
Agapov VK, DSc, professor (Moscow, Russia) 
Bogomolov AV, DSc, professor (Moscow, Russia) 
Boyko AN, DSc, professor (Moscow, Russia)
Bolekhan WN, DSc, docent (Moscow, Russia)
Borisevich IV, DSc, professor (Moscow, Russia)
Bushmanov AY, DSc, professor (Moscow, Russia)
Valenta R, PhD, professor (Moscow, Russia)
Voskanyan S, member of RAS, DSc, professor (Moscow, Russia)
Daikhes NA, member of RAS, DSc, professor (Moscow, Russia)
Dudarenko SV, DSc (Saint-Petersburg, Russia) 
Zykov KA, member of RAS, DSc, professor (Moscow, Russia)
Ilyin LA, member of RAS, DSc, professor (Moscow, Russia)
Karkischenko NN, member of RAS, DSc, professor (Moscow, Russia)
Kaspranskiy RR, PhD (Moscow, Russia) 
Lagarkova MA, member of RAS, DSc, professor (Moscow, Russia)
Lobzin YV, member of RAS, DSc, professor (Saint-Petersburg, Russia)
Nikiforov VV, DSc, professor (Moscow, Russia)

Olesova VN, DSc, professor (Moscow, Russia)
Petrov RV, member of RAS, DSc, professor (Moscow, Russia)
Polyaev BA, DSc (Moscow, Russia) 
Sadilov AS, DSc, professor (Saint-Petersburg, Russia)
Rejniuk VL, DSc, docent (Moscow, Russia) 
Rembovsky VR, DSc, professor (Saint-Petersburg, Russia)
Samoilov AS, member of RAS, DSc, professor (Moscow, Russia)
Sergienko VI, member of RAS, DSc, professor (Moscow, Russia)
Sidorenko SV, member of RAS, DSc, professor (Saint-Petersburg, Russia)
Sidorcevich SV, DSc (Moscow, Russia)
Styazhkin KK, DSc, professor (Moscow, Russia) 
Troitsky AV, DSc, professor (Moscow, Russia) 
Uskov AN, DSc, docent (Saint-Petersburg, Russia)
Ushakov IB, member of RAS, DSc, professor (Moscow, Russia)
Khaitov MR, member of RAS, DSc, professor (Moscow, Russia)
Yudin SM, DSc, professor (Moscow, Russia) 

Extreme Medicine

SCIENTIFIC AND PRACTICAL REVIEWED JOURNAL OF FMBA OF RUSSIA

EDITOR-IN-CHIEF Veronika Skvortsova, DSc, professor, RAS corresponding member

DEPUTY EDITOR-IN-CHIEF Igor Berzin, DSc, professor; 

Daria Kryuchko, DSc

EDITORS Vsevolod Belousov, DSc, professor, RAS corresponding member; 

Anton Keskinov, PhD; 

Valentina Geidebrekht, PhD

TECHNICAL EDITOR Evgeny Lukyanov

TRANSLATORS Nadezda Tikhomirova, Vyacheslav Vityuk

DESIGN AND LAYOUT Marina Doronina

Approved for print 31.03.2023
Circulation: 500 copies. Printed by Print.Formula

www.print-formula.ru

Indexed in RSCI. IF 2018: 0,570 Listed in HAC 31.01.2020 (№ 1292) Open access to archive

EDITORIAL BOARD

SUBMISSION editor@fmba.press

CORRESPONDENCE editor@fmba.press

COLLABORATION manager@fmba.press

ADDRESS Volokolamskoe shosse, 30, str. 1, Moscow, 123182, Russia 

Issue DOI: 10.47183/mes.2023-01

The mass media registration certificate № 25124 issued on July 27, 2006

Founder and publisher: Federal medical-biological agency fmba.gov.ru

The journal is distributed under the terms of Creative Commons Attribution 4.0 International License www.creativecommons.org

Akleev AV, DSc, professor (Chelyabinsk, Russia)
Arakelov SA, PhD, professor (Saint-Petersburg, Russia) 
Baklaushev VP, DSc, professor (Moscow, Russia)
Degteva MO, PhD (Chelyabinsk, Russia)
Efimenko NV, DSc, professor (Pyatigorsk, Russia)
Kazakevich EV, DSc, professor (Arkhangelsk, Russia)
Katuntsev VP, DSc, professor (Moscow, Russia
Klimanov VA, DSc, professor (Moscow, Russia)
Klinov DV, PhD (Moscow, Russia)
Koshurnikova NA, DSc, professor (Ozersk, Russia)
Minnullin IP, DSc, professor (Saint-Petersburg, Russia)

ADVISORY BOARD

Mosyagin IG, DSc, professor (Saint-Petersburg, Russia)
Panasenko OM, DSc, member of RAS, professor (Moscow, Russia)
Rogozhnikov VA, DSc, (Moscow, Russia)
Romanov SA, PhD (Ozersk, Russia)
Sotnichenko SA, DSc (Vladivostok, Russia)
Suranova TG, PhD, docent (Moscow, Russia)
Takhauov RM, DSc, professor (Seversk, Russia)
Shandala NK, DSc, professor (Moscow, Russia)
Shinkarev SM, DSc (Moscow, Russia)
Shipulin GA, PhD (Moscow, Russia)
Yakovleva TV, DSc (Moscow, Russia) 

Indexed in Scopus in 2022



ПОДАЧА РУКОПИСЕЙ editor@fmba.press

ПЕРЕПИСКА С РЕДАКЦИЕЙ editor@fmba.press

СОТРУДНИЧЕСТВО manager@fmba.press

АДРЕС РЕДАКЦИИ Волоколамское шоссе, д. 30, стр. 1, г. Москва, 123182, Россия

В. К. Агапов, д. м. н., профессор (Москва, Россия)
А. В. Богомолов, д. т. н., профессор (Москва, Россия)
А. Н. Бойко, д. м. н., профессор (Москва, Россия)
В. Н. Болехан, д. м. н., доцент (Москва, Россия)
И. В. Борисевич, д. м. н., профессор (Москва, Россия)
А. Ю. Бушманов, д. м. н., профессор (Москва, Россия) 
Р. Валента, д. м. н., профессор (Москва, Россия)
С. Э. Восканян, д. м. н., профессор, член-корр. РАН (Москва, Россия)
Н. А. Дайхес, д. м. н., профессор, член-корр. РАН (Москва, Россия) 
С. В. Дударенко, д. м. н., доцент (Санкт-Петербург, Россия)
К. А. Зыков, д. м. н., профессор, член-корр. РАН (Москва, Россия)
Л. А. Ильин, д. м. н., профессор, академик РАН (Москва, Россия)
Н. Н. Каркищенко, д. м. н., профессор, член-корр. РАН (Москва, Россия)
Р. Р. Каспранский, к. м. н. (Москва, Россия)
М. А. Лагарькова, д. б. н., профессор, член-корр. РАН (Москва, Россия)
Ю. В. Лобзин, д. м. н., профессор, академик РАН (Санкт-Петербург, Россия)
В. В. Никифоров, д. м. н., профессор (Москва, Россия)

А. В. Аклеев, д. м. н., профессор (Челябинск, Россия)
С. А. Аракелов, к. б. н., профессор (Санкт-Петербург, Россия)
В. П. Баклаушев, д. м. н., профессор (Москва, Россия)
М. О. Дегтева, к. т. н. (Челябинск, Россия) 
Н. В. Ефименко, д. м. н., профессор (Пятигорск, Россия)
Е. В. Казакевич, д. м. н., профессор (Архангельск, Россия)
В. П. Катунцев, д. м. н., профессор (Москва, Россия)
В. А. Климанов, д. ф.-м. н., профессор (Москва, Россия)
Д. В. Клинов, к. ф.-м. н. (Москва, Россия) 
Н. А. Кошурникова, д. м. н., профессор (Озерск, Россия)
И. П. Миннуллин, д. м. н., профессор (Санкт-Петербург, Россия)

Медицина Экстремальных Ситуаций

НАУЧНО-ПРАКТИЧЕСКИЙ РЕЦЕНЗИРУЕМЫЙ ЖУРНАЛ ФМБА РОССИИ

ГЛАВНЫЙ РЕДАКТОР Вероника Скворцова, д. м. н., профессор, член-корр. РАН

ЗАМЕСТИТЕЛИ ГЛАВНОГО РЕДАКТОРА Игорь Берзин, д. м. н., профессор; 

Дарья Крючко, д. м. н., доцент

НАУЧНЫЕ РЕДАКТОРЫ Всеволод Белоусов, д. б. н., профессор, член-корр. РАН; 

Антон Кескинов, к. м. н.; 

Валентина Гейдебрехт, к. б. н.

ТЕХНИЧЕСКИЙ РЕДАКТОР Евгений Лукьянов

ПЕРЕВОДЧИКИ Надежда Тихомирова, Вячеслав Витюк

ДИЗАЙН И ВЕРСТКА Марины Дорониной

DOI выпуска: 10.47183/mes.2023-01

Свидетельство о регистрации средства массовой информации № ФС77-25124 от 27 июля 2006 года

Учредитель и издатель: Федеральное медико-биологическое агентство fmba.gov.ru

Журнал распространяется по лицензии Creative Commons Attribution 4.0 International www.creativecommons.org 

Подписано в печать 31.03.2023
Тираж 500 экз. Отпечатано в типографии Print.Formula

www.print-formula.ru

Журнал включен в РИНЦ. IF 2018: 0,570 Журнал включен в Перечень 31.01.2020 (№ 1292) Здесь находится открытый архив журнала

РЕДАКЦИОННАЯ КОЛЛЕГИЯ

РЕДАКЦИОННЫЙ СОВЕТ

В. Н. Олесова, д. м. н., профессор (Москва, Россия)
Р. В. Петров, д. м. н., профессор, академик РАН (Москва, Россия)
Б. А. Поляев, д. м. н., профессор (Москва, Россия)
А. С. Радилов, д. м. н., профессор (Санкт-Петербург, Россия)
В. Л. Рейнюк, д. м. н., доцент (Москва, Россия)
В. Р. Рембовский, д. м. н., профессор (Санкт-Петербург, Россия)
А. С. Самойлов, д. м. н., профессор, член-корр. РАН (Москва, Россия)
С. В. Сидоренко, д. м. н., профессор, член-корр. РАН (Санкт-Петербург, Россия)
В. И. Сергиенко, д. м. н., профессор, член-корр. РАН (Москва, Россия)
С. В. Сидоркевич, д. м. н. (Москва, Россия)
К. К. Стяжкин, д. б. н., профессор (Москва, Россия)
А. В. Троицкий, д. м. н., профессор (Москва, Россия)
А. Н. Усков, д. м. н., доцент (Санкт-Петербург, Россия)
И. Б. Ушаков, д. м. н., профессор, академик РАН (Москва, Россия)
М. Р. Хаитов, д. м. н., профессор, член-корр. РАН (Москва, Россия)
С. М. Юдин, д. м. н., профессор (Москва, Россия)

И. Г. Мосягин, д. м. н., профессор (Санкт-Петербург, Россия)
О. М. Панасенко, д. б. н., профессор, член-корр. РАН (Москва, Россия)
В. А. Рогожников, д. м. н. (Москва, Россия)
С. А. Романов, к. б. н. (Озерск, Россия)
С. А. Сотниченко, д. м. н. (Владивосток, Россия)
Т. Г. Суранова, к. м. н., доцент (Москва, Россия)
Р. М. Тахауов, д. м. н., профессор (Северск, Россия)
Н. К. Шандала, д. м. н., профессор (Москва, Россия)
С. М. Шинкарев, д. т. н. (Москва, Россия)
Г. А. Шипулин, к. м. н. (Москва, Россия)
Т. В. Яковлева д. м. н. (Москва, Россия)

Журнал включен в Scopus в 2022 г.



