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Homocysteine is a sulfur-containing amino acid that is an intermediate product of
methionine metabolism. Entering the body with products of animal origin, methionine
undergoes a number of biochemical transformations. Hyperhomocysteinemia has a
negative effect on the body, causing damage to all organs and systems and leading to
disruption of homeostasis. The study aims to study the characteristics of changes in
the structure and immune processes of the spleen of young rats with chronic
hyperhomocysteinemia. Experiments were performed on 22 white male rats. The animals
were divided into control and experimental groups (11 individuals in each group) during
the experiment. Chronic hyperhomocysteinemia was achieved by administering D, L-
thiolactone homocysteine hydrochloride to experimental group animals at a dose of
200 mg/kg of body weight intragastrically in a 1 % starch gel solution once a day for
eight weeks. After the end of the experimental simulation of chronic
hyperhomocysteinemia, the animals were removed from the experiment by
anaesthetising by decapitation and using thiopental anaesthesia. Histological
preparations were studied using an SEO SCAN light microscope. Experimental
modelling of chronic hyperhomocysteinemia in young rats was not accompanied by
significant morphological changes in the stroma and red pulp of the spleen. T-cell
periarterial sheaths and B-cell nodules in animals from the experimental group underwent
changes. B-cell proliferation leads to growth within the white pulp, expansion of the
marginal zones, which become more blurred and infiltration of these cells into the red
pulp. Evaluation of the red pulp in the spleen of young rats from the experimental group
showed a particular expansion in the venous sinuses, which may be a sign of reaction
to the influence of homocysteine and slight swelling of these vessels. The number of T-
cells in young animals in the periarterial cuffs is slightly reduced, which can be explained
by the increasing activity of macrophages. However, T-cells also infiltrated the red
pulp. Such penetration of white blood cells into the red pulp is accompanied by the
expansion and "washing out" of the marginal zones of lymph nodes. Thus, the increased
homocysteine level significantly potentiated proliferation and partially inhibited apoptosis
in T-lymphocytes but did not directly affect dormant T-cells.
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Introduction

Homocysteine is a sulfur-containing amino acid that is
an intermediate product of methionine metabolism.
Entering the body with products of animal origin, methionine
undergoes some biochemical transformations. Normally,
homocysteine is utilised in the body in remethylation,
transsulfation, and desulfation reactions [25]. The
transsulfonation pathway begins by condensing two

molecules of homocysteine and serine, forming
cystathionine. This reaction is catalysed by the pyridoxal
phosphate-dependent enzyme cystathionine--synthase
[29]. Subsequently, cysteine, ammonia and a-ketobutyrate
are formed from cystathionine under the influence of
cystathionine-y-lyase. During remethylation processes,
methionine is resynthesised from homocysteine with the
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help of cobalamin-dependent methionine synthase. There
is also another path of remethylation involving the enzyme
betaine-homocysteine-S-methyltransferase. Both enzymes
are cytosolic and characterised as zinc-dependent
methyltransferases. Methionine synthase is present in all
body tissues and uses N-5-methyltetrahydrofolate as a
metal group. Betaine-homocysteine-S-methyltransferase
uses an endogenous derivative of choline-betaine and is
present to a greater extent in the liver, adrenal cortex, brain
tissue, skeletal muscles, and placenta. When utilising
homocysteine by desulfation, it turns into hydrogen sulfide
[28].

In blood plasma, homocysteine is present in four forms:
homocysteine bound to proteins, the disulfide form of
homocysteine, free homocysteine, and the thiol form of
homocysteine [31]. According to most authors, its normal
level in the body is within 5-15 pmol/l. It has been
established that homocysteine concentration varies with
age and gender [16, 17]. Compared to children, its content
is 2 times higher in adults. During life, the level of
homocysteine in the blood increases, correlating with the
concentration of vitamin B12 and folate. Normally, it is
important for the body, as it maintains the essential amino
acid methionine content constantly [26, 27]. However, a
significant increase in its concentration has some negative
effects [12, 19]. Hyperhomocysteinemia is diagnosed when
the homocysteine content is above 15 pmol/l. Scientists
distinguish its following degrees: mild, in which
homocysteine ranges between 15-30 umol/l, moderate -
30-100 ymol/l, severe - 100 pmol/l and more [33].

