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Summary

Pericarditis is a group of polyetiological diseases often associated with emergence of life-threatening con-
ditions. Poor knowledge of underlying cellular mechanisms and lack of relevant approaches to investigation
of pericarditis result in major challenges in diagnosis and treatment.

The aim of this work was to identify changes in the activity of autophagy in epicardial cells in acute peri-
carditis.

Materials and methods. Acute pericarditis in mice was induced by intrapericardial injection of Freund's
adjuvant in the study group (N=15). The control group included animals receiving either intrapericardial
injection of phosphate-buffered saline (PBS) (N=15), or sham surgery without injections (N=7). On Days 3
or 5 after surgery the animals were euthanized under isoflurane anesthesia. Immunofluorescence staining
of cardiac tissue cryo-sections and immunoblotting were used to assess the intensity of inflammation and
autophagy in the epicardium.

Results. Inflammation and other signs of acute pericarditis resulting in thickening of some epicardial areas
were found: 68+9% in the control (after PBS injection) and 124+22% after Freund's adjuvant injection (P=0.009);
other signs included cellular infiltration of epicardium and multiple adhesions. The epicardial layer exhibited
signs of mesothelial cells reorganization with 11-fold increase of autophagy markers LC3 II/LC3 I ratio: 0.07+0.02
in the control group (after PBS injection) and 0.84+0.07 — in acute pericarditis (P=0.04), and accumulation of

collagen fibers.

Conclusion. Development of acute pericarditis is accompanied by activation of epicardial mesothelial cells,
intensified autophagy and development of fibrous changes in epicacardial/ subepicardial areas.
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Introduction

Pericarditis is an inflammatory condition of
the serous membranes of the heart characterized
by thickening, fusion, and fibrotic transformation
of the pericardial layers, which can lead to heart
chamber compression and their abnormal diastolic
filling [1-3]. It is a fairly common clinical finding
during the evaluation of hospitalized patients with
chest pain, dyspnea, and other signs of heart failure.
According to the literature, pericarditis is found in
0.1-0.2% of hospitalized patients with nonischemic
chest pain, and acute pericarditis is diagnosed in
5-7% of emergency department admissions [3, 4].

According to biopsy data, fibrotic changes
of the visceral pericardial layer (epicardium) are
found in most cases, regardless of the etiology.
These changes are often accompanied by fibrosis
in the underlying myocardial layers and subse-

quent heart failure [5, 6]. The progression of
fibrosis to the underlying myocardium associates
with a poor prognosis [7-9]. The therapy for these
patients is often chosen based on the nature of
the disease, with treatment limited to prescribing
non-steroidal anti-inflammatory drugs and
colchicine [10]. This is largely due to the fact that
many aspects of the pathogenesis of pericarditis
remain poorly understood, as do the cellular
mechanisms of its development.

According to recent research, one of the mech-
anisms of cellular response to the inflammatory
microenvironment is an alteration in autophagy
activity [11, 12]. Autophagy is an evolutionarily con-
served mechanism that, at a basic level, helps to
maintain cellular homeostasis by utilizing macro-
molecules and organelles via the lysosomal degra-
dation pathway [13, 14]. Under stress, autophagy
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can help cells survive by providing a temporary
cellular adaptation to unfavorable conditions, but
excessive activation has the opposite effect, resulting
in cell death and the development of abnormalities
such as fibrosis.

The aim of the study was to identify changes
in autophagy activity in epicardial cells during acute
pericarditis.

