
Abstract 

The accumulated data indicate that a high level of homocys-
teine may be a central pathogenetic factor of chronic obstructive
pulmonary disease. In this study, we investigated the effect of
hyperhomocysteinemia (HM) on protein homeostasis in the rat
lungs. The level of proteins, peptides, total proteolytic activity,
as well as protein-peptide composition, were evaluated. HM was
induced by daily intragastric administration of DL-homocysteine
thiolactone (100 mg·kg-1 of body weight) to albino non-linear
male rats for 28 days. Twelve hours after the last administration,
the rats were sacrificed and the lungs were harvested. Our find-
ings showed that HM caused the disturbances in the protein
homeostasis in the lungs that are manifested by a decrease in the

level of proteins in the young and old animals and an increase in
the level of peptides in the rats of all studied groups. We found a
change in the protein composition in the lung of HM rats - a
decrease in the level of proteins with a molecular weight of 50
kDa to 100 kDa simultaneously with an increase in the level of
proteins with a molecular weight of less than 50 kDa. Despite the
fact that the peptide profile was the same in both control animals
and HM animals, the level of individual peptide fractions
increased significantly in the rats with HM. Obtained data could
contribute to explain, at least in part, the mechanisms involved
in the pathogenesis of lung damage in HM.

Introduction 

Protein homeostasis, which means the balanced synthesis of
new proteins and timely degradation of misfolded, damaged, or
old proteins are recognized to play an important role in maintain-
ing overall metabolism. Any disorders of protein homeostasis
can potentially lead to pathological consequences. On the other
hand, alteration of protein profile in the tissue may reflect the
progression of the disease. Therefore, a detailed study of the pro-
tein composition of tissues is of great importance for monitoring
the state of the disease and evaluating the effectiveness of the
treatment.1 The total amount of peptides present in biological
fluids and tissues is considered as the peptide pools. The peptide
pool of each organ is very specific in composition and individual
peptide content. This is due to the set of proteolytic enzymes,
their regulators, and the composition of substrate proteins, which
differ slightly for different organs. Recently, the understanding
of the role of peptide pools as an integral part of the mechanisms
involved in the regulation and maintenance of tissue hemostasis
has expanded significantly. According to modern concepts, pep-
tide pools have a modulating effect on the nervous, endocrine,
immune and cardiovascular systems.2,3

Peptides can influence the rate of biochemical processes and
determine the direction of the metabolic pathways in organs.
Peptides in pools are either derived from protein precursors as a
result of their processing, or are degradation products of tissue
proteins. Therefore, both the composition of peptides and the
level of individual peptides are partially determined by the rate
of proteolysis. It is considered that diseases associated with an
increase in the activity of proteolytic enzymes are accompanied
by the alteration in the peptide pools. Moreover, changes in the
qualitative and quantitative composition of peptide pools are not
only the result of metabolic disorders but can also lead to further
complications under the pathological process. At present, a lot of
scientific efforts are aimed at studying how
Hyperhomocysteinemia (HM) affects various organs, leading to
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the development of systemic disorders. Despite the importance of
the lungs as a vital organ, the possible mechanisms underlying
the effect of HM on lung function are not fully understood. Since,
to our knowledge, there are no researches that demonstrate any
association between HM and protein homeostasis in the lungs,
this study evaluates the effect of HM on protein-peptide compo-
sition in the lungs of rats with HM.

Materials and Methods

Reagents
Thiolactone D,L-homocysteine, tris(hydroxymethyl)amino-

methane, sodium dodecyl sulfate, Coomassie Blue R-250, acry-
lamide, N,N’-methylenebisacrylamide 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 performed in the compli-
ance with international principles of the European Convention
for the protection of vertebrate animals used for experimental and
other scientific purposes (Strasbourg, 1986). The study was
approved by the Ethical Committee of Taras Shevchenko
National University of Kyiv. The experiments were started after
7 days of animal acclimation in the animal facility of Taras
Shevchenko National University of Kyiv, maintained under con-
stant 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. The animals of different ages
were used in the current study - one-month-old rats that are cor-
responded to young animals; six-month-old rats that are corre-
sponded to adult animals, and twenty-month-old rats that are cor-
responded to old animals. HM was induced by intragastric
administration of DL-homocysteine thiolactone diluted in 1 %
starch solution (100 mg·kg-1 of body weight), ones per day for 28
days.4 The control rats were received an equal volume of 1 %
starch. HM development was confirmed by the high blood level
of homocysteine (more than 15 µmol·L-1 ). The level of homo-
cysteine in the blood plasma was determined by enzyme-linked
immunosorbent assay using the kit «Homocysteine EIA» (Axis-
Shield, UK). On the 29th day since the start of the experiment,
the animals were sacrificed. 

