
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Impact of hyperhomocysteinemia on proteolytic system in rat 
skeletal muscle  
 

ABSTRACT 
Elevated homocysteine (Hcy) concentrations in 
blood (hyperhomocysteinemia [HHcy]) are a known
risk factor for vascular disease and have been 
associated with fractures, disability, neurological 
disorders, poor physical function, decline of muscle
mass and strength etc. The aim of this study is to 
analyse the proteolytic activity indexes in rat 
skeletal muscles with experimental HHcy. HHcy 
was induced by daily intragastric administration 
of DL-homocysteine thiolactone (HTL) (200 
mg·kg–1 of body weight) to young and adult male 
rats for 8 weeks. Blood serum Hcy levels, total 
proteolytic activity and metal-dependent proteolytic
activity, serine proteases activities, total protein and
medium molecular-weight substances (MMWS) 
were estimated. Serum Hcy levels elevated both 
in young and adult animals with HHcy compared 
with the control group of corresponding age, thus 
verifying the HHcy condition. It was shown that 
HHcy promoted the increase in total proteolytic 
activity, serine protease activity and metal-dependent
one against the background of a more intensive 
increase in mature animals. Reduced levels of 
serine proteases were detected in young rats with 
HHcy, in contrast to adult ones, in which an 
increase of this indicator was recorded. Elevated 
 

MMWS levels in Hcy‑treated rats of both age 
groups were revealed as compared with control rats.
Experimental HHcy is linked with pathological 
changes in skeletal muscles, which can result in a 
deceleration of physiological proteolytic remodelling. 
Understanding the clear mechanisms of such 
metabolic changes in skeletal muscles requires 
further studies. 
 
KEYWORDS: hyperhomocysteinemia, proteolytic
processes, skeletal muscle, rats.  
 
ABBREVIATIONS  
DL-homocysteine thiolactone – HTL 
ethylenediaminetetraacetic acid – EDTA 
homocysteine – Hcy 
hyperhomocysteinemia – HHcy 
interleukin – IL 
matrix metalloproteinases – MMPs 
medium molecular-weight substances – MMWS 
phenylmethylsulfonyl buoride – PMSF 
 
INTRODUCTION 
Proteolysis is an important and strictly regulated 
process for normal organism functioning under 
physiological state. Without the active process of 
proteolysis, hydrolysis of any peptide bonds might 
take hundreds of years [1]. Nevertheless, a human 
body has evolved the efficient system of protein 
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degradation mostly using cellular enzymes called 
proteases as catalysts. More than 30% of them 
belong to serine proteases which are involved in 
different physiological processes: digestion, blood-
clotting cascade, complement system and apoptosis
pathways etc. [2]. 
At the same time, under the influence of various 
pathological conditions these enzymes are disrupted,
in particular due to the cytokines action [2, 3]. 
Downstream activation of various specific signalling
pathways, in turn, modulate expression of genes, 
which encode proteases and their inhibitors. 
Consecutively, elevated proteolysis promotes 
generation of medium molecular weight substances –
MMWS (with a molecular weight of no more than 
5000 Da), which are able to regulate intracellular 
signalling cascades [3]. 
Homocysteine (Hcy) is a sulfur-containing non-
proteinogenic α-amino acid. It is a homologue of 
the amino acid cysteine, differing by an additional 
methylene bridge (-CH2-). Hcy is biosynthesized 
from methionine by the removal of its terminal Cε

methyl group. In an organism Hcy can be recycled 
into methionine or converted into cysteine with 
the aid of vitamins B6, B9, and B12 [4]. 
Under physiological conditions plasma total Hcy 
level is 5-15 μmol·L−1 [5]. Hyperhomocysteinemia
(HHcy) is a medical condition characterized by an 
abnormally high level of total Hcy (including 
homocystine and homocysteine-cysteine disulfide)
in the blood, conventionally described as above 
15 μmol·L−1 [5-8]. As an outcome of biochemical 
reactions involving Hcy, deficiencies of vitamin 
B6, B9 and B12 can promote high homocysteine 
levels. Other possible causes of HHcy are hereditary
defects in Hcy metabolism, other diseases, excessive
methionine intake, chronic alcohol consumption, 
caffeine use, smoking etc. [6, 5].  
Elevated Hcy concentrations in blood are a known 
risk factor for vascular disease, ischemic heart disease, 
stroke, schizophrenia etc. [5, 8-10]. Besides this, 
HHcy has been associated with fractures, disability, 
neurological disorders, poor physical function, 
decline of muscle mass and strength etc. In spite 
of the fact that decreased skeletal muscle mass in 
patients with HHcy has been reported for a long 
time [5, 11], the exact causes of such physical 
impairments are still poorly understood. 
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Taking the above into consideration, the aim of 
this study is to analyse the proteolytic activity 
indexes in rat skeletal muscles with experimental 
HHcy. 
 
