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Annotation. Hyperhomocysteinemia (HHCys) is a pathological condition characterized by an increase in plasma homocysteine
(HCys) levels above 15 umol/l and causes abnormal functioning of the human body. Increasing the concentration of HCys in plasma
can cause structural and functional changes in all organs and systems of the body, but, as research shows, the most vulnerable is the
cardiovascular system. The aim of the research is to study the ultrastructural changes in the heart of old rats under conditions of
HHCys. The experimental study was performed on 22 white nonlinear old (24-26 months) male rats. During the experiment, the animals
were divided into two groups - control and experimental. Simulation of persistent HHCys was achieved by administering to rats the
experimental group thiolactone HCys at a dose of 200 mg/kg body weight intragastrally for 60 days. Ultrathin sections were studied in
the PEM - 125K electron microscope. It was found that the introduction of thiolactone HCys to old rats at a dose of 200 mg/kg is
associated with the development of destructive-dystrophic changes in the heart of animals. They are visible in all layers of the organ
in the form of a significant increase in the volume of connective tissue. The lumens of most hemocapillaries were dilated and filled with
blood cells. In endotheliocytes there are severe ultrastructural disorders, manifested by the disappearance of micropinocytic vesicles
and caveolae, the formation of large caveolae-like structures, which led to a violation of transcapillary metabolism. Intracellular
edema, hypertrophied mitochondria with locally enlightened matrix, destroyed crystals, damaged outer membrane were found in

cardiomyocytes. Myofibrils became thinner, they showed lysis of myofibrils.
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Introduction

Hyperhomocysteinemia (HHCys) is a pathological
condition characterized by an increase in the level of
homocysteine (HCys) in blood plasma above 15 ?mol / |
and causes a violation of the normal functioning of the
human body. The factors that cause the development of
HHCys have been identified. Because HCys metabolism
is directly dependent on vitamins B6, B9 and B12, which
act as cofactors and donors of methyl groups and folate, in
the absence or insufficient amount in the body of them,
HCys is not able to be utilized, and accumulates in cells
and blood plasma. It is also known that cancers such as
breast and pancreatic cancer, ovarian cancer, lymphoblastic
leukemia are accompanied by HHCys, because malignant
cells have high mitotic activity, requiring a significant number
of methyl groups. Experimental studies show the negative
effects of smoking, excessive coffee consumption and
alcohol abuse on blood HCys levels [1, 4, 10, 12, 14, 19].

Increasing the concentration of HCys in plasma can
cause structural and functional changes in all organs and
systems of the body, but, as research shows, the most
vulnerable is the cardiovascular system. The state of HHCys
significantly increases the risk of myocardial infarction,
ischemic and/or hemorrhagic strokes, venous thrombosis,
coronary heart disease [2, 6].

To date, the mechanisms by which HCys is able to
exert a pathological effect on the organs of the
cardiovascular system remain unknown. The available data
of experimental works prove the fact that HHCys causes
damage of endothelial cells of the vascular wall, smooth

myocytes, platelets, disrupts the normal functioning of the
coagulation and fibrinolytic systems of the body. Endothelial
dysfunction is a frequent complication of HHCys, resulting
from impaired synthesis and bioavailability of nitric oxide
(NO) in the epithelial cells of vascular walls, the production
of reactive oxygen species (ROS) and, as a consequence,
the development of oxidative stress (OS). The presence of
positive correlations between the plasma HCys level and
structural changes in the myocardium of rats was also
found. In particular, the development of diastolic dysfunction
and left ventricular remodeling was observed in
hypertensive rats with HHCys. In addition, HHCys disrupts
the absorption of oxygen in the myocardium, increases the
content of superoxide radicals due to increased activity of
NADPH oxidase [11, 21, 22].

Currently, a small number of works on the peculiarities
of histological changes in the structural components of the
heart under conditions of HHCys have been found in
scientific sources, which determines the relevance of our
chosen research topic.

The aim of the research is to study the ultrastructural
changes in the heart of old rats under conditions of HHCys.

Materials and methods

The studies were performed on 64 white nonlinear old
(24-26 months) male rats. During the experiment, the
animals were divided into two groups - control and
experimental (32 animals in each group). Simulation of
the state of HHCys was achieved by administering to rats
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of the experimental group thiolactone HCys at a dose of
200 mg / kg body weight intragastrally for 60 days. Animals
were decontaminated by decapitation under thiopental
anesthesia. Small pieces of rat heart were selected for
ultrastructural study. They were fixed in 2.5-3% solution of
glutaraldehyde and postfixed in 1% osmium tetraoxide
solution on the pH 7.2-7.4 phosphate buffer, followed by
dehydration in alcohol and propylene oxide and then
embedded into mixture of epoxy resins. Ultrathin sections
were contrasted with uraniacetate and lead citrate according
to Reynolds and studied in the PEM - 125K electron
microscope [9, 13].

