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ABSTRACT

The data on the protective properties of the Prunella grandiflora L. extract were obtained when used together 
with the anticancer drug etoposide on the experimental strain of Drosophila melanogaster. The combined use 
of etoposide and 10% extract of P. grandiflora decreased mortality in D. melanogaster individuals to 15% and 
doubled the average individual fertility compared to the use of this cytostatic drug without the extract. Using the 
SMART method, the presence of the antigenotoxic effect was identified, which manifests itself through the absence 
of chromosomal aberrations.
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РЕЗЮМЕ

Получены данные о протекторных свойствах экстракта Prunella grandiflora L. (черноголовка крупноцвет-
ковая) при совместном его использовании с противораковым препаратом «Этопозид» на эксперименталь-
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INTRODUCTION
Due to the high prevalence of cancer in the human 

population, the search for medicinal drugs, protectors, 
and adaptogens is an extremely important area of   re-
search. Cytostatics used in chemotherapy are charac-
terized by the presence of both the main (antitumor) 
effect and many side effects, in particular, general 
toxic and genotoxic ones. To reduce side effects, var-
ious protectors are being studied, most of which are 
extracts from medicinal plants with a complex of var-
ious components [1]. 

When using an extract from medicinal plants as 
a protector, it is important to establish whether it it-
self has any toxic and genotoxic effect. In this regard, 
it is necessary to analyze the extract separately and 
together with a cytostatic drug. The use of medicinal 
plant extracts is widespread, a lot of such studies are 
carried out in India, China, and other countries where 
traditional medicine is common [2–4]. However, the 
search for protectors based on raw plant materials 
grown in Russia is relevant.

In this aspect, plants of the genus Prunella L. 
growing in the Ural Region are of considerable inter-
est. The genus Prunella belongs to the family Lamia-
ceae Juss. which representatives have high biological 
activity and can be used to obtain valuable medicinal 
raw materials. Prunella vulgaris L. (common self-he-
al) is an official medicinal plant in Chinese medicine 
[5]. The extract from the aerial parts of P. vulgaris has 
antioxidant [6, 7], anti-inflammatory, antibacterial, 
antifungal [8, 9], and antitumor properties [10]. 

To prove these data, an article appeared in 2019 
showing that P. vulgaris root extract inhibits in vi-

ной линии животных Drosophila melanogaster. При совместном применении этопозида и 10%-го экстракта 
P. grandiflora показано снижение летальности у особей D. melanogaster до 15% и увеличение средней ин-
дивидуальной плодовитости в два раза в сравнении с использованием данного цитостатика без экстракта. 
Методом SMART установлено наличие антигенотоксического эффекта, который проявляется в отсутствии 
хромосомных аберраций. 

Ключевые слова: лекарственные растения, антигенотоксический эффект, Drosophila melanogaster, про-
текторные свойства, этопозид, SMART.
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tro and in vivo carcinogenesis in human breast car-
cinoma cells [11]. In Russia, P. vulgaris is still not 
a pharmacopoeial species, but in recent years it has 
been mentioned in the literature as a plant produc-
ing the most important classes of biologically active 
substances (BAS) [12–14] and has been studied as a 
component in pharmaceutical preparations [15]. Me-
dicinal properties of Prunella grandiflora (L.) Schol-
ler (large-flowered self-heal) are poorly studied, its 
extract shows antifungal and antibacterial properties 
and has biological activity during hypoxia [16, 17]. 
However, according to our assumptions, the P. gran-
diflora extract may show protective properties against 
anticancer drugs, as some peculiar features were re-
vealed in the content of the main groups of BAS. 

In particular, rosmarinic acid (70–89%) was found 
to dominate among the phenolcarboxylic acids in P. 
grandiflora. It was observed that, regardless of the 
harvest year, the content of rosmarinic acid was higher 
in P. grandiflora than in P. vulgaris [12, 18]. Rosma-
rinic acid has antitumor, antiproliferative [19], and an-
ticyclooxygenase activity [20] and can protect against 
cancer and radiation sickness [21]. Thereafter, the aim 
of the study was to identify the protective properties 
of P. grandiflora in relation to the toxic and genotoxic 
effects of etoposide.

MATERIALS AND METHODS
The P. grandiflora herb was collected in the flow-

ering phase in the Krasnoufimsk district of the Sverd-
lovsk region to the north of the Mariyskiy Ust-Mash 
village, on the Mokraya Mountain (N 56°09’22.0’’, 
E 058°32’19.6’’) in 2018. The plants were dried in 

Бюллетень сибирской медицины. 2021; 20 (2): 7–11
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well-ventilated rooms. The dried raw material was 
ground to the size of particles passing through a 1mm 
sieve. A weighed portion of large-flowered self-heal 
in the amount of 0.8 g was extracted in 10ml of 70% 
alcohol for 24 hours. Then, 2.4 ml of 10% extract was 
added to 17.6 ml of nutrient medium. Ethyl alcohol 
(70%) was added to the nutrient medium in the 10 : 90 
ratio, respectively, or 2.4 ml of ethyl alcohol per  
17.6 ml of the nutrient medium.

We used a 20 mg / ml solution of etoposide for in-
jections (Vero-pharm Ebave, Russia) at the concentra-
tion of 800 μg / kg of the nutrient medium. The chosen 
concentration of the cytostatic agent demonstrated a 
pronounced genotoxic effect [22]. The Oregon R labo-
ratory line was used to assess the viability and overall 
mortality. For crossing, individuals were selected that 
were grown under the standard laboratory conditions 
at the temperature of 24 °C, with moderate humidity 
and light, in the nutrient medium containing 250 ml 
distilled water, 25 g glucose, 25 g yeast, and 2 g agar. 
For the study, the D. melanogaster species were used 
that eclosed from the puparium within no later than 6 
hours (virgin females). To evaluate fertility, 25 indi-
vidual pairs were placed in 25 test-tubes with a hollow 
lid, filled with agar medium and covered with yeast. 

The laid eggs (F1) were collected daily from the 
surface of the lids using a dissecting needle and placed 
on Petri dishes with an agar layer for further develop-
ment. From the total number of eggs laid per day, the 
percentage of eggs that did not develop at the early 
stage (< 6 hours, white color) and at the late stage  
(> 6 hours, brown color) was calculated. To deter-
mine the mortality rate of the larvae in the parental 
generation of D. melanogaster, they were grown 
on the nutrient media with the extract, etoposide or 
the extract and etoposide combined in the amount 
of 300 individuals each. The overall mortality was 
determined by the number of individuals that died 
at the larval and pupal stages. At the larval stage, 
the difference between the number of individuals 
placed on the nutrient medium and the number of 
puparia was determined, which indicates death of 
unpupated larvae. Lethality at the pupal stage was 
identified by the presence of filled puparia in the  
sample, which indicates death of individuals within 
the puparium. 

The genotoxic effect was determined using the 
SMART (Somatic Mutation And Recombination Test) 
technology. For this, females from the yellow mutant 
line (yellow body color, the yellow gene located on 
the X chromosome) were crossed with males from 

the white singed 3 mutant line (white eyes and singed 
bristles on the body, the genes are also located on the 
X chromosome), placing them on the test medium for 
72 hours. After 72 hours, the parental generation of 
the flies was removed, and hybrid offspring (F1) de-
veloped from the eggs they laid. Hybrid females of 
the wild phenotype (brown and gray body, straight 
bristles, red eyes) were used for the analysis, since the 
males had the yellow phenotype inherited from mater-
nal individuals following the criss-cross phenomenon. 
The bristles on the female bodies were examined, and 
the number of bristles that were not typical of the nor-
mal phenotype in color and shape were noted, namely, 
yellow and / or singed ones. The area containing such 
bristles was recorded in the table as a single spot “y” 
(yellow) or “sn” (singed), or a double spot “y sn”. Sta-
tistical analysis was performed using  Statistica (data 
analysis software system) v. 8.0., Serial Number: JP-
Z803I371720ARCN-6, StatSoft, Inc. When compa- 
ring and analyzing the samples, the Mann – Whitney 
test and the сhi-square test with Yates’ correction 
were used.

RESULTS AND DISCUSSION
To determine the general toxic effect, two para- 

meters were used: determination of the overall mor-
tality of D. melanogaster species and their average 
individual fertility. The assessment of survival and 
mortality rates was carried out in three groups of the 
D. melanogaster species receiving the extract and 
etoposide separately or together during the entire 
period of development. After 10 days, the survival 
rate of the D. melanogaster individuals in the group 
grown on the nutrient medium containing the 10% 
Prunella grandiflora extract and etoposide was 72% 
(Fig. 1). 

Figure 1 shows that the combined use of etopo-
side and the extract reduced the mortality rate by 20% 
compared to the control group and by 15% compared 
to the group receiving the cytostatic drug without the 
extract. When the P. grandiflora extract alone was 
added to the nutrient medium, no decrease in the mor-
tality rate was found as opposed to the controls. Un-
der the effect of 70% alcohol, the mortality rate was 
36.33%. Thus, this concentration of alcohol does not 
have a pronounced general toxic effect and is suitable 
as an extract base. Consequently, the analysis of the 
overall mortality of individuals grown on the nutri-
ent medium containing the 10% extract of Prunella 
grandiflora L. and etoposide showed a positive effect 
on their survival.

Bulletin of Siberian Medicine. 2021; 20 (2): 7–11
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The parameters of viability of the Oregon-R line 
were assessed, such as the average individual fertility 
(AIF), and the frequency of early and late lethality of 
the offspring at the embryonic stage (up to 6 hours of 
development – early embryonic lethality (EEL), after –  
late embryonic lethality (LEL)). Figure 2 demon-
strates the improvement in fertility rates when etopo-
side and the extract were used together and when the 
extract was used alone.

when receiving etoposide, the AIF was 9.03; when 
the cytostatic and the extract were combined, it went 
up to 18.27. In addition, the comparative charac-
teristics of AIF in the studied flies showed that the  
maximum number of laid eggs was recorded when 
the extract was used with etoposide. Therefore, the 
extract neutralizes the toxic effect on fertility poten-
tial. However, such pronounced effect does not apply 
to the mortality rate of the offspring at the embryonic 
stage. Perhaps this is explained by the short duration 
of the positive effect of the extract for changing the 
lethality index F1. It should be noted that the results 
of AIF obtained using 70% alcohol, which is the base 
of the extract, are comparable to those obtained using 
etoposide.

The genotoxic effect of etoposide was also ana-
lyzed using SMART lines. An increase in the frequen-
cy of mutations and recombinations with a rise in the 
concentration in the nutrient medium was observed 
(Table).  Table 1 shows that the extract itself does 
not change the frequency of mutations and recombi-
nations, thus, it does not show genotoxic properties, 
while etoposide has a clear genotoxic effect, which 
complies with the results of other studies [23].

The genotoxicity of 70% alcohol manifests itself in 
the form of single singed spots, and therefore, it can be 
assumed that its action specifically damages the chro-
mosome in the periventricular region. The absence 
of females with yellow spots allows to suppose that 
the eliminated chromosome region was not exposed 
to the active effect of alcohol. At the same time, the 
chi-square value in the experimental group receiving 
etoposide 400 μg / kg, as opposed to the controls, was 
close to the critical one. 

Бюллетень сибирской медицины. 2021; 20 (2): 7–11

Fig. 1. The overall lethality of individuals of the Oregon-R line of Drosophila melanogaster, grown on the nutrient medium with 
addition of various components: * values that significantly differ from the corresponding parameters in the control group,  p < 0.001 

(chi-square test)
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Fig. 2. Average individual fertility of the Oregon-R line of Drosophila melanogaster grown on the 

nutrient medium with addition of various tested substances: * values that significantly differ from the 

corresponding parameters in the control group, p < 0.05 (Mann – Whitney test). 
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In addition, when using etoposide at the concentra-
tion of 800 µg / kg of nutrient medium, a large num-
ber of non-characteristic mutant recessive phenotypes 
was recorded that resulted from the pseudodominance 
phenomenon, which indirectly demonstrates the effect 
of this cytostatic agent on the frequency of chromo-
somal aberrations. According to A.N. Sortibran et al., 
an increase in chromosomal rearrangements does in-
deed take place [24]. 

When the extract and etoposide were used toge- 
ther, no change was found in the genotoxic properties 
of etoposide in relation to the frequency of spot occur-
rence, however, the antigenotoxic effect was recorded 
in relation to the frequency of chromosomal aberra-
tions. Therefore, it can be asserted that the extract is 
selective for the genotoxic properties of etoposide. 
Since extracts of other medicinal plants were used 
both in high and low concentrations for the mani-
festation of antigenotoxic properties [25], it seems 
reasonable to test this hypothesis with respect to the  
P. grandiflora extract used in this study.

CONCLUSION
The discovery of a positive effect of the 10%  

P. grandiflora extract on antigenotoxicity, overall 
lethality, and viability of the Oregon-R D. melano-
gaster individuals exposed to etoposide and the ex-
tract makes further testing of this extract reasonable. 
The data obtained allow to consider the possibility of  
using the P. grandiflora extract as a component in the 
diet of patients undergoing certain therapeutic treat-
ment. 
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Medical Center for Remote Monitoring of COVID-19 patients: organization 
experience and efficiency assessment
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ABSTRACT

Aim. To summarize the experience of organizing and evaluating the efficiency of the Medical Center for Remote 
Monitoring of patients with COVID-19 and community-acquired pneumonia in Tomsk.

Materials and methods. The project of the Medical Center for Remote Monitoring was developed on the basis of 
data from theoretical and empirical analyses of the current state of the healthcare system in the Tomsk region and 
the epidemiological situation with regard to COVID-19. The Center efficiency was assessed based on the analysis 
of quantitative and time indicators of the load on the emergency medical service and outpatient service. Statistical 
processing of the results was carried out using the Statistica 12.0 software package.

Results. On October 20, 2020, in Tomsk, on the premises of the Emergency Medical Unit,, a Medical Center for 
Remote Monitoring was established. It was aimed at providing remote consultations for patients with COVID-19 
and community-acquired pneumonia. According to its algorithm, operators of the Center assessed a patient’s 
condition on a point scale using standardized speech modules to make a decision on the tactics of their support. 
During the second wave of COVID-19, when the Center operated, a statistically significant decrease in the load 
on the ambulance service (average number of calls per day, average waiting time for all calls and coronavirus-
related calls) as well as on the outpatient service (average number of house calls per day, including calls for acute 
respiratory diseases) was registered.

Conclusion. The work of the Medical Center for Remote Monitoring based on the described model is associated 
with a decrease in the load on the healthcare system in an unfavorable epidemiological situation due to high 
COVID-19 incidence. This experience can be spread to other regions of Russia and adapted for other categories 
of citizens.

Key words: telemedicine technologies, remote monitoring, new coronavirus infection, COVID-19, lean 
technologies, effectiveness, emergency medical care, outpatient service.
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Медицинский центр удаленного мониторинга пациентов с COVID-19:  
опыт организации и оценка эффективности

Бойков В.А.1, Барановская С.В.1, Деев И.А.1, Тарануха Е.В.2, Шибалков И.П.1,  
Бабешина М.А.3

1 Сибирский государственный медицинский университет (CибГМУ) 
Россия, 634050, г. Томск, Московский тракт, 2
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РЕЗЮМЕ

Цель. Обобщение опыта организации и оценка эффективности деятельности Медицинского центра 
удаленного мониторинга (далее Центр) для пациентов с COVID-19 и внебольничными пневмониями в 
г. Томске.

Материалы и методы. Разработка проекта Центра осуществлялась на основе данных теоретического 
и эмпирического анализа текущего состояния системы здравоохранения Томской области и 
эпидемиологической ситуации по COVID-19. Эффективность деятельности подразделения оценивалась 
по результатам анализа количественных и временных показателей нагрузки на систему оказания скорой 
медицинской помощи и амбулаторно-поликлиническую службу. Статистическая обработка результатов 
проводилась с помощью пакета прикладных программ Statistica 12.0.

Результаты. В г. Томске на базе ОГАУЗ «Станция скорой медицинской помощи» 20.10.2020 организован 
Центр, алгоритмом работы которого предусмотрена оценка операторами состояния пациента по балльной 
шкале с использованием стандартизованных речевых модулей для принятия решения о тактике его 
сопровождения. На фоне работы подразделения в период «второй волны» COVID-19 зарегистрировано 
статистически значимое снижение уровня показателей нагрузки на систему оказания скорой медицинской 
помощи (среднее количество обращений в сутки, среднее время ожидания по всем вызовам и вызовам, 
связанными с COVID-19, и амбулаторно-поликлиническую службу (среднее количество вызовов на дом в 
сутки, в том числе по поводу острых респираторных заболеваний).

Заключение. Работа Центра по представленной модели ассоциирована со снижением нагрузки на систему 
здравоохранения в период неблагоприятной эпидемиологической ситуации по CОVID-19. Данный опыт 
может быть распространен на другие регионы России и адаптирован под иные категории граждан.

Ключевые слова: телемедицинские технологии, удаленный мониторинг, новая коронавирусная инфекция, 
COVID-19, бережливые технологии, эффективность, скорая медицинская помощь, амбулаторно-поликли-
ническая служба.
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INTRODUCTION

Active implementation of telemedicine has been 
one of the significant global trends in healthcare de-
velopment in recent years. The new coronavirus 
(COVID-19) pandemic has given a new impetus to the 
use of remote technologies in the field of health pro-
tection, which came to be seen not only as an auxiliary 
tool to reduce financial and time costs of medical care 
provision and increase its accessibility for residents of 
remote areas, but also as an integral part of compre-
hensive measures to combat COVID-19, contributing 
to social distancing and prevention of cross-infection, 
reducing the load on the healthcare system, and saving 
personal protective equipment [1–3].

An all-round revision of organizational approaches 
to medical care delivery, involving the expansion of 
existing and the launch of new telemedicine programs, 
affected the primary healthcare system, the system of 
specialty care, and the work of palliative care insti-
tutions. One of the examples may be experience of 
Toronto Cardiac Clinic (Canada), where an expanded 
remote monitoring program for heart failure patients 
was launched in March of 2020. It intended to replace 
the majority of face-to-face meetings with a doctor 
with video conversations or phone calls and to use the 
Medly mobile application for remote clinical support 
[4]. Other examples include restructuring of the tele-
medicine program at the Federico II University Hos-
pital of Naples (Italy), where 75% of outpatient visits 
of patients with chronic liver diseases were replaced 
with remote appointments during the lockdown [5], 
and provision of online antenatal care in China [6].

In the context of the pandemic, the care for 
COVID-19 patients has become an independent field 
of application of remote monitoring technologies. 
However, insufficient knowledge about the clinical 
and epidemiological aspects of COVID-19, nonexis-
tence of procedures for handling such patients remote-
ly and apparent resource constraints have set a chal-
lenging task for public health officials – to develop 
effective solutions from scratch by trial and error. In 
the absence of clear regulation, the implemented ac-
tivities differed significantly with respect to the groups 
of patients, the tools used, and the categories of med-
ical professionals involved. These activities encom-
passed opening telemedicine centers for COVID-19 
treatment and consulting patients with negative PCR 
test results [7], COVID-19 virtual monitoring cli- 
nics for obstetric patients [8]; organizing of centra- 
lized hotlines for screening of patients with suspected 

COVID-19 [9]; setting up telerehabilitation units for 
patients who have had this infection [10].

 Now Russia has already gained significant ex-
perience in using remote technologies to combat 
COVID-19. At the beginning of the pandemic, ac-
cording to the requirements specified in the Order of 
the Ministry of Health of the Russian Federation “On 
the temporary procedure for organizing the work of 
medical organizations in order to implement measures 
to prevent and reduce the risks of spread of the new 
coronavirus infection COVID-19”, which is a key in-
dustry document governing medical care delivery in 
the conditions of the COVID- 19 spread [11], remote 
consultation centers for anesthesiology and resusci-
tation were established for adults and children. They  
operated in the doctor-doctor format both at the  
federal and regional levels.

It is worth noting that until November 23, 2020, 
this order did not regulate the issues of remote me- 
dical care delivery directly to patients with the new 
coronavirus infection, i.e. in the doctor-patient for-
mat. For this reason, relevant units were established 
in the regions and functions were assigned to them 
taking into account solely regional specifics, such as 
resource constraints; the existing experience in using 
remote monitoring technologies and the general level 
of computerization of the industry; the existing system 
of interaction between healthcare organizations and 
laboratories, territorial bodies of the Russian Federal 
Service for Surveillance on Consumer Rights Protec-
tion and Human Well-Being (Rospotrebnadzor), and 
the Statutory Health Insurance Fund, etc.

Taking into account the ongoing pandemic and 
the risks of such epidemiological threats in the future, 
the analysis of unique regional practices and foreign 
experience of using remote monitoring technologies 
for COVID-19 patients seems to be a relevant area of 
research, the results of which can serve as the basis 
for development of appropriate guidelines and opera- 
ting procedures both at regional and federal levels. 
The Tomsk region was one of the first to organize 
centralized remote care for this category of patients.

The aim of this article was to summarize the ex-
perience of organizing a Medical Center for Remote 
Monitoring of patients with COVID-19 and commu-
nity-acquired pneumonia on the territory of Tomsk 
and assess its effectiveness.

MATERIALS AND METHODS
The information base used for the development 

of the basic provisions for the Medical Center for 
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Remote Monitoring of patients with COVID-19 and 
community-acquired pneumonia (hereinafter referred 
to as the Center) encompassed the data derived from 
theoretical and empirical analyses of the current state 
of the healthcare system in the Tomsk region and the 
existing epidemiological situation regarding the new 
coronavirus infection COVID-19.

The population of the Tomsk region as of 
01.01.2020 accounted for 1,079,271 people, of which 
597,819 people reside in Tomsk. At the time of the 
project launch, there were 72 state healthcare organi-
zations in the region (69 of them were regionally go- 
verned), including 53 institutions in the city of Tomsk 
(50 of them were regionally governed). The capacity 
of outpatient organizations accounted for 16,816 vi- 
sits per shift, the bed / population ratio was 85.4 per 
10,000 people. In accordance with the requirements 
specified in the Order of the Ministry of Health of 
the Russian Federation “On the temporary procedure 
for organizing the work of medical organizations in 
order to implement measures to prevent and reduce 
the risks of spread of the new coronavirus infection 
COVID-19” and regional enactments approved on its 
basis in the Tomsk region, all the necessary measures 
were taken to adapt the medical infrastructure to the 
pandemic (re-profiling of hospitals, allocation of re-
spiratory emergency medical teams (EMT) and indi-

vidual medical workers in outpatient organizations to 
provide medical care for patients with symptoms of 
acute viral respiratory infections (AVRI)). 

To assess the epidemiological situation regarding 
COVID-19, the research used data from “stopcoro-
navirus.rf”, an official Internet resource designed to 
inform the population about the coronavirus infec-
tion (COVID-19). Effectiveness of the Center was as-
sessed by analyzing quantitative performance indica-
tors as well as by studying the dynamics in indicators 
of the load on the EMT and outpatient service.

Indicators were monitored in the period from 
01.07.2020 to 19.01.2021 based on the operational 
data of the Healthcare Department of the Tomsk Re-
gion (HDTR) and subordinate healthcare institutions. 
Statistical processing of the research results was car-
ried out using the Statistica 12.0 software package. 
Data are presented as the median and the interquartile 
range Ме (Q1; Q3).

RESULTS
To assess the potential load on the healthcare sys-

tem associated with the progression of the COVID-19 
pandemic, we analyzed average monthly values of a 
daily increase in confirmed cases of the new corona-
virus infection in the Tomsk region in the period from 
July 2020 to January 2021 (Fig. 1).

The time trend of this parameter was characte- 
rized by rather low values in the summer months, an 
increase in September 2020 and a drastic increase in 
October 2020. The maximum values of the indicator 
were recorded in November 2020, after which the 
trend curve began to decline. All changes between 
the average levels of the time series were significant 
in contrast to the previous period (p < 0.0001). It is 
worth noting that, despite a significant decrease in the 
average number of infected people per day in Decem-

ber 2020 against November 2020, the December level 
remained significantly higher than the October one  
(p < 0.0001), i.e. in the first months after the opening, 
the Center operated in a worsening epidemiological 
situation regarding COVID-19, under the conditions 
of the so-called second wave of the new coronavirus 
infection.

For the Tomsk region and for most regions, the in-
tensity of the second wave of COVID-19 jeopardized 
the stability of the healthcare system. Almost all areas 
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of work with citizens were on the verge of destabi-
lization, from information support (HDTR regional 
hotline for AVRI, influenza, and the coronavirus in-
fection operating in the region experienced serious 
overloads) to the emergency medical care delivery. 

Despite the taken measures involving the en-
gagement of medical workers and deployment of 
additional capacities to provide care for people with 
COVID-19, a drastic increase in the number of affect-
ed people provoked an obvious shortage of resour- 
ces, which was determined by a rise in the number 
of COVID-19 cases among medical workers and their 
sickness leaves. The situation was aggravated by in-
creased panic among the population due to the inabil-
ity to reach medical organizations and increased wai- 
ting time for a doctor and EMT. Moreover, while in 
the districts of the Tomsk region, the problems were 
less pronounced due to the small size and low density 
of the population, in the regional center, the situation 
was critical and required immediate decisions, one of 
which was the establishment of the Center.

By the decision of the operational headquarters, 
the project for the establishment of the Center was de-
veloped urgently. The algorithm of work of the Center 
was approved by the order of the HDTR of 19.10.2020 
No. 1085 “On the organization of work of the Medical 
Center for Remote Monitoring”. The Center was set 
up on the premises of the Emergency Medical Unit 
(EMU) and started functioning on 20.10.2020.

The organizational structure of the Center included 
the Director, operators (graduate students of the medi-
cal university and resident doctors who performed the 
main scope of work on remote consulting of patients), 
and chief on-call doctors (mainly specialists over 65 
years old as well as those with contraindications for 
working directly in medical organizations, whose 
main task was to provide methodological support for 
operators and advice for citizens who inquired about 
treatment issues, for example, to explain doctor’s pre-
scriptions, etc.). Everyone employed in the Center 
underwent advanced training in provision of medical 
care for COVID-19 patients at Siberian State Medi-
cal University in the amount of 36 hours. Based on 
the results of the first month of the Center’s operation, 
the functionality of senior operators was added. Their 
duties included advising ordinary operators in case of 
difficulties, induction training of new employees, and 
writing internal reports on the activities of the unit.

The main task of the Center was to provide remote 
consultations for patients with COVID-19 and com-
munity-acquired pneumonia, who were already put 

under observation on an outpatient basis or in a day 
care hospital. It was done in order to reduce the load 
on polyclinics and EMT and to make resources avai- 
lable to serve patients in need of initial medical ex-
amination. Patients were informed about the activities 
of the Center by means of specially designed leaflets, 
containing contact information, reasons for contacting 
the Center, and advice on preparing for a remote con-
sultation, as well as via the media and social networks.

The key reasons for contacting the Center included: 
deterioration of a patient’s condition; the emergence 
of symptoms in asymptomatic patients; lack of face-
to-face or remote monitoring of the patient’s condi-
tion by a healthcare organization in which the patient 
was kept under observation. The internal processes 
of the Center were organized using lean management  
methods and tools, such as work standardization, visu-
alization, and value stream mapping.

It is worth noting that the work of the operators 
was carried out in the medical information system of 
the Tomsk region (MIS TR): patient identification, 
creation of a medical record for the provided service 
“Consultation of the operator of the Medical Center 
for Remote Monitoring”, which was also available to 
a doctor who followed up on a patient in the outpatient 
setting. That ensured the continuity of information  
between the Center and outpatient clinics. 

Operation of the Center in a test format (the first 
week) proceeded during the daytime with a subsequent 
switch to a round-the-clock service. The main task of 
the operator was to assess the patient’s condition in or-
der to make a decision on further patient management 
tactics. The project team members developed speech 
modules for adults and children, that included grading 
of the severity of the patient’s condition based on their 
inclusion in risk groups, complaints, and a number of 
objective parameters available for measurement by 
the patient independently (blood pressure level, res-
piration and heart rate, glucose meter readings in pa-
tients with diabetes mellitus, etc.).

So, with a total score of less than 7, the patient’s 
condition was assessed as stable, and oral recommen-
dations were given regarding continuation of the pre-
scribed treatment. If there were questions not related 
to the clinical aspects of the patient’s condition, for 
example, the need to obtain reference information on 
the rules of self-isolation, working hours of health-
care facilities in high alert mode, etc., the patient’s 
call was forwarded to the HDTR hotline for AVRI, 
influenza, and coronavirus infection for information-
al support.
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With a total score of 7–14, the patient manage-
ment tactics involved transfer of the appeal to an out-
patient clinic in order to organize a personal doctor’s 
visit. The appeal was transferred by an operator in 
the medical information system of the Tomsk region 
(MIS TR). For this purpose, each polyclinic set up 
“virtual respiratory rooms” and appointed employees 
responsible for handling the transferred calls. During 
the period of the maximum incidence rate (from No-
vember 23, 2020), these appeals, according to the ap-
propriate agreement, were transferred by the Center 
to the emergency medical service of a private orga-

nization (Medika–Tomsk LLC) and processed within 
two hours.

A total score of 15–26 in adults and 15–30 in chil-
dren required transfer of the appeal to the EMU to 
organize a visit of the EMT and provide emergency 
medical care. 

Regardless of the patient management option, the 
patient was informed about the need to contact the 
Center in case of deterioration of the general condition 
and if they had additional questions.

The general scheme of the Center’s operation is 
shown in Fig. 2.

The control over the appeals transferred to out-
patient clinics and EMU was carried out on a dai-
ly basis by a senior on-call doctor in the Center in 
the MIS TR. For each unhandled call, the opera-
tor made an outgoing call to the patient in order to  
clarify the severity of their condition and make a 
decision on patient management tactics in accor-
dance with the above-described scoring system. The 
Director of the Center daily carried out a summary 
analysis of its performance and sent this informa-
tion to the HDTR and the operational headquarters 
of the Tomsk region to ensure the ability to quickly 
respond to emerging problems and develop propo- 
sals for further improvement of the Center’s perfor- 
mance.

Analysis of the Center’s performance indicators. 
From 20.10.2020 to 19.01.2021, the Center received 
70,883 calls. 94 calls were transferred to EMU,  
1,514 calls – to outpatient clinics, and general rec-
ommendations were given during 69,275 calls.  

4,801 calls in total (both during and after a remote 
consultation) were redirected to the HDTR hotline for 
AVRI, influenza, and coronavirus infection.

The average duration of one consultation in the test 
mode of the Center reached 11.05 (7.12; 15.08) mi- 
nutes, and due to the measures implemented to achieve 
the target interaction between the Center and health-
care organizations, it decreased to 5.5 (4.95; 5.92) 
minutes by November 2020 and thereafter did not 
change significantly.

Reasons for contacting the Center were the fol-
lowing: deterioration of the condition – 7,936 calls 
(11.2%); a doctor failed to come / call – 3,577 calls  
(5.1%); asymptomatic COVID-19 course – 475 calls 
(0.7%); newly detected COVID-19 – 2,621 calls 
(3.7%); onset of symptoms in asymptomatic pati- 
ents – 5,404 calls (7.6%); problems with a sickness leave 
certificate – 7,319 calls (10.3%); problems with the 
PCR test, including the inability to find out its results – 
13,530 calls (19.1%); contact with a COVID-19  
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Fig. 2. The general scheme of the Center’s operation
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positive person – 4,966 calls (7.0%); other reasons – 
25,055 calls (35.3%). The “other reasons” category in-
cluded a wide range of issues not related to assessment 
of COVID-19 patient condition, such as receiving sub-
sidized medicines; forced time extension for receiving 
high-tech medical care; the need for volunteer help; 

negative result of a COVID-19 PCR test for the em-
ployer; the possibility of receiving free drugs, etc. 

Analysis of the load on the EMT. The data of the 
load parameter analysis on the EMT at the time of the 
Center’s operation are set out in Table 1 and Figures 
3 and 4.
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T a b l e  1

Dynamics of the load parameters on the EMT, Me (Q1; Q3)

Month, year
Number of EMT 

calls,
units/day

Number of 
served EMT 

calls, units/day

Number of EMT 
calls transferred to 
the next day, units

Waiting time for all 
EMT calls, min.

Number of served 
calls related to 

COVID-19, units/day

Waiting time for 
EMT calls related to 

COVID-19, min.

July,
2020 

1,044.00 (966.00; 
1,129.00)

547.00 (522.00; 
567.00)

0.00 
(0.00; 
2.00)

70.03 
(56.03; 
85.03)

104.00 
(91.00; 113.00)

158.03 (102.03; 
204.03)

August,
2020

974.00* (868.00; 
1,053.00)

548.00 (528.00; 
569.00)

0.00 
(0.00; 
0.00)

53.03* 
(41.03; 
62.03)

88.00* 
(74.00; 
97.00)

73.02* 
(63.03; 
118.04)

September, 
2020

1,176.50* 
(1,045.00; 
1,295.00)

589.50* 
(558.00; 614.00)

0.00* 
(0.00; 
24.00)

74.53* 
(51.03; 
90.03)

130.00* (117.00; 
145.00)

157.82* (68.25;  
239.32)

October,
2020

1,857.00* 
(1,559.00; 
2,035.00)

566.00 (548.00; 
608.00)

187.00* (139.00; 
208.00)

123.04* (101.03; 
172.03)

192.00* (182.00; 
209.00)

282.03* (216.03; 
349.03)

November, 
2020

1,225.00* 
(977.00; 1,618.00)

547.00 (523.00; 
596.00)

31.00* 
(0.00; 

164.00)

99.04* 
(68.03; 125.03)

193.50 (176.00; 
204.00)

139.53* (95.04; 
230.03)

December, 
2020

942.00* (862.00; 
982.00)

545.00 (517.00; 
592.00)

0.00* 
(0.00; 
0.00)

51.03* 
(38.03; 
55.03)

171.00* (145.00; 
185.00)

70.04* 
(46.03; 
90.03)

January,
2021

994.00 (913.00; 
1,083.00)

531.00 (520.00; 
583.00)

0.00 
(0.00; 
0.00)

45.05 
(37.05; 
59.06)

124.00* (111.00; 
133.00)

62.06 
(40.05; 
96.06)

* p < 0.05 in comparison with the previous month (here and in Table 2)

Average number of calls to EMT perday, units
Average number of served EMT callsper day, units
Average number of EMT calls transferred to the next day, units
Average number of served EMT calls related to COVID-19 per day, units

Fig. 3. Dynamics of quantitative indicators of the load on the 
EMT
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Average waiting time for EMT calls related to COVID-19, min.

Fig. 4. Dynamics of time indicators of load on the EMT

The average number of calls to EMT per day in 
August 2020 significantly decreased as opposed to the 
previous month, and from September, there had been 
a significant parameter increment with a peak value 

in October 2020, which reflected a drastic increase in 
the load on the EMT caused by the second wave of 
the pandemic. However, in November and December 
2020, a significant decrease in the average number of 
calls to EMT was recorded as opposed to the previ-
ous periods, despite the unfavorable epidemiological 
situation with the COVID-19 incidence. In January 
2021, the parameter level stabilized, showing no sig-
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nificant changes in comparison with December 2020. 
A significant decrease in the average number of calls 
beginning from November 2020 confirmed effective 
performance of the Center, which took upon itself the 
reception and processing of part of the calls, earlier 
received directly by the EMU.

The average number of served EMT calls per day 
during the researched period did not show statisti-
cally significant dynamics (except for a significant 
increase in September 2020 in comparison with the 
level in August 2020). No further parameter incre-
ment in the conditions of the deteriorating epidemi-
ological situation as well as its subsequent decrease 
due to the opening of the Center can be explained by 
the limited maximum number of EMT on duty per 
day, related among other things to COVID-19 cases 
found among medical professionals of EMU during 
the peak of the pandemic. For example, throughout 
the study, the daily number of EMT on duty varied 
from 35 to 42.

During the period of active work of the Center (No-
vember 2020), there was also no significant decrease 
in the dynamics of the average number of served EMT 
calls related to COVID-19 per day for a similar rea-
son. A subsequent significant decrease is mainly asso-

ciated with a natural decrease in the load on the EMT 
due to a decline in the number of cases.

At the same time, the average number of EMT 
calls transferred to the next day, as an indicator of an 
obvious failure of the adaptive capabilities of the sys-
tem under the conditions of the extreme load, signifi-
cantly decreased during the first weeks of the Center 
performance (by November 2020) after a rise in the 
incidence rate in October 2020. Moreover, these calls 
have not been registered since December 2020.

The time parameters of the EMT work had big 
sensitivity in terms of reflecting the load on the EMT 
against the background of the Center operation. An av-
erage waiting time for all EMT calls after a significant 
increase in September and October 2020, compared to 
the previous months of the Center operation, signifi-
cantly decreased in November and December of the 
same year, while the average number of COVID-19 
cases continued to increase. A similar trend was ob-
served in the analysis of the average waiting time for 
EMT calls related to COVID-19.

 Analysis of the load on the outpatient clinics. The 
data of the analysis of the load on outpatient organiza-
tions against the background of Center operation are 
set out in Table 2.
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T a b l e  2

Dynamics of load parameters on the outpatient service, Me (Q1; Q3)

Month, year Average number of house calls,  
units/day

Average number of house calls regarding acute respira-
tory diseases, units/day

July, 2020 1,186.00 (355.00; 1,280.00) 308.000 (117.00; 345.00)
August, 2020 1,060.00* (288.00; 1,191.00) 278.000 (125.00; 352.00)
September, 2020 1,391.50* (560.00; 1,571.00) 567.000* (282.00; 711.00)
October, 2020 2,562.00* (1,177.00; 2,965.00) 1,034.000* (557.00; 1,356.00)
November, 2020 2,249.00 (730.00; 2,465.00) 904.500 (365.00; 1,048.00)
December, 2020 1,723.00* (656.00; 1,900.00) 594.000* (272.00; 663.00)
January, 2021 708.00* (552.00; 1,449.00) 299.000* (228.00; 452.00)

Dynamics of the parameters of the load on the out-
patient clinics as a whole showed the same trends as 
parameters of the load on the EMT, but without a sig-
nificant difference between the levels in October and 
November 2020. This can be explained by the fact that 
in the first weeks of the Center operation, its activi-
ties were designed exclusively for providing remote 
consultations for patients with confirmed diagnosis of 
COVID-19 infection with clinical manifestations of 
the disease to determine patient management tactics. 
At the same time, a large number of visits to the out-
patient clinics was associated with the need to moni-
tor the condition of asymptomatic carriers and people 
after COVID-19 exposure. Transfer of these functions 
to the Center in November 2020 significantly reduced 

the burden of the outpatient clinics, which was con-
firmed by a significant decrease in the values of both 
analyzed parameters under the conditions of the in-
creased COVID-19 incidence.

DISCUSSION
Performing a retrospective assessment of the ex-

perience in establishing the Center, the following fac-
tors can be pointed out that have made a significant 
contribution to its successful performance. First, the 
existence of a medical university in the region, which 
made it possible to urgently recruit the main team of 
operators from graduate students and resident doctors. 
Publicly available sources describe different approach-
es to staffing of such organizations: from engaging  
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volunteers [7] to official employment of specialists as 
medical personnel, which happened in many Russian 
regions [12–14]. 

The legal basis for the performance of duties by 
operators in the Tomsk region was a civil law con-
tract. We believe that in the context of the rapidly 
growing pandemic and the need to quickly create a 
new structure, this legal basis is optimal. On the one 
hand, it provides legal guarantees for both parties in 
the contract. On the other hand, it allows for flexible 
management of the Center structure by changing the 
proportion of doctors and operators and the number 
of employees depending on top-priority tasks. The 
second factor was high level of IT development in 
the industry. The third factor was regional experi-
ence of using lean technologies in healthcare, which 
was repeatedly described in our previous articles 
[15–19]. The use of proven lean management tools 
made it possible to quickly set up and standardize 
the main processes of the Center already at the start 
of its work.

In the Tomsk region, the Center was organized on 
the premises of EMU. This site was selected due to 
suitable floor spaces and the ability to ensure prompt 
transfer of the most complicated calls requiring emer-
gency medical care delivery. As alternative options 
for the placement of such structures, a Medical Pre-
vention Center [12], a Physical Therapy and Sports 
Medicine Center [20], and a Clinical Hospital [13] can 
be considered. 

In some regions of the Russian Federation, health 
authorities decided not to use the centralized format 
of organizing medical assistance for this category of 
patients using telemedicine technologies, developing 
them instead on the premises of all medical organiza-
tions providing primary health care [14]. Obviously, 
the issue of location does not have a universal solution 
and shall be resolved in each particular case individ-
ually, taking into account the regional specifics, such 
as available resources and epidemiological situation. 
In our opinion, centralization would be preferable if 
the region has a sufficient level of IT development and 
widespread implementation and sufficient functional 
capabilities of regional medical information systems. 
In addition to the traditional advantages, this approach 
is associated with resource saving and increased man-
ageability and enables to create a single input chan-
nel for information about the most urgent problems 
arising in the process of medical and informational 
support of patients included in monitored groups. A 
detailed analysis of these groups can form the basis 

for both selective prompt response measures and long-
term systemic improvements.

Despite the apparent obviousness, the issues of the 
effectiveness of such centers are not so unambiguous. 
In theory, introduction of a new structure and involve-
ment of additional staff should relieve the existing 
healthcare system in the fight against COVID-19. How-
ever, the risks of the opposite effect are always high in 
reality: creation of an additional load on the primary 
care and the EMT system due to transfer of irrelevant 
cases (overestimation of the severity of the patient’s 
condition, transfer of a call to an outpatient clinic for 
which only informational support is needed), lack of 
continuity in the transfer of information, and duplica-
tion of functions of the telemedicine center and outpa-
tient clinics following an imperfect interaction scheme.

The analysis of the Center performance given in 
this article confirms its effectiveness both for redu- 
cing the load on the system of emergency medical care 
delivery and for optimizing the work of the outpatient 
service in the region. In addition to the general factors 
described above, a number of organizational decisions 
also contributed to the improvement of the Center  
performance.

As mentioned earlier, the vast majority of calls 
were processed by providing general recommenda-
tions on the phone, i.e. they did not require face-to-
face contact between a patient and a medical profes-
sional, and the category “other calls” had the largest 
share in the structure of reasons to contact the Cen-
ter. To ensure high-quality counseling by operators 
on this block of issues, the project team carried out a 
preliminary analysis of the most common reasons for 
contacting call centers of hospitals, EMU, or HDTR, 
which could potentially be processed by the Center. 
Response measures were thought out and appropriate 
scripts were developed for quick response to frequent-
ly asked questions.

As a temporary measure aimed at ensuring the 
availability of medical care during the periods of the 
most dramatic rise in disease incidence, handling of 
house calls was outsourced to private medical orga-
nizations. It is worth mentioning that the majority of 
the available scientific studies on the use of teleme- 
dicine technologies in relation to COVID-19 patients 
mention the clinical efficacy and safety of these tools 
[21] and describe individual quantitative indicators 
of work of such units [7, 8]. At the same time, there 
are practically no publications that would assess the 
systemic effects of their performance, which increases 
the value of our results.
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In our opinion, the prospects for the Center ope- 
ration are associated with the possibilities of its adap-
tation for remote monitoring of patients with chronic 
non-infectious diseases. Currently, the region is al-
ready conducting a comprehensive review involving 
the use of the resources of the Center for these pur-
poses. Scientific substantiation and assessment of the 
effectiveness of the measures implemented in this area 
will be the object of our further research.

CONCLUSION
The conducted research shows a positive syste- 

mic impact provided by the Center activities, which 
is manifested through a decrease in the load on the 
primary health care system and EMT during the un-
favorable epidemiological situation following high 
COVID-19 incidence. The experience of the Tomsk 
region in organizing a system for remote monitoring 
of patients with COVID-19 and community-acquired 
pneumonia can be recommended for use in other re-
gions of the Russian Federation, taking into account 
the proven effectiveness. It is advisable to adapt the 
solutions used within the described project to deliver 
remote consultations to other categories of citizens.
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New experimental possibilities for statin-associated myopathy diagnosing

Vinogradova E.V., Mikashinowich Z.I., Belousova E.S.

Rostov State Medical University (RostSMU) 
29, Nakhichevansky Str., Rostov-on-Don, 344022, Russian Federation

ABSTRACT

Aim. To identify the relationships between structural proteins of myocytes, as well as indicators of antioxidant 
defense and metabolites of glycolysis against the background of using statins in animals in the experiment for 
clarifying the diagnosis of statin-associated myopathy. 

Materials and methods. The study was conducted on outbred male rats, which were divided into 3 groups. 
The control group consisted of intact animals, and there were two experimental groups: group 1 – animals with 
induced hypercholesterolemia, group 2 – animals with induced hypercholesterolemia treated with simvastatin. 
In the muscles of animals from the studied groups, the content of structural proteins of the sarcomere, titin and 
nebulin, was analyzed, and the concentration of glycolysis metabolites (pyruvic acid and lactate) and the activity of 
antioxidant defense enzymes (superoxide dismutase (SOD) and catalase) were determined.

Results. The use of simvastatin in the animals led to a decrease in the content of NT- and N2A-titin isoforms and an 
increase in the content of the T2-proteolytic fragment. Complete absence of nebulin was also noted, which reflects 
the presence of dystrophic changes in the muscle tissue. Long-term administration of simvastatin caused metabolic 
changes in the rats, characterized by impaired supply of cells with molecular oxygen. However, as opposed to 
the animals with hypercholesterolemia that were not given statins, a decrease in hypoxia-induced shifts was 
observed. Abnormalities in the performance of the antioxidant defense (AOD) system and multidirectional changes 
in the activity of the antioxidant pair “SOD – catalase” were noted. The correlation analysis revealed a positive 
relationship between the content of the NT-titin isoform and the SOD activity and negative correlations between 
the content of the N2A-titin isoform and the level of lactate, as well as between the T2-proteolytic fragment of titin 
and the level of lactate. 

Conclusion. The study revealed a complex set of biochemical changes in the muscles that underlie myotoxicity of 
statins during their long-term use. Additional biochemical parameters were found, such as SOD activity and lactate 
concentration, changes in which, along with the determination of titin and nebulin concentrations, indicating tissue 
hypoxia, will make it possible to more accurately diagnose statin-associated myopathy.
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INTRODUCTION 
To date, statins are actively prescribed to patients 

with cardiovascular diseases as effective lipid-
lowering agents [1]. However, the use of this group 
of drugs can cause statin-induced muscle damage – 
statin-associated myopathy, which can manifest 

Новые возможности диагностики статиновой миопатии в эксперименте

Виноградова Е.В., Микашинович З.И., Белоусова Е.С.

Ростовский государственный медицинский университет (РостГМУ) 
Россия, 344022, г. Ростов-на-Дону, пер. Нахичеванский, 29

РЕЗЮМЕ

Цель. Выяснить взаимосвязи между структурными белками миоцитов, а также показателями антиокси-
дантной защиты и метаболитами гликолиза на фоне применения статинов у животных в эксперименте для 
уточнения постановки диагноза «статиновая миопатия».

Материалы и методы. Исследование проводилось на беспородных самцах крыс, которых разделили 
на три группы. Контрольная группа – интактные животные и две экспериментальные группы: группа 
1 – животные с индуцированной гиперхолестеринемией, группа 2 – животные с индуцированной 
гиперхолестеринемией, получавшие симвастатин. В мышцах животных исследуемых групп был проведен 
анализ содержания структурных белков саркомера – титина и небулина, а также определена концентрация 
метаболитов гликолиза (пировиноградной кислоты и лактата) и активность ферментов антиоксидантной 
защиты (супероксиддисмутазы (СОД) и каталазы).

Результаты и обсуждение. Применение симвастатина у животных приводило к уменьшению содержания 
NT- и N2A-изоформ титина, увеличению содержания протеолитического фрагмента Т2, также отмечалось 
полное отсутствие небулина, что отражает наличие дистрофических изменений в мышечной ткани. 
Длительное введение симвастатина вызывало у крыс метаболические изменения, характеризующиеся 
нарушением обеспечения клеток молекулярным кислородом. Однако, по сравнению с животными с 
гиперхолестеринемией, которым статины не вводили, наблюдалось уменьшение гипоксических сдвигов. 
Отмечены нарушения в работе системы антиоксидантной защиты, разнонаправленные изменение 
активности антиоксидантной пары «СОД – каталаза». Проведенный корреляционный анализ выявил поло-
жительную зависимость между содержанием NT – изоформы титина и активностью СОД, отрицательные 
корреляционные зависимости между содержанием N2А-изоформы титина и уровнем лактата, Т2-
протеолитического фрагмента титина и уровнем лактата.

Заключение. Выявлен сложный комплекс биохимических изменений в мышцах, лежащих в основе мио-
токсичности статинов при их длительном применении. Обнаружены дополнительные биохимические по-
казатели – активность СОД и концентрация лактата, изменения которых, наряду с определением титина и 
небулина, свидетельствующие о гипоксическом повреждении ткани, позволят более точно диагностиро-
вать статиновую миопатию.

Ключевые слова: статины, статиновая миопатия, симвастатин, гиперхолестеринемия, скелетные мышцы, 
титин, небулин. 
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itself in different ways: from mild myalgia to life-
threatening rhabdomyolysis [2]. The development 
of muscle damage symptoms is the main reason for 
patients’ refusing from statin therapy, and, according 
to some authors, their number reaches 75% within 2 
years from the start of therapy [3]. 
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The diagnosis of statin-associated myopathy 
is complicated by the fact that in some cases it is 
asymptomatic, or the symptoms are not pronounced and 
are mostly subjective. There is currently no universal 
diagnostic test that would make it possible to make 
such a diagnosis. One of the methods for diagnosing 
myopathies is to determine the activity of creatine 
phosphokinase (CPK) in the blood serum. A drastic 
increase in the CPK activity in blood is an indicator 
of damage to myocytes. However, often in statin-
associated myopathy, an increase in its activity may 
either not be observed, or is insignificant [4]. Therefore, 
identification of additional biochemical parameters that 
would make it possible to increase the efficiency of 
diagnosing statin-associated myopathy is relevant.

Current literature provides experimental research 
data proving that the development of muscular 
dystrophy is accompanied by a decrease in the content 
of giant sarcomeric proteins titin and nebulin in 
myocytes due to their increased proteolysis. At the 
same time, the elasticity and contractility of muscle 
tissue decrease [5]. 

In our earlier studies, metabolic changes in eryth-
rocytes and skeletal muscles of rats were presented 
against the background of prolonged use of simvasta-
tin, which proved the prooxidant effect of statins. 

The aim of the study was to identify the relationship 
between the structural proteins of myocytes, as well 
as indicators of antioxidant defense and metabolites 
of glycolysis against the background of statin use in 
animals in the experiment for clarifying the diagnosis 
of statin-associated myopathy.

MATERIALS AND METHODS
The study was carried out on outbred male rats aged 

12–14 months and weighing 300–350g. The animals 
were kept in accordance with the Order of the Ministry 
of Healthcare of the Russian Federation No. 708N of 
23.08.2010 “On approval of the rules of laboratory prac-
tice” and sanitary rules of the joint venture 2.2.1.3218-
14 “Sanitary and epidemiological requirements to the 
equipment and maintenance of experimental biological 
clinics (vivariums) of 29.08.2014”. During the experi-
ment, the animals were divided into control and exper-
imental groups.

The control group (35 rats) adhered to a standard 
vivarium diet for 3 months and received 0.5 ml of 
distilled water through the esophageal tube once a day.

The experimental groups consisted of 70 rats. 
Essential hypercholesterolemia was induced in these 
animals by feeding them with a diet rich in animal 

fats (ghee) and fast-digesting carbohydrates (cane 
sugar, semolina) for 3 months. It was diagnosed by 
the level of total cholesterol (CS) on the “Bayer” 
analyzer (Germany) after the specified period. Then 
these animals were divided into 2 equal groups. The 
animals of group 1 received food without added drugs 
for 2 months, and once a day they received 0.5 ml 
of distilled water through the esophageal tube. The 
animals of group 2, in contrast to group 1, received 
simvastatin (Zocor, 20 mg) once a day for 2 months, 
(0.0012 g / 100 g of body weight) in the form of an 
aqueous suspension through the esophageal tube.

The animals were eliminated from the experiment 
by decapitation. All manipulations were in compliance 
with generally accepted ethical standards (Protocol 
No. 21/15 of the Local Independent Ethics Committee 
of Rostov State Medical University of 10.12.2015).

Fragments of animal skeletal muscles were used for 
the study. A muscle tissue homogenate was prepared in 
the ratio of 1 g of tissue : 9 ml of chilled saline, centrifu-
gation was carried out at 3,000 rpm, and the supernatant 
was used to determine the concentration of glycolysis 
metabolites and the activity of antioxidant enzymes.

The pyruvic acid (PVA) concentration was 
determined by the formation of a colored compound 
upon interaction with 2.4-dinitrophenylhydrazine [6]. 
The lactate concentration was determined by the color 
reaction of paraoxidiphenyl with acetaldehyde formed 
from lactate in the presence of sulfuric and phosphoric 
acids and copper ions [7]. The activity of superoxide 
dismutase (SOD) was determined by a method based 
on the ability of the enzyme to inhibit autooxidation 
of adrenaline in an alkaline medium at pH = 10.2 [8]. 
The catalase activity was determined by the decrease 
in the substrate – hydrogen peroxide per unit time –  
by the reaction with ammonium molybdate [9].

The study of the content of giant sarcomeric 
proteins (titin and nebulin) was carried out by sodium 
dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS-PAGE) with the addition of agarose according 
to R. Tatsumi, A. Hattori (1995) [10] modified by 
I.M.Vikhlyantsev, Z,A. Podlubnaya (2017) [11] at the 
Institute for Theoretical and Experimental Biophysics 
of the Russian Academy of Sciences (Pushchino). 

Statistical processing of the obtained results was 
performed using the STATISTICA 10.0 and Excel 
Microsoft software. The significance of differences 
in the considered parameters of the compared groups 
was assessed using the Student’s t-test after checking 
the distribution for normality using the Shapiro – Wilk 
test. When conducting the correlation analysis, the 
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parametric Pearson’s coefficient was used, since the 
samples were in compliance with normal distribution. 
Differences were considered statistically significant 
at p ≤ 0.05. Data are presented as the mean and the 
standard error of the mean (M ± m).

RESULTS AND DISCUSSION
Keeping animals of the experimental groups on a 

diet enriched with animal fats and carbohydrates led to 
a statistically significant increase in cholesterol levels 
compared to the control group. Administration of 
simvastatin to the animals of group 2 for two months 
contributed to a decrease in the level of cholesterol in 
the blood serum to 1.637 mmol / l, which did not differ 
significantly from the values in the control group. 

To assess the structural and functional state of the 
skeletal muscles of the animals that were injected with 
simvastatin for a long time, changes in the qualitative 
and quantitative composition of titin and nebulin in  
m. biceps of animals of the studied groups were studied 
(Table 1). The levels of titin and nebulin were evaluated 
in relation to the content of myosin heavy chains.

T a b l e  1

Changes in the content of titin and nebulin in the muscle tissue  
of animals in the studied groups, M ± m

 Groups
Parameters

Control group,
n = 35

Experimental group
group 2, n = 35

T2-fragment 0.113 ± 0.002 0.137 ± 0.0024
p < 0.001

N2A-isoform 0.136 ± 0.002 0.094 ± 0.0025
p < 0.001

NT-isoform 0.026 ± 0.0015 0.016 ± 0.0017
p < 0.001

Nebulin 0.031 ± 0.0023 Absent

Note . p – significance level of differences relative to the parameters 
in the control group.

The levels of titin and nebulin in m. biceps of the 
animals in group 1 did not differ significantly from 
those in the control group. At the same time, studies 
showed that long-term use of simvastatin in the 
animals with induced hypercholesterolemia caused 
a decrease in the content of the NT-titin isoform by 
38.46% (p < 0.001) and N2A-titin isoform by 30.88% 
(p < 0.001). In addition, against the background of 
simvastatin use in the animals, an increase in the 
level of the T2-proteolytic fragment by 1.2 times 
was noted in their muscle tissue, as well as complete 
absence of nebulin relative to the animals that did not 
receive the drug.

The obtained results are in line with the studies 
of modern scientists who prove that myopathies of 

various origins are accompanied by a decrease in 
the content of structural proteins of the sarcomeric 
cytoskeleton, such as titin (primarily its NT-
isoforms) and nebulin, and, as a consequence, lead to 
deterioration of contractile properties of the muscles 
[5]. Based on this, it can be assumed that a decrease 
in the level of titin and nebulin with prolonged use of 
simvastatin is an indicator that reflects the presence of 
degenerative processes in the muscle.

To elucidate the nature of myotoxicity of statins, 
an analysis of the parameters of energy metabolism 
and the activity of antioxidant defense enzymes in the 
muscle tissue of the animals in the studied groups was 
carried out. Glycolysis metabolites – pyruvic acid and 
lactate – are indicators of the efficiency of molecular 
oxygen supply to the cells. As a result of the study, in 
the muscles of the animals in group 1, an increase in 
the concentration of lactate by 73.23% (p < 0.001) and 
a significant increase in the concentration of pyruvic 
acid by 247.11% (p < 0.001) were noted relative to the 
control group (Table 2). 

It can be assumed that the increase in the 
concentration of glycolysis metabolites may be 
associated with an excess of fast-digesting and rapidly 
oxidized carbohydrates in the diet of the rats in this 
group. At the same time, a very high level of lactate 
indicates development of tissue hypoxia, which triggers 
a cascade of metabolic disorders in the muscle tissue of 
the animals. According to D.A. Kruse (1997), a drastic 
increase in the concentration of lactate can serve as a 
marker of the pathological process severity [12].

T a b l e  2

Levels of glycolysis metabolites in the muscle tissue of animals  
in the studied groups, M ± m

Groups
Parameters

Control group, 
n = 35

Experimental group

group 1, n = 35 group 2, n = 35
Lactate
(μmol / ml 
protein)

3.96 ± 0.447 6.86 ± 0.657
p < 0.001

4.64 ± 0.491
p > 0.05
p1 < 0.01

Pyruvic acid
(μmol / ml 
protein)

2.25 ± 0.024 7.81 ± 0.570
p < 0.001

3.28 ± 0.269
p < 0.001
p1 < 0.001

Note . p – significance level of differences relative to the parameters 
of the control group; p1 – significance level of differences relative to 
the parameters of group 1.

In the group of animals with induced 
hypercholesterolemia against the background of 
simvastatin use (group 2), we observed a decrease 
in the concentration of lactate by 32.36% (p1 < 0.01) 
and a fall in the level of pyruvic acid by 58.0%  
(p1 < 0.001), respectively, as opposed to the animals 
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in group 1. Relative to the control group, the 
concentration of pyruvic acid increased by 45.77%  
(p < 0.001), and there was also a slight increase in  
the concentration of lactate by 17.17% (p > 0.05).

Based on the obtained data, it can be concluded that 
in the animals of group 2, a tendency to normalization 
of carbohydrate metabolism was observed against 
the background of simvastatin use, compared with 
the animals of group 1. However, compared with 
the animals of the control group, the concentration 
of glycolysis metabolites still remained elevated. On 
the one hand, preservation of an increased level of 
glycolysis metabolites may reflect the inferiority of 
adaptive mechanisms and require additional measures 
aimed at reducing hypoxia-induced shifts. On the 
other hand, attention is drawn to the pronounced 
increase in the level of pyruvic acid, as opposed to the 
lactate concentration. According to the experimental 
data of Z.I. Mikashinovich (1989), an increase in the 
level of pyruvic acid under conditions of hypoxia 
improves microcirculation in tissues and contributes 
to a decrease in pathobiochemical shifts [13].

SOD and catalase play an important role in the 
antioxidant defense of almost all cells in the body, 
including myocytes. As a result of the study, in the 
group of animals with induced hypercholesterolemia, 
an increase in the catalase activity by 82.66%  
(p < 0.001) was noted, and the SOD activity did not 
significantly change relative to the control group 
(Table 3).

T a b l e  3

Activity of SOD and catalase in the muscle tissue of animals in 
the studied groups, M ± m

 Groups
Parameters

Control group,
n = 35

Experimental group
group 1,
n = 35

group 2,
n = 35

Superoxide dis-
mutase [conv. unit 
/ mg protein]

0.446 ± 0.049 0.500 ± 0.046
p > 0.05

0.219 ± 0.024
p < 0.001
p1 < 0.001

Catalase
[mKat / mg 
protein]

1.494 ± 0.211 2.729 ± 0.162
p < 0.001

2.786 ± 0.438
p < 0.001
p1 > 0.05

Note . p – significance level of differences relative to the parameters 
of the control group; p1 – significance level of differences relative to 
the parameters of group 1.

The revealed increases in catalase activity in the 
animals with hypercholesterolemia with unchanged 
SOD activity, according to O.I. Dotsenko et al., are 
possibly associated “with the activation of peroxisomal 
reactions or other parallel processes that require 
increased catalase activity” [14]. Administration 

of simvastatin to the animals with experimental 
hypercholesterolemia contributed to a decrease in the 
SOD activity by 56.2% (p1 < 0.001), while the catalase 
activity remained practically unchanged relative to 
the parameters of the animals that did not receive 
simvastatin. Relative to the parameters of animals in 
the control group, a significant decrease in the SOD 
activity by 50.89% (p < 0.001) was revealed, and the 
activity of catalase increased by 86.47% (p < 0.001). 

According to the literature, such a multidirectional 
change in the activity of the antioxidant pair “SOD – 
catalase” is also a sign of hypoxia development in 
the muscle tissue [14]. The antioxidant pair “SOD – 
catalase” is characterized by cross regulation, when 
high activity of one of the enzymes inhibits the activity 
of the other by the feedback mechanism. A decrease in 
the SOD activity poses a potential danger of oxidative 
damage to the most important macromolecules, due to a 
decrease in disproportionation of the superoxide anion 
radical and its transformation into a more aggressive 
hydroxyl radical by the Haber – Weiss reaction.

A correlation analysis was carried out to reveal the 
relationship between the parameters of carbohydrate 
energy metabolism, the activity of antioxidant defense 
enzymes, and giant sarcomeric proteins (titin and 
nebulin) in the muscle tissue of animals with induced 
hypercholesterolemia against the background of 
long-term use of simvastatin. As a result, a positive 
correlation was found between the content of the NT-
titin isoform and the SOD activity, r = 0.34, p = 0.05 
(p ≤ 0.05). Negative correlations were also noted 
between the content of the N2A-titin isoform and the 
level of lactate, r = –0.35, p = 0.04 (p ≤ 0.05), and 
between the content of the T2-proteolytic fragment 
of titin and the level of lactate, r = –0.35, p = 0.04  
(p ≤ 0.05).

CONCLUSION
According to the literature, titin, a giant protein 

of the sarcomeric cytoskeleton, is a template for 
correct assembly of proteins [15]. The study showed 
that the use of simvastatin in animals with induced 
hypercholesterolemia leads to a decrease in the 
content of giant proteins – titin and nebulin – in 
myocytes due to their increased proteolysis. As a 
result of degradation of structural proteins, a decrease 
in the contractile ability of skeletal muscles occurs, 
which is observed in pathological conditions, such as 
muscular dystrophies [16]. On this basis, the levels of 
titin and nebulin in the muscle tissue can be used as an 
early marker of statin-associated myopathy.
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The analysis of energy metabolism parameters and 
their relationship with the dynamics of titin isoforms in 
animals after prolonged administration of simvastatin 
made it possible to determine a number of indicators 
that informatively reflect destructive changes in the 
muscle tissue. The revealed additional biochemical 
indicators, such as the SOD activity and the lactate 
level, along with the determination of titin and 
nebulin concentrations, indicating hypoxic processes 
in tissues, will make it possible to more accurately 
diagnose statin-associated myopathy.
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The role of free radical oxidation in the kidneys in the nephroprotective 
action of eplerenone, a mineralocorticoid receptor antagonist,   
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ABSTRACT

Aim. To study the effect of eplerenone on the activity of free radical oxidation and renal function in rats with 
experimental diabetes mellitus induced by streptozotocin.

Materials and methods. Experiments were carried out on 36 male Wistar rats. Diabetes mellitus (DM) was 
simulated by a single intraperitoneal injection of streptozotocin at a dose of 65 mg / kg. Eplerenone was injected 
into the stomach at a dose of 50 mg / kg.

Results. It was found that eplerenone in experimental diabetic nephropathy (DN) significantly attenuated 
proteinuria: the concentration of protein in the urine became 4 times lower than in untreated DN (p < 0.001). In 
the kidneys, eplerenone therapy normalized the structure and function of renal glomeruli and restored the podocyte 
number, which was reduced by 37.8% in the DN model. Free radical oxidation (FRO) in the kidneys of rats 
treated with eplerenone increased – the concentration of thiobarbituric acid reactive substances rose by 1.5 times  
(p = 0.009), and changes in the activity of antioxidant enzymes, such as superoxide dismutase (a decrease  
by 2.4 times, p = 0.002), catalase (an increase by 1.8 times, р < 0,001), and glutathione peroxidase (an increase  
by 1.5 times, р < 0.001) were observed, as opposed to the values in the controls.

Conclusion. In streptozotocin-induced experimental diabetic nephropathy in rats, eplerenone had a nephroprotective 
effect, but increased oxidative stress in the kidneys. The increase in FRO could be determined by the nongenomic 
effect of aldosterone, which accumulates under conditions of prolonged mineralocorticoid receptor (MR) blockade. 
The nephroprotective effect of eplerenone can be associated with the weakening of the genomic effects of 
aldosterone, realized with the participation of MR.     

Key words: eplerenone, free radical oxidation, diabetes mellitus, diabetic nephropathy.
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Роль свободнорадикального окисления в почках в нефропротекторном 
действии блокатора минералокортикоидных рецепторов эплеренона  
при экспериментальном сахарном диабете

Жариков А.Ю.1, 2, Филинова С.О.1, Мазко О.Н.1, Макарова О.Г.1,  
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РЕЗЮМЕ

Цель. Изучить влияние эплеренона на активность свободнорадикального окисления и функции почек крыс 
при экспериментальном сахарном диабете, вызванном стрептозотоцином.

Материалы и методы. Эксперименты проведены на 36 самцах крыс линии Вистар. Сахарный диабет мо-
делировали однократным внутрибрюшинным введением стрептозотоцина в дозе 65 мг/кг. Эплеренон вво-
дили в желудок в дозе 50 мг/кг.

Результаты и обсуждение. Установлено, что эплеренон при экспериментальной диабетической нефро-
патии (ДН) существенно ослабляет протеинурию: количество белка в моче становится меньше в 4 раза, 
чем при нелеченой ДН (p < 0,001). В почках под влиянием терапии эплереноном нормализуются структу-
ра и функции почечных клубочков, в том числе восстанавливается количество подоцитов, уменьшенное 
при модели ДН на 37,8%. Активность свободнорадикального окисления (СРО) в почках крыс, получав-
ших эплеренон, усиливается: увеличивается концентрация тиобарбитуратреактивных продуктов в 1,5 раза  
(p = 0,009) и изменяется по сравнению с показателями контроля активность антиоксидантных фермен- 
тов – супероксиддисмутазы (снижается в 2,4 раза, p = 0,002), каталазы (увеличивается в 1,8, р < 0,001) и 
глутатионпероксидазы (увеличивается в 1,5 раза, р < 0,001). 

Заключение. При экспериментальной ДН, вызванной у крыс введением стрептозотоцина, эплеренон ока-
зывает нефропротекторное действие, но усиливает оксидативный стресс в почках. Усиление СРО могло 
быть обусловлено негеномным мембранным действием альдостерона, компенсаторно накапливающегося 
в условиях длительной блокады минералокортикоидных рецепторов (МКР). Нефропротекторное действие 
эплеренона можно связать с ослаблением геномных эффектов альдостерона, реализуемых при участии МКР.  

Ключевые слова: эплеренон, нефропротекторное действие, свободнорадикальное окисление, эксперимен-
тальная диабетическая нефропатия.
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INTRODUCTION

 Oxidative damage to the kidneys makes a signi- 
ficant contribution to the development of diabetic ne-
phropathy (DN) [1], therefore, the study of the me- 
chanisms of peroxidation in the kidneys, the search  

for new targets for targeted antioxidant therapy, and 
the development of new pharmacological approaches 
to DN treatment on their basis are relevant.

There are four main mechanisms of oxidative stress 
development in the kidneys in DN: direct inhibition of 
cellular antioxidant systems by glucose and its metabo-
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lites, accumulation of advanced glycation end products 
(AGEs), activation of protein kinase C, and activation 
of the renin-angiotensin-aldosterone system (RAAS) 
[2]. NADPH oxidase catalyzing the formation of reac-
tive oxygen species (ROS) is activated in the kidneys [3]. 
When searching for new effective methods of drug the- 
rapy in DN, an important question remains unresolved: 
which mechanism contributes the most to the oxidative 
stress development? The answer to this question would 
contribute to targeted and more effective development of 
new pharmacological approaches to DN therapy.

We studied the effect of RAAS drug inhibition on 
oxidative damage to the kidneys and the course of 
DN in experimental diabetes mellitus (DM). For this 
purpose, eplerenone was chosen as a pharmacological 
tool, which is a non-steroidal aldosterone antagonist 
previously studied as a nephroprotector in DN [4].

The aim of the study was to investigate the effect 
of eplerenone on the activity of free radical oxidation 
and renal function in rats with experimental, strepto-
zotocin-induced DM.    

MATERIALS AND METHODS
Experiments were conducted on 36 male Wistar 

rats aged 2–3 months and weighing 300–350 grams. 
The study was carried out in accordance with Direc-
tive 86/609/EEC, the Declaration of Helsinki, and the 
“Rules for Work Using Experimental Animals”. The 
study was approved by the local Ethics Committee at 
ASMU (Protocol No. 4 of 30.04.2020). The rats were 
placed in individual metabolic cages adapted for urine 
collection. The animals were kept under natural light 
conditions, at room temperature and could freely con-
sume water and “Chara” feed produced by Assorti-
ment-Agro LLC. All manipulations with animals were 
carried out from 9 AM to 12 AM. 

According to the design of the experiment, the an-
imals were divided into 3 groups: a control group and 
an experimental group each consisting of 13 animals 
and a group of intact rats containing 10 animals. In 
the control and experimental groups, the rats were ad-
ministered intraperitoneally with 1 ml of streptozoto-
cin solution (Applichem, Germany) at a single dose 
of 65 mg / kg in the citrate buffer to model DM. For 
more accurate modeling of type 2 DM, the rats were 
previously injected intraperitoneally with cytoflavin 
solution at the nicotinamide rate of 115 mg / kg. The 
administration of nicotinamide weakens streptozoto-
cin-induced damage to the islets of Langerhans and 
allows for moderate hyperglycemia without massive 
cytolysis of pancreatic cells [5].  

In the experimental group for DN treatment, eple- 
renone (Polpharma, Poland) was injected in the stom-
ach at a dose of 50 mg / kg once a day daily for 3 
weeks, starting from the 5th week after the strepto-
zotocin injection. The dose of eplerenone was chosen 
according to the results of previous studies on the ne-
phroprotective effect of the drug in the DM model [4].  
In preliminary studies, we showed that typical signs of 
nephropathy in rats develop only by the end of the 4th 
week after streptozotocin administration [6].

To assess renal functions in rats of the control and 
experimental groups, the concentrations of glucose, 
protein, and creatinine in urine were determined and 
their excretion with urine was calculated prior to the 
start of DM modeling and then weekly. The glucose, 
protein, and creatinine levels in the urine were mea-
sured using the DIRUICS-T240 automatic bioche- 
mical analyzer (Dirui Industrial Co., Ltd., China) with 
biochemical kits (DIACON-DS, Russia).  

After 8 weeks of the experiment, the animals were 
euthanized by ether, their kidneys were extracted 
and washed with isotonic sodium chloride solution. 
One kidney was used for morphological studies, the  
second one was used to study the activity of FRO. Ac-
cording to the methods given in the manual [7], the 
activity of FRO was evaluated by the concentration of  
thiobarbituric acid reactive substances (TBARS) and 
the activity of antioxidant enzymes, such as catalase 
(CAT), superoxide dismutase (SOD), and glutathione 
peroxidase (GPx), in the kidneys. 

For morphological studies, Sakkura (Japan) devices 
were used. The kidneys were fixed in 10% neutral forma-
lin solution. The material was dehydrated in isopropyl 
alcohol using the carousel-type machine TISSUE-TEK 
VIPTM6 (Japan). The material was poured into pa- 
raffin using the paraffin filling station TISSUE-TEK 
TEC 5 (Japan).  5–7 µm-thick histological sections 
were obtained using the semi-automatic rotary micro-
tome Accu-Cut SRM (the Netherlands) and stained 
with hematoxylin and eosin and according to the Van 
Gieson’s method in the TISSUE-TEK Prisma automa- 
ted slide stainer (Japan). Neutral glycosaminoglycans 
were determined histochemically using Schiff reagent 
according to McManus. The slides were placed under 
film in the TISSUE-TEK Film coverslipper (Japan).  
 Morphometric studies were performed using a com-
puter image analysis system consisting of the Leica 
DME microscope (Germany), the Leica EC3 digital 
color camera (Leica Microsystems AG, Germany), a 
personal computer, and Video Test Morphology 5.2 
software. The area of renal glomeruli and the area of 
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Fig. 1. Dynamics of protein excretion in urine: * indicates statistically significant differences compared to the initial level, the sign 
# indicates statistically significant differences between the groups
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capillary lumina were measured, and after special com-
puter processing of digital photos, the total area of the 
vascular bed, the area of the mesangium, and the num-
ber of podocytes in the glomerulus were calculated.

The results were processed statistically using 
the Statistica 13.3.1 software (license JPZ906I-
448517FAACD-K). The results of the biochemical 
studies are presented by the median and the interquar-
tile range (Me (25%; 75%)). The results of the mor-
phometric studies were presented by the mean and the 
standard error of the mean (M ± m). Statistical com-
parisons between the groups were carried out using 
the nonparametric Mann – Whitney U-test, compari-
sons within the group were performed using the non-
parametric Wilcoxon test [8].

RESULTS
The experiments showed that during 8 weeks 

in rats of the control and experimental groups, the 
amount of excreted urine and renal excretion of glu-
cose and creatinine statistically significantly exceeded 
the initial levels and did not differ between the groups 
(not shown in the tables and figures). 

In the control and experimental groups during 
the first 28 days of DM modeling, renal excretion 

of protein significantly increased (Fig. 1): in the 
control group – from 2.7 (1.8; 8.7) to 11.0 (5.9;  
15.3) mg / day (p = 0.004), in the experimental group – 
from 3.0 (0.6; 3.8) to 10.2 (9.9; 13.4) mg / day (p = 
0.002). Statistically significant differences between 
the groups were not recorded. From the 5th to the 8th 
week of the experiment, protein excretion in the con-
trol group continued to increase and peaked by the end 
of the experiment – up to 36.0 (28.6; 43.2) mg / day,  
which was 13.3 times higher than before the exper-
iment (p = 0.001). After the start of eplerenone ad-
ministration, the increase in renal protein excretion 
stopped, and until the end of the experiment, the 
excretion did not change compared to the indicator 
measured on the 28th day. As a consequence, at the 
6–8th week of eplerenone administration, renal pro-
tein excretion was statistically significantly lower 
than in the control group during the specified periods 
of time: after 6 weeks, it decreased by 2.3 times to 
5.0 (3.2; 7.5) mg / day as opposed to 11.6 (5.3; 14.8) 
mg / day (p = 0.018), after 7 weeks – by 1.8 times 
to 7.7 (2.6; 10.3) mg / day as opposed to 13.8 (11.6; 
16.0) mg / day (p = 0.002), after 8 weeks – by 4 times 
to 9.0 (3.5; 15.0) mg / day as opposed to 36.0 (28.6; 
43.2) mg / day (p < 0.001). 

Morphological studies of the kidneys of experi-
mental animals allowed to establish that in the control 
group,  renal glomeruli were enlarged and the inter-
capillary space in the glomeruli increased due to the 
accumulation of periodic acid-Schiff (PAS)-positive 
material in the mesangium (Fig. 2). The lumina of the 
glomerular capillaries were narrowed, the basement 
membranes of the capillaries and the Browman’s 

capsule were thickened. Podocytes increased in size, 
swelling of their nuclei occurred. In the renal intersti-
tium, foci of nephrosclerosis were found; in these ar-
eas, the tubular basement membranes were thickened. 
The tubular nephrocytes were flattened, the tubular 
lumen was dilated. Most nephrocytes were in a state 
of hyaline-drop dystrophy. In some regions, lympho-
cytic-plasmacytic infiltration was identified.

Zharikov A.Yu., Filinova S.O., Mazko O.N. et al. The role of free radical oxidation in the kidneys in the nephroprotective action 
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Fig. 2. Rat kidney tissue in the control group: a – increase in 
the size of glomeruli, staining with hematoxylin and eosin, 
×100; b – increase in the intercapillary space and narrowing of 

the capillary lumina, McManus staining, ×1,200

а

b

Fig. 3. Rat kidney tissue in the experimental group: a – decrease 
in the size of glomeruli, staining with hematoxylin and eosin, 
×100; b – decrease in the intercapillary space and dilation of 

the capillary lumina, McManus staining, ×1,200

а

b
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In rats of the experimental group who received 
eplerenone, the area of renal glomeruli decreased 
(Fig. 3). A focal increase in the intercapillary space 
and deposition of PAS-positive material were weak-
ly pronounced. The lumina of the glomerular capi- 
llaries were mostly wide, congestion of the capilla- 
ries was noted. Podocytes were small in size, with 

rounded small nuclei. In the renal interstitium, ne-
phrosclerosis phenomena were minimal. The mor-
phological structure of nephrocytes approached nor-
mal one, hyaline-drop dystrophy phenomena were 
absent at most sites. The intergroup comparison of 
quantitative morphometric parameters is presented 
in Table 1.

T a b l e  1

Morphometric parameters of renal glomeruli in experimental animals, M ± m
Parameters Intact rats Control group Experimental group

Area of renal glomeruli (µm2) 6,174.7 ± 257.5 7,758.65 ± 329.5
pint < 0.001

4,810.4 ± 202.6
pc < 0.001
pint < 0.001

Total area of the glomerular vessels (µm2) 2,900 ± 27.4 1,148.5 ± 107.65
pint < 0.001

1,569.65 ± 282.05
pint < 0.001

Area of glomerular capillary lumen (µm2) 47.5 ± 3.7 24.25 ± 1.65
pint < 0.001

31.4 ± 2.4
pc = 0.004, pint = 0.001

Area of the glomerular mesangium (µm2) 4,738.7 ± 43.3 5,609.9 ± 823.1 3,733.3±505.9
Podocytes
(particles) 10.2 ± 0.20 7.4 ± 0.6

pint < 0.001
11.8 ± 0.5
pc < 0.001

Note . pint – level of statistical significance as opposed to intact rats, pc – level of statistical significance in the experimental group as opposed  
to the control group (here and in Table 2). 
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In the kidneys of rats in the control group, CAT ac-
tivity increased by 2.3 times, GPx – by 1.5 times, SOD 
activity decreased by 2.1 times as opposed to values in 
the intact animals (Table 2). The TBARS concentra-
tion did not change. 

In the experimental group of animals receiving 
eplerenone, contrary to expectations, FRO increased: 
TBARS concentrations increased by 1.4 times com-
pared to the value in the intact and control rats; CAT 
activity became 4.2 times higher than in the intact rats 
and 1.8 times higher than in the controls. SOD activity 
decreased by 2.4 times compared to the value in the 
control group and by 4.9 times compared to the in-
tact rats. GPx activity was 2.3 times higher than in the 
intact animals and exceeded the value in the control 
group by 1.5 times.

DISCUSSION
The rats with the DN model developed oxidative 

stress. A month after the streptozotocin administra-
tion against the background of FRO, the activity of the 
main antioxidant enzymes (GPx and SOD) increased 
[9]. This appears to be compensatory in response to 
ROS generation. Two months after the DM mode- 
ling, the SOD activity decreased, whereas the GPx 
and CAT activity increased. It is possible that as FRO 
intensity progresses, the activity of SOD is depleted, 
and the GPx and CAT activity undergoes substrate 
stimulation by a large amount of ROS. The treatment 
cycle with eplerenone in experimental DM increased 
oxidative stress in the kidneys, but had a nephropro-
tective effect. This allows us to conclude that RAAS 
inhibitors normalize the functions of the renal glome- 
ruli and their filtration barrier, regardless of the effect 
on FRO activity in the kidneys in DM. 

FRO enhancement in the kidneys upon eplerenone 
administration can be explained by a compensatory 

increase in aldosterone production and a rise in its le- 
vel in the kidneys [10]. Under the conditions of mi- 
neralocorticoid receptor blockade, aldosterone ex-
hibits nongenomic activity in the form of membrane 
effects [11]. One of such effects is known to be activa-
tion of protein kinase C [12]. This enzyme triggers a 
cascade of ROS generating reactions [2].

The mineralocorticoid receptor antagonist eplere-
none can weaken the genomic effects of aldosterone 
upon prolonged administration. The main reason for 
proteinuria development in DN is a decrease in the 
number of podocytes and weakening of their functions 
[13]. Numerous studies indicate a direct link between 
mineralocorticoid receptor activation and damage to 
podocytes [14]. In our study with the DN model, eple- 
renone normalizes the number of podocytes and their 
functional state and, therefore, reduces proteinuria. 

CONCLUSION
In the DN model, the nephroprotective effect of 

eplerenone is determined by the blockade of the geno- 
mic effects of aldosterone and is not associated with the 
effect on FRO activity in the kidneys. Eplerenone en-
hances FRO in the kidneys following the accumulation 
of aldosterone and its nongenomic membrane effect.
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Patterns of conjunctival and scleral regeneration after intraoperative 
application of cyclosporin A solution in rabbits with steroid-induced 
glaucoma
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ABSTRACT

Aim. In an in vivo experiment, to study the effect of local intraoperative application of 0.05% cyclosporin A solution 
on the conjunctival and scleral regeneration after surgery on the rabbit eyes with steroid-induced glaucoma.

Materials and methods. At the first stage of the experiment, a model of steroid-induced glaucoma was reproduced 
for 29 male Californian rabbits by injecting 0.5 ml of a 0.4% solution of dexamethasone subconjunctivally in both 
eyes once a week for 3 months (12 subconjunctival injections for each rabbit). At the second stage of the experi-
ment, after the development of steroid-induced glaucoma, the rabbits were divided into the main group, consisting 
of the subgroup “a” (n = 8) and the subgroup “b” (n = 8), and the comparison group (n = 8). In all animals, a pene-
trating incision of the conjunctiva and a non-penetrating incision of the sclera of one of the eyes were performed.s. 
A hemostatic sponge impregnated with 0.05% cyclosporin А solution was applied to the intervention area in the 
main group, in the subgroup “a” – for 3 minutes, in the subgroup “b” – for 6 minutes. In the comparison group, the 
cytostatic was not used.

Results. The use of 0.05% cyclosporin А solution led to a decrease in the infiltration of fibroblasts and inflamma-
tory cells in the area of surgical injury. On the 4th day after the surgery, cell density in the intervention area in the 
subgroup “a” with 3-minute application of cytostatic – antimetabolite solution was 2.7 times lower (p = 0.043) than 
in the comparison group, while exceeding the values in the subgroup “b” by 3.2 times (p = 0.036). The number of 
fibroblasts in the subgroups “a” and “b” was 3.6 (p = 0.043) and 12.8 times (p = 0.031) less than in the comparison 
group, and a shift in the cellular composition of the infiltrate towards the fibroblastic population occurred only on 
the 14th day after the surgery.

Conclusion. Intraoperative application of 0.05% cyclosporin А solution significantly slows down the course of 
regeneration, reducing infiltrative inflammation in the intervention area, which prevents excessive scarring.

Key words: antiglaucoma surgery, scarring of the outflow pathways of the intraocular fluid, antimetabolites, cyc-
losporine А.
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Закономерности регенерации конъюнктивы и склеры после  
интраоперационной аппликации раствора циклоспорина А у кроликов  
со стероидной моделью глаукомы 

Жигальская Т.А.1, Дзюман А.Н.1, Крылова А.А.1, Кривошеина О.И.1, Хлусов И.А.1, 2

1 Сибирский государственный медицинский университет (СибГМУ) 
Россия, 634050, г. Томск, Московский тракт, 2
2 Национальный исследовательский Томский политехнический университет (НИ ТПУ) 
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РЕЗЮМЕ

Цель. В эксперименте in vivo изучить влияние местной интраоперационной аппликации 0,05%-го раствора 
(р-ра) циклоспорина А на регенерацию конъюнктивы и склеры после операции на глазах кроликов со сте-
роидной глаукомой.

