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ABSTRACT

Macrophages as the effector cells play a key role in initiating the inflammatory process and predetermine
the manifestation of the postinfarction cardiosclerosis. The population of these cells is heterogenous
and is mainly represented by M1 and M2 phenotypes. Alloplant biomaterial (ABM) is resorbed by the
macrophages which became the regulators of the cellular interaction in tissues.

The aim of the investigation was to reveal the peculiarities of the postinfarction healing of the myocardium
following the ABM insertion and to assess the population change in the dynamics of macrophages and
c-kit+ cells.

Materials and methods. The experimental investigations were carried out on 100 male Wistar’s rats
weighing 0.18-0.25 kg. All the animals had coronary occlusion by way of ligating the arteries. In the
experimental group, the ABM (12 mg) suspension was intramyocardially administered simultaneously with
the vessel stricture formation. The harvesting of hearts was carried out at 3, 7, 14, 30, 45 days.

Results. In the experimental group the course of the inflammatory process was characterized by the onset
of the early proliferative stage, whereas in the control group colliquative necrosis was developing. It was
caused by different degrees of the macrophage reaction expression. The number of CD68+ cells in the rat
reactive zone of the control group was bigger than in the experimental one. In the experimental group
the ABM-induced macrophages of mesenchyme origin were revealed and c-kit+ cells were considerably
more in number than in the control one. After 45 days, the scar area index in the experimental group was
significantly less than in the control group.

Conclusion. ABM had a histoprotective effect under the conditions of the acute myocardial ischemia due
to the inhibition of macrophage migration and induction of cellular cardiomyogenesis.
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PE3IOME

Bepenne. Makpodaryu kak KAeTKM-3(DPEKTOPI UTPAIOT KAIOYEBYIO POAb B MHUIMALUM BOCIAAUTEABHOTO
mporecca, IPeAOIPEAEASIOT BBIPasKeHHOCTh MOCTHH(MAPKTHOIO KapAMOCKAepo3a. Ilomyadnmsa atux xae-
TOK fABAfIETCH TETEPOTEHHON U NpeACTaBAeHa IpeumyujectBeHHO (enorunmamu M1 u M2. AanroreHssrit
6uomarepuar arronrant (BMA) pesopbupyercs makpogaramy, OPOAYKTHL Pe30pOLyM BAMAKOT Ha UX
CIIOCOGHOCTh PEryAMpPOBATH KAETOYHBIE B3AUMOAECTBU.

Ieas. PackpsiTh 0cOGeHHOCTH MOCTUH(APKTHOTO 3a’KMBAEHNA MIOKapAa nocae BeepeHnsa BMA. Onennts
AMHAMUKY M3MEHEeHWs YMCAEHHOCTH Makpodaros u c-kit"-kaeTox.

Marepuaanbl u MeTOABI. DKCIEPUMEHTAABHbBIE UCCAEAOBaHMs ObiAM TIpoBeAeHbl HA 100 camyax KpbIC AMHNUM
Bucrap maccoi 0,18-0,25 kr. Bcem >kmBOTHBIM Gbira IPOBEAEHA KOPOHAPOOKKAIO3MUs BEPXHEN TPETH Ae-
BOJ HMCXOAAIEN KOPOHApHOU apTepuu. B ombITHOI rpymme cpasy mocAe CTEHO3MPOBAHUA apTepuu B ee
GacceifH MHTPAMMOKAPAMAABHO BBOAMAM CyCIEH3MIO, copepxkaumyio 12 mr BMA. VMcnoap3oBaau rucToro-
rMdeckue, AEKTPOHHO-MUKPOCKOmIeckue, nmmyHorncroxummdeckre (CD 68, c-kit, Timp-2), mopdome-
TPUYECKME M CTATUCTUIECKME METOABI MCCAEAOBaHMU. 3a60op cepael npoBoAnAn vepes 3, 7, 14, 30, 45 cyr.

