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ABSTRACT
Background: In recent years, significant progress has been made in elucidating the mechanisms
of development of complications associated with hyperhomocysteinemia (HC), but little is known
about the disorders in the thyroid gland. This study aimed to determine the levels of low-molecular-
weight degradation products and peptides in the thyroid gland of rats with HC. In addition, mark-
ers of inflammation and the proteolytic state were also assessed. Methods: HC was induced by
intragastric administration of DL-homocysteine thiolactone (100 mg·kg−1 of body weight) to al-
bino non-linear male rats. The levels of low-molecular-weight substances (LMWS) of various nature
were detected at wavelengths of 254 and 280 nm. The levels of MMP-2 and cytokine profiles were
detected by enzyme-linked immunosorbent assay. The protein composition and the presence
of active enzymes were assessed by SDS-polyacrylamide gel electrophoresis and zymography, re-
spectively. Results & Conclusion: Obtained results can indicate the enhancement of catabolic
reactions, confirmed by the accumulation of LMWS in the blood and thyroid gland of the rats with
HC. The state of inflammation, evidencedby the significantly increasedpro-inflammatory cytokines,
was also revealed. HC was accompanied by the activation of proteolysis, expressed by an increase
in overall proteolytic activity, the level of MMP-2, and changes in protein profile. Proteins accumu-
lated with a molecular weight of less than 30 kDa simultaneously with the decrease in the level of
high-molecular-weight proteins.
Key words: endogenous intoxication, hyperhomocysteinemia, inflammation, proteolysis, thyroid
gland

INTRODUCTION
The pathogenesis of many diseases, especially those
associated with prolonged oxidative stress or per-
sistent inflammation, is often accompanied by an
increase in catabolic reactions, leading to the for-
mation of low-molecular-weight degradation prod-
ucts1–3. The accumulation of low-molecular-weight
substances (LMWS) in tissues and biological fluids
can be considered a nonspecific marker of increased
catabolism4. Due to the structural heterogeneity,
LMWS exert various biological activities and can in-
fluencemetabolism through direct action on proteins,
lipids, and nucleic acids. Furthermore, being struc-
turally similar to some regulatory molecules, part of
LMWS can bind to cell receptors affecting intracellu-
lar processes. Usually, the negative impact of LMWS
is complex, manifests itself at various cellular levels,
and can lead to damage to molecules, alteration in
the integrity of cell membranes, and disruption of in-
tracellular signaling and cell communications. The
literature shows a link between the elevation of cir-
culating homocysteine and the development of in-

flammation5. On the other hand, pro-inflammatory
cytokines increase the risk of pathologies (acute is-
chemic stroke, myocardial infarction) that are charac-
terized by changes in the concentration of homocys-
teine6–8. Moreover, inflammation is closely associ-
ated with the activation of proteolytic enzymes, which
may be a factor leading to the accumulation of peptide
components of LMWS.
Hyperhomocysteinemia is known to be a complex
and heterogeneous disease that affects all systems, re-
sulting in the development of serious complications.
Despite the progress in understanding the patho-
genetic mechanisms of HC, there is a lack of informa-
tion on HC-mediated disorders in the thyroid gland.
Considering the significant role of thyroid hormones
in maintaining the metabolic status of the whole or-
ganism, the study of the causes leading to thyroid dys-
function can help prevent a decrease in the functional
activity of the organ in HC9,10. This study aimed to
assess the level of LMWS in the thyroid gland of HC
rats, which can be an indirect indicator of catabolic
activity in the organ. A cytokine profile and prote-
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olytic activity were also investigated to clarify the in-
volvement of inflammation and proteolysis in the de-
velopment of HC-related disorders.

METHODS

Reagents

Thiolactone DL-homocysteine,
tris(hydroxymethyl)aminomethane, o-
phenylenediamine, hydrogen peroxide, sodium
dodecyl sulfate, Coomassie Blue R-250, gelatin,
acrylamide, and N,N’-methylenebisacrylamide were
purchased from Sigma-Aldrich (St. Louis, MO,
USA). Monoclonal antibodies anti-INFγ , anti-IL-1β ,
anti-IL4, anti-IL-10, anti-IL-12, and anti-MMP-2
were purchased from Santa Cruz Biotechnology,
Inc. (Dallas, Texas, USA). Horseradish peroxidase-
conjugated secondary antibodies were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other
chemicals and reagents used in this study were of
analytical grade quality and available commercially.

