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Influence of the microenvironment dynamics on
extracellular matrix evolution under hypoxic
ischemic conditions in the myocardium
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Abstract. The extracellular matrix (ECM) consists of
fibrillary and non-fibrillary components in the extracellular
zone, and fulfills structural and signaling roles. Cardiac insult
can lead to cardiomyocyte death, which subsequently deter-
mines dynamic changes of ECM composition and regulates
cellular responses, ultimately contributing to cardiac repair.
The present retrospective study on a small batch selected from
the database of the Pathology Department of ‘Sf. Pantelimon’
Hospital aimed to determine which molecules may have a role
in the dynamics of ECM using histopathology and immuno-
histochemistry methods. The study batch was composed of
cases with cardiac ischemic conditions who died at various
ages of myocardial infarcts. Tissue samples were taken from
the myocardium of the left ventricle (anterior and lateral walls),
and multiple series of histological sections were produced and
analyzed using immunohistochemistry for collagen type I
(Col-1), tenascin C (Tn-C), matrix metalloproteinase 9, CD34,
and CD68. Col-1 and Tn-C showed variable patterns of fibrillar
plexiform network, associated with a high micro-vascular
density of newly formed capillaries revealed by CD34, and
an interstitial infiltrate with histiocytes demonstrated by
CD68 presence. The ECM represents therefore a polymorphic
microenvironment with its own dynamics that is in continuous
change, involving a large spectrum of heterogenous molecules,
which play different roles in myocardium remodeling under
hypoxic ischemic conditions.
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Introduction

Researchers consider the heart to be an organ that regener-
ates among the last in mammalian systems. It was previously
considered as a post-mitotic organ (1,2). Recent theories state
that the heart is characterized by cardiomyocyte turnover
throughout life, although these properties are insufficient for
restoration in cases of heart disease or after heart injury (3).

Once the cardiomyocytes complete their differentiation
and interrupt their mitotic activity, which occurs in the first
days after birth, the regenerative capacity of the heart suddenly
decreases (4-7).

The extracellular matrix (ECM) is composed of fibrillary
(fibrillar collagen) and non-fibrillary components (basement
membrane, proteoglycans and glycoproteins), which all have
structural and signaling functions. The ECM provides support
and anchorage for the shape of the cells and regulates cell
dynamics (8).

From a spatial point of view, ECM contains two main areas,
the basement membrane/pericellular matrix and the inter-
stitial matrix. The interstitial matrix is organized into three
interconnected levels as follows: the epimysium that wraps
the entire organ, the perimysium that forms major bundles
of myofibers and the endomysium that surrounds individual
cardiomyocytes (3,9).

The collagen matrix is mainly composed of collagen
type I (Col-1; >80%) and Col-3 (>10%), which are fixed to
the basement membranes of the cardiomyocytes via Col-4
and fibronectin (FN) (10). The ECM anchors chemokines,
cytokines, growth factors, proteases [such as matrix metal-
lopeptidases (MMPs)], proteases inhibitors [such as tissue
inhibitors of metalloproteinases (TIMPs)], and noncoding
RNAS (such as microRNAs) (3,11).

The cardiac interstitium is mainly composed of rod-like
thick fibers, located both in the epimysium and the perimy-
sium. These fibers are composed of Col-1, while a fine network
of fibers is formed by Col-3, which are more prominent in the
endomysium (9).
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MMPs represent a large group of zinc-dependent endo-
peptidases, which are initially synthesized as zymogens (12).
The gelatinases MMP-2 and MMP-9 can be found in cardiac
myocytes, cardiac fibroblasts and endocardial cells. The
activity of MMPs is inhibited by TIMPs (9).

Following cardiac injury and cardiomyocyte death, cardiac
repair cascade is initiated by cellular responses, secondary to
dynamic changes in the composition of the ECM (13). The
restoration process consists of the following three steps: A
first phase of inflammation, a second proliferative phase and
a final maturation phase. Inflammatory mediators, such as
cytokines and chemokines, are subsequently released from
the serum into the interstitial matrix, which leads to leukocyte
recruitment and activation of the neutrophils. Inflammatory
mediators increase vascular permeability, which is followed
by extravasation of plasma proteins, including fibrin,
fibrinogen and FN. Simultaneously, MMPs expression and
activity are increased (3). The consequence is the formation
of provisional ECM with abundant growth factors, to which
fibroblasts adhere, inducing therefore fibroblast proliferation
and transdifferentiation.

