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Abstract

Epicardial mesothelium plays a pivotal role in postinfarction cardiac repair by generating
fibroblasts, producing extracellular matrix, and releasing paracrine mechanisms. How-
ever, interspecies differences have not been sufficiently studied, particularly in in vivo
models of scar-free healing such as the African spiny mouse (Acomys cahirinus). This
study aimed to compare the profibrotic response of epicardial mesothelial cells (MCs)
from Acomys and C57BL/6 mice to hypoxic stress, a key factor in postinfarction recovery.
We isolated epicardial MCs from the African spiny mouse (Acomys cahirinus), a species
with documented cardiac regenerative capabilities, and from C57BL/6 laboratory mice.
Using a CoCl2-induced hypoxia model in vitro, we assessed cell viability, morpholog-
ical changes, and expression of epithelial and fibroblast markers. In vivo, following
experimental myocardial infarction (MI), we evaluated tissue hypoxia (pimonidazole
adducts), epicardial activation (layer thickness, Wt1+ and TBX18+ progenitor cells), and
collagen accumulation. The study was conducted using real-time PCR, Western blotting,
immunohistochemical analysis and microscopic examination. In vitro, MCs from both
species exhibited an epithelial-like phenotype under normoxic conditions, expressing
E-cadherin and cytokeratin 18. Hypoxia (200 µM CoCl2) induced a comparable response
in both Acomys and C57BL/6 cells, characterized by a shift to a spindle-shaped, fibroblast-
like morphology, decreased E-cadherin expression, and increased pro-collagen 1 and
α-SMA expression. Following MI, both species exhibited similarly extensive hypoxic
areas affecting the epicardial zone. Epicardial activation dynamics were comparable:
from day 3 post-MI, epicardial thickness increased significantly, and Wt1+ and TBX18+

progenitor cells accumulated, peaking during the first week. Collagen accumulation in
the epicardial region was similar between species, although the number of Wt1+ cells
was higher in C57BL/6 on day 7. Despite the well-known superior regenerative capacity
of spiny mice, epicardial MCs from Acomys and C57BL/6 demonstrated similar signs
of profibrotic responses to hypoxic stimulation both in vitro and following MI. These
findings suggest that species-specific regenerative outcomes may not be attributable to
differential acute epicardial sensitivity to hypoxia, but rather to downstream mecha-
nisms or additional factors influencing the cardiac repair process. This study provides
the first characterization of Acomys epicardial MCs and establishes a foundation for
further investigation of evolutionarily conserved and species-specific mechanisms of
cardiac regeneration.
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1. Introduction
Cardiovascular diseases continue to be the leading cause of mortality worldwide,

with myocardial infarction (MI) being one of the most severe disorders [1,2]. The high
morbidity and mortality associated with MI can be attributed to the limited reparative
capacity of the adult heart, leading to scar tissue formation, pathological remodeling, and
the eventual development of heart failure [3,4]. Therefore, understanding the cellular and
molecular mechanisms initiated by hypoxia that govern postinfarction fibrosis is imperative
for developing effective therapeutic strategies aimed at mitigating adverse remodeling and
reducing the progression from MI to heart failure [5].

In this context, researchers have increasingly focused on the cellular and molecular
drivers of fibrosis-associated endogenous repair mechanisms observed across different
animal species. One of the key players is the epicardium, the visceral layer of the peri-
cardium, which forms a thin membranous layer covering the heart and the roots of the great
vessels [6]. The epicardium is composed of MCs located on a basement membrane, in close
proximity to the extracellular matrix (ECM), lymphatic and blood vessels, fibroblasts, and
cardiomyocytes. This strategic position allows the epicardium to create a specialized mi-
croenvironment that acts as a regulatory hub controlling reparative processes in the heart [7].
In the developing heart, it serves as the primary source of fibroblasts [8,9], contributes to
the formation of various cardiac cell types [10,11], and plays a role in the construction of the
coronary vascular network [12,13]. Furthermore, the epicardium modulates intercellular
communication by producing ECM components [14,15] and paracrine factors [15–17].

In the adult heart, the epicardial MCs can be reactivated by hypoxia, triggering an em-
bryonic repair program that leads to the formation of Wt1+, Tbx18+, and Tcf21+ epicardial-
derived progenitor cells [18]. These cells contribute to a pool of fibroblasts and are involved
in scar formation and repair [18–22]. Despite these findings, the specific molecular path-
ways through which hypoxia influences MCs’ behavior remain unclear, particularly the
mechanisms of fibroblast differentiation, interspecies differences, and the temporal dynam-
ics of epicardial activation [23]. Although hypoxia-inducible factors, HIF-1α and HIF-2α,
are recognized as central regulators of cellular responses to low oxygen levels, their precise
role in epicardial epithelial–mesenchymal transition (EMT), fibroblast-like differentiation,
and paracrine signaling varies between species and developmental stages [24–26].