Genetic causes of hyperhomocysteinemia are relatively
rare but cause the development of severe pathologies and
even death in childhood. Congenital defects of the
methylenetetrahydrofolate reductase, cystathionine-f3-
synthase and methionine synthase genes are studied.
Mutations of methylenetetrahydrofolate reductase are the
most studied. Those associated with replacing one
nucleotide in the gene encoding this enzyme (C677T and
A1298 C) are more common. In the first case, valine is
replaced by alanine, which leads to the synthesis of a
thermolabile enzyme characterised by a decrease in its
activity in heterozygotes and homozygotes by 35-50 % and
70 %, respectively. Another defect causes glutamate
substitution for alanine in the C-terminal regulatory domain
of methylenetetrahydrofolate reductase and is
accompanied by moderate hyperhomocysteinemia.
Mutations of cystathionine-B-synthase are characterised
by a significant increase in the concentration of
homocysteine in the blood plasma, in some cases by 80%,
and the appearance of homocysteineuria, which is a
missense mutation and deletion of alleles. A mutation of
the A2756G gene encoding methionine synthase is also
known, accompanied by decreased enzyme activity and
moderate hyperhomocysteinemia [2].

Experimental studies on animals made it possible to
establish the main causes of homocysteine toxicity in the

body [22, 28]. To date, scientists have singled out the main
ones, namely: homocysteine activation of oxidative stress
and endoplasmic reticulum stress, disruption of gene
expression, protein homocysteine, stimulation of the
production of inflammatory mediators and fibrosis [4, 11,
30].

Hyperhomocysteinemia has a negative effect on the
body, causing damage to all organs and systems and
leading to a violation of homeostasis due to the impossibility
of maintaining their functions at the proper level [21]. The
scientific community is actively studying the role of
homocysteine in the pathogenesis of numerous diseases
[14, 23, 24]. However, in the domestic literature, there is
only insignificant data on its influence on the structure and
functions of immune defence organs.

The study aims to study the characteristics of changes
in the structure and immune processes of the spleen of
young rats with chronic hyperhomocysteinemia.

Materials and methods

Modelling of chronic hyperhomocysteinemia was
carried out through experimental studies on laboratory rats
in compliance with international recommendations on the
performance of medical and biological research using
animals by the "General Principles of Work on Animals"
approved by the 1st National Congress on Bioethics (Kyiv,
Ukraine, 2001) and agreed with the provisions "European
Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes”
(Strasbourg, France, 1986) [7]. Bioethics Committee of
National Pirogov Memorial Medical University confirmed
that the work complied with ethical principles (protocol No.
3 from 17.10.2019).

Experiments were performed on 22 white male rats
obtained from the vivarium of the National Pirogov Memorial
Medical University, Vinnytsya. Rats were kept under normal
laboratory conditions with a 12-hour day/night regime; water
and balanced pelleted feed were received ad libitum by
established norms.

The animals were divided into control and experimental
groups (11 individuals in each group) during the experiment.
Chronic hyperhomocysteinemia was achieved by
administering D, L-thiolactone homocysteine hydrochloride
(Acros Organics, Italy) to animals of the experimental group
at a dose of 200 mg/kg of body weight intragastrically in a
1 % solution of starch gel (1 ml/200 g of rat weight) once a
day for 8 weeks. After the end of the experimental simulation
of chronic hyperhomocysteinemia, the animals were
removed from the experiment by decapitation and using
thiopental anaesthesia (thiopental sodium 100 mg/kg).

For microscopic examination, pieces of spleen were
taken from prematurely weighed animals of all groups.
The selected samples were fixed in a 10 % formalin
solution. The next stage was the dehydration of samples
in alcohols of increasing concentration and pouring them
into paraffin blocks. Sections with a thickness of 3 ym were
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made from paraffin blocks and stained with hematoxylin
and eosin [10]. Histological preparations were studied
using an SEO SCAN light microscope and photo-
documented by a Vision CCD Camera with a system of
image output from histological preparations.

Results

When assessing the state of the spleen of rats subjected
to the simulation of chronic persistent hyperhomocysteinemia,
we focused our attention primarily on the elements of the
white pulp of this hematopoietic organ because exactly
lymphocytes are most sensitive to high levels of
homocysteine. In turn, substances that fight free radicals
reduce the proliferation of lymphocytes caused by
hyperhomocysteinemia.

The stroma of the spleen of young animals from the
experimental group did not undergo significant changes -
the dense connective tissue of the capsule and trabeculae

does not show signs of stratification or morphological
changes in cells, the nuclei of single fibroblasts are spread
between wavy eosinophilic collagen fibres (Fig. 1 A). This
group's spleen's blood vessels also show no signs of
pathological changes. We can observe the nuclei of smooth
myocytes and endothelial cells without pathology (Fig. 1 B).