PesyabTatel. B ombITHOJ rpynme TedeHMe BOCIAAMTEABHOTO IPOLECCA XapaKTepH30BaAOCh HACTYIAEHM-
eM paHHel IpoAndepaTHBHON CTaAuM, B TO BpeMsA KakK B KOHTPOABHOM pa3BMBAACA KOAAMKBAL[MOHHBIN
HeKkpo3. I'pynmsl xapakTepyu30BaAMCh PA3AMYHON CTENEHBIO BBIPASKEHHOCTM MaKpO(araAbHOM peaKIuiu.
Yucao CD68"-kAeTOK B peakTUBHOI 30HE B KOHTPOABHOM IpyImne GbIA0 GOAbIIE, YEM Y OIBITHON TPYIIBL.
Hanporus, B onsiTHON rpynme BoiaBAeHbl BMA-uHAYIMpOBaHHbIE MAaKPO(Dary Me3eHXVMHOTO IPOUCKOK-
AEHMs, & YMCAEHHOCTD C-Kit'-KAeTOK Obira 3HAYMTEABHO GOAbINE, YeM B KOHTpOAe. CrycTsa 45 CyT MHAEKC
TIIAOLIaAM py6ua B OIBITHOM rpynne 6])1]\ CTATUCTUYECKM 3HAYMMO MEHbIIE, Y€M B KOHTpO]\e.

3akaruenne. BMA B YCAOBMAX OCTPOrO MIIEMUYECKOTO IIOPAa’XEHUA MMOKApAa OKa3bIBaA TUCTOIPOTEK-
TOprIIZ 3(b(beKT 3a CYeT I/IHI‘I/I6I/Ip0BaHI/I$[ mMurpanguun MaKpodparon M MHAYKIOUY KAETOYHOTO KapAuMOMMoOre-
HE3a.

KaroueBble cAoBa: Guomarepuas aAAONAAHT, IAOWAAb PyOLa, MIUOKAPA.

Kondanxr narepecoB. ABTOpBI AEKAAPUPYIOT OTCYTCTBYE ABHBIX ¥ IIOTEHIMAABHBIX KOH(DAMKTOB MHTEPE-
COB, CBSI3AHHBIX C MyOAMKaIMeN HACTOAWEN CTATHY.
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INTRODUCTION

In the course of experiments using alloplant
biomaterial (ABM) it was established that the key
histion cells during the regeneration of fibrous
connective and skeletal muscle tissue are macro-
phages with M1 phenotype. Their number signifi-
cantly exceeds the amount of these cells in the
control groups in which the defect infliction was
not treated with the biomaterial in question [1,
2]. It was shown that the use of ABM had a posi-
tive effect upon the cardiac muscle condition and
improved its structure following ischemic damage
[3]. The ABM biodegrates into the tissue and its
resorption products are the chemoattractant of
the stem progenitor cells which induce the regen-
eration process [4, 5]. There are conflicting views
on the negative role of M1 macrophages in the
healing process of the ischemic damaged myocar-
dium as key cells promoting cardiomyocyte dam-
age, inflammation manifestation and fibrosis pro-
gression. Consequently, the study of macrophage
involvement in inflammatory and degenerative
processes developing in the cardiac muscle, fol-
lowing coronary occlusion experiments and when
administering the ABM, appears relevant.

The aim of the study was to understand the
effect of ABM on the post-infarction myocardium
healing process and evaluate the dynamics behind
the changing number of macrophages and c-kit+
cells.

MATERIALS AND METHODS

Experiments involving ABM were carried out
on 100 male Wistar rats weighing 0.18-0.25 kg.
All the animals were divided into two groups. The
myocardium infarction modeling in the control
group (n = 50) was performed as follows: all the
animals under general anesthesia (intramuscular
injection of Zoletil) underwent left-sided thora-
cotomy with further ligation in the upper third
interventricular branch of the coronary artery
(. intervemtvicularis pavaconalis a. coronarii
sin.). 12 mg of ABM suspended in physiological
solution was administered into the cardiac mus-
cle, in its pool zone, of the rats in the experimen-
tal group (» = 50) immediately after the coro-
nary artery ligation. The ABM dose was chosen
arbitrarily. The rats in both groups were eutha-
nized after the experiment by lethal insufflation
of ether vapors after 3, 7, 14, 30, 45 days. Ten
rats were taken for each point of the study.

