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ABSTRACT

Aim. To determine informative prognostic criteria for assessing the HER2 / neu status in primary breast cancer 
using 99mTc-DARPinG3.

Materials and methods. The study included 10 patients with breast cancer (T1-4N0-2M0) before systemic therapy, 
who underwent a radionuclide study using 99mTc-DARPinG3 at a dose of 3,000 μg. Five patients were characterized 
by HER2 / neu overexpression in primary breast cancer, whereas 5 patients were HER2-negative. For all patients, 
morphological and immunohistochemical studies and fluorescence in situ hybridization (FISH) of the primary tu-
mor nodule were carried out. Single-photon emission computed tomography (SPECT) of the chest was performed 
for all patients 4 hours after the injection of 99mTc-DARPinG3.

Results. The total activity of 99mTc-DARPinG3 was 522.4 ± 341.8 MBq. The comparative analysis showed that 
higher uptake of the labeled protein in HER2-positive breast cancer was significant (p = 0.0159, Mann – Whitney 
U test). The analysis of the ratios showed significant differences in the tumor-to-background ratios in patients with 
HER2-positive breast cancer (p < 0.0159, Mann – Whitney U test). Based on the logistic regression analysis, a 
mathematical model was developed to predict the status of HER2 / neu in primary breast cancer patients (specificity 
and sensitivity 100%; p = 0.0004) using 99mTc-DARPinG3 at a dose of 3,000 mcg 4 hours after the injection of the 
radiopharmaceutical.

Conclusion. The results of the study allow to consider the tumor-to-background ratio 4 hours after the injection of 
99mTc-DARPinG3 as an additional prognostic parameter for determining the HER2 / neu status in primary breast 
cancer.

Keywords: breast cancer, radionuclide diagnosis, alternative scaffolds, DARPinG3, HER2 / neu
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Возможности прогнозирования статуса рецептора HER2/neu  
в первичной опухоли у больных раком молочной железы  
с применением таргетного радионуклидного препарата  
«99mTc-DARPinG3»
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РЕЗЮМЕ

Цель. Определить информативные прогностические критерии для оценки статуса HER2/neu в первичной 
опухоли у больных раком молочной железы (РМЖ) с применением радиофармпрепарата «99mTc-DARP-
inG3».

Материалы и методы. В работу включены 10 больных РМЖ (T1–4N0–2M0), которым до начала систем-
ного лечения выполнялось радионуклидное исследование с применением препарата «99mTc-DARPinG3» 
в дозировке основного вещества 3 000 мкг: у пяти пациентов была выявлена гиперэкспрессия HER2/neu 
в первичной опухоли молочной железы, у пяти – нет. Во всех случаях проводились морфологическое и 
иммуногистохимическое исследования и FISH-анализ ткани основного опухолевого узла. Через 4 ч после 
введения препарата всем больным выполнялась однофотонная компьютерная томография органов грудной 
клетки.

Результаты. Суммарная активность препарата «99mTc-DARPinG3» составила 522,4 ± 341,8 МБк. При 
сравнительном анализе статистически значимым являлось более высокое накопление меченного протеина 
в HER2-позитивных опухолях молочной железы (р = 0,0159, U-критерий Манна – Уитни). Анализ 
соотношений продемонстрировал значимые различия показателя опухоль/фон у больных в подгруппе с 
HER2-позитивными опухолями молочной железы (р < 0,0159, U-критерий Манна – Уитни). На основании 
проведенного исследования с применением метода логистической регрессии разработана математическая 
модель для прогнозирования статуса HER2/neu в первичной опухоли у больных РМЖ (специфичность и 
чувствительность 100%; p = 0,0004) при использовании препарата «99mTc-DARPinG3» в дозировке 3 000 мкг 
через 4 ч после введения.

Заключение. Результаты данного исследования позволяют рассматривать показатель опухоль/фон через  
4 ч после введения препарата «99mTc-DARPinG3» в качестве дополнительного перспективного параметра 
для определения статуса HER2/neu в первичной опухоли у больных РМЖ.

Ключевые слова: рак молочной железы, радионуклидная диагностика, альтернативные каркасные белки, 
DARPinG3, HER2/neu
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INTRODUCTION

HER2-positive breast cancer (BC) is diagnosed in 
more than 20% of BC cases. This cancer subtype is 
characterized by an unfavourable prognosis and a high 
risk of distant metastasis. High expression of HER2 
/ neu is a predictor of tumor sensitivity to specific 
(targeted) therapy, which requires strict selection of 
BC patients [1, 2].

Immunohistochemistry (IHC) and fluorescence in 
situ hybridization (FISH), currently used in clinical 
practice, do not have optimal characteristics for 
determining the HER2 / neu status. In particular, they 
do not allow for a simultaneous study of the state of a 
primary tumor and regional and distant metastasis, as 
well as for determination of molecular characteristics 
of detected tumor growth areas. This fact is of 
particular importance in terms of heterogeneity 
of HER2 / neu expression in primary tumors and 
metastatic sites, which can occur in 6–48% of cases. 
Harvesting material for a morphological examination 
in this case is not always technically possible or may 
result in serious complications [3, 4].

One of the modern directions in determining the 
HER2 / neu status is targeted radionuclide diagnosis 
using alternative scaffolds [5–7]. DARPinG3 
molecules, which are ankyrin repeat proteins, belong 
to scaffolds [8, 9]. Results of phase I clinical trials of 
99mTc-DARPinG3 in BC patients revealed the absence 
of complaints and toxic effects on the patient’s body 
throughout the entire follow-up and higher uptake 
of the compound in HER2-positive BC. Besides, the 
optimal dose of the protein (3,000 μg) and the optimal 
time interval for the study after administration of the 
radiopharmaceutical (4 hours) were determined [10].

To continue the study in the subgroup of patients 
who received DARPinG3 at a dose of 3,000 µg, 

we conducted an additional analysis to identify 
prognostic criteria and the cut-off value for the tumor-
to-background ratio for 99mTc-DARPinG3 to assess 
the HER2 / neu status in primary BC.

 The aim of the study was to determine informative 
prognostic criteria for assessing the HER2 / neu status 
in primary BC patients using 99mTc-DARPinG3.

MATERIALS AND METHODS

The clinical trial was registered on ClinicalTrials.
gov (Identifier: NCT04277338) and approved by the 
Bioethics Committee at Cancer Research Institute of 
Tomsk NRMC (Protocol No. of   ). The study included 
10 BC patients (T1-3N0-1M0) who underwent 
a radionuclide study using 99mTc-DARPinG3 at 
a dose of 3,000 µg 4 hours after the injection of 
the radiopharmaceutical: 5 patients had HER2 
overexpression, while 5 patients were HER2-negative.

All patients underwent a standard morphological 
examination and IHC of breast tumors; verification 
of axillary lymph node metastasis was carried out by 
cytology. IHC was performed according to a standard 
procedure; Dako oncoprotein c-erbB-2 antibodies 
were used. The expression of HER2 / neu was 
assessed according to the American Society of Clinical 
Oncology (ASCO) guidelines adopted in 2018 [1].

99mTc-DARPinG3 was prepared in sterile conditions 
at the Department of Radionuclide Diagnosis of Cancer 
Research Institute, Tomsk NRMC using the “CRS 
Isolink” kit (Center for Radiopharmaceutical Science, 
Paul Scherrer Institute, Villigen, Switzerland). 
Purification of the radiopharmaceutical was performed 
using NAP-5 columns (GE Healthcare, Sweden). 
After the purification, 99mTc-DARPinG3 was diluted 
to 10 ml with a sterile 0.9% sodium chloride solution, 
filtered, and slowly injected to the patient [9].
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Single-photon emission computed tomography 
(SPECT) of the chest was conducted in the supine 
position 4 hours after the injection. SPECT acquisition 
included 32 projections. The data were evaluated using 
the E. Soft software package (Siemens, Germany) with 
determination of the radiopharmaceutical uptake in 
the primary breast tumor, the same area in the opposite 
breast, and the area projected at the latissimus dorsi 
and liver by outlining the region of interest (ROI) 
on axial slices with the best visualization (v = 3.53 
cm3). Tumor-to-background ratio (TBR), tumor-to-
latissimus dorsi ratio, and tumor-to-liver ratio were 
calculated.

Statistical processing of the results was carried 
out using the STATISTICA 10.0 software package 
and Prism 9 (GraphPad, USA). The normality of 
distribution of variables was checked using the 
Shapiro – Wilk test. Taking into account non-normal 
distribution of the studied quantitative variables, the 
nonparametric Mann – Whitney test was used to 
assess the significance of differences for independent 
samples. The results were presented as the median and 
the interquartile range Me [Q1–Q3]. The prognostic 
value of the studied parameters was assessed using 
the ROC analysis. The logistic regression analysis 
was used to assess the risk. The differences were 
considered statistically significant at p < 0.05.

RESULTS
The activity of 99mTc-DARPinG3 before 

administration to the patient was 522.4 ± 341.8 MBq. 
The comparative analysis of 99mTc-DARPinG3 uptake 
revealed that higher uptake of the radiopharmaceutical 
in primary breast tumors with HER2 / neu 
overexpression (p = 0.0159, Mann – Whitney U test) 
was significant (Table 1, Fig. 1).

T a b l e  1

Comparative analysis of 99mTc-DARPinG3 uptake in breast 
cancer patients 4 hours after the injection, Me [Q1–Q3]

99mTc-DARP-
inG3 uptake

HER2-negative breast 
tumors (total number of 

impulses)

HER2- positive breast 
tumors (total number of 

impulses)

Tumor
835.0  

(654.5–2,534.0)
8,184.0  

(5,174.0–13,453.0)
p = 0.0159

Background
450.0 (81.0–1,206.0) 413.5 (391.5–566.0)

p = 0.9048
Latissimus 
dorsi muscle

183.0 (58.0–790.5) 390.5 (298.8–588.0)
p = 0.7302

Liver
1,060.0  

(690.5–6,421.0)
4,481.0  

(2,300.0–5,126.0)
p = 0.2857

Analysis of the 99mTc-DARPinG3 uptake ratio 
demonstrated significant differences in the tumor-to-
background ratio in patients with HER2-positive BC 
(p < 0.0159, Mann – Whitney U test) (Table 2, Fig. 2).

T a b l e  2
Tumor-to-background ratio, tumor-to-latissimus dorsi ratio, and 

tumor-to-liver ratio in breast cancer patients 4 hours after the 
99mTc-DARPinG3 injection, Me [Q1–Q3]

Parameter HER2-negative 
breast tumors 

HER2- positive 
breast tumors 

Tumor-to-background 
ratio

2.4 (1.8–8.0) 15.3 (12.6–32.0)
p = 0.0159

Tumor-to latissimus 
dorsi ratio

4.5 (3.2–12.8) 22.5 (9.4–45.1)
p = 0.0635

Tumor-to-liver ratio
0.8 (0.4–1.1) 2.3 (1.0–5.6)

p = 0.0635

Additionally, to determine the prognostic value of 
the tumor-to-background ratio in assessing the HER2 
/ neu status in the primary tumor, we constructed ROC 
curves following the ROC analysis. The area under 
the curve (AUC) was 1.000 (95% confidence interval 
(CI) 1.000–1.000), p < 0.0143. The cut-off value was 
10.39, sensitivity was 100.0%, and specificity was 
100.0% (Fig. 3).

The logistic regression analysis revealed that 
the tumor-to-background ratio of more than 10.39 4 
hours after the injection of 99mTc-DARPinG3 at a dose 
of 3,000 µg was a prognostic factor for the positive 
HER2 / neu status in primary BC patients (Chi-square 
= 12.36, p = 0.0004). The sensitivity and specificity of 
the model were 100%.

CONCLUSION
Determining the HER2 / neu status is an essential 

component for the prescription of optimal systemic 
therapy for BC patients. Unfortunately, despite a 
big number of currently used diagnostic techniques, 
they cannot simultaneously analyze the spread of the 
tumor in the patient’s body and assess the molecular 
characteristics of the detected metastatic sites. Rapid 
development of targeted radionuclide imaging 
methods and addressing the potential of this research 
method at international scientific and clinical sites 
have significantly expanded the understanding of the 
role of this technique in the diagnosis of patients with 
BC and confirmed its potential.

In particular, the first clinically tested scaffold 
(a novel group of synthetic proteins with optimal 
properties for delivering a radionuclide to a tumor 
cell) was the affibody molecule. Radiolabeled 111In-
ABY-025 and 68Ga-ABY-025 demonstrated its 



10 Бюллетень сибирской медицины. 2022; 21 (4): 6–12

Fig. 3. ROC curve for the tumor-to-background ratio for 
assessing the HER2 / neu status in the primary tumor in breast 
cancer patients 4 hours after the 99mTc-DARPinG3 injection
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Fig. 1. Uptake of 99mTc-DARPinG3  
in breast cancer patients 4 hours after  
the injection of the radiopharmaceutical

Fig. 2. Tumor-to-background ratio, tumor-to-latissimus dorsi ratio, and tumor-to-liver ratio in breast cancer patients 4 hours after 
the 99mTc-DARPinG3 injection
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effectiveness in SPECT / CT and PET for diagnosing 
metastatic BC with HER2/neu overexpression [11, 
12]. A phase I clinical radionuclide study on alternative 
scaffolds in the diagnosis of HER2-positive BC was 
performed at Tomsk Polytechnic University and 
Tomsk NRMC using the synthetic ADAPT6 molecule 
labeled with technetium-99m (99mTc-ADAPT6) [13, 
14]. The results demonstrated good tolerability of 
99mTc-ADAPT6 and its high diagnostic efficiency in 
determining the HER2 / neu status in BC [15].

The present work is a continuation of the study 
using another alternative scaffold – the DARPinG3 
molecule labeled with technetium-99m (99mTc-
DARPinG3) with tropism to HER2 / neu. The results 
obtained during the recently completed phase I 
clinical trials also demonstrated good tolerability of 
99mTc-DARPinG and its potential use for visualization 
of tumor sites in the breast, axillary lymph nodes, and 
visceral organs. This fragment of the study allowed 
to identify the most informative parameters for 
determining the HER2 / neu status in BC. 

In particular, the tumor-to-background ratio in 
the mathematical model allows to predict the status 
of HER2 / neu in primary BC patients with high 
sensitivity and specificity (100 and 100%, respectively, 
p = 0.0004). Besides, it allows to consider the tumor-
to-background ratio 4 hours after the injection of 
the radiopharmaceutical as an additional prognostic 
criterion for determining the HER2 / neu status in this 
group of patients.
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ABSTRACT

Aim. To assess the effect of iron-rich humic substances on hematological parameters in acute post-hemorrhagic 
and iron deficiency anemia.

Materials and methods. Materials for the study were samples of iron-rich active pharmaceutical ingredients based 
on humic substances (Fe(III) hydroxide complexes with humic substances and polymaltose): HA-Fe3+, HA-PM-
Fe3+, FA-Fe3+, and FA-PM-Fe3+. The anti-anemic activity of the substances was studied on 53 female Wistar rats of 
the conventional rat line in the model of acute posthemorrhagic and iron deficiency anemia. Anti-anemic activity 
was assessed by the hemoglobin level, erythrocyte count, hematocrit, and serum iron level.

Results. The studied substances HA-Fe3+ and FA-Fe3+ are the most effective in correcting the consequences of both 
experimental acute posthemorrhagic anemia and iron deficiency anemia. Their effect is comparable to that of the 
positive control drug Ferrum Lek.

Conclusion. Fe(III) hydroxide complexes stabilized by humic and fulvic acids exhibit anti-anemic activity.

Keywords: acute posthemorrhagic anemia, iron deficiency anemia, humic substances, ligands, Fe(III) hydroxide 
complexes
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Оценка влияния железосодержащих субстанций на основе гуминовых 
веществ на гематологические показатели на модели острой  
постгеморрагической и алиментарной анемии
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РЕЗЮМЕ

Цель. Оценить степень влияния железосодержащих субстанций на основе гуминовых веществ на гемато-
логические показатели при острой постгеморрагической и алиментарной анемии.

Материалы и методы. Образцы железосодержащих активных фармацевтических субстанций на основе 
гуминовых веществ (комплексы гидроксида Fe(III) с гуминовыми веществами и полимальтозатом): ГК-
Fe3+, ГК-ПМ-Fe3+, ФК-Fe3+ и ФК-ПМ-Fe3+. Противоанемическая активность субстанций исследована на 53 
самках крыс линии Вистар конвенциональной категории на модели острой постгеморрагической и алимен-
тарной анемии. Противоанемическая активность оценена по показателям: уровень гемоглобина, содержа-
ние эритроцитов, гематокрит и уровень сывороточного железа.

Результаты. Исследуемые вещества ГК-Fe3+ и ФК-Fe3+ являются наиболее эффективными в коррекции 
последствий как экспериментальной острой постгеморрагической анемии, так и алиментарной анемии. Их 
эффект сопоставим с препаратом положительного контроля «Феррум Лек».

Заключение. Комплексы гидроксида Fe(III), стабилизированные гуминовыми кислотами и фульвокисло-
тами, проявляют антианемическую активность.

Ключевые слова: острая постгеморрагическая анемия, железодефицитная анемия, гуминовые вещества, 
лиганды, комплексы гидроксида Fe(III)
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INTRODUCTION
High biological value of iron and significance of 

this transition metal and its compounds are proven 
by high abundance of iron in nature in general and in 
living beings in particular (as it is a cofactor of more 
than 70 metalloenzymes and porphyrins), electron-
donating and electron-withdrawing properties of 
its ions, and its participation in complex metabolic 
pathways (hematopoiesis, glycolysis, cellular 
respiration, detoxification, etc.) [1–3]. Functional 
iron deficiency (mainly, in the composition of 
hemoglobin) and decreased iron in macrophages 
and hepatocytes contribute to the emergence of iron 
deficiency anemia (IDA), which is diagnosed in 
almost every tenth person in the world, according to  
WHO [4–7].

The clinical significance of IDA is associated not 
only with the pandemic prevalence, but also with 
the adverse effect of IDA on the most vulnerable 
to this disease age groups, including children, 
women of reproductive age, pregnant women, and 
the elderly [3–15]. They have a history of growth 
retardation, hydrops, premature and complicated 
births, inflammatory processes, decreased physical 
activity and disability, cognitive impairment, mental 
impairment, etc. [6, 7, 10]. 

Long-term oral iron therapy is one of the 
fundamental principles of sideropenia therapy, 
set forth by L.I. Idelson back in the 1980s [3] and 
described in the Russian “Clinical guidelines for 
Iron Deficiency Anemia Management 2020” [3]. 
Moreover, patients should not discontinue to take 
drugs when the hemoglobin level and the erythrocyte 
count are restored. Instead, they should continue 
taking medications in the adjusted dose until the 
iron level is restored, which should last for at least  
6 months. 

Currently, the pharmaceutical market has more 
than 30 monocomponent and combined drugs of 
ferrous (mainly sulfate) and trivalent iron (hydroxide 
polymaltose complex) and about 70 multivitamin 
drugs [3]. Due to various chemical structure, iron 
preparations can differ significantly in terms of 
bioavailability. Absorption of iron(II) (in the form of 
sulfate and fumarate) occurs along a concentration 
gradient in the intestinal region (passive diffusion) 
and exceeds the rate of adsorption of iron(III), which 
ultimately can increase the level of serum Fe2+ and 
cause intensification of oxidative processes (oxidative 
stress in the gastrointestinal tract is observed in more 
than 20 % of patients) [3, 6, 8, 10]. 

Moreover, adverse drug reactions take place, such 
as erythema, a metallic taste in the mouth (as severe 
as ulceration of the mucous membrane), darkening of 
tooth enamel and gums, dyspepsia (nausea, vomiting, 
diarrhea, constipation, etc.), and epigastric pain [3, 10]. 
Low digestibility of trivalent iron ions is associated 
with their ability to hydrolyze in the gastrointestinal 
tract with the formation of a precipitate. The iron(III)-
hydroxide polymaltose complex (the active ingredient 
of such drugs as Ferrumlek, Maltofer, Ferinject) 
is a promising molecule among the compounds of 
iron(III), as it overcomes the enterocyte membrane 
barrier by means of active transport, therefore, the risk 
of siderosis development is reduced [6]. Moreover, 
it is redox – inert and does not interact with food 
components and other drugs [4]. Its only drawback is 
that patients may develop allergic reactions, which can 
be as severe as anaphylactic shock [3, 8]. Therefore, 
there is an urgent need to search for new promising 
ligands for iron(III) ions used for prevention and 
therapy in manifest iron deficiency, which include 
humic substances (HS) [16–23].

HS are refractory polydisperse copolymers, which 
are carriers of a large number of functional groups, 
including carboxyl, phenolic, quinoid, amide, ester, 
ether, etc. [16]. Polyfunctionality, developed inner 
surface, and, consequently, high reactivity (the ability 
to participate in ionic, redox reactions, van der Waals 
interactions, etc.) determined the affinity of HS to 
cells of various organs and systems, and their natural 
origin ensured safety, the absence of toxic effects in 
large concentrations, and a mild effect on metabolic 
processes at the cellular, organ, and organ system 
levels. Due to all this, HS are used as hepatoprotectors, 
anti-inflammatory and immunomodulatory agents 
[17], antihypoxants, antioxidants [18, 19], and 
detoxification and anti-allergic agents [20]. 

This class of natural biomolecules is now actively 
studied in a wide range of research areas because 
of the ability of HS to act as polydentate ligands 
due to electron-donating groups and slow down the 
migration of toxic metals in natural biological media. 
At the same time, a number of studies established a 
strong correlation between metal toxicity and the 
capacity of HS to bind metal ions [21, 22]. HS can 
act not only as effective chelate sorbents [23], but 
also as carriers of biogenic metals (namely, iron) in 
an easily accessible complex form, which, along with 
the absence of enzymatic systems in the body that 
metabolize them, contributes to a longer therapeutic  
effect.



16 Бюллетень сибирской медицины. 2022; 21 (4): 13–19

In this regard, the aim of this study was to assess 
the effect of iron-containing active pharmaceutical 
ingredients (API) based on complexes of iron(III) 
hydroxide with HS on hematological parameters in the 
model of acute posthemorrhagic and iron deficiency 
anemia. 

MATERIALS AND METHODS
In the experiment, samples of iron-containing API 

based on HS (complexes of iron(III) hydroxide with HS 
and polymaltose) were synthesized in the Laboratory of 
Natural Humic Systems of the Department of Medical 
Chemistry and Fine Organic Synthesis, Faculty of 
Chemistry, Lomonosov Moscow State University: 
HA-Fe3+ (with potassium humate), HA-PM-Fe3+ (with 
potassium humate and polymaltose (1 : 1)), FA-Fe3+ 

(with fulvic acid), and FA-PM-Fe3+ (with fulvic acid 
and polymaltose (1 : 1)). The first stage of the study 
involved screening of the anti-anemic properties 
of the substances in order to find the most effective 
candidate drugs to treat acute posthemorrhagic anemia 
(APHA) and was performed on 30 female Wistar rats 
of the conventional rat line (weighing 270–310 g). 
The animals were kept, cared for, and treated in 
accordance with the recommendations of international 
ethics committees. The protocol of experiments 
carried out in this study complied with the ethical 
standards and principles of biomedical research and 
was approved by the Ethics Committee at Siberian 
State Medical University (Protocol No. 8461/1 of  
05.11.2020). 

At the first stage, the animals were randomly 
divided into 6 experimental groups; in each group, 
APHA was caused by blood loss (the sample volume 
of the collected biofluid was 1.5 % of body weight) 
[24]. Interspecies dose conversion was performed to 
calculate the dose of iron to be administered [25]. The 
animals of group 1 (control, n = 5) were intragastrically 
injected with 1 ± 0.1 ml of purified water for 5 days 
after acute blood loss. The animals of group 2 were 
intragastrically injected with the reference listed drug 
Ferrum Lek® syrup (Slovenia) at a dose of 17 mg / kg 
of elemental iron (n = 5 positive control, control-3). 
The animals of groups 3, 4, 5, and 6 (n = 5) were 
intragastrically injected with iron-containing APIs 
based on HS (HA-Fe3+, HA-PM-Fe3+, FA-Fe3+, FA-
PM-Fe3+, respectively) at a dose of 17 mg / kg of 
elemental iron for 5 days. Blood from the caudal 
vein of the animals of all groups was taken on day 
6; euthanasia by CO2 asphyxiation then followed. 
Next, hematological tests of the collected biological 

material were performed to assess hemoglobin level 
(HGB), g / l; erythrocyte count (RBC), *103 / µl, and 
hematocrit (HCT), %. Spectrophotometry was used to 
determine the content of serum iron (reagents “Vector-
Best” (Novosibirsk), spectrophotometer SF-2000  
(Russia)).

 At the second stage, we studied the effect of the most 
effective preparations based on HS, identified during 
the first stage of the experiment, on the course of IDA. 
A total of 23 female Wistar rats of the conventional rat 
line weighing 216–256 g were used in the experiment. 
During 4.5 months, part of the animals (5 animals) 
had unlimited access to complete feed with a normal 
iron content (76.8 µg / g), and 18 female rats received 
ad libitum diet with a low iron content (28.2 µg / g). 
After 4.5 months, the main hematological parameters 
were measured in all animals (see above). After that, 
five animals were intragastrically injected with 1 ± 0.1 
ml of purified water for 14 days. The other 18 animals 
with developed anemia were divided into three groups 
(n = 6), and in the next 2 weeks of the experiment, 
they continued to receive a low-iron diet while getting 
daily intragastric injections of the reference listed drug 
Ferrum Lek® syrup (Slovenia), HA-Fe3+, and FA-
Fe3+, respectively. The iron content in Ferrum Lek®, 
HA-Fe3+, and FA-Fe3+ was 17 mg / kg of elemental 
iron. After that, blood was taken from the caudal vein 
(followed by CO2 asphyxiation), and morphological 
and biochemical parameters were measured (see 
above). 

Statistica 8.0 (StatSoft Inc.) was used for the 
statistical data analysis. Methods of non-parametric 
statistics were used in the study: namely, the Friedman 
and Kruskal – Wallis tests. For each sample, we 
calculated the mean value X and the error of the mean 
SE. Differences between observations / groups were 
considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION
Following the data analysis, it was found that acute 

blood loss in rats of the control group led to a drop 
in the studied hematological parameters. At the same 
time, these parameters did not reach the corresponding 
baseline values when purified water was used further 
on in the experiment. In the group of the positive 
control (after APHA, the reference listed drug Ferrum 
Lek® was used), a significant increase in hemoglobin, 
hematocrit, and RBC levels was observed compared 
with animals in the control group, but the parameters 
also did not reach the baseline level (p ˂ 0.05) 
(Table 1).
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The differences were statistically significant, 
p ˂ 0.05: * with control-1 (the Friedman test); # with 
control-2 (the Kruskal – Wallis test); ^ with control-3 
(the Kruskal – Wallis test).

Some hematological parameters in the rats were 
normalized after intragastric administration of the 
studied API at a dose of 17 mg / kg / day for 5 days 
after modeling APHA. It should be noted that during 
intragastric course administration, the studied 
substances HA-Fe3+ and FA-Fe3+ demonstrated 
greater efficiency in correcting the consequences of 
experimental APHA in comparison with samples of 
iron-containing APIs HA-PM-Fe3+ and FA-PM-Fe3+, 
as the former resulted in a more significant increase 
in the levels of hematological parameters under 
study than the latter. At the same time, all the studied 
samples of iron-containing APIs based on HS had the 
same effect as the positive control drug Ferrum Lek®, 
which led to effective normalization of hematological 
parameters in the laboratory animals. No significant 

differences were found between the efficiency of the 
studied substances and the reference listed drug.

Following daily intragastric administration of  
HA-Fe3+ and FA-Fe3+, as well as the reference listed 
drug Ferrum Lek® for 14 days at a dose of 17 mg / kg 
of elemental iron, serum iron concentrations 
returned to the baseline values (p ˂ 0.05) (Table 2). 
It should be noted that the course administration of 
HA-Fe3+increased the serum iron concentration in 
comparison with Ferrum Lek®, which was observed 
as a consistent trend (p ˃ 0.05) (Table 2). However, 
administration of the studied substances and the 
reference listed drug for 14 days did not allow to 
bring hemoglobin and hematocrit levels to the control 
values (p ˂  0.05) (Table 2). It should also be noted that 
course administration of Ferrum Lek®, HA-Fe3+, and 
FA-Fe3+ at a dose of 17 mg / kg / day for 14 days did 
not affect the body weight of rats and the absolute and 
relative weights of the liver and spleen in the model of 
IDA (p ˃ 0.05).

T a b l e  1

Hematological parameters after 5 days of the experiment, X ± SE

Group
Before a course of medication (control-1) After a course of medication

HGB,
g / l

HCT,
%

RBC,
×10 3 / mcl

Fe,
µmol / l

HGB,
g / l

HCT,
%

RBC,
×10 3 / mcl

Fe,
µmol / l

Water, n = 5 (control-2) 176.9 ± 2.0 45.1 ± 0.8 8.1 ± 0.1 61.7 ± 2.2 149.4 ± 2.1* 43.2 ± 0.5* 7.4 ± 0.1* 47.3 ± 1.7*

Ferrum Lek®, n = 5 (control-3) 189.4 ± 5.3 46.6 ± 1.8 8.5 ± 0.4 64.0 ± 8.9 158.4 ± 6.9* 45.8 ± 2.1 7.6 ± 0.3 44.4  ± 2.9
HA-Fe3+, n = 5 178.8 ± 3.9 47.0 ± 2.3 8.4 ± 0.4 74.4 ± 6.4 158.4 ± 7.1* 45.8 ± 2.1 7.6 ± 0.4 51.6 ± 5.8*

HA-PM-Fe 3+, n = 5 191.1 ± 13.3 43.6 ± 1.6 7.8 ± 0.3 56.3 ± 7.0 146.0 ± 2.9* 42.6 ± 0.8 7.1 ± 0.3 38.8 ± 7.3
FA-Fe3+,  n = 5 182.1 ± 6.1 43.9 ± 3.5 7.9 ± 0.6 60.6 ± 2.2 145.3 ± 8.4* 42.6 ± 2.3 7.2 ± 0.6 48.0 ± 7.1
FA-PM-Fe 3+, n = 5 172.1 ± 3.0 43.5 ± 2.8 7.9 ± 0.4 58.7 ± 3.9 143.6 ± 6.8* 41.4 ± 1.9 7.1 ± 0.4 51.1 ± 4.4

T a b l e  2

Hematological parameters after 14 days of the experiment, X ± SE

Group
After modeling anemia After a course of medication

HGB, g / l HCT, % RBC,×106/ mcl Fe, µmol HGB, g / l HCT, % RBC,×106 / mcl Fe, µmol
Water, n = 5 198.8 ± 3.2 59.6 ± 0.9 10.3 ± 0.2 64.5 ± 1.6 197.8 ± 4.5^ 59.5 ± 1.7^ 9.7 ± 0.3 67.3 ± 1.1
Ferrum Lek®, n = 6 170.6 ± 6.7 51.1 ± 2.2 10.0 ± 0.4 25.4 ± 5.8 169.6 ± 3.2# 50.3 ± 0.9# 9.5 ± 0.3 60.6 ± 8.0*

HA-Fe 3+, n = 6 180.8 ± 5.7 53.6 ± 1.7 10.0 ± 0.4 34.1 ± 3.7 172.0 ± 1.9# 51.3 ± 0.6# 9.4 ± 0.1 75.0 ± 6.7*

FA-Fe 3+, n = 6 164.8 ± 11.7 50.1 ± 3.3 10.2 ± 0.5 20.4 ± 5.5 166.0 ± 1.7# 49.7 ± 0.7# 9.3 ± 0.2 62.3 ± 7.9*

The differences are statistically significant, p ˂ 0.05: * with the group “After modeling anemia” (the Friedman test); # with the group “Water” (the 
Kruskal –Wallis test); ^ with the group “Ferrum Lek” (the Kruskal – Wallis test).

CONCLUSION

It was found that daily intragastric administration 
of the studied APIs after modeling APHA contributed 
to partial normalization of hematological parameters. 
Among the four samples studied, the most pronounced 
increase in hemoglobin concentration, erythrocytosis, 
and serum iron was observed in two iron-containing 

samples of APIs, namely, HA-Fe3+ and FA-Fe3+. At the 
same time, the effect of all samples of iron-containing 
APIs based on HS was similar to the positive control 
drug Ferrum Lek®. No significant differences were 
found between the efficiency of the studied substances, 
as well as the reference listed drug.

 The anti-anemic activity of iron(III) hydroxide 
complexes stabilized by humic and fulvic acids was 
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shown on the model of chronic IDA. At the same 
time, both APIs (HA-Fe3+, whose matrix is 100% 
potassium humate, and FA-Fe3+, whose matrix is 
100 % fulvic acids) exhibit comparable activity. The 
results obtained confirmed the prospects of using HS 
as ligands in order to obtain APIs to normalize IDA.
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Comparative study of predisposition to thrombosis with administration 
of known systemic hemostatic agents and fibrin monomer in the experiment
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ABSTRACT

Aim. To compare predisposition to thrombosis caused by administration of known systemic hemostatic agents and 
fibrin monomer under the conditions of normal coagulation versus drug-induced hypocoagulation in the experiment.

Materials and methods. The prothrombotic effect of intravenous (IV) administration of various systemic 
hemostatic agents was compared in a series of in vivo experiments. These agents included fibrin monomer 
(FM) (0.25 mg / kg), prothrombin complex concentrate (PCC) (40 IU / kg) or recombinant factor VIIa (rFVIIa)  
(270 mcg / kg). The studies were conducted under the conditions of hypocoagulation induced by the administration 
of warfarin (per os at a dose of 0.4–0.5 mg / kg / day for 14 days) or dabigatran etexilate (per os at a single dose of 
15–20 mg / kg). Hemostatic system parameters were evaluated using thromboelastometry and calibrated automated 
thrombography.

Results. It was found that PCC reversed anticoagulant effects and led to an overcompensated increase in the density 
characteristics of the blood clot along with an excessive increase in thrombin generation in the groups of animals 
with warfarin-induced coagulopathy. The use of PCC and rFVIIa in the groups of animals with dabigatran-induced 
hypocoagulation also resulted in an increase in blood thrombogenic properties. In the administration of PCC, it 
was manifested though an increased D-dimer level and in administration of rFVIIa – through an increase in the 
clot density characteristics. At the same time, replacement of these hemostatic agents with FM did not affect the 
hemostatic system parameters.

Conclusion. FM at a dose of 0.25 mg / kg, as opposed to PCC and rFVIIa, is safer in terms of the risk of thrombosis.

Keywords: thrombosis, hypocoagulation, prothrombin complex concentrate, Eptacog alfa (activated), fibrin 
monomer, warfarin, dabigatran etexilate
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Сравнительный анализ предрасположенности  
к тромбообразованию при применении известных  
системных гемостатических средств и фибрин-мономера  
в эксперименте

Вдовин В.М.1, Шахматов И.И.1, Момот А.П.1, 2

1 Алтайский государственный медицинский университет (АГМУ) 
Россия, 656038, г. Барнаул, пр. Ленина, 40
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Россия, 656045, г. Барнаул, ул. Ляпидевского, 1/2

РЕЗЮМЕ

Цель.  Провести сравнительную оценку предрасположенности к тромбообразованию, обусловленную при-
менением известных системных гемостатических средств и фибрин-мономера в условиях нормокоагуля-
ции и на фоне фармакологически индуцированной гипокоагуляции в эксперименте.

Материалы и методы. В сериях экспериментов in vivo сопоставляли протромботический эффект вну-
тривенного введения различных системных гемостатических препаратов. В их числе использовались фи-
брин-мономер (ФМ) (0,25 мг/кг), концентрат факторов протромбинового комплекса (КФПК) (40 МЕ/кг) 
или рекомбинантный фактор VIIа (rFVIIa) (270 мкг/кг). Исследования проводились на фоне гипокоагуля-
ции, обусловленной приемом варфарина (per os в дозе 0,4–0,5 мг/кг/сут на протяжении 14 сут) или даби-
гатрана этексилата (per os в разовой дозе 15–20 мг/кг). Оценивали показатели системы гемостаза, включая 
проведение тромбоэластометрии и калиброванной тромбографии.

Результаты. Установлено, что в группах животных с индуцированной варфарином коагулопатией КФПК 
реверсировал эффекты антикоагулянта, но приводил к сверхкомпенсированному усилению плотностных 
характеристик сгустка крови наряду с избыточным усилением генерации тромбина. Использование КФПК 
и rFVIIa в группах животных с гипокоагуляцией, вызванной приемом дабигатрана, также приводило к 
нарастанию тромбогенных свойств крови. Это иллюстрировалось в случаях использования КФПК увели-
чением уровня D-димера, а применения rFVIIa – усилением плотностных характеристик сгустка. В то же 
время замена данных гемостатиков на ФМ не отражалась на показателях системы гемостаза.

Заключение. ФМ в дозе 0,25 мг/кг в сравнении с КФПК и rFVIIa более безопасен с позиции риска возник-
новения внутрисосудистого тромбообразования.

Ключевые слова: тромбообразование, гипокоагуляция, концентрат факторов протромбинового комплек-
са, эптаког альфа (активированный), фибрин-мономер, варфарин, дабигатрана этексилат
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INTRODUCTION
Currently, a whole range of systemic hemostatic 

agents with a known mechanism of action is available 
in clinical practice [1]. These include antiplatelet 
agents, fibrinogen, as well as cryoprecipitate 
enriched with fibrinogen, prothrombin complex 
concentrate (PCC), factors VIII and IX, eptacog alfa 
(activated) also known as recombinant factor VIIa 
(rFVIIa), anti-inhibitor coagulant complex (FEIBA), 
tranexamic acid, etc. The mentioned hemostatic 
agents are in demand in practical medicine for 
prevention of bleeding disorder or management of 
bleeding in injuries and major surgeries, including 
thromboprophylaxis. It is noted that their use in 
general leads to a shift in the hemostatic balance 
toward increased blood coagulation, which provides 
a hemostatic effect [2].

 Safety of drugs and their effectiveness are priority 
conditions for the selection of certain drugs that 
affect the hemostatic system. It is known that the use 
of some systemic hemostatic agents at recommended 
doses is associated with the risk of developing 
venous or arterial thrombosis, as they may lead to an 
excessive hemostatic potential.

Previously, we conducted original studies that 
showed the presence of independent hemostatic 
activity of exogenous fibrin monomer (FM) in the 
experimental model of liver injury [3].  Similar 
results were obtained using the same model with 
drug-induced hypocoagulation [4, 5]. According to 
the results of the above studies, FM was as efficient as 
both rFVIIa and PCC. These publications emphasized 
the comparison of the listed drugs with FM in terms of 
their effectiveness, while safety issues (in terms of the 
risk of thrombosis) were not analyzed and discussed. 
Obviously, this serious aspect should be considered 
in an additional analysis, which involves assessing 
the odds for the so-called thrombotic preparedness, 
characterized by corresponding changes in the 
hemostatic system [6].

In this regard, the aim of this study was to 
conduct a comparative assessment of predisposition 
to thrombosis due to the use of known systemic 
hemostatic agents and FM under the conditions 
of normal coagulation and drug-induced hypo- 
coagulation in the experiment.

MATERIALS AND METHODS
The data were collected from 94 healthy male 

Chinchilla rabbits weighing 3.0-4.5 kg, kept in 

standard vivarium conditions. The animals were 
divided into 7 groups by block randomization. 
Animal experiments were carried out in accordance 
with the European Convention and Directives for 
the Protection of Vertebrate Animals Used in the 
Experiment 86/609/EEC, as well as the Declaration 
of Helsinki and the “Rules for Conducting Work 
with the Use of Experimental Animals”. The study 
was approved by the local Ethics Committee at 
Altai State Medical University (Protocol No. 12 of 
12.11.2015).

At the beginning of the experiment, animals in 
groups 1 (n = 13), 2 (n = 14), and 3 (n = 16) received 
warfarin dissolved in water (Nycomed, Denmark) 
per os at a dose of 0.4–0.5 mg / kg / day for 14 days 
until international normalized ratio (INR) values   
of 2.0 and above were reached. After this period, 
blood was collected from the marginal ear vein of 
the animals (by the free flow technique) to study the 
hemostatic system. Then, these animals received a 
placebo administered intravenously at a dose of 0.5 ml  
(3.75 M urea solution corresponding to its 
concentration in the FM solution), PCC (Prothromplex 
600, Baxter, Italy) at a dose of 40 IU / kg, or FM at 
a dose of 0.25 mg / kg, respectively. The FM-based 
agent was obtained using the original technology [7]. 
One hour after the intravenous administration of a 
placebo or a systemic hemostatic agent, blood was 
sampled again.

At the beginning of the experiment, the animals 
in groups 4 (n = 10), 5 (n = 14), 6 (n = 14), and  
7 (n = 13) received dabigatran etexilate dissolved in 
water (Pradaxa®, Boehringer Ingelheim, Germany) 
per os at a dose of 15–20 mg / kg. To achieve a 
sufficient anticoagulant effect, the dose of the drug 
for the animals was determined taking into account 
the correction factor for dose conversion between 
animals and humans [8] and the recommendations 
specified in the medication guide (Pradaxa®, 
registration certificate No. LSR-007065/09). After 
two hours, blood was taken from these animals to 
study hemostasis, and then a placebo was injected 
intravenously at a dose of 0.5 ml, PCC (Protromplex 
600, Baxter, Italy) was administered at a dose of  
40 IU / kg, rFVIIa (NovoSeven, Novo Nordisk A/C, 
Denmark) was administered at a dose of 270 mcg / kg 
or FM was administered at a dose of 0.25 mg / kg, 
respectively. The doses for PCC and rFVIIa were 
determined according to the current guidelines  
[9–11]. One hour after the intravenous administration 



23

Original articles

Bulletin of Siberian Medicine. 2022; 21 (4): 20–28

of a placebo or a hemostatic agent, blood was taken 
again.

Blood from all animals in the study was placed in 
plastic tubes with EDTA potassium salt to determine 
platelet count and with 0.11 M (3.8%) sodium citrate 
solution (the ratio of blood and stabilizer was 9:1) 
to identify other parameters. Platelet-poor plasma in 
all samples was obtained according to the generally 
accepted method. In venous blood samples, the 
platelet count was assessed on the automatic 
hematology analyzer Drew-3 (Drew Scientific Inc., 
UK – USA). In the blood plasma, the international 
normalized ratio (INR), the echitoxic time (ET) 
of coagulation, and fibrinogen concentration 
according to the Clauss assay were determined on 
the Thrombostat 2 coagulometer (Behnk Electronik, 
Germany) using reagents from Technology-Standard 
Ltd. (Russia). D-dimer level was determined using 
the NycoCard Reader II (Axis-Shield PoC AS, 
Norway) and NycoCard® D-Dimer test systems 
(Axis-Shield PoC AS, Norway). 

Thromboelastometry of the blood stabilized with 
citrate was performed on the ROTEM® Gamma 
thromboelastometer (Pentapharm GmbH, Germany) 
with the star-TEM reagent in the NATEM assay. 
The following parameters were determined: CT – 
coagulation time; CFT – clot formation time; α 
angle – clot amplitude; MCF – the maximum clot 
firmness; A10 – clot amplitude after 10 minutes. To 
assess thrombin generation, the calibrated automated 
thrombography according to N.S. Hemker (2003) 
was used on the Fluoroskan Ascent FL microplate 
fluorometer (ThermoFisher SCIENTIFIC, Finland) 
with Thrombinoscope™ 3.0.0.26 software and 
reagent kits from Thrombinoscope® (Netherlands) 
(PPP-Reagent, Thrombin Calibrator, FluCa-Kit) 
with tissue factor at a concentration of 5.0 pM. The 
following parameters were taken into account: lag 
time – initiation of thrombin generation; ETP – 
endogenous thrombin potential; peak thrombin – peak 
thrombin concentration; ttPeak – time to reach peak 
thrombin concentration; V – the rate of thrombin 
generation [12].

The distribution of characteristics in the samples 
was evaluated using the Shapiro – Wilk test. 
Depending on the distribution of the characteristics, 
Student’s t-test, Mann – Whitney U-test, or Wilcoxon 
W-test were used. The differences were considered 
statistically significant at p ≤ 0.05. The results were 
processed using the MedCalc software version 

17.9.7 (license BU556-P12YT-BBS55-YAH5M-
UBE51). The data were presented as the median and 
the interquartile range (Ме [Q25÷Q75]).

RESULTS
When systemic hemostatic drugs including PCC 

(group 2) and FM (group 3) were used in the groups 
of animals with warfarin-induced coagulopathy 
(verified in group 1 – placebo), the achieved effects in 
the hemostatic system differed (Table 1). In particular, 
the administration of PCC led to the normalization 
of INR and a statistically significant decrease in 
the platelet count in the peripheral blood. It was 
accompanied by an overcompensated increase in the 
density characteristics of the blood clot (according 
to the thromboelastometry data, for MCF (+21%,  
p < 0.005) and A10 (+49%, p < 0.006)) in comparison 
with placebo [13] and excessive thrombin 
generation (according to the calibrated automated 
thrombography data, for ETP, peak thrombin and 
thrombin generation V) (Table 1). It should be 
noted that in the group of warfarinized animals who 
received FM (group 3), despite a sharp decrease in 
blood loss (by 9.1 times compared with placebo – in 
group 1) [5], high INR and a hypocoagulation shift 
according to calibrated automated thrombography 
were not corrected toward normal physiological 
values.

In the following groups of animals, in which 
dabigatran was used for direct thrombin inhibition, 
the hemostatic system parameters also differed after 
the administration of PCC, rFVIIa, and FM: in groups 
5, 6, and 7, respectively (Table 2). The administration 
of PCC or rFVIIa to animals receiving dabigatran 
etexilate led to an increase in D-dimer by 2.8 and 8.0 
times, respectively, which was not specific for the 
experimental group that received FM. In addition, 
the use of PCC in groups 5 and 2 was accompanied 
by a statistically significant decrease in the platelet 
count in peripheral blood (by 17.0 and 6.1%, 
respectively), which was not characteristic of the 
FM effects. According to the data obtained in group 
6, where rFVIIa was used as a systemic hemostatic 
agent, a shift to hypercoagulability was seen in such 
thromboelastometry parameters as CT, MCF, CFT 
and A10, which was not noted in animals receiving 
FM (group 7). According to several parameters, the 
density characteristics of the clot (α angle (+28.2%,  
p < 0.001), CFT (–44.7%, p < 0.001) and A10 
(+30.2%, p < 0.019)) exceeded those in the placebo 
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group [13]. As it was shown earlier, the use of FM 
reduced blood loss by 2.9 times compared with 
group 4, while the administration of PCC and rFVIIa 
did not affect blood loss [14].

DISCUSSION
Researchers around the world published findings 

indicating the risk of thrombotic complications in 
patients receiving rFVIIa or PCC for prevention 
or relief of overt bleeding. A number of foreign 
researchers expressed their concern regarding this 
issue. So, in the study by A. Girolami et al., cases 
of arterial and venous thrombosis with unspecified 
localization were observed in patients with several 
bleeding disorders (deficiency of FVII and FXI, 
dysfibrinogenemia, von Willebrand disease, 
Glanzmann thrombasthenia) when they received 
rFVIIa [15]. Cases of thrombosis after the use 
of rFVIIa in cardiac surgical patients were also 
described in the literature [16, 17]. The review by M. 
Levi et al. is of particular interest, as it presented the 
results of safety analysis of rFVIIa in 35 randomized 
trials involving 4,468 patients. It was shown that 
thromboembolic events were documented in 9.0% 
of patients included in the study; these events took 
place mainly in the arterial bed [18].

Many authors also associated the use of PCC with 
various types of intravascular coagulation. S.G. Yates 
and R. Sarode noted that the risk of thromboembolic 
complications (TEC) after the PCC administration  
in the treatment of bleeding associated with coumarin 
intake remained an important clinical problem  
[19]. A number of authors described various 
thrombotic events associated with PCC, namely, 
superficial thrombophlebitis, deep vein thrombosis, 
pulmonary embolism, arterial and cavitary 
thrombosis, and disseminated intravascular 
coagulation (DIC) [20–24]. At the same time, 

the risk of thrombosis increases in patients with 
cardiovascular diseases and the elderly, as well as in 
the combined use of rFVIIa and PCC [25].

Previously published studies showed that the 
administration of exogenous FM was accompanied 
by an increase in D-dimer, a marker of coagulation 
and fibrinolysis, by 7.0 and 8.0 times in groups of 
animals receiving this agent at doses of 2.5 and  
5.0 mg / kg [3]. This was accompanied by an 
increase in the density characteristics of the blood 
clot (based on thromboelastometry findings) [13] and 
consumption of platelets with a 1.5-fold decrease in 
their number in the peripheral blood (with FM at a 
dose of 5.0 mg / kg) [3]. At the same time, the use of 
FM at a dose of 0.25 mg / kg did not lead to changes 
characteristic of a shift to hypercoagulability [3, 13]. 
It should be noted that, according to the calibrated 
automated thrombography data, the intensity of 
thrombin generation did not increase, regardless of 
the used FM dose [13].

In these studies, both rFVIIa and PCC recipients 
showed a trend toward intravascular thrombosis. 
When using rFVIIa, thromboelastometry detected an 
increase in the density of the blood clot (for α angle, 
CT, CFT, MCF, and A10) and an 8-fold increase in 
D-dimer compared with the baseline value before 
the administration of this agent (p < 0.005). The use 
of PCC was also accompanied by a rise in D-dimer 
by 2.8 times compared with the baseline value  
(p < 0.003), an overcompensated increase in the 
density of the blood clot (based on MCF and A10 
parameters of thromboelastometry), as well as 
excessive thrombin generation (in terms of ETP, peak 
thrombin, and V). At the same time, the replacement 
of the above systemic hemostatic agents with FM 
did not lead to intravascular coagulation, according 
to the methods used to assess the hemostastic  
system.

T a b l e  1

The results of the hemostatic system evaluation in the experimental animals with administration of warfarin, Me (Q25÷Q75)

Parameters

Group 1 (placebo) Group 2 (PCC) Group 3 (FM 0.25 mg / kg) 

before placebo 
administration (1a)

after placebo ad-
ministration (1b)

before FM adminis-
tration (2а)

after PCC adminis-
tration (2b)

before FM  
administration (3а)

after PCC 
administration  (3b)

Platelet count, 
×10 9 / l

555.0
[471.0÷591.0]

512.0
[474÷700.0]
p1a–1b = 0.382

425.0
[392.8÷531.3]

399.0
[334.0÷454.5]
p2a–2b = 0.049

Δ –6.1%

509.0
[417.8÷578.0]

479.5
[408.3÷551.5]
p3a–3b = 0.328

INR, 
ratio 2.4 [2.0÷4.0] 2.5 [2.2÷4.6]

p1a–1b = 0.650 2.1 [1.7÷6.2]
1.1 [1.0÷1.2]
p2a–2b = 0.002

Δ –47.6%
2.0 [1.6÷3.6] 2.0 [1.5÷2.9]

p3a–3b = 0.063

Vdovin V.M., Shakhmatov I.I., Momot A.P. Comparative study of predisposition to thrombosis with administration of known
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Parameters

Group 1 (placebo) Group 2 (PCC) Group 3 (FM 0.25 mg / kg) 

before placebo 
administration (1a)

after placebo ad-
ministration (1b)

before FM adminis-
tration (2а)

after PCC adminis-
tration (2b)

before FM  
administration (3а)

after PCC 
administration  (3b)

Fibrinogen, g / l 2.8 [2.6÷4.3] 3.0 [2.6÷4.4]
p1a–1b = 0.814 3.3 [2.8÷4.1] 2.9 [2.5÷3.6]

p2a–2b = 0.260 3.1 [2.7÷3.5] 3.0 [2.5÷3.3]
p3a–3b = 0.065

D-dimer, 
ng / ml

150.0
[100.0÷200.0]

150.0
[100.0÷200.0]
p1a–1b = 0.351

100.0
[100.0÷100.0]

100.0
[100.0÷200.0]
p2a–2b = 0.180

200.0
[100.0÷250.0]

200.0
[150.0÷400.0] 
p3a–3b = 0.075

Thromboelastometry

CT, sec 2,122.5
[1,328.3÷2,464.8] 

2,095.0
[1,052.0÷2,398.0]

p1a–1b = 0.530

1,573.5
[948.3÷2,394.0] 

494.0
[355.0÷626.0]
p2a–2b=0.002
Δ –3.2 times

1,459.0
[783.5÷2,198.8]

1,559.5
[734.0÷1,918.8]

 3a–3b = 0.221

α angle,  
degrees n.r. in 9 cases n.r. in 7 cases 48.0 [39.5÷52.0]

n.r. in 8 cases 68.0 [59.0÷71.0] 39.5 [30.3÷60.8]
n.r. in 6 cases

37.0 [32.8÷55.3]
n.r. in 4 cases
p3a–3b = 0.767

CFT, sec n.r. in 10 cases n.r. in 8 cases 356.0 [307.5÷794.5]
n.r. in 8 cases 166.0 [110.0÷181.0]

452.5 
[218.5÷522.5]
n.r. in 8 cases

367.0 
[187.0÷404.8]
n.r. in 6 cases
p3a-3b=0.735

MCF, mm n.r. in 8 cases n.r. in 7 cases 22.5 [9.0÷49.5]
n.r. in 4 cases

70.0 [67.0÷76.0]
p2a–2b=0.008
Δ –3.1 times

32.5 [15.8÷50.5]
n.r. in 6 cases

44.0 [32.0÷49.5]
n.r. in 4 cases
p3a–3b = 0.139

A10, mm n.r. in 9 cases n.r. in 8 cases 8.5 [4.0÷34.5]
n.r. in 4 cases

64.0 [55.0÷68.0]
p2a–2b=0.007
Δ –7.5 times

24.5 [18.8÷38.0]
n.r. in 6 cases

32.0 [27.0÷41.0]
n.r. in 5 cases
p3a–3b = 0.260

Calibrated automated thrombography

Lagtime, min 3.5 [2.7÷4.5]
n.r. in 2 cases

4.4 [3.4÷5.6]
n.r. in 3 cases
p1a–1b = 0.592

5.0 [4.3÷5.3]
n.r. in 6 cases

1.7 [1.5÷2.0]
p2a–2b Δ –2.9 times 4.5 [4.5÷5.3]

6.0 [5.9÷6.3]
n.r. in 2 cases
p3a–3b = 0.593

ETP, nmol × 
min

150.2 
[92.3÷183.9]
n.r. in 2 cases

103.0
[60.9÷158.8]
n.r. in 3 cases
p1a–1b = 0.109

97.8
[68.2÷104.9]
n.r. in 6 cases

582.0
[444.9÷806.4]

p2a–2b Δ +6.0 times

131.7
[81.3÷145.2]

149.3
[111.3÷189.6]
n.r. in 2 cases
p3a–3b = 0.514

Peak thrombin, 
nmol

28.2 [18.9÷56.2]
n.r. in 2 cases

12.5 [7.5÷21.8]
n.r. in 3 cases
p1a–1b = 0.041
Δ –2.3 times

10.9 [7.3÷14.8]
n.r. in 6 cases

65.4 [41.3÷74.5] 
p2a–2b Δ +6.0 times 10.5 [10.3÷13.6]

13.3 [10.9÷21.9]
n.r. in 2 cases
p3a–3b = 0.285

ttPeak, min 6.5 [4.7÷7.2]
n.r. in 2 cases

9.2 [8.3÷10.5]
n.r. in 3 cases
p1a–1b = 0.108

9.5 [7.9÷9.9]
n.r. in 6 cases 9.5 [8.8÷9.6] 10.5 [10.2÷11.0]

10.8 [10.3÷11.1]
n.r. in 2 cases
p3a–3b = 0.922

V, nmol / min 9.4 [7.1÷25.9]
n.r. in 2 cases

3.4 [2.0÷6.5]
n.r. in 3 cases
p1a–1b = 0.085

2.4 [1.6÷4.7]
n.r. in 6 cases

7.8 [6.4÷11.8]
p2a–2b Δ +3.3 times 2.3 [1.6÷3.0]

2.8 [2.3÷5.2]
n.r. in 2 cases
p3a–3b = 0.592

Note :  in tables 1 and 2: PCC – prothrombin complex concentrate, FM – fibrin monomer, p – statistical significance of the differences in the 
compared parameters, Δ is the difference between the values, n.r. – not registered.

T a b l e  1  ( c o n t i n u e d ) 
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CONCLUSION
The presented data revealed prothrombotic effects 

of the above hemostatic agents, namely, PCC and 
rFVIIa. The latter were tested in two experimental 
models with drug-induced hypocoagulation 
associated with warfarin or dabigatran. The effects 
were manifested through overcompensated changes 
in hemostatic system parameters (compared with 
intact animals), including an increase in D-dimer 
and a shift toward hypercoagulability according to 
thromboelastometry. 

It should be noted that FM at a dose of  
0.25 mg / kg resulted in significant reduction of blood 
loss without the above-described thrombogenic 
effects in the blood, which distinguished it from the 
known hemostatic agents. Therefore, we suppose 
that FM is safer in terms of adverse events, such as 
spontaneous thrombosis in the bloodstream.
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Features of the cytogram and cytokine profile of bronchoalveolar lavage 
fluid in experimental metabolic syndrome
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ABSTRACT

The aim of the study was to identify the features of the cellular composition and cytokine profile of bronchoalveolar 
lavage fluid in rats in a model of diet-induced metabolic syndrome.  

Materials and methods. In an experiment on animals (rats), a model of metabolic syndrome (MS) induced by a 
high-fat and high-carbohydrate diet was reproduced. To assess the viability of the reproduced model, biochemical 
and morphometric methods were used, such as measurement of body weight, specific gravity of liver and visceral 
fat, and blood pressure, determination of glucose concentration in the blood (including a glucose tolerance test), as 
well as determination of blood lipid parameters. To assess the intensity of the inflammatory response in the blood, 
the concentration of total protein, the total number of leukocytes, and the levels of immunocytokines (interleukin 
(IL)-6, IL-10, tumor necrosis factor (TNF)α, monocyte chemoattractant protein (MCP)-1) were determined. Open 
bronchoalveolar lavage was performed on the isolated heart – lung complex. The concentration of protein, immu-
nocytokines (IL-6, IL-10, TNFα, MCP-1), the total number of leukocytes, and the ratio of their morphological types 
were determined in the bronchoalveolar lavage fluid (BALF). 

Results. In animals with MS, an increase in the total number of leukocytes in the blood due to granulocytes and a 
rise in the concentration of protein, TNFα, and IL-10 were revealed compared with the parameters in the controls. 
BALF analysis revealed an increase in the concentration of protein, the total number of leukocytes, and the absolute 
number of alveolar macrophages, neutrophil granulocytes, and lymphocytes. The levels of IL-6 and MCP-1 were 
more than 1.5 times higher. 

Conclusion. Changes in the qualitative and quantitative parameters of BALF are inflammatory in nature and are 
formed during a systemic inflammatory response accompanying metabolic disorders in modeling MS in rats in the 
experiment.
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Особенности цитограммы и цитокинового профиля жидкости  
бронхоальвеолярного лаважа при экспериментальном  
метаболическом синдроме

Воронкова О.В., Бирулина Ю.Г., Иванов В.В., Буйко Е.Е., Есимова И.Е.,  
Григорьева А.В., Осихов И.А., Чернышов Н.А., Мотлохова Е.А.

Сибирский государственный медицинский (СибГМУ) 
Россия, 634050, г. Томск, Московский тракт, 2

РЕЗЮМЕ

Цель. Выявить особенности клеточного состава и цитокинового профиля жидкости бронхоальвеолярного 
лаважа у крыс в модели диет-индуцированного метаболического синдрома.  

Материалы и методы. В эксперименте на животных (крысах) воспроизведена модель метаболического 
синдрома (МС), индуцированного высокожировой и высокоуглеводной диетой. Для оценки состоятельно-
сти воспроизведенной модели использованы биохимические и морфометрические методы: измерение мас-
сы тела, удельной массы печени и висцерального жира, измерение артериального давления, определение 
содержания в крови глюкозы (в том числе в глюкозотолерантном тесте (ГТТ)), определение параметров ли-
пидного спектра крови.  Для оценки интенсивности воспалительного ответа в крови определяли концентра-
цию общего белка, общее количество лейкоцитов и концентрацию иммуноцитокинов (интерлейкина (IL) 
-6, IL-10, фактора некроза опухоли альфа (TNFα), моноцитарного хемотоксического фактора-1 (MCP-1)). 
Открытым способом на изолированном комплексе «сердце–легкие» выполняли бронхоальвеолярный ла-
важ. В бронхоальвеоларной жидкости (БАЛЖ) определяли концентрацию белка, иммуноцитокинов (IL-6, 
IL-10, TNFα, MCP-1), общее количество лейкоцитов и соотношение их отдельных морфологических форм. 

Результаты. У животных с МС выявлено повышение в крови общего количества лейкоцитов за счет гра-
нулоцитарного компонента, увеличение концентрации белка и цитокинов TNFα и IL-10 по сравнению с 
соответствующими параметрами у крыс контрольной группы. В результате анализа БАЛЖ выявлено повы-
шение концентрации белка, общего количества лейкоцитов, абсолютного числа альвеолярных макрофагов, 
нейтрофильных гранулоцитов и лимфоцитов; более чем в 1,5 раза превышена концентрация IL-6 и MCP-1. 

Заключение. Изменения качественных и количественных параметров БАЛЖ носят воспалительный ха-
рактер и формируются на фоне системного воспалительного ответа, сопровождающего нарушение обмена 
веществ при моделировании МС у крыс в эксперименте.

Ключевые слова: метаболический синдром, бронхоальвеолярная жидкость, воспаление

Конфликт интересов. Авторы гарантируют отсутствие потенциальных и явных конфликтов интересов, 
связанных с публикацией данной статьи.

Источник финансирования. Исследование выполнено за счет гранта Российского научного фонда № 22-
25-20039, https://rscf.ru/project/22-25-20039, и средств Администрации Томской области.

Соответствие принципам этики. Исследование одобрено локальным этическим комитетом СибГМУ 
(протокол № 8201 от 27.03.2020).

Для цитирования: Воронкова О.В., Бирулина Ю.Г., Иванов В.В., Буйко Е.Е., Есимова И.Е., Григорье- 
ва А.В., Осихов И.А., Чернышов Н.А., Мотлохова Е.А. Особенности цитограммы и цитокинового профиля 
жидкости бронхоальвеолярного лаважа при экспериментальном метаболическом синдроме. Бюллетень си-
бирской медицины. 2022;21(4):29–36. https://doi.org/10.20538/1682-0363-2022-4-29-36.

__________________________

Бюллетень сибирской медицины. 2022; 21 (4): 29–36

Voronkova O.V., Birulina J.G., Ivanov V.V. et al. Features of the cytogram and cytokine profile of bronchoalveolar lavage fluid

INTRODUCTION

A cluster of metabolic conditions united under 
the term metabolic syndrome (MS) accelerate the 
development and progression of a number of diseases, 
including cardiovascular and cerebrovascular 
diseases, type 2 diabetes mellitus, kidney and biliary 

tract diseases, and some types of cancer [1–3]. In 
the clinical medicine with wide-spread comorbidity, 
one of the discussed issues is the effect of the MS 
components on the state of the respiratory system. In 
some clinical studies, MS has been identified as an 
independent risk factor for impaired lung function and 
aggravation of respiratory symptoms in multifactorial 
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diseases, such as bronchial asthma and chronic 
obstructive pulmonary disease. 

It has been established that the most significant 
MS components contributing to respiratory 
pathology are abdominal obesity, hyperglycemia, 
and hyperinsulinemia [4–6]. Early mechanisms of 
the damaging effect of the MS components on the 
bronchopulmonary system remain the least studied. 
To some extent, this is due to the fact that most studies 
are clinical in nature. Since the cardiorespiratory 
system has broad adaptive capabilities, patients with 
pronounced manifestations of respiratory failure 
against the background of MS are in the focus of 
attention of doctors. In this regard, it is advisable 
to study the complex mechanisms of the effect 
of metabolic disorders on the morphological and 
functional state of the bronchopulmonary system in 
an experiment using animal models. 

Collecting and studying bronchoalveolar lavage 
fluid (BALF) are reliable methods for studying 
the cytological, immunological, biochemical, and 
microbiological characteristics of the bronchoalveolar 
parts of the respiratory system. The study of BALF 
not only provides significant assistance in diagnosing 
and determining the activity of the pathological 
process, but also allows for a deeper understanding 
of the pathogenetic patterns of lung damage in the 
underlying or concomitant pathology [7, 8]. 

The aim of the study was to reveal the features of 
the cellular composition and cytokine profile of BALF 
in rats in a model of diet-induced MS. 

MATERIALS AND METHODS
The experiment was performed on 33 outbred male 

Wistar rats (average weight 280.5 ± 36.1 g) aged 6 
weeks at the beginning of the study, which were 
divided into control (15 animals) and experimental 
(18 animals) groups. The animals were kept in the 
conditions of a vivarium. The studies were carried out 
in compliance with the principles of humanity set out 
in the directives of the European Community (86/609/
EEC) and the Declaration of Helsinki. 

A model of diet-induced MS was reproduced 
in the animals of the experimental group. The rats 
were fed with a high-fat and high-carbohydrate diet 
containing standard feed (66%) with the addition of 
animal fat (17%), fructose (17%), and cholesterol 
(0.25%); drinking water was replaced with a 20% 
fructose solution (total calorie content of the daily diet 
was 440 kcal / 100 g). The rats of the control group 
received a standard diet (Delta Feeds, BioPro, Russian 

Federation, total calorie content 300 kcal / 100 g, 
proteins 24%, fats 6%, carbohydrates 44%) with free 
access to food and water.

To assess the viability of the reproduced MS 
model, body weight and blood pressure were 
measured in the animals at the beginning and at the 
end of the experiment (Systola, Neurobotics, Russian 
Federation). In the last week of the experiment, a 
glucose tolerance test (GTT) was performed: fasted 
rats (fasting for 12 hours) were intragastrically 
injected with a glucose solution at a dose of 2 g / kg 
(D-glucose, Sigma-Aldrich, USA). After 0, 15, 30, 
60, 90, and 120 min, the blood glucose concentration 
was determined by the enzymatic colorimetric method 
using a reagent kit (Chronolab, Spain). 12 weeks after 
the start of the experiment, the animals were euthanized 
by CO2 asphyxia. Blood was taken from the heart 
of the animals to assess hematological parameters 
(vacutainer K2EDTA tubes) and obtain blood serum 
(vacutainer serum clot activator tubes). Hematological 
parameters were assessed on the automatic 
hematology analyzer (BC-2800 Vet, Mindray, China). 
Biochemical parameters were determined in the blood 
serum, including lipid indices (on the Architect c4000 
Automatic Biochemistry Analyzer, Abbot, USA). 
The levels of immunocytokines (interleukin (IL)-
6, IL-10, tumor necrosis factor (TNF)α, monocyte 
chemoattractant protein (MCP)-1) were measured by 
the enzyme-linked immunosorbent assay (ELISA) 
(Bender MedSystems kits, GmbH, Austria). The liver 
and visceral adipose tissues (mesenteric, epididymal, 
and retroperitoneal adipose tissue) were isolated by 
dissection and weighed on the analytical balance, and 
their specific gravity was calculated.

Open bronchoalveolar lavage was performed on 
the isolated heart – lung complex. Cold saline was 
used as a lung lavage fluid [9]. Both lungs were 
washed 2–3 times with a truncated syringe inserted 
via the trachea. The initial volume of the lavage fluid 
for a single injection was 3 ml, the return volume was 
at least 2 ml. In the BALF, the protein concentration 
was determined spectrophotometrically by the BCA 
assay (BCA Protein Assay Kit, Sigma-Aldrich), 
and cytokines IL-6, IL-10, TNFα, and MCP-1 were 
measured by ELISA (Bender MedSystems GmbH 
kits, Austria). 

BALF cytology was performed to identify the 
total number of leukocytes and the ratio of their 
morphological types. For this purpose, BALF was 
centrifuged, and cell pellet sections were placed on a 
glass slide, fixed in formaldehyde vapor, and stained 
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using the Romanowsky – Giemsa stain. Cellular 
elements were counted per 200 cells using microscopy 
with immersion oil objective.

Statistical analysis was performed using the SPSS 
Statistics 23 software. Normally distributed data 
(Shapiro – Wilk test) were presented as the mean 
and the standard deviation (M ± SD). Non-normally 
distributed data were presented as the median and the 
interquartile range Ме (Q25;Q75). Differences between 
the samples were analyzed using the Student’s t-test 
or the Mann – Whitney U test. The differences were 
considered statistically significant at p < 0.05.

RESULTS
The impact of a high-fat and high-carbohydrate 

diet on the animals of the experimental group led to 
statistically significant changes in the physiological 
and biochemical parameters compared with the 
controls: an increase in the body weight, an increase 
in the specific gravity of the liver and visceral adipose 
tissue, a rise in the blood pressure, an increase in 
the concentration of total protein and glucose in the 
blood (Table 1). Changes in the blood lipid indices 
were characterized by an increase in the concentration 
of triacylglycerols, total cholesterol, low-density 
lipoprotein cholesterol (LDL-C), and very-low-density 
lipoprotein cholesterol (VLDL-C). The concentration 
of high-density lipoprotein cholesterol (HDL-C) was 
lower than that in the controls, which was manifested 
through the atherogenic coefficient, which was more 
than 1.5 times (p = 0.02) higher than in the control 
group (Table 1).