MATERIALS AND METHODS 

Ethics statement 
All animals were handled humanly according to 
the rules outlined in “Guide for the Care and Use 
of Laboratory Animals” (2011). All experiments 
were designed in accordance with Helsinki 
declaration (International medical assemble), 
international principles of the European Convention
for the protection of vertebrate animals used for 
experimental and other scientific purposes (European
convention, Strasburg, 1986), Declaration of 
Principles on Tolerance (28 session of UNESCO, 
Paris, 1995), Universal Declaration on Bioethics 
and Human Rights (UN, 1997), norms of the 
Convention for the Protection of Human Rights in 
the field of new biomedical technologies adopted 
in 1997 in the city and the article 26 of the Law of 
Ukraine “On protection of animals from cruelty”
(№ 3447-IV, 21.02.2002); and approved by the 
Educational and Scientific Center Institute of 
Biology and Medicine of Taras Shevchenko 
National University of Kyiv (protocol no. 3 dated 
November 25, 2020, Kyiv, Ukraine).  

Animals and experimental design 
All experiments were carried out on white non-
strain male rats of 1 month of age (weighed 90 ± 
10 g) and 6 months (weighed 420 ± 25 g). 
Animals were randomly divided into 4 groups 
with 10 rats in each of them based on their age: 
Young–Control (1‑month‑old rats, sexually immature
control group); Young–HHcy (1‑month‑old animals,
sexually immature HHcy group); Adult–Control 
(6‑month‑old, sexually mature rats control group); 
Adult–HHcy (6‑month‑old, sexually mature HHcy 
group). Rats that were used in a trial were first 
kept in the animal facility of Taras Shevchenko 
National University of Kyiv for acclimation for 7 
days and then kept at constant temperature (22 ± 3 
°C), humidity (60 ± 5 %) and light (12 h light / 
12 h dark cycle), being fed standard rodent food 
and water ad libitum. 
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of casein was dissolved in a mixture of 50 mM 
phosphate buffer, pH 7.4 (80 mL), and 1 M NaOH 
(1.6 mL). The obtained mixture was first kept at 
room temperature; after 40 min it was boiled in a 
hot water bath. Then this casein solution was 
cooled and its pH was adjusted to 7.4 with 1 M 
NaOH, and its volume was adjusted to 100 mL by 
means of phosphate buffer. After this step 0.5 mL 
of muscle homogenate was brought to a volume 
of 1 mL with 50 mM phosphate buffer solution 
(pH 7.4), mixed and 1 mL of 4% casein solution 
was added followed by incubation in a thermostat 
at +37 °C for 30 min. This reaction was stopped 
by adding 3 mL of 15% trichloroacetic acid to the 
reaction mixtures. After that samples were 
centrifuged at 1500 g for 30 min. The absorbance of
the supernatant was read by a spectrophotometer 
(“SmartSpecPlus”, “Bio-Rad”, California, USA) 
at 280 nm against the blank, which contained an 
equal volume of phosphate buffer instead of muscle
homogenate. Metal-dependent enzyme inhibitor –
5 mM ethylenediaminetetraacetic acid (EDTA)
and serine proteases inhibitor – 2 mM 
phenylmethylsulfonyl fluoride (PMSF) were used 
to estimate the activities of metal-dependent and 
serine proteases. The residual proteolytic activity 
was determined using casein as a substrate after 
pre-incubation of the studied samples with the 
corresponding inhibitor at +4 °C for 30 min. 
Obtained results were expressed as rel. units·g−1

of muscle tissue. 