3EXTREME MEDICINE   1, 25, 2023   MES.FMBA.PRESS| |

Extreme Medicine
Медицина Экстремальных Ситуаций

Contents
Содержание

1/25/2023

Assessment of individual hematopoietic stem cell response to gamma exposure using humanized mice
Atamanyuk NI, Pryakhin EA, Styazhkina EV, Obvintseva NA, Tryapitsyna GA, Peretykin AA, Andreev SS, Aldibekova AE, Akleyev AV

Оценка персонифицированной реакции гемопоэтических стволовых клеток на гамма-облучение с использованием гуманизированных мышей
Н. И. Атаманюк, Е. А. Пряхин, Е. В. Стяжкина, Н. А. Обвинцева, Г. А. Тряпицына, А. А. Перетыкин, С. С. Андреев, А. Е. Алдибекова, А. В. Аклеев

Experimental animal model for treatment of absolute uterine factor infertility
Polstyanoy AM, Polstyanaya OYu, Rendashkin IV, Yakimenko ON, Tutsenko KO, Sadovsky MG, Chernova AA

Модель лечения абсолютного маточного бесплодия на экспериментальных животных
А. М. Полстяной, О. Ю. Полстяная, И. В. Рендашкин, О. Н. Якименко, К. О. Туценко, М. Г. Садовский, А. А. Чернова

Methodological aspects of drug development and preclinical research in the interests of Artic medicine
Volkova MV, Biryukov SA

Методические аспекты разработки и доклинических исследований лекарственных препаратов в интересах арктической медицины
М. В. Волкова, С. А. Бирюков

REVIEW                                                                12

ORIGINAL RESEARCH                                                                43

METHOD                                            30

Identification of phosphonylated peptides using a MALDI target functionalized with lanthanum stearate
Babakov VN, Gorbunov AYu, Gladchuk AS, Kalninya YaK, Shilovskikh VV, Tomilin NV, Sukhodolov NG, Radilov AS, Podolskaya EP

Идентификация фосфонилированных пептидов с применением МАЛДИ-мишени, функционализированной стеаратом лантана
В. Н. Бабаков, А. Ю. Горбунов, А. С. Гладчук, Я. К. Калниня, В. В. Шиловских, Н. В. Томилин, Н. Г. Суходолов, А. С. Радилов, Е. П. Подольская

METHOD                                                     21

Molecular modeling and experimental confirmation of the search for agents mitigating toxic action of hydrogen sulfide
Golovatskaya LI, Trizno EV, Smirnova YuA, Trizno MN

Молекулярное моделирование и экспериментальное подтверждение поиска средств коррекции токсического воздействия сероводорода 
Л. И. Головацкая, Е. В. Тризно, Ю. А. Смирнова, М. Н. Тризно

ORIGINAL RESEARCH                                                                              36

Calculation of reference intervals of blood parameters in children and adolescents: projects review
Grishina ZhV, Klyuchnikov SO, Feshchenko VS, Zholinskiy AV

Расчет референтных интервалов для показателей крови у детей и подростков: обзор проектов
Ж. В. Гришина, С. О. Ключников, В. С. Фещенко, А. В. Жолинский

REVIEW                                                                      4

Results of epidemiological surveillance for COVID-19 among students and teaching staff of the university
Sayganov SA, Liubimova AV, Gasanbekov IM, Meltser AV, Lopatin ZV, Aslanov BI

Результаты эпидемиологического надзора за COVID-19 среди обучающихся и профессорско-преподавательского состава университета 
С. А. Сайганов, А. В. Любимова, И. М. Гасанбеков, А. В. Мельцер, В. Лопатин, Б. И. Асланов

ORIGINAL RESEARCH                                                                     50

Clinical and virological characteristics of chronic hepatitis B and response to antiviral therapy 
Nguyen Thi-Hanh, Melnikova LI, Ilchenko LYu, Kyuregyan KK, Gordeychuk IV, Bondarenko NL

Клинико-вирусологическая характеристика хронического гепатита В и ответ на противовирусную терапию 
Nguyen Thi-Hanh, Л. И. Мельникова, Л. Ю. Ильченко, К. К. Кюрегян, И. В. Гордейчук, Н. Л. Бондаренко

ORIGINAL RESEARCH                                                                    57



4

REVIEW    SPORTS MEDICINE

EXTREME MEDICINE   1, 25, 2023   MES.FMBA.PRESS| |

Grishina ZhV    , Klyuchnikov SO, Feshchenko VS, Zholinskiy AV

CALCULATION OF REFERENCE INTERVALS OF BLOOD PARAMETERS IN CHILDREN 
AND ADOLESCENTS: PROJECTS REVIEW

The review of the currently existing projects focused on calculating the reference intervals of blood parameters in large samples of children of different gender 

and age discusses the urgent issues of calculating pediatric reference intervals of biochemical markers, the paper provides comparison of the reference intervals 

established within the framework of different projects. The limitations, future prospects and harmonization of pediatric reference intervals, including for juvenile 

athletes, are provided.

Keywords: reference intervals, blood parameters, pediatrics, children, juvenile athletes, sports medicine
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Ж. В. Гришина    , С. О. Ключников, В. С. Фещенко, А. В. Жолинский

РАСЧЕТ РЕФЕРЕНТНЫХ ИНТЕРВАЛОВ ДЛЯ ПОКАЗАТЕЛЕЙ КРОВИ У ДЕТЕЙ И ПОДРОСТКОВ: 
ОБЗОР ПРОЕКТОВ

В обзоре существующих на сегодняшний день проектов по расчету референтных интервалов показателей крови на больших выборках детей разного 

пола и возраста обсуждены актуальные вопросы расчета педиатрических референтных интервалов для биохимических маркеров, проведено сравнение 

значений референтных интервалов, полученных в разных проектах. Представлены ограничения, будущие перспективы и гармонизация педиатрических 

референтных интервалов, в том числе для несовершеннолетних спортсменов.

Ключевые слова: референтные интервалы, показатели крови, педиатрия, дети, несовершеннолетние спортсмены, спортивная медицина
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The child's organism is distinguished from the adult's organism 
not only by physical condition, but also by the organs maturity, 
features of metabolism, immune and endocrine responsiveness, 
etc. The dynamics of physiological processes that take place 
in the child’s organism are accompanied by changes in the 
concentrations of many blood biomarkers, including hormones [1].

In fact, objective assessment and subsequent interpretation 
of the results of laboratory and instrumental tests considering 
certain age periods of the child are often complex and not 
always unambiguous. This negatively affects selection of 
the tactics for management of children and organization of 
treatment and preventive care [2, 3]. The reference intervals, 
being a fundamental medical instrument allowing one to 
correctly interpret blood test results and distinguish between 
normal physiological changes and the onset of the disease 
process in the child’s organism, can help to solve this problem [2].

In terms of statistics, reference interval (RI) represents the 
limits of the range that includes the percentage (usually 95%) 
of values obtained from the healthy population. The reference 
limits are determined by calculating the 2.5th and 97.5th 

percentiles of the test results [2, 4, 5]. Hence, 5% of the results 
may be interpreted as abnormal. 

According to the regulation, statistical methods for 
calculation of reference intervals are selected based on the 
distribution of reference values: parametric methods are 
used for the normally distributed data, while nonparametric 
methods are used in case there is no null hypothesis of the 
dataset distribution. Calculation of the 95% confidence interval 
is possible when the distribution of reference values is normal; 
conversely, nonparametric methods, specifically the rank test, 
are used when calculating reference intervals for the samples 
characterized by non-normal distribution of values obtained 
from the reference groups of healthy subjects [5].

When using the conventional “direct” approach, RI is usually 
defined as an interval denoted by two reference limits (2.5th and 
97.5th percentiles) obtained from the sample represented by 
reference population [4, 5].

Currently, indirect methods of RI calculation that involve 
analysis of the laboratory parameter datasets have been 
widely implemented. The complex statistical algorithms that 



5

ОБЗОР    СПОРТИВНАЯ МЕДИЦИНА

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ   1, 25, 2023   MES.FMBA.PRESS| |

Table. Projects focused on calculating the reference intervals of blood parameters in the populations of healthy children and adolescents 

Note: AACB — Australasian Association of Clinical Biochemists; CALIPER — Canadian Laboratory Initiative on Paediatric Reference Intervals; CHILDx —Children’s 
Health Improvement through Laboratory Diagnostics; COPENHAGEN — The Copenhagen Puberty Study; KiGGS — German Health Interview and Examination Survey 
for Children and Adolescents; LOOK — Lifestyle of Our Kids; NHANES — National Health and Nutrition Examination Survey; NORIP —Nordic Reference Interval Project.

are essential for development and implementation of exclusion 
criteria for unhealthy subjects have become the main problem 
that restricts the use of indirect methods.

It should be noted that it is rather difficult to calculate and 
verify RIs. In 2008, specialists of the Clinical and Laboratory 
Standards Institute (CLSI) and International Federation of 
Clinical Chemistry and Laboratory Medicine (IFCC) prepared 
the guidelines (C28-A3) on the RI calculation and verification [6]. 
The accurately determined RIs are crucial for correct diagnosis 
and selection of the treatment method, while the general 
population-based RIs of blood parameters that have not 
been adapted for children may result in erroneous diagnosis, 
inadequate treatment, higher health expenditures, etc.

Analysis of the literature data on pediatric RIs has revealed 
the main directions of contemporary research focused on 
calculating RIs of blood parameters in children: bone markers 
[7], markers of cardiovascular disorders and the risk of metabolic 
syndrome [8], thyroid hormones and growth hormone [9], 
inborn features of metabolism [10].

In foreign countries, the results of several large-scale 
projects focused on calculating RIs of blood parameters in 
multiple samples of healthy children have been published over 
the recent years (Table). Unfortunately, there are still no such 
projects in our country. An exception is the project involving 
calculation of RIs of blood parameters in juvenile athletes that 
was implemented at the Federal Research and Clinical Center 
of Sports Medicine and Rehabilitation of FMBA in 2020. It is 
comparable with the abovementioned foreign projects in terms 
of the sample size [11]. 

KiGGS project

The KiGGS project launched at the Robert Koch Institute 
(RKI) in Germany has become one of the largest projects 
focused on calculating RIs of blood parameters in children and 

adolescents in Europe. RIs of multiple laboratory parameters 
of blood serum and urine were defined withing the framework 
of the KiGGS project using the sample of healthy children 
[30–34]. The sample consisted of 17,641 blood and urine 
samples obtained from children aged 0–17. A total of 43 blood 
parameters were assessed that were divided into three major 
categories based on the parameter association with nutrition, 
the risk of noncommunicable diseases, and immune status. 
The median values and RIs were calculated for such indicators, 
as total cholesterol, low density lipoproteins (LDL), high density 
lipoproteins (HDL), triglycerides, calcidiol. The median values, 
25th and 75th percentiles were defined for thyroid hormones in 
12,756 subjects over the age of three. KiGGS was also focused 
on studying the biomarker interplay. For example, a positive 
correlation between the thyroid-stimulating hormone and the 
concentrations of the lipid metabolism indicators, except HDL, 
was  revealed.

The important objective of the KiGGS project was to 
enroll a large number of subjects (to obtain a representative 
sample) to be able to divide them into age groups for differential 
assessment with sufficient statistical significance. The fact that 
the sample included children and adolescents of different 
ethnic groups living in Germany was a challenge, since such 
a large population of these individuals could skew the results 
of the blood parameter RI calculation for the European 
population. After the sample was formed, the share of children 
and adolescents without German citizenship in the sample was 
8.4%, which was insignificant. The authors plan to resume 
the project and calculate RIs of blood parameters in children 
stratified by gender, age, German federal state, migrant status, etc.