T a b l e  1

The effect of a high-fat and high-carbohydrate diet on the 
physiological and biochemical parameters of rats, M ± SD

Parameter Control group
(n = 15)

Model of MS
(n = 18)

Body weight, g 433.3 ± 39.4 489.1 ± 47.9; р = 0.01
Systolic blood pressure, 
mm Hg 130.4 ± 9.5 145.1 ± 8.7; р = 0.01

Diastolic blood pressure, 
mm Hg 86.5 ± 9.3 101.4 ± 12.2; р = 0.028

Fasting blood glucose, 
mmol / l 4.7 ± 0.5 6.6 ± 0.4; р < 0.001

Total protein, g / l 52.7 ± 3.4 66.7 ± 3.8; р = 0.004
Total cholesterol, mmol / l 1.7 ± 0.2 2.3 ± 0.3; р = 0.001
HDL-C, mmol / l 0.6 ± 0.1 0.4 ± 0.1; р = 0.003
LDL-C, mmol / l 0.9 ± 0.2 1.4 ± 0.4; р = 0.02
VLDL-C, mmol / l 0.3 ± 0.1 0.5 ± 0.1; р = 0.03
Triacylglycerols, mmol / l 0.7 ± 0.2 1.7 ± 0.5; р = 0.001
Atherogenic coefficient 2.5 ± 0.3 3.8 ± 0.7; р = 0.02
Specific gravity of the 
adipose tissue, g 2.2 ± 0.2 4.3 ± 0.6; р < 0.001

Parameter Control group
(n = 15)

Model of MS
(n = 18)

Specific gravity of the 
liver, g 3.1 ± 0.4 4.2 ± 0.5; р < 0.001

Note :  here and in Tables 2–4: р is the level of statistical significance 
of the differences compared with the parameters in the control group.

In the animals with MS, GTT revealed a 
decrease in glucose tolerance. An increase in the 
area under the “glucose concentration – time” 
curve by 1.3 times was recorded on the graph 
showing changes in the blood glucose levels 
compared with values in intact animals (AUC 
0-120). In the control group, the area under the curve 
(AUC) was 752.2 ± 50.4 mmol / l × 120 min, in 
the experimental group – 940.9 ± 55.8 mmol / l × 
120 min (p = 0.001) (Figure).

T a b l e  1  ( c o n t i n u e d ) 

Figure. Changes in the concentration of glucose in the blood of 
rats (a) and the area under the “glucose concentration – time” 
curve (AUC0-120) (b) in the glucose tolerance test: solid line – 

control group, dotted line – experimental group.
*p < 0.05 compared with the control group

   0     15    30              60              50            120
Time, min

12

10

8

6

4

2

0

B
lo

od
 g

lu
co

se
, m

m
ol

/l

Control  Metabolic  
syndrome

1 200

900

600

300

0

A
U

C
, m

m
ol

/×
12

0 
m

in

Voronkova O.V., Birulina J.G., Ivanov V.V. et al. Features of the cytogram and cytokine profile of bronchoalveolar lavage fluid



33

Original articles

Bulletin of Siberian Medicine. 2022; 21 (4): 29–36

The analysis of hematological parameters revealed 
an increase in the total number of leukocytes in the 
blood of the experimental group animals by 1.4 times 
compared with the values in the control group. The 
quantitative analysis of the leukocyte differential 
revealed a statistically significant increase in the 
absolute and relative number of granulocytes per unit 
volume of blood (Table 2).

According to the results of the biochemical analysis, 
the protein concentration in the BALF in the animals of 
the experimental group was 1.08 (±0.30) g / l, which, 
on average, was 1.5 times higher (p = 0.037) than the 
corresponding value in the intact animals (Table 3). 

T a b l e  2 

Total number of leukocytes and hemogram parameters in the experimental animals, Me (Q25; Q75)

Parameter Control group (n = 15) Model of MS (n = 18)
Total number of leukocytes, ×109 / l 9.9 (9.4; 10.9) 13.7 (11.4; 15.0); р = 0.001

The quantitative composition of cells
(in the numerator – in %, in the denominator – 
in absolute numbers, ×109/l)

 Granulocytes 28.2 (25.9; 31.3)
2.5 (1.7; 3.6)

33.2 (31.5; 34.2); р = 0.001
3.9 (3.2; 4.4); р = 0.003

Lymphocytes 65.3 (64.2; 67.6)
7.6 (5.9; 8.3)

64.2 (62.7; 66.2); р = 0.343
7.1 (6.4; 8.5); р = 0.84

Monocytes 3.4 (3.0; 3.6)
0.4 (0.2; 0.4)

3.5 (3.1; 4.0); р = 0.1
0.5 (0.3; 0.4) р = 0.166

T a b l e  3 

Protein concentration, M ± SD, the total number of leukocytes, and the parameters of the BALF cytogram in the experimental animals, 
Me (Q25; Q75)

Parameter Control group
(n = 15)

Model of MS
(n = 18)

Total protein, g / l 0.74 (±0.20) 1.08 (±0.30)
p = 0.037

Total number of leukocytes, ×109 / l 0.55 (0.30; 0.84) 0.80 (0.65; 1.55)
p = 0.047

Quantitative composition of cells
(in the numerator – in %, in the denominator – 
in absolute numbers, ×109 / l)

Alveolar macrophages 42.60 (38.50; 53.00)
0.23 (0.13; 0.39)

51.50 (33.88; 55.25)
p = 0.677

0.66 (0.51; 0.87)
p = 0.0007

Neutrophil granulocytes 47.00 (41.60; 55.50)
0.27 (0.14; 0.36)

45.25 (36.50; 55.50)
p = 0.589

0.58 (0.02; 0.09)
p = 0.035

Lymphocytes 5.50 (1.75; 7.75)
0.02 (0.01; 0.04)

7.00 (2.38; 9.88)
p = 0.146

0.05 (0.02; 0.09)
p = 0.039

T a b l e  4 

Concentration of cytokines, pg / ml, in the blood serum and BALF of the experimental animals, Me (Q25; Q75)

Parameter
Blood serum BALF

Control group (n = 15) Model of MS (n = 18) Control group (n = 15) Model of MS (n = 18)
IL-6 5.5 (2.3; 6.3) 7.8 (4.7; 14.1);  р = 0.152 5.3 (4.7; 9.2) 9.7 (9.4; 15.7); р = 0.007
IL-10 11.8 (6.0; 23.8) 43.3 (21.9; 54.7); р = 0.029 59.9 (37.4; 74.5) 66.1 (38.4; 85.9); р = 0.351
TNFα 2.6 (2.6; 5.2) 10.8 (6.4; 11.7);  р = 0.035 40.1 (20.6; 46.2) 39.6 (31;5; 42.5); р = 0.863
MCP-1 158.6 (91.7; 454.6) 155.7 (111.7; 407.3); р = 0.423 166.7 (131.5; 352.5) 284.3 (184.0; 498.1); р = 0.045

The qualitative and quantitative analysis of the BALF 
cytogram revealed an increase in the total number of 
leukocytes per unit volume of fluid, compared with 
the control values, due to an increase in the absolute 
number of all types of leukocytes in the BALF – 
alveolar macrophages, neutrophil granulocytes, and 
lymphocytes (Table 3). 

The study of the concentration of cytokines in the 
blood serum of the experimental animals revealed 
higher levels of IL-10 and TNFα compared with the 
control values. The concentration of IL-6 and MCP-1 
in the BALF significantly exceeded the control values 
(Table 4).
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DISCUSSION
Reproduction of genetic or diet- and drug-induced 

models of MS in experiments on animals makes it 
possible to study changes in homeostatic parameters 
and analyze the effect of emerging metabolic 
disorders on various organs and systems. Diet-induced 
combined in vivo models of MS with a high content of 
fat and carbohydrates in the diet are more similar to 
the unbalanced human diet, are most consistent with 
alimentary obesity, and are adequate in terms of the 
mechanisms of development of MS and associated 
comorbidity [10–12]. 

The model reproduced in our experiment reflected 
the main biometric and biochemical changes typical of 
MS. The rats receiving a 12-week high-fat and high-
carbohydrate diet had an increase in the body weight 
due to the accumulation of visceral adipose tissue 
and hepatomegaly. Besides, arterial hypertension 
with an increase in both systolic and diastolic blood 
pressure was noted in the animals with MS (Table 
1). Blood biochemistry revealed changes indicating 
carbohydrate and lipid metabolism disorders, such as 
fasting hyperglycemia, low glucose tolerance, as well 
as dyslipoproteinemia with an increase in the blood 
level of triacylglycerols and atherogenic fractions of 
lipoproteins (LDL-C, VLDL-C) and a decrease in the 
concentration of high-density lipoproteins. 

A number of studies have confirmed that factors 
of the immune system are actively involved in the 
pathogenesis of digestive diseases [13, 14]. An 
important role in the pathogenesis of MS is attributed 
to sterile inflammation in the adipose tissue, which 
is induced by macro- and micronutrients, as well as 
metabolic products formed in the visceral adipose tissue 
with its excessive accumulation [15]. Such metabolic 
inflammation often does not have pronounced clinical 
manifestations, but is accompanied by local stromal 
vascular and functional changes in the adipose tissue – 
adipocyte hypertrophy, infiltration by immune 
cells, fibrosis of the extracellular matrix, impaired 
microcirculation, and changes in the secretory 
phenotype of cellular elements [14]. However, in some 
cases, laboratory tests reveal an increase in the level of 
nonspecific inflammatory markers in the blood, such 
as C-reactive protein, fibrinogen, procalcitonin, etc., 
which correlates with the severity of inflammation in 
the adipose tissue [16].

As a result of our experiment, we revealed an 
increase in the total number of leukocytes due to 
granulocytes, as well as an increase in the protein 
concentration in the blood serum of the animals with 

induced MS compared with the intact animals (Tables 
1, 2). At the same time, we registered an increase 
in the levels of TNFα and IL-10 in the blood serum 
(Table 4). The identified changes are common signs 
of an inflammatory response that develops against 
the background of diet-induced metabolic disorders 
[17–19].

Factors of systemic inflammation associated 
with MS and obesity contribute to the development 
of pathology in various organs and systems, which 
is confirmed by a large number of experimental 
and clinical studies [2, 20]. One of the informative 
methods for detecting biological markers of most 
lung diseases is the study of BALF (cytological, 
biochemical, immunological), which gives accurate 
information about the direction and severity of 
protective, adaptive, and pathological reactions in the 
lungs and allows to study the systemic mechanisms 
for maintaining structural and functional homeostasis 
in the bronchopulmonary system [7, 8].

Following the analysis of the BALF cytogram, we 
found an increase   in the total number of leukocytes, 
as well as their individual morphological types (the 
absolute number of alveolar macrophages, neutrophil 
granulocytes, and lymphocytes) in the animal models 
of MS compared with the control values (Table 3). 
In normal conditions, macrophages represent the 
majority of phagocytes in the lower respiratory tract 
[21]. During inflammation, the proportion of alveolar 
macrophages increases both due to proliferation of 
tissue-resident cells (to a larger extent) and due to 
recruitment of macrophages of monocytic origin from 
peripheral blood (to a lesser extent) [22]. Monocytes 
infiltrating tissues find themselves in a specific 
microenvironment and develop into macrophages with 
altered functions, often exacerbating inflammatory 
responses [23]. It is assumed that it is monocytes 
recruited from the blood, and not proliferating tissue-
resident alveolar macrophages, that are the precursors 
of M1-polarized macrophages in the lungs. The 
latter are distinguished by pronounced cytotoxic 
and antimicrobial activity, secrete a large number of 
reactive oxygen species, nitrogen, and proinflammatory 
cytokines, and contribute to alteration and progression 
of inflammation in the bronchial mucosa [24].

The analysis of the BALF cytokine profile 
revealed a more than 1.5-fold  increase in the 
concentration of IL-6 and MCP-1 in the animals 
with MS compared with the controls   (Table 4). 
It is known that the monocyte chemotactic factor 
is predominantly secreted by macrophages and 
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monocytes, dendritic cells, and lung fibroblasts and 
increases the chemotactic activity of monocytes, but 
not neutrophils [25]. IL-6 is a pleiotropic cytokine 
with both pro- and anti-inflammatory properties due 
to implementation of different types of signaling 
[26]. In chronic obstructive pulmonary disease, IL-6 
is crucial for attracting neutrophils to the site of 
inflammation, as it leads to synthesis of the necessary 
chemokines by endothelial cells as a result of trans-
signaling. At the same time, neutrophils attracted to 
the focus of inflammation are some of the sources of 
soluble IL-6 receptor (sIL-6R), which is necessary for 
initiating trans-signaling in relation to the structural 
cellular elements of the lungs (fibroblasts, epithelial 
cells, endothelial cells, and smooth muscle cells) [27, 
28]. In turn, excessive proinflammatory activity of 
the cellular components in the pulmonary interstitial 
matrix can lead to an increase in the permeability of 
the alveolar – capillary barrier, which is confirmed by 
the increase in the protein concentration in the BALF 
in the group of animals with MS (Table 3).

CONCLUSION
Experimental diet-induced MS is accompanied 

by the development of a systemic inflammatory 
response, laboratory signs of which are neutrophilic 
leukocytosis in the blood and an increase in the serum 
concentration of protein, TNFα, and IL-10. Organ-
specific changes that characterize the negative impact 
of MS factors on the state of the bronchopulmonary 
system in the experimental animals are qualitative 
and quantitative changes in the composition of BALF, 
such as an increase in the protein concentration, an 
increase in the content of cellular elements (alveolar 
macrophages, neutrophil granulocytes, lymphocytes), 
and a rise in the concentration of proinflammatory 
cytokines IL -6 and MCP-1. Since these changes are 
inflammatory in nature, it seems relevant to evaluate 
structural, morphological, and functional changes 
in the bronchoalveolar system in laboratory animals 
that occur against the background of MS and assess 
their intensity in conjunction with systemic and local 
inflammation factors.
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Kaymakchi O.Yu., Snezhko A.V.

National Medical Research Center for Oncology 
63, 14th Liniya Str., Rostov-on-Don, 344037, Russian Federation 

ABSTRACT

The aim of the study was to create a patient-derived xenograft (PDX) model of human colorectal cancer and to 
determine its histologic and molecular characteristics, such as the status of KRAS, NRAS, and BRAF genes and the 
presence of microsatellite instability.

Materials and methods. First generation xenograft models in vivo were created using tumors from patients with 
colorectal cancer (n = 4) and immunodeficient Balb/c Nude mice (n = 20); second, third, and fourth generation 
models were created in the same mouse line (n = 3 for each generation). A caliper was used to measure subcutaneous 
xenografts; their size was calculated by the ellipsoid formula. Cryopreservation involved immersing the samples 
in a freezing medium (80% RPMI 1640, 10% fetal bovine serum, 10% dimethyl sulfoxide (DMSO)) and storing 
them at –80 °C. The histologic analysis was performed according to the standard technique (preparation of paraffin 
blocks and staining of microsections with hematoxylin and eosin). Mutations in the KRAS, NRAS, and BRAF genes 
were determined by direct Sanger sequencing; microsatellite instability was determined by the fragment analysis at 
five loci: Bat-25, Bat-26, NR21, NR24, and NR27. 

Results. Stable, transplantable xenografts of colorectal cancer were obtained from two out of four patients. The 
average waiting time from the implantation to the growth of the first generation xenograft was 28 days. The latency 
phase after cryopreservation was comparable to that at the creation of the first generation PDX model. The model 
reproduced the histotype, grade and mutational status of the KRAS, NRAS, and BRAF genes, as well as microsatellite 
instability of the donor tumor. 

Conclusion. The developed model of human colorectal cancer was characterized in terms of growth dynamics, 
cryopreservation tolerance, and histologic and molecular genetic parameters.
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Разработка и характеристика ксенотрансплантатов, полученных  
от пациентов с колоректальным раком, для тестирования новых  
фармакологических субстанций

Гончарова А.С., Колесников Е.Н., Егоров Г.Ю., Максимов А.Ю., Шевченко А.Н.,  
Непомнящая Е.М., Гвалдин Д.Ю., Курбанова Л.З., Ходакова Д.В., Кит С.О.,  
Каймакчи О.Ю., Снежко А.В.

Национальный медицинский исследовательский центр (НМИЦ) онкологии 
Россия, 344037, г. Ростов-на-Дону, ул. 14-я Линия, 63

РЕЗЮМЕ

Цель. Создание модели ксенотрансплантата, полученного от пациента с колоректальным раком (КРР), и 
определение ее гистологических и молекулярных характеристик, таких как статус генов KRAS, NRAS BRAF 
и наличие микросателлитной нестабильности.

Материалы и методы. Для создания первого поколения модели in vivo использовали опухоли от 
пациентов с КРР (n = 4) и иммунодефицитных мышей линии Balb/c Nude (n = 20), для создания второ-
го, третьего и четвертого поколения – мышей этой же линии (n = 3 для каждого поколения). Измерения 
подкожных ксенотрансплантатов выполняли штангенциркулем, их размеры вычисляли по формуле Шрека 
для эллипсоида. Криоконсервацию выполняли путем погружения образцов в микс для криоконсервации 
(80% RPMI 1640, 10% фетальной бычьей сыворотки, 10% диметилсульфоксида) и хранения их на –80 °C. 
Гистологическое исследование выполняли согласно стандартной методике (приготовление парафиновых 
блоков и окрашивание микросрезов гематоксилином и эозином). Мутации в генах KRAS, NRAS и BRAF 
определяли методом прямого секвенирования по Сэнгеру, микросателлитную нестабильность – методом 
фрагментарного анализа по пяти локусам: Bat-25, Bat-26, NR21, NR24, NR27.

Результаты. Стабильные перевиваемые ксенотрансплантаты КРР получены от двух пациентов из четырех. 
Среднее время ожидания между имплантацией и ростом трансплантата первого поколения составило  
28 сут. Латентная фаза после криоконсервации была сопоставима с латентной фазой при создании пер-
вого поколения пациентоподобной модели. Показано, что в модели воспроизведены гистотип, степень 
дифференцировки и мутационный статус генов KRAS, NRAS, BRAF и микросаттелитная нестабильность 
донорской опухоли.

Заключение. Созданная модель КРР человека охарактеризована с учетом динамики роста, способности 
переносить криоконсервацию, гистологических и молекулярно-генетических параметров.

Ключевые слова: ксенотрансплантат, колоректальный рак, модели in vivo, PDX модель, Balb/c Nude
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INTRODUCTION

Colorectal cancer (CRC) is one the most common 
cancers worldwide. It is characterized by high 
lethality at advanced stages [1]. Mortality from CRC 

can be reduced by its early detection and an optimal 
treatment regimen in management of patients with 
advanced disease.

The treatment strategy for CRC depends on the 
stage and site of the tumor, as well as on its molecular 



39

Original articles

Bulletin of Siberian Medicine. 2022; 21 (4): 37–43

characteristics [2]. To date, treatment of patients 
with CRC involves surgical resection combined with 
standard adjuvant chemotherapy, and neoadjuvant 
radiochemotherapy is recommended for patients with 
locally advanced rectal cancer [2, 3]. A combination 
of chemotherapy with new targeted drugs, such as 
epidermal growth factor receptor (EGFR) inhibitors, 
and immunotherapy improves the median survival 
of patients [4]. Patients with wild-type KRAS genes 
in tumors have been found to respond favorably 
to targeted therapies, including anti-EGFR or anti-
VEGFR drugs, while patients with high microsatellite 
instability in tumors (MSI-high tumors) benefit more 
from immunotherapy [5].

Despite advances in CRC treatment, the search 
for new anticancer drugs continues around the 
world. Early stages of development of potentially 
useful pharmacological substances involve the 
use of cancer cell line panels as a tool to study the 
biological mechanisms of action and test the activity 
of new compounds in vitro. However, cell lines fail to 
reproduce heterogeneity of human tumors both in vitro 
and in vivo. On the contrary, patient-derived xenograft 
(PDX) models better reflect the existing molecular 
heterogeneity of human cancers and, therefore, are 
considered more suitable for drug efficacy studies [6].

The use of PDX models as a platform for 
assessing therapeutic responses in preclinical studies 
requires standardization of these models, which is 
especially important for assessments at the molecular  
level [7]. 

Therefore, the aim of this study was to create 
a PDX model of human CRC and to determine its 
molecular characteristics, such as the status of KRAS, 
NRAS, BRAF, and MSI genes.

MATERIALS AND METHODS

The study included immunodeficient Balb/c Nude 
mice (29 female mice aged 5–6 weeks) obtained from 
the SPF-vivarium of the Institute of Cytology and 
Genetics, SB of RAS (Novosibirsk). The animals 
were kept in the SPF vivarium at the National Medical 
Research Center for Oncology. The animals were 
housed in the IVC system (Tecniplast, Italy) in a 
room with controlled climate parameters (temperature 
21–26 °C, air humidity 50–60%). The animals had 
free access to food and water which were exposed to 
autoclave sterilization. All manipulations involving 
animals were performed in compliance with the 
Guidelines for the Use of Laboratory Animals.

Subcutaneous PDX models of human CRC were 
created using tumor samples obtained during surgery 
from patients receiving treatment at the Department of 
Abdominal Cancer No.1, National Medical Research 
Center for Oncology, from February to April 2020. 
All patients signed an informed consent to the use of 
biological material.

Subcutaneous PDX models were obtained by 
implanting a fragment of the donor tumor with a 
size of 3 × 3 × 3 mm under the skin of the right thigh 
in recipient animals (n = 5 for a sample obtained 
from one patient). Mice of the same line were used 
for the second, third, and fourth generation models  
(n = 3 for each generation). Implantation was 
performed under injectable anesthesia with Xyla  
(20 mg / kg) and Zoletil-100 (50 mg / kg). The animals 
were euthanized by cervical dislocation.

Subcutaneous xenografts were measured by a 
caliper (Griff, Russia), and their size was calculated 
by the ellipsoid formula: V = a × b × c × π / 6, where 
V is the tumor volume (mm3), and a, b, and c are 
measurements of the ellipsoid in three planes (mm).

Isolated tumor nodules were divided into 3 ×  
3 × 3 mm fragments, placed in a freezing medium 
(80% RPMI 1640, 10% fetal bovine serum, 10% 
dimethyl sulfoxide (DMSO)), and then stored in the 
freezer at –80 °C. Frozen samples were thawed in a 
37 °C water bath. Then the samples were placed in 
a container with the RPMI 1640 medium. After the 
thawing, the tumor fragments were implanted.

The fragments of donor tumors and xenografts were 
fixed in 10% formalin for 24 h and then embedded in 
paraffin. Then the histologic analysis was performed 
according to the standard technique: paraffin blocks 
were prepared, and the microsections were stained 
with hematoxylin and eosin.

Genomic DNA was isolated from PDX using the 
QIAamp DNA Mini Kit (Qiagen, Germany) and the 
QIAcube Connect automated nucleic acid purification 
system (Qiagen, Germany). Mutations in exons 2, 3, 
and 4 in the KRAS and NRAS genes and BRAF V600 
mutations were identified by direct Sanger sequencing 
(AB3500 Genetic Analyzer, Life Technologies, 
USA). Microsatellite instability was determined by 
the fragment analysis (AB3500 Genetic Analyzer, 
Life Technologies, USA) at five loci: Bat-25, Bat-26, 
NR21, NR24, and NR27.

RESULTS
Tumor samples for the PDX model of human CRC 

were obtained from four patients during surgery for 
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Fig. 2. Growth dynamics of PDX-1 thawed after 
cryopreservation, fourth generation (P4)
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colon tumors (sigmoid / transverse colon resection). 
Freshly resected tumor fragments from each patient 
were transported from the operating unit to the SPF 
vivarium in a sterile container with the RPMI 1640 
medium and implanted into immunodeficient Balb/c 

Stable, transplantable PDX models of CRC were 
obtained from two out of four patients. The average 
waiting time from the implantation to the growth of 
the first generation PDX (P1) was 28 days (the range 
of 20–45 days). Engraftment and growth rate of freshly 
implanted tumor fragments varied (Fig. 1).

T a b l e  1

Clinical characteristics of patients and assessment of the results of tumor xenotransplantation into immunodeficient Balb/c Nude mice

Procedure 
number Sampling method Tumor site TNM 

stage Histology Implantation 
results 

Latency phase 
duration. days

PDX-1 Surgical resection Transverse colon T4вN1с M0
Moderately differentiated 

adenocarcinoma 2/5 25 (20–30)

PDX-2 Surgical resection Sigmoid colon T3N1bM0
Moderately differentiated 

adenocarcinoma 3/5 31 (24–45)

PDX-3 Surgical resection Sigmoid colon T3N0M0
Moderately differentiated 

adenocarcinoma 0/5 –

PDX-4 Surgical resection Sigmoid colon T3N1bM0
Moderately differentiated 

adenocarcinoma 0/5 –

Nude mice (n = 5 for a sample taken from one patient) 
within an hour.

Table 1 presents the characteristics of patients and 
the corresponding assessment of xenotransplantation 
results.

Fig. 1. Growth dynamics of the first generation PDX-1 model 
(P1)
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procedure, and stored at –80 °C. After recovery 
of PDX-1 from cryopreservation, two of the three 
samples showed linear growth forming the fourth 
generation (P4) (Fig. 2). 

If xenotransplantation did not result in the growth 
of subcutaneous tumor nodules within 60 days, the 
procedure was regarded as unsatisfactory, and the 
corresponding observations (PDX-3 and PDX-4) 
were stopped. Two successfully implanted PDX 
models (PDX-1 and PDX-2) were serially passaged to 
generate second (P2, n = 3) and third generation (P3, 
n = 3) models.

To assess the effect of cryopreservation on 
engraftment and growth rate, subcutaneous tumor 
nodules of the third generation PDX-1 were isolated, 
fragmented, cryopreserved according to the standard 

The latency phase of the fourth generation PDX-
1 (Р4) after cryopreservation was slightly longer than 
that of the first generation (Р1).

The histologic characteristics of the primary tumor 
were preserved during serial passage, and they were 
reproduced in the fourth generation PDX-1 after 
cryopreservation. The preparations were described 
as moderately differentiated adenocarcinoma (G2). 
The tumor showed necrotic foci with pronounced 
infiltrative growth and areas with high mitotic activity. 
Slight lymphocytic infiltration was determined in the 
preparations obtained from the donor tumor material 
(Fig. 3).

Goncharova A.S., Kolesnikov E.N., Egorov G.Yu. e al. Development and characterization of patient-derived xenograft models
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Molecular and genetic tests showed no mutations 
in exons 2, 3, and 4 in the KRAS and NRAS genes and 
no BRAF V600 mutations. Microsatellite stability was 
also determined both in the sample of the donor tumor 
material and in the corresponding third (P3) and fourth 
generation (P4) PDX models.

DISCUSSION

In this study, we performed four subcutaneous 
implantations of tumor fragments from patients 
with CRC into immunodeficient Balb/c Nude mice, 
resulting in two stable, transplantable PDX-derived 
cell lines, which complied with earlier published 
engraftment-characterizing parameters [7, 8]. 
Successful engraftment of tumor fragments in a 
PDX model is not universal for all types of tumors; 
however, according to the literature, PDX models of 
human CRC have relatively high engraftment rates 
ranging from 50 to 70% [7–9]. 

A. Katsiampoura et al. (2017) demonstrated that 
surgically obtained samples had higher engraftment 
rates compared with biopsy samples, about 70 and 
35%, respectively [8]. In this regard, we chose a 
surgical tumor sampling method to create PDX 
models. In addition, a small size of biopsy samples 
complicates the choice of the implantation site and 
creation of a series of xenografts with simultaneous 
sample duplication for biobanking [10, 11]. The growth 
dynamics of PDX models after cryopreservation 
(P4) showed that the duration of a latency phase was 
generally comparable to that during the creation of the 
first generation PDX model (P1).

We demonstrated the ability of PDX to reproduce 
the morphological features of the disease, namely 
the histotype and grade of the tumor. In addition, the 
study of sequentially created generations P1, P2, P3, 
and P4 allowed to conclude that PDX passaging did 

Fig. 3. Histologic samples of the patient tumor and corresponding PDX models: a – patient tumor; b – first generation PDX model; 
c – fourth generation PDX model (after cryopreservation). Staining with hematoxylin and eosin, ×400

a               b          c

not significantly affect the ability to reproduce the 
histological subtype, at least at early stages of PDX 
creation, which is consistent with the literature data 
[7]. Some researchers demonstrated in larger-scale 
studies that differentiation of donor tumor cells did 
not affect the establishment of the PDX cell line [8]. 

PDX models can reproduce both morphological 
characteristics of tumors and molecular and genetic 
heterogeneity which is a fundamental feature of the 
human disease [12]. We noted in this study that wild-
type KRAS, NRAS, and BRAF genes were preserved 
in serial passaging, and microsatellite stability was 
established in samples of the third generation PDX 
model (P3), which complied with the molecular and 
genetic characteristics of the donor tumor. This makes 
the resulting model suitable for testing both new 
pharmacological substances with a cytotoxic effect 
and monoclonal antibody drugs.

 Other studies have found that clinically significant 
genetic mutations (KRAS, BRAF, and PIK3CA) do 
not affect the development of a PDX model, but the 
authors believe that three genes are not enough to 
fully reproduce the diversity of CRC biology. On 
the contrary, M. Cybulska et al. (2018) in a large-
scale study on the stratification of PDX models of 
human CRC investigated transcriptomic and mutation 
profiles of primary tumors and xenografts derived 
from them using a panel of 409 cancer-associated 
genes. The differences were found in both genetic 
and transcriptomic profiles of donor tumors and PDX 
models, which might result from subclonal evolution 
at an early stage of PDX model development or 
technical errors. In this regard, the authors concluded 
that standardization of the PDX model requires 
taking into account more stable parameters, such as 
the presence of targets and a response to standard 
anticancer therapy [7].
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CONCLUSION

To overcome certain shortcomings associated with 
drug testing on traditional tumor models, we attempted 
to develop and standardize PDX models of human 
CRC to reproduce a wide range of biological and 
clinical properties of human tumors. One of the PDX 
models obtained during the study was characterized 
in terms of growth dynamics, cryopreservation 
tolerance, histologic parameters, and molecular and 
genetic criteria for choosing a treatment strategy.
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ABSTRACT

Aim. To evaluate the role of polymorphisms in adrenoceptor beta 1 (ADRB1) (Arg389Gly, rs1801253) and angio-
tensin-converting enzyme (ACE) (I/D, rs4343) genes in assessing the effectiveness of β-blocker (carvedilol) and 
ACE inhibitor (enalapril) therapy in women with anthracycline-induced cardiotoxicity (AIC) without prior cardio-
vascular diseases (CVD) during 12-month follow-up.

Materials and methods. A total of 82 women (average age 45.0 (42.0; 50.0) years) with AIC and without prior CVD 
were included in the study. Echocardiography was performed and serum levels of NT-proBNP were determined at 
baseline and at 12 months after the enrollment. Gene polymorphisms in ADRB1 and ACE genes were evaluated by 
polymerase chain reaction at baseline.

Results. Carriers of the G/G genotype in the ADRB1 gene and G/G genotype in the ACE (I/D, rs4343) gene showed 
a significant increase in left ventricular ejection fraction (LVEF), a decrease in the size of the left ventricle (LV) 
and left atrium (LA), and a fall in the NT-proBNP level. Carriers of other genotypes had further progression of AIC 
which was manifested through a decrease in LVEF and an increase in the size of LV and LA.   

Conclusion. Evaluation of gene polymorphisms in ADRB1 (Arg389Gly, rs1801253) and ACE (I/D, rs4343) genes 
may be recommended before treatment initiation for AIC in women without prior CVD to determine who will 
benefit from carvedilol and enalapril therapy, as well as to identify a priority group of patients for personalized 
intensification and optimization of treatment for decreasing development of adverse cardiovascular events.

Keywords: anthracycline-induced cardiotoxicity, heart failure, gene polymorphisms, β-blocker, angiotensin-con-
verting enzyme inhibitor
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РЕЗЮМЕ

Цель. Определить роль полиморфизмов генов β1-адренорецептора (ADRB1) (Arg389Gly, rs1801253) и ан-
гиотензинпревращающего фермента (АПФ) (I/D, rs4343) в оценке эффективности терапии β-блокатором 
(карведилолом) и ингибитором АПФ (эналаприлом) у женщин с антрациклин-индуцированной кардиоток-
сичностью (АИК) и без сопутствующих сердечно-сосудистых заболеваний (ССЗ) в течение 12-месячного 
периода наблюдения.

Материалы и методы. В исследование включены 82 женщины в возрасте 45,0 (42,0; 50,0) лет с АИК и без 
ССЗ в анамнезе. Эхокардиографию и определение уровня NT-proBNP в сыворотке крови выполняли исход-
но и через 12 мес после включения в исследование. Оценку полиморфизмов генов ADRB1 и ACE проводили 
с помощью полимеразной цепной реакции исходно.

Результаты. У носителей генотипа G/G гена ADRB1 и генотипа G/G гена ACE (I/D, rs4343) диагностиро-
вано значительное увеличение фракции выброса левого желудочка (ФВ ЛЖ), уменьшение размеров ЛЖ 
и левого предсердия (ЛП), а также снижение уровней NT-proBNP. У носителей других генотипов наблю-
далось дальнейшее прогрессирование АИК, что проявлялось снижением ФВ ЛЖ и увеличением размеров 
ЛЖ и ЛП.

Заключение. Оценка полиморфизмов генов ADRB1 (Arg389Gly, rs1801253) и ACE (I/D, rs4343) может быть 
рекомендована до начала лечения АИК у женщин без ССЗ в анамнезе, чтобы определить, какие больные 
будут иметь преимущества от терапии карведилолом и эналаприлом, а также выделить приоритетную 
группу больных для персонифицированной интенсификации и оптимизации лечения с целью уменьшения 
развития неблагоприятных сердечно-сосудистых событий.

Ключевые слова: антрациклин-индуцированная кардиотоксичность, сердечная недостаточность, поли-
морфизмы генов, β-адреноблокатор, ингибитор ангиотензинпревращающего фермента
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INTRODUCTION
Anthracyclines are an important component 

of many chemotherapy regimens, but their use is 
associated with an increased risk of developing 
cardiotoxicity and heart failure (HF) [1]. As a result of 
the growing number of cancer survivors, the incidence 
of anthracycline-induced cardiotoxicity (AIC) is 
also increasing. However, neither optimal primary 
preventive strategies nor AIC-specific therapies have 
been developed for these patients [2]. Subclinical 
myocardial cell injury induced by anthracyclines is 
followed by asymptomatic left-sided heart failure 
and symptomatic HF, which can lead to irreversible 
cardiomyopathy. Although early AIC that develops 
in the first 12 months is often reversible, the late one 
involves a number of injuries that result in irreversible 
changes [3].

 Treatment for patients with AIC currently includes 
standard therapies for congestive heart failure (HF) 
with ACE inhibitors, beta-blockers, and loop diuretics 
[4]. Enalapril and carvedilol are some of the main drugs 
for AIC treatment that appear effective in reducing 
the rates of left ventricular systolic dysfunction and 
preventing left ventricular ejection fraction (LVEF) 
decline in patients with AIC [2, 5, 6]. However, not 
all patients respond to therapy with these drugs. There 
are responders that have an increase in LVEF after 
the onset of congestive HF and non-responders that 
have no increase or even a decrease in LVEF despite 
receiving optimal drug therapy [7]. Genetic factors 
may be crucial in a patient’s response to treatment and 
may help identify a subset of HP patients with AIC 
who might benefit from personalized intensification 
and optimization of treatment in order to reduce the 
development of adverse cardiovascular events [8].

Therefore, the aim of the study was to evaluate 
the role of polymorphisms in beta1-adrenoceptor 
(ADRB1) (Arg389Gly, rs1801253) and angiotensin-
converting enzyme (ACE) (I/D, rs4343) genes in 
assessing the effectiveness of β-blocker (carvedilol) 
and ACE inhibitor (enalapril) therapy in women 
with anthracycline-induced cardiotoxicity (AIC) and 
without concomitant cardiovascular diseases (CVD) 
during a 12-month follow-up period.

MATERIALS AND METHODS

The study was conducted in accordance with the 
Declaration of Helsinki and was approved by the local 
Ethics Committee at Cardiology Research Institute, 
Tomsk National Research Medical Center. All 

patients signed an informed consent to participate in  
the study.

The study was prospective, observational, and 
single-center. A total of 82 women with AIC which 
developed 12 months after chemotherapy were enrolled 
in the study from February 2019 to February 2020.

Inclusion criteria were the following: 1) women 
with breast cancer who did not have a history of 
cardiovascular diseases and who developed AIC; 
2) cancer treatment they received was either a 
combination of doxorubicin and cyclophosphamide 
(AC regimen), or a combination of doxorubicin, 
cyclophosphamide, and docetaxel (TAC regimen); 
3) NT-proBNP levels ≥ 125 pg / ml; 4) breast cancer 
remission.

Criteria for the development of AIC included 
reduction of LVEF by ≥ 10 points from the baseline 
value or LVEF value of less than 55% with symptoms 
of HF and NT-proBNP levels ≥ 125 pg / ml 12 months 
after chemotherapy.

Exclusion criteria were the following: 1) type 
1 and 2 diabetes mellitus; 2) coronary heart 
disease; 3) hypertension; 4) valve defects and prior 
cardiomyopathies of any etiology; 5) HF with an 
alternative cause of manifestation (severe lung 
diseases, primary pulmonary hypertension, anemia, 
body mass index > 50 kg / m2); 6) previous treatment 
with any cardiovascular drugs, including ACE 
inhibitors and β-blockers; 7) concomitant severe 
renal or hepatic failure, or multiple organ dysfunction 
syndrome; 8) indications of poor drug tolerance; 9) 
chronic alcoholism or mental disorders; 10) ovarian 
pathology or hormonal imbalance.

Blood samples were obtained by venipuncture and 
adequate serum samples after centrifugation were 
stored at −24 °C with one freeze – thaw cycle. The 
serum levels of NT-proBNP were determined using 
an enzyme-linked immunosorbent assay (Biomedica 
Immunoassays, Austria).

Buccal epithelium was taken to determine gene 
polymorphisms. DNA was isolated from buccal 
epithelial cells using phenol - chloroform extraction. 
Genotyping of the ADRB1 gene (polymorphism 
Arg389Gly, rs1801253) and I/D of the ACE gene (I/D, 
rs4343) was carried out by the real-time polymerase 
chain reaction.

The Hardy – Weinberg equilibrium was used to 
monitor genotyping results, testing was conducted 
using an online program on the website of the Institute 
of Human Genetics (http://ihg2.helmholtz-muenchen.
de/cgi-bin/hw/hwa1.pl).
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All patients received β-blocker (carvedilol) and 
ACE inhibitor (enalapril) therapies as AIC treatment. 
Drugs were titrated to the maximum tolerated dose. 
Given the fact that study participants were women 
without a history of cardiovascular diseases, the 
average up-titrated dose of carvedilol was 50 (25; 50) 
mg / day and that of enalapril was 10 (10; 20) mg / day.

An unfavorable course of AIC was defined 
as new or aggravating symptoms / signs of HF, 
reduction of LVEF by more than 5% 12 months after 
treatment initiation, or an increase in New York Heart 
Association (NYHA) class by 1 or more functional 
classes. Patients who did not meet these criteria had a 
favorable course of AIC.

Statistical processing of the results was carried out 
using Statistica 10.0 R software package version 2. 
Data were presented as the median and the interquartile 
range Me (Q25; Q75). To test statistical hypotheses, the 
Mann – Whitney test was used to analyze quantitative 
variables when comparing two groups. In the analysis 
of qualitative characteristics, the contingency tables 
were analyzed using the Pearson’s χ2 test. If there 
were cells with an expected frequency of less than 5, 
then the two-sided Fisher’s exact test or the Yates’s 
correction was applied (for 2 × 2 tables). Odds ratios 
(OR) for gene polymorphisms were determined using 
logistic regression models. All p values were two-
tailed. The differences were considered statistically 
significant at p value of 0.05 or less. Power calculation 
for the gene polymorphism test was 72.6%. 

RESULTS
Initially, we examined a total of 303 women 

aged 45.0 (42.0; 50.0) years with breast cancer and 
without cardiovascular diseases and cardiovascular 
risk factors (LVEF of 67.0 (62; 70) %), who received 
chemotherapy. The cumulative dose of doxorubicin 
was 300–360 mg / m2. 12 months after chemotherapy, 
82 patients developed symptoms of HF (NYHA FC 
I0III) and had reduction of LVEF by 25.2%:  from 
65.5 (61; 70) to 49 (47; 52) %. These patients were 
included in the study, and for the treatment of AIC, 
they were prescribed carvedilol and enalapril at the 
maximum tolerated doses. 

All patients were examined after 12 months of 
treatment and were divided into two groups: group 1 
(n = 31) included patients with an unfavorable course 
of AIC, group 2 (n = 51) consisted of patients with a 
favorable course of the disease. Baseline demographic 
and clinical characteristics did not differ between 
the groups (Table 1). Baseline echocardiography 

parameters were also the same in both groups. 
However, 12 months after treatment initiation, in 
group 1, LVEF significantly (p < 0.001) decreased by 
10.0% from 50 (47; 53) to 45 (44; 49) %; end-systolic 
diameter (ESD) increased by 3.0% (p = 0.037), end-
diastolic diameter (EDD) rose by 4.0% (p = 0.001), 
left atrial (LA) size increased by 3.2% (p = 0.001), 
and 6-minute walk test (6MWT) distance decreased  
(p = 0.046) by 5.4%. In group 2, LVEF significantly  
(p = 0.005) increased by 6% from 49 (46; 51) to  
52 (47; 55) %; the levels of NT-proBNP decreased  
by 22.5% (p < 0.001), and 6MWT distance increased 
(p = 0.011) by 11.6% (Table 2).

The presence of the C/G genotype in ADRB1 
rs1801253 (odds ratio (OR) = 2.01; p = 0.004) and the 
A/A genotype in ACE rs4343 (OR = 4.21; p = 0.003) 
was associated with further reduction of LVEF and 
progression of HF symptoms despite the therapy. The 
G/G genotype in the ADRB1 rs1801253 gene (OR = 
0.55; p < 0.001) and the G/G genotype in the ACE 
rs4343 gene (OR = 0.65; p = 0.001) were significantly 
associated with the improvement in HF symptoms and 
an increase in LVEF by 6%. Thus, patients with these 
genotypes may benefit from β-blocker (carvedilol) and 
ACE inhibitor (enalapril) therapy for AIC (Table 3).

No differences in echocardiography parameters and 
NT-proBNP levels were found at baseline and after 12 
months of follow-up depending on NYHA functional 
class. The dynamics of the echocardiography 
parameters, NT-proBNP levels, and 6MWT distance 
during the follow-up were analyzed depending on 
polymorphisms in ADRB1 (Arg389Gly, rs1801253) 
and ACE (I/D, rs4343) genes (Table 4). Women with 
the G/G genotype in the ADRB1 gene (Arg389Gly, 
rs1801253) had the absolute benefit from carvedilol 
and enalapril therapies. In these patients, LVEF 
significantly (p < 0.001) increased by 10.7% from  
50 (48; 51) to 56 (53; 57) %, ESD and EDD 
decreased by 5.8 (p < 0.001) and 6.0% (p < 0.001), 
respectively; LA size decreased by 9.7% (p < 0.001), 
6MWT distance increased (p = 0.008) by 4.7%, and  
NT-proBNP decreased by 34.8% (p < 0.001). In 
carriers of the C/C and C/G genotypes, HF progressed 
further, which was manifested through a decrease in 
LVEF and an increase in LV and LA dimensions.

Women with the G/G genotype in the ACE (I/D, 
rs4343) gene benefited from carvedilol and enalapril 
therapies as well. In these patients, LVEF significantly 
(p = 0.002) increased by 7% from 50.5 (47; 51) to 54 
(50; 57) %, ESD and EDD decreased by 5.3 (p = 0.007) 
and 3.0% (p = 0.038), respectively; LA size decreased 
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by 3.3% (p = 0.012), and NT-proBNP decreased by 
20.4% (p = 0.007). In carriers of the A/A genotype, 
HF progressed further, which was manifested 
through a decrease in LVEF and an increase in LV 
dimensions, however, NT-proBNP levels tended 

to decrease by 20% (p = 0.052). Echocardiography 
parameters in patients with the A/G genotype in the 
ACE (I/D, rs4343) gene did not change, but NT-
proBNP levels significantly decreased by 19.6%  
(p < 0.001). 

T a b l e  1

Clinical and demographic characteristics of patients at the time of inclusion in the study
Parameters Group 1, n = 31 Group 2, n = 51 p

Age, years, Me (Q 25; Q 75) 50 (47; 52) 48 (45; 50) 0.066
Body mass index, kg / m2, Me (Q25; Q75) 23.7 (21.3; 26.2) 24.3 (21; 26.3) 0.601
Heart rate, bpm, Me (Q 25; Q 75) 75 (68; 83) 75 (69; 81) 0.825
Systolic blood pressure, mm Hg,  Me (Q25; Q75) 115 (110; 120) 115 (110; 120) 0.744
Diastolic blood pressure, mm Hg, Me (Q25; Q75) 70 (70; 80) 75 (70; 80) 0.012
NYHA Class
Class I, n (%)
Class II, n (%)
Class III, n (%)

16 (51.6)
13 (41.9)
2 (6.5)

26 (50.9)
20 (39.1)
5 (9.8)

0.987
0.675
0.423

Smoking, n (%) 5 (16.1) 8 (15.7) 0.143
COPD, n (%) 4 (12.9) 7 (13.7) 0.981
Childbearing potential, n (%) 10 (32.2) 18 (35.3) 0.877
Menopause, n (%) 21 (67.8) 33 (64.7) 0.191
GFR, ml / min / m2, Me (Q 25; Q 75) 89 (78; 96) 88 (76; 98) 0.876
Six-minute walk test distance, m, Me (Q25; Q75) 426 (349; 482) 426 (359; 472) 0.601
Total cholesterol, mg / dl, Me (Q 25; Q 75) 93.6 (83.7; 102.6) 94.5 (84.6; 102.6) 0.882

LDL, mg / dl, Me (Q 25; Q 75) 43.2 (39.6; 50.4) 43.2 (39.6; 50.5) 0.475

HDL, mg / dl, Me (Q 25; Q 75) 41.44 (36.0; 42.2) 39.6 (36.0; 43.2) 0.323

Glucose, mmol / l, Me (Q 25; Q 75) 5.3 (4.2; 6.1) 5.4 (4.1; 6.0) 0.541

Hemoglobin, g / l, Me (Q 25; Q 75) 109.5 (100; 117) 109.5 (99; 117,5) 0.798

NT-proBNP, pmol / ml, Me (Q 25; Q 75) 353.9 (265.4; 412.5) 317 (253; 372.9) 0.163

Note :  GFR – glomerular filtration rate (CKD-EPI); HDL – high density lipoproteins; LDL – low density lipoproteins.

T a b l e  2

Dynamics of echocardiography parameters, NT-proBNP levels, and 6-minute walk test distance  
during the follow-up period  Me (Q25; Q75)

Parameters
Before chemotherapy

p

12 months after chemotherapy 
(before carvedilol and enalapril 

treatment initiation ) p

12 months after carvedilol and 
enalapril treatment initiation

p
Group 1, 
n = 31

Group 2, 
n = 51

Group 1, 
n = 31

Group 2, 
n = 51

Group 1, 
n = 31

Group 2,
 n = 51

LVEF, % 67 (63; 70) 65 (60; 69) 0.119 50 (47; 53) 49 (46; 51) 0.117 45 (44; 49)# 52 (47; 55)# <0.001
LA, mm 28 (26; 31) 28 (25.5; 31) 31 (29; 33) 31 (28; 32) 0.064 32 (30; 34)# 29 (27; 30)# <0.001
EDD, mm 41 (39; 44) 42 (40; 44) 0.396 48 (45; 51) 50 (46; 51) 0.252 50 (48; 52)# 48 (47; 50) 0.005
ESD, mm 30 (27; 32) 29 (27; 30) 0.336 37 (34; 39) 36 (32; 38) 0.191 38 (37; 39)# 35 (32; 37) <0.001
NT-proBNP, 
pg/ml 

52.7 
(45.9; 60.8)

51.1 
(45; 61.9) 0.775 353.9

 (265.4; 412.5)
317 

(253; 372.9) 0.163 314.5 
(259.3; 357.8)

245.6 
(211.9; 276.8)# <0.001

6-MWT 
distance, m 576 (552; 592) 575 (560; 589) 0.924 426 (349; 482) 426 (359; 472) 0.149 403 (341; 436)# 482 (375; 476)# 0.008

Note :  here and in Table 4: 6-MWT – 6-minute walk test; LVEF – left ventricular ejection fraction; LA – left atrium; EDD – end-diastolic diameter; 
ESD – end-systolic diameter; NT-proBNP – N-terminal pro-B-type natriuretic peptide; # – statistically significant differences in comparison with 
the baseline levels.
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T a b l e  3

The frequency of genotypes, n, %, and odds ratio
Gene Genotype Group 1, n = 31 Group 2, n = 51 OR 95% confidence interval (CI) χ2 p

ADRB1 (Arg389Gly, 
rs1801253) 

С/С 10 (32.3) 11 (21.6) 0.98 0.87–1.12 1.16 0.282
C/G 21 (67.7) 18 (35.3) 2.01 1.91–2.27 8.13 0.004
G/G 0 (0.0) 22 (43.1) 0.55 0.18–1.11 18.27 <0.001

ACE 
(I/D, rs4343)

A/A 16 (51.5) 10 (19.6) 4.21 2.89–11.54 9.12 0.003
A/G 14 (45.3) 24 (47.1) 0.98 0.9–1.13 0.04 0.867
G/G 1 (3.2) 17 (33.3) 0.65 0.38–1.43 10.20 0.001

T a b l e  4

Dynamics of echocardiography parameters, NT-proBNP levels, and 6-minute walk test distance during the follow-up period 
depending on gene polymorphisms in ADRB1 (Arg389Gly, rs1801253) and ACE (I/D, rs4343) genes, Me (Q25; Q75)

Parameters 

12 months after chemotherapy
 (before carvedilol and enalapril treatment initiation)

p

12 months after carvedilol and enalapril treatment 
initiation

pADRB1 (Arg389Gly, rs1801253) ADRB1 (Arg389Gly, rs1801253)
С/С, n = 21 С/G, n = 39 G/G, n = 22 С/С, n = 21 С/G, n = 39 G/G, n = 22

LVEF, % 49 (47; 51) 49 (46; 53) 50 (48; 51) 0.859 48 (45; 49)# 46 (44; 49)# 56 (53; 57)# <0.001
LA, mm 30 (29; 33) 31 (28; 33) 31 (29; 32) 0.431 31 (30; 33)# 31 (29; 33) 28 (27; 30)# <0.001
EDD, mm 49 (45; 50) 48 (46; 52) 50 (48; 51) 0.377 49 (48; 51)# 48 (46; 52)# 47 (46; 48)# <0.001
ESD, mm 35 (33; 38) 37 (33; 39) 34 (32; 37) 0.335 37 (35; 38)# 37 (36; 39)# 32 (31; 34)# <0.001
NT-proBNP, 
pg/ml

324.8  
(285.7; 394.7)

318.9  
(259.7; 381.8)

327.5  
(260.1; 387.5) 0.976 311.7  

(248.9; 350.9)
276.8  

(242.8; 337.8)#
213.55 

(195.3; 256.7)# <0.001

6-MWT 
distance, m 426 (359; 445) 433 (348; 488) 423 (364; 467) 0.667 403  

(350; 418)# 430 (345; 476) 444 (402; 476)# 0.038

ACE (I/D, rs4343)
p

ACE (I/D, rs4343)
p

A/A, n = 26 A/G, n = 38 G/G, n = 18 A/A, n = 26 A/G, n = 38 G/G, n = 18
LVEF, % 52 (47; 53) 48.5 (46; 51) 50.5 (47; 51) 0.052 48 (45; 50)# 47 (45; 51) 54 (50; 57)# 0.002
LA, mm 29 (27; 32) 31 (29; 33) 30 (29; 32) 0.125 32 (29; 33)# 32 (29; 33) 29 (27; 30)# 0.031
EDD, mm 49.5 (45; 50) 48 (46; 50) 50 (49; 52) 0.192 50 (48; 52)# 48 (47; 50) 48.5 (47; 50)# 0.116
ESD, mm 35.5 (33; 37) 36 (33; 39) 38 (34; 40) 0.237 37 (35; 38)# 36 (33; 38) 36 (32; 37)# 0.341
NT-proBNP, 
pg/ml

359.5  
(265.4; 421.5)

321.1  
(259.7; 387.5)

314.1  
(279.6; 372.9) 0.678 287.6  

(245.6; 350.9)
258  

(214.7; 314.5)#
249.9 

(195.3; 267.8)# 0.035

6-MWT  
distance, m 397 (335; 450) 433.5  

(358; 482) 426 (378; 473) 0.252 397 (335; 432) 413.5  
(376; 474) 449 (421; 487) 0.015

DISCUSSION 
AIC largely develops due to doxorubicin-induced 

free radical formation through mitochondrial redox 
cycling of doxorubicin in cardiomyocytes, which 
ultimately leads to LV dysfunction and in the most 
severe cases – to irreversible congestive HF [4]. The 
clinical implications of this cardiotoxicity become 
more important with the increasing use of cardiotoxic 
drugs [9] and the growing number of cancer survivors, 
which leads to an increase in the incidence of AIC 
[3]. However, the optimal strategy for preventing 
and managing AIC requires further research. Various 
groups of drugs for AIC treatment and prevention 
are currently being investigated. ACE inhibitors 
and β-blockers slow down the progression of LV 
dysfunction in HF, but their effectiveness in AIC 
treatment is still controversial.

Oxidative stress as the main mechanism for 
the development and progression of AIC may also 
contribute to contractile LV dysfunction, cardiac 
remodeling, lethal arrhythmias, and sudden cardiac 
death. Several medications are known to have 
antioxidant effects, including some ACE inhibitors 
and β-blockers. Carvedilol is a non‐selective 
β-blocker with antioxidant properties [10]. The results 
obtained in several studies indicate that carvedilol has 
a protective effect for primary prevention of AIC [2] 
and may inhibit its development even at low doses 
[11]. However, the CECCY (Carvedilol Effect in 
Preventing Chemotherapy Induced Cardiotoxicity) 
trial randomized 200 patients with breast cancer, who 
were to receive anthracyclines (doxorubicin 240 mg 
/ m2), to receive either carvedilol therapy or placebo 
for primary prevention. At 6 months, no difference 
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was found (carvedilol cohort = 14.5% vs. placebo = 
13.5%; p = 1.0) in the frequency of AIC between the 
groups [12]. 

M. Guglin et al. studied 468 women with HER2-
positive breast cancer receiving trastuzumab. The 
women were randomized to receive treatment with 
lisinopril, carvedilol, or placebo. No significant 
difference was found in the primary endpoint of AIC 
development (32% in the placebo group, 29% in the 
carvedilol group, and 30% in the lisinopril group) 
[13].

ACE inhibitors, such as enalapril, are another 
group of drugs with an antioxidant effect considered 
for AIC treatment and prevention. It was found that in 
patients with increased risk of AIC, defined by elevated 
troponin I values, early treatment with enalapril could 
prevent the development and progression of late 
cardiotoxicity [14]. In another study that investigated 
enalapril and candesartan against placebo, enalapril 
appeared to decrease the LV end-systolic wall stress, 
although it did not improve the maximum cardiac 
index according to exercise echocardiography [15]. 

D. Cardinale et al. showed that patients who 
were randomized to receive enalapril for primary 
prevention had lower incidence of cardiac events 
compared with the control group (p < 0.001) [16]. 
The randomized OVERCOME (Prevention of Left 
Ventricular Dysfunction with Enalapril and Carvedilol 
in Patients Submitted to Intensive Chemotherapy 
for the Treatment of Malignant Hemopathies) trial 
showed that combination therapy prevented LVEF 
reduction compared with the control group at 6 months  
(p = 0.035), but there was no difference in serious 
adverse events between the groups [17].

Based on all of the above, enalapril and carvedilol 
are among the main drugs for AIC treatment that 
appear effective in reducing the incidence rates of 
left ventricular systolic dysfunction and preventing 
reduction of LVEF in patients with AIC [2, 5]. 
However, not all patients respond to therapy with 
these drugs. There are responders that have an 
increase in LVEF after therapy initiation and non-
responders in whom LVEF does not increase, but 
sometimes even decreases, despite optimal drug 
therapy [6]. Authors point out several reasons why 
some patients may not respond to therapy. Firstly, it 
may depend on the irreversibility of damage in AIC. 
Early type I toxicity is often reversible, late type II 
toxicity involves an injury cascade that leads to almost 
irreversible changes [3]. Since most studies include 
patients with early AIC, the benefits of carvedilol and 

enalapril for patients with type II AIC have not been 
established yet [12–14, 17]. Secondly, genetic factors 
may be crucial in a patient’s response to treatment 
and may help identify a subset of HP patients 
with AIC who might benefit from personalized 
intensification and optimization of treatment in order 
to reduce the development of adverse cardiovascular  
events [7, 18].

This study assessed the impact of genetic factors 
(polymorphisms in the ADRB1 gene (Arg389Gly, 
rs1801253) and ACE gene (I/D, rs4343)) on the 
effectiveness of β-blocker (carvedilol) and ACE 
inhibitor (enalapril) therapy in women with AIC 
and without prior cardiovascular diseases during 
a 12-month follow-up period. Beta-1 adrenergic 
receptors (AR) play a pivotal role in the regulation 
of the cardiovascular system. Changes in expression 
or properties of the beta-1 adrenoceptors may 
have phenotypic consequences affecting their 
cardiovascular or metabolic function or may contribute 
to the pathophysiology of disorders like hypertension, 
congestive HF, asthma or obesity [19]. Thus, assessing 
the beta-1 adrenoceptor genotype, may help predict 
responsiveness to β-blocker treatment in patients with 
ischemic HF: patients homozygous for the Arg389 
beta-1-AR polymorphism should be good responders 
while patients homozygous for the Gly389 beta-1-AR 
polymorphism should be poor responders or non-
responders [20, 21].

 L.M. Baudhuin et al. showed that carriers of the 
G/G genotype should receive an increased dose of the 
drug to achieve a therapeutic effect in HF treatment 
[22]. Another study found no relationship between 
the genotypes of the Arg389Gly polymorphism in 
the ADRB1 gene and the effectiveness of carvedilol 
therapy in 183 HF patients with ischemic or non-
ischemic cardiomyopathy, and LVEF ≤ 35% [23]. The 
C/C genotype is associated with a significantly greater 
increase in LVEF during carvedilol therapy in patients 
with HF of non-ischemic etiology compared with 
the C/G or G/G genotypes in the ADRB1 gene [24]. 
These differences in the pharmacogenetic efficacy of 
carvedilol in assessing the Arg389Gly polymorphism 
in the ADRB1 gene in different studies indicate the 
need for further research. A combined assessment 
with the CYP2D6 polymorphism, which affects the 
pharmacokinetic effects of the drug [25] and the 
dosage regimen of the drug, is also promising, even 
though R. Shihmanter et al. revealed that variations 
in the CYP2D6 genotype were not associated with a 
change in the carvedilol dose in HF patients [26].
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In this study, we evaluated the impact of the 
Arg389Gly polymorphism in the ADRB1 gene on 
the pharmacodynamic effects of carvedilol. Thus, 
women with the G/G genotype in the ADRB1 gene 
(Arg389Gly, rs1801253) had the absolute benefit from 
carvedilol and enalapril therapies. In these patients, 
LVEF significantly (p < 0.001) increased by 10.7%; 
ESD and EDD decreased by 5.8 (p < 0.001) and 
6.0% (p < 0.001), respectively; LA size decreased by 
9.7% (p < 0.001), 6MWT distance increased by 4.7%  
(p = 0.008), and NT-proBNP levels decreased by 
34.8% (p < 0.001). In patients with the C/C and 
C/G genotypes, HF progressed further, which was 
manifested through a decrease in LVEF and an 
increase in LV and LA dimensions. However, we 
found that patients with a further decrease in LVEF 
and progression of HF were rarely carriers of the G/G 
genotype, which does not contradict the literature 
data, according to which the G/G genotype is rare and 
may even be absent in the general population [27]. 
Therefore, there is a need for further observations 
regarding this genotype in patients with AIC. 

In the general population, the ACE gene was 
found to be associated with cardiovascular diseases 
and multiple cardiovascular risk factors, although 
some studies did not reveal such associations [28]. 
Polymorphisms in the ACE gene are associated with 
a response to ACE inhibitor therapy, but researchers 
have not reached consensus as to which allele has a 
more pronounced effect. In this study, we established 
for the first time that women with the G/G genotype 
in the ACE gene (I/D, rs4343) benefited from 
carvedilol and enalapril therapies. In these patients, 
LVEF significantly (p = 0.002) increased by 7%, 
ESD and EDD decreased by 5.3 (p = 0.007) and 3.0%  
(p = 0.038), respectively; LA size decreased by 3.3% 
(p = 0.012), and NT-proBNP levels decreased by 
20.4% (p = 0.007). Carriers of the A/A genotype had 
further progression of HF which manifested through a 
decrease in LVEF and an increase in LV dimensions, 
but NT-proBNP levels tended to decrease by 20%  
(p = 0.052). Echocardiography parameters in carriers 
of the A/G genotype in the ACE gene (I/D, rs4343) 
did not change, but NT-proBNP levels significantly 
decreased by 19.6% (p < 0.001), which was probably 
due to concomitant β-blocker therapy.  

It should be noted that our data do not suggest 
that β -blocker and ACE inhibitor therapy should be 
withheld only when genetic analysis is not favorable. 
However, evaluating these genes may help identify a 
subset of HP patients with AIC and LV dysfunction 

who might benefit from personalized intensification 
and optimization of treatment in order to reduce the 
development of adverse cardiovascular events.  

CONCLUSION
Our data suggest that evaluation of ADRB1 

(Arg389Gly, rs1801253) and ACE gene (I/D, rs4343) 
polymorphisms may be recommended prior to the 
initiation of AIC treatment in women without known 
history of CVDs to determine patients with AIC and 
left ventricular dysfunction who will benefit from 
intensification and optimization of treatment to reduce 
the development of adverse cardiovascular events. 
Carriers of the G/G genotypes in the ADRB1 and ACE 
genes (I/D, rs4343) benefited from carvedilol and 
enalapril therapy.

RESEARCH LIMITATIONS
The main limitations of the study included the 

small sample of patients, short-term follow-up, and 
the absence of hard endpoints. Further studies are 
required to clarify the role of the ADRB1 (Arg389Gly, 
rs1801253) and ACE genes (I/D, rs4343) in assessing 
the effectiveness of beta-adrenoceptor (carvedilol) and 
ACE inhibitor (enalapril) therapy in women with AIC.
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ABSTRACT

Aim. To assess external respiration (ER) and its relationship with the activity of enzymes involved in purine 
metabolism in patients with acute and chronic forms of pulmonary tuberculosis (TB). 

Materials and methods. In patients with acute and chronic TB, we assessed the activity of adenosine deaminase 
(ADA)-1, 2 in the blood serum (eADA), mononuclear cells, and neutrophils, the concentration of ecto-5’-
nucleotidase (eNT5E) in the blood serum, the level of CD26 (dipeptidyl peptidase-4, DPPIV) in the blood serum 
and mononuclear cells, production of reactive oxygen intermediates (ROI) and reactive nitrogen intermediates 
(RNI) in mononuclear cells and neutrophils, as well as parameters of ER. 

Results. Patients with TB were found to have an increase in the concentration of eNT5E and eADA-2 activity in 
the blood serum, stimulated production of ROI in neutrophils, a decrease in the concentration of DPPIV (CD26) 
in mononuclear cells, and a fall in the production of RNI in mononuclear cells and neutrophils. In patients with 
chronic TB, a decrease in the activity of ADA-1 in mononuclear cells and a fall in the concentration of DPPIV 
(CD26) in the blood serum were noted. In patients with acute TB, a decrease in the activity of eADA-1 in the blood 
serum and ADA-1 in neutrophils, reduced production of ROI in mononuclear cells, and an increase in spontaneous 
production of ROI in neutrophils were revealed. Correlations were found between the parameters of ER and the 
concentration of eNT5E in the blood serum, spontaneous production of ROI in mononuclear cells and production 
of RNI in neutrophils in chronic TB, as well as between eADA-2 in the blood serum, ADA-1 in neutrophils, DPPIV 
(CD26) activity in mononuclear cells, and ROI and RNI production in mononuclear cells and neutrophils. 

Conclusion. The data obtained make it possible to associate regulation of external respiration with parameters of 
purine metabolism, in particular with the concentration and activity of enzymes responsible for generation and 
metabolism of adenosine, that determine its level outside cells and inside mononuclear cells and neutrophils, with 
expression of cofactor molecules, as well as with the duration of activation of cells in innate immunity, neutrophils, 
and monocytes/ macrophages, determined largely by the potential of adenosine regulation.
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РЕЗЮМЕ

Цель. Оценить функцию внешнего дыхания и ее связь с активностью воспаления и активностью фермен-
тов пуринового метаболизма у больных  острой и хронической формой туберкулеза легких (ТЛ). 

Материалы и методы. У больных острой (ОФТЛ) и хронической формой ТЛ (ХФТЛ) оценивали актив-
ность аденозиндезаминазы (ADA-1, 2) в сыворотке крови (eADA), мононуклеарах и нейтрофилах, кон-
центрацию экто-5'-нуклеотидазы (eNT5E) в сыворотке крови, CD26 (дипептидилпептидазы-4, DPPIV) в 
сыворотке крови и мононуклеарах, продукцию активных форм кислорода (АФК) и азота (АФА) в монону-
клеарах и нейтрофилах, функцию внешнего дыхания (ФВД).

Результаты. У больных ТЛ выявлено: увеличение концентрации eNT5E и активности eADA-2 в сыворотке 
крови, стимулированной продукции АФК нейтрофилами; снижение концентрации DPPIV (CD26) в моно-
нуклеарах, продукции АФА мононуклеарами и нейтрофилами; при ХФТЛ снижение активности ADA-1 в 
мононуклеарах и концентрации DPPIV (CD26) в сыворотке крови; при ОФТЛ снижение активности eADA-
1 в сыворотке крови, ADA-1 в нейтрофилах, продукции АФК мононуклеарами и увеличение спонтанной 
продукции АФК нейтрофилами. Выявлены корреляции между параметрами ФВД и концентрацией eNT5E 
в сыворотке крови, спонтанной продукцией АФК мононуклеарами, АФА нейтрофилами при ХФТЛ; актив-
ностью eADA-2 в сыворотке крови, ADA-1 в нейтрофилах, DPPIV (CD26) в мононуклеарах, продукцией 
АФК и АФА мононуклеарами и нейтрофилами. 

Заключение. Полученные данные позволяют связать регуляцию внешнего дыхания с показателями пу-
ринергического обмена, в частности с концентрацией и активностью ферментов, ответственных за об-
разование и метаболизм аденозина, определяющих его уровень вне клеток и внутри мононуклеаров и 
нейтрофилов, с экспрессией кофакторных молекул, а также с длительностью активации клеток врожден-
ного иммунитета, нейтрофилов и моноцитов/макрофагов, определяемой в значительной степени возмож-
ностями аденозиновой регуляции. 

Ключевые слова: пуриновый метаболизм, воспаление, туберкулез легких, функция внешнего дыхания
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INTRODUCTION

One third of the world’s population is infected with 
Mycobacterium tuberculosis (Mtb), and 10 million 
new cases of tuberculosis are registered annually [1–
3]. In pulmonary tuberculosis (TB), granulomatous 
inflammation emerges, supported by a complex 
cascade of inflammatory signaling molecules – 
cytokines and autacoids, such as the purine nucleoside 
adenosine. Adenosine (ADO) regulates the activity, 
volume, duration, and resolution of the inflammatory 
response by changing the metabolism of involved cells 
through the activation of specific receptors (ADORA 
A1, A2A, A2B, A3), which are widely present on body 
cells [4]. 

ADO has been shown to have anti-inflammatory 
and tissue protective effects in acute inflammation, 
in particular, lung injury [5–7]. However, in chronic 
lung injury, ADO enhances proinflammatory and 
profibrotic processes [8].

During inflammation, ischemia, and cell death, 
the concentration of extracellular ADO increases. 
Stressed cells release adenosine triphosphate (ATP), 
which is gradually dephosphorylated to ADO by 
coordinated activity of ecto-nucleotidase, mainly 
ectonucleoside triphosphate diphosphohydrolase 
1 (CD39, E-NTPDase1) and ecto-5’-nucleotidase 
(CD73, eNT5E). Extra- and intracellular ADO is 
deaminated by adenosine deaminase (ADA) or is 
transformed into adenosine monophosphate by the 
enzyme adenosine kinase [9].

ADA isoenzymes (ADA-1 and ADA-2) are key 
enzymes in purine rescue pathways and are essential 
in the regulation of purine metabolism [10]. ADA-
1 is localized not only in the cytosol and nucleus of 
cells, but is also present as an “ecto” form on the cell 
membrane, where it forms complexes with dipeptidyl 
peptidase IV (CD26) and / or adenosine receptors A1 
and A2B [11].

ADA-2 is localized mainly in the extracellular 
space, predominating in the blood serum. The main 
source of ADA-2 is macrophages / monocytes, in 
which both isoforms, ADA-1 and ADA-2, coexist 

[12]. With physiological concentrations of ADO, the 
catalytic activity of ADA-2 is close to zero; however, 
this isoform is effective for deamination at elevated 
levels of adenosine in a slightly acidic environment, 
for example, during hypoxia [13].

Since the purinergic regulation by ATP and ADO 
affects the functional state of cells in the respiratory 
and immune systems, the study of the molecular 
mechanisms of inflammation in the lung tissue can 
help understanding the pathogenesis of lung damage 
in patients with pulmonary TB and indicate new 
targets for targeted therapy, which is necessary to 
improve the effectiveness of treatment for pulmonary 
TB patients. 

The aim of this study was to assess external 
respiration (ER) and its relationship with the activity of 
inflammation and expression and activity of enzymes 
involved in purine metabolism in patients with acute 
and chronic forms of pulmonary TB.

MATERIALS AND METHODS
The study included 60 patients with a verified 

diagnosis of pulmonary TB who were treated in the 
clinic of the St. Petersburg State Research Institute 
of Phthisiopulmonology. The group of patients 
with acute pulmonary TB (APTB) consisted of  
15 patients with newly diagnosed infiltrative pulmonary 
tuberculosis, 6 men and 9 women aged 25.0– 
31.0 years (average age 29.0 years). A group of patients 
with chronic pulmonary TB (CPTB) encompassed  
45 patients with fibrous – cavernous pulmonary TB, 
30 men and 15 women aged 28.0–42.0 years (average 
age 32.0 years). All patients with pulmonary TB 
underwent a comprehensive study of the function of 
external respiration (ER). The exclusion criterion was 
chronic obstructive pulmonary disease. The control 
group (CG) included 20 practically healthy donors 
with comparable characteristics by sex and age.

