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Summary

Fundamental research in recent years has allowed us to reassess the molecular and cellular mechanisms
of cardiac ontogenesis and its repair after damage. The epicardium, the outer, tightly adjoining layer of the
cardiac wall formed by epicardial mesothelial cells, collagen and elastic fibers, has gained special relevance as
an important participant of reparative processes. Better insight into poorly understood epicardial function is
challenged due to anatomical issues and lack of relevant cellular models.

The aim of this study was to develop a spheroid 3D model of the epicardial microenvironment and deter-
mine responses of spheroids to hypoxia.

Materials and methods. Spheroids were harvested in V-shaped culture dishes with a low adhesion coating.
Immunofluorescent staining of cryosections, histological methods and real-time PCR were used for charac-
terization of cultured spheroids.

Results. We demonstrated that cultivation of cells under low adhesion conditions in V-shaped culture
dishes resulted in the formation of spheroids with an average size of 136+21 um and cell viability rates of over
98%. The cells in the spheroids cultured under normoxic conditions formed tight junctions and were charac-
terized by alow level of proliferation and the ability to synthesize extracellular matrix proteins. Under hypoxia
cells in the spheroids showed partial loss of intercellular contacts, acquired a spindle shape, started to express
HIF1a, SNAIL, COL1AIl and accumulate collagen. All these features demonstrated the activation of mesothe-
lial(endothelial)-mesenchymal transition strongly resembling epicardial cellular responses to ischemia in vivo.

Conclusion. An epicardial spheroid cell culture model suitable for study cellular responses to hypoxic en-
vironment was developed. This model can be used to clarify mechanisms regulating epicardial microenviron-
ment and test new targeted candidate drugs.
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Introduction

For several decades, cardiovascular diseases
have been the leading cause of morbidity and
mortality in Russia and worldwide [1]. The most
important factor in the progression of most of
these diseases is fibrosis associated with excessive
deposition of extracellular matrix proteins, espe-
cially fibrillar collagen, leading to increased my-
ocardial stiffness, loss of systolic function, and
significant structural and morphological changes [2,
3]. Recently, there has been evidence that the acti-
vation of fibrosis can be caused by various factors,
which have different effects on the cells and de-
termine the characteristics and rate of the patho-
logical process [4]. The main trigger of fibrosis is
hypoxia [5, 6]. It causes stabilization of hypoxia-
induced factors (HIF) in cells differentiating into

fibroblasts, especially in epicardial cells, provides
their activation, fibroblast formation and fibrosis
progression [7-9]. However, the mechanisms of
such regulation remain poorly understood due to
anatomical limitations in accessing the epicardium
and the lack of relevant cellular models.

The aim of this study was to develop a 3D
model of the epicardial microenvironment and to
evaluate the effect of hypoxia on its characteristics.

Material and Methods

Animals.

C57b/6 mice (male, 8 weeks old) were kept in
the vivarium of the Yevgeny Chazov National Medical
Research Center for Cardiology (Moscow, Russia).
The study design was approved by the Ethics Com-
mittee of the Institute of Experimental Cardiology.
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Simulation of myocardial infarction.

Experimental myocardial infarction in mice
was induced according to the previously described
protocol [10].

Generation of epicardial mesothelial cell
culture.

Epicardial cells were harvested from murine
hearts according to the protocol described pre-
viously [11].

Assembly of murine epicardial cell spheroids.

For the assembly of epicardial spheroids, we
used the GravityTRAPTM ULA Plate (Insphero,
USA) V-shaped cups with low adhesion. To obtain
spheroids, a cell suspension (5000 cells) was plated
into the wells of the plate, precipitated by centrifu-
gation (200 g, 2 min), and cultured for 72 h (in
IMDM medium supplemented with 1% fetal calf
serum) under standard incubation conditions
(37°C, 5% CO»).

Evaluation of cell viability in spheroids.

The viability of cells forming spheroids was as-
sessed using a commercially available LIVE/DEAD™
Viability/Cytotoxicity Kit (Invitrogen, USA).

Normoxia/hypoxia simulation.

A New Brunswick TM Scientific incubator (Ep-
pendorf, USA) was used to simulate normoxia and
hypoxia. Spheroids were cultured under conditions
of normoxia and hypoxia (3% O,) for 72 hours.