In the experimental groups, changes are most likely
localised within the white pulp. T-lymphocytes, located in
the sheath around the central arteries, practically do not show
changes in morphology. However, the cells do not form such
dense dark clusters, which is probably explained by the
presence of a greater number of macrophages, which, on
the one hand, destroy damaged and defective cells, reducing
the number of their populations, on the other hand, have a
lower nuclear-cytoplasmic ratio and therefore form a lighter
overall background of the periarterial sheath (see Fig. 1 B,
Fig. 1 C, D).

Elevated levels of homocysteine and related compounds

L -

Fig. 1. Stroma and parenchyma of the spleen of young rats of the experimental group. A: nuclei of fibroblasts (black arrows), collagen
fibres of the capsule (brown arrow), venous sinus (green oval); B: nucleus of a smooth myocyte (green arrow), endotheliocyte nucleus
(yellow arrow); C: B-lymphocytes (red arrows), plasma cells (green arrows); D: marginal zone (yellow oval); B, C, D: macrophages

(black arrows). Staining with hematoxylin and eosin. x1000.
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Fig. 2. Red and white pulp of young rats with chronic
hyperhomocysteinemia. A: megakaryocyte (yellow arrow),
macrophages with hemosiderin (black arrows), macrophages with
lipofuscin (brown arrows); B: infiltration of plasma cells into the
red pulp (yellow arrows), lymphocytes (red arrows). Staining
with hematoxylin and eosin. x1000.

such as cysteine and glutathione significantly potentiated
proliferation and partially inhibited apoptosis in T-lymphocytes
but didn't directly affect latent T-cells.

B-lymphocytes and their derivatives (plasma cells), in
turn, increase in number, which can be judged by the density
of the location of these cells in the lymphoid nodes of the
spleen of experimental animals (see Fig. 1 C). Numerous
proliferating B-lymphoblasts are accompanied by
macrophages, which carry out antigen-dependent B-cell
differentiation before transforming into plasma cells. Plasma
cells are fairly easily differentiated by their rounded or oval
shape and a large amount of dark blue cytoplasm with a
pale perinuclear region corresponding to the Golgi
apparatus. These cells have a round, eccentrically located
nucleus with heterochromatin arranged in a dial (wheel
spokes).

The assessment of the state of red pulp in the spleen of

young experimental rats showed a certain expansion in the
venous sinuses, which may be a sign of reaction to external
influences in the slight swelling of these vessels (see Fig. 1 A).
In the red pulp of young animals, the hematopoietic processes
continue, so detecting megakaryocytes among erythrocytes is
not a deviation from the norm (Fig. 2 A). These cells, as known,
are the precursors of platelets and, reaching large sizes, later
disintegrate into single blood platelets.

Also very interesting is the presence in both white and
red pulp macrophages of not only dark brown inclusions of
hemosiderin, which is a physiological consequence of the
breakdown of erythrocytes phagocytosed by them, but also
lipofuscin (see Fig. 2 A). It is known that lipofuscin is the
pigment inclusion which characterises the intensity of lipid
oxidation processes in the spleen, which most likely leads
to an increase in the concentration of free oxygen radicals in
this organ and is typical for chronic hyperhomocysteinemia.

As already mentioned, when assessing the condition of
the spleen under the influence of chronic
hyperhomocysteinemia, it is necessary to pay attention to
the lymphocytic component, not only of the white but also of
the red pulp. It is interesting to note the infiltration of these
cells into the red pulp, which is a characteristic sign of their
proliferation in response to oxidative stress (Fig. 2 B). The
number of small cells with dark nuclei (T-lymphocytes) and
plasma cells, which can be recognised by the characteristic
pattern of heterochromatin in the nucleus, indicates an
increase in the percentage of lymphocytes in the red pulp in
response to stimulation of chronic hyperhomocysteinemia
in animals. Such penetration of white blood cells into the
red pulp is accompanied by expansion and "blurring” of the
marginal zones of lymph nodes, which are not as clearly
defined as in the control group (see Fig. 1 D).

Discussion

Thus, homocysteine can disrupt the functioning of
individual parts of the immune system through the death of
cells or their excessive hyperstimulation, which in turn leads
to exhaustion of the system as a whole. However, to this
day, there is no data on changes in the structure of
hematopoietic organs and immune protection, mainly the
spleen, under conditions of hyperhomocysteinemia.