The groups of patients with pulmonary TB 
significantly differed in the smoking status (smokers / 
non-smokers – 33.3 / 66.7% and 71.4 / 28.6%;  
p = 0.01) and disease duration (disease duration up 
to a year – 100.0 and 17.1%; p = 0.00001). Patients 
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with CPTB smoked 2 times more often and were ill 
for much longer.

Purine metabolism was assessed by the activity 
of adenosine deaminase-1 and 2 (ADA-1 and ADA-
2) in the blood serum (eADA-1 and eADA-2) 
and mononuclear and neutrophil lysates (by triple 
freezing and thawing), determined by the ADA assay 
described by G. Giusti (1974) on a spectrophotometer 
PV 1251C (Belarus) as well as by concentrations of 
ecto-5’-nucleotidase (eNT5E) and CD26 (dipeptidyl 
peptidase-4, DPPIV) proteins (soluble form, sCD26 
(DPPIV)) in the serum and mononuclear lysate by the 
enzyme-linked immunosorbent assay (ELISA) (Ecto 
NT5E, USCN, China and Human sCD26 Platinum 
ElISA, eBioscience, Austria).

Production of reactive oxygen species by 
phagocytes was assessed by respiratory burst 
parameters in the nitroblue tetrazolium test (NBT 
test): spontaneous NBT test (NBTs.) and zymosan-
induced NBT test (NBTi).

Mononuclear cells (MNs) were isolated from 
peripheral blood using Ficoll – verografin density 
gradient centrifugation (1.077 g / l).  From the 
remaining sediment (after erythrocyte lysis and 
additional centrifugation), neutrophils (NPHs) were 
isolated. Nitric oxide generation was determined by 
the level of nitrites (NO2

-) and nitrates (NO3
-) in MNs 

and NPHs by ELISA (R&D Systems, Canada).
A comprehensive study of the ER function included 

spirometry, body plethysmography, and a study of the 
diffusing capacity of the lungs using the MasterScreen 
Body Diffusion unit (VIASYS Healthcare, Germany) 
according to international recommendations for 
standardization of pulmonary function tests and the 
national guidelines for functional diagnostics [14–18]. 
We analyzed total lung capacity (TLC), vital capacity 
(VC), residual volume (RV), the RV / TLC ratio, 
inspiratory capacity (IC), expiratory reserve volume 
(ERV), and airway patency parameters, such as forced 
expiratory volume in 1 second (FEV1) and the FEV1 
/ forced vital capacity (FVC) ratio (the Tiffeneau – 
Pinelli index). Pulmonary gas exchange was assessed 
by diffusing capacity of the lungs (DLCO) and the 
carbon monoxide transfer coefficient – the DLCO to 
alveolar volume (DLCO / VA) ratio. To eliminate the 
influence of anthropometric characteristics, the values   
of parameters with due values   (D) were expressed as 
percentage of D for the corresponding sex, height, 
body weight, and age. The due values   proposed by 
the European Coal and Steel Community (1993) [19] 
were used as reference values. 

The analysis of ER parameters in patients with 
APTB and CPTB revealed that the values   of most 
functional characteristics were within the reference 
range, except for significantly reduced DLCO% 
(71.4 and 78.6% in patients with APTB and CPTB, 
respectively). Patients with pulmonary TB differed 
significantly only in the value of the Tiffeneau – 
Pinelli index, which was higher in the APTB group 
compared with the CPTB group (83.6 (75.9–85.7) and 
76.5 (70.2–81.1), respectively, p = 0.025).

Statistical processing of the results was carried out 
using the Statistica software for Windows, version 
13.0. Quantitative variables were presented as the 
median and the interquartile range Me (LQ–UQ). Tests 
for homogeneity were performed for two samples 
using the Mann – Whitney U test. The Spearman’s 
rank correlation coefficient was used in the correlation 
analysis of quantitative variables. The differences 
were considered statistically significant at p < 0.05.

RESULTS
Studying the parameters of purine metabolism in 

the examined patients with pulmonary TB revealed a 
significant increase in the concentration of eNT5E in 
the blood serum,  which affects the production of ADO, 
and a decrease in the concentration of DPPIV (CD26) 
in mononuclear cell lysates, compared with the control 
group. It indicates a decrease in the expression of this 
protein on the membrane of these cells, which results 
in a decrease in its ability to form complexes with 
eADA-1 and impairs the immunoregulatory ability 
of monocytes in relation to T lymphocytes (Table 1). 
In patients with CPTB, the concentration of sCD26 
(DPPIV) in the blood serum was also significantly 
reduced compared with the control group.

T a b l e  1

Serum concentrations of enzymes involved in purine 
metabolism in patients with APTB and CPTB, Ме (LQ–UQ)

Parameters
Groups

CG APTB CPTB
eNT5E, ng 
/ ml

0.06 
(0.01–0.6)

0.7 (p = 0.006)
 (0.46–1.3)*

0.9 (p = 0.01)
 (0.45–1.4)*

sDPPIV-
(CD26), ng 
/ ml

692.5
(625.0–875.0)

560.0 
(550.0–585.0)

473.5 (p = 0.04) 
(265.0–628.2)*

DPPIV-
(CD26) MN, 
ng /106 cells

19.2 
 (12.8–25.0)

1.46 (p = 0.0004) 
(1.03–3.0)*

3.95 (p = 0.0008)
(1.2–6.6)*

Note: CG – control group, APTB – acute pulmonary TB, CPTB – 
chronic pulmonary TB, eNT5E – ecto-5’-nucleotidase, DPPIV 
(CD26) – dipeptidyl peptidase-4, sDPPIV(CD26) – its soluble form.
* the level of statistical significance of differences compared with the 
control group.
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The activity of eADA-1 and eADA-2 in the 
blood serum (Fig. 1, a) in the groups of patients with 
pulmonary TB mainly changed in the same direction 
compared with the CG. A significant decrease in the 
eADA-1 activity was revealed in patients with APTB. 
For eADA-2, which main function is degradation 
of extracellular ADO, an increase in activity was 
recorded in both groups of patients with pulmonary 
TB. ADA-1 activity in the mononuclear cell lysate 
was lower in CPTB patients than in the CG. ADA-1 
activity in the neutrophil lysate was lower in APTB 
patients compared with the CG. However, there were 
no differences in ADA-1 activity in mononuclear and 
neutrophil lysates in patients with APTB and CPTB  
(p = 0.91 and p = 0.28, respectively, Fig. 1, b).

Therefore, in both APTB and CPTB groups, the 
distribution of the activity of enzymes involved in 
purine metabolism and associated molecules indicates 
an increase in the concentration of extracellular ADO 
and a decrease in the immunoregulatory properties 
of cells of the immune system. At the same time, in 
patients with APTB, a significant decrease in eADA-
1 activity provides conditions for a more pronounced 
increase in the ADO level and suppression of the 
function of monocytes and T lymphocytes.

Innate immune cells, such as monocytes, 
macrophages, and neutrophils, are known to play a 
key role in regulating the spread of Mycobacterium 
tuberculosis (Mtb) and the activity of tissue 
inflammation. The functional state of these cells can 
be assessed by their production of reactive oxygen 
species (ROS) and reactive nitrogen species (RNS). 

The data presented in Figure 2 indicate that in 
both examined groups of patients with pulmonary 
TB, the production of ROS by neutrophils stimulated 
by bacteria was increased. It indicates a high degree 
of their activation. In the group of patients with 
APTB, spontaneous and stimulated production of 
ROS by mononuclear cells was significantly reduced 
compared with the CG. In patients with CPTB, 
stimulated production of ROS was reduced. It indicates 
significant impairment of the functional capabilities of 
these cells. At the same time, both spontaneous and 
stimulated ROS production by neutrophils in this 
group of patients was significantly higher than in the 
CG.

Fig. 1. Parameters of extracellular (a) and intracellular (b) 
activity of adenosine deaminase in groups of patients with 
APTB and CPTB and in the CG. Here and in Figures 2 and 
3: CG – control group, APTB – acute pulmonary TB, CPTB 
– chronic pulmonary TB. eADA-1 and eADA-2 – activity of 
adenosine deaminase-1 and -2 in the blood serum, ADA-1 MN 
and NPH – activity of adenosine deaminase in mononuclear 

cells and neutrophils.
* level of statistical significance of differences compared 
with the control group, # level of statistical significance of 
differences between the groups; the level of significance is 

given in brackets.
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Fig. 2. Parameters of respiratory burst in groups of patients 
with APTB and CPTB and in the CG. Here and in Table 2: 
NBTs. MN, NPH and NBTi. MN, NPH – nitroblue tetrazolium 
test: spontaneous NBT test (NBTs.) and zymosan-induced 

NBT test (NBTi.) in mononuclear cells and neutrophils.
* level of statistical significance of differences compared with 
the control group, # level of statistical significance of differences 
between the groups; the level of significance is given in brackets.
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An essential component for elimination of Mtb 
is RNS, which have a microbicidal effect against 
intracellular pathogens. The number of nitrite (NO2

-) 
and nitrate (NO3

-) radicals produced by mononuclear 
cells and neutrophils of TB patients was significantly 
reduced compared with the CG. At the same time, 
production of nitrite (NO2

-) and nitrate (NO3
-) radicals 

by neutrophils of the APTB patients was even more 
reduced than in the CPTB patients (Fig. 3). Neutrophils 
are actively involved in inflammation in pulmonary 
TB. Unlike activated macrophages, they do not 
produce a significant number of NO metabolites [20].

are activated, the level of intracellular ADO increases, 
which contributes to strong suppression of their 
functions.

The analysis of the relationship of abnormal ER 
parameters with the ability of phagocytes to produce 
ROS and RNS showed that in patients with CPTB, 
the parameters of static lung volumes (VC and ERV) 
and the DLCO /VA ratio, characterizing the gas 
exchange function of the lungs, were associated with 
spontaneous production of ROS by mononuclear 
cells and generation of nitrite and nitrate radicals by 
neutrophils (r = –0.4; p = 0.04, r = –0.6; p = 0.04,  
r = –0.7; p = 0.01, respectively ). In patients with 
APTB, more correlations between phagocyte activity 
and ER parameters were revealed, which indicates 
greater tension in ER regulation [21].

The parameters of static lung volumes (TLC, 
VC, ERV, RV, RV / TLC ratio, IC), dynamic lung 
volumes, which characterize the airway patency 
(FEV1, the Tiffeneau – Pinelli index), and DLCO, 
which characterizes the gas exchange function of the 
lungs, had significant correlations with spontaneous 
ROS production by mononuclear cells, spontaneous 
and induced ROS production by neutrophils, and 
generation of nitrate radicals by mononuclear cells and 
nitrite radicals by neutrophils (Table 2). Therefore, 
the revealed correlations confirm that the activation 
and dysfunction of neutrophils and mononuclear cells 
are associated with changes in the ER parameters in 
patients with pulmonary TB.

T a b l e  2

Correlations between the respiratory burst parameters, 
nitric oxide metabolites, and external respiration parameters 
(correlation coefficient and its significance) in patients with 

acute pulmonary tuberculosis
Pairs of parameters APTB

NBTs. MN
RV / TLC 0.7 (0.02)

FEV1 –0.6 (0.05)

NBTs. NPH
IC –0.6 (0.01)

TLC –0.6 (0.04)
DLCO –0.7 (0.02)

NBTi. NPH
RV / TLC 0.6 (0.03)

RV 0.6 (0.04)

NO3
- MN

ERV 0.7 (0.02)
IC –0.7 (0.04)

DLCO –0.7 (0.02)

NO2
- NPH

FEV1 / FVC 0.7 (0.04)
VC –0.7 (0.03)

Note :  TLC – total lung capacity, RV – residual volume, RV / TLC – 
their ratio, FEV1 – forced expiratory volume in 1 second, IC – 
inspiratory capacity, DLCO – diffusing capacity of the lungs, ERV – 
expiratory reserve volume, VC – vital capacity, FEV1 / FVC – the 
Tiffeneau – Pinelli index.

Fig. 3. Generation of RNS in groups of patients with APTB 
and CPTB and in the CG. Here and in Table 2: NO2

- MN, NPH 
and NO3

- MN and NPH are the levels of nitrites and nitrates in 
mononuclear cells and neutrophils.

* significant differences compared with the control group, # 
significant differences between the analyzed groups; the level 

of significance is given in brackets.
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In general, the reduced production of NO 
metabolites by MNs and NPHs in patients with 
pulmonary TB impairs the immune response to 
Mycobacterium tuberculosis, and a more pronounced 
decrease in the production of NO metabolites by 
neutrophils, observed in patients with APTB, can be 
regarded as a more serious impairment of microbicidal 
functions, compared with patients with CPTB.

A revealed positive correlation (r = 0.7; p = 0.037) 
between the level of stimulated ROS production by 
neutrophils and the activity of intracellular ADA-1 in 
neutrophils indicates involvement of enzymes of purine 
metabolism in the regulation of phagocyte activity in 
patients with CPTB. Interestingly, for patients with 
APTB, a correlation of stimulated ROS production 
by neutrophils with the activity of intracellular ADA-
1 in neutrophils was negative (r = –0.4; p = 0.03). 
Therefore, in patients with APTB, when neutrophils 

 CG          APTB           CPTB
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ADO plays an important role in modulating the 
activity of phagocytes and releasing microbicidal 
oxygen and nitrogen radicals. Our study showed that 
in CPTB, there is a significant correlation between the 
Tiffeneau – Pinelli index, which characterizes airway 
patency, and the serum concentration of eNT5E, an 
enzyme that synthesizes ADO (r = 0.5; p = 0.02).

In patients with APTB, positive correlations were 
revealed between the ER parameters (ERV, RV) 
and the activity of enzymes (eADA-2 in the blood 
serum, ADA-1 in neutrophils), which destroy ADO to 
cytoprotective inosine (r = 0.7; p = 0.004, p = 0.04, 
respectively). A decrease in the concentration of 
DPPIV (CD26) in mononuclear cells was negatively 
correlated with FEV1 (r = –0.7; p = 0.04).

DISCUSSION
Fibrous – cavernous tuberculosis (FCTB) is defined 

as a chronic form of TB and an unfavorable outcome 
of untreated or ineffectively treated infiltrative TB. 
It should be noted that even after microbiological 
cure for pulmonary TB, 50% of patients still have 
post-tuberculous lung disease (PTLD) [22]. PTLD is 
caused by damage to the parenchyma, respiratory tract, 
blood vessels, and mediastinum, which determines 
pathomorphological changes in the organs. The cause 
of PTLD and its severity are associated with the influx 
of neutrophils and their excessive activity [23, 24].

Our data confirmed that in both examined groups of 
TB patients, neutrophils, indeed, produced an excess 
amount of ROS capable of damaging their own cells 
and intercellular structures (when the antioxidant 
system is depleted, which is typical of chronic 
inflammation). At the same time, the ability to produce 
NO metabolites important for microbicidal activity 
against mycobacteria was reduced both for neutrophils 
(more pronounced in patients with APTB) and for 
mononuclear cells in patients with pulmonary TB.

The results of our study showed that, judging by 
the activity of eNT5E, the level of ADO was equally 
increased in patients with pulmonary TB, regardless 
of the clinical form of the disease. In TB infection, 
at high levels of extracellular ADO, activated 
macrophages released eADA-2, which is a marker of 
the inflammatory response and the severity of the TB 
infection [25].

The regulatory effect of ADO on ER parameters 
(indirectly through the regulation of phagocyte 
activity) was confirmed by the revealed positive 
correlation between the activity of eADA-2 in the 
blood serum and ERV (a parameter characterizing 

the static lung volumes in patients with APTB). 
Another significant correlation was revealed between 
ADA-1 activity in neutrophils of patients with APTB  
(2.2 times lower than in the CG) and RV. 

In patients with APTB, a decrease in intracellular 
ADA-1 activity can lead to a rise in the intracellular 
concentration of ADO, which determines an increase 
in the expression of P1 receptors, in particular, the 
low-affinity A2B receptor, which stimulation inhibits 
inflammation and promotes tissue repair [4, 26]. 
When immune cells are activated at high levels of 
ADO, the expression of A2A, A2B, and A3 receptors on 
macrophages increases, and their production of nitric 
oxide is inhibited [27]. Apparently, the differences 
in the duration of innate immune cell activation 
and their expression of P1 receptors determine the 
revealed multidirectional correlations between the 
intracellular activity of ADA-1 and the level of 
induced respiratory burst in neutrophils in APTB  
and CPTB.

Extracellular ADO not only regulates the 
inflammatory response, but also modulates the 
interaction between cells of innate and adaptive 
immunity. T. Hashikawa et al. (2006) showed that 
necrotic cells could become a source of eADA-1 
during inflammation, which can subsequently form 
a complex with DPPIV (CD26). Our study revealed 
a decrease in the expression of DPPIV (CD26) by 
mononuclear cells (most pronounced in APTB) 
[28]. Apparently, a disruption of the monocyte – T 
lymphocyte interaction during decreased expression 
of DPPIV (CD26) by mononuclear cells and reduced 
activity of eADA-1 in the blood serum in patients with 
APTB caused impaired regulation of inflammation 
and a negative correlation between the level of DPPIV 
expression by mononuclear cells and FEV. The level 
of the soluble form of DPPIV in chronic diseases has 
been shown to inversely correlate with the severity 
of the disease, the severity of inflammation, and the 
prevalence of pulmonary fibrosis [29, 30]. 

In our study, a significantly reduced serum level 
of the soluble form of DPPIV (CD26) was registered 
in patients with CPTB. It caused a decrease in 
compensatory capabilities in the chronic course of the 
infectious and inflammatory process and explained the 
decrease in ER parameters that was found in patients 
with CPTB. At the same time, in patients with APTB, 
whose serum level of the soluble form of DPPIV 
was maintained within the reference values, the ER 
function was not impaired (measured parameters were 
within the reference values).

Dyakova M.Ye., Serebryanaya N.B., Kiryukhina L.D. et al. Molecular mechanisms of inflammation in the pathogenesis
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CONCLUSION
The data obtained make it possible to link the 

regulation of ER with the parameters of purine 
metabolism, in particular, with (1) the concentration 
and activity of enzymes that are responsible for the 
production and metabolism of ADO and that determine 
its level outside cells and inside mononuclear cells and 
neutrophils; (2) the expression of cofactor molecules; 
and (3) the duration of activation of innate immune 
cells, neutrophils, and monocytes / macrophages, 
affected to a large extent by ADO regulation potential. 
The revealed regularities make it possible to outline 
new approaches to modern diagnosis, prevention, and, 
possibly, treatment of developing respiratory failure 
in patients with pulmonary TB.
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Local biocompatibility and biochemical profile of hepatic cytolysis  
in subcutaneous implantation of polylactide matrices  

Ivanova E.A., Dzуuman A.N., Dvornichenko M.V.

Siberian State Medical University 
2, Mosсow Trakt, Tomsk, 634050, Russian Federation

ABSTRACT 

The aim of the study was to investigate local biocompatibility and systemic effects of nonwoven polylactide (PLA) 
matrices on blood and liver parameters after their subcutaneous implantation in Wistar rats.

Materials and methods. Bioabsorbable fibrous PLA matrices were produced by electrospinning and had dimen-
sions (10 × 10 mm², thickness of no more than 0.5 mm; fiber diameter in the matrix ~1 μm) appropriate for subcu-
taneous implantation in white laboratory rats. Polymer implants were sterilized in ethylene oxide vapor. Thirty days 
after the implantation of PLA matrices, local biocompatibility according to GOST ISO 10993-6-2011, cellular pa-
rameters (total leukocyte count, hemogram, erythrocyte count, hemoglobin concentration), and biochemical blood 
parameters (lactate concentration, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels) 
were studied, and a standard histologic evaluation of the liver was performed.   

Results. PLA matrix samples were mild local irritants on a scale of 1–1.9 points according to GOST ISO 10993-
6-2011 criteria 30 days after the subcutaneous implantation. The median density of distribution of multinucleated 
giant cells (MNGCs) in the connective tissue around and in PLA matrices was 1,500 (1,350; 1,550) per 1 mm2 of 
a slice. Pronounced leukocytic reaction due to lymphocytosis was noted (an increase by 1.7 times compared with 
a sham-operated (SO) control group, р < 0.02). The absence of a significant neutrophil count in the blood revealed 
sterile inflammation proceeding in the subcutaneous tissue around the PLA materials. Normalization of hepatic 
cytolysis markers (ALT and AST activity) in the blood without pronounced changes in the structure of the liver and 
the number of binuclear hepatocytes was noted. These markers were increased in SO controls (ALT up to 123% 
and AST up to 142%, p < 0.001 compared with values in the intact group).

Conclusion. Nonwoven PLA matrices are biocompatible with subcutaneous tissue, undergo bioresorption by 
MNGCs, and have a distant protective effect on the functional state of the liver in laboratory animals. Hypotheses 
on the detected systemic effect during subcutaneous implantation of PLA matrices were discussed; however, 
specific mechanisms require further study.

Keywords: nonwoven PLA matrix, rats, blood serum, alanine transaminase, aspartate transaminase, blood cells, 
binuclear hepatocytes
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Местная биосовместимость и биохимические маркеры цитолиза  
гепатоцитов при подкожной имплантации полилактидных матриц

Иванова Е.А., Дзюман А.Н., Дворниченко М.В.

Сибирский государственный медицинский университет (СибГМУ) 
Россия, 634050, г. Томск, Московский тракт, 2

РЕЗЮМЕ

Цель. Исследование местной биосовместимости и системных эффектов нетканых полилактидных (PLA) 
матриксов на показатели крови и печени после подкожной имплантации крысам стока Wistar. 

Материалы и методы. Биодеградируемые волокнистые PLA матриксы изготовлены методом электро-
спиннинга, имели размеры (10 × 10 мм2, толщина не более 0,5 мм; диаметр волокон в матриксе ~1 мкм), 
пригодные для подкожного введения белым лабораторным крысам. Полимерные изделия стерилизовали в 
парах этиленоксида. Через 30 сут после имплантации PLA матриксов изучены местная биосовместимость 
согласно ГОСТ ISO 10993-6-2011, клеточные (общее количество лейкоцитов, гемограмма, число эритро-
цитов, концентрация гемоглобина) и биохимические показатели крови (концентрация лактата, активность 
аланинаминотрансферазы (АЛТ) и аспартатаминотрансферазы (АСТ)), определена стандартная гистологи-
ческая оценка состояния печени. Проведены компьютерная морфометрия цифровых изображений гистоло-
гических срезов и статистическая обработка результатов. 

Результаты. Образцы PLA матрикса являлись легкими местными раздражителями в шкале 1–1,9 балла 
согласно критериям ГОСТ ISO 10993-6-2011 через 30 сут после подкожной имплантации. Медианная плот-
ность распределения гигантских многоядерных клеток инородных тел (ГМКИТ) в соединительной ткани 
вокруг и в структуре PLA матриксов составила 1 500 (1 350; 1 550) на 1 мм2 среза. Имела место выражен-
ная лейкоцитарная реакция крови, обусловленная лимфоцитозом (в 1,7 раза по сравнению с ложноопери-
рованным (ЛО) контролем, р < 0,02). Отсутствие значительного нейтрофилеза крови свидетельствовало 
об асептическом характере воспаления, протекающего в подкожной клетчатке вокруг PLA материалов. В 
крови отмечена нормализация маркеров цитолиза гепатоцитов (активности АЛТ и АСТ), повышенных у ЛО 
животных (АЛТ – до 123% и АСТ – до 142%, p < 0,001 в сравнении с интактными значениями), без выра-
женных изменений структуры печени и числа двуядерных гепатоцитов. 

Заключение. Нетканые PLA матриксы биосовместимы с подкожной клетчаткой, подвергаются биорезор-
бции ГМКИТ, обладают дистантным протекторным действием на функциональное состояние печени у ла-
бораторных животных. Обсуждены гипотезы обнаруженного системного эффекта при подкожной имплан-
тации PLA матриц. Однако конкретные механизмы требуют дальнейшего изучения.

Ключевые слова: нетканый матрикс из полимолочной кислоты, крысы, сыворотка крови, аланинами-
нотрансфераза, аспартатаминотрансфераза, клетки крови, двуядерные гепатоциты
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INTRODUCTION

Polylactic acid (polylactide, PLA) is one of the 
synthetic biodegradable polymers consisting of 
analogs of natural monomers. It is actively used 
in various applications of tissue engineering [1] as 

implants [2], as well as in the form of matrices for 
drug and cell delivery [3].

PLA materials are approved for clinical use. 
The surface of nonwoven fibrous matrices makes it 
possible to use various methods of loading and release 
of significant concentrations of drugs and biological 
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molecules [4]. However, the accumulation of  
lactate, which depends on the rate of PLA degradation, 
can provoke local inflammation and/or systemic 
toxicity [5]. 

Electrospinning is a fast growing technology 
for obtaining nonwoven fibrous scaffolds made 
of nanosized interconnected fibers (5 nm – 1 µm 
in diameter) that form microsized (~100 µm) 
interconnected pores [6, 7]. Thereby their architecture 
allows to reproduce to a certain extent the structure of 
the natural extracellular matrix in various biological 
tissues. On the other hand, a large surface area at 
low density [6] promotes increased biodegradation 
of fibrous PLA materials [8] with the release of high 
doses of lactic acid, which can result in adverse events 
masking or eliminating the therapeutic effect of cells 
and drug and biological molecules immobilized on the 
implant.   

Therefore, the aim of the study was to research local 
biocompatibility and systemic effects of nonwoven 
PLA matrices on blood and liver parameters after 
subcutaneous implantation in Wistar rats.

MATERIALS AND METHODS
The experimental study was conducted in vivo 

on 20 mature white male Wistar rats weighing 280–
300 g. The animals were kept in standard vivarium 
conditions in the Laboratory of Biological Models 
at Siberian State Medical University (Tomsk) and 
received a standard diet. The study was carried out 
in compliance with the principles of the European 
Convention for the Protection of Vertebrate Animals 
used for Experimental and other Scientific Purposes 
(Strasbourg, 1986). 

 Nonwoven PLA matrices (10 × 10 mm2, thickness 
of no more than 0.5 mm; average fiber diameter in 
the matrix ~1 μm) obtained in Tomsk Polytechnic 
University using electrospinning as described earlier 
[8] were used as test products. The raw material 
was poly(DL-lactide) PURASORB (Corbion, 
Netherlands). Nonwoven PLA matrices were sterilized 
in 100% ethylene oxide vapor at 37 °C for 9 hours in 
the 3M Steri-Vac Sterilizer/Aerator gas sterilizer (3M, 
USA) according to ISO 11135-2017 (Sterilization of 
healthcare products. Ethylene oxide. Requirements 
for the development, validation, and routine control of 
a sterilization process for medical devices). 

PLA matrices were injected subcutaneously through 
a median abdominal incision and a formed lateral 
subcutaneous pocket in 10 rats under CO2 anesthesia 
(1 matrix per animal) as described earlier [9]. After 

placing the samples in the axillary pocket, interrupted 
atraumatic sutures (thread 4.0) were applied. The skin 
around the sutures was treated with an aseptic agent. 
The control group consisted of 10 sham-operated rats. 
Sham surgery involved a median skin incision, via 
which forceps were inserted subcutaneously; a lateral 
pocket was formed, and then the wound was closed 
without implantation of a matrix. Blood biochemistry 
tests were also conducted in 10 intact animals. 

Thirty days after the implantation, the animals were 
euthanized by carbon dioxide inhalation in compliance 
with the rules and norms of the European Community 
(86/609EEC), the Declaration of Helsinki, and orders 
of the USSR Ministry of Healthcare (No. 742 of 
13.11.1984 and No. 48 of 23.01.1985).

Blood was collected from decapitated animals in 
Vacuette blood collection tubes (BD Diagnostics, 
USA) to obtain blood serum. We determined lactate 
concentrations and alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) levels using 
kits for the Random Access A25 Biochemistry 
Analyzer (BioSystems S.A., Spain) according to 
the manufacturer’s instructions.  Blood parameters 
(total leukocyte count (TLC), hemogram, erythrocyte 
count, hemoglobin) were examined using standard 
hematologic methods [10]. 

In accordance with ISO 10993-6-2011 (Medical 
devices.  Biological evaluation of medical devices. 
Part 6. Tests for local effects after implantation), we 
conducted a macroscopic assessment of subcutaneous 
soft tissue surrounding the implantation site for the 
local tissue reaction (local biocompatibility in vivo): 
the presence or absence of signs of inflammation 
(alteration, exudation, proliferation), hyperemia 
of vessels in the recipient bed, and encapsulation 
of samples. The results of the semi-quantitative 
macroscopic assessment of the local reaction to PLA 
matrices were recorded on the following scale (in 
points): no irritating effect (0–0.9 points); mild irritant 
(1–1.9 points); moderate irritant (2–2.9 points); strong 
irritant (3–4 points). 

For the microscopic analysis, the implants with 
surrounding tissues were carefully removed from the 
subcutaneous pocket; after opening the abdominal 
cavity, a part of the liver was taken for the histologic 
assessment after subcutaneous implantation of PLA 
matrices. The analyzed fragments were fixed in 
10% neutral buffered formalin. The fragments were 
dehydrated in eight changes of isopropanol-based 
dehydrating solution (IsoPrep, BioVitrum, Russia) 
according to the manufacturer’s instruction. The 
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studied objects were placed in the Histomix paraffin 
medium (BioVitrum, Russia), thin (5–7 µm) sections 
were prepared on a microtome perpendicular to the 
surface of the tissue plates and the studied samples. 

Slices mounted on slides were stained with Gill’s 
hematoxylin (BioVitrum, Russia) and eosin for 
histologic examinations under standard conditions. 
A total of 10 serial sections were obtained from each 
tissue sample. Then they were stained and examined. 
Microslides were studied in transmitted light of the 
ZEISS Axio Observer A1 microscope (Germany) at 
various magnifications (40–400). Digital images of 
the stained histologic sections were obtained using 
the AxioVision 4.8 software (ZEISS, Germany). We 
determined the intensity of cellular resorption of PLA 
matrices (based on the number of multinucleated 
foreign body giant cells, FBGCs) and the activity of 
regenerative processes in the liver (measured by the 
number of binuclear hepatocytes) in 10 randomly 
selected fields of vision in each histologic sample 
using computer morphometry of sections stained with 
hematoxylin and eosin, as described in the literature 
[11]. 

The standard Statistica software package v.13.3 
was used for statistical description and testing of 
statistical hypotheses in order to evaluate the data 
obtained. We used the Shapiro – Wilk test to analyze 
normally distributed data. The data were presented as 
the median and the interquartile range Ме (Q1; Q3). 
The nonparametric Mann – Whitney test was used 
to evaluate statistical differences in the samples. The 
differences were considered statistically significant at 
p < 0.05. 

RESULTS AND DISCUSSION
In addition to their principal function, implants can 

activate local regenerative processes, cause a systemic 
reaction of the body mediated through the circulatory 
system. At the same time, biodegradable materials 
(for example, polylactides) can affect the body with 
the properties of their surface and biodegradation 
and bioresorption products [5]. The study of the 
local biocompatibility of PLA matrices established 
that there were no macroscopic signs of inflammation 
(alteration, exudation) in the tissues surrounding the 
implants 30 days after  the subcutaneous implantation 
of the tested samples (Fig. 1). The severity of hyperemia 
in the recipient vascular bed and encapsulation of the 
samples (cell proliferation reaction) in the study groups 
corresponded mainly to the absence of irritation (0 
points), mild irritation (1 point), and in a few cases 

(with encapsulation) – to moderate irritation (2 points) 
(Table 1). Thus, the studied PLA matrix samples were 
mild irritants on a scale of 1–1.9 points according to 
the criteria of ISO 10993-6-2011. 

T a b l e  1 

Macroscopic signs of changes in the tissues surrounding  
the PLA matrix 30 days after the subcutaneous implantation  

in Wistar rats, Me (Q1; Q3)

Study groups Inflamma- 
tion

Hyperemia around 
the sample

(postoperative scar)

Matrix 
encapsulation

Sham surgery,  
n = 10

0
(0; 0)

0
(0; 1) –

Implantation  
of PLA matrix, 
n = 10

0
(0; 0)

1
(1; 1.5)

1.5
(1; 1.5)

The presence of a well-formed connective tissue 
capsule around the implants was revealed during the 
examination of microscopic changes (Fig. 2). In the 
capsule, two layers could be well identified: a thin 
(thickness of no more than 50 µm) inner layer in 
contact with the PLA matrix formed by dense fibrous 
connective tissue. Encapsulation with a thin layer 
of connective tissue is characteristic of relatively 
bioinert artificial materials [5]. Thin collagen fiber 
bundles were parallel to the implant surface and grew 
into the implant structure, mainly from the edge of the 
tested samples. The second layer of the capsule was 
located outside the previous one. It directly contacted 

Fig. 1. The condition of the tissues surrounding the PLA matrix 
in the axillary subcutaneous pocket in rats 30 days after the 

implantation 
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the surrounding tissues and was formed by loose 
connective tissue with microvessels. Collagen fiber 
bundles diverged in different directions, regardless of 

the implant surface. Both fibroblasts and inflammatory 
cells (polymorphonuclear leukocytes, lymphocytes, 
and macrophages) were found between them. 

а                                            b                                                              с

Fig. 2. The condition of the connective tissue capsule around and in the structure of the PLA scaffold at different magnifications (a 
– 50; b – 100; c – 400).  Staining with hematoxylin and eosin. The arrows indicate the transparent substance of the polymer scaffold

The cellular composition of the connective tissue 
was represented, in particular, by FBGCs (Fig. 3). 
FBGCs were often found inside the implant cavity and 
were located separately (Fig. 3a) or in small clusters 
of up to three cells (Fig. 3b). According to computer 
morphometry data, the median distribution density 
of FBGCs in the connective tissue around and in the 
structure of PLA matrices was 1,500 (1,350; 1,550) per 
1 mm2 of the slice. The formation and accumulation of 

FBGCs at the site of implantation with a high surface-
area-to-volume ratio is a typical reaction of the host 
organism that indicates active cellular resorption of 
the matrix substance [5].

Fibrocytes and fibroblasts were located between 
collagen fiber bundles (Fig. 3c). Mononuclear 
(lymphocytes, macrophages) and polymorphonuclear 
leukocytes (PMNs) diffused, but formed clusters near 
FBGCs (Fig. 3a, b).

Fig. 3. Tissue response to PLA matrix 30 days after the subcutaneous implantation in Wistar rats: a, b – mononuclear and 
polymorphonuclear leukocytes, multinucleated FBGCs (marked with arrows); c – fibroblasts between the polymer fibers of the 

implant. Stained with hematoxylin and eosin

а                                                                 b                                                                     с
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Thus, the local reaction to PLA matrices 30 
days after the subcutaneous implantation in rats 
apparently reflected the transition from acute to 
chronic productive inflammation with the change of 
leukocytes infiltrating the damaged area from PMNs 
to mononuclear forms. After the catabolic phase, 
which promotes rehabilitation of the inflammatory 
focus, anabolic processes are activated [12], as 
secretion of proinflammatory cytokines stops and 
secretion of anti-inflammatory / regenerative factors 
begins [13–15].

On the one hand, the formation and accumulation 
of FBGCs at the site of implantation demonstrated 
pronounced cellular resorption of PLA matrices. At 
the same time, they are crucial for the development 
of a local granulomatous inflammatory reaction to 
the implant, mediated primarily through the tumor 
necrosis factor (TNF)α secreted by them [5]. TNFα 
is a systemic cytokine that induces the expression of 
epidermal growth factor receptors (EGFR) [16] and 
activates the production of growth hormone (GH) by 
cells of the adenohypophysis [17]. In turn, EGFR and 
GH have an anabolic effect and enhance regenerative 
processes in organs and tissues [18, 19]. 

On the other hand, the utilization of the PLA matrix 
is accompanied by the release of lactic acid, which 
can have a systemic effect on the body. The liver and 
the kidneys are target organs for lactate circulating in 
the bloodstream [20]. Therefore, biochemical blood 
parameters are assessed to determine the biological 
safety of polymer scaffold biodegradation products 
and the capacity of the liver.

The polylactic base of the tested materials could 
lead to an increase in lactate monomers in the blood of 
animals in case of massive biodegradation. However, 
statistically significant changes in the concentration of 
lactic acid in the blood were not observed 30 days after 
the implantation (Table 1). A fivefold increase in in 
vitro dissolution of the tested PLA matrices was noted 
by day 35 of immersion into the nutrient medium [8]. 
Cellular resorption of the implant can accelerate its 
destruction in vivo, however, the distribution density of 
FBGCs in the fibrous matrix was insignificant (Fig. 3). 
We cannot exclude the influence of implants and their 
biodegradation products on liver function, mediated 
through distant (stress-regulating) regulatory systems 
of the body.  

It is known that subcutaneous implantation induces 
a stress reaction in animals [21], which is realized 
through local (cellular microenvironment) and distant 
life support systems of the body [19]. In our study, the 

activity of AST and ALT in the blood of intact Wistar 
rats (Table 2) was close to that in other vivaria [22]. 
The sham operation was accompanied by an increase 
in the activity of ALT (up to 123%) and AST (up to 
142%, p < 0.001) in the blood serum compared with 
the values   in intact animals 30 days after the surgery. 
These functional tests suggest damage to the liver 
parenchyma [23] caused by postoperative stress. At 
the same time, subcutaneous implantation of the PLA 
matrix led to normalization of hepatocyte cytolysis 
markers (almost to the baseline level), which indicated 
the distant hepatoprotective effect of the PLA material 
during surgery (Table 2). 

T a b l e  2 

Biochemical blood parameters in Wistar rats 30 days after the 
subcutaneous implantation of PLA matrices, Me (Q1; Q3)

Group Lactate, mM ALT, UI / l AST, UI / l

Intact animals,  
n = 10 – 67.14

(60.47; 69.59)
185.14

(174.16; 216.07)

Sham-operated 
animals, 
n = 10

4.93
(4.5; 5.71)

82.58
(75.61; 84.36)*

р < 0.001

262.90
(246.60; 304.60)*

р < 0.001

Implantation of
PLA matrix, 
n = 10

4.28
(3.50; 5.40)

67.34
(65.61; 72.95)#

р < 0.003

225.10
(209.10; 250.0)#

р < 0.02

* with the baseline level (intact animals); # with sham-operated rats.

Having obtained data on the functional changes, 
we were to study the effect of PLA matrices on the 
liver structure, since subcutaneous implantation of 
scaffolds can stimulate hepatocyte regeneration [24]. 
The number of binuclear hepatocytes (dividing and 
non-dividing) is one of the principal indicators of liver 
regeneration. Slow subthreshold loss of hepatocytes is 
not compensated by the body when the loss becomes 
critical (10% of working hepatocytes for the liver), 
which leads to irreversible processes and death of the 
body due to liver failure [25].

During the examination of the histologic 
preparations of the liver in sham-operated (SO) rats, 
we observed moderate hyperemia of the central veins 
and sinusoidal capillaries, while the structure and 
shape of the classic hepatic lobules were preserved. 
Subcutaneous implantation of PLA matrices did not 
cause visible destructive changes in the liver by day 
30 of the follow-up (Fig. 4). However, the increase 
in the number of binuclear hepatocytes (Fig. 4) did 
not reach statistical differences in comparison with the 
controls (Table 2). 
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Fig. 4. Histologic image of the liver of Wistar rats 30 days after 
the subcutaneous implantation of PLA matrices: staining with 
hematoxylin and eosin; arrows indicate binuclear hepatocytes 

T a b l e  2  
Distribution density of binuclear hepatocytes in Wistar  

rats 30 days after the subcutaneous implantation of PLA 
matrices, Me (Q1; Q3)

Group  Количество двуядерных клеток на 1 мм2

SO animals, n = 10 4,600 (4,450; 4,800), n1 = 100
Implantation of
 PLA matrix, n = 10 5,300 (4,700; 5,500), n1 = 100

Note :  n1is the number of calculated fields of vision.

According to our findings, subcutaneous 
implantation of PLA matrices has a functional 
hepatoprotective effect by day 30 after administration 
to laboratory rats. The mechanisms of the established 
phenomenon are not clear, but they are likely to be 
complex. Postoperative regeneration in subcutaneous 
adipose tissue may be important, as it leads to the 
release of EGFR and other growth factors activating 
liver regeneration into the blood [26]. In addition, 
lactate released during the degradation of PLA 
matrices can have a regulatory effect on migration and 
activity of T lymphocytes [27, 28], which are recruited 
as conductor cells of proliferative inflammation and 
subsequent regenerative processes in parenchymal 
organs [29]. 

Indeed, after subcutaneous implantation of 
PLA matrices, a pronounced leukemoid reaction 
was detected, due to an increase in the number of 
lymphocytes (by 1.7 times compared with the controls, 
р < 0.02) (Table 3). The absence of significant 
neutrophilia indicated sterile inflammation taking 
place in the subcutaneous tissue around the PLA 
material.   

T a b l e  3 

Hemogram (109 / l), RBC count, and hemoglobin concentration (g / l) in the blood of Wistar rats 30 days after the subcutaneous 
implantation of PLA matrices, Me (Q1; Q3)

Group Total WBC count Lymphocytes Monocytes Neutrophils Erythrocytes, 1012 / l Hemoglobin, g / l

SO animals, n = 10 6.4
(4.6; 9.2)

3.6
(2.8; 6.1)

0.5
(0.2; 0.7)

2.5
(1.2; 2.8)

9.41
(7.93; 9.52)

146
(123; 147)

Implantation of
 PLA matrix, n = 10

8.7
(6.7; 13.3)

6.1* (5.2; 9.0)
р < 0.02

0.4
(0.3; 0.6)

2.2
(1.3; 3.4)

9.43
(7.92; 9.94)

150
(148; 154)

 * significant differences according to the Mann – Whitney test. 

The systemic effect of PLA matrices on biochemical 
markers of hepatocyte cytolysis is largely similar to 
the effect of subcutaneous injection of hyaluronic 
acid implants in healthy women during cosmetic 
procedures [30]. Various chemical substances have 
a similar effect when injected subcutaneously, which 
suggests a non-specific mechanism of their long-term 
effect besides the specific impact of monomers (lactic 
or glucuronic acid). This mechanism may be linked 
to the controlled onset of low-grade local productive 
inflammation, which activates the compensatory – 
adaptive and adaptive reactions of the host organism.

CONCLUSION

Biodegradable scaffolds based on PLA and 
copolymers are of fundamental and clinical interest 
for soft and solid tissue bioengineering [31, 32], 

including the liver [33]. These scaffolds can be used as 
carriers of stem cells [34] and as a means of delivery 
and release of drugs and biological molecules [35].

According to the data obtained, bioabsorbable 
nonwoven PLA matrices are biocompatible with 
subcutaneous tissue and have a distant protective 
effect on the capacity of the liver in laboratory 
animals. Nonwoven PLA matrices can be used as cell 
carriers. The areas of application may include treating 
damage induced by cytostatic agents, radiation 
injuries, and chronic liver diseases. However, the 
specific mechanisms underlying the revealed effect 
that subcutaneous implantation of PLA matrices had 
on hepatocytes require further study. 
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of cardiomyocytes
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ABSTRACT 

Aim. To identify the effect of preterm birth on proliferation and hyperplasia of cardiomyocytes in the early postnatal 
period of ontogenesis in rats.

Materials and methods. Preterm birth (on day 21 and 21.5 of gestation) in Wistar rats was induced by subcutaneous 
administration of mifepristone. Immunohistochemistry was used to identify and calculate the number of Ki67-
positive and Mklp2-positive cardiomyocytes in the left ventricle of preterm and full-term rats on days 1, 2, 3, 4, 5, 
and 6 of postnatal ontogenesis. Statistical analysis of morphometric parameters was performed using the Shapiro – 
Wilk test and Mann – Whitney test with the Bonferroni correction.

Results. We revealed an increase in the number of Ki67-positive cardiomyocytes in the left ventricle of the rats: 
on day 1 of postnatal ontogenesis (in the rats born on day 21 of gestation) and on days 3–5 of postnatal ontogenesis 
(in the rats born on day 21.5 of gestation). Preterm birth in rats did not result in a change in the number of Mklp2-
positive cardiomyocytes in the left ventricular wall.

Conclusion. A change in the pattern of Ki67 expression by cardiomyocytes in the rats born 12 or 24 hours before 
full term was demonstrated in the early postnatal period of ontogenesis. An isolated increase in Ki67 expression 
without a change in Mklp2 expression by cardiomyocytes in the left ventricular wall of preterm rats indicates 
acceleration of cardiomyocyte hypertrophy. Shorter duration of prenatal development is associated with more 
pronounced morphological and functional rearrangements in the rat myocardium.
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Влияние преждевременного рождения крыс на пролиферацию  
и гиперплазию кардиомиоцитов

Иванова В.В.1, Мильто И.В.1, 2, Серебрякова О.Н.1, Суходоло И.В.1
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РЕЗЮМЕ

Цель. Установить влияние преждевременного рождения на процессы пролиферации и гиперплазии  
кардиомиоцитов в раннем постнатальном периоде онтогенеза у крыс.

Материалы и методы. Преждевременные роды (на 21-е и 21,5-е сут беременности) крыс линии Вистар 
индуцировали подкожным введением мифепристона. Иммуногистохимически в левом желудочке преж-
девременно рожденных и доношенных крыс на 1, 2, 3, 4, 5 и 6-е сут постнатального периода онтогенеза 
выявляли и подсчитывали количество Ki67-позитивных и Mklp2-позитивных кардиомиоцитов. С помощью 
критерия Шапиро – Уилка и критерия Манна – Уитни с поправкой Бонферрони провели статистический 
анализ морфометрических показателей.

Результаты. Продемонстрировано увеличение количества Ki67-позитивных кардиомиоцитов в левом же-
лудочке сердца крыс: на 1-е сут постнатального периода онтогенеза (у рожденных на 21-е сут беременно-
сти) и на 3–5-е сут постнатального периода онтогенеза (у рожденных на 21,5-е сут беременности). Преж-
девременное рождение не приводит к изменению количества Mklp2-позитивных кардиомиоцитов в стенке 
левого желудочка крыс.

Заключение. В раннем постнатальном периоде онтогенеза продемонстрировано изменение паттерна экс-
прессии Ki67 кардиомиоцитами крыс, рожденных на 12 или 24 ч ранее срока. Изолированное увеличение 
экспрессии Ki67 без изменения экспрессии Mklp2 кардиомиоцитами в стенке левого желудочка преждев-
ременно рожденных крыс свидетельствует об акселерации гипертрофии кардиомиоцитов. Меньшая про-
должительность внутриутробного периода развития ассоциирована с более выраженными морфофункцио-
нальными перестройками миокарда крыс.

Ключевые слова: преждевременное рождение, кардиомиоцит, пролиферация, гиперплазия, гипертрофия, 
эксперимент
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INTRODUCTION 

Preterm birth (birth before 37 completed weeks 
of gestation) increases the risk of early development 
of cardiovascular diseases [1, 2], such as coronary 
heart disease [3], hypertension, and heart failure 
[4]. Preterm birth is associated with structural and 

functional immaturity of organs, which is the reason 
for their adaptive morphogenesis in the postnatal 
period. Thus, there are no differences in the heart 
structure between full-term and preterm children in 
the prenatal period; initial structural changes in the 
heart in preterm children emerge in the postnatal 
period [5]. It is known that the morphological and 
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functional features of the heart in preterm children are 
determined already at the third month of the postnatal 
period of ontogenesis: an increase in the relative mass 
of the right and left ventricles is observed, compared 
with that in full-term infants [5]. Over time, the 
structural features of the heart in preterm children are 
preserved [6] and serve as a prerequisite for earlier 
development of cardiovascular diseases in this group 
of individuals [7].

It remains unclear how preterm birth leads to 
the formation of structural and functional features 
of the heart, though researchers pay close attention 
to this problem [8]. At the same time, correction of 
structural features in the heart of preterm children in 
the early postnatal period of ontogenesis can prevent 
the development or reduce the risk of cardiovascular 
diseases in adulthood [9–11].

Determination and detailed characterization of 
morphological and functional changes in the heart 
of preterm children in the early postnatal period are 
priority tasks, which solution is hampered by the 
lack of histologic studies. Single studies devoted  
to the histologic characteristics of the myocardium 
in preterm children are difficult to interpret, since  
the hearts of stillborn babies are used as controls  
[12], while it is adaptation of the heart and blood 
vessels to the conditions of ex utero functioning  
that is of great interest. Therefore, it is relevant to 
identify and study the dynamics and consequences  
of postnatal morphological and functional features 
of the heart in preterm animals in the experiment. 
The aim of the study was to establish the effect of 
preterm birth on proliferation and hyperplasia of 
cardiomyocytes in the early postnatal period of 
ontogenesis in rats.

MATERIALS AND METHODS
Wistar rats of both sexes were used in the 

experiment. A full gestation period for Wistar rats 
is 22 days. Rats born two days before full term are 
not viable. Rats born one day before full term are 
characterized by a sufficient degree of structural 
and functional immaturity of organs and are used as 
models for studying the effects of preterm birth [13, 
14]. Based on clinical data, according to which the 
severity of the morphological and functional changes 
in the heart and blood vessels correlates with the degree 
of prematurity [15, 16], as well as on the information 
that even a moderate degree of prematurity leads to 
impaired functioning of the cardiovascular system 
in adulthood [17], we formed two groups of rats in 

the study: rats born 12 and 24 hours before full term, 
respectively (Table 1).

T a b l e  1

Characteristics of the experimental groups

Experimental group 
Duration of prenatal 

development in experi-
mental animals, days

Time of 
mifepristone 

injection, days 
of pregnancy

Control group, n = 30 22.0 –
Group 1, n = 30 21.5 20.5
Group 2, n = 30 21.0 20.0

The offspring were obtained from the intact male 
(aged 2 months, 180 ± 20 g) and female (aged 3 
months, 180 ± 20 g) Wistar rats, the latter were kept in 
individual cages. In females, the phase of the estrous 
cycle was determined daily. In the proestrus, a male 
was placed with a female for a night. The following 
morning, the male was removed from the cage, and 
vaginal smear of the female rat was analyzed to verify 
coitus. The day of detection of spermatozoa in the 
vaginal smear was considered to be the first day of 
pregnancy. Pregnant females were kept in individual 
cages and fed with LbK 120 R-22 feed for pregnant 
laboratory rodents (Delta Feeds, Russia). Preterm 
labor was induced on days 21 and 21.5 of pregnancy 
by subcutaneous administration of mifepristone (1 ml, 
10 mg / kg of body weight, Sigma-Aldrich, USA) to 
the rats [18].

The rats were euthanized on days 1, 2, 3, 4, 5, and 
6 of postnatal ontogenesis by CO2 inhalation. The 
rat heart was fixed in the buffered (pH 7.4) formalin 
solution (BioVitrum, Russia) for 24 h, then it was 
washed in running water, dehydrated in the Isoprep 
solution (BioVitrum, Russia), and embedded in the 
HISTOMIX paraffin mixture (BioVitrum, Russia). 
The sections obtained on the automatic microtome 
(HM355S, Thermo Fisher Scientific, China) were 
used for immunohistochemistry. Ki67 (a proliferation 
marker) and Mklp2 (a cytokinesis marker) were 
detected on the sections by the indirect peroxidase 
method. Ki67 is non-specific for determining true 
mitosis and is expressed during endomitosis as well 
[19]. On the contrary, Mklp2 (mitotic kinesin-like 
protein 2) is a marker of cytokinesis, the final stage 
of true mitosis. Therefore, Mklp2 makes it possible 
to identify cells undergoing the final stages of mitosis 
[20].

To unmask antigens, the deparaffinized sections 
were exposed to high temperatures in the citrate buffer 
(0.01 M, pH 6.0). Ab16667 (Anti-Ki67 antibody [SP6], 
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1:300) and bs-7750r (Anti-Mklp2 antibody, 1:500) 
were used as primary antibodies. Primary antibodies 
were visualized using the Mouse and Rabbit Specific 
HRP/DAB IHC Detection Kit – Micro-polymer 
(Abcam, UK). After the immunohistochemical 
staining, the sections were counterstained with Gill’s 
hematoxylin.

Immunohistochemical slides were studied 
using the Axioscope 40 light microscope (Zeiss, 
Germany) and the Canon PowerShot G5 digital 
camera (Canon, China). To determine the localization 
of immunopositive cardiomyocytes, the thickness 
of the left ventricular myocardium was arbitrarily 
divided into three parts: subepicardial, middle, and 
subendocardial. The number of Ki67-positive and 
Mklp2-positive cardiomyocytes per 1 mm2 of the left 
ventricular wall section area was counted.

Statistical analysis was carried out using SPSS 
16.0 (IBM, USA). The Shapiro –Wilk test and the 
Mann – Whitney test with the Bonferroni correction 
were used. The results of the morphometric study 
were presented as the median and the interquartile 
range Ме (Q1; Q3). The differences were statistically 
significant at p < 0.01.

RESULTS
In the left ventricular myocardium of rats, 

Ki67 and Mklp-2 were detected in the cytoplasm 
of different cells: endotheliocytes, fibroblasts, and 
cardiomyocytes (Figure). In the observed periods, 
Ki67-positive cardiomyocytes were diffuse in the 
left ventricular myocardium in all experimental 
groups, while Mklp2-positive cardiomyocytes had 
predominantly subendocardial localization. 

Figure. The left ventricular 
myocardium in rats: of the control 
group (full-term animals) (a, b), 
of group 1 – rats born on day 21.5 
of gestation (c, d), of group 2 – 
rats born on day 21 of gestation 
(e, f), on day 1 of postnatal 
ontogenesis. Asterisks indicate 
Ki67-positive cardiomyocytes 
(a, c, e), and arrowheads indicate 
Mklp2-positive cardiomyocytes 
(b, d, f). Counterstaining with 
Gill’s hematoxylin.
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In the left ventricular myocardium of rats in 
all studied groups, the number of Ki67-positive 
cardiomyocytes exceeded the number of Mklp2-
positive cardiomyocytes (Table 2). Changes in 
the number of Ki67-positive cardiomyocytes and 
Mklp2-positive cardiomyocytes per 1 mm2 of the left 
ventricular section are shown in Table 2.

In all experimental groups, the number of Ki67-
positive cardiomyocytes in the left ventricular wall 
of rats peaked on days 2–3 of postnatal ontogenesis, 
after which it progressively decreased. In the rats 
of group 1, a delayed increase in the number of 
Ki67-positive cardiomyocytes in the left ventricular 
wall was observed, compared with the control 

group. An increase in the number of Ki67-positive 
cardiomyocytes in the left ventricular wall of the rats 
from group 1 was found on days 3–5 of postnatal 
ontogenesis. On the contrary, in the rats of group 
2, the number of Ki67-positive cardiomyocytes in 
the left ventricular wall exceeded that in the rats of 
group 1 and the control group on day 1 of postnatal 
ontogenesis. 

The number of Mklp2-positive cardiomyocytes in 
the left ventricular wall of rats in all studied groups 
progressively decreased during the experiment. 
Preterm birth did not result in a change in the number of 
Mklp2-positive cardiomyocytes in the left ventricular 
wall of the rats.

T a b l e  2

Changes in the number of immunopositive cardiomyocytes in the left ventricle of rats, number of cardiomyocytes in 1 mm2,  
Me (Q1; Q3)

Group
Postnatal ontogenesis, day

1 2 3 4 5 6
Number of Ki67-positive cardiomyocytes 

Control group
43.8 (37.5; 50.0) 87.5 (68.8; 98.4) 68.8 (62.5; 85.9) 43.8 (25.0; 50.0) 46.9 (37.5; 50.0) 34.4 (20.3; 48.4)

– р2 = 0.000 – р2 = 0.001 – –

Group 1 28.1 (14.1; 42.2) 78.1 (68.8; 115.6) 96.9 (71.9; 123.4) 78.1 (57.8; 93.8) 62.5 (51.6; 75.0) 50.0 (37.5; 67.2)
р =0.007 р2 = 0.000 р = 0.008 р = 0.000 р = 0.001

Group 2
71.9 (56.3; 81.3) 84.4 (75.0; 100.0) 65.6 (51.6; 95.3) 43.8 (37.5; 68.8) 46.9 (31.3; 62.3) 43.8 (31.3; 56.3)

р = 0.000
р1 = 0.000 р2 = 0.000 – р 1 = 0.000

р 2 = 0.002 – –

Number of Mklp2-positive cardiomyocytes 

Control group 25.0 (0; 50.0) 12.5 (0; 50.0) 12.5 (0; 31.3) 0 (0; 25.0) 0 (0; 0) 0 (0; 0)
р3 = 0.002 р33 = 0.000 р3 = 0.000 р3 = 0.000 р3 = 0.000 р3 = 0.000

Group 1 25.0 (0; 50.0) 0 (0; 31.3) 0 (0; 31.3) 0 (0; 25.0) 0 (0; 0) 0 (0; 0)
р3 =.009 р3 = 0.000 р3 = 0.000 р3 = 0.000 р3 = 0.000 р3 = 0.000

Group 2 12.5 (0; 31.3) 0 (0; 31.3) 0 (0; 25.0) 0 (0; 0) 0 (0; 0) 0 (0; 0)
р3 = 0.000 р3 = 0.000 р3 = 0.000 р3 = 0.000 р3 = 0.000 р3 = 0.000

Note :  the level of statistical significance of differences in comparison with the control group (p), in comparison with group 1 (p1), in comparison 
with the corresponding parameter for the previous period (p2). The level of statistical significance of differences in the number of Ki67-positive and 
Mklp2-positive cardiomyocytes per 1 mm2 of the left ventricular wall section in rats of similar groups at corresponding times (p3).

DISCUSSION
The study used a generally accepted model of 

preterm labor induction in rats [21–23]. Before 
delivery, a decrease in the concentration of 
progesterone is observed in the rat blood plasma. It is 
known that morphological and functional changes in 
the uterus and placenta of rats caused by injection of 
mifepristone, a competitive progesterone antagonist, 
are identical to those developing before delivery in 
full-term pregnancy [21–23]. Mifepristone does not 
inhibit lactation [24], has no toxic effect, and does not 
cause stillbirth and infant death [18, 25, 26].

During the last day of prenatal ontogenesis, the mass 
of the rat heart increases from 15.8 to 25.9 mg [27]; 

the volume of the left ventricle increases from 4.14 to 
6.72 mm3 [28]. An increase in the size of the rat heart 
in prenatal and early postnatal ontogenesis is due to 
proliferation of cardiomyocytes. It was demonstrated 
that on days 1–2 of postnatal ontogenesis, an increase 
in the pool of cardiomyocytes (hyperplasia of 
cardiomyocytes) continues, which is consistent with 
the data of F.Li et al. [29]. It was shown that hyperplastic 
myocardial growth in postnatal ontogenesis mainly 
affects the subendocardial part of the myocardium. On 
days 3–4 of postnatal ontogenesis, rat cardiomyocytes 
lose the ability to complete cytokinesis: true mitosis 
is completely replaced by endomitosis (hypertrophy 
of cardiomyocytes). To assess whether preterm 
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birth will alter the time of myocardial transition 
from hyperplasia to hypertrophy, we studied the 
dynamics in the number of Ki67- and Mklp2-positive 
cardiomyocytes in preterm rats from day 1 to day 6 of 
postnatal ontogenesis.

Preterm birth is not accompanied by a 
compensatory increase in the number of Mklp2-
positive cardiomyocytes or a change in the 
temporal pattern of Mklp2 expression in the rat left 
ventricular myocardium. An isolated increase in Ki67 
expression without a change in Mklp2 expression 
by cardiomyocytes in the left ventricular wall of 
preterm rats indicates acceleration of cardiomyocyte 
hypertrophy, which may be the cause of a decrease 
in the myocardial flow reserve. An increase in Ki67 
expression by cardiomyocytes of the left ventricular 
wall in preterm rats reflects the so-called catch-up 
growth and is an adaptive response of a structurally 
immature heart to an increase in the hemodynamic 
load due to the birth and growth of the animal.

It should be noted that an increase in the number 
of Ki67-positive left ventricular cardiomyocytes 
in rats born on day 21 of gestation, compared with 
the animals of the control group and the animals 
born on day 21.5 of gestation, is observed already 
on the first day of postnatal ontogenesis. Greater 
structural immaturity of the heart may be the cause 
of more pronounced morphological and functional 
changes in the organ following the birth. Taking into 
account short duration of the fetal stage of prenatal 
ontogenesis in rats (for Wistar rats, it lasts from day 
18 to day 22 of embryogenesis) and high intensity 
of organogenesis during this period, it is likely that 
the 0.5-day difference in the duration of pregnancy 
can be the cause of a different effect of preterm 
birth on the morphological and functional condition 
of the rat myocardium. Further studies are required 
to understand in detail the causes of the observed 
differences in the effect of preterm birth on the 
proliferation of cardiomyocytes in rats born 12 and 
24 hours before full term.

CONCLUSION
In early postnatal ontogenesis, a change in the 

pattern of Ki67 expression by cardiomyocytes in the 
rats born 12 or 24 hours before full term was revealed. 
An isolated increase in Ki67 expression without 
a change in Mklp2 expression by cardiomyocytes 
in the left ventricular wall of preterm rats indicates 
acceleration of cardiomyocyte hypertrophy. Shorter 
duration of the intrauterine development is associated 

with more pronounced morphological and functional 
changes in the rat myocardium.
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ABSTRACT

Background. Cytogenetic damage (СD) in lymphocytes induced by low doses (up to 0.1 Sv) of ionizing radiation 
(IR) is the main cytogenetic sign of individual radiosensitivity of the human body. In addition to DNA repair and 
cell death, which affect the formation of СD and its elimination, IR effects on the cell can be manifested through 
changes in proliferation of cells with unrepaired DNA damage. The system of cyclins and cyclin-dependent kinases 
(CDK), which provide coordination of mitotic events during passage of a cell through the cell cycle, plays a crucial 
role in regulation of cell proliferation.

Aim To evaluate the relationship of single-nucleotide polymorphisms (SNPs) of cell cycle genes with an increased 
frequency of СD in workers of a nuclear power plant affected by chronic occupational radiation exposure in the 
dose range of 100–500 mSv.

Materials and methods. The object of the study was blood of 55 conditionally healthy workers of Siberian Chem-
ical Plant (SCP) who were affected by chronic occupational radiation exposure (gamma radiation) in the dose range 
of 100–500 mSv. A standard cytogenetic analysis of blood lymphocytes was performed for all examined individu-
als. Genomic DNA was isolated from the blood of the workers using the QIAamp DNA Blood Mini Kit (QIAGEN, 
Germany). DNA was genotyped using 257 SNPs of cyclin genes and neighboring intergenic regions using DNA 
microarrays from the high-density CytoScan HD Array (Affymetrix, USA).

Results.  Taking into account the Bonferroni correction, only statistically significant associations of SNPs with 
the frequency of dicentric chromosomes were found; all other types of chromosomal aberrations did not show 
statistical significance. The rs803054 CCNI2 was associated with an increased frequency of dicentric chromosomes 
arising under the influence of chronic occupational radiation exposure.

Conclusion. The discovered SNP (rs803054), whose recessive genotype is associated with an increased frequency 
of dicentric chromosomes in workers of SCP exposed to radiation at doses of 100–500 mSv over a long time, can 
be considered as a potential marker of individual radiosensitivity. To confirm the identified associations, further 
validation studies are needed on an expanded sample of people affected by chronic occupational radiation exposure.

Keywords: ionizing radiation, individual radiosensitivity, chromosomal aberrations, gene polymorphism, 
microarray analysis
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РЕЗЮМЕ

Актуальность. Цитогенетические нарушения (ЦН) лимфоцитов, индуцированные «малыми» дозами (до 
100 мЗв) ионизирующего излучения (ИИ), являются основными цитогенетическими признаками индиви-
дуальной радиочувствительности организма человека. Помимо репарации ДНК и гибели клеток, которые 
влияют на формирование ЦН и их элиминацию, вклад в последствия воздействия ИИ на клетку может 
реализоваться за счет изменений пролиферации клеток с нерепарированными дефектами ДНК. Определяю-
щую роль в регуляции пролиферации клеток играет система циклинов и циклин-зависимых киназ, которые 
обеспечивают координацию митотических событий при прохождении клеточного цикла. 

Цель. Оценить связь однонуклеотидных полиморфизмов (ОНП) генов клеточного цикла с повышенной 
частотой ЦН, возникших у персонала объекта использования атомной энергии, под действием долговре-
менного техногенного профессионального облучения ИИ в диапазоне доз 100–500 мЗв.

Материалы и методы. Объектом исследования служила кровь 55 условно здоровых работников Сибир-
ского химического комбината (СХК), подвергавшихся в процессе профессиональной деятельности дол-
говременному техногенному радиационному воздействию (γ-излучение) в дозах 100–500 мЗв. Для всех 
обследованных лиц проводили стандартный цитогенетический анализ лимфоцитов крови. Геномную ДНК 
из крови работников выделяли с помощью набора QIAamp DNA Blood mini Kit (Qiagen, Германия). Гено-
типировали ДНК по 257 ОНП генов циклинов и межгенных областей вблизи генов циклинов с помощью 
ДНК-чипов высокой плотности CytoScan HD Array (Affymetrix, США).

Результаты. Установлено, что с учетом поправки Бонферрони имеются только статистически значимые 
связи ОНП с высокой частотой дицентрических хромосом, все остальные типы изученных ЦН не показали 
достоверных отличий. С повышенной частотой дицентрических хромосом, возникающих под действием 
долговременного техногенного профессионального облучения ИИ, ассоциирован rs803054 CCNI2.

Заключение. Обнаруженный ОНП (rs803054), рецессивный генотип которого ассоциирован с повышен-
ной частотой дицентрических хромосом у работников СХК, подвергавшихся в процессе профессиональ-
ной деятельности долговременному техногенному радиационному воздействию (γ-излучение) в дозах 
100–500 мЗв, можно рассматривать в качестве потенциального маркера индивидуальной радиочувстви-
тельности. Для подтверждения выявленных ассоциаций необходимы дальнейшие валидационные исследо-
вания на расширенной выборке людей, подвергавшихся долговременному техногенному профессиональ-
ному облучению ИИ.
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INTRODUCTION

Cytogenetic signs of individual radiosensitivity 
(IRS) of the human body include frequency of induced 
cytogenetic damage (CD) and formation of radiogenic 
disease, among which tumor diseases are the most 
prevalent [1–3]. Lymphocytes are cells in the human 
body that are the most sensitive to the effect of ionizing 
radiation (IR). Blood lymphocytes with induced CD 
are eliminated from the body through various types 
of cell death, such as apoptosis, necrosis, necroptosis, 
autophagic cell death, mitotic catastrophe, and 
accelerated aging of irradiated cells [4–6]. However, 
when these mechanisms of death are impaired or their 
activity decreases due to normal genomic variation, 
CD-affected lymphocytes can accumulate, which is 
manifested through an increase in the frequency of 
CD even at low doses of IR. 

Another mechanism in the frequency of CD is 
proliferation of lymphocytes, since it is well known 
that chromosomal aberrations are eliminated during 
proliferation [1, 2]. A system of cyclins plays a crucial 
role in the regulation of proliferation. They function 
as regulators of cyclin-dependent kinases (CDKs) and 
contribute to temporal coordination of each mitotic 
event. Therefore, the formation and elimination 
of CD are directly affected by the variability in the 
mechanisms of DNA repair and cell death and 
indirectly affected by the variability in the mechanisms 
of proliferation of cells with unrepaired CD.

A genome-wide study of the association of 162 
single-nucleotide polymorphisms (SNPs) in cyclin 
genes (CCNA1, CCNA2, CCNB1, CCNB2, CCNB3, 
CCND1, CCND2, CCND3, CCNE1, CCNE2, CCNF, 
CCNG1, CCNH, CCNI, CCNI2, CCNJ, CCNJL, 
CCNK, CCNY) and 95 neighboring intergenic SNPs 

with high frequency of CD was carried out in workers 
of Siberian Chemical Plant (SCP, 55 people) who 
experienced occupational radiation exposure in the 
dose range of 100–500 mSv. In a preliminary study on 
the dose – effect relationship, a plateau was observed, 
i.e. the frequency of CD did not change with the 
increasing dose [7, 8], and it is this dose range that 
should be used for studying the association of SNPs 
with increased frequency of CD to assess IRS.

The aim of the study was to evaluate the relationship 
of SNPs in cyclin genes and their promoters with the 
increased frequency of СD in workers of a nuclear 
power plant who experienced chronic occupational 
radiation exposure in the dose range of 100–500 mSv.

MATERIALS AND METHODS
The study used whole venous blood obtained 

from 38 conditionally healthy SCP workers who 
were not exposed to IR in their professional activities 
(the control group) and 55 conditionally healthy 
SCP workers who experienced chronic occupational 
radiation exposure (gamma radiation) in the dose 
range of 100–500 mSv (the experimental group). The 
characteristics of the studied groups are presented in 
Table 1.

T a b l e  1

Characteristics of the studied groups of SCP workers

Parameter Control group,  
n = 38

Experimental 
group, n = 55

Men / Women 38/0 55/0

Age, years
Мe 52.00 59.00
L–R 37.00–58.00 54.00–69.00

Work experience, 
years

Мe 20.00 34.00
L–R 12.00–34.00 29.00–42.00

External radiation 
dose, mSv

Мe – 203.35
L–R – 164.00–276.15
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Information about donors of the biological 
material was collected and clarified using the database 
in the medical and dosimetric register of SCP staff 
and the Archives of Seversk Biophysical Research 
Center, containing medical information about all SCP 
workers [9]. In accordance with the Federal Law No. 
323-FZ of 21.11.2011 “On the Basics of Public Health 
Protection in the Russian Federation”, each donor 
signed an informed consent to participate in the study. 