Consequently, the fundamental role of the reactivated epicardium in cardiac repair
has been demonstrated in zebrafish and salamanders [27,28]. This includes modulation of
inflammatory responses and ECM composition, secretion of paracrine factors, and supply
of cells to the damaged heart. However, the behavior of epicardial MCs in mammals
in response to damaging stimuli remains largely unexplored. This knowledge gap has
prompted us to focus our research on the epicardium mesothelium of the African spiny
mouse (Acomys cahirinus), a mammal with remarkable abilities to regenerate various tissues
with minimal fibrosis [29,30]. Furthermore, Acomys exhibits substantial cardiac regeneration
and repair following myocardial infarction, evidenced by a high tolerance to ischemia,
reduced scarring, augmented blood vessel formation, and functional recovery [31–33].
Given that Acomys cahirinus is phylogenetically closer to humans than traditional model
organisms such as zebrafish or newts, the study of evolutionarily conserved mechanisms
controlling fibrosis and cardiac repair in this species is of particular interest.
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The present study aims to assess the profibrotic response of epicardial MCs from
Acomys cahirinus to hypoxic stress as a key factor in the post-infarction recovery process in
comparison with C57Bl/6 laboratory mice.

2. Materials and Methods
2.1. Animals

The work was performed on male C57BL/6 mice (16- to 18-week-old) and male
Acomys cahirinus (18- to 20 weeks old). These mice were housed in standard polypropylene
cages under controlled vivarium conditions (temperature 20–24 ◦C, humidity 35–65%, 12 h
light/dark cycle).

Animal care and handling followed the guidelines outlined in the European Conven-
tion for the Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (ETS No. 123). All procedures were conducted in compliance with Directive
2010/63/EU of the European Parliament and of the Council of 22 September 2010 regard-
ing the protection of animals used for scientific purposes. The study protocols received
approval from the local ethics committee of the National Medical Research Center of Cardi-
ology, named after Academician E. I. Chazov (permit #LA/20.12.24 (29 January 2025)).

2.2. Myocardial Infarction Modeling

MI was induced in adult C57BL/6 mice and spiny mice following the established proto-
col described previously [34]. In brief, the animals were anesthetized with Tribromoethanol
(Avertin) 100 mg/kg body weight, injected intraperitoneally, intubated, and positioned
on a MiniVent mechanical ventilator (Hugo Sachs Elektronik Harvard Apparatus GmbH,
March, Germany). To induce MI, the proximal segment of the left coronary artery was
surgically ligated via an incision in the ninth left intercostal space. In the sham-operated
group, the heart was exposed through a thoracotomy, but the coronary artery was left intact
without placing a ligature.

2.3. Pimonidazole-Based In Vivo Hypoxia Analysis

Hypoxia in cardiac tissue was assessed using the Hypoxyprobe Kit (Catalog
No. HPK-2025, Biotracker Inc., Mountain View, CA, USA), a pimonidazole-based method
that relies on the formation of covalent protein adducts in viable hypoxic cells. Staining for
pimonidazole bound to hypoxic zones in vital tissues during hypoxia was completed via IP
injection of the hypoxic marker Hypoxyprobe-1 (60 mg/kg pimonidazole, Hypoxyprobe,
Burlington, MA, USA) diluted in 0.9% sterile saline (total volume 100 µL) 60 min before
euthanasia. The hearts were immediately excised, frozen in embedding medium (Tissue-
Tek® O.C.T. Compound (Sakura)) in liquid nitrogen vapor. Eight consecutive parasternal
short-axis sections of the heart (7 µm thick) were prepared and then stained immunohis-
tochemically using antibodies from the Hypoxyprobe OmniKit and ImmPRESS polymer
reagents, ImmPACT DAB, and phosphatase substrates (Vector Laboratories, Newark, CA,
USA) according to the manufacturer’s recommendations. Five to eight random areas per
slide were analyzed for positive pimonidazole staining and analyzed using NIS-Elements
NIS-Elements AR software (v 5.42.01) with the artificial intelligence module and the General
Analysis 3 pipeline.

2.4. Immunohistochemical Analysis

Expression of the epicardial progenitor cell markers Wt1 (Abcam, Waltham, MA,
USA) and TBX18 (Abcam, Waltham, MA, USA) in the hearts of Acomys cahirinus and
C57BL/6 mice was detected by immunohistochemical staining of tissue cryosections. The
staining procedure was performed using ImmPRESS polymer reagents and ImmPACT
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phosphatase substrate (Vector Laboratories, Newark, CA, USA) according to the manufac-
turer’s recommendations. The number of Wt1+ and TBX18+ nuclei was then normalized to
the total epicardium area and analyzed using NIS-Elements software with the Segment.ai
artificial intelligence module and the General Analysis 3 pipeline.