Материалы и методы. На I этапе эксперимента 29 самцам кроликов калифорнийской породы моделиро-
вали стероидную глаукому путем введения под конъюнктиву обоих глаз 0,5 мл 0,4%-го р-ра дексаметазона 
1 раз в нед в течение 3 мес (12 инъекций). На II этапе эксперимента, после развития стероидной глаукомы, 
кроликов разделили на основную группу, состоящую из подгруппы «a» (n = 8) и подгруппы «b» (n = 8), 
и группу сравнения (n = 8). Всем животным выполняли сквозной разрез конъюнктивы и непроникающий 
надрез склеры одного из глаз. На область вмешательства в основной группе накладывали гемостатическую 
губку, пропитанную 0,05%-м р-ром циклоспорина А, в подгруппе «а» на 3 мин, в подгруппе «b» – на 6 мин. 
В группе сравнения цитостатик не использовали. 

Результаты и обсуждение. Применение 0,05%-го р-ра циклоспорина А привело к уменьшению инфиль-
трации зоны хирургической травмы воспалительными клетками и фибробластами. На 4-е сут после опе-
рации клеточная плотность в области вмешательства в подгруппе «а» основной группы с трехминутной 
аппликацией р-ра цитостатика-антиметаболита была в 2,7 раза меньше (p = 0,043), чем в группе сравнения, 
превышая при этом показатели подгруппы «b» в 3,2 раза (p = 0,036). Численность фибробластов в подгруп-
пах «а» и «b» была в 3,6 (p = 0,043) и 12,8 раза (p = 0,031) ниже, чем в группе сравнения. При этом сдвиг 
клеточного состава инфильтрата в сторону фибробластической популяции произошел только на 14-е сут 
после операции. 

Заключение. Интраоперационная аппликация 0,05%-го р-ра циклоспорина А существенно замедляет тече-
ние воспалительно-репаративной регенерации, уменьшая инфильтративное воспаление в зоне вмешатель-
ства, что предотвращает излишнее рубцевание.

Ключевые слова: антиглаукомная операция, рубцевание путей оттока внутриглазной жидкости, антиме-
таболиты, циклоспорин А. 
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INTRODUCTION
According to modern concepts, glaucoma is a 

group of diseases characterized by intraocular pres-
sure (IOP) above the tolerant level with development 
of optic neuropathy and a typical decline in visual 
functions [1]. Despite a wide choice of antihyperten-
sive drugs and the use of various laser interventions, 
surgical treatment of this pathology remains the most 
effective method to compensate for increased IOP [1]. 
The success of filtration surgeries is determined by the 
duration of functioning of surgically created intraocu-
lar fluid outflow pathways. Scarring in the area of   sur-
gery leads to a significant decrease in the hypotensive 
effect [1, 2].

To provide a stable and prolonged hypotensive 
effect after antiglaucoma surgery, antimetabolites 
(5-fluorouracil, mitomycin C) are often used to pre-
vent tissue proliferation in the intervention area with 
scarring of artificially created intraocular fluid out-
flow pathways [2–6]. However, widespread use of an-
timetabolites is limited by the risk of complications, 
such as secondary maculopathy, keratopathy, cataract 
progression, and hypotension, in the postoperative pe-
riod [2]. 

Therefore, the search for a drug that has an anti-
proliferative effect with minimal toxic properties and 
prevents scarring of surgically created intraocular flu-
id outflow pathways after antiglaucoma surgery is one 
of the urgent problems of modern ophthalmic surgery. 

The aim of the work was to study the effect of local 
intraoperative application of a 0.05% cyclosporin A 
solution on conjunctival and scleral regeneration after 
surgery on the rabbit eyes with induced glaucoma in 
an in vivo experiment.

MATERIALS AND METHODS
The study was carried out at the SSMU Laboratory 

of Biological Models (supervisor –Vladimir V. Ivanov, 
Cand. Sci. (Biology)). The protocol of the experiment 
was approved by the local Ethics Committee at SSMU 
(No. 4346 of 16.11.2015). The in vivo experiment was 
performed on 29 Californian rabbits (male), weighing 
3.5–4.0 kg, which were preliminarily quarantined in 
the vivarium for 1 week on a standard diet. At the first 
stage of the experiment, the model of steroid-induced 
glaucoma was reproduced for all rabbits by injecting 
0.5 ml of a 0.4% solution of dexamethasone (Belmed-
preparaty, the Republic of Belarus) subconjunctivally 
in both eyes once a week for 3 months (a total of 12 
subconjunctival injections for each rabbit) [7]. The 
IOP level in the rabbits was measured weekly using a 

Maklakov’s tonometer with the plunger weighing 7.5 
g. 2 weeks after the 12th injection of the steroid solu-
tion, 5 randomly selected animals were removed from 
the experiment, followed by enucleation of their eyes. 
The obtained material was fixed for light microscopy.

The second stage of the in vivo experiment was 
performed on 24 rabbits with steroid-induced glauco-
ma. 4 weeks after the last subconjunctival injection 
of 0.4% dexamethasone solution, in the upper part of 
the right eyeball of all the animals, a penetrating in-
cision of the scleral conjunctiva and a non-penetrat-
ing incision of the surface layers of the sclera were 
performed under general anesthesia with sevoflurane 
(Baxter Healthcare SA, Puerto-Rico, USA) in the op-
erating room according to aseptic and antiseptic rules. 
The paired eye of the animals remained intact.

Depending on the course of the surgery, the rabbits 
were divided into 2 groups: the main group (16 animals) 
and the comparison group (8 animals). During the sur-
gery, after performing the incisions of the conjunctiva 
and the superficial layers of the sclera, a hemostatic 
sponge soaked in 0.05% cyclosporin A solution (Aller-
gan, USA) was placed on the surgical area in all rab-
bits of the main group. Depending on the antimetabolite 
application time, the animals of the main group were 
divided into 2 subgroups: subgroup “a” (8 rabbits) – the 
application time of the drug was 3 minutes; subgroup 
“b” (8 rabbits) – the application time of the drug was 6 
minutes. 

A hemostatic sponge without cyclosporin A solu-
tion was placed on the surgical area for 3 minutes in 
the rabbits of the comparison group (8 animals). At 
the end of the application, the hemostatic sponge was 
removed in rabbits of all groups. The scleral conjunc-
tiva incision was stitched with 2 interrupted sutures, 
and tobrex solution was instilled. In the postoperative 
period, all animals received one intramuscular injec-
tion of gentamicin sulfate solution (MICROGEN, 
Russia) at the rate of 5 mg / kg of the animal’s weight, 
and tobrex solution was instilled into the conjunctival 
cavity of the operated eye 3 times a day. On days 4, 
10, 14, and 21 after the surgery, 2 rabbits from each 
group were removed from the experiment, followed 
by enucleation of their eyes. 

At all stages of the experiment, the animals were 
euthanized in compliance with the rules and norms 
of the European Society (86/609EEC), the Declara-
tion of Helsinki, and orders of the Ministry of Health 
of the USSR (No. 742 of 13.11.1984 and No. 48 of 
23.01.1985). The rabbits were removed from the ex-
periment by carbon dioxide inhalation. The material 
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was fixed and then stained with hematoxylin and eosin 
and according to the Mallory technique for light micros-
copy at 100- and 200-fold magnification. Using Canon 
Power Shot G10 digital camera (Japan), 10 random 
fields of view were photographed for each slice. Digi-
tal photographs were subjected to morphometry using 
the ImageJ 1.46 program (http://rsbweb.nih.gov/ij/)  
and the Cell Counter plug-in, which were used to calcu-
late the absolute and relative content of cells in the con-
junctiva and sclera of the rabbits in the surgical area.

Statistical processing of the obtained data was car-
ried out using the IBM SPSS Statistics 20 software. 
The Kolmogorov – Smirnov test was used to assess 
the normal distribution of the results. If the distribution 
of the indicators did not correspond to normal distri-
bution, the Mann – Whitney U-test was used. The re-
sults were presented as M ± SD, where M is the sample 
mean, and SD is the standard deviation. The differences 
were considered statistically significant at p < 0.05.

RESULTS
All rabbits (100%) had the initial IOP level wit- 

hin the normal range for this kind of animals, amount-
ing to 13.7 ± 4 mm Hg [8]. After modeling steroi- 
dinduced glaucoma, all experimental animals showed 
an increase in the IOP level in both eyes by 3.5 times 
compared to the initial value − up to 47 ± 6 mm Hg (p 
= 0.041). Examination of the ocular fundus in all rab-
bits showed gradual expansion and deepening of the 
physiological excavation of the optic disc with the for-
mation of glaucomatous excavation by the end of the 
3rd month of the experiment, which was confirmed by 
the light microscopy findings. According to light mi-
croscopy, at the anterior chamber angle of the experi-
mental animals, pathomorphological changes specific 
to glaucoma were revealed, such as partial lysis of the 
trabecular plates of the rabbit eye drainage system with 
the formation of dense conglomerates between the 

plates and obliteration of cracks between them. Areas 
of local ectasia of the Schlemm’s canal were found, 
alternating with areas of its complete obliteration.

After instrumental and morphological confirma-
tion of steroid-induced glaucoma development in the 
rabbits, the analysis of the second stage of the in vivo 
experiment started –  the study of the effect of intra-
operative application of 0.05% cyclosporin A solution 
on conjunctival and scleral regeneration of rabbits 
with induced glaucoma.

According to light microscopy, on the 4th day after 
the surgery, all rabbits from the subgroup “a” of the 
main group with intraoperative application of 0.05% 
cyclosporin A solution for 3 minutes had local con-
junctival epithelium destruction in the surgical area. 
In the stroma,  there were edema and fragmentation of 
collagen fiber bundles, between which multiple spaces 
were formed. In the sclera in the area of the surgical 
wound, the bundles of collagen fibers were located 
in mutually perpendicular directions, but the fibers 
were homogeneous and quite tightly adjoined each 
other, there were practically no gaps between them. 
Single vessels of the sclera were dilated and sanguin-
eous (Fig. 1, a). Mononuclear leukocytes (MNL) pre-
vailed in the cellular composition in the intervention 
area – 819 ± 54 cells (53.9%) in the field of view, the 
number of polymorphonuclear leukocytes (PML) and 
fibroblasts was 182 ± 24 (12.2%) and 516 ± 57 cells 
(33.9%) in the field of view, respectively.

In animals from the subgroup “b” of the main 
group, on the 4th day after thesurgery in the inter-
vention area with the application of the antimetabo-
lite solution for 6 minutes, pronounced damage to the 
conjunctival epithelium was detected. In the stroma, 
significant edema, fragmentation of collagen fibers, 
and multiple extravasal conglomerates of erythrocytes 
were detected. In the sclera, edema, hemorrhages, and 
fibrin clots were identified (Fig. 1, b). 

Fig. 1. The state of the conjunctiva and sclera of the experimental animals in the area of intervention on the 4th day after the surgery: 
a – after a 3-minute application of 0.05% cyclosporin A solution, b – after a 6-minute application of 0.05% cyclosporin A solution, 

c – without application of the antimetabolite solution. Staining with hematoxylin and eosin, × 100
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In the cellular composition, MNL prevailed –  
283 ± 51 cells (59.1%). The number of PML was  
53 ± 4 cells (33.9%) in the field of view. The number 
of fibroblasts was 143 ± 22 cells (29.8%), which is  
3.6 times less than the level in the rabbits from the 
subgroup “a” of the main group (p = 0.038).

In the rabbits of the comparison group, on the 4th 
day after the surgery, in the intervention area without 
application of the antimetabolite solution, thinning 
and flattening of the conjunctival epithelium were 
found. In the sclera, edema and stratification of col-
lagen fibrils were detected (Fig. 1, c). In the cellular 
composition, MNL and fibroblasts dominated with  
1,961 ± 236 cells (47.0%) and 1,836 ± 218 cells 
(44.1%) in the field of view, respectively. The number 
of fibroblasts exceeded that in the rabbits of the sub-
groups “a” and “b” by 3.6 times (p = 0.043) and 12.8 
times (p = 0.031), respectively. The PML density was 
375 ± 15 cells (8.9%) in the field of view.

On the 10th day, in the animals from the subgroup 
“a” of the main group, in the intervention area with 
the application of 0.05% cyclosporin A solution for 
3 minutes, local conjunctival defects were complete-
ly epithelialized due to stratified squamous epithe-
lium. The stroma of the conjunctiva of the eye was 
loose and thickened due to diffuse edema; closer to 
the sclera, longitudinally located cavities were found 
in it, lined with a single layer of squamous epitheli-
um. In the sclera in the area of   intervention, the bun-
dles of collagen fibers were stratified. However, these 
bundles looked structured. Fibroblasts predominated 
in the cellular composition – 948 ± 49 cells (68.4%) 
in the field of view, while their number increased by 
1.8 times compared to the level on the 4th day after 
the surgery (p = 0.038). The number of PML was  
21 ± 4 cells (1.5%) in the field of view, which is 8.9 
times (p = 0.046) less than the level on the 4th day af-
ter the surgery. The density of MNL decreased by 2.0 
times (p = 0.037) compared to the value on the 4th day 
after the surgery, amounting to 417 ± 36 cells (30.1%) 
in the field of view.

In the rabbits from the subgroup “b” of the main 
group, on the 10th day after the surgery with the appli-
cation of 0.05% cyclosporin A solution for 6 minutes, 
the areas of the conjunctival epithelium destruction 
decreased, and the stroma of the membrane was ex-
tremely thinned. The conjunctival vessels of the op-
erated eye were moderately dilated. In the sclera, the 
collagen fiber bundles were oriented parallel to each 
other, but had different thickness. Fibroblasts predom-
inated in the cellular composition — 779 ± 35 cells 

(68.2%) in the field of view, which was 5.4 times  
(p = 0.045) higher than the level on the 4th day after the 
surgery. The cell density of the fibroblastic population 
was 1.2 times lower than in the rabbits from the sub-
group “a” of the main group on the 10th day after the 
intervention (p = 0.035). The number of PML decreased 
by 2.2 times (p = 0.042) compared to the value in the 
animals of the subgroup “b” on the 4th day after the 
surgery, amounting to 24 ± 3 cells (2.1%) in the field 
of view. The number of MNL increased to 340 ± 17 
cells (29.7%) in the field of view, which was 1.2 times 
higher (p = 0.039) than the level in the rabbits from the 
subgroup “b” on the 4th day after the operation.

In the rabbits of the comparison group, on the 10th 

day after the operation without application of 0.05% 
cyclosporin A solution, the conjunctival structure in 
the area of   surgical injury appeared normal, collagen 
bundles in the sclera were thick and tightly adjoined 
each other. Fibroblasts predominated in the cellu-
lar composition – 3,174 ± 149 cells (80.0%) in the 
field of view, which was 1.7 times (p = 0.034) high-
er than their level on the 4th day after the interven-
tion, as well as 3.3 times (p = 0.031) and 4.1 times  
(p = 0.027) higher than the values in the rabbits of the 
subgroups “a” and “b” on the 10th day after the surgery, 
respectively. The PML density decreased by 2.4 times  
(p = 0.031) compared to the level on the 4th day after 
the surgery, amounting to 159 ± 8 cells (4%) in the 
field of view. The number of MNL was 634 ± 31 cells 
(16%) in the field of view, decreasing by 3.1 times  
(p = 0.043) compared to their level on the 4th day.

On the 14th day after the surgery, the animals of 
the subgroup “a” of the main group with the appli-
cation of the antimetabolite solution for 3 minutes 
had a normal structure of the conjunctival epithelium 
in the intervention zone. However, in some regions, 
areas of surface layer thinning and thickening of the 
stroma due to residual edema were found. Closer to 
the sclera, in the conjunctival stroma, longitudinally 
located channels lined with a single layer of squamous 
epithelium were revealed. In the sclera, in the area 
of the surgical injury, stratification of collagen fiber 
bundles was observed. In the cellular composition, fi-
broblasts dominated – 1,311 ± 124 cells (69.5%) in 
the field of view, and their number increased by 1.4 
times (p = 0.035) compared to the level in the rabbits 
of the subgroup “a” on the 10th day after the surgery.  
The density of PML was 84 ± 5 cells (4.4%) in the 
field of view, and their number increased by 4.1 times 
(p = 0.039) compared to the value in the animals of 
the subgroup “a” on the 10th day after the surgery. 
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The MNL level decreased to 492 ± 20 cells (26.1%) 
in the field of view, while there were no statistically 
significant differences from the level in the subgroup 
“a” of the main group on the 10th day after the surgery 
(p = 0.062).

In the rabbits of the subgroup “b”, on the 14th day 
after the intervention with the application of the anti-
metabolite solution for 6 minutes, the conjunctiva in 
the area of   the surgical injury was covered with stra- 
tified squamous epithelium, and slight subepithelial 
edema was found. The conjunctival stroma was loose. 
The collagen fiber bundles of the sclera in the area of   
intervention were loose. Fibroblasts predominated in 
the cellular composition with 867 ± 44 cells (65%) in 
the field of view, and there was no statistically signi- 
ficant difference (p = 0.053) from their density in the 
animals of the subgroup «b» on the 10th day after the 
surgical manipulation. The MNL level was 413 ± 32 
cells (31%) in the field of view; there was no statisti-
cally significant difference (p = 0.057) compared to 
the value in the rabbits of the subgroup “b” on the 10th 
day after the surgery. The number of PML increased 
to 53 ± 2 cells (4%) in the field of view, exceeding by 
2.2 times (p = 0.029) the value in the rabbits of the 
subgroup “b” on the 10th day.

In the rabbits of the comparison group, on the 14th 
day after the surgery without application of the anti-
metabolite solution, the conjunctiva of the eye in the 

intervention zone had a normal structure and tightly 
adjoined the superficial layers of the sclera. Scleral 
fibers were located tightly to one other. Among the 
cells in the area of   the surgical injury, fibroblasts pre-
dominated with 1,972 ± 112 cells (84%) in the field 
of view, which exceeded the value in the subgroups 
“a” and “b” on the 14th day by 1.5 times (p = 0.047) 
and 2.3 times (p = 0.038), respectively. The density 
of PML decreased to 117 ± 5 cells (5%) in the field of 
view, which was 1.4 times (p = 0.047) lower than that 
on the 10th day. The MNL level was 258 ± 14 cells 
(11%) in the field of view, decreasing by 2.5 times  
(p = 0.038) compared to the indicator on the 10th day.

On the 21st day, in the animals of the subgroup 
“a” after application of 0.05% cyclosporin A solu-
tion for 3 minutes, the conjunctiva of the eye in the 
area of   the surgical injury had a normal structure and 
was separated from the underlying sclera by a narrow 
slit-like space. The collagen fibers of the sclera were 
structured (Fig. 2, a). Fibroblasts predominated in the 
cellular composition with 839 ± 44 cells (69.7%) in 
the field of view, which was 1.6 times (p = 0.036) less 
than on the level on the 14th day after the surgery. The 
number of PML and MNL was 20 ± 2 cells (1.7%) 
and 344 ± 11 cells (28.6%) in the field of view, re-
spectively. Moreover, the PML level decreased by 4.3 
times (p = 0.042), and the MNL level – by 1.4 times  
(p = 0.031), compared to those on the 14th day.

Fig. 2. The state of the conjunctiva and sclera of the experimental animals in the area of intervention on the 21st day after the 
surgery: a – after a 3-minute application of 0.05% cyclosporin A solution, b – after a 6-minute application of 0.05% cyclosporin  
A solution, c – without application of the antimetabolite solution. Staining: a, b – with hematoxylin and eosin, × 100; c – according 

to the Mallory method, × 100

In the animals of the subgroup “b” of the main group 
on the 21st day after the surgery with the application of 
0.05% cyclosporin A solution for 6 minutes, the con-
junctiva of the eye in the area of the   surgical injury had 
a normal structure and was separated from the under-
lying sclera by a narrow-slit space. In the conjunctival 
stroma, structured channels lined with a single layer of 
squamous epithelium were revealed. In the sclera, in 

the area of the surgical   intervention, the collagen fiber 
bundles were loose, but they were oriented parallel to 
one another (Fig. 2, b). Fibroblasts predominated in the 
cellular composition with 799 ± 13 cells (69.3%) in 
the field of view, with no statistically significant dif-
ferences (p = 0.058) compared to this indicator on the 
14th day. The number of MNL decreased by 1.3 times 
compared to the 14th day, amounting to 320 ± 14 cells 
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(27.7%) in the field of view (p = 0.044). The number of 
PML decreased by 1.5 times (p = 0.042) to 35 ± 3 cells 
(3%) in the field of view.

In the rabbits of the comparison group, on the 
21st day after the surgery without local application 
of 0.05% cyclosporin A solution, the conjunctiva of 
the eye in the area of the   surgical injury had a normal 
structure and tightly adjoined the underlying sclera 
(Fig. 2, c). Fibroblasts predominated in the cellular 
composition – 1,209 ± 132 cells (83%) in the field of 
view. The cell density of this population decreased 
by 1.6 times compared to the value on the 14th day  
(p = 0.045), however, it exceeded this indicator by 1.4 
times (p = 0.048) in the subgroup “a” and by 1.5 times 
(p = 0.046) in the subgroup “b” of the main group. The 
number of PML was 116 ± 5 cells (8%) in the field of 
view, with no statistically significant difference from 
the value on 21th day (p = 0.059). The number of 
MNL decreased by 2.0 times (p = 0.037) compared to 
the level on the 14th day, amounting to 131 ± 7 cells 
(9%) in the field of view.

DISCUSSION

According to the results of the experiment, the 
course of the inflammatory-reparative response in the 
conjunctiva and sclera in the rabbits of the compari-
son group with steroid-induced glaucoma after the eye 
surgery was characterized by a consistent change of 
cell phases in the surgical area with scarring of the 
conjunctiva and sclera on the 21st day. Local appli-
cation of 0.05% cyclosporin A solution during the in-
tervention had a significant effect on the postoperative 
period depending on the application time. 

For example, a decrease in the migration of cells 
responsible for the inflammation intensity to the area 
of the surgical injury was revealed. On the 4th day af-
ter the surgery, the cell density in the intervention area 
in the subgroup “a” of the main group was 2.7 times 
lower (p = 0.043) than in the comparison group, while 
exceeding the value in the subgroup “b” by 3.2 times 
(p = 0.036) (Table). Similar dynamics was observed 
up to the 14th day after the surgery (Table). 

T a b l e

Dynamics of the cell density of the infiltrate in 1 mm2 section in rabbits of 
the experimental groups with steroid-induced glaucoma, M ± SD

Observation period, days
Experimental groups

Main group
Comparison group

Subgroup “a” Subgroup “b”
4 1,518 ± 51*/** 479 ± 22* 4,172 ± 181
10 1,386 ± 43* 1,143 ± 47* 3,967 ± 172
14 1,887 ± 84 1,333 ± 78* 2,347 ± 124
21 1,203 ± 54 1,154 ± 56 1,456 ± 97

* p < 0.05 when comparing to the values in the rabbits operated without local application of 0.05% cyclosporin 
A solution (comparison group); ** p < 0.05 when comparing the values in the subgroup “a” (application of the 
antimetabolite for 3 minutes) with the values in the subgroup “b” (application of the antimetabolite for 6 minutes) 
of the main group.

Intraoperative application of the antimetabolite had 
a pronounced inhibitory effect on the migration of fi-
broblasts to the area of the   surgical injury. On the 4th 
day after the surgery, the density of fibroblasts in the 
intervention area in the subgroup “a” was 3.6 times 
lower (p = 0.043) than in the comparison group, while 
in the subgroup “b”, it was 12.8 times lower (p = 0.031) 
than in the comparison group. On the 10th day after the 
surgery, the number of fibroblasts in the area of the   
surgical injury in the comparison group increased by 
1.7 times (p < 0.05). In the subgroups “a” and “b” of 
the main group, a shift in the cellular composition in 
the intervention area towards the fibroblastic popula-
tion occurred only on the 14th day after the surgery.

As a result, on the 21st day after the surgery, in the 
rabbits of the subgroup “a” of the main group, in the 
area of the   surgical injury, only partial adhesion be-
tween conjunctiva and sclera was formed, in contrast 
to the animals of the comparison group. In the rabbits 
of the subgroup “b” of the main group, even on the 
21st day after the surgery, a slit-like space between 
the conjunctiva of the eye and the underlying sclera 
remained in the intervention zone. Probably, the sup-
pression of T-lymphocyte activation by cyclosporin A 
following the formation of bonds with cyclophilins in 
the cell cytoplasm and blocking of the catalytic and 
regulatory subunits of calcineurin leads to a decrease 
in the synthesis of proinflammatory cytokines. There-
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fore, this slows down the course of the inflammato-
ry-reparative response in the intervention zone [9].

CONCLUSION
Local application of 0.05% cyclosporin A solution 

during surgery on the conjunctiva and sclera of the 
eyes of rabbits with steroid-induced glaucoma signifi-
cantly slows down the course of the inflammatory-re-
parative response in the intervention area, reducing 
the cell density by 2.9–3.5 times and preventing tissue 
scarring. The severity of the antiproliferative effect of 
the drug depends on the application time: when ap-
plied for 3 minutes, the density of fibroblast distribu-
tion in the surgical area is 3.6 times lower than in the 
rabbits of the comparison group, and when applied 
for 6 minutes, it is 12.8 times lower than in the com-
parison group. The obtained results are of interest for 
development of methods to prevent scarring after an-
tiglaucoma surgeries.
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ABSTRACT

Background. Peritoneal carcinomatosis (PC) is one of the most unfavorable factors of ovarian cancer progression. 
It is often accompanied by accumulation of fluid in the abdominal cavity, which is called ascites. However, 
prognostic factors associated with malignant ascites are not well understood. 

The aim of this study was to evaluate dissimilar populations of EpCAM-positive cells in ascitic fluid and their 
relationship with the presence of invasive peritoneal implants and the prevalence of carcinomatosis on the Predictive 
Index Value (PIV) scale in ovarian cancer patients.

Materials and methods. The prospective study included 22 patients aged 36–76 years with newly diagnosed FIGO 
stage Ic–IV ovarian cancer, who were admitted for treatment to Cancer Research Institute of Tomsk NRMC. The 
study material included EDTA-stabilized ascitic fluid sampled during laparoscopy.

Various populations of ascites tumor cells were identified by laser multicolor flow cytometry. The degree of 
carcinomatosis was determined according to the PIV scale. 

Results. The study identified twelve populations of EpCAM-positive cells in the ascitic fluid of ovarian cancer 
patients. Epcam+CD45-CD44-CD24+CD133−Ncadherin+ cells (r = 0.58; p = 0.004) and atypical (hybrid) 
EpCam+CD45+CD44+CD24+/-CD133+/-Ncadherin+/- cells (r = = 0.51; р = 0.01) had a positive correlation with 
the PIV index.

Conclusion. The obtained results show a high degree of heterogeneity of tumor cells in the ascitic fluid of ovarian 
cancer patients. Identified atypical (hybrid) forms of EpCam-positive cells are of great interest for cell biology and 
require further investigation. 

Key words: heterogeneity of tumor cells, carcinomatosis, Predictive Index Value (PIV), ascitic fluid, ovarian 
cancer, liquid biopsy. 
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INTRODUCTION
Ovarian cancer is characterized by a unique meta-

static process. The earliest and most common route of 
metastasis is implantation. It is often accompanied by 

Различные популяции EpСam-положительных клеток в асцитической  
жидкости у больных раком яичников: связь со степенью канцероматоза
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РЕЗЮМЕ

Введение. Канцероматоз брюшины является одним из наиболее неблагоприятных факторов прогресси-
рования рака яичников. Он часто сопровождается накоплением жидкости в брюшной полости – асцитом. 
Прогностические факторы, связанные со злокачественным асцитом, изучены недостаточно. 

Цель. Оценка различных популяций EpСam-положительных опухолевых клеток в асцитической жидкости, 
их связь с наличием перитонеальных «инвазивных» имплантатов и степенью распространенности канцеро-
матоза по шкале Predictive Index Value (PIV) у больных раком яичников. 

Материалы и методы.  В проспективное исследование включены 22 больные с впервые диагностирован-
ным раком яичников, с Ic–IV стадиями по системе FIGO, в возрасте 36–76 лет, поступившие на лечение в 
НИИ онкологии Томского НИМЦ. Материалом для исследования служила асцитическая жидкость, стаби-
лизированная ЭДТА, взятая во время лапароскопии.

Количество различных популяций опухолевых клеток в асцитической жидкости определяли методом мно-
гоцветной проточной цитометрии и проточной цитометрии с визуализацией. Степень канцероматоза опре-
деляли по шкале PIV. 

Результаты. Показано, что клеточный состав асцитической жидкости больных раком яичников пред-
ставляет собой гетерогенную популяцию. Положительная корреляционная связь с PIV, характеризу-
ющим степень распространенности канцероматоза, наблюдалась у асцитических клеток с фенотипом 
EpCam+CD45-CD44-CD24+CD133-Ncadherin+ (r = 0,58; p = 0,004) и у атипичных / гибридных форм клеток 
EpCam+CD45+CD44+CD24+/-CD133+/-Ncadherin+/- (r = = 0,51; р = 0,01). 

Заключение. Полученные результаты показывают большую гетерогенность опухолевых клеток в асцити-
ческой жидкости больных раком яичников. Обнаруженный факт наличия атипичных (гибридных форм) 
EpCam-положительных клеток представляет интерес для клеточной биологии и требует дальнейших ис-
следований.

Ключевые слова: гетерогенность опухолевых клеток, канцероматоз, Predictive Index Value, асцитическая 
жидкость, рак яичников, жидкостная биопсия.
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accumulation of fluid in the abdominal cavity, which 
is called ascites. Ovarian cancer accounts for up to 
38% of ascites cases associated with malignancies in 
females. Ascitic fluid is a promising biological mate-
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rial to get information about the nature of the tumor. 
Unlike serum, ascitic fluid is more informative, espe-
cially at early stages of the malignant process [1]. 

In general, ascites is a multicomponent, dynamic 
system where all elements combined facilitate the for-
mation of a proinflammatory and immunosuppressive 
environment. Ascites consists of a complex mixture 
of cell populations and a rich cytokine profile [2]. The 
variety of cells is related to several factors. The first 
factor is phenotypic plasticity arising from the influ-
ence of soluble factors and microenvironment signals 
from immune and stromal cells. Secondly, hetero-
geneity is associated with hydrodynamic forces that 
significantly change cell morphology [3]. Thirdly, the 
source of cancer cells in ascitic fluid is the tumor, and 
in ovarian cancer, in particular, it is a heterogeneous 
cell population [4].

Currently, the heterogeneity of tumor cells is eva- 
luated based on their antigenic properties, spectrum 
of various cell surface markers, and activity of the 
key signaling pathways. If circulating tumor cells 
(CTCs) are detected, the epithelial cell adhesion mol-
ecule (EpCAM) is widely used as a specific biomark-
er, because it is overexpressed in more than 70% of 
ovarian cancer cases, and its level is closely associat-
ed with malignant ascites, chemoresistance, and de-
creased survival in patients. The role of EpCAM is not  
limited to cell adhesion; there is abundant evidence of 
its involvement in the epithelial–mesenchymal tran-
sition (EMT) [5]. The EMT is known to enable cells 
to separate, lose their apical–basal polarity typical of 
epithelial cells, demonstrate enhanced resistance to 
apoptosis, and return to a more mobile mesenchymal 
phenotype that promotes peritoneal dissemination. 
This molecule is also used as a marker of cancer stem 
cells (CSCs) [6].

Along with EpCAM, the CD44 receptor, widely 
present on the surface of tumor cells, is used to iden-
tify CTCs. It mediates attachment of ovarian cancer 
cells to the peritoneal mesothelium by binding to hy-
aluronic acid (HA). CD44, as a biomarker, has seve- 
ral advantages. Firstly, normal cells have a low level 
of CD44 expression and poor adhesion to hyaluronic 
acid. Secondly, HA is one of the main components of 
the tumor extracellular matrix that, along with binding 
to the CTCs, supports cell integrity [7].

Another CTC marker in ascitic fluid is CD24, 
which is expressed in 70.1% of ovarian cancer cases 
and is an independent predictor of survival. CD24 in-
creases the metastatic potential of tumor cells, because 
it is a ligand of P-selectin, an adhesion receptor on 

activated endothelial cells. In addition, CD24 induces 
EMT, which leads to the formation of a highly proli- 
ferative phenotype and resistance to chemotherapy via 
activation of PI3K/Akt, NF-κB, and ERK signaling 
cascades [8].

A common EMT feature is reduced expression of 
epithelial cadherin (E-cadherin) and a concomitant 
increase in or de novo expression of neural cadherin 
(N-cadherin). This so-called “cadherin switch” is as-
sociated with increased migratory and invasive behav-
ior of tumor cells. Increased expression of N-cadherin 
in solid tumors promotes collective cell migration, en-
hances transmission of fibroblast growth factor(FGF) 
signals, and modulates the canonical Wnt signaling 
pathway, which leads to the formation of an aggres-
sive phenotype [9].

CD133 is the most commonly used cell surface an-
tigen for detection and isolation of CSCs in various 
malignant diseases, including ovarian cancer. High ex-
pression of CD133 in tumors is considered a prognos-
tic marker of disease progression. Despite the fact that 
the functional role of CD133 in malignancies is not 
fully understood, most studies suggest that CD133 has 
a significant prognostic value for assessing overall and 
progression-free survival in various cancer types [10].

Peritoneal dissemination caused by ascites is one of 
the most unfavorable factors for progression of malig-
nancies. In 2006, Italian authors proposed a Predictive 
Index Value (PIV) scale for assessing the prevalence 
of carcinomatosis, taking into account the condition 
of the parietal peritoneum, diaphragmatic peritoneum, 
mesentery of the intestine, omentum, intestinal wall, 
stomach, and liver. The authors showed that with PIV 
≥ 8, the probability of R0 resection is practically equal 
to 0, therefore, neoadjuvant chemotherapy (NACT) is 
recommended [11].

In connection with the foregoing, the aim of this 
study was to investigate various populations of tumor 
cells in the ascitic fluid of ovarian cancer patients and 
their relationship with the presence of invasive perito-
neal implants and the prevalence of carcinomatosis on 
the PIV scale.

MATERIALS AND METHODS
The study was approved by the local Ethics Com-

mittee at Cancer Research Institute of Tomsk NRMC. 
The prospective study included 22 patients aged 
36–76 years with newly diagnosed FIGO stage Ic–IV 
ovarian cancer, who were admitted for treatment to 
Cancer Research Institute of Tomsk NRMC. For the 
purpose of surgical staging, all patients included in 
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the study underwent laparoscopy using a Karl Storz 
laparoscopic unit (Germany), followed by morpho-
logical examination of biopsy specimens and ascitic 
fluid. PIV prevalence was also evaluated. The study 
material included 5 mL EDTA-stabilized ascitic fluid 
sampled during laparoscopy.

DETERMINING THE PIV INDEX 
The PIV index in patients with ovarian cancer was 

calculated using video materials obtained during lapa-
roscopy with the Karl Storz unit. The PIV scale (Fagot-
ti score, range 0–14) allowed to assess the prevalence 
of carcinomatosis, taking into account the condition 

of the parietal peritoneum, diaphragmatic peritoneum, 
mesentery of the intestine, omentum, intestinal wall, 
stomach, and liver (Table 1) [11].

Assessing populations of tumor cells in ascitic 
fluid by multicolor flow cytometry. Different popula-
tions of ascites tumor cells (with stemness traits, with 
EMT traits, without stemness and EMT traits, with a 
combination of these traits, as well as atypical (hy-
brid) cell populations) were identified by laser multi-
color flow cytometry on a BDFACSCanto apparatus 
(USA) using a molecular panel of EpCam, CD45, 
CD44, CD24, CD133, and N-cadherin markers and 
BD FACSDiva software.

For this purpose, ascitic fluid was incubated with 
fluorochrome-labeled monoclonal antibodies to 
CD45: clone HI30 (APC/Cy7) (Biolegend, USA), 
EpCAM clone 9C4 (PE) (Biolegend, USA), CD44 
clone BJ18 (FITC) (Biolegend, USA), CD24 clone 
ML5 (PE/Cy7) (Biolegend, USA), N-cadherin clone 
8C11 (PerCP/Cy5.5) (Biolegend, USA), and CD133 
clone AC-133 (APC) (Miltenyi Biotec, USA). Then, 
erythrocytes in the sample were lysed with a BD Facs 
lysing solution and washed twice with CellWash buf-
fer. Next, 1 ml of BD Flow was added to the cell pel-
let. All samples were stored in the dark at 4 °C and 
analyzed on a flow cytometer within an hour. The cell 
level was expressed as the number of cells per 1 ml  
of ascitic fluid.

High-resolution imaging flow cytometry. Cells were 
incubated with fluorochrome-labeled monoclonal an-
tibodies to CD45: clone HI30 (APC/Cy7) (Biolegend, 
USA), EpCAM clone 9C4 (PE) (Biolegend, USA), 
CD44 clone BJ18 (FITC) (Biolegend, USA), CD24 
clone ML5 (PE/Cy7) (Biolegend, USA), N-cadherin 
clone 8C11 (PerCP/Cy5.5) (Biolegend, USA), CD133 
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T a b l e  1

Determination of the PIV for assessing the prevalence of carcinomatosis
Parameter Score = 2 Score = 0

Peritoneal carcinomatosis Unresectable massive peritoneal damage
Carcinomatosis of isolated regions that 

can be surgically removed during perito-
neoectomy 

Diaphragmatic peritoneum Widespread infiltrating carcinomatosis or confluent nodules in most 
of the diaphragmatic peritoneum Focal damage to the peritoneum 

Mesentery of the intestine Big infiltrating nodules or involvement of the mesenteric root Small nodules that are potentially 
resectable using argon plasma coagulation 

Omentum Tumor diffusion up to the large curvature of the stomach Focal damage to the omentum
Infiltration of the bowel Bowel resection is assumed to be required or miliary carcinomatosis –
Infiltration of the stomach Neoplastic damage to the stomach wall –
Liver damage Any surface lesions –

clone AC-133 (APC) (Miltenyi Biotec, USA), and 
DAPI (ZytoVision, Germany). The aliquots were 
analyzed with an ImageStream Mk II Imaging Flow 
Cytometer (Luminex, Poland). All data were saved as 
raw image files for analysis in IDEAS software (ver-
sion 6.2). 

Statistical analysis. The obtained data were pro-
cessed by variance statistical methods. All the statis-
tical analyses were performed using Statistica 10.0 
software package (StatSoft, Inc., USA). Assessment 
of the normal distribution of the results was per-
formed using the Kolmogorov – Smirnov test. The 
significance of differences was assessed using the 
nonparametric Mann – Whitney test (for independent 
samples). Spearman’s correlation analysis (r) was also 
used. The data were presented as the median and the 
interquartile range Me (Q1–Q3). The differences were 
considered statistically significant at p < 0.05.

RESULTS 
Multicolor flow cytometry of ascitic flu-

id of ovarian cancer patients revealed 12 popu-
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lations of Epcam-positive cells. These included 
ascites tumor cells without stemness and EMT traits – 
Epcam+CD45–CD44–CD24–CD133–Ncadher-
in– (AC-1); ascites tumor cells without stemness 
traits and with EMT traits – Epcam+CD45–CD44–
CD24–CD133–Ncadherin+ (AC-2); ascites tumor 
cells with stemness traits, without EMT traits, and 
with phenotypes Epcam+CD45–CD44+CD24–
CD133+/-Ncadherin– (AC-3); Epcam+CD45–
CD44+CD24+CD133+/–Ncadherin– (AC-6); 
Epcam+CD45–CD44–CD24+CD133+/-Ncadherin– 
(AC-8); ascites tumor cells with stemness and EMT 
traits – Epcam+CD45–CD44+CD24–CD133+/-Ncad-
herin+ (AC-4); Epcam+CD45–CD44+CD24+C-
D133+Ncadherin+ (AC-5); Epcam+CD45–

CD44–CD24+CD133+Ncadherin+ (AC-7); 
Epcam+CD45–CD44+CD24+CD133−Ncadherin+ 
(AC-9); Epcam+CD45–CD44–CD24+CD133–Ncad-
herin+ (AC-10); atypical (hybrid) cells without stem-
ness traits – Epcam+CD45+CD44–CD24–CD133–
Ncadh+/− (AC-11); and atypical (hybrid) cells with 
stemness traits: Epcam+CD45+CD44+CD24+/−
CD133+/−Ncadh+/−(AC-12).

In patients with invasive peritoneal implants, the 
number of cancer stem cells with phenotypes Ep-
cam+CD45-CD44+CD24+CD133−Ncadherin+ and 
Epcam+CD45-CD44-CD24+CD133−Ncadherin+ in 
ascitic fluid significantly exceeded the one in ascit-
ic fluid of ovarian cancer patients with non-invasive 
peritoneal implants (Table 2).

T a b l e  2

The level of various populations of EpCAM-positive cells in the ascitic fluid of ovarian cancer patients with non-invasive or invasive 
implants, cells/ml, Me (Q1–Q3)

Phenotype of ascites tumor cells Invasive peritoneal implants,  n = 13 Non-invasive peritoneal implants,  n = 9

AC-1
EPСam+CD45-CD44-CD24-CD133-Ncadherin- 290 (110–4,270) 55 (0–420)

p1–2 = 0.082

 AC-2
EpСam+CD45-CD44-CD24-CD133-Ncadherin+ 40 (0–1,220) 170 (0–320)

p1–2 = 0.84

AC-3
EpСam+CD45-CD44+CD24-CD133+/-Ncadherin- 10 (0–530) 0 (0–80)

p1–2 = 0.35

AC-4
EpСam+CD45-CD44+CD24-CD133+/-Ncadherin+ 300 (30–720) 40 (0–90)

p1–2 = 0.126

AC-5
EpСam+CD45-CD44+CD24+CD133+Ncadherin+ 360 (160–740) 110 (0–283)

p1–2 = 0.160

AC-6
EpСam+CD45-CD44+CD24+CD133+/-Ncadherin- 50 (0,00–1,100) 0 (0–140)

p1–2 = 0.640

AC-7
EpСam+CD45-CD44-CD24+CD133+Ncadherin+ 312 (20–940) 0 (0–10)

p1–2 = 0.064

AC-8
EpСam+CD45-CD44-CD24+CD133+/-Ncadherin- 170 (0–1,030) 0 (0–30)

p1–2 = 0.194

AC-9
EpСam+CD45-CD44+CD24+CD133-Ncadherin+ 2,030 (520–11,420) 150 (0–540)

p1–2 = 0.025

AC-10
EpСam+CD45-CD44-CD24+CD133-Ncadherin+ 1,640 (260–3,870) 10 (0–50)

p1–2 = 0.003

AC-11
EpСam+CD45+CD44-CD24-CD133-Ncadherin+/- 185 (29–716) 219 (18–436)

p1–2 = 0.940

AC-12
EpСam+CD45+CD44+CD24+/-CD133+/-Ncadher-
in+/-

2,476 (813–3,835)
907

(216–1,032)
p1–2 = 0.016
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Figures 1 and 2 present a part of the multicolor flow 
cytometry protocol in assessing different populations 
of Epcam+ cells in ascitic fluid of the ovarian cancer 
patient (Fig. 1) and photographs of the abdominal cav-

ity of this patient obtained during laparoscopy (Fig. 2).  
The photos show diffuse infiltrating carcinomatosis, 
confluent nodules in different regions of the diaphrag-
matic peritoneum, and big infiltrating nodules.  
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Fig. 2. Photographs of the abdominal cavity of the ovary cancer patient V, 50 years old, T3c Nx M0, obtained during laparoscopy 
using a Karl Storz laparoscopic unit. PIV index = 8

Fig. 1. Different populations of EpCam-positive cells in the ascitic fluid of the ovary cancer patient, high-resolution imaging flow 
cytometry (Amnis ImageStreamX)
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We assessed the extent of carcinomatosis using the 
PIV scale in our study. The range of the PIV index in 
patients included in the study ranged from 0 to 11. The 
correlation analysis showed that a statistically signif-
icant, positive relationship with the PIV index was 
observed in AC-9 cells with the Epcam+CD45-CD44-
CD24+CD133− Ncadherin+ phenotype (r = –0.58; p = 
0.004) and in atypical (hybrid) cell forms with stemness 
features Epcam+CD45+CD44+CD24+/−CD133+/−
Ncadherin+/− (r = –0.51; р = 0.01) (Table 3).

T a b l e  3

Correlation between the number of dissimilar populations 
of Epcam-positive cells in the ascitic fluid of ovarian cancer 

patients and the PIV index
A pair of parameters r                                                                                          p

AC1 – PIV 0.32 0.137
AC2 – PIV −0.02 0.92
AC3 – PIV 0.20 0.35
AC4 – PIV 0.19 0.38
AC5 – PIV 0.29 0.27
AC6 – PIV 0.12 0.64
AC7 – PIV 0.46 0.07
AC8 – PIV 0.21 0.42
AC9 – PIV 0.34 0.11
AC10 – PIV 0.58 0.004
AC11 – PIV 0.15 0.49
AC12 – PIV 0.51 0.01

DISCUSSION
Metastasis of ovarian cancer occurs mainly due to 

detachment of cells from the primary tumor and their 
invasion of the abdominal cavity filled with malignant 
ascites. The cells spread widely with fluid flow and 
cause secondary tumor growth. At all stages of this 
unique process, tumor cells change their phenotype 
and co-evolve together with surrounding fibroblasts, 
macrophages, adipocytes, endothelial, and other cells.

This study revealed different tumor cell popula-
tions in ascitic fluid: atypical forms (hybrid cells) both 
with and without stemness traits, with EMT traits, and 
with a combination of these traits and stromal and im-
mune cell populations, identification and characteri-
zation of which may be a useful tool in predicting the 
disease course and response to chemotherapy.

According to the literature data, out of 150 dif-
ferent marker combinations, the most common panel 
includes three markers: CD44, CD24, and Epcam. Ex-
pression of these molecules in OVCAR-5, SKOV-3, 
and IGROV-1 lines corresponded to cells with greater 
colony-forming ability. These cells demonstrated a 
short in vivo relapse-free interval after xenotransplan-
tation and a greater migratory capacity in an in vitro 
invasion study compared to CD44-CD24-Epcam cells. 

In addition, doxorubicin, cisplatin, and paclitaxel pro-
moted an increase in this population, which indicates 
drug resistance, but Müllerian inhibiting substance 
(MIS) effectively suppressed its growth [12].

In our study, we showed that the concentration of 
tumor cells with phenotypes Epcam+CD45-CD44+C-
D24+CD133−Ncadherin+ and Epcam+CD45-CD44-
CD24+CD133−Ncadherin+ was higher in the ascitic 
fluid of ovarian cancer patients with invasive perito-
neal implants compared to the level of these cells in 
the ascitic fluid of ovarian cancer patients with non-in-
vasive peritoneal implants. We also showed the pres-
ence of atypical (hybrid) cells in the ascitic fluid of 
ovarian cancer patients. The number of atypical (hy-
brid) cells with stemness features (Epcam+CD45+C-
D44+CD24+/− CD133+/− Ncadherin+/−) was also 
significantly higher in the ascitic fluid of patients with 
invasive peritoneal implants compared to the level of 
these cells in the ascitic fluid of ovarian cancer pa-
tients with non-invasive peritoneal  implants. It should 
be noted that these cell populations are positive for 
the CD24 marker. In a study aimed at investigating 
the mechanisms of acquired drug resistance, it was 
shown that the CD24+ fraction obtained from sam-
ples of tumor tissue from the ovarian cancer patient 
was relatively resistant to cisplatin in vitro compared 
to its CD24− cells. In addition, the tumorigenici-
ty of CD24+ also surpasses that of CD24− cells, as 
evidenced by the shorter period before the appear-
ance of tumors in mice (Nude mice) injected with an 
equal number of CD24+ and CD24− cells. It was also 
found that CD24+ cells express higher mRNA levels 
of several stemness-related genes  (including Nestin, 
β-catenin, Bmi-1, Oct4, Oct3/4, Notch1, and Notch4, 
which are involved in modulating many stem cell 
functions) and a lower E-cadherin mRNA level than 
CD24− cells [13].

Our clinical trial results are consistent with the 
literature. Numerous studies have shown that the Ep-
cam+CD44+CD24+CD133+CD117+ population has 
an increased ability to initiate cancer and/or stimulate 
metastasis in vivo [13, 14].

In a mouse model (NOD/Shi-scid/IL-2Rγ null 
mice), CD24+ and CD133+ cells were demonstrat-
ed to be more capable of forming spheres, spreading, 
and initiating tumors in vivo. In addition, CD24+ cells 
showed a more mesenchymal phenotype with high-
er expression of Twist1, Snail, and Vimentin, which 
relates the CD24 marker to the EMT phenotype. In-
terestingly, CD24- cells are also capable of initiating 
tumor growth, albeit to a lesser extent than CD24+. 
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This is probably determined by the fact that a subset 
of CD24- cells with stemness traits has a lower prolif-
eration rate than CD24+ cells [15].

The hybrid cells and multicellular aggregates 
which role in cancer has long been examined [16–18], 
were also discovered in our study. Other researchers 
revealed fusion of blood cells and epithelial cells in 
Lewis lung carcinoma and metastatic epithelial ovar-
ian carcinoma [19]. Similar results were obtained by 
A.E. Powell et al. for colorectal cancer [20]. Another 
study claimed that their formation and form depend on 
the cadherin expression profile. For instance, Ncad+ 
cells formed stable and dense spherical structures, and 
Ecad+ cells – clusters with lower adhesion (compared 
to Ncad+) [21].

In our study, we showed that the number of Ep-
cam+CD45-CD44-CD24+CD133− Ncadherin+ cells 
and atypical (hybrid) Epcam+CD45+CD44+CD24+/− 
CD133+/-Ncadherin+/− cells has a direct correlation 
with the PIV index, characterizing the prevalence of 
carcinomatosis. This index takes into account the con-
dition of the parietal peritoneum, diaphragmatic peri-
toneum, mesentery of the intestine, omentum, intesti-
nal wall, stomach, and liver [11, 22–24]. A. Fagotti et 
al. (2006) showed that with PIV ≥ 8, the probability 
of R0 resection is practically equal to 0, and NACT is 
recommended [11]. The effectiveness of this approach 
was subsequently confirmed by a series of randomized 
trials. 

In 2017, data from a Dutch multicenter random-
ized trial were published, including treatment analysis 
for 201 patients with advanced ovarian cancer [24]. A 
total of 102 patients underwent laparoscopy with PIV 
determination to assess the possibility of performing 
primary optimal cytoreductive surgery (treatment 
group), and 99 patients underwent primary cytoreduc-
tive surgery without laparoscopic assessment (control 
group). The authors considered a decrease in the num-
ber of unjustified laparotomies (diagnostic operations, 
suboptimal cytoreductions), that reduce the effective-
ness of treatment in this category of patients, as one of 
the main advantages of the proposed technique [24].

The results obtained in our study showed a direct 
correlation between the PIV index and the level of as-
cites tumor cells with EMT traits (AC-10) and atypical 
(hybrid) cells with stemness features (AC-12). It can 
be assumed that determining Epcam+CD45-CD44-
CD24+CD133−Ncadherin+ and Epcam+CD45+C-
D44+CD24+/−CD133+/−Ncadherin+/− cells in as-
citic fluid will be useful for specifying the treatment 
strategy for ovarian cancer patients.

CONCLUSION
The results of the study show high heterogeneity of 

tumor cells in the ascitic fluid of patients with ovarian 
cancer. The presence of atypical (hybrid) forms of Ep-
cam-positive cells is of interest for cell biology and re-
quires further research. The cell populations identified 
in our study (Epcam+CD45-CD44-CD24+CD133−
Ncadherin+ and Epcam+CD45+CD44+CD24+/−
CD133+/−Ncadherin+/−) and their detection in ascitic 
fluid can be useful for determining the treatment strat-
egy for patients with ovarian cancer.

Further study of various populations of tumor 
cells in ascitic fluid and their relationship with the 
clinical course of the disease and effectiveness of 
chemotherapy for patients with ovarian cancer is rea-
sonable and opens up great prospects for practical de-
velopments in the field of targeted therapy and liquid  
biopsy.
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Retrospective analysis of the effectiveness of local corticosteroid therapy in 
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ABSTRACT

Background.  Despite the progress in diagnosis and treatment of chronic rheumatic diseases in children, the choice 
of anti-inflammatory drugs in case of the onset of oligoarticular juvenile idiopathic arthritis (JIA) still remains 
relevant. Till present, pediatric rheumatologists have not reached a consensus on this issue yet. 

The aim of this study was to search for predictors of early failure of local steroid therapy and assess its feasibility 
in patients with oligoarticular JIA.

Materials and methods. In a retrospective study, 92 children aged 11 months–9 years with chronic oligoarticular 
JIA without extra-articular manifestations were monitored. The features of the clinical, instrumental, and laboratory 
diagnosis during the disease onset were studied, along with the dynamics of the articular syndrome and the 
effectiveness of intra-articular administration of corticosteroid drugs. 

Results and discussion. The data on 92 children with 164 active joints who received 218 local intra-articular 
injections of triamcinolone acetonide at the onset of the disease were analyzed. Intra-articular injections of 
triamcinolone acetonide at a dose of 20–40 mg were performed with an interval of 3, 6, and 12 months, depending 
on the intensity of the disease. In about one third of children with oligoarticular JIA, arthritis became inactive on 
average after two intra-articular injections of triamcinolone acetonide. The study did not reveal the predictors of 
early ineffective topical corticosteroid monotherapy in children. No clinical, instrumental, and laboratory signs 
were identified that would directly indicate the need for early therapy with methotrexate.

Conclusion. Triamcinolone acetonide is an effective and safe drug for children with oligoarticular JIA. Despite the 
widespread use of biological, gene, and other innovative therapies, application of local corticosteroids as the first-
line therapy in children with oligoarticular JIA should not be neglected.

Key words: oligoarticular juvenile idiopathic arthritis, local steroid therapy, triamcinolone acetonide.
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Оценка эффективности локальной стероидной терапии  
у детей с олигоартикулярным вариантом ювенильного артрита:  
результаты ретроспективного исследования
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РЕЗЮМЕ

Актуальность.  Несмотря на большой прогресс в диагностике и лечении ревматических заболеваний 
у детей, все еще остается актуальным вопрос выбора противовоспалительной терапии в случае дебюта 
хронического олигоартрита. Единого мнения на этот счет у детских ревматологов нет и по настоящий день. 

Цель. Поиск предикторов ранней неэффективности и оценка целесообразности локальной стероидной мо-
нотерапии у пациентов с дебютом олигоартикулярного варианта ювенильного артрита.

Материалы и методы. Основу ретроспективного исследования составили 92 ребенка в возрасте от 11 
мес до 9 лет с хроническим олигоартритом без экстраартикулярных проявлений (олиго-ЮА). Были изуче-
ны особенности клинико-инструментальной и лабораторной диагностики в дебюте заболевания, динамика 
суставного синдрома и эффективность внутрисуставного введения глюкокортикостероидного препарата. 

Результаты и обсуждение. Проанализированы данные 92 детей со 164 «активными» суставами, которые 
получили 218 изолированных внутрисуставных манипуляций по введению стероидного препарата (триам-
цинолон ацетонид). Триамцинолон ацетонид вводился внутрисуставно в дозе 20–40 мг с интервалом 3, 6, 
12 мес в зависимости от активности заболевания. Около одной трети детей с олиго-ЮА достигли неактив-
ной стадии болезни в среднем после двукратного введения данного препарата. Исследование не позволило 
выявить предикторов ранней неэффективности монотерапии локальными стероидными препаратами у де-
тей. Не выявлено достоверных клинико-инструментальных и лабораторных признаков, которые напрямую 
указывали бы на необходимость начала ранней терапии препаратом «Метотрексат».

Заключение. Триамцинолон ацетонид является эффективным и безопасным препаратом у детей с олиго-
артикулярным вариантом ювенильного артрита. Несмотря на популяризацию генно-инженерной биоло-
гической терапии, не следует пренебрегать лечением локальными стероидными препаратами как первой 
линией противоревматической терапии у детей. 

Ключевые слова: ювенильный артрит, хронический олигоартрит, триамцинолон ацетонид.
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Соответствие принципам этики. Все пациенты и их представители подписали добровольное инфор-
мированное согласие на участие в исследовании. Исследование одобрено локальным этическим комите-
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INTRODUCTION

Juvenile idiopathic arthritis (JIA) is a chronic 
childhood inflammatory musculoskeletal disease 
which progressive course leads to joint contractures 
and loss of their function. Increased incidence of JIA 
worldwide at the end of the 20th century, joint con-
tractures at the early stage of the disease, and high 
disability rate determine the relevance of improving 
the methods of diagnosis and treatment of the  rheu-
matic pathology. JIA is an autoimmune disorder 
characterized by chronic inflammation of the synovi-
um in one or more joints inevitably resulting in ar-
throsis–arthritis [1, 2]. Therefore, rapid achievement 
of the inactive stage of arthritis is considered as a 
priority goal of drug therapy in JIA. Pediatric rheu-
matologists have not reached a consensus on the best 
method of treatment of oligoarticular JIA to this day.

JIA encompasses a group of heterogeneous 
forms of arthritis characterized by persistent joint 
inflammation of unknown origin lasting longer than 
6 weeks. This heterogeneity is determined by dif-
ferent clinical forms of arthropathies, including the 
ones with extra-articular manifestations. Chronic 
oligoarthritis with simultaneous damage to no more 
than 4 joints prevails in children with JIA [3]. 

Oligoarticular JIA can be persistent (this type af-
fects fewer than four joints throughout the course 
of the disease), extended (asymmetric arthritis that 
developed from oligoarthritis 6 months after the on-
set of the disease) or have a short-term (abortive) 
course. The most common manifestation of oligoar-
thritis is asymmetric lesion of the joints of the lower 
extremities (except for the hip joint). 

This subtype mostly affects pre-school girls with 
the onset at the age of 6–8 years (peak at the age 
of 2–4 years). Besides the knee and ankle joints, 
the elbow, wrist, or one or two small joints of the 
hand and (or) foot can be remotely involved. More 
rarely, the clinical course of oligoarticular JIA may 
resemble symmetric arthritis or monoarthritis. Be-
sides high risk of eye lesions, features of oligoartic-
ular JIA include low laboratory disease activity and 
variability of clinical symptoms in the joint [4, 5]. 

Currently, the majority of pediatric rheumatol-
ogists adhere to a stepwise scheme of treatment in 
oligoarticular JIA. This method consists in gradual 
need for amplification of anti-inflammatory thera-
py, which is determined by the persistence of “ac-

tive arthritis”, progressing articular syndrome, or 
uveitis (the exception is systemic arthritis). 

This approach to JIA treatment allows to pro-
vide fast inactivation of arthritis and control over 
the disease course [6, 7]. The treatment strategy for 
JIA without systemic manifestations can be repre-
sented by three main directions: proactive therapy, 
actual treatment of clinical symptoms of arthritis, 
and orthopedic and surgical elimination of disease 
consequences. 

Despite the evidence of highly aggressive na-
ture of JIA, a number of unresolved issues regard-
ing the treatment strategy for oligoarticular JIA 
remain. It is well known that some children with 
uveitis-negative chronic oligoarthritis have ex-
perience in controlling the course of the disease 
without systemic disease modifying antirheumatic 
drugs (DMARDs). The opinions of pediatric rheu-
matologists about treatment of this subtype of oli-
goarticular JIA in most cases differ. 

The aim of this study was to assess the feasibility 
and efficacy of local steroid therapy for the onset of 
oligoarticular JIA in children in the Russian Feder-
ation.

MATERIALS AND METHODS
The study included 92 children (85% were girls) 

with 164 active joints who were treated at the Or-
thopedics and Rheumatology Department No. 7 of 
H. Turner National Medical Research Center for 
Сhildren’s Orthopedics and Trauma Surgery from 
2012 to 2018. All children met Edmonton ILAR 
criteria for oligoarticular JIA and did not have ex-
tra-articular manifestations (ILAR 1997; 2001; the 
Edmonton revision 2004). All patients (their repre-
sentatives) signed an informed consent to take part 
in the study.

As of the time of inclusion in the study, none 
of the patients had received therapy with DMARDs 
(Fig. 1). The age of the children ranged from 11 
months to 9 years (average age (4.2 ± 2.6) years). 
Children under 2 years accounted for 32.7% of ca- 
ses (30 / 92; all girls), children from 2 to 6 years 
accounted for 54.3% (50 / 92; 40 girls, 10 boys), 
and a group of older children amounted to 13% (12 
/ 92; all girls).

 Triamcinolone acetonide at a dose of 20–40  
mg / joint was administered intra-articularly with-
out ultrasound guidance in no more than 3 joints 
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at a time. Extra-articular administration of the drug 
was prohibited. The maximum allowable number 
of consecutive isolated intra-articular injections (is-
IAI) was 4. The interval between injections varied 
from 2 to 12 months.

All children were divided into two groups de-
pending on the intensity of the disease. The first 
group contained children with inactive arthritis 
resulting from effective local corticosteroid thera-

py. The second group included children who were 
prescribed therapy with DMARDs due to low effec-
tiveness of local steroid injections. Joining of eye 
lesions and (or) subsequent increase in the active 
joint count by 2 or more at this stage of therapy, and 
3 or 4 ineffective consecutive intra-articular injec-
tions with corticosteroids in one joint were consid-
ered a reason for the start of parenteral methotrexate 
therapy (at the rate of 15 mg / m² / week).  

Fig. 1. Study design. MTX – treatment with methotrexate

The degree of disease intensity and the dynamics 
in the active joint count against the background of 
therapy, markers of active inflammation in the blood 
serum and synovial fluid, and the nature of the joint 
lesion according to instrumental data as of the mo-
ment of the first visit were assessed. Achievement 
of inactive disease and clinical remission of JIA 
were evaluated according to the criteria proposed 
by C. Wallace et al. in 2011 (the disease phase that 
lasted no less than 24 months was considered sta-
tistically significant). Assessment of X-ray changes 
in juvenile arthritis was performed using a modified 
Steinbrocker scoring method (2000). 

The disease intensity and the effectiveness of 
treatment of oligoarticular JIA were evaluated by 
the clinical Juvenile Arthritis Disease Activity 
Score (cJADAS10) adapted for pediatric rheuma-
tology practice [7]. Digital data were statistically 
processed using the Microsoft Еxcel and Statistica 
6.0 software package (Microsoft, USA). A compa- 
rative analysis of empirical data was presented in 
tables. The results were represented as the median 
and the interquartile range Me [25; 75]. 

Immunological research was carried out at the 
laboratory of H.Turner National Medical Research 
Center for Children’s Orthopedics and Trauma  
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Surgery (head – Bogdanova S.L.) and the laboratory 
of autoimmune diseases of Saint-Petersburg State 
Medical University (head – Lapin S.V.). The con-
centration of tumor necrosis factor alpha (TNF-α) 
in the serum and synovial fluid was determined us-
ing enzyme-linked immunosorbent assay (TNF-α-
ELISA-BEST kit; Vector-Best, Russia). The serum 
and synovial fluid concentration of interleukin 6 
(IL-6) was determined by the electrochemilumines-
cence immunoassay (ECLIA) method on the Cobas 
E411 analyzer (Roche, Switzerland). Antinuclear 
factor (ANF) in the blood serum was detected by 
the indirect immunofluorescence technique using 
HEp-2 human epithelial cells derived from a larynx 
carcinoma as the substrate (laboratory of Saint-Pe-
tersburg State Medical University).

RESULTS 
The efficacy of therapy for oligoarticular JIA in 

92 children was studied. The duration of the dis-
ease as of the moment the diagnosis of JIA was 
established was 4–5 [3;8] months on average. The 
average patient follow-up was 48 [38;62] months, 
the maximum follow-up period was 98 months. A 
total of 218 active joints were injected with triam-
cinolone acetonide: knees – 156 injections, ankles – 
62 injections. Simultaneous administration of the 
corticosteroid in 2 or more joints was performed in 
almost one third of children (simultaneous injection 
in 2 or more joints is one manipulation). Single or 

double is-IAI of triamcinolone was performed in 
65.2% (60 / 92) of children, the injection was per-
formed three or more times in 34.8% (32 / 92) of 
children. Only one joint was treated in 43.5% (40 
/ 92) of children, in 39.1% (36 / 92) of cases – two 
different joints, and in 17.4% (16 / 92) of children – 
three or more joints were treated.

34.8% of children (32 / 92; all girls) achieved 
the inactive stage of the disease after the intra-ar-
ticular administration of the corticosteroid; of 
them 21.7% (20 / 92) of children had monoar-
thritis, 8.7% (8 / 92) – asymmetric oligoarthri-
tis, and 4.4% (4 / 92) – symmetric oligoarthritis 
of the lower extremities (Table 1). The average 
number of intra-articular injections in this group 
of children was 2 [1.75; 2], The average dura-
tion of the inactive phase of the disease between 
two consecutive injections was 7 [5.25; 10]  
months. 

T a b l e  1
Clinical manifestation of the onset of oligoarticular JIA in 

children, abs. (%)
Parameter Group 1, n = 32 Group 2, n = 60 р

Monoarthritis 20♀ (62.5%)
0♂ (0%)

20♀ (33.3%)
4♂ (6.7%)

<0.01
>0.05

Asymmetric 
oligoarthritis 8♀ (25%) 16♀ (26.7%) >0.05

Symmetric oli-
goarthritis 

4♀(12.5%)
♂ (0%)

12♀ (20%)
4♂ (6.7%)

>0.05
>0.05

Psoriatic oligoar-
thritis

0♀ (0%)
0♂ (0%)

2♀ (3.3%)
2♂(3.3%)

>0.05
>0.05

Note . ♀ – girls, ♂ – boys

T a b l e  2

Clinical and laboratory features at the onset of oligoarticular JIA in children
Parameter Group 1, n = 32 Group 2,  n = 60 р

Girls, abs. (%) 20 (83.3%) 50 (92.6%) < 0.01
Age of JIA onset, years, Ме [25;75]   2 [2; 3] 4 [3; 7] > 0.05
Active joint count, abs., Ме [25;75] 1 [1; 2] 1 [1; 2] > 0.05

JADAS, Ме [25;75] 10 [8; 12] 11 [8.5; 14] > 0.05
ESR, mm / h, Ме [25;75] 14 [6; 28] 17 [10; 25] > 0.05
CRP, mg /l, Ме [25;75] 2.7 [1.3; 4.5] 2.2 [1.8; 9.3] > 0.05
Hemoglobin, g / l,  Ме [25;75] 114 [110; 128] 112 [108; 124] > 0.05

Leukocytes, 109 / l, Ме [25;75] 8.0 [6.8; 10.6] 7.4 [6.2; 10.8] > 0.05
Platelets, 109 / l,  Ме [25;75] 442 [416; 476] 438 [408; 466] > 0.05
Gamma globulins, %,  Ме [25;75] 21.6 [19.6; 22.3] 22.3 [20.4; 23.5] > 0.05
IL-6, pg /ml,  Ме [25;75] 4.1 [2.5; 6.75] 5.8 [3.4; 10.5] > 0.05
TNFα serum, pg /ml, Ме [25;75] 0.65 [0.2; 0.85] 0.6 [0.1; 0.9] > 0.05
ANF ≥ 1/160, abs. (%) 26 (81.25%) 45 (75%) > 0.05
ANF ≥ 1/1,280, abs. (%) 12 (37.5%) 14 (23.3%) > 0.05

Note . JADAS – Juvenile Arthritis Disease Activity Score; ESR – erythrocyte sedimentation rate; CRP – С-reactive protein; TNFα serum – tumor 
necrosis factor alpha in the serum; ANF – antinuclear factor (here and in Table 5).
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The remaining 65.2% of children (60 /92) did 
not achieve the inactive phase of the disease af-
ter is-IAI of triamcinolone, which required appli-
cation of conventional anti-rheumatic therapy. In 
this group, 23.9% of children (22 / 92; 16 girls and 
6 boys) developed polyarthritis after two is-IAI; 
in 6.5% of cases (6 / 92; all girls), delayed onset 
of uveitis was registered, and in 34.8% of children 
(32 / 92; 26 girls and 4 boys), active disease per-
sisted after more than three is-IAI. The average 
number of intra-articular injections in this group of 
children was 3 [2; 4]. 

The average duration of the inactive phase of the 
disease between the first two consecutive injections 
was 5.5 [4.25; 7] months and between subsequent 
injections – 2 [2; 3] months. 

The main treatment-related complications were 
post-injection reversible (transient) manifestations 
of local atrophy and hypopigmentation of the skin. 
Complication rates in the knee and ankle joints 
did not exceed 10%. No other complications were 
noted. The comparative analysis of the active joint 
count and cJADAS-10 score in children of both 
groups did not reveal statistically significant differ-
ences in the disease onset.

The main laboratory inflammatory markers 
(erythrocyte sedimentation rate (ESR), C-reactive 
protein (CRP), and the platelet and leukocyte lev-
els) were the same in both groups of children with 
oligoarticular JIA.  The concentrations of TNFα and 
IL-6 in the blood serum and the titer of antinuclear 
antibodies (ANA) were comparable (Table 2). 

The average IL-6 and TNFα levels in the inflamed 
synovial fluid at the onset of inactive and active oli-
goarticular JIA did not significantly differ (Table 3). 
Moreover, the nature of the articular lesion and the 
frequency of early erosion did not differ significantly, 
despite different outcomes of the disease. Dry synovi-
tis, which is considered a rare form of JIA, had almost 
the same incidence in both groups (Table 4).

An attempt was made to search for models of 
predicting the efficacy of non-systemic steroid 
therapy in children. It was revealed that girls with 
monoarthritis predominated in the group of chil-
dren with inactive oligoarticular JIA (20 / 62.5% – 
achieved remission vs. 20 /33.3% – active JIA;  
p = 0.0087, c2 = 2.8). However, the statistical anal-
ysis did not reveal a correlation between monoar-
thritis and the inactive stage against the back-

ground of local steroid therapy (R2 (coefficient 
of determination) = 0.158, T = 1.23, odds radio  
(OR) = 4.01, 95% confidence interval (CI) 0.57–
27.69, p = 0.227).

T a b l e  3

Cytological analysis and immunological features of synovial 
fluid at the onset of oligoarticular JIA in children

Parameter Group 1, n = 32 Group 2, n = 60
Cytosis, 109 / l 4.3 [3.5; 7] 4.35 [3.7; 6.35]
Lymphoсytes, %  54 [31.75; 66.5] 32 [26.5; 53.5]
Neutrophils, % 18 [12.7; 37.5] 40 [6; 57.3]
Monocytes, % 16 [10; 21.75] 14 [9.2; 19.3]
Synoviocytes, %  1 [0; 7] 1 [0; 4]
Ragocytes, % 3 [2; 4] 3 [2; 7]
IL-6 synovial (sIL-6),  
pg /ml 2,208 [710; 4,564] 3,234 [1,265; 

16,902]
TNFα synovial (sTNFα), 
pg /ml 3.3 [2.5; 3.8] 1.1 [0.6; 3.7]

Note . Ragocytes – cells (macrophages, neutrophils) containing large 
granules – phagolysosomes, including immune complexes, various 
immunoglobulins, and rheumatoid factor; р  > 0.05.

A significant positive correlation was not found 
in the multiple linear regression analysis between 
the efficacy of steroid therapy and different inflam-
matory laboratory parameters (Table 5). The linear 
regression analysis revealed a direct relationship 
between the ESR (mm / h) and interleukin 6 in the 
synovial fluid (p < 0.001; Fig. 2).

T a b l e  4

Clinical and instrumental features of synovitis at the onset of 
oligoarticular JIA in children, abs. (%)

Parameter Group 1, n = 32 Group 2, n = 60
Exudative synovitis 16 (50%) 28 (46.7%)
Exudative and proliferative 
non-erosive synovitis 9 (28.125%) 18 (30.0%)

Exudative and proliferative 
erosive synovitis 1 (3.125%) 2 (3.3%)

Dry non-erosive synovitis 4 (12.5%) 8 (13.3%)
Dry erosive synovitis 2 (6.25%) 4 (6.7%)

Note . р  > 0.05.

The analysis revealed a direct correlation be-
tween a short period of disease inactivity after con-
secutive intra-articular injections of triamcinolone 
acetonide and a risk of active arthritis development 
(with an inactive phase of arthritis lasting less than 
3 months, OR = 2.09, p < 0.001; with an inac-
tive phase lasting less than 2 months – OR = 8.9,  
p < 0.001; Table 6). 
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T a b l e  5

The results of constructing the model of “inactive” arthritis by the method of logistic and multiple linear regression in children with 
JIA based on laboratory tests

Parameter
R2 Standard error T-test OR 95% CI р  

–0.003841 0.009596 –0.400 0.9913 0.8934– 1.0998  0.8638

CRP, mg /l  –0.01390 0.02447 –0.568 0.9443 0.7508– 1.1878  0.6246

IL-6 serum, pg /ml –0.03193 0.02386 –1.338 0.8366 0.6151–1.1379  0.2557

TNFα serum, pg /ml 0.1144 0.06898 1.659 2.2208 0.7480– 6.5938  0.1507

I IL-6 synovial, pg /ml  –0.000009239 0.00000764 –1.209 0.999 0.9997– 1.0001  0.2913

TNFα synovial, pg /ml 0.02611 0.01474 –1.772 1.1221 0.6138– 1.1007  0.1882

T a b l e  6

The results of constructing the model of “active” arthritis by the method of logistic and multiple linear regression in children with JIA 
based on the duration of the inactive stage between intra-articular injections of triamcinolone acetonide

Time, months R2 Standard error T-test OR 95% CI р

More than 6 –0.7745 0.04702 –16.470 5.09 0.956– 1.000  < 0.001

3–5 0.1311 0.09810 1.337 2.03 0.393–4.643  0.1312

Less than 3  0.5849 0.1249 4.683 2.09 0.534–0.749  < 0.001

Less than 2  0.5849 0.1151 5.081 8.9 0.680–0.868  < 0.001

Fig. 2. Linear regression analysis of the direct relationship between ESR (mm/h) and IL-6 in the synovial fluid (pg / ml): ESR – 
erythrocyte sedimentation rate, sIL6 – interleukin 6 in the synovial fluid
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DISCUSSION

Our study analyzed the effectiveness of intra-ar-
ticular injections of long-acting corticosteroids (tri-
amcinolone acetonide) in children with oligoartic-
ular-onset JIA. The main aim of the research was 
to find possible predictors (clinical, instrumental or 
laboratory) of early ineffectiveness of is-IAI in chil-
dren with chronic oligoarticular JIA. Sample homo-
geneity, the volume of laboratory and instrumental 
diagnosis, and management of the participants in 
one medical center allowed to study the nature of 
the disease onset, the dynamics of the articular syn-
drome, and the effectiveness of monotherapy with 
corticosteroids. 

Moreover, the parents had a great interest in the 
course of the study. It is known that parents do not 
agree to early aggressive therapy with methotre- 
xate. This opinion is based on the amount of infor-
mation available on the Internet about side effects 
of methotrexate, conclusions of specialists not relat-
ed to rheumatology, and a fear of lifelong treatment. 
In addition, a small number of affected joints and 
seemingly low activity of the disease leave hope for 
a favorable outcome or misdiagnosed JIA (in the 
opinion of most parents). In this situation, parents 
of the child would rather agree to the next intra-ar-
ticular injection of triamcinolone into the inflamed 
joint than to methotrexate therapy. 

Therefore, this study was aimed at searching 
for the clinical, instrumental, and laboratory pre-
dictors that could help to forecast early ineffec-
tiveness of local steroid therapy. However, it is 
worth noting that our conclusions do not reflect the 
degree of intensity of the disease course, possible 
risks of articular syndrome progression and eye 
lesion development, and unfavorable outcomes of 
the disease.  

In the Russian literature, the need for application 
of local steroid therapy in children with JIA is most-
ly described in works published earlier than 2010, 
despite the fact that the national clinical rheumatol-
ogy guidelines contain this treatment option [8, 9]. 
I.M. Vorontsov and N.N. Kuzmina in their studies 
indicated subtypes of JIA with lowly aggressive 
course and sometimes complete recovery [10, 11]. 
A meta-analysis of data from various trials showed 
the effectiveness of local intra-articular corticoste-
roid injections in JIA. 

These results of retrospective studies on JIA 
treatment are available only in English-language 
publications [12–14]. Currently, in Europe and the 
USA, the long-acting steroid which is approved 
and most commonly used in JIA for intra-articular 
treatment is triamcinolone hexacetonide (TH). In 
the Russian Federation, the drug that is certified and 
approved for intra-articular injection in JIA is tri-
amcinolone acetonide (TA). 

Triamcinolone acetonide (TA) is a synthetic  
corticosteroid with anti-inflammatory properties. 
The drug in the form of a sustained-release suspen-
sion is poorly soluble and deposits in the articular 
cavity, providing a long-term effect on the inflamed 
synovium. Triamcinolone decreases the expression 
of proinflammatory cytokines (TNFα, IL-1β, IL-
6), chemokines, and growth factors (VEGF, IGF, 
PDGF, CSF-1), blocks proteolytic activity of ma-
trix metalloproteinases (MMP-2, MMP-3, MMP-
9), and reduces migration of inflammatory cells in 
the synovial cavity. Moreover, the drug decreases 
the proliferative capacity of synoviocytes associat-
ed with reduction of NF-κB transcriptional activity 
[15–17]. 

Most multicenter studies have demonstrated 
high effectiveness, good tolerance, and safety of 
intra-articular injections with triamcinolone hex-
acetonide. Triamcinolone acetonide was viewed 
as an alternative form acceptable for intra-articular 
injections, that demonstrated good clinical effects 
[18–20]. Long-term effectiveness of early local 
therapy with triamcinolone hexacetonide / ace-
tonide in JIA was also described in more recent 
studies, however, triamcinolone hexacetonide was 
preferred [21–23].     

In the present study, effectiveness of non-sys-
temic corticosteroid therapy of JIA was related to 
a number of determining factors: the first injection 
of triamcinolone at an earlier stage of oligoarticu-
lar JIA, solely intra-articular administration of tri-
amcinolone with preliminary dilution of the drug, 
and special post-injection regimen. The optimal 
timing for is-IAI in children with JIA should be 
strictly limited to 6–12 months after the onset of the  
disease. The following injections can be performed 
in the inflamed joints without signs of disease pro-
gression [24]. 

Preliminary dilution of triamcinolone and active / 
passive joint movements improve the penetration of 
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the corticosteroid into the inflamed synovial mem-
brane. Reduced axial loads on the lower extremity 
decrease risks of aseptic necrosis and contribute to 
prolonged therapeutic effect [25]. Long-term effects 
of intra-articular administration of triamcinolone 
is related to anti-inflammatory, anti-proliferative, 
immunosuppressive, and vasoconstrictive effects 
on the synovial membrane. Triamcinolone has the 
slowest joint clearance and is the most potent in 
producing synovial atrophy. The “scalding” effect 
of triamcinolone on the inflamed synovial tissue can 
be associated with vasoconstriction of blood vessels 
in the subsynovial layers and return of cell sensitivi-
ty to pro-apoptotic factors [26]. 

The present study demonstrated the effective-
ness and safety of non-systemic corticosteroid 
therapy with triamcinolone acetonide in children 
with oligoarthicular-onset JIA. The research did 
not identify predictors of oligoarticular JIA which 
could directly indicate possible ineffectiveness of 
steroid therapy beforehand. However, the study re-
vealed that the degree of aggressiveness of JIA was 
inversely proportional to the duration of the inactive 
phase of arthritis between two consecutive is-IAIs. 
Moreover, the study revealed a direct relationship 
between ESR and the concentration of IL-6 in the 
synovial fluid. Summarizing the data of the 7-year 
follow-up of children with oligoarticular JIA, we 
can state that about one third of the children achieve 
stable remission against the background of local 
steroid therapy. 

CONCLUSION
Local corticosteroids are effective and safe in 

children with oligoarticular-onset JIA.  Rational use 
of isolated intra-articular injections in children with 
JIA contributes to assessment of the degree of dis-
ease aggressiveness. Application of treat-to-target 
principles and early disease-modifying anti-rheu-
matic drugs in patients with oligoarticular-onset 
JIA artificially reduce the effectiveness of steroid 
therapy in pediatric rheumatology.
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ABSTRACT

Aim. To identify the presence of decreased heart rate variability (HRV) and a method for correcting it in patients 
with chronic coronary artery disease (CAD) and comorbid depressive disorders (DD).

Materials and methods. 79 patients with CAD (with class II–III angina pectoris and myocardial infarction that 
occurred more than 6 months ago) were divided into two groups. The first group included 50 CAD patients with 
depression, and the second – 29 CAD patients without depression. 17 patients received agomelatine (1st subgroup), 
12 patients received fluvoxamine and fluoxetine (2nd subgroup), and 21 patients refused to take antidepressants 
(3rd subgroup). Initially and after 6 months, the HRV parameters were evaluated using the SCHILLER MT-200 
Holter-ECG apparatus (Switzerland).

Results. A significant decrease in HRV was revealed in the patients with depression compared to the patients with-
out it: SDNN (96 [83; 117] ms vs. 110 [98; 127] ms; p = 0.02), SDANN (80.5 [67; 94] ms vs. 91 [79; 102] ms; p 
= 0.03), SDNNindex (46.5 [38; 56] ms vs. 55 [48; 66] ms; p = 0.006), rMSSD (29 [23; 38] ms vs. 33 [29; 45] ms; 
p = 0.04), pNN50% (3.9 [2.4; 5,7] vs. 5.7 [2.9; 12.6]; p = 0.03). Initially, the 1st, 2nd, and 3rd subgroups did not 
differ in all HRV parameters. Against the background of antidepressant therapy, there were significant differences 
between the 2nd and 3rd subgroups in SDNN (110 [96; 140] ms vs. 85.5 [75; 103] ms; p = 0.008), SDANN (93.7 
± 22.9 ms vs. 72.7 ± 21.4 ms; p = 0.02), SDNNindex (55.8 ± 16.4 ms vs. 42.4 ± 10.8 ms;  p = 0.01) and pNN50% 
(7.8 ± 6.7 vs. 3.6 ± 1.8; p = 0.02), as well as between the 1st and 3rd subgroups (SDANN (93.6 ± 28.5 ms vs. 72.7 
± 21.4 ms; p = 0.03), rMSSD (36.5 [28.5; 51] ms vs. 26.5 [25; 32] ms; p = 0.02)). 

Conclusion. In patients with CAD with comorbid DD, significant impairment of heart rhythm regulation occurs 
due to a pronounced decrease in HRV, which can seriously affect the course and prognosis of CAD. Prescribing 
modern antidepressants can be used as a method of correcting autonomic dysfunction in patients with CAD with 
comorbid depression. 

Key words: coronary artery disease, depressive disorders, myocardial infarction, heart rate variability, antidepres-
sants. 
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Возможности выявления и коррекции сниженной вариабельности ритма 
сердца у больных ишемической болезнью сердца в сочетании  
с депрессиями в условиях кардиологического отделения
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РЕЗЮМЕ

Цель. Выявить наличие и способ коррекции сниженной вариабельности ритма сердца (ВРС) у больных 
c хронической ишемической болезнью сердца (ИБС) в сочетании с депрессивными расстройствами (ДР). 

Материалы и методы. Больные с ИБС (n = 79, со стенокардией напряжения II–III функциональных клас-
сов и перенесенным инфарктом миокарда давностью более 6 мес), распределены на две группы: 50 больных 
ИБС с депрессивными расстройствами (первая группа) и 29 больных ИБС без депрессивной симптоматики 
(вторая группа). Антидепрессант агомелатин получали 17 больных (1-я подгруппа), 12 больных – флувок-
самин, флуоксетин (2-я подгруппа). От приема антидепрессантов отказался 21 больной (3-я подгруппа).  
Исходно и через 6 мес проведена оценка параметров ВРС с помощью аппарата SCHILLER MT-200 Holter-
ECG (Швейцария). 