NORIP project

The Scandinavian NORIP project launched as early as in 
1998 was the other project focused on calculating pediatric 

Project Country Age groups Gender
Statistical methods, 

calculated 
parameters

Assessed biomarkers References

ААВС
Australia and New 

Zealand
All М, F Direct method, RI Enzymes and ions 12, 13

Caliper Canada Under 18 М, F Direct method, RI

Common blood analytes, 
endocrine markers, tumor 

markers, vitamins, biomarkers of 
metabolic disorders

8, 10, 14, 15–22

CHILDx USA 0.5–17 years М, F Direct method, RI
Enzymes, hormones, vitamins, 

bone turnover markers, 
coagulation indicators

23–28

COPENHAGEN Denmark 5–20 years М, F Direct method, RI Common blood analytes 29

KiGGS Germany Under 18 М, F
Direct method, RI, 

median

Biochemical markers, 
immunological markers, thyroid 
hormones, noncommunicable 

disease markers

30–34

LOOK Australia 8, 10, 12 years М, F
Direct method, RI, 

median
Cardiac markers, common blood 

analytes
35, 36

NHANES USA all М, F
Indirect method, 

2,5; 25; 50; 75; 97.5 
percentiles

Lipid profile, immunological and 
hematological markers, vitamins, 

inflammatory markers
37–44

NORIP
Scandinavian 

countries
Under 18 М, F Direct method, RI

Tumor markers, common blood 
analytes

45–48

Referent-20 Russia
Professional 

athletes aged 
14–17

М, F
Indirect method, RI; 

5; 10; 25; 50; 75; 
90; 95 percentiles

Common blood analytes, 
metabolic markers

11, 49, 50
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reference standards [45–48]. The common inclusion criteria 
for the sample used to calculate RIs of blood parameters was 
healthy individuals under the age of 18. Blood serum, plasma 
and whole blood samples were obtained from 3036 healthy 
children in Denmark, Finland, Iceland, Norway, and Sweden. 
RIs (central 95% range) were calculated for 25 blood serum 
indicators, including enzymes. The sample was stratified by 
age and gender. 

COPENHAGEN project

In the COPENHAGEN project (2006–2008), the researchers 
assessed 21 blood parameters using 1421 blood samples 
obtained from healthy children (596 boys and 825 girls) aged 
5–20 [29]. Nonparametric statistical methods were used 
to calculate the 95% RIs. The RIs were obtained for both 
genders and six age groups. Furthermore, RIs of the oldest 
group of children, who took part in the COPENHAGEN 
project, were compared with the results of the youngest group 
of the NORIP project. Many RI values calculated in these 
projects were similar. Some differences in such parameters, 
as alkaline phosphatase, lactate dehydrogenase, and 
creatinine levels were observed. These differences are quite 
natural, since the listed levels increase or decrease with 
age as the child grows. The feature of the COPENHAGEN 
project was that the sample of children included healthy 
school students with no complaints or deviations in health 
status, while in other projects blood was collected from 
children who were on outpatient treatment. Moreover, RIs 
calculated in this project were compared taking into account 
the measurement method.

CHILDx project

The CHILDx project had been implemented in the USA since 
2002, in which pediatric RIs were calculated in the cohort 
of healthy children 6 months to 17 years of age [23–28]. 
RIs for a broad range of blood parameters were defined: 
vitamins, enzymes, hormones, coagulation parameters, and 
bone tissue markers. In 2005, blood samples of 902 healthy 
children and adolescents aged 7–17 were used to determine 
RIs of the coagulation parameters (prothrombin time; partial 
thromboplastin time; factors VIII, IX and XI; von Willebrand 
factor) within the framework of the CHILDx project. Eventually, 
several significant differences between the pediatric and adult 
RIs of coagulation blood parameters were found, which once 
again confirmed the need to calculate RIs adapted for children. 
For example, the median prothrombin time in children was 14.0 
s, which was almost 1 s more compared to the median value 
obtained for  adults (13.2 s).

The other CHILDx study conducted in 2011 was focused 
on calculating RIs of such blood parameters, as enzyme, 
prealbumin, and uric acid levels using blood serum samples 
of 1765 healthy children and adolescents [25]. The sample 
included different age groups. The mean values, median, and 
significant differences between age and gender groups were 
calculated (gender differences were defined for about 35% of 
parmeters). For example, gender differences at the age of 6–8, 
12–14, and 15–17 were determined for aldolase levels. Only 
the levels of amylase enzyme showed no significant gender 
differences in any of the studied age group. At the same time, 
there were differences in the levels of ceruloplasmin and uric 
acid between groups of children aged 12–14 and 15–17. 
Significant gender differences in the creatine kinase levels were 
revealed in all age groups, except for the group aged 6–8. 

NHANES project

The NHANES project that was also executed in the USA 
involved studying the impact of age, gender, body mass index, 
socioeconomic background, and ethnicity on various health 
parameters, including blood parameters. For that the data of 
laboratory studies and questionnaire surveys were acquired, 
and thousands of new participants were endolled every year 
[37–44]. For example, the study published in 2000 considered 
the upper 95th percentile of the C-reactive protein (CRP) 
concentration for the sample of more than 22,000 healthy 
children and adults taking into account their age, gender, and 
ethicity [43]. Women usually had higher CRP levels than men. 
CRP levels were also higher in older people than in children. 
Furthermore, in 2004 RIs of blood parameters were calculated 
using the sample of 25,000 healthy people aged 10–75, 
stratified by age, gender, and ethnicity, as part of this project 
[41]. Moreover, RIs of the levels of vitamins and lipid metabolism 
were determined for various age groups.

LOOK project

The large-scale Lifestyle of Our Kids (LOOK) study conducted 
in Australia was focused on assessing the impact of physical 
activity on the health of 3528 healthy children and adolescents. 
In of the most significant studies conducted as part of the 
project, the central 95% RIs and median values of 37 blood 
parameters were calculated using the sample of 852 healthy 
children stratified by gender and age [36]. Blood was collected 
from the same children at the age of 8, 10, and 12. The following 
important patterns were revealed:

– the alkaline phosphatase (AP) activity was higher in girls 
than in boys aged 8 and 10, however, in boys it became higher 
by the age of 12;

– the creatine kinase activity was higher in boys than in girls 
in all age groups;

– the cholesterol levels were higher in girls than in boys at 
the age of 10 and 12, while HDL levels were higher in boys in 
all age groups. The concentration of triglycerides was higher in 
girls in all age groups;

– the urate levels were significantly higher in boys at the 
age of 12;

– the ferritin levels were higher in boys than in girls at the 
age of 12 (the differences can be explained by the fact that 50 
girls out of 256 menstruated at the time of blood collection);

– the glucose concentrations in boys and girls were almost 
the same, these progressively increased with age in children of 
both genders. The insulin levels were higher in girls than in boys 
and progressively increased with age.

In the LOOK study conducted in 2012, the data of 854 
children were used to calculate the RIs of the blood NT-proBNP 
(N-terminal pro-brain natriuretic peptide B-type) levels [36]. The 
median, confidence intervals, and 95% RI were calculated 
based on gender for three age groups (8, 10, and 12 years). 
It was shown that the NT-proBNP concentration decreased 
between the age of 8–12 in healthy children.

AACB project

In the project on harmonizing the common RIs calculated using 
blood samples of healthy people at the hospitals of Australia 
and New Zealand (AACB), 123 laboratories presented RIs 
used by each laboratory and new test results stratified by 
gender in 2014 [12, 13]. These data were used to reveal the 
differences between RIs and analytical techniques applied in 
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the laboratories. Linear regression was used to compare the 
results of calculating the upper and lower RI limits. The AACB 
team defined the position of the values obtained for the new 
sample relative to the RI of each laboratory and its position 
relative to the upper and lower RI limits. Then the results of 
different laboratories were compared with each other. The 
project provided valuable information about the RIs of blood 
parameters used in Australia and New Zealand. 

CALIPER project

The Canadian Laboratory Initiative on Paediatric Reference 
Intervals (CALIPER) is one of the large-scale projects 
focused on calculating pediatric RIs of blood parameters and 
aimed at building a database of pediatric RIs to be used 
in pediatric centers of the country and all over the world 
[8, 10, 14, 15–22]. In this prospective study involving thousands 
of healthy children and adolescents, RIs stratified by gender 
and age were calculated for many routinely assessed and 
specific biochemical markers. During the initial phase, the 
CALIPER project included 2809 blood plasma and serum 
samples obtained from apparently healthy children with stable 
metabolism who attended outpatient clinics. More than 50 
blood parameters were assessed by biochemical methods and 
enzyme-linked immunoassay. Preliminary RIs were developed 
based on the data obtained in accordance with CLSI and the 
IFCC C28-A3 guidelines. 

Initially, RIs were determined for five age groups stratified by 
gender. This phase provided the basis for further projects within 
the framework of CALIPER. However, the CLSI/IFCC C28-A3 
guidelines stipulate that the sample for the RI determination 
must consist of at least 120 healthy people per parameter. 
The CALIPER initial pilot studies involved apparently healthy 
children who attended outpatient clinics and had some disease 
that could affect their blood parameters. Furthermore, the 
sample size was not enough for each parameter. Later the 
researchers improved the sites of blood collection: along with 
clinics, blood was collected in community centers, nursery 
schools, churches, and schools. The first of these studies 
was focused on determining RIs by age group for more than 
40 most often assessed blood parameters. This phase of the 
project that represented the first of multiple CALIPER studies 
made it possible to start filling the gaps in pediatric RIs of blood 
parameters, including bone tissue markers, cardiovascular risk 
markers, and metabolic markers [8].

The study results showed that RIs of many blood 
parameters varied between the age ranges. However, the age 
ranges are not necessarily correlated to the generally accepted 
age-related development staged. For example, RI calculation 
has shown that it is necessary to divide the sample into seven 
age ranges for AP (0 to 14 days, 15 days to < 1 year, 1 year to 
< 10 years, 10 to < 13 years, 13 to < 15 years, 15 to < 17 years, 
and 17 to < 19 years), while three age ranges are enough for 
the alanine aminotransferase (ALT) (0 to < 1 year, 1 year to 
< 13 years, 13 to < 19 years) [8]. 

As for endocrine markers, a sample of healthy children was 
formed in 2013 within the framework of the CALIPER project in 
order to calculate RIs of seven reproductive hormones. In this 
study, RIs of reproductive hormones specific for certain Tanner 
stage (estradiol, testosterone, progesterone, sex hormone 
binding globulin, prolactin, follicle stimulating hormone, and 
luteinizing hormone) were determined. The Tanner stages 
are used to monitor the child's pubertal development. It 
is extremely important to have RIs of the hormones specific 
for Tanner stages, since all children enter puberty at different 

age. The Tanner stages are a five-item scale, where stage 
I corresponds to prepubertal stage, and stage V corresponds 
to postpuberty. The Tanner stage was defined by a subjective 
method: the study participants viewed the images of the Tanner 
stages I to V and assessed their own development relative to 
these images [14]. 

After determining the RIs of reproductive hormones, 
pediatric RIs of other biochemical markers, age-specific RIs of 
steroid hormones, and RIs of vitamins А, Е [15], and D [16] were 
defined. Along with these large studies performed as part of the 
CALIPER project, some smaller but practically relevant studies 
were conducted. These were aimed to analyze the effects of 
freezing conditions on the samples and analyte stability, daily 
fluctuations of marker concentration in blood, and the effects 
of fasting on the concentrations of some biomarkers [17–19]. 

The age-specific and gender-specific RIs of tumor markers, 
biomarkers of metabolic disorders, testosterone indices, and 
specific biochemical markers were determined to further 
expand the CALIPER database. To date, the CALIPER has built 
a reliable comprehensive database of pediatric RI of more than 
100 blood parameters considering age and gender [20–22].