Blood was taken from donors from the ulnar vein. 
It was collected in the volume of 9 ml in Vacuette 
K3 EDTA tubes (Greiner Bio-one, Austria) using a 
Vacuette Visio Plus needle 38 × 0.8 mm, 21G × 11/2  
(Greiner Bio-one, Austria) for subsequent DNA 
isolation and microarray. To prepare cytogenetic 
suspensions, blood was collected in the volume of 9 
ml in Vacuette LH Lithium Heparin tubes (Greiner 
Bio-one, Austria) using a Vacuette Visio Plus needle 
38 × 0.8 mm, 21G × 11/2 (Greiner Bio-one, Austria).

The individuals included in the study underwent a 
cytogenetic analysis of mononuclear leukocytes. For 
lymphocyte culture, whole venous blood was used. It 
was mixed with a nutrient medium (15% fetal bovine 
serum and 85% RPMI 1640 medium supplemented 
with glutamine, phytohemagglutinin, and penicillin) 
and incubated (at 37 °C) in culture tubes (Corning, 
USA) in the dry air shaker – incubator (Biosan, 
Latvia). The cytogenetic analysis was performed using 
the Leica DM2500 microscope (Leica, Germany). At 
least 300 metaphase plates were analyzed for each 
individual. The results were presented as the frequency 
of CD per 100 metaphase plates. The following types 
of CD were determined: aberrant cells, polyploid 
cells, multi-aberrant cells (more than 5 chromosomal 
aberrations), chromosomal and chromatid fragments, 
ring and dicentric chromosomes, chromatid exchanges 
(crossing over), and translocations.

DNA was isolated from mononuclear leukocytes 
using the QIAamp DNA Blood Mini Kit (Qiagen, 
Germany). The purity (A260 / A280 = 1.80–2.00, 
A260 / A230 = 1.90–2.15) and concentration (50– 
150 ng / ml) of DNA were determined on the NanoDrop 
2000 spectrophotometer (Thermo Scientific, USA). 
DNA integrity was determined using capillary electro- 
phoresis – DNA fragments were larger than 48 kb.

The studied SNPs were genotyped using DNA 
microarrays from the high-density CytoScan™ HD 
Array (Affymetrix, USA). Sample preparation, hybri- 
dization, and scanning were carried out in accordance 
with the manufacturer’s protocol. The microarray 
results were processed using Chromosome Analysis 

Suite 4.3 software (Affymetrix, USA). To clarify and 
identify SNPs and genes to which they belong, the 
Affymetrix genotype database, NCBI, OMIM, GWAS 
Catalog, and SNPedia databases were used.

The following SNPs of cyclin genes (CCN) and 
neighboring intergenic regions were studied (n = 257): 

– CCNA1 (cyclin A1): rs7997378, rs3814803, 
rs17188012;

– CCNA2 (cyclin A2): rs3217753, rs3217772, 
rs3217771;

– CCNB1 (cyclin B1): rs1128761;
– CCNB2 (cyclin B2): rs28383518, rs28383514, 

rs75767699, rs169410487, rs16941042, rs16941046, 
rs28383551;

– CCNB3 (cyclin B3): rs12848359, rs12009873, 
rs7063886, rs6614336, rs12007902, rs17003332;

– CCND1 (cyclin D1): rs3212869, rs649392;
– CCND2 (cyclin D2): rs3217805, rs4765775, 

rs3217916, rs3217812, rs3217848, rs3217830, 
rs11063072, rs3217882, rs3217898, rs3217933; 

– CCND3 (cyclin D3): rs9369318;
– CCNE1 (cyclin E1): rs3218071, rs3218035, 

rs3218036, rs41520849, rs3218038, rs3218068, 
rs3218042, rs3218064, rs3218066, rs3218044;

– CCNE2 (cyclin E2): rs2467670, rs16893774, 
rs2278891;

– CCNF (cyclin F): rs8052046;
– CCNG1 (cyclin G1): rs299322, rs2069345, 

rs2069347;
– CCNH (cyclin H): rs6879293, rs3752862, 

rs74582239, rs16902635, rs16902632, rs75949864, 
rs6891010, rs10067098, rs115516306, rs114916935, 
rs3827607, rs16902623, rs16902625, rs11745338, 
rs16902631, rs77996308, rs1062035;

– CCNI (cyclin I): rs803054, rs803057, rs10006033, 
rs62302339;

– CCNJ (cyclin J): rs4921132, rs57334361, 
rs17057562, rs6875660, rs4921270, rs74734346, 
rs17057596, rs78444213, rs17111275, rs2303059, 
rs915506, rs6874570, rs6556488, rs11949221, 
rs17057577, rs6899125, rs754112, rs2421777, 
rs2421778, rs17057631, rs10052876, rs2421779, 
rs2421780, rs10038395, rs28595384, rs72814336, 
rs12657051, rs17057641, rs9313842, rs11596126;

– CCNK (cyclin K): rs10144895, rs3918051, 
rs3918094, rs2069492, rs2069493, rs3918139, 
rs3918048;

– CCNY (cyclin Y): rs12261552, rs113182825, 
rs115589270, rs11816866, rs111374708, rs2295417, 
rs115469285, rs2504352, rs2504350, rs2474533, 
rs4934749, rs35745247, rs17593103, rs75954134, 
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rs16936030, rs3003980, rs16936032, rs3013364 
rs114206731, rs12241755, rs16936035, rs74979754, 
rs10508817, rs10827506, rs11010151, rs4934753, 
rs112496700, rs11591533, rs4934754, rs1345561, 
rs12248732, rs10508818, rs116338411, rs75609581, 
rs11010178, rs74866156, rs2086153, rs12242002, 
rs10827509, rs112818779, rs11595699, rs11010213, 
rs16936102, rs3003981, rs7067539, rs61449529, 
rs10827512, rs4934551, rs11010225, rs7910421, 
rs17500653, rs116009947, rs12249814, rs112091952;

– neighboring intergenic regions: rs6817626, 
rs2138940, rs9566153, rs13153588, rs6509615, 
rs9547604, rs4865924, rs73537845, rs79959089, 
rs79226566, rs17053967, rs12508668, rs4241604, 
rs413127, rs11097684, rs115693938, rs9315437, 
rs2323125, rs12902628, rs5961171, rs59776629, 
rs6887755, rs6826342, rs4557282, rs375299, 
rs4502705, rs6818356, rs7682171, rs13133761, 
rs4518274, rs6849124, rs6849534, rs6871154, 
rs323746, rs112520532, rs9603050, rs114501411, 
rs323758,  rs323757, rs1441709, rs2919902, 
rs984026, rs34383364, rs17285919, rs9547632, 
rs73770251, rs35556022, rs1517886, rs35000040, 
rs6892636, rs11749408, rs11749439, rs3909481, 
rs7250135, rs4805497, rs10422957, rs17002403, 
rs35204615, rs16963260, rs4998568, rs11882235, 
rs56400371, rs28582702, rs11881322, rs255259, 
rs1811302, rs255263, rs77475690, rs11084309, 
rs410468, rs17053969, rs10514840, rs17053994, 
rs76165140, rs74045329, rs17054069, rs12866109, 
rs1517893, rs9315426, rs7489996, rs7692898, 
rs9594152, rs9603064, rs1474085, rs6822060, 
rs17054113, rs9603072, rs4943389, rs7317651, 
rs17191516, rs17054217, rs9547595, rs660005, 
rs16963219, rs594452.

The genotyping data for each studied SNP were 
analyzed according to four genetic models: dominant, 
recessive, additive, and over-dominant. According 
to the dominant model, the frequency of CD was 
compared in homozygous recessive and heterozygous 
individuals and in homozygous dominant individuals. 
According to the recessive model, the frequency 
of CD was compared in homozygous dominant 
and heterozygous individuals and in homozygous 
recessive individuals. The additive model was used 
to compare the frequency of CD in homozygous 
dominant, homozygous recessive, and heterozygous 
individuals. The over-dominant model was used 
to compare the frequency of CD in homozygous 
dominant and homozygous recessive individuals, 
on the one hand, and heterozygous carriers, on the  
other hand.

Statistical processing of the results was carried 
out using Statistica 8.0 software (StatSoft, USA). 
The results were presented as the median and the 
interquartile range Me (L–R).

The genotype distribution was tested for devia- 
tions from the Hardy – Weinberg equilibrium  
using the Court lab HW calculator program  
in Excel. The Mann – Whitney test with the Bonfer- 
roni correction (p < 0.05) was used to determine  
the significance of differences in the frequency  
of CD. 

RESULTS
At the first stage, a cytogenetic study of the 

frequency of CD in the SCP workers of both groups 
was carried out to confirm the increased frequency 
of CD in the workers of the experimental group. The 
results are presented in Table 2.

T a b l e  2

Comparison of the frequency of CD in SCP workers of the control and experimental groups, per 100 cells Me (L–R)
Parameter Control group, n = 38 Experimental group, n = 55 p

Number of aberrant cells 1.0000 (0.3333–2.3333) 2.5641 (1.4285–3.3333) 0.0002
Chromatid fragments 0.3316 (0.0000–0.6666) 0.6269 (0.0000–1.3071) 0.1294
Chromosomal fragments 0.3268 (0.0000–0.6557) 0.3225 (0.0000–0.9118) 0.5140
Ring chromosomes 0.0000 (0.0000–0.0000) 0.2724 (0.0000–0.3333) 0.0050
Dicentric chromosomes 0.3322 (0.0000–0.9493) 0.7712 (0.0000–1.2578) 0.0280
Multi-aberrant cells 0.0000 (0.0000–0.0000) 0.0000 (0.0000–0.0000) 0.8819
Chromatid exchanges 0.0000 (0.0000–0.0000) 0.0000 (0.0000–0.0000) 0.2687
Translocations 0.0000 (0.0000–0.0000) 0.0000 (0.0000–0.0000) 0.8819
Polyploid cells 0.0000 (0.0000–0.0000) 0.0000 (0.0000–0.0000) 0.8820

Note :  here and in Table 3, statistically significant differences are highlighted in bold.
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As can be seen from Table 2, the frequency of 
most types of CD, which are not markers of radiation 
exposure, do not differ in both groups of SCP workers. 
It may be due to the fact that all the employees of SCP 
included in the study live and work in approximately 
identical conditions, i.e. the samples were thoroughly 
stratified, and the control and experimental groups do 
not differ significantly, except for markers of radiation 
exposure – ring and dicentric chromosomes. 

It is well known that lifestyle (smoking, alcohol 
consumption, and other bad habits), environmental 
factors (to a lesser extent), and industrial exposure to 
harmful chemical and toxic substances can drastically 
increase the frequency of CD in humans. The 
absence of differences in the frequency of chromatid 
and chromosomal fragments, multi-aberrant cells, 
chromatid exchanges, translocations, and polyploid 
cells indicates the absence of the above differences 
in the workers of the studied groups. However, 
the frequency of radiation exposure markers (ring 
and dicentric chromosomes) and the frequency of 

aberrant cells (due to ring and dicentric chromosomes) 
are significantly higher in the workers who have 
been experiencing chronic occupational radiation  
exposure.

At the second stage, we assessed the association 
of the frequency of radiation-induced CD with 
the polymorphic variants of the studied genes in 
the experimental group. When analyzing the data, 
we excluded SNPs of any genotype with n < 5,  
since in conditions of a small sample, this increased 
the probability of type I errors. Further, we excluded 
SNPs that deviated from the Hardy – Weinberg 
equilibrium. Therefore, out of 257 SNPs, 58 SNPs 
were included in the final statistical analysis. Their 
association with high frequency of the identified CD 
was revealed.

Figure shows the significance levels for 58 selected 
SNPs (see above) by dicentric chromosomes. 

The negative logarithm of the confidence level is 
depicted on the ordinate axis. The line above shows 
the confidence level with the Bonferroni correction. 

Figure. Significance levels for the recessive model based on the frequency of dicentric chromosomes. The ordinate axis is the 
p value on the logarithmic scale – (log10); the dotted line marks the significance level of p < 0.05 calculated according to the 

Mann – Whitney test; the red line denotes the Bonferroni correction.
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It equals to –log(0.05/57) = 3.0644. Therefore, 
Figure shows that, taking into account the Bonferroni 
correction, only 1 SNP is associated with high 
frequency of dicentric chromosomes in the SCP 
workers of the experimental group.

Of the 58 identified SNPs, the genotyping data 

T a b l e  3

The frequency of dicentric chromosomes depending on the genotypes of the studied genes in the experimental group of SCP workers, 
per 100 cells, M (L–R)

Parameter Frequency of dicentric chromosomes by the genotype р Bonfer-roni correction
Dominant model

CCNI2 rs803054
A/G + G/G, n = 39 A/A, n = 16

0.0865 0.000874
0.9740 (0.0000–1.6666) 0.3928 (0.0000–1.0317)

Recessive model

CCNI2 rs803054
A/A + A/G, n = 42 G/G, n = 13

0.0008 0.000874
0.5303 (0.0000–1.0899) 1.4285 (1.0256–1.8750)

Over-dominant model

CCNI2 rs803054
A/A + G/G, n = 28 A/G, n = 27

0.1116 0.000874
0.9890 (0.3928–1.5476) 0.6060 (0.0000–1.0899)

Additive model

CCNI2 rs803054
A/A, n = 16 A/G, n = 26 G/G, n = 13

0.8645 0.0008740.3928 
(0.0000–1.0317)

0.6298 
(0.0000–1.0899)

1.4285 
(1.0256–1.8750)

analysis carried out for all four genetic models 
(dominant, recessive, additive, and over-dominant) 
showed an association with high frequency of dicentric 
chromosomes (markers of radiation exposure) for 
the recessive model for 1 SNP: CCNI2 (rs803054) 
(Table 3).

DISCUSSION
The polymorphic variant rs803054 is intronic, 

located at chr5:132750285 (GRCh38.p13), and 
belongs to the CCNI2 gene. In 2008, S. Choudhry et 
al. suggested that 5q23.3 (the authors indicated that 
rs803054 is located at position chr5:132162193) is 
a potential region containing asthma genes in Puerto 
Ricans [10]. There is no other information about 
the contribution of this SNP to the regulation of the 
functional activity of CCNI2, including information in 
the SNPedia database.

In contrast to the results described by S. Choudhry 
et al., our work showed the association of rs803054 
with radiation-induced CD. Thus, it was revealed 
that for rs803054 CCNI2, the frequency of dicentric 
chromosomes was 2 times higher in carriers of the 
recessive genotype than in carriers of the dominant 
genotype at relatively identical doses of IR. One of the 
reasons for the higher frequency of ring and dicentric 
chromosomes in workers of the experimental group 
was chronic occupational exposure to IR [11].

CCNI2 is located at the long arm of chromosome 5 
(5q31.1), it is considered a homolog of CCNI. CCNI2 
interacts with CDK5 and activates it. C. Liu et al. and 
J. Taneera et al. showed that the depletion of CCNI2 
by siRNA inhibits passage of a cell through the cell 
cycle and cell proliferation [12, 13]. D.M.Lai et al. 

demonstrated a reduced level of CCNI2 expression, 
which, in turn, inhibited proliferation of colorectal 
cancer cells, stopped the cell cycle in the G2 phase, 
and stimulated apoptosis [14]. There are findings that a 
decrease in CCNI2 expression slows down progression 
of gastric cancer by inhibiting proliferation of tumor 
cells, increasing susceptibility to apoptosis, and 
suppressing cell migration [15].

It is also known that CD is eliminated during 
proliferation, therefore, according to our results, 
carriers of the recessive rs803054 CCNI2 allele may 
have a decrease in CCNI2 expression, following which 
the proliferative potential of lymphocytes and the 
intensity of CD elimination (which includes dicentric 
chromosomes) decrease. The results obtained are in 
good agreement with the data obtained by [12, 13]. 
With chronic occupational exposure to IR, this leads to 
an increase in the frequency of dicentric chromosomes.

CONCLUSION

For the first time, the rs803054 SNP was identified, 
which can be considered a potential marker of IRS. It 
was shown that the SCP workers who are homozygous 
for the recessive rs803054 allele had increased 
frequency of dicentric chromosomes in blood 
lymphocytes during chronic occupational exposure to 
IR in the dose range of 100–500 mSv. The identified 
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candidate marker of IRS can be used to develop a test 
system for detection of genetically determined IRS 
using a real-time PCR system.
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Heart failure with preserved ejection fraction: the role of microvascular 
dysfunction

Kopeva K.V., Mochula A.V., Maltseva A.N., Grakova E.V., Shipulin V.V., Gusakova A.M., 
Zavadovsky K.V.

Cardiology Research Institute, Tomsk National Research Medical Center (NRMC), Russian Academy of Sciences  
111а, Kievskaya Str., Tomsk, 634012, Russian Federation

ABSTRACT

Aim. To evaluate the relationship between coronary microvascular dysfunction (CMD), biomarkers of cardiac fibrosis 
and cardiac remodeling (soluble ST2 (sST2), fibroblast growth factor-23 (FGF-23), matrix metalloproteinase-9 
(MMP-9), tissue inhibitor of metalloproteinase-1 (TIMP-1), and NT-proBNP), parameters of diastolic dysfunction 
(DD), and the presence of heart failure with preserved ejection fraction (HFpEF) in symptomatic patients.  

Materials and methods. Study participants were 59 patients with non-obstructive coronary artery disease (CAD) 
and preserved left ventricular ejection fraction (LVEF) of 62 (56; 67) %. Non-obstructive CAD was verified by 
coronary computed tomography angiography. Stress- and rest-myocardial blood flow (MBF) and coronary flow 
reserve (CFR) parameters were evaluated by CZT SPECT. Serum levels of cardiac biomarkers were measured by 
the enzyme immunoassay. Two-dimensional transthoracic echocardiography was used to assess DD parameters. 

Results. Decreased CFR was defined as CFR ≤ 2. Therefore, CMD was defined as the presence of decreased CFR 
in the absence of flow-limiting CAD. Distribution of patients was performed by CFR values: group 1 included 
patients with preserved CFR (>2, n = 35), and group 2 encompassed patients with decreased CFR (≤2, n = 24). In 
87.5% of cases, patients with CMD were diagnosed with HFpEF, whereas in patients with preserved CFR, heart 
failure was diagnosed only in 51.4% of cases (p < 0.0001). CFR values were correlated with the left atrial volume 
(r = –0.527; p = 0.001), E / A ratio (r = –0.321, p = 0.012), and E / e’ (r = –0.307; p = 0.021). Following the ROC 
analysis, the levels of sST2 ≥ 31.304 ng / ml (AUС = 0.730; р = 0.004) and NT-proBNP ≥ 0.034 pg / ml (AUС = 
0.815; р = 0.034) were identified as cut-off values for the presence of CMD in patients with non-obstructive CAD.

Conclusion. The obtained data suggest that CMD may play an essential role in HFpEF. The values of CFR were 
correlated with DD parameters, and decreased CFR was associated with overexpression of biomarkers of cardiac 
fibrosis and cardiac remodeling. Serum levels of sST2 and NT-proBNP were identified as cut-off values for the 
presence of CMD in patients with non-obstructive CAD.

Keywords: heart failure, preserved left ventricular ejection fraction, diastolic dysfunction, coronary flow reserve, 
myocardial blood flow, microvascular dysfunction 
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Сердечная недостаточность с сохраненной фракцией выброса:  
роль микроваскулярной дисфункции

Копьева К.В., Мочула А.В., Мальцева А.Н., Гракова Е.В., Шипулин В.В., Гусакова А.М., 
Завадовский К.В.

Научно-исследовательский институт (НИИ) кардиологии, Томский национальный исследовательский меди-
цинский центр (НИМЦ) Российской академии наук   
Россия, 634012, Томск, ул. Киевская, 111а

РЕЗЮМЕ

Цель. Оценить взаимосвязь между коронарной микроваскулярной дисфункцией (КМД), биомаркерами 
фиброза и миокардиального ремоделирования (растворимый ST2 (sST2) и фактор роста фибробластов  
23 (FGF-23), матриксная металлопротеиназа-9 (ММП-9), тканевой ингибитор металлопротеиназ-1  
(ТИМП-1), NT-proBNP), параметрами диастолической дисфункции (ДД) и наличием сердечной недоста-
точности с сохраненной фракцией (СНсФВ) у симптоматичных пациентов.

Материалы и методы. В исследование включены 59 пациентов с необструктивным поражением коронар-
ных артерий (КА) и сохраненной фракцией выброса левого желудочка (ФВ ЛЖ) 62 (56; 67)%. Необструк-
тивное поражение КА было подтверждено компьютерной коронарной ангиографией. С помощью дина-
мической CZT-SRECT оценивали параметры миокардиального кровотока в состоянии покоя (rest-MBF) и 
стресса (stress-MFR) и резерва коронарного кровотока (CFR). Сывороточные уровни сердечных биомарке-
ров измеряли с помощью иммуноферментного анализа. Всем пациентам проводилась двухмерная трансто-
ракальная эхокардиография для оценки параметров ДД. 

Результаты. Сниженный CFR определяли как CFR ≤2. Таким образом, КМД диагностировали на осно-
вании сниженного CFR  при отсутствии окклюзирующего поражения КА. Распределение пациентов про-
водилось по значениям CFR: группа 1 включала больных с сохраненным CFR (>2, n = 35), группа 2 – со 
сниженным CFR (≤2, n = 24). В 87,5% случаев у больных с КМД была диагностирована СНсФВ, тогда 
как у больных без КМД – только в 51,4% (р < 0,0001). Значения CFR коррелировали с объемом левого 
предсердия (r = –0,527; p = 0,001), отношением E/A (r = –0,321; p = 0,012) и E/e’ (r = –0,307; p = 0,021). На 
основании ROC-анализа уровни sST2 ≥ 31,304 нг/мл (AUС = 0,730; р = 0,004) и NT-proBNP ≥ 0,034 пг/мл  
(AUС = 0,815; р = 0,034) были определены как пороговые значения для диагностики КМД у пациентов  
с необструктивным поражением КА.

Заключение. КМД может играть важную роль в патогенезе развития СНсФВ. Значения CFR коррелирова-
ли с параметрами ДД, а снижение CFR было связано с гиперэкспрессией сердечных биомаркеров фиброза 
и ремоделирования. Уровни sST2 и NT-proBNP могут использоваться в качестве маркеров неинвазивной 
диагностики КМД. 

Ключевые слова: сердечная недостаточность, сохраненная фракция выброса левого желудочка, диастоли-
ческая дисфункция, коронарный резерв, миокардиальный кровоток, микрососудистая дисфункция
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INTRODUCTION

Despite growing prevalence worldwide, heart 
failure with preserved ejection fraction (HFpEF) 
remains a poorly understood clinical syndrome [1, 
2]. At the same time, a lack of clear understanding 
of its pathophysiology results in a lack of effective 
targeted therapy [3, 4]. Recent studies have implicated 
that coronary microvascular dysfunction (CMD) may 
be one of the possible causes of development and 
progression of HFpEF [5, 6]. 

Coronary flow reserve (CFR), quantified as the 
ratio of hyperemic myocardial blood flow to resting 
myocardial blood flow, reflects functional ischemia in 
large and small vessels. In the absence of obstructive 
coronary artery disease (CAD), it is a marker of CMD 
[7]. A new class of gamma cameras equipped with 
semiconductor cadmium – zinc – telluride (CZT) 
detectors has recently made it possible to measure 
CFR by noninvasive dynamic SPECT imaging [8, 9].  
This method has been sufficiently tested and 
validated and may be a more accessible technique 
for visualization of changes in the coronary 
microcirculation [10] in addition to a comprehensive 
clinical assessment and traditional tests for assessing 
stress-induced ischemia [11]. 

The potential mechanisms of CMD appear to 
be heterogeneous, including impaired endothelial 
function, systemic inflammation, mitochondrial 
dysfunction, oxidative stress, etc. [12–16]. Moreover, 
all these processes cause adhesion and infiltration of 
monocytes and stimulation of integrated macrophages 
that promote myofibroblast differentiation and collagen 
secretion leading to fibrosis and cardiac remodeling 
[10, 11, 13–15]. Thus, CMD may play an important 
role in elevated left ventricular (LV) filling pressure, 
the development of diastolic dysfunction (DD), and 
the pathophysiology of HFpEF in general [7, 16].

The aim of the study was to evaluate the relationship 
between CMD, biomarkers of fibrosis and cardiac 
remodeling (soluble ST2 (sST2), fibroblast growth 
factor-23 (FGF-23), matrix metalloproteinase-9 
(MMP-9), tissue inhibitor of metalloproteinase-1 
(TIMP-1), NT-proBNP), diastolic dysfunction 
(DD) parameters, and the presence of HFpEF in 
symptomatic patients.

MATERIALS AND METHODS

The study was performed in accordance with the 
Declaration of Helsinki and was approved by the local 
Ethics Committee at Cardiology Research Institute, 

Tomsk NRMC (protocol No.204 of 18.11.2020). 
An informed written consent was obtained from all 
patients prior to their enrollment in the study. 

Study population. From December 2020 to January 
2022, a total of 59 patients (39 men, average age of 
65.0 [58.0; 69.0] years) were enrolled in the study. 
All patients did not receive optimal medical treatment 
before the enrollment. Inclusion criteria: 1) non-
obstructive (< 50%) coronary artery disease (CAD); 2) 
documented left ventricular ejection fraction (LVEF) 
≥ 50% measured by echocardiography; 3) LVDD / 
elevated left ventricular filling pressure (LVFP) based 
on echocardiography; 4) sinus rhythm; 5) a signed 
informed consent to participate in the study.

Exclusion criteria were the following: 1) myocardial 
infarction in the medical history; 2) planned coronary 
revascularization and / or previous revascularization 
of the coronary artery (CA); 3) systolic blood pressure 
> 160 mm Hg); 4) symptomatic hypotension with 
the mean systolic blood pressure < 90 mm Hg; 
5) second- or third-degree atrioventricular block, 
sick sinus syndrome; 6) persistent or chronic atrial 
fibrillation and / or flutter; 7) valvular insufficiency 
or stenosis of ≥ 2 degree; 8) hypertrophic and dilated 
cardiomyopathy; 9) previous pulmonary embolism 
with pulmonary hypertension of ≥ 45 mm Hg; 10) 
severe bronchial asthma and / or chronic obstructive 
pulmonary disease; 11) pathology of the thyroid gland; 
12) glomerular filtration rate (CKD-EPI) of < 30 ml / 
min / m2; 13) class 3 hepatic insufficiency according 
to Child-Pugh classification; 14) acute and chronic 
inflammatory heart diseases; 15) hemoglobin level of 
< 100 g / dl; 16) stroke or transient ischemic attack 
within 90 days prior to enrollment; 17) obesity (body 
mass index (BMI) > 35 kg / m2); 18) life-threatening 
uncontrolled arrhythmias.

Echocardiography. Philips Affiniti 70 ultrasound 
scanner was used to perform two-dimensional 
transthoracic echocardiography. All studies were 
performed by one highly qualified specialist. 
Evaluation of LVDD was based on the following 
indices: E wave, E/A ratio, septal e′, average E/e′ 
ratio, indexed left atrial volume, and peak tricuspid 
regurgitation velocity [17]. 

Coronary computed tomography angiography and 
dynamic SPECT. Dynamic CZT SPECT and coronary 
computed tomography angiography (CCTA) were 
performed using a hybrid system (GE Discovery NM/
CT 570С; GE Healthcare, USA) equipped with a 
dedicated cardiac CZT gamma camera and a 64-slice 
CT scanner.
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Dynamic SPECT. Patient preparation, study 
protocol, as well as acquisition and analysis of static 
and dynamic scintigraphic data were described in the 
previous articles [9, 10]. It is important to note that 
patients were instructed to stop taking beta-blockers, 
nitrates, calcium channel blockers, caffeine, and 
methylxanthine-containing substances for at least 
24 hours before the procedure. All studies were 
performed in the morning, on an empty stomach, 
against the background of a sinus heart rhythm [18]. 
A two-day rest – stress protocol was performed using 
the radiopharmaceutical 99mTc-methoxy-isobutyl-
isonitrile (99mTc-MIBI), which was administered 
intravenously at a bolus dose of 260–444 MBq. 
Before the first dynamic study, a low-dose CT scan 
(tube voltage 100 kV, tube current 20 mA, rotation 
time 0.8 s, helical pitch 0.969 : 1, slice thickness  
5 mm) had been performed to assess the heart position.

The pharmacological stress test was performed 
according to a standard 4-minute protocol [18]. 
Adenosine triphosphate (ATP) was used as a 
pharmacological stress agent, which was administered 
intravenously using an infusion pump at a dose of 160 
μg / kg / min for 4 min. During the stress test, after 
2 minutes of intravenous infusion of ATP, a dose 
of 99mTc-Sestamibi (3 MBq·kg-1) was injected. 
Dynamic data acquisition was started 610 seconds 
before the radiotracer injection. The infusion of ATP 
continued for additional 2 minutes. 

To correct attenuation, low-dose CT of the chest 
was performed. All studies were performed on the 
Discovery NM/CT 570с hybrid computed tomography 
scanner (GE Healthcare, Milwaukee, WI, USA) 
equipped with a gamma camera with highly sensitive 
CZT detectors. The total effective radiation exposure 
of the study (rest / pharmacological stress test) was 
~6.25 mSv.

The resulting scintigraphic images were processed 
on the specialized Xeleris II workstation (GE 
Healthcare, Haifa, Israel). Myocardial perfusion, 
myocardial blood flow (MBF), and coronary flow 
reserve (CFR)were assessed using specialized software 
Corridor 4DM SPECT and 4DM Reserve v.2015 
(INVIA, Ann Arbor, MI, USA). The quantitative 
characteristics were processed using the Net Retention 
model with attenuation correction [19].

According to myocardial perfusion SPECT 
data, standard semi-quantitative indices of impaired 
myocardial perfusion were determined: Summed Stress 
Score (SSS) – the sum of scores during stress, Summed 
Rest Score (SRS) – the sum of scores at rest, Summed 

Difference Score (SDS) – the difference between 
exercise and rest, as well as quantitative parameters: 
stress-MBF – myocardial blood flow during stress, 
rest-MBF – myocardial blood flow at rest, and CFR.

Coronary computed tomography angiography. 
Preparation for CCTA was carried out according to 
the standard protocol and included beta-blockers and 
prednisolone, avoiding caffeinated drinks or food, and 
excluding the use of glucophage (metformin), viagra, 
etc., and pain medications (advil or motrin). Besides, 
patients were instructed about contraindications of the 
procedure related to allergies, pregnancy, and kidney 
disease. Heart rate and blood pressure were evaluated 
before each scan. All patients received 0.5 mg of 
sublingual nitroglycerin tablets. 

For contrast-enhanced scans, 70–90 ml of a non-
ionic contrast agent (iopamidol 370 mg, Bracco 
Diagnostics, Italy) was injected intravenously through 
an 18G antecubital catheter at a flow rate of 5–5.5 ml 
/ s followed by 60 ml of 0.9% NaCl. 

In patients with the heart rate ≥ 55 bpm, a 
retrospective electrocardiogram (ECG)-gated helical 
scan was acquired, and in those with the heart rate < 
55, a prospective ECG-gated protocol was used. The 
recording parameters were the following: tube voltage 
of 120 kV, tube current of 300–600 mA using ECG 
modulation with maximum tube current of 40–80% 
between phases, and minimum tube current in the 
remaining phases. 

Axial images, curved multiplanar and cross-section 
reformations, and thin-slab maximum intensity 
projections were used for dataset analysis. All studies 
were analysed on the hybrid CT scanner (Advantage 
Workstation 4.6, GE Healthcare, USA).

In the case of retrospective CCTA scans, images 
were reconstructed at 75% of the cardiac cycle with 
a slice thickness of 0.625 mm. In cases of heart rate 
artefacts, other reconstruction windows were used 
(from 10% to 90% of the R-R cycle). According to 
modified American Heart Association criteria, CAs 
were subdivided into 16 segments [20, 21].

Blood sampling and biochemical analysis. Blood 
samples were obtained by venipuncture. Adequate 
samples were centrifuged, serum was separated and 
stored at –24 °C with a single freeze – thaw cycle. 
Serum levels of sST2, NT-proBNP, FGF-23, MMP-
9, and TIMP-1 were analyzed from the same blood 
sample by the enzyme immunoassay (NT-proBNP, 
FGF-23, and TIMP-1, Biomedica, Austria; Presage® 
ST2 Assay, Critical Diagnostics, San Diego, CA, 
USA; MMP-9; eBioscience, USA). 
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Statistical analysis. Statistical processing of the 
results was performed using Statistica 10.0 software 
package R, version 2. The data were presented as the 
median and the interquartile range Me (Q25; Q75). To 
test statistical hypotheses for quantitative variables, 
the Mann – Whitney test was used when comparing 
two independent groups. When analyzing qualitative 
variables, contingency tables were analyzed using the 
Pearson’s χ2 test. If there were cells with an expected 
frequency less than 5, then a two-tailed Fisher’s exact 
test or Yates’ correction (for 2 × 2 tables) was applied. 
To search for relationships between the variables, the 
correlation analysis was used with the calculation of 
the Spearman’s rank correlation coefficients. The cut 
off scores for the diagnosis of CMD were determined 
by the ROC-analysis. The critical significance level of 
the p-value was taken equal to 0.05.

RESULTS
Impaired CFR was defined as CFR ≤ 2. Thus, 

CMD was defined as the presence of impaired CFR 
in the absence of flow-limiting CAD. Patients were 

distributed according to CFR values: group 1 included 
patients with preserved CFR (> 2, n = 35), group  
2 included patients with impaired CFR (CFR ≤ 2,  
n = 24). HFpEF was diagnosed according to 2021 
ESC guidelines for the diagnosis and treatment 
of acute and chronic HF [22]. The baseline 
demographic and clinical characteristics of patients 
did not differ (Table 1). However, in patients with 
CMD, HFpEF was revealed in 87.5%, while in 
patients without CMD, it was diagnosed only in 
51.4% (p < 0.0001). Echocardiography parameters 
did not differ significantly between the groups  
(Table 2).

In patients with CMD, CFR values were lower by 
47.8% (p < 0.0001) than in patients without CMD 
(1.41 [1.23; 1.55] vs. 2.6 [2.49; 3.38], respectively). In 
group 1, rest-MBF was 0.74 (0.56; 0.93) ml / min / g, 
while in group 2, it was 0.48 (0.37; 0.67) ml / min / g 
(p = 0.045). In group 1, stress-MBF was 1.06 (0.91; 
1.24) ml / min / g, and in group 2 it was 1.59 (1.19; 
1.74) ml / min / g(p = 0.012). The remaining indices 
did not differ significantly (Table 3). 

T a b l e  1

Clinical and demographic characteristics of patients, Me (Q25; Q75)

Parameter Patients with CMD, n = 24 Patients without CMD, n = 35 p value
Age, years 60 (52; 66) 62 (59; 67.5) 0.451
Sex / male, n (%) 14 (58.3) 23 (65.7) 0.767
BMI, kg / m2 29.55 (27.1; 30.7) 31.2 (28.0; 33.41) 0.180
Hypertension, n (%) 20 (83.3) 32 (91.4) 0.812
Diabetes mellitus, n (%) 6 (25.0) 10 (28.6) 0.761
COPD, n (%) 3 (12.5) 5 (14.3) 0.824
Current smoker, n (%) 6 (25.0) 9 (25.8) 0.998
Heart failure, n (%) 21 (87.5) 18 (51.5) < 0.0001
eGFR, ml / min / 1.73 m2 73.5 (59; 81) 69 (65; 79) 0.775
Total cholesterol, mmol / l 4.15 (3.2; 5.98) 4.4 (3.6; 5.4) 0.874
LDL-cholesterol, mmol / l 1.79 (1.3; 3.34) 2.6 (1.8; 3.42) 0.606
HDL-cholesterol, mmol / l 1.36 (1.29; 1.78) 1.23 (1.06; 1.3) 0.239
Triglycerides, mmol / l 1.5 (1.14; 2.23) 1.6 (1.25; 2.2) 0.815
Hemoglobin, g / dl 152 (144; 159) 143 (137; 153.5) 0.121
Potassium, mmol / l 4.3 (4.0; 5.2) 4.2 (3.9; 5.1) 0.981
HbA1c, % 5.8 (5.5; 7.6) 5.6 (5.3; 7.5) 0.091
CRP, g / l 4.1 (3.6; 4.7) 5.2 (2.7; 10.1) 0.998
Fibrinogen, g / l 3.3 (2.9; 3.4) 3.2 (2.7; 3.4) 0.934
sST2, ng / ml 31.03 (27.03; 35.5) 25.0 (21.45; 31.15) < 0.001
NT-proBNP, pg / ml 318.0 (169.7; 2,106.2) 196.8 (68.1; 510.4) 0.045
MMP-9, ng / ml 1538 (945.4; 1982) 1183 (720.9; 1725) 0.023
TIMP-1, ng / ml 230.2 (107.38; 285.8) 160.78 (58.66; 213.2) 0.012
FGF-23, ng / ml 0.683 (0.383; 0.999) 0.649 (0.5; 0.965) 0.565

Note :  HbA1c – glycated hemoglobin; FGF-23 – fibroblast growth factor-23; LDL-cholesterol – low-density lipoprotein cholesterol;  
HDL-cholesterol – high-density lipoprotein cholesterol; CRP – C-reactive protein; eGFR – estimated glomerular filtration rate (CKD-EPI);  
TIMP-1 – tissue inhibitor of metalloproteinase-1; COPD – chronic obstructive pulmonary disease.
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T a b l e  2
Echocardiography parameters, Me (Q25; Q75)

Parameter Patients with CMD, n = 24 Patients without CMD,  n = 35 p-value
Left ventricular ejection fraction, % 65 (63; 66) 65 (64; 67) 0.531
End-systolic diameter, mm 32 (30; 33) 32 (31; 33) 0.886
End-diastolic diameter, mm 50.5 (48;51) 50.5 (49; 51) 0.752
LVMI, g / m2 91 (88; 95) 84 (79; 90) 0.159
Interventricular septum, mm 10.2 (10; 11) 10.5 (10.5; 11) 0.371
Left ventricular posterior wall, mm 10 (10; 11) 10 (9.5; 10) 0.154
Е / А ratio 0.98 (0.73; 1.38) 1.02 (0.86; 1.29) 0.829
Septal e′ 5.89 (4.8; 6.45) 5.66 (5.35; 6.25) 0.949
PTRV, m / s 2.89 (2.8; 3.11) 2.91 (2.87; 2.99) 0.852
E / e’ 14.75 (13.5; 15.1) 14 (13.3; 14) 0.181
LAVI 33 (29; 37) 32 (29; 33) 0.284
DD type 1, n (%) 19 (79.2) 26 (74.3) 0.761
DD type 2, n (%) 5 (20.8) 25.7 0.817

Note :  DD – diastolic dysfunction; LAVI – left atrial volume index; LVMI – left ventricular mass index; PTRV – peak tricuspid regurgitation 
velocity. 

T a b l e  3

Dynamic SPECT parameters and standard semi-quantitative indices of impaired myocardial perfusion, Me (Q25; Q75)

Parameter Patients with CMD, n = 24 Patients without CMD,  n = 35 p-value
Dynamic SPECT indices

Stress-MBF, ml / min / g 1.06 (0.91; 1.24) 1.59 (1.19; 1.74) 0.012
Rest-MBF, ml / min / g 0.74 (0.56; 0.93) 0.48 (0.37;0.67) 0.045
CFR 1.41 (1.23; 1.55) 2.6 (2.49; 3.38) <0.0001

Standard semi-quantitative indices of impaired myocardial perfusion 
SSS 2.0 (1.0; 4.0) 2.0 (0; 4.0) 0.566
SRS 0 (0; 1) 0 (0; 1) 0.926
SDS 0.5 (0; 3.0) 2 (0; 3.0) 0.364

Standard semi-quantitative indices of myocardial dysfunction
Stress ESV, ml 37.0 (30.0; 46.0) 33.5 (25.5; 40.0) 0.158
Stress EDV, ml 115.5 (97.0; 123.0) 106.5 (99.0; 122.5) 0.404
Stress EF, % 68.0 (61.0; 74.0) 70.0 (66.0; 73.5) 0.244
Rest ESV, ml 32.0 (28.0; 41.0) 32.5 (24.5; 36.0) 0.364
Rest EDV, ml 108.5 (100; 117) 102.5 (89.5;121.5) 0.250
Rest EF, % 70.5 (62.0; 72.0) 69.5 (65.5; 72.5) 0.698

Note :  CFR – coronary flow reserve; stress-MBF – myocardial blood flow during stress; rest-MBF – myocardial blood flow at 
rest; SSS – summed stress score; SRS – summed rest scores; SDS – summed difference score as the difference between SSS and 
SRS; ESV – end-systolic volume; EDV – end-diastolic volume; EF – ejection fraction.

CFR values were correlated with the left 
atrial volume (r = –0.527; p = 0.001), E / A ratio  
(r = –0.321, p = 0.012), and E / e’ (r = –0.307;  
p = 0.021), as well as with the levels of NT-proBNP 
(r = –0.290; p = 0.04) and sST2 (r = –0.330; p =  
0.012). 

The levels of NT-proBNP were higher in group  
1 by 36.4% (p = 0.045) than in group 2 (318.0 [169.7; 
2,106.2] and 196.8 [68.1; 510.4] pg / ml, respectively). 
The sST2 levels were higher in patients with impaired 
CFR by 19.4% (p > 0.001) than in patients with 
preserved CFR (31.03 [27.03; 35.5] and 25.0 [21.45; 
31.15] ng / ml, respectively). The serum levels of 

MMP-9 in group 1 were 1,538 (945.4; 1,982) pg / ml, 
and in group 2 they were 1,183 (720.9; 1,725) ng /ml 
(p = 0.023). The levels of TIMP-1 were higher by 
30.1% (p = 0.012) in group 1 than in group 2 (230.2 
[107.38; 285.8] and 160.78 [58.66; 213.2] ng / ml, 
respectively). The serum concentration of FGF-23 did 
not differ between the groups.

Following the ROC-analysis, the levels of sST2 ≥ 
31.304 ng / ml (sensitivity 55.0%, specificity 90.3%; 
area under the curve (AUС) = 0.730; р = 0.004) 
(Fig. 1) and NT-proBNP ≥ 977.2 pg / ml (sensitivity 
64.9%, specificity 84.6%; AUС = 0.815; р = 0.034) 
were identified as cut-off values for diagnosing CMD 
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in patients with non-obstructive CAD (Fig. 2). When 
comparing the ROC-curves of sST2 and NT-proBNP, 

DISCUSSION
This study demonstrated that patients with non-

obstructive CAD and CMD had higher incidence of 
HFpEF than patients without CMD. The values of 
CFR were correlated with DD parameters and the 
concentrations of NT-proBNP and sST2. The levels 

Fig. 1. Sensitivity and specificity of sST2 levels in the diagnosis 
of CMD (ROC-analysis)

Fig. 2. Sensitivity and specificity of NT-proBNP levels in the 
diagnosis of CMD (ROC-analysis)

no significant differences in the cut-off values for the 
presence of CMD were revealed (Fig. 3). 

Fig. 3. Comparison of sensitivity and specificity of NT-proBNP 
and sST2 levels in the diagnosis of CMD (ROC-analysis)

of sST2 ≥ 31.304 ng / ml and NT-proBNP ≥ 977.2 pg 
/ ml were identified as cut-off values for diagnosing 
CMD in patients with non-obstructive CAD. 

HFpEF is one of the greatest problems in modern 
cardiology. Out of the estimated 5 million patients 
diagnosed with HF in the USA, approximately 50% 
have HFpEF [22]. In Europe, this proportion ranges 
from 22 to 73% [1]. Moreover, there is a growing 
understanding that HFpEF represents a heterogeneous 
syndrome with various phenotypes and comorbidities 
[23]. The results of a number of international studies 
using invasive or non-invasive diagnostic methods 
support the assumption that CMD occurs significantly 
more often than previously, including patients with 
HFpEF. V.L.Murthy et al. reported that 53% of 
patients with non-obstructive CAD and pain syndrome 
had evidence of inducible myocardial ischemia [11]. 
According to the latest meta-analysis data of 56 studies 
including 14,427 patients, the proportion of patients 
with CMD was 41% in the general population [12]. 
Moreover, when the prevalence of CMD was analyzed 
in patients with HFpEF, the incidence increased to 
75–85% [13, 14]. Therefore, an innovative theory 
has been proposed recently according to which CMD 
represents “common soil” for the occurrence of both 
microvascular angina and HFpEF [4, 14, 24]. It is 
worth noting that patients with non-obstructive CAD, 
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despite preserved LVEF, are no less often subject to 
hospitalization due to HF decompensation [11]. 

CMD is a type of non-obstructive CAD in which 
small blood vessels feeding the cardiac muscle cannot 
cope with the load [14]. However, the potential 
mechanisms of CMD development have not yet been 
studied and include cellular metabolism disorders, 
systemic inflammation, reactive oxygen species 
(ROS) generation, increased coronary vasoconstrictor 
reactivity at the microvascular level, impaired 
endothelium-dependent and endothelium-independent 
vasodilator capacities, hormonal and electrolyte 
imbalance, etc., which results in development of 
fibrosis and increased myocardial stiffness and 
coronary microvascular resistance [12, 14–16, 25]. 
It is most likely that primary structural abnormalities 
in CMD are associated with damage to endothelial 
mitochondria and include their hyperplasia, reduction 
in size of organelles or their fragmentation, and 
structural damage, such as reduction of electron-dense 
matrix and disruption of inner and outer membranes 
[16, 23, 24]. The concomitant diseases, such as 
diabetes, hypertension, obesity, etc., not only activate 
superoxide overexpression via the mitochondrial 
electron-transport chain and NADPH oxidase, which 
partially contribute to impaired endothelial cell 
function, but also control parallel pathways causing 
the development of endothelial dysfunction [22]. It is 
worth noting, that endothelial dysfunction is one of the 
key mechanisms for the development and progression 
of CMD in HFpEF [18]. 

The endothelium plays a pivotal role in preventing 
platelet aggregation and leukocyte adhesion, 
regulating cell proliferation, and modulating vascular 
tone by synthesizing and releasing endothelium-
derived relaxing factors, such as prostaglandins, 
nitric oxide (NO), and endothelium-dependent 
hyperpolarization (EDH) factors in different forms 
depending on the vessel size. NO predominantly 
mediates vasodilatation of relatively large coronary 
vessels, while EDH factors influence microvasculature 
resistance. As a consequence, alterations in both 
the myocytic and non-myocytic compartments can 
lead to the development of myocardial fibrosis and 
extracellular matrix remodeling and increase diastolic 
stiffness, which contributes to the progression of 
HFpEF [25, 26]. 

In the context of increased oxygen demand, impaired 
CFR, even in the absence of obstructive CAD, reflects 
myocardial ischemia at the microcirculatory level due 
to an imbalance in the ratio of oxygen demand and its 

delivery to the myocardium, which may predispose the 
myocardium to injury and impaired global ventricular 
mechanics and cardiac dysfunction [7]. Our data 
demonstrated that CMD was independently associated 
with DD parameters and the presence of HFpEF. This 
suggests that factors tipping the balance towards 
ischemic damage to cardiomyocytes in patients with 
existing CMD may impair LV function and increase 
the risk of HFpEF development, even in the absence 
of overt structural abnormalities or obstructive 
CAD. Thus, in the study including 385 patients with 
non-obstructive CAD, CMD was also significantly 
associated with echocardiography parameters of DD 
[27]. In patients with systolic dysfunction (LVEF < 
35%) and non-obstructive CAD, CFR parameters 
were correlated with E / e’ values [28]. In particular, 
microvascular endothelial dysfunction, decreased 
nitric oxide bioavailability, and increased profibrotic 
cytokine signaling may contribute to reduced coronary 
microvascular density or rarefaction and increased 
myocardial fibrosis, observed in HFpEF [7, 13, 14]. 
Correlation of CFR with biochemical markers of left 
ventricular volume overload, such as NT-proBNP (r = 
–0.290; p = 0.04), and cardiac fibrosis, such as sST2 (r 
= –0.331; p = 0.012), demonstrates a close relationship 
between these processes in the pathogenesis of HFpEF 
in patients without occlusive CAD. 

In our study, only the levels of sST2 and NT-
proBNP, but not MMP-9 and TIMP-1, were identified 
as cut-off values for diagnosing CMD in patients with 
non-obstructive CAD. Perhaps, in this population 
with non-obstructive CAD, the levels of sST2 reflect 
periarteriolar fibrosis that may occur in CMD [29]. 
In particular, CMD associated with chronic systemic 
inflammation may promote periarteriolar fibrosis and 
microvascular rarefaction, yielding decreased CFR, 
overexpression of sST2, and the development of HF 
symptoms and / or microvascular angina with “normal” 
CA [30].  In the study on mice models, decreased 
ST2 signaling with the progression of microvascular 
changes in the pressure overload state was associated 
with amplifying and sustaining arteriolar remodeling 
and periarteriolar fibrosis [29]. Furthermore, Aslan 
et al. (2019) established that serum sST2 levels were 
significantly higher in patients with microvascular 
angina compared with controls [31]. Hereinafter, 
chronic systemic inflammation causes adhesion and 
infiltration of monocytes and stimulation of integrated 
macrophages, which promotes myofibroblast 
differentiation and, eventually, collagen secretion 
leading to fibrosis and cardiac remodeling [10, 11, 32]. 
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Thus, coronary microvascular ischemia may play an 
important role in the elevation of LV filling pressure, 
the development of DD, and the pathophysiology of 
HFpEF [8]. To support this fact, it was found that 
patients with CMD had higher levels of MMP-9 and 
TIMP-1 than those without it. But most likely, this 
process is secondary to CMD and is a consequence 
of HFpEF progression; therefore, these biomarkers 
did not show significance in the diagnosis of CMD, in 
contrast to sST2 and NT-proBNP. 

CONCLUSION
It was established that CMD may play an important 

role in the pathogenesis of HFpEF. The values of CFR 
were correlated with DD parameters, and impaired 
CFR was associated with overexpression of cardiac 
biomarkers of fibrosis and remodeling. Serum levels 
of sST2 and NT-proBNP may be used as markers for 
non-invasive diagnosis of CMD.
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Effects of a high-fat, high-carbohydrate diet on the retina of young  
and old rats 

Logvinov S.V.1, Mustafina L.R.1, Kurbatov B.K.2, Naryzhnaya N.V.2, Varakuta E.Yu.1, 
Potapov A.V.1

1 Siberian State Medical University 
2, Mosсow Trakt, Tomsk, 634050, Russian Federation
2 Cardiology Research Institute, Tomsk National Research Medical Center (NRMC) of the Russian Academy  
of Sciences 
111a, Kievskaya Str., Tomsk, 634012, Russian Federation

ABSTRACT

Aim. To study the effect of a high-fat, high-carbohydrate diet on retinal morphology of young and old rats in the 
experiment.

Materials and methods. The study was carried out on male Wistar rats aged 60 and 450 days at the beginning of 
the experiment. The animals were divided into 4 groups: group 1 (n = 14) included intact rats aged 150 days at the 
end of the experiment; group 2 (n = 14) encompassed  rats (60 days old) fed with a high-fat, high-carbohydrate diet 
(HFHCD) for 90 days; group 3 (n = 14) included intact rats (450 days old) receiving a standard diet for 90 days; 
group 4 (n = 14) included  rats (450 days old) fed with HFHCD for 90 days. Immunoassay and histology were used 
in the work.

Results. HFHCD resulted in an increase in glucose concentration in animals of both age groups. In old animals, it 
caused a pronounced increase in the content of insulin, TGFβ, and fibronectin in the blood serum, neovascularization 
of outer retinal layers, as well as karyopyknosis and death of neurosensory cells, leading to destruction of 
photoreceptors and drastic thinning of the outer nuclear and outer plexiform layers. In young rats fed with HFHCD, 
no pronounced histologic disorders of the retina were noted. 

Conclusion. HFHCD enhances age-related retinal changes in old (450-day-old) rats.

Keywords: retinopathy, age-related changes in the retina, high-fat, high-carbohydrate diet 
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Влияние высокоуглеводной высокожировой диеты на сетчатку  
молодых и старых крыс

Логвинов С.В.1, Мустафина Л.Р.1, Курбатов Б.К.2, Нарыжная Н.В.2, Варакута Е.Ю.1, 
Потапов А.В.1
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РЕЗЮМЕ 

Цель: изучить в эксперименте влияние высокоуглеводной высокожировой диеты на сетчатку в молодом и 
старческом возрасте.

Материалы и методы. Исследование проводили на самцах крыс линии Вистар в возрасте 60 и 450 сут в на-
чале эксперимента. Животных распределяли на четыре группы: 1-я (n = 14) – интактные крысы в возрасте 
150 сут на момент окончания исследования; 2-я (n = 14) – 150-суточые крысы на момент окончания 90 сут 
высокоуглеводной высокожировой диеты (ВУВЖД); 3-я (n = 14) – интактные крысы 540-суточного возрас-
та на момент окончания исследования; 4-я (n = 14) – 540-суточные крысы после окончания 90 сут ВУВЖД. 
В работе использовали иммуноферментный и гистологический методы исследования.

Результаты. ВУВЖД приводила к повышению концентрации глюкозы у животных обеих возрастных 
групп, а у старых животных вызывала выраженное увеличение содержания инсулина, TGFβ и фиброне-
ктина в сыворотке крови, неоваскуляризацию наружных слоев сетчатки, кариопикноз и массовую гибель 
нейросенсорных клеток, влекущую за собой разрушение слоя палочек и колбочек, резкое истончение на-
ружного ядерного и наружного сетчатого слоев. У молодых крыс, содержавшихся на ВУВЖД, не было 
отмечено выраженных гистологических нарушений сетчатки. 

Заключение. ВУВЖД усиливает возрастные изменения сетчатки у старых (450-суточных) крыс.

Ключевые слова: ретинопатия, возрастные изменения сетчатки, высокоуглеводная высокожировая диета
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INTRODUCTION

Age-related changes in the retina, in particular 
age-related macular degeneration, cause vision loss 
in millions of people around the world. At the same 
time, excessive consumption of high-calorie food, 
especially in developed countries, leads to diabetic 
retinopathy, which is the main cause of blindness in 
the working age population [1, 2]. The mechanisms 

of development of senile macular degeneration and 
diabetic retinopathy have some common features [3]. 
Numerous studies are devoted to retinal aging [4–6], 
retinal pathology in metabolic syndrome, and type 2 
diabetes [7–9], including models with high-fat and 
high-carbohydrate diets [3, 10, 11]. However, the 
impact of high-calorie diets on the development of 
age-related retinal diseases and the structural basis of 
retinopathy caused by a high-fat, high-carbohydrate 
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diet (HFHCD) in various age groups is poorly studied. 
Knowledge about the association of aging with 
HFHCD is essential for development of prevention 
and treatment strategies for age-related macular 
degeneration and diabetic retinopathy. The aim of 
the study was to investigate the effect of HFHCD 
on retinal morphology of young and old rats in the 
experiment.

MATERIALS AND METHODS
The study was carried out on male Wistar rats 

aged 60 and 450 days. All procedures were carried 
out in accordance with the European Parliament 
Directive 2010/63/ EU and the FASEB statement on 
the principles for the use of animals in research and 
education. The following experimental groups were 
formed: group 1 (n = 14) included intact 150-day-old 
rats fed with a standard diet for 90 days (from 60 days 
of age); group 2 (n = 14) included 150-day-old rats fed 
with HFHCD for 90 days (from 60 days of age); group 
3 (n = 14) – intact 540-day-old rats fed with a standard 
diet for 90 days (from 450 days of age); group 4  
(n = 14) – 540-day-old rats fed with HFHCD for 90 
days (from 450 days of age).

 HFHCD contained 16% proteins, 21% fats, and 
46% carbohydrates, including 17% fructose and 
0.125% cholesterol. The water was replaced with a 
20% fructose solution. Rats of groups 1 and 3 (intact 
animals) received standard rodent feed (24% proteins, 
6% fats, 44% carbohydrates) and pure water ad libitum. 
The animals were removed from the experiment 
by decapitation with preliminary anesthesia with 
chloralose (100 mg / kg intraperitoneally). 

Before decapitation, blood samples were taken, 
which were centrifuged (for 15 min at 3,000 rpm). 
Serum samples were stored in a freezer at –70 °C. 
Glucose concentration in the blood serum was 
determined by the enzymatic colorimetric method 
using B-8054 kits (Vector-Best, Russia). The serum 
levels of insulin (ab100578, Abcam), fibronectin 
(ab108850, Abcam), and tissue growth factor beta 
(TGFβ) (ab119558, Abcam) were determined by the 
enzyme immunoassay. Sample measurements were 
performed using the Infinite 200 PRO microplate 
reader (Tecan GmbH, Austria). The homeostatic 
model assessment of insulin resistance (HOMA-IR) 
was calculated as the ratio of insulin * glucose / 22.5. 
For the histologic examination, the eyeballs were 
fixed in a 10% buffered formalin solution (BioVitrum 
LLC, Russia) and embedded in paraffin according to 
the standard method. Sections of the posterior wall 

of the eyes were stained with hematoxylin and eosin 
(BioVitrum LLC, Russia). 

Micropreparations were viewed and photographed 
using the AxioStar Plus light microscope (Carl Zeiss, 
Germany) at 400x and 1,000x magnification. In 10 
random fields of vision in sections for each retina, 
nuclei undergoing degeneration (%) were counted 
in the outer nuclear layer (ONL), inner nuclear layer 
(INL), and ganglion cell layer (GL). In the ONL and 
INL, rows of nuclei were counted.

Statistical data processing was performed using 
the Statistica 13.0 software (StatSoft Inc., USA). 
The data obtained were tested for normality of 
distribution using the Shapiro – Wilk test. Normally 
distributed data were presented as the mean and the 
standard error of the mean (M ± SEM).  Not normally 
distributed data were presented as the median and 
the interquartile range Ме (Q1; Q3). Homogeneity of 
multivariate dispersions was tested using the Levene’s 
test. When comparing several independent samples 
of quantitative data, a two-way ANOVA was used, 
followed by the Bonferroni correction for normally 
distributed variables. The nonparametric Kruskal – 
Wallis test was applied to compare samples with 
non-normal distribution. The threshold value of the 
significance level p was equal to 0.05.

RESULTS
Feeding the animals with HFHCD resulted in an 

increase in the concentration of glucose in the blood 
serum in the rats of both age groups (Table 1), as well 
as in a rise in the HOMA-IR values. However, only in 
old animals, HFHCD affected insulin levels, which led 
to a more pronounced increase in HOMA-IR values 
than in young rats (Table 1). Prescription of HFHCD 
contributed to an increase in the levels of TGFβ and 
fibronectin in the animals in group 4.

The histologic examination showed that the retinas 
in the rats of groups 1 and 2 had normal structural 
architecture of retinal layers (Figure, a). However, 
a small number of nuclei undergoing degeneration 
were detected in the ONL; they were characterized 
by diffuse hyperchromic staining and wrinkling  
(Figure, b).

In the retinas of rats in group 3, nuclei in the ONL 
were rarefied; in areas with the absence of nuclei, 
they were replaced by radial glial cell processes. 
Some of the outer and inner segments of the rods 
and cones were fragmented. In the subretinal space, 
fragments of the external processes of rods and 
cones were found, as well as small nuclei undergoing 
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degeneration, possibly displaced here from the ONL. 
Single larger nuclei in the subretinal space belonged 
to macrophages. Karyopyknosis was detected in the 
pigmented layer (PL) (Figure, c).

 Degenerating cells were found not only in the 
ONL, but also in the INL and GL (Figure, d). The 
most pronounced changes were noted in the retinas of 
rats in group 4. Thus, the ONL was almost completely 
destroyed and contained a few nuclei arranged in 
one incomplete row. Most of these nuclei were also 
undergoing degeneration and in some areas were 
displaced close to the PL, since the layer of rods and 
cones was completely destroyed. The PL was unevenly 
altered and often had pyknotic nuclei. In some areas, 

it was very thin and destroyed. Among the pigmented 
cells, hemocapillaries were found containing blood 
cells in the lumen. Hemocapillaries were also detected 
in the ONL, which indicates neovasculogenesis. In 
areas with the destroyed pigmented and photoreceptor 
layers, the nuclei of photoreceptors were attached 
to the Bruch’s membrane. In these areas, the 
choriocapillaries were few and narrowed. The INL 
and GL contained degenerating cells (Figure, e, f). 
The quantitative assessment did not reveal significant 
differences in 150-day-old animals of groups 1 
and 2. However, the content of nuclei undergoing 
degeneration in the ONL in group 2 showed a distinct 
upward trend compared with group 1 (Table 1).

b

d

a

c

e f

Figure. Histologic changes in the retina of rats associated with age and HFHCD: a – usual structural architecture of the retinal layers, 
group 2; b – single nuclei of rods and cones undergoing degeneration (indicated by arrows) in the ONL, group 2; c – rarefaction 
of nuclei in the ONL and their replacement by radial glial cell processes (white arrows), the presence of nuclei in the subretinal 
space (black arrows), a nucleus undergoing degeneration in the pigmented layer (dashed arrow), group 3; d – degenerating cells in 
the INL (yellow arrows) and the GL (black arrows), group 3; e – a blood vessel in the pigmented layer (yellow arrow), pyknosis of 
pigmented cell nuclei (black arrows), single nuclei undergoing degeneration in the ONL (black arrows) and GL (red arrows), group 
4; f – nuclei of rods and cones (black arrows), arranged in one incomplete row, close to the pigmented layer, a blood capillary in 
the subretinal space (yellow arrow), degenerating cells in the INL (red arrows), group 4. Staining with hematoxylin and eosin, x400  

(a, c, e); x1,000 (b, d, f )
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In rats of group 3, the proportion of degenerating 
cells in the ONL, INL, and GL significantly 
increased compared with groups 1 and 2. The most 
pronounced increase in the proportion of such cells 
was observed among rods and cones. There was a 
significant decrease in the number of rows of nuclei 
in the ONL in group 3 compared with groups 1 and 
2. The number of rows of nuclei in the INL did not 
differ in all 4 groups of animals. In group 4, the trend 
was similar to that in group 3, but the quantitative 
changes were significantly more pronounced. A 
drastic decrease in the number of rows of nuclei in 
the ONL and an increase in the proportion of nuclei 
undergoing degeneration among the remaining nuclei 
were worth noting, which indicates massive death of 
rods and cones. The proportion of degenerating cells 
in the INL and GL significantly increased in group 4 
compared with group 3, but to a much lesser extent 
than the proportion of nuclei undergoing degeneration  
in the ONL.

DISCUSSION
In our opinion, the revealed neovasculogenesis 

played the most important role in tissue mechanisms 
of retinopathy in old rats fed with HFHCD. As shown, 
blood vessels containing blood cells in the lumen 
appeared in unusual places – among the pigmented 
cells, in the layer of outer and inner segments, and in the 
ONL. It is known that invasion of hemocapillaries into 
layers where they are not present in normal conditions 

leads to oxidative stress and, as a consequence, death 
of pigmented and photoreceptor cells, for example, 
under the combined effect of ionizing radiation and 
bright light [12]. Under light exposure, new vessels 
invaded the layer of the outer and inner segments, 
which was due to expression of VEGF and led to 
retinal degeneration [13]. 

C.Toma et al. emphasized the relationship of 
oxidative stress and neovascularization with changes 
in choroidal blood flow and degeneration of the 
pigmented layer and photoreceptor cells in age-related 
retinopathy [14]. Pathological retinal angiogenesis 
is associated with expression of VEGF in diabetic 
retinopathy [15]. The studies carried out by a group 
of authors [16] showed that HFHCD used in our work 
causes biochemical disturbances characteristic of the 
metabolic syndrome. 

To date, the pathogenesis of diabetic retinopathy 
has been characterized in the context of signaling of 
glucose, insulin, VEGF, and other growth factors, 
among which TGFβ is of great importance [17]. 
At an early stage of diabetic retinopathy, TGFβ 
protects retinal vessels. At later stages, it contributes 
to the progression of vascular diseases, including 
proliferative ones [18]. TGFβ is known to control 
endothelial cell proliferation, cell adhesion, and 
deposition of the extracellular matrix and plays a key 
role in the development of diabetic retinopathy [19, 
20]. In our study, an increase in the concentration of 
TGFβ was detected in old rats, which was accompanied 

T a b l e  1

The levels of glucose and insulin in the blood serum of rats of different age fed with HFHCD, M ± SEM

Parameters Group 1 Group 2 Group 3 Group 4
Glucose, mM / l 5.4 ± 0.2 7.3 ± 0.21 6.0 ± 0.1 7.7 ± 0.21. 3

Insulin, pM / l 12.2 ± 0.8 18.35 ± 2.57 19.99 ± 2.3 34.7 ± 8.61

HOMA-IR 2.94 ± 0.28 5.97 ± 0.851 5.36 ± 0.611 12.05 ± 3.291. 2. 3

Fibronectin, mg / dl 21.23 ± 1.55 27.58 ± 1.78 29.89 ± 2.38 43.00 ± 3.121. 2. 3

Transforming growth factor β (TGFβ), ng /ml 14.0 ± 3.0 19.1 ± 2.6 35.3 ± 5.21 31.9 ± 4.11

Note :  statistical significance of differences with: 1 group 1; 2 group 2; 3 group 3; 4 group 4; two-way ANOVA followed by the Bonferroni 
correction.

T a b l e  2

Quantitative histologic changes in the retina of albino rats associated with age and HFHCD, Me (Q1; Q3)

Parameters Group 1 Group 2 Group 3 Group 4
Nuclei undergoing degeneration in ONL, % 0.25 (0.20; 0.40) 0.80 (0.70; 0.90) 15.051 (13.65; 16.65) 88.301. 2 (72.80; 92.40)
Number of rows of nuclei in ONL 10.65 (9.70; 11.90) 10.20 (9.30; 10.40) 5.901 (4.85; 7.85) 1.401. 2 (1.10; 4.90)
Nuclei undergoing degeneration in INL, % 0.15 (0.10; 0.20) 0.10 (0.10; 0.20) 1.95 (1.65; 2.80) 8.101. 2 (7.00; 9.30)
Number of rows of nuclei in INL 4.65 (4.20; 4.90) 4.70 (4.60; 5.40) 4.20 (4.05; 4.90) 4.30 (3.70; 5.20)
Ganglion neurons undergoing degeneration 0.50 (0.25; 0.50) 0.75 (0.25; 1.00) 3.001 (1.50; 4.00) 9.501. 2 (9.00; 11.50)

Note :  statistical significance of differences with: 1 group 1; 2 group 2; 3 group 3; 4 group 4; Kruskal – Wallis test.

Logvinov S.V., Mustafina L.R., Kurbatov B.K. et al. Effects of a high-fat, high-carbohydrate diet on the retina of young
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by proliferative changes in the retina in the form of 
neovasculogenesis in HFHCD. This occurred against 
the background of an increase in the blood levels of 
glucose and insulin and a rise in the HOMA-IR value. 
In old rats fed with HFHCD, the plasma level of 
fibronectin also increased. It is known that activation of 
fibronectin in endothelial cells and retinal pericytes is 
caused by TGFβ, which leads to thickening of capillary 
basement membranes and impairs permeability of 
the blood – retina barrier in diabetic retinopathy [21, 
22]. Therefore, the changes in the studied growth 
factors involved in the pathogenesis of retinopathy 
corresponded to neovasculogenesis and other vascular 
diseases that play a key role in age-related and 
HFHCD-related structural retinal abnormalities. This 
makes determination of these biochemical parameters 
in the diagnosis and treatment of senile macular 
degeneration and diabetic retinopathy clinically 
significant.

CONCLUSION
Our study showed that HFHCD enhances age-

related changes in the retina in old rats. Aging and 
HFHCD exhibit synergism in damaging photoreceptor 
cells, causing their karyopyknosis and massive death, 
which results in destruction of the layer of outer and 
inner segments, drastic thinning of the ONL to 1–2 
rows of nuclei, and thinning of the outer retinal layer. 
Death of rods and cones in the retina is accompanied 
by focal destructive changes in pigmented cells and a 
decrease in the number of choriocapillaries in the foci 
of destruction. HFHCD causes an increase in the serum 
levels of TGFβ and fibronectin and neovascularization 
in the outer retinal layers, which, in our opinion, plays 
a key role in the mechanisms of their destruction. The 
inner retinal layers were affected to a lesser extent than 
the photoreceptor and pigmented layers in old rats fed 
with HFHCD. In young rats, HFHCD did not cause 
pronounced histologic abnormalities in the retina.
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Environmental and genetic risk factors for Parkinson’s disease
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ABSTRACT

Aim. To analyze risk factors in the group of patients with Parkinson’s disease (PD) and compare them with the 
literature data.

Materials and methods. The study included 439 patients with PD and 354 controls, comparable by gender and 
age. For each individual, a registration card was filled in containing demographic, epidemiological, clinical, and 
neuropsychological data. The severity of the disease was studied according to the MDS-UPDRS scale; the stage 
of PD was determined according to the Hoehn and Yahr scale. Cognitive functions were assessed by the MoCA 
test and MMSE. The length of the (CAG)n repeat region in the HTT gene was determined using fragment analysis 
on the ABI 3730 DNA analyzer. The obtained results were analyzed using GeneMapper Software v4.1 (Applied 
Biosystems, USA).

Results. When comparing patients with PD and the control group, the odds ratio (OR) for PD in individuals with 
traumatic brain injury was 3.13 (95% confidence interval (CI): 2,27–4.34; p = 4.94 × 10–13), which showed the 
significance of this risk factor for PD. Consumption of coffee in the anamnesis distinguished the group of PD 
patients from the control group (OR = 0.41 (95% CI: 0.30–0.56); p < 0.0001), confirming its neuroprotective 
effect. Analysis of the variability in the length of the (CAG)n repeat regions in the HTT gene showed that patients 
whose genotype contained an allele with 17 repeats in combination with any allele other than an allele containing 
18 repeats had a protective effect (OR = 0.50 (95% CI: 0.27–0.92); p = 0.025). All genotypes containing an allele 
with 18 repeats were predisposed to PD (OR = 2.57 (95% CI: 1.66–4.28); p = 0.007). The predisposing effect of the 
allele to PD, unrelated to the expansion of CAG repeats in the HTT gene, was revealed for the first time.

Conclusion. Traumatic brain injury and the allele with 18 CAG repeats in the HTT gene are risk factors for PD. 
Coffee consumption can be attributed to protective factors in relation to PD. 

