CMR prevented
the results from being as significant as the results of the echocardiography analysis.
Nonetheless, we conclude that LV dilatation and increased end-systolic and end-diastolic
volumes, hallmarks of the late phase of myocarditis,*2 were inhibited in cromolyn-treated
rats, while LV function was relatively preserved. Based on the functional results by CMR
and echocardiography, together with the prevention of mast cell degranulation and the
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reduction in mast cell density, it is reasonable to assume that inhibition of mast cells has
resulted in improved cardiac function in rats with fulminant myocarditis.

Limitations

We chose to stop treatment after 20 days and to assess treatment effects 28 days from the
first immunization. Prolonged treatment or follow-up may be needed for further analysis and
assessment of treatment effect through a longer period of chronic myocarditis and dilated
cardiomyopathy. In addition, we did not provide mechanistic data to demonstrate the effect
of mast cell inhibition at the molecular level, but rather relied on previous studies which
showed these effects.

Some differences between groups were not statistically significant (p<0.05). The lack or
borderline statistical significance might be related to small animal numbers, particularly in
the CMR tested animals. The high sensitivity of rats with myocarditis to prolonged
anesthesia during CMR study restricted the use of CMR in the sick animals. However, the
extent of many changes between the groups was robust, and p values of 0.067, 0.087, and
even 0.15 do not exclude the possibility of significant differences as strongly as a p value of
0.51. Nevertheless, the treatment effect on variables that have clinical prognostic
significance, such as LV systolic area and fractional area change, was statistically
significant. Notably, with CMR there was no change in LV wall thickness, whereas
postmortem analysis did show a difference. These inconsistencies might be related to
technical and location differences between the methods: the morphometric and CMR
analyses did not necessarily measure exactly the same heart slice. Finally, CMR analysis did
not include contrast-enhancement imaging and analysis used to evaluate fibrosis.

Conclusion

Our study supports the possible use of cromolyn sodium or other mast cell stabilizers in
preventing cardiac remodeling and LV dysfunction in experimental myocarditis. Future
research should concentrate on evaluating the optimal time for therapy initiation and the
required duration of treatment. Moreover, it may lead to further investigations into the
efficacy of this method in humans, in an effort to reduce complications and mortality
resulting from myocarditis.
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Figure 1. Cromolyn sodium attenuates LV dilatation compared to controls, 28 days after
induction of EAM by CMR analysis

(a) LV dilatation attenuated in rats treated with cromolyn sodium compared with control
group - lower % of change in LVSA (LV end systolic area). (b—€) Representative end-
systolic short-axis images from CMR function movies at baseline (b—c) and after 28 days
(d—e). Notice the extensive dilatation of both LV and RV (right ventricle) in the control rat
(e), which is attenuated in the cromolyn-treated rat (d).
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Figure 2. Cromolyn sodium preserves LV wall thickness and mass by postmortem mor phometry,
28 days after EAM induction

Representative sections of heart treated with cromolyn sodium () or saline (b) in Masson
Trichrome staining. Morphometry shows that cromolyn treatment preserves LV wall
thickness (c) and area (d) compared to control.
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Figure 3. Cromolyn sodium reduces fibr osis by postmortem mor phometry, 28 days after EAM
induction

Representative sections of the heart treated with cromolyn sodium (a) or saline (b) in
Masson Trichrome staining. Morphometry shows that cromolyn treatment reduces
proportion of fibrosis (c).
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Figure 4. Cromolyn sodium reduces cardiac mast cell density and size, 28 days after EAM
induction

Representative sections of the heart treated with cromolyn sodium (a) or saline (b) using a
monoclonal antibody to mast-cell tryptase (brown). Arrows indicate mast cells containing
tryptase. Analysis based on average density and size shows that cromolyn sodium treatment
significantly reduced cardiac mast cell density (c) and size (d).
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Figure 5. Cromolyn sodium improves angiogenesis 28 days after EAM induction

Representative sections of the heart treated with cromolyn sodium (a) or saline (b) using
antibodies to a-smooth muscle actin. Arrows indicate positively stained small-medium sized
blood vessels. Analysis based on average density of blood vessels (c) shows that cromolyn

treatment significantly improved angiogenesis.
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Table 1