2.5. Real-Time PCR Analysis

The mRNA levels of the profibrotic genes were determined by real-time PCR in
epicardial mesothelial cells obtained on day 3 after MI from the hearts of Acomys cahirinus
and C57BL/6. Cell samples were obtained using a previously described method [35]
by treating hearts with a 0.25% trypsin solution (Paneco, Moscow, Russia) 3 times for
5 min, followed by mechanical scraping from the heart surface. Total RNA was extracted
from MCs using an RNeasy Mini Kit (QIAGEN, Germantown, MD, USA) and used in
the synthesis of cDNA with MMLV RT Kit (Eurogene, Moscow, Russia). The real-time
PCRs were performed using Syber Green® intercalating dye (Eurogene, Moscow, Russia)
on StepOnePlusTM Real-Time PCR System (ThermoFisher Scientific, Waltham, MA, USA).
The relative mRNA expression normalized by β-actin was quantitatively calculated by the
∆∆Ct method. The sequences of the primers used in real-time PCR are listed in Table 1.

Table 1. Primers.

Gene Name Forward Reverse

acCol1a1 TGGACCCAAGGGTACTGCT GAACACCACGCTCTCCAGAC
acFn1 CACCAACGAACTTGCACCTG GCAGGAACTCTGGTCAGCAT
acActb TCGTTCACCGCAAATGCTTC GCCTTCACCGTTCCAGTTTTT

mCol1a1 CCGCTGGTCAAGATGGTC CTCCAGCCTTTCCAGGTTCT
mFn1 GGAATGGACCTGCAAACCTA GTAGGGCTTTTCCCAGGTCT
mActb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

2.6. Epicardial Collagen Content and Thickness

Epicardial thickness was measured on hematoxylin-eosin-stained cryosections using
ImageJ software (v 1.54d, NIH, USA). For each cryosection, the width was measured
five times in the epicardium overlying the scar area and averaged. For each animal, this
was repeated on 4–5 cryosections, and the values were averaged to obtain a single value
per animal. Collagen content in the intact and activated epicardium (3, 7 and 14 days
after MI) was analyzed by staining heart cryosections with Picrosirius Red following a
previously described protocol [36]. The distribution of collagen per unit area of the activated
epicardium was quantified using NIS-Elements AR software (v 5.42.01) with the Segment.ai
artificial intelligence module and the General Analysis 3 pipeline.

2.7. Epicardial Mesothelial Cell Isolation and Cultivation

The modified method for obtaining epicardial mesothelial cells was based on a pre-
viously described protocol [37]. Briefly, epicardial MCs were isolated by treating hearts
from Acomys cahirinus and C57BL/6 mice with a 0.25% trypsin solution (Paneco, Moscow,
Russia) at 37 ◦C for 20 min under gentle rotation. This procedure was repeated three times
to increase the efficiency of isolation. The resulting cell suspension was centrifuged at
350× g for 5 min at 4 ◦C, the supernatant was discarded, and the cells were resuspended
in RPMI-1640 medium supplemented with 10% FBS, 1% penicillin-streptomycin (culture
medium), and 10 µM SB 431542. MCs were seeded onto Petri dishes pre-coated with
Geltrex diluted 1:30 in culture medium. The medium was changed 3–4 h after isolation,
then the following day, and every 2–3 days thereafter as needed. Early-passage cells (P1–2)
were used for hypoxia-associated experiments in vitro.
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2.8. Chemically Induced Hypoxia Modeling

Hypoxia was induced in C57BL/6 and Acomys mesothelial cells by adding CoCl2
according to a previously described protocol [37]. To analyze morphological changes and
fibroblast-specific protein expression, C57BL/6 mice and Acomys MCs were treated with
200 µM CoCl2 for 72 h.

2.9. Cell Viability/Proliferation Assay

C57BL/6 mouse and Acomys MCs were plated in 96-well culture plates (2 × 103 cells/well).
Hypoxia was induced by adding CoCl2·6H2O to the medium at the following concentra-
tions: 100 µM, 200 µM, 300 µM, 400 µM and 500 µM. The cells were incubated for 24 h in
RPMI-1640 supplemented with 1% FBS and 1% antibiotic-antimycotic. Subsequently, 10 µL of
the fluorescent dye PrestoBlue™ Cell Viability Reagent (Invitrogen, Carlsbad, CA, USA) was
added to the culture medium for an additional hour. Fluorescence intensity was measured
using a Victor X3 spectrophotometer (PerkinElmer, Waltham, MA, USA) at a wavelength of
570 nm, and the number of cells per well was determined by plotting a standard curve.

2.10. Western Blot Analysis

Western blotting was performed using specific antibodies against Collagen 1 (Abclonal,
Wuhan, China), α-SMA (Abclonal, Wuhan, China), beta-Tubulin (Cell Signaling, Boston,
MA, USA), E-cadherin (Abclonal, Wuhan, China), and Cytokeratin 18 (Abclonal, Wuhan,
China), in accordance with a previously described protocol [38].