Removal of dead cells and ECM residues by phagocytic
activity induces the spill of anti-inflammatory mediators,
which is useful in solving the inflammatory phase, thus
delimiting the transition to the proliferative phase (14).

Mononuclear cells and macrophages secrete growth factors
during the proliferative phase of infarct healing. Large amounts
of structural ECM proteins synthesized by myofibroblasts and
activated by growth factors modulate several important cell
functions such as cell survival, proliferation, polarity, differ-
entiation, adhesion and migration. These proteins also serve
key roles in matrix assembly and myocardial protection from
adverse remodeling. The best-known growth factors active
during this phase are the following: Tenascin-C (Tn-C), Tn-X,
thrombospondin, secreted protein acidic and rich in cysteine,
osteopontin, osteoglycin, periostin and cellular communica-
tion network (13,15,16).

Three forms of cardiac fibrosis are recognized, reflecting
distinct mechanisms of fibrotic remodeling. These are the
replacement fibrosis, interstitial fibrosis and perivascular
fibrosis (9). The replacement fibrosis describes the formation
of a scar in zones with myocardium necrosis, representing the
consequence of a replacement process that is secondary to
primary cardiomyocyte lesion, such as following myocardial
infarction. Interstitial fibrosis occurs in the case of different
injurious stimuli, including a pressure load, metabolic
dysfunction and aging (9).

Materials and methods

Patient selection. From a database of 100 patients with isch-
emic heart diseases, a small study batch of 10 cases consisting
of 5 men and 5 women (age range, 59-89 years; mean age,
74.8+7.62 years; sex ratio, 1:1) with myocardial infarcts of
various ages were selected for microscopic investigation of
the ECM between January 2016 and December 2020. The
tissues were collected at autopsy in ‘Sf. Pantelimon’ Hospital.
The present study fulfilled the ethical criteria of the World
Medical Association Declaration of Helsinki. All tissue
specimens were harvested in accordance with the legislation

of our country and the study protocol was previously approved
by the Bioethics Committee of St. Pantelimon Hospital. All
patients provided written informed consent at the admission
in the hospital.

Histopathology investigation. Heart tissue samples were
subjected to histopathological examination. The tissues were
collected at autopsy from different parts of the left ventricle,
such as the anterior and the lateral walls. The samples were
fixed in 10% neutral buffered formalin (pH 7) for 24-48 h
at room temperature and paraffin embedded. Tissues were
cut into 5-ym sections that were stained by hematoxylin and
eosin and van Gieson. Hematoxylin and eosin staining is the
standard staining for tissues and was performed in order to
obtain the permanent microscopic slide. The staining consists
of 2 dyes, namely Meyer hemalaun (a base dye) and Gelbich
eosin (an acidic dye), which are used to stain in blue-violet the
cell nucleus and in red-pink the cell cytoplasm, respectively.
For standard hemalaun & eosin, the staining takes place at
room temperature and briefly, the main steps are the following:
staining with Meyer hemalaun (10 min), washing in tap water,
washing in 1-3 cm? saturated solution of LiCOj (a few seconds)
staining with eosin (2-3 min), washing in distilled water and
ethanol (90%), dehydration in ethanol (95%), ethanol (100%),
xylene and mounting the slides. Van Gieson stain is a trichrome
stain for tissues. It is composed of 3 dyes: Weigert hema-
toxylin, picric acid and acidic fuxin. The nucleus stains black,
cytoplasm stains yellow and collagen stains red. The stain is
used in light microscopy to highlight the connective tissue,
particularly collagen fibers. For Van Gieson, the staining takes
place at room temperature and briefly, the main steps are the
following: staining with Weigert hematoxylin (15 min), differ-
entiation in chlorohydric alcohol (a few seconds), washing in
LiCO;, staining with pycrofucsin (30 sec-1 min), washing in
acidic water (few seconds), washing in distilled water, dehy-
dration in ethanol, mounting the slides. Multiple sections
were prepared per sample and histopathologically examined.
Additional slices (3 ym) of tissue have also been prepared for
THC analysis.