Animals and experimental design

A total of 60 albino non-linear male rats were used
in the study. All experiments on animals were per-
formed in compliance with the international prin-
ciples of the European Convention to protect verte-
brate animals used for experimental and other scien-
tific purposes (Strasbourg, 1986). The Ethical Com-
mittee approved the study of the Taras Shevchenko
National University of Kyiv (protocol №3 approved
25.11.2020). The experiments were started after seven
days of animal acclimation in the animal facility of the
Taras Shevchenko National University of Kyiv, main-
tained under constant conditions of temperature (22
± 3◦C), humidity (60 ± 5%), and light (12 h light/12
h dark cycle). Standard rodent food and water were
provided ad libitum. Animals of different ages were
used in the current study: one-month-old rats (90 -
100 g) corresponded to young animals; six-month-old
rats (190 - 230 g) corresponded to adult animals, and
twenty-month-old rats (290 - 320 g) corresponded to
old animals.
Hyperhomocysteinemia was induced by intragas-
tric administration of DL-homocysteine thiolactone
(Sigma-Aldrich, USA) diluted in 1 % starch solution
(100mg·kg−1 of bodyweight). DL-homocysteine thi-
olactone was administered using a nelaton catheter
(size 6) once daily for 28 days11. The control rats re-
ceived an equal volume of 1% starch. Thus, therewere
6 experimental groups with 10 animals in each: 1)
Control_young, 2) HC_young, 3) Control_adult, 4)

HC_adult, 5) Control_old, and 6) HC_old. HC devel-
opment was confirmed by the high blood level of ho-
mocysteine (above 15 µmol·L−1). The level of homo-
cysteine in blood plasma was determined by enzyme-
linked immunosorbent assay using the kit «Homo-
cysteine EIA» (Axis-Shield, UK). On the 29th day
since the start of the experiment, animals were sacri-
ficed. The animals of the groups Control_young and
HC_young were killed by cervical dislocation. The
animals of the groups Control_adult, HC_adult, Con-
trol_old, and HC_old, were killed by decapitation.

Thyroid gland sample preparation
To obtain 10% homogenate of the thyroid gland, 1 g
of tissue was homogenized in 9 ml of ice-cold 50 mM
Tris-HCl buffer pH 7.4 and centrifuged at 12,000 g for
30 min at +4◦C. The supernatant was collected and
used for further studies. The Bradford method de-
termined the protein concentration using crystalline
bovine serum albumin as a standard12.

Determination of MMP-2 and cytokine lev-
els
The levels of MMP-2 and cytokines were estimated
by enzyme-linked immunosorbent assay (ELISA) ac-
cording to the standard instructions13. ELISA plates
were coated overnight at +4◦Cwith samples of thyroid
gland previously diluted with Tris–HCl buffer pH 7.4
to a protein concentration of 10 µg·mL−1. The next
day, the plates were washed and blocked with 5% non-
fat dry milk for 1 h at 37 ◦C. After that, plates were
incubated for 1 h at +37 ◦C with the primary anti-
bodies against IFN-g, IL-1β , IL-12, IL-4, IL-10, and
MMP-2. Next, plates were washed and incubated for
1 h at +37 ◦C with the secondary antibodies conju-
gated to horseradish peroxidase. After washing, sub-
strates (o-phenylenediamine and hydrogen peroxide)
were added. The addition of 2.5NH2SO4 stopped the
reaction. The absorbance was read at 492 nm by ami-
croplate reader (mQuantTM, BioTek Instruments Inc,
USA).

Determination of the level of low-
molecular-weight substances
The fraction of LMWS was isolated according to the
method described by Nikolajchik et al. (1991)14.
First, the supernatant was mixed with 1.2 M HClO4

at a 1:1 (v/v) ratio to precipitate the proteins. Then,
after centrifugation at 10 000 g for 20 min at 4◦C,
the supernatant was neutralized by 5 M KOH to pH
7.0, and the sample was subjected to the centrifuga-
tion step again. After ethanol was added to the final
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concentration of 80%, the samples were kept at 4◦C
for 30 min and centrifuged. The optical density of the
supernatants was determinedwith a spectrophotome-
ter Smart SpecTMPlus (BioRad, USA) at 210 nm, 254,
and 280 nm. The level of LMWS was expressed as rel.
units per g of thyroid gland tissue.

Sodiumdodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Zymogra-
phy

SDS-PAGE was carried out using 4% (w/v) stack-
ing gel and 10% (w/v) separating gel15. SDS-PAGE
was performed usingMini-Protean Tetra System (Bio
Rad, USA) at 19 mA for stacking and 36 mA for sep-
arating gels. Samples were prepared by mixing with
sample buffer (0.05 M Tris, pH 8.8, 2% SDS, 5% su-
crose, and 0.02% bromophenol blue) at a 1:1 (v/v) ra-
tio. Then, samples were heated at +95 ºC for 1min be-
fore loading into the gel. The total amount of proteins
was 20 µg per well. The gels were stained with 2.5%
Coomassie brilliant blue R-250 in 10% (v/v) ethanol,
10% (v/v) acetic acid, and 15% (v/v) isopropanol. Fur-
thermore, the molecular weights of proteins were cal-
culated using a protein calibration mixture (Bio Rad,
USA).
Zymography was carried out according to the follow-
ing method16. The separating gel solution (12%) was
polymerized in the presence of gelatin (1 mg per mL),
and samples were not heated to save enzymatic ac-
tivity. After electrophoresis, the gels were soaked in
2.5% Triton X-100 solution with gentle shaking (30
min at +25◦C) to remove SDS and renature proteins.
Next, the gels were washed with distilled water for 10
min to remove Triton X-100 and then incubated in 50
mM Tris-HCl pH 7.5 at +37 ◦C for 12 h. The clear ar-
eas on the gel indicate the presence of active enzymes.
TheTotalLab 2.04 programwas used to analyze the re-
sultant electropherograms. The represented electro-
pherogram and zymogram are typical for a series of
repeated experiments (at least three in each series).

Statistical analysis

Statistical analysis was performed with Statistica 8.0
software, and figures were plotted usingOriginLab 9.1
version software. The data of biochemical estimations
were reported asmean± SEM for each group (n= 10).
In addition, the Kolmogorov-Smirnov test was used
to verify the normal distribution of results. Statistical
analyses were performed using a one-way analysis of
variance (ANOVA).Differenceswere considered to be
statistically significant when p < 0.05.

RESULTS
Levels of LMWS in the blood and thyroid
gland of HC rats
To confirm the state of HC, the plasma level of ho-
mocysteine was evaluated. This parameter increased
3.22, 3.21, and 2.96 times in the rats of theHC_young,
HC_adult, and HC_old groups compared with the
corresponding controls (Table 1), indicating the de-
velopment of moderate HC17.
It was found that HC causes an increase in the level
of LMWS in the blood plasma (Table 2). The concen-
trations of LMWS registered at 254 nm in the blood of
rats in the HC_young, HC_adult, and HC_old groups
increased by 1.93, 2.63, and 3.92 times compared with
the controls. Further, the concentration of LMWS
registered at 280 nm was more than 3-fold higher in
the rats withHC than in the rats in the control groups.
An elevated level of LMWS in the thyroid gland of HC
rats was also observed. The level of LMWS registered
at 254 nm was increased 2.7 times in the rats of group
HC_young compared to the control value. This pa-
rameter for the rats of groups HC_adult and HC_old
was found to be 2-fold higher than that in the controls.
It should be noted that the physiological level of
LMWS increased with age and was 2.87 ± 0.11
rel. units•(g of tissue)−1in the rats of group Con-
trol_young, 3.81 ± 0.17 rel. units•(g of tissue)−1in
the rats of group Control_adult, and 4.71 ± 0.23 rel.
units•(g of tissue)−1in group Control_old rats. Ac-
cording to the obtained data, the level of LMWS reg-
istered at a wavelength of 280 nm changed more sig-
nificantly. This value increased 2.4-fold in rats of the
HC_young group, fourfold in the HC_adult group,
and fivefold in the rats of group HC_old.