Serine protease level determination 
Affinity chromatography on benzamidine sepharose
(“GE Healthcare Life Sciences”, Chicago, USA) 
was used for purification of serine protease fractions
from rat muscle homogenates [14]. A benzamidine
sepharose column was pre-equilibrated with 10 
volumes of binding buffer which contained 10 
mM Tris-HCl and 0.5 M NaCl (pH 8.0). After this 
the column was loaded with samples in the 
binding buffer. Then the column was washed with 
15 volumes of 10 mM Tris-HCl buffer (pH 8.0) to 
segregate unabsorbed material, subsequently 
performing elution of adsorbed proteins with 
buffer solution (50 mM glycine-HCl, 1 M NaCl, 
pH 3.0). Both sample loading and serine protease 
fraction collection were fulfilled at a flow rate of
2 mL·min−1. Serine proteases concentrations were 

The model of experimental chronic HHcy was 
created by intragastric administration of HTL. The 
dose was 200 mg·kg–1 of body weight in a 1% 
solution of starch administered once per day for 
8 weeks [12]. At the same time rats of control 
groups were treated with an equal volume of 1% 
starch solution.  

Isolation of biological material 
After 8 weeks since the start of the experiment, 
animals were sacrificed via cervical dislocation 
according to “AVMA Guidelines for the Eutanasia
of Animals” (2013). 
Blood for analysis was collected by cardiac puncture
through the left ventricle using a 21‑gauge needle 
after animals were sacrificed. Whole blood was 
withdrawn slowly into polyethylene tubes with 
3.8% sodium citrate in a ratio of 9:1. Then the 
blood was allowed to clot by leaving it undisturbed
at room temperature for 15-30 min. Serum was 
obtained as the resulting supernatant after removal 
of the clot by centrifuging at 1000-2000 g for 10 
min in a refrigerated centrifuge. The muscle 
homogenates were prepared at 4 °C. In brief, to 
obtain muscle homogenates, 1 g of quadriceps 
tissue was homogenized in 9 mL of cold 50 mM 
Tris‑HCl buffer solution (pH 7.4) containing 140 
mM NaCl. First the samples were centrifuged at 
600 g (15 min, 4 °C). The obtained supernatants 
were collected and centrifuged secondly at 15000 g 
(15 min, 4 °C). The homogenates obtained were 
aliquoted and frozen in liquid nitrogen for further 
experiments.  

Biochemical assay 
Blood plasma Hcy levels were determined by 
enzyme-linked immunosorbent assay (ELISA) by 
means of the kit “Homocysteine EIA” (“Axis-
Shield Diagnostics Ltd.”, Dundee, Scotland, UK) 
according to the manufacturer’s recommendations.
Bradford method was used for determination of 
protein concentration in all samples. 

Proteolytic activity determination 
Total proteolytic activity was determined 
according to the method described by Munilla-
Moran and Stark [13]. Casein was used as a 
substrate. To prepare the 4% casein solution, 4 g
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

approximately 5.5 µmol/L. Then we show that Hcy
levels were 3.2 times higher (p ≤ 0.001) in both 
groups of animals after 8 weeks of HTL 
administration than in the corresponding control 
groups (Table 1). Thus, these data indicate the 
occurrence of a mild form of HHcy [5-8, 17, 18]. 
The next stage of this study was to analyse the 
proteolytic activity in the muscles of rats with HHcy.
In addition, proteolytic activity in the presence 
and absence of EDTA and PMSF was evaluated 
to examine contributions of metalloproteases and 
serine proteases. We show that total proteolytic 
activity was 1.3 (p ≤ 0.001) and almost 1.4 times 
(p ≤ 0.001) higher in animals of Young–HHcy 
group and in rats of Adult–HHcy group respectively, 
than in the corresponding control groups (Figure 1).
In mature rat muscles this index was 1.2 times 
(p ≤ 0.001) higher in both groups (Adult–Control 
and Adult–HHcy) as compared with the 
corresponding values in young animals (the 
Young–Control and Young–HHcy groups). 
We also found elevated activities of metal-dependent
proteases (1.2 times, p ≤ 0.001) and serine 
proteases (1.5 times, p ≤ 0.001) in the muscles of 
rats from the Young–HHcy group relative to the 
Young–Control group. In similar fashion, these 
indicators increased by 1.6 and 1.4 times (p ≤ 
0.001) in the Adult–HHcy group compared to the 
corresponding control values. Besides this, activities
of analysed enzymes too were 1.3 (metal-
dependent proteases, p ≤ 0.001) and 1.2 times 
(serine proteases, p ≤ 0.001) higher in the muscles 
of mature control animals in comparison to those 
in the Young–Control group. Similarly, these 
parameters increased by 1.6 (metal-dependent 
proteases, p ≤ 0.001) and 1.1 times (p ≤ 0.001) 
(serine proteases, p ≤ 0.001) in adult rats treated 
with HTL compared to the corresponding values 
 

determined  by the Bradford method and expressed
in mg·g–1 of muscle tissue. 