The reviewed projects aimed at calculating RIs of blood 
parameters in children and adolescents explore a wide variety 
of blood parameter concentrations depending on age and 
gender. However, the impact of additional parameters, such as 
ethnicity, body mass index (BMI), amount of physical activity, 
etc., on the parameter concentrations is still poorly understood. 

Childhood obesity in one more urgent issue related to 
calculating RIs. It is necessary to consider how the blood 
concentrations of substances change with BMI [51]. The reference 
population should consist of subjects that are representative of 
local population, however, some factors, such as BMI, change 
constantly with time. This makes it more difficult to obtain a 
representative sample. Blood parameters that depend on BMI 
can change with the increase in the average BMI of the sample. 
Therefore, it's important to know which blood parameters are 
affected by BMI and whether such changes are physiological or 
have some clinical significance (for example, as indicators of the 
metabolic syndrome subclinical progression) [51]. 

Referent-20 project

Among projects focused on calculating pediatric RIs of blood 
parameters, the Referent-20 project executed in 2020 at the 
Federal Research and Clinical Center of Sports Medicine and 
Rehabilitation of FMBA of Russia should be noted. The sample 
of thousands of professional juvenile athletes (2986 boys and 
2181 girls), formed based on the results of in-depth medical 
examination of the Russian national team members that was 
performed in 2015–2019 in the clinic of the Federal Research 
and Clinical Center of Sports Medicine and Rehabilitation, was 
studied [11, 49, 50]. RIs of blood markers typical for certain 
components of metabolism and common blood analytes 
(a total of 26 parameters) were calculated within the framework 
of the project.

The athletes were divided into groups based on gender, 
age (14–15 and 16–17 years), and sports specialization: 
cyclic sports (the “endurance” group (distance runners) and 
the “speed + endurance” group (sprinters), speed-sthrength 
sports (technical types of track and field), complex coordination 
sports, team sports, and martial arts. When calculating RIs of 
the assessed blood parameters, the results of althletes not 
admitted to training based on the results of in-depth medical 
examination due to functional capabilities of the body and 
health status were excluded  [11, 49].
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After the sample was formed considering all exclusion 
criteria, the distribution of data was tested, outliers were 
excluded, and RIs of biochemical markers assessed during 
the in-depth medical examination were calculated. Considering 
the non-normal distribution of the data on multiple blood 
parameters, the nonparametric percentile-based statistics was 
used to determine appropriate RIs [11, 49].

Comparison of RIs of some blood parameters, for example, 
exercise tolerance markers, calculated for the sample of juvenile 
athletes, with RIs of the same parameters determined within 
the framework of foreign pediatric projects has made it possible 
to conclude that there are differences in both reference ranges 
and their minimum and maximum values [11]. For example, 
comparison of RIs of blood creatinine calculated for the sample 
of juvenile athletes (sports RI) with RIs calculated within the 
framework of the Caliper/Norip prject showed that in the 
sample of male athletes aged 14–15 the maximum values of 
RIs of this parameter were 30% higher than RIs in the Caliper/
Norip boys, while in boys aged 16–17 these values were almost 
the same. In the sample of female athletes aged 14–15 the 
maximum values of RIs of creatinine were 13% higher, and in 
girls aged 16–17 these were 16% higher than RIs obtained in 
the Caliper/Norip projects. In sports, blood levels of creatinine 
are also used as an exercise tolerance marker. The increase 
in maximum values of RIs of creatinine in juvenile athletes 
compared to ordinary adolescents may be due to significant 
physical exertion and increased intake of protein foods  [11].  

This project has also shown that the minimum and 
maximum values of RI of cortisol calculated for the sample of 
juvenile athletes are 58–67% higher than in untrained children. 
Moreover, the calculated RIs of cortisol in boys and girls of 

the same age, who are involved in sports, are similar. When 
comparing RIs of cortisol calculated in the Referent-20 project 
and the  Caliper/Norip projects, the following can be noted: 
boys aged 14–15, who are involved in sports, have maximum 
values of RIs of cortisol that are 64.7% higher compared to 
maximum values of RIs of cortisol in boys involved in the 
Caliper/Norip projects, while in boys aged 16–17 the maximum 
values of RIs of cortisol are 67.2% higher. Girls aged 14–15, 
who are involved in sports, have maximum values of RIs of 
cortisol that are 64.8% higher compared to maximum values 
of RIs of cortisol in girls involved in the Caliper/Norip projects, 
while in girls aged 16–17 the maximum values of RIs of cortisol 
are 66.7% higher. The finding of higher maximum values of 
RIs of cortisol in juvenile athletes may be due to stress they 
experience when engaged in professional sports [11].  

CONCLUSION

Thus, the review of world's and domestic literature shows that 
successful attempts to determine RIs of blood parameters in 
the population of children and adolescents have been done in 
recent years. However, the question remains about calculating 
pediatric RIs of blood parameters in specific cohorts of 
children, for example, athletes, children of various ethnic 
groups or children with different BMI. Further research focused 
on determining RIs of blood markers in juvenile athletes based 
not only on gender and age, but also on the features of sports 
load, professional experience, and athletic performance, is 
required. The data obtained in these studies will help the sports 
medicine physicians to schedule and perform interventions 
aimed at optimizing the functional state in a timely manner.
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Almost 18% of the territory of the Russian Federation belongs to 
the Arctic region (AR). These are the lands from the Franz Josef 
Land to the Wrangel and Herald Islands, comprising about a 
third of the entire area of the Arctic shelf. The important transport 
corridors running through the AR condition the significance of 
this territory for the Russian Federation. Another reason for 
development of this region is production of hydrocarbons. 
With all the other factors considered, the Arctic is significant 
geopolitically on the global scale [1–4]. 

People permanently residing in the region back exploration 
and development of the AR: they power social and economic 
development, scientific research, infrastructural projects and 
environmental safety [3–5]. At the same time, development of the 
territories of the Far North is inextricably linked with problems of 
medical and physiological character that stem from the impact 
of severe natural and climatic conditions (cold, increased 
electromagnetic activity, radiation, specific photoperiodism 
etc) on the human body [4, 6–8]. Arctic medicine as a field of 

medical science was delineated with the aim of development 
of effective prevention and treatment measures; it studies the 
internal mechanisms of adaptation of the human body, seeks 
and describes specifics of the course of various diseases and 
develops methods for their treatment [9]. 

This review made use of the PubMed and Google Scholar 
resources. We gave preference to papers published over the past 
10 years and indexed in the Scopus and Web of Science databases. 
The key words cited above were used in the search for publications.

The purpose of this review is to present an analysis of additional 
requirements for drugs intended for the Far North and compare 
the methods of modeling extreme conditions in animals.

Medical and biological problems of the Arctic region

Climatic and geographic, psychological and physiological 
factors peculiar to the AR have a significant impact on life of 
people. They trigger involvement of all physiological reserves 

Volkova MV    , Biryukov SA

METHODOLOGICAL ASPECTS OF DRUG DEVELOPMENT AND PRECLINICAL RESEARCH IN THE 
INTERESTS OF ARTIC MEDICINE

There is an inextricable link between exploration and development of the Arctic territories and emergence of associated problems of medical and biological nature. 

It is necessary to design and develop emergency care and prevention drugs and medical devices for use in the Arctic. This review presents an analysis of additional 

requirements for drugs intended for the Far North and compares methods of modeling extreme conditions in animals. We outline medical and biological problems 

of the region highlight key areas of Arctic pharmacology: choice of pharmaceutical form, use of cryoprotectants and design of adaptogens. The study mainly 

revolves around the search for information on modeling extreme environmental factors in animal experiments, as this is a key stage in preclinical studies of drugs 

for the Arctic medicine. We present the relevant directions of further work promoting the subject: development of the hypoxia and hypothermia assessment criteria, 

development of modeling methods employing large laboratory animals, improvement of the equipment used.
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МЕТОДИЧЕСКИЕ АСПЕКТЫ РАЗРАБОТКИ И ДОКЛИНИЧЕСКИХ ИССЛЕДОВАНИЙ ЛЕКАРСТВЕННЫХ 
ПРЕПАРАТОВ В ИНТЕРЕСАХ АРКТИЧЕСКОЙ МЕДИЦИНЫ

Освоение арктических территорий неразрывно связано с возникновением медико-биологических проблем. Необходима разработка медицинских 

изделий и лекарственных средств для профилактики или оказания неотложной помощи в условиях Арктики. В обзоре представлен анализ дополнительных 

требований к лекарственным препаратам, предназначенным для использования в условиях Крайнего Севера, и аналитическое сравнение методов 

моделирования экстремальных состояний у животных. Обозначены медико-биологические проблемы региона и акцентировано внимание на основных 

направлениях арктической фармакологии: выборе лекарственной формы, использовании криопротекторов и разработке адаптогенов. Основное 

внимание уделено поиску информации по моделированию экстремальных факторов окружающей среды в экспериментах на животных, так как это 

является ключевым звеном в доклинических исследованиях препаратов для арктической медицины. Показаны актуальные направления дальнейшей 

работы для развития данного направления: разработка критериев оценки состояния гипоксии и гипотермии, разработка методов моделирования на 

крупных лабораторных животных, совершенствование технического оснащения.
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of the body and a complex restructuring of the homeostatic 
systems [10–12]. 

Extremely low ambient temperatures exacerbate the need 
for heating, the body produces more heat at the expense of 
efficiency of physical work, which goes down [13]. Metabolism 
of a human being changes: the need for proteins and fats, 
fat-soluble vitamins (A, D, E etc) increases [6, 13]. This translates 
into special nutrition and work/rest requirements [14]. 

In addition, conditions of the AR support development 
of tissue hypoxia, which can have various physicochemical or 
physiological causes (changes in the structure of membranes 
of erythrocytes that deliver oxygen to tissues etc) [14–15]. The 
increased need for oxygen on the part of tissues affects the 
respiratory system and triggers adaptive changes aimed at 
improvement of gas exchange, i.e., growth of the alveolar surface 
of the lungs and volume of the pulmonary capillaries [14]. 

The influence of the Arctic's low temperatures and rarefied 
atmosphere should be considered in combination, since these 
two factors can be mutually potentiating [15]. In particular, cold 
causes vasoconstriction and decreases the intensity of blood 
flow in general and to the skin in particular, which results in 
local cooling of hands and feet, face and upper respiratory 
tract, a process that negatively affects physical performance 
and changes the functions of external respiration [16–17]. In 
addition, combined with cold stress, hypoxia contributes to 
the development of ischemic changes in cardiomyocytes, thus 
affecting the cardiovascular system [15]. 

Photoperiodism is another factor that, similarly to exposure 
to low temperatures, significantly affects physiological state of 
a person in the AR [18–19]. Almost all cellular functions and 
physiological systems of the body are under circadian control, a 
"mechanism" that keeps body's activity at the optimal level, 
supports energy conservation and maintenance of internal 
homeostasis [20]. The circadian rhythm (CR) is driven from 
within, but it is synchronized with external stimuli, including, in 
the first place, light of a certain portion of the spectrum and 
intensity [21–22]. There is a pronounced seasonal asymmetry 
of light availability and insufficient ultraviolet radiation in the polar 
zone. Combined with the effects of the cold, stress associated 
with the light alters functioning of the body's hormonal systems 
[21, 23]. A mismatch between the CR and external signals can 
lead to the development of metabolic, immune and mental 
diseases, as well as undermine the effectiveness of wound 
healing, body detoxification etc [24]. A person may start 
suffering from desynchronosis, which manifests in deterioration 
of physical and mental performance, sleep disturbances and 
unpredictability of human behavior [10, 13, 25]. 