Cytokine profile in the thyroid gland of HC
rats
A significant increase in the contents of all pro-
inflammatory cytokines in the thyroid gland of the
rats with HC was observed compared with the corre-
sponding controls (Table 3). In most cases, the levels
of cytokines were more than twice as high as those in
the control. The most pronounced changes were de-
tected for IL-8 as the level of this cytokine increased
3, 2.5, and 2.7 times, respectively, in the thyroid gland
of rats of HC_young, HC_adult, and HC_old groups.
Furthermore, the level of IL-4 exceeded the control
3.2 times in the rats of the HC_young group, 2.9 times
in the HC_adult group, and 2.4 times in the HC_old
group. In contrast, the level of IL-10 was reduced in
the animals of all experimental groups.
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Table 1: Blood level of homocysteine in the rats of
experimental groups

Experimental groups Homocysteine level, µmol·L−1

Control_young 5.45±0.44

HC_young 17.58±1.77*

Control_adult 5.65±0.91

HC_adult 18.15±0.76 **

Control_old 7.35±0.39

HC_old 21.82±2.15***

Thedata is presented asmean± SEM (n= 10); * p < 0.05 significantly
different from the group “Control_young”; ** p < 0.05 significantly
different from the group “Control_adult”; *** p < 0.05 significantly
different from the group “Control_old”

Table 2: Level of LMWS in the rats of experimental groups

Experimental
groups

Blood plasma
LMWS, rel. units·(mL of blood) −1

Thyroid gland
LMWS, rel. units·(g of tissue)−1

Registered
at 254 nm

Registered
at 280 nm

Registered
at 254 nm

Registered
at 280 nm

Control_young 0.32± 0.03 0.22± 0.05 2.87± 0.11 3.51± 0.16

HC_young 0.62± 0.06 0.72± 0.07 7.63± 0.34* 8.56± 0.40*

Control_adult 0.55± 0.09 0.29± 0.03 3.81± 0.17 2.23± 0.11

HC_adult 1.45± 0.07 0.97± 0.10 7.64± 0.35** 8.92± 0.43**

Control_old 0.70± 0.09 0.31± 0.04 4.71± 0.23 1.71± 0.075

HC_old 2.75± 0.10 1.01± 0.05 9.52± 0.46*** 9.36± 0.45***

The data is presented as mean ± SEM (n = 10); * p < 0.05 significantly different from the group “Control_young”; ** p < 0.05 significantly
different from the group “Control_adult”; *** p < 0.05 significantly different from the group “Control_old”

Table 3: Level of cytokines in the thyroid gland of rats of experimental groups

groups
Pro-inflammatory

cytokines
Anti-inflammatory

cytokines

TNFα INFγ IL-1b IL-6 IL-8 IL-4 IL-10

rel. units·(mg of protein)−1

Control_young  29.5 ± 2.3 49.7 ± 2.3 43.5 ± 4.2 50.7 ± 3.8 33.0± 6.2 24.5± 3.4 55.0± 3.4

HC_young   76.5 ± 3.6* 63.2 ± 3.4* 87.2±
4.4*

91.5± 2.9* 92.0± 4.2* 78.2±
5.7*

23.5± 1.7*

56.7± 3.7 44.2± 1.9 46.5± 4.7 36.7± 4.9 26.5± 1.8 90± 4.9Control_adult  43.2 ± 1.2 

HC_adult    87.7 ± 4.5** 66.7±
1.9**

107.5±
3.9**

101.2±
5.6**

93.5± 3.7** 77.5± 5.2 42.7± 2.7**

39.1± 4.2 27.6± 2.3 74.9± 5.1

5.3*** 6.7*** 5.6***

Control_old 158.3 ± 2.5 60.0 ± 3.5 46.3 ± 2.7 43.7 ± 2.7 

HC_old 115.6 ± 120.0 ± 110.2 ± 109.8 ±
4.5***

107.1±
5.5***

65.5±
4.7***

31.8±
2.7***

The data is presented as mean ± SEM (n = 10); * p < 0.05 significantly different from the group “Control_young”; ** p < 0.05 significantly
different from the group “Control_adult”; *** p < 0.05 significantly different from the group “Control_old”
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Figure 1: Level of peptides in the thyroid gland of rats of experimental groups. 1 – “Control_young”; 2 –
“HC_young”; 3 – “Control_adult”; 4 – “HC_adult”; 5 – “Control_old”; 6 – “HC_old”. The data is presented asmean
± SEM (n = 10); *p < 0.05 significantly different from the group “Control_young”; **p < 0.05 significantly different
from the group “Control_adult”; *** p < 0.05 significantly different from the group “Control_old”