2.11. Statistical Analysis

The data are presented as mean ± SD. Unless otherwise specified, each experiment
was replicated three times. The statistical significance of treatment differences was assessed
using a Mann–Whitney U-test and one or two-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons test using GraphPad Prism software (version 8, GraphPad,
La Jolla, CA, USA). A p-value less than 0.05 indicated statistically significant results.

3. Results
3.1. In Vitro Analysis of Acomys and C57BL/6 Epicardial Cells Revealed
Mesothelial-Like Characteristics

MCs are a fundamental component of the epicardium [39]. Using a combination of en-
zymatic dissociation and mechanical manipulation, we isolated an enriched population of
epicardial mesothelial cells from the hearts of Acomys mice and C57BL/6. Following this, a
comparison was performed between these cells and their counterparts from C57BL/6 mice
(Mus musculus). Both cell types exhibited an epithelial-like morphology (Figure 1a,b),
formed a single layer of flattened, pavement-like squamous cells and expressed the spe-
cialized adherent junction component E-cadherin (Figure 1c,d), which is responsible for
maintaining cell–cell adhesion and the stability of adhesive junctions. Furthermore, expres-
sion of the intermediate filament protein cytokeratin 18 (CK18) was consistently detected
in both cell types (Figure 1c,e), confirming their epithelial-like nature.
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Figure 1. Characterization of epicardial-derived MCs. (a,b) Representative phase-contrast images
showing MCs obtained from the heart of Acomys cahirinus (a) and C57BL/6 (b); Scale bar—100 µm;
(c) Immunoblotting data showing the expression of E-cadherin, cytokeratin, and tubulin proteins
in MCs obtained from the hearts of Acomys cahirinus and C57BL/6. All data were obtained from
cells isolated in three independent experiments. The labels “#1, #2, #3” refer to the numbers of
the independent experimental replicates (original images can be found in Figure S2); (d,e) Graphs
quantifying E-cadherin (d) and cytokeratin (e) expression in MCs obtained from the hearts of Acomys
cahirinus and C57BL/6. Statistical analysis was performed using the Mann–Whitney U test (n = 3).

3.2. Hypoxia-Induced Morphological Changes in Acomys and C57BL/6 Mesothelial Cells,
Resulting in the Acquisition of Mesenchymal-like Characteristics

Numerous studies have shown that hypoxia plays a key role in MCs activation and
phenotypic modulation. The response of epicardial MCs to hypoxia was investigated using
a chemically induced in vitro model based on CoCl2 treatment. This model relies on the
capacity of Co2+ to substitute for Fe2+ in prolyl hydroxylases, which are crucial in mediating
hypoxia-inducible factor (HIF) subunit degradation, resulting in HIF stabilization even
under normoxic conditions [40]. Initial screening revealed a decrease in cell viability with
increasing concentration of cobalt salts up to 500 µM (Supplementary Figure S1). Based on
these data, 200 µM CoCl2 was selected for experiments assessing morphological changes
and the expression of fibroblast-specific markers in MCs, as this concentration ensured
moderate cell culture viability (Figure 2a).
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Figure 2. CoCl2-induced hypoxia induces fibroblast-like changes in MCs from the hearts of Acomys
cahirinus and C57BL/6 mice. (a) Graph showing quantitative assessment of survival of epicardial
MCs in Acomys and C57BL/6 mice after CoCl2 treatment (200 µM). (b,c) Representative phase-
contrast images of MCs obtained from Acomys cahirinus (b) and C57BL/6 mice (c) cultivated under
normoxia for 72 h. Scale bar = 100 µm. (d,e) Three-day hypoxia (treatment with 200 µM CoCl2)
induces fibroblast-like morphology in MCs from the hearts of Acomys cahirinus (d) and C57BL/6 (e).
Representative phase-contrast images show morphological changes in MCs. Scale bar = 100 µm.
(f) Immunoblotting data showing the expression of E-cadherin, collagen I, α-SMA, and tubulin
proteins in MCs obtained from the hearts of Acomys cahirinus and C57BL/6 mice under control
conditions and after CoCl2 treatment. The labels “#1, #2, #3” refer to the numbers of the independent
experimental replicates (original images can be found in Figure S3); (g) Graphs showing expression
levels of E-cadherin, (h) pro-collagen I, and (i) α-SMA in MCs isolated from the hearts of Acomys
cahirinus and C57BL/6 mice in the control group and following CoCl2 treatment (200 µM, 72 h).
All data are expressed as mean ± standard deviation from at least three independent experiments.
Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. * p < 0.05,
** p < 0.01, *** p < 0.001.