Determination of the level of medium 
molecular weight substances 
MMWS fractions were isolated in accordance with
the method described in [15]. Initially, proteins 
were precipitated from the muscle homogenates 
by adding 1.2 M HClO4 at a ratio of 1:1 (v/v). 
Obtained solutions were centrifuged at 5000 g, +4 
°C for 20 min. The next step was neutralization of 
the supernatant by means of 5 M KOH to a pH of 
7.0. After this the mixtures were centrifuged a 
second time (2500 g, 20 min). Collected supernatants
were transferred into microtubes with the addition 
of ethyl alcohol to a final concentration of 80% 
and then were kept for 30 min at 4 °C followed by 
centrifugation. The optical density of the obtained 
supernatants was measured by a spectrophotometer
“Smart SpecTM Plus” (“BioRad”, California, USA)
at 210 nm, 238 nm, and 254 nm. Obtained results 
were expressed as rel. units·g−1 of muscle tissue 
[16]. 

Statistics  
Data obtained were tested for normal distribution 
by the Shapiro-Wilk test using the software package
“GraphPad Prism 8.4.3” (“GraphPad Software 
Inc.”, USA). Further calculations were performed 
using two-way ANOVA with Tukey post-test. 
The obtained results are given in the form of the 
arithmetic mean (M) ± standard deviation (SD). 
Results were considered significant when p ≤ 0.05. 
 
RESULTS 
As a result of our experimental studies, first it was 
demonstrated that serum homocysteine concentration
was almost similar in both age control groups: 
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Table 1. Total homocysteine levels in serum of rats with 
hyperhomocysteinemia (M ± SD, n = 10). 

Groups Research conditions Homocysteine (µmol·L−1) 
Young–Control 5.41 ± 0.44 Immature rats  

 Young–HHcy 17.50 ± 1.78*** 
Adult–Control 5.65 ± 0.91 Mature rats  

 Adult–HHcy 18.10 ± 0.76*** 

*** p ≤ 0.001 relative to the control group of corresponding age. 
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At the next stage of this study, we show that 
MLMWS210 (peptide fraction) level increased by 
3.4 times (p ≤ 0.001) and by 4.5 times (p ≤ 0.001) 
in animals of Young–HHcy group and in rats of 
Adult–HHcy group, respectively than in the 
corresponding control groups (Table 2). The 
content of MLMWS238 fraction (non-aromatic 
peptides) was 7.7 (p ≤ 0.001) and 1.9 (p ≤ 0.001) 
times higher, while MLMWS254 level (non-
aromatic sulfur-containing molecules, purine 
bases and nucleotides) was elevated by 2.2 (p ≤ 
0.01) and 2.5 times (p ≤ 0.001) in Young–HHcy 
and Adult–HHcy groups compared with the 
corresponding control groups. Age-related changes
were found in control animals (1.4-fold decrease 
in MLMWS210 (p ≤ 0.05) and 5.7-fold increase 
in MLMWS238 (p ≤ 0.001)) and rats with HHcy 
(1.4-fold increase in MLMWS238 (p ≤ 0.001) and 
1.5-fold increase in MLMWS254 (p ≤ 0.001)). 
 
DISCUSSION 
As mentioned above, HHcy is the risk factor 
for various diseases: cardiovascular disease, 
atherosclerosis, cognitive malfunctions, 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