Materials and Methods

Modeling of acute pericarditis. Acute peri-
carditis was modeled in vivoin male C57BL/6 mice
(N=37, age 8 weeks, weight 28-30 g). Animal exper-
iments were performed in accordance with the Eu-
ropean Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific
Purposes (Strasbourg, March 18, 1986, ETS 123),
International Guiding Principles (Code of Ethics)
for Biomedical Research Involving Animals, devel-
oped and published in 1985 by the Council for In-
ternational Organizations of Medical Sciences
(CIOMS), Rules for Conducting Research Using Ex-
perimental Animals, approved by the Appendix to
the Order of the Ministry of Health of the USSR No.
755 dated August 12, 1977. Animals were maintained
on a standard diet and had free access to water.
Surgery was performed under aseptic conditions
under general anesthesia (Avertin, intraperitoneal
injection). Mice were intubated and placed on a
ventilator (MiniVent, Hugo Sachs Elektronik/Harvard
Apparatus, Germany). After preparation of the sur-
gical field, a longitudinal skin incision was made
along the anterior midline from the angle of the
sternum to the base of the xiphoid process. The
underlying tissues were separated by blunt dissection.
After exposing the outer surface of the intercostal
muscles, a horizontal incision was made in the 9th
intercostal space from the sternocostal joint to the
mid-axillary line to enter the thoracic cavity and
provide access to the heart. Study group animals
(N=15) were injected intrapericardially with 50 pL
complete Freund's adjuvant under visual guidance
using a Leica M620 surgical microscope. The control
animals were injected intrapericardially with 50 pL
phosphate-buffered saline (N=15) or underwent
surgery without intrapericardial injection of any
drug (sham-operated animals, N=7). The wound
was then sutured layer by layer. On day 3 or 5 after
surgery, animals were euthanized by cervical dislo-
cation after inhalational anesthesia with isoflurane.

Analysis of myocardial cryosections after
modeling of acute pericarditis in mice. To evaluate
the manifestations of acute pericarditis, murine
hearts were extracted, washed with physiological
solution, embedded in Tissue-Tek O.C.T. Compound
Medium (Sakura Finetek), frozen in liquid nitrogen
vapor, and used to prepare cryosections. Cryosections
(7 pym thick) were placed on slides and stored at

—70°C Heart sections were stained with hematoxylin-
eosin and Mallory's method according to previously
described protocols [15-18]. The following solutions
were used for Mallory staining: solution A (1% acid
fuchsin), B (1% phosphomolybdic acid), and C (2%
orange G, 0.5% methyl blue, 2% oxalic acid). Fixed
cryosections were sequentially incubated in solu-
tion A (2 min), solution B (4 min), and solution C
(15 min). Between each staining, the slides were
washed with distilled water, dehydrated, and mount-
ed with xylene-based medium.

Immunofluorescence staining was performed
using antibodies against markers of activated epi-
cardium Wtl (Abcam, USA), CD68 macrophages
(Abcam, USA), autophagy LC3B (Abclonal, China;
Millipore, Germany), and secondary antibodies
conjugated to the fluorescent dyes Alexa Fluor 488,
Alexa Fluor 594.

Morphometry was performed by manual count-
ing using Image ] software (National Institutes of
Health, USA).

Evaluation of LC3 expression by immunoblot-
ting. For the analysis of autophagy activity, we used
samples of epicardial scrapings from the hearts of
control animals and mice after modeling acute
pericarditis. Proteins were separated by DSN elec-
trophoresis in 10% polyacrylamide gel on a Mini-
PROTEAN 2 device (Bio-rad, USA) and electrotrans-
ferred to PVDF membrane (Millipore, USA) on a
Trans-blot Turbo device (Bio-rad, USA). After elec-
trotransfer, the membrane was incubated in a block-
ing buffer (phosphate-buffered saline containing
5% skim milk powder (AppliChem, USA)). The mem-
brane was then incubated with antibodies against
LC3 I/1I (Abclonal, USA) for 12 hours at +4°C with
constant stirring. The membrane was then washed
three times in PBS containing 0.05% Tween-20 (each
wash for 10 minutes with continuous agitation).
After the washes, the membrane was incubated
with secondary antibodies against rabbit im-
munoglobulins conjugated to AffiniPure (H+L)
horseradish peroxidase (HRP) (Jackson ImmunoRe-
search, USA). The membranes were then washed 3
times for 10 minutes each in phosphate-buffered
saline containing 0.05% Tween-20. Proteins were
detected using SuperSignal West Pico chemilumi-
nescent substrate (Thermo Scientific, USA). The
signal was captured using a Fusion-SL 3500.WL gel
documentation system (Vilber Lourmat, France).
Morphometry was performed using Image J software
(National Institutes of Health, USA).