Characterization of heart cryosections and
spheroids.

To assess the structure of the spheroids, they
were stained according to the previously described
protocol [12]. Cryosections of spheroids were used
for spheroid immunophenotyping experiments.
Sections were fixed in 3. 7% para-formaldehyde so-
lution, washed in phosphate-salt buffer solution,
preincubated in secondary antibody donor serum

solution, and stained with antibodies against the
proliferation marker Ki-67 (Abcam, USA), ZO-1
(Abcam, USA), collagen type 1 (Abcam, USA),
TCF21 (Abcam, USA), and HIF1a (Abcam, USA) for
1 hour, washed, and stained with antibodies conju-
gated to Alexa Fluor 488 or 594 (Invitrogen, USA).
Cell nuclei were stained with DAPI (Sigma, USA).
Morphometric analysis of spheroids was performed
using Image J software (NIH, USA).

Preparation of cDNA samples and real-time
PCR.

RNA was isolated from cells using a Quiagen
kit (Quiagen). Reverse transcription was performed
using the Maxima First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). Real-time PCR was per-
formed on a Step One Plus Real-Time PCR System
Amplifier (Thermo Fisher Scientific) using a stan-
dard protocol with the following primers: SNAIL
(ACATCCGAAGCCACACG; GTCAGCAAAAGCACG-
GTTG), ACTA2 (CCCAGACATCAGGGAGTAATGG;
TCTATCGGATACTTCAGCGTCA), FN1 ( GGAATG-
GACCTGCAAACCTA; GTAGGGCTTTCCCAGGTCT),
beta actin (CTAAGGCCAACCGTGAAAG; ACCAGAG-
GCATACAGGGACA), CollAl (CCGCTGGTCAA-
GATGGTC; CTCCAGCCTTTCCTAGGTTCT).

Microscopy and image analysis.

Myocardial cells and cryosections were ana-
lyzed using an Axiovert 200 M fluorescence micro-
scope (Carl Zeiss, USA) and AxioVision 4.8 software
(Carl Zeiss, USA).

Statistical analysis.

Statistical significance of differences between
samples was assessed using the non-parametric
Mann-Whitney test. Statistical analysis of the re-
sults was performed using Statistica 8.0 software
(StatSoft, Inc.). Data were presented as mean+tstan-
dard deviation (M+SD).

Fig. 1. Characteristics of spheroids created on the basis of epicardial cells.
Note. a— Representative image of spheroid created on the basis of murine epicardial cells. b— Graphs of quantitative evaluation
of SNAI1, ACTA2, EN1, COL1A1 gene expression after spheroid culture under normoxia and hypoxia, * — P < 0.05.
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Results

Our study showed that culturing cell suspensions
under low-adhesion conditions (V-cups with low-
adhesion GravityTRAPTM ULA Plate) resulted in
accelerated aggregate formation and self-organization

of cells into spheroids. We found that cells go through
several stages in the process of spheroid assembly:
first, a cell cluster is formed, which subsequently
compacts to form a globular structure (Fig. 1 a).
Disappearance of cell processes on the spheroid

Fig. 2. Comparative characterization of epicardial zone organization in intact heart and spheroid.

Note. Representative images of cryosections of the epicardial zone in the intact heart and spheroid stained with hematoxylin-
eosin (a, b), antibodies against dense contact protein ZO1 (c, d, green), collagen 1 (e, f, green). Nuclei were stained with DAPI (blue).
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surface and formation of a relatively regular spheroid and readiness for subsequent testing. The final size
structure occurs 72 hours after plating the cell sus- of the formed spheroids was 136+21 pm, and the vi-
pension, indicating the end of spheroid assembly ability of the cells within them was over 98%.