THC analysis was performed for Col-1 (clone, Col-1; 1:100;
Sigma-Aldrich; Merck KGaA), Tn-C (clone, 49; 1:100; Leica
Microsystems GmbH), MMP-9 (clone, 15W2; 1:400; Leica
Microsystems GmbH), CD34 (clone, Qbend; ready to use;
CellMarque™), CD68 (clone, KP-1; RTU; CellMarque™)
using sections placed on glass slides that were previously
treated with poly-L-lysine. IHC was performed for 3 gm-thick
sections (formalin-fixed paraffin-embedded). The method used
was an indirect tristadial Avidin-Biotin-Complex technique,
using a NovoLink Polymer detection system, which utilizes a
novel control polymerization technology to prepare polymeric
HRP-linker antibody conjugates, according to the manufac-
turer's specifications (Novocastra). Antigen retrieval technique
(enzymatic pre-treatment) was performed, according to the
technical specifications from the producer. The steps were as
follows: deparaffinization in xylene for 15 min, rehydration in
ethanol series (100%-5 min, 96%-5 min, 70%-5 min), washing
in PBS, incubation with normal serum (200 ul, Cell Marque)
for 20 min, incubation with primary antibody overnight,
standard labeled streptavidin-biotin complex (ready to use,
Cell Marque), washing in carbonate buffer and development
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Figure 1.Irregular fragmented fibrilar network of collagen in the extracellular
matrix interstitium of hypoxic ischemic myocardium demonstrated by
collagen type I staining via immunohistochemistry. Magnification, x200.

Figure 2. Regular continuous reticular network of tenascin C in the
extracellular matrix of hypoxic ischemic myocardium evaluated by immuno-
histochemistry. Magnification, x200.

in 3-3-DAB hydrochloride. All steps were performed at room
temperature.

All slides were examined and images were taken using a
Leica MC190 HD microscope (Leica Microsystems GmbH;
magnification, x100). Images were acquired using an incor-
porated software program and were further processed and
analyzed using Microsoft Office Picture Manager running
under Windows 10.

Results

The histopathological examinations demonstrated various
degrees of diffuse or focal interstitial and perivascular
fibrosis, due to collagen deposition, along with cardiomyocyte
degeneration.

Col-1 staining was focally positive in the interstitium, in
the scarring areas and in the residual areas adjacent to the
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Figure 3. Immunohistochemistry analyses showing (A) a strong diffuse
staining for CD34 in newly formed capillary vessels in an old infarcted
area and (B) a strong diffuse staining for CD34 in the interstitium of
adjacent hypoxic myocardium, revealing a high micro-vascular density.
Magnification, x100.
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Figure 4. Immunohistochemistry analyses showing (A) a strong staining
for CD68 in frequent scattered histiocytes located perivascular in the inter-
stitium of hypoxic ischemic myocardium from an old infarcted area and
(B) a strong staining for CD68 in rare interstitial macrophages in a normal
adjacent myocardium. Magnification, x200.

myocardial scar. It showed a variable expression in the ECM,
with a continuous reticular pattern, in the form of a fibrillar
plexiform network (Fig. 1). In recent myocardial infarction,
there was no IHC expression of the Col-1 in the ECM.

Tn-C staining was focally positive in subendocardial or
subepicardial areas of the ECM. Tn-C was expressed in the
ECM in recently infarcted areas and in adjacent residual areas
of myocardium. It showed a discontinuous variable network
with a reticular pattern (Fig. 2).

MMP9 staining was negative in the ECM, in all layers of
the heart, regardless of the age of the infarction.

CD34 staining showed diffuse strong immunoreaction in
newly formed capillary vessels, in the adjacent areas of the
infarction and in the scarring areas, thus demonstrating a high
micro-vascular density (Fig. 3).

CD68 staining was positive in frequent reactive histiocytes,
located in interstitial and perivascular areas of the necrotic
areas (Fig. 4), but also into the interstitium of the adjacent
normal myocardium.
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There was no correlation between the aforementioned
markers, which were therefore independent from each other.