Figure 2: Electropherogram of the thyroid gland samples of rats of experimental groups. M – molecular
weightsmarkers (кDa); 1 – “Control_young”; 2 – “HC_young”; 3 – “Control_adult”; 4 – “HC_adult”; 5 – “Control_old”;
6 – “HC_old”
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Figure 3: Zymogram of the thyroid gland samples of rats of experimental groups. M –molecular weights
markers (кDa); 1 – “Control_young”; 2 – “HC_young”; 3 – “Control_adult”; 4 – “HC_adult”; 5 – “Control_old”; 6 –
“HC_old”. Assay was performed using gelatin (1 mg per mL) polymerized in 12% separating gel.

Figure 4: Level of MMP-2 in the thyroid glands of rats of experimental groups. 1 – “Control_young”; 2 –
“HC_young”; 3 – “Control_adult”; 4 – “HC_adult”; 5 – “Control_old”; 6 – “HC_old”. The data is presented as mean
± SEM (n = 10);*p < 0.05 significantly different from the group “Control_young”; **p < 0.05 significantly different
from the group “Control_adult”; ***p < 0.05 significantly different from the group “Control_old”

5070



Biomedical Research and Therapy 2022, 9(5):5065-5074

Table 4: Protein composition (%) in the thyroid gland of rats of experimental groups

Protein Experimental groups

Control_young HC_young Control_adult HC_adult Control_old HC_old

> 150 6.92± 0.34 11.41±
0.56*

6.50± 0.23 - 4.71± 0.21 -

150 - 100 0.81± 0.03 2.38± 0.11* 6.42± 0.23 6.00± 0.27** 8.68± 0.41 5.11±
2.47***

100 - 70 1.72± 0.08 2.10± 0.10* 1.61± 0.06 1.45± 0.06** 2.45± 0.11 1.20±
0.03***

70 - 50 29.53± 1.47 13.54±
0.67*

15.84± 0.75 8.63± 0.41** 14.61± 0.71 5.17±
2.50***

50 - 30 1.81± 0.08 4.79± 0.23* 5.35± 0.36 7.21± 0.33** 4.88± 0.22 3.54±
0.16***

< 30 59.36± 2.71 65.5± 3.11* 64.1± 3.11 76.55± 3.78** 64.74± 3.21 84.96±
4.15***

The data is presented asmean ± SEM (n = 10); *p < 0.05 significantly different from the group “Control_young”; **p < 0.05 significantly
different from the group “Control_adult”; ***p < 0.05 significantly different from the group “Control_old”

Level of peptides and protein composition
in the thyroid gland of HC rats

A significant decrease was observed in the level of
peptides in the rats of the HC_young group (2.4
times) compared to the thyroid glands of the con-
trol animals. The opposite changes were found in the
rats of the HC_adult and HC_old groups, where pep-
tides levels increased 1.7 and 1.2 times, respectively
(Figure 1). Findings further revealed some changes
in the protein composition, which were more pro-
nounced in aged rats withHC (Figure 2,Table 4). The
electropherogram was analyzed using the Total Lab
2.04 software to define the exact molecular weights of
proteins. The total amount of proteins in each gel line
was set up as 100%, and the level of a particular pro-
tein fraction was expressed as a percentage of the to-
tal value. According to the obtained data (Table 3),
the percentage of proteins with a molecular weight of
50-70 kDa was reduced 2.2 times in the rats of group
HC_young. In contrast, the levels of other protein
fractions were higher than those in the correspond-
ing controls. Also, a slight decrease in the protein
fractions corresponding to proteins with molecular
weights of 100-150 kDa (6%) and 70-100 kDa (14%)
was found in the thyroid gland of rats in theHC_adult
group. On the other hand, the proteins with molecu-
lar weights less than 30 kDa were increased in the rats
of groups HC_adult and HC_old.