Результаты. У пациентов с депрессией в сравнении с пациентами без нее выявлено значимое снижение 
ВРС: SDNN (96 [83; 117] мс vs 110 [98; 127] мс, р = 0,02), SDANN (80,5 [67; 94] мс vs 91 [79; 102] мс,  
р = 0,03), SDNNindx (46,5 [38; 56] мс vs 55 [48; 66] мс, p = 0,006), rMSSD (29 [23; 38] мс vs 33 [29; 45] мс,  
p = 0,04), pNN50% (3,9 [2,4; 5,7] vs 5,7 [2,9; 12,6], р = 0,03). Исходно 1-, 2-, 3-я подгруппы по всем параме-
трам ВРС не различались. На фоне терапии антидепрессантами между 2-й и 3-й подгруппами появились 
существенные отличия по SDNN (110 [96; 140] мс vs 85,5 [75; 103] мс, р = 0,008), SDANN (93,7 ± 22,9 мс 
vs 72,7 ± 21,4 мс, р = 0,02), SDNNindx (55,8 ± 16,4 мс vs 42,4 ± 10,8 мс, р = 0,01) и pNN50% (7,8 ± 6,7 vs  
3,6 ± 1,8, р = 0,02), а также между 1-й и 3-й подгруппами (SDANN 93,6 ± 28,5 мс vs 72,7 ± 21,4 мс, 
 р = 0,03), rMSSD (36,5 [28,5; 51] мс vs 26,5 [25; 32] мс, p = 0,02)). 

Заключение. У больных ИБС при наличии ДР возникает серьезное нарушение регуляции сердечного рит-
ма вследствие выраженного снижения показателей ВРС, что может серьезно повлиять на течение и прогноз 
коронарной болезни. Назначение современных антидепрессантов можно использовать в качестве способа 
коррекции вегетативной дисфункции у больных ИБС в сочетании с депрессией. 

Ключевые слова: ишемическая болезнь сердца, депрессивные расстройства, инфаркт     миокарда, вариа-
бельность ритма сердца, антидепрессанты. 
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INTRODUCTION
Currently, very high comorbidity of two such com-

mon pathologies as cardiovascular disease (CVD) and 
depressive disorders (DD) takes place. According 
to the World Health Organization (WHO) forecasts, 
by 2030, coronary artery disease (CAD) and depres-
sion will become the leading causes of disability in 
high-income countries around the world [1, 2]. 

On the one hand, depression is known to increase 
the risk of CAD. On the other hand, it is a strong 
predictor of poor prognosis in patients with cardio-
vascular diseases. Severe depressive symptoms are 
associated with the risk of death in patients with car-
diovascular pathology [3–5]. Mortality in patients 
with myocardial infarction and depression is 3– 
6 times higher than in patients without mental disor-
ders, while DD is detected in 35–40% of patients after 
myocardial infarction [4]. 

There has been significant deterioration in the clin-
ical presentation of CAD against the background of 
DD, which is manifested by aggravation of angina 
pectoris, and a significant decrease in exercise toler-
ance; patients have a lower quality of life [6]. It should 
be taken into account, that only 30% of patients have 
complaints of psychological nature, leading to devel-
opment of depressive disorders in the future, which 
contributes to underdiagnosis of DD and untimely ad-
ministration of appropriate therapy [7, 8]. Therefore, 
patients more often seek medical help at a polyclinic, 
call an ambulance, and are more often hospitalized [9].

The most important mechanism in the effect of de-
pression on the prognosis of CAD is activation of the 
sympathetic-adrenal medullary system. This causes 
dysfunction in the regulation of the heart rate, redu- 
cing its variability, which increases the risk of develo- 
ping rhythm disturbances [10, 11]. The presented data 
dictate the need for timely recognition of depression, 
correction of psychoemotional factors [12], and ad-
ministration of modern antidepressants in addition to 
the first-line therapy for chronic CAD. The beneficial 
effect of the antidepressant therapy on the clinical 
course of CAD has been proved [4, 5, 11]. However, 
there is little experience in studying the effect of anti-
depressants on autonomic dysfunction in patients with 
CAD after myocardial infarction in combination with 
DD. In turn, it is autonomic dysfunction that plays an 
important role in the prognosis of CAD. 

Therefore, the aim of the study was to identify the 
presence of the decreased HRV and a method for its 
correction in patients with chronic CAD with comor-
bid DD.

MATERIALS AND METHODS
At the Department of Cardiology, 79 patients with 

chronic coronary artery disease (class II-III angina 
pectoris) who had had acute myocardial infarction 
more than 6 months prior to the experiment were exa- 
mined and included in the study. All patients signed 
an informed consent to participate in the study. The 
patients were divided into two groups: 50 patients 
with CAD with depressive disorders (the first group) 
and 29 patients with CAD without depressive symp-
toms (the second group). The average age in the 
groups was (57.5 ± 6.4) years and (57.5 ± 7.4) years, 
respectively. 

During the examination of the underlying patholo-
gy (CAD), all patients were offered to be tested with 
special scales for detecting depression (Hospital Anx-
iety and Depression Scale (HADS) and Beck Depres-
sion Inventory (BDI)). When an increased level of 
depression was detected (more than 8 points on the 
HADS or more than 19 points on the BDI), the pa-
tients were referred to a psychiatrist. The diagnosis of 
DD was confirmed by the psychiatrist, and follow-up 
of the patients was also conducted by a psychiatrist 
as a member of a multidisciplinary team. When the 
diagnosis of DD was confirmed, the patients were pre-
scribed antidepressants. 

Therefore, 29 patients with DD were treated with 
antidepressants: 17 patients received agomelatine, an 
agonist of MT1, MT2 melatonergic receptors (1st sub-
group), and 12 patients received drugs from the group 
of selective serotonin reuptake inhibitors (fluvoxam-
ine, fluoxetine) (2nd subgroup) for 6 months. The dose 
was selected by the psychiatrist individually for each 
patient. For various reasons, 21 patients refused to 
take antidepressants (3rd subgroup). During the exam-
ination, all patients, initially and after 6 months, un-
derwent 24-hour Holter monitoring using the SCHIL-
LER MT-200 Holter-ECG apparatus (Switzerland). 

We assessed the following HRV parameters 
through time domain variables: the percentage of 
consecutive intervals differing by more than 50 ms 
(pNN50, %); standard deviation of the RR inter-
val (SDNN, ms); square root of the average sum of 
squares of the differences between adjacent normal 
RR-intervals (r-MSSD, ms); standard deviation of 
the average values   of RR intervals for all 5-minute 
fragments (SDANN, ms); and mean value of stan-
dard deviations over all 5-minute sections (SDNN in-
dex, ms). HRV was determined only in sinus rhythm. 
For normal HRV parameters, time domain variables 
for healthy individuals were used (J.T. Bigger et al., 
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1995): pNN50 – 9 ± 7%, SDNN – 141 ± 38 ms, SDNN 
index – 54 ± 15 ms, rMSSD – 27 ± 12 ms, SDANN – 
127 ± 35 ms.

Statistica for Windows v.10.0 software (StatSoft 
Inc., USA) was used for statistical processing of the re-
sults. The obtained data were presented in the form of 
M ± SD; n (%); the median and the interquartile range 
Me [25%; 75%]. The level of statistical significance of 
the differences was p < 0.05. The Shapiro – Wilk test 
was used to check the normal distribution of the ac-
tual data. With normal distribution of the sample, the 
significance of differences was assessed using the Stu-
dent’s t-test. With nonparametric distribution and the 
number of groups equal to two, the Mann – Whitney 
test was used. When the number of samples was more 
than two, in order to avoid the effect of multiple com-
parisons, the nonparametric Kruskal – Wallis H-test 
was used. To compare two dependent samples for any 
criterion, the Student’s t-test (with normal distribution 
of the sample) and the Wilcoxon test (with abnormal 
distribution of the sample) were used. To check the 
significance of differences in the qualitative variables, 
analysis of contingency tables and the Pearson’s χ2 
test (at low frequencies – with Yates’ correction for 
continuity) were used.

RESULTS
According to the main clinical and demographic 

characteristics, the functional class of angina pec-
toris, hemodynamic parameters, and cholesterol 
and triglyceride levels, the groups were comparable  
(Table 1).

All patients achieved the target values   of blood 
pressure and heart rate. The patients received the main 
groups of drugs for treatment of stable angina pectoris 
without significant differences between the first and 
second groups (Table 2).

In the analysis of HRV parameters, significant dif-
ferences were initially revealed between the first and 
second groups for all parameters (Table 3). In addi-
tion, in both groups in comparison with healthy indi-
viduals, a decrease in SDNN and SDANN was regis-
tered.

Initially, CAD patients with comorbid DD (1st, 2nd, 
3rd subgroups) did not differ in all HRV parameters 
(p > 0.05). For 6 months, the patients were taking 
the selected basic therapy for CAD. In patients of the 
2nd subgroup, in comparison with patients of the 3rd 
subgroup, a significant increase in HRV parameters 
(SDNN, SDANN, SDNN index and pNN50%) was 
observed after 6 months (Table 4).

T a b l e  1

Clinical and demographic characteristics of the groups

Parameters First group
n = 50

Second group
n = 29 p

Average age, years,  
М ± SD 57.5 ± 6.4 57.5 ± 7.4 0.4

Men, abs. (%) 45 (90) 26 (90) 1
Women, аbs. (%) 5 (10) 3 (10) 1
Anterior myocardial 
infarction, abs. (%) 26 (52) 18 (62) 1

Posterior myocardial 
infarction, abs. (%) 24 (48) 16 (55) 0.9

Coronary artery disease, 
months,  Me [25%; 75%]

48.0  
[20.5; 96] 30.0 [12; 84] 0.2

Recentness of myocardial 
infarction, months,  
Me [25%; 75%]

20.5 [7; 96] 24 [7; 72] 0.7

Hypertensive disease, 
abs. (%) 50 (100) 29 (100) 1.0

Hypertension, months,  
Me [25%; 75%] 90 [24; 162] 90 [36; 132] 0.8

Smoking, abs. (%) 25 (50) 15 (52) 0.9
Body mass index, 
(BMI), kg/m2, М ± SD 28.4 ± 4.3 28.5 ± 3.5 1.0

Obesity (BMI > 29.9),
abs. (%) 17 (34) 11 (38) 0.7

History of PCI, abs. (%) 40 (80) 27 (93) 0.1
Single-vessel lesion of the
coronary bed, abs. (%) 15 (30) 9 (31) 0.9

Double-vessel lesion of 
the coronary bed, abs. (%) 20 (40) 12 (41) 0.9

Triple-vessel lesion of
the coronary bed, abs. (%) 15 (30) 8 (28) 0.9

FC of angina pectoris, 
abs. (%):

– FC II
– FC III

38 (76)
12 (24)

24 (83)
5 (17)

0.5
0.5

Total cholesterol,  
mmol / l, Me [25%; 75%] 5.3 [4.4; 6.4] 5.3 [4.6; 6.3] 1.0

Triglycerides, mmol / l, 
Me [25%; 75%] 1.9 [1.3; 2.3] 1.6 [1.4; 2.0] 0.3

EF, B-mode, %, М ± SD 60.9 ± 10.4 61.2 ± 7.7 0.9
EDS / ESS, mm М ± SD,
Me [25%; 75%]

48.7 ± 6.2/
31 [28; 37]

49.4 ± 4.4/
32.7 [29; 37] 0.1/0.4

EDV / ESV, ml, 
Me [25%; 75%]

105  
[97; 137]/
40 [33; 55]

116 
[100;135]/
44 [35; 56]

0.4/0.5

Average DBP, mm Hg, 
М ± SD 121 ± 12.4 120.5 ± 8.43 1

Average SBP, mm Hg
Me [25%; 75%] 76 [70; 82] 75 [73; 78] 0.7

Average daily HR, min,
Me [25%; 75%] 65 [61; 71] 64 [61; 67] 0.3

Note . PCI – percutaneous coronary intervention, FC – functional 
class, EF – ejection fraction, EDS – end diastolic size, ESS – end 
systolic size, EDV – end diastolic volume, ESV – end systolic volume, 
SBP – systolic blood pressure, DBP – diastolic blood pressure, HR – 
heart rate.
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T a b l e  2

Comparative characteristics of the treatment in the studied 
groups

Parameter
First
group
n = 50

Second
group
n = 29

p

Βeta-adrenergic blockers, abs. (%) 47 (94) 27 (93) 0.9
ACE inhibitors, abs. (%) 40 (80) 26 (89) 0.3
Disaggregating agents, abs. (%) 50 (100) 29 (100) 1.0
Statins, abs (%) 50 (100) 29 (100) 1.0
Calcium antagonists, abs. (%) 15 (30) 7 (24) 0.6
Nitrates, abs. (%) 1 (2) 1 (3.4) 0.2
Diuretics, abs. (%) 14 (28) 5 (17) 0.3

Note . ACE – angiotensin-converting enzyme.

T a b l e  3

Comparison of initial HRV parameters in patients of the first 
and second groups

Parameter First group
n = 50

Second group
n = 29 р

SDNN, ms,  
Me [25%; 75%] 96 [83; 117] 110 [98; 127] 0.02

SDANN, ms,  
Me [25%; 75%] 80.5 [67; 94] 91 [79; 102] 0.03

SDNNindex, ms,  
Me [25%; 75%] 46.5 [38; 56] 55 [48; 66] 0.006

rMSSD, ms,  
Me [25%; 75%] 29 [23; 38] 33 [29; 45] 0.04

pNN, 50%, ms,  
Me [25%; 75%] 3.9 [2.4; 5.7] 5.7 [2.9; 12.6] 0.03

Note . Here and in Table 4: pNN50% – the percentage of consecutive 
intervals differing by more than 50 ms, r-MSSD – the square root of 
the mean sum of squares of the differences between adjacent normal 
RR intervals, SDANN – standard deviation of the mean values   of RR 
intervals for all 5-minute fragments, SDNN – standard deviation of 
the RR interval, SDNN index – the mean of the standard deviations 
over all 5-minute sections.

T a b l e  4

Comparison of HRV parameters in patients of the 2nd and 3rd 
subgroups after 6 months

Parameter
Second

subgroup,
n = 12

Third
subgroup,

n = 21
р

SDNN, ms,  
Me [25%; 75%] 110 [96; 140] 85.5 [75; 103] 0.008

SDANN, ms, M ± SD 93.7 ± 22.9 72.7 ± 21.4 0.02
SDNNindex, ms,  
M ± SD 55.8 ± 16.4 42.4 ± 10.8 0.01

rMSSD, ms,  
Me [25%; 75%] 31 [24; 51] 26.5 [25; 32] 0.4

pNN50%, ms, M ± SD 7.8 ± 6.7 3.6 ± 1.8 0.02

A significant increase in two HRV parameters was 
noted in patients of the 1st subgroup in comparison 
with patients of the 3rd subgroup who did not receive 
antidepressants (SDANN (93.6 ± 28.5 ms vs. 72.7 ± 
21.4 ms, p = 0.03); rMSSD (36.5 [28.5; 51] ms vs. 
26.5 [25; 32] ms, p = 0.02).

DISCUSSION
We have studied one of the major mechanisms of 

the influence of affective disorders on the course of 
CAD. The study confirmed that patients with CAD 
and diagnosed depression have low HRV [10, 11]. The 
CAD patients, both with and without depression, had 
a decrease in SDNN and SDANN parameters in com-
parison with healthy people, which indicates rhythm 
rigidity in patients with postinfarction cardiosclerosis. 
A decrease in SDNN indicates a decrease in the ove- 
rall HRV activity, and a decrease in SDANN reflects 
the activation of sympathetic tone and suppression of 
parasympathetic influences. 

The CAD patients with depression and without a 
mental disorder did not differ in the main clinical and 
demographic parameters and concomitant therapy, 
which excluded their influence on the HRV parame-
ters. When CAD was accompanied by DD, there was 
an increase in sympathoadrenal activity, which affect-
ed heart rate regulation and led to an even greater de-
crease in the main HRV parameters (SDNN, SDANN 
SDNNindex, rMSSD, pNN50%). Thus, the patients 
suffering from both CAD and DD have a worse prog-
nosis, which was repeatedly proved in many studies 
[3–5]. 

This is determined by the fact that low HRV is a 
predictor of sudden death due to possible development 
of life-threatening arrhythmias. Of course, such pa-
tients require more attention and observation, as well 
as timely administration of modern antidepressants. 
The patients of this study received antidepressants of 
two groups – selective serotonin reuptake inhibitors 
(fluvoxamine, fluoxetine) and an agonist of MT1, MT2 
melatonergic receptors (agomelatine). The choice of 
such antidepressants is associated with their efficacy 
and safety in cardiac patients according to the litera-
ture [4–6, 11]. 

To assess autonomic dysfunction, a temporary 
method of HRV analysis was used, which has high 
prognostic value and reproducibility of indicators. In 
this study, selective serotonin reuptake inhibitors had 
the greatest beneficial effect on autonomic dysfunc-
tion; an increase in most of the analyzed HRV param-
eters (SDNN, SDANN, SDNNindex and pNN50%) 
was observed against the background of a six-month 
course. The six-month course of agomelatine resulted 
in an increase in HRV time domain variables, such as 
SDANN and rMSSD. Therefore, the administration of 
antidepressants of both groups in addition to the first-
line therapy for CAD can increase the overall auto-
nomic tone and parasympathetic activity and suppress 
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sympathetic activity, which can significantly reduce 
the risk of heart rhythm disturbances and improve the 
clinical course of CAD.

CONCLUSION
The clinical presentation of CAD is accompanied 

by an unfavorable prognostic disorder: a decrease in 
HRV parameters in the presence of comorbid DD. 
The results of this study showed that prescription of 
modern antidepressants can be used as a way to cor-
rect autonomic dysfunction in patients with CAD with  
comorbid depression.

REFERENCES
1. Khandaker G.M., Zuber V., Rees J.M.B., Carvalho L., Ma-

son A.M., Foley C.N., Gkatzionis A., Jones P.B., Burgess S. 
Shared mechanisms between coronary heart disease and de-
pression: findings from a large UK general population-based 
cohort. Molecular. Psychiatr. 2020: 25 (7): 1477–1486. DOI: 
10.1038/s41380-019-0395-3.

2. Patel H., Mazur W., Williams K.A. Sr, Kalra D.K. Myocardial 
viability-state of the art: is it still relevant and how to best as-
sess it with imaging? Trends Cardiovasc. Med. 2018; 28 (1): 
24–37. DOI: 10.1016/j. tcm.2017.07.001.

3. Pushkarev G.S., Kuznetsov V.A., Fisher Y.A. et al. Effect of 
depressive symptoms on the risk of death from all causes in 
patients with chronic heart failure who underwent cardiac re-
synchronization therapy. Cardiology. 2019; 59 (1): 5–11 (in 
Russ.). DOI: 10.18087/cardio.2019.1.10211.

4. Lebedeva E.V., Nonka T.G., Repin A.N., Shishneva E.V., 
Schastny E.D., Simutkin G.G., Levchuk L.A. Modern psycho-
cardiology. Tomsk: Publishing house LLC Integral Binding, 
2019: 160 (in Russ.).

5. Schastnyy E.D., Simutkin G.G., Lebedeva E.V., Yakovleva 
A.L., Losenkov I.S., Repin A.N., Nonka T.G. Clinical-dynamic 
and biological aspects of polymorphism and the efficacy of ther-

apy of mood disorders. Siberian Medical Journal. 2018; 33 (3): 
86–92 (in Russ.). DOI: 10.29001/2073-8552-2018-33-3-86-92.

6. Lebedeva E.V., Schastnyy E.D., Simutkin G.G., Repin A.N., 
Nonka T.G. Clinical characteristics of affective disorders and the 
effectiveness of antidepressant therapy in patients with chronic 
coronary heart disease. Bulletin of Siberian Medicine. 2018; 17 
(4): 85–93 (in Russ.). DOI: 10.20538/1682-0363-2018-4-85-93.

7. Spurgeon L., James G., Sackley C. The Hospital Anxi-
ety and Depression Scale: a pilot study to examine its la-
tent structure and the link between psychological state 
and symptom severity in transient ischaemic attack pa-
tients. Psychol. Health Med. 2016; 21 (5): 632–638. DOI: 
10.1080/13548506.2015.1074711.

8. Arat S., de Cock D., Moons P., Vandenberghe J., Westhovens 
R. Modifiable correlates of illness perceptions in adults with 
chronic somatic conditions: A systematic review. Res. Nurs. 
Health. 2018; 41 (2): 173–184. DOI: 10.1002/nur.21852.

9. Palacios J., Khondoker M., Mann A., Tylee A., Hotopf M. De-
pression and anxiety symptom trajectories in coronary heart 
disease: Associations with measures of disability and impact 
on 3-year health care costs. J. Psychosom. Res. 2018; 104: 1–8. 
DOI: 10.1016/j.jpsy-chores.2017.10.015.  

10. Vershuta V.A., Halilova M.A., Gognieva D.G., Bogdano-
va R.S., Syrkina E.A., Mesitskaja D.F., Kopylov F.Ju., Syr-
kin A.L. Anxiety and depressive disorders in patients with 
cardiac arrhythmias. Cardiology and Cardiovascular Sur-
gery. 2019; 12 (4): 314–320 (in Russ.). DOI: 10.17116/kar-
dio201912041314.

11. Baranov A.P., Strutynsky A.V., Oynotkinova O.Sh., Baranova 
A.A., Trishina V.V., Golubev Yu.Yu., Kruzhalov A.N. Treat-
ment options for anxiety and depressive disorders in patients 
with chronic heart failure. Russian Journal of Cardiology. 
2017; 22 (1): 128–135 (in Russ.). DOI: 10.15829/1560-4071-
2017-1-128-135.

12. Kubareva M.I., Ibatov A.D. Psychosocial factors and coronary 
heart disease. Therapeutic Archive. 2019; 91 (12): 70–74 (in 
Russ.). DOI: 10.15829/1560-4071-2017-1-128-135.

Nonka T.G., Lebedeva E.V., Repin A.N. Possibilities of detecting and correcting decreased heart rate variability in patients 



71

ORIGINAL  ARTICLES

*  Perelman Yuliy M., e-mail: jperelman@mail.ru.

УДК 616.233-001.19-056.3-06:616.248
https://doi.org/10.20538/1682-0363-2021-2-71-78

Exacerbation of asthma and neutrophil-dominated airway inflammation in 
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ABSTRACT

Background. Neutrophils can play a significant role in the formation of bronchial inflammation in asthma 
exacerbation in patients with cold-induced airway hyperresponsiveness (CIAHR). 

Aim. To evaluate the role of neutrophils in the dynamics of the inflammatory pattern of bronchi in the exacerbation 
of asthma in patients with CIAHR.

Materials and methods. In 31 patients (average age (37.2 ± 2.7) years) with persistent bronchial asthma (BA) 
with moderate exacerbation and previously established CIAHR during cold air isocapnic hyperventilation (CAIH) 
(– 20 ºC, 3 min), the level of asthma control (Asthma Control Test (ACT), score) and external respiration (forced 
expiratory volume in the first second (FEV1), forced expiratory flow between 25% and 75% of the vital capacity 
(FEF25–75)) were assessed; induced sputum (IS) was examined initially and after 24 weeks of follow-up. At the 
time of the examination, the patients were additionally prescribed prednisone orally (at a maximum dose of 30 
mg) for the first 10 days in order to stop the exacerbation, and then they continued treatment with a combination of 
budesonide / formoterol (640 / 18 μg per day) for 24 weeks.

Results. At the time of the initial examination, the ACT score was 17.0 (13.0; 19.5), FEV1 was 89.1 ± 3.9%, and 
the number of neutrophils in the sputum was 55.9 ± 5.6%. At the end of treatment, the ACT score was 22.0 (17.0; 
24.5) (p = 0.037), FEV1 was 96.2 ± 2.9% (p = 0.038), the number of neutrophils in IS decreased, but remained 
high enough (40.0 ± 5.5%; p = 0.048); and the number of eosinophils did not change. A linear regression equation 
was made reflecting the relationship between the initially high number of neutrophils in the sputum, other cellular 
elements in the sputum, the level of asthma control, and the degree of severity of the bronchial response after a 
bronchoprovocation test with CAIH.

Conclusion. Asthma exacerbation in patients with CIAHR is associated with an increase in the neutrophil pool 
of the bronchial inflammatory infiltrate and correlates with the degree of severity of the airway response to 
bronchoprovocation with cold and the level of asthma control.

Key words: bronchial asthma, cold-induced airway hyperresponsiveness, exacerbation, neutrophil-dominated 
airway inflammation, pattern of bronchial inflammation, asthma control.
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Обострение астмы и нейтрофильный сегмент воспаления бронхов  
у пациентов с холодовой гиперреактивностью дыхательных путей

Пирогов А.Б.1, Приходько А.Г.1, Афанасьева Е.Ю.1, Шелудько Е.Г.1, Горчакова Я.Г.1, 
Чжоу С.2, Ли Ц.2, Перельман Ю.М.1
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Китайская Народная Республика, г. Хайкоу, Longhua District, Longhuang Road, 31

РЕЗЮМЕ

Введение. Нейтрофилы могут играть значительную роль в формировании бронхиального воспаления при 
обострении бронхиальной астмы (БА) у больных с холодовой гиперреактивностью дыхательных путей 
(ХГДП).

Цель. Оценить роль нейтрофилов в динамике воспалительного паттерна бронхов при обострении БА у 
пациентов с ХГДП.

Материалы и методы. У 31 больного (средний возраст (37,2 ± 2,7) лет) персистирующей БА со 
среднетяжелым обострением и ранее установленной холодовой гиперреактивностью дыхательных путей 
при проведении стандартной изокапнической гипервентиляции холодным (–20 ºС, 3 мин) воздухом (ИГХВ) 
оценивали уровень контроля БА (Asthma Control Test, АСТ, баллы), функцию внешнего дыхания (объем 
форсированного выдоха за первую секунду (ОФВ1), максимальная объемная скорость выдоха на уровне 25–
75% форсированной жизненной емкости легких (МОС25–75)), исследовали индуцированную мокроту (ИМ) 
исходно и через 24 нед наблюдения. На момент обследования больным с целью купирования обострения в 
течение первых 10 дней дополнительно назначался преднизолон перорально (в максимальной дозе 30 мг), 
затем 24 нед они продолжали лечение комбинацией будесонид/формотерол (640/18 мкг/сут). 

Результаты. На момент первичного обследования АСТ составил 17,0 (13,0; 19,5) баллов, ОФВ1 89,1 ± 
3,9%, число нейтрофилов в мокроте 55,9 ± 5,6%. В конце лечения уровень контроля над астмой составил 
22,0 (17,0; 24,5) (р = 0,037), ОФВ1 96,2 ± 2,9% (р = 0,038), количество нейтрофилов в ИМ снижалось, но 
оставалось достаточно высоким (40,0 ± 5,5%; р = 0,048); число эозинофилов не изменялось. Построено 
уравнение линейной регрессии, показавшее зависимость между исходно высоким количеством 
нейтрофилов в мокроте, другими клеточными элементами мокроты, уровнем контроля над болезнью и 
степенью выраженности реакции бронхов после проведения острой бронхопровокационной пробы ИГХВ.

Заключение. Обострение у больных бронхиальной астмой с холодовой гиперреактивностью дыхательных 
путей ассоциируется с увеличением нейтрофильного пула бронхиального воспалительного инфильтрата 
и коррелирует со степенью выраженности реакции на холодовую бронхопровокацию и уровнем контроля 
над заболеванием.           

Ключевые слова: бронхиальная астма, холодовая гиперреактивность дыхательных путей, фаза обострения, 
нейтрофильный сегмент воспаления, паттерн воспаления бронхов, контроль астмы.
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INTRODUCTION
The clinical syndrome of cold-induced airway 

hyperresponsiveness (CIAHR), associated with con-
stant exposure to such an ecologically conditioned 
trigger as low ambient air temperature, is diagnosed 
in the majority (60–80%) of patients with bronchi-
al asthma (BA) of any severity [1]. In addition to  
other disturbing factors, exposure to low tempera-
tures, associated with cold-induced bronchospasm, 
is an inducer of airway oxidative stress, which is in-
terpreted as a typical pathological process that ini- 
tiates the development and progression of various lung  
diseases [2].

Taking into account the fact that clinical manifes-
tations of BA are modulated by chronic inflammation 
[3], a priority role in studying the mechanisms of in-
active control and exacerbations of the disease can be 
assigned to the leading cellular effectors of inflam-
mation – eosinophils and neutrophils [4], generating 
reactive oxygen species (ROS) and other mediators 
of oxidative stress, which are presented as signaling 
molecules that regulate the expression of proinflam-
matory cytokines [2]. An increased level of proinflam-
matory cytokines is potentially capable of activating a 
cascade of inflammatory reactions that determine the 
severe clinical course of BA [5].

It is known that with steroid-resistant asthma in pa-
tients receiving high doses of systemic corticosteroids, 
a high level of neutrophils in the bronchoalveolar la-
vage is identified, whereas in patients not receiving 
systemic corticosteroids, eosinophilia predominates 
[6]. During acute exacerbations and fatal BA attacks, 
neutrophil-dominated inflammation proceeds in the 
airways [6]. Neutrophilia of the bronchial infiltrate 
contributes to aggravation of clinical manifestations 
of BA, limits the possibility of achieving the disease 
control, and is accompanied by a decrease in airway 
patency and an increase in the frequency of airway 
response to a cold stimulus [4, 7]. 

Based on the study of bronchial biopsy specimens 
obtained from patients with severe exacerbations of 
BA and endotracheal intubation for respiratory fai- 
lure, it was found that at the stage of exacerbation the 
bronchial mucosa is intensively infiltrated by eosino-
phils and, to a greater extent, by neutrophils [8]. This 
does not exclude the fact that such patients have air-

way neutrophilia before the exacerbation – due to the 
previous severe course of BA against the background 
of treatment with high doses of inhaled corticosteroids 
(ICS) [9].

The role of the morphological and functional sta-
tus of neutrophils in the manifestation of the inflam-
matory pattern in the bronchi during BA exacerbation 
in patients with CIAHR has not been clarified. Since 
the response of the bronchi to cold exposure is clearly 
associated with a low level of asthma control and diffi-
culties in reducing a cold-induced bronchospasm [10], 
the possibility of activation of neutrophil-initiated ox-
idative stress during the exacerbation could result in 
loss of control and an increase in BA severity. The 
solution to this problem is associated with the search 
for methods of appropriate pharmacotherapy for the 
neutrophil component of inflammation.

The aim of this work was to assess the dynamics 
of changes in the neutrophil component of the inflam-
matory pattern in the bronchi during exacerbation and 
without exacerbation of BA in patients with CIAHR.

MATERIALS AND METHODS
The study included patients (n = 31, average age 

37.2 ± 2.7 years) of both sexes (14 men, 17 women) 
with an established diagnosis of persistent asthma 
(disease duration ≥ 2 years) and clinical symptoms of 
exacerbation, according to the criteria [3], and previ-
ously identified CIAHR during a bronchoprovocation 
test with cold air isocapnic hyperventilation (CAIH) 
(3 min; – 20 °C) [1].

Before inclusion in the study, the patients received 
anti-inflammatory therapy with a combined medica-
tion ICS / long-acting beta(2)-agonists (LABA) at a 
daily dose of < 1000 μg equivalent to beclomethasone 
for at least 3 months. The therapy was inadequate and 
irregular for various reasons, mainly economic ones. 
From the start of the study (1st visit) for the entire fol-
low-up period (24 weeks), treatment of patients with 
the first-line anti-inflammatory drug budesonide/for-
moterol (Symbicort® Turbuhaler®) was planned in a 
stable dosing regimen, at an increased dose of 640 /18 
μg per day. To relieve exacerbation symptoms, oral 
prednisolone therapy (at a maximum dose of 30 mg) 
was used for 5–10 days [3], and then the treatment 
with budesonide/formoterol at a stable dose continued 
for 24 weeks.
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The study design included assessment of BA se-
verity and determination of the pulmonary function 
with analysis of the indices of the forced expiratory 
flow-volume curve (forced expiratory volume in the 
first second (FEV1), forced expiratory flow between 
25% and 75% of the vital capacity (FEF25–75), forced 
vital capacity (FVC), the FEV1/FVC ratio, peak expi-
ratory flow (PEF), maximal expiratory flow at 50% of 
vital flow capacity (MEF50),  maximal expiratory flow 
at 75% of vital flow capacity (MEF75)) by spirometry 
on an Easy on-PC (NDD Medizintechnik AG, Swit-
zerland) with subsequent registration of parameters 
after inhalation of a β2-agonist (salbutamol, 400 μg) 
initially (1st visit), 10 days after the start of the treat-
ment (2nd  visit), and at the end of 24 weeks of the ther-
apy (3rd visit ). At the 1st and 3rd visits, asthma control 
was assessed using the Asthma Control Test (ACT, 
Quality Metric Inc., 2002). The criteria for complete, 
good, and insufficient control of the disease were 25, 
24–20 and less than 20 points, respectively.

 At the 1st and 3rd visits, samples of induced sputum 
(IS) were collected and studied [11]. The cytosis level 
was determined by the number of cells contained in 1 
μl of sputum. In order to determine the cellular com-
position, the sputum smears were examined according 
to the standard technique using optical microscopy, 
with calculation of at least 400 cells in 100 fields of 
view in the central and peripheral parts of the spec-
imen. The number of neutrophils, eosinophils, mac-
rophages, lymphocytes, and bronchial epithelial cells 
counted in the cytological smears was expressed as a 
percentage; according to the results, cytograms were 
formed. 

Statistical analysis of the obtained results was car-
ried out using the Statistica 10.0 software package 
(StatSoft, Inc., USA) and the Automated System for 
Scientific Research program [12]. Compliance of the 
trait with the law of normal distribution was evaluated 
using the Kolmogorov – Smirnov and Pearson – von 
Mises tests. With normal distribution, Student’s t-test 
was used. With the distribution of data other than nor-
mal, the Wilcoxon test was used. Descriptive statistics 
of quantitative variables was presented as the mean, 
a standard error of the mean (M ± m), as well as the 
median and the interquartile range Me (Q1; Q3). In or-
der to establish the type of dependence and build a 
mathematical model between a random variable and  
values of several independent variables, stepwise mul-
tiple regression analysis was used with creation of a 
regression equation. For all values, the level of p less 
than 0.05 was considered statistically significant.

RESULTS
In accordance with the criteria [3], clinical symp-

toms of moderate exacerbation at the time of the 
initial examination were present in all patients with 
BA included in the study and were characterized by 
increased respiratory discomfort, shortness of breath 
(92%), an increase in the number of daytime episodes 
of shortness of breath and their appearance at night 
(64%), suffocation (56%), cough varying in intensity 
and nature (88%), wheezing (60%), chest congestion 
(50%), and an increase in the need for short-acting 
bronchodilators (94%).

Interviewing patients with subsequent assessment 
of the severity of the disease using a validated ACT 
questionnaire showed a low level of asthma control 
and significant improvement in the bronchial patency 
(∆FEV1) during the bronchodilation test (Table). The 
clinical success of the treatment, which was greatly 
determined by patients’ adherence to therapy (it was 
85% at the final stage of observation), was reflected in 
the dynamics of ACT (Table). When assessing ACT 
values in the group as a whole at the 3rd visit, a sta-
tistically significant increase in the level of asthma 
control was observed (Table). At the final stage of 
monitoring (3rd  visit), 62% of patients reported signs 
of achieving asthma control (ACT score > 20), 22% of 
patients receiving regular ICS therapy assessed their 
condition as the one without changes (ACT score  
˂ 19), in 16% of patients, a decrease in ACT compared 
to the initial testing (score less than 15) and clinical 
signs of repeated exacerbation were observed. 38% of 
patients continued to experience the need for the use 
of short-acting bronchodilators.

At the 2nd visit, after 10 days of oral prednisolone 
(at a dose of 30 mg), there was no change in bronchial 
patency parameters (Table). A statistically significant 
improvement in the ventilation function of the lungs 
with a decrease in the response during the broncho-
dilation test occurred by the 3rd visit, with long-term 
regular use of a stable dose of ICS/LABA.

Calculation of the main cellular elements in in-
duced sputum was performed at baseline, before pre-
scribing corticosteroid therapy, and 6 months after 
ICS treatment. In all patients included in the clinical 
study, sputum induction was carried out increasingly 
by means of 7-minute inhalations with 3-, 4- and 5% 
sodium chloride solution. To perform the cytological 
study, a sample was selected that had a minimum level 
of contamination with squamous epithelial cells (less 
than 20% of squamous epithelial cells from the total 
number of cells). 
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Figure. Cellular composition of induced sputum (%) in BA 
patients at runtime
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T a b l e 

Pulmonary ventilation function and the level of asthma control 
in patients with BA at runtime, n = 31

Parameter 1st visit 2nd visit 3rd visit р р1

FEV1, l,   
М ± m 3.17 ± 0.22 3.10 ± 0.16 3.43 ± 0.23 0.024 0.022

MEF25-75, 
l/s, М ± m 2.66 ± 0.24 2.61 ± 0.24 3.21 ± 0.26 0.013 0.006

FEV1/FVC, 
%,  М ± m 72.7 ± 1.7 74.8 ± 1.5 78.0 ± 1.5 0.005 0.008

FEV1, % of 
pred.,   
М ± m

89.1 ± 3.9 88.3 ± 2.3 96.2 ± 2.9 0.038 0.016

MEF25-75, % 
of pred.,   
М ± m

64.6 ± 4.3 64.8 ± 3.1 76.0 ± 3.8 0.015 0.006

∆FEV1, %,  
М ± m

12.3  
(6.0; 20.0)

11.0 (5.0; 
15.0)

4.5  
(2.0; 13.5) 0.018 > 

0.05
ACT, points,  
М ± m

17.0  
(13.0; 19.5) – 22.0  

(17.0; 24.5) 0.037 –

Note . p – level of significance of the differences between the 1st and 
2nd visits; p1 – between the 2nd and 3rd visits.

Relevant sputum samples, which allowed to assess 
changes in the cellular pattern of bronchial inflamma-
tion, were obtained in only 26 people. As the results of 
the data analysis showed, the pattern of bronchial in-
flammation underwent transformation: from predom-
inantly mixed during exacerbation of BA, with a high 
number of eosinophils (>2%) and neutrophils (> 1%) 
in the sputum, to eosinophilic, with a pronounced 
neutrophil component, without exacerbation of the 
disease, at the end of the examination period (Figure).

phages increased (from 23.8 ± 2.9 to 39.0 ± 6.1%;  
p = 0.024).

Linear regression analysis was used to build a mod-
el that would best show the relationship between the 
studied indices. When assessing the baseline values 
of parameters at the time of the initial examination, 
a relationship was revealed between the initially high 
number of neutrophils (N) in the sputum, other cellu-
lar elements of the sputum (macrophages, M, %), the 
level of control over the disease (ACT, points), and 
the severity of the bronchial response (∆FEV1) after a 
bronchoprovocation test with IHCA:

N (%) = 93.0 – 1.4 × М (%) – 0.3 × АСТ (points) – 
0.25 × ∆FEV1 (%) 

The regression is significant with 98.8% probabili-
ty, explains 71.7% of the dispersion. This dependence 
disappeared after regular long-term use of ICS/LABA.

DISCUSSION
In our earlier works concerning the relationship 

between the clinical manifestations of BA and the 
inflammatory pattern in the bronchi in patients with 
CIAHR, the negative effect of neutrophils on the 
achievement of clinical criteria for disease control 
was repeatedly mentioned [4]. Thus, in patients with 
persistent mild-to-moderate BA of mixed type, a de-
crease in the clinical and functional features of BA 
depended on an increase in the number of neutrophils 
and a rise in the level of neutrophil peroxidase in the 
inflammatory pattern of the bronchi [4]. 

The use of a 24-week treatment regimen with a 
combination of ICS/LABA in patients with mode- 
rate asthma exacerbation did not lead to a controlled 
decrease in the number of neutrophils in the airways, 
which was interpreted as a risk factor of the possible 
loss of the achieved asthma control [7]. The prognos-
tically unfavorable mixed pattern of inflammation in 
patients with severe uncontrolled asthma in combi-
nation with CIAHR was characterized not only by a 
large pool of neutrophils, but also by a high degree of 
activity of oxidative enzymes and destruction and cy-
tolysis of bronchial granulocytes, which was clinically 
manifested through a more severe course of the disease 
and a more complex problem of asthma control [13].

According to a number of authors, a mixed pat-
tern of inflammation, determined in approximately 
10–15% of patients with BA, is combined with more 
severe symptoms and more frequent exacerbations 
difficult to treat with ICS, compared to the Th2 pat-
tern of bronchial inflammation [14, 15]. Neutrophilia 
and a mixed pattern of inflammation are associated 

If the percentage of eosinophils in the sputum at 
the 1st and 3rd visits did not differ significantly (2.2 
(1.5; 7.8) and 1.6 (0.8; 3.6) %, respectively, p > 0.05), 
the number of neutrophils dramatically decreased 
from 55.9 ± 5.6% during exacerbation to 40.0 ± 5.5%;  
(p = 0.048) without exacerbation, remaining suffi-
ciently high. Additionally, without exacerbation, 
the level of lymphocytes decreased (from 4.1 ± 0.79 
to 2.1 ± 0.41%; p = 0.045) and the level of macro-

Visit 1

Visit 2
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with increased expression of non-Th2 cytokines – IL-
17 cytokine and proinflammatory IFNγ [14]. The ex-
pression of IL-17 is associated with the in vitro and 
in vivo identified phenomena of neutrophil NETosis, 
which often develops in BA patients according to the 
so-called non-lytic pathway with the formation of 
enucleated cytoplasts that induce differentiation of 
naive CD4+ T-helper lymphocytes (CD4+ Th0) into a 
subpopulation of T-helpers 17 (Th17) – producers of 
IL-17 [14, 15]. 

Enucleated cytoplasts, resulting from disintegra-
tion of the nuclear envelope into many vesicles and 
eruption of decondensed chromatin through the rup-
ture in the neutrophil plasma membrane with resealing 
of the latter, have a set of rather significant functional 
properties. If the discarded double-stranded DNA can 
interact with dendritic cells of the airways via TLR2 
receptors, which leads to the formation of CD4+ Th2, 
then activation of dendritic cells by cytoplasts, on 
the contrary, causes differentiation of Th0 into anti-
gen-specific Th17 [14, 15].

Overproduction of Th17-related cytokines, includ-
ing IL-17A and IL-17F, is considered to be the main 
driving force for recruitment and activation of neutro-
phils through induction of cytokines and chemokines, 
such as CXCL8, IL-6, G-CSF and GM-CSF, IL-8, 
and CXCL1 and CXCL5, the expression of which 
correlates with the severity of BA and bronchial neu-
trophilia [16]. Cytokines and activated enzymes inter-
acting in Th17 and Th1 inflammatory responses mod-
ify the structure of the respiratory tract in BA patients 
and cause remodeling and an increase in bronchial 
obstruction, which contributes to a fall in FEV1 [17]. 
Differentiation of Th2 cells of the respiratory tract into 
double positive cells Th2 / Th17 is of particular inter-
est. In vivo studies showed that the predominance of 
double positive Th2/Th17 cells in the bronchoalveolar 
lavage of BA patients is associated with a high degree 
of airway obstruction and hyperresponsiveness and an 
increase in the severity and cortical resistance of the 
disease [18].

Comparing the data on the accumulation of neu-
trophils, activation of Th17-associated cytokines, and 
the possibility of development of non-Th2 inflamma-
tion during increasing BA severity with identification 
of a mixed inflammatory phenotype in patients with 
CIAHR in the exacerbation phase, it can be assumed 
that deterioration of the clinical characteristics of BA 
during exacerbation is associated with stimulation 
of neutrophil-dominated inflammation. Without ex-
acerbation, despite the decrease, the number of neu-

trophils in IS in 71% of patients remained quite high 
(more than 41%), as a result of which a pronounced 
neutrophil component in the inflammatory pattern 
was isolated. 

Maintenance of relative neutrophilia in the bron-
chi of BA patients with CIAHR without exacerbation 
can be explained by the role of budesonide / formo-
terol therapy in the increase in the functional activi-
ty of neutrophils, namely, the antiapoptotic effect of 
budesonide on neutrophils. The ability of ICS to sup-
press the cytotoxicity of pulmonary NK cells, leading 
to a decrease in the intensity of NK-mediated apop-
tosis in granulocytes, which promotes efferocytosis 
in macrophages, was proven [13]. Researchers argue 
that neutrophilia in patients with BA can be observed 
independently of hormonal therapy, and non-eosino-
philic asthma is the phenotype of the disease that is 
characterized by insensitivity to ICS therapy [17].

The mechanisms responsible for the decrease in 
the number of neutrophils in the airways of patients 
with CIAHR without exacerbation include classical 
NETosis – the process of programmed oxygen-de-
pendent cell death, the purpose of which is to form 
highly active neutrophil extracellular traps (NETs) 
in response to irritants, which serve as an important 
tool for elimination of pathogens and inflammation 
products [19–21]. The formation of NETs begins with 
priming of neutrophils, triggering of the NADFH- 
oxidase enzyme complex and respiratory burst, and 
generation of ROS, inducing neutrophil elastase and 
PAD-4, which convert arginine and methylarginine 
residues into citrulline in histones of the nucleus. As a 
result, chromatin decondensation occurs with a simul-
taneous disturbance of the structural integrity of the 
cytoplasmic granule membranes. When decondensed 
chromatin (DNA strands, histones) is mixed with en-
zymes of lysosomal granules, net-like NETs are se-
creted into the extracellular space [19–21]. 

Exocytosis of myeloperoxidase (MPO) can take 
place not only as a result of neutrophil NETosis. As 
it is known, MPO, when interacting with Н2О2, cata-
lyzes the oxidation of halides (Cl–, Вr–, I–), generating 
the production of hypohalogenites (active forms of 
halogens (AFH)), hypohalogenite derivatives (HOCl, 
HOBr, and HOI), and their ionized forms (hypo-
chlorite, hypobromite, and hypoiodite), resulting in 
a link between oxidative and halogenated stress [22, 
23]. Being a product of azurophilic granules of neu-
trophils, MPO is secreted into the intercellular envi-
ronment during cell degranulation associated with a 
respiratory burst. 

Pirogov A.B., Prikhodko A.G., Afanaseva E.Yu. et al. Exacerbation of asthma and neutrophil-dominated airway inflammation
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It was shown that degranulation of neutrophils 
in IS of BA patients with CIAHR is capable of in-
tensifying to the level of destruction [4, 7, 13]. To-
tal degranulation of cells, which induces destruction 
and to the fullest discloses the effector capabilities of 
neutrophils with a maximally pronounced respirato-
ry burst, is preceded by enzymatic activation in the 
form of enhanced synthesis and intragranular deposi-
tion of MPO, proportional to the needs of bronchial 
inflammation in AFH, involved in the prolongation 
and maintenance of CIAHR. Enhanced accumulation 
of peroxidase reserves in neutrophils, stimulated by 
accelerated utilization of highly reactive halogen-con-
taining compounds in the bronchial matrix, ends with 
functional depletion of cells, depletion of the perox-
idase-positive granule reserve, intensive destruction, 
and cytolysis with destruction of the cytoplasm and 
then the nucleus with cell lysis.

Therefore, a slight decrease in the number of neu-
trophils in the inflammatory pattern of the bronchi of 
BA patients with CIAHR without exacerbation was a 
consequence of ROS-stimulated NETosis, as well as 
destructive and cytolytic processes, the manifestation 
of which corresponded to the period of exacerbation 
associated with the activation of non-Th2 inflammato-
ry response, the prevalence of proinflammatory cyto-
kines, and escalating oxidative stress.

CONCLUSION
It can be concluded that first-line anti-inflammato-

ry therapy, accompanied by the elimination of clini-
cal and functional manifestations of exacerbation and 
the increase in the level of control over the disease, 
promoted transformation of the mixed inflammatory 
pattern in the bronchi into the eosinophilic one. At the 
same time, the neutrophil component remained quite 
pronounced without exacerbation, which indicated the 
limited effectiveness of the proposed therapy in rela-
tion to the regulation of neutrophil-dominated inflam-
mation. This is an evidence of the preserved difficulty 
of comprehensive drug control over inflammation in 
asthma, in particular, over the pool of neutrophils in 
the granulocyte population, infiltrating the bronchi of 
patients with CIAHR.
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Clinical characteristics and efficiency of antidepressant therapy of mood 
disorders with comorbid alcohol use disorder
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ABSTRACT

Aim. To determine the nosological and clinical features of mood disorders (MD) with comorbid alcohol use 
disorder (AUD) and efficiency of antidepressant therapy.

Materials and methods. We examined 88 patients with MD and comorbid AUD – 33 females (37.5%) and 55 
males (62.5%). The first group included 31 patients with AUD without comorbid affective symptoms, the second 
group contained 29 patients with MD without AUD, the third group included 28 patients with AUD and MD. In 
the study, we applied clinical-psychopathological, clinical-dynamic, and statistical methods with Pearson’s χ 2 test, 
Mann – Whitney U-test (for comparison of independent samples), Kruskal – Wallis test (for more than two inde-
pendent samples), and Wilcoxon test (for comparison of dependent samples). At the level of statistical significance, 
no differences between the groups according to the gender – age composition were revealed (p = 0.115 – according 
to gender composition, р = 0.248 – according to age composition, Pearson’s χ 2 test).

Results. The patients with the diagnosis of AUD with comorbid MD showed worse dynamics of the reduction 
of depressive [from 24.0 (18.3; 33.0) to 9.0 (4.3; 12.0) points according to the Structured Interview Guide for the 
Hamilton Depression Rating Scale – Seasonal Affective Disorder (SIGH-SAD) (р = 0.001, Wilcoxon test)] and 
anxiety [from 20.5 (12.5; 25.0) to 5.5 (3.3; 8.0) points according to the Hamilton Anxiety Rating Scale (HARS) (р 
= 0.001, Wilcoxon test)] symptoms against the background of the therapy with initially lower indices compared 
to the group with MD alone [from 27.0 (21.0; 36.0) to 6.0 (5.0; 11.0) points according to SIGH-SAD (р = 0.001, 
Wilcoxon test) (intergroup differences upon admission р = 0.046; upon discharge р = 0.683, Mann – Whitney 
U-test) and from 21.0 (14.0; 29.0) to 5.0 (3; 10.5) points according to HARS (р = 0.001, Wilcoxon test) (intergroup 
differences upon admission – р = 0.082; upon discharge –  р = 0.825, Mann – Whitney U-test)]. The course of AUD 
is characterized by a larger extent of malignancy in the group with a comorbidity: a decrease in pathological alcohol 
craving from 31.5 (16.3; 43.5) to 8 (2.3; 14.8) points (р = 0.001, Wilcoxon test) in the group with a comorbidity and 
from 29.5 (21.8; 37.0) to 7 (3.0; 11.3) points with AUD alone (р = 0.001, Wilcoxon test) (intergroup differences 
upon admission –  р = 0.058; upon discharge – р = 0.04, Mann – Whitney U-test on the Obsessive Compulsive 
Drinking Scale (OCDS)).

Conclusion. Clinical-dynamic characteristics of MD with comorbid AUD result in therapeutic difficulties 
associated with comparatively worse dynamics in reduction of the symptoms of both diseases. 

Key words: alcohol addiction, depressive disorders, comorbidity, antidepressant therapy, anti-craving therapy.
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Клиническая характеристика и эффективность антидепрессивной  
терапии аффективных расстройств при коморбидности с алкогольной 
зависимостью
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РЕЗЮМЕ

Цель исследования – определение нозологической структуры, клинических особенностей аффективных 
расстройств (АР) при коморбидности с алкогольной зависимостью (АЗ) и эффективности антидепрессив-
ной терапии.

Материалы и методы исследования. Обследованs 88 человек с АР и АЗ – 33 женщины (37,5%) и 55 
(62,5%) мужчин. Первая группа – 31 пациент с АЗ без коморбидной аффективной симптоматики, вторая 
– 29 больных с расстройством настроения без зависимости от алкоголя, третья – 28 пациентов с коморбид-
ным течением АЗ и АР. В исследовании использовался клинико-психопатологический, клинико-динами-
ческий и статистический методы с использованием критериев χ2 Пирсона, Манна – Уитни (для сравнения 
независимых выборок), Краскела – Уоллиса (для более двух независимых выборок), Вилкоксона (для 
сравнения зависимых выборок). По уровню статистической значимости различий между группами по по-
ловозрастному составу не выявлено (p = 0,115 – по половому составу, р = 0,248 – по возрастному составу, 
критерий χ2).

Результаты. Пациенты с коморбидным диагнозом АЗ и АР демонстрируют худшую динамику редукции 
депрессивной (с 24,0 (18,3; 33,0) до 9,0 (4,3; 12,0) баллов по шкале SIGH-SAD (р = 0,001, критерий 
Вилкоксона)) и тревожной (с 20,5 (12,5; 25,0) до 5,5 (3,3; 8,0) баллов по шкале HARS (р = 0,001, критерий 
Вилкоксона)) симптоматики на фоне лечения, при изначально более низких показателях, в сравнении с 
группой с «чистыми» АР (с 27,0 (21,0; 36,0) до 6,0 (5,0; 11,0) баллов по SIGH-SAD (р = 0,001, критерий 
Вилкоксона) (межгрупповые различия при поступлении р = 0,046; при выписке р = 0,683, критерий Манна – 
Уитни) и с 21,0 (14,0; 29,0) до 5,0 (3; 10,5) баллов по HARS (р = 0,001, критерий Вилкоксона) (межгруп-
повые различия при поступлении р = 0,082; при выписке р = 0,825, критерий Манна – Уитни). Течение 
АЗ отличается большей злокачественностью в группе с коморбидностью: снижение патологического 
влечения к алкоголю с 31,5 (16,3; 43,5) балла до 8 (2,3; 14,8) (р = 0,001, критерий Вилкоксона) в группе 
с коморбидностью и с 29,5 (21,8; 37,0) до 7 (3,0; 11,3) баллов при «чистой» АЗ (р = 0,001, критерий 
Вилкоксона) (межгрупповые различия при поступлении р = 0,058; при выписке р = 0,04, критерий Манна – 
Уитни по обсессивно-компульсивной шкале употребления алкоголя.

Заключение. Клинико-динамические характеристики коморбидного сочетания АР и АЗ ведут к терапев-
тическим затруднениям, сопряженным со сравнительно худшей динамикой редуцирования симптомов 
каждого из заболеваний. 

Ключевые слова: алкогольная зависимость, депрессивные расстройства, коморбидность, антидепрессив-
ная терапия, антикрейвинговая терапия.
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INTRODUCTION
In the current concept of comorbidity of alcohol 

use disorder (AUD) and mood disorders (MD), co-oc-
currence of two pathologies is regarded as a synergetic 
condition, unfavorable for prognosis of each of them 
[1, 2]. Taking into account the polymorphism of psy-
chopathological symptoms, a personalized therapeutic 
approach is needed, focused not only on the correction 
of emotional disturbances but also on the anti-craving 
therapy for the dependence syndrome.

 Among the main factors influencing formation 
of alcohol addiction and unfavorable prognosis of its 
course, comorbid mental disorders, primarily of the 
schizophrenia and affective spectrum, are distinguished 
[3–6]. In both cases, comorbidity leads to worsening of 
the disease prognosis [7, 8]. In clinical practice, the 
comorbidity of MD and AUD is often unrecognized – 
this can be associated with clinical pathomorphism, 
when a combination of severe disturbances in one  
disease and obliterated manifestations of the other of-
ten look like manifestations of the first, and the second 
disorder is either overlooked or ignored [9, 10]. 

The choice of only one of the existing psychiatric 
disorders as a therapeutic target negatively affects the 
effectiveness of therapy, increases its duration, and 
reduces the duration and quality of remissions. It is 
important to determine the clinical features and iden-
tify suicidal behavior in patients with MD in comorbid 
mental and somatic diseases [11–13]. 

MATERIALS AND METHODS
The study included 88 patients admitted to the 

clinic of Mental Health Research Institute of Tomsk 
NRMC with a verified diagnosis of AUD (F10.2) or 
MD (F31.3, F31.6, F32, F33, F34.1) according to 
ICD-10. Clinical-psychopathological, psychometric, 
clinical-dynamic, and statistical research methods 

were used. To evaluate the clinical dynamics, a struc-
tured interview for evaluation of depression severity 
according to HARS (1959) and SIGH-SAD (2002) 
was used. A risk of alcohol addiction was evaluated 
according to the Alcohol Use Disorders Identifica-
tion Test (AUDIT, 1993). The Obsessive Compulsive 
Drinking Scale (OCDS, 1995) was applied to assess 
alcohol craving. 

Statistical data processing was performed using 
IBM SPSS Statistics 25 software with the Pearson’s 
χ 2 test, Mann – Whitney U-test (for comparison of 
independent samples), Kruskal – Wallis test (for more 
than two independent samples), and Wilcoxon test 
(for comparison of dependent samples). The samples 
were previously tested for compliance with the law 
of normal distribution using the Shapiro – Wilk test, 
which tests the hypothesis that there are no differences 
between the observed distribution of a trait and the 
theoretically expected normal distribution. In case of 
distribution other than normal, quantitative data were 
presented as the median and the interquartile range 
Me (Q1; Q3). When testing the hypothesis, the critical 
level of significance p was equal to 0.05.

RESULTS

According to the results of the examination, the pa-
tients were divided into three groups. The first group 
included AUD patients without comorbid affective 
symptoms (n = 31), 87.1% of them were males, the 
average age of patients in this group was 44 (40; 53) 
years. The second group contained MD patients with-
out alcohol addiction (n = 29), 72.4% of whom were 
females, the average age of patients was 50 (36.5; 57) 
years. The third group included patients with AUD 
and comorbid MD (n = 28), among whom 71.4% were 
males, the average age was 44.5 (36.5; 48.75) years. 
We did not reveal statistically significant differences 
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between the groups according to the gender – age com-
position (р > 0.05, Pearson’s χ 2 test). The structure of 
MD in the group without comorbid dependence syn-
drome was represented by depressive episodes (DE) 
of various degrees of severity in 34.5% of patients, 
DE within a recurrent depressive disorder in 31% of 
individuals, and DE within bipolar disorder (BD) in 
24.1% of cases. The comorbid affective pathology 
was represented equally by dysthymia and DE within 
a recurrent depressive disorder (32.1% each). Depres-
sive symptoms within BD were revealed in 21.4% of 
cases. In 14.3% of cases, the comorbid diagnosis was 
DE of moderate (10.7%) or mild (3.6%) severity. The 
duration of MD was 5 (2.5; 11.0) years in the group 
of patients with affective pathology alone and 7.5 
(2.25; 13.0) years in patients with a comorbidity (p < 
0.05, Mann – Whitney U-test). The duration of AUD 
(since the age of formation of the alcohol withdrawal 
syndrome (AWS)) in the groups with AUD alone and 
AUD and a comorbidity was 10 (6; 18.5) and 14 (10; 
19.75) years, respectively (p < 0.05, Mann – Whitney 
U-test). 

Based on these terms for disease duration, it can 
be concluded that in the group with MD with comor-
bid AUD, substance dependence, as a rule, preceded 
the MD manifestation. Alcohol use in both groups had 
a pseudo-binge-drinking nature in 100% of observa-
tions. Besides, it is worth noting that the duration of 
pseudo-binge-drinking and alcohol tolerance were 
statistically significantly lower in patients with MD 
and AUD (р < 0.05, Mann – Whitney U-test). So, the 
average duration of pseudo-binge-drinking episodes 
in patients with MD alone was 7 (4; 17) days, and in 
patients with MD with a comorbidity – 5.5 (3.5; 9.5) 
days. The tolerance was 16 (11; 23) and 11 (11; 17.75) 
standard alcohol servings, respectively. 

Despite relatively lower volume and duration of 
alcohol use by patients with dual diagnosis, the dura-
tion of AWS was compatible to that in patients with 
AUD alone: 3 (2; 4) and 3 (2; 5) days, respectively  
(р = 0.785, Mann – Whitney U-test). These data in-
dicate poorer tolerance of ethanol effects in patients 
with MD with comorbid AUD. In the group of patients 
with MD with comorbid AUD, attention is drawn to 
the predominance, along with neurovegetative vari-
ant of AWS in 78.6% (n = 22) of observations, of the 
psychopathological variant – 14.3% (n = 4), which 
manifested itself predominantly through affective 
symptoms (depressive, anxious, dysphoric affect). In 
the group with AUD alone, the second most prevalent 
variant after the neurovegetative one (83.9%, n = 26) 

was the cerebral variant of AWS (9.7%, n = 3), which 
manifested itself predominantly through cephalgia, 
dizziness, and muscle twitching. After AWS manage-
ment, affective disturbances in patients with MD with 
comorbid AUD not only remained, but also acquired 
apparent clinical presentation. 

The main motive for alcohol consumption was the 
desire for pleasure in the AUD group: hedonistic moti-
vation was observed in 45.2% (n = 14) of cases, while 
in patients with a comorbidity, it was present only in 
10.7% (n = 3) of individuals. Half of the patients with 
comorbid MD used alcohol with the aim to correct the 
emotional state – 50% (n = 14), and among patients 
with AUD alone, there were 9.6% of such patients 
(n = 3). The duration of AUD remissions in patients 
with a comorbidity reached 12 (3; 24) months, while 
with comorbid MD, it was 6 (1.25; 34.5) months (р = 
0.037, Mann – Whitney U-test). In cases of MD alone 
and comorbid MD, these values were 5 (3; 21.75) and 
4 (1; 12) months, respectively (р = 0.048, Mann – 
Whitney U-test). All patients with a comorbidity not-
ed a pronounced relationship between MD remission 
and AUD, that is, the cessation of alcohol use led to 
normalization of the emotional state, and stable emo-
tional background reduced alcohol consumption to a 
minimum. In this cohort, in 46% (n = 13) of cases, 
failure to achieve AUD remission was preceded by 
an increase in MD symptoms, and in 32% (n = 9) of 
patients – by resumed alcohol use. Symptoms of both 
disorders developed simultaneously in 22% (n = 6) of 
the respondents.

Based on the complaints presented by the patient 
at the time of the initial examination (during the 1st 
week of hospitalization, after AWS management, in 
case of seeking medical care in AWS), the leading 
complaints were identified that characterize the pa-
tient’s subjective assessment of the condition and de-
termine the therapeutic request when seeking medical 
care (Table 1).

T a b l e  1

Complaints of the examined patients upon admission

Parameter Patients 
with AUD

Patients 
with MD

Patients with 
dual diagnosis

Alcohol craving 75.8%
(n = 23) – –

Low mood 16.2%
(n = 5)

51.7%
(n = 15)

78.6%
(n = 22)

Emotional lability, irrita-
bility, hot temper – 10.4%

(n = 3)
10.7%
(n = 3)

Anxiety, feeling of inner 
tension

1.6%
(n = 1)

37.9%
(n = 11)

7.1%
(n = 2)

Anergy, fatigue, asthenia 6.4%
(n = 2) – 3.6%

(n = 1)
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Probably, depressive symptoms (decreased mood) 
in the group of AUD patients were revealed as an 
obligate component of post-withdrawal syndrome as 
well as an emotional component of pathological alco-
hol craving [14]. Asthenic symptoms (anergy, fatigue, 
asthenia) in both groups of patients who used alco-
hol could be associated with immediate toxic effect 
of ethanol on the central nervous system (CNS) [15]. 
It is worth noting that the patients with AUD with co-
morbid MD had complaints of the affective spectrum, 
that is they named correction of the emotional state as 
the reason for seeking medical care, which, in their 
opinion, led to excessive alcohol use. 

In accordance with the clinical presentation and the 
leading symptoms, the patients received psychophar-
macotherapy with antidepressants and mood stabili- 
zers (Table 2).

T a b l e  2

The main group of psychopharmaceuticals

Parameter Antidepres- 
sants

Mood  
stabilizers No therapy

Patients with AUD 22.5% (n = 7) 64.5% (n = 20) 13% (n = 4)
Patients with MD 79.3% (n = 23) 20.7% (n = 6) –
Patients with dual 
diagnosis 60.7% (n = 17) 35.7% (n = 10) 3.6% (n = 1)

For the patients hospitalized in the state of with-
drawal, the treatment was administered after manage-
ment of the withdrawal syndrome, on the 3–5th day of 
hospitalization. In the groups of AUD patients, there 
were cases with no maintenance psychopharmaco-
therapy, which was associated with contraindications 
to its administration due to comorbid physical patho- 
logy. In such a situation, the treatment was focused on 
symptomatic and psychotherapeutic correction. The 
patients with AUD were treated with escitalopram  
(15 mg / day) in 71.4% (n = 5) of cases and agome-
latine (25 mg / day) in the remaining 28.6% (n = 2) 
of cases. Treatment with these drugs cured sleep di- 
sorders induced by alcohol dependence, did not af-
fect the parameters of cardiovascular therapy, and did 
not impair sexual functions. As an alternative to anti-
depressant therapy, 75.0% (n = 15) of patients were 
prescribed carbamazepine (400 mg / day), and the re-
maining 25.0% (n = 5) – topiramate (100 mg / day). 

Treatment of patients with MD in 47.8% (n = 11) 
of cases was carried out with vortioxetine (10 mg/
day), in 21.7% (n = 5) of cases – with sertraline (150 
mg / day), in 21.7% (n = 5) of cases – with escitalo-
pram (25 mg / day), in 8.8% (n = 2) of cases – with 
agomelatine (25 mg / day). The preferential treatment 
with these modern drugs had high potential for relie- 

ving the main symptoms of depression with their ex-
cellent tolerance. An alternative strategy for correct-
ing affective disorders in the context of bipolar dis-
order was the administration of valproic acid sodium 
salts (750 mg / day) in all cases (n = 6). 

The patients with a dual diagnosis received vor-
tioxetine (10 mg / day) in 41.2% (n = 7) of cases,  
agomelatine (50 mg / day) in 23.6% (n = 4) of cases, 
escitalopram (25 mg / day) in 17.6% (n = 3) of cases, 
and sertraline (100 mg / day) in 17.6% (n = 3) of cases. 
The multi-target and highly selective mechanisms of 
action of these drugs influenced anhedonia, one of the 
key symptoms of depressive and addictive disorders, 
which was associated with suicidal behavior in these 
patients. Another part of the patients received treat-
ment with carbamazepine (400 mg / day) in 70.0%  
(n = 7) of cases or valproic acid sodium salts (500 mg 
/ day) in 30.0% (n = 3) of cases to correct affective 
disorders. 

According to the follow-up data, after previ-
ous visits for medical care, the majority of patients 
(68.9%, n = 18), suffering only from affective patho- 
logy, received maintenance psychopharmacotherapy. 
In 62% (n = 18) of cases, it was a drug from the group 
of selective serotonin reuptake inhibitors (SSRIs): 
sertraline (n = 8, 100 mg / day), escitalopram (n = 5,  
20 mg /  day), fluvoxamine (n = 3, 150 g / day), flu-
oxetine (n = 2, 40 mg / day). 6.9% (n = 2) of patients 
received a mood stabilizer (valproic acid, 500 mg  /
day). The average duration of drug intake was 6 (3; 
12) months (p = 0.04, Pearson’s χ 2 test). 

Among the patients with depression associated 
with AUD, only 21.5% (n = 6) of the respondents re-
ceived maintenance therapy. The drug from the SSRI 
group was taken by 17.9% (n = 5) of patients: esci- 
talopram (n = 3, 10 mg / day), sertraline (n = 2, 50 mg / 
day); 3.6% (n = 1) of patients received a mood stabi-
lizer (carbamazepine, 400 mg / day). The period of 
independent intake of drugs was 3 (2; 11.25) months 
(p = 0.03; Pearson’s χ 2 test). The presented data in-
dicate low adherence of patients suffering from AUD 
(both alone and in combination with another patholo-
gy) to long-term treatment. Patients do not always fol-
low medical recommendations and tend to stop taking 
medications earlier than the recommended time [16]. 

The examined individuals from the group of AUD 
patients in 98.4% of cases did not receive any mainte-
nance therapy: either the drug was not prescribed by 
the doctor, or the patients themselves refused to take 
drugs after discharge from the clinic. Despite the fact 
that administration of antidepressants is considered to 
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be the therapy of choice for depressive disorders in 
the structure of the pathological alcohol craving and 
suppression of the pathological craving for substances 
is their independent property, regardless of manifesta-
tion of the antidepressant effect, addiction specialists 
rarely resorted to prescribing antidepressant psycho-
pharmacotherapy [17]. Anticonvulsants, actively used 
by doctors in substance abuse treatment centers, re- 
present an alternative for benzodiazepine tranquilizers 
for correction of AWS [18]. However, there are no 
recommendations on their use in anti-craving therapy 
for alcohol dependence. Most of the requests for drug 
treatment ended with implementation of one or ano- 
ther type of subject-mediated hypnosuggestion of a 

ban on alcohol consumption. Such prevalent tech-
niques as aversion therapy, implanting chemicals 
under patient’s skin, and implanting an anti-alcohol 
placebo-drug are now an officially recognized anach-
ronism prohibited in state institutions and not included 
in the Standards for the Provision of Primary Health 
Care and Specialized Narcological Aid [19, 20].

The examinations carried out upon admission 
(point 1) and discharge (point 2) using the SIGH-
SAD and HARS scales made it possible to objec-
tively assess the severity of depressive (typical and 
atypical) and anxiety symptoms (Kruskal – Wallis 
test), and their clinical dynamics (Wilcoxon test)  
(Tables 3–4).

T a b l e  3

Dynamics of the score on the SIGH-SAD scale

Parameter
Typical symptoms Atypical symptoms Total score 

Point 1 Point 2 Point 1 Point 2 Point 1 Point 2
Patients with AUD 7.0 (3.0; 12.3)* 1.0 (0; 4.0) 2.0 (0; 2.3)* 0 (0; 0) 9.0 (4.0; 14.3)** 1.0 (0; 4.0)
Patients with MD 23.0 (19.5; 29.0) 6.0 (3.5; 11.0) 4.0 (1.0; 7.5) 1.0 (0; 2.0) 27.0 (21.0; 36.0) 6.0 (5.0; 11.0)
Patients with a dual  
diagnosis 20.0 (16.0; 25.8) 7.0 (4.0; 10.0) 4.0 (1.0; 6.0) 2.0 (0.5; 4.2) 24.0 (18.3; 33.0)** 9.0 (4.3; 12.0)

* р = 0.001 (Kruskal – Wallis test) for all cases, ** p = 0.001 (Wilcoxon test) for all cases.

T a b l e  4

Dynamics of the score on the HARS scale
Parameter Point 1 Point 2 

Patients with AUD 8.0 (3.8; 14.3)* (**) 1.0 (0; 2.0)
Patients with MD 21.0 (14.0; 29.0)** 5.0 (3; 10.5)
Patients with a dual diagnosis 20.5 (12.5; 25.0)** 5.5 (3.3; 8.0)

* р = 0.001 (Kruskal – Wallis test) for all cases, ** p = 0.001 (Wilcoxon test) for all cases.

At the 1st week of treatment, patients in the group 
with MD alone noted greater severity of both typical 
and atypical depressive symptoms on the SIGH-SAD 
scale, as well as anxiety on the HARS scale, com-
pared to the group of patients with a dual diagnosis 
(n = 0.046 ; Mann – Whitney U-test for SIGH-SAD 
and p = 0.082 for HARS). The levels of anxiety and 
depression in patients with AUD alone were initially 
significantly lower than in the other groups (p = 0.001; 
Kruskal – Wallis test for HARS and SIGH-SAD) and 
were probably detected within the affective compo-
nent of AWS. 

Against the background of psychopharmacothera-
py, by the end of the treatment, there was a decrease 
in the intensity of affective symptoms in the groups of 
patients with MD (p = 0.001; Wilcoxon test) (with and 
without a comorbidity) to statistically comparable va- 
lues   (p = 0.683; Mann – Whitney U-test for SIGH-
SAD and p = 0.825; Mann – Whitney U-test for 

HARS), and there were significant intergroup differ-
ences compared to the group of patients with AUD 
alone (p = 0.001; Kruskal – Wallis test). Therefore, 
patients with a dual diagnosis demonstrated compara-
tively worse dynamics in the reduction of depressive 
(both typical and atypical symptoms) and anxiety 
symptoms during treatment with initially lower rates 
compared to patients with depression alone. 

The AUDIT and OCDS scales allowed to assess 
the subjective severity of AUD. The AUDIT test 
was developed by the World Health Organization for 
screening assessment of alcohol use disorders [21]. 
The sum of the AUDIT scores in the group of patients 
with AUD alone was 24 (19; 28.25). In AUD with co-
morbid MD, this score was higher – 26.5 (20.5; 30.5) 
(p = 0.03; Mann – Whitney U-test). In other words, 
the patients with AUD with comorbid MD showed a 
tendency to more active alcohol use, as well as a high-
er risk of adverse events from alcohol abuse. 
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The OCDS scale is designed for self-assessment 
of manifestations of attitudes towards alcohol over 
the past week. According to OCDS scores, alcohol 
craving was higher at both points of examination in 
the group with a dual diagnosis (31.5 (16.3; 43.5) and 
8 (2.3; 14.8), respectively) than in the group of pa-
tients with AUD alone (29.5 (21.8; 37.0) and 7 (3.0; 
11.3), respectively) (upon admission – p = 0.058; 
Mann – Whitney U-test, upon discharge – p = 0.04;  
Mann – Whitney U-test, intragroup dynamics –  
p = 0.001; Wilcoxon test). The analysis of the re-
sults of the study following the OCDS and AUDIT 
tests showed that alcohol addiction with a comorbid 
affective pathology was characterized by a more ma-
lignant clinical course. Pathological alcohol craving 
was more pronounced and less responsive to therapy, 
and alcohol consumption was characterized by a more 
pronounced risk of developing disorders associated 
with alcohol abuse. 

DISCUSSION
Earlier, clinical polymorphism and features of 

therapy for MD with comorbid AUD were repeated-
ly pointed out [22–27]. At the same time, there is no 
consensus regarding the clinical effect of comorbidi-
ty on the course of each disease. According to some 
Russian researchers, AUD, as a rule, accompanies 
minor depressive disorders, and with an increase in 
MD, alcohol abuse may stop altogether [28]. Depres-
sions in AUD are often described as “disharmoni-
ous”, with a large proportion of asthenic-apathetic or 
dysphoric symptoms [29]. The results of the study 
also showed that the clinical presentation of MD with 
comorbid AUD is characterized by lower clinical 
severity of MD symptoms (according to the SIGH-
SAD and HARS scales) compared to the group of 
patients with affective pathology alone, but by worse 
dynamics against the background of psychopharma-
cotherapy. 

The commonality of the neurochemical mecha-
nisms in the pathogenesis of the pathological alcohol 
craving and depressive disorders determines the de-
pendence of actualization or regression of craving on 
the severity of affective symptoms [30]. Alcohol crav-
ing in comorbid patients is much stronger than in the 
group with AUD alone (according to OCDS). Prob-
ably, this should be considered not only as patient’s 
perception of alcohol as a “therapeutic” means for 
self-treatment to correct the emotional state or reduce 
side effects of psychopharmacological drugs [31], but 
also as interest in the formation of symptoms of a wide 

range of neurotransmitter systems [32]. Such pathoge-
netic affinity of MD and craving explains its relative 
persistence in the group of patients with MD with co-
morbid AUD (according to OCDS), which leads to the 
conclusion that it is necessary to intensify anti-craving 
therapy for this cohort of patients.

CONCLUSION
It was found that patients with a dual diagnosis 

demonstrate the worst dynamics in terms of reduction 
of depressive (both typical and atypical symptoms) 
and anxiety symptoms during treatment, with initially 
lower values compared to the group of patients suf-
fering from depression alone. AUD with comorbid 
MD is characterized by greater malignancy and worse 
antidepressant effect during psychopharmacotherapy. 
In the treatment of AUD, both alone and with a co-
morbidity, clinicians pay insufficient attention to an-
ti-craving pharmacotherapy with antidepressants.
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The mRNA expression levels of calpains and their activity in malignant and 
dysplastic epithelium of the upper respiratory tract 

Sidenko Е.А., Kakurina G.V., Cheremisina О.V., Spirina L.V., Shashova Е.Е.,  
Korshunov D.А., Kondakova I.V.

Cancer Research Institute, Tomsk National Research Medical Center of Russian Academy of the Sciences (TNRMC RAS) 
5, Kooperativny Str., 634050, Tomsk, Russian Federation 

ABSTRACT 

Background. The calpain proteolytic system plays an important role in the development of cancer.  Detection of 
early cancer in the upper respiratory tract is often challenging, as symptoms are largely non-specific, and most cases 
are diagnosed at an advanced stage. 

Aim. To identify candidate markers of transition from premalignant lesions to invasive carcinoma, we studied 
mRNA expression levels of CAPN1 and CAPN2 and the total activity of calpains in the tumor tissues of patients 
with head and neck squamous cell carcinoma (HNSCC) and in the epithelial dysplasia-affected tissues of patients 
with chronic diseases of the upper respiratory tract.

Materials and methods. The study included 32 patients with HNSCC (Т1-3N0-1М0) and 12 patients with chronic 
diseases of the upper respiratory system associated with epithelial dysplasia. The expression levels of CAPN1 and 
CAPN2 were assessed using real-time polymerase chain reaction (PCR). The calpain activity was determined by 
hydrolysis of the fluorogenic Suc-LLVY-AMC oligopeptide. 

Results. The mRNA expression levels of CAPN1 and CAPN2 were, respectively, 3 and 4 times higher in the tumor 
tissue of patients with HNSCC than in the tissue of patients with endothelial dysplasia in the upper respiratory tract.  
The level of calpain activity was 4.4 times higher in patients with HNSCC than in patients with epithelial dysplasia 
of different severity. 

Conclusion. The elevated mRNA expression levels of CAPN1 and CAPN2 and their activity in the tumor tissues 
of patients with HNSCC compared to patients with chronic respiratory diseases associated with epithelial dysplasia 
are likely to characterize a high potential for transition from precancerous lesion to cancer. To clarify the role of 
calpains in the carcinogenesis of HNSCC, further studies of intact tissues using animal models are required. 

Key words: head and neck squamous cell carcinoma, epithelial dysplasia, calpain activity, mRNA expression of 
CAPN1 and CAPN2. 
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Экспрессия мРНК кальпаинов и их активность в злокачественном  
и диспластически измененном эпителии верхних дыхательных путей

Сиденко Е.А., Какурина Г.В., Черемисина О.В., Спирина Л.В., Шашова Е.Е.,  
Коршунов Д.А., Кондакова И.В.

Научно-исследовательский институт ((НИИ) онкологии, Томский национальный исследовательский меди-
цинский центр (НИМЦ) Российской академии наук 
Россия, 634050, г. Томск, пер. Кооперативный, 5

РЕЗЮМЕ

Актуальность. Кальпаиновая протеолитическая система играет важную роль в развитии злокачественных 
опухолей. В настоящее время диагностика рака верхних дыхательных путей на ранних стадиях проводится 
редко, заболевание часто характеризуется запущенностью опухолевого процесса. 

С целью поиска кандидатных маркеров перехода предопухолевых заболеваний в злокачественные изучали 
уровни экспрессии мРНК CAPN1, CAPN2 и общей активности кальпаинов в опухолевой ткани пациентов 
с плоскоклеточным раком головы и шеи (ПРГШ) и в диспластически измененном эпителии верхних дыха-
тельных путей.

Материалы и методы. В исследование были включены 32 пациента с ПРГШ (Т1-3N0-1М0), группу больных 
с предопухолевой патологией составили 12 пациентов с хроническими заболеваниями верхних отделов 
дыхательной системы, ассоциированными с диспластическими изменениями эпителия различной степени. 
Уровень экспрессии мРНК CAPN1 и CAPN2 оценивался с помощью полимеразной цепной реакции в ре-
жиме реального времени. Активность кальпаинов определяли по гидролизу флуорогенного олигопептида 
Suc-LLVY-AMC.

Полученные результаты показали увеличение уровня экспрессии мРНК CAPN1 и CAPN2 (в 3 и 4 раза 
соответственно) в опухолевой ткани у пациентов с ПРГШ в сравнении с диспластически измененным эпи-
телием верхних дыхательных путей. Также отмечен высокий уровень активности кальпаинов у больных 
ПРГШ, который в 4,4 раза превышал показатели, полученные для пациентов с диспластическими измене-
ниями эпителия различной степени.

Заключение. Вероятно, увеличение уровня мРНК CAPN1 и CAPN2 и общей активности кальпаинов в опу-
холевых тканях пациентов с ПРГШ в сравнении с пациентами с хроническими заболеваниями, ассоции-
рованными с диспластическими изменениями различной степени, может играть важную роль в процессе 
перехода предрака в рак.  Для полного установления роли кальпаинов в канцерогенезе ПРГШ необходимо 
дальнейшее проведение подобных исследований в интактной ткани, что возможно только на эксперимен-
тальных моделях.  

Ключевые слова: плоскоклеточный рак головы и шеи, дисплазия эпителия, активность кальпаинов, экс-
прессия мРНК CAPN1 и CAPN2.
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INTRODUCTION

Head and neck squamous cell carcinoma  
(HNSCC) is the sixth most common malignancy 
worldwide, with more than 500,000 new cases di-
agnosed each year [1, 2]. Most head and neck squa-
mous cell carcinomas arise from the mucosal sur-
faces of the larynx and hypopharynx [3]. Despite 
the availability of visual and instrumental studies, 
diagnosis of the upper respiratory tract cancer at 
early stages remains challenging, as symptoms are 
largely non-specific, and most cases are diagnosed 
at an advanced stage [4]. The mechanism of epi-
thelial dysplasia progression to squamous cell car-
cinoma is not well understood.  This mechanism is 
thought to represent a stepwise process in which ge-
netic damage is followed by morphological changes 
in squamous epithelium [5]. The presence of dys-
plasia in the mucous membrane of the larynx, laryn-
gopharynx, and oropharynx indicates the increased 
risk of developing cancer [6]. 

Proteolytic systems that can regulate many mo-
lecular and cellular processes have a great influence 
on tumor transformation. The calpain system, which 
is involved in cancer development and progression, 
is an important system of specific intracellular 
proteolysis [7]. Calpains are cytoplasmic cysteine 
proteases exhibiting Ca2+-dependent proteolytic ac-
tivity. Proteolysis implemented by calpains is par-
tial; it does not degrade protein but only changes 
its structure. Therefore, they are called “modulating 
proteases” [8].  

In the calpain family, there are ubiquitous-
ly expressed isoforms, such as μ-calpain (calpain 
1) and m-calpain (calpain 2), and tissue-specific 
isoforms, such as calpain 9, which is found in the 
digestive tract [9]. Although many of the functions 
of calpains and mechanisms controlling proteolytic 
activity remain to be analyzed, experimental studies 
demonstrated the apparent role of calpains in a 
number of important cellular processes, including 
proliferation, differentiation, DNA repair, and 
apoptosis [10, 11]. Moreover, calpains play an 
essential role in cancer progression [12–14].  

Despite the active study of the calpain system, 
there are currently not enough data showing the 
changes in the expression level and activity of 
calpains in patients with HNSCC and dysplasia-
associated chronic diseases. Therefore, the aim of 

the study was to assess mRNA expression levels of 
CAPN1 and CAPN2 and their activity in the tumor 
tissues of patients with HNSCC (T1-3N0-1M0) and in 
the epithelial dysplasia-affected tissues of patients 
with chronic diseases of the upper respiratory tract.

MATERIALS AND METHODS 
The study included 32 patients with HNSCC 

(Т1-3N0-1М0) and 12 patients with chronic respira-
tory disease associated with histologically verified 
epithelial dysplasia (DI-II), who were treated at the 
Department of Head and Neck Cancer of the Cancer 
Research Institute (TNRMC RAS, Tomsk, Russia). 
HNSCC was histologically verified in all patients, 
who had not previously received any special treat-
ment. The average age of the patients was (56.3 ± 
7.2) years. 

The study was carried out in compliance with 
the principles of voluntariness and confidentiality 
in accordance with the “Fundamentals of the leg-
islation of the Russian Federation on the protection 
of citizens’ health” (Decree of the President of the 
Russian Federation No. 2288 of 24.12.1993). The 
permission of the Biomedical Ethics Committee of 
the Institute was obtained.

Biopsy samples of both cancerous and healthy 
tissues obtained during videolaryngoscopy served 
as a study material. The expression levels of cal-
pains (CAPN1, CAPN2) were analyzed using the 
real-time PCR (RT-PCR) with the intercalating 
dye SYBR Green I (BioMaster HS-qPCR SYBR 
Blue (2×); Biolabmix, Novosibirsk). The total 
RNA pool was isolated from the tissue samples 
using the LIRA reagent (Biolabmix, Novosibirsk). 
The concentration and quality of the isolated RNA 
were evaluated using a NanoDrop 2000C spectro-
photometer (ThermoScientific, USA). To obtain 
cDNA from mRNA, a reverse transcription reac-
tion was performed using the OT M-MuLV-RH re-
action mix (Biolabmix, Novosibirsk). Primers for 
RT-PCR were selected using specialized programs 
Vector NTI Advance 11.5 and the NCBI database 
(Table 1). 