In the context of studying the AR-associated factors, 
changes in the body's CR should be considered in conjunction 
with hypothermia. Body temperature rises during the day and 
goes down at night, which ensures the optimal course of 
physiological processes. Various diseases and specifics of their 
course are also associated with body temperature fluctuations, 
e.g., high temperature typically indicates a significant systemic 
inflammatory response [26]. 

In the AR, the light as direct solar radiation and as rays 
reflected from the snow is an aggressive factor. The small 
angle of incidence typical for the region reinforces the effect 
of light in the visible and ultraviolet spectra. Lack of prevention 
measures and protection equipment leads to burns of the eye's 
conjunctiva and cornea, a condition called snow blindness [27]. 

Another medical and biological problem peculiar to the 
AR is the wide spread of infectious diseases, including those 
of emerging from the wilderness in a given location (anthrax, 
etc.). The two key reasons behind this problem are the large 

hosts blood-sucking dipterans in the summer and crowded 
accommodation conditions with people spending most of 
their time in an artificial environment [6, 28]. Poor water quality 
also plays a significant role. Meltwater contains heavy metals, 
organic pollutants and various microorganisms. Consumed 
for a long period of time, such water disrupts the water-salt 
exchange in the body, contributes to the leaching of salts and 
slows down tissue recovery in case of injuries [29].  

The diseases that are more common in the AR and 
less spread in the moderate climate belt deserve a special 
mention [1]. General hypothermia and the resulting tissue 
hypoxia and ischemia-reperfusion syndrome hinder healing of 
various injuries of the skin and soft tissues, including frostbite. 
Hypothermia aggravates the injuries by disrupting plasma 
coagulation and platelet function, suppressing the immune 
response and increasing the risk of sepsis. Damage to local 
vessels worsens hypoxia in the injured tissues, which prevents 
collagen synthesis and angiogenesis and slows down tissue 
regeneration significantly. As a result, surgical intervention as 
per the standard protocols may be delayed, with such a delay 
increasing the risk of death of a seriously injured patient [30–31].  

Extreme climatic conditions, low population density, 
remoteness and inaccessibility of the areas comprising the 
region affect the setup of medical care (MC) systems, including 
those involved in rescue of people injured in emergency 
situations [30]. The specifics of provision of MC is also a 
reason behind the need for development of the new methods 
of treatment. 

Cold climate makes most medical manipulations impossible. 
Therefore, design of modern equipment, medical devices/
items (MDI) and drugs suitable for use in the AR is strategically 
important, with resistance to extreme low temperatures being 
one of the key requirements and resistance to humidity and 
radiation, wind loads and precipitation, as well as stability under 
multiple cycles of exposure to adverse factors being additional 
requirements.

The use of drugs and MDI for treatment of diseases in the 
AR can be divided into three categories. The first group includes 
drugs necessary for first aid when condition of the patient is life-
threatening. The drugs (and MDI) of this group relieve pain, stop 
massive bleeding and prevent asphyxia; they are used outdoors 
under the most aggressive conditions. The second group can 
be considered comprised of drugs intended for use in a limited 
space, e.g., a first-aid post. In this case, the impact of winds, 
precipitation and low temperature is minimal, and it mainly 
manifests during transportation. In addition to first-aid drugs, 
preventive medicines can be also allocated to this group. The 
third group includes drugs, MDI and, potentially, cell products 
used in an in-patient hospital outside the AR. The selection 
criteria for this group are conditioned by the combined effect of 
the factors of the Far North on the body, which translates into 
complication of the pathogenesis of diseases. 

Prevention and treatment drugs

Prevention and first aid in the North require a certain set 
of drugs and MDI. The following groups of essential drugs 
can be distinguished: cardiovascular drugs, analgesics and 
antispasmodics, antibiotics and antiviral drugs, drugs for 
treatment of respiratory diseases and frostbite, adaptagens 
adaptogens and preventive drugs (e.g., for eye protection), 
vitamins. 

There is a number of limiting factors to be taken into 
account when selecting drugs for the AR. Many drugs cannot 
be frozen. Liquid drugs are designed primarily for use at above-
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zero ambient temperatures. The stability of a drug can suffer 
during transportation over hundreds of kilometers, which 
is often done in vehicles not equipped specifically for the 
purpose. Low temperatures, high humidity, bright lighting and 
mechanical shocks, as well as uncontrolled freeze-thaw cycles 
directly affect the quality of the drug. It is also necessary to 
factor in the possible reinforcement of adverse effects the drug 
may have on the body.    

From the usability point of view, hard and soft liquid drugs 
are the most convenient. Low temperatures make drugs more 
fragile and violate the integrity of the film shell of pills and 
capsules. Various band aids and dressings, if exposed to low 
temperatures, can lose their adhesive and functional properties. 
If the patient needs care at the place of accident, it becomes 
increasingly hard to apply them because of the many layers of 
clothing. Also, it may be difficult to use powders and granules 
to make liquid preparations.

For first aid, injectable drugs (e.g., painkillers) are most 
effective. They are less resistant to repeated freeze-thaw cycles. 
Cryoprotectants (alcohols, polymeric compounds etc) can be 
used to reduce the defrosting time and/or prevent freezing, as 
well as to protect the active component from degradation [32]. 
A cryoprotectant cannot be toxic, it should not accumulate in the 
body and be quickly eliminable in order to prevent the development 
of side effects [33]. Another important requirement for such 
protection is lack of any negative influence on the active agent. 

Propylene glycol, a polyhydric alcohol completely metabolized 
by the body, is one of the promising cryoprotectants [33–34]. 
Today, it is used as an additive to diazepam (200 mg of propylene 
glycol per 1 ml of the drug, which is 19% of the volume) and 
other drugs for intramuscular or intravenous administration. 
Preliminary studies have shown that propylene glycol added to 
the anesthetic at a concentration below 40% decreases the 
freezing point to values below minus 25 °C while not affecting 
efficacy of the active ingredient in any way (unpublished data). 

Another direction AR medicine takes in addition to the 
path of improvement of the already existing drugs is design of 
adaptogens, biologically active substances of plant or animal 
origin intended to enable adaptation of the body (its cold 
resistance and cognitive capabilities in particular) to extreme 
conditions and reinforce its physical capacity. Design of 
adaptogens is a difficult task: there is no specific pharmacological 
target and it is necessary to produce a complex effect on various 
organs and systems. Another problem with adaptogens is the 
unpredictable intensity of their effect, which differs depending 
on who made the drug [35]. 

Only a small number of drugs and MDI are produced 
specifically for use in the Arctic. The reason behind this situation 

is the set of additional requirements for such products that 
condition their use when there is an impact from a combination 
of external factors. 

Simulation of extreme conditions in animal experiments

Climatic testing rigs and subsequent application of the advanced 
physicochemical and biochemical methods can enable in vitro 
assessment of stability of the drugs and MDI after exposure to 
aggressive factors inherent in the Far North.

There are rigid limitations for in vivo studies. It is necessary 
to develop and implement models that allow assessing the 
functions of cardiovascular, nervous, endocrine and immune 
systems of the body, as well as external respiration. Such 
studies could support the methods of regulation of adaptive 
capabilities of a person in the conditions of the AR [4, 36]. 

Hypoxia is a factor that significantly handicaps 
performance. It was established experimentally that a gas 
mixture with the content of oxygen at 10% alters the pulmonary 
ventilation pattern from the first minutes it is breathed, with 
hyperventilation and increased respiratory minute volume 
being the compensatory mechanisms to manifest earliest [37]. 
Therefore, investigation of the body's adaptive capabilities 
should start with experiments involving hypoxic hypoxia 
associated with a change in the barometric pressure of the 
inhaled air or a less oxygen-rich breathing mixture [38]. Rodents 
are the main experimental animals in this context; they are 
placed in hermetic chambers of various sizes with controlled 
level of rarefaction of the atmosphere or gas mixture. However, 
there is no single methodological approach to assessment 
of severity of the induced hypoxia that would apply to all the 
various models used by researchers. When used to evaluate 
the action of a drug on the body, hypoxic hypoxia tests only 
confirm the antihypoxic effect of the drug and describe its 
intensity, but report no specific level thereof [38].

The range of variations is greater for simulation of 
hypothermia in models. A body's temperature can be decreased 
by cooling the air in the hermetic chamber, by immersion in cold 
water [39–40], by wrapping the body of an immobilized animal 
in ice or by placing it on a cold surface [41]. These methods can 
also be combined. The specific conditions of the experiment 
define how the decrease of the animal's body temperature and 
specific features of the model affect experimental results (Table 1). 

Physiological features of the rodents should be factored 
in when aligning body temperatures and states, however, 
there is no single classification developed for this purpose. 
Some researchers consider body temperature below 37 °C 
to be low and 35 °C — critical [46], some take into account 

Table 1. Methods of modeling hypothermia in rodents

Note: t
ext

 is ambient temperature; τ is the time of keeping under simulated extreme conditions; N is the number of animals kept simultaneously under simulated 
conditions (in one cage, if a hermetic chambers was used; group — the exact number of animals in a cage is not given); t

rect
 is the rectal temperature of the animals 

at the end of the keeping period or a limiting value the reaching of which triggered removal of the animal removed from simulated conditions; additional factors list the 
conditions created while keeping animals in simulated extreme conditions, like immobilization of animals in a plastic case.

Animal Method t
ext

, °С τ N trect
, °С Additional factors Reference

Mice contact (metallic plate) 18 8 h 1 33 anesthesia 42

Rats
cold water 12–14 10–20 min 1 34–35 immobilization

41
hermetic chamber 4–6 160 min 1 36–38 immobilization, humidity 75–80%

Rats hermetic chamber 1–2 3.5–4 h 1 14–18 hypoxia (chamber 5 L) 43

Rats hermetic chamber 2–6 2 days 10 36–37
hypoxia  
(15% О

2
)

44

Rats hermetic chamber minus 25 3–9 h 1 30 no 45

Rats hermetic chamber 4–6 14 days groups 33
hypoxia (30–50 mg/kg NaNO

2
), humidity 75–80%, 

stress factors (light, sound, food restriction)
23
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the range of moderate hypothermia, 32–35 °C [23]. Thus, 
modeling hypothermia requires development of the uniform 
methodological recommendations based on the reference data 
describing physiological characteristics of the selected animals.

Despite the fact that using cold air to lower the animal's 
temperature to the desired level is a time-intensive approach, 
hypothermia is mainly simulated in hermetic chambers (Table 1) 
because they allow combining this state with other factors, 
such as hypoxia [15]. High humidity created in the chamber 
enhances the effect of cold on the animals. One paper reports 
using light as an additional stress factor.

As mentioned above, same as hypothermia and hypoxia, 
photoperiodism has a significant effect on living organisms in the 
AR. Circadian rhythms should be factored in when calculating 
dosing schedules and evaluating the efficacy of drugs and 
measuring their blood levels. It has also been confirmed that 
the acute symptoms of many diseases and conditions manifest 
at certain times of the day (myocardial infarction, rheumatoid 
arthritis). Thus, circadian regulation of the molecular processes 
can affect condition of the patient and results of the therapy [20].  

There are three ways of changing the CR in experimental 
animals: with light, food and temperature. Ambient temperature 
has a weak synchronizing effect, since animals have internal 
mechanisms that ensure temperature compensation. It is 
possible to "reset" the CR with a non-light stimulus. Time-
restricted feeding is a popular approach when the goal is to study 
the CR proper, however, if the feeding period is less than 6 hours, 
animals cannot eat as much food as they do ad libitum [44]. This 
additional stressor must be taken into account in the experiment.

In our opinion, light is the preferable stress factor for 
experiments designed to simulate conditions of the AR. As a 
rule, standard animal keeping conditions imply a 12-hour day 
and a 12-hour night. Increasing the daylight hours to 22 hours 
or reducing their duration to 2 hours results in disruption of the 
CR of animals. Rodents, for example, are night animals, so a 
longer day translates into a stress for them.