Experiments on rats proved that lymphocytes express
NMDA receptors on their surface, capable of interacting
with homocysteine. Under its influence, the amount of ROS
and the content of Ca2+ and ATP in cells increases. In
addition, hyperhomocysteinemia stimulates the production
of IFN-y and TNF-a by lymphocytes, involving protein kinase,
NADPH-oxidase and NO-synthase. The consequence of
such exposure is the death of lymphocytes by apoptosis.
Constant stimulation of immune system cells under these
conditions leads to its exhaustion [5, 20].

According to the literature, homocysteine interacts with
inotropic glutamate receptors activated by NMDA. Activation
of these receptors leads to an increase in the entry of Ca2+
ions into the cell and an increase in the level of reactive
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oxygen species, activation of the lipid peroxidation
processes and apoptosis of lymphocytes. It should be noted
that the blockade of NMDA receptors of T cells with
homocysteine inhibits MRNA synthesis and increases the
secretion of INF-y, TNF-a, and IL-10. Its single administration
is accompanied by a pronounced decrease in T-lymphocytes
and their subpopulations [15]. According to the authors, this
is due to an increase in the expression of adhesion
molecules to both endotheliocytes and lymphocytes, which
ensures the adhesion of lymphocytes to the vascular wall
and, thereby, a reduction in the pool of circulating lymphocytes.
Some may be eliminated due to the activation of NMDA
receptors with the subsequent development of apoptosis.
However, under conditions of chronic
hyperhomocysteinemia in animals, on the contrary, an
increase in the number of T-lymphocytes at the expense of
T-cytotoxic ones was registered. When homocysteine is
administered 1 time per day for a week in animals,
apparently, adaptation mechanisms are activated, which
allows the inactivation of aminothiol as a xenobiotic. High
doses of homocysteine damage the tissue structures of the
spleen, which is accompanied by the development of
autoimmune reactions, evidenced by a sharp increase in
the concentration of all cytokines and especially IL-17A [1, 9].

Reviews of the literature show that, in many cases,
pathologies associated with the accumulation of
homocysteine are accompanied by a malfunction of the
immune system. On the other hand, intensive
immunocompetent cell proliferation can lead to
homocysteine accumulation. For example, sources report
that a Thl-type immune response promotes the development
of B cells and may be a major determinant of the progression
of disorders associated with hyperhomocysteinemia. Other
studies also demonstrate that reactive oxygen species
formed due to autooxidation of homocysteine participate in
the induction of B-lymphocyte proliferation [6].

The study of the effect of homocysteine on lymphocytes
in patients with coronary heart disease showed that Fas-
receptors of T-helpers and their ligand CD178 were activated
in the culture of peripheral blood cells during its growth. An
early marker of apoptosis was the expression of APO 2.7.
Subsequently, negatively charged phospholipids, mainly
phosphatidylserine, appeared on the cell membrane. At the
same time, the concentration of Bcl-2, which normally protects
cells from apoptosis, decreased, leading to their death [13,
32].