The expression levels of the target genes were 
calculated using the 2ΔΔСt equation [15] and ex-
pressed in arbitrary units.  The housekeeping gene of 
the GAPDH enzyme was used as the reference gene, 
and the expression level of each target gene was nor-
malized with respect to the expression of GAPDH. 
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T a b l e  1

The sequence of the studied gene primers
Gene Primers

CAPN1
NM_001198868.2

F 5′- AGAGCCTGGGTTACAAG -3′
R 5′- TGTCGTTGAGAGTGAGG -3′

CAPN2
NM_001146068.1

F 5′- ATGCTAGATTCGGACGGGAG-3′
R 5′- TGGAGTTGACAGGGCATCTT-3′

GAPDH
NM_001256799.3

F 5′- GGAAGTCAGGTGGAGCGA-3′
R 5′-GCAACAATATCCACTTTACCAGA-3′

Note . NM – RNA sequence number in the National Center for 
Biotechnology Information (NCBI); F – forward primer; R – reverse 
primer.

The calpain activity was determined in clarified 
tissue homogenates by hydrolysis of the fluorogenic 
Suc-LLVY-AMC oligopeptide (Sigma, USA). The 
reaction mix containing 3mM Suc-LLVY-AMC and 
5 μl supernatant was incubated at 25 °C for 30 min 
in the presence or absence of 10 mM CaCl2 and 5 
mM N-acetyl-Leu-Leu-norleucinal inhibitor (Sig-
ma, USA). The resulting product was recorded with 
the Hitachi-850 fluorimeter (Japan) at an excitation 
wavelength of 380 nm and emission of 440 nm. The 
calpain activity was determined in samples with 10 
mM CaCl2 and with an inhibitor. The unit of activity 
was the amount of the enzyme at which 1 nmol of 
Suc-LLVY-AMC is hydrolyzed for 1 min. The spe-
cific activity was expressed in units of activity per 1 
mg of protein. The protein content was determined 
by the Lowry method.

For statistical analysis, the Statistica 10.0 soft-
ware package was used. The results shown in the 
table are presented as the median with the interquar-
tile range Me (Q1–Q3). Using the Kruskal — Wallis 
test, statistically significant differences were found 
between the groups under investigation. For further 
pairwise comparison, the nonparametric Mann – 
Whitney test for multiple comparisons (with Bon-
ferroni correction) was applied. The differences 
were considered statistically significant at р < 0.05.

RESULTS AND DISCUSSION
A significant difference in the mRNA expression 

levels of CAPN1 and CAPN2 between patients with 
epithelial dysplasia (DI-II) and patients with HN-
SCC (Т1-3N0-1М0) was found (Table 2). CAPN1 and 
CAPN2 expression levels were, respectively, 3 and  
4 times higher in the tumor tissue of patients with 
HNSCC than in the dysplastic epithelium of the 
upper respiratory tract. In the tumor tissues of 

patients with stages Т2N0-1М0 and Т3N0-1М0, the 
CAPN1 expression level was, respectively, 2 
and 4 times higher than that observed in patients 
with epithelial dysplasia (DI-II). The CAPN2 
expression level was 4 times higher in patients 
with stages Т1N0-1М0 and Т3N0-1М0 than in pa-
tients with epithelial dysplasia of varying degree. 
The highest expression levels for both CAPN1 
and CAPN2 were observed in patients with stage  
Т3N0-1М0. The CAPN1 level increased along with 
the tumor size. It should be noted that in the malig-
nant epithelium of the upper respiratory tract, the 
expression level of CAPN2 was higher than that of 
CAPN1.  

The findings of our study are consistent with 
other studies that indicate that the components of 
the calpain system are involved in the pathogenesis 
of head and neck tumors [10, 16, 17]. Calpains are 
implicated in processes crucial for cancer devel-
opment, such as impaired intercellular adhesion, 
actin cytoskeletal rearrangement, morphologi-
cal transformation, and cell migration, since cal-
pains degrade proteins involved in these processes  
[8, 10].

T a b l e  2

mRNA expression levels of CAPN1 and CAPN2 in the tissues of 
malignant and dysplastic epithelium of the upper respiratory 

tract

Group
Expression level, conventional units

CAPN1 CAPN2

Epithelial dysplasia 
(DI-II),  n = 12 0.5  (0.08–0.86) 0.5 (0.06–0.95)

HNSCC 
(Т1-3N0-1М0),  n = 32

1.58 (0.25–10.98)
р = 0.021

1.94 (0.25–4.12) 
р = 0.045

Т1N0-1М0,  n = 10 0.59 (0.25–5.0) 2.09 (0.51–5.68)
р = 0.043

Т2N0-1М0, n = 11 1.0 (0.25–11.88)
р = 0.041 0.52 (0.19–2.27)

Т3N0-1М0,  n = 11 1.92 (0.53–10.98)
р = 0.021

2.14 (0.28–5.13) 
р = 0.046

Note . Significance level of differences in the parameters compared 
to the group “Epithelial dysplasia (DI-II)” – p.

Analysis of the total activity of calpains in the 
biopsy samples showed a significant difference be-
tween HNSCC and dysplasia (DI-II) groups (Figure).   
Diagram A showed changes in the activity of cal-
pains depending on the tumor spread in comparison 
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with dysplastic changes in the epithelium of the up-
per respiratory tract. Patients with stage Т3N0-1М0 
had the highest rate of calpain activity. Additional-
ly, this diagram showed a tendency towards a rise 
in the activity of calpains along with the increasing 

size of the tumor. Diagram B demonstrated that the 
total activity of calpains in patients with HNSCC 
was 4.4 times higher (125.7 × 103 units / mg of pro-
tein) than that observed in patients with dysplastic 
epithelial changes.

      а  b

Figure. Calpain activity in the biopsy samples of patients with epithelial dysplasia of the upper respiratory tract (DI-II) and HNSCC 
(Т1-3N0-1М0): significance of differences compared to the group “Epithelial dysplasia (DI-II)”, р < 0.05

х1
03 

U
ni

ts
/m

g

х1
03 

U
ni

ts
/m

g

Our data were consistent with the recent studies 
conducted by V.D.Koval et al., who revealed that 
the activity of calpains was nearly 12 times high-
er in patients with endometrial hyperplasia than in 
patients with endometrial cancer [18]. Compared 
to the healthy tissue, the increased activity of the 
calpain system components was reported in many 
cancers, such as meningioma, renal cell carcinoma, 
colorectal adenocarcinoma, endometrial cancer, 
gastric cancer, and breast cancer [10, 12, 13, 19]. In-
volvement of calpains in development of malignant 
tumors is determined by their essential role in many 
physiological cellular processes. Calpains potential-
ly recognize more than 200 substrates, as confirmed 
by in vitro studies [11]. 

Among the proteins identified as calpain sub-
strates, there are transcription factors, transmem-
brane receptors, signaling pathway components, 
and cytoskeletal proteins. The calpain proteases 
and proteasomes function in a coordinated manner. 
In this case a complex develops in the malignant 
tissue which is called the cancer degradome and 
represented by enzymes of various types of catal-

ysis [7]. The components of the cancer degradome 
provide effective proteolysis during tumor pro-
gression, including invasion and metastasis.

CONCLUSION
Our results show significant differences in the 

expression levels and activity of the calpain sys-
tem components between malignant and dysplas-
tic epithelium of the upper respiratory tract. The 
elevated mRNA expression levels of CAPN1 and 
CAPN2 and overall calpain activity in the tumor 
tissues of HNSCC patients (compared to patients 
with chronic respiratory diseases associated with 
epithelial dysplasia) are likely to characterize a 
high potential for transition from a precancerous 
lesion to cancer. However, to fully establish the 
role of calpains in HNSCC carcinogenesis, it is 
necessary to conduct similar studies in the intact 
tissues using animal models. The data obtained in-
dicate that the calpain system is directly involved 
in the development of head and neck cancer. Fur-
ther development of criteria for potentially prema-
lignant respiratory lesions posing a high risk of 

Sidenko Е.А., Kakurina G.V., Cheremisina О.V. et al. The mRNA expression levels of calpains and their activity in malignant
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malignant transformation is promising for success-
ful prevention of HNSCC. 
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Nonclinical study of the new immunotropic drug effectiveness in salmonella 
infection treatment
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ABSTRACT

The aim of the study was to evaluate the immunoregulatory activity of the experimental drug based on ultra-high 
dilutions of antibodies to MHC I and MHC II molecules against Salmonella enteritidis rif92. 

Materials and methods. The drug tested: a sample of ultra-high water-alcohol dilutions of antibodies to MHC I and 
MHC II molecules applied to lactose powder (the theoretical level of the initial antibody concentration reduction is 
at least 1024 times). A model of non-lethal salmonella infection in chickens was induced by administering a virulent 
strain of Salmonella enteritidis rif92 with a concentration of 2.5 × 109 CFU / g in the volume of 0.5 ml / bird. 
The following groups were formed (n = 15 in each group): 1 – drug; 2 – drug + antibiotic at the median effective 
dose (ED 50); 3 – placebo; 4 – placebo + antibiotic at ED50; 5 – intact control. The duration of the experiment 
was 12 days. The studied parameters included the survival rate during the observation period; daily body weight; 
feed consumption for the entire period; pathogen concentration in the litter on day 3, 6, and 9; the presence and 
concentration of the pathogen in the liver and cecum on day 12; and the index of antimicrobial activity on day 12. 

Results. In the groups receiving the experimental drug, the infectious process proceeded in a milder form and the 
bacterial load in chickens was lower. The bacterial count in the litter was reduced by two orders compared to the 
respective control when the drug was added both alone and in combination with the antibiotic. A protective effect 
of the experimental drug on the liver of the infected chickens was detected. 

Conclusion. A pronounced immunoregulatory activity of the studied drug against Salmonella enteritidis rif92 in 
chickens was demonstrated for the first time. The results obtained allow to consider the drug as a promising agent 
for the treatment of salmonella infection. 

Key words: salmonellosis, ultra-high dilutions of antibodies, MHC class I and II molecules, antibiotics, chickens.
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Доклиническое изучение эффективности нового иммунотропного  
препарата при лечении сальмонеллезной инфекции

Теймуразов М.Г.1, Петрова Н.В.2, 3, Карелина Е.А.3, Ганина К.К.3, Тарасов С.А.2, 3,  
Эпштейн О.И.2, 3

1 Государственный научный центр прикладной микробиологии и биотехнологии (ГНЦ ПМБ) 
Россия, 142279, Московская обл., Серпуховский р-н, пос. Оболенск, территория «Квартал А», 24
2 Научно-исследовательский институт общей патологии и патофизиологии (НИИОПП) 
Россия, 125315, г. Москва, ул. Балтийская, 8
3ООО «НПФ «Материа медика холдинг» 
Россия, 129272, г. Москва, ул. Трифоновская, 47 стр. 1

РЕЗЮМЕ

Цель исследования – оценить иммунорегуляторную активность экспериментального препарата на основе 
сверхвысоких разведений антител к молекулам МНС I и II в отношении Salmonella enteritidis rif92. 

Материалы и методы. Изучаемый препарат: образец сверхвысоких водно-спиртовых разведений антител 
к молекулам МНС I и II, нанесенных на порошок лактозы (теоретический уровень снижения концентрации 
исходных антител как минимум в 1024 раз). Модель – нелетальная сальмонеллезная инфекция у цыплят. 
Заражение проводили вирулентным штаммом S. enteritidis rif92 концентрацией 2,5 × 109 КОЕ/г в объеме 
0,5 мл/голову. Группы (n = 15 в каждой): 1 – препарат; 2 − препарат + антибиотик в дозировке 50%-й 
эффективной дозы (ЭД50); 3 − плацебо; 4 − плацебо + антибиотик в дозировке ЭД50; 5 − интактный 
контроль. Продолжительность эксперимента 12 сут. Изучаемые показатели: выживаемость в течение 
периода наблюдения, масса тела ежедневно, затраты корма за весь период, концентрация возбудителя 
в помете на 3, 6, 9-е сут, наличие и концентрация возбудителя в печени и слепых отростках тонкого 
кишечника, а также индекс антимикробной активности на 12-е сут.

Результаты. В группах с введением экспериментального препарата инфекционный процесс проходил в 
более легкой форме, бактериальная нагрузка у цыплят была ниже. Обсемененность помета снижалась на два 
порядка по сравнению с соответствующим контролем при добавлении препарата как в виде монотерапии, 
так и в сочетании с антибиотиком. Выявлено протективное действие препарата на печень зараженных 
цыплят. Заключение. Впервые продемонстрирована выраженная иммунорегуляторная активность 
изучаемого препарата в отношении Salmonella enteritidis rif92 у цыплят. Полученные результаты позволяют 
рассматривать данный препарат в качестве перспективного агента для терапии сальмонеллезной инфекции.

Ключевые слова: сальмонеллез, сверхвысокие разведения антител, молекулы MHC I и II классов, анти-
биотики, цыплята.
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INTRODUCTION
Salmonella infection tends to result from con-

sumption of low-quality food, primarily eggs and 
poultry meat [1, 2–5]. The infectious process usual-
ly proceeds without complications, but a severe form 
can be observed in patients with impaired immune 
status, as well as in children and elderly people [1, 
6–7]. If the disease has a mild or moderate course, 
antimicrobial therapy is not recommended in healthy 
people [8], since most antimicrobial drugs are active 
against salmonella only during the incubation period 
and at the beginning of the disease [9]. In addition, 
excessive use of antimicrobials contributes to the de-
velopment of pathogen resistance to drugs through 
multiple molecular and genetic mechanisms [1, 8, 
10–12]. Thus, the use of drugs that affect the targets 
expressed by immune cells can be considered as a rel-
evant and promising direction in treatment of salmo-
nellosis [13–17].

We conducted an in vivo study using a model of 
non-lethal salmonella infection in chickens, which was 
aimed at assessing the activity of a new drug based on 
ultra-high dilutions of antibodies to MHC class I and 
II molecules. The drug was developed by MATERIA 
MEDICA HOLDING LLC and has a modulatory ef-
fect aimed at the targets of immune cells.

MATERIALS AND METHODS
The experimental drug was a lactose powder satu-

rated with ultra-high dilutions of antibodies to MHC 
class I and II molecules and obtained using the fol-
lowing technology: affinity-purified rabbit polyclonal 
antibodies to MHC I and MHC II were used as the 
initial substance and subsequently utilized for the 
preparation of ultra-high dilutions. To obtain a 100-
fold dilution, the substances were diluted in an aque-
ous-alcohol solution in the ratio of 1 : 100 with vigor-
ous stirring. The final dilutions of antibodies to MHC 
I and MHC II contained a mixture of the 12th, 30th and 
50th centesimal dilutions.

Thus, if the identified special physical and chem-
ical features typical of highly diluted substances 
[18–20] are not taken into account, the theoretical 
level of reduction in the concentration of the initial 
antibodies can be 1024 times. Lactose monohydrate 
was saturated with the resulting dilutions using the 
fluidized bed unit. Lactose powder with an aqueous 
alcohol solution applied on it, which was obtained 
with a similar technology of ultra-high dilutions in 
purified water, was used as a placebo. The samples 
of the drug and placebo were supplied and tested 

blinded. Unblinding was carried out after the end of 
the experiment and statistical analysis of the data ob-
tained.

For the study, 2.5% aqueous solutions of the drug 
and placebo were prepared and administered orally to 
chickens once a day at a dose of 0.2 ml per bird. Cip-
rofloxacin hydrochloride was used as an antibacterial 
drug. In preliminary studies, its efficacy against the 
pathogen was confirmed and a median effective dose 
(ED50) was calculated. Inoculation was carried out 
using a virulent Salmonella enteritidis rif92 strain ob-
tained from the State Collection of Pathogenic Micro-
organisms and Cell Cultures (SCPM-Obolensk) with 
a non-lethal concentration of 2.5 × 109 CFU / g in the 
volume of 0.5 ml / bird.

Five groups of 15-day-old cross Cobb broiler 
chickens obtained from Novo-Petrovskaya Poultry 
Farm LLC were used in the study. For in vivo models 
of salmonellosis, rodents are usually proposed [21], 
but the used strain of Salmonella enteritidis is asso-
ciated with poultry and poultry products, which are a 
source of human infection [4], and it is one of the main 
pathogens of food toxicoinfection in humans [22]. In-
fections in mice develop in the absence of pronounced 
symptoms of diarrhea, so the rodent model may not be 
sufficiently informative [23].

We employed methods that allowed to assess the 
bacterial load of internal organs in order to quanti-
fy virulence: the gastrointestinal tract of chickens is 
an optimal system for studying intestinal zooanthro-
ponotic infections [24]. Taking into account the in-
tended treatment, the following groups of chickens 
were formed in the experiment: 1 – drug; 2 – drug 
+ antibiotic; 3 – placebo; 4 – placebo + antibiotic; 5 
– intact control. All groups were under the same hous-
ing conditions. The duration of the study was 12 days 
(from day 1 to day 12 of the chickens’ life).

The chickens were quarantined for the first two 
days. On day 3, they were randomized into groups 
and infected with Salmonella enteritidis rif92 (ex-
cept for the intact group). On days 4–9 of life, the 
studied drug or placebo was administered to chickens 
of groups 1–4. In addition, on days 5–9 of life, the 
chickens of the 2nd and 4th groups received ciproflox-
acin hydrochloride orally at ED50 (0.5 mg / kg body 
weight) in the volume of 0.2 ml. The experimental 
drug or placebo, respectively, and the antibiotic were 
administered at one-hour intervals. The following pa-
rameters were assessed: the survival rate during the 
experiment; daily body weight; feed consumption per 
1 kg of weight gain over the entire observation peri-
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od; the concentration of Salmonella enteritidis rif92 
in the litter on days 3, 6, 9 of the experiment; the pre- 
sence and concentration of the pathogen in the liver 
and cecum on day 12, and the index of antimicrobial  
activity (IAA).

Colonization of the intestine by Salmonella en-
teritidis rif92 was monitored by bacteriological ana- 
lysis of the feces of the infected chickens. On days 
3, 6, and 9, the pool of feces of the entire group was 
studied; on day 12, it was studied individually after 
euthanasia. The persistence level of Salmonella en-
teritidis rif92 was estimated according to the number 
of bacteria in one gram of the litter. The presence 
and concentration of Salmonella enteritidis rif92 
in the intestine were determined according to ISO 
6887-1983 General Guidance for the Preparation of 
Dilutions for Microbiological Examination.

The colonies grown on the nutrient media were 
counted and identified using salmonella diagnostic 
sera during mass spectrometry analysis.

IAA was calculated as a ratio of the microbial 
cells contained in the organ homogenate in the control 
group to those in the experimental group at the end of 
the observation period [25].

Statistical analysis was performed using the Mi- 
crosoft R Open 3.4.4 platform. Based on the primary 
survival rate data, a statistical model was developed 
for comparing the groups using the log-rank test. The 
Holm – Bonferroni method was used for multiplicity 
adjustment. According to the body mass index, the 
arithmetic mean and the standard error of the mean 
were calculated for each group. The groups were 
compared using two-factor linear models and post-
hoc Tukey’s honestly significant difference (HSD) 
test. To analyze the concentration of the pathogen 
in the liver and intestinal contents of the infected 
chickens, the arithmetic mean and standard error of 
the mean were calculated. The groups were com-
pared using the Kruskal – Wallis test and the Wil-
coxon signed-rank test. The differences between the 
groups were considered statistically significant at  
p < 0.05.

RESULTS
The survival rate of chickens in all the groups 

was 100%. The average values of the chickens’ body 
weight from day 1 to day 9 of the study were com-
parable in all the groups. Starting from day 10, the 
body weight in the drug group was higher than in the 
other groups. At the same time, statistically significant 
differences were observed: on day 10, the drug group 

as opposed to the placebo group (260.0 ± 72 g vs.  
228.8 ± 8.7 g); on day 11 – as opposed to the intact 
group (297.0 ± 8.4 g vs. 263.0 ± 15.8 g); on day  
12 – as opposed to the placebo group (325.8 ± 9.6 
g vs. 291.9 ± 10.2 g) and the intact control (325.8 ± 
9.6 g vs. 287.1 ± 16.2 g). The remaining groups were 
comparable in terms of body weight.

The best values for feed consumption per 1 kg of 
body weight gain were obtained in the drug group 
(1.28 kg), in the drug + antibiotic group (1.29 kg), and 
in the placebo + antibiotic group (1.27 kg), while this 
value was 1.39 kg in the placebo group, and 1.50 kg in 
the intact control group.

The dynamics of Salmonella enteritidis rif 9 con-
centration in chickens’ litter is given in Table 1.

T a b l e  1

Salmonella enteritidis concentration per gram of fecal pool  
post infection (CFU / g)

Groups Day 3 Day 6 Day 9
Drug, n = 15 5 × 106 2 × 102 74
Drug + antibiotic, n = 15 5 × 106 1 × 102 32
Placebo, n = 15 7 × 106 6 × 104 4 × 102

Placebo + antibiotic, n = 15 5 × 106 5 × 104 39
Intact control, n = 15 - - -

On day 6 post infection, in the groups where the 
experimental drug was administered both alone and 
in combination with the antibiotic, the salmonella 
concentration was reduced by 4 orders of magnitude, 
while in the placebo + antibiotic group – only by 2 or-
ders of magnitude. On day 9, the presence of Salmo-
nella enteritidis in the chickens’ litter remained only 
in the placebo group. In the other groups, the con-
centration of the pathogen was represented by single  
colonies.

The data on the number of infected chickens, the 
bacterial count of Salmonella enteritidis in the liver, 
and the presence of the pathogen in the intestinal con-
tents for all the groups at the end of the experiment (on 
day 12 post infection) are given in Table 2.

On day 12 post infection, the pathogen in the in-
testine was observed in almost half of the chickens 
in the placebo group. The addition of the antibiotic 
reduced the percentage of infected chickens, but the 
best results were obtained in the drug and drug + anti-
biotic groups, and in the latter, the concentration of the 
pathogen was minimal. As for the pathogen detected 
in the liver, low percentage of invasion was observed 
in all the groups, but the best results were obtained in 
the drug + antibiotic group.
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The antimicrobial activity of the antibiotic admi- 
nistered at ED50 was low (the placebo + antibiotic 
group). However, the addition of the drug increased 
IAA by 4.0 and 7.7 times in the liver and intestine, 
respectively. We also observed high IAA of the ex-
perimental drug during liver examination, which 
indicates its protective effect in case of salmonella 
invasion.

DISCUSSION
The targets of the experimental drug examined 

in this study are MHC class I and class II molecules. 
Based on the previously shown properties of this drug 
class [26, 27], the experimental drug obviously in-
fluences its targets by activating the processing and 
presentation of the antigen and forming an adequate 
immune response during the infectious process. MHC 
class I molecules present peptide antigenic determi-
nants to naive CD8+ killer T cells, while MHC class 
II molecules – to naive CD4+ T helper cells and reg-
ulatory T cells [28]. The MHC system molecules are 
now considered as some of the most promising mark-
ers of specific adaptive immune responses, including 
antigen processing and presentation. The mechanisms 
of their functioning are investigated in the studies on 
infectious diseases [29–32].

In this study, experimental infection of chickens 
with a reduced dose of Salmonella enteritidis rif92 
resulted in the development of a non-lethal infection, 
which is manifested by prolonged (in some chickens, 
until the last day of the study) presence of the pathogen 
in the gastrointestinal tract. The difference between 
the groups in terms of body weight is worth noting as 
an indicator of the overall condition. In the chickens 
treated with the experimental drug, it was significantly 
higher than in the placebo and intact control groups as 
well as in the antibiotic groups. This indirectly con-
firms the development of milder infectious process in 
the group that received the experimental drug.

The best results in terms of feed consumption per 1 
kg of weight gain were observed in the groups where 
chickens were treated with the experimental drug or 
the antibiotic, as well as a combination of them. The 
pathogenesis of this model is associated with a viola-
tion of the morphological and functional characteris-
tics of the gastrointestinal tract, so a decrease in feed 
consumption indicates a higher ability of the intestine 
to digest and absorb nutrients and, consequently, a 
lower negative impact of infection. The effectiveness 
of treating chickens with the experimental drug in 
terms of nutrient absorption was comparable to that of 
antibiotic therapy or a combination of them.

The therapy with the experimental drug reduced 
the time of chickens’ recovery. Thus, day 6 post infec-
tion was characterized by a biologically significant de-
crease in the concentration of the pathogen in the litter 
by two orders of magnitude in the groups receiving 
the experimental drug both alone and in combination 
with a reduced dose of the antibiotic compared to the 
groups receiving placebo.

Adding the experimental drug to the antibiotic 
increased the level of antimicrobial activity of the 
latter by 4 and 7.7 times in the liver and intestine, 
respectively. At the same time, the intrinsic antimi-
crobial activity of the experimental drug in the liv-
er was high. The decrease in salmonella invasion in 
the liver may be associated with the protective effect 
of the drug on the walls of the gastrointestinal tract, 
which prevented the penetration of the pathogen into 
the bloodstream and internal organs. The results of 
studies by other authors [13–15, 33] also confirm the 
assumption about immune mechanisms in the defense 
against salmonella.

CONCLUSION
Pronounced immunoregulatory activity of the 

studied drug against Salmonella enteritidis rif92 was 
shown for the first time. The results obtained allow to 

T a b l e  2
The presence of Salmonella enteritidis in the infected chickens after euthanasia and the index of antimicrobial activity

Groups
Presence of S. enteritidis in the liver

Index of antimicrobi-
al activity 

Presence of S. enteritidis in the intesti-
nal contents Index of 

antimicrobial 
activity n (%) Concentration, CFU/g  

(M ± SE) n (%) Concentration, CFU/g  
(M ± SE)

Drug 2 (13.3) 18.5 ± 14.5 10.6 2 (13.3) (5.5 ± 2.5) × 103 0.4

Drug + antibiotic 1 (6.7) 56.0 ± 0 3.6 4 (26.7) (5.0 ± 1.2) × 102 4.6
Placebo 3 (20.0) 195.7 ± 52.3 - 7 (46.7) (2.3 ± 6.3) × 102 -
Placebo + antibiotic 1 (6.7) 200.0 ± 0 0.9 5 (33.3) (3.8 ± 1.7) × 103 0.6
Intact control – – – – – –
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consider this drug as a promising agent for treatment 
of salmonellosis both alone and in combination with 
an antibiotic.
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Predictors of an adverse course of heart failure with preserved left 
ventricular ejection fraction in patients with obstructive sleep apnea 
syndrome
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ABSTRACT

Aim. To study the relationship of obstructive respiratory disorders during sleep with subclinical development of 
right ventricular dysfunction and pulmonary hypertension, as well as with the risk of an adverse course of chronic 
heart failure (CHF) with preserved left ventricular ejection fraction (LVEF). 

Materials and methods. The study included 86 men with moderate and severe forms of obstructive sleep apnea 
syndrome (OSAS) (with an apnea / hypopnea index (AHI) > 15 per hour). All patients had abdominal obesity and 
hypertension. Upon inclusion in the study, all patients underwent polysomnography and echocardiography accord-
ing to the standard protocol with an additional assessment of the fractional area change in the right ventricular myo-
cardium (ΔSRV) and the right ventricular stroke work index (RVSWI). Also, the content of the N-terminal brain 
natriuretic peptide precursor (NT-proBNP) in the blood serum was determined by enzyme immunoassay analysis. 
A six-minute walk test (6MWT) was performed after inclusion in the study and after 12 months of follow-up. De-
pending on the course of CHF during the follow-up, retrospectively, the patients were divided into 2 groups: with 
an unfavorable (n = 33) and favorable (n = 53) prognosis.

Results. A significant relationship between AHI and ΔSRV, RVSWI, NT-proBNP, and 6MWT was revealed. 
Based on the results of one-way correlation analysis, it was found that ΔSRV (odds ratio (OR) 2.51; 95% confi-
dence interval (CI) 2.42–3.24; p = 0.0009), NT-proBNP (OR 1.92; 95% CI 1.32–2.78; p = 0.003), and AHI (OR 
3.93; 95% CI 2.87–4.11; p = 0.018) were predictors of an adverse course of CHF. In a multivariate analysis, it 
was found that AHI was an independent predictor of an adverse course of CHF (OR 3.49; 95% CI 2.17–11.73; p 
= 0.0008), while the addition of NT-proBNP improved risk stratification of an adverse course of CHF (OR 4.66; 
95% CI 3.87–13.11; p < 0.0001). 

Conclusion. The fractional area change in the right ventricular myocardium (ΔSRV) can be considered as a non-in-
vasive marker for determining the emerging right ventricular dysfunction and predicting adverse cardiovascular 
events in patients with preserved LVEF and OSAS. Moreover, the combined use of echocardiographic (ΔSRV) and 
laboratory (NT-proBNP) markers can improve risk stratification of CHF progression.

Key words: obstructive sleep apnea syndrome, chronic heart failure with preserved ejection fraction, right 
ventricular dysfunction, pulmonary hypertension.
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РЕЗЮМЕ

Цель. Изучить взаимосвязь обструктивных нарушений дыхания во сне с развитием дисфункции правого 
желудочка (ПЖ) и легочной гипертензии, а также с риском неблагоприятного течения хронической сердеч-
ной недостаточности (ХСН) с сохраненной фракцией выброса левого желудочка (ФВ ЛЖ).

Материалы и методы. В исследование включены 86 мужчин со среднетяжелой и тяжелой формами син-
дрома обструктивного апноэ во сне (СОАС) (с индексом апноэ/гипопноэ (ИАГ) более 15 в час). Все паци-
енты имели абдоминальное ожирение и артериальную гипертензию. При включении в исследование всем 
больным выполнено полисомнографическое исследование, а также эхокардиография по стандартному про-
токолу с дополнительной оценкой фракционного изменения площади и индекса работы миокарда правого 
желудочка (ΔSПЖ и ИРМПЖ), определено содержание предшественника мозгового натрийуретического 
пептида (NT-proBNP) в сыворотке крови методом иммуноферментного анализа. Тест 6-минутной ходьбы 
(ТШХ) выполняли после включения в исследование и через 12 мес наблюдения. В зависимости от харак-
тера течения ХСН за период наблюдения, ретроспективно, пациенты были разделены на две группы: с 
неблагоприятным (n = 33) и благоприятным (n = 53) прогнозом.

Результаты. Выявлена значимая взаимосвязь между ИАГ и ΔSПЖ, ИРМПЖ, ТШХ, уровнем NT-proBNP. 
На основании результатов однофакторного корреляционного анализа установлено, что ΔSПЖ (отношение 
шансов (ОШ) 2,51; 95%-й доверительный интервал (ДИ) 2,42–3,24; p = 0,0009), NT-proBNP 1,92; 95%-й ДИ 
1,32–2,78; p = 0,003), ИАГ (ОШ 3,93; 95%-й ДИ 2,87–4,11; p = 0,018) были предикторами неблагоприятно-
го течения ХСН. При проведении многофакторного анализа установлено, что независимым предиктором 
неблагоприятного течения ХСН являлся ИАГ (ОШ 3,49; 95%-й ДИ 2,17–11,73; р = 0,0008), при этом добав-
ление NT-proBNP улучшало стратификацию риска неблагоприятного течения ХСН (ОШ 4,66; 95%-й ДИ 
3,87–13,11; р < 0,0001).

Заключение. Фракционное изменение площади ПЖ ΔSПЖ можно рассматривать в качестве неинвазивно-
го маркера для определения формирующейся правожелудочковой дисфункции и прогнозирования неблаго-
приятных сердечно-сосудистых событий у больных с сохраненной ФВ ЛЖ и СОАС. При этом комбиниро-
ванное использование эхокардиографического (ΔSПЖ) и лабораторного (NT-proBNP) маркеров позволяет 
улучшить стратификацию риска прогрессирования ХСН. 

Ключевые слова: синдром обструктивного апноэ во сне, хроническая сердечная недостаточность с сохра-
ненной фракцией выброса, правожелудочковая дисфункция, легочная гипертензия.
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INTRODUCTION
Obstructive sleep apnea syndrome (OSAS) is a 

metabolic disorder associated with abdominal obesity 
and an increased risk of cardiovascular complications. 
A number of large, clinically controlled, prospective 
studies have demonstrated the relationship between 
obstructive sleep apnea and arterial hypertension, heart 
rhythm and conduction disturbances, as well as an in-
creased risk of sudden cardiac death at night [1–5].

The significance of OSAS is determined by its 
wide prevalence, high frequency of severe metabolic 
and cardiopulmonary complications, and mortality [6, 
7]. Thus, in the United States, more than 40 million 
patients with sleep disorders are observed, of which 
about 10 million people suffer from OSAS [8]. In Rus-
sia, there are no accurate data on the epidemiology of 
OSAS, but given high prevalence of the main risk fac-
tors for this syndrome, such as obesity, smoking, and 
thyroid diseases, it can be assumed that this syndrome 
is characterized by quite high prevalence among the 
Russian population.

One of the important links in the pathogenesis of 
sleep apnea syndrome is overload of the right ven- 
tricle due to a periodic increase in intra-abdominal 
pressure during apnea. Another important pathogenet-
ic mechanism is development of pulmonary hyperten-
sion against the background of nocturnal intermittent 
hypoxemia, that leads to hyperactivation of the sym-
pathetic nervous system, activation of the renin-angio-
tensin-aldosterone system (RAAS), development of 
the endothelial dysfunction with increased expression 
of endothelin-1, and activation of hypoxic pulmonary 
vasoconstriction [9, 10]. 

In addition, endothelial dysfunction caused by ac-
idosis of the vascular wall is accompanied by over-
expression of vasoconstrictors (thromboxane A2, 
endothelin-1) and inhibition of the production of va-
sodilators (nitric oxide and prostacyclin) [11]. It was 
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shown that in OSAS, an episode of apnea is followed 
by a period of hyperventilation with a characteristic 
rise in the negative pressure in the chest and an in-
crease in the right ventricular inflow, which subse-
quently leads to dilatation of the inferior vena cava 
and the right atrium, right ventricular hypertrophy, 
and activation of NT-proBNP [12, 13]. It is possible 
that these factors initiate the emergence and progres-
sion of global right ventricular dysfunction and pul-
monary hypertension.

However, the complexity of interpreting right ven-
tricular dysfunction and the mechanisms of pulmo-
nary hypertension progression as prognostic factors of 
OSAS is determined by the fact that this syndrome 
is often accompanied by other risk factors for cardio-
vascular pathology, in particular, with obesity, insulin 
resistance, arterial hypertension, chronic obstructive 
pulmonary disease, and portal hypertension [14, 15]. 
Consequently, in cardiology practice, the use of mod-
ern approaches to multifactorial risk stratification of 
cardiovascular complications for selecting the optimal 
pathogen-specific therapy has significant advantages 
over assessing individual parameters, such as the func-
tional class of pulmonary arterial hypertension (PAH) 
(according to the World Health Organization (WHO), 
or 6MWT). The effect of OSAS on the cardiovascular 
system is mediated by a number of factors. Therefore, 
well-designed clinical trials are necessary to assess 
this effect in detail and develop specific approaches to 
prevention and treatment of cardiovascular complica-
tions of OSAS.

It is assumed that an increase in the activity of the 
RAAS is associated with an increased risk of adverse 
cardiovascular events, as well as with a decrease in 
renal sensitivity to atrial and cerebral natriuretic pep-
tides [3]. All these neurohumoral disorders lead to 
pathological remodeling of the pulmonary microvas-
culature, contributing to the progression of right ven-

Bulletin of Siberian Medicine. 2021; 20 (2): 102–112

Teplyakov A.T., Yakovlev A.V., Shilov S.N.  et al. Predictors of an adverse course of heart failure with preserved left ventricular 



105

Original articles

tricular dysfunction and pulmonary hypertension. The 
presence of the listed pathogenetic factors contributes 
to the formation of chronic cor pulmonale.

Until now, it is not completely clear what the main 
reason for the initiation and progression of pulmo-
nary hypertension in OSAS is: the actual periodic ep-
isodes of respiratory arrest during sleep or the severity 
of chronic arterial hypoxemia associated with them. 
At the same time, the assessment of subclinical right 
ventricular dysfunction and pulmonary hypertension 
seems to be an important innovative strategy for early 
personalized diagnosis, prevention, and treatment of 
various cardiovascular pathologies, as well as a use-
ful tool for assessing the effectiveness of the patho-
gen-specific therapy used [16].

The aim of the study was to assess the relationship 
of obstructive sleep breathing disorders with subclin-
ical development of right ventricular dysfunction and 
pulmonary hypertension, as well as with the risk of an 
adverse course of CHF with preserved LVEF.

MATERIALS AND METHODS
The study protocol was approved by the local Eth-

ics Committee at the Clinical Hospital “Russian Rail-
ways – Medicine” of Novosibirsk (Protocol No. 27 of 
16.04.2018). All patients signed an informed consent 
to participate in the study. The study included males 
who met the inclusion / exclusion criteria below.

Inclusion criteria: 1) moderate and severe OSAS 
(with AHI > 15 per hour); 2) arterial hypertension (in-
cluding patients with stabilization of blood pressure 
(BP) against the background of antihypertensive ther-
apy) 3) abdominal obesity, waist circumference (WC) 
≥ 92 cm, body mass index (BMI) ≥ 30 kg / m2.

Exclusion criteria: 1) primary pulmonary hyper-
tension; 2) history of pulmonary embolism with pul-
monary hypertension (systolic pressure in the right 
ventricle ≥ 45 mm Hg); 3) severe bronchial asthma, 
chronic obstructive pulmonary disease (COPD); 4) le-
sions of the cardiac valvular apparatus (insufficiency 
of the mitral, tricuspid or aortic valves ≥ II degree); 
5) hypertrophic and dilated cardiomyopathy; 6) cor-
onary artery disease (CAD); 7) chronic atrial fibril-
lation; 8) decompensated CHF with reduced LVEF;  
9) pathology of the thyroid gland, severe renal 
(Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) equation < 30 ml / min / m2) and liver 
failure; 8) refusal to participate in the research.

In order to diagnose OSAS, polysomnography 
of nocturnal sleep was performed in all patients us-
ing the Somnolab2PSG diagnostic system (Weine-

mann, Germany). The severity of OSAS was assessed 
by AHI; the study included patients with moderate  
(14 < AHI < 30 per hour) and severe (AHI ≥ 30 per 
hour) OSAS. Also, according to the sleep study re-
sults, the level of average night saturation (SPO2av.), 
desaturation index, and the presence of cardiac ar-
rhythmias at night were assessed. All patients includ-
ed in the study underwent 6MWT. Determination of 
the NT-proBNP content in the serum in vitro was per-
formed by enzyme-linked immunosorbent assay (ELI-
SA) using NTproBNP-ELISA-BEST reagents (VEK-
TOR-BEST, Russia) on the Multiskan FC microplate 
photometer (China).

The study included 86 males with moderate and 
severe OSAS (with AHI > 15 per hour) with the ave- 
rage age of 52 [31.0; 78.0] years. All patients includ-
ed in the study were diagnosed with abdominal obe-
sity (WC > 92 cm), BMI exceeded 30 kg / m2. In all 
cases, arterial hypertension was identified, but against 
the background of optimally selected antihypertensive 
therapy at the time of inclusion in the study, the pa-
tients achieved target BP levels. In 33.7% of the pa-
tients (n = 29), functional class (FC) I CHF (according 
to New York Heart Association (NYHA)) was diag-
nosed, in 39.5% (n = 34) – FC II CHF (according to 
NYHA), in the rest of the cases (n = 23), the 6MWT 
distance was more than 550 meters. At the same time, 
the NT-proBNP levels in all cases exceeded the refer-
ence values > 125 pg / ml. 

After 12 months of prospective follow-up, retro-
spectively, depending on the course of CHF, the pa-
tients were divided into 2 groups. Group 1 (n = 33) 
included patients with an unfavorable course of CHF, 
group 2 (n = 53) – patients with a favorable course of 
the disease. The criteria for an unfavorable course of 
CHF were hospitalization for decompensated CHF or 
progression of the pathology according to the 6MWT 
data (deterioration of the NYHA functional class).

The clinical and demographic characteristics of 
the examined patients with OSAS at the time of inclu-
sion in the study are presented in Table 1. The groups 
were comparable in terms of the main characteristics, 
however, higher AHI (p = 0.0001) and NT-proBNP  
(p = 0.024) levels were associated with an unfavorable 
course of CHF. 

Echocardiography (EchoCG) was performed in 
all patients according to the standard protocol on the 
EPIQ device (Philips Ultrasound, Inc., USA). The fol-
lowing parameters were assessed: the sizes of the left 
and right heart chambers, LVEF (according to Simp-
son method), left ventricular myocardial mass index, 
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interventricular septal thickness, wall thickness of the 
left and right ventricles, and systolic pressure in the 
pulmonary artery (determined according to the degree 
of tricuspid regurgitation using the continuous wave 
method). Evaluation of global systolic dysfunction 
of the right ventricle (RV) was also carried out by 
analyzing fractional changes in the RV area and the 
right ventricular myocardial work index. The frac-
tional change in the RV area was calculated using the 
formula ΔSRV = 100 × (EDA – ESA / EDA), where 
EDA is the end-diastolic area of   the RV and ESA is 
the end-systolic area of   the RV. The right ventricular 
stroke work index (RVSWI) (right ventricular myo-
cardial performance index) was calculated as the ratio 
of the sum of isovolumic relaxation (IVR) time and 
isovolumic contraction time (IVCT) to the ejection 

time (ET): RVSWI = (IVR + IVCT) \ ET (normal 
0.28 ± 0.04).

Statistical processing of the study results was car-
ried out using the STATISTICA 10.0 and Medcale 
11.5.0.0 software. To check the statistical hypothe-
ses when comparing 2 independent quantitative vari-
ables, the Mann – Whitney test was used, to compare 
2 dependent variables, the Wilcoxon test was applied. 
Quantitative data were presented as the median and 
the interquartile range Me [Q25; Q75]. Qualitative data 
were presented as percentages and absolute values. 
For analysis of qualitative features, contingency ta-
bles were used with calculation of Pearson’s χ2 crite-
rion. If there were cells with an expected frequency 
of less than 5,  the two-sided Fisher’s exact test was 
applied.
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T a b l e  1

Clinical and demographic characteristics of the examined patients
Parameter Group 1, n = 33 Group 2, n = 53 р

Age, years, Me [Q25; Q75] 52 [33; 71] 50 [31; 78] 0.717
Body mass index, kg / m2, Me [Q25; Q75] 36.1 [30.1; 74.8] 36.8 [30.06; 77.2] 0.268
AHI, per hour, Me [Q25; Q75] 46.0 [20.6; 85] 27.0 [14.0; 98.0] 0.0001
SPO2av., %, Me [Q25; Q75] 92 [83; 95.5] 93 [76; 96] 0.148
Desaturation index, Me [Q25; Q75] 44.8 [13.0; 85] 27.5 [4; 78] 0.0005
FC I CHF (NYHA), n (%)
FC II CHF (NYHA), n (%)

8 (24.2)
15 (45.5)

21 (39.6)
19 (35.8)

0.142
0.069

NT-proBNP, pg/ml 338 [168; 678] 278 [177; 815] 0.024
According to WHO:

FC PAH of the 1st degree, n (%)
FC PAH of the 2nd degree, n (%)
FC PAH of the 3rd degree, n (%)

12 (36.4)
11 (33.3)
1 (3.0)

29 (54.7)
18 (33.9)
4 (7.5)

0.097
0.058
0.105

6-minute walk test, m, Me [Q25; Q75] 416 [318; 634] 527 [318; 640] 0.014
SBPav., mm Hg, Me [Q25; Q75]
DBPav., mm Hg, Me [Q25; Q75]

132 [128; 138]
88 [75; 94]

134 [128; 136]
88 [78; 95]

0.376
0.431

COPD, n (%) 9 (27.3) 13 (24.5) 0.345
Smoking, n (%) 12 (36.4) 15 (28.3) 0.877
Dyslipidemia, n (%) 17 (51.5) 23 (43.4) 0.453
Diabetes mellitus, n (%) 6 (18.2) 9 (17.0) 0.120
VPB (Lown’s grade II–III), n (%) 8 (24.2) 13 (24.5) 0.245
Atrial fibrillation, n (%) 7 (21.2) 9 (17.0) 0.654

Note . AHI – apnea / hypopnea index (according to polysomnography data), SPO2av. – average night 
saturation (according to polysomnography data), FC – functional class, CHF – chronic heart failure, 
NT-proBNP – N-terminal brain natriuretic peptide precursor, PAH – pulmonary arterial hypertension, 
SBPav. – average daily systolic blood pressure, DBPav. – average daily diastolic blood pressure, VPB – 
ventricular premature beats, COPD – chronic obstructive pulmonary disease.

Comparison of the frequencies of adverse events 
in the groups was carried out using the Kaplan – Mei-
er curves; the log-rank test was used to compare the 
two curves. To identify predictors of the development 
of unfavorable endpoints, the univariate analysis was 
used. To identify independent predictors, the method 

of multivariate analysis with calculating the odds ratio 
(OR) was applied. To determine the cutoff predictors 
of adverse cardiovascular events, the ROC analysis 
was used with the calculation of the area under the 
curve (AUC). The critical p-value significance level 
for all analyses was taken equal to 0.05.
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RESULTS
Correlation analysis at the stage of inclusion in the 

study revealed the relationship between AHI and BMI 
(r = 0.362; p = 0.0006), left atrial volume (r = 0.570;  
p < 0.00001), ΔSRV (r = –0.527; p < 0.00001), RVS-
WI (r = –0.377; p = 0.0003), NT-proBNP (r = 0.611; 
p < 0.00001), and 6MWT (r = –0.511; p < 0.00001).

The main structural and functional EchoCG pa-
rameters of the left ventricle (LV) between the groups 

were comparable. Significant associations of RV per-
formance indicators – ΔSRV (p = 0.031) and RVSWI 
(p = 0.022) – with an unfavorable clinical course of 
CHF were revealed (Table 2).

The therapy received by patients at the time of 
inclusion in the study was optimal and in line with 
current recommendations [17]. The groups were com-
parable in terms of the main groups of drugs used for 
treatment of hypertension and CHF (Table 3).

T a b l e  3
Therapy received by patients at the time of inclusion 

 in the study, n (%)

Group of drugs Group 1,  
n = 33

Group 2,  
n = 53 р

ACE inhibitors 20 (60.6%) 33 (62.3%) 0.581
Beta-blockers 22 (66.6%) 32 (60.4%) 0.472
Diuretics 16 (48.5%) 26 (49%) 0.748
Calcium antagonists 14 (42.4%) 20 (37.7%) 0.665
AT2-receptor antagonists 17 (51.5%) 25 (47.2%) 0.678

Note . ACE – angiotensin-converting enzyme.

According to the univariate analysis, ΔSRV (OR 
2.51; 95% CI 2.42–3.24; p = 0.0009), NT-proBNP 
(OR 1.92; 95% CI 1.32–2, 78; p = 0.003), and AHI 
(OR 3.93; 95% CI 2.87–4.11; p = 0.018) were pre-
dictors of an unfavorable course of CHF, while RVS-
WI (OR 2.53; 95% CI 1.98–4.08; p = 0.0009) turned 
out to be an insignificant predictor (OR 1.08; 95% CI 
0.98–1.17; p = 0.082).

According to the ROC analysis, the cutoff point 
characterizing the unfavorable course of CHF, was 
the AHI value ≥ 33.5 episodes per hour (sensitivity 

75.8%, specificity 67.9%, AUC – 0.732; p < 0.0001), 
ΔSRV ≥ 18.6% (sensitivity 75.8%, specificity 54.7%, 
AUC – 0.62; p = 0.047), and NT-proBNP ≥ 311 pg / ml  
(sensitivity 63.6%, specificity 73.6%, AUC – 0.645; 
p < 0.0001). When comparing the ROC curves, AHI 
remained the most significant predictor of CHF pro-
gression (p = 0.007), as opposed to NT-proBNP and 
ΔSRV (Fig. 1).

To identify the association of a higher AHI with 
an unfavorable course of CHF, the Kaplan – Meier 
analysis was carried out. The patients were divided 
according to the cutoff level: group A (n = 38) – less 
than 33.5, group B (n = 48) – more than 33.5. Ac-
cording to the results of the Kaplan – Meier analysis  
(Fig. 2), it was found that the frequency of the unfa-
vorable course of CHF in the groups was statistically 
significantly different (p = 0.014). It was shown that  
AHI was associated with higher frequency of CHF 
progression during 12 months of follow-up.

According to the multivariate analysis with the 
inclusion of risk factors for CHF progression (BMI, 
weight, LVEF, carbohydrate metabolism disorders, 
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T a b l e  2

Echocardiographic characteristics of the patients at the time of inclusion in the study
Parameter Group 1, n = 33 Group 2, n = 53 р

Left atrium, mm, Me [Q25; Q75] 58 [55; 66] 5.5 [5.3; 6.0] 0.051
LVEF, %, Me [Q25; Q75] 58 [51; 66] 58 [52; 62] 0.902
LV EDD, mm, Me [Q25; Q75] 62 [56; 69] 58 [55; 63] 0.051
Interventricular septum, mm, Me [Q25; Q75] 13 [12; 14] 12 [11; 14] 0.195
Posterior wall of LV, mm, Me [Q25; Q75] 11 [10; 12] 11 [10; 12] 0.330
LV myocardial mass index, g / m2, Me [Q25; Q75] 114 [91.5; 134.5] 113 [98; 139] 0.811
Diastolic dysfunction, n (%) 17 (51.5) 18 (34.0) 0.107
Left atrial volume, cm2, Me [Q25; Q75] 20.8 [18.8; 22.8] 18.4 [16.2; 22.6] 0.057
ΔSRV, %, Me [Q25; Q75] 40 [35; 47] 44 [40; 47] 0.031
RVSWI, Me [Q25; Q75] 0.25 [0.22; 0.25] 0.25 [0.24; 0.26] 0.022
RVSP, mm Hg, Me [Q25; Q75] 30 [24; 41] 28 [21; 37] 0.321
RV anterior wall thickness, mm, Me [Q25; Q75] 5.0 [4.0; 6.0] 4.0 [4.0; 5.0] 0.186
RV EDD, mm, Me [Q25; Q75] 26 [21; 36] 29 [20; 33] 0.608

Note . LV – left ventricle, RV – right ventricle, LVEF – left ventricular ejection fraction, EDD – end-diastolic dimension,  
ΔSRV – fractional area change of the right ventricle, RVSWI – right ventricular myocardial stroke work index, RVSP – sys-
tolic pressure in the right ventricle.
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NT-proBNP levels, etc.), the AHI remained an inde-
pendent predictor of an unfavorable course of CHF 
(OR 3.49; 95% CI 2.17–11.73; p = 0.0008), while the 

addition of NT-proBNP significantly improved risk 
stratification for an unfavorable course of CHF (OR 
4.66; 95% CI 3.87–13.11; p < 0.0001).

Fig. 2. Analysis of the frequency of an adverse course of  CHF depending on the apnea / hypopnea index (Kaplan – Meier)

Fig. 1. Predictors of an adverse course of chronic heart failure (ROC-analysis): AHI – the apnea / hypopnea index (according to 
polysomnography), NT-proBNP – the N-terminal brain natriuretic peptide precursor, ΔSRV – fractional area change in  the right 

ventricle (here and in Fig. 2)
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DISCUSSION
The study revealed the presence of a relationship 

between the severity of obstructive breathing disor-
ders during sleep, assessed by AHI and echocardio-
graphic (ΔSRV, RVSWI) parameters of right ventri- 
cular dysfunction, and the level of NT-proBNP. On the 
contrary, no significant correlations of the above-men-
tioned indicators with the severity of nocturnal hypox-
emia (SPO2av.) were found. This may indicate a key 
pathogenetic role of a prolonged excessive increase 
in intra-abdominal and intra-thoracic pressure during 
repeated apnea episodes in the development of right 
ventricular dysfunction in OSAS. 

From this point of view, it is the frequency of ap-
nea episodes, and not blood oxygenation, that seems 
to be the main factor determining right ventricular 
dysfunction and the clinical course of the disease in 
general. The importance of chronic nocturnal hypo- 
xemia as a factor forming the mechanism of persistent 
pulmonary hypertension fades into the background. 
This is consistent with the data of a number of already 
published studies [18, 19].

As the analysis of the obtained data showed, the 
severity of obstructive breathing disorders during 
sleep, the main parameter of which is AHI, signifi-
cantly correlates with the unfavorable clinical course 
of CHF with preserved ejection fraction. The most un-
favorable course was observed in patients with severe 
OSAS (AHI > 33.5 per hour according to the Kaplan – 
Meier analysis). This association is probably deter-
mined by the commonality of a number of pathoge-
netic links in OSAS and the pathogenesis of the clas-
sic cardiovascular continuum: hyperactivation of the 
sympathetic nervous system, oxidative stress, and 
triggering of systemic inflammatory responses. Along 
with this, statistical analysis did not reveal significant 
correlations between the severity of nocturnal hypo- 
xemia (SPO2av.) and the course of CHF in the studied 
patients, which again may indicate a secondary role of 
nocturnal hypoxemia caused by obstructive apnea in 
the formation of right ventricular dysfunction in these 
patients.

The absence of reliable associations between the 
severity of pulmonary hypertension and the clinical 
course of the disease is worth noting. This is pos-
sibly determined by the method for assessing the 
degree of pulmonary hypertension chosen for this 
study. The assessment was carried out by calculation 
according to the degree of tricuspid regurgitation. At 
the same time, the degree of tricuspid regurgitation 
could be mediated to a certain extent with right ven-

tricular dysfunction itself, and to clarify the value of 
pulmonary hypertension as a marker of the clinical 
course of OSAS, it is necessary to consider, appa- 
rently, another, more accurate variant of assessing 
this parameter.

At the same time, the results of the study demon-
strated that the ΔSRV echocardiographic parameter 
of right ventricular dysfunction and the NT-proBNP 
laboratory marker are independent predictors of an 
unfavorable clinical course of CHF with preserved 
EF and OSAS. Considering the pathogenetic concept 
of the initial lesion of the right heart [20], which is 
currently available in the works of most researchers, 
the facts obtained in this study seem quite logical. 
The appearance of structural and functional disorders 
in the work of the right heart may indicate a previous 
pathogenetic effect of OSAS, significant in time and 
strength, and be accompanied by appropriate clinical 
presentation, or indicate its imminent emergence. In 
this case, the markers of right ventricular dysfunc-
tion can appear much earlier than the corresponding  
disorders in the left ventricle and serve as a crite- 
rion for the severity of the syndrome and an import-
ant prognostic sign.

A number of studies showed the prognostic sig-
nificance of various forms of pulmonary hyperten-
sion as a marker of an unfavorable prognosis of car-
diovascular mortality in patients with cardiovascular 
diseases, such as acquired heart defects, coronary ar-
tery disease, and CHF [20, 21]. However, at this point 
in time, the formation of chronic pulmonary hyper-
tension and right ventricular dysfunction against the 
background of OSAS, as well as the prognostic role 
of these disorders are poorly understood. Data on the 
epidemiology and prevalence of pulmonary hyper-
tension in OSAS both in Russia and in economically 
developed countries are very contradictory [18, 19, 
22, 23]. 

A number of researchers consider an increase in 
the pulmonary artery pressure in the development of 
OSAS during the rapid eye movement (REM) sleep 
phase, regardless of the degree of arterial hypoxemia, 
a proven fact [24]. In addition, some researchers be-
lieve that OSAS induces the development of pulmo-
nary hypertension mainly or exclusively in patients 
with COPD or in OSAS associated with primary pul-
monary hypertension [25–27].

In practical terms, the emergence of the markers 
of right ventricular dysfunction can be useful in choo- 
sing a treatment strategy for these patients, as a signal 
for more aggressive treatment tactics with an earlier 
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decision on starting continuous positive airway pres-
sure (CPAP) therapy. At the same time, the severity of 
nocturnal hypoxemia did not show such significant as-
sociations either with the markers of right ventricular 
dysfunction or with the clinical course of the disease. 
It is obvious that hypoxemia was mediated by OSAS 
and was secondary in nature. 

From this point of view, when determining the 
treatment strategy, the preferred choice is CPAP the- 
rapy rather than prolonged oxygen inhalation, which 
is consistent with existing clinical guidelines and con-
sensus documents [28, 29]. Undoubtedly, for clari-
fying the prognostic role of individual parameters of 
right ventricular dysfunction as well as for a more 
detailed study of the pathogenesis of cardiovascular 
complications in OSAS, it seems promising to eval-
uate these echocardiographic parameters at runtime 
with a longer follow-up period for this category of 
patients.

CONCLUSION
In the study, significant correlations between the 

severity of obstructive breathing disorders during 
sleep and echocardiographic and laboratory markers 
of developing right ventricular dysfunction in pa-
tients with OSAS were found, which may indicate 
an important pathogenetic role of these disorders in 
development of cardiovascular complications in the 
studied pathology. Evaluation of the clinical course 
of the disease revealed the relationship between the 
echocardiographic (ΔSRV) parameters of right ven-
tricular dysfunction and the laboratory (NT-proBNP) 
markers with an adverse clinical course in this catego-
ry of patients.

The data obtained make it possible to evaluate 
these markers as independent predictors of an adverse 
clinical course of the disease. In the future, they can 
be used to stratify the clinical risk of heart failure with 
preserved left ventricular ejection fraction and deter-
mine the treatment strategy in patients with OSAS.
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High residual platelet aggregation in patients with coronary artery disease:  
a new methodological approach to detection

Trubacheva O.A.1, Suslova T.E.1, Gusakova A.M.1, Kologrivova I.V.1, Schneider O.L.1, 
Zavadovsky K.V.1, Petrova I.V.2
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111a, Kievskaya Str., Tomsk, 634012, Russian Federation
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2, Moscow Trakt, Tomsk, 634050, Russian Federation

 ABSTRACT

Aim. To develop a new methodological approach to assessment of collagen-induced platelet aggregation in patients 
with coronary artery disease (CAD) and to determine the quality of various methods for detecting high residual 
platelet reactivity (HRPR) to predict the risk of myocardial perfusion disturbance.

Materials and methods.  36 patients (10 men and 26 women) aged 41–83 years and having stable CAD were 
examined. All patients had been undergoing continuous antiaggregation therapy for 6 months.   We evaluated 
platelet aggregation using a laser analyzer with collagen as an aggregation inducer by the standard method 1 and 
our own patented method 2. The degree of platelet aggregation (%) and the size of aggregates in relative units (r.u.) 
in platelet-rich plasma were estimated. Myocardial perfusion scintigraphy with 99mTc-methoxy-isobutylisonitrile 
was performed according to a two-day stress-rest protocol. The summed stress score (SSS) values were used for 
analysis. SSS < 4 was regarded as normal myocardial perfusion.

Results. The degree of platelet aggregation according to method 1 was 12 (5; 64)%, the aggregate size was 3 (2; 7) 
r.u. The degree of platelet aggregation according to method 2 was 44 (13; 78)%, and the aggregate size was 5 (4; 8) 
r.u. Method 2 allowed to diagnose the presence of myocardial ischemia with an aggregation degree ≥ 44.9% with 
sensitivity of 84% and specificity of 92% (area under the curve (AUC) = 0.89; p < 0.0001; odds ratio (OR) 2.18; 
95% confidence interval (CI) 0.57–0.98) and an increase in aggregate size ≥ 4.80 r.u. with sensitivity of 84% and 
specificity of 84% (AUC = 0.95; p < 0.00001; OR 5.83; 95% CI 0.72–0.99).

Conclusion. In patients with CAD, the detection of high rates of collagen-induced platelet aggregation using the 
patented technique is associated with the risk of impaired myocardial perfusion. The developed new methodological 
approach to detection of HRPR allowed to determine high risk of atherothrombotic complications in additional 
22% of the examined patients.

Key words: aggregation, platelet, collagen, coronary artery disease, residual reactivity. 
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Высокая остаточная агрегационная активность тромбоцитов  
у пациентов с ишемической болезнью сердца: новый методический  
подход к выявлению

Трубачева О.А.1, Суслова Т.Е.1, Гусакова А.М.1, Кологривова И.В.1, Шнайдер О.Л.1,  
Завадовский К.В.1, Петрова И.В.2 
1 Научно-исследовательский институт (НИИ) кардиологии, Томский национальный исследовательский  
медицинский центр (НИМЦ) Российской академии наук 
Россия,  634012, г. Томск, ул. Киевская, 111а
2 Сибирский государственный медицинский университет (СибГМУ)  
Россия, 634050, г. Томск, Московский тракт, 2

РЕЗЮМЕ 

Цель – разработать новый методический подход к оценке коллаген-индуцированной агрегации тромбоци-
тов у пациентов с ишемической болезнью сердца (ИБС) и определить информативность методик выявле-
ния высокой остаточной реактивности тромбоцитов для прогнозирования риска нарушения миокарди-
альной перфузии.

Материалы и методы. Обследованы 36 пациентов (10 мужчин и 26 женщин) в возрасте 41–83 лет со 
стабильной формой ИБС, находящихся на непрерывной антиагрегационной терапии в течение 6 мес. Оцен-
ку агрегации тромбоцитов проводили на лазерном анализаторе с индуктором агрегации коллагеном по 
стандартной методике 1 и по собственной запатентованной методике – методике 2. Оценивали степень 
агрегации тромбоцитов (%) и размер агрегатов (отн. ед.) в суспензии тромбоцитов. Перфузионную сцин-
тиграфию миокарда с 99mTc-метокси-изобутилизонитрилом выполняли по двухдневному протоколу «на-
грузка – покой». Для анализа использовали значения SSS, при SSS < 4 делали вывод о нормальной миокар-
диальной перфузии.

Результаты. Степень агрегации тромбоцитов по методике 1 составила 12 (5; 64)%, размер агрегата –  
3 (2; 7) отн. ед. Степень агрегации тромбоцитов по методике 2 составила 44 (13; 78)%, а размер агрегата –  
5 (4; 8) отн. ед. Методика 2 позволила диагностировать наличие нарушений миокардиальной перфузии 
при степени агрегации ≥44,9% с чувствительностью 84% и специфичностью 92% (AUС = 0,89; р < 0,0001;  
отношение шансов (ОШ) 2,18; 95%-й доверительный интервал (ДИ) 0,57–0,98) и увеличение размеров агре-
гатов ≥4,80 отн. ед. с чувствительностью 84% и специфичностью 84% (AUС = 0,95; р < 0,00001; ОШ 5,83; 
95%-й ДИ 0,72–0,99).  

Заключение. У пациентов с ишемической болезнью сердца выявление высоких показателей коллаген-ин-
дуцированной агрегации тромбоцитов с помощью запатентованной методики ассоциируется с риском на-
рушения миокардиальной перфузии. Разработанный новый методический подход по выявлению высокой 
остаточной реактивности тромбоцитов позволил определить наличие высокого риска развития атеротром-
ботических осложнений дополнительно у 22% обследованных пациентов.  

Ключевые слова: агрегация, тромбоцит, коллаген, ишемическая болезнь сердца, остаточная реактивность.  

Конфликт интересов.  Авторы декларируют отсутствие явных и потенциальных конфликтов интересов, 
связанных с публикацией настоящей статьи.

Источник финансирования. Исследование выполнено в рамках фундаментальной темы НИИ кардиоло-
гии (№ АААА-А15-115123110026-3).

Соответствие принципам этики. Информированное согласие получено от каждого пациента. Исследова-
ние одобрено этическим комитетом НИИ кардиологии Томского НИМЦ (протокол № 139 от 18.11.2015). 

Для цитирования: Трубачева О.А., Суслова Т.Е., Гусакова А.М., Кологривова И.В., Шнайдер О.Л., За-
вадовский К.В., Петрова И.В. Высокая остаточная агрегационная активность тромбоцитов у пациентов с 
ишемической болезнью сердца: новый методический подход к выявлению. Бюллетень сибирской медици-
ны. 2021; 20 (2): 158–167. https://doi.org/10.20538/1682-0363-2021-2-158-167.

Bulletin of Siberian Medicine. 2021; 20 (2): 113–119

Trubacheva O.A., Suslova T.E., Gusakova A.M. et al. High residual platelet aggregation in patients with coronary artery disease



115

Original articles

Бюллетень сибирской медицины. 2021; 20 (2): 113–119

INTRODUCTION
Coronary artery disease (CAD) remains the most 

common disease of the cardiovascular system, with a 
high risk of vascular events and death. High residual 
platelet reactivity (HRPR) in CAD patients is asso-
ciated with development of ischemic complications, 
which was proven by numerous studies and me-
ta-analysis data [1, 2]. However, in the daily practice 
of a cardiologist, platelet function is not evaluated due 
to a weak evidence base. Monitoring of platelet aggre-
gation is advisable only in certain clinical situations 
(class IIb recommendations) [1, 2]. Nevertheless, de-
spite the recommendations, the discussion about the 
routine use of platelet function testing continues. It 
is known that the gold standard for assessing platelet 
aggregation is light transmission aggregometry [1]. 
However, the sensitivity of the currently used met- 
hods for assessing residual platelet aggregation is of-
ten insufficient.

In this work, along with the standard examina-
tion of patients with CAD, the assessment of HRPR 
values by light transmission aggregometry using 
two methodological approaches was performed. 
The threshold values of platelet aggregation pa-
rameters were determined. Their relationship with 
myocardial perfusion disorders was evaluated 
according to myocardial perfusion scintigraphy. 
Knowledge in this research area is relevant both 
for clinical and fundamental medicine as well as 
for development of new diagnostic methods. 

The aim of the study was to develop a new met- 
hodological approach to assessment of collagen-in-
duced platelet aggregation in CAD patients and to 
determine the quality of various methods for HRPR 
detection to predict the risk of myocardial perfu-
sion disturbance.

MATERIALS AND METHODS
A cross-sectional (single-stage) study was per-

formed. The patients were recruited on the premises 
of Cardiology Research Institute in accordance with 
the principles of the Declaration of Helsinki. 36 
patients with stable CAD who had been receiving 
continuous antiaggregation therapy for 6 months 
were examined. The study included patients aged 
41–83 years (10 men and 26 women). All the exa- 
mined patients received regular combination thera-
py in accordance with current guidelines for CAD 
treatment. Laboratory and instrumental methods of 
investigation, including platelet aggregation and 
ECG-synchronized myocardial perfusion scintig-

raphy, were used in all the patients in accordance 
with the recommendations for  CAD diagnosis and 
treatment. The criteria for inclusion in the study 
were stable CAD and continuous antiaggregation 
therapy for 6 months (cardiomagnil, 75mg). The 
criteria for exclusion from the study encompassed 
non-adherence to the therapy; acute vascular com-
plications less than 6 months ago; severe comor-
bidities; clinical and laboratory signs of acute in-
flammation; serum creatinine levels higher than 
120 μmol / l; atrial fibrillation; ventricular arrhyth-
mia of high grades in the Lown grading system, 
and refusal to participate in the study.

 A special study to assess platelet aggregation 
was performed using the Born method, modified 
by Z.A. Gabbasov on a two-channel laser analyzer 
220 LA (BIOLA SCIENTIFIC, Russia) using two 
methods. Method 1 (standard approach): collagen 
was used as an aggregation inducer; it was intro-
duced once at a final concentration of 2 μmol / l 
for 10 seconds. Method 2: five-fold introduction of 
collagen at 2 μmol / l for 10 seconds with platelet 
aggregation being measured at 1st, 2nd, 3rd, and 4th 
minutes of the research. The new methodological 
approach is described in detail in the patent for the 
invention RUS 2686700 of 01.08.2018 [4]. 

Peripheral venous blood with 3.8% sodium ci-
trate as an anticoagulant was used to isolate the 
platelet suspension. Experimental values of light 
transmission were determined for each patient’s 
blood sample, where platelet-poor plasma was taken 
as 100% and platelet-rich plasma was taken as 0% 
of aggregation in this patient. The maximum value 
of light transmission was used to determine the de-
gree of platelet aggregation (%). The average ag-
gregate size (r.u.) was used to determine the size 
of an aggregate. Aggregation values determined 
by the light transmission curve in the range of 45–
100% indicated HRRP in the patients.

Myocardial perfusion scintigraphy (MPS) with 
99mTc-methoxy-isobutylisonitrile (99mTc-MIBI) 
was performed according to the two-day stress-rest 
protocol. The research was carried out on a hy-
brid 64-slice Discovery NM/CT 570c scanner (GE 
Healthcare, USA), equipped with a gamma camera 
with cadmium zinc telluride (CZT) detectors. An 
intravenous infusion of adenosine at a dose of 140 
mg / kg /min for 4 minutes was used as a stress 
test. Myocardial perfusion was assessed using spe-
cialized software Corridor 4DM SPECT (INVIA, 
Ann Arbor, MI, USA). According to the generally 
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accepted approach, myocardial perfusion disorders 
were determined by the summed stress score (SSS), 
summed rest score (SRS), and summed difference 
score (SDS) for the entire left ventricular myocar-
dium [5]. SSS values < 4 were regarded as normal 
myocardial perfusion.

Statistical data processing was performed using 
SPSS statistical packages (version 19) and Sta-
tistica 10.0. The Shapiro – Wilk test was used to 
evaluate the distribution of quantitative features. 
The distribution of quantitative aggregation indi-
cators did not follow the normal distribution law; 
the aggregation data was represented as the median 
and the interquartile range Ме (Q1; Q3). MPS data 
were presented as an absolute value and a relative 
value (n, %). The significance of differences for 
paired or dependent samples was evaluated using 
the Wilcoxon T-test. The nonparametric Spearman 
test was used to evaluate the correlation between 
variables. ROC analysis was used to determine the 
sensitivity and specificity of aggregation levels in 
risk stratification of adverse cardiovascular events. 
The AUC value > 0.70 was considered significant. 
To identify factors that have a significant impact 
on the course of the disease, the odds ratio (OR) 
was calculated with a 95% confidence interval 
(CI). The differences between the samples were 
considered statistically significant at p < 0.05.

RESULTS
In the group of the examined patients, the fol-

lowing cardiovascular risk factors were widely dis-
tributed: smoking – 27 (75 %) patients, overweight 
and obesity – 14 (39 %) patients, hypertension – 31 
(86 %) patients, dyslipidemia – 33 (92 %) patients, 

type 2 diabetes – 12 (33 %) patients. Patients with 
FC III and II angina pectoris (15 (42%) and 11 
(30%) patients, respectively) predominated. In the 
anamnesis, 8 (22%) patients had a Q-myocardial 
infarction (MI) that occurred 6 months or more be-
fore the study. In the majority of cases, the inclu- 
ded patients were diagnosed with a multivascular 
lesion of the coronary arteries (30 (83 %) patients). 

The study of platelet aggregation in CAD pa-
tients revealed significant differences between the 
parameters of platelet aggregation and the size of 
aggregates obtained during the implementation of 
the standard method, as opposed to the patented 
method. 

Using the new methodological approach de-
veloped by us (method 2), it was found that CAD 
patients showed a significant increase in the size 
of aggregates and a rise in the degree of platelet 
aggregation in comparison with the correspond-
ing values obtained during method 1 implementa-
tion (Table). Method 1 helped to identify HRPR 
in 9 (25%) patients. When using method 2, HRPR 
was detected in additional 8 (22%) patients, which 
amounted to 47% of all patients.

The indications for MPS in 16 (39%) patients were 
the diagnosis of CAD with pretest probability of 16–
85%, in 12 (33%) patients – assessment of myocardial 
perfusion and the state of coronary stents, in 8 patients 
(22%) – assessment of coronary artery bypass grafts. 
According to MPS data, in 7 (19%) patients, myocar-
dial perfusion at stress was within the normal values 
(SSS < 4). Minimal myocardial perfusion disturbance 
(SSS 4–8) was observed in 14 (39%) patients, mo- 
derate (SSS 9–13) – in 9 (25%) patients, and severe  
(SSS > 13) – in 6 (22%) patients. 

T a b l e

Parameters of platelet aggregation and logistic regression of patients with CAD according to two methods

Parameter
Method 1 Method 2

Aggregation values Ме (Q1; Q3) OR 95% СI Aggregation values Ме (Q1; Q3) OR 95% СI
Degree of aggregation, % 12 (5; 64) 1.46 0.58–0.93 44 (13; 78)* 2.18 0.57–0.98
Size of aggregate, r.u. 3 (2; 7) 1.79 0.61–0.95 5 (4; 8)* 5.83 0.72–0.99

* difference between the methods with the level of statistical significance p < 0.05. 

A correlation analysis showed the presence of 
associations between the aggregation degree and 
the size of the aggregate according to method 1 and 
the value of SSS of an average-strength relationship  
(r = 0.54 and r = 0.61, respectively; p < 0.002). Me- 
thod 2 revealed a high-strength relationship (r = 0.78 
and r = 0.61, respectively; p < 0.002).

The results of a logistic regression analysis showed 
that platelet aggregation parameters obtained in meth-
od 2 were associated with an increased risk of myocar-
dial ischemia (Table).

To study and compare the diagnostic and prog-
nostic characteristics (sensitivity and specificity) of 
various methods for evaluating aggregation activity, 
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a ROC analysis was performed. The indicator of the 
presence (absence) of myocardial ischemia was used 
as a predictor. According to the results of the ROC 
analysis, the study of platelet aggregation in CAD pa-
tients using method 1 revealed the presence of myo-
cardial perfusion disturbances with an increase in the 
degree of aggregation ≥ 16.6% (p < 0.0001) and the 

size of the aggregates ≥ 2.97 r.u. (p < 0.0004). Me- 
thod 2 was characterized by greater specificity. Thus, 
it was shown that method 2 allowed for diagnosis of 
myocardial perfusion disturbances at the degree of 
aggregation ≥ 44.9% (p < 0.0001) and an increase 
in the size of the aggregates ≥ 4.80 r.u. (p < 0.0001) 
(Figure). 

а              b

с              d
Figure. ROC analysis of platelet aggregation in patients with CAD using two methods as a predictor of myocardial ischemia: a – 
aggregate size (method 1), b – aggregate size (method 2), c – degree of aggregation (method 1), d – degree of aggregation (method 2)
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DISCUSSION

Modern therapy in a hospital setting is very ex-
pensive, so the search for simple and inexpensive 
diagnostic tests is becoming more and more rele-
vant. The discussion about the feasibility of study-
ing platelet aggregation in CAD patients is still 
ongoing, which determines the need for research 
in this area.

The present study is an open, single-center, 
and cross-sectional observation. In the conducted 
study, light transmission aggregometry determined 
the threshold values of aggregation parameters for 
this subpopulation of CAD patients. Reaching these 

parameters meant that patients had HRPR. Accor- 
ding to the standard method 1, the conclusion about 
the presence of myocardial ischemia can be made 
at the degree of aggregation ≥ 16.6% and the ave- 
rage size of aggregates ≥ 2.97 r.u. In the study of 
aggregation by method 2, the threshold values were 
44.9 % for the degree of aggregation and 4.80 r.u. 
for the size of the aggregates. In addition, it was 
shown that standard aggregation research methods 
are not always sufficient to detect HRPR. The use 
of increased concentrations of a collagen inducer, 
added five times during the platelet aggregation 
study, increases the accuracy of evaluating colla-
gen-induced aggregation in patients with CAD. 
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Data on the relationship between the risk of 
developing cardiovascular complications and in-
sufficient suppression of platelet activity in CAD 
patients remain contradictory. The results of seve- 
ral independent meta-analyses involving more than 
10,000 patients showed that HRPR was associated 
with a significant increase in the incidence of MI, 
stent thrombosis, and death from cardiovascular 
causes [2, 5, 6]. At the same time, there is evidence 
that there is no relationship between cardiovascular 
risk and HRPR in patients. 

Therefore, the VerifyNow French Registry 
(VERIFRENCHY) was published, where the prog-
nostic value of assessing the platelet function was 
studied. The results of a one-year follow-up did 
not reveal significant differences in the frequen-
cy of certain (probable) stent thrombosis, cardio-
vascular death, or MI (1,001 patients, VerifyNow 
device, Instrumentation Laboratory, USA) [1]. From 
our point of view, the negative results obtained in 
these studies may be associated with the fact that 
all currently used methods of aggregometry have 
limited sensitivity, specificity, usability, and pre-
dictive value.

In accordance with the data obtained to date, 
the process of formation of platelet aggregates 
proceeds in the following way. Damage to a ves-
sel exposes collagen on its wall, which is both a 
substrate and a strong activator of platelet aggre-
gation. Platelets adhere to the damaged endotheli-
um of the vascular wall with the help of specific 
collagen receptors, which is one of the triggers 
in the development of a parietal thrombus of the 
coronary arteries. Subsequently, the platelets ac-
tivate one other, forming a platelet thrombus [7, 
8]. Therefore, we believe that only repeated addi-
tion of the collagen inducer to platelet-rich plasma 
in the study of platelet aggregation activity can 
provide objective information about the presence 
of HRPR in patients. The use of a new metho- 
dological approach developed by us with addi-
tional introduction of a collagen aggregation in-
ducer in assessment of collagen-induced platelet 
aggregation allows to obtain additional informa-
tion about the risk of myocardial ischemia, which 
determines the novelty of our study. 

The ROC analysis results showed that our own 
patented method (method 2) is more specific for 
stratifying the risk of developing myocardial isch-
emia in patients with CAD. The data obtained are 
consistent with the results of studies by various  

authors that confirmed the association of HRPR 
with the development of adverse cardiac compli-
cations [1, 2, 5].

Comparison of methods demonstrated that re-
peated addition of a collagen inducer can detect 
platelets with high residual activity and a tendency 
to form large aggregates. The lack of response to 
a single addition of collagen may be due to partial 
activation of platelets with a tendency to subse-
quent disaggregation. Performing an aggregation 
study using adenosine diphosphate (ADP) or ara-
chidonic acid as inducers may lead to a false con-
clusion about the effectiveness of antiaggregation 
therapy, while in reality the propensity of plate-
lets to activate in response to interaction with the 
damaged endothelium remains elevated. Current-
ly, clinical data indicate that neither acetylsali-
cylic acid nor clopidogrel in standard doses in the 
absence of platelet activity control can fully gua- 
rantee the effectiveness of antiaggregation thera-
py aimed at reducing the risk of recurrent acute 
vascular events [5, 7]. Medications that effectively 
act on collagen receptors are not currently patent-
ed and are not used.

From our viewpoint, the detection of HRPR 
using a new methodological approach will not 
only determine an increased cardiovascular 
risk in patients, but also suggest possible rea-
sons for the ineffectiveness of antiaggregation  
therapy.

Limitations of the study include its cross-sec-
tional design and a relatively small number of pa-
tients examined. However, the results emphasize 
the need for further research to study the clinical 
consequences of HRPR in patients with CAD and 
to improve methods for primary and secondary pre-
vention of cardiovascular events.

CONCLUSION
This paper analyzes the clinical and prognostic 

significance of HRPR in patients with CAD. We 
showed that the detection of high rates of colla-
gen-induced platelet aggregation in the patients us-
ing our own patented method is associated with the 
risk of impaired perfusion according to myocardial 
perfusion scintigraphy. The study of platelet aggre-
gation showed that the newly developed method-
ological approach to detection of HRPR allowed to 
determine a high risk of atherothrombotic compli-
cations in additional 22% of patients, compared to 
the standard method.
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The role of 18F-FDG PET / CT in evaluation of therapy effectiveness and 
prognosis of lymphomas
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ABSTRACT

Aim. To determine the diagnostic value of positron emission tomography (PET) / computed tomography (CT) with 
F-18 fluorodeoxyglucose (18F-FDG)  for monitoring the effectiveness and prognosis of lymphoma therapy.

Materials and methods. Retrospective data of 18F-FDG PET/CT (before treatment (PET1), after two cycles 
(PET2), and after completion of chemotherapy (PET3)) in 30 people with lymphomas were analyzed. 

Results and discussion. A complete metabolic response in PET2 (PET2–) was observed in 21 patients (70%). In 
9 patients in PET2–, a partial metabolic response (6 people), lack of metabolic response (2 people), or metabolic 
progression (1 person) were detected. These patients comprised the PET2+ group.

After chemotherapy, a complete metabolic response (PET3–) was diagnosed in 26 patients (87%). This effect 
was achieved in 21 patients (100%) with PET2– and in 5 patients (66%) with PET2+. Of the 9 patients in the 
PET2+ group, in 4 (44%) patients, a partial metabolic response or no metabolic response was diagnosed. Further 
monitoring of these patients showed that progression was detected in 2 cases, and in 2 patients, further treatment 
resulted in complete remission. 

A two-year follow-up of patients revealed that remission was observed in 20 (67%) patients. The analysis of the 
results of PET2 showed that a relapse of the disease was observed in 6 (67%) PET2+ patients and remission was 
noted in 3 (33%) patients. In PET2– patients, a relapse was diagnosed in 4 (19%) persons, and remission was 
established in 17 (81%) patients.

Conclusion. Early PET / CT with 18F-FDG allows to predict the effect of lymphoma treatment. The method can be 
recommended for monitoring lymphoma therapy.

Key words: Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, computed tomography, positron emission 
tomography, monitoring of lymphoma therapy, prognosis of lymphoma therapy.

Conflict of interest.  The authors declare the absence of obvious or potential conflicts of interest related to the 
publication of this article.

Source of financing. The study was supported by the Ministry of Science and Higher Education of the Russian 
Federation (Project No. 075-15-2019-1925, Resolution of the Government of the Russian Federation 220.2019).

For citation: Chanchikova N.G., Chernov V.I., Dudnikova E.A., Karlova E.A., Savelyeva A.S., Silkina O.A., 
Zelchan R.V., Bragin O.D., Medvedeva A.A., Berezneeva E.V. The role of 18F-FDG PET/CT in evaluation of 
therapy effectiveness and prognosis of lymphomas. Bulletin of Siberian Medicine.  2021; 20 (2): 120–129. https://
doi.org/10.20538/1682-0363-2021-2-120-129.

*  Chernov Vladimir I., e-mail chernov@tnimc.ru.

Bulletin of Siberian Medicine. 2021; 20 (2): 120–129



121

Original articles

Роль позитронной эмиссионной и компьютерной томографии  
с 18F-флуоро-2-дезокси-D-глюкозой  в оценке эффективности терапии  
и прогнозе лимфом
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РЕЗЮМЕ

Цель. Определение диагностической значимости позитронной эмиссионной и компьютерной томографии 
(ПЭТ/КТ) с меченной 18F-флуоро-2-дезокси-D-глюкозой (18F-ФДГ) в оценке эффективности и прогнозе ле-
чения лимфом.

Материалы и методы. Проанализированы ретроспективные данные ПЭТ/КТ с 18F-ФДГ 30 человек со зло-
качественными лимфомами: до лечения (ПЭТ1), через два курса (ПЭТ2) и после завершения полихимио-
терапии (ПЭТ3). 

Результаты и обсуждение. При анализе результатов ПЭТ2 полный метаболический ответ на два курса 
химиотерапии (ПЭТ2–) наблюдался у 21 (70%) пациента. У 9 пациентов через два цикла химиотерапии 
были установлены: частичный метаболический ответ (6 человек), отсутствие метаболического ответа (2 
человека) или метаболическое прогрессировании (1 человек). Эти больные составили группу ПЭТ2+. 

После окончания химиотерапии полный метаболический ответ (ПЭТ3–) был диагностирован у 26 (87%) 
пациентов. Такой эффект был достигнут у 21 (100%) больного  с ПЭТ2– и 5 (66%) человек с ПЭТ2+. Из 
9 пациентов группы ПЭТ2+ у 4 (44%) пациентов после завершения химиотерапии был диагностирован 
частичный метаболический ответ или его отсутствие. Дальнейшее наблюдение за этими пациентами по-
казало, что в двух случаях было диагностировано прогрессирование, а у 2 больных последующее лечение 
привело к полной ремиссии.

При двухлетнем наблюдении за пациентами обнаружено, что ремиссия наблюдалась у 20 (67%) пациентов. 
Анализ результатов ПЭТ2 показал, что при ПЭТ2+ рецидив заболевания наблюдался в 6 (67%) случаях, 
ремиссия – в 3 (33%). В то время как при ПЭТ2– рецидив диагностирован у 4 (19%) человек, ремиссия 
установлена у 17 (81%).

Заключение. ПЭТ/КТ с 18F-ФДГ, выполненная на ранних этапах химиотерапии, позволяет предсказать 
эффект лечения у пациентов со злокачественными лимфомами. Метод показан к широкому использованию 
в клинической практике на этапах терапии этой патологии.