Thus, there were 3 experimental groups each of them consists
of the control rats (ten animals) and the rats with HM (ten ani-
mals): i) Group #1 (young animals); ii) Group #2 (adult animals);
and iii) Group #3 (old animals).

Lung sample preparation
The lungs were immediately collected after the animals have

being sacrificed. The tissue (1 g) was homogenized in 9 mL ice-
cold 50 mM Tris-HCl buffer (pH 7.4). The homogenate solution
was centrifuged at 5000 g for 15 min at 4°C. The pellet was dis-
carded and the supernatant was immediately separated and used
for the measurements. The protein concentration was determined
by the Bradford method using crystalline bovine serum albumin
as a standard.5

Peptide pool isolation 
The peptide pool was obtained according to Nykolaychyk et

al.6 The plasma samples were mixed with 1.2 M HClO4 at 1:1
(v/v) ratio in order to precipitate the proteins. After centrifuga-
tion at 10000 g for 20 min at 4°C the supernatants were neutral-
ized by 5 M KOH to pH 7.0 and the samples were subjected to
centrifugation step again. After ethanol was added to the final
concentration of 80%, the samples were kept at 4°C for 30 min
and centrifuged. The optical density of the supernatants was
determined with a spectrophotometer Smart SpecTMPlus
(BioRad, USA) at 210 nm. The concentration of peptides was
calculated using calibration curve prepared with CBZ-glycil-
glycine dipeptide of 0.26 kDa as a standard.

Analysis of peptide pool by size-exclusion
chromatography

The peptide pools were analyzed by size exclusion chro-
matography on Sephadex G 15 column (Bio Rad, USA) pre-equi-
librated with 0.05 M Tris-HCl, pH 7.4 containing 0.13 M NaCl.7
The samples were loaded and the corresponding peaks were col-
lected at a flow rate of 30 mL per hour. The areas under the peaks
of chromatographic curves were calculated using the OriginLab
(v 9.1). The molecular weight of peptides was estimated using
calibration curve. For this purpose, the column was previously
calibrated with standard marker solution containing of lysozyme
(14.3 kD), insulin (5.7 kDa), and vitamin B12 (1.35 kDa).

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE was carried out using 4% (w/v) stacking gel and
10% (w/v) separating gel.8 SDS-PAGE was performed using Mini-
Protean Tetra System (Bio Rad, USA) at 19 mA for stacking and
36 mA for separating gels. Samples were prepared by mixing with
sample buffer (0.05 M Tris-HCl, pH 8.8, 2% SDS, 5% sucrose, and
0.02% bromophenol blue) at the ratio of 1:1 (v/v). Samples were
heated at 95ºC for 1 min prior loading in gel. The total amount of
proteins applied per well of gel was 20 µg. The gels were stained
with 2.5% Coomassie brilliant blue R-250 in 10% (v/v) ethanol,
10% (v/v) acetic acid, 15% (v/v) isopropanol and the background
of the gel was destained with 7% (v/v) acetic acid for 30 min.
Apparent molecular weights of proteins were estimated using pro-
tein calibration mixture (Bio Rad, USA).

Determination of total proteolytic activity
Total proteolytic activity was measured using casein as a sub-

strate according to the method by Munilla-Moran and Stark.9
Casein (2%) in 50 mM Tris-HCl buffer (pH 7.4) containing 0.13
M NaCl was incubated in the presence of tested sample (50 µg of
total protein) at 37°C for 30 min. The reaction was stopped by
addition of trichloroacetic acid (7%) and the sample was stand
for 15 min at 4°C. The mixture was centrifuged at 15,000 g for
30 min. The absorbance of the supernatant was measured spec-
trophotometrically (SmartSpecPlus, Bio Rad, USA) at 280 nm
against the blank in which tested sample was substituted by cor-
responding volume of 50 mM Tris-HCl buffer (pH 7.4) contain-
ing 0.13 M NaCl. Total proteolytic activity was expressed as rel.
units·g-1 of lung tissue.

Statistical analysis
The data of biochemical estimations were reported as mean ±

SEM for each group (n=10). Statistical analyses were performed
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using one-way analysis of variance (ANOVA). Differences were
considered to be statistically significant when p<0.05.