The studies were conducted according to the
Rules of good laboratory practice of the Russian

Federation in line with legislation adopted from
the European Convention for the Protection of
Vertebrate Animals Used for Experimental and
Other Scientific Purposes (Strasburg,1986). The
studies were also carried out in accordance with
the approved written protocol on standard oper-
ating procedures of a researcher as well as official
laboratory guidelines on animal treatment and al-
ternative models in biomedical studies [7].

Alloplant® biomaterial was developed in the
Federal State Government-Funded Institution
“Russian Eye and Plastic Surgery Centre” under
the Ministry of Health of the Russian Federation,
in the city of Ufa. This biomaterial is produced
according to technical specifications 42-2-537-87;
it is certified and was approved for clinical use by
the order of the USSR Ministry of Health No. 87
901-87 dated 22.07.1987.

Histological study. The allogeneic biomaterial
in this study was made from rat tendons and en-
larged to a size of 50—80 mcm. The Ethics Com-
mittee approved the study protocol No. 31 dated
12.10.2015. For the histological investigation the
hearts were fixed with 10% solution of neutral
formalin, then dehydrated with increasing con-
centrations of alcohol and embedded in paraffin
as per the generally accepted method. The sec-
tions were prepared with the use of LEICA RM
2145 microtome (Germany) and stained using the
Mallory’s staining technique.

Immunohistochemical study. The 4 mcm-thick
paraffin sections were stained by Leica Microsys-
tems Bond TM immunohistostainer (Germany).
CD 68 and Timp-2 diluted in the proportion of
1 : 300 (Santa Cruz Biotechnology, USA) were
used as primary antibodies. Single and double
immunolabeling of cells for the given antibodies
was carried out. An indirect Leica Bond (Novo-
castra TM , Germany) streptavidin-biotin detec-
tion system was used for unmasking. Assessment
of reaction specificity when staining the sections
was determined without primary antibodies. The
positively stained cells were calculated in 20 fields
of view of each specimen (# = 6) when magni-
fied by X400. The investigation and visualization
of the specimens was conducted with the use of
the Leica DMD 108 (Germany) light microscope
equipped with specialized software to manage
settings and capture images.

Electron microscopic study. The myocardium
pieces 1-2 mmi in size fixed by 2.5% glutaral-
dehyde solution were used for the electron mi-
croscopic study. The solution was prepared on
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the cacodylate buffer (pH 7.2-7.4) with further
post-fixation by 1% OsO, solution on the same
buffer. The material was dehydrated in increas-
ing concentrations of alcohol and embedded into
Epon-812 according to the generally accepted
method. EM UC7 (Leica, Germany) ultramicro-
tome was used to prepare semithin sections which
were stained by toluidine blue solution based on
2.5% anhydrous sodium solution. Areas were cho-
sen on the specimens for the electron microscopic
studies. The ultrathin sections were contrasted by
2% water solution of uranyl acetate and of lead
citrate according to Reynolds. They were studied
by JEM-1011(Jeol Ltd.; Japan) transmission mi-
croscope.