Using the published data, we compared all the available 
methods and assessed the possibility of combining them (Table 2). 
Most of the methods are described in single publications 
only, which highlights one of the main problems faced when 
compiling guidelines for preclinical studies of drugs intended 
for the AR: insufficient number of experimental studies. To date, 
the only document is the antihypoxic drugs activity investigation 
guidelines [38], which describe modeling of various hypoxic 
conditions in animals. Unfortunately, we have not found similar 
guidelines for hypothermia or photoperiodism. 

Taking into account the advantages and disadvantages of 
the methods and the possibility of combining them, the following 
recommendations for modeling the Arctic factors in preclinical 
small animal model studies can be formulated. Such research 
requires keeping the rodents for a long time, therefore, to create 
hypothermia, it is necessary to use a hermetic chamber. The 
recommended temperature is 2 through 6 °C. The maximum 
number of animals in a cage is five, because when the group 
is larger, the animals huddle together and warm each other. 
The preferred approach is to keep one animal per cage, but 
that is not always possible. The humidity in the chamber can 
be increased in order to amplify the effect of cold. If the study 

Table 2. Simulation of extreme conditions of the Arctic

Note: * — indicates the possibility of conducting tests while maintaining the impact of stress factors on the body.

F
ac

to
r

Method Advantages Flaws
Possible combinations 

with other stressors
Possibility of assessment of 

physical or behavioral activity*
Experiment 

duration

H
yp

o
xi

a

Use of a 
hermetic 
chamber

Applicable to a 
group of animals; 

use does not 
require additional 

skills

Mainly for small laboratory 
animals; restriction of 

manipulations with animals 
is necessary; the parameters 

are controlled in different 
points of the chamber

Hypothermia (hermetic 
chamber, cold water), 
photoperiodism (light, 

food)

Tests that could be performed 
inside the chamber or other 

short-term (up to 5 minutes) tests 
outside the chamber

Several days 
or more

Inhalation 
(mask)

Precise 
composition of the 

inhaled air

Mainly for large laboratory 
animals; wear training 

required

Hypothermia (all), 
photoperiodism (light)

Depending on the test Several hours

Hemic (IV 
introduction 

of hemoglobin 
oxidizer)

Creating a certain 
level of hypoxia

It is necessary to select 
concentration and pattern 
of administration for each 

animal species due to 
possible individual 

intolerance

Hypothermia (all), 
photoperiodism (light, 

food)

Carrying out any tests  
(theoretically)

Several days 
or more

H
yp

o
th

er
m

ia

Use of a 
hermetic 
chamber

Applicable to a 
group of animals; 

use does not 
require additional 

skills

Mainly for small laboratory 
animals; the parameters are 
controlled in different points 

of the chamber

Hypoxia (all), 
photoperiodism (light, 

food)

Tests that could be performed 
inside the chamber or other 

short-term (up to 5 minutes) tests 
outside the chamber

Several days 
or more

Immersion in 
cold water

Rapid achievement 
of the required 

body temperature, 
possibility to 
combine with 

physical activity 
(swimming, 

swimming with a 
load)

Higher difference 
between cold-resistant 

and cold-sensitive animals

Hypoxia (hermetic 
chamber, hemic)

Swimming or taking the animal 
out of the water for a short period 

of time for other tests
Several hours

Contact (cold 
surface, ice)

Convenience 
of control over 
physiological 
parameters 

when the body 
temperature drops

Requires anesthesia for each 
animal individually

Hypoxia (mask, hemic) Impossible Several hours
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does not include behavioral or long-term experiments (more 
than 5 minutes) involving removal of the animals from the 
chamber, it is preferable to induce hypoxia through inhalation, 
by maintaining a given oxygen level in the hermetic chamber. 
In case the experimental phase of the study includes periodic 
tests or repeated daily manipulations, it is advisable to use 
smaller hermetic chambers containing 2–3 cages with several 
animals, or individual hermetic chambers, or induce hemic 
hypoxia. This is necessary to reduce the time spent by animals 
outside hypoxia and the time needed to restore the required 
level of oxygen in the air if hermetic chambers are used. 

Lack of guidelines and standardized equipment, as well 
as insufficient amount of practical research, necessitate 
preliminary experiments with a specific rig before each study. 
Firstly, this approach allows assessing the effect of hypoxia 
and hypothermia on the animal's body in each case (with body 
temperature taken at short intervals, blood sampling etc.) and 
ensures significant reduction of the number of manipulations 
during the main experiment while maintaining the value of the 
resulting information; for example, in a preliminary experiment, 
temperature of the animals can be measured (rectally) every 
6–12 hours for several days, and during the main experiment, the 
frequency of this operation can be reduced to once a day, with 
the obtained values compared with the data registered during 
the preliminary study. Secondly, a preliminary experiment allows 
identifying animals that are resistant or sensitive to stressful 
conditions, which is important. Studies [23, 41] have shown that 
external stress factors affect animals differently: about 10–20% 
of rats in the experiment proved to be resistant thereto as their 
body temperature decreased much more slowly than in other 
rodents. Thus, this approach, depending on the experimental 
conditions, enables preliminary selection and formation of 
experimental groups with equal numbers of sensitive and 
resistant animals. The published data allows a conclusion that 
identification of resistant animals and determination of the key 
parameters of the animals' state can last 2–3 days, while the 
main phase of the experiment can take up to two weeks. It 
should also be noted that such a two-phase approach implies 
using the same animals, which necessitates special attention 
from the bioethical commission to the procedures implemented 
during the preliminary test. It is extremely important to minimize 
the negative effect the first phase has on the animals' condition 
and establish the optimal period between the preliminary and 
main experiments to ensure their full recovery. 

The most popular animal models are rats. It is difficult to 
plan an experiment and create AR conditions for larger species: 
their resistance to hypoxia is lower than that of rodents [38]. In 
this connection, one of the urgent tasks is to scale up existing 
or develop new methods of modeling extreme environmental 
conditions that would be suitable for other (larger) laboratory 
animals.

Criteria of assessment of severity of factors is another area 
that lacks the required sufficiency. There are physiological and 
biochemical hypoxia severity assessment criteria described for 
small animal models [38], but there is nothing of the kind for their 
larger counterparts. As for hypothermia, it is typically evaluated 
by rectal temperature alone, and its degree is established 
based on the literature data that the researcher prefers. There 
is, however, a consistency peculiar to these data, although 
not a complete one, which enables comparison of the results 
obtained. Addition of photoperiodism to the list of factors behind 
the extreme conditions simulated necessitates development 
of the main criteria of assessment of light-associated stress 
in animals, as reflected by, for example, temperature and/or 
cortisol and melatonin levels [20]. 

As Table 1 shows, hermetic chambers are a common 
tool used for modeling the AR conditions. In this connection, 
a technical problem should be noted: lack of specialized 
equipment translates into custom rigs designed and made 
for a given experiment. This problem is important because 
reproducibility of the results largely depends on standardization 
of the equipment. The chambers used should maintain values 
of the parameters (temperature, oxygen level, etc.) uniformly 
throughout the entire volume of the chamber. A separate task 
is the selection of the optimal methods of registration of vital 
signs of the animals since opening the hermetic chamber alters 
the conditions therein and entails the need for restoration of 
the required parameter values. Technological aspects should 
be considered in development of the AR conditions simulation 
methods designed for other animal species.

There are many factors (age, gender, etc) that shape the 
body's resistance to extreme influences and diseases. For the 
most part, simulations of extreme conditions employ healthy 
animals, but in clinical practice, extreme factors have a greater 
effect on people with chronic diseases. Therefore, to make 
extrapolation objective, a group of researchers has suggested 
[47] working with animals that have a persistent pathological 
condition, for example, an unpaired variation of the organ that is 
typically paired. We have not taken into account that study when 
comparing methods of modeling hypothermia in rodents because 
it offers insufficient data on the characteristics of the simulated 
conditions in animals. However, the report confirms that viability 
of the animals under extreme conditions after nephrectomy 
decreases, and shows the possibility of implementing this 
approach in the experiments designed to assess action of a drug.

In connection, modeling of pathological states is an 
important aspect of preclinical research in the interests of 
the Arctic medicine. Residents of the AR have their own 
characteristic diseases, the most common of which is frostbite. 
It is defined as a complex of pathological changes occurring 
as a result of local and general cooling of the body. There are 
several experimental models [48] used in the investigations of 
the mechanisms of condition development and treatment, 
as well as assessment of drugs and therapeutic methods. 
It is possible to induce different degrees of frostbite, but 
reproducibility for some of them is low. Moreover, in most cases 
the damaged parts are the limbs, and in the animal experiments 
it is the trunk that is injured. Therefore, it is necessary to further 
develop the models in order to open the possibility of combining 
cryoinjury with other effects and ensure reproducibility of wound 
characteristics [48–49]. 

We have found no studies simulating other diseases that may 
be complicated by the extreme environment factors peculiar to 
the Arctic. This is another problem in further preclinical studies, 
since the course of a pathological process without treatment 
under extreme conditions will require additional modeling and 
investigation. Assessment of efficacy of a drug will include 
comparison with its action on animals kept under standard 
conditions. We have designed models of a lacerated wound 
[44], frostbite and chemical burn under conditions simulating 
those of the AR. The latter mice model has shown that inflicting 
a third-degree burn to animals kept in a climate chamber for a 
day takes less time compared to animals that were not placed 
in a hermetic chamber (unpublished data). A possible reason 
therefor is the significant drop of skin temperature compared to 
rectal temperature, since temperature of back and limbs of the 
animals differs from temperature of their rectum by about 0.5 
and 6 °C [46]. Similar nuances can also arise in other models 
of diseases, primarily those related to the skin, musculoskeletal 
system and respiratory system. 
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CONCLUSION

Despite the accumulated knowledge and experience, there 
is no tested and certified set of methods for assessment of 
impact of cold on the body of an animal [37]. This is also true 
for in vivo investigations of hypoxic conditions. The role of 
the photoperiod in extreme conditions is often overlooked. In 
general, the complexity and multitude of factors accounted for 
in the designs of such experiments translate into lack of a unified 
approach to them. Yet, hypoxia and hypothermia experiments 
under controlled conditions are necessary not only for 
pharmacological but also for physiological studies [37], which, 
in turn, requires development of a theoretical and regulatory 
framework, as well as methodological recommendations that, 
combined, would enable development of reproducible models.

A matter of special importance in design of drugs for the 
Arctic is their optimal form, improvement of properties of 
injectable drugs with the help of cryoprotectants. Another topical 
area that should be highlighted is development of adaptogens. 

In our opinion, the most difficult task is modeling the extreme 
conditions of the AR in animal experiments, with hypothermia, 
hypoxia and photoperiodism being the key factors. Today, it 
is possible to compile recommendations for conducting such 

studies on small laboratory animals, but there are significant 
gaps in understanding what methods can be used to recreate 
the impact of the Arctic factors in a large animal model 
experiment. It is necessary to develop criteria of evaluation of all 
the listed conditions and standardize the technical base. 

A separate area of research is modeling of pathological 
conditions (diseases) that may be complicated by the effects 
of aggressive factors peculiar to the AR. Developments in this 
area can stimulate design of the new, more effective drugs that 
will be usable not only in the Far North.