Discussion

Col-1 deposition is difficult to be repaired in conditions of
myocardial infarction, as it provides a mechanically strong
network for maintaining integrity, minimizing infarct exten-
sion and resistance to maladaptive remodeling. The synthesis
of Col-1 requires the expression of pro-al and pro-a2 collagen
chains encoding genes, intracellular assembly of the protein
and secretion of procollagen I, which will be cleaved outside
the cell and assembled into triple helical fibrils (Col-1).
Accumulation of Col-1 can be degraded by degradation
of interstitial collagenases and MMP-1, MMP-8, MMP13,
MMP2, and membrane type | MMP/MMP-14 (17).

The ECM glycoprotein Tn-C is found only in the first stages
of embryonic development. Usually, Tn-C is not expressed in
the adult heart, but it reappears transiently in conditions of
active tissue remodeling in distinct areas of the heart (18).
Tn-C is considered to be involved in improper left ventricular
remodeling, although the exact underlying mechanism of
cardiac dysfunction involving Tn-C remains unclear (19).

Cardiac tissue remodeling following myocardial ischemia
may be accompanied by an overexpression of Tn-C variants.
Serum level of Tn-C was reported to be significantly increased
in patients with acute myocardial infarction compared with
healthy subjects. High serum levels of Tn-C are also corre-
lated with unfavorable prognostic outcome, in the case of left
ventricular hypertrophy and major adverse cardiac events (20).
A high tissue level of Tn-C was demonstrated in thrombosis,
atherosclerotic plaques or stenosis of coronary artery, and
bypass-grafts (21-24).

MMP-7 is the metalloproteinase expressed in cardiomyo-
cytes, endothelial cells and macrophages. In animal models of
myocardial infarction, the level of MMP-7 increases three-fold
at 7 days following infarction, both in ischemic and remote
regions (25,26). The high level of MMP-7 activity is associ-
ated with an increased risk for major adverse cardiac events,
including low survival rate post-myocardial infarction and
increased hospitalization period for patients with congestive
heart failure (27). Furthermore, high serum MMP-7 level
has been demonstrated to be associated with left ventricular
structural remodeling in 144 patients with left ventricular
hypertrophy (28).

MMP-7 includes a wide variation of target substrates, such
as Col-4, FN, Tn-C, connexin-43, peroxiredoxin, laminin
and tumor necrosis factor-a (29). MMP-7 can also degrade
other MMPs, including MMP-1, MMP-2, and MMP-9,
leading to their activation and thus suggesting that MMP-7
might be a direct and indirect regulator for left ventricular
remodeling (27). In addition, MMP-7 has major effects on
connexin-43 and plays an important role in arrhythmias that
appear post infarction (30). Both collagenases (MMP-1) and
gelatinases, such as MMP-2 and MMP-9, present high levels
in patients with acute ischemic myocardium (31).

Other targets for MMPs also exist that are located intra-
cellularly and are involved in protein degradation, including
a-actinin, titin and myosin (16). In suffering or remodeled
tissues, fragmentation of matrix proteins leads to the release

of matrikines. Rapid activation of MMPs in ischemic condi-
tions leads to a rapid matrix fragmentation. However, the
functional role of these fragments, which act as bioactive
proinflammatory matrikines, remains unclear.

Previous studies demonstrated that in the first 30 min
following coronary ischemia, the serum level of Col-1
fragments increases (32,33). In the infarcted myocardium,
fragmentation of constituents of the basement membrane, such
as Col-4, and of non-collagenous matrix components also
takes place (16,34).

The CD68* macrophages serve two roles in heart
remodeling under ischemic conditions, a fibrogenic role and
an angiogenic role. Furthermore, macrophages could also
contribute to ECM remodeling by producing MMPs (35).

At an early stage of ischemia, macrophages express certain
heterogeneity, gaining regulatory, fibrogenic or angiogenic
phenotypes. At a later stage, turnover of macrophages in the
ischemic zones depends on proliferation. Subsequent expan-
sion of macrophage population in viable zones is stimulated by
chemokines, as a consequence of a high wall stress. Activation
of macrophages in the vascularized aria of the myocardium may
lead to development and progression of heart failure (36,37).

In summary, the ECM represents a polymorphic microenvi-
ronment with its own dynamics that is in a continuous change,
involving a large spectrum of heterogeneous molecules, which
play different roles in myocardium remodeling under hypoxic
ischemic conditions.
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