Keywords: Parkinson’s disease, risk factors, coffee, traumatic brain injury, HTT gene
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Средовые и генетические факторы риска болезни Паркинсона
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РЕЗЮМЕ

Цель. Проанализировать факторы риска в группе пациентов с болезнью Паркинсона (БП) и сопоставить их 
с литературными данными.

Материалы и методы. В исследование были включены 439 пациентов с БП и 354 индивида группы кон-
троля, сопоставимых по полу и возрасту. На каждого индивидуума заполнена регистрационная карта, со-
держащая информацию о демографических, эпидемиологических, клинических и нейропсихологических 
данных. Тяжесть заболевания исследовалась по шкале MDS-UPDRS; стадия БП – согласно шкале Hoehn – 
Yahr. Когнитивные функции оценивались по MoCA-тесту и MMSE. Длину (CAG)n-повтора в гене HTT 
определяли с помощью фрагментного анализа на платформе ABI Genetic Analyzer 3730. Анализ получен-
ных результатов проводился с помощью GeneMapper Software v4.1 (Applied Biosystems, США).

Результаты. При сравнении пациентов с БП и контрольной выборки отношение шансов развития БП  
у индивидов с травмой головы составило 3,13 (95% CI: 2,27–4,34; p = 4,94 × 10–13), показав значимость этого 
фактора риска БП. Употребление в анамнезе кофе отличает группу пациентов с БП от группы контроля  
(OR = 0,41 (95% CI: 0,30–0,56); p < 0,0001), подтверждая его нейропротективное действие. Анализ вариа-
бельности длины (CAG)n-повторов в гене HTT показал, что пациенты, в генотипе которых присутствует 
аллель, содержащий 17 повторов в сочетании с любым другим аллелем, кроме аллеля, содержащего 18 по-
второв, обладает протективным эффектом (OR = 0,50 (95% CI: 0,27–0,92); p = 0,025). Все генотипы, содер-
жащие аллель с 18 повторами, предрасполагают к БП (OR = 2,57 (95% CI: 1,66–4,28); p = 0,007). Предрас-
полагающий эффект аллеля, не связанный с экспансией CAG-повторов гена HTT, к БП выявлен впервые. 

Заключение. Черепно-мозговая травма и аллель (CAG)18-повторов гена HTT являются факторами риска 
для развития БП. Употребление кофе можно отнести к протективным факторам в отношении БП.

Ключевые слова: болезнь Паркинсона, факторы риска, кофе, черепно-мозговая травма, HTT
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INTRODUCTION

Parkinson’s disease (PD) is a chronic, progressive 
neurodegenerative disease, described by James 
Parkinson in 1817 in the essay about “shaking palsy” 
[1]. Degeneration of dopaminergic neurons in the 
substantia nigra and formation of Lewy bodies are 
pathological markers of PD [2]. Lewy bodies are 
cytoplasmic inclusions that contain insoluble aggregates 
of α-synuclein. However, pathological process is not 
restricted to the substantia nigra, it affects other brain 
regions and involves non-dopaminergic neurons.

PD is characterized by multifactorial etiology, 
which includes environmental and genetic 
components. Lifestyle and environmental factors [3] 
and multiple genetic variants have modifying effects 
both on predisposition to PD [4] and on the rate of 
PD progression [5–7]. Such factors as age, male 
gender [8], contact with pesticides [9], head injuries, 
depression, osteoporosis, therapy with beta-adrenergic 
antagonists or melanoma in the medical history [10] 
are associated with an increased risk for PD. At the 
same time, physical activity [11], coffee consumption 
[12], and long-term intake of nonsteroidal anti-
inflammatory drugs, calcium channel blockers, and 
statins are associated with a decreased risk for PD [3].  
Some studies revealed a decrease in the frequency 
of PD among people with alcohol abuse [11] and 
among smokers [13]. The latter two associations are 
controversial and can be caused by peculiarities of 
study group formation.

Monogenic forms of PD are encountered 
approximately in 5–10 % of PD cases.  At least 18 
different genes, mutations in which lead to PD, have 
been currently described [14]. The main pathogenic 
variants are found in genes encoding α-synuclein 
(SNCA), leucin-rich repeat kinase 2 (LRRK2), 
glucocerebrosidase (GBA), and parkin  E3 ubiquitin 
protein ligase (PRKN) [15].  Nonetheless, PD mostly 
has sporadic nature, and the majority of PD patients 
do not have mutations in these genes [2, 16].

Moreover, the most frequent genetic mutations 
contributing to PD have incomplete penetrance, 
which indicates the presence of modifying factors. 
Twin studies have shown that inheritance of PD is 
30%, which indicates that an increased risk for PD 
is associated with environmental and lifestyle factors 
[17]. The HTT gene is one of the possible modifier 
genes; expansion in its (CAG)n repeat regions (more 
than 36 repeats) results in Huntington’s disease 
(HD). The length of repeat regions is assumed to be a 

physiological modifier for the adenosine diphosphate 
(ADP) / adenosine triphosphate (ATP) ratio, which 
implies a common pathological component in both 
diseases (PD and HD). Moreover, single cases with 
atypical PD were described in the literature: PD 
patients with pronounced clinical manifestations have 
some neurophysiological features typical of HD. Such 
patients have intermediate alleles in the HTT gene – 
(CAG)27 and (CAG)29 – which do not exceed the 
pathological (CAG)n repeat length in HD [18, 19]. 
Therefore, we considered the length of (CAG)n repeats 
in the HTT gene as one of the risk factors for PD.

The aim of the study was to evaluate the role  
of environmental and genetic factors in PD deve- 
lopment.

MATERIALS AND METHODS
A group of PD patients was recruited at the 

Neurology and Neurosurgery Division of Siberian 
State Medical University. The diagnosis was 
established according to the Movement Disorder 
Society Clinical Diagnostic Criteria for Parkinson’s 
Disease [20]. We examined 439 PD patients (179 
males and 260 females) and 354 healthy individuals 
as a control group (143 males and 211 females). All 
these individuals were included in the study. The 
control group consisted of healthy individuals without 
neurodegenerative pathology. The study groups were 
comparable by age (66.3 ± 7.3 and 66.2 ± 9.1 years,  
p > 0.05) and sex (1:1.45 and 1:1.47, respectively).

All study participants underwent clinical 
neurological and neuropsychological testing. An 
individual registration card was filled in for each 
participant containing demographic, epidemiological, 
and clinical data. Information about risk factors for PD 
(head injury, exposure to toxic chemicals, smoking, 
coffee consumption) was obtained from interviews 
with the participants and their relatives (individuals 
with pronounced cognitive impairments were not 
included in the study). The above factors were taken 
into account only if they preceded PD symptoms.

The severity of the disease was assessed using the 
MDS-UPDRS scale; the stage of PD was determined 
according to the Hoehn and Yahr scale (1967) [21]. 
Cognitive functions were examined according to the 
Montreal Cognitive Assessment (MoCA) test [22] and 
MMSE [23].

The study complied with the principles of the 
Good Clinical Practice (GCP) and the Declaration of 
Helsinki. The study was approved by the local Ethics 
Committee at Siberian State Medical University. 
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Molecular and genetic testing was performed at 
the Center for Collective Use of Research Equipment 
and Experimental Biological Material “Medical 
Genomics” of the Research Institute of Medical 
Genetics, Tomsk NRMC. The length of (CAG)n 
repeats in the HTT gene was examined by the fragment 
analysis on the ABI Genetic Analyzer 3730 according 
to the earlier described method [24]. The obtained 
results were analyzed using GeneMapper Software 
v4.1. (Applied Biosystems).

Statistical data processing was performed using 
Statistica 10 software. Calculation of odds ratio (OR) 
and 95% confidence interval (95% CI) was performed 
using the online tool at https://www.medcalc.org/calc/
odds_ratio.php.

RESULTS
Association of traumatic brain injury with 

Parkinson’s disease. According to the literature data, 
traumatic brain injury (TBI) was studied as one of the 
risk factors for a range of neurodegenerative diseases 
[25]. Some studies have shown that head injury can 
cause neuroinflammation, affecting neurons either 
directly [26, 27] or indirectly – via blood – brain 
barrier impairment [28, 29].

Among the examined 439 PD patients, 208 (47.4%) 
individuals reported the presence of TBI in the medical 
history (42 females and 166 males, the average age 
was 66.2 ± 9.2 years). In the control group, only 79 
(22.3%) individuals (18 females and 61 males, the 
average age was 65.5 ± 8.8 years) reported TBI in the 
past medical history (Fig.1).  

× 10-13). Therefore, TBI is a significant risk factor 
for PD.  63 (14.3%) of PD patients and 17 (4.8%) 
individuals from the control group reported TBI with 
a loss of consciousness. The odds for development 
of PD increase in individuals with more severe TBI  
(TBI with a loss of consciousness). The OR for the 
development of PD in individuals with TBI with a 
loss of consciousness, compared with individuals 
without TBI, was 4.41 (95% CI: 2.44–8.07; p = 7.39 × 
10-8). The average age of disease debut did not differ 
significantly between PD patients with and without 
TBI (66.2 ± 9.2 years vs. 67.8 ± 11.8 years, p = 0.82).

Exposure to toxic chemicals. Numerous studies 
that included populations from all over the world 
have shown that exposure to pesticides and farming or 
living in rural areas are considered risk factors for the 
development of PD [16]. Occupational hazards and 
accidental exposure to such pesticides as paraquat, 
rotenone, 2,4-dichlorophenoxyacetic acid, and some 
dithiocarbamates and organochlorines (for residents 
living near the areas treated with these pesticides) are 
associated with an increased risk of PD development 
[30]. Genetically determined impairments in 
individuals exposed to toxic chemicals may affect 
their health increasing the risk of PD manifestation 
[31]. And on the contrary, compliance with hygiene 
rules and healthy diet can protect from adverse effects 
of environmental factors and reduce the effect of 
pesticide exposure [32, 33].

Among the studied individuals, 116 patients 
(26.4%) reported exposure to toxic chemicals for 
more than 5 years: gasoline and petroleum products 
8.7% (38), paints and organic solvents 8.0% (35), 
pesticides and fertilizers 4.3% (19), metals and ioni- 
zing radiation 3.6% (16); 8 individuals (1.8%)  
among the PD patients were welders with work 
experience of 10 ± 6 years. Nevertheless, comparing 
the group of PD patients and the control group in 
terms of exposure to toxic chemicals did not reveal 
significant differences (OR = 0.79 95 % CI: 0.58–
1.08; p = 0.1409).

Lifestyle factors. Some lifestyle factors are 
associated with a decreased risk of PD development. 
The strongest association was found between a 
decreased risk of PD and cigarette smoking individuals 
and (according to other studies) other tobacco users. It 
is assumed that nicotine plays the central role in this 
association. However, a recently finished clinical trial 
did not reveal a modifying effect of a nicotine patch on 
manifestations and progression of the disease in PD 
patients [34, 35].

Fig. 1. Frequency of TBI in the past medical history of 
individuals with PD and the control group (C), %; 0 – no TBI; 
1 – the presence of TBI without a loss of consciousness; 2 – the 
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Comparing the frequency of TBI in PD patients 
and the control group, OR for PD in individuals 
with TBI was 3.13 (95 % CI: 2.27–4.34; p = 4.94 
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In the current study, about 42% (n = 184) of 
patients have never smoked, 53% (n = 233) of patients 
used to smoke, and 5% (n = 22) of patients are current 
smokers. In the control group, the values were 50.3% 
(n = 178), 43.5% (n = 154), and 6.2% (n = 22), 
respectively. No significant differences were revealed 
between smoking and non-smoking individuals  
(p = 0.6594).

In 2007, Dr. Xiang Gao published the first large, 
prospective study, which lasted 16 years, on the effect 
of diet and eating habits on the risk of PD development 
[36].  It was shown that coffee and caffeine consumption 
were linked with a decreased risk of PD development. 
This effect was more pronounced in men, was dose-
dependent, and might depend on genetic factors. 
Similarly, some studies showed a decreased risk of PD 
in individuals drinking strong tea [37, 38].

Among the examined PD patients, only 20.5 %  
(n = 90) of individuals drink coffee, and about 
38.7% (n = 137) of people drink coffee in the control 
group (OR = 0.41 (95%CI: 0.30–0.56); p < 0.0001).  
At the same time, about 16% of PD patients regularly 
drink coffee for more than 10 years. These results  
are consistent with the data obtained by the Xiang  
Gao et al. [36].

Alcohol consumption in the studied groups was 
evaluated at the time of the study and in the anamnesis 
in terms of the frequency of consumption of beer, 
wine, fortified wine, sweet liqueur or strong alcohol in 
grams per day (g / day) based on the standard volume 
of the container for a particular drink. Division into 
groups was the following: < 0.1 g / day (people who 
do not drink alcohol, I), 0.1–4.9 g / day (II), 5.0– 
14.9 g / day (III), 15.0–29.9 g / day (IV), 30.0– 
59.9 g / day (V), and ≥ 60 g / day (VI). For patients 
with PD, the following values were identified: 15% 
(I), 18% (II), 34% (III), 20% (IV), 10% (V), and 
≥3% (VI). For the control group, the values were the 
following: 13% (I), 19% (II), 35% (III), 20% (IV), 
10% (V), and ≥3% (VI) (p > 0.05). At the same time, 
the average amount of consumed alcohol did not 
differ between the groups: 3.01 ± 1.29 and 3.02 ± 1.26  
(p = 0.9501).

Length of (CAG)n-repeats in the HTT gene. Despite 
incontrovertible evidence of the pathophysiological 
role of mitochondria in PD and their key role in cell 
signaling pathways, identification of mitochondrial 
dysfunction as a cause or effect of neurodegeneration 
is still a challenging task for researchers [39].

Earlier, we showed the associations of NBN, АТМ, 
and MLH1 genes with PD. Protein deficiency in these 

genes can also lead to mitochondrial dysfunction. 
Frequent alleles and genotypes of non-synonymous 
substitution of rs1801516 in ATM and rs1799977 in 
MLH1 predispose to PD development; at the same 
time, heterozygotes exert a protective effect.  A rare 
allele and genotype of promoter substitution in NBN 
(rs1805800) is also a risk allele for PD [40].

In the current study, we analyzed the length of 
(CAG)n repeats in the HTT gene in PD patients 
and healthy individuals. In both groups, we found 
a comparable number of alleles (16 and 17 in PD 
patients and in the control group, respectively) and a 
comparable length range (12–32 (CAG)n repeats in 
PD patients and 12–30 (CAG)n repeats in the control 
group) (Fig.2).  Intermediate alleles (CAG)26-35 were 
identified in both groups with alleles of normal length: 
(CAG)16-19 in PD patients and (CAG)15-24 in the control 
group. The frequency of intermediate alleles was 
2.38% and 5.58% in the PD patients and in the control 
group, respectively.

Fig. 2. Frequency of (CAG)n repeat regions in the HTT gene in 
patients with PD and in the control group, % 
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The distribution of alleles in both studied groups 
was similar, about 80% of alleles had 15–20 repeats 
(Fig.3); the (CAG)17 allele was the most frequent 
in both groups (30.95% and 36.70% in PD patients 
and healthy individuals, respectively). However, the 
(CAG)18 allele in PD patients was significantly more 
frequent than in the control group (OR = 2.22 (95%CI: 
1.66–4.28), χ2 = 6.09, p = 0.014). Therefore, a risk 
allele was identified (18 repeats); the allele with  
17 repeats was 5.75% more frequent in the control 
group; however, these differences were not significant 
(p = 0.269). 

Since there was a great number of genotypes in 
each sample (38 in each group), we have grouped 
genotypes for the further analysis. The “18 / all” group 
included all genotypes which had one allele with  
18 (CAG)n repeats and the other allele with any 
number of repeats except for 17. The genotype 
combining alleles with 17 and 18 repeats was studied 
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separately. The “17 / all” group included all genotypes 
which had one allele with 17 repeats and the other 
allele with any number of repeats, expect for 18. All 
remaining genotypes were included in the group “all 
/ all”. The “17 / all” genotype had a protective effect 
(OR = 0.50 (95%CI: 0.27–0.92), χ2 = 5.05, p = 0.025). 
At the same time, genotypes with 18 alleles were more 
prevalent in PD patients: “18 / all” was 2.98 times 
more frequent, and “17 / 18” was 1.47 times more 
frequent than in the control group. Therefore, we 
considered these genotypes together.  The frequency 
of the genotype containing 18 alleles in combination 
with any other allele (including the allele with 17 
repeats) in the group of PD patients was 36.19%, in 
the group of healthy individuals – 18.09%; the OR for 
these genotypes was 2.57 (95%CI: 1.66–4.28; χ2 = 
7.25; p = 0.007).

production function of mitochondria may contribute 
to the phenotypic manifestations of PD.

CONCLUSION
Our study in PD patients confirms modifying 

effects of lifestyle factors on PD progression, and 
changes in lifestyle can improve health-related quality 
of life of patients.

Coffee consumption in the anamnesis significantly 
distinguishes PD patients from healthy individuals. 
The obtained data suggest a possible neuroprotective 
effect of caffeine, which contributes to maintenance 
of cognitive and physical functioning, improving the 
quality of life of PD patients and their relatives. Caffeine 
is known as a psychostimulant and antioxidant, which 
boosts attention.  According to the conducted studies, 
caffeine is able to protect low-density lipoproteins 
from oxidation and decrease oxidative DNA damage. 
Additionally, caffeine is an adenosine A2A-receptor 
antagonist and exerts a neuroprotective effect, 
decreasing dopamine deficiency [42]. The use of 
caffeine in animal models of PD led to a decrease 
in oxidative stress and restoration of dopamine level 
in the midbrain and the striatum, which, in turn, 
prevented reduction of motor activity and muscle 
strength and normalized the norepinephrine level [43].

TBI was widely studied as a risk factor of many 
neurodegenerative diseases [44]. Some studies have 
shown that TBI is accompanied by neuroinflammation, 
affecting neurons either directly [45-47] or indirectly – 
via blood – brain barrier impairment [48]. Moreover, 
individuals with TBI had elevated levels of α-synuclein 
in the cerebrospinal fluid [49]. The literature data 
suggest a possible association between TBI and PD, 
which was shown in our study.

The advantages of this study include personal 
interviews with patients, registered clinical and 
environmental data, a comprehensive neurological 
examination, and a sample size. However, we should 
consider some limitations when interpreting the results 
of the study. Due to the retrospective design of our 
study, we should take into account the recall bias: TBI 
in the past medical history was identified following 
interviews with patients, and PD patients may be more 
prone to recalling elements, which can justify their 
condition. Despite this, a previously conducted study 
showed high consistency between the assessment of 
medical history by the patient and TBI registered in 
the medical record [50].

Therefore, PD is a complex disease, the development 
of which is affected by both environmental and 

Fig. 3. Genotype frequencies for (CAG)n repeats in the HTT 
gene in patients with PD and in the control group
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The obtained results indicate that the allele 
containing 17 (CAG)n repeats has a protective effect 
in combination with any allele, except for the one 
containing 18 repeats. In turn, all genotypes with 18 
(CAG)n repeats predispose to PD. The predisposing 
effect to PD of the normal length allele in the HTT 
gene was identified in this study for the first time. It is 
hard to state how this association can manifest itself in 
the pathological phenotype, as there are no data on the 
involvement of normal alleles in the pathology. It is 
possible that the revealed associations can be explained 
by the involvement of the polyglutamine tract in the 
HTT gene in the regulation of energy production by 
mitochondria. I.S. Seong et al. showed in 2005 that 
the ADP / ATP ratio suggests the participation of 
not only pathological alleles, but also normal ones in 
this process [41]. Therefore, changes in the energy 
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molecular genetic factors that require further in-depth 
study. Reducing the burden of PD can be achieved 
through a two-pronged strategy: implementing 
interventions to correct modifiable risk factors, such as 
behavioral or environmental factors, and developing 
drugs aimed at correcting the functioning of protein 
products in genes associated with PD.
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ABSTRACT

The aim of the study was to evaluate the effect of plasma acid on the uterine tissue of laboratory animals in vitro.

Materials and methods. Treatment of dimethyl sulfoxide – water solution and water for injections with a spark 
discharge in air resulted in a decrease in pH, which contributed to generation of plasma acid in the solutions. We 
incubated uterine tissues in vitro in plasma acid at room temperature for 30 minutes. The treated tissues were 
examined histologically and immunohistochemically.

Results. We showed that plasma acid had pronounced biological activity. Immunohistochemistry was used to 
show that, depending on the type of a solution, plasma acid altered generation of nitrosative damage products (3-
NT) and oxidative DNA damage (8-OHdG) and modulated the number of cells with high proliferative potential 
(including CD133+ cells) and production of vascular endothelial growth factor (VEGF). These effects contributed 
to the general cytotoxicity of plasma acid solutions.

Conclusion. During 30-minute exposure in vitro, plasma acid prepared from the dimethyl sulfoxide (DMSO) – 
water mixture exhibits various biological effects in uterine tissue samples obtained from experimental animals. 
Plasma-treated water exerts cytotoxic effects associated with oxidative DNA damage and promotes induction of 
pro-angiogenic activity in the uterine tissue. Plasma-treated DMSO does not have a cytotoxic effect. It inhibits cell 
proliferation, reducing the population of CD133+ cells and VEGF production in the tissue.

Keywords: uterine tissue, plasma acid, cytotoxicity
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РЕЗЮМЕ

Целью исследования является оценка влияния плазменной кислоты на ткани матки лабораторных 
животных in vitro. 

Материалы и методы. Обработка раствора диметилсульфоксида в воде и воды для инъекций искровым 
разрядом в атмосфере приводила к снижению pH, что соответствовало формированию в растворах плаз-
менной кислоты. Мы инкубировали ткани матки in vitro в плазменной кислоте при комнатной температуре 
в течение 30 мин. Обработанные ткани исследовались гистологически и иммуногистохимически.

Результаты. Нами показано, что плазменная кислота обладает выраженной биологической активностью. 
Иммуногистохимическим методом мы зарегистрировали, что, в зависимости от типа раствора, плазмен-
ная кислота изменяет в клетках формирование продуктов нитрозативного повреждения белков (3-NT) и 
окислительного повреждения ДНК (8-OHdG), модулирует количество клеток с высоким пролиферативным 
потенциалом (в том числе CD133+ клеток), продукцию сосудисто-эндотелиального фактора роста (VEGF), 
что соответствует суммарному цитотоксическому эффекту вида раствора плазменной кислоты.

Заключение. Плазменная кислота, приготовленная на основе воды и диметилсульфоксида, проявляет 
различные биологические эффекты в образцах ткани матки экспериментальных животных при 30-минут-
ной экспозиции in vitro. Вода, обработанная плазмой, реализует цитотоксический потенциал, связанный с 
окислительным повреждением ДНК, а также способствует индукции проангиогенной активности в ткани. 
Диметилсульфоксид, обработанный плазмой, не вызывает цитотоксического действия, подавляет пролифе-
рацию клеток, снижая популяцию CD133+ клеток, а также продукцию VEGF в ткани. 

Ключевые слова: ткани матки, плазменная кислота, цитотоксичность
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INTRODUCTION
In recent years, there has been an increasing 

interest in the use of gas discharge plasma when 
performing surgical interventions in gynecology.  
Argon plasma for coagulation and ablation is the 
leading technological solution in this area [1, 2]. 
The impact of cold atmospheric plasma at the final 
stage of reconstructive and plastic uterus operations 
(applied directly to the suture area) enhances repair 
of the myometrium and, consequently, formation of 
a consistent scar [3]. Interaction of a plasma jet with 
air entrained by a laminar flow results in an increased 
concentration of active particles, many of which, 
having good solubility, increase the concentration of 
reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) in the tissue [4]. 

For standard coagulation and ablation, it is 
impossible to exclude the accumulation of ROS and 
RNS in tissues and the formation of the so-called 
plasma acid, as well as a significant decrease in pH 
(in case of prolonged exposure to plasma) [5, 6].  A 
significant increase in the RNS concentration in 
plasma devices for medical applications is achieved 
by replacing argon with air, which is used in the 
Plazon system [7] or kINPen MED® [8].   The results 
of assessing the possibility of using the Plazon unit 
during surgeries on the uterus and its appendages were 
discussed in the literature [3, 9–13]. However, the 
molecular and cellular mechanisms in uterine tissues 
induced by plasma have not been studied. The effect 
of plasma acid on the modification of proteins and 
lipids was described [6], but no data on its effects on 
cells of the reproductive system, including the uterus, 
are available in the literature. This prevents from a 
reasonable, scientifically grounded understanding of 
the safety and effectiveness of the use of plasma acid 
in clinical practice. 

The aim of the study was to evaluate the effect of 
plasma acid on the uterus of laboratory animals in 
vitro. 

MATERIALS AND METHODS
The study was carried out on female Wistar 

rats aged 3 months (n = 16), weighing 180–200 g.  
The selection of female rats was carried out at the 
 end of proestrus and the beginning of estrus (by 
examining the vaginal opening and evaluating vaginal 
smears). Then surgery was performed, and after 1 
day, the uterus was removed from the euthanized 
animals. Uterus samples after exposure to plasma 
acid were fixed in a 4% buffered paraformaldehyde 

solution and embedded into paraffin blocks for 
further sectioning.

Plasma acid was prepared by irradiating 5 ml 
of water for injections or 50% dimethyl sulfoxide 
(DMSO) – water solution with a nanosecond-pulsed 
spark discharge in a 50 ml leak-proof container. A 
spark discharge with a discharge gap length of 20 
mm was created by a nanosecond high-voltage pulse 
generator with a pulse energy of 0.2 J and a voltage of 
40 kV. When pH = 2 was reached, the treatment was 
stopped. The prepared solution was used to incubate 
freshly isolated uterine tissues of laboratory rats for 
30 minutes.

The expression of DAPI, VEGF, CD133, 
8-hydroxy-2-deoxyguanosine, 3-nitrotyrosine, and 
Ki67 in tissues was assessed according to standard 
protocols for direct and indirect immunohistochemistry 
(immunofluorescent variant). Microphotography of 10 
different fields was performed at x175 magnification 
using the ZOE™ Fluorescent Cell Imager (Bio-
Rad, USA).  Digital images were processed using 
the ImageJ software. Each field was divided into 
nine frames, empty fields outside the tissue sample 
were rejected after manual sorting. Then the plugin 
[14] in the ImageJ software was used for automatic 
recognition and counting of labels. 

We evaluated the median expression and the 
interquartile range of the number of labels in one frame 
Me (Q1; Q3). The method of non-parametric statistics 
was used for statistical processing of the obtained 
data: comparison of several independent samples (the 
Kruskal – Wallis test) with the subsequent use of a 
module for pairwise comparison of medians among 
the samples using the Statsoft Statistica 12.0 package. 

RESULTS
Data on the expression of the markers used are 

shown in the diagrams (Figure). They demonstrate 
median values   with the interquartile range in the 
control group and two experimental groups exposed 
to plasma acid (plasma-activated DMSO, plasma-
activated water). We used the method of non-
parametric statistics (the Kruskal – Wallis test). 

The analysis of the number of 4’,6-diamidino-2-
phenylindole (DAPI)-stained (DAPI+) cells was used 
to assess the effect of plasma acid on cell survival in 
a tissue sample in the tested solutions. At the same 
time, a smaller number of DAPI+ cells in the tissue 
sample should be regarded as the result of death, 
exfoliation, and destruction of damaged cells upon 
exposure to plasma acid in the tested solutions. We 
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found that when using plasma-activated water, the 
number of DAPI+ cells was significantly smaller 
nDAPI+=311 (233;368) compared with the control group 
nDAPI+=350 (284; 435) (z = 7.638; p < 0.001), thereby 
suggesting the cytotoxic effect of the solution. In the 

tissue samples incubated in a plasma-activated DMSO 
solution, the median number of cells nDAPI+= 351 (267; 
414) did not significantly differ from the control group 
(z = 1.443; p = 0.44), so the cytotoxic effect of this 
solution should be considered unproven. 

Figure. Results of the analysis of DAPI+ cell number, expression of VEGF, Ki67, CD133, 3-NT, and 8-OHdG during incubation 
of rat uterine tissue samples in solutions treated with spark discharge plasma, Me (Q1; Q3): * experimental groups with p < 0.05 
compared with the control group; plasma-activated DMSO – 50% aqueous solution, plasma-activated water – water for injections 

compared with the control (saline)

Expression of 8-hydroxy-2-deoxyguanosine (8-
OHdG) as a marker of oxidative DNA damage under 
the effect of plasma-activated water was significantly 
higher n8-OHdG = 35 (19; 53) (z = 5.98; p < 0.001) 
compared with the control group n8-OHdG = 25 (14; 42). 
In the group of samples incubated in plasma-activated 

DMSO solution, the expression level of n8-OHdG=24 
(15; 34) did not significantly differ from the control 
group (z = 2.16; p = 0.09). In the tissue samples 
incubated in the plasma-activated DMSO solution, 
tissue expression of 3-nitrotyrosine (3-NT) as a marker 
of nitrosative protein damage was significantly lower 
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n3-NT = 16 (8; 29) (z = 8.35; p < 0.001) compared with 
the control group n3-NT = 25 (13; 41), while plasma-
activated water did not have such an effect n3-NT = 
23 (14; 33) (z = 1.64; p = 0.29). It is worth noting 
that these effects of DMSO were accompanied by 
a lower proliferative potential of cells, as it could 
be concluded from the expression of Ki67 protein,  
nKi67= 21(10; 36) (z = 3.47; p = 0.0015) compared  
with the control group nKi67= 25 (13; 43). The cyto- 
toxic effect of plasma-activated water was not 
associated with significant changes in cell prolifera- 
tion nKi67 = 23 (14; 39) (z = 1.18; p = 0.71).

To what extent do the revealed effects correspond 
to the response of cells with pro-angiogenic potential 
in the tissue? When fragments of the uterine wall 
were treated with the plasma-activated DMSO, there 
was a significantly smaller median number of cells 
expressing CD133, nCD133 = 30 (20; 46) (z = 5.78;  
p < 0.001) compared with the control group,  
nCD133 = 42 (23; 68). In the group of samples treated 
with plasma-activated water, nCD133 = 42 (25; 60), 
no significant differences were found (z = 1.30;  
p = 0.57). CD133 is a marker of stem and progenitor 
cells in the tissue, whereas VEGF expression 
characterizes the pro-angiogenic potential of the 
tissue and may also reflect the degree of hypoxic cell 
damage. We found that the median value of VEGF 
expression in the endometrium and uterine stroma 
was lower under the effect of plasma-activated 
DMSO, nVEGF = 31 (20; 47) (z = 8.13, p < 0.001), or 
higher under the effect of plasma-activated water,  
nVEGF = 51 (38; 67) (z = 3.36, p = 0.003) compared 
with the control group, nVEGF = 48 (31; 65). 

DISCUSSION
We found that plasma-activated DMSO did not 

have a pronounced cytotoxic effect and did not 
induce oxidative DNA damage or nitrosative damage 
to cellular proteins, but reduced the proliferation 
of cells (including CD133+ cells) and suppressed 
VEGF expression, thereby affecting proliferative and 
pro-angiogenic activities. On the contrary, plasma-
activated water demonstrated a pronounced cytotoxic 
effect due to the induction of oxidative DNA damage 
and VEGF expression. In general, this indicates that the 
cytotoxic effect of plasma-activated water was more 
determined by the action of ROS, but not by RNS. 
Interestingly, plasma-activated DMSO prevented the 
development of physiologically mediated nitrosative 
damage to cellular proteins. These differences in the 
effects of solutions were probably due to their physical 

and chemical properties that determined the ability to 
cross a cell membrane and / or trap ROS / RNS in the 
solution.

CD133 (prominin) is a stem cell marker present 
in various tissues, but it can also be detected in adult 
differentiated cells. It is believed that its expression is 
high in the endometrium [15; 16].  It is known that a 
decrease in CD133 expression is a consequence of an 
increase in the activity of the mTOR protein which, in 
turn, is activated by oxidative stress [17]. However, 
the observed decrease in the number of CD133+ cells 
under the effect of plasma-activated DMSO cannot 
be explained by oxidative stress (with no signs of 
oxidative DNA damage or general cytotoxicity). 
Presumably, it is associated with a decrease in VEGF 
expression. It is known that CD133+ cells are very 
sensitive to the effects of this growth factor in various 
tissues, and CD133 can control the release of VEGF 
[18]. Hypoxia [19] and oxidative stress [20] are known 
to be powerful triggers of VEGF expression. Increased 
expression of VEGF was recorded in endometriosis 
[21]. In addition to stimulating angiogenesis, VEGF 
activates the mitochondrial biogenesis through 
the mTOR-dependent pathways as a response to 
insufficient mitochondrial activity due to oxygen 
deficiency, damage to mitochondria, or an increased 
demand for cells to produce ATP [22]. Thus, the 
increase in VEGF expression in cells under the effect 
of plasma-activated water might be associated with the 
development of mitochondrial dysfunction, oxidative 
stress, and hypoxia in the tissue. Indeed, plasma-
activated water caused a cytotoxic effect accompanied 
by the formation of 8-OHdG, so an increase in VEGF 
expression is expected.

The two tested solutions had different effects on 
cell proliferation. Plasma-activated water had no 
significant effect, while plasma-activated DMSO 
inhibited Ki67 expression in tissue samples. On the 
one hand, this effect could be associated with the fact 
that actively proliferating cells predominantly die 
under the effect of plasma-activated DMSO. However, 
taking into consideration that DMSO generally showed 
no cytotoxic effect, we may assume that a decrease in 
the number of Ki67+ cells in the tissue was associated 
with a decrease in the number of CD133+ cells and 
suppression of VEGF expression.  

CONCLUSION
Plasma-activated water and plasma-activated 

DMSO exhibited various biological effects in the 
uterine tissue samples of experimental animals at 
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30-minute exposure in vitro. Plasma-activated water 
demonstrated cytotoxicity associated with oxidative 
DNA damage and promoted pro-angiogenic activity 
in the tissue. Plasma-activated DMSO did not exert 
cytotoxic effects, but inhibited cell proliferation, 
reducing the number of CD133+ cells and production 
of VEGF in the tissue. Generally, plasma acid solutions 
can be considered as promising agents for local use in 
gynecologic pathology.
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ABSTRACT

Aim. To study the associations of blood proteins with the presence of unstable atherosclerotic plaques in the 
arteries in patients with coronary artery disease using the quantitative proteomic analysis.

Materials and methods. The study included patients with coronary artery disease (n = 40); the average age of 
patients was 58 ± 7 years. Material for the study was blood serum. Protein concentrations in serum samples were 
determined using the PeptiQuant Plus Proteomics Kit (Cambridge Isotope Laboratories, USA). Protein fractions 
were identified using the liquid chromatograph and tandem mass spectrometer Q-TRAP 6500.

Results. Mass spectrometry revealed an increased concentration of proteins, such as fibrinogen, fibulin-1, and 
complement factor H, in the serum samples of patients with unstable atherosclerotic plaques. It took place with a 
simultaneous decrease in the levels of α 2-antiplasmin, heparin cofactor II, coagulation factor XII, plasminogen, 
prothrombin, vitronectin, complement proteins (C1, C3, C7, C9), and complement factor B. The differences were 
considered significant at p < 0.05. It was revealed that the presence of unstable atherosclerotic plaques was associat-
ed with the level of fibulin-1 (Exp(B) = 1.008; р = 0.05), plasminogen (Exp(В) = 0.995; р = 0.027), and coagulation 
factor X (Exp(В) = 0.973; р = 0.037).

Conclusion. An increased concentration of fibulin-1 can be considered as a potential biomarker of unstable 
atherosclerotic plaque development in coronary artery disease. The possibility of using the studied proteins as 
biomarkers of unstable atherosclerotic plaques requires further studies on their potential role in the development 
of this disease.
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РЕЗЮМЕ

Цель. Изучение ассоциаций белков крови с наличием нестабильных атеросклеротических бляшек в 
артериях у пациентов с коронарным атеросклерозом с использованием количественного протеомного 
анализа.

Материалы и методы. В исследование участвовали пациенты с ишемической болезнью сердца и 
коронарным атеросклерозом (n = 40), средний возраст пациентов 58 ± 7 лет. Материал исследования – 
сыворотка крови. Концентрации белков в образцах сыворотки определяли с помощью набора PeptiQuant Plus 
Proteomics Kit (Cambridge Isotope Laboratories, США). Идентификацию белковых фракций осуществляли 
методом мониторинга множественных реакций на масс-спектрометре Q-TRAP 6500, комбинированном с 
жидкостным хроматографом. 

Результаты. Масс-спектрометрическая идентификация выявила в образцах сыворотки крови у пациентов 
с нестабильными атеросклеротическими бляшками повышенную концентрацию белков: фибриноген, фи-
булин-1 и фактор комплемента Н. При одновременном сниженном уровне белков: витронектин, α-2-анти-
плазмин, кофактор гепарина 2, коагуляционный фактор XII, плазминоген и протромбин, белки комплемента 
(С1, С3, С7, С9) и фактор комплемента В. Различия считали значимыми при р < 0,05. Выявлено, что 
нестабильность атеросклеротических бляшек ассоциирована с концентрацией фибулина-1 (Exp(B) = 1,008; 
р = 0,05), плазминогена (Exp(В) = 0,995; р = 0,027) и коагуляционного фактора X (Exp(В) = 0,973; р = 0,037).

Заключение. Повышенная концентрация фибулина-1 в крови может рассматриваться как потенциальный 
биомаркер нестабильности атеросклеротических бляшек при коронарном атеросклерозе. Возможность 
использования исследованных белков как биомаркеров нестабильности атеросклеротических бляшек при 
коронарном атеросклерозе требует дальнейших исследований их потенциальной роли в развитии данного 
заболевания.

Ключевые слова: протеомный анализ, масс-спектрометрия, коронарный атеросклероз
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INTRODUCTION

Research in the field of etiology and pathogenesis 
of coronary atherosclerosis, which predetermine 
complications of this pathology, is currently 
relevant due to high prevalence and mortality 
from this disease. Atherosclerosis as the dominant 
cause of cardiovascular diseases (CVD) includes 
a number of pathological processes, namely: 
endothelial dysfunction, excessive lipid deposition 
in the intima, exacerbations of innate and adaptive 
immune responses, proliferation of smooth muscle 
cells, and remodeling of the extracellular matrix, 
eventually leading to the formation of atherosclerotic  
plaques (AP). 

AP instability aggravates the pathological 
atherosclerotic process, leading to the development of 
complications of CVD. The composition of the plaque 
and internal hemorrhage in the atherosclerotic plaque 
are independent risk factors for stroke and CAD [1]. 
Genetically determined inhibition of fibrinogen α-, β- 
and γ-chains, factor II, and factor XI was associated 
with a reduced risk of venous thromboembolism  
(p < 0.001). Inhibition of fibrinogen β- and γ-chains 
was associated with a reduced risk of stroke in large 
arteries (p = 0.001) [2]. Various biomechanical and 
hemodynamic factors contribute to AP instability. The 
intact vascular endothelium is thromboresistant, and 
the damaged endothelium releases increased amounts 
of procoagulants. Hemostasis is carried out by blood 
cells and a plasma enzyme system represented by 
closely interacting protein components. In order 
to study the involvement of various proteins in 
the pathogenesis of coronary atherosclerosis, it is 
necessary to investigate the specific contribution of 
proteins with pro- or anticoagulation activity to the 
development of plaque instability in the coronary 
arteries.

Accumulation of data on the pathogenesis of 
coronary atherosclerosis and its complications and the 
development of modern research methods contribute to 
the search for proteins which may be used as prognostic 
and diagnostic biomarkers of CVD. A quantitative 
proteomic analysis which is used for identification and 
quantification of biological molecules using tandem 
mass tag mass spectrometry is a useful method in the 
accurate quantitative simultaneous determination of 
proteins in various biological samples. Despite the 
fact that the number of candidate proteins under study 
is constantly increasing, their role in the pathogenesis 
of coronary atherosclerosis is not completely clear. 

Understanding the changes in blood proteins in 
atherosclerosis will help identify new biomarkers that 
will give an insight into the conditions underlying the 
development of complications of this disease. 

The aim of this study was to investigate the 
association of certain blood proteins with unstable AP 
in the arteries in men with coronary atherosclerosis 
using quantitative proteomic analysis.

MATERIALS AND METHODS
The study included patients with CAD and coronary 

atherosclerosis who were referred to coronary artery 
bypass surgery and who had intraoperative indications 
for coronary endarterectomy which was carried out 
during the surgery. Exclusion criteria were as follows: 
myocardial infarction (less than 6 months ago), acute 
and chronic infectious and inflammatory diseases or 
their exacerbations, renal failure, active liver diseases, 
cancer, hyperparathyroidism. The protocol of the study 
was approved by the Ethics Committee at the Research 
Institute of Internal and Preventive Medicine, branch 
of the Institute of Cytology and Genetics, SB RAS 
(Protocol No. 7 of 26.09.2017). All patients signed an 
informed consent to participate in the study. 

Blood serum samples were the study material. 
In all patients, blood was taken from the ulnar vein 
in the morning on an empty stomach. Blood serum 
samples of 40 men were selected for the quantitative 
proteomic analysis. All patient samples were divided 
into two groups of 20 patients each. Group 1 consisted 
of patients (average age 58 ± 4 years) with stable 
AP only, which was determined by the histologic 
analysis. Group 2 consisted of 20 patients (average 
age 57 ± 10 years) with unstable AP only, which 
was also determined by the histologic analysis. We 
used the PeptiQuant Plus Proteomics Kit (Cambridge 
Isotope Laboratories, USA) to determine protein 
concentration in the serum samples according to the 
method suggested by the manufacturer with some 
modifications. 

The technique of performing trypsinolysis was the 
following: 20 ml of a solution containing 9 M urea, 
20 mM dithiothreitol, and 300 mM Tris-HCl (pH 8.0) 
was added to 10 ml of a serum sample. We added  
10 µl of a bovine serum albumin (BSA) solution to 
a separate test tube, which was later used as a matrix 
solution for calibration points. The samples were 
incubated for 30 min at 37 °C. We added 20 µl of  
100 mM iodoacetamide solution to all test tubes. Then 
the test tubes were incubated for 30 minutes in the 
dark at room temperature. Later we added 272 µl of  
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100 mM Tris-HCl (pH 8.0) and 35 µl of a trypsin 
solution. The test tubes were then incubated for  
18 hours at 37 °C. Proteolysis was stopped by adding 
343 µl of 2% formic acid. 

A mixture of light (unlabeled) peptides was 
diluted in 60 µl of a solution of 30% acetonitrile and 
0.1% formic acid. We prepared a series of dilutions 
for calibration according to the scheme. A mixture 
of peptides labeled with heavy stable isotopes was 
diluted in 450 µl of 30% acetonitrile and 0.1% formic 
acid and used as an internal standard. 

We added 40 µl of serum samples to the test tubes 
after trypsinolysis and 40 µl of BSA solution after 
trypsinolysis. Then 10 µl of a labeled peptide solution 
was added to all tubes. We added 10 µl of diluting 
standards to the tubes with BSA to create a calibration 
curve. We added 10 µl of 30% acetonitrile and 0.1% 
formic acid to the test tubes with serum samples. Then 
540 µl of 0.1% formic acid was added to all tubes. 

The samples were purified with the Oasis HLB so- 
lidphase extraction cartridges (Waters, USA), 10 mg. 
The cartridges activated 600 µl of methanol and 
balanced 600 µl of 0.1% formic acid. We took 510 µl 
of the sample and rinsed it with 600 µl of water 3 times. 
Peptides were eluted with 300 µl of 50% acetonitrile 
and 0.1% formic acid. The obtained samples were 
frozen at –80 °C and dried using the FreeZone 2.5 
Dryer designed for lyophilizing light sample loads 
(Labconco, USA). Dry sediments were diluted in 34 µl 
of 0.1% formic acid and then used for the analysis.

Peptides were detected by multiple reaction 
monitoring (MRM) on the Q-TRAP 6500 mass 
spectrometer (AB Sciex, USA)  coupled with the 
high-performance liquid chromatograph Infinity 1290 
(Agilent, USA). Chromatographic separation was 

carried out on the column Titan C18, 1.9 µm (Supelc, 
USA) in several stages. The flow rate was 0.4 ml / 
min, the separation temperature was 45 °C.

Positively charged ions obtained by electrospray 
ionization in the IonDrive Turbo V Ion Source were 
detected. We used the Multiquant 3.0.2 software (AB 
Sciex, USA) to create calibration curves and determine 
protein concentrations based on the peak area of the 
MRM transitions specific to each studied peptide.

Statistical data processing was carried out using 
the SPSS 20.0 software for Windows. The statistical 
analysis consisted in applying the Kolmogorov – 
Smirnov test and the Mann – Whitney U test to normally 
distributed data. The age of patients was presented as 
the mean and the standard root-mean-square deviation 
(M ± σ). The results in the table were presented as the 
median and the interquartile range (Me [Q25;Q75]). A 
multivariate logistic regression analysis was carried 
out to determine associations. The differences were 
considered statistically significant at p < 0.05. 

RESULTS
Proteomic profiling of the blood serum samples 

was performed using the PeptiQuant Plus Proteomics 
Kit. A total of 125 proteins were identified. The 
identification of proteins was carried out by MRM 
using a triple quadrupole ultra-high resolution 
time-of-flight mass spectrometer with electrospray 
ionization coupled with a high-performance liquid 
chromatograph. 

The differential protein expression analysis was 
carried out by two technical replicates for each sample. 
Following the comparative analysis, we isolated 
proteins, the concentration of which had a statistically 
significant difference in the study groups (p < 0.05). 

T a b l e
Quantitative mass spectrometry-based protein identification in the blood, Me [Q25;Q75]

Protein
Protein concentration, fmol / µl

p
Group 1 Group 2

Fibrinogen, α-chain 143.5 [139.4;147.7] 254.4 [243.6;284.9] 0.006
Fibrinogen, γ-chain 45.9 [40.9;52.1] 120.9 [45.4;165.8] 0.005
Fibulin-1 663.9 [576.1;748.6] 735.2 [600.4;796.0] 0.038
Fibronectin 429.6 [234.0;522.5] 256.2 [197.9;402.3] 0.161
Thrombospondin-1 75.0 [63.0;95.2] 75.1 [53.8;89.8] 0.419
Vitronectin 2,839.5 [2,166.2;3,362.2] 2,151.0 [1,654.0;2,878.0] 0.005
α2-antiplasmin 522.2 [427.2;649.4] 472.2 [323.4;599.2] 0.034
α2-macroglobulin 4,885.0 [4,342.5;5,345.5] 4,714.5 [3,324.5;5,868.2] 0.376
Antithrombin III 3,880.0 [2,460.75;4,845.75] 3,272.5 [3,017.5;4,291.0] 0.844
Heparin cofactor II 4,274.5 [4,057.7;4,577.5] 3,803.0 [3,055.0;4,233.0] 0.0001
Coagulation factor IX 87.8 [67.7;107.9] 74.1 [48.2;124.0] 0.166
Coagulation factor X 136.0 [107.5;142.4] 105.3 [92.3;123.3] 0.065
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Fibrinogen, which is one of the main proteins in the 
coagulation system, differed significantly in the study 
groups. In the group of patients with unstable plaques, 
the concentration of each of the two fibrinogen 
isoforms (α- and γ-chain) was 1.8 and 2.5 times higher, 
respectively (Table). At the same time, the level of 
fibulin which binds to fibrinogen and incorporates into 
clots, was also higher in the group of patients with 
unstable plaques. In addition, the multivariate logistic 
analysis showed that the instability of atherosclerotic 
plaques was associated with the concentration of 
fibulin-1 (Exp(B) = 1.008; 95% confidence interval 
(CI) 1.000–1.015; p = 0.05).

In our study, the level of plasminogen, which is the 
main component of the fibrinolytic system, was higher 
in the group of patients with stable plaques (p < 0.05). 
Also, the multivariate logistic analysis showed that 
the instability of atherosclerotic plaques was reversely 
correlated with the levels of plasminogen (Exp(B) 
= 0.995; 95% CI 0.990–0.999; p = 0.027), heparin 
cofactor II (Exp(B) = 0.999; 95% CI 0.998–1.000;  
p = 0.010), and coagulation factor X (Exp(B) = 0.973; 
95% CI 0.949–0.998; p = 0.037). Fibrinolytic activity 
of the blood also depends on fibrinolysis inhibitors. 
The concentration of plasminogen activator inhibitor-1 
(PAI-1) was 13% higher in the group of patients with 
stable plaques, but did not reach the level of statistical 
significance (p = 0.102).

In addition, the concentration of proteins, primary 
anticoagulants (α2-antiplasmin, α2-macroglobulin, 
heparin cofactor II), was significantly higher in 
patients with stable plaques (Table). At the same time, 

Protein
Protein concentration, fmol / µl

p
Group 1 Group 2

Coagulation factor XII 419.4 [294.9;525.0] 291.1 [265.8;380.6] 0.0001
Kininogen-1 178.3 [162.5;205.7] 175.5 [154.9;192.1] 0.346
Complement component C1q, subunit B 67.1 [53.3;95.9] 68.5 [57.2;80.2] 0.538
Complement component C1q, subunit C 106.2 [93.8;143.3] 112.1 [92.4;146.5] 0.939
Complement component C1r 251.2 [169.7;273.6] 194.0 [164.2;242.5] 0.106
Complement component C1s 47.4 [42.8;54.0] 43.8 [34.0;74.8] 0.729
Complement Component C3 586.8 [469.1;717.1] 471.8 [408.7;572.0] 0.008
Complement component C7 75.9 [56.4;82.0] 60.4 [54.2;74.9] 0.006
Complement component C9 191.3 [113.9;212.5] 137.7 [75.4;185.5] 0.026
Complement factor B 4,985.0 [3,585.0;6,251.2] 3,980.5 [3,698.0;4,358.7] 0.017
Complement factor H 526.4 [463.3;587.8] 581.4 [531.9;626.6] 0.018
Plasma protease C1 inhibitor 2,037.0 [1,565.0;2,294.0] 1,651.5 [1,092.0;2,234.7] 0.041
Plasma serine protease inhibitor 51.4 [48.2;62.1] 49.4 [46.5;74.6] 0.769
Plasminogen activator inhibitor-1 27.6 [21.1;36.4] 24.1 [19.2;32.1] 0.102
Plasminogen 933.1 [833.2;1,050.5] 803.5 [695.6;879.2] 0.001
Prothrombin 902.2 [711.1;1,044.2] 788.4 [718.7;821.1] 0.047

T a b l e   ( c o n t i n u e d ) 

the level of the anticoagulant antithrombin III was 
higher in the blood of patients with unstable plaques. 
Antithrombin III is a universal inhibitor of thrombin 
and almost all clotting factors, which is confirmed by 
our study; the levels of coagulation factors IX, X, and 
XII were lower in group 2. 

At the same time, the level of coagulation factor 
XII was significantly higher in the group of patients 
with stable plaques. Highly activated factor XII in 
combination with kininogen activates fibrinolysis. 
In our study, the level of kininogen was higher in the 
group of patients with stable plaques, but it did not 
reach the level of statistical significance. 

Blood clotting mechanisms are linked with the 
activation of the immune system. In our study, there 
was no significant difference between the C1 (C1q; 
C1r; C1s) complement components in the study groups 
(Table). However, the total level of the complement 
component C1 was higher in the group of patients with 
stable AP and amounted to 471.37 fmol / µl vs. 446.48 
fmol / µl, compared with the group of patients with 
unstable AP (p < 0.0001). The content of complement 
components C3, C7, C9, and complement factor B 
was higher in the group of patients with stable AP  
(p < 0.05). The level of the complement factor H 
involved in C3b inactivation was 10% higher in the 
group of patients with unstable AP (Table).

Fibronectin, thrombospondin, and vitronectin are 
also involved in the coagulation cascade, promoting 
platelet adhesion. In our study, no significant 
difference was revealed in the content of fibronectin 
and thrombospondin between the study groups. The 
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concentration of vitronectin was significantly higher 
in patients with stable plaques (p = 0.005).

DISCUSSION
Atherosclerosis is associated with inflammation 

and vascular endothelial dysfunction. The intact 
vascular endothelium is thromboresistant, and the 
damaged endothelium releases increased amounts of 
procoagulants.

In our study, the levels of fibrinogen and fibulin-1, 
which is related to it, differed significantly in the 
study groups. The concentrations of each of the two 
fibrinogen isoforms (α- and γ-chain) and fibulin-1 
were higher in the group of patients with unstable 
plaques. The multivariate logistic analysis showed that 
AP instability was associated with the concentration 
of fibulin-1. Previously, we found that the maximum 
amount of fibrinogen was in the tissue of stable 
fibrous AP, and the protein level was slightly lower 
in unstable AP [3]. Thus, the study suggests that high 
concentrations of fibrinogen and fibulin-1 may be a 
promising biomarker of AP instability in the blood of 
patients with coronary atherosclerosis.

Fibronectin, thrombospondin, and vitronectin 
are involved in the coagulation cascade. Platelet 
activation caused a local release of fibrinogen, 
fibronectin, vWF, thrombospondin, vitronectin, and 
clotting factors, promoting platelet adhesion and 
increased coagulation [4]. In our study, no significant 
difference was revealed in the content of fibronectin 
and thrombospondin between the study groups.

Vitronectin is the main glycoprotein of cell 
adhesion contained in plasma and extracellular matrix. 
Increased expression of vitronectin may contribute to 
the development of chronic vascular diseases, such as 
atherosclerosis, playing an important role in vascular 
homeostasis and pathological vascular remodeling. 
Plasminogen activator inhibitor-1 (PAI-1) stimulated 
vitronectin expression by binding low-density protein 
receptor-related protein-1 (LRP1). The concentration 
of vitronectin in the blood plasma was significantly 
reduced in mice with PAI-1 deficiency compared with 
the control [5]. When binding to PAI-1, vitronectin 
participates in the activation of fibrinolysis. In 
atherosclerosis of the carotid arteries, it was shown 
that the level of PAI-1 in blood plasma was reduced 
in the experimental group compared with the controls. 
At the same time, the level of PAI-1 was positively 
correlated with the level of vitronectin in the group 
of patients with atherosclerosis, which may be due to 
increased fibrinolytic activity and disease progression, 

promoted by increased vascular remodeling [6]. The 
level of vitronectin was significantly higher in the 
blood of patients with CAD than in the control group. 
Vitronectin is assumed to be a marker of CAD [7]. 
In our study, the concentration of fibronectin in the 
blood was significantly higher in patients with stable 
plaques. 

Earlier, a prospective cohort study revealed that 
high levels of factors IX and XI and α2-antiplasmin 
were associated with an increased risk of CAD, and 
did not depend on other coronary risk factors [8]. 
Correlations between the level of factor XII in the 
blood and the presence of vulnerable atherosclerotic 
plaques in the coronary arteries were shown [9].

In our study, the concentrations of proteins α2-
antiplasmin, α2-macroglobulin, heparin cofactor 
II, and coagulation factor XII were significantly 
higher in patients with stable plaques than in group 
2. Antithrombin III (AT-III) is a universal inhibitor 
of thrombin and almost all clotting factors, but in our 
study, the concentration of antithrombin III in the 
blood was higher in patients with unstable plaques, 
although the level of statistical significance was not 
reached.

The levels of coagulation factors IX, X, and XII 
were lower in group 2. At the same time, the logistic 
regression analysis showed that the instability of AP 
was negatively correlated with the concentrations 
of coagulation factor X, heparin cofactor II, and 
plasminogen.

Previously, it was shown that the level of AT-
III was reduced in the high-risk subgroup of acute 
coronary syndrome (ACS) compared with the control 
group (p < 0.05). The logistic regression model 
demonstrated that AT-III was a protective factor (odds 
ratio (OR) = 0.958; p = 0.012) for ACS. The level of 
AT-III demonstrated prognostic value in patients with 
ACS and was associated with the severity of CAD 
[10]. At the same time, a reduced level of antithrombin 
III is not an independent risk factor for myocardial 
infarction [11]. 

Highly activated factor XII in combination with 
kininogen activates fibrinolysis. Kininogen is a 
precursor of bradykinin and kallidin, proteins that 
cause vasodilation and smooth muscle contraction. 
Besides the fact that kinins are known for their ability 
to induce nitric oxide and prostacyclin, which mediate 
cardioprotection, bradykinin promotes inflammation, 
fibroplasia, and fibrosis after myocardial infarction in 
rats [12]. Thus, kininogen is involved in inflammation, 
blood pressure control, coagulation, and emergence 

Stakhneva E.M., Kashtanova E.V., Polonskaya Ya.V. et al. Study of associations of blood proteins with development of unstable 



127

Original articles

Bulletin of Siberian Medicine. 2022; 21 (4): 121–129

of pain. With kininogen deficiency, the level of 
bradykinin decreases, which does not affect the 
function of the left ventricle, but affects the risk of 
CAD [13]. In our study, the level of kininogen did 
not differ in the study groups. However, high levels 
of plasminogen and fibrinolysis inhibitor PAI-1 were 
found in the group of patients with stable plaques.

There is a relationship between the activation of 
the immune system, inflammation, and blood clotting 
mechanisms. The complement system is not only a 
component of the innate immune response, but also 
a key mediator of inflammation [14]. Complement 
system proteins have been repeatedly associated with 
vascular remodeling and atherosclerosis [15, 16].

Research data indicate that the anomaly 
of complement components and the resulting 
excessive complement activation are associated with 
atherogenesis. C3b / iC3b and MAC deposition in 
the clogged arteries indicates increased complement 
activation [17]. The complement system can modulate 
platelet activation and subsequent formation of blood 
clots. It was reported that several components of the 
complement system, including C3 and the membrane 
attack complex, are associated with platelets and 
become functionally active when platelets are 
activated [18]

The complement system can be activated through 
three pathways: classical, lectin, and alternative. 
All three pathways converge at the C3 level to form 
the C5 convertase, which ultimately leads to the 
polymerization of C9 and the formation of membrane 
attack complexes. The classical pathway is triggered 
by the recognition of C1q antibodies or apoptotic 
cells associated with antigens or microbial surfaces. 
Exposure of C1q to its target results in activation 
of serine proteases C1r and C1s, followed by C1s-
mediated cleavage of C4 into anaphylatoxin C4a and 
opsonin C4b. [14, 18]. Platelets can also release C1q 
upon activation, thereby activating other platelets 
[19]. There are several points of interaction in the 
complement cascade and the blood coagulation 
system. For example, factor XIIa can activate  
C1q and, consequently, the classical complement 
pathway [20]. 

In our study, no significant difference was found 
between the C1 (C1q; C1r; C1s) complement 
components in the study groups. However, the total 
content of the complement component C1 was higher 
in the group of patients with stable AP. The levels of 
complement components C3, C7, C9 and complement 
factor B were higher in the group of patients with 

stable AP (p < 0.05) (Table). The level of complement 
factor H involved in C3b inactivation was higher in 
the group of patients with unstable AP (Table).

Earlier ELISA studies showed high levels of C5b-
9 in intimal thickening and fibrous plaques compared 
with normal tissue. At the same time, the levels of 
C5b-9 in intimal thickening were higher than in fibrous 
plaques, which allowed the authors to assume that 
complement activation occurs directly in the artery 
wall and plays an important role in atherogenesis [16].

Inflammation and activation of the C5b-9 
complement system predispose to rupture of an 
intracranial aneurysm [21]. In an animal experiment, 
it was shown that the complement factor C5a and 
its receptor C5aR are expressed in vulnerable 
atherosclerotic plaques. A significant increase in C5aR 
in the plaque was found in mice treated with C5a, while 
local treatment with C5a led to a significant increase 
in plaque destruction with concomitant bleeding. 
In addition, the authors demonstrated that smooth 
muscle cells and endothelial cells after C5a treatment 
in vitro showed a marked increase in apoptosis, which 
may contribute to the instability of the lesion in vivo 
[22]. It was also found that the membrane attack 
complex can play a crucial role in the formation of 
plaques and rupture of aneurysms [23]. In our study, 
the concentration of complement components C7 and 
C9 involved in the formation of the membrane attack 
complex did not increase in the blood of patients with 
unstable plaques. Apparently, this process is local in 
the tissue of the atherosclerotic plaque.

CONCLUSION
The possibility of using the studied proteins 

as biomarkers of AP instability in coronary 
atherosclerosis requires further research devoted to 
their potential role in the development of this disease. 
The data of this study, obtained using a modern 
method of quantitative proteomics, revealed elevated 
concentrations of complement factor H, fibrinogen, 
and fibulin-1 in the blood serum samples of patients 
with unstable AP. When the levels of proteins 
which are involved in the coagulation cascade and 
fibrinolysis and proteins related to them functionally 
(α2-antiplasmin, α2-macroglobulin, heparin cofactor 
II, coagulation factor XII, prothrombin, plasminogen, 
PAI-1, vitronectin) reduced simultaneously, the 
concentrations of complement proteins (C1, C3, 
C7, C9) and complement factor B associated with 
coagulation and fibrinolysis were also found to be 
reduced in the group of patients with unstable AP. 
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Our data showed that the inhibition of coagulation 
and fibrinolysis in the blood of patients with unstable 
AP significantly increased the concentrations of 
fibulin-1 and fibrinogen. This was confirmed by the 
multivariate logistic regression analysis, which showed 
the relationship of instability with the concentration of 
fibulin-1 (Exp(B) = 1.008; p = 0.05). 

Thus, an increased concentration of fibulin-1 
in the blood may be considered as a promising 
potential biomarker of AP instability in coronary 
atherosclerosis.
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Prognostic value of short-term trajectories of left ventricular ejection 
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ABSTRACT

Aim. To assess periprocedural dynamics of left ventricular ejection fraction (LVEF) in patients with first acute 
myocardial infarction (AMI) and percutaneous coronary intervention (PCI) without heart failure (HF) in the medical 
history, as well as its prognostic value in the development of cardiovascular complications in the postinfarction 
period.

Materials and methods. A prospective, single-center observational study included 131 patients with first AMI 
without HF in the past medical history and successful PCI. LVEF was assessed before PCI at admission and before 
discharge. In patients with reduced baseline LVEF of less than 50%, the criteria for its periprocedural improvement 
were chosen: 1) LVEF ≥ 50%; 2) ∆LVEF of more than 5%, but EF < 50%. The endpoints were hospitalization for 
the development of HF and death from cardiovascular disease in combination with the development of HF. The 
average follow-up period was 2.5 years.

Results. At admission, LVEF was < 50% in 74 (56.5%) patients. At discharge, according to the criteria for LVEF 
improvement, the proportion of patients in this group was 40.5 and 14.9%, respectively. In 44.6% of cases, no 
increase in LVEF was noted.

The predictors of the absence of periprocedural dynamics in LFEF included impaired regional contractility index 
> 1.94, left ventricular end-systolic volume > 57 ml, left ventricular end-diastolic diameter > 5.1 cm, pulmonary 
artery systolic pressure >27 mm Hg, NT-proBNP > 530 pg / ml, and E / A ratio > 1.06. During the follow-up period, 
28 (21.4%) patients were hospitalized for the development of HF, 33 (25.2%) patients had a combined endpoint.

The absence of periprocedural improvement in left ventricular contractility was independently associated with 
higher odds of hospitalization for HF (relative risk (RR) 3.5; 95% confidence interval (CI) 1.63–7.55; p = 0.001) 
and the combined endpoint (RR 2.6; 95% CI 1.28–5.48; p = 0.009) in the postinfarction period.

Conclusion. In patients with first AMI and left ventricular systolic dysfunction, periprocedural evaluation of LVEF 
is reasonable to stratify the risk of adverse cardiovascular outcomes.
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Прогностическое значение перипроцедурной  динамики фракции  
выброса левого желудочка у пациентов с первым инфарктом  
миокарда и чрескожным коронарным вмешательством

Тимофеева Т.М.1, 2, Кобалава Ж.Д.1, Сафарова А.Ф.1, 2, Кабельо М.Ф.Э.1, Тигай Ж.Г.1

1 Российский университет дружбы народов (РУДН)  
Россия, 117198, г. Москва, ул. Миклухо-Маклая, 8
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РЕЗЮМЕ

Цель исследования. Оценка перипроцедурной динамики фракции выброса левого желудочка (ФВ ЛЖ) 
у пациентов с первым острым инфарктом миокарда (ОИМ) и чрескожным коронарным вмешательством 
(ЧКВ) без анамнеза сердечной недостаточности (СН) и ее прогностическое значение в развитии сердеч-
но-сосудистых осложнений в постинфарктный период.

Материалы и методы. В проспективное одноцентровое наблюдательное исследование включен 131 па-
циент с первым ОИМ без анамнеза СН и успешным ЧКВ. ФВ ЛЖ оценивалась до ЧКВ при поступлении и 
перед выпиской. У пациентов с исходно сниженной ФВ ЛЖ менее 50% были выбраны критерии перипро-
цедурного ее улучшения: 1) ФВ ЛЖ ≥  50%; 2) ∆ФВ ЛЖ более 5%, но ФВ < 50%. Конечными точками явля-
лись госпитализация по поводу развития СН и смерть от сердечно-сосудистых заболеваний в комбинации 
с развитием СН. Средний период наблюдения составил 2,5 года.

Результаты. При поступлении  у 74 (56,5%) пациентов отмечена ФВ ЛЖ менее 50%. При выписке в этой 
группе по  критериям улучшения ФВ ЛЖ доля  пациентов составила  40,5  и 14,9% соответственно. В 44,6% 
случаев прирост  ФВ ЛЖ отсутствовал. 

Предикторами перипроцедурного отсутствия динамики ФВ ЛЖ явились индекс нарушения локальной со-
кратимости >1,94, конечно-систолический объем ЛЖ >57 мл, конечно-диастолический размер ЛЖ >5,1 
см, систолическое давление легочной артерии  >27 мм рт. ст, уровень NT-proBNP > 530 пг/мл, соотноше-
ние скоростей трансмитрального кровотока в фазу раннего наполнения к кровотоку в систолу предсер-
дий >1,06. За период наблюдения 28 (21,4%) пациентов были госпитализированы по поводу развития СН,  
у 33 (25,2%)  зарегистрирована комбинированная конечная точка.

Отсутствие перипроцедурного улучшения сократительной способности ЛЖ независимо ассоциировано с 
более высокой вероятностью госпитализации по поводу СН (относительный риск (ОР) 3,5; 95%-й дове-
рительный интервал (ДИ) 1,63–7,55; р = 0,001) и наступления комбинированной конечной точки (ОР 2,6; 
95%-й ДИ 1,28–5,48; р = 0,009) в постинфарктном периоде.

Заключение. У пациентов с первым ИМ  и систолической дисфункцией ЛЖ целесообразна  перипроце-
дурная оценка ФВ ЛЖ для стратификации риска развития неблагоприятных сердечно-сосудистых исходов.

Ключевые слова: острый инфаркт миокарда, перипроцедурная динамика, фракция выброса, сердечная 
недостаточность
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INTRODUCTION
Left ventricular (LV) systolic dysfunction is one 

of the key negative prognostic factors in patients with 
acute myocardial infarction (AMI) [1]; therefore, an 
assessment of left ventricular ejection fraction (LVEF) 
is recommended for all patients in this group [2, 3]. 
At the same time, LVEF is the only echocardiography 
parameter which is currently used as a predictor of 
the outcome in patients with ST-elevation myocardial 
infarction (STEMI) [4]. Depending on the value of 
LVEF after the first myocardial infarction (MI) at 
discharge, the authors recommend to identify groups 
with a high risk of mortality with follow-up periods of 
1 year [5, 6] and 3 years [7]. However, several studies 
showed that a significant proportion of MI patients 
with reduced baseline LVEF may improve over time 
[8, 9], which results in a reduced risk of cardiovascular 
events in the postinfarction period. Conversely, 
patients who do not show an improvement in LVEF 
values after MI have an increased risk of adverse LV 
remodeling [10], life-threatening arrhythmias, cardiac 
arrest, cardiovascular disease, and all-cause mortality, 
regardless of revascularization, drug therapy, peak 
troponin level, and baseline LVEF [11, 12]. Studies on 
the dynamics of left ventricular contractility revealed 
the association of an improvement in LVEF with 
baseline levels of natriuretic peptide and MB-creatine 
kinase and the affected artery [13, 14]. Patients, whose 
LVEF improved from 2 weeks to several months after 
MI, had a better disease prognosis [11, 12, 15]. The 
rate of improvement in LVEF within a shorter period 
after percutaneous coronary intervention (PCI) and 
its relationship with distant outcomes are not well 
understood in patients with the first MI and without 
heart failure (HF) in the past medical history.

Despite recent advances in diagnosis and treatment, 
the incidence of complications after MI remains 
high [16–18]. Moreover, a lack of compliance and 
a possibility of long-term follow-up in such patients 
indicates relevance of assessing the role of short-term 
trajectories of LVEF after PCI at discharge and their 
impact on the development of HF and cardiovascular 
mortality. Since much attention is paid to the 
development of HF in the distant postinfarction period, 
the aim of this study was to assess the periprocedural 
dynamics of LVEF in patients with first MI and PCI 

without HF in the medical history, as well as its 
prognostic value in the development of cardiovascular 
complications in the postinfarction period.

MATERIALS AND METHODS
Our prospective, single-center observational study 

included 131 patients hospitalized in the Intensive Care 
Unit (ICU) of Vinogradov City Clinical Hospital. The 
average age was 61.85 ± 11.3 years; 68% of patients 
were men. STEMI was diagnosed in 74% of patients; 
the average LVEF at admission was 46 (44; 50)%. In 
57 (43.6%) patients, LVEF was more than 50%, in 
56 (42.7%) patients, it was 40–49%, in 18 (13. 7%) 
patients, it was less than 40%. 

Inclusion criteria were the following: the first 
AMI diagnosed according to the Fourth Universal 
Definition of MI [19]; successful primary PCI in 
patients with STEMI, early (within 24 hours) PCI in 
patients with non-ST elevation myocardial infarction 
(NSTEMI), i.e. achieving TIMI grade III blood flow 
in the affected vessel; the sum of B-lines of less than  
5 during lung ultrasound; no history of HF and dyspnea 
at admission, Killip 1.