Microscopy and image analysis. Myocardial cell
structures and cryosections were analyzed using an
Axiovert 200 M fluorescence microscope (Carl Zeiss,
USA) and AxioVision 4.8 software (Carl Zeiss, USA).

Statistical significance of differences between
samples was evaluated using the non-parametric
Mann-Whitney test. Data were analyzed using Sta-
tistica 8.0 software (StatSoft, Inc.).
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Results

Intrapericardial injection of Freund's adjuvant
resulted in the development of signs of acute peri-
carditis. Intrapericardial injection of Freund's ad-
juvant into the pericardial cavity induced an in-
flammatory response in the pericardial leaflets. On
day 3 of observation, the acute inflammatory re-
sponse was manifested by exudation and infiltration
with polymorphic cells, including lymphocytes,
monocytes, and plasmocytes.

Macroscopically, thickening of pericardial
leaflets with loss of transparency and development
of adhesions with pleura, diaphragm and lungs was
observed on day 5 after inducer administration.
Hematoxylin and eosin staining results showed that
sham-operated animals showed no signs of mor-
phological changes in the epicardial layer of the
heart and did not express Wtl marker in the epi-
cardial zone. Meanwhile, the visceral pericardium
(epicardium) of the experimental group mice was
significantly thicker (Fig. 1, g, b) than the epicardium
of the control group animals injected with PBS.

The percentage of thickened epicardial zone
in control (after PBS administration) and after Fre-
und's adjuvant administration was 68+9% and
124+22%, respectively (N=6, P=0.009). Wtl+ cells
of activated epicardial mesothelium, reorganization
of the epicardial/subepicardial area and collagen
accumulation were detected (Fig. 2, ¢, d), which
was practically absent in the control group.

The development of fibrotic transformation
of the pericardial leaflet is accompanied by the ac-
tivation of autophagy in epicardial cells.

Numerous studies show that inflammatory
and fibrotic changes in various body tissues are as-
sociated with autophagy dysregulation.

Considering these data, we analyzed autophagy
activity after modeling acute pericarditis. LC3 II ex-
pression was found to be significantly increased in
cells of the activated epicardial layer after adjuvant
administration (Fig. 2, b) compared to that in control
group mice (after PBS administration) (Fig. 2, a).

Immunoblotting results showed (Fig. 2, ¢) that
during the development of pericarditis, epicardial
cells exhibited an 11-fold increase in the ratio of
LC31I/LC31(0.07+0.02 in controls and 0.84+0.07
in acute pericarditis groups, P=0.04), indicating in-
creased autophagosome formation and autophagy
activity.

Discussion

Currently, pericarditis remains a rather rare dis-
ease, which causes significant diagnostic difficulties
for primary care physicians [19, 20]. At the same
time, even in the case of successful diagnosis, medical
treatment has limited efficacy, is often prescribed
without considering the etiology, has no effect on
the progression of fibrosis in the pericardial leaflets
and long-term prognosis. This is largely due to the
limited understanding of the cellular mechanisms
of pericarditis development and the lack of relevant
animal models in the study of the disease [21].

For the first time, our modeling of acute peri-
carditis in mice showed the following.

1) Intrapericardial Freund's adjuvant injection
resulted in an acute inflammatory reaction in the
pericardium with thickening and fibrous transfor-
mation of the visceral pericardial leaflet, as well as
the formation of adhesions.

2) The development of acute pericarditis man-
ifestations was accompanied by autophagy activation
in epicardial and subepicardial cells.

The injection of Freund's

c adjuvant into the pericardial
cavity resulted in chaotic re-
distribution of epicardial cells
and significant thickening of
the visceral pericardial leaflet.
These changes are most likely
caused by epicardial cells'
ability to initiate epithelial-
mesenchymal transition
(EMT) in response to proin-
flammatory microenviron-
ment factors, resulting in their
cell cycle entry, enhanced mi-
gration ability, differentiation
into fibroblasts/myofibrob-
lasts, and matrix accumula-

Fig. 1. Morphological changes in the epicardial/subepicardial area after modeling of

acute pericarditis (day 5).