The experimental study was carried out in compliance
with international recommendations on conducting medical
and biological research using animals in accordance with
the "General principles of work on animals", approved by
the 1st National Congress on Bioethics (Kyiv, Ukraine,
2001) and agreed with the provisions of the "European
Convention for the Protection of Vertebrate Animals , which
are used for experimental and other scientific purposes”
(Strasbourg, France, 1986). Compliance with the ethical
principles of work is certified by the bioethics committee of
the National Medical University named after O.O.
Bogomolets (protocol Ne 6 dated September 6, 2020).

Results

Submicroscopic studies of the heart of old animals in
experimental HHCys revealed profound destructive and
degenerative changes in the organ wall. In the
endocardium, edema of the cytoplasm of endothelial cells
and violation of their integrity, thickening of collagen fibers
in connective tissue were revealed. Significant destructive
changes in the myocardium were observed. Some muscle
fibers were destroyed. The structure of the intercalated
discs was disrupted, the intercellular contacts were
damaged, and the microcellular spaces were expanded
(Fig. 1).

Significant changes were found in cardiomyocytes. The
nuclei are hypertrophied, they were dominated by
heterochromatin, which in the form of dense bodies had a
submembrane location. Karyoplasm was electron light.
The perinuclear space has expanded significantly.

Deep destruction of membrane organelles was
detected in the cytoplasm. Hypertrophied mitochondria
contain a locally enlightened matrix and destroyed,
fragmented cristae. In some of these organelles, the outer
membrane was damaged. Intracellular edema was
detected, which was manifested by dilation of the tubules
of the endoplasmic reticulum and their partial
fragmentation. Myofibrils became thinner, they revealed
lysis of myofibrils and disruption of the order of sarcomeres.
Locally, myofilaments in myofibrils were compacted and
homogenized (Fig. 2). However, locally hypertrophied
myofibrils have been found in muscle fibers.

The volume and thickness of collagen fibers in the
myocardial connective tissue have increased. Also they

Fig. 1. Electronogram of myocardial cardiomyocytes of an old rat
with hyperhomocysteinemia: 1 - intercalated disc; 2 - cytoplasm of
the cardiomyocyte; 3 - mitochondria; 4 - myofibrils. x 12000
magnification.
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Fig. 2. Electronogram of myocardial cardiomyocytes of an old rat
with hyperhomocysteinemia: 1 - cytoplasm of cardiomyocytes; 2 -
plasmalemma of cardiomyocytes; 3 - mitochondria; 4 - myofibrils, 5

- local area of myofibril compaction. x 10 000 magnification.
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Fig. 3. Electronogram of the hemocapillary of the myocardium of
an old rat with hyperhomocysteinemia: 1 - lumen of the
hemocapillary; 2 - endothelial cell nucleus; 3 - peripheral, swollen
part of the cytoplasm; 4 - basement membrane; 5 - cytoplasm of
the cardiomyocyte. x 8 000 magnification.
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formed thick bundles. Hemocapillaries were dilated, filled
with formal blood elements. Significant ultrastructural
disorders are present in endotheliocytes. The lumenal
surface was fragmentarily damaged. Micropinocytic
vesicles and caveolae were rare. The cytoplasm contained
locally swollen areas with the formation of large vacuole-
like structures. The basement membrane is thickened,
contains thick bundles of collagen fibers, or compacted,
osmiophilic. Areas with leukocyte infiltration were found in
the pericapillary spaces (Fig. 3).

Discussion

The results of experimental studies show that HCys
induces apoptosis of cardiomyocytes and causes the
development of cardiac dysfunction. These effects are
associated with activation of p22°"* and increased p62
activity mediated by NADPH oxidase (NOX). The
researchers noted that under experimental conditions in
rats, inhibition of p22r"* and p62 expression in
cardiomyocytes significantly reduced ROS production.
Disruption of the NOX-p62 relationship prevented the
development of diastolic dysfunction in animals. Thus, the
authors proved the existence of a mechanism of apoptosis
of cardiomyocytes under conditions of HHCys - a special
signaling pathway NOX-p62 [23].