Results and Discussion

At the first stage, the level of proteins in the lungs of the rats
with HM was estimated. A stable level of proteins in the lungs is
vital to ensure their proper functional activity. On the other hand,
abnormal protein homeostasis, manifested by changes in protein
content, is considered a key pathogenic mechanism in almost all
lung diseases.10 As can be seen from Table 1, the level of proteins
in the HM rats of Group #1, which included young animals, was
reduced by half compared with the corresponding control animals.
In the rats of Group #2, no alterations in the protein level were
found. The level of proteins in the lungs of old animals with HM
(Group #3) was also decreased, but the change in this parameter
was not as pronounced as in the case of the rats of Group #1. The
reduced protein levels in the lung of the rats with HM may be part-
ly due to the enhancement of proteolysis. Clinical data indicate the
contribution of proteolytic imbalance to the progression of HM-
related disorders.11,12 It has been shown that HM induces systemic
oxidative stress, leading to the formation of Reactive Oxygen
Species (ROS).13 Mild ROS accumulation can transiently enhance
proteolysis via direct influence on the ubiquitin-proteasome sys-
tem and induction of autophagy. In addition, ROS are able to non-
enzymatically modify proteins, thus directing them to the pathway
of proteolytic degradation.14,15 It should be noted that the total pro-
tein level in the lungs of control animals did not change with age
and remained within the range of 30-35 mg per g of tissue. 

Although the level of protein in the lungs of the control ani-
mals of all groups is the same, the protein composition can
change with age. In addition, HM may be a factor that affects the
protein profile in the tissue. To address this point, the elec-

trophoretic analysis of the lung tissue was performed. The main
goal was to find alterations in the protein composition, which
may reflect HM-induced disorders of protein homeostasis.
Taking into account the obtained data (Figure 1), it can be
assumed that aging is accompanied by the redistribution of pro-
teins of different molecular weights.

As follows from Table 2, the percentage of proteins with molec-
ular weights of 70-100 kDa was 3.8%, 16.9%, and 17.3% for the
control animals of Group #1, #2, and #3, respectively. At the same
time, the level of proteins with a molecular weight of less than 30
kDa decreased with age and was 56.5 % for young animals (Group
#1); 43.2 % for adult animals (Group #2), and 36.1 % for aged ani-
mals. According to the data, the pathogenesis of HM was accompa-
nied by the decrease in the level of proteins with a molecular weight
from 50 kDa to 100 kDa, simultaneously with the increase in the
level of proteins with a molecular weight of less than 50 kDa. More
pronounced changes in the protein composition were found in the
lungs of rats of Group #1 - the level of 100-150 kDa proteins
decreased 4.1 times; the level of 70-100 kDa proteins decreased 16.6
times while the level of 30-50 kDa proteins increased 11 times com-
pared with the corresponding controls. Given the importance of pro-
tein homeostasis in maintaining proper lung function, disturbances
in the ratio of proteins of different molecular weights may be a factor
implicated in HM-mediated lung diseases.

According to the concept of a “tissue-specific peptide pool,”2

the sum of all peptides in the tissue is considered as the peptide
pool that is involved in the maintenance of homeostasis within
the organs. Despite the sufficient stability of the peptide pools,
both the level of peptides and their repertoire can undergo
changes under the pathological process. Moreover, the changes in
the peptide pool are considered to be one of the factors of home-
ostasis disorder in response to disease progression. On the other
hand, due to a wide range of activities2,3 peptides can participate
in tissue repair. In view of all of the above, the peptide pools from
the lungs of the rats were isolated and analyzed. 
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Table 1. Level of the proteins and peptides in the lungs of rats with hyperhomocysteinemia.

                                                                          Level of proteins, mg per g of tissue           Level of peptides, rel. units per g of tissue

Group #1                Control                                                                                 32.4±1.5                                                                                    3.22±0.15
                                HM                                                                                       15.7±0.6*                                                                                  5.54±0.21*
Group #2                Control                                                                                 34.1±1.6                                                                                    4.93±0.21
                                HM                                                                                        35.7±1.5                                                                                  9.90±0.47**
Group #3                Control                                                                                 30.5±1.1                                                                                    5.23±0.25
                                HM                                                                                     25.7±1.2***                                                                            11.87±0.58***
Values are expressed as mean ± SEM (n = 10); *p<0.05 significantly different from the control of Group #1; **p<0.05 significantly different from the control of Group #2; ***p<0.05 significantly different from the
control of Group #3.

Table 2. Results of electrophoretic analysis of the protein composition in the lungs of rats with hyperhomocysteinemia.

Molecular weight                Group #1                    Group #2                          Group #3
                                                          Control                 HM                       Control                 HM                              Control                 HM