There is a positive trend that should be mentioned: every 
year, there is more and more data published on the capabilities 
of organisms to adapt to the extreme conditions of the AR. The 
techniques and hermetic chambers being developed for in vivo 
experiments may also be applicable in other areas, for example, 
in development of treatment regimens for victims of catastrophes 
associated with rapid cooling, such as submarine accidents. In 
terms of the extreme natural factors, these studies have much in 
common with investigations revolving around the highlands, where 
the leading role is also played by the oxygen partial pressure drop 
that stimulates development of tissue hypoxia. Low air temperature 
with significant daily fluctuations and strong winds increase the risk 
of respiratory diseases, frostbite and chills [50].
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IDENTIFICATION OF PHOSPHONYLATED PEPTIDES USING A MALDI TARGET FUNCTIONALIZED WITH 
LANTHANUM STEARATE

As markers of intoxication, adducts of blood proteins with organophosphorus compounds (OPs) allow establishing the fact of poisoning and, furthermore, enable 

identification of the OPs by the attached residue. This study aimed to develop a method of specific and selective extraction of blood protein adducts carrying OPs 

on the surface of a matrix-assisted laser desorption/ionization (MALDI) target functionalized with multimolecular structures based on lanthanum stearate using 

metal affinity chromatography. We have shown the ability of adsorbent to retain both full-size and dealkylated adducts of blood proteins with OPs. The developed 

method allowed extraction and identification of peptides of human serum albumin and human butyrylcholinesterase modified with various OPs (after incubation of 

human blood plasma with OPs in concentrations from 1 to 100 ng/mL), which makes this approach applicable for the purposes of OPs identification in the context 

of investigation of real cases of intoxication.
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ИДЕНТИФИКАЦИЯ ФОСФОНИЛИРОВАННЫХ ПЕПТИДОВ С ПРИМЕНЕНИЕМ МАЛДИ-МИШЕНИ, 
ФУНКЦИОНАЛИЗИРОВАННОЙ СТЕАРАТОМ ЛАНТАНА

Аддукты белков крови с фосфорорганическими соединениями (ФОС) как маркеры интоксикации позволяют не только установить факт отравления, 

но и идентифицировать ФОС по присоединившемуся остатку. Целью работы было разработать методику специфичной и селективной экстракции 

аддуктов белков крови с ФОС на поверхности матрично-активированной лазерной десорбцией/ионизацией (МАЛДИ) мишени, функционализированной 

мультимолекулярными структурами на основе стеарата лантана, с помощью металл-аффинной хроматографии. Показано, что сорбент способен 

удерживать как полноразмерные, так и деалкилированные аддукты белков крови с ФОС. С помощью предложенной методики были экстрагированы 

и идентифицированы пептиды сывороточного альбумина и бутирилхолинэстеразы человека, модифицированные различными ФОС, после инкубации 

плазмы крови человека с ФОС в диапазоне концентраций 1 × 100 нг/мл, что позволяет использовать этот подход для идентификации ФОС при 

расследовании реальных случаев интоксикаций.

Ключевые слова: стеарат лантана, пленки Ленгмюра–Блоджетт, фосфорорганические соединения (ФОС), аддукты сывороточного альбумина, аддукты 
бутирилхолинэстеразы
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Organophosphorus compounds (OPs) form a large class of 
compounds used in industrial fabrication and agriculture that 
can inhibit serine esterases and proteases [1]. Highly toxic 
varieties of OPs are included in Schedule 1 of the Chemical 
Weapons Convention [2]. 

OPs adducts to human serum albumin (SA) and human 
butyrylcholinesterase (BChE) are the key long-lived biomarkers 
of OPs intoxication. Their half-life is 20–25 days and 11–14 
days (SA and BChE, respectively) [3, 4], makes them usable as 
means of determining the agent in blood samples several weeks 
after poisoning. The OPs adducts to BChE are the most reliable 
biomarkers enabling establishing of poisoning with the degree of 

enzyme inhibition at less than 1% [5]. There have been developed 
many approaches to determination of these adducts in complex 
samples that are based on the targeted analysis performed by 
means of high-performance liquid chromatography-tandem 
mass spectrometry (HPLC-MS/MS) [6–8]. However, MALDI mass 
spectrometry (MS), although not used as frequently, has certain 
advantages for screening of blood protein adducts to OPs when 
the aim is to identify unknown BChE inhibitors. Determination of 
the mass difference (ΔM) between modified and native peptides 
allows compiling the gross formula of OPs.

MALDI-MS has grown popular due to its simplicity, reliability, 
high sensitivity and capability to analyze a wide range of masses 
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[9–11]. However, its applicability is limited significantly because 
of the signal suppression effect that emerges when there is a 
large number of components; it is major hindrance to successful 
detection of trace amounts of substances. Therefore, this 
method often requires preliminary sample preparation aimed at 
either reduction of the number of components in the mixture or 
analyte enrichment.

Recently, there have been suggested approaches that make 
the MALDI target not only a sample carrier but also a factor in 
the analysis protocol, giving it an additional functionality [12]. For 
this purpose, the surface of the steel substrate is functionalized 
and thus given the necessary properties [13, 14], which allows 
conducting various analytical procedures on the target surface 
before the MS analysis ("lab-on-a-plate"), with the end result 
being a more effective analysis overall. The "lab-on-a-plate" 
format reduces the amount of sample needed for the analysis, 
cuts losses on the adsorbent during extraction, unlocks the 
possibility of working with very small volume samples and 
minimizes sample preparation to a few simple steps. A target 
functionalized with an adsorbent can be used for direct in situ 
enrichment of a sample followed by MALDI-MS.

Collapsed Langmuir monolayers are thin-film adsorbents 
with unique surface build of metal atoms [15]. They are 
both hydrophilic and hydrophobic [16] and show sufficient 
resistance to external influences [17]. Earlier, it was suggested 
that collapsed monolayers of lanthanum stearate (FLa) may 
be used in spin columns for extraction of a number of organic 
and bioorganic compounds [18], including human SA adducts 
with 2-(fluoromethylphosphoryl)oxy-3.3-dimethylbutane. We 
have proposed an approach that enables formation of both a 
collapsed FLa monolayer and its multimolecular structures 
directly on the MALDI target [19, 20]. The resulting material 
has a well-developed surface with good adhesion properties. It 
adheres well to a polished MALDI target and retains its qualities 
as a metal-affinity adsorbent. The purpose of this study was to 
investigate the possibility of specific extraction of blood protein 
adducts with OPs on the surface of a MALDI target functionalized 
with FLa multimolecular structures in the "lab-on-a-plate" format.

METHODS

Preparation of lanthanum stearate monolayers 
on a MALDI target 

A polished MALDI target (MTP 384 target plate polished steel 
BC; Bruker Daltonics, Germany) was used as a substrate. We 
added 0.6 µl (a drop) of lanthanum (III) salt aqueous solution with 
a concentration of 1 mM onto the surface of the MALDI target. 
On top of the drop we added 0.6 µl of the saturated solution 
of stearic acid in n-hexane. The procedure was repeated twice, 
with three monolayers being the result thereof. After that, we 
removed the remains of the lanthanum salt solution drop. A 
drop of 0.6 µl of the lanthanum salt aqueous solution was 
then again applied to the same target well, followed by three 
applications of the stearic acid solution. As a result, the MALDI 
target spot was modified with six FLa monolayers. Seeking to 
completely remove the lanthanum salt, we washed the applied 
adsorbent off three times with deionized water by adding 
8 µl of water to the spot, leaving it there for 1 minute and then 
removing with a dispenser. 

Preparation of samples of proteins modified with OPs

To prepare the modified serum albumin samples, within two 
hours after collection we supplemented samples of donated K2 

EDTA human blood plasma with a series of isopropyl alcohol 
dilutions of 2-(fluoromethylphosphoryl)oxy-3,3-dimethylbutane, 
CAS № 96-64-0 (hereinafter PFMP) to final concentrations of 
1 ng/mL — 1 µg/mL, as suggested in a previously published 
article [5]. The first step of the process of producing samples 
of modified BChE was to isolate the enzyme from the 
donated human blood plasma by affinity chromatography on 
procainamide sepharose. Then we added 1 mg/ml of PFMP to 
the purified enzyme to the final concentration of 100 µg/ml, which 
triggered inhibition of over 90% of the enzyme. The incubated 
and control blood plasma was hydrolyzed with the pepsin, and 
the incubated and control BChE enzyme was hydrolyzed with 
trypsin. To assess the specificity and selectivity of adsorption of 
modified peptides on FLa, we mixed the hydrolyzed incubated 
and control blood plasma and BChE enzyme in various 
proportions. With the aim to establish the limits of detection 
of modified BChE in blood plasma, the enzyme was isolated 
from 250 µL of plasma using immunoprecipitation [21]. All the 
experiments were performed in four replicates.

MALDI mass spectrometry

The mass spectra were acquired by means of an UltrafleXtreme 
tandem time-of-flight mass spectrometer (Bruker Daltonics; 
Germany). The mass spectra were registered in the positive 
reflectron mode in the m/z range of 1000–3200. The number 
of shots accumulated per one spectrum was 20000, the shot 
frequency — 2000 Hz. We used the Flex Control 3.4 and Flex 
Analysis 3.4 software to register and interpret the spectral data. 
The tandem mass spectra were obtained in the LIFT mode, 
with precursor ions fragmented under the collision-induced 
dissociation (CID) conditions.

Sample preparation and MALDI-MS of samples of the 
Seventh Official OPCW Biomedical Proficiency Test

Samples from the OPCW (pooled human blood plasma) were 
received in the context of participation of the Research Institute 
of Hygiene, Occupational Pathology and Human Ecology in the 
Seventh Official OPCW Biomedical Proficiency Test. VX agent 
(O-ethyl-S-2-diisopropylaminoethyl methylphosphonothiolate, 
CAS № 50782-69-9) were added to the samples in the OPCW 
laboratory to a final concentration of 10 ng/ml, and GE agent 
(O-isopropyl ethyl phosphonofluoride, CAS № 1189-87-3) — to 
a final concentration of 20 ng/ml.

BChE was isolated from the samples by immunoprecipitation, 
with the help of magnetic microspheres of the Dynabeads 
Antibody Coupling Kit (143.11D; Invitrogen, USA) that were 
covalently coupled with BChE antibodies (Pierce BChE 
monoclonal mouse antibody HAH 0020102; Thermo, USA). 
The microspheres were prepared according to the Dynabeads 
Antibody Coupling Kit manufacturer's protocol. An earlier 
described technique enabled isolation of BChE from plasma [21].

Trypsin (Sigma-Aldrich; USA) was used for enzymatic 
hydrolysis of BChE. We washed 100 µl of BChE-containing 
eluate with water three times in the Amicon Ultra-0.5, 30K 
centrifuge filters (UFC5030BK; Merck Millipore, USA). Next, the 
volume of the sample was adjusted to 100 µl with 25 mM of 
aqueous ammonium bicarbonate solution, then supplemented 
with 5 µl of trypsin (0.1 mg/ml) and incubated at 37 °C for 4 hours, 
then we added another 5 µl of trypsin solution (0.1 mg /ml) and 
incubated the sample at 37°C for 16 hours.

We performed metal affinity chromatography (IMAC) on the 
FLa-containing adsorbent directly on the MALDI target with 
deposited monolayers. 
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Fig. 1. А. Drop of an aqueous subphase. B. Application of the n-hexane stearic acid solution. C. Distribution of the organic phase over the substrate. D, E. Image of 
MALDI target spots after deposition of one and six FLa layers (SMZ 1500 stereomicroscope with a DS-2MBWc digital camera (Nikon; Japan)). F. SEM image of six FLa 
layers formed on the MALDI target (scanning electron microscope S-3400N; Hitachi, Japan)

200 мкм

А B C

D E F

Samples of BChE tryptic hydrolyzate modified with OPs 
were adsorbed in 2.5% aqueous ammonia solution. The 
duration of this step was 20 minutes. To remove the unbound 
fraction, we washed the adsorbent twice with 5 µl of 2.5% 
aqueous ammonia solution and 8 µl of water. To improve 
desorption of phosphonylated peptides, we added 3 µl of 30% 
acetonitrile with of 0.1% trifluoroacetic acid (TFA), and after that 
2 µl of CHCA matrix (5 mg/ml in 70% aqueous acetonitrile) was 
added to the target. After IMAC, the FLa monolayers retained 
adsorbed phosphonylated peptides of blood proteins. 