In the model of folate-induced hyperhomocysteinemia,
the instability of the genomic DNA of the rat spleen was
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BMJIMB XPOHIYHOI MNNEPFOMOUMUCTEIHEMIT HA CTPYKTYPY TA IMYHHI NPOLIECU CENE3IHKWU MONOAUX LYPIB
lseeynbcbka I. B., NpuyeHko A. C., TumoweHko I. O., 3akanama T. P., JlaspuHeHko B. €., Cmonko . I'., yHac I. B.
lomouyucmeiH - cipkosmicHa amiHoKucioma, Wwo € NPOMPKHUM rPodyKkmom 0bmiHy memioHiHy. lompannstoyu 0o opeaHisMy 3 npodykmamu
meapuHHO20 MOXO0OXeHHSI, MemioHiH niddaembcs HU3yi b6ioximiyHUX nepemeopeHnb. [inepeomoyucmeiHemiss YUHUMb HesamueHUU
81U Ha OpaaHi3M, 3yMOBITHIHU YPaXKeHHsT 8CiX opeaHie ma cucmem i npu3sodums A0 rnopyweHHsi 2omeocmasy. Memoto AocnidxeHHs
€ 8usyYeHHs1 ocobrueocmel 3MiH cmpykmypu ma iMyHHUX MpOoyecie cenesiHku Mornodux Wypie npu XpoHidHil einepeomouyucmeiHemir.
Hocnidu sukoHaHo Ha 22 6inux wypax-camusx. [1id yac ekcriepumeHmy meapuH po3nodinuiu Ha KOHmMpPorbHy i docnidHy epynu (no 11
0CObUH 8 KOXHIl epyni). XpoHid4Hy 2inepeomoyucmeidemito docsizanu esedeHHsiM D,L-mionakmoH 2omoyucmeiny 2idpoxnopudy
meapuHam 0ocridHoi epynu 8 003i 200 mMa/ke Macu mina eHympilWHbOWITYHKO80 Ha 1 % po34uHi KpoxmarbHo20 2emto 1 pa3 Ha 0oby
8rpodosx 8 muxHis. [licrsi 3aKiHYeHHsI mepMiHie eKcrepuMeHmanbHo20 MOOeT8aHHSI XPOHIYHOI ginepeomoyucmeiHemii, meapuH
8ugol0uNnuU 3 eKcriepuMeHmy, 3Hexuenwwyu memodom Oekanimauii ma eukopucmaHHsIM miorneHmano8o2o Hapko3dy. [icmonoaidHi
npenapamu susyasnu 3a doromMozot ceimmnogoz2o mikpockona SEO SCAN. EkcrnepumeHmarnbHe MoOOeno8aHHss XPOHIYHOI
2inepaomouyucmeiHemii y Morodux wypie He Cyrnpogodxyeanochb Gid4ymHUMU MOPEOI02IMHUMU 3PYWEHHIMU CMPOMU ma 4ep8oHOi
nynbnu cenesiHku. T-KnimuHHI nepuapmepianbHi nixeu i B-KmimMuHHI 8y3/IUKU y meapuH 3 eKCriepuMeHmarbHOI epynu 3a3Hasarnu 3MiH.
lMponigpepauis B-knimuH npu3godums 00 po3pocmarb 8 Mexax binoi mynbnu, po3wupeHHs1 MapaiHanbHUX 30H, Wo cmaombe 6inbw
po3mumumu, ma iHpinbmpauil yux KnimuH y 4yepe8oHy nynbny. OuiHka cmaHy 4ep8OHOI Nynbnu y cesesiHyi Monodux wypie
eKcrepuMeHmarbHOI 2pyrnu rnokasarna rnegHe PO3WUPEHHSI Y BEHO3HUX CUHYCax, Wo Moxe bymu 03HaKoIo peakuii Ha erniug 2omoyucmeiHy
i He3Ha4YHO20 HabpsikaHHsI Uux cyOuH. YucenbHicmb T-knimuH y mMorodux meapuH 8 rnepuapmepianbHUX Mygmax 0ewo 3HUXYEMbCS,
WO MOXHa MosICHUMU 3pOCMaryo0 akmueHicmioo mMakpoghazis. TuM He mMeHw, T-KnimuHU makox iHbinbmpyeanu y 4epeoHy rfysiby.
[M0dibHe MPOHUKHEHHST BINUX KITimMuH KPoBi y Yep8oHy Myribily Cyrnpo80OXYyembCsi POUWUPEHHSM | "po3MuBaHHSIM" MapaiHasibHUX 30H
niMgbamuyHux 8y3nukie. Takum YuHOM, nid8uuweHUl pieeHb 2o0MoyucmeiHy 3Ha4HO MomeHyitseas nporighepauiio i Hacmkoeo iHeibysas
anonmo3 y T-nimgboyumax, ane He Mag fPsIMOo20 8MnuU8y Ha CriAYi T-KmimuHu.

Knro4yoBi cnoBa: eomoyucmein, cenesivka, nimgpoyumu, makpoghazu, wypu.

Author's contribution

Dzevulska I. V. - conceptualization, review writing and editing.

Gritsenko A. S. - research, methodology and writing of the original draft, formal analysis and validation.
Tymoshenko I. O. - software, resources.

Zakalata T. R. - review writing and editing.

Lavrinenko V. Y. - project administration.

Smolko D. G. - software, resources.

Gunas |. V. - conceptualization.

Vol. 30, Nel, Page 33-39 39


https://europepmc.org/article/med/28919411
https://www.nature.com/articles/s41419-017-0216-z
https://pubmed.ncbi.nlm.nih.gov/29532755/
https://www.ahajournals.org/doi/10.1161/circresaha.112.269472
https://pubmed.ncbi.nlm.nih.gov/27273348/
https://www.imrpress.com/journal/FBE/4/7/10.2741/E563