in the Young–HHcy group. EDTA treatment 
decreased the proteolytic activity by more than 
50% in all analysed groups, while usage of PMSF 
resulted in smaller changes (Figure 1).  
The results of the further experimental studies 
have shown that total protein content in the muscles
of rats with HHcy was higher by 1.4 times (p ≤ 
0.001) compared with the Young–Control group. 
At the same time, no significant differences were 
found in the group of adult rats with HHcy (Table 2).
Furthermore, we found that total protein content 
increased by 1.3 times (p ≤ 0.05) with age only in 
the control, because no significant changes were
detected in animals with pathology. 
Next, we demonstrated that serine protease 
content in the muscles of immature rats with HHcy 
was 2.1 times lower (p ≤ 0.001) compared with 
the control. On the contrary, this index increased 
by 1.1 times (p ≤ 0.01) in adult rats treated with 
HTL as compared with the Adult–Control group. 
In addition, serine protease content decreased by 
1.2 times (p ≤ 0.001) with age in the control 
animals (Table 2). 
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Figure 1. Total proteolytic activity in muscles of rats with hyperhomocysteinemia and impact of EDTA 
and PMSF on the magnitude of total proteolytic activity. Data are given in the form of M ± SD, n = 10; 
*** p ≤ 0.0001 relative to the control group of corresponding age; ### p ≤ 0.001 relative to the group 
Young–Control; ÷÷÷ p ≤ 0.001 relative to the group Young–HHcy. 
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Hcy can contribute to decreased muscle strength 
due to various pathologies [5, 11, 20]. Impairment 
of kidney functions leads to an increase in Hcy 
concentration. Due to the strong relationship 
between Hcy and kidney disease, it is possible 
that Hcy might may play a key role in the 
pathways between renal dysfunctions and poor 
physical functions. Thus, elevated Hcy level can 
lead to increased concentrations of reactive 
oxygen species, which can damage mitochondria 
and lead to inflammation, as well as alter G 
protein-coupled receptor and increase TGF-b 
signalling, leading to decreased muscle regeneration. 
Hcy also reduces the bioavailability of nitric 
oxide, which modulates blood flow to muscle 
cells; this can contribute to reduced endurance, 
significant fatigue, muscle wasting, and ischemia 
[5, 11, 20]. Veeranki et al., based on results from 
rodent models, found that HHcy-induced reduction
in satellite cell proliferation involves anomalous 
activation of p38 mitogen-activated protein kinase 
(MAPK) signalling and redundant oxidative stress 
that results in reduced muscle regeneration [20]. 
But despite that, the precise mechanisms which 
induce HHcy-mediated toxic effects on muscles 
are not fully understood yet.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
hypothyroidism, chronic kidney disease etc. [5, 8-
10, 18, 19]. The obtained elevated total Hcy levels
in serum of rats treated with HTL for 8 weeks 
indicate the development of a pathological state in 
these animals, which might be clinically 
compatible with human HHcy. Although plasma 
total Hcy level may also increase with aging due 
to age-related vitamin deficiencies and renal 
dysfunction, approximately 5–10% of people in 
world population may have mild to moderate form 
of HHcy with Hcy concentration of 15-40 
μmol·L−1 [5-8, 17, 18]. It has been found out that 
HHcy aggravates age-related decrease in physical 
functions too. Recent studies on the role of Hcy in 
muscle strength decline in the elderly are conflicting, 
with most finding inverse associations between 
increased Hcy concentrations and reduction in 
muscle strength [5, 11, 18, 19], including variability
between the gender, which may be related to sex-
specific pathophysiology [5]. So, with increasing 
age Hcy content generally rises and muscle strength
decreases, but not necessarily simultaneously, 
thus multiple measurements are needed to 
accurately evaluate the relationship between the 
rate of change in both grip strength and Hcy over 
time [5, 11]. 

Table 2. Total protein, serine proteases and medium molecular-weight substance contents in muscles of rats 
with hyperhomocysteinemia (M ± SD, n = 10). 

Immature rats Mature rats 
Parameters 

Young–Control Young–HHcy Adult–
Control Adult–HHcy 

Total protein, mg·g−1 of tissue 4.81 ± 0.67 6.77 ± 0.94*** 6.08 ± 0.95# 6.73 ±  
0.53 