Ключевые слова: лимфома Ходжкина, Неходжкинские лимфомы, компьютерная томография, позитронная 
эмиссионная томография, мониторинг терапии лимфом, прогноз терапии лимфом.
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INTRODUCTION
Today, in Russia, the percentage of malignant 

neoplasms of the lymphatic and hematopoietic tissue 
accounts for 5% and 4.6% of tumors detected annual-
ly in men and women, respectively. In 2016, the in-
cidence of this pathology in the Russian Federation 
was 19.58 per 100 thousand population, while the av-
erage annual growth rate was 1.78% [1]. Every year 
lymphomas become the cause of death in 5% of all 
patients with tumor diseases. Hodgkin’s lymphoma 
(HL) is the most common lymphoproliferative disease 
(30%). Of non-Hodgkin’s lymphomas (NHL), diffuse 
large B-cell lymphoma and follicular lymphoma are 
most commonly diagnosed (33% and 22%, respec-
tively). The incidence of other types of lymphomas is 
less than 10% [2].

Usually the effect of lymphoma treatment is mon-
itored by dynamic assessment of the tumor size using 
anatomical imaging techniques, most commonly com-
puted tomography (CT). At the same time, CT is not 
optimal for this purpose. Thus, after completion of ther-
apy, in more than 60% of patients with HL and 40% of 
patients with aggressive NHL, according to CT data, a 
residual tumor mass is visualized, which may contain 
areas of fibrosis and necrosis, as well as tumor cells 
[3]. At the same time, CT cannot differentiate a viable 
tumor mass from the residual scar tissue. In addition, 
anatomical imaging techniques usually do not allow to 
determine a tumor response at early stages of treatment, 
since reduction of the tumor volume takes time.

Therefore, there is a growing interest in new meth-
ods for diagnosing lymphoproliferative diseases. This 
fully applies to positron emission tomography (PET) 
with 18F-fluoro-2-deoxy-d-glucose (18F-FDG) [4, 5] 
and single-photon emission computed tomography 
(SPECT) with 99mTc-1-thio-d-glucose [6–8]. The data 
of modern studies show high efficiency and confirm 
the prognostic value of these methods, which makes 
it possible to determine the prevalence of lymphomas, 
assess the effectiveness of the therapy, and determine 
the presence or absence of indications for radiation 
therapy. Thus, according to the literature, PET with 
18F-FDG allows to visualize increased metabolic ac-
tivity in 30–64% of patients with residual tumor mas- 
ses after completion of the therapy [4]. The presence 

of such hypermetabolic formations in 62–100% of 
cases is accompanied by a relapse after the first-line 
chemotherapy [9].

The widespread use of PET in the Russian Feder-
ation is currently limited due to the high cost of the 
procedure and the insufficient number of PET centers, 
which are located mainly in the European part of the 
country. Considering high efficiency and demand for 
this method in recent years, modern PET centers have 
been built in the Eastern part of Russia, including the 
Nuclear Medicine Center of the Federal Siberian Re-
search Clinical Center under FMBA of Russia (FS-
RCC FMBA of Russia) in Krasnoyarsk. The opening 
of this center made PET available to residents of the 
Siberian Federal District.

The aim of this study was to determine the diag-
nostic value of 18F-FDG PET / CT in assessing the 
effectiveness and prognosis of lymphoma treatment.

MATERIALS AND METHODS
Retrospective data of 18F-FDG PET / CT of 30 peo-

ple with malignant lymphomas were analyzed: before 
treatment (PET1), after 2 cycles of polychemothera-
py (PET2), and after completion (from 6 to 8 cycles) 
of polychemotherapy (PET3). PET2 was performed 
before the introduction of the third cycle of chemo-
therapy, and PET3 was performed 2 weeks after the 
last dose. In 12 cases, additional 18F-FDG PET / CT 
(PET4) was performed at the stages of dynamic obser-
vation of patients (6–12 months after treatment com-
pletion). The examination was carried out at the Nu-
clear Medicine Center of the FSRCC FMBA of Russia 
(Krasnoyarsk) from 2015 to 2017. The study involved 
13 men and 17 women aged 19–74 years (average age 
was 42 years). All patients underwent an immunohis-
tochemical examination, according to which 12 pa- 
tients had HL, and the remaining 18 had aggressive 
NHL: diffuse large B-cell lymphoma (11 cases) and 
follicular lymphoma (7 cases). In accordance with 
the data of the initial clinical and instrumental studies 
(clinical examination, CT, magnetic resonance imag-
ing (MRI), ultrasound, bone marrow biopsy), stage 
I of the disease was established in 3 patients (10%), 
stage II – in 8 (27%) patients, stage III – in 8 (27%) 
patients, and stage IV – in 11 (36%) patients.
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Reference methods for result verification were his-
tological examination or, if it was impossible to per-
form it, long-term (at least a year) clinical monitoring 
of the patient with a series of control instrumental ex-
aminations (CT, MRI, ultrasound, 18F-FDG PET / CT).

Most patients received R-CHOP treatment (14 pa-
tients) (rituximab, cyclophosphamide, doxorubicin, 
vincristine, prednisolone). 9 patients had the BEACOPP 
regimen (bleomycin, etoposide, doxorubicin, cyclo-
phosphamide, vincristine, procarbazine, prednisolone), 
4 patients underwent RB (rituximab, bendamustine) 
treatment, and 3 patients received ABVD (adriamycin, 
bleomycin, vinblastine, and dacarbazine) therapy.

Routine methods for assessing the effectiveness of 
treatment included a clinical examination of the pa-
tient, laboratory tests, and CT of the chest wall and 
abdominal cavity. This assessment was carried out 
after 2–3 cycles of chemotherapy and after comple-
tion of the entire treatment program. In accordance 
with the “Russian clinical guidelines for the diagnosis 
and treatment of lymphoproliferative diseases” [10], 
the patient’s condition was assessed as complete re-
mission (CR), uncertain complete remission (uCR), 
partial remission (PR), stabilization (St), relapse (after 
CR or uCR), or progression (after PR or St).

18F-FDG PET / CT was performed in the whole 
body mode (from the level of the eye sockets to the 
middle third of the thigh) with simultaneous low-dose 
CT to correct the attenuation. The study was carried 
out on a PET / CT scanner Discovery PET / CT 600. 
Eating was allowed no later than 6 hours before the 
study. The radiopharmaceutical 18F-FDG was admin-
istered intravenously at a dose of 300–550 MBq, and 
after 60–90 minutes, scanning was performed. The 
obtained images were reconstructed using standard 
software. The results of all studies were interpreted 
and analyzed by specialists in nuclear medicine and 
radiology.

The results of PET2 and PET3 were assessed as 
follows: a complete metabolic response (1, 2, and 3 
points on a five-point Deauville scale in lymph nodes 
or extranodal sites with or without residual tumor 
mass); a partial metabolic response (4 or 5 points on 
the Deauville scale with visually reduced uptake of 
the radiopharmaceutical compared to baseline and re-
sidual tumor mass of any size); lack of a metabolic 
response (4 or 5 points on the Deauville scale with-
out a significant change in 18F-FDG uptake compared 
to the baseline value), and metabolic progression (4 
or 5 points on the Deauville scale with an increase in 
18F-FDG uptake compared to the baseline value and / 

or the emergence of new metabolically active foci as-
sociated with lymphoma) [11].

To study the prognostic value of the results of pa-
tients’ examination at the stages of treatment, progres-
sion-free survival (the time from the diagnosis to the 
first signs of progression or a relapse or to disease-re-
lated death) (PFS) was chosen as an endpoint. The 
survival curves were constructed using the Kaplan – 
Meier method. The differences between the groups 
were analyzed using a log rank test.

RESULTS
According to the reference verification methods, 

191 lymph nodes involved in the pathogenetic process 
were found in 30 patients with lymphoma. Most often, 
there was a lesion in the cervical (21%), supra- and 
subclavian (20%), mediastinal (13%), axillary (10%), 
and bronchopulmonary (10%) lymph nodes. Lesions 
in the mesenteric (6%), inguinal (6%), and paraaortic 
(5%) nodes were less commonly diagnosed.

According to PET / CT, pathological accumulation 
of 18F-FDG in the lymph nodes was observed in all 
patients included in the study. 169 (88%) of 191 af-
fected nodes were hypermetabolic. 18F-FDG PET /CT 
was most effective in diagnosing the state of the iliac, 
mediastinal, mesenteric, and inguinal lymph nodes, 
when its sensitivity exceeded 90%. 

In 16 patients, 33 extranodal lesions were diag-
nosed using reference verification methods. Most of-
ten, there was dissemination of malignant lymphomas 
in the lungs (10 patients), spleen (11 patients), and red 
bone marrow (7 patients); in individual cases, it was 
observed in the liver and soft tissues.

According to PET / CT, pathological 18F-FDG 
uptake was observed in 30 (91%) of 33 extranodal 
foci. The PET / CT method was most effective in di-
agnosing the state of the red bone marrow, soft tis-
sues, lungs, and spleen, when its sensitivity was 90% 
or more. When assessing the state of the liver, it was 
possible to visualize 2 pathological foci out of 3.

When analyzing the PET2 results, a complete 
metabolic response after two cycles of chemotherapy 
(PET2–) was observed in 21 patients (70%): in 9 pa-
tients (75%) with HL and 12 patients (67%) with NHL 
(Fig. 1). In this group of patients, patients with early 
stages of lymphoma (stages I-II) were more common, 
(9 (82%) out of 11), as well as persons without signs 
of extranodal lesions (11 (79%) out of 14). In stage 
III-IV lymphoma and in the presence of extranodal 
lesions, PET2– occurred in 12 (63%) and 10 (62%) 
patients, respectively (Table 1).
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In 9 patients, after 2 cycles of chemotherapy, a 
partial metabolic response (6 people), no metabolic 
response (2 people), or metabolic progression (1 per-
son) were established (Fig. 2). These patients made 
up the PET2+ group. This group included 3 patients 
(25%) with HL and 6 patients (33%) with NHL. Signs 
of tumor metabolic activity on interim PET / CT scans 
were observed in 2 (18%) cases with early stages of 
lymphoma and in 7 (37%) patients with advanced 
stages of the disease. In addition, positive interim PET 
was more common in the presence of extranodal le-
sions (6 (38%) patients) than in their absence (3 (21%) 
patients) (Table 1). After the end of chemotherapy, a 
complete metabolic response (PET3–) was diagnosed 
in 26 patients (87%). This effect was achieved in 21 
patients (100%) with PET2– and in 5 people (66%) 
with PET2+ (Fig. 3, Table 1).

In the PET2+ group after completion of chemo-
therapy, 4 (44%) patients had a partial metabolic re-
sponse (3 people) or no metabolic response (1 per-
son) (Fig. 1, Table 1). Follow-up of these patients 
showed that in 2 cases, progression was diagnosed, 
and in 2 patients, further treatment led to complete 
remission.

During a two-year follow-up of patients, it was 
found that remission was observed in 20 (67%) pa-
tients (complete remission in 15 people, uncertain 
complete remission in 5 patients). The “remission” 
group included 10 (83%) patients with HL and 10 
(56%) individuals with NHL. The “relapse” group 

T a b l e  1

Interim 18F-FDG PET/CT and 18F-FDG PET/CT results after chemotherapy in lymphoma patients

Patients
LH NLH LH + NLH

Total
PET2– PET2+ PET2– PET2+ PET2– PET2+

Total in the group 9 3 12 6 21 9 30
PET3– 9 2 12 3 21 5 26
PET3+ 0 1 0 3 0 4 4
Early stages (I-II) 3 1 6 1 9 2 11
PET3– 3 1 6 0 9 1 10
PET3+ 0 0 0 1 0 1 1
Advanced stages (III-IV) 6 2 6 5 12 7 19
PET3– 6 1 6 3 12 4 16
PET3+ 0 1 0 2 0 3 3
Extranodal lesions – 5 1 6 2 11 3 14
PET3– 5 1 6 2 11 3 14
PET3+ 0 0 0 0 0 0 0
Extranodal lesions + 4 2 6 4 10 6 16
PET3– 4 1 6 1 10 2 12
PET3+ 0 1 0 3 0 4 4

consisted of 10 (40%) people: 6 patients had a relapse 
of the disease, and 4 people had progression (Fig. 4, 5, 
Table 2). More often, a relapse or progression was ob-
served in NHL – 8 (56%) cases, less often, in HL – in 
2 (17%) patients (Fig. 6, Table 2). Patients with early 
stages of lymphoma more often were in the “remis-
sion” group than patients with advanced stages of the 
disease, 72% and 63%, respectively. It should also be 
noted that remission was more often observed in pa-
tients with no extranodal lesions (76%) than in those 
with extranodal lesions (56%) (Table 2).

Fig. 1. Patient T., 25 years old. Diagnosis: Hodgkin’s lymphoma: 
а – PET1: signs of lymphoproliferative disease with multiple 
metabolically active lesions of the anterior and posterior 
mediastinum, cervical, supraclavicular and subclavian, 
bronchopulmonary, and intraperitoneal lymph nodes; b – PET2; 

complete metabolic regression
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Fig. 2. Patient C., 38 years old. Diagnosis: Hodgkin’s lymphoma, 
nodular sclerosis: а – PET1: signs of lymphoproliferative 
disease with a metabolically active lesion of the cervical, 
axillary, iliac, and inguinal lymph nodes; b – PET2: compared 

to PET1– no changes

а                                                 b
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T a b l e  2

Interim 18F-FDG PET/CT and follow-up prognosis in lymphoma patients

Patients
LH NLH LH + NLH

Total
PET2– PET2+ PET2– PET2+ PET2– PET2+

Total in the group 9 3 12 6 21 9 30
Remission 9 1 8 2 17 3 20
Relapse 0 2 4 4 4 6 10
Early stages (I-II) 3 1 6 1 9 2 11
Remission 3 0 4 1 7 1 8
Relapse 0 1 2 0 2 1 3
Advanced stages (III-IV) 6 2 6 5 12 7 19
Remission 6 1 4 1 10 2 12
Relapse 0 1 2 4 2 5 7
Extranodal lesions – 5 1 6 2 11 3 14
Remission 4 1 5 1 9 2 11
Relapse 1 0 1 1 2 1 3
Extranodal lesions + 4 2 6 4 10 6 16
Remission 3 0 4 2 7 2 9
Relapse 1 2 2 2 3 4 7

Analysis of the PET2 results showed that in pa-
tients with PET2+, a relapse was observed in 6 (67%) 
cases, and remission – in 3 (33%) cases. At the same 
time, in patients with PET2–, the opposite pattern took 
place: 4 (19%) people were diagnosed with a relapse 
and 17 (81%) had remission (Fig. 4, 5).

DISCUSSION
The results of our study confirm the global experi-

ence of using 18F-FDG PET / CT. In lymphomas, the 
metabolic activity of the tumor changes quite rapidly 

after the start of treatment, even before a change in 
tumor size is detected [12]. Many studies have shown 
that 18F-FDG PET / CT performed at early stages of 
chemotherapy (interim 18F-FDG PET / CT) predicts 
the effectiveness of treatment. Such stratification of 
patients makes it possible to personalize the treatment 
strategy and has a positive effect on the outcome of the 
disease [13]. In patients with lymphoma, an interim 
18F-FDG PET / CT scan is usually performed after one 
to four (as a rule two) chemotherapy cycles out of six 
to eight planned ones. 

Interim 18F-FDG PET / CT helps to differentiate 
between patients with favorable lymphoma who need 
standard therapy and high-risk patients who require 
more intensive treatment with high-dose chemothe- 
rapy regimens. The method has proven itself well in 
determining the sensitivity of tumor tissue to chemo-
therapy, especially in patients with an advanced stage 
of the disease and an unfavorable course of the lym- 
phoproliferative process, who may need additional ra-
diation therapy [14]. In addition, in low-risk patients, 
interim 18F-FDG PET / CT can reduce side effects 
and unnecessary toxicity associated with treatment, 
making it possible to choose the gentlest protocols 
and reduce the number of cycles. According to the 
ESMO guidelines, in patients with HL [14], interim 
18F-FDG PET / CT after 1–2 cycles of chemotherapy 
can identify a group with a high probability of achie- 
ving a complete metabolic response after completion 
of treatment and without indications for consolidation 
radiotherapy [13]. At advanced stages of the disease, 
this method is used to identify patients who need to 
change the chemotherapy regimen.
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According to a study by J. Radford et al. [13], per-
formed on the basis of the analysis of the 18F-FDG 
PET / CT findings in 602 patients with early stage 
HL who received ABVD chemotherapy, it was shown 
that if after 3 cycles the metabolic activity in the tu-
mor foci was not detected, then further radiation ther-
apy was unnecessary and progression-free survival 
(PFS) remained unchanged. A retrospective study 
of 260 HL patients treated with ABVD therapy con-
firmed the predictive role of interim 18F-FDG PET/CT  

Fig. 3. Results of 18F-FDG PET/CT after lymphoma chemotherapy in PET2+ and PET2– groups

Fig. 4.  Results of long-term follow-up of PET2+ and PET2– groups of lymphoma patients

using Deauville’s criteria for predicting a treatment 
response [16]. 

In another study, observation of patients with ad-
vanced stage HL showed that a complete metabolic 
tumor response after two cycles of ABVD chemothe- 
rapy had high negative predictive value (NPV) (94%) 
and positive predictive value (PPV) (73%) with pre-
dicting 3-year PFS [17]. Similar data were presented 
in an article by J. Markova et al., in which the analysis 
of the interim 18F-FDG PET / CT findings in patients 
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Fig. 6. Patient K., 31 years old. Diagnosis: Hodgkin’s lymphoma with damage to peripheral lymph nodes and skin: а – PET1: signs 
of lymphoproliferative disease with multiple metabolically active lesions of the liver, lymph nodes above and below the diaphragm, 
and bone marrow; b – PET2: signs of lymphoproliferative disease with a metabolically active lesion of the acromial process of 
the right scapula. Compared to PET1 – positive changes; с – PET3: metabolic activity in the cervical, supraclavicular, and axillary 
lymph nodes on the right, a single inguinal lymph node on the right, in the acromial process of the right scapula. Compared to  
PET2 – negative changes; d – PET4: a metabolically active lesion in single right axillary lymph nodes, regarded as a manifestation 

of Hodgkin’s lymphoma. Compared to PET3 – positive changes

Fig. 5. Two-year relapse-free survival in patients with lymphomas with (PET2–) and without (PET2+) a metabolic response to 
two cycles of chemotherapy

with advanced HL after 4 cycles of BEACOPP che-
motherapy demonstrated that a complete metabolic 
response in predicting 4-year PFS had NPV and PPV 
levels of 98% and 96%, respectively [18]. In addition 
to its high predictive value for assessing PFS, interim 
18F-FDG PET / CT can be used to determine the indi-
cations for consolidation radiotherapy [18].

CONCLUSION

Interim 18F-FDG PET / CT with high accuracy 
allows to predict the effect of malignant lymphoma 
treatment. The method is recommended for wide-
spread use in clinical practice for monitoring the  
stages of therapy for this pathology.
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Pathogenetic factors of ulcerative colitis: mainstream for 2020
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ABSTRACT  

The causes of ulcerative colitis are still unknown. Scientists made important advances in understanding the patho-
genesis of this disease in the 21st century. Complex involvement of an impaired immune response in relation to 
antigens of the intestinal microbiota in genetically predisposed individuals under the influence of certain environ-
mental factors was revealed. The factors that disrupt the epithelial barrier and alter the composition of the intes-
tinal microbiota trigger the onset of the disease, thereby stimulating an impaired immune response. Recent stud-
ies have discovered completely new hypotheses of its origin and development, gradually interpreting the already 
known pathogenetic mechanisms of the disease. In this review, we focused on the new concepts in the pathogenesis 
of ulcerative colitis. We examined genetic, environmental, barrier, and microbial factors. We went into detail on 
the structure and role of the epithelial barrier and identified specific genes that are involved in the regulation of 
the intestinal epithelial barrier function in ulcerative colitis. We studied the literature containing information on 
relevant studies in PubMed and Google Scholar citation systems, using such key words as ulcerative colitis, colon 
microbiota, barrier function, genetic predisposition, and predisposing factors. 
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Факторы патогенеза язвенного колита: мейнстрим-2020

Бикбавова Г.Р., Ливзан М.А., Лозинская М.Ю.
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РЕЗЮМЕ

Причины возникновения язвенного колита до сих пор неизвестны. Значительные успехи в понимании пато-
генеза этого заболевания достигнуты в ХХI в. и доказывают комплексное участие нарушенного иммунного 
ответа по отношению к антигенам собственной кишечной микрофлоры у генетически предрасположенных 
лиц под воздействием определенных факторов внешней среды. Дебют заболевания провоцируется факто-
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INTRODUCTION

The first description of ulcerative colitis (UC) was 
presented by Samuel Wilks in 1859 under the title 
“Morbid appearances in the intestine of Miss Bankes” 
in the Medical Times and Gazette. In 1875, S. Wilks, 
together with V. Moxon, described morphological 
presentation of this disease [1]. Despite a long history 
of studying UC, the causes of this disorder still remain 
unknown. The generally accepted modern concept of 
UC development includes genetic predisposition, ep-
ithelial barrier defects, dysregulation of immune re-
sponses, intestinal dysbiosis, and environmental fac-
tors [2]. 

The number of patients with inflammatory bow-
el diseases (IBD) is increasing every year and may 
reach 30 million people in the world by 2025 [3, 
4]. In Russia, the incidence of UC is 2–3 cases per 
100 thousand people [5]. High incidence of IBD in 
economically developed countries is explained by a 
combination of such factors as improvement of socio-
economic and sanitary conditions in modern society, 
changes in diet, availability of endoscopic examina-
tion, and the level of awareness among both patients 
and doctors about this medical condition [6]. Epide-
miological studies reveal an increase in the incidence 
of UC in regions where it was at low level before, and 
where the Western way of life and nutrition is grad-
ually predominating, such as countries of Asia and 
South America [7].

рами, которые нарушают эпителиальный барьер и изменяют состав микробиоты кишечника, тем самым 
стимулируя аномальный иммунный ответ. Исследования последних лет открывают как абсолютно новые 
гипотезы его возникновения и развития, так и подробно расшифровывают уже известные механизмы па-
тогенеза болезни. В представленном обзоре мы сосредоточились на новых концепциях патогенеза язвен-
ного колита – генетических, экологических, барьерных и микробиомных факторах. Подробно представили 
строение и роль эпителиального барьера, обозначили специфические гены, которые участвуют в регуляции 
барьерной функции эпителия кишечника при язвенном колите. Поиск литературы, содержащей информа-
цию о соответствующих исследованиях, проводился в системах PubMed и Google Scholar по следующим 
ключевым словам: язвенный колит, микробиота толстой кишки, барьерная функция, генетическая предрас-
положенность, предрасполагающие факторы.

Ключевые слова: язвенный колит, воспалительные заболевания кишечника, микробиота, патогенез, пред-
располагающие факторы, генетическая предрасположенность.
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связанных с публикацией настоящей статьи.
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технологии здоровьесбережения коморбидного больного гастроэнтерологического профиля на основе кон-
троля приверженности»).
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мейнстрим-2020. Бюллетень сибирской медицины. 2021; 20 (2): 130–138. https://doi.org/10.20538/1682-0363-
2021-2-130-138.
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A tremendous interest of scientists from all over 
the world in the study of UC has been persistent for 
many years and requires large investments. To date, 
progress has been made in understanding this disease, 
new hypotheses of its emergence have appeared, and 
the mechanisms of the pathogenesis have been gradu-
ally unveiled. For example, it has been proven that the 
appendectomy at a young age has protective effects 
against UC development, given the surgery was per-
formed for acute appendicitis [8]. In addition, based 
on the results of a meta-analysis of four studies, it has 
been recently discovered that there is an association 
of IBD with Parkinson’s disease. The studies showed 
that the risk of developing Parkinson’s disease in IBD 
patients was significantly higher than in the control 
group [9]. Moreover, the risk of developing Parkin-
son’s disease in patients with UC was 30%, and in pa-
tients with Crohn’s disease (CD), it was 28%.

Recent studies have been aimed at identifying new 
targets of etiotropic and pathogen-specific drug the- 
rapy to increase the effectiveness of treatment. Emer-
gence of new treatment methods, such as immunosup-
pressive and biological therapy, resulted in significant 
pathomorphosis of UC. The disease is aggravating 
even with appropriate treatment, resulting in develop-
ment of life-threatening complications, a continuously 
relapsing course, and universal forms in the majority 
of patients. The aim of this review was to summarize 
the data that form the modern understanding of the 
pathogenetic mechanisms in UC.
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GENETIC FACTORS
Genetic studies, including genome-wide association 

studies (GWAS), whole genome sequencing (WGS), 
and genetic mapping, have identified 260 susceptibil-
ity loci associated with IBD [10–13]. Conventionally, 
genes that are involved in the development of UC can 
be divided into the following groups: genes encoding 
an immune response; genes encoding intestinal barrier 
function (the so-called barrier genes); genes encoding 
the quantitative and qualitative composition of the in-
testinal microbiota. The examination of patients using 
modern methods of genetic testing allowed scientists 
to come to the following conclusions.

Firstly, most of the genetic factors were found to 
be common for UC and CD [14]. Genes encode both 
innate and adaptive immune pathways, cytokine sig-
naling, and immune response (for example, IL23-R, 
IL-12, JAK2, CARD9, TNFSF18, and IL-10). In ad-
dition, many genes (70%) are associated with other 
autoimmune diseases, such as ankylosing spondylitis 
and psoriasis.

Secondly, the strongest genetic signals within 
UC-specific loci are associated with the human leuko-
cyte antigen (HLA) region on chromosome six. Six-
teen HLA allelic associations (mainly class II), spe-

cific for UC, were described in genetic mapping [15]. 
It is known that many UC-specific genes are involved 
in the regulation of the epithelial barrier function. 
Studies showed that they are associated with colon in-
volvement in UC and CD [16]. This indicates the key 
role of aberrant adaptive immune responses and epi-
thelial barrier dysfunction in the pathogenesis of UC. 

A group of scientists from Belgium conducted a 
study in 2017 [17], which analyzed various compo-
nents of the intestinal epithelial barrier in IBD patients 
in terms of genetic predisposition. 128 genes associa- 
ted with epithelial dysfunction were selected, of which 
25 were associated with the mucous layer, 34 – with 
tight junction proteins, 5 – with adherens junctions,  
14 – with desmosomes (intercellular junctions), 4 – 
with hemidesmosomes (half desmosomes), 17 – 
with cytoskeleton, 9 – with extracellular matrix, and  
20 – with regulatory proteins. Analysis of the barrier 
genes revealed the potential role of MUC21, MUC22, 
GNA12, and HNF4A genes and loci in the emergence 
of UC. In the inactive phase of the disease, a persistent 
change in the expression of MUC1 and MUC4 in bi-
opsies of patients with IBD was found, which served 
as an evidence of their crucial role in the recurrence of 
IBD (Figure).

Bulletin of Siberian Medicine. 2021; 20 (2): 130–138

Bicbavova G.R., Livzan M.A., Lozinskaya M.Yu. Pathogenetic factors of ulcerative colitis: mainstream for 2020

Figure. The role of epithelial barrier genes in the onset of IBD
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One of the latest significant discoveries was whole 
genome sequencing (WGS) performed in almost 2,000 
UC patients, which revealed a new and rare variant of 
a missense mutation (present in 0.6% of cases) in the 
adenylyl cyclase 7 (ADCY7) gene, which doubles the 
risk of UC development [18].

Thirdly, despite the identification of many suscep-
tibility loci, genetics explains only 8–19% of disease 
heritability in IBD [19], CD being more common than 
UC. The concordance rate among monozygotic twins 
in UC is only 6.3% (compared to almost 60% in CD). 
Taken together, genetic factors provide a small but 
definite increase in susceptibility to UC. However, 
many patients do not have a genetic predisposition, 
if they are assessed using a polygenic risk score that 
takes into account all susceptibility loci [20].

Fourthly, non-genetic factors, in particular, epi-
genetics, which will be discussed below, play an im-
portant role in UC emergence [21].

EPIGENETICS
As mentioned above, genetic factors do not explain 

the occurrence of UC in all patients. In recent years, 
susceptibility to IBD has been supplemented by new 
data on epigenetic reprogramming. In response to ex-
ternal stimuli, such as nutrition, psychological stress, 
and physical activity, this mechanism gives commands 
to genes to increase or, on the contrary, weaken their 
activity. Thus, epigenetics studies the changes in gene 
activity, while the DNA structure remains the same. 
The main epigenetic mechanisms that control gene ex-
pression are DNA methylation, histone modification, 
and noncoding RNAs [22]. 

Changes in DNA methylation of the gene promo- 
ters are functionally involved in the regulation of gene 
expression in patients with IBD, mainly with UC. This 
provided a new look at the pathogenesis of the dis-
ease. The first studies concerning epigenetics in IBD 
were devoted to carcinogenesis and the development 
of neoplasia in patients [23]. It was proven that a high-
er level of DNA methylation in AGTR1, WNT2, and 
SLIT2 genes was associated with an increased risk of 
cancer in patients with UC [24]. 

A number of studies in this area demonstrate that it 
is the DNA methylation landscape in genes that deter-
mines the severity and nature of IBD [25, 26]. Epigen-
etic changes are correlated with clinical features and 
outcomes of IBD, such as the extent of the lesion and 
the phenotype of the disease. For example, a higher 
level of MDR1 methylation was independently asso-
ciated with universe UC, severe attacks of the disease, 

and young age of the disease onset [27], while a high-
er level of PAR2 methylation in the rectal mucosa was 
associated with the steroid-dependent or steroid-re-
fractory UC [28]. 

Nevertheless, there are no convincing and unam-
biguous data of evidence-based medicine on the in-
fluence of epigenetics on the emergence and nature 
of IBD, since there are many technical difficulties in 
reproducing the sequences and heterogeneity in the 
analyzed population (the sampling technique and the 
studied material differ). For the same reasons, it is not 
yet possible to conduct meta-analyses on this topic.

INFLUENCE OF ENVIRONMENTAL FACTORS
An increase in the number of UC patients occurs 

in parallel with changes in lifestyle [29] and basic 
approaches to nutrition in modern society, namely, 
widespread use of convenience foods, high-calorie 
foods, taste modifiers, animal proteins, sugar and re-
fined carbohydrates, artificial sweeteners, a variety of 
modern cooking and food preservation technologies, 
emulsifiers, and a lack of dietary fiber in the diet [30]. 
The general concept of UC association with nutrition 
is based on data of epidemiological studies and is re-
ferred to as westernization of the diet. 

Westernization also concerns living conditions 
and lifestyle in general, for example, the impact of 
environmental pollution, the availability of antibac-
terial drugs, and a decrease in physical activity [31]. 
One of the theories explaining a rise in autoimmune  
diseases in general and UC, in particular, is the hy-
giene hypothesis formulated by the English epide-
miologist David Strachan [32]. This concept reveals 
the possibility of an excessive immune response and 
development of autoimmune diseases following a de-
crease in antigenic exposure due to improvement of 
the sanitary conditions in the environment and wide-
spread use of antibacterial drugs and detergents.

It was suggested that stress can initiate or induce a 
new attack of IBD and is a potential trigger of UC [33]. 
This association is supported by numerous studies that 
showed that stressful events in a person’s life can trig-
ger a disease [34, 35]. Psychological stressors increase 
intestinal permeability, weaken tight junctions, and in-
crease bacterial translocation into the intestinal wall.

Finally, scientists have been studying the pro-
tective effect of tobacco smoking on the occurrence 
of UC for a long time. The likelihood of UC occur-
rence in nonsmokers is higher than in smokers. When  
giving up smoking, the relative risk of UC develop-
ment increases by 4.4 times [36].
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CHANGE IN THE INTESTINAL MICROBIOTA

A combination of various lifestyle factors in the era 
of postindustrial society has a significant impact on 
the microbial composition of the intestine and leads to 
a change in its diversity in UC. A group of scientists 
from the United States proved that under the influence 
of triggers, in particular, emulsifiers, the intestinal 
mucosal barrier decreases, increasing the number of 
microbes with proinflammatory and mucolytic acti- 
vity, resulting in the development of inflammation and 
emergence of IBD, metabolic syndrome, and, possi-
bly, other chronic inflammatory diseases [37]. 

A study in 2010 showed significant differences in 
gut microbiota in children living in rural communi-
ties of Burkina Faso compared to children living in 
Europe. Gut microbiota of African children was rich 
in Bacteroides and poor in Firmicutes and Enterobac-
teriaceae, while the results obtained from European 
children were opposite [38]. With a high probability, 
it can be assumed that this situation is determined by 
dietary habits. In Africa, foods with high fiber content 
prevail, and in Europe, the traditional Western diet 
prevails.

An important characteristic of gut microbiota of 
each person is its individual variability, due to gene- 
tic predisposition. Based on molecular analysis by 16s 
RNA sequencing, it was found that gut microbiota is 
represented by four known types of bacteria: Actino-
bacteria, Bacteroidetes, Firmicutes, and Proteobacte-
ria. In adults, two types of bacteria are predominant: 
Bacteroidetes and Firmicutes [39]. Research data were 
published in 2017 [40], revealing a decrease in the di-
versity of fungal and bacterial components of micro-
biota in IBD patients; and in patients with UC, these 
changes were more pronounced than in patients with 
CD. Patients with UC exhibit a decrease in the pro-
portion of microorganisms with anti-inflammatory ac-
tivity that synthesize short-chain fatty acids (SCFAs), 
such as Firmicutes, and an increase in the proportion 
of pathobionts, which include Proteobacteria. Within 
the phylum Firmicutes, the proportion also changes: 
Roseburia and Faecalibacterium of the Ruminococ-
cacceae and Lachnospiraceae families decrease and 
the content of Ruminococcus gnavus increases [41]. 
An increase in the content of opportunistic bacteria 
Enterobacteraceae and Esherichia coli is noted within 
the phylum Proteobacteria [42]. Other studies demon-
strate an increase in the content of sulfate-reducing 
bacteria Desulfo vibrio with excessive production of 
hydrogen sulfide, which negatively affects prolifera-

tion, apoptosis, and differentiation of colonic epithelial 
cells [43].

In addition to bacteria, microbiota of the colon con-
sists of viruses, fungi, and archaea, which are also an 
essential part of the intestinal microbial composition 
[44]. Archaea account for up to 10% of all anaerobes 
inhabiting the colon of a healthy person. Studies show 
their positive effect on human health [45], while previ-
ous studies demonstrated their proinflammatory effect 
via stimulating the growth of pathogenic bacteria [46]. 
Gut microbiota also consists of viruses. The quanti-
tative and qualitative composition of the virome also 
depends on the prevailing food products in the diet, 
place of residence, hygiene, environmental factors, 
and the type of breastfeeding [47]. In a healthy person, 
bacteriophages persist in bacterial hosts, maintaining 
the constancy of the internal state of gut microbiota. 
Under the influence of environmental factors in gene- 
tically predisposed individuals, or following a combi-
nation of a eukaryotic virus and a genome of a mac-
roorganism, activation of phages (in the latent period) 
and viruses takes place, which leads to a disturbance 
of the dynamic balance in the microbial composition 
of the gastrointestinal tract (GIT).

A number of aggression factors, such as a distur-
bance of the intestinal microbiome composition and 
the presence of aggressive intestinal metabolites, lead 
to dysfunction of mucosal permeability, disrupting its 
barrier function, which is normally determined by the 
state of tight junctions with the help of claudins, as 
well as by the content and quality of mucin that pro-
tects the epithelium [48]. When defects of the mucous 
membrane emerge, food and bacterial agents can pe- 
netrate into deeper layers of the intestinal wall, which 
then stimulate development of inflammatory and im-
mune responses [49].

In recent years, fecal microbiota transplantation 
(FMT) has been performed to restore intestinal ho-
meostasis in patients with UC. A study by P. Moayye-
di et al. [50] showed that FMT induces remission in 
patients with active UC. A total of 70 UC patients 
underwent FMT or received a water enema (placebo)  
every week for 6 weeks. The remission rate in the FMT 
group was significantly higher than in the placebo 
group (24% versus 5%, respectively). Meta-analysis 
of 14 cohort and 4 randomized clinical trials (308 pa- 
tients with UC) by S. Costello et al. [51] demonstra- 
ted the effectiveness of UC treatment with a clinical 
remission rate of 28% in patients undergoing FMT, 
compared to a  9% remission rate in patients receiving 
placebo. In addition, a clinical response was achieved 
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in 49% of patients treated with FMT compared to 28% 
of patients receiving placebo.

EPITHELIAL BARRIER
Scientists agreed that disruption of the epithelial 

barrier is the underlying factor in the pathogenesis of 
UC. Given complex organization and regulation of the 
intestinal mucosal barrier, it is necessary to determine 
which elements are most important for the pathophys-
iology of IBD.

The intestinal barrier function is provided by a 
complex of components that combine mucosal, epithe-
lial, and immune (innate and adaptive) barriers. The 
mucosal barrier is a double layer. Colonic mucus con-
tains more bacteria in the thinner outer layer than in 
the denser inner mucosal layer. The parietal mucosal 
layer contains secretory immunoglobulins A and an-
tibacterial substances (defensins, lysozyme, and ribo-
nuclease). The mucosal layer provides the first apical 
line of defense against luminal microbes and forms a 
sieve-like gel structure that prevents large particles and 
bacteria from contacting the intestinal epithelium [52].

Thanks to the almost impermeable polarized mono-
layer of intestinal epithelial cells, a second physical com-
ponent of the intestinal barrier is formed. Enterocytes, 
the most represented type of colonic epithelial cells, are 
interconnected by intercellular junctions, represented 
by catenins, occludins, and claudins. Tight junctions are 
the main gatekeepers of the epithelial intestinal barrier, 
which can pass ions and small molecules up to 20 kDa. 
The throughput capacity of tight junctions depends on 
the state of proteins, mainly, claudins [53]. 

In addition to enterocytes, the epithelium is com-
posed of other specialized cells with a wide range of 
functions, including goblet cells, which produce gel-
like mucus, and Paneth cells, which secrete antimi-
crobial peptides that strengthen the immune barrier. 
M cells, which are also a part of the epithelium, cap-

ture luminal microbes and transport them to dendritic 
cells, which recognize the absorbed microorganisms 
and form an immune response [54].

In UC, dysfunction of antimicrobial peptide secre-
tion and disruptions of tight junctions (the physical 
component of the barrier) are observed [55]. In active 
UC, key proinflammatory cytokines, such as tumor ne-
crosis factor-α (TNF-α), interferon (IFN) -γ, and inter-
leukin (IL)-13, have a direct pathological effect on the 
integrity of the epithelial barrier [56]. Genome-wide 
association study (GWAS) reveals UC-specific sus-
ceptibility genes that regulate the epithelial barrier, 
mucus production, and stability of the membrane and 
intercellular junctions. However, the main mechanism 
has not yet been fully understood.

MITOCHONDRIAL DYSFUCTION
The PROTECT study (analysis of complete genom-

ic sequencing of 206 children with a short history of 
UC) is highly interesting. It demonstrated a decrease 
in the expression of genes encoding an oxidative phos-
phorylation chain in mitochondria and a polymorphism 
of the PPARGC1A gene, which affects the activation of 
the mitochondrial function. Thus, mitochondriopathy 
was determined as one of the possible mechanisms in 
the pathogenesis of UC [57]. The role of mitochondri-
al dysfunction was discussed previously in the patho-
genesis of this disease [58]. For the past 10 years, re-
searchers have identified mitochondriopathy as one of 
the main and most poorly understood “pieces of the 
puzzle” in the genesis of inflammation [59]. The data 
obtained over the past 3 years again revive and confirm 
this concept in the pathogenesis of UC [60–62].

CONCLUSION
The presented literature review summarizes cur-

rent research on the etiology and pathogenesis of UC 
(Table). 
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Modern concepts of etiology and pathogenesis of UC

Parameter Description

Genetics

Most genetic factors (67% of the susceptibility loci) are common for UC and CD.
Sixteen HLA allelic associations have been described for UC (mainly class II).

Outside the HLA region, the ADCY7 gene has the strongest association with UC.
UC-specific genes are involved in the regulation of the intestinal epithelial barrier function.

Many patients do not have a genetic predisposition, according to a polygenic risk scale that takes into account all susceptibil-
ity loci (6.3% in monozygotic twins)

Environmental 
factors

Westernization includes urban lifestyle, environmental pollution, dietary habits, antibiotics, improved sanitation and fewer 
infections.

Smoking is a protective factor against UC. Giving up smoking often precedes UC.
Appendectomy reduces the risk of UC development, if the surgery was performed for acute appendicitis at a young age



136

A modern lifestyle of people with a genetic predis-
position has a significant effect on the microbial com-
position of the intestine and leads to a change in the 
diversity of the intestinal microbiota in UC, a decrease 
in the resident flora, and an increase in the number of 
opportunistic and pathogenic microorganisms. A num-
ber of aggression factors, such as disturbances of the 
intestinal microbiome composition and the presence 
of aggressive intestinal metabolites, impair mucosal 
permeability and disturb the barrier function, which 
is normally determined by the state of tight junctions, 
as well as by the amount and quality of mucin that 
protects the epithelium. Food and bacterial agents 
can penetrate into deeper layers of the intestinal wall 
through the defects in the mucous membrane, which 
then stimulate the development of inflammatory and 
immune responses [63].
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Molecular mechanisms of oogenesis
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ABSTRACT

This literature review is devoted to the molecular mechanisms of oogenesis and depletion of the ovarian reserve. 
One of the factors in this process is constantly changing environment of the ovaries, both during intrauterine 
development and the postnatal period. Numerous mechanisms and factors affecting the internal environment of 
the female gonad are described, such as stem cell factor (SCF), which regulates migration of primordial germ 
cells and survival of early oocytes, insulin-like growth factor I (IGF-I), and leukocyte migration inhibitory factor 
(LMIF). The capabilities of the endocrine system, namely sex steroids, which can both replenish the number of 
germ cells and deplete the ovarian reserve through the expression of apoptotic markers, were shown. Apoptosis 
causes degeneration of most of the germ cells formed during oogenesis. The molecular mechanisms and factors 
involved in this process are numerous. 

Pathways mediated by mitochondria of germ cells and external pathways mediated by receptors of the cell surface were 
described. A mediator between two apoptotic pathways was established – the Bid protein (BH3-interacting domain 
death agonist), the activation of which triggers the apoptosis mechanism of the intrafollicular microenvironment. 
Some other factors were identified that mediate programmed germ cell death and result in diminished ovarian reserve: 
eukaryotic elongation factor 2 kinase (eEF-2 K), PUMA and NOXA genes, the absence of growth factors and members 
of tumor necrosis factor (TNF) family. Changes in the epigenetic modification of chromatin in the follicular and 
germ cells, oxidative stress, decreased DNA repair, and the involvement of the genes BRAC1, RAD51, ERCC2, and 
H2AX associated with this process can also affect reproductive health and the ovarian reserve. A significant role of 
mitochondrial dysfunction of granulosa cells in depletion of the ovarian reserve is of great interest, which leads to 
impaired oocyte competence, deteriorates the gamete quality, and depletes the ovarian reserve. Therefore, oogenesis 
depends on a huge number of factors and the internal environment of the ovaries, the knowledge of which can 
maintain the stability of the reproductive function and preserve the quality of the ovarian reserve.
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РЕЗЮМЕ

Обзор литературы посвящен молекулярным механизмам оогенеза и истощения овариального резерва. 
Одним из аспектов данного процесса является постоянно изменяющаяся среда яичников, как во время 
внутриутробной закладки, так и постнатальном периоде. Описаны многочисленные механизмы и факторы, 
влияющие на внутреннюю среду женской гонады, такие как SCF, регулирующий миграцию первичных 
половых клеток и выживание ранних ооцитов; инсулиноподобный фактор роста I и фактор ингибирова-
ния лейкоцитов. Показана возможность эндокринной системы, а именно половых стероидов, которые 
способны как пополнять количество половых клеток, так и истощать овариальный запас через экспрессию 
апоптозных маркеров. Апоптоз вызывает дегенерацию большей части образующихся в процессе оогенеза 
половых клеток. Молекулярные механизмы, факторы, участвующие в данном процессе, многочисленны. 

Описаны собственные, опосредованные митохондриями половых клеток и внешние, опосредованные 
рецепторами клеточной поверхности пути. Установлен посредник между двумя апоптозными путями – 
белок Bid, активация которого запускает механизм клеточной смерти внутрифолликулярного микроокру-
жения. Определены и некоторые другие факторы, опосредующие запрограммированную гибель половых 
клеток и, как следствие, приводящие к сокращению овариального резерва: фактор элонгации киназа-2, гены 
PUMA и NOXA, отсутствие факторов роста и членов факторов некроза опухоли. Изменения в эпигенети-
ческой модификации хроматина в клетках гранулезы и половых клетках, окислительный стресс, снижение 
репаративной способности ДНК и связанное с этим процессом участие генов репарации  BRAC1, RAD51, 
ERCC2 и H2AX также могут повлиять на репродуктивное здоровье и фолликулярный запас. Особо следует 
отметить значительную роль в истощении запаса половых клеток митохондриальной дисфункции клеток 
гранулезы, что приводит к нарушению компетентности ооцитов, ухудшает качество гамет и истощает 
овариальный резерв. Следовательно, оогенез зависит от огромного количества факторов и внутренней 
среды яичников, владение которыми способно сохранить стабильность репродуктивной функции и 
качество овариального резерва.

Ключевые слова: оогенез, молекулярно-генетические механизмы, фолликулогенез, апоптоз, овариальный 
резерв.
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INTRODUCTION

The relationship between the size of the ovarian re-
serve and a woman’s reproductive life span highlights 
the importance of understanding the regulatory fac-
tors and processes that determine its formation [1–4]. 
Studies conducted in mice describe in detail (some at 
the molecular level) the processes involved in deter-
mining the number of oogonia and oocytes, while our 

knowledge about these processes in the human body 
is not sufficient [3, 5].

The degree of change in the number of germ cells 
at every stage leading to the formation of the ovari-
an reserve is particularly worth noting. However, we 
have almost no understanding of the causes of the 
dynamics in folliculogenesis and germ cell death, 
which may be related to the nature or timing of trig-
gers for each of the stages of oogenesis. We do not 
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understand why so many oocytes are formed and 
then lost at the pre-reproductive stage of the ovarian 
reserve. For example, in women, only 1 in 1,000 pri-
mordial follicles at birth will mature before ovulation 
and produce estradiol and progesterone necessary for 
fertility during the reproductive period of life [6].

It seems that mammalian fetal oocytes face a num-
ber of challenges to survive throughout all the stages 
of the oogenesis, especially in prophase I of meiosis up 
to the diplonema stage and the initial follicle assembly 
[7]. Depending on the period of development and ex-
perimental conditions, these oocytes can undergo var-
ious forms of programmed cell death. We assume that 
they require constant support of growth factors to car-
ry out the activities necessary to overcome apoptotic 
death during prophase I. Before the formation of pri-
mordial follicles, a decrease in the amount of nutrients 
or growth factors can activate protective autophagy, 
but if fasting is prolonged, it can end in death.

In fact, elucidating the relationship between sig-
naling growth factors (mainly the caspase cascade) 
and apoptotic and autophagic proteins that probably 
co-exist in fetal oocytes may be essential for under-
standing the causes of death of these cells. However, 
recent progress in molecular markers for the prophase 
of meiosis I, as well as for oocytes and stem cells has 
greatly helped in the identification and classification 
of developing gametes [1, 2, 7]. Such progress in 
apoptotic markers and many other pathways related to 
ovarian cellular functions contributes to our better un-
derstanding of oogenesis. However, it is important to 
understand how individual signals of local cell death 
accumulate, leading to changes in reproductive func-
tion at the level of the entire body.

MECHANISMS AFFECTING OOCYTE 
SURVIVAL: THE CHANGING OVARIAN 
ENVIRONMENT

It is still unclear to what extent the balance of in-
dividual oocyte decisions to continue development or 
initiate cell death may relate to the local effects of the 
developing ovarian somatic cell cluster in oocyte sur-
vival (for example, endocrine environment, intercel-
lular signaling, extracellular matrix) or to the inherent 
properties of oocytes in meiotic transformations (for 
example, errors in synapsis that can delay meiotic pro-
gression or cause arrest).

Paracrine factors of oocyte survival. A number 
of paracrine factors identified in the human fetal ova-
ry may affect oocyte survival at one stage or another 

[8–10]. For some paracrine factors, progress has been 
made in identifying the primordial cell type and re-
ceptor locations. However, the local environment of 
the ovaries is complex and constantly changes both 
during intrauterine development and in the future. 

There are a number of so-called survival factors 
without which germ line cells die, for example, the 
stem cell factor (SCF), also known as the KIT ligand, 
which is essential during migration of primordial germ 
cells and for survival of early oocytes [11]. The KIT 
ligand has been noted by numerous studies as a critical 
regulator of primary follicle activation. By binding to 
its receptor, it sends signals along several pathways, 
including activation of the oocyte phosphotidylinosi-
tol-3-kinase (PI3K), which are particularly important 
for ovarian development, restoring intercompartment 
communication and reducing the rate of follicular 
atresia. SCF, along with insulin-like growth factor 
I (IGF-I) and leukocyte migration inhibitory factor 
(LMIF), support the survival of germ line cells after 
migration. They are overlaid with pro- and antiapop-
totic mechanisms and other cell death pathways that 
function at certain stages [8]. For example, in mice, 
the absence of signaling in a complex of factors acti-
vates the Fas death pathway in pre-follicular oocytes 
[12], and tumor necrosis factor-α promotes apoptosis 
during follicle formation [13, 14].

Endocrine factors of oocyte survival. Within 
egg nests, inter-oocyte communication is mediated 
through cytoplasmic bridges, but after the collapse 
of this formation, interfollicular communication can 
continue, for example, through molecules produced 
by granulosa cells [14]. The developing ovary is also 
influenced by the embryonic endocrine system, and 
transcripts of some steroidogenic enzymes are present 
in the ovary for at least 15 weeks of gestation, while 
the ability to metabolize androgens into estrogens is 
only present for about 12 weeks of gestation. Estro-
gens and progesterone inhibit follicular assembly in 
rats, possibly by inhibiting apoptosis in oocytes [15, 
16].

However, progesterone may be at least partial-
ly endocrine rather than local, since the removal of 
ovaries from the environment in vivo marked an ac-
celerated transition from primordial to primary folli-
cles in the absence of progesterone [14, 17]. Possible 
extragonadal sources of such steroids were identified 
in human embryonic tissues. Experiments in which 
ovaries of a specific genotype are transplanted in mice 
with severe combined immunodeficiency can be used 
to demonstrate the need for local effect of the gene. 
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Therefore, the local presence of the Fas gene in the 
ovary is necessary for normal elimination of oocytes 
in transplanted ovaries [9, 15].

Intraoocytic factors and intercellular interactions. 
Against the background of this complex local environ-
ment, internal factors of the oocyte can also influence 
the prospects of their survival. Some researchers not-
ed an increase in the frequency of abnormal synapsis 
in genetically abnormal fetuses, as expected, and also 
associated some chromosomal abnormalities with in-
creased apoptosis. However, when studying individ-
ual mouse oocytes in the prophase of meiosis I, only 
a slight relationship was found between apoptotic 
molecular markers and normal or abnormal SCF ap-
pearance in mice [7, 18, 19]. In contrast to the relative 
absence of an association between apoptotic mark-
ers and meiotic abnormalities in individual oocytes, 
significant differences were observed in the behavior 
of ovarian tissue samples in vitro in accordance with 
gestational age [20]. Consequently, this may affect the 
environment that surrounds oocytes entering meiosis 
at different stages of pregnancy.

It was found that cultures of ovarian fragments 
from fetuses at 14 weeks of gestation were prone to 
expansion in vitro, the cells moved from the original 
fragment and eventually covered most of the mem-
brane with clusters and aggregates. Alkaline phos-
phatase staining showed that germ cells were mainly 
concentrated in the original tissue fragment and in 
clusters that were formed as a result of reproduction. 
The remarkable ability of oocytes to migrate during 
intrauterine development even during prophase I of 
meiosis was noted by previous authors [18]. 

For example, X. Wu et al. (2017) used organ cul-
ture techniques applied to adult tissues. Survival and 
growth of follicles in vitro from the tissue were ob-
served at 16–22 and 22–23 weeks of gestation, respec-
tively, and confirmed meiotic initiation and progres-
sion [19]. Optimization of culture methods for fetal 
ovaries will be a valuable tool for studying hormo- 
nal and paracrine effects on the key aspects of human 
ovarian development. The mechanism of movement 
of germ line cells is currently being studied. This abi- 
lity was significantly improved by including growth 
factors in the culture medium (SCF 10 ng / ml and 
IGF-I 15 ng / ml). 

In contrast, the ovarian tissue increased signifi-
cantly in vitro at the 15th week of gestation, and the 
stimulating effect of growth factors was no longer 
significant. It was also noted that later gestational 
ages (up to 23 weeks) cultured under similar condi-

tions tend to round off in vitro and form dense surface 
epithelium [21].

It is well known that mouse primordial germ cells 
can be successfully cultured and their number increas-
es in cultures supplemented with growth factors, in-
cluding SCF [22]. It is also known that c-kit is present 
on human oogonia and oocytes from 14–21 weeks of 
gestation and that the distribution of c-kit (SCF) in the 
human germ line varies depending on the status [23]. 
For example, S. Gkountela et al. (2013), using immu-
nohistochemistry, found that primordial germ cells and 
oogonia are c-kit-positive, while free oocytes or those 
enclosed in primordial follicles are stained poorly or 
do not express these factors at all. C-kit is again found 
on the surface of oocytes in growing follicles [23, 24]. 
We know that progenitor cells remain in the fetal ova-
ries well after 15 weeks, so perhaps they multiply less 
or undergo apoptosis at later stages.

Meiosis as a survival factor. The authors also pro-
posed to evaluate the progression of meiotic transfor-
mations of oocytes under cultured conditions using 
growth factors, such as SCF. The number of oocytes 
decreased significantly during the first week of culti-
vation, probably due to a drastic change in the envi-
ronment [24]. After that, oogenesis was restored with 
an increase in the number of oocytes at the stages of 
leptonema and zygonema, progressing during the next 
week of cultivation. Recovery was more pronounced 
at 14 weeks than at 15 weeks, and it was evident with 
or without the addition of the growth factor until the 
second week in vitro [16, 21]. After that, cultures with 
growth factors were more likely to maintain recovery. 
It is not yet clear whether growth factors support pro-
genitor cells, oocytes directly, or have an indirect ef-
fect through the somatic environment.

Therefore, in addition to expression of numer-
ous genes and formation of growth factors described 
in previous works [2, 3], oogenesis also depends on 
the constantly changing environment of the ovaries, 
namely, endocrine and paracrine factors, inter-oo-
cyte communication, meiotic transformations, and 
possible abnormalities of germ cell division. Further 
research will require the use of specific markers for 
differentiating oocytes and progenitor cells at different 
stages and using tissue samples from a wider range of 
gestational age.

DEPLETION OF THE OVARIAN RESERVE  
OF GERM CELLS

Apoptosis causes elimination of more than 99% of 
germ cells from the ovaries through follicular atresia 
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[2, 25, 26]. Less than 1% of germ line cells, following 
oocyte cultivation, further undergo apoptosis during 
the last phases of oogenesis and deplete the ovarian re-
serve in most mammalian species, including humans. 
The maximum number of germ cells in mice was de-
termined at the time of entry of primary oocytes into 
the meiosis prophase (Figure). After that, up to two-
thirds of the germ cells die and by the time of birth, the 
ovarian reserve is established, which remains for the 
rest of life [3, 27, 28]. The peak number of gametes in 
the human ovary occurs by 20 weeks of pregnancy, 
after which a drastic decrease in their number takes 
place, similar to that observed in mice. The degree 
of germ cell loss during this time (about 20 weeks of 
gestation) ultimately affects the size of the ovarian re-
serve [1, 2, 26, 29]. The molecular mechanisms via  
which oocytes are eliminated and the factors involved 
in this process remain largely unknown.

According to various authors, the death of mam-
malian ovarian somatic cells can occur in various 
ways: apoptosis, necrosis, autophagy, or necroptosis 
[29–31]. These processes differ death mode, as well as 
in morphological, biochemical, and molecular charac-
teristics. However, there are currently no published 
data on which of these pathways is primary and re-
sponsible for germ cell death before the formation of 
the ovarian reserve [32, 33]. Some scientists report a 
decrease in the number of primordial follicles in pre-
pubertal mice, not associated with the pronounced 
expression of classical markers of apoptosis and clea- 
ving caspase-3, which results in authors’ suggesting 
an alternative mechanism of oocyte death [34–36]. 
Consequently, multiple perinatal mechanisms affect 
the primary follicular reserve. 

There are several factors that induce apoptosis 
directly or indirectly in oocytes at various stages of 
the cell cycle and meiosis. Premature removal of 
surrounding granulosa cells from immature oocytes, 
decreased levels of adenosine 3’,5’-cyclic monophos-
phate and guanosine 3’,5’-cyclic monophosphate, 
increased levels of calcium and oxidants, sustained 
decreased levels of maturation-promoting factors, 
depletion of survival factors, nutrients, and cell  
cycle proteins, decreased meiotic competence, and 
increased levels of proapoptotic and apoptotic factors 
lead to oocyte apoptosis [27–30]. 

Both internal (mediated by mitochondria) and ex-
ternal (mediated by cell surface receptors) pathways 
are involved in programmed germ cell death. An 
intermediary between two apoptosis pathways was 
found – the Bid protein, which is present in an inac-

tive form in the cytosol. In response to the stimulus of 
the external apoptotic pathway, the N-terminal part of 
the protein is cleaved off to form the active form tBid. 
The activated protein moves to the mitochondria and, 
interacting with the proapoptotic proteins Bak and 
Bax, permeabilizes the mitochondria with the release 
of apoptogenic factors, such as cytochrome C [37, 38]. 
One of the eight helices (H3) of the Bid protein con-
tains the BH3 domain, which activates the mechanism 
of cell death in the intrafollicular microenvironment. 
Oocyte apoptosis leads to depletion of the ovarian re-
serve, directly affecting the reproductive outcome of 
various mammals, including humans [2, 14, 28].

The role of programmed cell death has been well 
studied in the ovaries during the transition from mito-
sis to meiosis and degeneration of follicular clusters in 
mice [16, 30], when the number of germ cells decre- 
ases dramatically (Figure). Apoptotic death at this 
stage was also demonstrated in the human ovary [8, 
26]. Apoptosis is probably of great biological sig- 
nificance for elimination of defective or “low-quality” 
oocytes with damaged nuclear or mitochondrial DNA 
[27, 37, 39]. However, there is no direct evidence 
that the quality of germ cells is maintained by apop-
tosis during oogenesis. It was suggested that eukary-
otic elongation factor 2 kinase (eEF-2 K) is involved 
in this process by inhibiting antiapoptotic proteins in 
response to oxidative stress, which makes germ cells 
more susceptible to apoptosis and elimination [40, 41].

There is evidence that certain proteins mediate 
apoptosis in somatic cells and affect the number of 
ovarian germ cells [3, 26, 42]. M. Myers et al. (2014) 
reported that in mice that are genetically deficient in 
the PUMA gene, increased expression of apoptotic 
factors and reduction of germ cells entering meiosis 
by half are observed; therefore, the size of the ovarian 
reserve is significantly reduced [14, 43]. 

This effect cannot be associated with altered pro-
liferative activity of germ cells. Data indicate that 
the PUMA gene affects only oogonia granulosa cells 
before the formation of egg nests, but not during the 
subsequent decrease in the number of germ cells 
during degeneration of the latter [44]. Converse-
ly, the antiapoptotic Bcl-2-like protein, MCL-1, is  
expressed in oocytes relatively late, just before the for-
mation of primordial follicles, and, therefore, may in-
directly be involved in preserving the ovarian reserve 
during oogenesis and at the end of pregnancy [44]. 
Inactivation of antiapoptotic Bcl-x led to increased 
apoptosis in granulosa cells of embryonic follicles  
[36, 39, 40].
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Apoptosis requires activation of either an internal 
or an external pathway and physiological or stress-re-
lated triggers responsible for the activation of these 
pathways, which have not yet been completely eluci-
dated in granulosa cells. In somatic cells [30, 40] and 
postpartum mouse oocytes [43, 45], failure to repair 
DNA damage was shown to cause apoptotic death via 
PUMA and NOXA. Other factors responsible for apop-
tosis in somatic cells include the absence of growth 
factors (internal pathway) and the absence of tumor 
necrosis factors (TNF) (external pathway). TNF/
TNFR1 and FasL/Fas are expressed in the neonatal 
ovaries of rodents [3, 13, 46]. In addition, TNF con-
tributes to oocyte death in vitro, and deletion of TNFa 
or Fas in mice increases the initial number of follicles 
at birth [9, 47]. These data indicate a crucial role of 
apoptosis for death receptor signaling in female germ 
cells, particularly during the period of egg nest break-
down and primordial follicle formation.

We know very little about how epigenetic modifi-
cations of chromatin in granulosa cells and germ cells 
can affect reproductive health and follicular supply. 
Epigenetic modification of chromatin occurs mainly 
due to DNA methylation, modification of histones, 

or non-coding RNA, but it is unknown to what ex-
tent these processes affect the final number of oocytes 
in the reserve [34, 36, 48]. Oxidative stress causes  
oocyte apoptosis with activation of the Fas/FasL sys-
tem, and oocyte competence correlates more closely 
with histone modification than with chromatin config-
uration [36, 40].

The age-related decline in reproductive function 
in women is not poorly understood, and apoptosis is 
considered in this process as one of the reasons for the 
decrease in the primary follicular reserve. One of the 
papers described a decrease in the DNA repair capa- 
city in age-related rats and, as a result, demonstrated a 
fall in the mRNA level of the BRCA1 and H2AX repair 
genes [40, 49]. This study identified 13 differentially 
expressed proteins involved in a wide range of bio-
logical functions, including apoptosis, DNA repair, 
and the immune system. The differentially expressed 
FIGNL1 proteins responsible for DNA repair and 
BOK, a apoptotic protein found in primary follicles, 
were described for the first time and are associated, 
according to the authors, with some common features 
of ovarian aging, loss of follicular reserve, and ge-
nome integrity [14, 49]. 
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Another similar study measured the mRNA levels 
of DNA repair genes in aging animals compared to 
young ones. The results showed a significant decrease 
in the mRNA levels of the BRAC1, RAD51, ERCC2, 
and H2AX genes for DNA repair and the levels of 
BRAC1 and H2AX phosphoproteins in the primordi-
al follicles of elderly rats [49]. Therefore, the impair-
ment of DNA repair is confirmed as a mechanism of 
oocyte aging.

More and more studies are devoted to finding new 
methods that identify the size of the ovarian reserve. 
Of course, ovarian biopsy and histological examina-
tion provide the most accurate representation of the 
follicular reserve compared to ultrasound or other in-
direct laboratory tests. Currently, more data appear on 
other, non-invasive, but reliable methods for diagno- 
sing the ovarian reserve. In one of these studies, it was 
determined that mitochondrial biogenesis in granulosa 
cells may be associated with impaired oocyte compe-
tence in patients with reduced ovarian reserve [38, 50]. 

Mitochondria, which contribute to the quality of 
oocytes, may be involved in the pathogenesis of fol-
licular depletion. The study of granulosa cells offers 
a non-invasive approach to assessment of the quality 
of oocytes and the metabolic processes affecting it. If 
mitochondrial dysfunction is involved in depletion of 
the ovarian reserve, it is likely to affect the functio- 
ning of cumulus cells. The content of mitochondria 
in oocytes and cumulus cells was evaluated by quan-
titative determination of mitochondrial DNA by PCR 
and expression of 13 genes involved in mitochondrial 
functions, such as apoptosis and antioxidant protec-
tion [38, 40, 50].

Therefore, we can state that follicular cells can re- 
gulate mitochondrial biogenesis, creating an adequate 
pool of mitochondria in oocytes for further develop-
ment. Changes in this process in patients with dimi- 
nished ovarian reserve may explain the deterioration of 
the quality of germ cells. Consequently, some charac-
teristics of the mitochondria in cumulus cells can serve 
as indicators of oocyte competence, and the quality of 
germ cells can be improved by products that enhance 
mitochondrial biogenenesis.

CONCLUSION
Even after decades of study, oogenesis is still not 

known completely. It is obvious that the internal en-
vironment of a pregnant woman at key stages of fetal 
ovarian development can directly affect both fertili-
ty of her future daughter (by controlling the size of 
the ovarian reserve) and the quality of her oocytes 

(by influencing the degree of selection and apopto-
sis). Oogenesis is an integral process of ovarian re-
serve formation, and the preservation and depletion 
of the latter depends on a huge number of factors of 
intraovarian and extragonadal origin, proapoptotic 
and apoptotic agents, mitochondrial dysfunction, ex-
pression of certain genes at all stages of oogenesis and 
follicle formation, epigenetic modification of chroma-
tin, the ability to repair DNA, and many other, still 
unknown, markers. 

The study of follicular dynamics is gaining mo-
mentum due to the use of modern methods that allow 
to determine the factors of germ cell survival and ovar-
ian reserve formation, as well as to search for possible 
regulators in preventing pathological germ cell death.
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Potential biochemical markers of chronic bronchitis
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ABSTRACT

The review systematizes modern data on the biochemical markers that can clarify the nature and the course of 
chronic bronchitis. The article describes the markers associated with bronchopulmonary pathology, such as 
tumor necrosis factor alpha (TNFα), interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 
(IL-10), tissue factor, type 1 plasminogen activator inhibitor (PAI-1), and monocyte chemoattractant protein-1 
(MCP-1). For each biomolecule, its properties, functions, direct role in body processes, and associations with 
bronchopulmonary pathology are described. The use of these markers for early diagnosis of bronchopulmonary 
pathology and monitoring of the treatment effectiveness is promising and requires further in-depth study. 
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Потенциальные биохимические маркеры хронического бронхита
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РЕЗЮМЕ 

В обзоре систематизируются современные данные о биохимических маркерах, которые расширяют 
наше понимание о закономерностях развития хронического бронхита. В статье приведены маркеры, 
ассоциированные с патологией бронхолегочной системы: фактор некроза опухоли альфа; интерлейкин 
(ИЛ) 1, 6, 8, 10; тканевой фактор; ингибитор активатора плазминогена 1-го типа; моноцитарно-
хемоаттрактантный протеин 1. Для каждой представленной биомолекулы описаны ее свойства, функции, 
непосредственная роль в организме, взаимосвязи с патологией бронхолегочной системы. Использование 

*  Kurtukov Evgeniy S., e-mail: cawertty@gmail.com.

Bulletin of Siberian Medicine. 2021; 20 (2): 148–159



149

Reviews and lectures

данных маркеров целесообразно для ранней диагностики, контроля лечения и требует более глубокого 
изучения.

Ключевые слова: хронический бронхит, хроническая обструктивная болезнь легких, биохимические мар-
керы, фактор некроза опухоли альфа, интерлейкин 1, интерлейкин 6, интерлейкин 8,  интерлейкин 10, тка-
невой фактор, ингибитор активатора плазминогена 1-го типа, моноцитарно-хемоаттрактантный протеин 1.
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INTRODUCTION
At the moment, diseases of the bronchopulmona-

ry system have gained enormous prevalence not only 
in Russia but throughout the world. Chronic bronchi-
tis (CB) occupies a leading position among chronic 
non-specific lung diseases. According to various es-
timates, the number of patients with CB in Russia is 
about 33 million people. According to the WHO rec-
ommendation and Russian clinical guidelines, CB is a 
chronic diffuse progressive inflammation of the bron-
chi, manifested by productive cough lasting at least 
three months a year for two consecutive years, with 
the exception of other diseases of the upper respirato-
ry tract, bronchi, and lungs, which could cause these 
symptoms. Chronic obstructive pulmonary disease 
is not a single, specific disease, but a collective term 
used to describe chronic lung diseases that restrict air-
flow to the lungs. A combination of chronic bronchitis 
CB with emphysema is defined as chronic obstructive 
pulmonary disease (COPD).

 However, at the moment, CB occurs as an inde-
pendent disease, which may not be associated with 
obstruction. According to the WHO, today, respirato-
ry diseases are the third leading cause of death in the 
world with about 2.8 million people dying every year, 
which accounts for 4.8% of all causes of death. The 
prevalence of CB varies throughout the world, ran- 
ging from 3.4 to 22.0% in the general population up to 
74.1% in patients with COPD [1–3]. 

In the largest study of current or former smok-
ers without airflow obstruction (4,900 participants), 
12.2% of people had CB using the classical definition 
[4]. A recent European study showed that the prev-
alence of CB was 18% in 972 patients with COPD 
[5]. A Chinese study of 1,668 patients with COPD 
showed that 30% of participants met the diagnostic 

criteria for CB [6]. Therefore, it is important to un-
derstand the need for earlier diagnosis of these dis-
eases and the search for possible predictors and ways 
of influencing the pathogenesis of respiratory patho- 
logy. The data below describe promising biochemical 
markers which, according to available literature, may 
have diagnostic benefits in examination of pulmonary 
pathology.

TUMOR NECROSIS FACTOR
Tumor necrosis factor (TNF, cachexin or cachec-

tin, TNFα) is a cellular acute-phase signaling protein 
involved in systemic inflammation and one of the 
representatives of the cytokine family. It is produced 
by macrophages, lymphocytes, natural killer cells, 
neutrophils, mast cells, eosinophils, neurons, etc. [7]. 
TNF is synthesized as a type II membrane protein, 
with a molecular weight of 26 kDa (233 amino acids). 
It is released via proteolytic cleavage by the TNF-con-
verting enzyme (a disintegrin and metalloprotease 17 
(ADAM17)), soluble TNF with a molecular weight of 
17 kDa (157 amino acids) is cleaved from the mem-
brane-binding fragment.

The TNF family includes TNF-alpha, TNF-beta, 
CD40 ligand (CD40L), Fas ligand (FasL), TNF-relat-
ed apoptosis-inducing ligand (TRAIL), and LIGHT 
(homologous to lymphotoxins) [8].

TNF has many important physiological and patho-
logical effects. TNF causes necrosis of tumor cells (a 
process that includes swelling of cells, destruction of 
organelles, and lysis of cells) and apoptosis (a process 
that involves contraction of cells, formation of con-
densed bodies, and DNA fragmentation).

In addition, TNF is a key mediator of both acute 
and chronic systemic inflammatory responses. TNF 
not only induces its own secretion, but also stimulates 



150 Bulletin of Siberian Medicine. 2021; 20 (2): 148–159

Kurtukov E.A., Ragino Yu.I.  Potential biochemical markers of chronic bronchitis

the production of other inflammatory cytokines and 
chemokines. TNF plays a central role in autoimmune 
diseases, such as rheumatoid arthritis (RA), inflamma-
tory bowel diseases (IBD), including Crohn’s disease 
and ulcerative colitis, multiple sclerosis, systemic lu-
pus erythematosus, and systemic sclerosis [9–11].

There is a rather large and extensive knowledge 
base on the association between TNF and CB. Over 
the past 20 years, several extensive fundamental me-
ta-analyses on this topic have been published, which 
did not come to a single conclusion. Thus, according 
to W. Gan et al., TNF has a pronounced correlation 
between its serum level and the severity of CB [12].

A number of centers stated that there was no signi- 
ficant correlation between TNF and CB, however, in a 
detailed review of the findings, it was concluded that 
at early stages of CB, the correlation between markers 
of inflammation and the degree of impaired respirato-
ry function was poorly significant [13].

Recent studies by Y. Mosrane et al. demonstrated 
a higher correlation with TNF in smoking CB patients 
than in the group of non-smokers [14].

When assessing biochemical markers during treat-
ment, a significant direct correlation was found be-
tween the response to COPD treatment and the TNF 
level in the blood [15].

Therefore, at present, TNF in patients with CB is a 
promising biochemical parameter that requires a more 
in-depth analysis as a biomarker and a target during 
treatment in COPD patients.

INTERLEUKIN-1
Interleukin-1 (IL-1) is one of the most important 

cytokines of innate immunity and inflammation. The 
IL-1 family includes 7 ligands with proinflammatory 
activity: IL-1α and β, IL-18, IL-33, IL-36α, β, γ, three 
receptor antagonists (IL-1Ra, IL-36Ra, IL-38), and an 
anti-inflammatory cytokine (IL -37). The IL-1 recep-
tor (IL-1R) family includes 6 receptor chains forming 
4 receptor complexes, two decoy receptors (IL-1R2, 
IL-18BP), and two negative regulatory receptors (TIR 
8, IL-1RAcPb). Strict regulation by receptor antago-
nists, decoy receptors, and signal transduction inhibi-
tors provides a balance between enhanced innate im-
munity and uncontrolled inflammation [16].

The most studied representatives of this family at 
the moment are IL-1α and IL-1β. The precursor IL-
1α is constantly present in the epithelial layers of the 
entire gastrointestinal tract, lungs, liver, kidneys, en-
dothelial cells, and astrocytes. In cell death from ne-
crosis, as occurs in diseases associated with local or 

global ischemia, the precursor IL-1α is released. Thus, 
IL-1α mediates early phases of sterile inflammation by 
rapidly initiating a cascade of inflammatory cytokines 
and chemokines and functions as an alarmin [17].

In contrast, IL-1β is produced by hematopoietic 
cells, such as blood monocytes, tissue macrophages, 
dendritic skin cells, and brain microglia, in response 
to Toll-like receptors (TLR), activated complement 
components, and other cytokines (Table) [18].

T a b l e

Members of the IL-1 family
Interleukin Receptor Function

IL-1α, IL-1β IL-1R1 Proinflammatory
IL-1β IL-1R2 Anti-inflammatory
IL-1ra IL-1R1 Anti-inflammatory
IL-18 IL-1R5 Proinflammatory
IL-33 IL-1R4 Proinflammatory
IL-36α, β, γ IL-1R6 Proinflammatory
IL-36Ra IL-1R6 Anti-inflammatory
IL-37 IL-1R5 Anti-inflammatory
IL-38 IL-1R6 Anti-inflammatory

Members of the IL-1 family regulate most cells of 
the innate immunity, including macrophages, neutro-
phils, eosinophils, basophils, and mast cells. Based on 
this, control over IL-1 in patients with CB is consi- 
dered justified. Although the pathogenesis of COPD 
has not been fully studied and is still under discussion, 
it is known that chronic inflammation caused by con-
stant exposure of the respiratory tract and lung paren-
chyma to cigarette smoke is a leading cause of COPD 
[19]. In a mouse model, N.S. Pauwels et al. showed 
an increase in the level of IL-1 in mice with long-term 
exposure to cigarette smoke compared to the control 
group. Later, the study in humans confirmed the data 
obtained in mouse models in lung tissue samples, as 
well as in the induced sputum of patients with COPD: 
the IL-1 level was significantly increased compared to 
the healthy controls [20].

The serum levels of IL-1β were also higher in pa-
tients with COPD than in the healthy controls. The  
level of the inflammatory mediator in the serum  
correlated with important clinical parameters for  
controlling the course of the disease, such as airflow 
limitation, smoking status, C-reactive protein (CRP), 
serum neutrophilia, etc. [21].

The levels of inflammatory markers, such as pro-
calcitonin, CRP, CCL17, TNF and IL-1β, were ana-
lyzed depending on the type of CB exacerbation. A 
pronounced correlation was found between the se-
verity of the exacerbation and the level of IL-1β. The 
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authors also came to the conclusion about a more sig-
nificant correlation with bacterial inflammation and 
ventilator-associated pneumonia (VAP), which com-
plicated the course of CB exacerbation [22].

A very promising research area is phenotyping of 
the NLRP gene depending on the level of IL-1β. So, 
studies by P. Ozretić not only proved an increase in 
IL-1β in the group of patients with CB compared to 
the healthy controls, but also traced the IL-1β level 
depending on the NLRP gene polymorphism. It was 
found that homozygosity for the main alleles was as-
sociated with a lower concentration of IL-1 [23].

Phenotyping of NLRP is of great scientific interest, 
since it makes it possible to detect various risk groups 
for developing bronchopulmonary pathology, on the 
whole, and CB, in particular. 

INTERLEUKIN-6
Interleukin-6 (IL-6) is a member of the cytokine 

family which has proinflammatory and anti-inflam-
matory properties. IL-6 is encoded by the IL-6 gene. 
Human IL-6 consists of 212 amino acids, including a 
signal peptide with 28 amino acids. Its gene is mapped 
to the chromosome 7, locus 7p15-21-q21. A segment 
of DNA in the regulatory region of this gene at posi-
tion –572, where guanine (G) is replaced by cytosine 
(C), is called a genetic marker G (-572) C. The IL-6 
gene can exist in the form of two allelic variants, des-
ignated as the G-allele and the C-allele [24].

The cytokine is produced primarily by cells of 
the immune system, such as monocytes, lympho-
cytes, macrophages, endotheliocytes, microglia, and 
a number of non-immune cells, such as osteoblasts, 
myocytes, keratinocytes, synovial cells, chondrocytes, 
epithelial cells, folliculo-stellate cells of the pituitary 
gland, trophoblasts, vascular smooth muscle cells, etc.

IL-6 transmits signals through a complex of type 
I cytokine receptors on the cell membrane, consisting 
of a ligand-binding chain of IL-6Rα (CD126) and a 
signal-transmitting component, gp130 (also called 
CD130) [25].

IL-6 is responsible for stimulation of protein syn-
thesis in the acute phase, as well as for neutrophilia. 
It supports the growth of B cells and is an antagonist 
of regulatory T cells. IL-6 can be secreted by mac-
rophages in response to specific microbial molecules 
called pathogen-associated molecular pattern mole-
cules (PAMPs). These PAMPs bind to an important 
group of detecting molecules of the innate immune 
system called pattern recognition receptors (PRRs), 
including Toll-like receptors (TLRs). 

They are present on the cell surface and in intracel-
lular compartments and induce intracellular signaling 
cascades that cause production of inflammatory cyto-
kines [26]. In the light of recent data on the structure 
and functions of IL-6, studies have been conducted to 
identify the relationship between chronic obstructive 
and non-obstructive bronchitis. So, a recent longitu-
dinal study, which investigated 1,843 participants for 
three years, demonstrated that an increased level of 
IL-6 was a prognostic factor in increasing mortality in 
chronic obstructive bronchitis [27]. Serum IL-6 level 
was significantly increased in the COPD groups com-
pared to the healthy control [28, 29].

A. Agusti et al. demonstrated in the sample of 
2,254 people that an increase in IL-6 associated with 
persistent inflammation was characterized by worse 
prognosis for CB [30].

A meta-analysis conducted by J. Wei et al. inclu- 
ding at least 6,837 patients showed that serum IL-6 
levels increased even in mild COPD, which may be 
the best marker for early inflammation and associated 
comorbidities. IL-6 is directly involved in inflamma-
tion and can be considered as a marker of mild system-
ic inflammation and an additional parameter for risk 
assessment along with smoking, the number of exacer-
bations, the frequency of hospitalization, and mortality 
[31]. Some authors point out contradictions with some 
studies that did not find significant differences in the 
level of IL-6 and the severity of the disease; however, 
most studies have a small sample [32, 33].

INTERLEUKIN-8
Interleukin-8 (IL-8) is a member of the CXC 

chemokine subfamily. It is an important activator and 
chemoattractant for neutrophils and is involved in  
various inflammatory diseases. Numerous reports 
show that various cells express IL-8 mRNA and pro-
duce IL-8 protein, including monocytes, T-lympho-
cytes, neutrophils, fibroblasts, endothelial cells, and 
epithelial cells [34]. The human IL-8 gene has a length 
of 5191 bp and contains four exons separated by three 
introns. It is located on the human chromosome 4, lo-
cus 4q12-q21. There are at least two different types of 
IL-8 receptors (CXCR1 and CXCR2). The activity of 
IL-8 is not species-specific. IL-8 affects adhesion of 
neutrophils to the endothelium and induces transendo-
thelial migration of neutrophils. IL-8 also exhibits in 
vitro chemotactic activity against T-lymphocytes and 
basophils [35]. 

Since IL-8 is responsible for induction and main-
tenance of the inflammatory state, there is a high 
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probability of a correlation between exacerbations 
of CB and the serum IL-8 level. W.I. de Boer et al. 
demonstrated that the IL-8 level in the bronchoalve-
olar lavage (BAL) was 1.4 times higher compared to 
the control group, but did not determine a significant 
correlation between the level of IL-8 in the epitheli-
al tissue and the severity of exacerbation [36]. These 
findings allow to suppose that the IL-8 level can be a 
parameter of a local neutrophil response before man-
ifestations of CB exacerbation, which will allow to 
take preventive measures. 

In the experimental model, a relationship between 
high levels of IL-8 and airway remodeling in diseases 
associated with chronic inflammation of the lung tissue 
was revealed, acting directly on smooth muscle cells 
reducing their length and increasing their sensitivity to 
inflammation [37]. The work by J. Zhang  and C. Bai 
demonstrated a correlation between the IL-8 level in an 
exacerbation of chronic obstructive bronchitis and the 
level of inflammatory markers. In people with COPD 
without an exacerbation, IL-8 was significantly higher 
compared to the healthy controls, which may again in-
directly indicate a relationship between the level of the 
cytokine and airway wall remodeling [38].

IL-8 is a promising marker, an increase in which 
may signal more pronounced airway remodeling in 
people with persistent COPD. However, this hypo- 
thesis is always secondary in the studies mentioned 
above, and no targeted long-term studies have been 
carried out on this topic. 

INTERLEUKIN-10
Interleukin-10 (IL-10) is a powerful anti-inflam-

matory cytokine that reduces inflammation in some 
disease models [39]. Being an anti-inflammatory cy-
tokine, IL-10 serves to counteract the proinflammato-
ry effects of other cytokines, and thus can strike the 
balance between pro- and anti-inflammatory systems. 
IL-10 inhibits expression of cytokines, such as TNFα, 
IL-1β, and IL-8. It can inhibit expression of adhesion 
molecules [40]. It has immunoregulatory and pleio-
tropic effects. It is mainly secreted by macrophages, 
Th1 and Th2 lymphocytes, dendritic cells, cytotoxic T 
cells, B lymphocytes, monocytes, and mast cells [41]. 
It inhibits expression of Th1 cytokines, MHC class II 
molecules, and co-stimulatory molecules on macro-
phages. IL-10 increases B-cell survival and prolifera-
tion and production of antibodies. IL-10 can also block 
the activity of NF-κB and is involved in the regula-
tion of the JAK-STAT signaling pathway [42]. Further 
studies showed that IL-10 mainly inhibits the proin-

flammatory cytokines TNFα, IL-1β, IL-12, and IFNγ 
from TLR induced by lipopolysaccharide (LPS) and 
bacterial production and activates myeloid cells [43].

In terms of pulmonary inflammation, there are cur-
rently extensive data on direct involvement of IL-10 
in regulation of inflammation in the lungs. According 
to recent observations, a decreased level of IL-10 was 
associated with more frequent development of exac-
erbations in people with CB, and IL-10 levels were 
significantly lower compared to the healthy controls 
[44, 45]. In addition, it was demonstrated that serum 
and sputum levels of IL-10 were higher in healthy, 
non-smoking patients compared to patients with 
COPD and healthy smokers [46]. Moreover, the lev-
els of IL-10 in healthy smokers were suppressed in the 
BAL [47, 48]. Currently, there is some inconsistency 
among the authors regarding a correlation between IL-
10 and other factors that activate inflammation, which 
is most likely associated with its polymorphism and 
requires a more detailed and in-depth study [49–51]. 
Therefore, the IL-10 level may be useful for prognos-
ing the patient’s condition in terms of development of 
bronchopulmonary pathologies and determination of 
risk groups, as well as for taking more effective pre-
ventivemeasures. 

MONOCYTE CHEMOATTRACTANT 
PROTEIN-1

Monocyte chemoattractant protein-1 (MCP-1, 
CCL2) appears to be a member of the cytokine group 
belonging to the CC chemokine family, also known as 
CCL2. MCP-1 is a monomeric polypeptide with a mo-
lecular weight of about 13–15 kDa, depending on the 
level of glycosylation [52]. CCL2 is mainly secreted 
by monocytes, macrophages, dendritic cells, epithelial 
cells, astrocytes, fibroblasts, and endotheliocytes. 

The MCP-1 gene located on the  chromosome 
17 consists of three exons and two introns; the gene 
length is 1927 bp [53]. CCL2 is fixed in the plasma 
membrane of endothelial cells with glycosaminogly-
can side chains of proteoglycans. Enhanced produc-
tion of MCP-1 can occur under the influence of many 
factors, such as TNF, LPS of bacterial agents, inter-
leukin-1, interferons, platelet growth factor, etc. [54]. 