Overall proteolytic activity in the thyroid
gland of HC rats
The presence of active enzymes was analyzed using
zymography. Following the principle of this method,
the appearance of clear areas on the dark background
of gel indicates the presence of active enzymes; the
more intense the areas, the more active the enzymes
are. In addition, this method can be used to estimate
the apparent molecular weight of active enzymes. As
shown in Figure 3, the samples of thyroid glands of the
control rats and ratswithHChave the samenumber of
clear areas, but the intensity of these areas differed as
there are two bands at the enzyme-electropherogram.
One is localized in the region corresponding to 65-
80 kDa proteins, and the other is in the region of 25
kDa proteins. Since zymography was performed us-
ing gelatin as a substrate protein, clear bands in the
region of 65-80 kDa may be associated with the ac-
tion of MMP-2 and/or MMP-9, the molecular weight
of which is 65 kDa and 85 kDa. Therefore, the level
of MMP-2 in the thyroid glands of rats with HC was
analyzed. As depicted in Figure 4, HC was accompa-
nied by a 2-fold increase in MMP-2 level in the rats
of group HC_young. This parameter in the rats of
groups HC_adult and HC_old was 2.7 and 3.1 times
higher than the corresponding controls.

DISCUSSION
According to literature data and our previous stud-
ies, the pathogenesis of many diseases is accompa-
nied by the formation and accumulation of LMWS
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in tissues, which is considered a nonspecific manifes-
tation of the disease. The fraction of LMWS is het-
erogeneous by nature and consists of substances with
a molecular weight up to 5,000 Da18,19. It should
be noted that most low-molecular-weight substances
are typical for normal metabolism and can be found
in minimal concentrations under physiological con-
ditions. However, a situation can change dramati-
cally in the case of pathologies associated with oxida-
tive imbalance, inflammation, or/and enhancement
of proteolysis. These conditions can potentiate an in-
crease in catabolism resulting in the accumulation of
low-molecular-weight breakdown products. Increas-
ing the concentrations of metabolites above physio-
logical values is potentially dangerous because it can
affect the biochemical reactions and provoke the dis-
ruption of homeostasis within specific organs or even
influence overall homeostasis.
To evaluate whether HC leads to the accumulation of
LMWS, the level of these substances in the blood and
thyroid gland of the rats was assessed. In order to pro-
vide a more comprehensive estimation, the measure-
ment was performed at wavelengths of 254 and 280
nm. LMWSmeasured at 254 nm is considered a criti-
cal parameter reflecting the presence of non-aromatic
sulfur-containing molecules, purine bases (adenine,
guanine), and free nucleotides. In comparison, amea-
surement of LMWS at 280 nm was applied to detect
aromatic chromophores (phenols, tyrosine, trypto-
phan, and phenylalanine). It has been established that
HC causes an increase in LMWS in the blood, which
is an unfavorable marker of this disease. The accumu-
lation of LMWS in the blood may further indicate a
decrease in the ability of the body’s detoxification sys-
tems to neutralize and eliminate the excess of these
substances. A marked increase in the level of LMWS
in the thyroid gland of HC rats was also revealed.
This can be explained by an intensification of catabolic
processes in the thyroid gland of rats with HC simul-
taneously with the disorders of the mechanisms re-
sponsible for the elimination of LMWS. It should be
emphasized that more pronounced changes in adult
and old animals of control groups may reflect the age-
related changes in the compensatory metabolic po-
tential in the thyroid gland.
Recent studies have indicated that serum homocys-
teine level is correlated to inflammatory markers,
namely pro-inflammatory cytokines. Moreover, Shu
Meng et al. concluded that homocysteine possesses
pro-inflammatory activity by inducing inflammatory
transcriptional signal pathways20. Given the above,
and because numerous thyroid disorders are accom-
panied by persistent inflammation in the organ, the