STATISTICS

Each heart was cut into five sections to deter-
mine the size of the postinfarction scar. The scar
area index (SAI) was measured in the specimens
of the heart cross-sections using ITEM software
in the following way: the ratio between the scar
area and left ventricle wall area was multiplied by
100%. The analysis of SAI values was performed
using non-parametric methods, namely, the uni-
variate Kruskal — Wallis analysis of variance and
comparison of uncorrelated data by Mann —
Whitney method [8].
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RESULTS

The difference in healing between the ischemic
damaged myocardium in the control group and
that in the experimental ones was significant. The
SAI data in the experimental group insignificant-
ly depended upon the follow-up periods (> = 5.7,
p > 0.12). However, the values of this parameter
tended to reduce gradually. The distribution me-
dians by the 7th day totaled 22.7%, (0%, 43.3%)
and dropped significantly to 13.4% (0%, 22.2%).
They decreased on the 14th day, whereas on the
30th and 45th days they reached 16% (0%, 32.1%)
and 5.2% (0%, 33.8%) (p = 0.14 and p = 0.02, re-
spectively). The difference between the 14", 30
and 45" days turned out to be statistically insig-
nificant (p = 0.23 = p = 0.75).

In the control group, the dependence of SAI
on follow-up time was also statistically insignifi-
cant (x> = 6.3, p = 0.10). The differences in the
SAI level from the initial one (day 7) were statis-
tically significant only on the 30th day (p = 0.01).
Figure 1 shows that during the whole period of
observation in the control group there were no
cases of zero SAI values. Comparison of both ex-
perimental groups at different time periods of the
study showed that at implantation of ABM at all
follow-up periods, SAI was statistically significant-
ly less than in the control (p = 0.01 + p < 0.0001).

Fig. 1. Index in the experimental and control groups (@): on the abscissa axis — observation time (days). The ordinate
of the index area of the scar (%): & — cross-section of the myocardium after 45 days in the control group, x 40;
¢ — myocardial cross-section after 45 days in the experimental group, x40. Mallory’s staining

Macrophage cells are of great importance in
fibrous progression and scar manifestation [6].
The number of CD68 macrophages in the control
group within the reactive zone of the ischemically
damaged cardiac muscle exceeded the values of
the experimental group almost throughout the
entire experiment. In the control and experi-

mental groups, the recurring rise and subsequent
fall of the cell number was, on the whole, highly
significant (x> = 76.3, p <<0.0001 and > = 45.2,
p <<0.0001, respectively). The number of CD68 *
cells in the control group was statistically signifi-
cantly greater than the number in the experimen-
tal group during the follow-up period from the
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3t to 14™ day (p = 0.003 and less). The remodel-
ing attenuation process of myocardium and scar
formation took place over a period from the 30
to 45" day. This caused a decrease in the num-
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ber of macrophages in both groups (p = 0.12) on
the 45" day and transformation from the exuda-
tive-proliferative phase of inflammation into the
recovery stage (Fig. 2).
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Fig. 2. The number of CD68+ macrophages in rat myocardium in experimental and control groups. On the x-axis is
“days”. On the ordinate axis — the number of cells

Through evaluation of the dynamics of path-
omorphological changes, it was revealed that the
initial stage of inflammation (day 3) was char-
acterized by the early onset of the proliferative
phase and formation of the granulation tissue in
the perifocal area of the ischemically damaged
myocardium. This is where thin collagen fibres,
mesenchymal and macrophagal and fibroblastic
infiltration were observed (Fig. 3, a).

In the control group, a wide cell shaft con-
sisting of macrophages, lymphocytes, and neutro-
phils, was formed in place of the decaying car-
diomyocytes. In this study, C-kit * cells in both
groups were determined mainly in the peri-in-
farction and perivascular zones. Despite the au-
togenous origin of C-kit" stem cells and absence
of antigenicity factors they were subjected to
phagocytosis by macrophages (Fig. 4, a).

s ;;gm
o
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Fig. 3. Morphological changes in the myocardium after 3 days: ¢ — formation of granulation tissue in the perifocal

zone, infiltration by macrophages, mesenchymal cells, fibroblasts in rat myocardium 3 days after coronary occlusion

and ABM administration, & — macrophage-lymphocytic cell wall in the zone of necrotically changed cardiomyocytes
3 days after coronary occlusion. Stained with Hematoxylin and Eosin
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Numerous macrophages phagocyting un-
differentiated cells on the electron microscop-
ic level were also recorded. Fragments of cy-
toplasm and pyknotic nuclei were detected in
phagocytic vacuoles, and macrophage cells
showed signs of activation. The nuclei were
oval-shaped and contained large amounts of eu-
chromatin; numerous large mitochondria with a
darkened matrix and parallel oriented lamellar
crystal were observed in the wide cytoplasma

rim. The cytolemma formed deep invaginations.
Golgi apparatus was well developed with piled
up elongated flat cisterns and uncoupled vesicles
(Fig. 4B).