Induction of MCP-1 initially attracts monocytes 
and basophils to the site of inflammation. After dele-
tion of the N-terminal residue, MCP-1 loses its spec-
ificity for basophils and becomes an eosinophil che-
moattractant. After exposure to MCP-1, basophils and 
mast cells release their granules into the intercellular 
space. This effect can also be enhanced by pretreat-
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ment with IL-3 or other cytokines [55]. CCL2 is in-
volved in the pathogenesis of several diseases charac-
terized by monocytic infiltrates. 

So, in the studies by A. Di Stefano et al., an in-
crease in serum MCP-1 was observed in patients with 
COPD with an exacerbation compared to patients 
without COPD [56]. The same trend was demon-
strated by S. Traves et al. for the levels of MCP-1 
in BAL and sputum: the content of MCP-1 in spu-
tum was elevated in patients with CB compared to 
the control group and the group of healthy smokers. 
There was a direct correlation between the level of 
neutrophils in the sputum and the level of MCP-1 and 
a negative correlation between the MCP-1 level and 
FEV1, which suggests that MCP-1 can participate in 
the inflammatory load during an exacerbation of CB 
and directly indicates clinical manifestations [57]. 
This work confirmed the findings of earlier studies 
on direct involvement of MCP-1 in the inflammatory 
process and monocyte macrophage infiltration of the 
bronchiole walls during an exacerbation and without 
it in patients with CB [58, 59].

TYPE 1 PLASMINOGEN ACTIVATOR 
INHIBITOR

Type 1 plasminogen activator inhibitor (PAI-1), 
also known as an endothelial plasminogen inhibitor, 
is a serine protease inhibitor that functions as an an-
tagonist of tissue plasminogen activator and inhibits 
fibrinolysis [ 60]. It is located on the chromosome 7, 
locus 7q21.3-Q2 in the gene called SERPINE1, in the 
promoter region of which there is a 5G \ 4G polymor-
phism [61].

PAI-1 is mainly produced by the endothelium 
(cells lining the blood vessels). High expression of 
PAI-1 in cultured endothelial cells suggests that these 
cells make a significant contribution to the PAI-1 
pool. However, in vitro studies show that PAI-1 is 
synthesized by various cells, and its biosynthesis can 
be caused by growth factors, cytokines, hormones, 
and other compounds [62]. 

In pathological conditions, a big amount of PAI-1 
is secreted by other tissues: tumor cells, endothelial 
cells in response to inflammatory cytokines, and other 
cells activated by inflammation. High plasma PAI-1 
levels are constantly detected in patients with severe 
sepsis, tumor processes, and other acute or chronic 
inflammatory diseases, such as atherosclerosis. PAI-1 
is activated by inflammatory cytokines and, therefore, 
can be considered as a marker for the ongoing inflam-
matory process. However, it is very important that no 

classical elements of the inflammatory response were 
found in the promoter region of PAI-1, and it is still 
unclear through what mechanism PAI-1 expression is 
activated during inflammation [63].

For example, in the analysis of CB and COPD with 
and without metabolic syndrome (MS) in the ethnic 
group, it was shown that the polymorphism of alleles 
can directly predispose to the development of both 
variants. The 4G \ 4G genotype was more common in 
the group with MS and in the group with COPD and 
MS [61], as evidenced by worldwide studies of other 
ethnic groups [64, 65, 67].

A direct correlation between the clinical data on 
manifestations of CB and laboratory data was proved 
in the work by H. Wang et al. Serum PAI-1 levels 
were significantly increased in patients with COPD, 
especially in smokers with COPD, and serum PAI-1 
levels were associated with parameters of lung func-
tion, such as FEV 1 / Pre, FEV 1 / FVC, and CRP [66]. 
However, neither comorbid COPD nor airflow limita-
tion (from mild to very severe stages) was considered.

According to a similar design, the same results 
were obtained in the study by B. Waschki et al. The 
level of PAI-1 increased regardless of the concomitant 
pathology, and the highest levels of PAI-1 were ob-
served in patients with stage II and III COPD accord-
ing to Global Initiative for Obstructive Lung Disease 
(GOLD) [68].

TISSUE FACTOR
Tissue factor (TF) is a transmembrane protein that 

is present on the surface of subendothelial tissue and 
leukocytes and directly involved in the cascade of the 
coagulation system, both in the external and internal 
pathways [69]. The tissue factor is a 47 kDa glyco-
protein consisting of three domains: the cytoplasmic 
domain, which is involved in the signaling function 
of the tissue factor, the hydrophobic transmembrane 
domain, which passes directly through the membrane, 
and the extracellular domain, which consists of two 
fibronectin filaments and a hydrophobic nucleus and 
has three N-terminal binding sites with carbohydrates. 
The main function is performed by the last two do-
mains; without the cytoplasmic end, the tissue factor 
is functional [70]. 

TF signaling plays a role in the angiogenesis and 
apoptosis [71]. In the context of coagulation, TF can 
be found in the pool of circulating TF in the soluble 
form or bound to the membrane [72, 73].

Monocytes are some of the main sources of TF [74, 
75] which is involved in formation of blood clots in pa-
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tients with myocardial infarction [76, 77], as well as in 
other thrombotic diseases [78]. In vitro platelet parti-
cle generation from differentiated human megakaryo- 
cytes showed that platelets can carry both TF and its 
mRNA [79]. TF is also expressed by neutrophils, trig-
gering thrombin generation and clot formation. Neu-
trophil activation is necessary for the effect of TF on 
the cell membrane [80]. Platelets, neutrophils, and, as 
recently reported, even T-lymphocytes can be an im-
portant source of TF in patients [81].

Based on the research data, a hypothesis was put 
forward on the role of TF not only in coagulation, but 
also in other pathological processes. So, in a number 
of studies, it was shown that the level of TF can be 
increased not only in patients with severe or moder-
ately severe COPD [82], but also in stable CB [83]. 
Not only did the pool of TF associated with the occur-
rence of chronic inflammation in the airways increase, 
but also a decrease in tissue factor pathway inhibitor 
(TFPI) was recorded, aimed at restraining the proco-
agulant ability of TF [84]. A direct correlation with 
other procoagulants and inflammatory markers was 
also observed [85].

COMPLEMENT SYSTEM
Complement factors are a part of the immune sys-

tem, a set of circulating and membrane-bound pro-
teins in human blood, the main function of which is 
to fight foreign agents [86]. Most of them belong to 
β-globulins [87]. According to the nomenclature, indi-
vidual components of the complement system are de-
noted by the symbols Cl, C2, C3, C4, C5, C6, C7, C8, 
C9 or capital letters (D, B, P) and are called factors. 
[88]. There are also regulators of complement activity 
(RCA), whose main function is to inhibit activation of 
the complement system and protect cells [89].

There are three main ways to activate the comple-
ment system: the classical pathway, the lectin path-
way, and the alternative pathway.

Activation of the classical pathway requires the 
presence of an antigen-antibody pattern. Activation 
occurs when C1q binds to IgM or IgG in complex with 
antigens. After that, a cascade of reactions takes place 
during which the activation of the C3 component oc-
curs [91].

The lectin pathway is homologous to the classi-
cal pathway, but instead of C1q, there are opsonin, 
mannose-binding lectin (MBL), and ficolins. This 
pathway is activated by binding MBL to mannose res-
idues on the surface of the pathogen, which activates 
MBL-related serine proteases, MASP-1 and MASP-

2, which can then cleave C4 and C2. Their products 
bind together to form a classical C3 convertase, as in 
the classical pathway. Further, the pathway continues 
homologously according to the classical pattern [92].

The alternative pathway is associated with constant 
hydrolysis of a small amount of the C3 complement 
molecule due to the presence of a thioester bond in the 
given molecule. The process is called tickover and its 
speed is approximately 0.3–1% of C3 molecules per 
hour. This process has an internal positive loop, due 
to which, in theory, it should have an avalanche-like 
nature following support of factors B and D. Howe- 
ver, due to factors H and I, this does not happen, as 
they inhibit this loop by breaking the C3 complex [93].

It is generally accepted that the main site for syn-
thesis of complement system proteins is the liver, 
however, pulmonary alveolar type 2 epithelial cells 
synthesize and secrete complement proteins C2, C3, 
C4, C5 and factor B [94], while human bronchial  
epithelial cells can generate C3 [95]. Local comple-
ment synthesis provides understanding of the interac-
tion between complement factors and lung disease. In-
flammatory cytokines, such as IL-6, IL-1, TNFα, and 
IFNγ, can initiate complement synthesis in cells, such 
as resident polymorphonuclear leukocytes, epithelial 
cells, and fibroblasts [96].

Complement anaphylatoxins (C3a, C5a) are pow-
erful inflammatory mediators involved in the exagger-
ated inflammatory response observed in CB. Recent 
studies have revealed elevated levels of circulating 
C3a and C5a in patients with COPD, which indirectly 
suggests that complement proteins may contribute to 
the pathogenesis of the disease [97]. Moreover, when 
assessing the levels of C3 and C4, which account for 
approximately ⅔ of the total pool of complement pro-
teins, it was found that they were initially lower in 
patients with chronic obstructive bronchitis; and the 
more severe the course of the disease, the lower the 
levels [98, 99]. 

There is also a large number of studies that sug-
gest that exposure to cigarette smoke leads to chron-
ic activation of the complement system according to 
the alternative pathway [97, 100, 101]. S. Grumelli 
et al. obtained data showing that a decrease in CD46 
expression correlated with a loss of lung function in 
COPD, which may help explain the principles of in-
flammation and excessive complement activation in 
this group of patients [102]. However, most authors 
agree that due to the sufficiently large pool of comple-
ment proteins and heterogeneity of the studied groups, 
there is currently no clear understanding of the state 
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of complement factors in CB, therefore, this topic re-
quires further research [97, 98, 102].

CONCLUSION 
The above-described biochemical markers are in-

volved in the pathological processes in CB. Among 
these biochemical markers, IL-6 is especially worth 
noting as a marker that can help in early detection of 
a disease exacerbation, which allows to start more 
well-thought treatment. The same can be concluded 
about MCP-1, however, its evidence base is somewhat 
smaller and requires more detailed consideration. 

These markers are useful not only in the field of 
scientific knowledge about the pathogenesis of CB, 
but also in clinical use and as potential targets for tar-
geted therapy for this disease. A more detailed study 
of these biomarkers may help to construct a model 
of disease development and develop ways of clinical 
control and programs for prevention and control of 
disease sanogenesis. 
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ABSTRACT

The ubiquitin-proteasome system (UPS) controls the activity, subcellular localization, and stability of many cellular 
proteins that affect cellular homeostasis by regulating multiple signaling cascades. The activity of this system is 
associated with the emergence and progression of oral squamous cell carcinoma, since specific proteolysis of most 
intracellular proteins involved in the pathogenesis of cancer is implemented by this system. 

The review article presents data on the characteristics of proteasomes and the process of substrate protein 
ubiquitination. The role of the ubiquitin-proteasome system in the pathogenesis of oral squamous cell carcinoma is 
shown, and the prospects of its use in precancerous diseases are described. The literature search was carried out in 
the search engines Medline, eLIBRARY, Scopus, The Cochrane Library, and RSCI.
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РЕЗЮМЕ

Убиквитин-протеасомная система контролирует активность, субклеточную локализацию и стабильность 
множества клеточных белков, которые влияют на клеточный гомеостаз посредством регуляции сигнальных 
каскадов. Активность данной системы связана с возникновением и прогрессированием плоскоклеточного 
рака полости рта, так как специфический протеолиз большинства внутриклеточных протеинов, 
участвующих в патогенезе рака, происходит с помощью вышеупомянутой системы. 

В обзорной статье представлены данные о характеристике протеасом и процессе убиквинтирования белков-
субстратов. Показана роль убиквитин-протеасомной системы в патогенезе плоскоклеточного рака полости 
рта, приведены сведения о перспективах использования ее при предраке. Поиск литературы осуществлялся 
в поисковых системах Medline, Elibrary, Scopus, The Cochrane Library, РИНЦ.

Ключевые слова: убиквитин-протеасомная система, плоскоклеточный рак полости рта, протеасома, па-
тогенез.
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INTRODUCTION
Oral squamous cell carcinoma (OSCC) is charac-

terized by high mortality, early metastases, relapses, 
and a delay in seeking medical care in specialized in-
stitutions. The leading causes of death in patients with 
OSCC are metastases to the regional cervical lymph 
nodes and disease relapses. Doctors usually look at the 
prevalence of the tumor process to predict the course 
of the disease and choose an approach to treatment, 
however, the relationship between the prevalence of 
the tumor and the outcome of the disease and the treat-
ment effectiveness is not always traced [1].

 In some cases, clinical and morphological criteria 
are not very informative. According to statistics, about 
25% of patients have latent metastases to regional 
lymph nodes at initial stages of the malignant process. 
The search for informative and reliable markers of 
squamous cell carcinoma is important for improving 
the prognosis and treatment of OSCC patients. [2]. 
Currently, the scientific literature describes many pro-
teins that are involved in the pathogenesis of OSCC 
and control induction of angiogenesis, apoptosis, and 
metastasis. The ubiquitin-proteasome system (UBS) 
carries out specific proteolysis of most of these pep-
tides [3].

CHARACTERISTICS OF THE  
UBIQUITIN-PROTEASOME SYSTEM

The ubiquitin-proteasome system (UPS) generates 
regulatory peptides, activates precursor proteins, pro-
vides intracellular protein hydrolysis, and is involved 
in preparing peptides for the class I major histocom-
patibility complex (MHC-1) [4]. The main compo-
nents of UPS are proteasomes, ubiquitin molecules, 
and enzymes that activate and transport ubiquitin. The 
functional unit of this system is the proteasome.

Proteasomes are the main non-lysosomal 
multi-subunit proteases of eukaryotes; they hydrolyze 
up to 90% of cellular proteins. Proteasomes are multi- 
catalytic complexes containing a cylinder-shaped 20S 
core particle, which consists of four heteroheptameric 
rings [5]. The two inner β-rings contain six proteoly- 
tic centers where substrates are cleaved; each ring has 
caspase-like (β1), trypsin-like (β2), and chymotryp-
sin-like (β5) activity [6].

The β-subunits (β1, β2, and β5) of the 20S protea-
some particle can be completely or partially replaced 
by the immunosubunits LMP7 (β5i), LMP2 (β1i), and 
MECL1 (β2i), resulting in the immunoproteasome 
formation [7]. The main role of the immunoprotea-
some is to process antigens for presentation on MHC-
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1 molecules. The immunoproteasome has higher 
chymotrypsin and trypsin activity and lower caspase 
activity than the standard 20S proteasome, which 
leads to alternative protein cleavage [8].

The two outer rings are composed of α-subunits 
that act as gatekeepers, controlling the access of sub-
strates to the catalytically active β-chamber. 

Proteasomes are not static complexes, and their 
activity can be modulated by binding of various pro-
teasome activators (PAs), such as 19S, PA28, and 
PA200.

These proteasome regulators can symmetrically 
and asymmetrically bind to the α-rings of the 20S 
nucleus, forming proteasomes with a single or dou-
ble cap. The binding of α-rings to regulatory parti-
cles leads to an increase in the proteasome activity by 
many times. Nevertheless, the free 20S proteasome 
unit remains a very common conformation in cells 
[9–12].

There are two types of proteasomes: 26S and 20S. 
The main hydrolyzing 26S proteasome consists of two 
subcomplexes: a catalytic 20S core particle and one or 
two 19S regulatory particles, which act as proteasome 
activators with a molecular weight of approximately 
700 kDa (PA700). The 19S subcomplex recognizes 
ubiquitinated proteins, unfolds them, and moves in-
side the 20S core particle [13–15]. The immune forms 
of the 26S proteasome perform an important function: 
they produce immunogenic proteins for their further 
presentation by MHC-1 [15]. Regulatory particles im-
plement specific substrate degradation. For example, 
if the PA28 protein complex acts as a regulatory par-
ticle, then the activated 20S proteasome will expose 
abnormal, small, and short-lived proteins to proteo- 
lysis [14].

UBIQUITINATION
The entry into the 20S core particle is usually 

closed by a regulatory particle acting as a gatekee- 
per. For penetration into the proteasome, the substrate 
protein must undergo polyubiquitination – attach-
ment of a polyubiquitin chain (polyUb), which con-
tains at least four monomers of ubiquitin (Ub). Then 
ATP-dependent activation of ubiquitin by a ubiqui-
tin-activating enzyme (E1) and transfer of activated 
ubiquitin to a ubiquitin-conjugating enzyme (E2) take 
place, followed by formation of a peptide bond bet- 
ween ubiquitin and a substrate protein, catalyzed by a 
ubiquitin ligase (E3). The process is repeated several 
times in order to create a polyubiquitin chain through 
inter-ubiquitin bonds. During several cycles of protein 

ubiquitination, a build-up of a ubiquitin tag occurs, 
which is recognized by the 26S proteasome.

The substrate recognition by 26S proteasomes and 
their transfer to the proteolytic chamber occur due to 
the multi-subunit structure of the PA700 activator. 
After binding to the proteasome PA700 regulator, the 
ubiquitin chain is cleaved from the ubiquitinated sub-
strate protein, the protein is unfolded and then trans-
ferred to the central chamber of the 20S proteasome, 
where it is degraded to short peptides, which then exit 
at the opposite pole of the proteasome. 

When the proteolysis of the tagged molecule is 
complete, ubiquitin is released and tags another target. 
The proteasome is able to regulate both the amount 
and function of proteins: in some cases, the protein 
undergoes limited proteolysis (processing), which 
contributes to a significant change in the protein func-
tion (Fig. 1). Kinases, phosphatases, transcription 
and translation factors, cyclins, and inhibitors of cy-
clin-dependent kinases are processed or eliminated by 
the proteasome. This essential biological role of the 
UPS suggests that it is involved in the pathophysiolo-
gy of inflammatory, viral, neurodegenerative, autoim-
mune, and oncological diseases [6].

20S proteasome                                  26S proteasome

CIRCULATING PROTEASOMES
Currently, circulating proteasomes are being ac-

tively investigated: the pathogenetic and prognostic 
value of these proteasomes, their biological signifi-

Fig. 1. Ubiquitination of proteins
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cance, and routes of exit into the extracellular space 
are being discussed. 

Using the enzyme-linked immunosorbent assay 
(ELISA), 20S proteasomes were found in human se-
rum. These proteasomes are now called circulating 
proteasomes or c-proteasomes. It was established 
that c-proteasomes are detected in the extracellu-
lar fluid of healthy people and patients with patho- 
logy [16]. 

According to the findings of quantitative iTRAQ-
based proteomic analyses, it was revealed that the 
composition of the extracellular proteasome popula-
tion included 19S regulatory particles and 20S core 
particles [17]. In addition, c-proteasomes obtained 
from blood plasma of healthy patients were similar in 
size, shape, subunit composition, and proteolytic ac-
tivity to intracellular 20S proteasomes isolated from 
erythrocytes [18, 19]. Electron microscopy showed 
that purified c-proteasomes are intact 20S proteasome 
particles that are capable of hydrolyzing fluorogenic 
peptides [18, 20]. 

Taking into account the important role of the 
proteasome system in the pathogenesis of malignant 
neoplasms, it can be assumed that during tumor pro-
cesses, proteasomes are capable of being secreted by 
cancer cells into the extracellular space or released 
into the circulation during breakdown of tumor  
cells [21]. 

Moreover, c-proteasomes can appear when the 
microparticles formed as a result of membrane bleb-
bing are destroyed. This process is characterized by 
transfer of the contents of the plasma membrane to the 
membrane protrusions and subsequent formation of 
vesicles from the activated cells, which are micropar-
ticles of heterogeneous size (0.1–1 μm) with the cor-
responding content. The above-described structures, 
transporting various molecules, can act as messengers 
between cells [22, 23]. 

C-proteasomes can exist in a free, non-vesicu-
lar form. They are able to exist in the extracellular 
space, leaving exosomes. Exosomes are microscopic 
extracellular vesicles with a diameter of 30–100 nm, 
secreted by various cells and capable of carrying ge-
netic information and protein markers, thus, being 
involved in intercellular communication [24]. It is 
believed that exosomes are involved in antigen pre-
sentation, non-classical secretion of proteins, and the 
pathogenesis of diseases associated with metabolic 
disorders,  facilitate the immune response, and play 
a fundamental role in development of malignant tu-
mors [25–27].

THE ROLE OF THE UPS IN THE MOLECULAR 
PATHOGENESIS OF OSCC

The 26S proteasomes play a significant role in the 
pathogenesis of malignant tumors, in particular, in the 
regulation of proliferation. Cyclins regulate progres-
sion of the cell through the cell cycle by sequential 
activation of cyclin-dependent kinases (CDK). These 
intracellular proteins are very unstable and exist for 
a short time. The number and presence of cyclins in 
the cell are regulated by proteasome-dependent deg-
radation and transcription factors. UPS is involved in 
regulation of the stability of CDK inhibitors, as well 
as in hydrolysis of cyclins and their complexes [28].

The general scheme of interaction between cyclin 
and the 26S proteasome is the following: cyclin is 
polyubiquitinated and hydrolyzed by the proteasome 
after implementing its function, due to which the cor-
responding CDK becomes inactive, and the next cell 
cycle phase begins. For example, proteasome destruc-
tion of cyclin B leads to exit from mitosis [29]. When 
the cell passes through the restriction point located  
between the G1 phase and the S phase, proteasome-me-
diated destruction of cyclin A occurs. The anaphase 
stimulation complex (APC), which is a E3 ubiquitin 
ligase, ubiquitinates this cyclin [30]. The Skp1-Cul1-
F-box(SCF)-containing and APC complexes are the 
key factors in cyclin degradation. At the same time, 
the SCF complex itself is regulated by APC through 
ubiquitination of the adapter protein Skp2, which sup-
presses SCF activity before the transition from the G1 
phase to the S phase [31].

Studies reported that cyclin D1 is overexpressed in 
some primary human cancers, which confirms its role 
as an oncogene. In many tumors, genetic changes re-
lated to the cyclin D1 gene often result in overexpres-
sion of the cyclin D1 protein. It was found that cyclin 
D1 also acts as a transcription modulator and regu-
lates the activity of several transcription factors and 
histone deacetylase. The cyclin D1 protein is unstable 
with a short half-life of about 24 minutes. It is cleaved 
mainly by the 26S proteasome following the ubiqui-
tin-dependent pathway. At the same time, cyclin D1 is 
an important proto-oncogene. Overexpression of cy-
clin D1 leads to shortening of the G1 phase and lower 
dependence on exogenous mitogens, which leads to 
abnormal cell proliferation, which, in turn, may con-
tribute to additional genetic damage [32].

UPS plays an important role in maintaining the 
functional activity of cells, namely, in the regulation 
of the signaling systems, which are activated by inter-
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action of growth factors with the corresponding recep-
tors [33]. It was shown that proteasomes regulate the 
level of the transcription factor NF-κB, which is im-
portant for activation of gene expression in innate and 
adaptive immunity, inflammation, and stress respon- 
ses. In cancer cells, NF-κB is involved in expression 
of the anti-apoptotic IAP gene family, as well as the 
pro-survival BCL-2 genes [34]. Studies showed that 
proteasome activity in patients with head and neck 
cancers was higher than in the surrounding, relatively 
healthy tissue. 

There is evidence that in patients with squamous 
cell carcinoma of the head and neck, the involve-
ment of regional lymph nodes was accompanied by 
increased intracellular proteolysis. An increase in the 
total activity of proteasomes occurred along with an 
increase in the stage of cancer; however, a decrease in 
the expression of the LMP-2 proteasome subunit was 
observed. Changes in the expression of the transcrip-
tion factor NFkappaBp50 and regression dependencies 
of the expression of the nuclear factor NF-kappaBp65 
on the total activity of proteasomes were found [35].

The mechanisms of UPS involvement in the car-
cinogenesis include inhibition of vascular endothelial 
growth factor (VEGF)- and platelet-derived growth 
factor (PDGF)-mediated angiogenesis through deg-
radation of platelet-derived growth factor receptor 
(PDGFR) and ubiquitination of vascular endothelial 
growth factor receptor (VEGFR) signaling pathway 
components, as well as proteasomal destruction of 
the α-subunit of the transcription factor HIF-1, which 
is impaired under hypoxic conditions. It subsequent-
ly leads to accumulation of HIF-1 in tumor cells 
and activation of transcription of genes involved in 
the angiogenesis [36, 37]. There are studies proving 
that proteasomes are involved in the post-transla-
tional modification of the p105 polypeptide, which 
is the precursor of NF-kappaBp50, which results in 
emergence of active forms of the transcription fac-
tor NF-kappaB. Moreover, a relationship between the 
level of HIF-1 production and the content of the tran-
scription factor NF-kappaB was demonstrated. Most 
likely, it provides indirect involvement of NF-kap-
paBp50 in regulation of the VEGF level and neoan-
giogenesis in the tissue in head and neck squamous 
cell carcinomas [35]. This study showed that protea-
some degradation of HEF-1 with the participation of 
PP-2A led to disruption of adhesive contacts with the 
extracellular matrix in vitro [37].

The UPS can play an important role in acquisition 
of immunity to antigrowth signals by transformed 

cells, degrading, along with caspases, the retinoblas-
toma (pRb) protein with the participation of a mouse 
double minute 2 (Mdm2) E3 ubiquitin ligase and 
destroying many components of the signaling path-
way mediated by TGF-β [38]. In addition, the UPS 
is involved in regulation of apoptosis. Many nuclear 
proteins that implement programmed cell death are 
substrates for proteasomes: p53 tumor suppressor, 
transcription factors (c-Fos, c-Myc, AP-1), NFkB / 
IkB inhibitor, cell cycle regulators, caspase activity 
regulators (inhibitors of apoptosis (IAPs)), and pro-
teins of the Bcl-2 family involved in proapoptotic sig-
nal transduction (cFLIP) [39].

UBIQUITIN-PROTEASOME SYSTEM IN OSCC
The accumulated data confirm that the UPS plays 

a key role in metabolism of proteins involved in regu-
lation of many biological processes, such as cell cycle 
control, proliferation, apoptosis, neoangiogenesis, tu-
mor progression, and metastasis [40].

Analysis of systematic literature reviews on 
PubMed (Ovid), EMBASE (Ovid), EBM (Ovid), and 
Web of Science (ISI) platforms by A. Villa et al. in 
2018, aimed at identifying predictive biomarkers for 
stratification and long-term follow-up of progression 
of oral leukoplakia as an obligate precancer of OSCC, 
showed a correlation between the increased expres-
sion of genes associated with the proteasome system 
and a high risk of developing OSCC [41].

A study by J. Li et al. indicated that overexpres-
sion of the proteasome activator PA28γ was associat-
ed with a poor prognosis in patients with OSCC and 
promoted tumor progression. In addition, as a result of 
a study on a mouse xenograft model, it was found that 
the absence of PA28γ expression dramatically inhibi- 
ted the growth and proliferation of cells in OSCC and 
slowed down tumor growth [42].

A proteomic study conducted by Z. Wang et al. 
to identify potential pathways for malignant trans-
formation of oral leukoplakia into OSCC showed an 
increase in the expression of proteasome activators 
PA28a and PA28b, which confirms the clinical signi- 
ficance of proteasomes as a marker of early malignan-
cy. This study demonstrated the role of proteasome 
degradation of proteins in the processing of intracellu-
lar antigens into peptides, which subsequently bound 
to MHC-1 molecules [43].

PA28γ-mediated mechanisms are of great impor-
tance for cancer therapy, especially in light of pro-
foundly elevated levels of PA28γ in the tumor tissue. 
A significant increase in the level of PA28γ was ob-
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served mainly in breast tumors, especially with a poor 
prognosis [44, 45], colorectal cancer [46], hepatocel-
lular carcinoma [47], and OSCC [48].

The results of the studies by X. Feng et al. in 2016 
showed that the activity of the proteasome activator 
PA28α was significantly higher in OSCC tissues com-
pared to its activity in the healthy tissue. This study 
demonstrated that in immunohistochemistry, PA28α 
expression increased with the progression of dysplasia 
in the epithelium of the oral mucosa. It was found that 
after surgical treatment of moderately differentiated 
squamous cell carcinoma, no relapses occurred in the 
first two years. However, after radical treatment of a 
well-differentiated tumor, metastases to the cervical 
lymph nodes were diagnosed after two years, and the 
survival rate was four years. 

The authors used reverse genetic approaches, 
which revealed that in oral squamous cells, along with 
a decrease in the PA28α expression, a consistent and 
statistically significant decrease in the ability to in-
vade and migrate was observed. Invasion was reduced 
to 52% and migration – to 44%. Suppression of the 
PA28α expression led to a decrease in tumor growth 
of oral squamous cells in vivo. The volume of tumors 
decreased by 56% compared to tumors from the con-
trol group, while angiogenesis and apoptosis were not 
affected [49].

CONCLUSION
The UPS plays a key role in the pathogenesis of 

OSCC at the stages of malignancy onset and subse-
quent tumor progression. Recent studies on protea-
some functioning in OSCC have demonstrated their 
key role in the molecular mechanisms of this disease. 
Further study of the proteasome system in the patho-
genesis of OSCC will make it possible to find reliable 
markers for predicting the development of oral cancer 
from a precancer pathology and to assess the course 
of the disease.
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ABSTRACT

Gastric cancer (GC) is the fifth most common type of cancer in the world and the third leading cause of death 
from cancer. GC is a multi-factorial and morphologically heterogeneous disease. Currently, several morphological 
classifications of GC are used, however, for diagnosis, it is necessary to take into account not only the morphological 
type of the tumor, but also its molecular subtype. According to the literature, the intestinal type of GC is most often 
associated with effects of environmental factors and is usually found in older age groups in men, while diffuse 
gastric cancer (DGC) is a genetically determined disease which is more common in younger patients, with the same 
frequency among men and women. 

This review covers in detail GC, its classification by P.A. Lauren (1965), and its molecular subtypes characterized 
during the Cancer Genome Atlas project and examines the impact of certain risk factors on the pathogenesis of the 
disease, such as H. pylori infection or Epstein – Barr virus. A separate section in this analytical work is dedicated 
to expression of the PD-L1 marker by tumor cells and the use of this parameter for prognosis and therapy of this 
disease. An essential part of the work is discussion of the features of intestinal and diffuse types of gastric cancer, 
which reflect not only the differences in classifications used in modern diagnosis, but also the relationship between 
the pathological pattern and the molecular subtype of gastric cancer. 
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РЕЗЮМЕ

Рак желудка (РЖ) занимает пятое место в мире по распространенности среди всех злокачественных но-
вообразований и является третьей по значимости причиной смертности от онкологических заболеваний. 
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РЖ является мультифакториальным, морфологически неоднородным заболеванием. В настоящее время 
используется несколько морфологических классификаций РЖ, однако для постановки диагноза требуется 
учитывать не только морфологический тип опухоли, но и ее молекулярный подтип. По данным литера-
туры, РЖ интестинального типа чаще всего ассоциирован с действием факторов окружающей среды и, 
как правило, встречается в старших возрастных группах у мужчин. Диффузный тип рака желудка (ДТРЖ) 
является в большей степени генетически детерминированным заболеванием и чаще встречается у более 
молодых пациентов, при этом с одинаковой частотой среди мужчин и женщин. 

В данном обзоре подробно освещается тема РЖ, его классификация по P.A. Lauren (1965), его молекуляр-
ным подтипы, охарактеризованные в Атласе ракового генома (The Cancer Genome Atlas), а также рассма-
тривается влияние определенных факторов риска на патогенез заболевания, таких как инфицирование H. 
pylori или вирусом Эпштейна – Барр. Отдельную роль в данной аналитической работе занимает вопрос 
экспрессии опухолевыми клетками маркера PD-L1 и использование данного параметра для прогнозирова-
ния и терапии этого заболевания. Немаловажной частью работы является обсуждение особенностей инте-
стинального и диффузного типов рака желудка, которые отражают не только различия используемых в со-
временной диагностике классификаций, но и взаимосвязь патоморфологической картины с молекулярным 
подтипом рака желудка.

Ключевые слова: рак желудка диффузного типа, эпидемиология, молекулярно-генетическая диагностика, 
классификация, иммунотерапия.
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INTRODUCTION

Gastric cancer (GC) is the fifth most common 
type of cancer in the world and the third leading 
cause of death from cancer. Morbidity and morta- 
lity differ depending on the geographical region. In 
countries like Japan, China, Korea, and Chile, GC 
ranks first in morbidity and mortality [1]. In Russia 
in 2018, 21,279 men and 15,662 women were diag-
nosed with GC. The average age of patients upon 
diagnosis was 67.5 years, and the incidence rate was 
25.4 cases per 100,000 population. In 2017, 16,572 
people died from gastric cancer in Russia. The ave- 
rage age of patients was 68.7 years, and the mortali-
ty rate per 100,000 population was 18.97 [2].

DEFINITION

In 1965, P.A. Lauren proposed a classification 
of GC, which contained intestinal, diffuse, and 
mixed histotypes [3]. GC is a multi-factorial and 
histologically heterogeneous disease. For example, 
intestinal GC is most often associated with envi-
ronmental factors (diet, smoking, obesity, alcohol 
consumption) and Helicobacter pylori (H. pylori) 

infection [4], which, in turn, leads to development 
of chronic gastritis, followed by atrophic gastritis, 
intestinal metaplasia, dysplasia, and carcinoma 
through the Correa cascade [5].

The intestinal type occurs more frequently in 
older men, is usually macroscopically represen- 
ted by a tumor with an exophytic type of growth 
and a tendency to ulceration, and microscopically 
consists of cells that form glands. Diffuse gastric 
cancer (DGC) is less associated with environmen-
tal factors and inflammatory diseases: the role of 
H. pylori in the pathogenesis of DGC is still de-
batable. However, a number of studies conduct-
ed in the UK and Japan showed the presence of  
H. pylori outside the tumor tissue in approximate-
ly 32% of cases in patients younger than 40 years 
with morphologically confirmed DGC [6].

DGC is considered to be a more genetically de-
termined disease associated with loss of heterozy-
gosity on p17 chromosome, p53 mutation or loss of 
heterozygosity, and mutation or loss of E-cadherin 
[7]. DGC is more common in younger patients with 
the same frequency among men and women. 1–3% 
of all cases of DGC are related to a proven heredi-
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tary genetic syndrome that causes a mutation in the 
E-cadherin gene (CDH1) located on chromosome 
16 — hereditary diffuse gastric cancer (HDGC). 
For this category of patients, gastrectomy is recom-
mended as a method of preventive treatment [8]. 

MOLECULAR CLASSIFICATION  
OF GASTRIC CANCER

According to the Cancer Genome Atlas (TCGA) 
project, there are four molecular subtypes of GC [9]:

1. Associated with the Epstein – Barr virus 
(EBV-associated subtype), which accounts for 
about 9% of cancer cases.

2. Caused by microsatellite instability (MSI sub-
type): this subtype accounts for about 22% of can-
cer cases.

3. With genome stability (GS subtype): this sub-
type accounts for about 20% of cancer cases.

4. Caused by chromosomal instability (CIN sub-
type): this subtype accounts for about 50% of can-
cer cases.

EBV-associated molecular subtype of GC (Ep-
stein – Barr Virus-Positive Gastric Cancer). Ep-
stein – Barr virus (EBV) is a human γ-herpesvirus 
that is characterized by pronounced tropicity to 
the lymphatic system and has the ability to per-
sist in the human body. Given the lymphotropi- 
city of EBV after penetration into B-lymphocytes, 
the virus causes their uncontrolled proliferation. 
EBV also has pronounced tropicity to the gastric 
mucosa, which has a developed lymphatic system 
[10–12].

 The International Agency for Research on Can-
cer (IARC) classifies EBV as a Group 1 carcinogen. 
According to a number of researchers, only latent 
EBV infection can be associated with various types 
of human neoplasms and hemoblastosis. 

EBV-associated gastric adenocarcinoma was 
first described by A.P. Burke in 1990. It is known 
that about 90,000 people annually develop EBV-as-
sociated gastric carcinoma, which is about 10% of 
all cases of gastric cancer [13]. The association  
between H. pylori and EBV is not fully understood, 
but there is no doubt that in a group of patients 
with no history of H. pylori infection or who have 
undergone successful eradication of the pathogen, 
EBV may be a leading factor in chronic inflam-
mation in the gastric mucosa and cause a risk of 
malignant neoplasms [14–16]. 

GC caused by microsatellite instability (MSI). 
Microsatellite instability (MSI) is a phenotype  
characterized by an increased probability of muta-
tions occurring as a result of impaired repair system 
of incorrectly paired DNA bases. Following the im-
paired repair in cells, errors during DNA replication 
accumulate, which leads to emergence of new mi-
crosatellites.

When using a standard panel that includes 
BAT26 and BAT27 mononucleotides and D2S123, 
D5S346, and D17S250 dinucleotide repeats [17], 
microsatellite instability can be divided into 3 le- 
vels: high MSI (MSI-H), low MSI (MSI-L), and mi-
crosatellite stability (MSS). According to the lite- 
rature, MSI-H-associated carcinoma, depending on 
the ethnic group, occurred in 5–50% of cases, and 
MSI-L- and MSS-associated carcinomas are known 
to be localized in the gastric antrum. According to 
the histological classification proposed by Lauren, 
they belong to the intestinal type of GC and have a 
good prognosis with rare metastasis, compared to 
MSI-H [18]. 

GC with genome stability (Genomically Stable, 
GS). GC with a stable genome has a lower mutation 
load compared to other molecular subtypes and oc-
curs at a relatively young age. This molecular sub-
group is characterized by a diffuse histological type 
according to Lauren, as well as a large number of 
mutations in RhoA and CDH1 (as mentioned earli-
er, CDH1 is associated with inherited DGC).

GC caused by chromosomal instability (CIN). 
Chromosomal instability is a type of genome insta-
bility in which non-clonal karyotype changes are 
observed in the daughter generations of dividing 
cells, namely, loss or acquisition of chromosomes 
and their sections. Cancer with chromosomal insta-
bility is characterized by extremely high frequency 
of chromosomal abnormalities and their high diver-
sity [19]. In GC, a high CIN level is always associ-
ated with a poor prognosis.

In a study conducted by A. J. Bass et al. [9], the 
molecular subtype of GC was correlated with its 
localization. Each molecular subtype of GC could 
have any localization, but CIN-associated tumors 
were more common in the gastrointestinal tract and 
gastric cardia (65%); most EBV-associated tumors 
were found in the bottom or body of the stomach 
(62%); MSI-associated tumors were less often de-
tected in the gastrointestinal tract and cardia, but 
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with approximately the same frequency were found 
in other parts of the stomach; GS-tumors were 
found with approximately the same frequency in all 
parts of the stomach, and this subtype was most-
ly presented by DGC (according to Lauren). At the 
same time, GS-tumors were diagnosed at an earlier 
age (the average age was 59 years), while MSI-as-
sociated tumors were diagnosed at a relatively older 
age (the average age was 72 years). Patients with 
MSI-associated tumors were usually women (56%), 
and most cases of EBV-associated tumors were de-
tected in men (81%). 

PD-L1 AND GASTRIC CANCER
Programmed cell death-1 (PD-1) is a mem-

brane protein of the immunoglobulin superfamily 
involved in differentiation of immune cells. PD-1 
plays an important role in negative regulation of 
the immune system by preventing activation of 
T-lymphocytes, which reduces autoimmunity and 
increases self-tolerance [20]. The protein has two 
ligands: PD-L1 and PD-L2. In tumor cells that ex-
press PD-L1, this ligand is involved in mechanisms 
of tumor escape from immune control. Determin-
ing the expression of PD-L1 makes it possible to 
identify a group of patients who are most likely to 
benefit from therapy by immune checkpoint inhibi-
tors. A fairly good result of anti-PD-L1 therapy was 
achieved for non-small cell lung cancer. 

A relationship between PD-L1 expression 
and prognosis in GC is still the subject of debate.  
According to a study by S. Boger et al. [21], patients 
with PD-L1-positive tumor cells had improved dise- 
ase prognosis. However, according to H. Chang et 
al. [22], high PD-L1 expression was an unfavorable 
prognostic factor, and A. Kawazoe et al. [23] did 
not consider PD-L1 as a prognostic factor at all. It 
is important to keep in mind that all of the above- 
presented research data were obtained from patients 
of the Asian ethnic group, and, therefore, the results 
cannot be applied to the general population, since 
the response to therapy / drugs in different ethnic 
groups may not be the same.

According to the experiments by C. Ma. et al. 
[24] and S. Derks et al. [25], EBV- and MSI-as-
sociated GCs most often showed greatly positive 
PD-L1 expression or overexpression of PD-L1, 
which was a significant adverse prognostic fac-
tor. Another study [9] showed that in the mole- 

cular EBV- and MSI-associated subgroups of GC, 
pronounced lymphocytic infiltration in the tumor 
stroma was found. Therefore, these subtypes can 
be classified as GCs with severe lymphoid stroma 
(medullary carcinoma). The lymphoid stroma in 
these tumors has a large number of CD8+ T cells 
that can cause a strong anti-tumor inflammatory 
response. In addition, positive PD-L1 expression 
was associated with a significant increase in the 
number of CD8+ T cells at the edge of the invasive  
tumor front.

S. Derks et al. [25] observed a difference in the 
nature of infiltration of PD-L1-positive cells de-
pending on the molecular subtype of the tumor. 
In EBV- and MSI-associated gastric carcinomas, 
PD-L1 positive cells had the ability to penetrate 
into the center of the tumor in contrast to MSS-as-
sociated gastric carcinomas, in which PD-L1 posi-
tive cells remained mainly at the edge of the tumor 
invasion area. Based on this result, patients with 
EBV- and MSI-associated gastric carcinomas may 
be the main candidates for therapy with PD-1 in-
hibitors. 

According to H. Saito et al. [26], five-year sur-
vival in patients with and without positive PD-L1 
expression differed by 48.9% and 80.7%, respec-
tively. In addition, PD-L1 positive expression was 
observed in the older age group of patients, and by 
the histological type, positive expression was more 
often detected in undifferentiated gastric carcino-
mas.    

L. Wang et al. [27] studied the correlation bet- 
ween HER2 status and PD-L1 expression. Ac-
cording to this research, HER2-positive patients 
had positive PD-L1 expression in 24.2% of cases, 
while HER2-negative patients had positive PD-L1 
expression in 39.0% of cases. Based on the data 
obtained, HER2-negative patients may be the best 
candidates for targeted anti-PD-1 therapy. How-
ever, the authors drew attention to false negative 
results that were associated with the biopsy tech-
nique: prominent PD-L1 expression was detected 
at the edge of the invasive front of the tumor and 
not in its center.

According to H. Fukamachi et al. [28], following 
the study of DGC by gene expression profiling, the 
authors distinguished two DGC clusters. The first 
cluster is represented by DGC with a stable genome 
(GS), which can be interpreted as “primary” DGC. 
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The second cluster is represented by DGC with mi-
crosatellite instability (MSI) and chromosomal in-
stability (CIN), which was defined by the authors 
as DGC developed from the intestinal type. In ad-
dition, an analysis of the expression of mTOR and 
PD-L1 in each individual cluster was performed, 
which showed more pronounced expression in the 
second cluster (MSI and CIN). Based on these data, 
it can be assumed that in a group of patients with 
DGC, which has developed from the intestinal type 
of GC, it is possible to use mTOR and PD1 inhibi-
tors for treatment.

HELICOBACTER PYLORI AND DIFFUSE 
GASTRIC CANCER

The International Agency for Research on Can-
cer (IARC) classified H. pylori as a Group I carcin-
ogen (strong carcinogen) in 1994 [29, 30]. Initially,  
H. pylori infection was thought to be associated 
mainly with the intestinal type of GC, while for 
DGC, the underlying factors in the pathogenesis 
were genetic abnormalities. However, if we do not 
consider cases of inherited DGC, numerous studies 
report a significant role of H. pylori and Epstein – 
Barr virus in the occurrence of sporadic DGC [31–
33]. Serological studies also confirmed that H. pylo-
ri is associated with both histological types of GC.

 A number of studies showed that patients with 
a low H. pylori IgG titer are more likely to deve- 
lop an intestinal type of GC, while patients with a 
high H. pylori IgG titer have a high risk of deve- 
loping DGC [34–36]. There is evidence that H. py-
lori is able to inhibit factors responsible for cell 
adhesion and, thus, participate in the pathogene-
sis of DGC. Y. Yang et al. demonstrated disinte-
gration of E-cadherin by H. pylori SS1 and 26695 
strains. It was found that the SS1 strain more ef-
fectively disintegrated E-cadherin after 12 and 24 
hours [37]. After penetration of H. pylori into the 
gastric epithelium, nonphosphorylated binding of 
CagA to E-cadherin occurs, which leads to sepa-
ration of the E-cadherin / β-catenin complex and 
causes accumulation of β-catenin in the cytoplasm 
and nucleus, ultimately activating a β-catenin-de-
pendent gene involved in cancer progression [38]. 
Aberrant activation of β-catenin disrupts normal 
apical junctional complexes, which leads to loss of 
cell polarity [39]. 

MORPHOLOGY OF DIFFUSE GASTRIC 
CANCER

In a study by H.E. Lee et al., the differences in 
the morphology of hereditary and sporadic DGC 
were identified. Based on the material presented by 
11 cases of gastrectomy in patients with inherited 
DGC and a genetically confirmed mutation in the 
CDH1 gene, the tumor cells were morphologically 
divided into three groups. 

Group 1 included well-differentiated, large sig-
net ring cells with a large amount of cytoplasm, a 
small nuclear-cytoplasmic ratio, and flattened and 
eccentrically located nuclei with moderate atypia. 
They were located under the surface epithelium and 
had positive expression to mucicarmine and pCEA 
and negative expression to p16 and CDX2.

Group 2 contained well-differentiated, small sig-
net ring cells with a smaller amount of cytoplasm, 
with more rounded and hyperchromic nuclei with 
pronounced signs of atypia, and a high nuclear-cy-
toplasmic ratio. These cells were located in their 
own mucosa and had negative expression to muci-
carmine, pCEA, p16, and CDX2.

 Group 3 included poorly differentiated, small 
signet ring cells with positive expression to p16 and 
negative expression to CDX2. As a control group, 
material from 20 cases of gastrectomy in spora- 
dic DGC was used. No morphological features were 
identified for them, but positive expression to p16 
and CDX2 was noted [40].

In the work by H.H. Wong and P. Chu [41], the 
authors considered the features of immunohisto-
chemical diagnosis in the group of gastrointestinal 
cancers. For DGC, positive expression to CDX-2, 
CK7, and HepPar-1 in approximately 70% of cases 
was reported. About half of the cases had positive 
expression to CK20, MUC2, and MUC5AC. More-
over, negative expression to MUC1 and E-cadherin 
was detected. According to the authors, morpho-
logical cases of low-grade adenocarcinoma with 
pronounced lymphoplasmacytic infiltration may be 
positive for EBV. 

CONCLUSION
Currently, it is important not only to timely di-

agnose GC, but also to find a personalized approach 
to each patient.  An extremely important aspect of  
diagnosis (verification) is a comprehensive  
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approach to the study of surgical material using tra-
ditional optical research methods with mandatory 
periodic acid Schiff (PAS) and Alcian Blue staining 
of the material and counting of the number of sig-
net ring cells, expressed as a percentage, as well as 
detection of H. pylori, and immunohistochemistry 
using a panel of antibodies (CDX-2, CK7, CK20, 
HepPar-1, MUC1, MUC2, MUC5AC, HER2, 
mTOR, PD-L1, and E-cadherin).

 A molecular genetic study of the material is 
required to determine the molecular subtype of 
GC and correlate the data obtained with the ex-
pression of such antibodies as HER2, PD-L1, and 
mTOR for more accurate determination of the 
cohort of patients who can benefit from therapy 
with mTOR and PD1 inhibitors. Only this com-
prehensive approach to diagnosis of GC can give 
specialists more clear understanding of the disease 
and help in choosing a treatment strategy for such  
patients.
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Features of apoptosis and blebbing of the lymphocyte plasma membrane  
in bronchial asthma
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ABSTRACT

Given a persistent global trend towards an increase in the number of patients with bronchial asthma (BA) over the 
past decades, researchers are facing challenges related to a comprehensive study of the pathogenesis of BA. Numerous 
studies have shown that BA is associated with long-term persistence of leukocytes (lymphocytes, macrophages, 
and eosinophils) in the bronchial tissues. However, the causes of this phenomenon remain understudied. The article 
provides an overview of modern research on the mechanisms of disorders of lymphocyte apoptosis in patients with BA.  

Our study considers the main mechanisms of molecular regulation of lymphocyte apoptosis, including transcription 
factors, the Fas/FasL system, and bcl-2/bcl-XL factors. We presented the data on the role of reduced lymphocyte 
apoptosis in the formation of a severe BA phenotype. Taking into account high prevalence of obesity among patients 
with BA, we analyzed a few existing articles on apoptosis of immunocompetent cells in obesity. In addition, the 
article highlights the key mechanisms of development of lymphocyte plasma membrane blebbing (PMB) with 
formation of microvesicles, as well as their influence on the course of pathological processes in BA. 

The authors believe that further in-depth study of apoptosis, lymphocyte necrosis, and plasma membrane blebbing 
can help improve the principles of diagnosis and treatment of BA.

Key words: bronchial asthma, obesity, lymphocyte apoptosis, programmed cell death, caspase, plasma membrane 
blebbing.
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РЕЗЮМЕ

С учетом стойкой общемировой тенденции к нарастанию численности больных бронхиальной астмой 
(БА) за последние десятилетия перед исследователями встает задача всестороннего изучения патогенеза 
бронхиальной астмы. В многочисленных исследованиях доказано, что течение БА сопряжено с длительной 
персистенцией лейкоцитов (лимфоцитов, макрофагов, эозинофилов) в тканях бронхов. Однако остается 
открытым вопрос о причинах данного явления. В данной статье представлен обзор современных научных 
исследований, посвященных изучению механизмов нарушения апоптоза лимфоцитов у больных бронхи-
альной астмой. 

Рассматриваются основные механизмы молекулярной регуляции апоптоза лимфоцитов, например транс-
крипционные факторы, система Fas/FasL, факторы bcl-2/bcl-XL и др. Приводятся данные об участии сни-
жения апоптоза лимфоцитов в формировании фенотипа с тяжелым течением бронхиальной астмы. Учи-
тывая высокую распространенность ожирения среди больных бронхиальной астмой, проанализированы 
немногочисленные статьи, касающиеся апоптоза иммунокомпетентных клеток при ожирении.  Кроме того, 
в статье освещаются ключевые механизмы развития блеббинга цитоплазматической мембраны (ЦПМ) с 
формированием лимфоцитарных микровезикул, а также их влияние на течение патологических процессов 
при астме. 

Авторы считают, что дальнейшее углубленное изучение процессов апоптоза и некроза лимфоцитов, а так-
же блеббинга ЦПМ сможет помочь в улучшении принципов диагностики и лечения бронхиальной астмы.  

Ключевые слова: бронхиальная астма, ожирение, апоптоз лимфоцитов, программируемая клеточная ги-
бель, каспазы, блеббинг цитоплазматической мембраны.
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INTRODUCTION
Bronchial asthma (BA) is a chronic respiratory 

disease that places a serious social and economic bur-
den on a patient and society as a whole [1, 2]. Experts 
of the World Health Organization (WHO) note that 
the number of patients with BA tends to increase [3]. 

Russia has also seen a continuing increase in 
the overall incidence of BA in recent years [4]. 
According to statistical data, the prevalence of BA 
among adult population of Russia accounts for up to  
10.6% [5].

It is known that BA reduces the average life expec-
tancy of women by 13.5 years and men by 6.6 years; 
it causes 1.4% of all hospitalizations and 1.5% of all 
disability cases. A financial burden associated with di-
agnosis and treatment of BA has a significant impact 
on the country’s economy [6]. 

An equally important health and social problem 

worldwide is obesity. WHO sees this problem now 
as an epidemic which has affected millions of peo-
ple. Since 1980, the number of obese people in the 
world has more than doubled. Excess body mass index 
(BMI) is observed in about 1 billion people among 
adult population of the world, and 475 million people 
are obese [7, 8].

Obesity is the most common comorbidity of BA. It 
was shown that obesity increases the prevalence and 
incidence of BA and raises the risk of exacerbations, 
aggravation of respiratory symptoms, and poor dis-
ease control. Precise mechanisms of the mutual effects 
of BA and obesity remain unclear. They are probably 
multifactorial and mediated by mechanical changes 
in the airways, systemic inflammatory response, and 
metabolic dysregulation [9, 10]. 

Quite recent studies emphasize the role of pro-
grammed cell death (PCD) and autoimmunity as 
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potentially important factors in the pathogenesis 
of chronic obstructive airway diseases.  Currently, 
there are a few methods available for registering 
different PCD manifestations and analyzing mo-
lecular mechanisms [11], that are closely associ-
ated with mechanisms of other important pheno- 
mena (such as cell activation and biological signal  
transduction). 

It is the study of apoptosis that is considered ef-
fective and useful for understanding certain significant 
processes, including immune homeostasis. 

THE ROLE OF LYMPHOCYTES IN THE 
DEVELOPMENT OF BA

The course of BA is characterized by progressive 
chronic airway inflammation, which is based on pro-
duction of proinflammatory cytokines (interleukin 
(IL) -4, -5, -9, -13, granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), etc.) [12], as well 
as long-term persistence of leukocytes (lymphocytes, 
macrophages, and eosinophils) in the bronchial tissues 
[13]. 

Lymphocytes are essential regulatory and effec-
tor cells of adaptive immunity. Together with anti-
gen-presenting cells (APCs), T- and B-lymphocytes 
provide an immune response to pathogens and form 
long-term immunological memory [14]. 

The number of lymphocytes is regulated by a con-
stant balance between production, proliferation, and 
death of cells. The equilibrium of these processes is 
characterized as lymphocyte homeostasis [15]. 

The number of effector T-lymphocytes in the 
immune response can increase by 1,000 times [16], 
but programmed cell death regulates accumula-
tion of the total number of lymphocytes, also in  
BA [17]. 

Therefore, the constant presence of regulatory and 
effector immune cells in BA may be due not only to 
their accelerated migration to tissues, but also to re-
stricted cellular elimination following PCD dysregu-
lation.

TYPES OF PCD

Based on the physiological, morphological, and 
biochemical criteria, researchers distinguish three 
types of PCD: apoptosis (type I PCD), autophagy 
(type II PCD), and necrosis (type III PCD) [18, 19].

Autophagy and apoptosis
Autophagy is a process of in vivo elimination of 

the cytoplasmic contents changed by metabolites, that 

involves cell self-renewal. Extensive autophagy can 
lead to cell death [20, 21]. 

At the same time, natural, physiological, and pro-
grammed cell death (50–500 billion cells daily) main-
ly occurs through apoptosis: after plasma membrane 
blebbing, cell reduction, chromatin condensation, and 
DNA fragmentation, apoptotic cells are rapidly ab-
sorbed by phagocytic cells without any inflammatory 
response [22, 23].

Mechanisms of apoptosis
Type I PCD (apoptosis) occurs in several ways via 

the mechanisms that depend on both cellular charac-
teristics and the impact of internal and external signals 
[24]. After the effects of toxic agents or unrepaired 
DNA damage, the mitochondrial (internal) signaling 
pathway is implemented in apoptosis. The main regu-
lators of this process are the p53 and Bcl-2 genes (the 
main suppressor of apoptosis) with corresponding 
proteins [25, 26].

More often, the external or receptor-mediated 
pathway of apoptosis is implemented. It is initiated 
by a variety of extracellular triggers and is carried out 
with the participation of tumor necrosis factor (TNF) 
receptors. The most studied activator is Fas (APO-l or 
CD95), which stimulates cell apoptosis after the for-
mation of a complex compound with its ligand Fas / 
FasL [27, 28]. 

The effector phase of apoptosis begins af-
ter transmission of inducing signals from triggers 
through adaptive proteins. The main participants in 
this phase are cysteine proteases (caspases), which 
quickly switch from the inactive (procaspase) to the 
active form, when apoptosis is initiated. This en-
sures cleavage of protein molecules at aspartic acid 
bases [29, 30].

The growing interest of experts in PCD issues [31] 
has led to an increase in the number of studies rela- 
ted to apoptosis. Methods for detecting apoptosis and 
analyzing its molecular and genetic mechanisms have 
emerged. It allowed researchers to identify the signi- 
ficant role of apoptosis in maintaining homeostasis of 
constantly regenerating tissues and understand the ef-
fect of PCD on the pathogenesis of many pathological 
processes [32]. 

The terminal deoxynucleotidyl transferase 
dUTP-biotin nick end labeling (TUNEL) method, 
or terminal deoxyuridine end labeling, was recog-
nized as the most optimal method for determining 
apoptosis in cells [33], since numerous strand breaks 
occur in DNA during apoptosis under the action of 
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endonucleases, which results in formation of many 
3’ends [34]. The TUNEL method is based on bind-
ing of biotin-labeled deoxyuridine triphosphate to the 
3’-end of a DNA strand. The binding is implemented 
by deoxynucleotide transferase. There are other op-
timal biochemical, molecular, and genetic methods 
for determining apoptosis [35]. In the context of ex-
isting information about the abnormalities of lympho-
cyte apoptosis in systemic, autoimmune, and allergic  
diseases, the study of apoptosis in BA has become  
relevant and important.  

Persistence of allergic inflammation in the airways 
is associated with excessive activation of immuno-
competent cells (ICC), which, in turn, leads to accu-
mulation of autoreactive clones with a simultaneous 
decrease in the activity of apoptosis (positive activa-
tion and absence of apoptosis) [36–38]. It is possible 
that lymphocyte apoptosis is closely related to their 
migration to the focus of inflammation as a result of 
allergen exposure. In this case, apoptosis acts as a 
mechanism of antigen-mediated selection of lympho-
cytes [39].

LYMPHOCYTE APOPTOSIS AND BA
In BA, several pathways of death are triggered in 

the ICC, and they are able to switch in the course of the 
disease [40]. In BA, marked inhibition of the mecha-
nisms of lymphocyte apoptosis takes place, associat-
ed with an increase in the expression of IL-5 mRNA 
and the main anti-apoptotic factors (bcl-2, bcl-XL) in-
hibiting apoptosis via the receptor and mitochondrial 
pathways, which directly correlates with the severity 
of BA [41].

The molecular mechanisms playing an important 
role in the regulation of PCD include transcription 
factors, such as Janus kinases and signal transducer 
and activator of transcription (JAK-STAT), PAX-5, 
NF-KB, p53, etc. Transcription factors regulate ex-
pression of proteins (IL-4, -15, -13, IgE, Fas recep-
tor molecules, etc.) and proliferation of cells, such as 
lymphocytes and eosinophils [42, 43]. 

It is proved that decreased gene expression, re-
duced activity of transcription factor p53, and sti- 
mulation of NF-kB activity have anti-apoptotic ef-
fects. High levels of STAT6 expression at reduced 
PAX-5 and elevated levels of NF-KB lead to develop-
ment of BA and aggravation of its course [44].

The Bcl-2 / Bax ratio in patients with severe BA is 
much higher. This fact was confirmed by many studies 
demonstrating that NF-kB stimulates the expression 
and activity of Bcl-2, which itself acts as a powerful 

anti-apoptotic molecule and inhibits pro-apoptotic 
Bax molecules [45, 46]. 

Recent studies have found that the levels of Bcl-
2 or the Bcl-2 / Bax ratio are higher in BA patients 
than in healthy people. The level of NF-kB expression  
positively correlates with the bcl2 / Bax ratio in pa-
tients diagnosed with BA [47]. 

It is remarkable that the Fas / FasL system that 
triggers the receptor-mediated pathway of apop-
tosis is less active in Th2 lymphocytes typical of 
BA, which suggests their evolutionary predisposi-
tion to a reduced apoptosis rate [48, 49]. According 
to the studies, steroids are able to enhance apop-
tosis but reduce the expression of Fas (CD95) and 
CD25 regulators, switching apoptosis to a different  
pathway [50]. 

A number of studies reported the association bet- 
ween the activity of apoptosis and the severity of BA 
[51]. Specifically, an inverse correlation was demon-
strated between the number of apoptotic cells and BA 
severity [52]. It was noted in another study, that the 
number of lymphocytes in apoptosis was significantly 
lower in severe BA (compared to mild BA) against the 
background of 6-day incubation in the solution with 
the addition of an apoptosis inducer (dexamethasone). 
According to the authors, this may indicate inhibition 
of type I PСВ in patients with severe BA [53].

Necrosis

Currently, an important role is assigned to the 
study of the consequences of not only apoptosis, but 
also of type III PCD (necrosis) for surrounding cells 
and the body as a whole. Necrotic cell death is ac-
companied by destruction of the cell membrane and 
entry of intracellular molecules into the extracellu-
lar space with alterations of surrounding cells and 
inflammation. Phagocytosis of dead cells is accom-
panied by development of a full-fledged immune re-
sponse [54]. Necrotic death of lymphocytes is always 
associated with excretion of inflammatory mediators 
having cytotoxic and histochemical effects. It is also 
accompanied by active proliferation and migration of 
new effector cells into the airways, which aggravates 
airway inflammation [55].

According to A.P. Parakhonsky, the development 
of BA is closely associated not only with abnormali-
ties in the implementation of apoptosis in blood ICС, 
but also with an increase in lymphocyte necrosis 
[56]. Few existing studies showed that necrotic death 
of lymphocytes prevails in patients with severe per-
sistent BA [57].
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PLASMA MEMBRANE BLEBBING (PMB) 
AND BA

During oxidative stress, apoptosis, and necrosis 
of lymphocytes, membrane microvesicles (MV) are 
formed as a result of intensive PMB [58, 59]. 

Development of PMB occurs following disruption 
of membrane-cytoskeleton interactions at the end of 
enzymatic reaction activation, electrolyte imbalance 
in the cell, and oxidative damage to the cytoskeleton. 
PMB is preceded by a disruption of actin-myosin in-
teractions and externalization of phosphatidylserine, 
which is characterized by a bubble-like protrusion of 
the membrane. It is accompanied by migration of or-
ganelles and antigens into the resulting blebs, which 
acquire inflammatory and autoantigenic potential. 
For example, extracellular particles originating from 
T-cells carry CD4, CD3, or CD8 antigens [60, 61]. 

Microvesicles
Evidence for the role of ICC plasma membrane 

vesicles is still significantly limited. Their role in  
regulating homeostasis by transporting signals bet- 
ween cells, up to presentation of an antigen to immune 
cells, is still under discussion [62]. 

Microvesicles (MV) can affect cells in two main 
ways: interaction with receptors and microRNA trans-
fer [63]. MV can regulate gene expression and cell 
differentiation, which involves them in the pathogen-
esis of many processes [64]. Many studies are devot-
ed to MV microRNAs, which are highly conserved 
non-coding RNAs with a length of 18–24 nucleotides, 
as well as to their proinflammatory role [65].

Another factor affecting the inflammatory process 
can be the ability of MV to induce apoptosis of ICC. 
Apoptogenic activity of MV can be explained by the 
influence of caspases and other biologically active 
substances contained in them that induce apoptosis 
[66]. 

However, very few studies have been devoted 
to the pathogenic effect of lymphocyte microvesi-
cles (LMVs) on the course of pathological process-
es, in particular, on the pathogenesis of BA. LMVs 
are known to induce activation of NADPH-oxidase,  
leading to activation of oxidative stress [67].

High content of circulating MV in patients with 
BA can serve as a useful biomarker of the activity of 
apoptosis and airway inflammation and a potential 
predictor of BA severity. It reflects the effect of an 
important element in the pathogenesis of BA and not 
just the appearance of inert “cell dust”, as it has been 
generally accepted for a long time.

APOPTOSIS AND OBESITY
There are very few studies and publications devot-

ed to apoptosis of ICC (lymphocytes, in particular) in 
obesity. Metabolic changes in the white adipose tissue 
of obese people are known to lead to the persistence 
of ICC in the adipose tissue. Locally, elevated levels 
of proinflammatory cytokines and free radicals are ob-
served that contribute to oxidative stress and progres-
sion of systemic inflammation [68].

In obesity, an increase in the intensity of lym-
phocyte apoptosis is noted, in which the interaction 
of the Fas receptor with FasL leads to activation of 
caspase-8, -10, and -3. In obese patients, the concen-
tration of apoptosis inducer (p53 protein) is elevated, 
and its level directly correlates with the body mass 
index, waist circumference, and Homeostasis Model 
Assessment of Insulin Resistance (HOMA-IR) index 
[69, 70].

CONCLUSION
In terms of physiopathology, BA is a chronic in-

flammatory airway disease. The study of PCD, in par-
ticular, apoptosis, is determined by the essential role 
of lymphocytes in the pathogenesis of BA. Despite a 
large body of data on BA, the concept of apoptosis 
in the pathogenesis of BA is still contradictory. The 
findings of immunological studies provide evidence 
for changes in the functional state of lymphocytes in 
BA patients. Studies of apoptosis related to BA with 
comorbid obesity are especially relevant. It is worth 
noting that there is growing evidence that obesity has 
a causal association with BA. Better understanding of 
this association at the pathogenetic level may result in 
development of new treatment methods for the thera-
peutically resistant cohort of patients.  

Therefore, further study of all aspects of apopto-
sis and lymphocyte PMB in BA and establishment of 
their cytological, molecular, and biochemical markers 
can contribute to more complete understanding of the 
mechanisms of BA pathogenesis, improve diagnosis, 
and create a new landmark for differential diagnosis. It 
can also serve as the basis for developing highly effec-
tive, modern methods for treatment and prognosis of 
treatment effectiveness in obstinate and treatment-re-
sistant forms of BA.
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Modern methods for studying atherosclerosis and coronary artery disease: 
flow cytometry
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ABSTRACT

The problem of atherosclerosis, which forms the pathological basis of coronary artery disease (CAD), is one of 
the most discussed ones in development of cardiovascular diseases. This chronic inflammatory disease involves 
interactions between different cells, and an atherosclerotic plaque is a complex immunological environment. Modern 
quantitative methods increase the understanding of the pathophysiological processes responsible for progression of 
atherosclerotic plaques. Flow cytometry is a powerful modern method that allows for a complex and simultaneous 
cell analysis. This review is devoted to studies on atherosclerosis and CAD performed using flow cytometry.
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Современные методы исследования атеросклероза и ишемической  
болезни сердца: проточная цитометрия 
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РЕЗЮМЕ 

Проблема атеросклероза, формирующего патологическую основу ишемической болезни сердца, являет-
ся одной из наиболее обсуждаемых в развитии сердечно-сосудистых заболеваний. Это хроническое вос-
палительное заболевание включает комплекс сложных взаимодействий между различными клетками, а 
атеросклеротическая бляшка представляет собой сложную иммунологическую среду. Современные коли-
чественные методы повышают понимание патофизиологических процессов, ответственных за прогресси-
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рование атеросклеротической бляшки. Проточная цитометрия представляет собой мощный современный 
метод, позволяющий проводить комплексный анализ клеток одновременно. Данный обзор посвящен на-
учным исследованиям атеросклероза и ишемической болезни сердца, выполненным с помощью метода 
проточной цитометрии.

Ключевые слова: проточная цитометрия, атеросклероз, воспаление, Т-лимфоциты, моноциты.
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INTRODUCTION
More than 50 years ago, such a new diagnos-

tic method as pulse cytophotometry was developed. 
Since 1978, it has been called “flow cytometry”. To-
day, flow cytometry is a technique for studying dis-
persive substances using single particle analysis in the 
dispersed phase via signals received during fluores-
cence and light scattering. Flow cytometry is based 
on a combination of modern cytochemical fluores-
cent methods for analyzing the structural components 
of cells and their antigens. It is a modern and highly 
functional method that allows for a comprehensive 
analysis of various cell populations [1].

PRINCIPLES OF FLOW CYTOMETRY
The physical principles of flow cytometry are sim-

ple: a cell suspension, previously incubated with fluo-
rochromes, is placed in a flow of liquid passed through 
a flow cell. This generates the effect of hydrodyna- 
mic focusing: the cells under investigation line up in 
a chain and, in this order, are guided through laser 
beams. This is how an individual cell is analyzed. 

The light emitted from fluorochromes is focused 
using an optical system consisting of several mirrors 
and lenses, and then decomposed into certain compo-
nents. The received light signals are converted into 
electrical impulses and analyzed using special soft-
ware. In just a few seconds, thousands of cells pass 
through the flow cell, allowing a researcher to identi-
fy the composition and characteristics of the cell sus-
pension.

Flow cytometry is a powerful method with many 
advantages: rapid analysis of a large number of cells 
(up to 107 cells per second), objective measurement of 
fluorescence intensity, obtainment of data for a single 

cell population, simultaneous analysis of different 
processes, an ability to characterize rare events [1].

FLOW CYTOMETRY IN STUDIES ON CAD 
AND ATHEROSCLEROSIS

The problem of atherosclerosis and the complica-
tions it causes is one of the most discussed ones in 
the development of cardiovascular diseases (CVDs). 
Atherosclerosis develops for a long time and forms 
the pathological basis for CAD. This complex chronic 
inflammatory disease involves interactions between 
different cells. New technologies, in particular, flow 
cytometry, allow to perform a complex analysis of dif-
ferent cells simultaneously.

One of the main pathophysiological mechanisms 
in the development of atherosclerosis is a disruption 
of the structural integrity and functional activity of the 
vascular endothelium. Circulating endothelial cells 
detached from the endothelial wall in the course of its 
damage can act as a direct cellular marker of endothe-
lial dysfunction [2, 3].

Using flow cytometry, it was revealed that the pre- 
sence of more than 3 circulating endothelial cells per 
3 × 105 leukocytes in the peripheral blood increased 
the relative risk of CAD development in young and 
middle-aged women by 4 times. In women with CAD, 
it increased the risk of developing acute myocardial 
infarction by 8 times [2].

Endothelial progenitor cells, which are capable of 
self-renewal and differentiation, are involved in repair 
of the endothelium and formation of new blood ves-
sels. Recruitment and migration of endothelial pro-
genitor cells in the body are controlled by cells located 
directly in the damaged area [4]. Most progenitor cells 
mature from hematopoietic stem cells, mainly found 
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in the bone marrow, peripheral blood, and umbilical 
cord, but they are also present in the spleen, intestines, 
liver, adipose tissue, and adventitia. Regardless of 
their source, all hematopoietic stem cells have mar- 
kers CD34+ and CD133+ [4].

Endothelial progenitor cells are characterized by 
expression of surface markers, such as vascular endo-
thelial growth factor receptor-2 (VEGFR-2), CD31, 
endothelial nitric oxide synthase (eNOS), and vas-
cular endothelial cadherin (VE-cadherin). Therefore, 
to identify endothelial progenitor cells, the following 
surface markers of hematopoietic and endothelial cell 
lines are used: CD34, CD133, VEGFR-2, or kinase 
domain receptor (KDR) [4, 5]. In patients with arte-
rial hypertension with a high level of low -density li-
poproteins (LDL), the number and migration capacity 
of circulating endothelial progenitor cells are reduced 
[6, 7]. The number and functional activity of circula- 
ting endothelial progenitor cells in the blood are in-
dependent predictors of morbidity and mortality from 
CVDs [8].

The involvement of endothelial progenitor cells in 
atherogenesis is beyond doubt. In the study by S. Ai 
et al., when evaluating the expression of the vitamin 
D receptor (VDR), the authors found that the VDR 
expression on circulating endothelial progenitor cells 
was significantly reduced in CAD patients and nega-
tively correlated with the glycated hemoglobin levels. 
Consistently high serum glucose decreased the VDR 
expression on endothelial progenitor cells, potentially 
accelerating the pathological process of atherosclero-
sis. Thus, low VDR expression on circulating endo-
thelial progenitor cells may serve as a potential risk 
factor for CAD development [9].

Monocytes are cells of the immune system that 
are involved in the formation of innate and adaptive 
immunity. Monocytes play a key role in the athero-
genesis, since, after being recruited into the lipid and 
lipoprotein-rich areas of the arterial intima, they dif-
ferentiate into macrophages under the influence of 
the macrophage colony-stimulating factor (M-CSF) 
produced by the activated endothelium [10, 11]. In 
the peripheral blood of patients with atherosclerosis, 
monocytes are preactivated and have some features of 
macrophages [10]. Their adhesion to the endothelium 
is 1.5 times higher than that of monocytes in healthy 
individuals, and they express a number of receptors 
(type I and type II Fcγ-receptor, intercellular adhesion 
molecule-1 (ICAM-1)) [12]. Monocytes have hetero-
geneous composition. In atherosclerosis, an increase 
in the relative count of monocytes of the interme-

diate (CD14++/CD16+) and nonclassical (CD14+/
CD16++) subpopulations is detected – by 2.3 and 1.8 
times, respectively [10, 13].

K.A. Arnold et al. investigated correlations of 
monocyte subtypes and macrophages cultured from 
them with CAD progression. Groups of study parti- 
cipants were formed after a coronary angiogram in 
accordance with CAD severity: a group without CAD 
(minor disturbances in the vascular lumen); a group 
with CAD with a single-vessel lesion; a group with 
CAD with a multi-vessel lesion. In CAD patients 
(with both single-vessel and multi-vessel lesions), 
the blood levels of both intermediate and non-clas-
sical monocytes were elevated compared to patients 
without CAD (p   < 0.05). The count of regulato-
ry macrophages (CD206+) was reduced in patients 
with both single-vessel and multi-vessel lesions (p < 
0.001) [14].

A relationship between the atherogenic lipoprotein 
phenotype and innate immunity in atherosclerotic pa-
tients with CAD was shown. The atherogenic fraction 
of LDLP was associated with an increase in the con-
tent of non-classical monocytes (CD14+CD16++) and 
a decrease in the content of the classical subpopula-
tion (CD14++CD16-) [15].

Lymphocytes play a key role in the development 
of inflammatory responses in CVDs. The content and 
phenotype of lymphocytes in the peripheral blood, 
subcutaneous adipose tissue, and epicardial adipose 
tissue in patients with and without CAD, who had 
undergone an elective heart surgery, were studied. It 
was found that the epicardial adipose tissue in CAD 
patients was characterized by an increased number 
of T-lymphocytes, B-lymphocytes, a higher total 
lymphocyte count, and a reduced number of natural 
killer (NK) cells in comparison with patients without 
CAD [16].

The complement system is involved in the CVD 
pathogenesis by inducing inflammation and interac- 
ting with the coagulation system [17]. The balance 
between activation and inhibition of the complement 
system is critical for controlling the degree of inflam-
mation. Molecules involved in the regulation of the 
complement system activation include complement 
receptor type 1 (CR1, CD35), membrane cofactor pro-
tein (MCP, CD46), decay-accelerating factor (DAF, 
CD55), and membrane inhibitor of reactive lysis 
(MIRL, CD59). Each protein is different in the me- 
chanism of action for the complement system regula-
tion [18]. Patients with CAD showed lower expression 
of CD46 and CD55 on the surface of lymphocytes, 
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monocytes, and granulocytes and higher surface ex-
pression of CD35 and CD59 on granulocytes (p < 
0.0001), compared to healthy donors. High CD59 
expression on granulocytes positively correlated with 
the severity of the disease and may serve as a potential 
marker of disease progression [18]. 

FLOW CYTOMETRY IN THE STUDIES  
ON ATHEROSCLEROTIC PLAQUES

The structure of atherosclerotic plaques is one of 
the key directions in the study of the pathogenesis of 
atherosclerosis. There is a large number of experimen-
tal studies devoted to formation, maturation, and rup-
ture of atherosclerotic plaques, but the mechanisms of 
these phenomena remain largely unclear. Traditional-
ly, blood is used as a material for scientific research 
on atherosclerosis, since collection of tissues for re-
search is associated with certain difficulties. However, 
for the study of the pathophysiological mechanisms of  
atherosclerosis, the atherosclerotic lesion itself is of 
the greatest interest.

Modern quantitative methods can increase the un-
derstanding of the pathological processes responsible 
for plaque progression. It was flow cytometry and de-
velopment of original protocols for enzymatic isola-
tion of cells from atherosclerotic plaques that allowed 
to perform the most complete analysis of lympho-
cytes, their role in the immunological mechanisms of 
maturation and rupture, and their distribution in ath-
erosclerotic plaques [19, 20].

Earlier there were some attempts to study the role 
of lymphocytes in an atherosclerotic lesion. Howev-
er, at the same time, scientists isolated lymphocytes 
from the tissue into a culture medium with various 
activators of the lymphocyte migration, i.e. studied in-
dividual lymphocytes migrating from the atheroscle-
rotic plaque tissue into the culture medium. This made 
it possible not to practice the technique of isolating  
living cells but to study the cellular composition of  
the atherosclerotic plaque tissue itself [21]. 

At the same time, attempts were made to accurate-
ly determine the cellular composition of the tissue of 
human atherosclerotic plaques using flow cytometry, 
where the material obtained during carotid endarterec-
tomy was subjected to enzymatic treatment with colla-
genase I (250 U / ml) at 37° C. This study showed that 
about 50% of the cells in the atherosclerotic plaques 
were mononuclear inflammatory cells (T-lympho-
cytes and monocytes (macrophages)) [22]. 

In further research, scientists developed original 
protocols for isolating cells from the tissue of athero-

sclerotic plaques and studied the whole complexes of 
antibodies labeled with fluorochromes. In addition, 
the use of several fluorochromes simultaneously made 
it possible to study various processes in the cell. The 
study by L. Sh. Grievel et al. showed that the phe-
notypic composition of T-lymphocytes in the plaque 
differed from that in the blood. When comparing 
the expression levels of cellular markers CD3, CD4, 
CD16, CD45, CD45RA, CCR7 CD28, CD27, HLA-
DR, and CD38, high levels of CD4 and CD8 T-cells 
in the plaques were revealed [19].

The dominant inflammatory cell in atherosclerosis 
is a macrophage. However, interactions with other in-
flammatory cells may also play a role in the athero-
genesis. Using immunohistochemistry, the presence 
of mast cells in the atherosclerotic lesion, constitu- 
ting a heterogeneous population, was established. In 
a 3-year study of 270 patients with carotid stenosis, 
plasma mast cell levels were shown to be associated 
with future acute cardiovascular events. Despite the 
fact that mast cells are present in a plaque in small 
numbers, they can contribute to destabilization of an 
atherosclerotic plaque [23]. 

Mast cells are involved in inflammatory respon- 
ses in various tissues, including the arterial intima. 
Mast cells are activated for degranulation, releasing 
large amounts of inflammatory mediators (histamine, 
heparin, proteases, and cytokines) stored in their cy-
toplasm. Activated mast cells in the atherosclerotic 
lesion can promote leukocyte chemotaxis, adhesion to 
the activated endothelium, and subsequent transendo-
thelial migration [24].

In order to characterize the population of mast cells 
in human atherosclerotic lesions in more detail and to 
determine its activity, E. Kritikou et al. used several 
markers simultaneously (CD45, CD117, CD63, and 
IgE, Tryptase/TPSAB1) [25]. The authors confirmed 
that the main but not the only pathway of mast cell ac-
tivation inside a plaque is IgE-mediated one, but there 
is a group of mast cells that are activated without IgE 
binding [25]. 

Flow cytometry is a powerful tool for detecting the 
diversity of leukocyte subsets in the atherosclerotic 
plaque [26]. The atherosclerotic plaque is a complex 
immunological environment. Since the discovery of 
T-cells in atherosclerotic plaques, they have been 
found to play an important role in the development of 
atherosclerosis and CVDs. T-helpers can differentiate 
into several phenotypes (Th1, Th2, Th9, Th17, Treg, 
etc.), produce various interleukins, and have both pro- 
and anti-inflammatory mechanisms. The study by 
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Grönberg et al. suggested that therapeutic inhibition 
of T-cell differentiation into Th1-cells is a promising 
strategy for reducing the progression of atherosclero-
sis [27].

T-lymphocytes play an essential role in athero-
genesis, but the atherogenic or atheroprotective role 
of CD8+ T-cells in late stages of atherosclerosis de-
velopment remains controversial. The study by J. van 
Duijn et al. demonstrated the local, protective role of 
CD8+ T-cells in progressive atherosclerosis by com-
paring the phenotypes of CD8+ T-cells obtained from 
plaques from the aorta, spleen, and blood of mice. In 
progressive atherosclerosis in a mouse model, aortic 
CD8+ T-cells produced lower amounts of IFNγ and 
TNFα compared to their systemic counterparts, with a 
simultaneous increase in the expression of CD39 ec-
tonucleotidase. At the same time, pharmacological in-
hibition of CD39 in apoE-/- mice partially restored the 
production of cytokines by CD8+ T-cells. The studies 
on the samples of atherosclerotic plaques in the hu-
man carotid and femoral arteries confirmed these re-
sults [28, 29].

Tissue cell death is a characteristic feature of pro-
gressive atherosclerotic plaques, including unstable 
lesions, which are largely responsible for compli-
cations of CVDs. The data on the accumulation of 
cytotoxic lymphocytes in human lesions strongly 
suggest that these lymphocytes promote cell death 
in atherosclerotic foci and lead to potential rupture 
of plaques [30].

NK cells can induce cell death in various ways, 
using killer activation receptors (KARs) or the cyto-
lytic components perforin and granzyme B to form an 
immunological synapse, through which the release of 
cytolytic granules ultimately leads to lysis of target 
cells [31, 32]. T-cells (CD8, CD4, γδ-cells) and NK 
cells are involved in the atherogenesis. These cells are 
present in large numbers in unstable plaques, which 
indicates that their killer function is important for the 
progression of atherosclerotic process [30].

Inflammatory cells in the atherosclerotic plaque are 
derived from hematopoietic stem cells (HSPCs). When 
analyzing mononuclear blood cells by flow cytometry 
using antibodies CD38+CD45RA+CD34+HSPCs, 
the authors found that in CAD patients (coronary ste-
nosis ≥ 50%), the level of circulating HSPCs in the 
peripheral blood was 1.8 times higher than in individ-
uals without CAD. The level of HSPCs in the blood 
was associated with the degree of coronary stenosis. 
In addition, according to the multivariable logistic re-
gression analysis, the level of circulating HSPCs was 

the only marker that was associated with the odds ra-
tio (OR) of mild to severe (≥ 70%) coronary stenosis 
(OR 2.08 (95% confidence interval (CI) 1.35–3.21),  
p = 0.0009). That allowed the authors to propose 
HSPCs as an important marker for the assessment of 
atherosclerotic coronary stenosis [33].

CONCLUSION
Flow cytometry has been rapidly developing as 

a modern method for diagnosing and researching  
disorders of the immune system. Atherosclerosis is 
a multi-factorial chronic inflammatory disease that 
includes complex interactions between the vascular 
wall and blood cells, and an atherosclerotic plaque is a 
complex immunological environment.

Scientific knowledge about the atherosclerotic 
plaque composition and the role of cells found in the 
lesion focus is constantly growing due to fundamental 
research. However, a simple and accessible diagnosis 
of early atherosclerosis remains a problem, since mea-
surement and determination of changes in cell popula-
tions in the atherosclerotic focus are impracticable in 
clinical practice.

It is possible that flow cytometry will become a pri-
ority method for determining new prognostic periph-
eral blood markers for the severity of atherosclerosis.
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ABSRACT

The use of quantitative mapping of diffusion characteristics carries great potential for diagnosis and therapy of 
brain diseases, since it potentially allows to classify tumors, determine the degree of their malignancy, differentiate 
various morphological structures of tumor and non-tumor pathologies (such as tumor stroma, necrotic zones, cysts, 
various types of edema, etc.), and predict the course and outcome of diseases, in particular, a clinical response to 
treatment. Based on diffusion weighted magnetic resonance imaging (MRI), it is possible to perform 3D modeling 
of the white matter pathways of the brain, which is called tractography. In addition to a unique ability to visualize 
the location of tracts in relation to intracranial pathologies, this technology allows to build and analyze complex 
maps of communication networks in the brain (connectomics).

The review is devoted to the discussion of the physical and technical concept of diffusion weighted MRI, the key 
ways of its application in tumor and non-tumor processes, and problems that complicate correct interpretation of 
results. Since the problem of developing software for diffusion MRI data remains relevant, this review presents 
our own experience in developing an application as part of the project on creating effective methods for processing 
diffusion MRI data and modeling white matter tracts.
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РЕЗЮМЕ

Использование различных карт количественных характеристик диффузии несет в себе большой потенци-
ал для медицинской диагностики и терапии патологии головного мозга, так как позволяет классифици-
ровать опухоли, определять степень их злокачественности, дифференцировать различные морфологиче-
ские структуры опухолевых и неопухолевых патологических процессов (таких как строма опухоли, зоны 
некроза, кисты, различные виды отека и т.д.), прогнозировать течение и исход заболеваний, в частности 
клинический ответ на проведенное лечение. На основе диффузионно-взвешенной томографии возможна 
реализация трехмерной реконструкции волокон белого вещества головного мозга, называемая трактогра-
фией. Помимо уникальной возможности визуализировать расположение трактов относительно интракра-
ниальных патологических изменений, данная технология позволяет строить и анализировать комплексные 
карты сложных сетей связей в головном мозге (коннектомика). 