Concurrently, our investigation revealed that hypoxia instigated morphological alter-
ations in MCs from both Acomys and laboratory mice. Using phase-contrast microscopy,
we found that hypoxia caused a change in the morphology of both cell types (Figure 2b–e).
Cells cultured under normoxic conditions retained a polygonal or cobblestone shape
(Figure 2b,c), whereas exposure to hypoxia induced spindle-shaped, fibroblast-like mor-
phology (Figure 2d,e). Furthermore, hypoxia led to a decrease in the expression of epithelial
cell marker E-cadherin (Figure 2f,g), accompanied by an increase in pro-collagen 1 and
α-SMA expression (Figure 2f,h,i), as confirmed by immunoblotting. Thus, in vitro, MCs
from Acomys and C57BL/6 exhibited a comparable response to CoCl2-induced hypoxia
in vitro, characterized by changes in cell morphology, loss of epithelial characteristics, and
acquisition of fibroblast-like features.
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3.3. Myocardial Infarction Induced Comparable Levels of Hypoxia in Cardiac Tissue and Signs of a
Profibrotic Response in Acomys and C57BL/6 Mice

Hypoxia following myocardial infarction is the primary cause of myocardial damage
and impaired cardiac function. To assess the prevalence and localization of hypoxia,
we visualized pimonidazole adducts. The accumulation of these adducts by cells has
been shown to correlate strongly with low pO2 (<10 mmHg), as measured directly using
microelectrodes [41,42] and by HIF-1α staining [43]. Consequently, this method provides
information about the spatial localization of hypoxia in the heart. To compare the prevalence
of hypoxia in Acomys and C57BL/6 heart tissue, we detected pimonidazole adducts 3 days
after myocardial infarction (Figure 3a–c). Morphometric analysis demonstrated that ligation
of the coronary artery in animals of both species resulted in the development of extensive
hypoxic areas, affecting both the epicardium and the myocardium (Figure 3a,b). To assess
the early post-infarction profibrotic response of the epicardial mesothelium, we isolated
epicardial MCs from Acomys and C57BL/6 mice and analyzed the expression of Col1a1 and
Fn1 genes using real-time PCR. We found that in MCs from both species, a trend toward
increased expression of Col1a1 and Fn1 was observed on day 3 after MI, although these
differences did not reach statistical significance compared to the sham-operated groups
(Figure 3d,e). At the same time, Picrosirius staining revealed that collagen content in
the epicardial zones of both Acomys and C57BL/6 was significantly higher than in sham-
operated animals, with no significant difference between the two species (Figure 3f–j).

Figure 3. Myocardial infarction induces similar levels of hypoxia and profibrotic transformation of
the epicardial mesothelium in Acomys cahirinus and C57BL/6 hearts by day 3 of repair. (a,b) Repre-
sentative immunohistochemical staining of Acomys cahirinus (a) and C57BL/6 (b) heart cryosections
with antibodies against pimonidazole adducts (red). Scale bar = 100 µm. (c) Graph quantifying
the area of PIMO+ hypoxic zones in the hearts of Acomys cahirinus and C57BL/6 (3 days after MI).
(d,e) Analysis of Col1a1 and Fn1 gene expression. Total RNA of epicardial MCs was isolated from the
hearts of Acomys cahirinus and C57BL/6 on day 3 after MI, and specific mRNA levels were quantified
by qRT-PCR, as described in Section 2.5. The data are normalized to Actb. Statistical analysis was
performed using the Mann–Whitney U test (MCs from Acomys cahirinus: sham, n = 3; MI day 3, n = 4;
MCs from C57BL/6: sham, n = 3; MI day 3, n = 4). (f–i) Representative images of C57BL/6 ((f) sham;
(g) MI day 3) and Acomys cahirinus ((h) sham; (i) MI day 3) heart cryosections stained with Picrosirius
red (red). Scale bar = 150 µm. (j) Graph quantifying collagen content in the epicardial regions of
Acomys cahirinus and C57BL/6 (3 days after MI). All data are presented as mean ± standard deviation
from at least three animals per group. Statistical analysis was performed using two-way ANOVA
with Tukey’s post hoc test. ** p < 0.01, **** p < 0.0001.
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3.4. Myocardial Infarction Induced Comparable Dynamics of Epicardial Activation and Profibrotic
Remodeling in Both Acomys and C57BL/6 Mice

Detection of pimonidazole adducts in the epicardial zone indicated local hypoxia
(Figure 3a–c). This finding prompted us to further investigate how the MC activity changes
in animals of both species. From day 3 after the infarction, we observed cell disorgani-
zation and an increase in the thickness of the epicardial layer, indicating MC activation
(Figure 4a–e). Indeed, the mean thickness of the epicardium in animals of both species was
significantly greater than in the intact myocardium (Figure 4e). Concurrently, epicardial
thickness on days 3, 7 and 14 post-MI did not differ substantially between the two species
(Figure 4e). Immunohistochemical studies revealed an accumulation of Wt1+ and TBX18+

epicardial progenitor cells (Figure 4a–d,f,g), indicating the entry of MCs into EMT and
differentiation towards a fibroblast lineage [44–46]. In the early stages post-infarction,
the number of detectable Wt1+ and TBX18+ cells significantly exceeded control values,
increased during the first week, and then showed a downward trend (Figure 4f,g). It
is noteworthy that a number of Wt1+ cells in C57BL/6 was significantly higher on day
7 post-MI in comparison with Acomys cahirinus (Figure 4f). However, collagen accumula-
tion was similar in the epicardial region of both species during the 14-day period following
the MI (Figure 4h). Thus, at different phases following myocardial infarction, Acomys
and C57BL/6 mice exhibited comparable levels of epicardial MC activation, resulting in
thickening of the epicardial layer, the formation of Wt1+ and TBX18+ fibroblast precursor
cells, and collagen accumulation.