HHCys caused by methionine administration
intraperitoneally at a dose of 300 mg / kg for 1 month causes
excessive accumulation in the myocardium of experimental
rats of fibrillar collagen types | and Ill in the interstitium and
perivascular spaces. This process leads to the
development of fibrosis, increased expression of
transforming growth factor B (TGF-B1), matrix
metalloproteinases (MMP-9), tissue metalloproteinase
inhibitor (TIMP-2) and decreased expression of MMP-2,
TIMP-1. HHCys also acts as an initiator of apoptosis of
cardiomyocytes and fibroblasts of heart tissue by increasing
the expression of caspase-3. The results confirm the fact
that HHCys is a factor that activates the processes of
remodeling of the heart [3, 5].

Under the conditions of methionine administration to
rats for three weeks, the normal functioning of mitochondria
of heart cells is disrupted, which is manifested by an
increase in lactate levels in the cytoplasm, as well as the
development of OS and carbonylation of mitochondrial
proteins. Activation of the antioxidant defense system
somewhat compensates for the manifestations of OS, but
is not able to completely eliminate the negative impact of
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ENEKTPOHHO-MIKPOCKOMMIYHI 3MIHA CEPLSI CTAPUX LLYPIB NMPU MNEPrOMOLIMCTEIHEMIT

KamiHcbkul P. ®.

AHoTauis. linepeomoyucmeinemis (ITuy) € namonogiyHUM cmaHoM, KUl Xapakmepu3dyembCsi 3poCmaHHAM pieHsi [y nna3mu Kposi
suwe 15 MKMONL/T ma cmae nPUYUHOK MOPYWEeHHSI HOpMaribHO20 (hyHKUIOHY8aHHST opaaHiaMy fitoduHU. [lidsuuweHHs1 KOHUeHmpauii 8
nna3mi kposi 'y 30amHe cripudyuHUMU CmMpPyKMmMypHO-byHKUiOHanbHIi 3MiHU 8CiX op2aHi8 i cucmem opeaHi3my, asne, K MoKasyoms
pe3ynbmamu 0ocnioxeHb, Halbinbw 8pa3nueok € cepyeso-cyOuHHa cucmema. Memoto O0CniOXKeHHSI € BUBHEHHS yIbmpacmpyKkmyp-
HUX 3MiH cepys cmapux wypie 3a ymos Ty. EkcnepumeHmanbHe 0ocnioxeHHs1 nposedeHe Ha 22 binux HeniliHUX cmapux (24-26
micsiui) wypax. lMpomsizom docnidxeHHs1 meapuH 6yn1o nodineHo Ha 08i 2pynu - KOHMpPosbHy ma 0ocnidHy. ModentosaHHsi cmitikoi Ty,
docsieanu winsixom 88e0eHHs1 wypam 0ocrioHol epynu mionakmoHy 'y y 0o3i of 200 ma/ke macu mina iHmpazacmparsnsHo rnpomsizom 60
OHig. YnbmpamoHki 3pi3u 0ocnidxyeanu 3a A0NoOMO20t0 e1IeKMPOHHO20 Mikpockona - PEM - 125K. BcmaHoeneHo, wjo 88edeHHs
mionakmoHy 'y cmapum wypam y 003i 200 me/ke acouitoembscsi 3 PO3BUMKOM OecmpyKmMueHO-0UCMPOQIYHUX 3MiH CEPUST MBapUH.
BoHu romimHi 8 ycix obonoHkax opaaHy y euensidi 3Ha4Ho20 3pocmaHHs1 06'emy criony4Hoi mkaHuHU. [lpoceimu 6inbwocmi eemokarn-
insipie 6ynu poswupeHi ma 3anosHr8anucb (hopMeHUMU efleMeHmamu Kpoei. B eHdomernioyumax HasigHi 2nuboki yrnbmpacmpyk-
MYypHI MOPYWEHHS, WO MPOABAAIUCA 3HUKHEHHSIM MIKPOMIHOUUMO3HUX MIXypuie i Kageos, ymeopeHHsIM 8eslUKUX KageonenoldibHUX
cmpykmyp, wo npusseno 00 MopyweHHsI mpaHcKaninsgpHoao obMiHy. Y kapdiomioyumax eusienieHOo 8HYMPIWHbLOKIIMUHHUU HabpsikK,
2inepmpoghbosaHi MimoxoHOpPIi 3 10KabHO MPOC8IMIeHUM MampuKCoM, 3pyUHO8aHUMU Kpucmamu, rnopyweHOo 308HIWHbO0 MeMb-
paHor. Mioghibpunu cmanu moHwWuUMU, y HUX 8UsI8Nisi8csl ni3uc mioghibpur.

KnrouoBi cnoBa: zomouyucmein, einepeomoyucmeiHemisi, 2inepmpocpisi, kapdiomioyumu, KoflaeeHos8i 80/10KHa, eeMoKaninsapu, wypu.
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