Обзор посвящен обсуждению физико-технической концепции диффузионно-взвешенной томографии, 
ключевых направлений применения в случае опухолевых и неопухолевых процессов, а также проблем, 
затрудняющих процесс корректной интерпретации результатов.  Так как в настоящий момент остается 
актуальной задача применения программного обеспечения для работы с диффузионными показателями 
магнитно-резонансной томографии, то в представленном обзоре показан собственный опыт разработки 
приложения в рамках проекта по созданию эффективных методик интерпретации диффузионных данных и 
построению трактов белого вещества головного мозга.

Ключевые слова: магнитно-резонансная томография, диффузионно-взвешенная томография, трактогра-
фия, головной мозг, нейронауки.

Конфликт интересов. Авторы декларируют отсутствие явных и потенциальных конфликтов интересов, 
связанных с публикацией настоящей статьи.

Источник финансирования. Исследование выполнено при финансовой поддержке Российского фонда 
фундаментальных исследований (проект № 19-32-90198).

Для цитирования: Уразова К.А., Горлачёв Г.Е., Черняев А.П., Голанов А.В. Диффузионные данные маг-
нитно-резонансной томографии: разработка методологии и инструментов использования в диагностике и 
лечении заболеваний головного мозга. Бюллетень сибирской медицины. 2021; 20 (2): 191–201. https://doi.
org/10.20538/1682-0363-2021-2-191-201.

__________________________

Bulletin of Siberian Medicine. 2021; 20 (2): 191–201

Urazova K.A., Gorlachev G.E., Chernyaev A.P., Golanov A.V. Diffusion magnetic resonance imaging data: development of methods  

INTRODUCTION

Introscopy is a key discipline in medical diagnos-
tics. Technical advances in computed tomography 
machine design and software made it possible to 
solve existing problems and open up new scientific 
directions that previously could not be invasively 
studied on people. In this context, diffusion weighted 

imaging (DWI) has become a widely used technique 
for studying the structure and functions of the brain, 
since it allows to measure the orientation of white 
matter fibers in vivo. This is especially relevant in 
the fields of stereotactic radiosurgery and neurosur-
gery, where it is important to measure the degree 
of involvement of functionally significant areas in 
the pathological process, while in certain cases, the 
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standard set of images (T1-weighted (T1w), T1w 
contrast-enhanced, T2-weighted (T2w), fluid-attenu-
ated inversion recovery (FLAIR) images, etc.) may 
not be enough to differentiate various morphologi-
cal structures in tumor and non-tumor pathological  
processes.

PHYSICAL AND TECHNICAL FEATURES  
OF DIFFUSION MRI DATA 

DWI is a technique of magnetic resonance imaging 
(MRI) that provides information about microscopic 
displacements of water molecules that occurs in bio-
logical tissues due to physical diffusion.

Vector r0 is the initial position of the particle at  
t = 0, and vector r is its subsequent position at t = τ. 
Generalizing the Einstein’s equation [1] to the case of 
an anisotropic medium, we obtain:

     

4 
 

                                   𝐷𝐷 = 1
6𝜏𝜏 〈𝐑𝐑𝑇𝑇 ∙ 𝐑𝐑〉 = [

𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷

]  ,                                          (1) 

где D – тензор диффузии, вектор 𝐑𝐑 = 𝐫𝐫 − 𝐫𝐫𝟎𝟎 показывает перемещение частицы. Можно 

показать, что этот тензор второго ранга является симметричным и положительно 

определенным, а также то, что его собственные значения вещественны. 

Для вычисления тензора диффузии D(r) необходимо получить несколько ДВТ в 

различных неколлинеарных направлениях градиента gk (k = 1, …, N) [2]. В общем виде 

тензор диффузии может быть рассчитан путем решения следующей системы уравнений: 

                      𝑆𝑆𝑘𝑘(𝐫𝐫) = 𝑆𝑆0(𝐫𝐫)𝑒𝑒−𝑏𝑏�̂�𝑔𝑘𝑘
𝑇𝑇∙𝐷𝐷(𝐫𝐫)∙𝑔𝑔�̂�𝑘, где 𝑔𝑔�̂�𝑘 = 𝑔𝑔𝑘𝑘

‖𝑔𝑔𝑘𝑘‖,                                    (2) 

где S0(r) – сигнал в отсутствие диффузионных градиентов (т.е. ‖g‖ = 0). 

Коэффициент b – это так называемый b-фактор, введенный в работе [3] и определенный как 

 𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2 (𝛥𝛥 − 𝛿𝛿
3) ‖𝑔𝑔‖2,                                                     (3) 

где γ – гиромагнитное отношение водорода (42,58 МГц/Тл), δ – длительность 

сигнала, ∆ – время между приложением этих импульсов. 

 Плотность распределения  p(r|r0, τ) для анизотропной среды:  

                    𝑝𝑝(𝐫𝐫 |𝐫𝐫𝟎𝟎, 𝜏𝜏) =  1
√(4𝜋𝜋𝜏𝜏)3|𝐷𝐷| 𝑒𝑒

−(𝐫𝐫−𝐫𝐫𝟎𝟎)𝑇𝑇∙𝐷𝐷−1∙(𝐫𝐫−𝐫𝐫𝟎𝟎)
4𝜏𝜏 .                                      (4) 

Также, поскольку ‖gk‖ различны, то b-фактор можно выразить следующим образом: 

                          𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2(𝛥𝛥 − 𝛿𝛿
3)‖𝑔𝑔𝑘𝑘‖2.                                                  (5) 

Систему уравнений (2) удобнее переписать в виде: 

[
 
 
 
 (𝑔𝑔1𝑥𝑥)2 2𝑔𝑔1𝑥𝑥�̂�𝑔1𝑦𝑦 2𝑔𝑔1𝑥𝑥𝑔𝑔1𝑧𝑧 (𝑔𝑔1𝑦𝑦)2 2𝑔𝑔1𝑦𝑦�̂�𝑔1𝑧𝑧 (𝑔𝑔1𝑧𝑧)2

(𝑔𝑔2𝑥𝑥)2 ⋮ 2𝑔𝑔2𝑥𝑥�̂�𝑔2𝑦𝑦 2𝑔𝑔2𝑥𝑥𝑔𝑔2𝑧𝑧 (𝑔𝑔2𝑦𝑦)2 2𝑔𝑔2𝑦𝑦�̂�𝑔2𝑧𝑧 ⋮ (𝑔𝑔2𝑧𝑧)2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮
(𝑔𝑔𝑁𝑁𝑥𝑥)2 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔𝑁𝑁𝑧𝑧 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔2𝑁𝑁 (𝑔𝑔𝑁𝑁𝑦𝑦)2 2𝑔𝑔𝑁𝑁𝑦𝑦�̂�𝑔𝑁𝑁𝑧𝑧 (𝑔𝑔𝑁𝑁𝑧𝑧)2 ]

 
 
 
 

[
 
 
 
 
 
 𝐷𝐷𝑥𝑥𝑥𝑥(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑧𝑧𝑧𝑧(𝐫𝐫)]

 
 
 
 
 
 

=

[
 
 
 
 
 
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆1(𝐫𝐫)
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆2(𝐫𝐫)
⋮

1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆𝑁𝑁(𝐫𝐫)]
 
 
 
 
 

     (6) 

 

Если получено больше шести направлений, то систему уравнений (6) можно решить, 

используя приближение наименьших квадратов. К примеру, если использовать линейное 

невзвешенное приближение наименьших квадратов, то: 

                           𝐷𝐷(𝐫𝐫) ̃ = (𝐺𝐺𝑇𝑇 ∙ 𝐺𝐺)−1 ∙ 𝐺𝐺𝑇𝑇 ∙ 𝐵𝐵(𝐫𝐫).                                              (7) 

В диффузионно-тензорной томографии (ДТТ) предполагается [4], что распределение 

молекул, подверженных диффузии характеризуется Гауссовой условной плотностью 

вероятности p(r|r0,τ), даваемой выражением (4). Таким образом, D может быть связан с 

эллипсоидом, который является изоповерхностью плотности вероятности диффузии 

  𝐷𝐷(𝐫𝐫) ̃  G B(r) 

,      (1)

where D is the diffusion tensor, and the vector R = r-r0 
shows particle displacement. It can be shown that this 
second-rank tensor is symmetric and positive definite, 
and that its eigenvalues are real.

It is necessary to obtain several DWI in different 
noncollinear directions of the gradient gk (k = 1, ..., N) 

to calculate the diffusion tensor D(r) [2]. In general, 
the diffusion tensor can be calculated by solving the 
following system of equations:

 

4 
 

                                   𝐷𝐷 = 1
6𝜏𝜏 〈𝐑𝐑𝑇𝑇 ∙ 𝐑𝐑〉 = [

𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷

]  ,                                          (1) 

где D – тензор диффузии, вектор 𝐑𝐑 = 𝐫𝐫 − 𝐫𝐫𝟎𝟎 показывает перемещение частицы. Можно 

показать, что этот тензор второго ранга является симметричным и положительно 

определенным, а также то, что его собственные значения вещественны. 

Для вычисления тензора диффузии D(r) необходимо получить несколько ДВТ в 

различных неколлинеарных направлениях градиента gk (k = 1, …, N) [2]. В общем виде 

тензор диффузии может быть рассчитан путем решения следующей системы уравнений: 

                      𝑆𝑆𝑘𝑘(𝐫𝐫) = 𝑆𝑆0(𝐫𝐫)𝑒𝑒−𝑏𝑏�̂�𝑔𝑘𝑘
𝑇𝑇∙𝐷𝐷(𝐫𝐫)∙𝑔𝑔�̂�𝑘, где 𝑔𝑔�̂�𝑘 = 𝑔𝑔𝑘𝑘

‖𝑔𝑔𝑘𝑘‖,                                    (2) 

где S0(r) – сигнал в отсутствие диффузионных градиентов (т.е. ‖g‖ = 0). 

Коэффициент b – это так называемый b-фактор, введенный в работе [3] и определенный как 

 𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2 (𝛥𝛥 − 𝛿𝛿
3) ‖𝑔𝑔‖2,                                                     (3) 

где γ – гиромагнитное отношение водорода (42,58 МГц/Тл), δ – длительность 

сигнала, ∆ – время между приложением этих импульсов. 

 Плотность распределения  p(r|r0, τ) для анизотропной среды:  

                    𝑝𝑝(𝐫𝐫 |𝐫𝐫𝟎𝟎, 𝜏𝜏) =  1
√(4𝜋𝜋𝜏𝜏)3|𝐷𝐷| 𝑒𝑒

−(𝐫𝐫−𝐫𝐫𝟎𝟎)𝑇𝑇∙𝐷𝐷−1∙(𝐫𝐫−𝐫𝐫𝟎𝟎)
4𝜏𝜏 .                                      (4) 

Также, поскольку ‖gk‖ различны, то b-фактор можно выразить следующим образом: 

                          𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2(𝛥𝛥 − 𝛿𝛿
3)‖𝑔𝑔𝑘𝑘‖2.                                                  (5) 

Систему уравнений (2) удобнее переписать в виде: 

[
 
 
 
 (𝑔𝑔1𝑥𝑥)2 2𝑔𝑔1𝑥𝑥�̂�𝑔1𝑦𝑦 2𝑔𝑔1𝑥𝑥𝑔𝑔1𝑧𝑧 (𝑔𝑔1𝑦𝑦)2 2𝑔𝑔1𝑦𝑦�̂�𝑔1𝑧𝑧 (𝑔𝑔1𝑧𝑧)2

(𝑔𝑔2𝑥𝑥)2 ⋮ 2𝑔𝑔2𝑥𝑥�̂�𝑔2𝑦𝑦 2𝑔𝑔2𝑥𝑥𝑔𝑔2𝑧𝑧 (𝑔𝑔2𝑦𝑦)2 2𝑔𝑔2𝑦𝑦�̂�𝑔2𝑧𝑧 ⋮ (𝑔𝑔2𝑧𝑧)2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮
(𝑔𝑔𝑁𝑁𝑥𝑥)2 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔𝑁𝑁𝑧𝑧 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔2𝑁𝑁 (𝑔𝑔𝑁𝑁𝑦𝑦)2 2𝑔𝑔𝑁𝑁𝑦𝑦�̂�𝑔𝑁𝑁𝑧𝑧 (𝑔𝑔𝑁𝑁𝑧𝑧)2 ]

 
 
 
 

[
 
 
 
 
 
 𝐷𝐷𝑥𝑥𝑥𝑥(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑧𝑧𝑧𝑧(𝐫𝐫)]

 
 
 
 
 
 

=

[
 
 
 
 
 
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆1(𝐫𝐫)
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆2(𝐫𝐫)
⋮

1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆𝑁𝑁(𝐫𝐫)]
 
 
 
 
 

     (6) 

 

Если получено больше шести направлений, то систему уравнений (6) можно решить, 

используя приближение наименьших квадратов. К примеру, если использовать линейное 

невзвешенное приближение наименьших квадратов, то: 

                           𝐷𝐷(𝐫𝐫) ̃ = (𝐺𝐺𝑇𝑇 ∙ 𝐺𝐺)−1 ∙ 𝐺𝐺𝑇𝑇 ∙ 𝐵𝐵(𝐫𝐫).                                              (7) 

В диффузионно-тензорной томографии (ДТТ) предполагается [4], что распределение 

молекул, подверженных диффузии характеризуется Гауссовой условной плотностью 

вероятности p(r|r0,τ), даваемой выражением (4). Таким образом, D может быть связан с 

эллипсоидом, который является изоповерхностью плотности вероятности диффузии 

  𝐷𝐷(𝐫𝐫) ̃  G B(r) 

,    (2)

where S0(r) is the signal in the absence of diffusion 
gradients (i.e., ‖g‖ = 0).

Coefficient b is the so-called b-factor, introduced 
in [3] and defined as:

                    

4 
 

                                   𝐷𝐷 = 1
6𝜏𝜏 〈𝐑𝐑𝑇𝑇 ∙ 𝐑𝐑〉 = [

𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷

]  ,                                          (1) 

где D – тензор диффузии, вектор 𝐑𝐑 = 𝐫𝐫 − 𝐫𝐫𝟎𝟎 показывает перемещение частицы. Можно 

показать, что этот тензор второго ранга является симметричным и положительно 

определенным, а также то, что его собственные значения вещественны. 

Для вычисления тензора диффузии D(r) необходимо получить несколько ДВТ в 

различных неколлинеарных направлениях градиента gk (k = 1, …, N) [2]. В общем виде 

тензор диффузии может быть рассчитан путем решения следующей системы уравнений: 

                      𝑆𝑆𝑘𝑘(𝐫𝐫) = 𝑆𝑆0(𝐫𝐫)𝑒𝑒−𝑏𝑏�̂�𝑔𝑘𝑘
𝑇𝑇∙𝐷𝐷(𝐫𝐫)∙𝑔𝑔�̂�𝑘, где 𝑔𝑔�̂�𝑘 = 𝑔𝑔𝑘𝑘

‖𝑔𝑔𝑘𝑘‖,                                    (2) 

где S0(r) – сигнал в отсутствие диффузионных градиентов (т.е. ‖g‖ = 0). 

Коэффициент b – это так называемый b-фактор, введенный в работе [3] и определенный как 

 𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2 (𝛥𝛥 − 𝛿𝛿
3) ‖𝑔𝑔‖2,                                                     (3) 

где γ – гиромагнитное отношение водорода (42,58 МГц/Тл), δ – длительность 

сигнала, ∆ – время между приложением этих импульсов. 

 Плотность распределения  p(r|r0, τ) для анизотропной среды:  

                    𝑝𝑝(𝐫𝐫 |𝐫𝐫𝟎𝟎, 𝜏𝜏) =  1
√(4𝜋𝜋𝜏𝜏)3|𝐷𝐷| 𝑒𝑒

−(𝐫𝐫−𝐫𝐫𝟎𝟎)𝑇𝑇∙𝐷𝐷−1∙(𝐫𝐫−𝐫𝐫𝟎𝟎)
4𝜏𝜏 .                                      (4) 

Также, поскольку ‖gk‖ различны, то b-фактор можно выразить следующим образом: 

                          𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2(𝛥𝛥 − 𝛿𝛿
3)‖𝑔𝑔𝑘𝑘‖2.                                                  (5) 

Систему уравнений (2) удобнее переписать в виде: 

[
 
 
 
 (𝑔𝑔1𝑥𝑥)2 2𝑔𝑔1𝑥𝑥�̂�𝑔1𝑦𝑦 2𝑔𝑔1𝑥𝑥𝑔𝑔1𝑧𝑧 (𝑔𝑔1𝑦𝑦)2 2𝑔𝑔1𝑦𝑦�̂�𝑔1𝑧𝑧 (𝑔𝑔1𝑧𝑧)2

(𝑔𝑔2𝑥𝑥)2 ⋮ 2𝑔𝑔2𝑥𝑥�̂�𝑔2𝑦𝑦 2𝑔𝑔2𝑥𝑥𝑔𝑔2𝑧𝑧 (𝑔𝑔2𝑦𝑦)2 2𝑔𝑔2𝑦𝑦�̂�𝑔2𝑧𝑧 ⋮ (𝑔𝑔2𝑧𝑧)2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮
(𝑔𝑔𝑁𝑁𝑥𝑥)2 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔𝑁𝑁𝑧𝑧 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔2𝑁𝑁 (𝑔𝑔𝑁𝑁𝑦𝑦)2 2𝑔𝑔𝑁𝑁𝑦𝑦�̂�𝑔𝑁𝑁𝑧𝑧 (𝑔𝑔𝑁𝑁𝑧𝑧)2 ]

 
 
 
 

[
 
 
 
 
 
 𝐷𝐷𝑥𝑥𝑥𝑥(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑧𝑧𝑧𝑧(𝐫𝐫)]

 
 
 
 
 
 

=

[
 
 
 
 
 
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆1(𝐫𝐫)
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆2(𝐫𝐫)
⋮

1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆𝑁𝑁(𝐫𝐫)]
 
 
 
 
 

     (6) 

 

Если получено больше шести направлений, то систему уравнений (6) можно решить, 

используя приближение наименьших квадратов. К примеру, если использовать линейное 

невзвешенное приближение наименьших квадратов, то: 

                           𝐷𝐷(𝐫𝐫) ̃ = (𝐺𝐺𝑇𝑇 ∙ 𝐺𝐺)−1 ∙ 𝐺𝐺𝑇𝑇 ∙ 𝐵𝐵(𝐫𝐫).                                              (7) 

В диффузионно-тензорной томографии (ДТТ) предполагается [4], что распределение 

молекул, подверженных диффузии характеризуется Гауссовой условной плотностью 

вероятности p(r|r0,τ), даваемой выражением (4). Таким образом, D может быть связан с 

эллипсоидом, который является изоповерхностью плотности вероятности диффузии 

  𝐷𝐷(𝐫𝐫) ̃  G B(r) 

,                  (3)

where γ is the gyromagnetic ratio of hydrogen (42.58 
MHz / T), δ is the signal duration, and ∆ is the time 
between the pulses.

 The probability density function p(r|r0, τ) for an 
anisotropic medium:

4 
 

                                   𝐷𝐷 = 1
6𝜏𝜏 〈𝐑𝐑𝑇𝑇 ∙ 𝐑𝐑〉 = [

𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷

]  ,                                          (1) 

где D – тензор диффузии, вектор 𝐑𝐑 = 𝐫𝐫 − 𝐫𝐫𝟎𝟎 показывает перемещение частицы. Можно 

показать, что этот тензор второго ранга является симметричным и положительно 

определенным, а также то, что его собственные значения вещественны. 

Для вычисления тензора диффузии D(r) необходимо получить несколько ДВТ в 

различных неколлинеарных направлениях градиента gk (k = 1, …, N) [2]. В общем виде 

тензор диффузии может быть рассчитан путем решения следующей системы уравнений: 

                      𝑆𝑆𝑘𝑘(𝐫𝐫) = 𝑆𝑆0(𝐫𝐫)𝑒𝑒−𝑏𝑏�̂�𝑔𝑘𝑘
𝑇𝑇∙𝐷𝐷(𝐫𝐫)∙𝑔𝑔�̂�𝑘, где 𝑔𝑔�̂�𝑘 = 𝑔𝑔𝑘𝑘

‖𝑔𝑔𝑘𝑘‖,                                    (2) 

где S0(r) – сигнал в отсутствие диффузионных градиентов (т.е. ‖g‖ = 0). 

Коэффициент b – это так называемый b-фактор, введенный в работе [3] и определенный как 

 𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2 (𝛥𝛥 − 𝛿𝛿
3) ‖𝑔𝑔‖2,                                                     (3) 

где γ – гиромагнитное отношение водорода (42,58 МГц/Тл), δ – длительность 

сигнала, ∆ – время между приложением этих импульсов. 

 Плотность распределения  p(r|r0, τ) для анизотропной среды:  

                    𝑝𝑝(𝐫𝐫 |𝐫𝐫𝟎𝟎, 𝜏𝜏) =  1
√(4𝜋𝜋𝜏𝜏)3|𝐷𝐷| 𝑒𝑒

−(𝐫𝐫−𝐫𝐫𝟎𝟎)𝑇𝑇∙𝐷𝐷−1∙(𝐫𝐫−𝐫𝐫𝟎𝟎)
4𝜏𝜏 .                                      (4) 

Также, поскольку ‖gk‖ различны, то b-фактор можно выразить следующим образом: 

                          𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2(𝛥𝛥 − 𝛿𝛿
3)‖𝑔𝑔𝑘𝑘‖2.                                                  (5) 

Систему уравнений (2) удобнее переписать в виде: 

[
 
 
 
 (𝑔𝑔1𝑥𝑥)2 2𝑔𝑔1𝑥𝑥�̂�𝑔1𝑦𝑦 2𝑔𝑔1𝑥𝑥𝑔𝑔1𝑧𝑧 (𝑔𝑔1𝑦𝑦)2 2𝑔𝑔1𝑦𝑦�̂�𝑔1𝑧𝑧 (𝑔𝑔1𝑧𝑧)2

(𝑔𝑔2𝑥𝑥)2 ⋮ 2𝑔𝑔2𝑥𝑥�̂�𝑔2𝑦𝑦 2𝑔𝑔2𝑥𝑥𝑔𝑔2𝑧𝑧 (𝑔𝑔2𝑦𝑦)2 2𝑔𝑔2𝑦𝑦�̂�𝑔2𝑧𝑧 ⋮ (𝑔𝑔2𝑧𝑧)2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮
(𝑔𝑔𝑁𝑁𝑥𝑥)2 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔𝑁𝑁𝑧𝑧 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔2𝑁𝑁 (𝑔𝑔𝑁𝑁𝑦𝑦)2 2𝑔𝑔𝑁𝑁𝑦𝑦�̂�𝑔𝑁𝑁𝑧𝑧 (𝑔𝑔𝑁𝑁𝑧𝑧)2 ]

 
 
 
 

[
 
 
 
 
 
 𝐷𝐷𝑥𝑥𝑥𝑥(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑧𝑧𝑧𝑧(𝐫𝐫)]

 
 
 
 
 
 

=

[
 
 
 
 
 
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆1(𝐫𝐫)
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆2(𝐫𝐫)
⋮

1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆𝑁𝑁(𝐫𝐫)]
 
 
 
 
 

     (6) 

 

Если получено больше шести направлений, то систему уравнений (6) можно решить, 

используя приближение наименьших квадратов. К примеру, если использовать линейное 

невзвешенное приближение наименьших квадратов, то: 

                           𝐷𝐷(𝐫𝐫) ̃ = (𝐺𝐺𝑇𝑇 ∙ 𝐺𝐺)−1 ∙ 𝐺𝐺𝑇𝑇 ∙ 𝐵𝐵(𝐫𝐫).                                              (7) 

В диффузионно-тензорной томографии (ДТТ) предполагается [4], что распределение 

молекул, подверженных диффузии характеризуется Гауссовой условной плотностью 

вероятности p(r|r0,τ), даваемой выражением (4). Таким образом, D может быть связан с 

эллипсоидом, который является изоповерхностью плотности вероятности диффузии 

  𝐷𝐷(𝐫𝐫) ̃  G B(r) 

,        (4)

Also, since the ‖gk‖ are different, the b-factor can be 
expressed as follows:

                  

4 
 

                                   𝐷𝐷 = 1
6𝜏𝜏 〈𝐑𝐑𝑇𝑇 ∙ 𝐑𝐑〉 = [

𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷

]  ,                                          (1) 

где D – тензор диффузии, вектор 𝐑𝐑 = 𝐫𝐫 − 𝐫𝐫𝟎𝟎 показывает перемещение частицы. Можно 

показать, что этот тензор второго ранга является симметричным и положительно 

определенным, а также то, что его собственные значения вещественны. 

Для вычисления тензора диффузии D(r) необходимо получить несколько ДВТ в 

различных неколлинеарных направлениях градиента gk (k = 1, …, N) [2]. В общем виде 

тензор диффузии может быть рассчитан путем решения следующей системы уравнений: 

                      𝑆𝑆𝑘𝑘(𝐫𝐫) = 𝑆𝑆0(𝐫𝐫)𝑒𝑒−𝑏𝑏�̂�𝑔𝑘𝑘
𝑇𝑇∙𝐷𝐷(𝐫𝐫)∙𝑔𝑔�̂�𝑘, где 𝑔𝑔�̂�𝑘 = 𝑔𝑔𝑘𝑘

‖𝑔𝑔𝑘𝑘‖,                                    (2) 

где S0(r) – сигнал в отсутствие диффузионных градиентов (т.е. ‖g‖ = 0). 

Коэффициент b – это так называемый b-фактор, введенный в работе [3] и определенный как 

 𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2 (𝛥𝛥 − 𝛿𝛿
3) ‖𝑔𝑔‖2,                                                     (3) 

где γ – гиромагнитное отношение водорода (42,58 МГц/Тл), δ – длительность 

сигнала, ∆ – время между приложением этих импульсов. 

 Плотность распределения  p(r|r0, τ) для анизотропной среды:  

                    𝑝𝑝(𝐫𝐫 |𝐫𝐫𝟎𝟎, 𝜏𝜏) =  1
√(4𝜋𝜋𝜏𝜏)3|𝐷𝐷| 𝑒𝑒

−(𝐫𝐫−𝐫𝐫𝟎𝟎)𝑇𝑇∙𝐷𝐷−1∙(𝐫𝐫−𝐫𝐫𝟎𝟎)
4𝜏𝜏 .                                      (4) 

Также, поскольку ‖gk‖ различны, то b-фактор можно выразить следующим образом: 

                          𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2(𝛥𝛥 − 𝛿𝛿
3)‖𝑔𝑔𝑘𝑘‖2.                                                  (5) 

Систему уравнений (2) удобнее переписать в виде: 

[
 
 
 
 (𝑔𝑔1𝑥𝑥)2 2𝑔𝑔1𝑥𝑥�̂�𝑔1𝑦𝑦 2𝑔𝑔1𝑥𝑥𝑔𝑔1𝑧𝑧 (𝑔𝑔1𝑦𝑦)2 2𝑔𝑔1𝑦𝑦�̂�𝑔1𝑧𝑧 (𝑔𝑔1𝑧𝑧)2

(𝑔𝑔2𝑥𝑥)2 ⋮ 2𝑔𝑔2𝑥𝑥�̂�𝑔2𝑦𝑦 2𝑔𝑔2𝑥𝑥𝑔𝑔2𝑧𝑧 (𝑔𝑔2𝑦𝑦)2 2𝑔𝑔2𝑦𝑦�̂�𝑔2𝑧𝑧 ⋮ (𝑔𝑔2𝑧𝑧)2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮
(𝑔𝑔𝑁𝑁𝑥𝑥)2 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔𝑁𝑁𝑧𝑧 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔2𝑁𝑁 (𝑔𝑔𝑁𝑁𝑦𝑦)2 2𝑔𝑔𝑁𝑁𝑦𝑦�̂�𝑔𝑁𝑁𝑧𝑧 (𝑔𝑔𝑁𝑁𝑧𝑧)2 ]

 
 
 
 

[
 
 
 
 
 
 𝐷𝐷𝑥𝑥𝑥𝑥(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑧𝑧𝑧𝑧(𝐫𝐫)]

 
 
 
 
 
 

=

[
 
 
 
 
 
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆1(𝐫𝐫)
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆2(𝐫𝐫)
⋮

1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆𝑁𝑁(𝐫𝐫)]
 
 
 
 
 

     (6) 

 

Если получено больше шести направлений, то систему уравнений (6) можно решить, 

используя приближение наименьших квадратов. К примеру, если использовать линейное 

невзвешенное приближение наименьших квадратов, то: 

                           𝐷𝐷(𝐫𝐫) ̃ = (𝐺𝐺𝑇𝑇 ∙ 𝐺𝐺)−1 ∙ 𝐺𝐺𝑇𝑇 ∙ 𝐵𝐵(𝐫𝐫).                                              (7) 

В диффузионно-тензорной томографии (ДТТ) предполагается [4], что распределение 

молекул, подверженных диффузии характеризуется Гауссовой условной плотностью 

вероятности p(r|r0,τ), даваемой выражением (4). Таким образом, D может быть связан с 

эллипсоидом, который является изоповерхностью плотности вероятности диффузии 

  𝐷𝐷(𝐫𝐫) ̃  G B(r) 

,                    (5)

It is more convenient to rewrite the system of equa-
tions (2) in the form:

4 
 

                                   𝐷𝐷 = 1
6𝜏𝜏 〈𝐑𝐑𝑇𝑇 ∙ 𝐑𝐑〉 = [

𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷

]  ,                                          (1) 

где D – тензор диффузии, вектор 𝐑𝐑 = 𝐫𝐫 − 𝐫𝐫𝟎𝟎 показывает перемещение частицы. Можно 

показать, что этот тензор второго ранга является симметричным и положительно 

определенным, а также то, что его собственные значения вещественны. 

Для вычисления тензора диффузии D(r) необходимо получить несколько ДВТ в 

различных неколлинеарных направлениях градиента gk (k = 1, …, N) [2]. В общем виде 

тензор диффузии может быть рассчитан путем решения следующей системы уравнений: 

                      𝑆𝑆𝑘𝑘(𝐫𝐫) = 𝑆𝑆0(𝐫𝐫)𝑒𝑒−𝑏𝑏�̂�𝑔𝑘𝑘
𝑇𝑇∙𝐷𝐷(𝐫𝐫)∙𝑔𝑔�̂�𝑘, где 𝑔𝑔�̂�𝑘 = 𝑔𝑔𝑘𝑘

‖𝑔𝑔𝑘𝑘‖,                                    (2) 

где S0(r) – сигнал в отсутствие диффузионных градиентов (т.е. ‖g‖ = 0). 

Коэффициент b – это так называемый b-фактор, введенный в работе [3] и определенный как 

 𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2 (𝛥𝛥 − 𝛿𝛿
3) ‖𝑔𝑔‖2,                                                     (3) 

где γ – гиромагнитное отношение водорода (42,58 МГц/Тл), δ – длительность 

сигнала, ∆ – время между приложением этих импульсов. 

 Плотность распределения  p(r|r0, τ) для анизотропной среды:  

                    𝑝𝑝(𝐫𝐫 |𝐫𝐫𝟎𝟎, 𝜏𝜏) =  1
√(4𝜋𝜋𝜏𝜏)3|𝐷𝐷| 𝑒𝑒

−(𝐫𝐫−𝐫𝐫𝟎𝟎)𝑇𝑇∙𝐷𝐷−1∙(𝐫𝐫−𝐫𝐫𝟎𝟎)
4𝜏𝜏 .                                      (4) 

Также, поскольку ‖gk‖ различны, то b-фактор можно выразить следующим образом: 

                          𝑏𝑏𝑘𝑘 = 𝛾𝛾2𝛿𝛿2(𝛥𝛥 − 𝛿𝛿
3)‖𝑔𝑔𝑘𝑘‖2.                                                  (5) 

Систему уравнений (2) удобнее переписать в виде: 

[
 
 
 
 (𝑔𝑔1𝑥𝑥)2 2𝑔𝑔1𝑥𝑥�̂�𝑔1𝑦𝑦 2𝑔𝑔1𝑥𝑥𝑔𝑔1𝑧𝑧 (𝑔𝑔1𝑦𝑦)2 2𝑔𝑔1𝑦𝑦�̂�𝑔1𝑧𝑧 (𝑔𝑔1𝑧𝑧)2

(𝑔𝑔2𝑥𝑥)2 ⋮ 2𝑔𝑔2𝑥𝑥�̂�𝑔2𝑦𝑦 2𝑔𝑔2𝑥𝑥𝑔𝑔2𝑧𝑧 (𝑔𝑔2𝑦𝑦)2 2𝑔𝑔2𝑦𝑦�̂�𝑔2𝑧𝑧 ⋮ (𝑔𝑔2𝑧𝑧)2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮
(𝑔𝑔𝑁𝑁𝑥𝑥)2 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔𝑁𝑁𝑧𝑧 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔2𝑁𝑁 (𝑔𝑔𝑁𝑁𝑦𝑦)2 2𝑔𝑔𝑁𝑁𝑦𝑦�̂�𝑔𝑁𝑁𝑧𝑧 (𝑔𝑔𝑁𝑁𝑧𝑧)2 ]

 
 
 
 

[
 
 
 
 
 
 𝐷𝐷𝑥𝑥𝑥𝑥(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑧𝑧𝑧𝑧(𝐫𝐫)]

 
 
 
 
 
 

=

[
 
 
 
 
 
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆1(𝐫𝐫)
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆2(𝐫𝐫)
⋮

1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆𝑁𝑁(𝐫𝐫)]
 
 
 
 
 

     (6) 

 

Если получено больше шести направлений, то систему уравнений (6) можно решить, 

используя приближение наименьших квадратов. К примеру, если использовать линейное 

невзвешенное приближение наименьших квадратов, то: 

                           𝐷𝐷(𝐫𝐫) ̃ = (𝐺𝐺𝑇𝑇 ∙ 𝐺𝐺)−1 ∙ 𝐺𝐺𝑇𝑇 ∙ 𝐵𝐵(𝐫𝐫).                                              (7) 

В диффузионно-тензорной томографии (ДТТ) предполагается [4], что распределение 

молекул, подверженных диффузии характеризуется Гауссовой условной плотностью 

вероятности p(r|r0,τ), даваемой выражением (4). Таким образом, D может быть связан с 
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                                   𝐷𝐷 = 1
6𝜏𝜏 〈𝐑𝐑𝑇𝑇 ∙ 𝐑𝐑〉 = [

𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷

]  ,                                          (1) 

где D – тензор диффузии, вектор 𝐑𝐑 = 𝐫𝐫 − 𝐫𝐫𝟎𝟎 показывает перемещение частицы. Можно 
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где S0(r) – сигнал в отсутствие диффузионных градиентов (т.е. ‖g‖ = 0). 
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√(4𝜋𝜋𝜏𝜏)3|𝐷𝐷| 𝑒𝑒

−(𝐫𝐫−𝐫𝐫𝟎𝟎)𝑇𝑇∙𝐷𝐷−1∙(𝐫𝐫−𝐫𝐫𝟎𝟎)
4𝜏𝜏 .                                      (4) 
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(𝑔𝑔2𝑥𝑥)2 ⋮ 2𝑔𝑔2𝑥𝑥�̂�𝑔2𝑦𝑦 2𝑔𝑔2𝑥𝑥𝑔𝑔2𝑧𝑧 (𝑔𝑔2𝑦𝑦)2 2𝑔𝑔2𝑦𝑦�̂�𝑔2𝑧𝑧 ⋮ (𝑔𝑔2𝑧𝑧)2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮
(𝑔𝑔𝑁𝑁𝑥𝑥)2 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔𝑁𝑁𝑧𝑧 2𝑔𝑔𝑁𝑁𝑥𝑥�̂�𝑔2𝑁𝑁 (𝑔𝑔𝑁𝑁𝑦𝑦)2 2𝑔𝑔𝑁𝑁𝑦𝑦�̂�𝑔𝑁𝑁𝑧𝑧 (𝑔𝑔𝑁𝑁𝑧𝑧)2 ]

 
 
 
 

[
 
 
 
 
 
 𝐷𝐷𝑥𝑥𝑥𝑥(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑥𝑥𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑦𝑦(𝐫𝐫)
𝐷𝐷𝑦𝑦𝑧𝑧(𝐫𝐫)
𝐷𝐷𝑧𝑧𝑧𝑧(𝐫𝐫)]

 
 
 
 
 
 

=

[
 
 
 
 
 
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆1(𝐫𝐫)
1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆2(𝐫𝐫)
⋮

1
𝑏𝑏 ln 𝑆𝑆0(𝐫𝐫)

𝑆𝑆𝑁𝑁(𝐫𝐫)]
 
 
 
 
 

     (6) 
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  𝐷𝐷(𝐫𝐫) ̃  G B(r) 

.             (7)

In diffusion tensor imaging (DTI), it is assumed [4] 
that distribution of molecules undergoing diffusion is 
characterized by the conditional probability density 
function p(r|r0,τ) given by the expression (4). Thus, D 
can be associated with an ellipsoid, which is a proba-
bility density isosurface of molecule diffusion. Since 

D is a symmetric positive definite second-rank tensor, 
it can be decomposed into eigenvectors (which form 
an orthogonal basis) and real eigenvalues   [5]:
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молекулы. Ввиду того, что D – симметричный положительно определенный тензор второго 

ранга, он может быть разложен на собственные вектора (которые образуют ортогональный 

базис) и на вещественные собственные значения [5]: 

                                  𝐷𝐷 = 𝐸𝐸 ∙ 𝛬𝛬 ∙ 𝐸𝐸−1 ,                                                          (8) 

                   𝐸𝐸 =  [𝑒𝑒1 𝑒𝑒2 𝑒𝑒3] и 𝛬𝛬 = [
𝜆𝜆1 0 0
0 𝜆𝜆2 0
0 0 𝜆𝜆3

].                                         (9) 

РАБОТА С ДИФФУЗИОННЫМИ ДАННЫМИ 

Разработка методологии и инструментов работы с диффузионными данными МРТ 

предполагает всестороннее рассмотрение нескольких аспектов. 

В данном разделе ключевыми вопросами являются: «Для чего использовать 

диффузионные изображения? Какими возможностями они обладают? Какую информацию 

можно получить с их помощью наряду с другими модальностями МРТ?» 

ДВТ ПРИ ИССЛЕДОВАНИИ ОПУХОЛЕВЫХ ПРОЦЕССОВ 

Благодаря обработке диффузионных исследований и анализу их параметров 

(измеряемого коэффициента диффузии (ИКД), фракционной анизотропии (ФА), среднего 

коэффициента диффузии и т.д.) совместно с другими доступными для конкретного 

пациента модальностями МРТ имеется возможность неинвазивно: 

1. Классифицировать новообразование или процесс. 

 Лимфома центральной нервной системы (ЦНС) часто демонстрирует более низкий 

ИКД [6–9], чем другие, потенциально похожие по сигналу на анатомических МРТ, 

образования, такие как глиальные опухоли, метастазы или инфекционные поражения.  

Некоторые из наиболее распространенных опухолей головного мозга у детей 

существенно различаются по своим диффузионным свойствам, что может быть полезно при 

дифференциальной диагностике. В частности, медуллобластомы, как правило, имеют 

значительно более низкий ИКД [10], чем эпендимомы или пилоидные астроцитомы. 

В большинстве случаев ДВТ позволяет отличить абсцесс от некроза опухоли (на 

анатомических МРТ сигналы от них часто имитируют друг друга), поскольку ИКД для 

гнойного экссудата обычно намного ниже, чем для некроза [11]. 

2. Определять степень злокачественности опухоли. 

В исследовании [12] была доказана статистически значимая корреляция между 

клеточностью опухоли и минимальным значением измеряемого коэффициента диффузии 

(ИКД), которая не была выявлена по отношению к T2w изображениям. Отмечается, что 

значение ИКД для глиальных опухолей высокой степени злокачественности ((0,82–2,46)∙ 

10-3 мм2/c, среднее значение ИКД = (1,26 ± 0,40) 10-3 мм2/c)) значительно превышало 

,                           (8)
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.          (9)

WORKING WITH DIFFUSION MRI DATA
The development of methods and tools for work-

ing with diffusion MRI data involves a comprehensive 
consideration of several aspects.
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In this section, the key questions are: “Why do we 
use diffusion weighted images?  What capabilities do 
they have? What information can be obtained with 
their use along with other MRI modalities?”

DWI IN THE STUDY OF TUMOR PROCESSES
Due to processing of diffusion MRI data and ana- 

lysis of their parameters (apparent diffusion coeffi-
cient (ADC), fractional anisotropy (FA), average dif-
fusion coefficient, etc.) together with other MRI mo-
dalities available for a particular patient, it is possible 
to non-invasively:

1. Classify a process.
 Central nervous system (CNS) lymphoma often 

exhibits a lower ADC [6–9] than other potentially 
similar formations on structural MRI, such as glial tu-
mors, metastases, or infectious lesions.

Some of the most common brain tumors in chil-
dren significantly differ in their diffusion properties, 
which can be useful in differential diagnosis. In par-
ticular, medulloblastomas tend to have a significantly 
lower ADC [10] than ependymomas or pilocytic as-
trocytomas.

In most cases, DWI makes it possible to distin-
guish an abscess from tumor necrosis (on structural 
MRI, the signals from them often mimic each other), 
since the ADC for purulent exudate is usually much 
lower than for necrosis [11].

2. Determine the tumor grade.
In the study [12], a statistically significant correla-

tion was demonstrated between tumor cellularity and 
the minimum ADC, which was not detected in rela-
tion to T2w images. It was noted that the ADC for 
high-grade glial tumors ((0.82–2.46) ∙ 10-3 mm2 / s, the 
average ADC value = (1.26 ± 0.40) ∙ 10-3 mm2 / s) ) 
significantly exceeded the value for low-grade tumors 
((1.94 –3.31) ∙ 10-3 mm2 / s, the average ADC value = 
(2.7 ± 0.7) ∙ 10-3 mm2 / s).

3. Predict the course of the disease, its outcome, 
and a clinical response to treatment.

Since not all brain tumors respond to a particular 
therapy in the same way, early detection of treatment 
failures will allow for faster implementation of alter-
native treatment. It was shown that DWI is sensitive 
to tissue cellularity and, therefore, can potentially be 
used as a therapeutic biomarker [13]. For example, a 
method of functional diffusion mapping was proposed 
in [14]. It was calculated as an ADC change between 
the maps constructed upon admission of the patient for 
treatment (baseline) and at the current moment. Each 
voxel is mapped with one of 3 colors: blue voxels – a 

decrease in ADC, indicating an increase in cell density 
in the tumor; red voxels – an increase in ADC, indica- 
ting a decrease in cell density; green voxels – no sig-
nificant change in the ADC. Thus, this method makes 
it possible to quantitatively assess the tumor response 
to treatment at runtime, provided that structural MRI 
cannot always reliably demonstrate this response.

4. Perform tractography.
In its simplest form, tractography can be interpret-

ed as follows [15–17]: each voxel is characterized 
by one predominant fiber orientation and combines 
these local orientations to derive global trajectories. 
Mathematically, a set of local fiber orientations can be 
considered as a three-dimensional (3D) vector field, 
and global trajectories – as its streamlines [18–20]. A 
streamline is any curve that is tangential to the vector 
field along a path and can be represented as a three-di-
mensional spatial curve r(s), parameterized by arc 
length s. To align the streamline with the vector field, 
the tangent over the arc length s must be equal to the 
vector in the appropriate ratio:
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значение для низкой степени злокачественности ((1,94–3,31)∙10-3 мм2/c, среднее значение 

ИКД = (2,7 ± 0,7)∙10-3 мм2/c).  

3. Прогнозировать течение, исход заболеваний и клинический ответ на 

проведенное лечение. 

Поскольку не все опухоли головного мозга одинаково реагируют на определенный 

терапевтический режим, то своевременное обнаружение неудач лечения позволит быстрее 

реализовывать альтернативные схемы. Было показано, что ДВТ обладает 

чувствительностью к клеточности тканей, и, следовательно, потенциально может быть 

использована как терапевтический биомаркер [13]. Так, например, в работе [14] был 

предложен метод функциональных диффузионных карт, рассчитываемых путем вычитания 

одной из другой карт ИКД, выполненных на момент поступления пациента на лечение 

(базовая) и в текущий момент. Каждый воксел картируется одним из трех цветов: синие 

воксели – уменьшение ИКД, указывающее на увеличение плотности клеток в опухоли; 

красные воксели – увеличение ИКД, указывающее на снижение плотности клеток; зеленые 

воксели – без значительных изменений в ИКД. Таким образом, данный метод позволяет 

количественно оценивать ответ опухоли на лечение в динамике при условии, что 

анатомические МРТ не всегда могут достоверно продемонстрировать рентгенологический 

ответ.  

4. Реализовывать трактографию. 

В самом простом виде трактографию можно интерпретировать следующим образом 

[15–17]: каждый воксел визуализации характеризуется одной преобладающей ориентацией 

волокна и объединяет эти локальные ориентации, чтобы вывести глобальные траектории. 

Математически множество локальных ориентаций волокон можно рассматривать как 

трехмерное (3D) векторное поле, а глобальные траектории – как его линии тока [18–20]. 

Линия тока – это любая кривая, которая касается векторного поля вдоль траектории и может 

быть представлена в виде трехмерной пространственной кривой r(s), параметризованной 

длиной ее дуги s. Для выравнивания линии тока с векторным полем тангенс на длине дуги 

s должен быть равен вектору в соответствующем отношении: 
𝑑𝑑𝒓𝒓(𝑠𝑠)

𝑑𝑑𝑠𝑠 = 𝒗𝒗[𝒓𝒓(𝑠𝑠)],                                                                 (10) 

где r(s) обозначает положение вдоль линии тока, а v – трехмерное векторное поле. 

Приведенное выше уравнение является дифференциальным и может быть решено 

следующим образом: 

𝑟𝑟(𝑠𝑠) =  ∫ 𝒗𝒗[𝒓𝒓(𝑠𝑠)]𝑑𝑑𝑠𝑠, 
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где r(s0) = r0 представляет начальную точку линии тока.  
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where r(s) denotes the position along the streamline 
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where r(s0) = r0 represents the starting point of the 
streamline.

The above described streamline orientation is com-
monly called streamline reconstruction or tractogra-
phy, and the resulting trajectories are called tracts or 
paths. A tractogram is a set of tracts reconstructed  
using tractography.

There are two different approaches in tractogra-
phy: deterministic and probabilistic (there is also a 
global one [21–23], but its detailed consideration re-
mains outside this article). With their help, it is pos-
sible to visualize various information [24, 25], such 
as brain tracts and connection maps, respectively. A 
lack of information about the error in the fiber trac- 
king procedure is a significant limitation of determin-
istic tractography methods. To assess this uncertainty, 
probabilistic tractography algorithms create a large 
set of tracts (or a distribution of possible trajectories 
from each starting point). The results of probabilistic 
tractography are often presented in the form of quan-
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titative maps showing the number of tracts that pass 
through a voxel, since it is assumed that the areas of 
the brain that are displayed with higher densities of 
the resulting trajectories have a higher probability of a 
connection with the starting point [26, 27].

DWI IN THE STIDY OF NON-TUMOR 
PROCESSES

The parameters of diffusion MRI can be consid-
ered as predictors of pathology long before it appears 
morphologically. For example, DTI allows to detect 
specific changes in the quantitative diffusion para- 
meters of patients with functional pathologies, such 
as epilepsy, multiple sclerosis (MS), Parkinson’s and 
Alzheimer’s diseases, obsessive-compulsive disorder 
(OCD), etc.

According to the data of post-mortem studies, 
there is widespread involvement of the gray matter in 
the demyelinating process in MS. At the same time, 
some cortical tumors remain invisible on structural 
MRI (even using 3.0 T MRI scanners [28]). In a study 
[29], it was shown that the FA values   for intracorti-
cal MS lesions are higher than for lesions in the gray 
matter. This self-contradictory discovery may actually 
reflect loss of dendrites within the lesion and activa-
tion of microglial cells. In another work [30], a rela-
tionship between T2 relaxation time and quantitative 

DTI data was investigated. MS lesions with longer 
times showed the most pronounced diffusion anoma-
lies, which strongly correlated with a reduced content 
of myelin water. Taken together, these results support 
the idea that DTI is capable of detecting and assessing 
the severity of functionally significant tissue damage 
in MS at early stages.

It was shown that in the potentially epileptogenic 
areas [31], a decrease in FA and an increase in the ave- 
rage diffusion coefficient were observed. At the same 
time, tractography detected changes in the brain fibers 
responsible for memory and speech in patients with 
temporal lobe epilepsy.

The cingulum has long been known to be involved 
in the pathogenesis of OCD, but the results of its 
research are ambiguous. Studies on the left cingu-
lum revealed both higher [32] and lower FA values   
compared to the control [33]. Other works [33; 34] 
demonstrated lower FA values   in the right cingulum 
in patients with OCD. In addition to the data on the 
cingulum, high FA values were found in the inner 
capsule, corpus callosum [34; 35], and centrum se-
miovale [36];  low FA level was observed in the pari-
etal lobe, supramarginal gyri, and left lingual gyrus in 
the occipital lobe [33]. The data described above are 
successfully used for functional stereotactic radiosur-
gery [37] (Fig. 1).

Fig. 1. Gamma Knife radiosurgery plan for a patient with obsessive-compulsive disorder: аs a target, the inner capsule is chosen 
((orange outline), prescribed radiation dose of 80 Gy along the 50% isodose line);  inner green line – 140 Gy, yellow line – 80 Gy, 

outer green line – 15 Gy

RADIOSENSITIVITY OF THE BRAIN WHITE 
MATTER TRACTS

Another way of using diffusion weighted ima- 
ging relates to visualization of critical structures and 
optimization of the dose they receive during stereo-
tactic radiosurgery. In modern clinical practice, we 
have limited recommendations on the tolerance doses 

for critical structures. If we discuss the effect of the 
dose on the brain, there is no differentiation of dose 
restrictions for the white matter, cerebral cortex, and 
various structures of the gray matter. The need for 
such differentiation and the need for visualizing and 
isolating tracts adjacent to or involved in a tumor and 
reducing the radiation dose applied to them are being 
discussed.
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The study [38] demonstrated that with an increase 
in the radiation dose applied to the area of   interest and 
time after the course of radiation therapy, the values   
of the coefficients of mean, axial (λ∥), and radial (λ⊥) 
diffusion significantly increased with a correspond-
ing decrease in FA, which indicated changes in fi-
bers and their radiosensitivity to therapeutic radiation 
doses. The changes were significant after 4–6 months 
or more (p <0.001). Hence, it can be concluded that 
when planning the irradiation of targets located in the 
vicinity of functional zones, negligence of adjacent 
white matter tracts is likely to result in neurocognitive 
impairments.

INSTRUMENTS FOR WORKING WITH 
DIFFUSION MRI DATA

The key questions discussed in this section are: 
“How to develop instruments for working with diffu-
sion MRI data? What problems and limitations can be 
faced and how to solve them? What software is avai- 
lable today?”

Problems of working with diffusion MRI data:
1. Processing of ambiguous local geometries.
When using the tensor model for working with 

diffusion MRI data, it is impossible to distinguish at 
the voxel level such fiber configurations as crossing, 
kissing, bending, and fanning [39]. In this case, it may 
be necessary to use higher order diffusion models 
[40–47].

2. Reconstructions near the cortex.
Tracking fibers near the cortex and gyri is a chal-

lenging task [48, 49], since it is determined by large 
modeling errors in the local assessment of fiber ori-
entation when approaching the gray matter. Higher 
order algorithms provide high quality assessment of 
fiber orientation in white matter voxels. However, 
along with this, they can give unreliable results in 
voxels partially containing gray matter. To solve this 
problem, it is necessary to use local models that take 
into account the presence of other types of tissues or 
microstructural compartments.

3. Spatial resolution.
Currently, acquisition of whole-brain DWI for rou-

tine use within a reasonable scan time is limited to 2 
mm3 spatial resolution. At the same time, it is obvious 
that in order to characterize the fine structures of the 
white matter and, in particular, the intricate structures 
of the cerebral cortex or small structures near the gray 
matter (nuclei, brain stem), higher spatial resolution is 
required. Increasing it is not a trivial task, since it is 
usually accompanied by either a significant decrease 

in the signal-to-noise ratio or a significant increase in 
the acquisition time.

4. Angular resolution.
Local orientation models fail to distinguish be-

tween two fiber populations, when the angle between 
them falls below a certain threshold. Such effects 
could potentially generate entirely artificial fibers. De-
spite the existence of such a term as high angular reso-
lution diffusion imaging, angular resolution of DWI is 
rather limited. As a consequence, even with the most 
advanced high angular resolution diffusion imaging 
and advanced fiber orientation techniques, angles be-
low 30° between fibers are rarely resolved.

5. False positives.
As shown in [50–52], due to the fact that different 

fiber configurations can lead to the same MRI signal 
in the voxel, a large number of false positive tracts and 
connections are generated. For 96 tractograms shown 
at the ISMRM 2015 Tractography Challenge by the 
21st International Group, there were on average four 
false positives per a valid fiber.

6. Artifacts.
DWI, like any echo planar imaging, is charac-

terized by a number of artifacts: physical hardware 
(magnetic susceptibility, eddy currents, gradient arti-
fact, etc.) and artifacts associated with the object of 
the study (artifacts of movement, blood pulsations, 
chemical shift, fat suppression, etc.).

IMAGE DISTORTION CORRECTION
Before working with DWI, it is necessary to pro-

cess the image, namely, to correct the distortions 
caused by the above-described artifacts. At the same 
time, new methods (both hardware and software) for 
dealing with them already exist and are constantly de-
veloping.

The most interesting is the correction method im-
plemented in FSL toolbox (FMRIB, England). It is 
based on the choice of a covariance function that pre-
dicts the signal from voxels even with complex fiber 
configurations.

Diffusion MRI data (in each voxel) are obtained by 
measuring the signal after applying diffusion weigh- 
ting (characterized by a b-factor and a unit-length vec-
tor g defining the direction). A complete diffusion pro-
tocol consists of multiple measurements in different 
gradient directions. Hence, the data can be viewed as 
a response variable (signal) obtained at the surface of 
the sphere.

Two important aspects should be noted: 1) the sig-
nal changes smoothly when the angle of the diffusion 
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weighting direction changes; 2) the signal is axially 
symmetric, that is, the signal along g is identical to the 
signal along -g.

Since the diffusion signal is distributed over the 
sphere, the methods used in geostatistics can be used 
to work with it. One such method is kriging, it is a 
special case of the Gaussian process observed on the 
sphere. For these methods, covariance is often defined 
as a function of the angle θ between two vectors from 
the center of the sphere to x  (observed points) and x′  
(points predicted in the absence of distortion). These 
vectors are easily represented as the g-vectors de-
scribed above. Two popular covariance functions that 
determine the relationship between observed points 
and predicted (sought) points in geostatistics are:

1) exponential model:
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вектором g единичной длины, задающим направление). Полный протокол диффузии 

состоит из нескольких измерений в разных направлениях градиента. Следовательно, 

данные могут рассматриваться как переменная отклика (сигнала), полученная на 

поверхности сферы.  

Из этого следует два важных аспекта: 1) сигнал изменяется плавно при изменении 

угла направления взвешивания диффузии; 2) сигнал является аксиально симметричным, то 

есть сигнал вдоль g идентичен сигналу вдоль –g. 

Поскольку диффузионный сигнал распределен по сфере, то для работы с ним могут 

быть использованы методы, применяемые в геостатистике, где особым случаем Гауссового 

процесса, наблюдаемого на сфере, является так называемый кригинг. Для этих методов 

ковариация часто определяется как функция угла θ между двумя векторами от центра 

сферы до x (наблюдаемые точки) и x′ (прогнозируемые в отсутствие искажений точки). Эти 

векторы легко представляются как g-векторы, описанные выше. Двумя популярными 

ковариационными функциями, определяющими взаимосвязь между наблюдаемыми 

точками и прогнозируемыми(искомыми), в геостатистике являются: 

1) «экспоненциальная модель»: 

𝐶𝐶(𝜃𝜃) =  𝑒𝑒−𝜃𝜃 𝑎𝑎⁄  для 0 ≤ 𝜃𝜃 ≤ 𝜋𝜋     ,                                       (12) 

где a – положительный параметр шкалы; 

2) «сферическая модель» 

𝐶𝐶(𝜃𝜃) = { 1 − 3𝜃𝜃
2𝑎𝑎 + 𝜃𝜃3

2𝑎𝑎3  для 𝜃𝜃 ≤ 𝑎𝑎
0                         для 𝜃𝜃 ≥ 𝑎𝑎

    ,                                   (13) 

где a – снова положительный параметр шкалы, который здесь определяет 

«расстояние», на котором ковариация θ стремится к нулю. 

ПРОГРАММНОЕ ОБЕСПЕЧЕНИЕ ДЛЯ РАБОТЫ С ДВТ 

Процесс работы с диффузионными изображениями разбивается на следующие 

этапы: пре-процессинг, включающий коррекцию артефактов и вычленение маски 

головного мозга, непосредственная работа с изображением и визуализация, а именно 

извлечение тензоров диффузии, построение карт параметров диффузии, трактов, 

кластеризация и затем количественный анализ. Если рассматривать все многообразие 

программного обеспечения (ПО), работающего с ДВТ, и опираясь на этапы работы с ним, 

то можно выделить несколько программ – AFNI (NIMH, США), FSL (FMRIB, Англия), 

MRTrix (колоборация большого числа институтов из разных стран мира), 3D Slicer (NIH, 

США), Camino (University College London, Англия), TrackVis (MGH GCRC и NIMH, США) 

и т.д. Однако ни одна из них не охватывает весь спектр задач. Помимо этого, многие 

 ,            (12)

where a is the positive parameter of the scale;
2) spherical model
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where a is a positive parameter of the scale, which 
here defines the distance at which the covariance θ 
tends to zero.

SOFTWARE FOR WORKING WITH DWI
The process of working with diffusion images is 

divided into the following stages: pre-processing, 
including correction of artifacts and extraction of 
the brain mask, direct work with the image and vi-
sualization, namely, estimation of diffusion tensors, 
construction of maps for diffusion parameters and 
tracts, clustering, and then quantitative analysis. If 
we consider the whole variety of software that works 
with DWI, relying on the stages of working with it, 
we can distinguish several programs: AFNI (NIMH, 
USA), FSL (FMRIB, England), MRTrix (collabora-
tion of a large number of institutions from different 
countries of the world), 3D Slicer (NIH, USA), Cami-
no (University College London, England), TrackVis 
(MGH GCRC and NIMH, USA), etc. However, none 
of them covers the entire range of tasks. In addition, 
many software products developed for processing dif-
fusion images involve writing and / or understanding 
of scripts, which implies a lot of manual work that is 
not transparent to non-programmers. At the moment, 
when planning radiation therapy, the function of diffu-
sion MRI data processing is not available in commer-
cial specialized software.

Therefore, the task of developing software that 
most fully covers the tasks of working with diffusion 
MRI data remains relevant.

DEVELOPMENT OF SELF-DESIGNED 
SOFTWARE

We are developing the MRDiffusion application in 
the standard C ++ language. The subject part has been 
moved to separate class libraries and can be used on 
various platforms. The current user interface is Win-
dows 10. Forms are written in XAML. Graphics is 
generated using the DirecX environment. Open source 
math libraries are used for some computational tasks.

Using the interface, you can upload (Fig. 2) files 
obtained during MRI in DICOM with series of DTI, 
which will be displayed with the ability to select a 
specific series. It is convenient in terms of navigating 
through images and is effective in the work setting.

Fig. 2. Loading images into MRDiffusion

For further image processing, it is necessary to ex-
tract the brain mask, which is performed on images 
with a zero gradient, that is, on T2w (Fig. 3, a).

Using the application, it is possible to calculate 
such quantitative parameters as average diffusion and 
FA, presented in two versions: conventional and with 
color coding of directions (Fig. 3. b).

At the moment, tractography is implemented by 
a simple deterministic method – fiber assignment by 
continuous tracking (FACT). Its essence is as follows.

Path selection begins at the center of each voxel 
with an FA value above the predetermined threshold 
and continues parallel to the main diffusion direction. 
Black arrows (Fig. 4, a) indicate the diffusion tensor 
eigenvectors with the largest eigenvalue. At the point 
where the path crosses the voxel, the direction chang-
es according to the new main direction. Iteratively 

for

for
for
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continuing such actions, restoration of the path will 
be interrupted when the conditions for stopping the 
algorithm occur: if the FA value in the voxel is less 
than the threshold or if the angle between the new and 
the old main directions of diffusion turns out to be 
higher than the predetermined angle threshold. The 

а                                                                                                     b

Fig. 3. Extraction of the brain mask (a); quantitative diffusion maps (b)

Fig. 4. Scheme of FACT algorithm (a),  аn example of FACT tractography (b)

path is restored in both directions from the starting 
point: in the direction of the main vector and against 
it. Moreover, each piece of the tract has a color ob-
tained by mixing red, green, and blue, which, in turn, 
indicate the main direction of diffusion in one direc-
tion or another (Fig. 4, b).

CONCLUSION

Since its emergence in the mid-1990s, diffusion 
weighted MRI has been widely used in medical  
imaging for data processing and analysis, and espe-
cially in brain research. This is due to its unique ca-
pabilities (compared to other modalities), namely, the 
ability to quantitatively and qualitatively investigate 
tissue structure and function at the cellular level with-
out the use of contrast agents or ionizing radiation. 

The most promising application of this technique, in 
addition to routine medical research, is its use in plan-
ning radiation therapy and neurosurgical operations 
and studying epilepsy, Alzheimer’s and Parkinson’s 
diseases, multiple sclerosis, and other disorders. The 
use of this technology in other areas is strongly limit-
ed by the ability to correctly interpret the results.

Diffusion weighted MRI of the brain is undoubted-
ly a promising non-invasive technology, but working 
with it is associated with a number of problems: 1) a 
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high probability of appearance of false positive fibers; 
2) the impossibility of finding a difference and, as a 
consequence, a reliable reconstruction of intersecting, 
kissing, and merging fibers; 3) a lack of reproducibili-
ty of the result, dependence on the user; 4) the impos-
sibility of displaying short tracts; 5) the instability of 
algorithms when working with pathology.
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ABSTRACT

Endothelial dysfunction as a crucial factor in the pathogenesis of cardiovascular diseases requires precise and 
effective diagnostic methods. The review highlights the currently used methods which can be divided into 
morphological, instrumental, and laboratory ones. Special attention is paid to the so called jar test, which was 
introduced by Professor V.A. Valdman in 1936. The jar test may serve as a prototype of modern methods for 
endothelial function assessment.

These diagnostic methods can help to identify functional endothelial disorders at the earliest stage. It will 
significantly expand the possibilities of primary prevention of cardiovascular and a number of other diseases 
through non-pharmacological and pharmacological correction of endothelial dysfunction. 
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Методы диагностики эндотелиальной дисфункции
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РЕЗЮМЕ

Проблема эндотелиальной дисфункции как важного звена в патогенезе заболеваний сердечно-сосудистой 
системы предполагает внедрение эффективных и точных диагностических методов. В обзоре освещаются 
наиболее актуальные из применяемых в научной и клинической практике методов, которые условно 
подразделены на морфологические, инструментальные и лабораторные. Отдельно упомянута предложенная 
еще в 1936 г. профессором В.А. Вальдманом эндотелиальная баночная проба, которая может служить 
прообразом современных методов исследования эндотелия. 
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Данные диагностические методики могут способствовать выявлению функциональных нарушений 
эндотелия на самом раннем донозологическом уровне, что позволит существенно расширить возможности 
первичной профилактики сердечно-сосудистых и ряда других заболеваний путем немедикаментозной и 
фармакологической коррекции эндотелиальной дисфункции.

Ключевые слова: эндотелий, эндотелиальная дисфункция, методы оценки эндотелиальной функции.
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INTRODUCTION
The endothelium is a thin layer of cells that line 

the interior surface of blood vessels, lymphatic ves-
sels, and the endocardium, which implements coordi-
nation and an optimal course of diverse metabolic and 
physiological processes [1]. As the most important 
regulatory and endocrine organ, the endothelium per-
forms such crucial functions as control over leukocyte 
adhesion, vascular tone, and angiogenesis, regulation 
of platelet adhesion and aggregation, and involvement 
in fibrinolysis and inflammatory processes [2].

Endothelial dysfunction is one of the most impor- 
tant links in the pathogenesis of cardiovascular disea- 
ses. The relevance of the problem implies introduction 
of efficient and accurate diagnostic methods that can 
help identify functional disruptions of the endotheli-
um at the earliest stage. It will significantly expand the 
possibilities of primary prevention of cardiovascular 
and a number of other diseases through non-pharma-
cological and pharmacological correction of endothe-
lial dysfunction.

The currently used methods for the endothelial 
function can be conditionally divided into morpholog-
ical, instrumental, and laboratory ones.

MORPHOLOGICAL METHODS

The so called jar test, which was proposed back in 
the 1930s, can serve as a prototype of morphological 
methods for endothelial function assessment. Profes-
sor V.A. Valdman, the founder and the first head of 
the Department of Intermediate Level Therapy of the 
Leningrad Pediatric Medical Institute, was one of the 
first to call the vascular endothelium “the arena where 
the first collision of a macroorganism with microbes 
occurs”. Studying vascular pathology, in 1936, he 
proposed a test as a method for detecting hyperergic 

swelling of the vascular endothelium (endotheliosis) 
[3]. In fact, the jar test can be rightfully considered as 
one of the first attempts to assess the functional state 
of the vascular endothelium.

In 1978, J. Hladovec introduced a method for as-
sessing endothelial dysfunction by examining the 
level of circulating desquamated endothelial cells 
(DEC), which are cells that separate from the vessel 
wall during its damage [4]. Currently, a computer-as-
sisted analysis of a DEC image is carried out (the cy-
tometry method). On average, the amount of DEC in 
adults normally varies from 2 to 4 cells / 100 µl of 
plasma [5]. In patients with cardiovascular diseases, it 
was proposed to distinguish the degree of endothelial 
dysfunction by the DEC concentration. A moderate 
degree of endothelial dysfunction is defined when the 
number of DEC is from 6 to 10, an average degree is 
from 11 to 25, and a pronounced degree – 26 or more 
[6].

Recently, increased attention has been paid to 
apoptotic endothelial microparticles (EMPs) as new 
markers of endothelial dysfunction. EMPs are mem-
brane vesicles released into the extracellular space 
during activation or apoptosis of endothelial cells [7]. 
EMPs are known to express markers of cell damage, 
such as intercellular adhesion molecule-1 (ICAM-1), 
vascular cell adhesion molecule-1 (VCAM-1), E-se-
lectin, and von Willebrand factor (vWF) [8]. The 
EMP concentration is determined by flow cytome-
try, and their morphology and size are determined by 
cryotransmission electron microscopy using recep-
tor-specific labeling [9].

INSTRUMENTAL METHODS
One of the first instrumental methods to estimate 

the vasoregulatory function of the endothelium was 
coronary angiography with the administration of  
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acetylcholine for evaluating endothelium-dependent 
vasodilation (EDVD) and sodium nitroprusside for 
evaluating endothelium-independent vasodilation 
(EIVD) (S.W. Werns et al., 1989) [10]. Usually, ace-
tylcholine is used for intracoronary administration 
during coronary angiography; interacting with the 
intact endothelium, it has a stimulating effect on the 
production of nitric oxide (NO) and other endotheli-
um-derived relaxing factors. 

In endothelial dysfunction, or damaged endotheli- 
um, acetylcholine causes either weak vasodilation or 
even vasoconstriction [11]. To assess EIVD, exoge-
nous sources of NO (nitroglycerin, sodium nitroprus-
side), which directly affect vascular smooth muscles, 
are administered via the intracoronary route. Chan- 
ges in the diameter of the arteries are recorded using 
digital quantitative image analysis systems and intra-
vascular ultrasound catheters [12]. The method is the 
most accurate for assessing the vasoregulatory func-
tion of the endothelium due to direct assessment of 
vascular reactivity in the coronary arteries. However, 
it has limitations due to the invasiveness of the proce-
dure and the high cost.

D.S. Celermajer et al. (1992) developed a non-in-
vasive method for diagnosing the functional state of 
the endothelium by evaluating postocclusive chang-
es in the diameter of the brachial artery using high- 
resolution ultrasound [13]. This method for evaluating 
endothelial function is called flow-mediated dilation 
(FMD). During the test, endothelium-mediated NO 
release occurs, which leads to vasodilation. The de-
gree of vasodilation can be quantified as an indicator 
of vasomotor function [14]. The method consists in an 
increase in shear stress as a result of elevated blood 
flow through the peripheral artery. This is achieved 
by creating reactive hyperemia, which implies a 
five-minute occlusion of the brachial artery by infla- 
ting the cuff to a pressure 50 mmHg higher than sys-
tolic blood pressure. Then, after five minutes, the cuff 
is decompressed, which leads to increased blood flow 
and increased shear stress. Using a high-resolution ul-
trasound sensor, blood flow velocity parameters are 
measured within 15–20 seconds, and the artery dia- 
meter is estimated 45–60 seconds after the decom-
pression, when its maximum increase is noted [13]. 
The EDVD index of the brachial artery is calculated 
by the formula:

EDVD = (D2 – D1) / D1 × 100%,

where D1 is the initial diameter of the brachial artery, 
and D2 is the diameter of the brachial artery after de-

compression [15]. The advantage of the method is its 
non-invasiveness. It allows to repeat measurements to 
evaluate the effectiveness of various interventions that 
may affect the state of the vascular endothelium [16].

T. Anderson et al. (1995) demonstrated a close 
correlation between the EDVD parameters obtained 
during coronary angiography with acetylcholine and 
parameters obtained during ultrasound examination of 
the brachial artery. It allowed to use the brachial ar-
tery as a universal model for further evaluation of the 
effects of various factors on endothelial function [17].

T. Gori et al. (2008) described a new non-invasive 
method – low flow-mediated constriction (L-FMC), 
which allows to assess arterial tone at rest. L-FMC 
consists in narrowing the brachial artery due to a de-
crease in blood flow after arterial occlusion using a 
distal cuff. L-FMC is a simple and fast method that 
complements FMD and extends diagnostic capabili-
ties [18].

The simplest and fastest method for instrumental 
diagnosis of endothelial dysfunction is analysis of the 
volume pulse wave shape, which is recorded using a 
photoplethysmographic sensor located on the nail pha-
lanx of the patient’s finger, with subsequent proces- 
sing of the received signal on the computer. During 
the study, the contour of a volume pulse wave is re-
corded by merging two waves: systolic (direct) and 
reflected. The reflection index (RI) is calculated as 
the ratio of direct and reflected wave amplitudes to 
the reflection time (T), by which the reflected wave 
lags behind the systolic one. The stiffness index (SI) 
is calculated as the ratio of the patient’s height L (in 
meters) to the reflection time (in seconds). In various 
pathologies of the cardiovascular system, a decrease 
in vascular elasticity is observed, which is indicated 
by an increase in the RI and SI [19].

LABORATORY METHODS
Laboratory methods for evaluating endothelial 

function consist in determining the concentration of 
certain factors synthesized by the endothelium and 
performing various functions.

Mainly, the levels of NO and its metabolites are 
primarily used to assess the endothelial vasomotor 
function [20]. It is known that NO is synthesized as a 
result of oxidation of L-arginine by the oxygen atom 
with the participation of  NO-synthase:

2L-arginine + 3NADPH + 4O2 + 3H+ → 2L-citrul-
line + 2NO + 3NADPH + 4H2O

According to their structure, NO-synthase (NOS) 
isoforms are divided into endothelial (eNOS), neuro-
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nal (nNOS), and inducible (iNOS). According to the 
mechanism of action, they are divided into constitu-
tional (cNOS) and inducible (iNOS) [21, 22]. cNOS 
are involved in NO synthesis in hypoxic conditions 
with vasoconstriction of blood vessels, iNOS – after 
their induction by bacterial endotoxins, some inflam-
matory mediators, and reactive oxygen species (ROS) 
[21]. NO-synthases can exert their effect only in the 
presence of cofactors, such as flavins, NADPH oxi-
dase (NOX), and tetrahydrobiopterin [23].

Since NO has a half-life of only 0.1 seconds [24], 
the levels of end products of NO oxidation – nitrites 
and nitrates (NOx) – are usually determined. The study 
material can be plasma, blood serum, or culture flu-
ids [25]. The most common method for determining 
the NOx levels is the spectrophotometric method with 
Griess reagent. 

At the first stage of this study, the nitrite ion is 
determined by the reaction of nitrites with Griess re-
agent, which contains an aqueous solution of 0.05% 
N-(1-naphthyl)ethylenediamine and a 1% solution 
of sulfonamide in acetic acid [26]. The reaction pro-
duces a stained diazo compound with an absorption 
maximum at the wavelength of 548 nm. Since Griess 
reagent detects only nitrites, reactions of reducing ni-
trates to nitrites are performed using either nitrate re-
ductase or Vanadium (III) [27, 28].

In various cardiovascular diseases, a decrease in 
NOx concentration is observed, which may be caused 
by a decrease in the expression and activity of eNOS, 
a decrease in the level of L-arginine and NO-synthase 
cofactors, or an increase in endogenous NO inhibitors. 
In some patients, there is an increase in the level of 
NOx with functional signs of reduced EDVD, which 
indicates severe endothelial dysfunction. An increase 
in the concentration of the end products of NO oxi-
dation may be associated with activation of iNOS by 
inflammatory mediators (tumor necrosis factor-α, in-
terleukin-6 (IL-6), IL-1β), lipopolysaccharides (LPS), 
and ROS. With excess NO, toxic peroxynitrite is 
formed, which has a cytostatic and cytotoxic effects 
[25].

To assess endothelial dysfunction, the concentra-
tion of asymmetric dimethylarginine (ADMA), an 
endogenous inhibitor of NO synthase, is also deter-
mined. ADMA is an amino acid synthesized from ar-
ginine by protein arginine methyltransferase (PRMT). 
There are two isoforms of PRMT, one of which, 
PRMT-1, activates ADMA formation, and the second 
one, PRMT-2, activates symmetric dimethylarginine 
(SDMA) formation. It is ADMA that has an inhibi-

tory effect on three NOS isoforms [29]. The ADMA 
concentration is determined using high-performance 
liquid chromatography with highly sensitive laser-in-
duced fluorescence detection [30].

To assess vasoconstrictor functions of the endo-
thelium, the level of endothelin-1 (ET-1) is deter-
mined. High concentrations of ET-1 contribute to 
the development of endothelial dysfunction. ET-1 in-
creases production of endothelial superoxide, which 
leads to EDVD disruption and triggering of proin-
flammatory processes [31]. High concentrations of 
ET-1 in the blood serum are found in patients with 
coronary artery disease, arterial hypertension, kidney 
disease, as well as obstetric and gynecologic pathol-
ogy [32].

Evaluation of endothelial function also involves 
determining the concentration and functional activi-
ty of von Willebrand factor (vWF), which mediates 
platelet aggregation and adhesion to the vascular en-
dothelium. vWF is a multimeric plasma glycoprotein 
that is excessively synthesized by endotheliocytes 
and megakaryocytes in the form of a propeptide  
(vWFpp), which then undergoes post-translational 
modifications. The vWFpp, together with vWF, is 
stored inside endothelial cells in Weibel-Palade bo- 
dies and in α-granules of megakaryocytes [33–35]. 
Inflammatory cytokines are able to stimulate pro-
duction of vWF and vWFpp in high concentrations 
from Weibel-Palade bodies and α-granules (IL-8 and 
TNF-α) and inhibit the cleavage of vWF (IL-6). As 
a result, the hyperreactive factor accumulates in the 
blood and on the surface of endothelial cells, which 
leads to increased activation of platelet aggregation 
and adhesion to vascular endothelium [36]. Studies 
showed the importance of increasing the vWF con-
centration as a predictor of a risk of recurrent myocar-
dial infarction [37].

There are several laboratory tests for assessing the 
level and activity of vWF. Quantitative determination 
of the vWF antigen is performed by the enzyme immu-
noassay (vWF:Ag) [34]. It is also proposed to evaluate 
the level of vWFpp in the blood plasma as a marker 
of endothelial dysfunction, since vWFpp is not used 
in platelet aggregation, in contrast to the vWF antigen 
(vWF:Ag)  [38]. Analysis of the vWFpp / vWF:Ag 
ratio is used to assess the degree of vWF clearance. In 
normal human plasma, the vWFpp / vWF:Ag ratio is 
1.0. In patients with type 1C von Willebrand disease, 
a decrease in the vWF concentration is observed due 
to its rapid elimination, which leads to an increase in 
this ratio [33, 39].
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Activity evaluation (ristocetin-cofactor (RCoF) 
activity) is based on the ability of vWF to activate 
platelet aggregation and adhesion through interac-
tion of the factor A1 domain with the platelet mem-
brane receptor – glycoprotein Ib (GPIb). The process 
is imitated by adding ristocetin to the suspension of 
washed red blood cells in the presence of the pa-
tient’s plasma, which promotes binding of vWF to 
GPIb [40]. The aggregation rate is measured by an 
aggregator. Normal values of the method range from 
50 to 200 IU / dl [41]. The test does not exclude false 
results due to possible defects in the ability of vWF 
to bind ristocetin [42]. A new analysis was deve- 
loped that does not involve the use of ristocetin. It 
is based on the use of recombinant GPIb with en-
hanced function, which spontaneously binds vWF in 
vitro [43].

vWF is able to form bonds with collagen through 
the A3 domain when the endothelial lining is da- 
maged. This fact is the basis for another diagnos-
tic test – quantitative determination of the colla-
gen-binding activity of vWF by enzyme immunoas-
say (vWF:CB) [44].

Through the domains D and D3, vWF binds to co-
agulation factor VIII (FVIII) and transports it through 
the bloodstream in an inactive form. If the endothelial 
lining is damaged, vWF delivers FVIII to the site of 
injury, where FVIII forms a complex with coagulation 
factor IX [34, 40, 41]. The vWF / FVIII binding test 
(vWF:FVIIIB), which is mainly used for the diagnosis 
of type 2N von Willebrand disease, allows to evaluate 
the affinity of vWF to FVIII [45].

To analyze the anticoagulant function of the endo-
thelium, the level of thrombomodulin (TM), which is a 
transmembrane glycoprotein expressed on the surface 
of endothelial cells of blood vessels, is examined. At 
the site of endothelial damage, thrombin binds to TM, 
forming a thrombin – TM complex that promotes ac-
tivation of protein C, which splits factors Va and VII-
Ia, thereby preventing excessive fibrin clotting. The 
concentration of TM in the plasma of healthy people 
is relatively low. In case of damage to the endotheli-
um, accompanied by proteolysis, the concentration of 
TM in the blood plasma increases by 1.5–2 times. The 
level of TM in the blood is measured by the enzyme 
immunoassay [46].

To assess fibrinolytic function, the level of tissue 
plasminogen activator (tPA) produced in endothelial 
cells is examined. The tPA provides an external path-
way for plasminogen activation by forming a triple 
complex (fibrin + plasminogen + tPA), due to which 

the resulting plasmin provides proteolytic degradation 
of fibrin [47]. The tPA concentration is also deter-
mined by the enzyme immunoassay [32].

The endothelium is known to play an important 
role in adhesion and migration of leukocytes through 
secretion of adhesive molecules, such as ICAM-1, 
VCAM-1, P-selectin, E-selectin, and VE-cadherin. 
Changes in the concentration of these substances in-
dicate endothelial damage and the severity of inflam-
mation, and can be used to determine a prognosis of 
the disease [48].

The endothelium is directly involved in activation 
of vascular growth in hypoxia and tissue damage. One 
of the most important regulators of angiogenesis is 
vascular endothelial growth factor (VEGF), which is 
used as a marker of endothelial dysfunction. Deter-
mination of VEGF concentration is most important 
for the diagnosis of cancer, since the growth of blood 
vessels in a tumor contributes to its activation, rapid 
growth, and metastasis. VEGF, which interacts with 
vascular endothelial receptors, is the most powerful 
mediator of this process [49].

CONCLUSION
Currently, a clinical researcher has a wide range 

of methods for endothelial function assessment: 
laboratory, instrumental and morphological tech-
niques. Further research of the endothelial function 
in normal and pathological conditions could clarify 
components of the pathogenesis of cardiovascular 
diseases that are still unclear and suggest measures 
of primary and secondary prevention. Parameters 
that characterize the functions of the endothelium, 
of course, are only surrogate intermediate points for 
evaluating the effectiveness of certain effects. How-
ever, on the other hand, the assessment of endothelial 
function can have a great prognostic value, since en-
dothelium dysfunction is one of the earliest preclin-
ical markers of vascular damage. And, conversely, 
restoration of impaired parameters is probably one 
of the first markers of the effectiveness of a preven-
tive or therapeutic intervention. Therefore, the study 
of the properties and functions of the endothelium, 
as well as development and optimization of diagnos-
tic methods for assessing its condition are necessary  
and relevant. 
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The problem of overdiagnosis of vertebral artery compression syndrome
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ABSTRACT

Vertebral artery compression is a syndrome that occurs as a result of hemodynamically significant partial or 
complete obstruction of vertebral arteries by extravascular structures. In clinical practice, this condition is most 
often called vertebral artery syndrome. Any vertebral segments can be compressed, but most often the lesion is 
determined at the level of C1–C2. Russian authors consider vertebral artery compression to be a common cause of 
a wide range of patient complaints, including dizziness, headaches, and subjective tinnitus. In some studies, it is 
reported that vertebral artery syndrome develops in 50% of patients with degenerative changes in the cervical spine. 

In the world literature, vertebral artery compression syndrome which is often referred to as “bow hunter’s 
syndrome” is called a rare pathology. Such a pronounced difference in the frequency of detection of vertebral artery 
compression in Russian and world literature may be associated with a lack of common diagnostic criteria, low 
awareness of alternative diagnoses, and incorrect interpretation of patient complaints. It is obvious that these factors 
need to be corrected in order to reduce the likelihood of overdiagnosis of vertebral artery compression syndrome 
and improve the quality of medical care.

Key words: vertebral artery syndrome, compression, ultrasound imaging, criteria, overdiagnosis.
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РЕЗЮМЕ

Синдромом экстравазальной компрессии позвоночных артерий называют симптомокомплекс, возникаю-
щий в результате гемодинамически значимой частичной или полной обструкции позвоночных артерий 
экстравазальными структурами. В клинической практике данное состояние чаще всего называют 
синдромом позвоночной артерии. Компрессии может быть подвержен любой сегмент, но наиболее часто 
поражение определяют на уровне С1–С2. Отечественные авторы считают компрессию позвоночных 
артерий распространенной причиной широкого спектра жалоб пациента, включая головокружение, 
головные боли и субъективный шум в голове. В отдельных работах сообщают, что синдром позвоночной 
артерии развивается у 50% пациентов с дегенеративными изменениями шейного отдела позвоночника. 

В мировой литературе синдром компрессии позвоночных артерий, который чаще именуется «синдром 
лучника» (bow hunter′s syndrome), называют редкой патологией. Чем обусловлена столь выраженная 
разница частоты выявления компрессии позвоночных артерий в отечественной и мировой литературе?  
К возможным причинам указанного феномена могут быть отнесены: отсутствие единых диагностических 
критериев, низкая осведомленность об альтернативных диагнозах и неверная интерпретация жалоб пациента. 
Очевидным является необходимость коррекции указанных факторов с целью снижения вероятности 
гипердиагностики синдрома позвоночной артерии и повышения качества оказания медицинской помощи.

Ключевые слова: синдром позвоночной артерии, компрессия, ультразвуковая диагностика, критерии, 
гипердиагностика.
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Fig. 1. Vertebral artery segments: V1 – origin to the transverse 
foramen of C6; V2 – VA ascends through the transverse 
foramina of the cervical vertebrae; V3 – from the C2 transverse 

foramen until it enters the skull; V4 – intracranial segment

Введение 

Синдромом экстравазальной компрессии позвоночных артерий (ПА) называют 

симптомокомплекс, возникающий в результате гемодинамически значимой частичной или 

полной обструкции ПА экстравазальными структурами. В клинической практике данное 

состояние чаще всего называют синдромом позвоночной артерии (СПА). Компрессии может 

быть подвержен любой сегмент (рис. 1), но наиболее часто поражение определяют на уровне 

С1-С2 [1].  