Figure 4. Hypoxia following MI induces comparable levels of MC activation and profibrotic remodeling of
the epicardial regions in Acomys cahirinus and C57BL/6 hearts. (a–d) Representative immunohistochemical
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staining of Acomys cahirinus (a,b) and C57BL/6 (c,d) heart cryosections with antibodies against
WT1 (red). (b,d) Enlarged views of the areas indicated by rectangles in (a) and (c), respectively. Scale
bar = 100 µm. (e–i) Graphs quantifying epicardial thickness (e), amount of WT1+ (f), TBX18+ cells
(g), and collagen content (h) in the epicardial regions of Acomys cahirinus and C57BL/6 hearts. All
data are expressed as mean ± standard deviation from at least four animals per group. Statistical
analysis was performed using two-way ANOVA with Tukey’s post hoc test. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

4. Discussion
Recent studies have significantly advanced our understanding of the role of epicardial

MCs in maintaining tissue homeostasis and participating in the profibrotic reparative re-
sponse to damage. Given the anatomical localization of this heterogeneous cell population,
its interaction with various cardiac cell types, and production of biologically active compo-
nents (cytokines, extracellular vesicles/exosomes, extracellular matrix proteins, adhesion
molecules, etc.), several authors have conceptualized an “epicardial cell niche”. This spe-
cialized area performs a significant regulatory function and is subject to strict oversight [47].
Researchers have identified the oxygen content in the epicardial microenvironment as
a critical factor in determining the fate of MCs [23,48]. It is now well established that
partial oxygen pressure plays a dual role for MCs, functioning both as a metabolic substrate
and as a regulator of critical functions associated with the EMT. This transition promotes
differentiation, increased migration, proliferation, and secretion [49–51]. Conceptually,
hypoxia causes the stabilization of HIF transcription factors, which bind to hypoxia re-
sponse elements (HREs) to regulate genes involved in EMT, angiogenesis, and metabolic
adaptation [24,52,53]. Epicardial activation is a complex process involving multiple sig-
naling cascades, including SMAD, TGFβ, and Notch pathways [25,54,55] that drive the
proliferation and differentiation of cells into fibroblasts and vascular smooth muscle cells.
These pathways interact to coordinate the epicardium’s responses to injury and develop-
mental signals, with hypoxia serving as a key upstream regulator. Understanding these
mechanisms is imperative for elucidating the plasticity of the epicardium regarding the
formation of the fibroblast/myofibroblast pool and its regenerative potential [56,57].

Of particular interest is studying the regulatory effects of physiological/pathological
oxygen concentrations on MCs in animals with evolutionarily conserved hypoxia protection
mechanisms and a high capacity for scar-free tissue repair. These include the African spiny
mouse (Acomys cahirinus), a rodent from the family Muridae [58]. A remarkable property
of this species is its ability to tolerate ischemia, which promotes cardiac cell survival, alters
scar tissue structure, and increases vascularization of the damaged area. This approach has
been shown to result in a significant reduction in pathological remodeling and improved
survival rates in animals following experimental myocardial infarction [31–33]. In this
study, we used in vitro and in vivo models to assess the response of Acomys epicardial
MCs to hypoxia, a known consequence of myocardial infarction. We isolated Acomys
MCs and demonstrated in vitro that they retain epithelial-like characteristics (Figure 1a,b)
and express specialized mesothelial markers under normoxic conditions (Figure 1c–e).
These include E-cadherin, a specialized protein that plays a key role in the adhesion of
epithelial-like cells. This calcium-sensitive homotypic adhesion is the primary stabilizing
interaction in the intercellular adhesion, as well as a signal for cell polarization and differen-
tiation [37,59–61]. The second characteristic protein we identified in the mesothelium was
cytokeratin 18 [62,63], an intermediate filament protein of the keratin family. This protein
plays a crucial role in maintaining the structural integrity of the epithelial barrier and is a
well-established marker for tracking the fate of MCs of different origins [64,65].