When determining free C-kit+ cells, which
were not subjected to macrophagal resorption, it
was revealed that their number in the experimen-
tal group had surpassed statistically significantly
the control group during the follow-up period
(P&It; 0,001) (Fig. 5).

Fig. 4. Phagocytic macrophages: a — CD68+/c-kit+ 7 days after coronary occlusion. CD68 (brown), c-kit (red).

Chromogen granules are detected in the cytoplasm of macrophages. Double indirect immunoperoxidase method for

antigen detection with Hematoxylin staining, x600; & — Phagocytic macrophage with vacuoles of cellular detritus 7 days
after coronary occlusion, x10.000. Electronograms

Hale positive macrophages expressing Timp-2
were revealed in the zone of implantation in the
subepicardial space (Fig. 6).

DISCUSSION

Numerous factors, one of which being mac-
rophage reaction induced by ABM, contributed
more favorably to myocardial infarction healing

2EREEEER

in the experimental group. It has already been
proven that the products of ABM biodegrada-
tion turn into chemoattractants of monocytes and
macrophages during the connective tissue heal-
ing followed by the inflammatory and destructive
process and after inflicting damage [2]. Macro-
phage cells displayed regeneration efficiency as
a result of full-fledged phagocytosis and regula-
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Fig. 5. The number of free c-kit+ cells in rat myocardium in the main and control groups, on the x-axis is “days”, on
the ordinate axis — the number of cells
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Fig. 6. Macrophages in subepicardial space after AMB administration after 7 days: 4 — GAG-positive macrophages
(7). Hale staining; & — Timp-2+ macrophages (1). Indirect immunoperoxidase method for detection of Timp-2 with
additional Hematoxylin staining, x400

tion of the proliferative phase of the inflamma-
tion. They inhibited the fibroblastic activity by
M1 stimulation of macrophages and prolongation
of cytoxic phase [9, 10]. We got the opposite
result in this study in case of acute myocardial
infarction. Within 3 days, the ABM particles were
resorbed and were not detected in the tissue. One
can assume that after the biomaterial resorption,
the ABM-induced macrophages became the regu-
lators of intercellular interactions and stimulated
the onset of the early proliferative inflammation
phase activating fibroblastic cells.

In the control group the ischemically dam-
aged cardiomyocytes initiated a succession of
inflammatory cell reactions which resulted in
increased inflammation, expansion of the dam-
aged zone and scar manifestation. This obser-
vation was confirmed by the data of other re-
searchers who had illustrated that peak levels
of the corresponding family of proinflammatory
(CD14+) macrophages and/or monocytes neg-
atively correlated with the restoration of the
left ventricle function following the acute myo-
cardial infarction [11]. Dysregulated infiltration
leads to the extension of myocardial infarction,
expansion of the left ventricle and cardiac in-
sufficiency. Monocytosis increases and extends
stages of alteration and exudation due to the
spectrum expression of inflammatory monokines
(TNFa, IL1, IL6 etc) which, in turn, induce the
exudative stress spreading over the nearby car-
diomyocytes, thus expanding the necrosis zone.
As a result of inflammation, the left ventricle
remodeling is increased in case of the ischemic
damages to the myocardium [12].