level of cytokines in the thyroid gland in HC rats was
studied. Findings revealed that the cytokine profile in
the thyroid gland undergoes changes under HC con-
ditions as the level of pro-inflammatory cytokines in-
creases, which may suggest the state of inflammation.
It should be emphasized that cytokines are not the
only markers of inflammation but are also actively in-
volved in modulating this state, both positively and
negatively. For example, they can increase the in-
flammatory response by stimulating immune cells in
the thyroid gland, which leads to the maintenance
of inflammation and may provoke disturbances in
the functional activity of the thyroid gland. In addi-
tion, the possible adverse effect of cytokines on the
thyroid gland may be due to their ability to modu-
late the immune response, affecting the balance be-
tween the induction of autonomy and autoimmu-
nity 21. Clinical reports show that specific cytokines
are involved in the progression of autoimmune thy-
roid disease by mediating direct damage to thyroid
follicular cells. It has been shown that IL-10 acts as
an inflammation inhibitor and is also involved in the
induction/maintenance of tolerance and prevention
of autoimmunity 22,23. Therefore, a decrease in the
cytokine level and an increase in the levels of pro-
inflammatory cytokines can be considered part of the
pathogenic mechanism of thyroid gland damage in
HC.
Results also showed a significant increase in the level
of peptides in the thyroid gland of adult and old an-
imals. According to the modern concept24, the sum
of peptides in a tissue represents the peptide pool, vi-
tal in maintaining local homeostasis. Due to a broad
spectrum of activities, peptides of the pool are ac-
tively involved in regulating the nervous, endocrine,
immune, and cardiovascular systems25. However,
significant and/or long-term changes in the physio-
logical composition and level of certain peptides in
the pool are considered factors that can affect bio-
chemical processes. Thus, peptides that accumu-
late in tissues due to increased degradation of pro-
teins against the background of impaired excretion
can block cell receptors non-specifically, bind to ac-
tive and/or regulatory sites of enzymes, and affect
gene expression. An appearance of low molecular
weight proteins, a decrease in the part of high molec-
ular weight proteins, and peptide accumulation are
indirect evidence of protein homeostasis disorders
in the thyroid gland of rats with HC. However, the
mechanisms responsible for increased protein degra-
dation in HC are not entirely established. It can be
suggested that a high concentration of homocysteine
causes N-homocysteinylation of proteins, which is a
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signal for their removal from the cell to avoid toxicity.
In addition, oxidative modification of proteins under
HC-induced oxidative stress is anothermechanism by
which proteins are targeted for degradation.
Activation of proteases due to an increase in their
level or violation of the coordinated pathways of reg-
ulation of their activity may be another explanation
for the redistribution of proteins of different molec-
ular weights. In this experiment, it was established
that HC is accompanied by proteolysis enhancement
in the thyroid gland of rats with HC. Furthermore,
an increase in the level of MMP-2 was revealed. It
is well-known that gelatinases are specific for base-
ment membrane proteins such as type IV collagen,
fibronectin, and laminin. Moreover, recent stud-
ies have shown that MMP-2 can degrade extracellu-
lar matrix collagen26. Given the multiple biologi-
cal functions of ECM, the overexpression of MMP-
2 can potentially lead to the degradation of extra-
cellular matrix proteins and the impairment of cellu-
lar hemostasis. Nowadays, data confirm the involve-
ment of MMPs in the progression of inflammation.
In particular, it has been established that the cleavage
of some cytokines by MMP-2 generates their active
forms27. Therefore, the increase of MMP-2 levels in
the thyroid gland of HC rats can be one of the causes
of an increase in the level of active cytokines.

CONCLUSIONS
The association between disorders in the functional
activity of the thyroid gland and the concentration of
homocysteine has been established. However, to our
knowledge, there are no studies dedicated to the in-
vestigation of the mechanisms to explain these disor-
ders. Given the significant role of thyroid hormones
in maintaining the body’s metabolic status, it is es-
sential to understand how HC can affect the thyroid
gland. The data obtained in this study indicate the
catabolic effect of HC, whichmanifests itself in the ac-
cumulation of LMWS in the blood and thyroid gland
and as increased levels of peptides. This may partly
be the result of protease activation, as evidenced by
increased total proteolytic activity and MMP-2 lev-
els in the thyroid gland of HC rats. A change in the
protein profile, namely, the accumulation of proteins
with a molecular weight of less than 30 kDa with a
simultaneous decrease in the level of high molecular
weight proteins, is an additional confirmation of un-
controlled proteolysis. The state of inflammation, evi-
denced by the increased pro-inflammatory cytokines,
was also revealed. All these changes can affect the
functional state of the thyroid gland in HC. A signif-
icant limitation of the present work is that functional

tests have not been performed to assess the functional
activity of the thyroid gland in rats with HC. Further
studies are needed to assess the impact of HC on the
functional state of the thyroid gland and to under-
stand how the identified changes can be associated
with the development of thyroid disorders.
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