Serine proteases, mg·g−1 of tissue 7.8 ± 1.6 3.7 ± 
0.4*** 

6.8 ± 
0.1### 

7.6 ± 
0.2**/÷÷÷ 

MMWS210, 
registered at 

210 nm 

0.78 ± 0.07 2.68 ± 
0.18*** 

0.57 ± 0.08# 2.57 ± 0.23*** 

MMWS238, 
registered at 

238 nm 

0.07 ± 0.01 0.54 ± 0.06*** 0.40 ± 
0.03### 

0.77 ± 
0.1***/÷÷÷ 

MMWS, rel. 
units·g−1 of tissue 

MMWS254, 
registered at 

254 nm 

0.12 ± 0.01 0.26 ± 0.04** 0.15 ± 0.01 0.38 ± 
0.12***/÷÷ 

***p ≤ 0.001, **p ≤ 0.01 relative to the control group of corresponding age; ###p ≤ 0.001, #p ≤ 0.05 relative to the 
group Young–Control; ÷÷÷p ≤ 0.001, ÷÷p ≤ 0.01 relative to the group the group Young–HHcy. 
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compared to mature control animals, which may 
be due to an increase in protein biosynthesis under 
experimental HHcy conditions against the 
background of a decrease in its level with age. 
Reduced levels of serine proteases were found in 
young rats with HHcy, in contrast to adult ones, in 
which an increase of this parameter was recorded. 
Thus, the detected increase in serine proteases activity
in all analysed groups may not be related to an 
increase in their biosynthesis, but is a consequence 
of their regulation by means of post-translational 
mechanisms (including phosphorylation, 
glycosylation, ubiquitination, nitrosylation, 
methylation, acetylation, lipidation and 
proteolysis) due to the intensification of oxidative 
stress and inflammation [18, 23, 25].  
The results of our further experimental studies 
have shown an increase in all MMWS fractions in 
the muscles from Hcy‑treated rats of both age 
groups as compared with control animals. Age-
related changes were noticeable to a greater extent 
in adult rats, while in young individuals such 
changes were in different directions: the content 
of the peptide fraction decreased with age, in 
contrast to the increase in non-aromatic peptides 
level; non-aromatic sulfur-containing molecules, 
purine bases and nucleotides content remained at 
a constant level with age. Thus, our results confirm
proteolysis augmentation in muscles of rats after 8 
weeks of HTL administration and coincide with 
our previous data, which showed an increase in 
MMWS content in the thyroid glands, brain 
homogenates and plasma of rats with this 
pathology [3, 18].  
MMWS are normal cellular metabolites, and they 
are usually found in blood and tissues at low 
levels. But oxidative stress, acute or chronic 
inflammation, aging by itself, and exacerbation of 
proteolysis promotes their accumulation, which, 
in turn, modulates the functioning of various 
biochemical and molecular-biological signaling 
pathways, intensifying pathological changes in 
muscle cells. In addition, it is known that the Hcy 
metabolite homocysteine thiolactone, as well as 
Hcy, is able to cause damage to muscle tissues, 
producing N-homocysteinylated protein characterized
by proinflammatory and prothrombotic properties 
[25, 26]. As a result, inflammation of blood 
vessels and thrombosis can cause peripheral artery 

The study of proteolytic activity in rats showed 
that the total proteolytic activity in the muscles of 
these animals with HHcy elevated (to a greater 
extent in mature animals). In turn, the increase in 
serine proteases activity was more significant 
compared to metal-dependent ones. In line with 
the obtained results, when assessing the contribution
of metalloproteases and serine proteases to the 
total proteolytic activity, metalloproteases were 
the main proteolytic agents under the conditions 
of our experiment, since EDTA presence led to a 
decrease of the total proteolytic activity by more 
than half in all analysed groups, while PMSF 
treatment resulted in smaller changes [1-3, 18]. 
Our previous studies revealed increased proteolytic
activity in thyroid gland, lung, spleen, heart, liver 
and brain of HHcy rats [3, 12, 19, 21]. So, under 
experimental HHcy conditions proteolysis 
augmentation may be related to an activation of 
already existing proteases and/or hyperexpression 
of genes involved in intensification of oxidative 
stress and further inflammation [18, 22, 23]. With 
age, violations of proteolytic activity can only 
worsen due to epigenomic changes during aging 
and the involvement of proteases in the regulation 
of aging [24]. 
This study also included the analysis of total protein, 
serine protease levels and MMWS content in 
muscles from HHcy rats. We demonstrated the 
increased total protein content in muscles of rats 
from the Young–HHcy group as compared with 
age-matched controls, but no similar changes 
were found in mature HHcy rats. These results 
coincide with the previous ones obtained when 
assessing the level of total protein in the brain of 
rats with the same pathology [18]. A possible 
explanation for such results can be the activation 
of specific gene expression due to epigenetic 
reprogramming, as well as through the induction 
of the corresponding signaling systems of cells 
due to the increased effect of oxidative stress [18, 
23, 25]. We have also shown an increase in this 
index with age only in the control, because no 
significant changes were detected in animals 
treated with HTL. This can be explained by 
increased proteolysis in adult animals in 
comparison to immature ones. At the same time, 
we did not find changes in total protein amount in
the muscles of rats from the Adult–HHcy group as 
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rats with HHcy, in contrast to adult ones, in which 
an increase of this indicator was recorded. Elevated
MMWS levels in Hcy‑treated rats of both age 
groups were revealed as compared with control rats.
Experimental HHcy is linked with pathological 
changes in skeletal muscles, which can result in a 
deceleration of physiological proteolytic 
remodelling. Understanding clear mechanisms of 
such metabolic changes in skeletal muscles 
requires further studies.  
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