Cobalt chloride-induced hypoxic stress did not increase proliferation in MCs from
both Acomys and conventional laboratory mice (Figure 2a, Supplementary Figure S1).
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Concurrently, MCs from both species showed analogous responses to hypoxic exposure,
manifesting signs of morphological alterations (Figure 2b–e) and increased production
of fibroblast-specific proteins (Figure 2f,h,i). It is widely acknowledged that decreased
oxygen levels function as a key integrative factor in preserving homeostasis across diverse
niches [66,67], modulating cell self-renewal and generating committed progeny. MCs
are no exception; a decrease in oxygen concentration significantly alters their properties,
likely through the activation of HIF signaling. Numerous studies demonstrate marked
activation of HIF—heterodimeric transcription factors consisting of α and constitutive
β subunits—in MCs of various species, including mice, zebrafish, rats, and humans, high-
lighting their important role as central mediators of the hypoxic response [24,25,68]. The
variability in the expression of the oxygen-sensitive α subunits is determined by the
functionality of the HIF-1α and HIF-2α protein isoforms [69]. Under normoxia, prolyl
hydroxylases catalyze the hydroxylation of specific proline residues on the α subunit,
marking it for degradation via the ubiquitin–proteasome pathway. Under reduced oxygen
levels, prolyl hydroxylase activity is inhibited, allowing the α subunit to translocate to the
nucleus and bind to HREs, regulating the transcription of a variety of target genes [70].
Furthermore, the activation/stabilization of HIFs through coordinated interaction with
the Notch, TGFβ, and BMP signaling systems regulates epicardial EMT, differentiation,
and progenitor cell activation [25,54–56,71,72]. It has been established that exposure to
CoCl2-induced hypoxia results in a partial loss of E-cadherin expression (Figure 2f,g),
leading to impaired intercellular adhesion of MCs and activation of matrix metallopro-
teinases [73]. This phenomenon may result from HIF-dependent regulation of transcription
factors [74–77] (TWIST, SNAIL, SLUG, SIP1, and ZEB1) and the activation of alternative
signaling mechanisms [75,78,79]. This process ultimately leads to cell division associated
with the reorganization of the actin cytoskeleton, resulting in the formation of fibroblast-like
cells that express mesenchymal markers such as pro-collagen 1, α-SMA, and vimentin de
novo [80]. Furthermore, following hypoxic exposure, the epicardial mesothelium of both
species exhibited a mesenchymal-like morphology and augmented pro-collagen expression,
as well as increased α-SMA expression. This phenomenon may be attributed to the direct
transcriptional upregulation of Col1a1 (collagen I) and Acta2 (α-SMA) genes facilitated
by HIF [78].

Another important finding of this study concerns the in vivo characterization of the
response of Acomys epicardial mesothelium to the acute ischemic injury (Figures 3 and 4).
It is well established that the epicardial MCs can be reactivated following injury, leading
to the initiation of an embryonic program and the acquisition of pro-regenerative prop-
erties [81,82]. Upon activation, a subset of MCs proliferates and undergoes EMT, giving
rise to epicardial progenitor cells. The resulting Wt1+, Tbx18+, and Tcf21+ progenitor cells
migrate into the underlying myocardium and contribute to several different cardiac cell
lineages, including fibroblasts [83–87]. Although no statistically significant differences
were observed compared with the sham-operated groups, there was a tendency toward
increased Col1a1 and Fn1 expression in MCs from both Acomys and C57BL/6 mice on day
3 post-MI (Figure 3d,e). Picrosirius staining revealed significantly higher collagen content
in the epicardial zones of both Acomys and C57BL/6 mice on day 3 post-MI compared
with sham-operated animals (Figure 3f–j). Notably, there was no significant difference in
epicardial collagen deposition between these two species, indicating a similar profibrotic
response in the MC derivatives. Furthermore, these cells secrete a wide range of paracrine
factors [88,89], which modulate the healing and repair of the heart muscle. Their expression
is mediated by hypoxia, which includes the activation of Wt1 and TBX18 promoters due
to the presence of HREs binding sites for HIF-1α [26,90–92]. It is important to note that
Wt1 and Tbx18 are expressed in the early stages of profibrotic differentiation of epicardial
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MCs. These markers are primarily expressed in epicardial and interstitial fibrosis, but not
in perivascular fibrosis, making them reliable indicators of fibrogenic remodeling of heart
tissue [43,93]. Using an in vivo myocardial infarction model, we found similar rates of
hypoxia prevalence (detected based on pimonidazole adducts) in Acomys cahirinus and
Mus musculus (Figure 3a–c) and comparable dynamics of increased activity of Wt1+ and
Tbx18+ epicardial MCs (Figure 4f,g). The higher number of Wt1+ cells in C57BL/6 mice on
day 7 post-MI, compared to Acomys mice, is likely due to the species-specific differences
in activation pathways and the multifunctionality of the epicardial derivative. This could
be associated with changes in the hypoxia levels, the formation of a gradient of factors
(e.g., transforming growth factor beta, brain natriuretic peptide [94,95], etc.), both of which
determine damaged area revascularization, differences in the composition and stiffness
of the extracellular matrix, interactions with distinct patterns of inflammatory cells, and
other factors.