Exclusion criteria were the following: intake of 
diuretics and vasopressors, the presence of primary 
pathology of the lungs (pneumonia), lung cancer, 
development of AMI complications (ventricular septal 
rupture, papillary muscle rupture with detachment), 
severe arrhythmia at the time of inclusion, including 
atrial fibrillation and(or) flutter.

The study was performed in compliance with 
the ethical principles of the Declaration of Helsinki 
developed by the World Medical Association “Ethical 
Principles for Medical Research Involving Human 
Subjects” and Rules of Clinical Practice in the Russian 
Federation. 

All patients underwent a routine physical examination, 
electrocardiography, chest X-ray, echocardiography 
(EchoCG), lung ultrasound, coronary angiography, and 
coronary angioplasty with stenting. Laboratory studies 
were performed in accordance with Russian standards 
of medical care. Complete blood count and blood 
biochemistry were performed, including measurement 
of the troponin level twice (at admission and 6–12 hours 
after hospitalization) and additional measurement of 
N-terminal pro-brain natriuretic peptide (NT-proBNP).
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EchoCG was performed at admission to the 
ICU before PCI and at discharge, followed by post-
processing using the EchoPAC station (General 
Electric Healthcare, USA) with an automatic 
assessment of LVEF [20–22]. LV diastolic function 
was assessed by the following parameters: E, E / A, 
e’lat, E / e’lat, left atrial volume index, peak tricuspid 
regurgitation velocity [23].

Patients with the baseline LVEF of less than 50% 
were additionally stratified based on the periprocedural 
dynamics of LV contractility. In patients with 
baseline LVEF of less than 50%, criteria for short-
term improvement of LVEF were selected: 1) ≥ 50%;  
2) ∆LVEF of more than 5%, but EF < 50% [15].

To assess pulmonary edema, eight-point lung 
ultrasound at admission was performed along the 
anterior surface of the chest. The sum of B-lines of 
less than 5 corresponded to the absence of pulmonary 
edema [4, 22]. During the hospital stay and within 
a year after the discharge, all patients received 
standard dual antiplatelet therapy before and after the 
intervention.

Endpoints. The main endpoints were hospitalization 
for HF and death from cardiovascular disease. These 
data were collected in a unified medical information 
and analytical system, as well as via telephone 
interviews with patients during a follow-up period of 
2.5 years.

Statistical analysis. A data analysis was performed 
using SPSS software (version 23.0) and MedCalc 
Version 19. Quantitative variables were presented as 
the arithmetic mean and the standard deviation М ± SD  
(for normal distribution) and as the median and the 
interquartile range Me (Q1; Q3) (for non-normal 
distribution). Qualitative variables were described by 
absolute and relative values n (%). The distributions 

were checked using the Kolmogorov – Smirnov test. 
The Spearman’s rank correlation coefficient was used 
to measure rank correlation. To assess the differences 
in quantitative variables between two independent 
samples, the Mann – Whitney U test was used. The 
Pearson’s chi-square test (χ2) was used to compare 
the frequencies of qualitative variables. Results 
were considered statistically significant at two-tailed  
p   < 0.05. The impact of a lack of improvement in  
LVEF on the risk of developing endpoints was asses- 
sed by the univariate and multivariate Cox regression 
model. Using logistic regression, predictors of changes 
in LVEF were studied, the odds ratio (OR) and 95% 
confidence interval (CI) were determined. Threshold 
values   for quantitative predictors were set based on 
the ratio of marginal probabilities with the selected 
cut-off score. The cut-off score was chosen for the 
optimal trade-off between sensitivity and specificity. 
The primary criterion for evaluating survival was 
cumulative survival – the interval between the date of 
discharge and the date of the endpoint. The survival 
probability was estimated by constructing Kaplan-
Meier survival curves; comparison was made using 
the log-rank test.

RESULTS 
Comparative characteristics of patients with 

LVEF of more and less than 50% at admission are 
summarized in Table 1. Patients were matched by 
sex and age. In the group of patients with LVEF of 
less than 50%, atrial fibrillation in the past medical 
history was significantly more frequent; laboratory 
tests   revealed significantly higher levels of troponin 
and NT-proBNP at admission and 6–12 hours after 
hospitalization. In addition, they had a higher risk of 
mortality according to the GRACE score.

T a b l e  1

Characteristics of patients with AMI, n = 131

Parameter LVEF  50%, n = 57 (43.5%) LVEF < 50%, n = 74 (56.5%) p

Age, years, М ± SD 57 ± 10.97 62.5 ± 11.8 0.172
Men / women, n (%) 39(68)/18(32) 50(68)/24(32) 0.917
Body mass index, kg / m2, М ± SD 28.03 ± 4.26 28.71 ± 4.56 0.375
Atrial fibrillation in the past medical history, n (%) 2 (3.5) 10 (14) 0.049
NT-proBNP, pg / ml, Me (Q1; Q3) 330.70 (199; 988) 785 (314; 1768) 0.011
Troponin 1, ng / ml,  Me (Q1; Q3) 0.11 (0.03; 0.73) 0.39 (0.07; 2.93) 0.005
Troponin 2, ng / ml, Me (Q1; Q3) 3.64 (0.68; 19.73) 23.68 (3.45; 61.24) <0.000
STEMI / NSTEMI, n (%) 38(67)/19(33) 59(80)/15(20) 0.090

Note :  Troponin 1 – at admission in the ICU; Troponin 2 – 6–12 hours after the hospitalization.
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In a repeated EchoCG study before discharge of 
patients with baseline LVEF of less than 50%, an 
improvement in LV systolic function was observed 
in 55.4% of cases, which was assessed as 1) 
improvement in LVEF ≥ 50% (in 30 patients); 2) ∆ 
LVEF of more than 5%, but not reaching 50% (in 
11 patients). There was a slight decrease in LVEF in 
4.6% of cases, and these patients were assigned to the 
group without changes in LVEF, which consisted of 
33 patients.

Comparative characteristics of patients with 
improved LVEF and patients with no changes in this 
parameter are presented in Table. 2.

Predictors of the absence of short-term recovery of 
LVEF are listed in Table 3.

The relative risk of developing HF and the 
combined endpoint, obtained by univariate and 
multivariate analysis, was statistically significant in 
the group of patients with no short-term recovery of 
LVEF (Table 4).

T a b l e  2
Comparative characteristics of patients with recovered LVEF and patients without changes in LVEF, n = 74

Patients Patients with improved LVEF, n = 41 Patients without changes in LVEF, n = 33 p
IRCI, М ± SD 1.87 ± 0.15 1.96 ± 0.15 0.025
LVESV, ml 41 (35; 56) 58 (42; 71) 0.0055
SV, ml 47 (41;59) 41 (37; 47) 0.040
LVRWT 0.47 ± 0.1 0.53 ± 0.1 0.041
Patterns of LV geometry, n (%)
Normal
CR
CH
EH

6 (14.6)
9 (22)

24 (58.5)
2 (4.9)

2 (6)
7 (21.2)
15 (45.5)
9 (27.3)

0.244
0.937
0.293
0.006

Е, cm / s
Е / А
LAVI, ml / m2

PTRV, m / s

0.44 (0.40;0.60)
0.70 (0.60;0.82)

28.4 (24; 33)
1.9 (1.40; 2.20)

0.56 (0.42;0.66)
0.77 (0.57;1.36)

30 (23.5; 40)
2.5 (2.2; 2.8)

0.197
0.002
0.333

< 0.000
Systolic pressure in the pulmonary artery, 
mm Hg 20 (14;27) 30 (25;37) < 0.000

Note :  А – rate of transmitral blood flow in the atrial systole; Е – rate of transmitral blood flow in the early filling phase; PTRV – peak 
tricuspid regurgitation velocity; IVLC – impaired regional contractility index; LAVI – left atrial volume index ; CH – concentric hypertrophy;  
CR – concentric remodeling; ESV – end-systolic volume; LVRWT – left ventricular relative wall thickness; SV – stroke volume; EH – eccentric 
hypertrophy.

T a b l e  3
Predictors of the absence of short-term recovery of LVEF

Parameter OR 95% CI р
IRCI > 1.94  7.86 2.57–24.06 0.0001
LVESV > 57 ml 6.94    2.82–17.05 < 0.0001
LVEDD > 5.1 cm 8.45    2.99–23.87 < 0.0001
Systolic pressure in the pulmonary artery >27 mm Hg 5.39    2.31–12.56   0.0001
NTproBNP > 530 pg / ml 3.22     1.42–7.29   0.0044
Е / А > 1.06 6.32     1.81–22.0 0.004
PTRV > 2.1 m / s 10.87     3.57–33.04 0.000

Note :  IRCI – impaired regional contractility index; LVESV – left ventricular end-systolic volume; LVEDD – left ventricular end-diastolic 
diameter; Е / А – ratio of transmitral blood flow rates in the early filling phase to blood flow in atrial systole; PTRV – peak tricuspid regurgitation 
velocity.

T a b l e  4
Risk ratio for development of heart failure and a combined endpoint in patients, depending on the periprocedural dynamics of LVEF 

Parameter

Development of HF Combined endpoint
Frequency 

of the 
events,%

Univariate 
analysis,
95% CI

p 
Multivariate 

analysis, 95% 
CI

 р
Frequen-
cy of the 
events,%

Univariate 
analysis,
95% CI

p 
Multivariate 

analysis, 
95% CI

 р

LVEF ≥ 50%, n = 30 14 0.50
(0.27–1.89) 0.71 0.75

(0.28–2.05) 0.58 19 0.73
(0.30–1.77) 0.48 0.69

(0.27–1.74) 0.44

Increase in LVEF ≥ 5%, 
n = 11 17 0.75

(0.18–3.18) 0.70 0.53
(0.12–2.35) 0.40 22 0.62

(0.14–2.61) 0.51 0.41
(0.09–1.81) 0.24
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Patients without changes in LVEF at discharge after 
AMI were significantly more likely to develop end- 

points (hospitalization for HF and CVD) than patients 
with normal baseline and improved LVEF (Fig. 1).

Fig. 1. Distribution of patients with AMI and PCI by LVEF at admission and discharge. Kaplan – Meier curves for cumulative 
survival probability depending on the improvement in LVEF at discharge are presented on fig. 2,3

Parameter

Development of HF Combined endpoint
Frequency 

of the 
events,%

Univariate 
analysis,
95% CI

p 
Multivariate 

analysis, 95% 
CI

 р
Frequen-
cy of the 
events,%

Univariate 
analysis,
95% CI

p 
Multivariate 

analysis, 
95% CI

 р

No dynamics of LVEF, 
n = 33 39 3.1 

(1.46–6.47) 0.003 3.5 (1.63–7.55) 0.001 42 2.3 (1.17–
4.86) 0.017 2.6 (1.28–

5.48) 0.009

Fig. 2. Kaplan – Meier curves for cumulative 
survival probability (without the development of a 
combined point) depending on the improvement in 

LVEF at discharge
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Note :  the multivariate analysis included sex, age, atrial fibrillation, diabetes mellitus, multivessel damage.

At discharge

LVEF <50%,  
n = 74 (56.5%)

Improved LV EF (n = 41 
(55.4%)) (56.5%)

LV EF > 50%, n = 30
↑ LV EF > 5%, n = 11

No improvement in LVEF,
n = 33 (44.6%)

Endpoints (average follow-up of 674 days)  
HF – 28 (21.4%)

Death from CVD – 6 (4.6%)
Combined endpoint (HF + death from CVD) – 33 (25.2%)

 First MI and PCI, 
n = 131

LVEF ≥ 50% upon 
admission, n = 57 

(43.5%)

HF

HF + Death from CVD

LV EF > 50% Improved  LVEF No improvement in LVEF

LV EF 
> 50%

Improved  
LVEF

No improvement 
in LVEF

p = 0.01; χ2 = 8.65 39.4%

17.0%
14.0%

p = 0.03; χ2 = 6.9

19.3% 22.0%

42.4%
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DISCUSSION
Our study is the first attempt to assess the 

prognostic value of short-term improvement in LVEF 
in patients after the first MI and PCI. We demonstrated 
the association between the absence of improvement 
in LVEF at discharge according to the selected criteria 
and a significantly increased risk of developing HF and 
a combined endpoint. At the time of admission, more 
than half of the patients had LV systolic dysfunction 
and 44.6% of them did not recover at discharge.

Patients with and without positive dynamics in 
LVEF were comparable in terms of sex, age, risk 
factors for cardiovascular diseases, and the extent of 
coronary lesion. However, patients without LVEF 
dynamics had significantly higher LVESV, LVRWT, 
higher systolic pressure in the pulmonary artery, and 
eccentric LV hypertrophy, which emphasizes more 
significant structural and functional damage to the 
heart [23, 24].

Our data are consistent with the study by M.F 
Minicucci et al. [14], who revealed the recovery of 
LV function in the period from 2 weeks to 6 months in 
25% of patients after MI. Y.Wu Wanda et al. [15, 25] 
demonstrated 8-fold reduction of all-cause mortality 
and a 10-fold decrease in the CVD risk in young AMI 
patients with improved LVEF. D.S.Chew et al. [11, 
12] also found that elderly patients with MI and an 
improvement in LVEF of  > 40% within 2 weeks had 
a 4-fold lower risk of future adverse events, all-cause 
mortality, and CVD compared with patients without 
changes in LVEF.

It was noted in the earlier studies that low LVEF at 
discharge in elderly patients after MI was correlated 
with an increased risk of mortality and rehospitalization 
[26]. In our study a decrease in baseline LVEF below 
50% was not significantly associated with higher rates 
of hospitalization for HF and CVD per se (p = 0.070). 
However, we found an association of the absence of 
short-term dynamics in LV contractility with high 
frequency of hospitalizations for HF during the follow-
up, as well as with the development of a combined 
endpoint. In addition, we identified predictors of the 
absence of LVEF dynamics in patients with the first 
MI, such as IRCI > 1.94, LVESV > 57 ml, LVEDD > 
5.1 cm, systolic pressure in the pulmonary artery > 27 
mm Hg, concentration of NT-proBNP > 530 pg / ml, 
and the E / A ratio > 1.06.

We did not find studies on periprocedural 
dynamics of LVEF in patients with the first MI and 
successful PCI and its effect on the prognosis of CVD. 
A detailed study of the contractility dynamics before 
and after PCI during hospitalization may be of great 
importance, since there is no decrease in the incidence 
of MI, and patients’ compliance with follow-up, as 
well as its possibility, is not always optimal.

Assessment of LV EF is recommended in all patients 
presenting with AMI (grade 1 recommendation); 
however, recommendations are less clear in terms of 
the dynamic assessment of LVEF [2, 3]. It has been 
shown that many traditional EchoCG parameters, 
such as LV volumes, LVEF, and IRCI, can be used 
as prognostic markers [27]. Our work demonstrates 
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that in patients with the first AMI, assessment of 
LV linear dimensions, LV diastolic function, and 
dynamic assessment of LVEF before and after PCI 
can provide valuable information on long-term 
prognosis, outcomes, and potential ongoing need for 
drug therapy.

Limitations and prospects of the study. Our study 
was limited by a small sample size and a relatively short 
follow-up period. There were also inherent limitations 
to the evaluation of LVEF using echoCG. However, 
echoCG has shown its accuracy in the assessment of 
LVEF compared with other imaging modalities and is 
widely used in clinical trials. In our work, all echoCG 
studies were performed by one doctor using one 
device, followed by post-processing on the EchoPAC 
station (General Electric Healthcare, USA) with an 
automatic assessment of LVEF, which allowed to 
minimize errors [20, 21]. There is an obvious need 
for a multicenter clinical study that would research 
the significance of short-term dynamics of LVEF in 
patients with the first AMI in relation to long-term 
prognosis.

CONCLUSION
In patients with the first MI, the frequency of LV 

systolic dysfunction at admission was 58.8%. 44.6% 
of patients had no improvement in LV contractility 
after successful PCI. The absence of improvement 
in LVEF is associated with a significantly increased 
risk of hospitalization for HF and a combined point. 
Therefore, in patients with the first AMI and LV 
systolic dysfunction, a short-term assessment of 
LVEF is reasonable to stratify the risk of developing 
adverse cardiovascular outcomes.
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ABSTRACT

The aim of the study was to evaluate the expression of scavenger receptors (CD163, CD204, CD206) on 
macrophages in patients with pulmonary tuberculosis, depending on the clinical form of the disease and sensitivity 
of the pathogen to anti-tuberculosis drugs.
Materials and methods. 64 patients with pulmonary tuberculosis (TB) were examined: 26 patients with 
disseminated pulmonary tuberculosis (DTB) and 38 patients with infiltrative pulmonary tuberculosis (ITB). Of 
these, 42 patients secreted Mycobacterium tuberculosis (MBT) sensitive to basic antituberculosis drugs (ATBD), 
and 22 patients secreted MBT resistant to first-line anti-TB drugs. Material for the study was venous blood. 
To isolate monocytes from the whole blood in order to transform them into macrophages, Ficoll density gradient 
centrifugation with a density of 1.077 g / cm3 was used followed by immunomagnetic separation of CD14+ 
cells. Monocytes were cultured in the X-VIVO 10 medium with gentamicin and phenol red with the addition of 
macrophage colony-stimulating factor (M-CSF) (5 ng / ml) at a concentration of 1×106 cells / ml with stimulators: 
interleukin (IL)-4 (10 ng / ml) and interferon (IFN) γ (100 ng / ml). Immunophenotyping of macrophages was 
performed using monoclonal antibodies to CD163, CD204, and CD206 on the Beckman Coulter CytoFLEX LX 
Flow Cytometer. The analysis of the obtained data was carried out using the CytExpert 2.0 software. The results 
were analyzed using statistical methods.
Results. Switching the phenotype of macrophages from the M1-like proinflammatory phenotype to M2-like anti-
inflammatory one contributes to the chronic course of pulmonary TB, dissemination, and persistence of infection. 
In the present study, we analyzed the features of the expression of CD163, CD204, and CD206 scavenger receptors 
on macrophages in patients with pulmonary TB. An increase in the number of macrophages carrying markers of 
the M2 subpopulation (CD163, CD204, and CD206) on their surface was noted, regardless of the clinical form of 
pulmonary TB and drug resistance of M. tuberculosis. 

Conclusion. Studying the mechanisms underlying M1 or M2 activation of macrophages is necessary for a deeper 
understanding of the immunopathogenesis of TB and the role of innate immunity cells in protecting the body from 
mycobacteria. The analysis of the expression of scavenger receptors CD163, CD204, and CD206 on macrophages 
allowed to conclude that, in pulmonary TB, especially in patients with drug resistant M. tuberculosis and infiltrative 
TB, regulatory mechanisms that suppress the activation of innate immunity are implemented together with 
polarization of macrophage differentiation towards the M2 phenotype. It may be the cause of immune deficiency 
induced by the pathogen.

Keywords: macrophages, pulmonary tuberculosis, innate immunity, immune response, scavenger receptors, IL-4, 
IFNγ, CD163, CD204, CD206
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Экспрессия скавенджер-рецепторов CD163, CD204 и CD206  
на макрофагах у больных туберкулезом легких 
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РЕЗЮМЕ

Цель работы – оценка экспрессии скавенджер-рецепторов (CD163, CD204, CD206) на макрофагах у боль-
ных туберкулезом легких в зависимости от клинической формы заболевания и чувствительности возбуди-
теля к противотуберкулезным средствам.

Материалы и методы. Обследованы 64 пациента c туберкулезом легких (ТБ): 40 мужчин и 24 женщины, 
из которых 26 человек с диссеминированным туберкулезом легких (ДТБ) и 38 – с инфильтративным 
туберкулезом легких (ИТБ). Из них было 42 пациента, выделяющих Mycobacterium tuberculosis (MBT), 
чувствительные к основным противотуберкулезным средствам (ПТС), и 22 пациента, выделяющих MBT, 
устойчивые к лекарственным средствам основного ряда противотуберкулезной терапии. Материалом ис-
следования являлась венозная кровь. 

Для выделения моноцитов из цельной крови с целью их трансформации в макрофаги использовали метод 
центрифугирования в градиенте фиколла плотностью 1,077 г/см3 с последующей иммуномагнитной 
сепарацией CD14+ клеток. Моноциты культивировали в полной питательной среде X-VIVO 10 with gen-
tamicin and phenol red с добавлением колониестимулирующего фактора макрофагов (M-CSF) (5 нг/мл) в 
концентрации 1 × 106 клеток/мл со стимуляторами: интерлейкином (IL) 4 (10 нг/мл) и интерфероном (IFN) γ 
(100 нг/мл).  Иммунофенотипирование макрофагов проводили с использованием моноклональных антител 
к CD163, CD204, CD206 на проточном цитометре Beckman Coulter CytoFLEX LX. Анализ полученных 
данных осуществляли при помощи программного приложения CytExpert 2.0. Полученные результаты ана-
лизировали статистическими методами. 

Результаты. Переключение фенотипа макрофагов с провоспалительного М1 на противовоспалительный 
М2, установленное нами в ходе настоящего исследования, способствует хроническому течению туберку-
леза легких, диссеминации и персистенции инфекции. Мы проанализировали особенности экспрессии ска-
венджер-рецепторов CD163, CD204 и CD206 на макрофагах у больных туберкулезом легких. Анализ экс-
прессии скавенджер-рецепторов на макрофагах показал значимое увеличение численности CD163, CD204 
и CD206-позитивных клеток у больных ТБ независимо от клинической формы заболевания и лекарствен-
ной чувствительности M. tuberculosis к ПТС по сравнению с группой здоровых доноров.

Заключение. Исследование механизмов, лежащих в основе M1- или M2-активации макрофагов, необхо-
димо для более глубокого понимания иммунопатогенеза туберкулезной инфекции и роли клеток врожден-
ного иммунитета в защите организма от микобактерий. Анализ экспрессии скавенджер-рецепторов CD163, 
CD204 и CD206 на макрофагах позволил нам прийти к заключению, что при туберкулезе легких, особенно 
у больных с лекарственной устойчивостью M. tuberculosis и при инфильтративной форме заболевания, 
реализуются механизмы регуляции, подавляющие активацию врожденного иммунитета, c поляризацией 
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дифференцировки макрофагов в направлении М2-фенотипа, что, вероятно, является причиной формирова-
ния иммунодефицита, индуцированного возбудителем.

Ключевые слова: макрофаги, туберкулез легких, врожденный иммунитет, иммунный ответ, скавенджер-
рецепторы, IL-4, IFNγ, CD163, CD204, CD206
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INTRODUCTION

Macrophages play a crucial role in the defense 
of the body from Mycobacterium tuberculosis. They 
are involved in both innate and adaptive immune 
responses and also regulate remodeling and repair 
processes in damaged tissues [1, 2]. Macrophages 
are characterized by versatility and plasticity; they 
are capable of switching a functional phenotype in 
tissues [3–6]. This heterogeneity is determined by 
the ability of macrophages to implement different 
activation programs in response to different stimuli, 
such as cytokine signals, damage-associated 
molecular patterns, or pathogenicity patterns in the 
body. 

According to the recent WHO Global Tuberculosis 
Report, there was a decline in deaths from tuberculosis 
(TB) in 2018: 1.5 million people died in comparison 
with 1.6 million in 2017. However, the incidence of 
TB remains high: about 10 million people worldwide 
were diagnosed with TB in 2018 [7]. M. tuberculosis 
develops resistance to anti-tuberculosis drugs 
(ATBD), which is an important problem. A variant 
of extensively drug-resistant tuberculosis (XDR-
TB), when M. tuberculosis does not respond to any 
of the existing antibiotics, has been registered in 117 
countries [8]. 

Dysregulation of the immune response during the 
development of pulmonary tuberculosis (TB) occurs 
even at its earliest stages, primarily at the stage of 
macrophage activation and antigen presentation to 
T-helper cells. Macrophages play an important role 

in successful immune defense when M. tuberculosis 
components penetrate into mucous membranes 
of the respiratory tract. M1 macrophages trigger 
acute lung inflammation and rapidly activate the 
mechanisms of innate immunity, inflammatory and 
cytotoxic T-cell responses. It causes the development 
of acute destructive, clinical and pathogenetic 
forms of pulmonary TB, such as infiltrative and 
disseminated TB [9]. Later an immune control of the 
M. tuberculosis infection depends on the direction of 
the macrophage differentiation and the effectiveness 
of the inflammatory response implemented by CD4+ 
type 1 T-helper cells (Th1) [10–12]. Switching the 
phenotype of macrophages to the M2-like anti-
inflammatory one leads to chronic and persistent 
TB infection. Mechanisms of innate immunity in 
pulmonary TB require more detailed consideration, 
first of all, through analyzing the receptor profile of 
macrophages. The scavenger receptors of monocytes 
and (or) macrophages, which include CD206 mannose 
receptor, scavenger receptor A – SR-A (CD204), 
and CD163 membrane marker, are of the greatest 
interest [12, 13–16]. Many questions remain open 
related to the plasticity, polarization, and activation of 
macrophages in various clinical forms of pulmonary 
TB and depending on the resistance or sensitivity of 
M. tuberculosis to ATBD. 

Therefore, the aim of the study was to evaluate the 
expression of scavenger receptors (CD163, CD204, 
CD206) on macrophages in patients with pulmonary 
TB depending on its clinical form and sensitivity of 
the pathogen to ATBD.
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MATERIALS AND METHODS

We examined 64 patients (40 men and 24 women) 
aged 23–50 years (average age 43.10 ± 10.00 years) 
with newly diagnosed pulmonary TB. The disease 
was diagnosed at Tomsk Phthisiopulmonology 
Medical Center. The diagnosis was established based 
on the past medical history, clinical presentation of the 
disease, as well as the results of the X-ray examination 
of the lungs and bacteriological and microscopic 
examination of the sputum. All patients were examined 
before the initiation of anti-TB chemotherapy. The 
clinical form of the disease was diagnosed using an 
X-ray examination of the lungs. In most patients, both 
lungs were affected by the pathological process. In ITB, 
the examination detected one or more heterogeneous 
infiltration shadows (3–6 cm in diameter) in the lungs. 
In DTB, multiple small- and medium-sized foci with 
heterogeneous structures were detected. Bacterial 
excretion (MTB+) was registered in all patients. 
Mycobacterium tuberculosis (MTB) was identified 
by Ziehl – Neelsen stained sputum smear microscopy 
as well as by fluorescence microscopy of auramine-
stained sputum smears. To determine the species of 
M. tuberculosis and MBT sensitivity to ATBD, the 
absolute concentration method and sputum culture in 
Lowenstein – Jensen and Finn-2 solid nutrient media 
were used. 

 TB patients were divided into two groups 
depending on the clinical form of the disease: 26 
patients with disseminated pulmonary tuberculosis 
(DTB) and 38 patients with infiltrative pulmonary 
tuberculosis (ITB). In all examined TB patients, 
the causative agent had drug sensitivity to basic 
ATBD. This criterion was used to identify 42 
patients secreting M. tuberculosis (MBT), sensitive 
to the basic ATBD, and 22 patients secreting MBT 
resistant to the first-line drugs (isoniazid, rifampicin, 
streptomycin, ethambutol). Exclusion criteria for 
TB patients to participate in the study were: 1) 
cancer, diabetes mellitus, allergies and autoimmune 
diseases, viral hepatitis, and HIV; 2) treatment with 
ATBD and immunosuppressants. The comparison 
group consisted of 30 healthy donors (20 men and 10 
women) aged 23–50 years (average age 41.31 ± 7.47 
years) without past medical history of pulmonary TB. 
All patients signed an informed consent to participate 
in the study.

Immunomagnetic separation of blood monocytes. 
The material for the study was venous blood taken 
from healthy donors and patients with pulmonary TB. 

Blood sampling was carried out once, during the most 
intense phase of the disease, before the initiation of 
the anti-TB chemotherapy. To isolate monocytes from 
the whole blood for their further transformation into 
macrophages, the method of magnetic separation of 
CD14+ monocytes (MACS MultiStand, Germany) 
was used according to the manufacturer’s instructions 
for the Monocyte isolation kit, Miltenyi Biotec 
GmbH (Germany). 30 ml of whole venous blood was 
collected into vacuum blood collection systems with 
an anticoagulant (K3-EDTA). The blood was diluted 
with phosphate – buffer saline (PBS) at a ratio of 1:1 
and layered on 15 ml of the Ficoll cushion with a 
density of 1.077 g / cm3. The samples were centrifuged 
for 30 min at 0.016 g. The resulting mononuclear 
fraction was collected and washed from PBS twice. 
After that, 5 ml of PBS was added and mixed; then the 
number of mononuclear cells was counted using the 
automated cell counter Scepter 2.0 (Merck Millipore, 
Germany). The cell suspension was centrifuged, the 
supernatant was removed, and the appropriate volumes 
of MACS Separation Buffer (containing bovine serum 
albumin (BSA), EDTA, and 0.09% sodium azide) and 
CD14+ magnetic particles (Micro Beads, Germany) 
were added based on the number of cells, and the 
suspension was incubated for 40 min. The resulting 
suspension underwent positive magnetic separation 
according to the manufacturer’s protocol (Miltenyi 
Biotec, Germany). 

Cultivation of macrophages in vitro. Monocytes 
were cultivated in the X-VIVO 10 complete growth 
medium with gentamicin and phenol red (Lonza, 
Switzerland) at a concentration of 1 × 106 cells / ml 
with the addition of macrophage colony stimulating 
factor M-CSF (5 ng / ml; R&D Systems, USA). 
Recombinant cytokines IL-4 (10 ng / ml; PeproTech, 
USA) (for M2 macrophage activation) and IFNγ 
(100 ng / ml; PeproTech, USA) (for M1 macrophage 
activation) were used for additional cell induction. 
The samples were cultured for 6 days in the CO2-
incubator set to 7.5% CO2 at 37 °С without additional 
stimulation and with the addition of cytokines for M1 
and M2 macrophage activation. 

Immunophenotyping of macrophages. 
Macrophage phenotyping was performed on day 
6 of cultivation. To collect cells, a plate with a cell 
culture was placed on ice and held for 10 minutes, 
and then the cells were harvested using a cell scraper 
(Cell-scraper, USA). For immunophenotyping of 
macrophages, monoclonal antibodies to CD163, 
CD204, and CD206 (eBioscience, USA) were added. 
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Cell suspensions were measured on the Beckman 
Coulter CytoFLEX flow cytometer (Beckman 
Coulter, USA). The obtained data were analyzed 
using the CytExpert 2.0 software application 
(Beckman Coulter, USA).

SPSS Statistics 17.0 and Microsoft Excel were 
used for statistical analysis of the obtained results. The 
data were presented as the median and the interquartile 
range Me (Q1–Q3). To perform a comparative analysis, 
the non-parametric Mann – Whitney test with the 
Benjamini – Hochberg correction was applied. 
The results of statistical analysis were considered 
significant at p < 0.05.

RESULTS
Expression of CD163, CD204, and CD206 
scavenger receptors on macrophages transformed 
in vitro from CD14+ blood monocytes in TB 
patients depending on the clinical form of the 
disease

The analysis of the expression of scavenger 
receptors on macrophages showed a significant 
increase in the number of CD163- and CD206-
positive cells in TB patients compared with the group 
of healthy donors, regardless of the clinical form of 
the disease and sensitivity of M. tuberculosis to ATBD 
(Table 1, 2; Fig. 1, 2). 

After adding IL-4 to the cell culture (M2 
macrophage activation), the expression of CD163 in 
ITB patients did not significantly change in comparison 
with its value in the absence of cytokine stimulation. 

T a b l e  1

The expression of scavenger receptors on macrophages in patients with pulmonary tuberculosis depending on the clinical  
form of the disease, %, Me (Q1–Q3)

Markers of macro-
phages

Groups of examined 
persons

Conditions for in vitro cultivation of macrophages
No stimulation IL-4 stimulation IFNγ stimulation

CD163

Healthy donors 12.43 (6.51–22.33) 4.11 (2.17–8.34)
р3 = 0.011

13.24 (7.41–16.71)
р3 = 0.511
p4 = 0.014

ITB patients 44.23 (24.14–64.35)
p1 = 0.012

48.55 (27.31–59.54)
p1 = 0.015

26.70 (14.74–38.02)
p1 = 0.010
р3 = 0.011
p4 = 0.027

DTB patients 40.81 (25.42–61.27)
p1 = 0.010

26.30 (17.11–41.72)
p1 = 0.025
p2 = 0.027
р3 = 0.011

27.83 (16.01–34.73)
p1 = 0.010
р3 = 0.014

CD204

Healthy donors 11.31 (6.75–20.14) 8.05 (4.11–17.76) 10.26 (7.11–19.33)

ITB patients 24.52 (14.27–34.36)
p1 = 0.041

40.83 (24.35–59.21)
p1 = 0.017
р3 = 0.037

32.19 (16.14–50.36)
p1 = 0.010
р3 = 0.013

DTB patients 9.56 (6.02–20.33)
p2 = 0.014

8.91 (5.63–21.30)
p2 = 0.025

19.62 (11.38–35.17)
p1 = 0.017
p2 = 0.011
р3 = 0.045
p4 = 0.037

CD206

Healthy donors 17.16
(9.17–28.43)

13.4
(6.35–22.45)

4.41 (2.15–9.37)
р3 = 0.017
p4 = 0.035

ITB patients 57.59 (28.12–68.18)
p1 = 0.014

58.27 (27.01–66.22)
p1 = 0.037

46.31 (26.45–61.27)
p1 = 0.020

DTB patients
33.01 (18.34–52.43)

p1 = 0.021
p2 = 0.021

29.37 (19.17–44.36)
p1 = 0.012
p2 = 0.021

23.44 (13.16–37.46)
p1 = 0.037
p2 = 0.014
р3 = 0.012

Note :  the level of statistical significance of differences compared with healthy donors – р1; in ITB patients – р2; in in vitro cell cultivation with no 
stimulation – р3; in in vitro cell cultivation with IL-4 (M2 stimulation) – p4. 

In the group of healthy donors, the number of CD163-
positive macrophages in M2 macrophage activation 
was 3.2 times lower relative to the number of cells in 
M1 macrophage activation (when cells were induced 
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by IFNγ). In DTB patients, the CD163 expression on 
macrophages was almost 1.5 times lower than that 
in the absence of stimulation both in M1 and M2 
macrophage activation (Table 1, Fig. 1).

Fig. 1. The expression of the CD163 scavenger receptor on 
macrophages in patients with pulmonary tuberculosis, Me 
(Q1–Q3): HD – healthy donors, ITB – infiltrative pulmonary 
tuberculosis, DTB – disseminated pulmonary tuberculosis, 
DR TB – drug-resistant pulmonary tuberculosis, DS TB – 
drug-sensitive pulmonary tuberculosis, M0 – cell culture of 
macrophages without stimulation by cytokines, М1 – cell 
culture of macrophages stimulated by IFNγ, М2 – cell culture 

of macrophages stimulated by IL-4 (here and in Fig. 2, 3)
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In cytokine stimulation, the number of CD206-
positive macrophages in ITB patients did not change 
significantly in comparison with its basal level. In 
healthy donors and DTB patients, the expression of 
the CD206 molecule on macrophages significantly 
decreased in response to the IFNγ stimulation of cells, 
compared with the intact culture (Table 1, Fig. 2). 

Fig. 2. The expression of the CD206 scavenger receptor 
on macrophages in patients with pulmonary tuberculosis,  
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In patients with ITB, the induced expression of 
the CD204 scavenger receptor on macrophages more 
significantly increased after IL-4 stimulation of the 
cell culture than after IFNγ stimulation, compared 
with that in the intact cell culture. In the case of IL-4 
stimulation, it increased by 5.1 times compared with 
its value in healthy donors and by 4.6 times compared 
with DTB patients. In DTB patients, the number of 
CD204-positive macrophages increased to a greater 
extent (by more than 2 times) in response to IFNγ 
stimulation of cells compared with that in the control 
group and after IL-4 stimulation (Table 1, Fig. 3).

Fig. 3. The expression of the CD204 scavenger receptor 
on macrophages in patients with pulmonary tuberculosis,  
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Expression of CD163, CD204, and CD206 
scavenger receptors on macrophages transformed 
in vitro from CD14+ blood monocytes in TB 
patients depending on drug sensitivity of the 
pathogen to ATBD

The expression of M2 macrophage activation 
markers in TB patients, depending on the sensitivity 
of the pathogen to ATBD, was analyzed. It was found 
that the highest expression (basal and with stimulation 
by both cytokines) of the CD163 molecule on 
macrophages was observed in patients with DR TB. 
In DS TB patients, the cytokine-stimulated CD163 
expression did not significantly change compared 
with the basal level, but it was higher (as in DR TB 
patients) than in healthy donors (Table 2, Fig. 1). 

In cell cultivation without stimulation and with 
stimulation by cytokines, patients with DR TB 
also had the maximum number of CD206-positive 
macrophages. It was higher than in the control group 
and in patients with DS TB. However, in DR TB in 
both M1 and M2 stimulation by cytokines, the number 
of CD206+ macrophages was smaller than in the 
unstimulated cell culture (Table 2, Fig. 3).
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Similarly, the highest expression of CD204 on 
macrophages was registered in DR TB. When cells 
were cultured without stimulation, the expression was 
higher than in the control group and in patients with 
DS TB. At the same time, it remained at the same 
level when cells were induced by cytokines. However, 

T a b l e  2

The expression of the scavenger receptors on macrophages in patients with pulmonary tuberculosis depending on the sensitivity  
of M. tuberculosis to ATBD, %, Me (Q1–Q3)

Markers  
of macrophages Groups of examined persons

Conditions for in vitro cultivation of macrophages
No stimulation IL-4 stimulation IFNγ stimulation

CD163 Healthy donors 12.43
(6.51–22.33)

4.11
(2.17–8.34)
р3 = 0.012

13.24
(7.41–16.71)

p4 = 0.015

DS TB patients
32.52

(24.45–51.23)
p1 = 0.031

27.25
(18.12–32.65)

p1 = 0.012

30.56
(21.65–40.28)

p1 = 0.024

DR TB patients

54.23
(44.23–60.56)

p1 = 0.021 
p2 = 0.012

48.77
(37.56–56.44)

p1 = 0.024 
p2 = 0.043

47.32
(39.11–51.22)

p1 = 0.035
p2 = 0.044

CD204

Healthy donors 11.31
(6.75–20.14)

8.05
(4.11–17.76)

10.26
(7.11–19.33)

DS TB patients
19.23

(9.54–29.11)
p1 = 0.032

10.26
(6.23–18.25)

31.33
(25.4–46.12)

p1 = 0.031 
p3 = 0.012 
p4 = 0.032

DR TB patients

31.23
(22.56–40.12)

p1 = 0.034 
p2 = 0.011

32.44
(23.56–44.36)

p1 = 0.025 
p2 = 0.023

28.56
(23.54–44.2)

p1 = 0.037

CD206

Healthy donors 17.16
(9.17–28.43)

13.40
(6.35–22.45)

4.41
(2.15–9.37)
р3 = 0.017 
p4 = 0.035

DS TB patients
40.13

(29.14–65.45)
p1 = 0.012

36.45
(26.17–51.45)

p1 = 0.027

29.03
(16.54–35.47)

p1 = 0.015 
р3 = 0.014

DR TB patients

77.36
(56.45–83.12)

p1 = 0.031 
p2 = 0.022

58.36
(33.47–75.16)

p1 = 0.010 
p2 = 0.025 
p3 = 0.013

53.27
(30.45–65.44)

p1 = 0.014 
p2 = 0.042 
р3 = 0.014

Note :  the level of statistical significance of differences compared with values in healthy donors – р1; in DS TB patients – р2; in in vitro cell 
cultivation with no stimulation – р3; in in vitro cell cultivation with IL-4 (M2 stimulation) – p4. 

after adding IFNγ to the macrophage culture (M1 
macrophage activation), patients with DS TB showed 
an increase in the expression of the CD204 receptor – 
by 1.6 times compared with its basal level and by 3.1 
times compared with M2 macrophage activation and 
the control group (Table 2, Fig. 2).

DISCUSSION

High efficiency of innate immunity activation 
in TB plays a crucial role in the development of 
the disease and its outcomes. Abnormalities in the 
immune response induction are often associated with 
the development of tolerance to the antigen already 
at the stage of its presentation. In this case, instead of 

macrophage activation and differentiation into M1 cells, 
a tolerogenic and anti-inflammatory M2 phenotype is 
formed. Mobilization of monocytes and their entry 
into the systemic circulation from the bone marrow 
are always caused by an increased antigenic load and a 
need for resident macrophages for the immune system 
during lung inflammation. More and more studies on 
the macrophage population heterogeneity indicate that 
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a timely switch of the macrophage phenotype from 
the M1-like proinflammatory phenotype to the M2-
like anti-inflammatory one and vice versa affects the 
clinical outcome of TB [17–20].

The analysis of the expression of scavenger 
receptors on macrophages showed, in general, an 
increase in the number of cells carrying markers of 
the M2 phenotype (CD163, CD204, and CD206) on 
their surface, regardless of the clinical form of the 
disease and sensitivity of M. tuberculosis (Table 1, 2, 
Fig. 1–3).

We registered the largest number of CD163-
positive macrophages in ITB patients, especially in 
M2 macrophage activation. In case of M1 macrophage 
activation, on the contrary, the number of CD163+ 
macrophages decreased compared with that in the 
absence of cytokine stimulation of cells. In DR TB, the 
number of CD163-positive macrophages was higher 
than in DS TB in both the intact culture of cells and in 
the cells stimulated with IL-4 and IFNγ (Table 1, 2, Fig. 
1). It is known that the hemoglobin scavenger CD163 
receptor is expressed by monocytes and mainly by M2 
macrophages [21]. The surface CD163 receptor on 
macrophages functions as an innate immunity receptor 
for recognizing patterns of bacterial pathogenicity. 
Its overexpression may be a mechanism to reduce an 
acute severe inflammatory response [22]. It is logical 
that macrophages expressing CD163 should have a 
regulatory and regenerative potential in order to timely 
suppress the immune response that damages tissues.

When evaluating the CD204 expression on 
macrophages in TB patients, we determined its highest 
intensity in ITB compared with DTB. In DTB, the 
CD204 expression increased only in M1 macrophage 
activation. Drug sensitivity or drug resistance of MBT 
did not affect the expression of the CD204 molecule – 
it increased in both cases (Table 1, 2, Fig. 2).

CD204 is a scavenger receptor A (SR-A). It is 
mainly expressed on macrophages, dendritic cells, 
and epithelial cells of the respiratory tract. It is a 
multifunctional receptor with a big ligand-binding 
potential [23, 24]. The CD204 molecule recognizes 
modified lipid proteins, apoptotic cells, and pathogen-
associated molecules [25]. Studies of CD204 knockout 
mice have shown that the CD204 expression plays 
an important role in polarizing the differentiation of 
macrophages towards the M2 phenotype by inhibiting 
TLR signaling [26]. 

The CD206 molecule is a C-type lectin or mannose 
receptor type 1 (MR1), which is usually expressed on 
tissue macrophages, dendritic cells, and endothelial 

cells. It binds structures with a high mannose content 
on the surface of potentially pathogenic bacteria, 
viruses, and fungi [27]. The CD206 molecule plays 
an essential role in immune homeostasis. Cells in the 
microenvironment of malignant tumors have high 
expression of this receptor. An increase in CD206-
positive tumor-associated macrophages is associated 
with a poor disease prognosis and indicates the 
development of chronic inflammation in metastatic 
niches [28]. In the examined patients, the CD206 
expression on macrophages was the most significant 
in ITB and DR TB. However, in the latter, the number 
of CD206-positive cells decreased when the culture 
was induced with both M1 and M2 stimulators (Table 
1, 2, Fig. 3).

There is evidence in the literature that the population 
of macrophages involved in the fight against M. 
tuberculosis is heterogeneous [29, 4].  Studies have 
examined various mechanisms by which the antigen 
transforms M1 macrophages into M2 macrophages 
with immunoregulatory activity, creating a favorable 
environment for its existence. The study conducted 
on a model of the staphylococcal lung infection 
in mice concluded that Staphylococcus aureus 
induced the Akt1 signaling pathway (Akt1 – protein 
kinase B), shifting the phenotype of macrophages 
from the anti-microbial M1 phenotype towards the 
functionally dormant M0 phenotype [30]. Another 
work showed that M. tuberculosis secretes LAM 
(lipoarabinomannan) and ESAT-6 virulence factors, 
which inhibit M1 macrophage activation by blocking 
maturation of phagolysosomes and activation of 
nuclear factor κB (NF-κB) [17].

Therefore, high expression of scavenger receptors 
on macrophages in pulmonary TB may be associated 
with predisposition of patients to the implementation 
of regenerative and anti-inflammatory functions of 
macrophages and their polarization towards the M2 
phenotype.

CONCLUSION
Studying the mechanisms underlying the M1 

or M2 macrophage activation is necessary for a 
deeper understanding of TB immunopathogenesis 
and the role of innate immune cells in protecting 
the body from MBT. The analysis of the expression 
of CD163, CD204, and CD206 scavenger receptors 
on macrophages allowed to make the following 
conclusion. In pulmonary TB, especially in DR TB and 
ITB, there are regulatory mechanisms that suppress 
the activation of innate immunity with polarization 
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of macrophages towards the M2 phenotype. It might 
cause immune deficiency induced by the pathogen.
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Lung ultrasound in the diagnosis of COVID-19-associated pneumonia

Balabanova A.A., Kurazhov A.P., Zavadovskaya V.D.

Siberian State Medical University  
2, Moscow Trakt, Tomsk, 634050, Russian Federation

ABSTRACT

Over the past decades, lung ultrasound in the diagnosis of lung diseases has become widespread. Ultrasound 
examination has a number of advantages (no radiation exposure, real-time imaging, clear visualization of 
the subpleural lung regions and costophrenic angles), which make it possible to use ultrasound to monitor the 
dynamics of pneumonia in children and pregnant women. Currently, in the context of the COVID-19 pandemic, 
lung ultrasound is widely used due to its high diagnostic efficiency, which is comparable with classical radiography 
and X-ray computed tomography (CT) by a number of parameters.

The article describes the method of lung ultrasound and the radiographic pattern of COVID-19-associated 
pneumonia. It also provides a review of the literature, according to which the severity of pneumonia was determined, 
depending on the radiographic pattern, and the need for a lung ultrasound was identified.

The article indicates that information on assessment of the radiographic pattern of the lungs at runtime in different 
variants of the course of coronavirus infection, as well as many methodological issues, including the frequency of 
second-look lung ultrasound, has not been sufficiently studied.

Keywords: ultrasound, pneumonia, COVID-19, interstitial syndrome, white lung, consolidation, B-lines, pleural 
line
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Ультразвуковая диагностика COVID-19-ассоциированных пневмоний

Балабанова А.А., Куражов А.П., Завадовская В.Д.
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РЕЗЮМЕ

В течение последних десятилетий ультразвуковая диагностика заболеваний легких получила широкое 
распространение. Ультразвуковое исследование (УЗИ) имеет ряд преимуществ: отсутствие лучевой 
нагрузки, получение изображения в режиме реального времени, отчетливая визуализация субплевральных 
отделов легких и реберно-диафрагмальных синусов, которые дают возможность использовать ультразвук 
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various HIV-associated lung lesions and interstitial 
lung disease, can reduce CT specificity in the 
diagnosis of COVID-19-associated lung lesions [10, 
11]. Typical CT changes in the lungs in COVID-19-
associated pneumonia are bilateral subpleural ground-
glass opacities in the lung tissue or lung consolidation 
areas of an irregular, sometimes rounded shape with 
predominantly peripheral distribution in the lungs, 
which emerge in case of bacterial coinfection [12].

In the Russian Federation, according to the 
Temporary Guidelines of the Russian Society of 
Radiologists and Russian Association of Specialists 
in Ultrasound Diagnostics in Medicine, in the context 
of the COVID-19 pandemic, the so-called “empirical” 
visual scale for a rapid assessment of pathological 
CT changes in the lungs is recommended. It is 
based on the visual assessment of the approximate 
volume of the damaged lung tissue and the nature 
of lung changes [13]. This scale has 5 grades  
(Table 1).

T a b l e  1
Visual scale for assessing the degree of lung damage  

detected on CT

Degree 
of lung 
damage

Characteristics

CT-0
Normal pattern and the absence of CT signs of viral 
pneumonia despite typical clinical manifestations and 
relevant epidemiological history

для динамики пневмонии у детей и беременных женщин. В условиях пандемии COVID-19 УЗИ легких 
получило широкое применение в связи с высокой диагностической эффективностью, сопоставимой по 
ряду показателей с классической рентгенографией и рентгеновской компьютерной томографией. 

Излагается методика УЗИ легких, ультразвуковая картина COVID-19-ассоциированных пневмоний. Пре-
доставлен обзор литературы, согласно которой выявлены степени тяжести пневмонии в зависимости от 
ультразвуковой картины и необходимость использования УЗИ легких.

Указано, что недостаточно изучены информация об оценке ультразвуковой картины легких в динамике 
при различных вариантах течения коронавирусной инфекции, а также многие вопросы методического 
характера, включая периодичность и частоту динамического УЗИ легких.

Ключевые слова: ультразвуковое исследование, пневмония, COVID-19, интерстициальный синдром, 
белое легкое, консолидация, В-линии, плевральная линия
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) [1–3] 
is a potentially severe acute respiratory infection 
caused by SARS-CoV-2 (2019-nCoV) [4]. It is a 
dangerous disease [3], which can occur both as mild 
[5, 6] and severe [7] acute respiratory infection. The 
most common complication of the disease is viral 
pneumonia, which can result in acute respiratory 
distress syndrome and subsequent acute respiratory 
failure, most often requiring oxygen therapy and 
respiratory support [8].

Medical imaging methods are used to identify 
COVID-19-associated pneumonias and their 
complications, to carry out differential diagnosis 
with other lung diseases, to determine severity 
of the disease and its progression, and to assess 
therapy effectiveness [6]. The main medical imaging 
methods for detecting chest pathologies in patients 
with suspected or confirmed COVID-19-associated 
pneumonia include lung computed tomography (CT), 
plain chest radiography (CR), and lung and pleural 
ultrasound (US). 

CT is the gold standard imaging modality for 
examining patients with suspected or confirmed 
COVID-19-associated pneumonia. For example, it 
has been determined that specificity of CT versus US 
and CR can reach 100% in certain patient groups [9]. 
At the same time, it should be taken into account that 
many infectious and non-infectious diseases, such as 



152 Бюллетень сибирской медицины. 2022; 21 (4): 150–159

Balabanova A.A., Kurazhov A.P., Zavadovskaya V.D.  Lung ultrasound in the diagnosis of COVID-19-associated pneumonia

Degree 
of lung 
damage

Characteristics

CT-1 Mild degree – ground-glass opacities. Lung parenchyma 
involvement ≤ 25%

CT-2 Moderate degree – ground-glass opacities. Lung paren-
chyma involvement of 25–50%

CT-3 Severe degree – ground-glass opacities, lung consolida-
tion areas. Lung parenchyma involvement of 50–75%

CT-4
Critical degree – diffuse ground-glass opacities and lung 
consolidation in combination with reticular changes. 
Hydrothorax. Lung parenchyma involvement ≥ 75%.

To date, this scale is the mainstay for determining 
the severity of morphological changes in the lungs 
in patients with COVID-19-associated pneumonia. 
Its high efficiency has been proven by its wide use in 
clinical practice. The only limiting factor for CT is 
the impossibility of its use in intensive care units and 
mechanically-ventilated patients.

Another frequently used diagnostic radiology 
technique in detecting COVID-19-associated 
pneumonia is plain chest radiography (CR) [14]. 
This method has lower diagnostic efficiency, but 
due to its greater availability and lower cost, it 
has become widespread during the COVID-19 
pandemic [15]. Typical CR changes in COVID-19 
are multiple diffuse, peripheral, irregularly shaped 
opacities, localized mainly in the lower lobes of both  
lungs [16].

Over the past decades, one of the topical issues in 
diagnostic US has been the assessment of its information 
value in lung diseases [17–20]. It has been determined 
that this modality has a high diagnostic value in the 
assessment of some lung diseases and, in certain 
clinical situations, outperforms CR in sensitivity and 
specificity [21]. For example, the results of the study by 
Russian researchers indicated greater accuracy of US 
compared with CR in the diagnosis of pneumonia in 
children, and the same authors provided evidence that 
in some cases US can compete with CT, for example, 
in the diagnosis of lung abscess [22]. In addition, 
lung US has been quite widely used in monitoring 
pathologies associated with lung tissue, including 
cardiogenic pulmonary edema, pneumothorax, pleural 
effusion, atelectasis, pneumonia, and peripheral lung 
nodules [23–27]. A number of other publications also 
indicate that, in recent decades, US has been in great 
demand in the diagnosis of various lung diseases, 
including, in addition to the above, emphysema and 
pleural diseases [17–19, 28–30].

T a b l e  1  ( c o n t i n u e d ) It is believed that lung US in patients with suspected 
or confirmed COVID-19-associated pneumonia is 
an additional imaging method that does not replace 
or exclude CR and CT as traditional diagnostic 
modalities with high information value, proven by 
many years of clinical practice. In this regard, lung US 
is not included in the clinical guidelines and standards 
for the diagnosis and treatment of community-
acquired pneumonia [5, 13]. This is partly because 
the effectiveness of US is largely dependent on the 
experience and qualifications of the doctor performing 
the study. 

Many researchers provide evidence that US can 
compete in accuracy with CT in the diagnosis of 
COVID-19-associated pneumonia [31, 32], and in 
some aspects it outperforms CR [33]. So, according to a 
study by R. Gibbons et al. [33], the sensitivity of US in 
detecting intrapulmonary changes in COVID-19 was 
97.6%, while that of CR was only 69.9%. However, 
lung US was less specific than CR (33.3 and 44.4%, 
respectively). This study included 143 patients aged 
18 years and older with symptoms of COVID-19 (all 
registered patients had a body temperature of 38 °C or 
higher, a heart rate of 100 beats per minute or higher, 
a respiratory rate of 16 breaths per minute or more, 
SpO2 less than 94% with cough, dyspnea, myalgia, 
malaise, ageusia, and anosmia).

It was also previously found that lung US makes it 
possible to control the course of pneumonia directly 
at the bedside, including mechanically-ventilated 
patients [34]. An additional advantage of lung US due 
to the absence of radiation exposure is the ability to 
examine pregnant women [35], who may have a more 
severe course of COVID-19-associated pneumonia 
[28, 36, 37]. Lung US reveals initial signs of lung 
damage caused by SARS-CoV-2, which is especially 
important when triaging patients in the emergency 
rooms of medical institutions. An increase in the 
intensity of interstitial changes in the lungs up to 
the emergence of a white lung in the US scan may 
be a predictor of a need for intubation and transfer 
of patients to mechanical ventilation [31]. In such 
cases, lung US strongly affects the treatment strategy, 
reducing decision-making time, which is crucial, 
since the condition of patients with COVID-19 can 
deteriorate rapidly [34].

LUNG ULTRASOUND TECHNIQUE
Routine lung US is performed using the B-mode 

with a microconvex transducer with a frequency of 5 
MHz. At the same time, it is possible to use linear or 
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convex transducers in the frequency ranges of 5–15 and 
3–5 MHz, respectively [17, 38]. The linear transducer 
is used to detail and better visualize pleural sliding and 
search for alveolar consolidation [18]. Depending on 
the severity of the patient’s condition, the examination 
is performed in an upright, sitting or lying position. It 
is believed that if the patient is mechanically ventilated 
or in the prone position, then it is necessary to scan the 
accessible chest areas and note this feature of the US 
examination in its protocol [39].

To date, a standard technique for lung US has 
been developed and is actively used [40]. In 2008,  
D. Lichtenstein developed the so-called BLUE pro- 
tocol, which is an algorithmic approach to examining 
the lungs in acute respiratory pathology [18]. Its 
advantages are simplicity and speed, since it allows to 
get the main diagnostic information with the maximum 
ease of performing the study in a short period of 
time. The basic principle of the BLUE protocol is 
a simple sonographic evaluation of the lungs. If 
pulmonary embolism (PE) is suspected, this protocol 
is extended by a simplified study of lower extremity 
veins and echocardiography performed to detect 
extrapulmonary thrombi as possible causes of PE. The 
study of only anterior lung regions makes it possible to 
confirm or exclude such conditions as pneumothorax 
and pulmonary edema within a few seconds. In the 
absence of US signs of pneumothorax and pulmonary 
edema, further, according to the diagnostic algorithm, 
a study of the lower extremity veins and lateral 
and posterior lung regions is performed in order to 
diagnose possible pulmonary infarction and pleural 
effusion [18]. Sonographic signs of PE are pulmonary 
consolidation, predominantly wedge-shaped or 
rounded, fluid located directly above the subpleural 
lung lesion, and local interstitial changes [41].

According to the BLUE protocol [18], when 
performing a routine lung US examination to diagnose 
intrapulmonary lesions, the chest is arbitrarily divided 
into 12 zones. On the right and left, the chest surface 
is divided into anterior, lateral, and posterior regions, 
each of which, in turn, is subdivided into upper 
and lower zones (Table 2). Then the US transducer 
is placed perpendicular to the ribs or parallel to the 
intercostal spaces, and all regions accessible for 
inspection are scanned [18].

To minimize the risk of COVID-19 for medical 
personnel, lung US is preferably performed directly 
in the patient’s ward quickly and according to a 
pre-verified protocol, using a portable device. In 
the study of patients with mild or moderate disease 

severity, to reduce the time of the examination, lung 
US is performed in a vertical, hands-behind-the-head 
position of the patient.

T a b l e  2

Zones and anatomical landmarks in lung US
Surface Vertical borders Zones Horizontal borders

Anterior

From the para-
sternal to the 

anterior axillary 
line

Upper From the supraclavicu-
lar region to the IV rib

Lower From the IV rib to the 
diaphragmatic sinus

Lateral

From the anteri-
or axillary to the 
posterior axillary 

line

Upper From axillary fossa to 
the IV rib

Lower From the IV rib to the 
diaphragmatic sinus

Posterior

From the poste-
rior axillary to 

the paravertebral 
line

Upper
From the II rib to the 
inferior angle of the 

scapula

Lower
From the inferior angle 

of the scapula to the 
diaphragmatic sinus

NORMAL LUNG US PATTERN
In normal conditions, lung tissue is visualized in 

the intercostal spaces and is represented on diagnostic 
images by multiple parallel hyperechoic lines (called 
A-lines) due to lung sliding and movements of the 
visceral pleura [18]. A-lines are located directly below 
the pleural line, which, in turn, has the form of a thin 
hyperechoic strip in normal conditions (Fig. 1). Also, 
in normal conditions, US examination reveals single 
B-lines (no more than 3 in 1 intercostal space), which 
are linear vertical hyperechoic comet tail artifacts, 
coming from the pleural line [17, 18] (Fig. 2). B-lines 
are formed due to reverberation between the visceral 
pleura and air in the alveoli on the lung surface and 
because of thickening of the subpleural interlobular 
septa [18]. 

A

B

Fig. 1. US pattern of unchanged lung tissue: A – pleural line, 
B – multiple parallel white A-lines
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US PATTERNS OF LUNG CHANGES IN 
PATIENTS WITH COVID-19-ASSOCIATED 
PNEUMONIA

For the first time, US patterns of lung lesions 
in COVID-19 were described by scientists from 
China [42]. According to their results, the main 
US signs of lung damage in COVID-19-associated 
pneumonia were: 1) thickening and uneven costal 
pleura; 2) different variants of B-patterns in the 
form of focal, confluent or multifocal B-lines; 3) 
subpleural and lobar lung consolidation, sometimes 
with air bronchograms (hyperechoic bright elements 
representing air trapped in the bronchioles); 4) small 
rare pleural effusion [42].

To date, it is believed that qualitative US signs 
of lung tissue damage in COVID-19-associated 
pneumonia are: 1) interstitial lung disease, 2) white 
lung, and 3) lung consolidation [43, 44] (Fig. 3–5).

The US pattern of interstitial lung disease is 
visualization of more than three vertical B-lines in 
one intercostal space. It is believed that the interstitial 
syndrome is a consequence of an infectious and 
inflammatory process that affects the interstitium [45]. 
In this case, B-lines are usually more pronounced in 
the lower zones with the same distribution on both 
sides, and the anterior and upper lateral lung zones 
are affected to a lesser extent. Besides, in interstitial 
lung disease, in addition to multiple B-lines, lung US 
reveals thickening of the pleural line (Fig. 3) [18]. 
This syndrome occurs due to local changes in the 
acoustic properties of the lung, caused by changes 
in the density and subpleural interlobular septa 
thickening [46–48].

A

B

Fig. 2. US pattern of unchanged lung tissue with a single 
vertical B-line: A – pleural line, B – single B-line

The US pattern of the white lung is commonly 
understood as visualization of multifocal confluent 
B-lines, since it was found that an increase in 
their number reflects an increase in the amount 
of extravascular lung water, which is observed in 
interstitial pulmonary edema [49, 50]. Diffuse white 
lung is characterized by the alveolar – interstitial 
syndrome, which implies both alveolar and interstitial 
pulmonary edema [18] (Fig. 4). 

Fig. 3. US pattern of the interstitial syndrome in a patient with 
COVID-19-associated pneumonia: A – thickened pleural line 

with uneven contours, B – multiple vertical B-lines

A

B

Fig. 4. US pattern of the white lung in a patient with COVID-
19-associated pneumonia: A – thickened pleural line, B – 

multiple merging vertical B-lines

B

A

The alveolar – interstitial syndrome has no physical 
basis and is well detected by CT scan, as well as by 
lung US [51–53]. The alveolar – interstitial syndrome 
occurs in many pathological conditions, including 
cardiogenic pulmonary edema, bacterial, viral and 
fungal pneumonia, and chronic interstitial lung disease 
during an exacerbation [21, 51, 53].

Balabanova A.A., Kurazhov A.P., Zavadovskaya V.D.  Lung ultrasound in the diagnosis of COVID-19-associated pneumonia
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 In addition to the visualization of multifocal 
confluent B-lines, lung US detects an uneven, 
thickened, interrupted pleural line. This also includes 
visualization of single hypoechoic areas in the 
subpleural regions of the lungs corresponding to the 
alveoli completely filled with fluid [46–48].

Lung consolidation occurs when inflammation 
spreads to the subpleural lung areas and sonographically 
manifests itself as uneven thickening and discontinuity 
of the costal pleura. In addition, hypoechoic areas 
appear in the subpleural lung regions, which are 
formed due to the filling of the alveoli with fluid (Fig. 
5). The emergence of these hypoechoic areas indicates 
a loss of lung tissue airiness. Acoustic properties of the 
lungs become the same as in soft tissues, significantly 
different from the lungs containing air [46–48].

Fig. 5. US pattern of lung consolidation in a patient with 
COVID-19-associated pneumonia: A – thickened interrupted 
pleural line, B – hypoechoic areas in the subpleural lung 

regions

A

B

A study by Chinese scientists [54] showed that 
in patients with confirmed severe SARS-CoV-2 
infection, bacterial and fungal coinfection develops 
in 25.5 and 10.9% of cases, respectively. In studies 
by Italian scientists [55], it was found that in 16,654 
patients who died from COVID-19, bacterial and 
fungal coinfection occurred in 11% of cases.

When bacterial coinfection develops, typical 
US signs of pneumonia are lung consolidation, air 
bronchogram, pleural effusion, subpleural destruction 
foci, and compressive atelectasis in combination with 
pleural effusion [56–58] (Fig. 6).

Another direction of research in the use of US  
in the diagnosis of COVID-19-associated pneumonia 

is developing US semiotics of lung damage, depen- 
ding on the stage of the disease. So, Q.Y.Peng et al. 
[42] revealed certain correlations of the US pattern 
with stages of pneumonia caused by SARS-CoV-2 
(Table 3).

Fig. 6. US pattern of compressive atelectasis in the lower 
lung regions combined with pleural effusion in a patient with 
COVID-19-associated pneumonia complicated by bacterial 
coinfection: A – pleural effusion, B – area of compressive 

atelectasis

A

B

T a b l e  3

US pattern of lung tissue damage in COVID-19-associated 
pneumonia depending on the disease severity according  

to Q.Y. Peng et al. [42]
Stages of 

pneumonia US pattern

Initial stage or 
mild form

Unevenly distributed focal B-lines and an 
unevenly thickened pleural line are visualized

Stage of 
progression or 
moderate form

The number of B-lines in the affected lung 
zones increases, primarily in the basal lung 
regions, and then it spreads to other lung 

zones. The number of B-lines increases and 
they merge.

Severe form
Lung consolidation areas are visualized.

Lung «hepatization» is noted, and pleural 
effusion emerges

Resolution stage Reduction of the number of B-lines, emergence 
of A-lines in the affected lung area

Apart from identifying qualitative US signs of lung 
damage in COVID-19, attempts were made to perform 
a semi-quantitative assessment of pathological lung 
changes in this disease. For example, G. Soldati et 
al. proposed a scoring scale for assessing the severity 
of pneumonia caused by SARS-CoV-2, according 
to lung US data [58]. In accordance with this scale, 
a semi-quantitative assessment of the degree of lung 
damage is performed on the scale from 0 to 3 for each 
of the 12 examined areas (Table 4) [58].
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T a b l e  4

US pattern of lung tissue damage in COVID-19-associated 
pneumonia depending on the degree of lung damage according 

to G. Soldati et al. [58]
Degree of 

lung damage US pattern

0 Normal, the pleural line is smooth and continuous, 
A-lines are visualized

1
The pleural line has serrated margins; three or more 
vertical B-lines are visualized under the altered 
pleural line in one zone

 2

The pleural line is interrupted; under the altered 
pleural line, lung consolidation areas of different 
sizes are visualized; below them, multiple confluent 
B-lines (white lung) are detected

3 In the scanned area, increased white lung is detected 
with or without larger consolidation areas

In this paper [58], the average scores calculated 
according to the method proposed by the authors was 
29.2 ± 7.3 and 20.4 ± 8.5 in patients with and without 
deterioration of the clinical condition, respectively. 
Therefore, when conducting the univariate and 
multivariate analyses, it was found that the total score 
calculated from the US data was directly associated 
with the likely deterioration of the patient’s condition. 
Moreover, an overall mean US score above 24 was 
associated with an almost 6-fold increase in the odds 
for the deterioration of the patient’s condition.

Another foreign study [39] showed that lung US 
in patients with COVID-19 can be used as a predictor 
of the disease course and outcome. In this work [39], 
lung US was performed only in six zones (anterior, 
anterolateral, and posterolateral on both sides), since 
the examined patients were in the intensive care unit, 
and to interpret the US data, a scoring scale for the 
assessment of the lung damage severity was also 
proposed (Table 5).

T a b l e  5

US pattern of lung damage in COVID-19-associated 
pneumonia depending on the degree of severity according to Y. 

Lichter et al. [39]
Degree of 

lung damage US pattern

0 Normal, A-lines are visualized due to normal lung 
aeration

1
Three or more vertical B-lines are visualized in one 
zone due to a moderate loss of lung aeration; the 
pleural line is altered

2
Multiple confluent B-lines are visualized due to a 
severe loss of lung aeration; the pleural line is al-
tered

3 Lung consolidation areas are visualized; the pleural 
line is altered

In this study [39], the median scores for patients 
with mild, moderate, and severe lung damage were 12, 
19, and 23, respectively. As a result, the authors of 
this study obtained a survival curve for patients with 
COVID-19-associated pneumonia, based on which 
patients with a score of more than 18 had a 2.6-fold 
higher mortality risk compared with mortality in 
patients with a lower score [39]. 

In turn, another study [59] demonstrated that 
lung US in the diagnosis of COVID-19 associated 
pneumonia is comparable to chest CT in terms of 
sensitivity, which is 93–94%. However, given that 
lung US can only assess peripheral lung areas [60], 
this method turned out to have low specificity (less 
than 50%). In addition, lung US is limited when used 
in obese patients [61] and depends on the experience 
and skill of the operator [62].

At the same time, a poorly studied field of lung 
US in COVID-19-associated pneumonia is a dynamic 
assessment of the lung sonographic pattern in different 
forms of coronavirus infection, as well as many 
methodological issues, including the frequency of 
second-look lung US.

CONCLUSION
Therefore, in the context of the COVID-19 

pandemic, lung US plays an essential role in the 
diagnosis of COVID-19-associated lung lesions 
caused by SARS-CoV-2 due to its relatively high 
diagnostic efficiency (which is comparable in a 
number of parameters to that of CR and CT) and a 
possibility of examining non-transported patients and 
patients with reduced mobility (including pregnant 
women) during their stay in specialized medical 
institutions in the absence of radiation exposure. 
Lung US can also be used as a predictor of the course 
and outcome of COVID-19-associated pneumonia. 
At the same time, US patterns of lung damage in 
this disease and practical methodological aspects 
of US application require more in-depth study and 
clarification.
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ABSTRACT

The article presents a systematic review of publications devoted to the study of genetic markers of severe pneumonia.

The aim of the study was to compile a list of genetic markers that contribute to a severe course of pneumonia on 
the basis of the published data.

In the current study, we searched for and analyzed articles published between January 2000 and April 2021. 
Following the search for and subsequent selection of articles, a list of 10 publications was compiled, which 
demonstrated a clear association of certain gene variants with severe and complicated pneumonia. Finally, we 
made a list of genetic markers of severe pneumonia consisting of 16 polymorphisms in 12 genes (CD86, IL6, IL10, 
PAI1, TNFα, HMGB1, ATG16L1, AGTR1, GCLC, CAT, IFNγ, FCGR2A). 

These genetic markers of severe and complicated pneumonia are responsible for various innate immune responses. 
The odds ratio for complicated pneumonia with a risk allele in the polymorphisms in the mentioned genes ranges 
from 1.39 to 4.28. To understand molecular and genetic mechanisms of severe pneumonia, further investigation of 
the effect of these genetic factors on the outcomes of pneumonia in different groups of patients with a simultaneous 
assessment of the cumulative effect of genetic variants and genetic interactions is required.
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РЕЗЮМЕ

Представлен систематический обзор публикаций, посвященных поиску генетических маркеров тяжелого 
течения пневмонии. 

Цель исследования: на основании опубликованных данных сформировать перечень генетических марке-
ров, способствующих тяжелому течению пневмонии.