>150 kDa                                                                 -                                -                                         -                                -                                                 -                                -
150-100 kDa                                                     20.7±1.05                5.0±0.20*                         20.3±1.00              14.1±0.65**                               25.1±1.25             12.7±0.60***
100-70 kDa                                                        3.8±0.20                 0.2±0.01*                         16.9±0.75              10.3±0.50**                               17.3±0.80              9.1±0.45***
70-50 kDa                                                         17.0±0.85                0.8±0.04*                         16.3±0.75               0.2±0.01**                                13.4±0.35              0.3±0.01***
50-30 kDa                                                          1.8±0.07                20.6±0.95*                         3.2±0.16               10.0±0.55**                                7.9±0.45              13.3±0.40***
30 kDa                                                              56.5±2.50               73.2±3.70*                        43.2±2.10              65.1±3.25**                               36.1±1.50             64.3±3.00***
Values are expressed as mean ± SEM (n = 10); *p<0.05 significantly different from the control of Group #1; **p<0.05 significantly different from the control of Group #2; ***p<0.05 significantly different from the
control of Group #3.
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At first, the level of peptides was determined. Our data revealed
an increase in the level of peptides in the lungs of all studied groups
(Table 1). The level of peptides increased 1.7 times, 2 times, and 2.2
times, respectively, for the HM rats of Group #1, #2, and #3. It
should be noted, the level of peptides in the lungs of control animals
was gradually increased with age and was found at the level of 3.22
rel. units per g of tissue for the control rats of Group #1; 4.93 rel.
units per g of tissue for the control rats of Group #2; and 5.23 rel.
units per g of tissue for the control rats of Group #3. 

Next, the peptide pools were analyzed by size exclusion chro-
matography. As can be seen from Table 3, the peptide pools in the
lungs of both control animals and animals with HM were repre-
sented by four main fractions of peptides, the molecular weight
of which was 2147 Da; 1781 Da; 1308 Da, and 827 Da. No dif-
ferences in the molecular weight of peptides in the lungs of con-
trol animals and animals with HM were found. The level of pep-

tides with a molecular weight of 1781 Da and 1308 Da increased
with age while the level of 2147 Da peptides and the level of 827
Da did not change statistically. The most pronounced changes in
the peptide levels were found in the group of young rats (Group
#1). The level of peptides with a molecular weight of 1781 Da,
1308 Da, and 827 Da increased 4.84 times, 2.21 times, and 1.5
times compared with the corresponding controls. The absence of
peptides with molecular weight other than the control values
makes it impossible to speak of an increase in catabolism. The
obtained results can be explained, first of all, by the activation of
canonical proteolytic enzymes. 

Therefore, we assessed the total proteolytic activity in the
lungs of HM rats. In this assay, casein was used as a substrate,
which allowed to estimate the overall proteolytic activity. The
obtained results showed an increase in this parameter in the rats
of all studied groups (Table 4). 
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Figure 1. SDS-PAGE electropherogram of the lung tissue of the rats: M – molecular weight markers; 1 – the control animals; 2 – the
animals with hyperhomocysteinemia.

Table 3. Results of chromatographic analysis of the peptide pool derived from the lungs of rats with hyperhomocysteinemia.

Molecular weight                Group #1                    Group #2                          Group #3
                                                          Control                 HM                       Control                 HM                              Control                 HM

Area under peak (r.u)

2147 Da                                                                 0.088                         0.070                                 0.086                         0.089                                          0.086                         0.106
1781 Da                                                                 0.033                         0.160                                 0.061                         0.064                                          0.073                         0.085
1308 Da                                                                 0.051                         0.113                                 0.119                         0.127                                          0.123                         0.146
827 Da                                                                   0.012                         0.018                                 0.017                         0.020                                          0.019                         0.035
Values are expressed as mean ± SEM (n=10).

Table 4. Total proteolytic activity in the lungs of rats with hyperhomocysteinemia.

       Group #1                               Group #2                                     Group #3
rel. units·g–1 of tissue

                   Control                 HM                                     Control                        HM                                     Control                 HM

                        9.21±0.04              12.93±0.06*                                     12.54±0.004                   18.44±0.03**                                      7.46±0.05            10.77±0.04***
Values are expressed as mean ± SEM (n = 10); *p<0.05 significantly different from the control of Group #1; **p<0.05 significantly different from the control of Group #2; ***p<0.05 significantly different from the
control of Group #3.
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The total proteolytic activity increased by 1.40-fold, 1.47-
fold, and 1.44-fold in the lungs of HM rats of Group #1, Group
#2, and Group #3, respectively. Obtained data are in agreement
with other studies showing that pathological level of homocys-
teine affects the proteolytic potential.11,12

Conclusions

In conclusion, HM leads to disturbances in the protein home-
ostasis in the lungs of rats that are manifested by a decrease in the
level of proteins in the young and old animals as well as an
increase in the level of peptides in the rats of all studied groups.
We found changes in the protein composition in the lung of HM
rats - a decrease in the level of proteins with a molecular weight
of 50 kDa to 100 kDa simultaneously with an increase in the
level of proteins with a molecular weight of less than 50 kDa.
Despite the fact that the peptide profile was the same in both con-
trol animals and HM animals, the level of individual peptide mol-
ecules increased significantly in the rats with HM. Thus, the dis-
turbance in the protein-peptide composition may play an impor-
tant role in the pathogenesis of pulmonary damage caused by
HM. Obtained data could contribute to explain, at least in part,
the mechanisms involved in the pathogenesis of lung damage.
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