Acting individually or in combination, these stimuli can regulate the fate of
Wt1+ epicardial mesothelial cells, promoting the formation of a fibroblast/myofibroblast
pool and specific c-kit+ vasculogenic resident precursors [96,97]. Furthermore, these cells
have been shown to subsequently differentiate into cardiomyocytes and coronary endothe-
lial cells in the infarct zone [87,98]. It can be assumed that, as fibrosis progresses, Wt1+ cells
respond to activating stimuli by ECM turnover via matrix metalloproteinases and their
inhibitors, with their contribution being determined by their specific cell type [99]. It is
important to note that the early post-infarction remodeling of the Acomys epicardium has
not been previously studied. The Bartscherer group [32] investigated the potential for com-
plete recovery of the epicardium in Acomys spp. following hypoxic exposure 100 days post-
MI. Despite an increased number of DDAH2+ (dimethylarginine dimethylaminohydrolase
2) cells in the epicardial zone of Acomys compared to control laboratory mice, the authors
examined only the late phase of post-infarction recovery and did not compare epicardial
activation directly with indicators of repair or early improvement in cardiac function.

We demonstrated that acute hypoxia activated Acomys cahirinus epicardial MCs, lead-
ing to the formation of a pool of Wt1+ and TBX18+ epicardial progenitor cells. This
phenomenon has been observed in a variety of species, including mice [23], salaman-
ders [28,100], and zebrafish [27,101]. Furthermore, the formation of progenitor cells in both
species was accompanied by collagen accumulation in the activated epicardial zone. This
finding suggests that the profibrotic response of the epicardial mesothelium to hypoxia
is highly conserved. It is important to note that epicardial derivatives with increased
collagen expression may differ from those that formed massively in the interstitium after
ischemic injury. It is possible that they promote repair via a distinct mechanism, similar
to zebrafish [102].

The present study has several limitations that offer opportunities for further research.
First, we used animals of different chronological ages: C57BL/6 mice at 16–18 weeks and
Acomys cahirinus at 18–20 weeks. While these age ranges were selected to approximate
young adult equivalents based on known lifespans and sexual maturity of each species, the
lack of age matching in absolute terms may introduce confounding variables. Differences in
metabolic rate, hormonal status, or tissue maturation between 16 and 18 weeks in C57BL/6
and 18–20 weeks in Acomys could theoretically affect the extent of epicardial activation,
fibrotic remodeling, or hypoxia tolerance following myocardial infarction. Future studies
employing cross-species age calibration would help clarify whether the observed responses
are truly species-specific or partially age-dependent.

The methodological limitations include the limited availability of specialized antibod-
ies against Acomys mesothelial surface markers. This restricts the isolation and characteri-
zation of individual Acomys MC subpopulations. A further issue is the inability to perform
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lineage tracing. This has prevented us from tracking the final fate of epicardial-derived
cells and their contribution to Acomys myocardial regeneration. Furthermore, the absence
of spatial transcriptomic assessment excludes the correlation of changes in the cellular tran-
scriptome with the hypoxia gradient in tissues. A key issue that requires further study is
the analysis of the secretory profile of Acomys MCs, which may be determined by a unique
repertoire of paracrine factors. This likely encompasses not only classical growth factors but
also a range of extracellular vesicles carrying conserved pro-regenerative microRNAs, as
well as hypoxia-sensitive proteins and extracellular matrix components. Further experimen-
tal testing of this hypothesis will validate our data and may allow us to modulate epicardial
niche activity to develop new therapeutic strategies for stimulating cardiac repair.

5. Conclusions
In this study, we have isolated and characterized the epicardial MCs of the African

spiny mouse (Acomys cahirinus). This species is a unique model animal with a high cardiac
repair capacity. We demonstrated that their response to hypoxic stress in vitro (i.e., lack
of proliferation, morphological changes, and increased production of type I collagen and
α-SMA) is not fundamentally different from the response of cells derived from labora-
tory C57Bl/6 mice. In vivo, Acomys and Mus musculus exhibited comparable epicardial
activation, including similar dynamics of epicardial activation and collagen accumulation
in the surface layer of the heart. This finding suggests that the initiation of a profibrotic
repair program in the epicardial mesothelium in response to damage is an evolutionarily
conserved mechanism. We propose that a key direction for further research should be
the analysis of the specific populations of Acomys epicardial mesothelial-derived cells and
their secretory profile, which will help to explain the pro-regenerative properties of this
species. The elucidation of these mechanisms has the potential to offer new avenues for the
therapeutic modulation of the epicardial niche.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom16050717/s1, Figure S1: Figure S1: Graph showing quanti-
tative assessment of survival of cardiac MCs from Acomys and C57BL/6 mice after CoCl2 treatment;
Figure S2: Original immunoblotting images showing the expression of E-cadherin, cytokeratin,
and tubulin proteins in MCs obtained from the hearts of Acomys cahirinus and C57BL/6 mice;
Figure S3: Original immunoblotting images showing the expression of E-cadherin, collagen I, α-SMA,
and tubulin proteins in MCs obtained from the hearts of Acomys cahirinus and C57BL/6 mice under
control conditions and after CoCl2 treatment.
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