Macrophages are the polymorphic cellular
population, the phenotype of which is determined
by the microenvironment signals. In the experi-
mental group after the use of ABM, the products
of its biodegradation create a certain microenvi-
ronment, together with an anti-fibrogenic effect
[9], which induces TIMP-2 expression by random
cells. This phenomenon helps to decrease inflam-
mation when acute ischemia occurs [13]. The
modulation approach of macrophages changes
according to their environment. It was revealed
that phenotypes and functions of macrophages
are formed by the corresponding organ microen-
vironment [14]. The transplantation of differenti-
ated peritoneal macrophages into the pulmonary
medium, for example, induced the transcriptional
landscape reprogramming of those cells and their
acquisition of new specific tissue functions [11,
15]. Thus, in case of acute ischemic myocardi-
al damage, ABM has an anti-inflammatory effect
and is a factor in the switching of the phenotype
of macrophages from M1 to M2. Conversely, the
destructive cardiomyocytes in the control group
provoked a number of inflammatory reactions,
due to the pronounced expression of metallopro-
teinases MMP-9 [13]. It is known that the regen-
erative process participants in the myocardium
are not only effector fibroblast cells, but also car-
diomyogenic progenitor cells. It is assumed that
stem cell niches as well as epicardial cells, hema-
topoietic stromal cells etc. can be the source of
stem cells [16,17]. The differentiation direction of
progenitor stem cells is often unpredictable. This
is explained by high probability of teratoma for-
mation [18]. ABM stimulated migration of poorly

BionneteHb cMbupckoit MeguunHbl. 2020; 19 (1): 67-75 73



Lebedeva A.l., Muslimov S.A., Gareev E.M. et al.

Macrophages as the homeostasis regulators in the ischemically damaged myocardium

differentiated C-kit+ cells. Phagocytosis by mac-
rophages of C-kit+ cells is probably connected
with the genetically programmed mechanism of
anti-tumorigenicity. In spite of this fact, the level
of progenitor cells in the experimental group re-
mained high enough which contributed to a more
wholesome regeneration of myocardium and inhi-
bition of scar tissue development.

Macrophages populate heterogenous cells.

Macrophages of mesenchymal origin, other-
wise known as “matrix-forming”, have also been
identified during previous experiments with ABM
[1, 19, 20]. They featured Vimentin+ /Hale+ /
CD68+ /PCNA phenotype and secreted glycos-
aminoglycanes (GAG); this phenomenon being
typical of fibroblast cells. Macrophages appeared
to be of the mesenchymal origin. It was revealed
in the study that they had expressed Timp-2 tis-
sue inhibitor of metalloproteinase. Presumably
these cells play a structural and informative role
for cellular cooperation and create homeostasis
in the inflammation focus. Their presence is con-
nected with synthesis of the hydrocarbon compo-
nent. Timp-2 has a histoprotective effect due to
the anti-inflammatory mechanism in the myocar-
dium [21] which can set in motion the early pro-
liferative phase of inflammation and homeostasis
regulation. The discovery of macrophages of the
given phenotype is consistent with the observa-
tion that the adult human heart contains mac-
rophages of embryonal origin capable of tissue
restoration. It is worth noting that though these
families are present in the resting adult heart, the
tissue-resident macrophages are lost after injury
of heart in adults and are substituted by inflam-
matory monocytic macrophages of the medullary
origin [14]. Thus, ABM had a histoprotective ef-
fect in the case of acute ischemic myocardium.
Differences in the number, composition and func-
tion of microphages contribute to varying models
of restoration and remodeling of the left ventricle
observed in the given experiment.

CONCLUSION

Coronary artery stenosis alongside with ABM
use allows to reduce the myocardium scar area
by 2.74 times.

The ABM use decreases myocardium infiltra-
tion by macrophage cells.

During the myocardium restoration after the
ischemic damage, macrophages are capable of ac-
tively phagocytizing autogenic stem cells.

There exists a population of GAG-positive
macrophages in the ABM implantation zone.

ABM wusage ensures a substantial preva-
lence of C-kit+ cells compared with the control
group.
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