Notes. Sections of murine hearts stained: a, b — with hematoxylin-eosin; ¢, d — by Mallory
method. a, ¢ — control group; b, d — after acute pericarditis modeling. Blue staining

indicates the presence of collagen.

tion [22]. Furthermore, acti-
vated epicardium cells accu-
mulated LC3 II protein in-
volved in autophagosome as-
sembly, indicating autophagy
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Fig. 2. Development of acute pericarditis induces increased expression of the autophagy marker LC3 in epicardial cells of the

murine heart.

Note. Red color (g, b) indicates staining of autophagy marker LC3 II. a— control group (after FSB injection); b— after induction of
acute pericarditis. c— evaluation of autophagy marker LC3 I and LC3 II expression by immunoblotting and graph. The ratio of LC3
II/LC3 Iin the control was taken as 1. * P=0.04. Data are shown on day 5 after surgery.

activation, which is a highly conserved process
aimed at cell development, differentiation, and
adaptation to specialized microenvironmental con-
ditions [23, 24]. These findings are consistent with
previous research indicating that autophagy plays
an important role in the regulation of the inflam-
matory response associated with fibrosis [25-27].
High autophagy activity has been linked to the de-
velopment and maintenance of a proinflammatory
microenvironment. Autophagy can regulate the se-
cretion of cytokines like IL-1, IL-18, TNF-¢, and
IFNy [28, 29]. Macrophages secrete the mature form
of IL-1f in an unconventional manner, relying on
chaperone-mediated autophagy that inhibits its se-
cretion in the «baseline» state [30]. The IL-1( secreted
by macrophages suppresses the transformation of
fibroblasts into myofibroblasts. However, it also
stimulates the synthesis of proinflammatory cy-
tokines and matrix metalloproteinases (MMP), pro-
moting inflammation and matrix remodeling [31].

According to the results of recent studies, there
is still a strong scientific interest in studying the
mechanisms of autophagy involvement in the de-
velopment of fibrosis in various tissues [32, 33].

However, there is no information on the role of au-
tophagy in the pathogenesis of acute pericarditis
or the development of cardiac fibrosis. Meanwhile,
the role of autophagy in the formation of myofi-
broblast pools, which are key players in progressive
fibrosis, deserves attention. Suppression of autophagy
prevents cardiac fibroblasts from transforming into
myofibroblasts, resulting in decreased expression
of «SMA and ED-A fibronectin, as well as decreased
contractile and migratory activity [34]. In a recent
study, autophagy was found to increase collagen I
secretion by dermal fibroblasts [35].

Thus, autophagy activation observed during
acute pericarditis may be linked to the development
of fibrosis in the epicardial zone by promoting a
proinflammatory microenvironment, fibroblast/my-
ofibroblast formation, and collagen accumulation.
Investigating the possibility of interfering with the
progression of epicardial fibrosis by modulating
autophagy levels may be a promising area of research
for the development of new, highly effective treat-
ments for pericarditis. New Zealand researchers
have already taken the first steps in this direction
by demonstrating the efficacy of the autophagy in-
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hibitor hydroxychloroquine in the treatment of
rheumatic pericarditis [36]. Russian researchers [37]
confirmed the potential usefulness of hydroxy-
chloroquine by showing that it reduces the severity
of inflammation and effusion development in sub-
acute and chronic pericarditis, both alone and in
combination with low-dose steroids. According to
these findings, autophagy may be a promising ther-
apeutic target for pericardial inflammation.

Conclusion

Acute pericarditis is characterized by activation
of epicardial mesothelial cells, increased autophagy
activity, and fibrotic changes in the epicardial/subepi-
cardial area.

More research is needed to determine if mod-
ulating autophagy can affect the development of
acute pericarditis.
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