В ходе исследования выполнен поиск и анализ статей, опубликованных в период с января 2000 г. по апрель 
2021 г. В результате проведенного поиска и последующего отбора статей сформирован список из 10 пу-
бликаций, в которых продемонстрирована четкая ассоциативная связь определенных генных вариантов с 
тяжелым и осложненным течением пневмонии, и список генетических маркеров тяжелого течения пневмо-
нии, состоящий из 16 полиморфизмов в 12 генах (CD86, IL6, IL10, PAI1, TNFα, HMGB1, ATG16L1, AGTR1, 
GCLC, CAT, IFNγ, FCGR2A).

Приведенные генетические маркеры тяжелого и осложненного течения пневмонии отвечают за разно- 
образные реакции врожденного иммунитета. Отношение шансов при наличии рискового аллеля по соот-
ветствующим полиморфным локусам этих генов колеблется от 1,39 до 4,28. Необходимо дальнейшее изу-
чение влияния данных генетических факторов на исходы пневмонии в группах пациентов различных по-
пуляций с одновременной оценкой совокупного влияния генетических вариантов и взаимодействия генов 
между собой.

Ключевые слова: пневмония, гены, полиморфизм, врожденный иммунитет, критерии тяжести, цитокины, 
секретируемые белки
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INTRODUCTION

Pneumonia is a form of acute respiratory infection 
characterized  by focal parenchymal lung lesions with 
intra-alveolar exudate [1]. In 2019, pneumonia and 
other lower respiratory infections were ranked fourth 
among the leading causes of death as the deadliest 
group of infectious diseases [2]. According to the 
World Health Organization, pneumonia is currently 
one of the three main causes of death in the world, 
and among respiratory diseases, pneumonia accounts 
for 41.5% of deaths [3]. The incidence of community-
acquired pneumonia in Russia in 2019 was 410 per 
100,000 population according to the data of official 
statistics of the Russian Federation [4]. 

Pneumonia is a typical multifactorial disease as 
it can be caused by a wide range of bacteria, viruses, 
and fungi. Its course and prognosis are determined by 
human genetic characteristics, environmental factors, 
and the features of the pathogen. Numerous multicenter 
clinical trials discovered a large number of risk factors 
for a severe course of pneumonia and development 
of its complications in order to optimize treatment 
regimens and prevent the incidence of pneumonia. 
However, additional risk factors remained undetected 
in a significant proportion of patients [5]. In this regard, 
identifying reliable predictors of severe and complicated 
pneumonia is an urgent issue in modern medicine.

Researchers have made repeated attempts to solve 
this issue by identifying candidate genes and their 
variants associated with susceptibility to pneumonia 
and the course and clinical outcomes of the disease. 
Currently, a large number of studies devoted to this 
problem have been published. Particularly, in a 
systematic review, A.T. Kloek et al. (2019) analyzed 
1,219 studies published from 2000 to 2018 [5]. 
When conducting a meta-analysis, the authors found 
a statistically significant association between the 
alleles in the MBL2 and CD14 genes and the risk 
of developing pneumococcal pneumonia. As it was 
noted in the research, there were contradictory results 
in the literature on the role of gene polymorphisms 
in susceptibility to pneumonia and the course and 
outcome of the disease. This fact can be explained by 
methodological flaws and poor reproducibility of the 
studies [5]. 

In this article, we provided a systematic analysis 
of the effect of genetic factors on the severity of 
pneumonia, compiled a list of genetic markers 
contributing to its severe course, and discussed 
possible directions for further research in this field. 

The aim of the study was to compile a list of 
genetic markers that contribute to a severe course of 
pneumonia based on the published data on genetic 
aspects that determine the features of the course of 
this disease.

MATERIALS AND METHODS
In this study, we searched for and analyzed 

articles from the database of medical and biological 
articles PubMed (https://pubmed.ncbi.nlm.nih.gov/) 
which were published from January 2000 to April 
2021 and then analyzed the publications found. The 
search query contained the words “pneumonia” and 
derivatives, “gene” and derivatives, “polymorphism” 
and derivatives. To narrow down the search, articles 
containing the words “children” and “covid” with 
their variations were excluded. So, the search 
algorithm looked like this: (“pneumonia”[MeSH 
Terms] OR “pneumonia”[All Fields] OR 
“pneumoniae”[All Fields] OR “pneumonias”[All 
Fields] OR “pneumoniae s”[All Fields]) AND 
(“genes”[MeSH Terms] OR “genes”[All Fields] 
OR “gene”[All Fields]) AND (“polymorphic”[All 
Fields] OR “polymorphics”[All Fields] OR 
“polymorphism s”[All Fields] OR “polymorphism, 
genetic”[MeSH Terms] OR (“polymorphism”[All 
Fields] AND “genetic”[All Fields]) OR “genetic 
polymorphism”[All Fields] OR “polymorphism”[All 
Fields] OR “polymorphisms”[All Fields])) NOT 
(“child”[MeSH Terms] OR “child”[All Fields] OR 
“children”[All Fields] OR “child s”[All Fields] OR 
“children s”[All Fields] OR “childrens”[All Fields] 
OR “childs”[All Fields])) NOT (“sars cov 2”[MeSH 
Terms] OR “sars cov 2”[All Fields] OR “covid”[All 
Fields] OR “covid 19”[MeSH Terms] OR “covid 
19”[All Fields])) AND (2000:2021[pdat]). When 
applying the presented search algorithm, we initially 
found 795 articles. After further investigation, 761 
articles were excluded because they did not fully 
meet the aim of this study as they were devoted to 
genetic characteristics of microorganisms causing 
bronchopulmonary diseases or studied the odds for 
the disease, but not its course. Therefore, the list was 
reduced to 34 articles.

After a thorough analysis of these publications, 
several articles were additionally excluded from the 
study, as they examined groups of patients unsuitable 
for our study or did not contain data relevant to the 
aim of this study. Particularly, several excluded 
works studied patients under the age of 18, and 
other publications did not analyze the association 
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of genetic markers with the severity of pneumonia, 
but with predisposition to pneumonia. In addition, 
studies that demonstrated a statistically insignifi cant 
(p > 0.05) association of a gene polymorphism 
with a severe course of pneumonia were eliminated 
from the list.

Thus, at the last stage of the detailed evaluation, 
24 publications were excluded from 34 articles. As 
a result, we formed a list of 10 publications, which 
demonstrated a clear association of certain gene 
variants with a severe and complicated course of 
pneumonia (Figure).

Figure. Schematic representation of the selection of publications devoted to the identifi cation of genetic markers associated with 
severe pneumonia in accordance with PRISMA guidelines
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The number of publications found as a 
result of a search in the PubMed database 

(https://pubmed.ncbi.nlm.nih.gov /)
January 2000 – April 2021, n = 795

Number of reviewed publications, n =34

Full-text articles evaluated for inclusion in 
the analysis, 

n = 34  

Studies included in the quantitative 
analysis, n =10

Excluded publications which did not fully comply with the aim of 
this study. Articles (n = 761) which are devoted to:

• genetic features of microorganisms that cause 
bronchopulmonary diseases; 

• research of the odds for developing pneumonia, and not the 
features of its course

Excluded full-text articles, n = 24, due to:
• examination of unsuitable groups of patients;
• lack of data necessary to achieve the aim of this research;
• the absence of a clinically significant association of the gene 

variant with the severity, complications, and (or) outcome of 
pneumonia 

The contribution of various polymorphisms to the 
development of the disease was determined using the 
odds ratio (OR), which is a traditional parameter for 
such studies. The results obtained were interpreted as 
follows: if the OR was equal to 1, then there was no 
correlation between a gene polymorphism and clinical 
and laboratory features of the course of pneumonia; 
if the OR was > 1, then there was an increased risk 
of severe pneumonia; if the OR was < 1, then there 
was a protective marker against the complicated 
course of pneumonia. Associations with p < 0.05 were 
considered statistically signifi cant. 

Furthermore, genetic databases and genomic 
browsers dbSNP (https://www.ncbi.nlm.nih.gov/
snp/), Ensembl (https://www.ensembl.org/index), 

SNPedia (https://www.snpedia.com/), and OMIM 
(https://www.omim.org/) were analyzed to assess 
the results of the identifi ed genetic associations, 
clarify the frequency characteristics of gene 
polymorphisms, and determine their biological 
role in the processes responsible for innate immune 
responses.

According to the Russian clinical guidelines for 
the diagnosis, management, and prevention of severe 
pneumonia in adults, it is advisable to use the IDSA 
/ ATS criteria, containing two major and nine minor 
criteria, to determine the severity of the disease 
(Table 1) [6]. The presence of one major and three 
minor criteria in a patient indicates a severe course of 
pneumonia [7].
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T a b l e  1
IDSA / ATS criteria for the severity of pneumonia

Major criteria
Severe respiratory failure requiring MV

Septic shock requiring vasopressors

Minor cri-
teria

RR ≥ 30 per min
PаО2 / FiO2 ≤ 250
Multilobar infiltration
Impaired consciousness
Uremia (blood urea nitrogen ≥ 20 mg / dl)
Leukopenia (leukocytes < 4 × 10 9 / l)
Thrombocytopenia (platelets < 100 × 10 9 /l)
Hypothermia (< 36 °C)
Hypotension requiring aggressive fluid resuscitation

Note :  IDSA – Infectious Diseases Society of America; ATS – 
American Thoracic Society; MV – mechanical ventilation; RR – 
respiratory rate; PаО2 / FiO2 – partial pressure of arterial oxygen / 
fraction of inspired oxygen; WBC – white blood cells.

T a b l e  2 
Genetic factors associated with the risk of severe and complicated pneumonia

Gene Polymorphism OR for allele and / or genotype (complication 
of pneumonia) Features of the sample under study Source (PubMed ID), 

population features

СВ86

rs17281995 G/C Allele C – 1.75 (95% CI; 1.04–2.95). Geno-
type GC – 1.85 (95% CI; 1.07–3.20) (sepsis)

Chinese population, 192 patients 
with pneumonia and sepsis and 201 
healthy individuals

25129060 [8]

rs2332096 T/G
Allele G – 1.65 (95% CI; 1.21–2.24).

Genotype GG – 2.75
(95% CI; 1.46–5.16) (sepsis)

Chinese population, 186 patients 
with pneumonia and sepsis and 196 
healthy individuals

25912130 [9]

IL6

rs1800795 G/C
Allele C – 2.83 (95% CI; 2.1–3.78).

Genotype CC – 4.45
(95% CI; 2.69–5.37) (sepsis)

Chinese population, 188 patients 
with pneumonia and sepsis, 162 pati- 
ents with pneumonia, and 200 
healthy individuals

27388228 [10]

rs1800795 G/C Allele C – 2.42
(95% CI; 1.08–5.45) (septic shock)

Chinese population. The group of 
277 patients was divided into two 
subgroups depending on the severity 
of sepsis and its outcome

26025100 [11]

IL10 rs1800896 A/G Allele A – 2.08
(95% CI; 1.15–2.80) (sepsis)

Chinese population, 188 patients 
with pneumonia and sepsis, 162 pa- 
tients with pneumonia, and 200 
healthy individuals

27388228 [10]

PAI1  
(SERPINE1)

rs1799768 
4G/5G and 

4G/4G

4G/5G and 4G/4G genotypes – 2.74
(95% CI; 1.34–5.60)

(multiple organ dysfunction syndrome), 2.57
(95% CI; 1.18–5.62) (septic shock)

208 Caucasian patients with pneu-
monia and sepsis. Patients were 
stratified depending on the presence 
of multiple organ dysfunction syn-
drome, septic shock or death

20429897 [12]

TNFα rs1800629 G/A Allele A – 4.28
(95% CI; 2.24–8.18) (septic shock)

Chinese population.The group of 277 
patients was divided into two sub-
groups depending on the severity of 
sepsis and its outcome

26025100 [11]

HMGB1

rs1412125 T/C

Genotype TC – 1.74
(95% CI; 1.025–2.958) (severe course).

Genotype CC – 4.73
(95% CI; 2.24–10.08) (severe course)

Chinese population, 328 patients with 
community-acquired pneumonia (de- 
pending on the severity of the con- 
dition, patients were divided into 
severe (125) and non-severe com- 
munity-acquired pneumonia (203) 
groups) and 317 healthy individuals

30562142 [13]

rs2249825 C/G

Genotype CG – 1.75
(95% CI; 1.02–3.01) (severe course).

Genotype GG – 3.87
(95% CI; 1.58–9.58) (severe course)

ATG16L1 rs2241880 G/A

Allele A – 2.4 (95% CI; 1.06–5.60)
(septic shock and failure of at least one 

organ in patients with ventilator-associated 
pneumonia)

Greek population, 155 patients with 
ventilator-associated pneumonia 24791954 [14]

RESULTS
As a result of a systematic literature review, 

we have formed a list of genetic markers of severe 
pneumonia, consisting of 16 polymorphisms in 12 ge- 
nes (Table 2).

These genetic markers of a severe and complicated 
course of pneumonia are responsible for various 
innate immune responses. In general, the selected 
genes can be grouped according to the functional 
principle: extracellular cytosolic opsonizing proteins 
(proinflammatory cytokines) (IFNG, IL6, IL10, 
TNFα), secreted proteins (genes of the complement 
system and Fc receptors) (FCGR2A) and genes 
encoding synthesis of other proteins (CAT, GCLC, 
AGTR1, PAI1 (SERPINE1)). 
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Gene Polymorphism OR for allele and / or genotype (complication 
of pneumonia) Features of the sample under study Source (PubMed ID), 

population features

AGTR1 rs5186 A/C
Allele C – 1.86

(95% CI; 1.31–2.64) (complications of 
pneumonia)

Russian population, 350 patients 
with ventilator-associated pneumo-
nia, 432 healthy individuals

24068433 [15]GCLC rs17883901 C/T
Allele T – 1.90

(95% CI; 1.15–3.15) (complications of 
pneumonia)

CAT rs17880664 T/A
Genotype AA – 1.85

(95% CI; 1.06–3.25) (complications of 
pneumonia)

IFNγ

rs2069705 T/C
Allele T – 1.39 (95% CI; 1.03–1.89) (sepsis).

Genotype TT – 1.22 (95% CI; 0.58–2.57)
TC + TT – 1.84 (95% CI; 1.24–2.73) (sepsis) Chinese population, 196 patients 

with sepsis and pneumonia, 213 
healthy individuals

24475220 [16]

rs2430561 A/T
Allele A – 1.49 (95% CI; 1.05–2.12) (sepsis).

Genotype AA – 1.70 (95% CI; 0.61–2.12)
TA + AA – 1.68 (95% CI; 1.11–2.54)

FCGR2A rs1801274 T/C
Allele C – 1.57 (95% CI; 1.00–2.45)

Genotype CC – 2.55
(95% CI; 1.30–5.00) (sepsis)

Netherlands, 200 patients with venti-
lator-associated pneumonia and sep-
sis, 313 healthy individuals

19494086 [17]

Note :  SNV – single nucleotide variant; OR – odds ratio; 95% CI – 95% confidence interval.

T a b l e  2  ( c o n t i n u e d ) 

According to Table 1, the OR in the presence of a 
risk allele for the presented polymorphic loci ranges 
from 1.39 to 4.28.

Here we would like to provide more detailed 
information on the genetic associations found in the 
literature. The CD86 gene is located on the long arm 
of chromosome 3 (3q13.33) and encodes a membrane 
protein of the immunoglobulin superfamily expressed 
by antigen-presenting cells. CD86 protein acts as a co-
stimulatory signal for the activation and survival of T 
lymphocytes [18]. A study by H. Song et al. (2015) 
which included 192 patients with pneumonia-induced 
sepsis showed that the frequency of the rs17281995 
G/C gene variant in these patients was significantly 
higher than in the control group. The OR for allele C 
and genotype GC was 1.75 and 1.85, respectively. In 
the study by C. Wang et al. (2015), where 186 patients 
with pneumonia-induced sepsis were examined, a 
correlation was found between the rs2332096 T/G 
gene variant and the severe course of the disease. The 
OR for allele G and genotype GG was 1.65 and 2.75, 
respectively [8, 9].

The IL6 gene is located on the short arm of 
chromosome 7 (7p15.3) and encodes interleukin (IL)-
6. IL-6 is a proinflammatory cytokine and one of the 
most important mediators of the acute-phase response. 
It stimulates synthesis of acute-phase proteins, 
proliferation and differentiation of B and T cells and 
leukopoiesis, and is involved in the development of 
oxidative stress. IL-6 is secreted by macrophages, 

fibroblasts, vascular endothelial cells, T cells, glial 
cells, and epithelial and skin keratinocytes after 
their activation by pathogen-associated molecules 
mediated by toll-like receptors [10]. The study by  
Z.-R. Mao et al. (2017), which included 188 patients 
with pneumonia-induced sepsis and 162 patients with 
pneumonia, showed that the rs1800795 G/C variant 
increases the risk of sepsis. The OR for allele C and 
genotype CC was 2.83 and 4.45, respectively. B. Feng 
et al. studied 277 patients with pneumonia-induced 
sepsis and found a correlation between the rs1800795 
G/C gene variant and the development of septic shock. 
The OR for allele C was 2.42 [11].

The IL-10 gene is located on the long arm of 
chromosome 1 (1q32.1) and encodes IL-10. IL-10 
has multiple pleiotropic effects on immunoregulation 
and inflammation. It reduces the expression of Th1 
cytokines, MHC class II antigens, and co-stimulatory 
molecules on macrophages, increases the survival of 
B cells, their proliferation and antibody production, 
blocks NF-κB activity, and regulates the JAK-STAT 
signaling pathway [20]. The study by Z.-R.Mao et al. 
(2017) which examined 188 patients with pneumonia-
induced sepsis and 162 patients with pneumonia 
showed an increased risk of severe pneumonia in the 
rs1800896 A/G variant. The OR for allele A was 1.58 
[10].

The PAI1 gene (SERPINE1) is located on the 
long arm of chromosome 7 (7q22.1) and encodes 
plasminogen activator inhibitor 1 involved in 
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fibrinolysis. Polymorphisms in this gene are usually 
considered as risk factors for the development 
of cardiovascular diseases [21]. K. Madách et al. 
conducted a study involving 208 patients with 
pneumonia-induced sepsis and demonstrated the 
relationship between the genotypes 4G/5G and 5G/5G 
of the PAI1 gene (SERPINE1) and the development 
of multiple organ dysfunction syndrome and septic 
shock. The OR for these two genotypes was 2.74 and 
2.57, respectively [12].

The TNFα (TNF) gene is located on the long 
arm of chromosome 7 (6p21.33) and encodes tumor 
necrosis factor alpha. This extracellular protein is a 
multifunctional proinflammatory cytokine synthesized 
mainly by monocytes and macrophages. TNFα affects 
lipid metabolism, coagulation, insulin resistance, 
endothelial function, stimulates the production of IL-
1, IL-6, IL-8, interferon gamma, activates leukocytes, 
and plays a pivotal role in the protection against 
intracellular parasites and viruses [22]. In the article 
by B. Feng et al., which studied 277 patients with 
pneumonia-induced sepsis, a correlation was found 
between the rs1800629 G/A gene variant and the 
development of septic shock. The OR for allele A was 
4.28 [11].

The HMGB1 gene is located on the long arm of 
chromosome 13 (13q12.3) and encodes the HMGB1 
protein (amphoterin), which is secreted by activated 
macrophages and monocytes as a cytokine mediator. 
In addition, as a nuclear protein, HMGB1 can be 
released during cell and tissue necrosis. In the 
extracellular compartment, it can bind to the innate 
immune receptor TLR4, activating cytokine secretion 
by macrophages and a subsequent inflammatory 
response. The HMGB1 protein is highly toxic when 
released in large amounts, so it is considered as one of 
the possible therapeutic targets for sepsis [23]. In the 
study by W. Song et al. which involved 328 patients 
with pneumonia, a relationship was found between the 
rs1412125 T/C and rs2249825 C/G gene variants and 
the severity of pneumonia. When OR for genotype TC 
was equal to 1.740, OR for genotype TT was 4.728 
(rs1412125 T/C). When OR for genotype CG was 
1.754, OR for genotype GG was 3.869 (rs2249825 
C/G) [13]. 

The ATG16L1 gene is located on the long arm 
of chromosome 2 (2q37.1) and is responsible for 
synthesis of an intracellular protein involved in the 
autophagy process which interacts with other proteins 
of this complex [24]. The research by A. Savva et 
al. examined 200 patients with sepsis caused by 

ventilator-associated pneumonia and showed that the 
rs2241880 G/A gene variant affects the severity of 
ventilator-associated pneumonia. The OR for allele A 
was 2.4 [14].

The AGTR1 gene is located on the long arm of 
chromosome 3 (3q24) and encodes production of 
angiotensin II type 1B receptor, which mediates the 
main cardiovascular effects of angiotensin II [25].  
L. Salnikova et al.  studied 350 patients (Slavs, 
including Russians) with pneumonia and found a 
relationship of the rs5186 A/C gene variant with 
complications of pneumonia, as well as with the 
development of acute respiratory failure (ARF). The 
risk of complicated pneumonia in the presence of 
allele C is quite high; OR is 1.862 [15]. 

The GCLC gene is located on the short arm of 
chromosome 6 (6p12.1) and encodes glutamate-
cysteine   ligase catalytic subunit, which is involved 
in synthesis of glutathione from L-cysteine   and 
L-glutamate [26]. In the previously discussed study 
by  L. Salnikova et al., where 350 patients (Slavs, 
including Russians) with pneumonia were examined, a 
relationship was found of the rs17883901 C/T variant 
with complications of pneumonia, as well as with the 
development of ARF. OR for complicated pneumonia 
for allele T was 3.36, and OR for ARF was 1.33 [15]. 

The CAT gene is located on the short arm of 
chromosome 11 (11p13) and encodes catalase, 
an enzyme involved in cellular respiration and in 
converting reactive oxygen species hydrogen peroxide 
into water and molecular oxygen [27]. L. Salnikova et 
al. (2013) studied a population of 350 patients (Slavs, 
including Russians) with pneumonia and described a 
relationship between the rs17880664 T/A variant and 
pneumonia complications. OR for genotype AA was 
1.85 [15].

The IFNG gene is located on the long arm of 
chromosome 12 (12q15) and encodes a soluble 
cytokine. It is a member of the interferon type II 
class. It is secreted by cells of both adaptive and 
innate immunity. In its active form, this protein binds 
to the interferon gamma receptor and activates the 
cellular response to viral or bacterial infection [28]. 
The study by D. Wang et al. (2014), which involved 
196 patients with pneumonia-induced sepsis, showed 
that the rs2069705 T/C and rs2430561 A/T gene 
variants are associated with the development of sepsis 
in patients with pneumonia. For a single-nucleotide 
substitution rs2069705 T/C, OR for TC, TT, and TC + 
TT genotypes was 1.99, 1.22, and 1.84, respectively. 
OR for T allele was 1.39. For a single-nucleotide 

Karnaushkina M.A., Sviridov P.S., Korchagin V.I. et al. Genetic factors contributing to a severe course of pneumonia



167

Reviews and lectures

Bulletin of Siberian Medicine. 2022; 21 (4): 160–169

substitution rs2430561 A/T, OR for TA, AA, and TA+ 
AA genotypes was 1.68, 1.70, and 1.68, respectively. 
OR for A allele was 1.49 [16]. 

The FCGR2A gene is located on the long arm of 
chromosome 1 (1q23.3), encodes the low-affinity 
immunoglobulin Fc receptor IIa (CD32A), and 
participates in the activation of the cellular response 
[29]. H. Endeman et al. (2009) examined 201 patients 
with pneumonia and pneumonia-induced sepsis and 
found a correlation between the rs1801274 T/C gene 
variant and the development of severe sepsis. OR for 
CC genotype was 2.55 [17].

DISCUSSION
According to the analyzed studies, the severity 

of pneumonia and its outcome are determined 
by the development of complications through a 
systemic inflammatory response [8–17]. Systemic 
inflammatory response syndrome, acute respiratory 
distress syndrome, multiple organ failure syndrome, 
as well as pleurisy, empyema, and the development 
of necrotizing pneumonia are the most significant 
complications in terms of the most unfavorable 
prognosis and outcome [30]. 

As it was shown in our systematic review, at least 
12 genes and polymorphisms in them were proven 
to be associated with a severe course of pneumonia. 
These genes mostly include the ones responsible for 
various innate immune responses.

Despite the rigorous selection of genes, which 
polymorphisms are associated with a risk of severe 
pneumonia, it is worth noting that the selected 
genes included the ones responsible for synthesis 
of multifunctional, often nonspecific factors, such 
as proteins regulating vascular homeostasis (PAI1 
and AGTR1). This fact significantly reduces the 
significance of the interpretation of the role of these 
polymorphisms as predictors of clinical features of 
pneumonia and requires further in-depth study.

In addition, each of the presented gene variants 
does not act in isolation, but contributes to the risk 
of developing the disease in the context of the overall 
genetic constitution of the patient.  Several years ago, 
a number of researchers put forward a hypothesis 
that a combination of two or more risk alleles in 
candidate genes is of greater importance for assessing 
the prognosis and the course of pneumonia. So,  
J.N. Siebert et al. (2018) demonstrated that a 
combination of nucleotide polymorphisms in TLR1 
or TLR6 and TIRAP was associated with decreased 
release of IL-6 and predisposition to pneumonia [31]. 

In this regard, special attention should be paid 
to studying genetic interactions and the role of the 
combination of polymorphisms in receptor genes 
and opsonizing proteins involved in innate immune 
responses. Therefore, approaches to determining the 
presence of genetic associations should include a 
variety of genetic markers.

In this review we deliberately did not discuss 
human genetic characteristics that contribute to the 
development of an infectious process associated 
with certain types of microorganisms; this issue 
requires in-depth research. Currently, studies have 
described more than 100 microorganisms that can 
cause pneumonia under certain conditions. In most 
cases, these include S. pneumoniae, M. pneumoniae, 
C. pneumoniae, H. influenzae, respiratory viruses, 
enterobacteriaceae (K. pneumoniae and E. coli), and 
S. aureus [30]. 

The question of the influence of genetic factors on 
the course of pneumonia, depending on the causative 
agent, requires a detailed review and analysis of the 
available data from the literature.

CONCLUSION
We analyzed data published from 2000 to 2021 

and identified a list of 16 polymorphisms in 12 human 
genes that can affect the severity of pneumonia. The 
OR for severe pneumonia in the presence of these 
risk alleles is 1.4–4.3. There is a need for further 
research of the influence of these genetic factors on 
the outcomes of pneumonia in groups of patients from 
different populations with a simultaneous assessment 
of the cumulative effect of genetic variants and genetic 
interactions. Therefore, molecular marker systems for 
the detection of relevant genetic variations should be 
developed. 

In addition, in order to understand the genetic 
predisposition to severe pneumonia in Russia, it is 
essential to analyze allele frequencies of the related 
polymorphisms in Russian populations. The next step 
in studying the influence of gene polymorphisms on 
the development of respiratory diseases should be 
investigation of their molecular effects in combination 
with large-scale clinical trials involving patients with 
pneumonia.
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ABSTRACT

According to the latest concepts, for micrometastasis to develop into macrometastasis, differentiated cancer cells 
must revert to a dedifferentiated state. Activation of stemness genes plays a key role in this transition. Suppression of 
stemness gene expression using microRNAs can become the basis for the development of effective anti-metastatic 
drugs. This article provides an overview of the existing methods for assessing the effect of microRNAs on stemness 
genes and cancer cell dedifferentiation.
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РЕЗЮМЕ

Согласно современным представлениям, для перехода микрометастаза в макрометастаз дифференцирован-
ная раковая клетка должна перейти в дедифференцированное состояние. Ключевую роль в данном перехо-
де играет активация генов стволовой пластичности. Подавление экспрессии генов стволовой пластичности 
с использованием микроРНК может стать основой для разработки эффективных антиметастатических пре-
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паратов. Приведен обзор существующих методов оценки влияния микроРНК на гены стволовой пластич-
ности и процесс дедифференцировки раковой клетки.

Ключевые слова: микроРНК, рак, гены стволовой пластичности 
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INTRODUCTION
The study of fundamental mechanisms of 

carcinogenesis and the search for new drugs for 
therapy of malignant neoplasms are some of the 
leading tasks in oncology [1]. Metastatic cancer 
is a serious problem that complicates successful 
treatment of malignant neoplasms. Depending on the 
localization of the tumor and the stage of the disease, 
the proportion of patients who develop metastases 
ranges from 15 up to 90%. In the vast majority of tumor 
localizations, cancer patients die from metastases [2, 
3]. At relatively early stages of tumor development, 
some cancer cells enter blood vessels and are further 
carried to various organs and tissues via the circulatory 
system, which leads to the formation of the so-called 
micrometastases. In micrometastases, cancer cells 
can remain dormant for a long time and under certain 
conditions trigger macrometastases. According to up-
to-date concepts, for transition from micrometastasis 
to macrometastasis, differentiated cancer cells revert 
to a dedifferentiated state. Stemness genes play a key 
role in this transition.

It has been shown that stem cell plasticity is 
associated with the expression of a number of genes 
(SOX2, MYC, OCT, NANOG, etc.) [4–6]. Changes in 
the expression of these genes can be mediated by a 
wide range of factors, including non-coding RNAs 
(long non-coding RNA, short interfering RNA, 
microRNA) [7–9]. Currently, there are many studies 
on approaches to changing the expression of genes 
contributing to stem cell plasticity using microRNAs 
[10], since they can provide the basis for developing 
an effective anti-metastatic drug. This article provides 
an overview of existing methods for assessing 
the effect of microRNAs on stemness genes and 
dedifferentiation of cancer cells.

STEMNESS GENES 
Transcription factors associated with stemness 

play a key role in the carcinogenesis. SOX2, OCT4, 
NANOG, and MYC genes are required for self-renewal 
and reprogramming of stem cells, as well as for 
maintenance of stem cell homeostasis. Overexpression 
of these transcription factor genes is associated with 
the development and progression of a wide range of 
cancers – breast cancer [11–14], melanoma [15–17], 
osteosarcoma [18–20], head and neck squamous 
cell carcinoma [21–23], colorectal cancer [24–26], 
cervical cancer [27, 28], pancreatic cancer [29–31], 
and stomach cancer [32–35]. At the same time, the 
highest level of SOX2, OCT4, NANOG, and MYC 
expression is typical of aggressive, metastatic, and 
chemoresistant tumors [17, 35–42]. 

Expression of stemness genes ensures maintenance 
of the phenotypic profile, self-renewal of cancer 
stem cells (CSCs), and proliferation of cancer 
progenitor cells and stimulates dedifferentiation of 
non-stem cancer cells [43, 44]. Stemness-related 
genes implement their functions by participating in 
almost all signaling pathways related to proliferation 
(WNT / Β-catenin, Notch, Hedgehog (HH) and Sonic 
Hedgehog (SHH), NRF2, PI3K / AKT / mTOR, etc.) 
[45]. Activation of the self-renewal program is an 
integral part of CSC stemness, actively contributing 
to tumor progression and metastasis and causing high 
cell turnover and production of progenitor cells [46]. 
Moreover, the ability of CSCs to self-renew in the long 
term is one of the main reasons for the development 
of resistance to antitumor drugs [47, 48]. For example, 
the development of SOX2-mediated chemotherapy 
resistance was demonstrated for colorectal cancer, 
squamous cell carcinoma of the head and neck, 
pancreatic ductal adenocarcinoma, and breast cancer 
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[21, 38, 49, 50]. Ectopic co-expression of Oct4 and 
Nanog results in non-small cell lung cancer (NSCLC) 
cells acquiring the properties of CSCs, including self-
renewal, drug resistance, epithelial – mesenchymal 
transition (EMT), and high tumor-initiating activity 
[51]. Directly in the focus of possible metastasis, 
ectopic expression of stemness-related genes can 
provide acquisition of metastatic potential by 
diff erentiated cancer cells due to their dediff erentiation 
to CSCs [5, 52]. Thus, stemness-related genes can be 
considered key factors in tumor metastasis, resistance 
of cancer cells to treatment, and maintenance of the 
CSC population.

EFFECT OF microRNAS ON STEMNESS 
GENES 

MicroRNAs (miRNAs) are short double-stranded 
RNAs containing 20-23 nucleotides which have a 
unique seed sequence of 6–7 nucleotides at 5’ end. 

This sequence binds to mRNA, implementing post-
transcriptional regulation of gene expression (Fig. 1, a). 
Currently, more than 2,500 miRNAs are known to be 
present in the human genome. These miRNAs regulate 
normal processes of development and homeostasis 
in cells. Information about miRNAs can be obtained 
from databases, such as https://www.mirbase.org/, 
where the description of the published miRNA 
sequences can be found, or https://miRTarBase.cuhk.
edu.cn/ for experimentally confi rmed target genes for 
miRNAs, etc.

Extracellular miRNAs in microvesicles, when 
getting into target cells, are capable of acting as 
autocrine, paracrine, and / or endocrine regulators of 
cellular processes [53]. Taken together, they can aff ect 
up to 60% of the cell transcriptome with a signifi cant 
impact on both protein expression and on the function 
of the cell as a whole [54–56]. More information about 
the biogenesis and mechanism of action of miRNA 
can be found in the articles [57, 58].

Fig. 1. Post-transcriptional regulation of gene expression: a – structure of immature miRNA; b – structure of mature miRNA, 
entering the active site of the Argonaute protein, hsa-miR-33 (miRBase database); c – hsa-miR-33 binding to a 3’-untranslated 
mRNA region encoding the c-Myc transcription factor; d – binding sites for various microRNAs in the 3’-untranslated region of the 

mRNA in the MYC gene predicted by TargetScan
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Global microRNA dysregulation is observed in 
cancer cells [59]. There are published studies that 
confi rm the involvement of miRNAs in the regulation 
of all processes leading to changes characteristic of 
cancer cells (Fig. 2) [60] – maintenance of proliferative 
signaling, avoidance of cellular growth suppression, 
resistance to cell death, unlimited cell division (cell 
immortality), induction of angiogenesis (growth of 
new vessels), activation of invasion (penetration into 
surrounding tissues) and metastasis, reprogramming 
of energy metabolism, avoidance of destruction by 
the immune system, epigenetic reprogramming, 
infl uence of polymorphic microbiomes, cellular 
aging, phenotypic plasticity, and closely related to it 
regulation of stemness genes.

It should be noted that identifi cation of pro- or 
anti-oncogenic properties for each specifi c microRNA 
is a rather diffi  cult task, since the patterns of their 

expression are tissue specifi c. Each type of miRNA 
can bind to multiple mRNA and, at the same time, one 
type of mRNA can be a target for a subset of miRNAs 
[61]. Moreover, one miRNA is able to regulate several 
targets that control diff erent signaling pathways [62] 
(Fig. 1, d). The role of specifi c miRNA depends on 
the context – it can act as a tumor suppressor in one 
situation and as an oncogene in another. Miscellaneous 
tissues / cells express diff erent sets of long non-
coding RNAs (ncRNAs) and circular RNAs, as well 
as RNA-binding, RNA-modifying, and RNA-editing 
proteins [63]. Interaction with these proteins allows for 
microRNA binding sites on mRNA to become available 
or unavailable. Long ncRNAs and circular RNAs with 
a miRNA binding site can act as RNA sponges or traps 
that remove miRNA from the process. An additional 
factor is alternative polyadenylation, which aff ects the 
presence of a miRNA binding site [63].

Fig. 2. Examples of microRNAs involved in the regulation of processes in the cell which are responsible for the diff erence between 
a normal cell and a cancer cell (adapted from [60])

METHODS FOR ASSESSING THE EFFECT 
OF MIRNAS ON TARGET GENES

The ability of miRNAs to maintain stem plasticity 
and regulate EMT, autophagy, resistance, and 
dediff erentiation of cancer cells is studied using a 
relatively small range of in vitro and in vivo methods 
(Table). At the fi rst stage, to confi rm the possible eff ect 

of a specifi c microRNA on a specifi c gene, researchers 
use a bioinformatic analysis of the presence of binding 
sites and a luciferase reporter assay allowing to 
validate microRNA target genes. The second phase 
includes an assessment of the eff ect of microRNA on 
the expression of the target gene (for example, by a 
real-time PCR) and, as a result, on protein production 
(for example, by the Western blotting). The third stage 



174 Бюллетень сибирской медицины. 2022; 21 (4): 170–182

includes an assessment of the effect of miRNAs on the 
functional cell activity – proliferation, mammosphere 
formation, migration, etc. 

To predict the target genes of specific miRNAs, 
online analysis tools in databases, such as TargetScan 
(https://www.targetscan.org/) and miRDB (https://
www.mirdb.org) [83, 84] are used.  After conducting 
the bioinformatic analysis of the data to check for 
functional relevance of the predicted miRNA – mRNA 
pairs in the target gene, different modifications of the 
luciferase reporter assay are used, where luciferase acts 
as a reporter protein [85]. By gene cloning, the sequence 
of the 3’-untranslated region of the mRNA in the gene 
of interest is added at the 3’ end of the luciferase gene. 
If the cell has successfully synthesized a reporter 
protein (luciferase), the addition of a substrate leads 
to a chemical reaction. The course of the reaction can 
be registered by the emergence of bioluminescence, 
and the intensity of bioluminescence is proportional 
to the number of successfully translated mRNAs [86]. 
Thus, the decrease in bioluminescence after miRNA 
treatment of cells indicates its interaction with mRNA.

To determine the level of gene expression under 
the effect of miRNAs, real-time PCR is widely used. 
It allows to evaluate gene expression based on data on 
the amount of mRNA in the sample [87]. The protein 
product of the target gene is determined mainly by 
the Western blotting. This method includes SDS-
PAGE electrophoresis of the biosample, transfer 
of target proteins on a hydrophobic membrane, and 
their detection using specific antibodies [88]. To 
analyze the proliferative activity of cells under the 
effect of microRNA, different cell counting methods 
are used, ranging from basic techniques with trypan 
blue stain to more complex multi-stage protocols. 
One of the most common methods for assessing 
cell proliferative activity is an MTT assay based on 
enzymatic reduction of 3-(4,5-dimethyl thiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (yellow soluble 
tetrazolium dye) with mitochondrial dehydrogenases 
to purple – violet formazan crystals. The crystals are 
dissolved in DMSO, after which the optical density of 
the obtained samples is analyzed [89]. Analogs of the 
MTT assay are the MTS assay, which uses a different 
type of tetrazolium dye – (3- (4,5-dimethyl thiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium)), and the CCK-8 test using  
the tetrazolium salt WST-8. These types of dyes are 
water soluble and do not require a solubilization  
step, which reduces the probability of error in the 
analysis [90].

Another approach to assessment of the proliferative 
activity of cells is the analysis using the nucleoside 
analog BrdU, which is able to incorporate into 
a replicating DNA and can be determined using 
specific antibodies [91]. The impedance-based RTCA 
iCELLIgence instrument is a new technology for 
assessing cell proliferation and cell death in real 
time. This technique requires no dyes, and cells can 
be observed for a long time. However, this method 
is applicable only to adherent cell cultures [92]. To 
analyze survival of cells and their ability to proliferate 
after miRNA treatment, the clonogenic assay is used, 
which measures the capacity of single cells to form 
colonies. Cells are seeded at very low density and 
incubated for 1–3 weeks, after which formed colonies 
are fixed and stained with crystal violet, and their 
number is counted [93].

Cell viability in a number of studies is assessed 
by the presence or absence of flow cytometry signs 
of necrosis, apoptosis, and secondary necrosis  
using appropriate fluorescently labeled antibodies, 
such as Annexin V, caspase-Glo 3/7, and DNA-
binding dyes, such as propidium iodide or 
7-aminoactinomycin D [94]. It is also possible to use 
flow cytometry to determine the effect of miRNAs 
on phases of the cell cycle in pre-fixed cells using  
DNA-binding dyes [95]. 

To assess the phenotypic profile of cells, the 
expression of CSC markers CD24, CD44, CD133, and 
ALDH is studied using fluorescently labeled antibodies 
[96]. The expression of stem cell plasticity markers 
CD44, CD24, CD133, LGR5 and EMT markers Snail, 
Slug, Zeb1, Cloudin1, B-catenin, E-cadherin, and 
vimentin is estimated by immunocytochemistry and 
Western blotting.

Several tests are used to study cell migration. In 
one of the migration assay variations, after cells reach 
the monolayer, a streak is made across the bottom 
of the plate with the use of a cell scraper or pipette 
tip, and then the dynamics of cell migration and 
recovery confluency are assessed [97]. A Transwell 
cell migration assay is also quite popular. The bottom 
of Transwell inserts has pores that allow cells to 
move from the insert to the well of the plate. Thus, 
the assessment of cell migratory ability is based on 
the number of cells that have passed through the pores 
of the insert and reached the well of the plate [97]. 
Transwell inserts are also used to evaluate the ability 
of cells to invade. Before testing, the bottom of the 
insert is coated with solubilized extracellular matrix 
protein mixture Matrigel. During polymerization of 
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the matrix, a structure similar in composition and 
properties to the basement membrane is formed. As 
a result, the number of cells which are able to pass 
through Matrigel and end up in the main well correlates 
with their ability to invade [97]. 

The ability of cancer cells to initiate tumor 
growth is determined by the spheroid formation 
assay (for breast cancer cells – mammospheres). For 
this purpose, a suspension of single cells is placed 
in wells with hydrophobic coating of the bottom in 
a serum-free medium supplemented with growth 
factors or MammoCult medium. After 5–14 days, 
the number of formed spheroids with a diameter of 
35–100 µm is assessed, depending on the cell line 
used and the design of the experiment [98, 99]. 
The formation of spheroids in this case is an in 
vitro prototype of metastasis. It is also possible to 
evaluate the ability of cells in the spheroids to self-
renew by disaggregating primary spheroids and 
placing them again on low surface energy plastic in 
a serum-free medium for the formation of secondary 
and, similarly, tertiary spheroids [100]. To prevent 
migration of spheroids and their aggregation, spheroid 
formation in soft agar, a modification of the method,  
is used [101].

Several studies on the role of miRNAs in 
carcinogenesis are based on in vivo experiments on 
immunodeficient mice (nude, NOD / SCID). For a 
tumorigenicity assessment, cells transfected with 
miRNA mimics or genetically modified cell lines that 
express the target miRNA are used. After subcutaneous 
injection of cells, the rate of tumor growth, the 
histological structure of the tumor, and expression of 
markers of interest via immunohistochemical staining 
are evaluated [69, 71, 73, 75].

MicroRNAs IN THE REGULATION  
OF STEMNESS GENES

Over the past 5–7 years, microRNAs have been 
widely studied as a component of tumor suppressor 
and oncogenic pathways. There are separate studies 
on stemness gene regulation using miRNAs in tumor 
tissues of various localizations. SOX2 knockdown 
inhibits invasion and migration of breast cancer cells 
via antisense RNA [8]. MiR-302b, P21, and miR-
145 miRNAs suppress expression of stemness genes 
SOX2 and MYC in intestinal and diffuse gastric cancer 
[102]. Overexpression of miR-145 inhibits stem cell 
transcription factors SOX2, NANOG, and OCT4 
in cervical CSCs and also reduces tumor invasion 
and colony formation in vitro. Knockdown of miR-

145 leads to a significant decrease in cervical tumor 
growth in nude mice [9]. 

It has been shown that miR-148a inhibits stemness 
properties of glioblastoma cells and the metastatic 
potential of glioma through inhibition of SOX2 and 
OCT4. In addition, decreased expression of pre-miR-
29a, pre-miR-181, pre-miR-let7b, and pre-miR-124a 
is observed in CSCs expressing SOX2 and OCT4. 
MiR-148a has been recognized as one of the most 
significant microRNAs that negatively regulate in 
response to co-expression of Oct4 and Sox2. MiR-
148a expression inhibits induced Oct4 / Sox2 CSC 
phenotypes in glioma, including in vitro sphere-
formation and tumor formation in vivo [103]. It was 
shown that targets for miR-221-3p and miR-221-5p 
are 3’-untranslated regions of mRNA transcripts in the 
main transcription factors maintaining pluripotency 
(OCT4, Nanog, and Sox2) in mouse embryonic cells 
[104]. MiR-296, miR-470, and miR-134, as well as 
many others, regulate mouse embryonic stem cells 
by inhibiting Nanog, OCT4, and Sox2 [105]. MiR-
371-5p is capable of suppressing EMT associated 
with stemness induction via the Wnt / beta-catenin 
signaling pathway. MiR-371-5p reduces spheroid 
formation by colorectal cancer cells. Demethylation 
of the Sox17 gene induces miR-371-5 expression, 
which is suppressed by Sox2 expression. The Wnt 
inhibitory factor 1 (WIF1) is a member of the protein 
family that binds Wnt and inhibits transmission of 
the Wnt signaling pathway. WIF1 stimulates miR-
200c expression, which reduces the expression of 
pluripotency and stemness markers OCT4, c-MYC, 
c-KIT, and MYB, as well as BMI1, ZEB1 and ZEB2, 
which results in an increase in the expression of 
E-cadherin [106].

CONCLUSION
Currently, there are microRNAs known for their 

ability to regulate expression of stemness genes in 
embryonic stem cells, as well as in CSCs in different 
localizations. Extensive research in this area has been 
conducted since tumor origin from CSCs was proven. 
Significant achievements have been made in this 
area, which hopefully will result in the development 
of drugs that will regulate the activity of CSCs 
and thereby control tumor growth. In general, the 
current stage of research involves accumulation of 
knowledge about the mechanisms of regulation of the 
metastatic cascade and identification of targets for the 
development of RNA-based drugs for suppression of 
metastasis.
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Pathogenetic aspects of the development of psoriatic arthritis in people 
with generalized chronic periodontitis
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ABSTRACT

The pathogenetic mechanisms of progression of chronic periodontitis and psoriatic arthritis have common 
components in immune and inflammatory responses. 

The pathogenesis of chronic periodontitis involves interaction of microbial and immunological components. As a 
chronic immune-mediated inflammatory disease and a consequence of an infectious trigger that originally affects 
gingival soft tissue, periodontitis is typically characterized by periodontal destruction and damage to adjacent 
connective tissues. Neutrophils contribute to the development of periodontitis and participate in its progression by 
recruiting T helper 17 cells and stimulating synthesis of the receptor activator of the nuclear factor kappa-β ligand 
(RANKL), contributing to bone resorption. 

Macrophages as producers of proinflammatory cytokines (interleukin (IL)-1β, IL-6, IL-22, IL-23, tumor necrosis 
factor (TNF)), free radicals, and matrix metalloproteinases contribute to the chronic course of the disease. Tissue 
destruction results in generation of reactive oxygen species by neutrophils, which, against the background of a de-
crease in the antioxidant potential, leads to development of oxidative stress. These processes together lead to tooth 
mobility, formation of periodontal pockets, and bone resorption.

The key factors in the formation of psoriatic arthritis against the background of periodontitis are overproduction 
of proinflammatory cytokines in target tissues (skin, joints, gingival microflora) and development of an excessive 
systemic immune response to the microbiota inhabiting the epithelial and periodontal tissues. A statistically 
confirmed correlation of the progression of periodontal destruction with the presence of psoriatic arthritis proves 
the significance of the effects of inflammation as a background for the progression of a comorbidity. Increased 
IL-17 synthesis plays a crucial role in the development of immune responses of pathological bone remodeling and 
bone resorption in periodontitis and psoriatic arthritis.

Keywords: periodontitis, psoriatic arthritis, cytokines, free radical oxidation, inflammatory response, bone 
resorption
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РЕЗЮМЕ

Патогенетическое единство механизмов прогрессирования хронического пародонтита и псориатического 
артрита подтверждается общими звеньями иммуновоспалительных реакций. 

Патогенез хронического пародонтита заключается во взаимодействии микробного и иммунологического 
компонентов. Как хроническое иммуновоспалительное заболевание и следствие инфекционного триггера, 
который первоначально поражает мягкие ткани десен, пародонтит классически характеризуется разруше-
нием периодонта и окружающих соединительных тканей. Нейтрофилы способствуют развитию пародонти-
та и участвуют в его прогрессировании, рекрутируя Т-хелперы 17 и стимулируя синтез активатора мембра-
носвязанного рецептора ядерного фактора каппа-β (RANKL), способствуя остеорезорбции. 

Макрофаги как продуценты провоспалительных цитокинов (интерлейкин (IL)-1β, IL-6, IL-22, IL-23, фактор 
некроза опухоли), свободных радикалов, матриксных металлопротеиназ способствуют хронизации про-
цесса. Деструкция тканей влечет за собой генерацию нейтрофилами активных форм кислорода, что на 
фоне снижения антиоксидантного потенциала ведет к развитию оксидативного стресса. Данные процессы 
в совокупности ведут к формированию патологической подвижности зубов, пародонтальных карманов, 
процессам остеорезорбции.

Ключевым фактором в формировании псориатического артрита на фоне пародонтита является гиперпро-
дукция провоспалительных цитокинов в тканях-мишенях (кожа, суставы, микросреда десен) и развитие 
чрезмерного системного иммунного ответа на микробиоту, населяющую поверхность эпителия и ткани 
пародонта. Статистически подтвержденная корреляция развития деструкции пародонта с наличием псо-
риатического артрита доказывает значимость эффектов воспалительного процесса как фона для развития 
коморбидной патологии. Повышенный синтез IL-17 выполняет ключевую роль в развитии иммунных ре-
акций патологического костного ремоделирования и остеорезорбции при пародонтите и псориатическом 
артрите.

Ключевые слова: пародонтит, псориатический артрит, цитокины, свободнорадикальное окисление, вос-
палительный ответ, остеорезорбция
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INTRODUCTION
Currently, inflammatory periodontal diseases are 

some of the urgent and socially sensitive problems 
of health care [1]. About 95% of the adult population 
in the world suffer from this pathology, which, in 
the absence of proper and timely treatment, leads 

to defects in the dentition, thereby reducing the 
ability to work and decreasing the quality of life of 
the population [2–6]. The prevalence of periodontal 
disease in Russia is about 85%, 53% of the population 
have initial manifestations of inflammations, and 12% 
have moderate and severe inflammation [7–9].
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The inflammatory response is triggered by the 
interaction of resident cells with bacterial biofilm 
attached to the tooth surface, which, via fixation, makes 
it impossible for the immune system to destroy gram-
negative microorganisms, thereby increasing damage 
to periodontal tissues [20]. The epithelium of the 
periodontal ligamnent is the first periodontal structure 
to experience bacterial exposure [21]. Production 
of the main enzymes (proteinase, peptidyl-arginine 
deiminase (PPAD), hemolysins) and metabolites 
(methyl mercaptan and dimethyl sulfide) by gram-
negative anaerobic microorganisms contributes to 
destruction of fibronectin and laminin and hydrolysis 
of collagen. It facilitates passage of bacteria through 
the periodontium into the gingival connective 
tissue, where they stimulate gingival epithelial cells  
and fibroblasts to trigger initial inflammatory 
responses [22]. 

Resident periodontal cells detect bacterial 
pathogen-associated molecular patterns (PAMP) 
[23], which connect to toll-like receptors (TLR4/2), 
triggering the recruitment of protein kinases. It 
ultimately causes activation of proinflammatory 
transcription factors, such as nuclear factor kappa B 
(NF-kB) and activator protein-1 (AP-1), stimulating 
the expression of genes responsible for synthesis of 
proinflammatory cytokines, thereby leading to an 
increase in inflammation [24]. In addition, gingival 
fibroblasts stimulate destruction and disorganization 
of the fibrous component of the extracellular matrix 
by increasing the production and activity of matrix 
metalloproteinases (MMP) [25].

Due to migration of immunocompetent cells into 
the subgingival space, infiltration of periodontal 
tissues by neutrophils occurs, which leads to an 
increase in synthesis of cytokines and chemokines with 
proinflammatory and anti-inflammatory properties 
[22]. Neutrophils induce recruitment of CD4+ T helper 
17 (Th17) cells responsible for the production of IL-
17 and stimulate synthesis of the receptor activator of 
the nuclear factor kappa-β ligand (RANKL), which 
leads to bone resorption by osteoclasts [25].

Macrophages are important sources of pro- 
inflammatory cytokines, such as interleukin (IL)-1, 
tumor necrosis factor (TNF), MMP, and prostaglandin 
E2 [26], which are elevated in the gingival tissue of 
patients with chronic periodontitis [25]. Studies have 
shown a direct correlation of macrophage infiltration 
with the severity of periodontitis, which significantly 
contributes to the degradation of the collagen matrix 
in the connective tissue of the periodontium [27]. 

In chronic periodontitis, systemic lesions occur 
that involve not only periodontal tissues, but also 
other organs and systems, which leads to disruption 
of various components of homeostasis, including the 
immune system [10]. The inflammatory process and 
increased synthesis of proinflammatory cytokines 
result in the development of a number of systemic 
autoimmune pathologies, of which rheumatic diseases 
and severe forms of psoriasis with joint damage have 
the greatest significance [11].

Despite the widespread interest in periodontitis 
and systemic disorders over the past decade, only a 
few studies have considered the association between 
psoriatic arthritis (PsA) and chronic periodontitis 
[12, 13].

The analysis of the conducted studies showed an 
increase in the frequency of periodontitis in patients 
with PsA. For example, in Denmark, a large cohort 
study of 6,428 patients who were diagnosed with PsA 
revealed that the frequency of periodontitis in this 
group of patients was significantly higher than in the 
control group [14]. C. Ancuta et al. (2017) showed 
a significant decrease in the intensity of the disease 
and an improvement in the periodontal condition in 
patients with PsA 6 months after the initiation of anti-
cytokine therapy [15].

The association between chronic periodontitis and 
PsA is bidirectional. An increased risk of psoriasis was 
noted in patients with chronic periodontal diseases 
[13, 15–17]. This suggests the existence of common 
mechanisms that determine mutual aggravation of the 
course of these common diseases.

IMMUNOPATHOGENESIS OF CHRONIC 
GENERALIZED PERIODONTITIS

The pathogenesis of chronic generalized 
periodontitis is multifactorial and is considered to be 
a result of an ongoing cross-interaction of bacterial, 
immunological, inflammatory, and genetic factors 
[18]. As a chronic immune-mediated inflammatory 
disease and a consequence of an infectious trigger that 
originally affects gingival soft tissue, periodontitis is 
typically characterized by periodontal destruction and 
damage to adjacent connective tissues [19].

Microbiological aspects of the development of 
chronic periodontitis consist mainly in colonization 
of the periodontal pockets by gram-negative 
microorganisms, the most significant of which 
are Aggregatibacter actinomycetemcomitans, 
Porphyromonas gingivalis, Tannerella forsythia, and 
Treponema denticola [17]. 
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Macrophages can undergo classical (M1) or alternative 
(M2) activation. M1 macrophages are induced by 
microbial agents or Th1 cytokines and exhibit high 
phagocytic capacity and increased expression of 
proinflammatory cytokines and costimulatory and 
antimicrobial molecules. In contrast, M2 macrophages 
are induced by Th2 cytokines and secrete high levels 
of IL-10 and transforming growth factor-β1 (TGF-β1). 
Consequently, they have immunoregulatory properties 
and promote cell proliferation and tissue regeneration 
[28]. In experimental models of periodontitis, the 
presence of both M1 and M2 macrophages was noted, 
but with the predominance of M1 macrophages, 
which indicates the activation of the immune response 
with increased production of proinflammatory cyto- 
kines [27].

When the inflammatory process becomes 
chronic, lymphocytes penetrate into periodontal 
tissues, releasing inflammatory and immune 
molecular mediators that change the balance of bone 
metabolism, determining the transition from gingivitis 
to periodontitis [25]. Activation of adaptive immunity 
has a great impact on bone loss associated with B and 
T lymphocytes, since these cells are the main cellular 
sources of RANKL during periodontal inflamma- 
tion [28].

RANKL is a cytokine belonging to the TNF family 
that can bind to receptors on membranes and stimulate 
osteoclast differentiation, cell fusion and activation, 
which results in bone resorption [28]. Osteoblasts 
and bone marrow stromal cells predominantly 
express membrane-bound RANKL which induces 
osteoclastogenesis through cell contact with osteoclast 
precursors. Activated T and B cells produce both 
membrane-bound and soluble RANKL [22]. Soluble 
RANKL can induce osteoclastogenesis independently 
of the direct contact between infiltrating lymphocytes 
and osteoclast precursors on the bone surface. RANKL 
is an osteoclast activator and a molecular signal 
directly responsible for bone resorption. It interacts 
with the associated RANK receptor on the surface 
of osteoclasts and their precursors, which triggers 
its recruitment on the bone surface with subsequent 
activation of cells [29].

Osteoprotegerin (OPG) is a soluble protein that has 
the ability to block biological functions of RANKL 
by competitive inhibition [30]. In periodontitis, an 
increase in RANKL / OPG promotes the recruitment 
of osteoclast precursors, which contribute to bone 
resorption via the interaction with proinflammatory 
cytokines expressed by Th1 lymphocytes [29].

In addition, Th1 lymphocytes play an important 
role in the emergence and progression of periodontitis 
by increasing the level of interferon γ (IFNγ) [24]. 
IL-1ß and TNF secreted by Th1 lymphocytes cause 
vasodilation, stimulate activation of endothelial cells, 
increase the production of chemokines, participate in 
activation of neutrophils, and stimulate secretion of 
MMP [25]. Th2 lymphocytes are the main cellular 
source of IL-4, which promotes secretion of IgE by 
plasma cells and alternative activation of macrophages 
via the IFN-dependent pathway. 

Lipid peroxidation processes play a significant 
role in the pathogenesis of chronic periodontitis [31]. 
Progressive periodontal destruction entails generation 
of reactive oxygen species (ROS) by neutrophils and 
subsequent peroxidation of lipid structures in cell 
membranes [32]. Insufficient antioxidant potential of 
cells, manifested by the inability to neutralize ROS, 
leads to development of oxidative stress, formation of 
metabolic disorders, and development of secondary 
destructive changes [32]. In such conditions, a 
violation of regeneration, formation of periodontal 
pockets, and progression of bone resorption are  
noted [30].

IMMUNOPATHOGENETIC ASPECTS  
OF PSA DEVELOPMENT

Psoriatic arthritis is a chronic progressive 
inflammatory process associated with psoriasis, 
characterized by predominant localization in the 
tissues of the musculoskeletal system and leading to 
the development of erosive arthritis, intra-articular 
osteolysis, and spondyloarthritis [33]. 

Etiological factors underlying the development of 
PsA are currently insufficiently studied. The disease 
develops following a complex interaction of genetic, 
immunological, and environmental factors [34]. 
About 40% of patients with PsA have this disease 
in the family history, and, therefore, the risk of 
developing this disease in such patients increases by 
27–50 times [35, 36]. In recent years, studies have been 
conducted to identify genetic markers of PsA, during 
which the antigen of the histocompatibility complex 
HLA-B27 was detected in every third patient [33–36]. 
Genetic associations in PsA include HLA-B*08:01, 
HLA-B*27:05, HLA-B*38:01, HLA-B*39:01, 
HLA-B*57:01, and HLA-C*06:02 [36]. HLA-B27 
is associated with axial lesion, whereas HLA-B38 
and HLA-B39 are associated with polyarthritis 
[37]. Non-HLA genes associated with PsA include  
IL-23R [34]. 

Poryadin G.V., Zakhvatov A.N., Parshina A.Yu. Pathogenetic aspects of the development of psoriatic arthritis in people with 



187

Reviews and lectures

Bulletin of Siberian Medicine. 2022; 21 (4): 183–192

Bacterial infection, smoking, obesity, stress, and 
trauma are environmental factors that increase the risk 
of developing PsA, especially in young people [38]. 
PsA is considered a T-cell-mediated disease in which 
cellular immunity is activated in the skin and synovia, 
followed by overproduction and imbalance of key pro- 
and anti-inflammatory cytokines, such as TNF, IL-1ß, 
IL-6, IL-12, IL-17, IL-23, and chemokines [39].

A genetic predisposition in combination with 
environmental factors (bacterial infection, mechanical 
injury) initiate a chronic inflammatory process 
affecting primarily the tissues of the joints [38]. 
Repeated mechanical injury contributes to formation 
of inflammatory infiltrates consisting of monocytes, 
dendritic cells, neutrophils, and T cells in the synovial 
membrane [40].  Dendritic cells release IL-12 and IL-
23, which leads to differentiation of naive T cells into 
Th1 and Th17, respectively, and to a decrease in the 
production of regulatory T (Treg) cells [41]. Abnormal 
activation of the IL-23 / Th17 axis is the dominant 
pathology in PsA. IL-23 triggers the activation of 
tyrosine kinase 2 (TYK2) and Janus kinase 2 (JAK2) 
signaling pathways, which promote phosphorylation 
and activation of the signal protein STAT3 (signal 
transducer and activator of transcription 3). It increases 
the expression of the transcription factor RORγt, 
which stimulates the production of IL-17, IL-21, IL-
22, granulocyte-macrophage colony stimulating factor 
(GM-CSF), and tumor necrosis factor (TNF), thereby 
contributing to tissue inflammation [42]. In addition 
to IL-23, the differentiation of naive T cells into Th17 
cells is stimulated by IL-1ß, IL-6, and transforming 
growth factor β (TGFβ) [41]. 

In PsA, enthesis is considered to be the initial focus 
of inflammation, which spreads to other periarticular 
and articular structures, leading to the development of 
synovitis, dactylitis, spondylitis, and osteitis [43]. An 
important early mediator of enthesitis is prostaglandin 
E2 (PGE2), which causes vasodilation and facilitates 
recruitment of neutrophils from the bone marrow to 
tendon-to-bone attachment sites. Neutrophils increase 
inflammation by releasing proteases and ROS. PGE2 
also promotes IL-17 production by T cells [44].

Inflammation in extra-articular structures, i.e. 
extensor tendon enthesitis and peritendon inflammation, 
progresses to intra-articular inflammation, taking 
the form of synovitis [43]. Synovitis in PsA is 
characterized by hyperplasia of the mucous layer 
with an increase in the number of fibroblast-like 
synoviocytes and macrophages, hypervascularization 
of tortuous arteries, and the presence of hyperemic 

villi and subsynovial infiltrate consisting of T cells, 
B cells, neutrophils, mast cells, and monocytes / 
macrophages. Elongated, dilated, thick, and tortuous 
vessels indicate increased angiogenesis [45, 46]. In 
the synovial membrane in PsA, high expression of IL-
17A and IL-17 receptors is noted, where the cytokine 
IL-17A is directly involved in bone and cartilage 
destruction [44].

Remodeling is a unique feature of PsA [46]. In PsA, 
IL-17 enhances osteoclastogenesis, whereas IL-22 
promotes osteoblastogenesis. Thus, the presence of a 
balance between IL-17, IL-22, and IL-23 is necessary 
to maintain bone homeostasis [47]. Prominent signs of 
PsA are subchondral perienthesial edema and diffuse 
bone marrow edema [45]. The subenthesis bone in PsA 
exhibits increased vascularity and hyperosteoclastic 
cystic and erosive changes [47]. Physiologically, 
bone homeostasis is maintained by a balance between 
osteoclasts capable of bone resorption and osteoblasts 
responsible for osteoblastogenesis. In systemic 
inflammation, stimulation of CD14+ monocytes by 
macrophage colony stimulating factor (M-CSF), 
TNF, and RANKL leads to the formation of osteoclast 
precursors in peripheral blood. 

In addition, IL-23 and IL-17 independently induce 
osteoclast formation in myeloid cells [43]. In the 
subchondral bone, binding of the receptor activator 
of nuclear factor kappa B (RANK), present on the 
surface of monocytes / macrophages, to membrane-
bound RANKL, present on the surface of Th17 cells, 
stimulates differentiation of monocytes / macrophages 
into osteoclasts [47]. Activated osteoclasts begin to 
secrete enzymes of bone matrix degradation: acid 
phosphatases, matrix metalloproteinase-9 (MMP-
9), and cathepsin K (CatK), which promote bone 
resorption. In addition, the osteoclast-associated 
receptor (OSCAR) located on the surface of monocytes, 
after TNF induction, potentiates the action of RANKL, 
thereby enhancing osteoclastogenesis [46]. RANKL 
also increases the activation of T cells and their 
production of proinflammatory cytokines, including 
TNF, IL-1β, IL-6, IL-15, IL-17, and IL-23 [45].

In PsA, IL-22 induces osteoproliferation in the 
enthesis and periosteum by activating STAT3 on 
osteoblasts, causing the formation of new bone 
tissue, manifested by fusion of peripheral joints, 
enthesophytes, spurs, ankylosis, syndesmophytes in 
the axial skeleton, and changes in the sacroiliac joints 
[43, 47]. 

Proinflammatory cytokines secreted in PsA 
can stimulate chondrocytes to produce destructive 
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proteases, which leads to proteoglycan loss, damage 
to collagen bundles with concomitant release of 
cartilaginous oligomeric matrix protein (COMP). 
COMP, a glycoprotein belonging to the family of 
thrombospondins, is one of the components of the 
articular cartilage extracellular matrix. An increased 
level of COMP in the synovial fluid and serum 
contributes to remodeling and restoration of cartilage 
[48].

PATHOGENETIC RELATIONSHIP BETWEEN 
CHRONIC PERIODONTITIS AND PSORIATIC 
ARTHRITIS

A number of authors consider joint damage in 
PsA in the context of periodontitis to be a complex 
interaction of immunological and inflammatory 
phenomena involving bacterial infection [12, 35]. 
Psoriasis can occur in genetically predisposed people 
with an abnormal innate and / or adaptive immune 
response to components of oral microbiota in chronic 
periodontitis (such as Porphyromonas gingivalis), 
which can cause various psoriasis manifestations [49]. 
In addition, a certain composition of the microbiota in 
the body folds in patients with inverse psoriasis may 
also play a role in triggering local inflammation in the 
periodontium [50].

A closer look indicates an association between 
the immunopathogenesis of diseases: hypersecretion 
of proinflammatory cytokines produced by activated 
T lymphocytes and other mononuclear cells 
(monocytes, macrophages); increased proliferative 
activity of fibroblasts in the synovial membrane and 
periodontium, their ability to secrete platelet growth 
factors; increased collagenolytic activity of MMR and 
increased tissue proteolysis, disruptions in humoral 
immunity (autoantibodies to nuclear antigens, 
cytokeratins); pathological remodeling of bone tissue 
[49, 51].

The interaction between innate and adaptive 
immunity in chronic periodontitis, which maintains 
chronic inflammation, leads to dysregulation 
and overproduction of various proinflammatory 
cytokines, such as TNF, IL-17, IL-1β, IL-22, and IL-
23 [49, 52]. Activation of IL-23R receptors induces 
phosphorylation of Jak2 and Tyk2 protein kinases, 
which mediate activation of STAT3 and RORγ 
transcription factors, thereby contributing to Th17 cell 
differentiation. The resulting Th17 cells produce IL-
17, a powerful proinflammatory cytokine [52].

IL-17 and TNF induce synthesis of MMP in the 
synovial fluid and cartilage, which mediates loss of 

collagen structures and erosion-like changes in the 
cartilage surface. It also stimulates production of 
IL-1 and TNF by macrophages, induces secretion of 
IL-6 and IL-8 by synovial fibroblasts, and promotes 
recruitment of neutrophils and other immune cells 
into the synovial membrane [53]. IL-17 stimulates 
synthesis of RANKL in osteoblasts and its ligation 
with RANK in osteoclast precursors, contributing to 
the differentiation and activation of osteoclasts [30]. 
Mature osteoclasts, being bone resorbing cells, secrete 
lysosomal enzymes, thereby leading to destruction 
of the bone matrix. [53]. Therefore, Th17-mediated 
induction of osteoclastogenesis plays an important role 
in the pathogenesis of bone and cartilage destruction 
in PsA [49].

In addition, lymphocytic infiltration in PsA is 
localized not only on the skin or joints, but also in 
isolated blood cells, thereby confirming the presence 
of a systemic inflammatory response in such  
patients [55]. 

The production of TNF by macrophages promotes 
activation and recruitment of immune cells to the 
synovial membrane and synovial hyperplasia and 
induces secretion of MMR involved in cartilage 
degradation. Besides, together with other angiogenic 
factors, it promotes formation of new blood vessels 
[56]. TNF is responsible for regulation of genes 
responsible for synthesis of IL-1, interferon γ, 
granulocyte – macrophage colony stimulating factor 
(GM-CSF), IL-6, proinflammatory chemokine IL-8, 
and other inflammatory mediators [53]. It is assumed 
that angiogenesis and development of oxidative 
stress due to an increase in ROS production are 
apparently present in the early phase of diseases and 
can be considered as important processes linking 
periodontitis and PsA [50].

Therefore, PsA and periodontitis are chronic 
inflammatory diseases with similar pathophysiological 
mechanisms: overproduction of proinflammatory 
cytokines in target tissues (skin, joints, gingival 
microenvironment) and development of an excessive 
systemic immune response to the microbiota inhabiting 
the surface of the epithelium and periodontium [52]. 
Impaired interaction of innate and adaptive immunity 
present in chronic periodontitis leads to systemic 
overexpression of proinflammatory cytokines (TNF, 
IL-17, IL-1β, IL-22, and IL-23) and differentiation of 
Th0 into Th17, which play an important role in mutual 
aggravation of these pathologies. In addition, among 
the common pathophysiological mechanisms in the 
development of these pathologies, pathological bone 
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remodeling and bone resorption can be distinguished 
[49, 54].

CONCLUSION

Based on the studies listed above, it is possible to 
confirm the presence of a pathogenetic relationship 
between chronic periodontitis and PsA. Significance 
of the prevalence of the hyperergic systemic 
inflammatory response in both cases and the unity 
of the cytokine profile and bone resorption processes 
also confirm this statement.

A key factor in the formation and progression 
of PsA against the background of periodontitis 
is a disturbance in the interaction of innate and 
adaptive immunities, leading to overexpression of 
proinflammatory cytokines (TNF, IL-17, IL-1β, IL-

22, and IL-23) and differentiation of Th0 into Th17. 
It further leads to increased synthesis of IL-17, which 
plays a significant role in the initiation of immune 
responses in PsA. IL-17 stimulates production of IL-1 
and TNF by macrophages, secretion of neutrophil-
attracting IL-6 and IL-8 by synovial fibroblasts, and 
induces synthesis of RANKL by them and osteoblasts, 
thus mediating secretion of osteoclastogenic 
factors (TNF and IL-1ß) and pathological bone 
remodeling and bone resorption (Figure) [31, 33, 
45–47].  The statistically confirmed correlation 
between the development of periodontal destruction 
and the severity of PsA proves the commonality of 
immunological and inflammatory processes in the 
development and mutual aggravation of the studied 
comorbidity [6, 7, 9, 14].