Comparison of LV remodeling and function by 2-dimensional echocardiography, before (Baseline) and 28
days after induction of experimental autoimmune myocarditis, following 20 days of daily IP injection of
cromolyn sodium or saline

Cromolyn sodium (n=13)  Control (n=11) P for treatment effect

LVDD, mm

Baseline 7.1+0.2 6.7+0.2

28days 7.1+0.3 7.7%0.2 0.51
P 0.91 0.005

LVSD, mm

Baseline 3.4%0.1 3.4+0.2

28days 4.1+0.3 4.9+0.3 0.15
P 0.15 0.001

LVDA, mm?

Baseline 36+1 31+3

28days  38+2 464 0.067
P 0.46 <0.001

LVSA, mm?2

Basdline 11+1 11+1

28days  16+2 24+3

P 0.077 0.004

FS, %

Baseline 511 50+2

28days  42+2 35+2 0.087
P 0.01 0.001

FAC, %

Baseline 681 68+2

28days  58+3 49+3 0.046
P 0.03 0.001

aValues are means + SE.

b . . . . . .
P values in the left columns are for the differences between baseline and 28-days measurements. P values in the right column reflect comparison
of the differences between treatment and control groups over time (see Methods).

‘LvDbD =LV end diastolic dimension; LVSD = LV end systolic dimension; LVDA = LV end diastolic area; LVSA = LV end systolic area; FS =
fractional shortening = [(LVDD (=) LVSD)/LVDD]x100; FAC = Fractional area change = [(LVDA (=) LVSA)/LVDA]x100.
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Comparison of LV remodeling and function by CMR, before (Baseline) and 28 days after induction of

Table 2

Page 16

experimental autoimmune myocarditis, following 20 days of daily IP injection of cromolyn sodium or saline

Cromolyn (n=7)

Control (n=5)

P for treatment effect

LV wall thickness, mm

Basdline 2.5+0.08
28days  2.7+0.16
P 0.32
LVDA, mm?2
Baseline 36+2
28days  43%3

P 0.02
LVSA, mm?2
Baseline 9+1
28days  13+2

P 0.03
LV mass, mg
Basdline 437+24
28days 501+34
P 0.19
EDV, pL

Baseline  306+22
28days 41729
P <0.001
ESV, uL

Baseline 116+9
28days  226+20
P 0.001
SV, pL

Basdline 190+17
28days  191+27
P 0.96
EF, %

Basdline 62+2
28days  45%5

P 0.03

a\/alues are means + SE.

2.5+0.08
2.8+0.22
0.46

3443
45+3
0.01

9+0.9
18+2
0.005

453+38
480+43
0.65

301+34
451+32
0.04

114+10
277+29
0.007

187+25
17446
0.61

62+2
3943
0.001

0.63

0.67

b . . . . . .
P values in the left columns are for the differences between baseline and 28-days measurements. P values in the right column reflect comparison

of the differences between treatment and control groups over time (see Methods).

C
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LV = left ventricular; LVDA = LV end diastolic area; LVSA = LV end systolic area; EDV = end diastolic volume; ESV= end systolic volume;
SV=stroke volume = EDV - ESV; EF = ejection fraction =[(EDV (=) ESV)/EDV]x100.
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Table 3

Results of postmortem morphometric analysis.

Cromolyn (n=13) Control (n=11) P
LV Averagewall thickness (mm) 2.240.1 1.9+0.1 0.03
Septal wall thickness (mm) 1.9+0.1 1.6+0.1 0.11
WholeLV area (mm?) 60+0.5 59.3+3.9 0.89
LV Wall area (mm?) 43.7+2.2 37.1+1.4 0.02
LV cavity (mm?) 16.3+2.6 22.243.4 0.18
Fibrotic area (mm?) 3.9+05 4.6+0.6 0.38
Percentage of fibrosisout of LV wall area (%) 8.9x1 12.4x15 0.065

aValues are means + SE.

bLV = left ventricular
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