 

 
Рис. 1. Сегменты позвоночной артерии: V1 – от устья ПА до вхождения в канал поперечных 

отростков; V2 – ПА проходит в канале поперечных отростков; V3 – ПА от С2 до входа в 

полость черепа; V4 – интракраниальный сегмент ПА  

 

Отечественные авторы считают компрессию ПА распространенной причиной 

широкого спектра жалоб пациента, включая головокружение, головные боли и субъективный 

шум в голове [2]. Имеются публикации, в которых компрессия ПА выявлена у 45% пациентов 

с жалобами на головокружение [3]. Также в отдельных работах сообщают, что СПА 

развивается у 50% пациентов с дегенеративными изменениями шейного отдела позвоночника 

[4].  
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INTRODUCTION
Extravascular compression of the vertebral arteries 

(VA) is a syndrome arising as a result of hemodyna- 
mically significant partial or complete obstruction of 
the VA by extravascular structures. In clinical prac-
tice, this condition is most often referred to as vertebral 
artery compression syndrome (VACS). Any vertebral 
segments can be compressed (Fig. 1), but most often 
the lesion is determined at the level of C1–C2 [1].

Russian authors consider VA compression to be a 
common cause of a wide range of patient complaints, 
including dizziness, headaches, and subjective tinni-
tus [2]. There are publications in which VA compres-
sion was detected in 45% of patients with dizziness 
[3]. Also, some studies reported that VACS developed 
in 50% of patients with degenerative changes in the 
cervical spine [4].

At the same time, in the world literature, VACS, 
which is often referred to as “bow hunter’s syn-
drome”, is called a rare pathology [5, 6]. This is per-
fectly demonstrated by V. Rastogi et al. (2015) who 
had founded only 153 cases of VACS from 1966 and 
2013 [7]. Such a pronounced difference in the frequen-
cy of VACS detection in Russian and world literature 
may be associated with a lack of common diagnostic 
criteria, low awareness of alternative diagnoses, and 
incorrect interpretation of patient complaints.
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LACK OF COMMON DIAGNOSTIC  
CRITERIA FOR VACS

Nowadays, there are no clinical guidelines that 
propose recommendations for the diagnosis of VACS 
[8, 9], as a result, different authors use different cri-
teria and methods of patient examination. Computed 
tomography (CT) and magnetic resonance imaging 
(MRI) contribute to the diagnosis of VACS, howev-
er, obligatory head rotation (maintaining this position 
for 2 minutes) to demonstrate compression carries 
a potential risk of neurological complications [10], 
therefore, researchers use conventional angiography 
for diagnosis [5, 11]. Most often, the diagnostic crite-
ria for VACS are considered to be intraluminal filling 
defects in the VA during head rotation with the onset 
of clinical manifestations. Due to a high cost and po-
tential complications of the procedure, angiography 
is commonly performed after ultrasound examina- 
tion [12].

It should be noted that the ultrasound criteria for 
VACS vary from author to author. For example, in a 
duplex study, T.V. Zakhmatova et al. (2014) evalu-
ated the effect of extravascular structures on VA by 
calculating the ratios of blood flow indicators (V3 / 
V1 maximum blood flow rate; V3 / V1 time-averaged 
maximum blood flow rate). With the V3 / V1 ratio of 

more than 1.0, the blood flow was regarded as com-
pensated, and with the ratio being less than 0.7 – as de-
compensated [13]. M.L. Dicheskul and V.P. Kulikov 
(2011) demonstrated that the peak systolic velocity 
(PSV) in the V4 segment in patients with cervical 
spine pathology during head rotation was significantly 
decreased compared to healthy volunteers. 

The authors suggested a decrease in PSV ≥ 30% 
as a diagnostic threshold [14]. The same group of  
authors studied blood flow parameters in the VA 
during head rotation in patients with vertebrobasilar 
insufficiency (VBI). Duplex scanning of the suboc-
cipital and intracranial segments of the VA was per-
formed in 28 healthy volunteers and 70 patients with 
stage I–II VBI according to the classification by A.B. 
Sitel [15]. The authors concluded that a reduction of 
PSV ≥ 30% in the V4 segment of the VA during head 
rotation was a highly specific indicator of extravascu-
lar compression – 98% (CI 94.8−99.8%) with a pre-
dictive value of 94.6% (CI 81.8−99.2%); the PSV was 
significantly lower in patients with VBI (p <0.05). It 
was also noted that the absence of changes in the PSV 
during head rotation did not guarantee the absence 
of extravascular compression of VA [16]. The main 
methodological defect of the study was the use of VBI 
classification proposed by A.B. Sitel (Table 1).

T a b l e  1

VBI classification proposed by A.B. Sitel (2008)
Stage Clinical features

I It is characterized by the predominance of subjective symptoms over objectively detectable disturbances of movement and sensitivity, 
there is an autonomic dysfunction, mild short-term dizziness, episodes of blurred vision. Functional blockages are detected in the 
craniocervical junction, the region of the cervicothoracic junction, and the lower back. This stage is also characterized by the inferior 

oblique muscle syndrome, contracture of the muscles of the neck, anterior chest wall syndrome, and interscapular pain syndrome
II It is characterized by more intense and longer episodes of dizziness and headache attacks usually starting with pain in the neck or 

behind the ear region. There are periods of hearing impairment in the form of hearing loss, the appearance of tinnitus and imbalance; 
visual disturbances in the form of floaters and cloudy vision; pain in the region of the heart, not related to stress or premature ventricular 
contractions. Functional blockages, in contrast to the first stage, are detected in both the middle and upper cervical regions, the lumbar 

lordosis is straightened
III It is characterized by more pronounced clinical presentation: severe headache attacks, analgesics and non-steroidal anti-inflammatory 

drugs do not bring relief, dizziness with nausea and vomiting, and drop attacks. Attacks are triggered by throwing the head back or 
turning to the side and using the rolling stairs or transport. Functional blockages are detected in the motion segments of the cervical 

and lumbar spine
IV Stage IV clinically coincides with stage III discirculatory encephalopathy, since patients have signs of prior strokes in the carotid 

arteries and brain stem and / or persistent neurologic deficit

Clinical signs of stages I and II of VBI classifica-
tion by A.B. Sitel are non-specific and can be mani-
festations of a wide range of pathological or physio-
logical conditions. Unfortunately, this fact challenges 
the conclusions of M.L. Dicheskul and V.P. Kulikov, 
since the study was conducted on a heterogeneous 
group of patients whose complaints were most likely 
caused by various diseases (primary headaches [17], 

benign paroxysmal positional vertigo (BPPV) [18] 
and others [19]).

The absence of common diagnostic ultrasound cri-
teria for VACS is observed not only in the Russian 
Federation, but in other countries as well. For exam-
ple, in Japan. M. Kamouchi et al. (2003) evaluated the 
qualitative parameters of blood flow in the VA (reduc-
tion of the PSV in the V2 segment and disappearance 
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of the diastolic component during rotation) in patients 
with suspected VACS [20]. Y. Iguchi et al. (2006) as-
sessed the qualitative characteristics of the blood flow 
in the posterior cerebral artery (PCA) and basilar ar-
tery during transcranial doppler ultrasound [11].

 It should be noted that the disappearance of the 
diastolic component in the VA during head rotation 
as a sign of VA compression was also described by 
J. Yeh et al. (2005) [21]. An additional criterion was 
reduction of PSV by more than 50% in the extracra-
nial segments of the VA during head rotation. The 
assessment of the blood flow parameters in the PCA 
with transcranial doppler ultrasound is used in other 

countries as well. In particular, reduction of PSV in 
the PCA ≥ 50% (compared to the baseline value) 
during head rotation is a criterion for VACS in some 
ultrasound laboratories in the USA and Europe [5, 
12, 22].

The criteria are presented in Table 2. In our prac-
tice, in patients with suspected VACS, we evaluate 
blood flow in the V2 segment during head rotation. 
The patient is recommended to perform angiography 
to verify the diagnosis, if PSV decreased by more 
than 50%, the diastolic component is absent, and typ-
ical clinical signs of VACS are observed, which is 
quite rare.

T a b l e  2

Ultrasound criteria of extravascular compression of the vertebral arteries
Author Method Criteria

M.L.Dicheskul, 2012 [16] Duplex study Reduction of PSV ≥ 30% in the V4 segment of the VA during rotation

T.V. Zakhmatova, 2014 [13] Duplex study
The V3 / V1 maximum blood flow rate or V3 / V1 time-averaged maximum blood 
flow rate of more than 1.0 – compensated blood flow; less than 0.7 – decompen-

sated blood flow

M. Kamouchi, 2003 [20] Duplex study Qualitative changes in the blood flow in the VA (reduction of the PSV in the V2 
segment and disappearance of the diastolic component during head rotation)

J. Yeh, 2005 [21] Duplex study Reduction of PSV ≥ 50% in extracranial VA segments and disappearance of the 
diastolic component during head rotation

Y. Iguchi, 2006 [11] Transcranial Doppler Qualitative changes in the blood flow in the PCA and basilar artery (gradual re-
duction of the blood flow and blood flow cessation with maximum head rotation)

M.D. Vilela, 2005 [12],
M. Sturzenegger, 1994 [22], 
G.F. Jost, 2015 [5]

Transcranial Doppler
Reduction of PSV in PCA ≥ 50% with head rotation followed by reactive hyper-
emia when returning the head to the neutral position with an increase in PSV > 

10% compared to the baseline value

From the data demonstrated above, the absence 
of common ultrasound criteria for VACS is clear-
ly observed, which affects the difference in the rate 
of VACS diagnosis in individual diagnostic centers. 
However, ultrasound examination is preceded by the 
analysis of complaints and history, which misinterpre-
tation can also lead to overdiagnosis of VACS.

EVALUATION OF PATIENT COMPLAINTS 
AND HISTORY IN SUSPECTED VACS

Interpretation of patient complaints and history is 
of great importance, since this is the starting point for 
formulation of a diagnostic hypothesis [23] and dif-
ferential diagnosis [24]. The common complaints in 
VACS include dizziness, headache, nausea, vomi- 
ting, and visual disturbances during head rotation re-
lieved by returning to a neutral position [10]. In the 
literature, these complaints are considered as a part 
of VBI, which includes only transient ischemic attack 
and ischemic stroke in the vertebrobasilar arteries. So, 
VBI is defined solely as stroke (acute cerebrovascular 
disease).

In Russian literature, VBI is understood as a vari-
ant of chronic cerebral ischemia [25], a diagnosis of-
ten masked by other diseases (tension-type headache, 
depressive disorders, etc.) [26]. Perhaps, the diffe- 
rence in the perception of VBI (as an acute condi-
tion in the world literature and as a chronic process in 
the Russian one) contributes to the overdiagnosis of 
VACS in Russia. At the same time, clinical manifes-
tations of VA compression are non-specific and can 
occur in various pathologies. For example, BPPV is 
the most common cause of vertigo in adults [27], and 
migraine is a common cause of headaches [28]. Both 
conditions are often accompanied by nausea, vo- 
miting, and visual disturbances. Considering that in a 
patient with BPPV, a vertigo attack can be triggered 
by turning the head [29], it is BPPV that should be 
suspected upon examination, and not rare VACS 
[7]. However, low awareness of doctors in medical 
and diagnostic centers about BPPV [30] and chro- 
nic migraine [31] can also lead to misinterpretation  
of patient complaints, followed by overdiagnosis of 
VACS.
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Of course, the reasons for VACS overdiagnosis 
are not limited to the absence of uniform criteria and 
misinterpretation of patient complaints. Cognitive 
biases should also be taken into consideration. They 
include overconfidence bias, confirmation bias, and 

anchoring bias. Table 3 provides descriptions and 
examples of the listed psychological phenomena.  
More detailed information about them can be found 
in the study by E.D. O’Sullivan and S.J. Schofield 
[32].

T a b l e  3 

A short list of possible cognitive biases
Cognitive biases Definition Example

Overconfidence bias Overestimation of the likelihood of a diagnosis based 
on the ease with which it comes to mind

Establishing a diagnosis based on a previous pa-
tient with similar clinical presentation

Confirmation bias Selective preference for evidence supporting the 
diagnosis

Use of scientific articles that describe criteria for 
confirming the diagnosis, ignoring alternative 

publications

Anchoring bias Striving to adhere to a specific diagnosis despite 
evidence of refutation

Doctor’s refusal to change the diagnosis of VACS 
despite a peer-confirmed diagnosis of BPPV

CONCLUSION
Different approaches to the interpretation of diag-

nostic criteria for VACS are reflected in different fre-
quency of diagnosis of VA compression. It is obvious 
that unified criteria for diagnosis of VACS and rais-
ing awareness of doctors about alternative diagnoses 
(BPPV, migraine, and other diseases) are required in 
order to reduce the likelihood of VACS overdiagnosis 
and improve the quality of medical care.
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Тромбоциты и регенерация 
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РЕЗЮМЕ

Представлен анализ данных, доказывающих участие тромбоцитов в механизмах регуляции репаративной 
регенерации тканей. Показано их влияние на повреждение, апоптоз, пролиферацию клеток, ремоделирова-
ние экстрацеллюлярного матрикса, ангиогенез и нейрогенез. Дана оценка их взаимодействию с макрофага-
ми в процессе восстановления структуры поврежденных тканей. Охарактеризованы некоторые тромбоци-
тарные регенеративные факторы.  

Ключевые слова: тромбоциты, регенерация, ангиогенез, нейрогенез, макрофаги.

Конфликт интересов. Автор декларирует отсутствие явных и потенциальных конфликтов интересов, свя-
занных с публикацией настоящей статьи.

Источник финансирования. Работа выполнена в рамках государственного задания ИИФ УрО РАН (тема 
№ АААА-А18-118020590108-7). Работа выполнена с использованием оборудования ЦКП ИИФ УрО РАН.

Для цитирования: Юшков Б.Г. Тромбоциты и регенерация. Бюллетень сибирской медицины. 2021; 20 (2): 
216–227. https://doi.org/10.20538/1682-0363-2021-2-216-227.

__________________________

Platelets and regeneration 

Yushkov B.G.

Institute of Immunology and Physiology of the Ural Branch of the Russian Academy of Sciences (IIP UB RAS) 
106, Pervomayskya Str., Yekaterinburg, 620049, Russian Federation

ABSTRACT

The review presents the analysis of data proving the role of platelets in the mechanisms of regulation of reparative 
tissue regeneration. The influence of platelets on damage, apoptosis, and proliferation of cells, as well as on 
extracellular matrix remodeling, angiogenesis, and neurogenesis is shown. Their interaction with macrophages in 
restoring the structure of damaged tissues is assessed. Several regenerative properties of platelets are characterized.
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INTRODUCTION
It has long been thought that platelets are involved 

only in the processes of hemostasis. However, stu- 
dies over the past two decades have shown the poly-
functionality of these formed blood elements, which 
makes them an important link in body adaptation to 
various extreme factors, such as hypoxia, ionizing ra-
diation, infection, stress, etc. [1].

Platelets play a particular role in reparative pro-
cesses, being the first to react to damage, along with 
neutrophils and macrophages. However, experimental 
studies showed that depletion of the neutrophil storage 
pool does not affect the regeneration process [2]. Plate-
lets accumulate at the ends of damaged blood vessels, 
turn fibrinogen into fibrin, and form a blood clot con-
sisting of cross-linked fibrin, fibronectin, vitronectin, 
thrombospondin, red blood cells, and platelets [3, 4]. 
In this clot, platelets are responsible for activating and 
releasing important biomolecules from their α-gra- 
nules, including platelet-specific proteins, growth fac-
tors, clotting factors, adhesion molecules, cytokines, 
angiogenic factors, proteoglycans, and cytokines / 
chemokines [5]. Secretion of cytokines, chemokines, 
and growth factors, in turn, induces proliferation and 
activation of cells involved in wound healing, such as 
fibroblasts, neutrophils, monocytes, smooth muscle 
cells, and mesenchymal stem cells (MSCs) [6].

Antiplatelet drugs inhibit regeneration by slowing 
down the secretion of growth factors, such as vascular 
endothelial growth factor (VEGF), by platelets. So, 
in rats with gastric ulcer, the adenosine diphosphate 
(ADP) receptor inhibitor – ticlopidine – not only sig-
nificantly suppresses platelet aggregation, but also 
disrupts gastric ulcer healing and angiogenesis. More-
over, platelet transfusions can reverse this effect [7]. 
In this case, platelets are present in the bloodstream 
but do not release their granules.

It can be assumed that the regenerative effect of 
platelets is due to one of three components: growth 
factors, chemokines, or proteins localized on the gra- 
nule membrane and embedded in the platelet mem-
brane after activation. 

In trauma, the injury site is filled with a 3-dimen-
sional polymerized fibrin clot containing plasma rich 
in wound healing factors, platelets, MSCs, and fibro-

blasts. Within several days, the cells inside the wound 
form a complex cocktail of wound healing, neuro-
trophic, and other factors. These observations served 
as the basis for the use of platelet-rich plasma ((PRP), 
platelet concentrate, platelet gel) for stimulating re-
generation.

Blood plasma with a high platelet content is a 
complex of physiologically active substances that 
are defined as platelet-derived wound healing fac-
tors (PDWHF) [8–10]. They include several isotypes 
of platelet-derived growth factors (PDGF): ADP, 
adenosine triphosphate (ATP), calcium, serotonin, 
platelet factor 4, fibronectin, β-thromboglobulin, von 
Willebrand factor (vWF), fibrinogen, blood clotting 
factors V and XIII, transforming growth factor-β 
(TGFβ), vascular endothelial growth factor (VEGF), 
epidermal growth factor (EGF), basic fibroblast 
growth factor (β-FGF), fibroblast growth factor-2 
(FGF-2), platelet factor 4 (PF4), ciliary neurotrophic 
factor (CNTF), insulin-like growth factor-1 (IGF-1), 
and platelet-derived angiogenesis factor (PDAF) [9, 
11]. Some of these factors are involved in recruiting 
progenitor cells involved in tissue healing to the site 
of damage, while others are targeted by cells of the 
damaged tissue.

Although PRP is increasingly used for wound clo-
sure and activation of wound healing [12], specific 
mechanisms of platelet regulation of reparative pro-
cesses have only recently attracted the attention of re-
searchers. The accumulated clinical and experimental 
data allow to look at the physiology of blood plates 
from a new perspective.

Platelets are non-nuclear elements of blood, the 
cytoplasm of which can contain up to 100 membrane 
granules. The granules act as storage tanks for active 
substances. Several types of platelet granules were 
described, of which α-granules, dense granules, and 
lysosomes are of the greatest interest [13, 14].

α-granules are the most numerous (40–80%) and 
the largest (200–400 nm). They store more than 300 
different proteins, such as blood coagulation proteins 
(factor V, factor IX, factor XIII, antithrombin, plas-
minogen, plasminogen activator inhibitor-1 (PAI-1)), 
adhesion molecules (fibrinogen, vWF, thrombos-
pondin), chemokines, and growth factors (vascular  
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endothelial growth factor (VEGF), PDGF, FGF, EGF, 
hepatocyte growth factor (HGF), TGFβ). The release 
of these biologically active substances is not random 
but proceeds under the influence of an external stim-
ulus. The contents of the granules are released after 
adhesion to collagen, other matrix components, or in 
response to soluble agonists, such as ADP or thrombin 
[5]. α-Granules are considered to be the key organ-
elles with regard to platelet function.

Dense granules are smaller in size and quantity, 
store high concentrations of calcium, magnesium, 
nucleotides (ATP, ADP, cyclic adenosine monophos-
phate (cAMP), uridine triphosphate (UTP)), and py-
rophosphates, serotonin (5-HT) and histamine. Secre-
tion of dense platelet granules plays a major role in 
enhancing platelet response and thrombosis.

Platelet lysosomes, like in other cells, contain en-
zymes, such as cathepsin, elastase, collagenase, car-
boxypeptidase, glucosidase, glucuronidase, and acid 
phosphatase, which are associated with degradation 
of proteins, carbohydrates, and lipids [15–17].

In addition to protein synthesis, platelets also act 
as a source of active metabolites, such as eicosanoids 
synthesized from arachidonic acid, which are released 
from membrane phospholipids. Thromboxane A2 
(TXA2) is a potent vasoconstrictor and is also asso-
ciated with a proliferative response of damaged ves-
sels [18]. Sphingosine-1-phosphate (S1P), which has 
the mitogenic action, is secreted by activated platelets 
at the time of clot formation and stimulates assembly 
of the fibronectin matrix and expression of TF (tis-
sue factor) in endothelial cells [19]. Platelet-activa- 
ting factor (PAF) is an active platelet-derived lipid 
that suppresses leukocyte migration and activates en-
dothelial cells [20].

The platelet membrane contains many function-
al cell adhesion molecules, such as P-selectin, GPIIb/
IIIa, GPIb, and integrins, which are not only involved 
in clot formation, but also allow platelets to interact 
with endothelial cells, white blood cells, including 
macrophages, and progenitor cells [21, 22]. P-selectin 
is present on the activated platelet membrane after the 
release of α-granules. This ensures that only activated 
platelets interact with immune and endothelial cells. 
The main leukocyte ligand for P-selectin is PSGL-1. 
Parallel release of cytokines and chemokines affects the 
interaction of platelets with leukocytes. This leads to 
increased regulation of leukocyte transcription factors 
and production of more cytokines and chemokines [5].

After damage, substances that are usually found in-
side cells enter the extracellular space. These endog-

enous molecules, which include proteins and nucleic 
acids, are called dampers and are a key signal for ini-
tiating immune responses and regeneration. Dampers 
can activate various types of receptors, including Toll-
like receptors, nucleotide-binding oligomerization do-
main (NOD)-like receptors, retinoic acid-inducible 
gene 1 (RIG-1)-like receptors, C-type lectin receptors 
(CLR), receptors for advanced glycation end products 
(RAGE), G-protein-coupled receptors (GPCR), and 
ion channels [23], located on epithelial cells, endothe-
lial cells, fibroblasts, neutrophils, macrophages, plate-
lets, dendritic cells, etc.

The platelet response begins with the interaction of 
the P2Y1 and P2Y12 receptors located on the platelet 
membrane with ADP molecules emerging from dam-
aged cells, and the G2 and Gi proteins, respectively, 
are secondary messengers in transmitting this signal. 
These receptors are known for their central role in 
platelet activation and aggregation [5, 23].

Platelet activation causes release of substances 
from dense granules through exocytosis involving Rab 
proteins. The released components include ADP (ac-
tivating neighboring platelets in the above-described 
way), ATP, inorganic polyphosphate, pyrophosphate, 
serotonin, and calcium.

Activated platelets also release their α-gran-
ules containing biologically active substances, such 
as chemokine ligand 5 ((CCL5) or regulated upon 
activation, normal T cell expressed, and secreted 
(RANTES)), thrombin, transforming growth factor 
β (TGF-β), PDGF and VEGF, platelet factor 4, TF, 
IGF, FGF, CXCL12 or stromal cell-derived factor-1 
(SDF-1), CD40 ligand, and EGF [3, 5, 24, 25]. Factors 
secreted by platelets induce and increase the activi-
ty of fibroblasts and have chemotactic effects first on 
neutrophils and then on macrophages, which ultimate-
ly leads to removal of dead cells and cell debris [26]. 
Moreover, platelets synthesize and secrete factors that 
induce and regulate proliferation and migration of  
other cell types, such as smooth muscle cells (SMCs) 
[27] and MSCs [28].

Cell proliferation and extracellular matrix remod-
eling are particularly important in early stages of re-
generation. This response is modulated by the TGFβ  
signaling pathway in all Smads proteins. Inhibition 
of this pathway by the TGFβ antagonist SB-431542 
leads to a decrease in cell proliferation and prevents 
regeneration [29]. Thus, in mice with TGF-β3 defi-
ciency, inhibition of tissue inhibitor of metallopro-
teinases-2 (TIMP2) and matrix metallopeptidase-13 
(MMP-13) or collagenase-3 was observed [30]. This 
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enzyme shows very high degrading activity against 
collagens of types I, II, III, IV, and XIV during en-
dochondral and intramembranous osteogenesis. In 
human fibroblasts, it was shown that the addition of 
TGF-β1 led to an increase in the levels of mRNA and 
matrix metalloproteinase-2 (MMP-2) and a decrease 
in the level of collagenase mRNA [31]. TGF-β1 also 
regulated synthesis of TIMPs, which inhibit matrix 
metallopeptidases (MMPs) via the mitogen-activated 
pathway [32].

Activated platelets trigger recruitment, adhe-
sion, and proliferation of adult stem cells, including 
CD34-positive progenitor cells [33], MSCs [28], SMS 
precursors [27, 34], and endothelial cell precursors 
[35]. Stromal cell-derived factor-1 (SDF-1) [36] and 
IGF-1 [37], which are also released by platelets, act 
as “homing beacons” for progenitor cells at the site 
of damage.

Activated platelets form extracellular vesicles by 
releasing their plasma membrane - platelet extracellu-
lar vesicles (PEV), through which intercellular com-
munication with leukocytes is carried out. Although 
PEV can be produced in healthy individuals, their 
increased level is detected in injuries. The ability of 
PEV to bind to granulocytes, lymphocytes, and mono-
cytes to form leukocyte vesicular complexes (LVCs) 
was shown [38–40].

Platelets are involved in the regulation of apop-
tosis and interaction of regenerating cells [41]. They 
secrete both proapoptotic (Fas-L [42], CD40L [43], 
tumor necrosis factor (TNF)-related apoptosis-indu- 
cing ligand (TRAIL) [44], TNF-like weak inducer of 
apoptosis (TWEAK) [45], and tumor necrosis factor 
superfamily element 14, also known as LIGHT [46]) 
and anti-apoptotic (HGF [47], SDF-1 [22], serotonin 
[27, 48], ADP [27] and S-1-P [49]) mediators. In ad-
dition, platelet-derived microparticles can regulate 
apoptosis in endothelial cells and SMCs and transmit 
survival signals to monocytes, endothelial cells, and 
neural stem cells. In the spleen and lungs, granzyme 
B acts as a meditator for platelet-induced apoptosis. 
Amphoterin, which is exported on the cell surface of 
platelets upon their activation, also regulates apop-
tosis and autophagy of tumor cells, which depends 
on redox processes (redox status). Therefore, plate- 
lets regulate a complex set of tissue repair mecha-
nisms [50].

Along with matrix remodeling, proliferation, and 
differentiation of specific cells, restoration of micro-
circulation and innervation plays an essential role in 
reproducing the structure the damaged tissue.

There is growing evidence that platelets are a nec-
essary condition for angiogenesis in wound healing 
/ tissue regeneration [51, 52]. At the sites of platelet 
aggregation, regeneration of damaged vascular intima 
begins [53].

An injection of own platelets and leukocytes in a 
rat with hind limb ischemia initiated angiogenesis in 
it [54]. There was a significant decrease in neovascu-
larization with a fall in the number of platelets in vivo 
[55, 56]

Platelets secrete various promoters of angiogen-
esis, such as VEGF, basic fibroblast growth factor 
(bFGF), EGF, and PDGFs or angiopoietin-1 [57].

VEGF is a very powerful angiogenic factor [58, 
59]. Changes in the proliferative activity of the endo-
thelium and apoptosis of endothelial cells are caused 
by release of VEGF and endostatin by platelets [7]. 
The VEGF-C and VEGF types are contained in 
α-granules of platelets and are released upon platelet 
activation [60]. Platelets not only synthesize VEGF 
but also act as carriers of this factor from other sources 
of its formation [60].

In platelets and megakaryocytes, angiopoietin-1 
(which provides stabilization of proliferating endothe-
lial cells and vessels) was found in vascularized tis-
sues, while it was absent in these cells in non-vascular 
zones [61]. Angiopoietin-1 is released from platelets 
after their activation, for example, by thrombin [61].

Redistribution of endogenous growth factors from 
the cytoplasm of intact platelets to the periphery of 
filopodia and laminopodia in activated platelets may 
be associated, at least to some extent, with the re- 
gulation of angiogenesis [62, 63]. In addition to an-
giogenesis stimulators, platelets secrete a number of 
its inhibitors, such as angiostatin, endostatin, platelet 
factor (PF)-4, or thrombospondin (TSP)-1. Angiosta-
tin is an example of an angiogenesis inhibitor formed 
by platelets,  which is released during the aggregation 
of blood plates [64].

Endostatin specifically inhibits endothelial cell 
proliferation and powerfully suppresses angiogenesis 
and tumor growth [65]. PF-4 was the first hemostatic 
protein to show an angiogenesis-inhibiting effect in 
vivo [66]. At least partially, the antiangiogenic activity 
of PF-4 is due to interference with FGF-2, which caus-
es inhibition of its dimerization following interaction 
with the FGF receptor and internalization.

Platelet thrombospondin (TSP) is also an inhibitor 
of angiogenesis; it destabilizes local contacts of endo-
thelial cells and inhibits proliferation of the latter [67]. 
Moreover, thrombospondins, megakaryocytes, and 
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platelets act as the main antiangiogenic switches and 
determine the degree of revascularization in vivo [68].

Interestingly, platelet-induced angiogenesis re-
quires the physical presence of platelets, because their 
secretion (supernatant) alone does not have a notice-
able effect on tube formation in vitro [69]. Thus, the 
cell-cell interaction between platelets and endothelial 
cells appears to play an important role in neovascu-
larization. In another study, adding platelets to a solu-
tion for infusions before injecting animals induced 
dose-dependent angiogenesis [70].

To initiate angiogenesis, destabilization is neces-
sary – weakening of intercellular contacts between 
endothelial cells, destruction of the basement mem-
brane, as well as local proteolysis of matrix proteins 
for endothelial cells or their precursors from the circu-
lating blood to migrate and form new vessels [71, 72].

Urokinase is most often considered as a key re- 
gulator of vascular wall remodeling after mechanical 
damage [73]. Activated platelets release neurotrans-
mitters, serotonin, dopamine, histamine, and gluta-
mate, and can also alter the activity of neuronal cells 
[74]. The presence of platelets in the area of damage to 
the nervous system accelerates restoration of function 
and enhances not only angiogenesis but also neuronal 
regeneration [75].

In small experimental animals, it was shown that 
when the central and peripheral sections of the cut 
nerve are connected with a collagen tube filled with 
PRP, it induces axon regeneration. Thus, it is possible 
to compensate for the defect of the sciatic nerve in 
rats up to 1 cm long [76–79]. In this case, a thicker 
myelin sheath is formed, the rate of regeneration in-
creases and recovery goes over a greater distance [10]. 
For PRP fibrin to promote more neurons to regenerate 
over a greater distance, it must bind and interact with 
neurotrophic cells. In this interaction, an important 
role is attributed to such factors as nerve growth fac-
tor (NGF), brain-derived neurotrophic factor (BDNF), 
glial cell line-derived neurotrophic factor (GDNF), 
neurotrophin-3 (NT-3), and PDGF [80–85]. These 
factors, which, in turn, are associated with platelets 
and mesenchymal cells, transform matrix fibrin to ac-
tively promote axonal regeneration [86].

The noted phenomenon was shown during tran-
section of the facial nerve in the guinea pig [87], the 
facial nerve in the rat [76], the sciatic nerve in the 
rat [77, 88–90], and the cavernous nerve in the rat 
[87, 91].

It is generally accepted that macrophages are an 
important link in the regeneration process, acting as 

coordinators of actions aimed at restoring the origi-
nal tissue structure or scarring. Macrophages act as a 
source of proinflammatory cytokines in the damaged 
area, such as interleukin (IL) 1, IL-6, and tumor necro-
sis factor (TNF). They are responsible for controlling 
adhesion and migration of inflammatory cells, as well 
as proliferation of fibroblasts and keratinocytes [3].

The depletion of macrophages in axolotl by in-
jecting clodronate encapsulated in liposomes leads 
to impaired regeneration of the amputated limb [92]. 
Clodronate is unable to penetrate into the cell mem-
brane. However, being encapsulated in liposomes, it 
is phagocytosed by macrophages. This drug is meta- 
bolized by macrophages in vitro to adenosine-5- [Β, 
γ-dichloromethylene] triphosphate (AppCCl2p). Ap-
pCCl2p (ATP analogue), inhibiting the mitochondrial 
electrogenic ADP / ATP translocase, causes depola- 
rization of the mitochondrial membrane and subse-
quent cytochrome C release and caspase activation, 
which leads to specific apoptosis of macrophages 
[93]. Therefore, we can talk about a relationship  
between the lack of regeneration of the extremities 
and depletion of macrophages in this experiment.

Selective macrophage depletion using clodro-
nate in modeling myocardial infarction leads to a 
serious violation of the myocardial architecture, in-
creased collagen deposition, and increased mortality  
in mice [94, 95].

The use of a transgenic mouse (lysM-Cre / DTR 
mouse strain) containing macrophages sensitive to 
diphtheria toxin (DTox) showed delayed wound hea- 
ling with strong morphological disturbances [96]. 
This is due to a decrease in TGF-β1 expression, a dys-
regulated VEGF pattern, and an almost complete loss 
of wound contraction in the absence of myofibroblast 
differentiation. Macrophage depletion was detected 
by decreased mRNA expression of EGF-like mo- 
dule-containing mucin-like hormone receptor-1 (Emr-
1) and lysozyme of macrophages (LysM), which is a 
macrophage-specific marker F4/80.

All of the above-mentioned studies suggest that 
macrophages play a significant role in the regenera-
tion process. Without these cells, regeneration fails, a 
hypertrophic scar or a non-healing wound is formed.

The macrophage population can be divided into 
two functional phenotypes. They are named M1 
(classically activated) and M2 (alternatively activa- 
ted) macrophages [3]. M1 macrophages are activated 
in response to damage to lipopolysaccharide (LPS), 
TNF-α, and interferon (INF)γ [97]. These ligands act 
on macrophages via LPS / IFNγ or TLR-2, -3, -4, and -9 
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and cause the release of IL-1B, TNFα, and IL-6, me-
diated by the signaling factors NF-kB, STAT1, IRF5, 
and AP-1 [98]. These cytokines amplify the inflam-
matory and antimicrobial responses [3, 99, 100].

IL-4 and IL-13 (M2a), which trigger Fcγ receptors 
in the presence of a Toll-like receptor (M2b) or IL-10 
(M2c), can stimulate macrophages to differentiate into 
M2 macrophages [97, 98]. These three macrophage 
phenotypes are not activated, for example, M1, and 
exhibit properties different from them.

M1 and M2a macrophages are present together 
at the site of damage. Macrophages migrating to the 
wound on the 1st day after injury mainly (85%) show 
the M1 phenotype [101], but on the 5th day, the M2 
phenotype is the dominant macrophage population in 
the wound [98]. Compared to the axolotl, the mam-
malian has an increase in proinflammatory cytokines 
over anti-inflammatory ones after injury [92], which 
may be a key reason for the decrease in the regenera-
tive properties of mammalian tissues.

The activation of both Toll-like and Fcγ receptors 
in macrophages results in the M2b phenotype. The 
M2b phenotype, as compared to M2a, produces much 
higher levels of IL-10 along with the proinflammatory 
cytokines TNFα, IL-1β, and IL-6 [97]. During a later 
proliferative phase, the M2b-mediated release of IL-10 
appears to stimulate the activation of M2c macrophages 
[98]. IL-10 inhibits production of proinflammatory cy-
tokines, such as TNFα, IL-6, and IL-12, and antigen 
presentation by macrophages through the downregula-
tion of major histocompatibility complex (MHC) class 
II molecules [97]. Activation of the STAT3 signaling 
pathway results in the release of TGFβ.

Since platelets and macrophages play the key role 
in regeneration, the mechanisms of interaction of these 
cells in the dynamics of repairing damaged tissues are 
of particular importance.

During regeneration, platelets and macrophages 
interact with one other both directly and indirectly 
through other cells (for example, endothelial cells), 
exerting a reciprocal effect. Platelets and platelet fac-
tors (mediators) activate and modulate apoptosis in 
monocytes, and platelet phagocytosis is essential in 
pro- and anti-inflammatory processes [102].

With the direct interaction of activated platelets 
with blood monocytes, platelet-monocyte complexes 
form. Aggregates of platelets with monocytes form 
more easily (i.e. at lower concentrations of platelet 
agonists) and faster and are more stable than plate-
let-neutrophil and platelet-lymphocyte complexes 
[103]. Sialidase treatment of platelets leads to an in-

crease in their binding to homologous peritoneal mac-
rophages but does not affect the rate of phagocytosis. 
The interaction of platelets with macrophages is me-
diated by a galactose-specific receptor on the surface 
of macrophages [104].

Infection-induced thrombocytosis is a clinically 
significant complication of tuberculosis, accompanied 
by impaired immunity. Inhibition of platelets with as-
pirin or treatment of the platelet-specific receptor, gly-
coprotein IIb / IIIa, with inhibitors leads to a decrease 
in platelet-macrophage interactions and restoration of 
macrophage-mediated immunity to mycobacterial in-
fection [105, 106].

When interacting with activated platelets through 
PSGL-1 / P-selectin, as well as when binding products 
of activated platelets (RANTES, IL-1β, and PAF), 
NF-kB-dependent inflammatory genes are induced in 
monocytes [107]. Binding of PSGL-1 leads to the ac-
tivation of the MAP kinase and the mTOR pathways 
[107]. A signal triggered in monocytes upon contact 
with platelets and binding of endogenous IL-1 induc-
es expression of cyclooxygenase-2 (COX-2) and for-
mation of prostaglandin E2 (PGE2) dependent on it 
[107]. The latter, in turn, reduces the activity of plate-
lets [108, 109].

Upon contact with platelets, monocytes acquire 
an inflammatory phenotype and increase the affinity 
of adhesion to the endothelium [110, 111]. Platelets 
are captured by monocytes and macrophages, which 
causes an increase in the release of cytokines from 
monocytes [112]. Thus, activated platelets affect the 
survival and differentiation of monocytes, after which 
the complexes of monocytes with activated platelets 
disintegrate [113].

Platelet-macrophage communication is also carried 
out through PEVs, which, after binding to the mono-
cyte and formation of a platelet-monocyte complex, 
is absorbed by the latter within 30–60 minutes [110]. 
Thus, PEVs can deliver, in particular, the RANTES 
chemokine (CCL5) to monocytes and endothelial 
cells, promoting the attraction of monocytes to the 
subendothelium [114]

CCL5 is one of the most important monocyte che-
moattractants released by platelets after injury. CCL5 
interacts with the endothelial surface in the presence 
of the cytokine IL-1β and acts as a cell-associated 
signal for monocyte adhesion and migration across 
the vascular endothelium. IL-1β is also released from 
platelets [5].

RANTES is also secreted by endothelial cells un-
der the influence of IFNγ and TNFα [115]. TGFβ not 
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only stimulates the activation of macrophages M2c, but 
the M2c subtype itself is an important source of TGFβ, 
which contributes to many aspects of wound healing: 
inflammation, chemotaxis, wound reduction, angiogen-
esis, and extracellular matrix (ECM) deposition [3].

The exposure of activated platelets to monocytes 
causes an increase in the expression of tissue factor 
(TF) and binding to the coagulation factor Xa and 
fibrinogen. The resulting thrombin causes not only 
aggregation and activation of platelets, but also ac-
tivation of monocytes, directing them to enhanced 
adhesion and production of chemokines CCL2 and 
RANTES [116, 117]. Binding of the platelet cytokine 
CXCL13 to the CXCR5 receptor on monocytes leads 
to inhibition of TNFα and IL-6 production [118].

Platelets eject microparticles not only upon activa-
tion but also upon aging as a result of an apoptosis-like 
process (apoptosis-induced platelet microparticles). 
With prolonged incubation with monocytes, they con-
tribute to cell differentiation but suppress their prolif-
eration. Analysis of monocyte membrane receptors 
shows increased levels of expression of CD11b (in-
tegrin aMb2), CD14, and CD31 (platelet / endothe-
lial cell adhesion molecule-1), as well as chemokine 
receptors CCR5 and CXCR4, but not CCR2, which 
means that apoptosis-induced platelet microparticles 
polarize cells towards resident monocyte М2. Cells 
treated with apoptosis-induced platelet microparticles 
actively consume oxidized low-density lipoprotein 
(LDL) and release matrix metalloproteinases and hy-
drogen peroxide. One more confirmation of differenti-
ation in direction of resident professional phagocytes 
is that particles stimulate expression of LDL, CD36, 
and CD68 receptors, as well as production of proin-
flammatory and immunomodulatory cytokines by 
monocytes [118].

Therefore, there is no doubt that in the processes 
of reparative regeneration, one of the leading places 
is occupied by platelets participating in its regulation 
at all stages of restoring the structure of damaged tis-
sue. Deciphering the specific mechanisms of their re-
parative function will allow to develop new effective 
methods of targeted effect on wound healing.
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ABSTRACT

The article presents a case of pulmonary embolism with comorbid acute inferior myocardial infarction in the 
54-year-old patient who was admitted to the Regional Center for Percutaneous Coronary Interventions. Coronary 
angiography revealed a multivessel lesion with angiographic signs of instability in the proximal third of the right 
coronary artery. Pulmonary angiography revealed signs of pulmonary embolism with moderate impairment of 
pulmonary perfusion. 

The described combination is challenging in terms of both diagnosis and subsequent treatment strategy. A feature of 
this case is the use of a double surgery, consisting of revascularization of the infarct-related artery and fragmentation 
of thrombotic masses in the pulmonary artery, in combination with thrombolytic therapy.
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angiography.
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РЕЗЮМЕ

Представлен случай сочетания тромбоэмболии легочной артерии и острого нижнего инфаркта миокарда 
у 54-летнего пациента, который поступил в региональный центр по проведению чрескожных коронарных 
вмешательств. При выполнении коронароангиографии обнаружено многососудистое поражение с 
ангиографическими признаками нестабильности в проксимальной трети правой коронарной артерии, 
при ангиопульмонографии – картина тромбоэмболии легочной артерии с нарушением перфузии легких 
средней степени тяжести. 

Описанное сочетание представляет собой трудную задачу как с точки зрения диагностики, так и 
последующей лечебной тактики. Особенностью данного случая является применение двойного 
интервенционного вмешательства, состоящего из реваскуляризации инфаркт-зависимой артерии и 
фрагментации тромботических масс в легочной артерии в сочетании с тромболитической терапией.

Ключевые слова: острый инфаркт миокарда, тромбоэмболия легочной артерии, тромболизис, ангиогра-
фия коронарных сосудов, ангиопульмонография.
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INTRODUCTION
Pulmonary embolism (PE), having no clinical spec-

ificity, is one of the diseases that require differential 
diagnosis, including differential diagnosis with acute 
myocardial infarction (AMI). Treatment of patients 
with a combination of these diseases is particularly 
difficult [1]. An example of successful application of 
the interventional strategy in managing a patient with 
pulmonary embolism with comorbid AMI is described 
below.

CLINICAL CASE
A 54-year-old patient was delivered by an ambu-

lance team to the Regional Center for Percutaneous 
Coronary Interventions with the diagnosis of acute 
coronary syndrome with ST-segment elevation. He 
had considered himself sick for 1.5 hours, when se-
vere weakness, shortness of breath, and tightness in 
the chest with loss of consciousness appeared for the 
first time in his life.

He had a history of smoking up to one pack of 
cigarettes a day and did not measure blood pressure. 
There were no other risk factors for cardiovascular 
diseases. Consciousness was clear. The skin was of 

a normal color. Body mass index (BMI) was 26 kg 
/ m2. There was no edema on the lower extremities. 
Breathing was adequate, with a rate of 16 breaths per 
minute. Upon auscultation, vesicular breathing was 
noted, both lungs were clear, SpO2 90%. The heart 
tones were rhythmic and muffled; no heart murmurs 
were detected. Blood pressure in both arms was 120 
/ 80 mm Hg, the heart rate was 100 beats per minute 
(against the background of a dopamine infusion at a 
dose of 3 mcg / kg / min). The abdomen was soft and 
painless. The lower edge of the liver was at the border 
of the costal arch. When examining other organs and 
systems, no pathological abnormalities were detected.

Laboratory findings: troponin I and creatine phos-
phokinase-MB (CPK-MB) were negative upon ad-
mission to the hospital (upon repeated examination 
after 12 hours, the upper limit of normal values was 
exceeded by 10 times), D-dimer upon admission was 
> 8,000 ng / ml.

The electrocardiogram showed ST segment eleva-
tion in aVL of 1 mm, ST segment depression in II, III, 
and V3-6 of up to 2 mm, and right bundle branch block 
(Fig. 1). Coronary angiography revealed arterioscle-
rosis, calcification of the coronary arteries; stenosis 
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Fig. 1. Electrocardiogram of the patient upon admission: speed – 25 mm / sec, voltage – 10 mm

Fig. 2. Image of the RCA obtained during coronary angiography Fig. 3. Image of the RCA after stenting
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of the left main coronary artery before bifurcation of 
more than 65%; stenosis of the proximal third of the 
anterior interventricular branch of more than 70%; 
stenosis of the middle third of the anterior interven-
tricular branch of about 60%; stenosis of the orifice of 
the diagonal branch of more than 40%, stenosis of the 
orifice and the proximal third of the intermediate ar-
tery of about 50%; stenosis of the proximal third of the 

right coronary artery (RCA) of more than 85% with 
angiographic signs of instability; and angiographic 
signs of mural thrombosis of the middle third of the 
RCA (Fig. 2).

Stenting of critical stenosis of the proximal third 
and thrombosis-affected area of the middle third of the 
RCA was performed with a good angiographic result 
(Fig. 3).

After stenting, taking into account the features of 
the clinical presentation and the results of D-dimer de-
termination, it was decided to perform pulmonary angi-
ography, which revealed signs of pulmonary embolism 
(mainly on the right) of moderate severity (Miller index 

19) (Fig. 4). Mechanical fragmentation of the throm-
bus with selective thrombolysis (alteplase – 15 mg 
in 15 minutes) and subsequent systemic administra-
tion of a thrombolytic (alteplase – 85 mg in 1.5 hours) 
were performed (Fig. 5). 
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Fig.4. Pulmonary angiography image

Fig. 5. Pulmonary arteries after fragmentation of thrombotic 
masses and selective thrombolysis
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In echocardiography (after percutaneous coronary 
intervention (PCI)), dilation of the right ventricle 
(RV) and left ventricle (LV) cavities, aortic dilation at 
the level of the sinus of Valsalva, asymmetric hyper-
trophy of the LV myocardium (posterior wall – 0.9– 
1.3 cm, interventricular septum – 1.2–1.5 cm), hypo-
kinesis of the posterior LV wall, and LV ejection frac-
tion of 47% were detected.

Ultrasound examination of the lower extremities 
(after PCI) revealed thrombotic masses with signs of 
recanalization of up to 20% in one of the posterior  
tibial veins on the right side; mural thrombotic masses 
with signs of recanalization of up to 50% in the deep 
femoral vein; and thrombotic masses with signs of re-
canalization of up to 50% in the sural veins on the  
left side.

The postoperative period was uneventful. On the 
14th day, the patient was discharged for further treat-
ment in an outpatient setting with a recommendation 
to continue double antiplatelet therapy in combination 
with dabigatran under the supervision of a cardiologist 
and vascular surgeon.

DISCUSSION
Three types of a combination of AMI and PE are 

described in the literature: PE as a complication of 
AMI; AMI resulting from paradoxical embolism with 
a functioning foramen ovale, combined with PE; and 
AMI as a complication of PE [2–4]. We believe that 
in the case under discussion, the third variant is most 
likely to develop against the background of critical 
stenosis of RCA, which is consistent with the 4th Uni-
versal definition of myocardial infarction [5].

The following reasons for ST segment elevation 
in PE are suggested: 1) true myocardial ischemia 
(occlusion, embolism, atherosclerotic plaque); 2) in-
sufficiency of coronary artery blood flow due to an 
acute increase in the right ventricular afterload [6]; 3) 
transmural ischemia of the right ventricle due to hy-
potension, hypoxemia, pulmonary arterial hyperten-
sion, and hypercatecholaminemia [7]; 4) compression 
of the coronary arteries by a dilated pulmonary artery 
due to developmental abnormalities [8, 9].

In addition to the difficulty in diagnosing such a 
combination of diseases, there are also difficulties in 
determining the most optimal treatment strategy. In 
most of the described cases, systemic thrombolysis 
was used, which was performed at various time in-
tervals, due to delayed diagnosis of PE by contrast 
enhanced computed tomography (CT). There is a de-
scription of a clinical case using a double intervention 
[10].

According to the latest European recommenda-
tions for the diagnosis and management of patients 
with acute pulmonary embolism, pulmonary angio- 
graphy is indicated for elective invasive percutaneous 
treatment of PE [11]. In our case, taking into account 
the patient’s being in the catheter laboratory, in or-
der to minimize time loss associated with patient’s  
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transportation, it was decided to perform an emergen-
cy pulmonary angiography with subsequent interven-
tion.

CONCLUSION
The given clinical example demonstrates the com-

plexity of diagnosing and treating a patient with a com-
bination of life-threatening conditions. In the presence 
of initial hypotension (shock) with an impossibility to 
perform immediate CT angiography, bedside echocar-
diography is a method for verifying the diagnosis of 
high-risk PE, the results of which will allow to differ-
entiate PE and AMI in the shortest possible time [11].
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A rare case of a metastatic neuroendocrine tumor of the pancreas 
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ABSTRACT

Aim. To study a rare sporadic case of metastatic gastrinoma associated with mutations in the MEN1 and TSC2 
genes in a 25-year-old male.

Materials and methods. A retrospective analysis of the history of a 25-year-old patient with sporadic gastrinoma 
with a highly aggressive clinical course and high metastatic potential was performed. Sequencing of the DNA ex-
tracted from the surgical tumor biopsy was performed on the Illumina NextSeq 550 sequencer (Illumina Inc., USA) 
with the mean coverage of at least 100× using the AmpliSeq target panel for Illumina Comprehensive Cancer Panel  
for studying exons of 409 genes, mutations in which are associated with oncopathology.

Results. The article presents the results of complex diagnosis and treatment of metastatic gastrinoma using modern 
locoregional therapy and drugs from the group of somatostatin analogues. Using next generation sequencing and 
Sanger sequencing, sporadic mutations in the MEN1 and TSC2 genes with pronounced clinical significance were 
identified in the extracted DNA.

Conclusion. The identified mutations, being the drivers of the tumor process, apparently determined the atypical 
development of the presented clinical case – the sporadic Zollinger – Ellison syndrome. Complete morphological and 
immunohistochemical validation of the neuroendocrine tumor before treatment determined a successful treatment 
strategy, including the use of somatostatin analogues in adjuvant and neoadjuvant therapies in combination with 
chemoembolization of hepatic metastases.

Key words: neuroendocrine tumor, Zollinger – Ellison syndrome, next generation sequencing, metastases.
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поджелудочной железы 

Кит О.И.1, Трифанов В.С.1, Тимошкина Н.Н.1, Колесников Е.Н.1, Гвалдин Д.Ю.1,  
Карнаухов Н.С.1, Кутилин Д.С.1, Мещерякова М.Ю.2

1 Национальный медицинский исследовательский центр (НМИЦ) онкологии 
Россия, 344037, г. Ростов-на-Дону, ул. 14-я линия, 63 
2 Ростовский государственный медицинский университет (РостГМУ) 
Россия, 344037, г. Ростов-на-Дону, пер. Нахичеванский, 29 

РЕЗЮМЕ

Цель. Изучение редкого спорадического случая метастатической гастриномы, ассоциированной с мутаци-
ями в генах MEN1 и TSC2, у мужчины 25 лет.

Материалы и методы. Был проведен ретроспективный анализ истории болезни пациента 25 лет с наличи-
ем спорадической гастриномы с высоко агрессивным клиническим течением и высоким метастатическим 
потенциалом. Секвенирование ДНК, экстрагированной из операционного биоптата опухоли, проводили на 
секвенаторе Illumina NextSeq 550 (Illumina Inc., США) со средним покрытием не менее 100× с применением 
таргетной панели AmpliSeq Comprehensive Cancer Panel for Illumina для исследования экзонных регионов 
409 генов, мутации в которых ассоциированы с онкопатологией.

Результаты. Представлен результат комплексной диагностики и успешного лечения метастатической 
гастриномы с применением современных локорегиональных методов лечения и препаратов из группы 
аналогов соматостатина. С помощью секвенирования нового поколения и секвенирования по Сэнгеру 
в экстрагированной ДНК были выделены спорадические мутации в генах MEN1 и TSC2 с выраженным 
клиническим значением.

Заключение. Идентифицированные мутации, являясь драйверами опухолевого процесса, очевидно, опре-
делили нетипичное развитие представленного клинического случая – спорадического синдрома Золлингера 
– Эллисона. Полная морфологическая и иммуногистохимическая верификация нейроэндокринной опухоли 
до начала лечения определила его успешную тактику, включавшую применение аналогов соматостатина 
в адъювантном и неоадьювантном режимах в сочетании с химиоэмболизацией печеночных метастазов.

Ключевые слова: нейроэндокринная опухоль, синдром Золлингера – Эллисона, секвенирование нового 
поколения, метастазы.
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INTRODUCTION

At the annual meeting of the American Surgical 
Association in Philadelphia on April 29, 1955, Robert 
Zollinger and Edwin Ellison were the first to present 
the relationship between non-insulin-secreting tumors 
of the pancreas and hypersecretion of hydrochloric 
acid in the stomach. Due to the ability to produce a 
large amount of gastrin, the tumor became known as 

gastrinoma. Clinical manifestations of the disease are 
included in the Zollinger – Ellison syndrome (ZES), 
although these terms are currently used as synonyms. 
It has been only 65 years since the first description of 
the syndrome, but during this time, more than 3,300 
articles have been published, and unique clinical data 
of more than 1,000 patients have been presented. It 
has been established that the annual incidence of the 
disease is 1 case per 1 million population [1].
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The initial manifestations of the disease usually ap-
pear at the age of 30–60 years. The onset of manifes-
tations is associated with the tumor status – sporadic 
or hereditary cancer [2]. ZES includes ectopic secre-
tion of gastrin by a neuroendocrine tumor, gastrino-
ma, primarily localized in the duodenum (60–80%) 
or pancreas (10–40%). The result is hypersecretion 
of hydrochloric acid and subsequent development of 
gastroesophageal reflux disease and ulcer, which are 
normally resistant to classical drug therapy [3].

In 30% of patients with multiple neuroendocrine 
neoplasia type 1 (MEN1), a pancreatic neuroendocrine 
tumor (pancreatic NET) is diagnosed, and gastrinoma 
in this case develops exclusively before the age of 20 
and is more often localized in the duodenum [4, 5]. 
The treatment strategy and the outcome for sporadic 
gastrinomas and gastrinomas associated with MEN1 
are different. Distinctive features of the latter include 
their small size, multifocal growth, and high metastat-
ic potential. The main method of treatment is surgical, 
but its results are still characterized by a low rate of 
favorable outcomes. Signs of biochemical recurrence 
are present in more than 95% of patients within 3 
years after surgery [6].

It should be noted that a combination of ZES with 
other hereditary syndromes is an extremely rare phe-
nomenon. The literature describes only one case of 
gastrinoma in a 34-year-old man who was diagnosed 
with tuberous sclerosis in childhood without a fami-
ly history of the condition. At the time of diagnosis, 
multiple metastases were found in the liver, lungs, 
and spine. Being inoperable, the patient died 6 months 
later [7]. Early clinical manifestations and an aggres-
sive course of the disease are not typical of sporadic 
gastrinomas. In this regard, the case of pancreatic gas-
trinoma without a family history of the disease with 
early development of ZES and the presence of spo-
radic mutations in the MEN1 and TSC2 genes is of 
particular interest.

CLINICAL CASE
In September 2018, patient A., 25 years old, went 

to a general practitioner in the place of residence with 
complaints of general weakness, dizziness, abdominal 
pain in the anticardium arising after eating, and nag-
ging pain in the right hypochondrium. The performed 
esophagogastroduodenofibroscopy helped to detect an 
ulcerative lesion in the cardiac region of the stomach 
and erosive duodenitis. Magnetic resonance imaging 
(MRI) of the abdominal organs showed a neoplasm in 
the tail of the pancreas (45 × 55 × 42 mm) and similar 

lesions in S1 (14 × 20 mm) and S7 (16 × 16 × 10 mm) 
segments of the liver (Fig. 1).

Fig. 1. MRI of the abdominal organs. Visualization of a 
metastatic focus in the liver parenchyma

For further examination and treatment, patient A. 
was referred to the National Medical Research Cen-
ter for Oncology (NMRCO), Rostov-on-Don (former 
Rostov Research Institute of Oncology –  RRIO). 
The morphological study of the biopsy material from 
the pancreas and liver made it possible to verify the 
neuroendocrine tumor in the tail of the pancreas. Ac-
cording to the immunohistochemical study, strong 
positive reactions were determined with the classical 
markers of the neuroendocrine phenotype: chromo- 
granin A (CgA), synaptophysin, Ki-67 = 10% (which 
corresponds to a highly differentiated G2 pancreat-
ic NET, according to the classification of the World 
Health Organization (2017)). In addition to the man-
datory minimum set of markers, an expanded panel 
of markers to determine expression of a range of hor-
mones was used. It identified high levels of gastrin 
expression. Besides, somatostatin receptors type 2A 
were present in large numbers on the surface of pri-
mary cancer cells. 

Therefore, according to the results of histological 
and immunohistochemical studies, a functionally ac-
tive pancreatic NET – gastrinoma – with clinical pre-
sentation of ZES was verified. The diagnosis of pT-
3N1M1 (hep), stage IV neuroendocrine tumor of the 
tail of the pancreas with regional lymph node and liver 
metastases was established.

TREATMENT
The NMRCO board of the NMRCO board of doc-

tors recommended to carry out surgical treatment in-
cluding corporocaudal resection of the pancreas with 
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Рис.1. МРТ органов брюшной полости. Визуализация метастатического очага в паренхиме 

печени  

Для дальнейшего обследования и лечения пациент А. был направлен в ФГБУ «НМИЦ 

онкологии», г. Ростов-на-Дону (ранее РНИОИ). Проведенное морфологическое исследование 

биопсийного материала поджелудочной железы и печени позволило верифицировать 

нейроэндокринную опухоль хвоста поджелудочной железы. По данным 

иммуногистохимического исследования определялись резко положительные реакции с 

классическими маркерами нейроэндокринного фенотипа: хромогранином А (Хр А), 

синаптофизином, Ki-67 = 10% (что соответствует высокодифференцированной НЭО ПЖ G2, 

согласно классификации Всемирной организации здравоохранения (2017)). Помимо 

обязательного минимального набора маркеров, была использована расширенная панель 

маркеров с определением экспрессии спектра гормонов, с помощью которой 

идентифицировали высокие уровни экспрессии гастрина. Кроме того, на поверхности клеток 

первичной опухоли в большом количестве присутствовали соматостатиновые рецепторы 2А 

типа. 

Таким образом, по результатам гистологического и иммуногистохимического исследований 

была верифицирована функционально-активная НЭО ПЖ – гастринома – с клинической 

картиной ЗЭС. Был поставлен диагноз нейроэндокринной опухоли хвоста поджелудочной 

железы рT3N1M1(hep) IV стадии с метастатическим поражением регионарного 

лимфатического узла и печени.  

Лечение  

Решением консилиума «НМИЦ онкологии» было рекомендовано проведение хирургического 

лечения в объеме корпорокаудальной резекции поджелудочной железы со спленэктомией и 

атипичной резекцией S1 и S7 печени. 
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splenectomy and atypical resection of the S1 and S7 
segments of the liver.

 As preoperative preparation, the patient was pre-
scribed lanreotide, which decreased CgA in the blood 
serum from 500 to 34 nmol / l. After 1 month of taking 
lanreotide, the surgery was performed. Laparotomy 
visualized a tumor in the tail of the pancreas, growing 
to the splenic hilum up to 1.5 cm in diameter (Fig. 2). 
The tumor conglomerate included the splenic artery 
and vein and was tightly adjacent to the left lateral 
semicircle of the superior mesenteric and portal veins. 
The splenic artery was tumor-free. Enlarged paraca-
val lymph nodes were identified. Mobilization of the 
ligament of Treitz and transsection of the peritone-
um above the mesentery of the small intestine visua- 
lized the superior mesenteric vein. It was dorsomedi-
al to the tumor. The surgery included corporocaudal 
resection of the pancreas, splenectomy, resection of 
the mesentery of the large intestine, perirenal fat, and 
left adrenal gland. Atypical resection of the S1 and S7 
segments of the liver was performed.

Fig. 2. Gross specimen of the tumor in the tail of the pancreas

In the postoperative period, the patient continued 
to receive lanreotide, against the background of which 
the progression of the disease was recorded 3 months 
after the surgery: elective MRI showed a neoplasm 
in the liver S7 segment, 12 × 11 × 10 mm in size  
(Fig. 3).

The NMRCO board of doctors recommended to 
carry out transarterial chemoembolization (TACE) of 
the liver using lipiodol-cisplatin emulsion. Consider-
ing the progression of the metastatic process in the liv-
er, it was decided to add chemotherapy to the ongoing 
treatment according to the GEMOX scheme. 

The patient was included in the study of the genetic 
profile of pancreatic NET by the method of massive-
ly parallel sequencing (next generation sequencing, 

NGS). Sequencing of DNA extracted from the surgi-
cal biopsy of the tumor was performed on the Illumina 
NextSeq 550 sequencer (Illumina Inc., USA) with an 
average coverage of at least 100 × using the AmpliS-
eq ™ target panel for Illumina Comprehensive Cancer 
Panel ® to study exon regions of 409 genes, mutations 
in which are associated with oncopathology. Analy- 
tical sensitivity for mutation detection was 5%. The 
pathogenicity of the identified nucleotide substitutions 
was assessed according to the recommendations of the 
American College of Medical Genetics and Genom-
ics (ACMG) and Association of Molecular Pathology 
(AMP )[8].
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В качестве предоперационной подготовки пациенту был назначен ланреотид, на фоне 

которого Хр А в сыворотке крови снизился с 500 до 34 нмоль/л. Через 1 мес приема ланреотида 

была выполнена операция. При лапаротомии визуализировалась опухоль хвоста 

поджелудочной железы, подрастающая к воротам селезенки до 1,5 см в диаметре (рис. 2). 

Опухолевый конгломерат включал в себя селезеночные артерию и вену, интимно прилежал к 

левой боковой полуокружности верхней брыжеечной и воротной вен. Основание 

селезеночной артерии было свободно от опухоли. Определялись увеличенные паракавальные 

лимфатические узлы. После мобилизации связки Трейца и рассечения брюшины над 

брыжейкой тонкой кишки визуализировалась верхняя брыжеечная вена, которая была 

расположена дорзомедиально от опухоли. Операция проведена в объеме корпорокаудальной 

резекции поджелудочной железы, спленэктомии, резекции брыжейки толстой кишки, 

паранефральной клетчатки и левого надпочечника. Была выполнена атипичная резекция S1 и 

S7 печени. 

 

Рис. 2. Макропрепарат опухоли хвоста поджелудочной железы  

В постоперационном периоде пациент продолжал получать терапию ланреотидом, на фоне 

которой через 3 мес была зафиксирована прогрессия заболевания: на плановой МРТ 

визуализировалось новообразование в S7 печени размерами 12 × 11 × 10 мм (рис. 3).  

 

 

Fig. 3. MRI of the abdominal organs 3 months after the 
corporoduodenal resection of the pancreas and atypical liver 
resection with signs of the disease progression in the liver S7 

segment
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была выполнена операция. При лапаротомии визуализировалась опухоль хвоста 

поджелудочной железы, подрастающая к воротам селезенки до 1,5 см в диаметре (рис. 2). 

Опухолевый конгломерат включал в себя селезеночные артерию и вену, интимно прилежал к 

левой боковой полуокружности верхней брыжеечной и воротной вен. Основание 

селезеночной артерии было свободно от опухоли. Определялись увеличенные паракавальные 

лимфатические узлы. После мобилизации связки Трейца и рассечения брюшины над 

брыжейкой тонкой кишки визуализировалась верхняя брыжеечная вена, которая была 

расположена дорзомедиально от опухоли. Операция проведена в объеме корпорокаудальной 

резекции поджелудочной железы, спленэктомии, резекции брыжейки толстой кишки, 

паранефральной клетчатки и левого надпочечника. Была выполнена атипичная резекция S1 и 

S7 печени. 

 

Рис. 2. Макропрепарат опухоли хвоста поджелудочной железы  

В постоперационном периоде пациент продолжал получать терапию ланреотидом, на фоне 

которой через 3 мес была зафиксирована прогрессия заболевания: на плановой МРТ 

визуализировалось новообразование в S7 печени размерами 12 × 11 × 10 мм (рис. 3).  

 

 

In the studied DNA sample, 1,041 variants of nu-
cleotide sequences were found, two of which, in the 
MEN1 and TSC2 genes, were identified as pathogen-
ic mutations with strong clinical significance accor- 
ding to the ACMG and AMP classification (Fig. 5). A 
frameshift mutation in the MEN1 gene at c.248delT 
(p.Leu83ArgfsTer36) was described in the stu- 
dies on pancreatic tumors [9, 10]. The detected vari-
ant was represented by a mosaic form (variant allele 
frequency (VAF) was 12.6%). The mutation c.337-
1G>A (rs45517105), presented in the mosaic form  
(VAF = 7.6%) and associated with tuberous sclerosis, 
was found at the 3’ acceptor splice site of intron 4 of 
the TSC2 gene [11]. 

The identified pathogenic mutations were subse-
quently verified by direct Sanger sequencing. Their 
presence in the tumor and their absence in the blood 
leukocytes were confirmed. Thus, the diagnosis of 
sporadic gastrinoma with ZES was confirmed. Cur-
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rently, the patient is under medical supervision with 
no signs of disease progression.

CONCLUSION 
The presented case of sporadic gastrinoma is of 

high scientific value. The rarity of this type of neuro-
endocrine pancreatic tumor is combined here with its 
high malignant and metastatic potential and develop-
ment of a complete clinical picture of ZES against the 
background of a fairly young age of the patient. Early 
development of gastrinoma is usually associated with 
the presence of hereditary syndromes, the manifesta-
tions of which were absent in the patient. However, 
using NGS and direct Sanger sequencing, sporadic 
mutations in the MEN1 and TSC2 genes with a strong 
clinical significance were detected, typically associa- 
ted with development of multiple endocrine neoplasia 
type 1 (MEN1) and tuberous sclerosis, respectively. 
Obviously, the combination of two pathogenic muta-
tions predetermined high aggressiveness of the dis-
ease.

Emerging new methods of locoregional therapy 
for hepatic metastases in NET, such as TACE, made 
it possible to select a personalized treatment strategy 
and exclude its aggressive impact on the entire liver 
parenchyma. High efficiency of this method is proven 
by the absence of disease progression in the described 
patient within 16 months of follow-up after TACE.
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Cephalalgia against the background of systemic mastocytosis: a clinical case
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ABSTRACT 

The article presents a clinical case of comorbid pathology – development of migraine against the background 
of systemic mastocytosis. The classification and clinical manifestations of systemic mastocytosis, a rare blood 
disease, are given. 

This clinical case illustrates an example of excessive mast cell degranulation (with the release of proinflammatory 
and vasodilating agents as a result of mast cell pathology). In this regard, in addition to the pathogen-specific 
therapy for systemic mastocytosis (including prevention of mast cell degranulation), it seems important to describe 
the effectiveness and the possibility of prescribing preventive and emergency therapy for migraine against the 
background of the underlying hematological disease – systemic mastocytosis. 

Treatment of cephalalgia in patients with mastocytosis is a complex clinical task, in the solution of which it is 
necessary to take into account serious limitations in prescription of acetylsalicylic acid and other non-steroidal 
anti-inflammatory drugs. 

Key words: cephalalgia, migraine, aura, mast cells, systemic mastocytosis. 
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РЕЗЮМЕ

Приведен клинический случай коморбидной патологии – развития мигрени на фоне системного мастоци-
тоза. Приводятся классификация, клинические проявления системного мастоцитоза – редкого клонального 
заболевания крови. 

Данный клинический случай иллюстрирует пример избыточной дегрануляции тучных клеток (с выделени-
ем провоспалительных и вазодилатирующих агентов в результате патологии мастоцитов). В связи с этим, 
помимо патогенетической терапии системного мастоцитоза (включающей профилактику дегрануляции 
тучных клеток), нам представляется также важным отразить эффективность и возможность назначения 
профилактической и экстренной терапии мигрени на фоне основного гематологического заболевания – 
системного мастоцитоза. 

Терапия головной боли у пациентов с мастоцитозом представляет собой сложную клиническую задачу, в 
решении которой необходимо учитывать серьезные ограничения в назначении ацетилсалициловой кисло-
ты и других нестероидных противовоспалительных препаратов.  

Ключевые слова: цефалгический синдром, мигрень, аура, тучные клетки, системный мастоцитоз. 
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INTRODUCTION

Cephalgic syndrome often accompanies the 
course of various pathological processes. The al-
gorithm for examining a patient with headache (ac-
cording to regional and international clinical guide-
lines) consists of anamnesis, clinical presentation, 
instrumental examination, and exclusion of secon- 
dary causes of headache. It is especially important 
to exclude these causes when alarming signs appear 
– markers indicating the need for additional exam-
ination. Such alarming signs include the first onset of 
headache after 50 years and thunder-like headache, 
progressively worsening and atypical for the patient, 
if accompanied by neurological symptoms and signs 
of intracranial hypertension [1–3]. 

Cephalalgia is often associated with giant cell 
arteritis, transient ischemic attacks, stroke, brain tu-
mors, venous sinus thrombosis, subarachnoid hemor-
rhage, epilepsy, mitochondrial encephalomyopathy, 

lactic acidosis, and stroke-like episodes (MELAS), 
cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADA-
CIL), cervical artery dissection, cervicalgia, and oth-
er diseases [2]. 

This article presents our own experience in trea- 
ting cephalalgia in a patient with a verified diag-
nosis of mastocytosis. Mastocytosis is a rare blood 
disease that involves proliferation of mast cells 
(MCs) [4]. MCs were first described in 1863 by 
Frederick Recklinghausen (1833–1910) [5]; they 
play an important role not only in allergic reactions, 
but also in the immune response. The prerequisite 
for mastocytosis development is appearance of 
clonal MCs with a D816V mutation in the c-KIT 
gene. The product of this gene is transmembrane ty-
rosine kinase receptor CD117 for mast cell growth 
factor, and disturbances of the receptor appara-
tus lead to tumor transformation and inhibition of  
apoptosis.
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The disease occurs among adults and children 
and is characterized by growth, activation, and ac-
cumulation of MCs in various organs and tissues 
of the body. With excessive accumulation of MCs 
in the skin (the so-called cutaneous mastocytosis), 
patients can be diagnosed with atopic dermatitis for 
many years under the supervision of dermatologists 
and allergists [6]. Another variant of the course is 
accumulation of MCs in other areas (skeletal system, 
gastrointestinal tract, liver, spleen, central nervous 
system), which is typical of systemic mastocytosis. 
According to the 2016 World Health Organization 
(WHO) criteria, mastocytosis can be divided into 
several subtypes: cutaneous mastocytosis, indo-
lent (sluggish) systemic mastocytosis, smoldering 
systemic mastocytosis, systemic mastocytosis with 
associated hematological non-mast cell disease, ag-
gressive systemic mastocytosis, mast cell leukemia, 
and mast cell sarcoma.

The cutaneous form of mastocytosis in children in 
80% of cases independently regresses after puberty 
without any specific treatment. The aim of this article 
was not to discuss in detail the criteria for establi- 
shing the diagnosis of systemic mastocytosis. We 
only note that there are major criteria (multifocal 
dense infiltrates consisting of MCs (≥ 15 in the aggre-
gate) and determined in a biopsy sample of the bone 
marrow and (or) other organs) and minor criteria (in 
biopsies of the bone marrow or other organs, > 25% 
of MCs located in the infiltrate are spindle-shaped or 
have atypical morphology, or > 25% of all MCs ob-
tained from bone marrow aspirate smears are imma-
ture or atypical; D816V mutation of the c-KIT gene, 
mast cells in the bone marrow or organs express CD2 
and / or CD25, serum tryptase levels are higher than 
20 μg / l). The diagnosis is valid in the presence of 
one major and one minor or three minor criteria [7].  

Typical symptoms of mastocytosis include urti-
caria, pruritus, rhinorrhea, nausea, dyspepsia, and 
nonspecific manifestations in the pulmonary sys-
tem (wheezing, shortness of breath). In the nervous 
system, the most frequent manifestation of systemic 
mastocytosis is headache [8, 9]. Highly variable cli- 
nical presentation is due to paroxysmal degranula-
tion of MCs in the tissue or in the systemic circula-
tion, resulting in rhinorrhea, itching, syncope, diar-
rhea, and cephalalgia.

There is a sufficient number of studies descri- 
bing the relationship between development of mi-

graine in patients and pathology of MCs; hence, 
correction of cephalalgia remains the most impor- 
tant aspect in the treatment of patients with masto-
cytosis [10]. 

The role of MCs in the pathophysiology of mi-
graine is widely discussed [11]. Peptides, such 
as calcitonin gene-related peptide, chemokine A, 
neurotensin, pituitary adenylate cyclase-activating 
peptide, and substance P, activate MCs, releasing 
vasoactive and proinflammatory mediators, which 
ultimately lead to the development of cephalalgia. 
In response to the effect of corticotropin-releasing 
hormone, MCs secrete proinflammatory and vaso-
dilator molecules (interleukin-6 (IL-6), vascular en-
dothelial growth factor (VEGF), nitric oxide (NO), 
histamine). Such a pathological chain develops as 
a result of stress factors, playing an important role 
in the development of migraine attacks. It is known 
that vasodilation of extracerebral vessels and cortical 
spreading depression are also involved in the patho-
genesis of migraine, which explains some of the aura 
symptoms [12].

The Mayo Clinic conducted a retrospective study 
on the association between headache and MC acti- 
vity. It included 64 patients with an established diag-
nosis of systemic mastocytosis (7), of which cepha-
lalgia was observed in 36 patients (56.2%). Of these, 
21 patients were carriers of the D816V mutation in 
the c-KIT gene (28 people were examined), hea- 
dache was determined according to the Internation-
al Headache Criteria [13]. In patients suffering from 
migraine and other types of headache in the clinical 
presentation, the following symptoms were noted 
(during the attack): redness, local fever, heaviness 
in the chest, abdominal pain. This symptom complex 
allowed the authors of the study to suggest an asso-
ciation between activation of mast cells and deve- 
lopment of cephalalgia. In this work, the authors also 
noted a five-fold increase in the prevalence of aura 
symptoms in comparison with the general popula-
tion [14].

Treatment of patients with mastocytosis presents 
certain difficulties, since a sufficiently large number 
of drugs can be triggers of mast cell activation (in-
cluding development of anaphylactic shock); there-
fore, their use is limited in this cohort of patients. 
These drugs include (among others) non-steroidal 
anti-inflammatory drugs, antibiotics (vancomycin, 
polymyxin), and vitamin B1 (thiamine).
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Patient R., 45 years old, had an appointment with 

a neurologist at the Research Center of Neurology 
with complaints of headache attacks, mainly in the 
right side of the head, lasting from several hours to 
2–3 days. Before the attack, the patient noted (not 
always) zigzagging lines, sometimes bright flashes 
before the eyes. Headache attacks were often trig-
gered by drinking wine. The frequency of attacks 
varied from 1–2 times a month to 2–3 times a week, 
depending on the season (more often, in winter). To 
relieve these symptoms, the patient took metamizole 
sodium and triptans (no effect). Upon additional 
questioning, it turned out that triptans were taken 
during a full-blown painful attack (which may ex-
plain their ineffectiveness).

From the anamnesis, it is known that since 1998, 
the patient has been observed by dermatologists for 
cutaneous mastocytosis. In 2013, she went to the Re-
search Center of Hematology, where an examination 
was carried out. A skin biopsy was performed. In the 
skin biopsy, the morphological pattern and immuno-
phenotype (in the upper layers of the dermis, elon-
gated cells expressed CD117, CD25, and Tryptase) 
corresponded to the diagnosis of mastocytosis. 

A molecular genetic study of peripheral blood re-
vealed a D816V mutation in the c-KIT gene. Serum 
tryptase level was 16.9 μg / ml (reference value is 
less than 11 μg / l). During the histological exam-
ination of the trepanobioptate, no data for the dam-
age to the bone marrow were obtained. According 
to the ultrasound data, the sizes of the liver, spleen, 
and lymph nodes were within normal values. Com-
plete blood test parameters were within normal val-
ues (hemoglobin – 141 g / l; erythrocytes – 4.63 1012 
/ l; platelets – 235 × 109 / l; leukocytes – 8.63 × 109 
/ l). Coagulogram revealed normal coagulation (ac-
tivated partial thromboplastin time (APTT) – 25.3 
sec; prothrombin index according to Quick – 92%; 
fibrinogen – 3.3 g / l); platelet aggregation with ad-
enosine diphosphate (ADP) – 73%; with ristomycin 
– 86%; with collagen – 84%. The patient received 
symptomatic therapy: sodium cromoglycate, ketoti-
fen – in case of itching. During the observation pe-
riod, the patient noted the appearance of new macu-
lopapular rash of red and brown color on the skin of 
the thighs, legs, hands, and neck. Darier’s sign was 
positive. Headache was the predominant symptom in 
the clinical presentation. 

Due to the appearance of complaints of headaches 
and the predominance of cephalalgia in the clinical 
presentation, it was recommended to contact the Re-
search Center of Neurology. The general somatic 
status included a reduced body mass index (17 kg / 
m2), a tendency to arterial hypotension (BP of 100 / 
60 mm Hg), and heart rate of 59 beats per minute). 

In the neurological status: conscious, correctly 
oriented in place, time and self. Emotional back-
ground: somewhat emotionally labile. There were 
no meningeal symptoms. Cranial nerves were intact. 
No paresis was detected, tendon and periosteal refle- 
xes were lively and symmetric. There were no clear 
sensitivity disorders. There were no pathological py-
ramidal signs. The finger-nose test was performed 
with discoordination on both sides. Slight staggering 
during the Romberg test was observed. Subjective 
headache assessment on the Visual Analogue Scale 
(VAS) – 7 points.

Findings of instrumental and laboratory research 
methods. Magnetic resonance imaging (MRI) of the 
brain: a single focal lesion of vascular origin in the 
right frontal region was determined (migraine fo-
cus?); the rest of the departments were without pa-
thology.  Electroencephalography (EEG) revealed  
nonspecific signs of dysfunction of the brain bio-
electrical activity and dysfunction of diencephalon 
structures. Duplex ultrasound of the main arteries of 
the head revealed no pathology.

Complete blood count and biochemistry within 
normal limits; the coagulogram showed normal co-
agulation. According to the data of platelet aggrega-
tion, an increase in their aggregation properties was 
noted: with ADP – 50 (37–43)%; with adrenaline – 
48 (40–46)%.

Taking into account the clinical manifestations 
and the data of instrumental research methods, the 
diagnosis of migraine with aura was established. It 
was decided to prescribe tricyclic antidepressants in 
therapeutic doses (amitriptyline, 50 mg / day). As the 
background therapy, we did not prescribe calcium 
and beta-blockers (taking into account the tenden-
cy to hypotension and bradycardia), so we selected a 
caffeine-containing combination drug which also has 
antiplatelet properties. 

Prescription of acetylsalicylic acid for mastocy-
tosis is unacceptable due high risk of anaphylaxis. 
In addition, we recommended to take triptans to stop 
seizures (with a need to take it in the first minutes of 
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an attack or during aura symptoms). After 3 weeks, 
a positive trend was noted in the form of a decrease 
in the frequency and intensity of attacks. During 
the follow-up, a single attack was noted. A repeat-
ed blood test (after 3 weeks) of platelet aggregation 
with adrenaline and ADP showed a significant de-
crease in the aggregation properties of the latter (34 
and 38%, respectively), which indicates an import-
ant contribution of antiplatelet therapy to prevention 
of cephalalgia.

CONCLUSION
An important aspect of neurological practice is 

management of comorbid patients with cephalalgia. 
One of the main aspects in treatment of headaches 
(as well as the underlying disease) against the back-
ground of mastocytosis is preventing activation of 
mast cells (degranulation of cytoplasmic compart-
ments with release of histamine, prostaglandins, in-
terleukins, etc.), which lead to variable clinical pre-
sentation, including the development of a migraine 
attack. Patients should avoid overheating (baths, 
saunas) and sun exposure and follow a strict diet 
that excludes seafood (especially shrimps, lobsters, 
crabs, caviar), alcohol, chocolate, tyramine-con-
taining foods (cheeses, nuts, cereals, legumes), and 
canned food. Such restrictions are also effective in 
preventing the frequency of migraine attacks [15].
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JUBILEE

Leonid S. Barbarash (born June 22, 1941) – Dr. 
Sci. (Med.), Professor, Academician of the Rus-
sian Academy of Sciences, Honored Doctor of the 
Russian Federation, a top-class cardiac surgeon, the 
founder of Kuzbass Cardiology Center (Kemerovo), 
a teacher, a scientist, and a director. The diversity 
of his knowledge and areas of research became the 
basis for progressive development of cardiology and 
cardiac surgery in Kuzbass. The principle of orga-
nization of the center that combines several clinical 
and research areas has proven its viability and effec-
tiveness.

Thanks to the organizational talent of Leonid 
Barbarash, Kuzbass developed a unique and inno-
vative closed model of medical care delivery for 

The 80th birthday of Academician Leonid Barbarash
Dedicated to the 80th birthday of Academician Leonid Barbarash, the founder of Kuzbass Cardiology 
Center (Kemerovo) and Research Institute for Complex Issues of Cardiovascular Diseases.

patients with circulatory system diseases, which en-
compasses all levels of medical care delivery (from 
outpatient and inpatient care to high-tech medical 
care and rehabilitation) with a unified approach to 
strategic management. His outstanding qualities of 
a scientist, specialist, and professor helped to build a 
team of highly qualified doctors, scientists, cardiol-
ogists, cardiac surgeons, anesthetists and resuscita-
tors, specialists in functional diagnostics, engineers, 
chemists, mathematicians, and biologists. 

In 1987, Leonid Barbarash was the first surgeon 
behind the Urals to perform aortic valve replacement 
with combined coronary bypass grafting, followed 
by the first ascending aortic aneurysm surgery. He 
streamlined provision of high-tech medical care for 
patients with circulatory system diseases. For the 
first time in the world, Leonid Barbarash and his 
students developed and introduced to the market a 
fundamentally new generation of epoxy-treated bi-
oprostheses, later implementing them into clinical 
practice. Research in the field of bioprosthetic heart 
valves resulted in establishing NeoKor closed joint-
stock company in 1987.  Under the leadership of 
Leonid Barbarash, the Laboratory of Reconstructive 
Cardiovascular Surgery was established in 2001, 
which was transformed into Research Institute for 
Complex Issues of Cardiovascular Diseases in 2009.

Leonid Barbarash has received many honorary 
awards and titles for his outstanding contribution to 
healthcare. The European Association for Cardio-
thoracic Surgeons awarded the team led by Leonid 
Barbarash the C. Walton Lillehei Award in 1997. In 
2004, Leonid Barbarash was given the A.N. Baku-
lev Award for establishment of the cardiac surgery 
center and personal contribution to the development 
of bioprosthetic heart valves. Moreover, he received 
the 2001 Russian Federation National Award in Sci-
ence and Technology.

In 2005, Leonid Barbarash was awarded the 
“Prizvanie” (Vocation) National Award of the  
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Ministry of Healthcare and Social Development of 
the Russian Federation for his contribution to the 
development of bioprosthetic heart valves and car-
diovascular surgery. In 2007, he received the same 
award in the nomination “For developing a new 
method of treatment” for developing unique domes-
tic bioprosthetic heart valves and a special method of 
their preservation.

In 2007, Leonid Barbarash was awarded the Order 
of Honor. In 2019, he was awarded the title “Honor-
ary Worker of Science and Technology of the Rus-
sian Federation”. Moreover, Academician Barbarash 

was awarded the titles “Hero of Kuzbass” (2013) and 
“Honorary Citizen of the Kemerovo Region” (2006). 

For more than 45 years, Academician Leonid 
Barbarash has been passing on his knowledge to stu-
dents, clinical residents, postgraduates, and young 
practitioners. Leonid Barbarash is the author of more 
than 700 scientific papers, including 15 monographs 
and books, as well as more than 70 inventions and 
utility models. Under his leadership, 14 doctoral and 
30 candidate theses have been defended.

Dear Leonid S. Barbarash,  
happy 80th birthday!
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