Figure. Pathogenetic relationship of chronic generalized periodontitis and psoriatic arthritis [31, 33, 45–47]. IL-1β – interleukin-1β; 
IL-1 – interleukin-1; IL-6 – interleukin-6; IL-8 – interleukin-8; IL-22 – interleukin-22; IL-23 – interleukin-23; TNF – tumor necrosis 
factor; Th0 – undifferentiated T helper cell; Th17 – T helper 17 cell; IL-17 – interleukin-17; MMP – matrix metalloproteinase;  

MP – macrophage; RANKL – receptor activator of nuclear factor kappa-β
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Therefore, the established pathogenetic 
relationship makes it possible to develop new methods 
of early diagnosis, treatment, and prophylaxis for early 
detection and prevention of the progression of these 
pathologies. Close collaboration between dentists and 
rheumatologists for prescribing complex therapy for 
these diseases, as well as screening immunological 
examinations of people (especially working-age 
population) with chronic periodontitis will allow for 
early detection and prediction of the development of 
psoriatic arthritis.
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Bioinformatic analysis of biological pathways in coronary heart disease 
and Alzheimer’s disease
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ABSTRACT

Aim. Using bioinformatic tools, to perform a pathway enrichment analysis in Alzheimer’s disease and coronary 
heart disease (CHD).

Materials and methods. Genes contributing to susceptibility to CHD and Alzheimer’s disease were obtained from 
the public database DisGeNET (Database of Gene – Disease Associations). A pathway enrichment analysis was 
performed in the ClueGO Cytoscape plug-in (version 3.6.0) using hypergeometric distribution and the KEGG and 
Reactome databases.

Results. The identified genes contributing to susceptibility to Alzheimer’s disease and CHD are included in 69 
common signaling pathways, grouped into the following subgroups: cell death signaling pathways (1); signaling 
pathways regulating immune responses (2); signaling pathways responsible for fatty acid metabolism (3); signaling 
pathways involved in the functioning of the nervous system (4), cardiovascular system (5), and endocrine system 
(6).

Conclusion.  Following the performed analysis, we identified possible associations between processes involving 
genetic factors and their products in CHD and Alzheimer’s disease. In particular, we assumed that susceptibility 
genes involved in the implementation of these pathways regulate apoptosis, production of inflammatory cytokines 
and chemokines, lipid metabolism, β-amyloid formation, and angiogenesis.

Keywords: coronary heart disease, Alzheimer’s disease, ClueGO Cytoscape plug-in, susceptibility genes, pathway 
enrichment analysis
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Биоинформационный анализ биологических путей при ишемической 
болезни сердца и болезни Альцгеймера
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РЕЗЮМЕ
Цель исследования –  провести анализ обогащения биологических путей при болезни Альцгеймера и ише-
мической болезни сердца (ИБС) с помощью биоинформационных инструментов.
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Гены предрасположенности к ИБС и гены предрасположенности к болезни Альцгеймера извлечены из 
публичной базы данных DisGeNET (база данных ассоциаций генов и заболеваний). Анализ обогащения 
биологических путей проведен в плагине ClueGO Cytoscape version 3.6.0 при помощи гипергеометрическо-
го теста с использованием баз данных KEGG и REACTOME.

Выявленные гены предрасположенности к болезни Альцгеймера и ИБС включены в 69 общих сигнальных 
путей, объединенных в следующие подгруппы: сигнальные пути, участвующие в гибели клеток (1); сиг-
нальные пути, вовлеченные в процессы иммунной системы (2); сигнальные пути, ответственные за метабо-
лизм жирных кислот (3); сигнальные пути, принимающие участие в функционировании нервной системы 
(4), сердечно-сосудистой системы (5), эндокринной системы (6).

В результате проведенного анализа выявлены возможные общие процессы, в которые вовлечены генети-
ческие факторы и их продукты при ишемической болезни сердца и болезни Альцгеймера. В частности, 
предполагается, что гены предрасположенности, участвующие в реализации данных путей, регулируют 
процессы апоптоза, наработки воспалительных цитокинов и хемокинов, метаболизма липидов, формиро-
вания β-амилоида, ангиогенеза. 

Ключевые слова: ишемическая болезнь сердца, болезнь Альцгеймера, ClueGO Cytoscape, гены предраспо-
ложенности, анализ обогащения путей 
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INTRODUCTION
Currently, Alzheimer’s disease (AD) is a serious 

health problem. According to the estimates by 
Alzheimer’s Disease International in 2019, more 
than 50 million people suffer from this disease 
worldwide [1]. Numerous studies on the genetic 
basis of AD have identified genes contributing 
to the development of this disease [2, 3]. Besides, 
the results of genetic association studies of various 
diseases showed that AD manifestations can be 
combined with other pathologies, for example, 
with cardiovascular diseases, such as myocardial 
infarction [4] and atrial fibrillation [5]. According 
to M.K.Aronson et al., who studied the association 
between dementia and coronary heart disease (CHD) 
in elderly patients, CHD, especially long-term, is 
associated with a smaller cortical thickness and brain 
volume (according to magnetic resonance imaging 
data) [6]. In addition, a number of epidemiological 
studies showed that patients with CHD have higher 
incidence of AD [7, 8].

However, the association between AD and 
CHD remains debatable, since data of some studies 
suggest that CHD is associated with cognitive 
impairment [9], while other studies suggest that there 
is no relationship between these conditions [10]. For 

example, the Rotterdam Study (a prospective cohort 
study that started in 1990 in the Netherlands and 
is aimed at finding the causes of chronic diseases 
common among elderly people and increasing with 
the population aging) showed that unrecognized 
(asymptomatic) myocardial infarction was associated 
with a risk of developing AD, whereas recognized 
MI was not [5, 11].

In 2014, G. Liu et al. integrated data of three 
GWAS using a gene-based meta-analysis to identify 
new risk factors for AD. The pathway analysis was 
performed using the Kyoto Encyclopedia of Genes 
and Genomes and the gene ontology database [12]. 
The authors revealed for the first time the involvement 
of signaling pathways associated with cardiovascular 
diseases, cellular processes, and infectious diseases 
in the development of AD. However, there are no 
other studies describing joint processes of signal 
transduction in AD and CHD. Thus, a pathway 
enrichment analysis, which makes it possible to 
assess the involvement of susceptibility genes in 
possible mechanisms of simultaneous presentation 
of these pathologies, is of particular interest.

The aim of this work was to identify signaling 
and metabolic pathways involved in the processes of 
signal transduction in both AD and CHD.
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Genes contributing to susceptibility to CHD 
and AD were extracted from the public database 
DisGeNET [13]. DisGeNET is a platform containing 
a complete catalog of genes and their variants related 
to human diseases. The catalog combines data from 
expert databases, such as CTD, UniProt, ClinVar, 
Orphanet, GWAS, GAD, with information obtained 
by the scientific literature analysis [13]. The pathway 
enrichment analysis presumably involved in the 
mechanisms of simultaneous presentation of CHD 
and AD was carried out in the ClueGO Cytoscape 
plug-in (version 3.6.0) [14] using the KEGG [15] and 
Reactome [16] databases.The studied susceptibility 
genes for CHD and AD in the ClueGO Cytoscape 
plug-in were presented in the form of clusters 1 and 
2, respectively. For the analysis, the hypergeometric 
test with p < 0.05 and kappa K = 0.4 was used.

Susceptibility gene sets for AD and CHD were 
formed on the basis of the DisGeNET data analysis. 

For AD, the set consisted of 446 genes, and for  
CHD – 324 protein-coding genes. Following the 
pathway enrichment analysis, we revealed 90 
pathways which include susceptibility genes for AD, 
28 pathways which include susceptibility genes for 
CHD, and 69 pathways associated with both diseases 
(the latter are presented in the Table). 

These pathways were grouped into the following 
blocks by their involvement in biological processes 
and functioning of body systems: cell death signaling 
pathways (1); signaling pathways regulating immune 
responses (2); signaling pathways responsible 
for fatty acid metabolism (3); signaling pathways 
involved in the functioning of the nervous system (4), 
cardiovascular system (5), and endocrine system (6). 
In addition, pathways that include genes required for 
implementing physiological processes and changes in 
typical pathological processes (such as inflammation 
and hypoxia) were considered separately.

T a b l e  

Common biological pathways associated with CHD and AD
Biological pathways Genes that are common to diseases and are included in the signaling pathway

1. Cell death signaling pathways
Apoptosis NFKB1, TNF
Necroptosis IL1A, IL1B, TLR4, TNF
TNF signaling pathway CCL2, IL1B, IL6, MMP3, MMP9, NFKB1, PTGS2, TNF
p53 signaling pathway SERPINE1

2. Signaling pathways regulating immune responses
Hematopoietic cell lineage IL1A, IL1B, IL6, IL6R, TNF

Innate immunity AGER, CFH, CRP, F2, IGF2R, IL1B, MMP9, MPO, NFKB1, NOS3, OLR1, PLA2G2A, 
PLCG2, TLR4

Signaling by interleukins AGER, CCL2, CCR5, HMOX1, ICAM1, IL10, IL18, IL1A, IL1B, IL1RN, IL6, IL6R, IRS1, 
MMP3, MMP9, NFKB1, PTGS2, TGFB1, TNF, VEGFA

Complement cascade CFH, CRP, F2
Fc γ R-mediated phagocytosis PLCG2
Phagosome MPO, OLR1, TLR4
Cell surface interactions at the vascular wall F2, OLR1, TGFB1
Leukocyte transendothelial migration MMP9, PLCG2

Interleukin (IL)-4 and IL-13 signaling pathways CCL2, HMOX1, IL10, IL18, IL1A, IL1B, IL6, IL6R, MMP3, MMP9, PTGS2, TGFB1, TNF, 
VEGFA

IL-17 signaling pathway CCL2, IL1B, IL6, MMP3, MMP9, NFKB1, PTGS2, TNF
PI3K-Akt signaling pathway BDNF, IL6, IL6R, IRS1, NFKB1, NOS3, TLR4, VEGFA
Fc ε RI-mediated signaling pathway PLCG2
C-type lectin receptor signaling pathway IL10, IL1B, IL6, NFKB1, PLCG2, PTGS2, TNF
Toll-like receptor signaling pathway IL1B, IL6, NFKB1, TLR4, TNF
Clathrin-mediated endocytosis IGF2R, LDLR

3. Signaling pathways responsible for fatty acid metabolism
Plasma lipoprotein assembly ABCA1, APOA1, APOE
Plasma lipoprotein remodeling ALB, APOA1, APOE, CETP, LPL
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Biological pathways Genes that are common to diseases and are included in the signaling pathway
Plasma lipoprotein assembly, remodeling, and 
clearance ABCA1, ALB, APOA1, APOE, CETP, LDLR, LPL, NPC1

Cholesterol metabolism ABCA1, APOA1, APOE, CETP, LDLR, LPA, LPL, LRP1, NPC1, SORT1
Ether lipid metabolism PLA2G1B, PLA2G2A
Fat digestion and absorption ABCA1, APOA1, PLA2G1B, PLA2G2A
Bile secretion ABCB1, HMGCR, LDLR
Sphingolipid signaling pathway NFKB1, NOS3, TNF

4. Signaling pathways involved in the functioning of the nervous system
Signaling by NTRKs BDNF, IRS1
Signaling by NTRK2 (TRKB) BDNF
Neurotrophin signaling pathway BDNF, IRS1, NFKB1, PLCG2, SORT1
Amyloid fibril formation APOA1
Axon guidance MMP9, UNC5C
Serotonergic synapse PTGS2
Neurotransmitter clearance ALDH2
Endocrine and other factor-regulated calcium 
reabsorption ESR1, VDR

5. Signaling pathways involved in the functioning of the cardiovascular system
VEGFA – VEGFR2 Pathway NOS3, VEGFA
Signaling by VEGF NOS3, VEGFA
Complement and coagulation cascades F2, PLG, SERPINE1
Platelet activation, signaling, and aggregation ALB, APOA1, F2, PLCG2, PLG, SERPINE1, TGFB1, VEGFA
Platelet activation F2, NOS3, PLCG2
Signaling by PDGF PLG
Fluid shear stress and atherosclerosis CCL2, HMOX1, IL1A, IL1B, MMP9, NFKB1, NOS3, TNF, VEGFA
Platelet homeostasis NOS3
Apelin signaling pathway NOS3, SERPINE1
Aldosterone synthesis and secretion AGT, LDLR

6. Signaling pathways involved in the functioning of the endocrine system
Ovarian steroidogenesis LDLR, PTGS2
Peptide hormone metabolism ACE, AGT
Aldosterone-regulated sodium reabsorption IRS1

7. Signaling pathways involved in processes in normal conditions and in pathology

Signal transduction
AGT, APOA1, APOE, BDNF, CCR5, ESR1, ESR2, F2, IL6, IL6R, IRS1, LDLR, LPL, LRP1, 
MMP3, MMP9, NFKB1, NOS3, NR3C1, PLCG2, PLG, PPARG, SERPINE1, TGFB1, TNF, 

VEGFA
Cellular responses to stress IL1A, IL6, NFKB1, NR3C1, VEGFA
Signaling by receptor tyrosine kinases BDNF, ESR1, IRS1, MMP9, NOS3, PLG, VEGFA
FOXO-mediated transcription NR3C1
FoxO signaling pathway IL10, IL6, IRS1, TGFB1
MAPK signaling pathway BDNF, IL1A, IL1B, NFKB1, TGFB1, TNF, VEGFA
Phospholipase D signaling pathway AGT, F2, PLCG2
TGF-β signaling pathway TGFB1, TNF
HIF-1 signaling pathway HMOX1, IL6, IL6R, NFKB1, NOS3, PLCG2, SERPINE1, TLR4, VEGFA
Biological oxidation ALDH2, HPGDS
Extracellular matrix organization MMP3, MMP9, PLG, SERPINE1, TGFB1
Degradation of the extracellular matrix MMP3, MMP9, PLG
Focal adhesion VEGFA

T a b l e   ( c o n t i n u e d ) 
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CELL DEATH SIGNALING PATHWAYS 
These pathways include genes associated 

with AD and CHD. The TNF signaling pathway 
[KEGG:04668] initiates apoptotic or necroptotic 
pathway implementation. Namely, TNFR1 signaling 
pathway triggers the NF-κB signaling pathway, 
as well as apoptosis and necroptosis [17]. In 
addition, apoptosis can be triggered following the 
implementation of the p53 signaling pathway [18]. 
The necroptosis signaling pathway [KEGG:04217] 
is involved in the pathogenesis of many diseases, 
including neurological diseases, ischemic injury, and 
viral infections [19].

Changes in the regulation and activation of 
these pathways are of great importance for the 
development of both CHD and AD. However, 
the role of apoptosis in AD is ambiguous. Some 
researchers report that AD activates caspases, in 
particular caspase-6, which initiates apoptosis in 
the brain [20]. Other researchers argue that the 
theory of apoptotic cell death in AD and the clinical 
presentation of the disease are incompatible, since 
cells that are to undergo apoptosis die within a few 
days, maintaining a high level of caspase-3, which 
should lead to acute and massive neuronal loss. In this 
case, clinical symptoms of AD should be identified 
at an early stage of the disease, and not decades after 
its onset [21]. It is also known that apoptosis is a key 
component in the CHD pathogenesis [22].

SIGNALING PATHWAYS REGULATING 
IMMUNE RESPONSES 

The signaling pathway of the hematopoietic cell 
lineage [KEGG:04640] reflects the transition of 
blood cells from hematopoietic stem cells to mature 

blood cells, including immune cells. It is known that 
an increase in the total number of leukocytes and in 
each of their subtypes separately makes it possible 
to predict the development of CHD. In addition, 
almost all cellular elements of blood, including 
leukocytes, erythrocytes, and platelets, are involved 
in the pathogenesis of atherosclerosis [23]. It is also 
known that platelets are involved in the development 
of the amyloid precursor protein, and their functional 
similarity with neurons makes it possible to use 
platelets as a model for AD studies [24].

Signaling by interleukins (ILs) [R-HSA:449147] is 
associated with their pleiotropic effect on cells (which 
affects tissue growth and repair, hematopoietic stem 
cell homeostasis, as well as multiple lines of body 
defense against pathogens) [25]. For example, IL-1β 
is the main mediator in the implementation of the 
acute phase response at the level of the entire body, 
as well as in the development of a local inflammatory 
response [26]. It is known that impaired coronary 
circulation with myocardial ischemia increases its 
concentration in the blood [27]. What is more, an 
increased level of this interleukin is observed in AD, 
which is associated with inflammation during the 
disease progression [28].

IL-4 and IL-13 signaling [R-HSA:6785807] in 
the central nervous system is associated with the 
neuroprotective effect of IL-4 and IL-13, which 
suppress the production of inflammatory mediators. 
It was confirmed by the results of the experiment 
with an animal AD model [29].

IL-17 signaling pathway [KEGG:04657] includes 
a family of cytokines consisting of IL-17A-F 
and plays an important role in acute and chronic 
inflammatory responses [30]. The IL-17 family 
cytokines transmit signals through their respective 

Biological pathways Genes that are common to diseases and are included in the signaling pathway
Regulation of insulin-like growth factor (IGF) 
transport and uptake by insulin-like growth factor 
binding proteins (IGFBPs)

ALB, APOA1, APOE, F2, IL6, PLG

RAS signaling pathway BDNF, NFKB1, PLA2G1B, PLA2G2A, PLCG2, VEGFA
G-α(i) signaling events AGT, APOA1, APOE, LDLR, LPL, LRP1
Circadian clock NR3C1, SERPINE1
ABC transporters ABCA1, ABCB1
SUMOylation of intracellular receptors ESR1, NR3C1, PPARG, VDR
G-α (q) signaling events AGT, F2, MMP3
Glycolysis / gluconeogenesis ALDH2

T a b l e   ( c o n t i n u e d ) 
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receptors and activate downstream pathways, which 
include NF-κB, MAPK, and C/EBP, inducing the 
expression of antimicrobial peptides, cytokines, and 
chemokines [31].

Phagocytosis is an important process in the 
implementation of the protective function of the body 
against infectious pathogens. The Fc γ R-mediated 
phagocytosis pathway [KEGG:04666] implements 
this function via γ receptors on Fc cells, opsonized 
by antibodies that recognize foreign substances. 
Cross-linking of Fc-γ receptors initiates a series 
of signals mediated by tyrosine phosphorylation 
of several proteins, which, in turn, lead to the 
formation of phagosomes following cytoskeletal 
actin rearrangement and membrane remodeling [32]. 
The phagosome signaling pathway [KEGG:04145] 
is triggered when specific receptors on the surface 
of phagocytes recognize ligands on the surface of 
foreign particles. The acquisition of lysosomal 
proteases by phagosomes during maturation and the 
release of reactive oxygen species are important for 
the breakdown of foreign substances contained in 
them [33].

The Fc ε-RI signaling pathway [KEGG:04664] 
in mast cells identified by the bioinformatic 
analysis is initiated by antigen interaction with 
IgE bound to the extracellular domain of the Rc 
ε-RI α-chain. Mast cells activate the release of 
preformed granules containing biogenic amines 
and proteoglycans. Activation of phospholipase 
A2 causes the release of membrane lipids with 
subsequent development of lipid mediators, such 
as leukotrienes, namely LTC4, LTD4, LTE4, and 
prostaglandins, in particular PDG2. Cytokines are 
secreted; the most important cytokines are TNF-α, 
IL-4, and IL-5 [34, 35].

 The C-type lectin receptor signaling pathway 
[KEGG:04625] is responsible for the functioning 
of CLRs as pattern recognition receptors (PRRs) 
for pathogen-derived ligands in dendritic cells, 
macrophages, neutrophils, etc. After ligand binding, 
CLRs stimulate intracellular signaling cascades, 
which induce the production of inflammatory 
cytokines and chemokines, and therefore trigger 
innate and adaptive immunity to pathogens [36].

The involvement of common susceptibility genes 
for the studied diseases in the above biological 
pathways can affect:

the production of cytokines and chemokines 
involved in inflammation in nervous and 

cardiovascular systems. Microglia have been shown 
to play the key role in the activation of inflammation. 
The amount of microglia increases in people with AD 
and in the experimental model of AD in transgenic 
mice [37]. In vitro studies showed that cytokines 
secreted by microglial cells, in particular IL-1β, IL-
6, TNF-α, and INF-γ, and chemokines can increase 
the immune response [37]. It is also known that 
many cytokines, for example, IL-12, IL-23, IL-6, 
and IL-1β, are involved both in neurodegeneration 
and in neuroinflammation mediated by leukocyte 
invasion of the brain [38]. In CHD, an increase in 
the levels of IL-6 and C-reactive protein indicates 
an increase in the damage to coronary arteries  
[39, 40];

a change in the immune response when exposed to 
pathogens. In the experimental model of AD in mice, 
it was found that the administration of microbial 
mimics, apart from inducing a strong systemic 
inflammatory response, enhances neurodegeneration 
[41]. In CHD, various pathogenic microorganisms 
can reside in the atherosclerotic plaque and support 
the local inflammatory response [42]. However, 
regardless of the pathogens found in the plaque, 
systemic inflammation develops due to the release 
of cytokines. For example, periodontal pathogens, 
such as P. gingivalis and Actinomycetemcomitans, 
promote Th17 responses in both the spleen and 
atherosclerotic plaques, which, in turn, increases the 
release of a variety of powerful cytokines, such as 
IL-1β, IL-6, and IL-17 [42].

SIGNALING PATHWAYS RESPONSIBLE  
FOR FATTY ACID METABOLISM 

The identified common susceptibility genes for 
the studied diseases are also involved in plasma 
lipoprotein assembly [R-HSA:8963898] and plasma 
lipoprotein remodeling [R-HSA:8963899]. Very-
low-density lipoproteins (VLDL) are produced in 
the liver and transport triacylglycerol synthesized 
there to other tissues in the body. High-density 
lipoproteins (HDL) are generated mainly in the liver 
and transport several types of lipids between tissues 
and other lipoproteins [43]. Plasma lipoprotein 
remodeling is a sequence of events that begins with 
circulating chylomicrons acquiring apolipoprotein 
C and E molecules; interacting with endothelial 
lipases, they often lose most of their triacylglycerol. 
Under the effect of the described changes, they 
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become chylomicron remnants, which bind to LDL 
receptors, primarily on the surface of liver cells. 
As chylomicrons circulate, VLDLs are exposed to 
lipoprotein lipases located on the endothelium of 
blood vessels and secreting fatty acids and glycerol. 
Then they are absorbed by tissues, and VLDLs are 
converted first into intermediate-density lipoproteins 
(IDL) and then into low-density lipoproteins (LDL) 
[44]. HDL remodeling includes conversion of HDL-
bound cholesterol to cholesterol esters (spherical 
HDL remodeling), transfer of HDL into target cells 
with regeneration of pre-βHDL, and conversion of 
pre-β HDL to discoidal HDL [45].

Impaired functioning of the identified biological 
pathway of cholesterol metabolism [KEGG:04979] 
can lead to an increased risk of various endocrine 
disorders and cardiovascular diseases [46]. Common 
susceptibility genes for CHD and AD PLA2G1B, 
PLA2G2A are involved in the implementation of 
ester metabolism [KEGG:00565].

The identified pathways of fat digestion and 
absorption [KEGG:04975] and bile secretion 
[KEGG:04976] are pathways that are involved 
in lowering cholesterol levels. The sphingolipid 
signaling pathway [KEGG:04071] reflects the role of 
sphingomyelin and its metabolic products as second 
messengers in various metabolic processes.

Thus, a change in lipid metabolism with  
the participation of these signaling and metabolic 
pathways can violate the state of the vascular  
wall, lead to infiltration of arterial walls with 
atherogenic lipoproteins, formation of sclerotic 
plaques and stenosis, and formation of blood clots, 
and be a key component in the pathogenesis of 
CHD [47].

In the brain in AD, impaired lipid metabolism, 
namely, an increase in cholesterol levels, promotes 
the integration of β-amyloid into the cell membrane, 
which ultimately increases the level of cytosolic 
calcium in astrocytes and leads to neuronal death 
[48]. A high level of plasma cholesterol under 
certain conditions can destroy the blood – brain 
barrier, which allows systemic macrophages to 
penetrate into the brain parenchyma and initiate 
neuroinflammation [49]. A high level of LDPs 
enhances BACE-1 activity, affects the amyloid 
precursor protein, and impairs synaptic activity 
[49]. Besides, apolipoprotein E, which acts as a 
cholesterol transporter, can bind to cell surface 

receptors and allow for the production of cholesterol 
oxidation products [50]. Disturbances in sphingolipid 
metabolism, in particular, its hydrolysis, can lead to 
the formation of ceramide, which causes apoptosis 
of brain cells in AD [51].

SIGNALING PATHWAYS INVOLVED  
IN THE FUNCTIONING OF THE NERVOUS 
SYSTEM

The susceptibility genes for CHD and AD 
are involved in signaling via NTRK2 (TRKB) 
[RHSA:9006115] and in the neurotrophin signaling 
pathway [KEGG:04722], where signaling via 
NTRK2 (TRKB) [RHSA:9006115] is a component 
of the identified NTRK pathway [R-HSA:166520]. 
NTRK signaling pathway transduces signal from 
neurotrophins (NGF, BDNF, NTF3, and NTF4) 
via NTRK tyrosine kinase receptors, which have 
a preferred neurotrophin ligand, and via the  
p75NTR death receptor, which interacts with all 
neurotrophins [52].

The identified biological pathway for amyloid 
fibril formation  [R-HSA:977225] was originally 
described as a nucleation-dependent polymerization 
mechanism [53], but now it is thought to be more 
complex, with multiple events outside the pathway 
leading to the formation of multiple oligomeric 
structures, in addition to fibrils [54].

Thus, the signaling pathways considered in this 
block affect the formation of amyloid fibrils and 
signal transmission via neurotrophins, which can 
mediate changes in the nervous system in AD and in 
the cardiovascular system in CHD.

In AD, the amyloid fibril formation pathway is 
responsible for the formation of β-amyloid (Aβ), 
which underlies the amyloid cascade hypothesis 
in AD. It suggests that Aβ42 fragments accumulate 
in the brain with age [55]. Neurotrophic factors 
modulate synaptic plasticity and are involved 
in memory formation; their reduced levels, for 
example, BDNF, can contribute to the degeneration 
and progressive atrophy of neurons in the brain 
affected by AD [56].

In patients with AD, the level of Aβ42 is 
increased and the accumulation of this protein in the 
myocardium is also observed [57, 58]. Circulating 
Aβ40 aggravates atherosclerosis and predicts disease 
progression and cardiovascular mortality in patients 
with diagnosed CHD [58].
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SIGNALING PATHWAYS INVOLVED  
IN THE FUNCTIONING OF THE 
CARDIOVASCULAR SYSTEM

The biological pathway VEGFA – VEGFR2 
[R-HSA:4420097] is an integral part of VEGF 
signaling [R-HSA:194138] and is related to 
angiogenesis. VEGFA signaling via VEGFR2 is the 
main pathway that activates angiogenesis through 
induction of proliferation, survival, sprouting, and 
migration of endothelial cells, as well as by increasing 
endothelial permeability [59]. Dysfunction of VEGF 
is associated with inflammatory diseases, including 
atherosclerosis [60, 61].

The identified biological pathway of complement 
and coagulation cascades [KEGG:04610] combines 
the complement system and blood coagulation. 
The main consequences of complement activation 
are opsonization of pathogens, recruitment of 
inflammatory and immunocompetent cells, and 
direct destruction of pathogens [62].

 The biological pathways of platelet activation, 
signaling, and aggregation [R-HSA:76002] and 
platelet activation [KEGG:04611] are analogs and 
are implemented using common susceptibility genes 
for CHD and AD. Activation of integrin αIIbβ3 
(glycoprotein IIb / IIIa), the most common platelet 
receptor, enhances adhesion and leads to platelet 
interaction and aggregation [63].

Susceptibility genes for the studied diseases 
are involved in PDGF signaling [R-HSA:186797]. 
Platelet-derived growth factor (PDGF) is a potent 
stimulator of growth and motility of connective 
tissue cells (fibroblasts, smooth muscle cells), 
capillary endothelial cells, and neurons. PDGF binds 
and activates α and β protein tyrosine kinase (PTK) 
receptors, which, in turn, dimerize and undergo 
autophosphorylation. Phosphorylation sites then 
recruit downstream effectors for signal transduction 
into the cell [64].

The biological pathway of platelet hemostasis 
[R-HSA:418346] is regulated by susceptibility 
genes for CHD and AD. Under normal conditions, 
vascular endothelium supports vasodilation, 
inhibits platelet adhesion and activation, inhibits 
coagulation, enhances fibrin breakdown, and is anti-
inflammatory in nature. In acute vascular injury, 
vasoconstrictor mechanisms predominate, and the 
endothelium becomes prothrombotic, procoagulant, 
and proinflammatory. This is achieved by reducing 

endothelial dilating agents (adenosine, NO, and 
prostacyclin), as well as through the direct effect 
of ADP, serotonin, and thromboxane on vascular 
smooth muscle cells, which causes their contraction. 
Under normal conditions, laminar flow induces COX-
2 expression and prostacyclin (PGI2) synthesis, 
which, in turn, stimulates endothelial nitric oxide 
synthase (eNOS) activity. PGI2 and NO counteract 
platelet activation and aggregation, as does CD39 
ecto-ADPase, which reduces platelet activation and 
recruitment by metabolizing platelet-released ADP 
[65].

Thus, susceptibility genes common for AD 
and CHD are involved in signal transduction, 
which affects angiogenesis, blood coagulation, and 
production of inflammatory cytokines. Impairment 
of these processes plays an essential role in the 
development of CHD and AD.

Elevated levels of VEGF, a hypoxia-induced 
vascular endothelial growth factor, have been found in 
blood vessel walls, perivascular deposits, astrocytes, 
and the intrathecal space of patients with AD and are 
consistent with chronic cerebral hypoperfusion and 
hypoxia that have been observed in these individuals 
[66]. Also, in addition to VEGF, cerebral vessels in 
AD release molecules that can affect angiogenesis, 
including IL-1β, IL-6, IL-8, TNF, TGFβ, MCP1, 
thrombin, angiopoietin 2, integrins αVβ3 and αVβ5, 
and HIF1α [66].

SIGNALING PATHWAYS INVOLVED  
IN THE FUNCTIONING OF THE ENDOCRINE 
SYSTEM

Peptide hormone metabolism [R-HSA:2980736] 
includes modification of peptide hormones after 
secretion and their degradation by extracellular 
proteases. For example, insulin metabolism proceeds 
in 4 stages: formation of intramolecular disulfide 
bonds, formation of proinsulin – zinc – calcium 
complexes, proteolytic cleavage of proinsulin by 
PCSK1 (PC1/3) and PCSK2 to form insulin, and 
translocation of granules through the cytosol to 
the plasma membrane. During the metabolism 
of angiotensinogen to angiotensin, renin cleaves 
angiotensinogen to form angiotensin I. The two 
C-terminal amino acid residues of angiotensin I are 
then removed by an angiotensin-converting enzyme 
(ACE) located on the surface of endothelial cells to 
form angiotensin II – an active peptide that causes 
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vasoconstriction, sodium and chloride resorption, 
potassium excretion, water retention, and aldosterone 
secretion. [67].

The biological pathway of aldosterone-regulated 
sodium reabsorption [KEGG:04960] reflects the role 
of aldosterone in sodium and potassium metabolism 
by binding to epithelial mineralocorticoid receptors 
in renal collecting duct cells located in the distal 
nephron, promoting sodium reabsorption and 
potassium excretion [68].

The pathway enrichment analysis also identified 
pathways that are ubiquitous under normal conditions; 
сhanges in the regulation of these pathways are 
observed in a large number of different diseases. 
This group included the following pathways: 
signal transduction [R-HSA:162582], cellular 
responses to stress [R-HSA:2262752], signaling 
by receptor tyrosine kinases [R-HSA:9006934], 
MAPK signaling pathway [KEGG:04010], FoxO 
signaling pathway [KEGG:04068] and FOXO-
mediated transcription [R-HSA:9614085], 
phospholipase D signaling pathway [KEGG:04072], 
TGF-β signaling pathway [KEGG:04350], HIF-
1 signaling pathway [KEGG:04066], biological 
oxidations [R-HSA:211859], extracellular matrix 
organization [R-HSA:1474244], degradation of 
the extracellular matrix [R-HSA:1474228], focal 
adhesion [KEGG:04510], regulation of insulin-
like growth factor (IGF) transport and uptake 
by insulin-like growth factor binding proteins 
(IGFBPs) [R-HSA:381426], RAS signaling pathway 
[KEGG:04014].

The role of the ApoE4 gene in the development 
of the diseases under study should be described 
separately. A study investigating the association 
between postmortem neuropathology of AD and 
CHD revealed a significant association in carriers 
of the ApoE4 allele [69]. Apolipoprotein E (ApoE), 
which is involved in AD susceptibility, regulates 
lipid transport and metabolism [44]. Also, in 2018, 
an article was published by W. Chen et al., who 
considered the ApoE4 gene as a target for the treatment 
of CHD and AD. It was shown that mutation in the 
apolipoprotein E gene leads to impaired cholesterol 
metabolism, which can result in the development of 
CHD and AD; mutation in the ABCA1 gene leads to 
the same result [6].

The obtained results are consistent with those in 
a study that investigated gene variants promoting 

inflammation and cholesterol metabolism due to 
acute myocardial infarction and AD. As a result, 
it was found that acute myocardial infarction and 
AD have common genetic prerequisites associated 
with cholesterol metabolism and upregulation of 
inflammation [70].

Thus, the study of signaling and metabolic 
pathways demonstrated that the genes contributing 
to AD and CHD are involved in processes associated 
with cell death, maintenance of inflammation, and 
fatty acid metabolism, as well as with the functioning 
of the nervous, cardiovascular, and endocrine 
systems.

CONCLUSION

As a result of the study, 69 biological pathways 
common for AD and CHD were identified. Among 
them, pathways involved in cell death; associated 
with the innate immunity; responsible for fatty 
acid metabolism; as well as for signal transduction 
processes that affect the functioning of the nervous, 
cardiovascular, and endocrine systems, can play an 
important role in changing intra- and intercellular 
interactions in cellular homeostasis. The obtained 
results suggest the presence of a number of 
mechanisms of influence in genetic factors of AD 
and CHD that affect the development of these 
diseases.

Based on the involvement of signaling 
pathways in the processes described above, it can 
be assumed that susceptibility genes involved in 
the implementation of these pathways regulate the 
following processes:

– apoptosis of both neurons and cardiomyocytes;
– production of inflammatory cytokines and 

chemokines, and, as a result, maintenance of 
inflammation;

– lipid metabolism, which, when changed, can 
form sclerotic plaques on the blood vessel walls 
and lead to the development of CHD; under certain 
conditions, neuroinflammation in the brain can 
occur;

– formation of β-amyloid, both in the brain and in 
the myocardium;

– angiogenesis, in particular, the level of VEGF 
in the walls of blood vessels increases in AD.

The results of this study provide a deeper 
understanding of the molecular genetic mechanisms 
of the combined development of the studied diseases 
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and their proper treatment. The results of this 
study are prerequisites for further study of these 
pathologies.
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ABSTRACT

Cystic fibrosis is one of the urgent medical and social problems of health care systems in most countries due to 
fairly high prevalence, development of multi-organ lesions, and poor outcomes.

Due to modern advances in the diagnosis and treatment of cystic fibrosis, not only has the average life expectancy 
of patients increased, but their quality of life has also improved, and it has become possible to maintain pregnancy 
and childbearing. Since cystic fibrosis can adversely affect the course of pregnancy, childbirth, and health of 
both mother and child, proper management of women with cystic fibrosis during pregnancy and childbirth is of 
particular relevance. The presented clinical case is an example of competent supervision at all stages of monitoring 
of a patient with cystic fibrosis during pregnancy and childbirth. 
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РЕЗЮМЕ

Муковисцидоз (МВ) представляет собой одну из актуальных медико-социальных проблем систем здра-
воохранения большинства стран в связи с достаточно высоким уровнем распространенности, развитием 
полиорганных поражений и неблагоприятными исходами.

Благодаря современным достижениям диагностики и лечения муковисцидоза в настоящее время не только 
увеличилась средняя продолжительность жизни пациентов, но и улучшилось её качество, появилась воз-
можность сохранения беременности и деторождения. В связи с тем, что МВ может неблагоприятно влиять 
на течение беременности, родов, состояние здоровья как матери, так и ребенка, вопросы правильного ве-
дения больных во время беременности и родов у женщин, страдающих МВ, приобретают особую актуаль-
ность. Примером грамотной курации на всех этапах наблюдения за пациенткой в период беременности и 
родов на фоне МВ является представленный клинический случай.

Ключевые слова: муковисцидоз, сохранение беременности, деторождение, МВ.
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INTRODUCTION

Cystic fibrosis (CF) is one of the urgent medical and 
social problems of health care systems in most countries 
due to fairly high prevalence, development of multi-organ 
lesions, and poor outcomes [1–3]. СF is a genetic disease 
caused by a mutation in the cystic fibrosis transmembrane 
conductance regulator (CFTR) gene and is characterized 
by damage to exocrine glands in a number of vital 
organs: respiratory tract, gastrointestinal tract, liver, 

pancreas, salivary and sweat glands, reproductive organs 
[2–6]. At the same time, pathology of the respiratory 
tract is the most common cause of complications and 
mortality; it is accompanied by persistent infection and 
inflammation in the respiratory tract, with formation of 
viscous bronchial secretions [2, 5, 6 –8]. The first clinical 
symptoms usually appear in early childhood [2, 9]. A 
chronic, pronounced pathological process contributes 
to formation of bronchiectasis and development of 
pulmonary hypertension and cor pulmonale. However, 



207

Случай из клинической практики

Bulletin of Siberian Medicine. 2022; 21 (4): 205–211

lower respiratory tract infection is considered to be the 
key factor which underlies the severity of CF and its 
prognosis [2, 10].

Due to modern advances in the diagnosis and 
treatment of CF, not only has the average life expectancy 
of patients increased to an average of 36.8 years, but 
their quality of life has also improved, and it has become 
possible to maintain pregnancy and childbearing [9, 11]. 
However, it should be understood that in women with 
CF, pregnancy is associated with an increased risk for 
disease decompensation up to death, and decompensated 
liver pathology can contribute to an unfavorable course 
of pregnancy and childbirth [4, 12, 13]. 

Recent studies have confirmed that fertility in 
women with CF is not impaired, except for cases when 
more viscous secretion accumulates in the cervical canal 
[12, 14]. Often, patients with CF are characterized by 
multifetal pregnancies, gestational diabetes mellitus, 
preterm labor, and indications for operative delivery 
[13, 15]. Severe respiratory disorders underlie 
pneumonia, with the development of acute respiratory 
failure and a need for invasive mechanical ventilation 
[13]. Nevertheless, a sufficient number of observations 
have shown that most pregnancies in women with CF 
end in spontaneous childbirth through the birth canal; 
caesarean section is resorted to in cases of complications 
associated with a risk to the health of the mother or the 
baby [15, 16].

Therefore, considering that CF can adversely affect 
the course of pregnancy, childbirth, and the health of both 
the mother and the child, proper management of women 
with CF during pregnancy and childbirth is of particular 
relevance. The presented clinical case is an example of 
competent supervision at all stages of monitoring of a 
patient with CF during pregnancy and childbirth.

CLINICAL CASE
Patient P., 22 years old, was routinely admitted 

to the pulmonology department of the Regional 
Clinical Hospital on October 10, 2019 for a follow-up 
examination and inpatient treatment and for resolving 
the issue of maintaining pregnancy. The pregnancy was 
first and desired.

From the anamnestic data: at the age of 1.5 
months, the patient experienced right-sided lower lobe 
pneumonia; since childhood, she had been experiencing 
rare dry cough, sometimes with a difficulty in clearing 
the chest of viscous sputum, which intensified after 
hypothermia. She was followed up by a pediatrician with 
the diagnosis of chronic bronchitis. For the first time, 
CF was diagnosed at the age of 4 years 10 months; the 
examination revealed an increase in the sweat chloride 
level up to 119 mEq / l. The patient has been followed 

up at the Research Institute of Medical Genetics with the 
diagnosis: Cystic fibrosis, mixed form (affects the lungs 
and the intestines), a moderately severe, continuously 
relapsing course. Compound heterozygous for Dele  
2.3/E92,K. Chronic pancreatic insufficiency. 

In 2011, a thoracoscopic lobectomy was performed 
for bronchiectasis in the right lower lobe in S8–10. The 
patient constantly receives basic therapy: Pulmozyme 
(dornase alfa) 1 ampule per day using a jet nebulizer, 
Bramitob 300 mg 2 times a day using a jet nebulizer in 
courses (28-day administration / 28 day-break, the last 
course was completed on October 9), Kreon 25,000 IU 
(6,000 IU /kg of body weight), 10 capsules per day with 
meals, Ursofalk 250 mg, 5 capsules per day. The patient 
undergoes inpatient treatment 1–2 times a year and 
receives antibiotic therapy (ABT). The last hospitalization 
in the pulmonology department was in December 2018, 
during which the patient received another course of 
ABT with Co-trimoxazole, Piperacillin / Tazobactam 
following the microbiological examination of the sputum 
(St. aureus 105, Stenotrophomonas maltophilia 105).

Two weeks before the current hospitalization, the 
patient noted an increase in coughing with light yellow 
sputum in the volume of up to 20 ml per day (the amount 
and color of the sputum did not change), decreased 
exercise tolerance, low-grade body temperature in the 
evenings, once up to 38 °C (took Paracetamol). On 
October 09, 2019, a pelvic ultrasound was performed, 
and an early intrauterine pregnancy was detected.

Past medical history: appendectomy in 2010, removal 
of the lower lobe of the right lung due to bronchiectasis 
in 2011, removal of nasopharyngeal polyps in 2014. The 
patient suffered from chicken pox as a child. Menstruation 
started at the age of 14, is regular, moderate, pain-free; 
the menstrual cycle is 30 days; bleeding lasts 5 days; the 
patient denies menstrual irregularities.

The patient has disability group 3.
Family history of CF is positive: the middle sister (the 

patient is the elder sister) also has CF, she is followed up 
at the Research Institute of Medical Genetics.

Upon admission: the patient’s condition was 
satisfactory. The skin was pale, clean, moist, with no 
cyanosis of the lips. Height – 165 cm, weight – 51 kg, 
BMI – 18.7, blood pressure – 100 / 60 mm Hg, pulse –  
80 beats per minute, body temperature – 37.1 °C, 
respiratory rate – 20 breaths per minute. Oxygen 
saturation (SpO2) in the ambient air was 98%, after a 
six-minute walk test – 96%. The chest had a cylindrical 
shape and was elastic upon palpation. Percussion sound 
was resonant and the same over symmetrical areas. 
Auscultation of the lungs revealed rough vesicular 
breathing without wheezing. The borders of cardiac 
dullness were not changed. Heart sounds were loud 
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and rhythmic. The abdomen was soft and not tender on 
palpation in all departments. The liver and spleen were 
not enlarged. No dysuria was noted. The Murphy’s 
punch sign was negative.

Complete blood count: hemoglobin – 122 g / l, 
leukocytes – 17.8 x109 / l: band neutrophils – 6%, 
segmented neutrophils – 78%, eosinophils – 1%, 
lymphocytes – 13%, monocytes – 2%. Platelets 180 x 
109 / l, ESR – 27 mm / h. Biochemical blood parameters 
were without significant deviations from the normal 
values: glucose – 4.25 mmol / l, total protein – 68 g / l,  
albumins – 33.9 g / l, bilirubin – 13.3 / 3.5 μmol / l, 
alanine aminotransferase (ALT) – 11.2 IU, aspartate 
aminotransferase – 7.1 IU,  alpha-amylase – 91.6 IU / l,  
creatinine – 66.3 µmol / l, C-reactive protein (CRP) – 
57.8 mg / l, fibrinogen – 7.4 g / l.

10.15.19. Blood culture for sterility testing revealed 
no growth of bacterial flora.

The microbiological examination of the sputum of 
10.12.19: Acinetobacter baumanii 105 (pan-drug resistant 
strain, insensitivity to carbapenems); the examination of 
07.15.19: Stenotrophomonas maltophilia 106, St.aureus 
105, candida albicans 106 (pan-drug resistant); the 
examination of 10.24.19: Stenotrophomonas maltophilia 
102, candida albicans 103 (pan-drug resistant).

10.12.19. Spirometry. Forced expiratory volume in 
one second (FEV1) – 78%, forced vital capacity (FVC) 
– 84%, FEV1 / FVC – 82.8. Impression: vital capacity 
of the lungs is within the conditional norm. Stage 0–1 
obstructive ventilation abnormalities.

10.11.19. ECG: sinus tachycardia, heart rate – 92 
beats per min. Right axis deviation. A turn around the 
longitudinal axis with the right ventricle facing forward.

10.11.19. Echocardiography: cardiac cavities were 
not enlarged, no hypertrophy was noted. The contractility 
of the left and right ventricles was within normal values. 
Violations of local contractility were not revealed. Left 
ventricular diastolic dysfunction with the pseudonormal 
filling pattern. The valves were unchanged. Mild tricuspid 
valve regurgitation, right ventricular systolic pressure 
was not increased. The pericardium was unchanged, no 
fluid was detected.

10.12.19. Abdominal ultrasound: the liver was not 
enlarged, the contours were even, the edge was sharp, 
echogenicity was within normal values, the structure 
was homogeneous, the bile ducts were not dilated, the 
walls were dense, the vascular pattern was without 
irregularities; the portal vein – 8 mm. Gallbladder: 
dimensions: 80 x 30 mm, wall density 3 mm, biliary 
sludge was detected. The pancreas was not enlarged, 
the contours were even, the echogenicity was normal, 
the structure was homogeneous. The pancreatic duct 
– 1 mm. The spleen was not enlarged, the structure 

was homogeneous. The kidneys were not enlarged, 
the thickness of the renal parenchyma was normal, the 
contours were even, the mobility was preserved, the 
position was normal, the structure of the parenchyma was 
homogeneous, the boundaries of the renal sinuses were 
fuzzy, no signs of urodynamic disturbances were noted. 
Impression: signs of chronic cholecystitis. Moderate 
diffuse changes in the kidneys.

10.14.19. Thyroid and parathyroid ultrasound. 
Impression: no pathology detected.

The patient categorically refused to undergo a chest 
X-ray, despite the physician’s explanation of its necessity 
and safety.

17.12.18. Spiral computed tomography of the chest. 
Impression: Condition after right-sided lower lobe 
lobectomy. Infiltrative areas, focal infiltrative changes 
in the lungs with interstitial thickening along the contour 
in the lobes of the lungs on both sides. Bronchial wall 
thickening. Small saccular bronchiectasis, a few calcified 
pulmonary nodules on both sides. Small areas of stringy 
fibrosis on both sides.

Taking into account chronic excretion of 
Pseudomonas aeruginosa from the sputum in the past 
medical history, the presence of other non-fermenting 
gram-negative bacteria (Acinetobacter baumannii, 
Stenotrophomonas maltophilia) in the bacteria culture 
tests, the presence of clinical and laboratory signs of 
exacerbation of bronchopulmonary infection, and an 
unfavorable prognosis in the absence of ABT, ABT was 
prescribed for health reasons. The prescription of ABT 
and further management of the patient were carried out 
taking into account pregnancy, with an informed consent 
obtained from the patient. The prescribed initial therapy 
(Meronem 1.0 g, 3 times a day via intravenous drip 
infusion) had no effect: the body temperature remained 
low-grade, leukocytosis was up to 21.3 x 109 / l with a 
left shift. Therefore, ABT was changed to a combination 
of Cefoperazone / Sulbactam 6 g (Cefoperazone 3 g + 
Sulbactam 3 g) per day via intravenous drip infusion 
and Fosfomycin 2.0 2 times a day via intravenous drip 
infusion. In the context of the therapy, the patient’s 
condition improved: the body temperature did not exceed  
37 °C, the volume of yellow sputum was about 15 ml 
per day. In the CBC, a positive trend was observed –  
a decrease in leukocytosis (as of 24.10.2019, leukocytes 
– 9.43 x 109 / l: band neutrophils – 6%, segmented 
neutrophils – 71%, eosinophils – 0.5%, lymphocytes – 
16.8%, monocytes – 5.7%; the level of CRP decreased 
to 4.3 mg / l.

A consultation was held with the participation 
of pulmonologists, geneticists, and obstetricians – 
gynecologists in order to choose further treatment strategy 
and decide on the possibility of maintaining pregnancy. 
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Taking into account the patient’s condition, the features 
of the clinical presentation of CF were the following: 
moderate course, no significant changes in the pulmonary 
ventilation parameters (they are close to normal values), 
no signs of respiratory failure (SpO2 in the ambient air – 
98%), no pulmonary hypertension, and right ventricular 
hypertrophy, childbearing is possible. At the same time, 
the presence of vital indications for massive ABT at the 
present time (the first trimester of pregnancy) is associated 
with a risk of negative effects on the fetus. The patient 
and relatives were informed about this in order to make a 
decision. In addition, they were explained that after birth, 
given the condition of the patient, she may be hospitalized 
and may need help in caring for the baby. The patient 
decided to maintain the pregnancy.

Obstetric and gynecological status upon admission. 
10.12.19. Examination by a gynecologist. The external 
genital organs are developed correctly, without 
pathological changes. The vaginal mucosa is not 
changed, the cervix is   not visually changed. The cervix 
is positioned posteriorly from the pelvic axis, it is not 
shortened, its shape is cylindrical, the consistency is 
normal, the cervical os is closed, the uterus is enlarged 
up to 5–6 weeks of pregnancy; the uterus is normotonic, 
mobile, and not tender. At the time of examination, there 
are no data for acute obstetric pathology. The patient is 
6–7 weeks pregnant.

10.14.19. Transvaginal ultrasound of the uterus 
and appendages. The uterus is positioned in the center 
and is retroverted; the contours of the uterus are even; 
the structure of the myometrium is homogeneous; in 
the uterine cavity, a fetal egg (d 24 mm) is visualized; 
pregnancy 6 weeks and 3 days. Cervix: the structure is not 
changed; no masses projected at the uterine appendages 
are detected. There is no free fluid in the posterior cul-
de-sac. Impression: Pregnancy 6 weeks and 3 days.

10.21.19. Gynecological status. The external genitalia 
are developed correctly. Female pattern hair growth. The 
vagina is narrow, the folds are preserved. The cervix 
is   posterior, up to 3.0 cm long, dense; the cervical os 
is closed. The uterus is enlarged because of pregnancy 
(up to 8 weeks), spherical in shape, soft, and not tender. 
Appendages on both sides are without pathology.

Dynamic transvaginal ultrasound of the uterus and 
appendages: 10.21.19. Following fetometry, the patient 
is 7 weeks 3 days pregnant. 

The patient was discharged against medical advice on 
31.10.19.

Diagnosis at discharge: 9 weeks pregnant. Cystic 
fibrosis, mixed form (affects the lungs and the 
intestines), a moderately severe, continuously relapsing 
course. Compound heterozygous for Dele 2.3/E92,K. 
Chronic infection of the respiratory tract with St. 

aureus, Pseudomonas aeruginosa, Stenotrophomonas 
maltophilia, Acinetobacter baumannii. Chronic 
bronchitis. Bronchiectasis of both lungs, condition 
after thoracoscopic lobectomy for bronchiectasis in the 
right lower lobe (03.04.2011). Fibrosis of the upper 
lobe of the right lung. Chronic pansinusitis. Exocrine 
pancreatic insufficiency. Chronic erosive antral gastritis, 
duodenitis HP(-), insufficiency of the gastric cardia. 
Gastroesophageal reflux disease (GERD). Bacterial 
overgrowth syndrome. Secondary intestinal dysbiosis. 
Asthenic syndrome.

Pregnancy follow-up was carried out in the Regional 
Perinatal Center from 13 weeks pregnant. The follow-
up was carried out by an obstetrician – gynecologist 
together with a pulmonary internist. The patient’s high 
adherence to follow-up and treatment was noted.

There were no exacerbations of the disease that 
required ABT prescription. No significant negative trend 
in spirometry parameters and oxygen saturation values 
was noted.

During pregnancy, shortness of breath on exertion, 
most pronounced in the last trimester of pregnancy, 
nausea, and repeated vomiting were common.

During pregnancy, in accordance with the 
recommendations, the patient received: vaginal 
Utrogestan 200 mg 1 time per day, vitamin D 2,000 IU, 
Calcemin Advance 1 capsule per day (500 mg calcium), 
Ursofalk 5 capsules per day in 2 doses, Kreon 10 capsules 
per day in 3 doses, Pulmozyme inhalations 1 time per 
day, Iodomarin 200 mcg / day, Tobramycin inhalation 
(28-day therapy – 28-day break), on-demand Salbutamol 
inhalation.

Weight gain during pregnancy was 9 kg.
The following ultrasound screenings were  

carried out:
1. 12 weeks pregnant (Research Institute of Medical 

Genetics) – no pathology was detected.
2. 19.6 weeks pregnant (Research Institute of Medical 

Genetics) – no pathology was detected.
3. 30 weeks pregnant (Regional Perinatal Center) – 

no pathology was detected.
At 35.2 weeks pregnant, the patient was admitted to 

antenatal hospital unit to resolve the issue of delivery. A 
plan for childbirth was drawn up: high degree of risk (15 
points), estimated fetal weight was 2,600 g +\- 26 g.

Due to the appearance of shortness of breath on 
minimal exertion and the gestational age close to full 
term (35.2 weeks), a decision was made on elective 
operative delivery on 04.30.2020. The patient agreed 
with the strategy. Regional anesthesia with antibiotic 
prophylaxis were planned: Ampicillin + Sulbactam 1.5 
g parenterally, further prescription of ABT according to 
indications.
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On 04.30.2020, elective operative delivery was 
performed. A premature boy was born (weight 2,620 
g, height 49 cm, the Apgar score of 8/8). During 
the operation, delayed umbilical cord clamping was 
performed. Amniotic fluid was light (400 ml). Blood loss 
was 600 ml.

The caesarean section went without technical 
difficulties.

The postoperative period proceeded without 
complications. The new mother was discharged on 
day 13 (delay in discharge due to the condition of the 
child). The newborn was in the Neonatal Intensive 
Care Unit for 7 days and in the Neonatal and Premature 
Infant Pathology Unit for 10 days. Primary diagnosis: 
late preterm baby (35.3 weeks). Postconceptional age 
37.4 weeks. Secondary diagnosis: newborn respiratory 
distress syndrome of moderate severity. Incomplete 
ureteral duplication in the left kidney. Premature infant 
jaundice. Right-sided choroid plexus cyst.

The condition at birth was severe due to respiratory 
disorders. The Silverman Andersen Respiratory Severity 
Score of 4–5 points. Infusion therapy and respiratory 
support were carried out (6 days): nCPAP was performed 
in the delivery room, CPAP with positive dynamics 
and phototherapy were carried out in the intensive care 
unit for newborns (increased jaundice, unconjugated 
hyperbilirubinemia). A positive trend was noted in the 
context of the therapy. The condition at discharge was 
satisfactory. The neurological status corresponded to the 
gestational age.

Bottle-feeding with expressed breast milk. 
Attachment to the breast.

Nasal breathing was free, the pharynx was not 
irritated. The skin was subicteric, pink, and clean. The 
umbilical wound was epithelialized. Breath sounds were 
heard throughout all lung fields, no wheezing was heard. 
Heart sounds were clear and rhythmic. The abdomen 
was soft and not tender on palpation. The liver and 
spleen were not enlarged. Urination. No vaccinations 
were given.

Currently, the child is followed up in the pediatric 
hospital: he develops according to age, no abnormalities 
and developmental delays have been identified.

CONCLUSION
Modern advances in pulmonology, obstetrics, and 

neonatal and anesthetic services have enabled women 
with CF to have successful pregnancies without 
apparent significant impairment of their lung function. 
When considering the use of drugs during pregnancy, 
the known and unknown risks of the effects of drug 
treatment on the fetus must be weighed against the risk 
to the mother’s health resulting from discontinuation of 

therapy. The choice of a method for delivering a baby 
is determined by the state of the mother’s health, and in 
case external respiration deteriorates, a decision can be 
made to perform a caesarean section.

A number of conditions underly a successful 
pregnancy and successful delivery in this clinical case: 
firstly, the patient was diagnosed with CF in childhood, 
she has been followed up by pulmonologists and 
geneticists for her disease for a long time; secondly, the 
patient had no disorders of external respiration at early 
stages of pregnancy and no obstetric and gynecological 
diseases in the past medical history; and, thirdly, the 
coordinated work of specialists (pulmonologists, 
obstetrician – gynecologists, and neonatologists) in 
patient’s management and delivery support.
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On the 70th birthday of Evgeny L. Choynzonov,  
the member of the Russian Academy of Sciences 

Bulletin of Siberian Medicine. 2022; 21 (4): 212–214

On December 14, 2022, Evgeny L. Choynzonov, 
Doctor of Medical Sciences, Professor, Academician of 
the Russian Academy of Sciences, Honored Scientist 
of Russia, Director of the Cancer Research Institute of 
Tomsk NRMC, turned 70 years old.

Evgeny L. Choynzonov is an outstanding Russian 
scientist and a talented organizer who has made a 
significant personal contribution to the development of 
medical science.

Evgeny L. Choynzonov was born in the village of 
Zhargalantuy in the Buryat ASSR. After graduating 
from the General Medicine Department of Tomsk 
Medical Institute in 1976, he entered clinical residency 
at the Otorhinolaryngology Division of the same 
institute.

At the opening of the Siberian branch of the All-
Union Cancer Research Center of the Academy of 
Medical Sciences of the USSR in Tomsk, Evgeny 
L. Choynzonov was offered the position of a junior 
researcher at the Head and Neck Cancer Unit. In 1984, 
he successfully defended his PhD thesis on the topic 
“Treatment of patients with oral cancer and its effect 
on the parameters of the immune system” and was 

promoted to senior researcher. After defending his 
doctoral dissertation in 1995 on the topic “Cancer of the 
upper respiratory and digestive tract (epidemiological, 
immunological, and virological aspects, evaluation 
of the treatment effectiveness)”, he became a leading 
researcher at the same department of the Cancer 
Research Institute. In 2002, he was awarded the 
academic title of Professor of Oncology. Since 2002, 
Evgeny L. Choynzonov has been the Director of the 
Cancer Research Institute of the SB RAMS.

Evgeny L. Choynzonov has outstanding organi- 
zational skills. He is able to determine the prospects 
for the development of modern medical science and is 
engaged in social activities. So, he managed to merge the 
academic institutes of the Tomsk Research Center into 
the current Tomsk National Research Medical Center 
(NRMC) of the Russian Academy of Sciences in order 
to achieve breakthrough scientific results that ensure the 
competitive global position of Russia in biomedicine 
and transfer them into healthcare. Tomsk NRMC, 
the director of which in 2016–2018 was academician 
Evgeny L. Choynzonov, is one of the largest and 
most authoritative medical research institutions in 
Russia, which cooperates with international research 
organizations in the fields as oncology, cardiology, 
pediatric cardiology, medical genetics, pharmacology, 
and psychiatry. 

Academician Evgeny L. Choynzonov makes a great 
contribution to the training of senior biomedical staff. In 
2006, he promoted the establishment of the Oncology 
Division at Siberian State Medical University (SibMed) 
on the basis of the Institute, the head of which he has 
been ever since. Evgeny Choynzonov is the Chairman of 
the Dissertation Committee 24.1.215.02 in the specialty 
“3.1.6. Oncology, Radial Therapy (medical sciences)” 
at the Cancer Research Institute of Tomsk NRMC and 
is a member of the Dissertation Committee 24.1.215.03 
in the specialty “21.5.7. Genetics (Medical Sciences)” 
at the Research Institute of Medical Genetics of Tomsk 
NRMC.

Academician Evgeny L. Choynzonov is the founder 
of the scientific school “Malignant tumors of the head and 
neck. Development of personalized approaches to the 
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implementation of modern treatment and rehabilitation 
methods for patients with malignant neoplasms based 
on the study of clinical, morphological, and molecular 
genetic features of the tumor”. The representatives 
of this scientific school include renowned scientists, 
professors who hold high positions in research, 
educational, and medical institutions, and young 
professionals who mastered modern high-tech methods 
of scientific research and treatment of patients. Under 
his scientific supervision, 16 doctoral and 21 candidate 
dissertations were completed and defended.

Evgeny L. Choynzonov is a recognized leader in 
Russia in the field of treatment and rehabilitation of 
patients with malignant neoplasms of the maxillofacial 
region, which is one of the most difficult groups of 
cancer patients. Back in the 1980s, he began to develop 
a new direction in the rehabilitation of patients with 
head and neck cancers to preserve their quality of life 
and social and labor adaptation. Today the Cancer 
Research Institute is one of the main organizations in 
Russia, providing assistance to patients from all over 
Siberia, the Far East, and the Far North. 

Evgeny L. Choynzonov and his students developed 
methods of reconstructive surgeries using the latest 
achievements in the field of medical materials science 
and additive technologies. New high-tech methods of 
organ-preserving and reconstructive plastic surgical 
interventions using microsurgical equipment and 
biocompatible implants have been developed and 
introduced into clinical practice, which allows to ensure 
high quality of life for patients, their ability to work, 
and successful social adaptation. A unique technology 
was developed for creating artificial individual implants 
with a functionalized surface which could be integrated 
into bones and soft tissues of the body.

The proposed technologies reduce disability rate and 
improve the quality of life of patients and their social 
and labor adaptation, with more than 70% of patients 
being able to live their lives fully. 

Evgeny L. Choynzonov made a huge contribution 
to the development of practical healthcare, providing 
scientific and methodological guidance to medical and 
prevention institutions of the Siberian Federal District 
on oncology issues and actively introducing advanced 
scientific developments into the practical healthcare 
in the region. He is a highly qualified specialist in 
oncosurgery and has been recognized as the leading 
professional in Russia in the treatment of socially 
sensitive tumors with complex localization. He is an 
actively operating oncologist of the highest category. 
He has conducted about 3,000 surgical interventions. 
Evgeny L. Choynzonov performs the most complex 

operations, and patients with the most severe course of 
cancer are treated under his personal supervision.

He introduced into clinical practice unique surgical 
interventions using simultaneous replacement of 
postoperative defects with endoprostheses made 
of porous titanium nickelide and microsurgical 
autotransplantation of tissues, which eliminates the 
need for repeated surgery. He has developed and 
implemented new approaches to the treatment of 
thyroid, parotid gland, nasal and paranasal sinus cancer 
based on organ-preserving operations in combination 
with intraoperative electronic and remote neutron 
therapy. 

Having worked in this field for many years, 
Evgeny L. Choynzonov published 27 monographs, 
1 manual for doctors, 1 methodological manual, and 
7 clinical guidelines. He obtained 53 Russian patents 
for inventions, 25 certificates of state registration of 
software products, 5 license agreements granting the 
right to use patents, which proves the high priority of 
his research. He is the author of more than 1,000 printed 
works, about 350 Russian and foreign articles indexed 
in the Russian and foreign citation databases of the 
RSCI, Scopus, and Web of Science. 

Being one of the leading oncologists in Russia, 
Evgeny L. Choynzonov actively participates in the 
publishing of many Russian and foreign scientific 
journals. He is the editor-in-chief of “Siberian Journal 
of Oncology”, a member of the editorial board of 
the journals: “P.A. Herzen Journal of Oncology”, 
“Problems in Oncology,” “Oncosurgery”, “Head and 
Neck Tumors”, “Siberian Scientific Medical Journal”, 
“The Siberian Journal of Clinical and Experimental 
Medicine”; member of the editorial board of the journals 
“Annals of Oncology. New Approaches in Oncology”, 
“Bone and Soft Tissue Sarcomas, Tumors of the 
Skin”, “Head and Neck Journal”, “Eurasian Journal of 
Oncology”, “Journal of Oncology”, “Creative Surgery 
and Oncology”, “The Territory of Intelligence”, and 
“CA: A Cancer Journal for Clinicians. Russian Edition”.

Academician Evgeny L. Choynzonov is a member 
of the Presidium of the Russian Academy of Sciences, 
a member of the Council of the Russian Academy 
of Sciences on Evolutionary Medicine and Medical 
Heritage, an expert of the Russian Academy of 
Sciences, a member of the Presidium of the Association 
of Oncologists of Russia, the Council on the priority 
scientific and technological development of the Russian 
Federation “Transition to personalized medicine, 
high-tech healthcare, and health-saving technologies, 
including through the rational use of drugs, primarily 
antibacterial drugs”, Deputy Chairman of the task group 
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“Head and Neck Cancers” of the Scientific Council 
on Malignant Neoplasms of the Russian Federation, 
Chairman of the task group “Oncology” of the 
Scientific Council on Medical Problems of Siberia, the 
Far East and the Far North of the Russian Federation; 
member of the commission under the Governor of 
Tomsk region for monitoring the achievement of goals 
in socioeconomic development in the Tomsk region, 
determined by the President of the Russian Federation; 
chief freelance oncologist of the Siberian Federal 
District, Chairman of the Tomsk Regional Society of 
Oncologists, representative of the Russian Federation 
in the International Federation of Head and Neck 
Oncology Specialists (IFHNOS, USA) and the Eurasian 
Community of Specialists in Head and Neck Tumors; 
he is a member of the Coordinating Council (Board of 
Directors) and Academic Council of Tomsk NRMC; 
the Chairman of the Academic Council of the Cancer 
Research Institute of Oncology of Tomsk NRMC.

Under the leadership of academician Evgeny L. 
Choynzonov, the following works and research were 
successfully completed: 10 projects within federal 
targeted programs (2006–2007, 2010–2012, 2016), 6 
grants of the Russian Foundation for Basic Research 
(2008–2015), the integration project of Siberian Branch 
of the Russian Academy of Medical Sciences (2006–
2007), the grant of the Tomsk City Administration 
(2008), 3 major grants of the Russian Science Foundation 
(2016–2018, 2019–2021, 2022–2024), a project 
within the federal targeted program “Development of 
Pharmaceutical and Medical Industry of the Russian 
Federation up to 2020 and beyond” (2017–2019), 2 
projects within the federal targeted program “Research 
and Development in Priority Areas of Development of 
the Scientific and Technological Complex of Russia in 
2014–2020” (2017–2019, 2019–2020).

The long-term research, organizational, and 
pedagogical activity of Evgeny L. Choynzonov has been 
highly appreciated and recognized. He was awarded the 
title of “Honored Scientist of the Russian Federation”. 
In 2021, Evgeny L. Choynzonov and a group of authors 
won the State Prize of the Russian Federation in the field 
of science and technology for 2020 for the creation of 
a fundamental interdisciplinary biomedical approach to 
the treatment, reconstruction, and rehabilitation of head 
and neck cancers. He won the Tomsk Region Prize in 
education, science, health, and culture (2012). Evgeny 
L. Choynzonov was awarded the medal of the Order 
“For Merit to the Fatherland” II class  (2015), the badge 
“Excellent Health Worker” (2004), the jubilee medal 
“400 Years of Tomsk” (2004), the Certificate of Honor 

of the State Duma of the Tomsk Region (2004), the R. 
Virkhov Medal of Honor (2005), the Certificate of Honor 
of the Trade Union of Health Workers of the Russian 
Federation (2009), the medal “For Merit to Siberian 
State Medical University” (2011), the Certificate of 
Commendation of the Department of Healthcare of 
the Tomsk Region (2011), the Certificate of Honor 
of the Tomsk Region (2012), the Certificate of Honor 
of the Russian Academy of Medical Sciences (2012), 
the silver badge “Coat of Arms of the Tomsk Region” 
(2012), the Honorary Silver Order “Public Recognition” 
(2012), the badge of the Federation of Independent 
Trade Unions of Russia “For the Fellowship” (2012), 
the medal “For Achievements” (2014), the Certificate 
of Honor of the Tomsk City Administration (2014), the 
jubilee medal “120 Years of TPU” (2016), the honorary 
title “Honored Veteran of the Siberian Branch of the 
Russian Academy of Sciences” (2017), the badge of 
merit of the Federal Agency of Research Organizations 
of Russia “For Merits in the Development of Science” 
(2017), the badge of honor “Pride of Tomsk” (2017), the 
badge of merit “For Merit to the Tomsk Region” (2017), 
the Certificate of Honor of the Federation Council 
of the Federal Assembly of the Russian Federation 
(2017), the diploma of the Tomsk City Chamber of the 
Public (2017), the Certificate of Honor of the Federal 
Agency of Research Organizations of Russia (2018), 
the commemorative jubilee sign “Legislative Duma 
of the Tomsk Region: 25 Years” (2019), the jubilee 
badge “75 years of the Tomsk Region” (2019). Evgeny 
L. Choynzonov was listed in the Book of Honor of the 
Federation of Trade Union Organizations of the Tomsk 
Region (2013); awarded the title of chevalier of the 
golden badge of honor “Heritage of Siberia” (2016) 
and the title “Honorary Professor of Siberian State 
Medical University” (2017). He received the Certificate 
of Commendation from the President of the Russian 
Federation, the Certificates of Commendation from the 
Head of the People’s headquarters of public support for 
the presidential candidate of the Russian Federation and 
the plenipotentiary representative of the President of 
the Russian Federation in the Siberian Federal District 
(2012), and the Certificate of Commendation of the 
Council of Rectors of Universities of the Tomsk Region 
(2019). Evgeny L. Choynzonov was awarded the medal 
“For Outstanding Achievements in Oncology” named 
after the founder of Russian oncology, Professor  
N.N. Petrov (2021), and the medal named after 
P.A. Herzen for outstanding achievements in the 
development of oncology (2022). He was awarded the 
title of Honorary Citizen of the Tomsk Region (2022).
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