Fig. 3. Comparative characterization of epicardial zone organization in postinfarction heart and in spheroid after hypoxic exposure.
Note. Representative images of cryosections of epicardial zone in intact heart and spheroid stained with hematoxylin-eosin (a, b),
antibodies against hypoxia marker HIF1a (c, d, green), ZO-1 (e, f, green), collagen 1 (g, h, green). Nuclei were stained with DAPI (blue).
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The developed model of the epicardial mi-
croenvironment should, with a certain degree of
assumption, match the pattern of organization of
the intact epicardial zone. For this purpose, we
compared the structural organization of the epi-
cardial zone in the intact/undamaged heart and in
the spheroid (Fig. 2). The spheroid was found to be
represented by epicardial cells interacting with each
other through ZO-1+ dense contacts, with a low
level of expression of fibroblast markers (Fig. 2 ¢, d)
and collagen matrix (Fig. 2 e, f), which is similar to
the organization of the epicardial zone in the intact
heart. Simulation of the experimental infarction re-
sulted in an extensive ischemic zone and the ap-
pearance of cells expressing HIFla in the
epicardial/subepicardial zone (Fig. 3 ¢, d). After
acute ischemic exposure, we observed disorgani-
zation of dense contacts between epicardial cells,
redistribution, migration of mesothelium into the
underlying layers of the cardiac wall, accompanied
by thickening of the epicardial area, accumulation
of fibroblasts, and increased collagen production
(Fig. 3 e, g. Similar changes were observed in the
generated spheroids cultured under hypoxic con-
ditions. Hypoxic exposure caused loss of intercellular
contacts (Fig. 3 e), cells acquired a spindle shape
(Fig. 3 b), expressed HIF1a and accumulated collagen.
These changes were accompanied by increased ex-
pression of genes associated with activation of the
mesothelial-mesenchymal transition (MMT) (SNAI1,
ACTA2, FN1, COL1A1l) and their differentiation to-
wards fibroblasts/myofibroblasts (Fig. 1 b).

Discussion

In the intact heart, epicardial cells are pre-
dominantly in a «quiescent» state with low levels of
proliferation, no signs of MMT, and a reduced ability
to produce extracellular matrix proteins. In contrast,
acute ischemic injury has an activating effect on
the epicardial cell pool, leading to the initiation of
their MMT, increased secretory activity and their
migration to the underlying regions of the cardiac
wall to participate in repair. Despite the great prac-
tical interest in studying the mechanisms of the
epicardial regenerative response to damage, its
study is difficult due to the lack of relevant models.
Currently, the only model described in the scientific
literature is based on three-dimensional organotypic
epicardial sections of the porcine heart [13], which

has significant limitations for its widespread use
due to its complex construction, short ex vivo lifes-
pan, and inability to model hypoxic effects. The
cell model proposed in this work does not have the
above-mentioned drawbacks. The 3D model can
be easily generated using commercially available
materials/reagents and is able to reproduce, with
some assumptions, the changes that occur in the
epicardial area under normoxia and hypoxia. Initially,
the spheroid is orchestrated by epicardial mesothelial
cells interacting through dense ZO-1-containing
contacts and exhibiting low levels of expression of
fibroblast and collagen matrix markers, which cor-
responds to the organization of the epicardial zone
in the intact heart. Under hypoxia, HIF1a stabilization
occurs, epicardial mesothelial cells undergo MMT,
acquire fibroblast-like properties and activate the
production of extracellular matrix proteins, which
correlates with the regenerative response of epicardial
cells occurring in the acute phase of cardiac ischemic
injury. These findings correlate with those of other
researchers who have shown that hypoxia is an im-
portant regulator of tissue fibrosis. By acting through
the HIF-1 signaling mechanism, hypoxia induces
MMT activation, which leads to the loss of E-cad-
herin-based intercellular contacts, reorganization
of the cytoskeleton, and ultimately the production
of fibroblast-like cells [14-17]. In contrast, suppres-
sion of HIF-1a expression prevented fibroblast for-
mation and reduced ICM accumulation [18]. In
addition to its effect on MMT, hypoxia may stimulate
fibrogenesis through transcriptional regulation of
the expression of genes related to ICM metabolism.
Hypoxia induces type I collagen formation, decreases
matrix metalloproteinase 2 (MMP-2) levels, and in-
creases the expression of plasminogen activator in-
hibitor-1 (PAI-1), tissue inhibitor of metallopro-
teinase-1 (TIMP-1), and connective tissue growth
factor (CTGF) through HIF-dependent mecha-
nisms [19-21].

Conclusion

Thus, we have developed and characterized a
3D cellular model of the epicardium capable to
exert the cellular responses to hypoxia and be em-
ployed in studies of the mechanisms of regulation
of the epicardial microenvironment and targeted
drugs testing.
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