To perform the MALDI-MS analysis of samples of the 
Seventh Official OPCW Biomedical Proficiency Test, we used 
SolariX XR 7T (Bruker Daltonics; Germany), a Fourier transform 
ion-cyclotron resonance mass spectrometer equipped with 
SmartBeam-II laser (355 nm). The mass spectra were acquired 
in the positive ion mode in the m/z range of 1000–3200. 
We used the Data Analysis 5.0 software (Bruker Daltonics; 
Germany) to process the mass spectral data.

RESULTS

Functionalization of the MALDI target surface

For this work, we selected a polished MALDI target with 
hydrophobic surface that can carry a drop of water without 
altering its geometry (Fig. 1A); it was functionalized using the 
technique published earlier [20]. The volume of solutions allowed 
keeping n-hexane inside the spot when the solution of stearic 
acid in n-hexane was applied to the aqueous drop (Fig. 1B), 
which means the layers formed strictly inside it, too (Fig. 1C-F). 
We discovered that after successive formation of six monolayers 
the material no longer stays in the well, and seven or more 
monolayers adversely affect adhesion of lanthanum stearate 
films to the MALDI target. The MALDI-MS analysis of the films 
formed on the target showed that the main structural unit of 
the adsorbent is the lanthanum distearate ion, as evidenced by 
the signal with m/z 705.46. The physicochemical parameters 
of lanthanum stearate films were described earlier [20]. The 
MALDI target surface was functionalized through formation 
of adsorbent on the spots based on the multimolecular FLa 
structures consisting of six collapsed monolayers.

Evaluation of adsorption properties of FLa

Developing a "lab-on-a-plate" approach to metal-affinity 
extraction, we have shown that drops of  widely used IMAC 
solutions reliably stay on a spot of adsorbent consisting of 
six collapsed FLa monolayers in the following volumes: 2.5% 
aqueous ammonia — 7–8 µl; water — 10–12 µl; 30% aqueous 
acetonitrile — 3–5 µl. A peptic blood plasma hydrolyzate, 
which has the serum albumin (SA) PFMP-modified by 90% 
by tyrosine-411, was chosen as a model object. Afterwards, all 
experiments that included IMAC followed the pattern described 
below. To equilibrate the phase, we added a drop of 2.5% aqueous 
ammonia to the adsorbent, kept it there for 5 minutes, then 
discarded and applied again. Next, we added 1 µl of the sample 
to the drop and allowed the adsorption process to progress for 
20 minutes. The unbound fraction was transferred to an adjacent 
spot for further MALDI-MS. FLa was washed successively with 
2.5% aqueous ammonia, water and 0.1% aqueous TFA. Then we 
dried the adsorbent and applied 3 µl of 30% aqueous acetonitrile 
and 2 µL of 5 mg/ml CHCA matrix solution for desorption, which 
was followed by MALDI mass spectrometry.

To investigate the adsorption capacity of FLa, we diluted 
the human blood plasma peptic hydrolyzate containing 90% 
modified serum albumin (initial concentration of SA — 1 mg/ml) with 
distilled water to the following concentrations: 0.9, 0.8, 0.7, 0, 6, 
0.5, 0.4, 0.3, 0.2 and 0.1 mg/mL. IMAC-MALDI-MS showed 
that after IMAC the signal with m/z 1567.87, corresponding 
to the VRY(PFMP)TKKVPQVST adduct, was not detected in 
the mass spectrum of the unbound fraction after topping the 
adsorbent with 1 µl of a 0.5 mg/ml protein solution. The highly 
intense m/z 1567.87 signal was registered in the mass spectra 
recorded for all adsorbent spots; fragment analysis confirmed 
that this signal belongs to the VRY(PFMP)TKKVPQVST adduct. 
Based on the degree of protein modification, which is 90%, and 
with hydrolysis complete (as evidenced by the absence of the 
LVRY(PFMP)TKKVPQVST signal, m/z 1680.89, that indicates 
incomplete hydrolysis, in all mass spectra), we can conclude 
that six layers of FLa are capable of retaining 0.012 µg of the 
VRY(PFMP)TKKVPQVST adduct. 

To assess the specificity and selectivity of the approach, 
peptic hydrolyzates of modified and unmodified SA were mixed 
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Fig. 2. Mass spectrum of human SA peptic hydrolyzate modified with PFMP at the modified-to-unmodified ratio of 1 : 10. A. Mass spectrum of the original sample. B. Mass 
spectrum of the unbound fraction. C. Mass spectrum of the adsorbent spot after IMAC. D. PFMP modification identification by neutral loss 
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Table 1. Results of investigation of selectivity of the developed technique with dilution of PFMP-modified SA with human blood plasma

Molar ratio
VRY(PFMP)TKKVPQVST/ VRYTKKVPQVST

Volume of sample applied to the adsorbent, µl Signal-to-noise ratio

1 : 10 1 51

1 : 100 1 35

1 : 1000
5 13

1 5

1 : 10,000
5 3

1 –

in such a way that the ratios of VRY(PFMP)TKKVPQVST/
VRYTKKVPQVST were 1 : 10, 1 : 100, 1 : 1000, and 
1 : 10,000. We applied a sample with initial SA concentration 
of 1 mg/ml to the formed and prepared FLa spots in 
accordance with the data presented in Table 1. The results 
of the IMAC-MALDI-MS analysis (Table 1; Fig. 2) indicate the 
high efficiency of the suggested approach to metal-affinity 
extraction of SA adducts with PFMP in the "lab-on-a-plate"

 format. We have not detected the adduct signal only in 
case of application of 1 µl of the mixture at the VRY(PFMP)
TKKVPQVST/VRYTKKVPQVST ratio of 1 : 10,000. However, 
application of even 5 µl of this solution yields detection of the 
m/z 1567.87 signal with the signal-to-noise ratio (S/N) of 2–3 
(various replicates). In case of 1 µl of a 1 : 1000 mixture, the 
S/N ratio was 5–6. At higher concentrations, the adduct is 
reproducibly and reliably detected. 
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Fig. 3. Results of IMAC(FLa)-MALDI-MS analysis of the tryptic hydrolyzate of BChE (1 mg/ml) modified with PFMP, modified-to-unmodified ratios of 100 : 0 (A); 1 : 10 
(B); 1 : 100 (C)
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At the next stage of the work, we studied the possibility 
of extraction of BChE adducts with PFMP by IMAC on 
FLa, followed by MALDI-MS. The BChE tryptic peptide 
modified with OPs is a more convenient analyte for MALDI-MS
than BChE active site peptic nonapeptide, which is widely 
used for HPLC-MS/MS analysis. The tryptic peptide 
containing active site serine-198 consists of 29 amino acid 
residues: SVTLFGES*AGAASVSLHLLSPGSHSLFTR (m/z 
2928.521). However, unlike SA adducts with OPs, BChE 
adducts are subject to dealkylation (aging) [22, 23], and MS 
most often detects BChE adduct with a methylphosphonic 
acid (MPA) residue. We experimented with BChE isolated 
from human blood plasma that was incubated with PFMP 
until complete inhibition of the enzyme. One µl of 1 mg/ml
tryptic hydrolyzate of the modified BChE protein was 
applied to FLa, the application followed by IMAC-MALDI-MS,
which allows drawing a conclusion (Fig. 3) that FLa 
formed on the target exhibit specificity towards BChE 
adducts with both PFMP and MPA. The mass spectrum 
contains signals at m/z 3006.51, which corresponds to 
SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR adduct, and 
at m/z 3090.61 which represents the SVTLFGES(PFMP)
AGAASVSLHLLSPGSHSLFTR adduct. When the hydrolyzate 
of modified BChE is diluted with hydrolyzate of unmodified 
BChE, specificity and selectivity of IMAC-MALDI-MS is 
noticeably lower compared to the analysis of adducts of 
human serum albumin with PFMP. However, at the 1 : 100 

ratio of the modified form to the unmodified form, signals of 
BChE adducts with PFMP and MPA are reliably detected at 
S/N ≥ 6.

Detection of adducts in human blood plasma 
samples incubated with PFMP

We used human blood plasma incubated with PFMP at 
concentrations of 1 and 10 ng/ml as samples. The degree of 
BChE inhibition was < 5 and 40%, respectively. The adduct 
of SA with PFMP was searched for in the peptic hydrolyzate 
of the total blood plasma protein; after protein precipitation 
and reconstitution in distilled water, the concentration of SA 
was 1 mg/ml. In case of BChE, it was important to isolate its 
purest form possible, therefore, we resorted to a highly specific 
method of immunoprecipitation and used 250 µl of blood 
plasma for the purpose. For IMAC-MALDI-MS, a solution with 
a BChE concentration of 1 mg/ml was used; Figure 4 and Table 2
show the results thereof. Applying the developed approach 
to analyze the peptic hydrolyzate of the total blood plasma 
protein, we encountered the VRY(PFMP)TKKVPQVST adduct 
signal in the mass spectra of both samples. However, with 
only 1 µl of the first sample, which was incubated with PFMP 
at a concentration of 10 ng/ml, applied to the adsorbent, we 
received S/N of 5 for the signal of VRY(PFMP)TKKVPQVST, 
whereas the second sample, with the final concentration of 
PFMP at 1 ng/ml, required enrichment, and we had to apply 
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Fig. 4. Results of IMAC(FLa)-MALDI-MS analysis of blood plasma samples incubated with PFMP. The figure shows mass spectra of control samples (A, B); adducts 
VRY(PFMP)TKKVPQVST and SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR, PFMP concentration 10 ng/ml (C, D); VRY(PFMP)TKKVPQVST and SVTLFGES(MPA)
AGAASVSLHLLSPGSHSLFTR adducts, PFMP concentration 1 ng/ml (E, F)
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Table 2. Sensitivity of IMAC-MALDI-MS for peptic SA peptides and BChE tryptic peptides modified with PFMP

№ Peptide (m/z)
Ratio PFMP / plasma,

ng/ml
Volume of sample applied to 

the adsorbent, µl
Signal-to-noise ratio

СА

1
VRY(PFMP)TKKVPQVST 
(1567,89)

10 : 1 1 5

2
VRY(PFMP)TKKVPQVST 
(1567,89)

1 : 1 5 4

БХЭ

3
SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR 
(3006,54)

10 : 1 1 34

4
SVTLFGES(PFMP)AGAASVSLHLLSPGSHSLFTR 
(3090,56)

10 : 1 1 –

5
SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR 
(3006,54)

1 : 1 1 14

6
SVTLFGES(PFMP)AGAASVSLHLLSPGSHSLFTR 
(3090,56)

1 : 1 1 –

5 µl thereof to the adsorbent, after which we registered the signal 
with the S/N ratio of 4. Moreover, in both blood plasma samples 
we identified SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR, 
the BChE adduct isolated through immunoprecipitation with 
dealkylated residue of PFMP. It exhibited good S/N value and 
required no additional method optimization.

Detection of adducts of OPs with BChE 
in human blood plasma samples

We applied the suggested approach to detect OPs adducts 
with BChE when doing the Seventh Official OPCW Biomedical 

Proficiency Test. Preliminarily, BChE was isolated from 
250 µl of blood plasma supplemented with OPs. After 
immunoprecipitation, we eluted BChE from the adsorbent with 
0.6% formic acid, transferred the eluate into a bicarbonate 
buffer and hydrolyzed it with trypsin. Subsequent IMAC-MALDI-MS
revealed a native peptide and modified peptides at m/z 
3034.5397 (VX) and m/z 3062.5650 (GE) in the m/z range from 
2880 to 3100 (Fig. 5). Other OPs, like VR and CVX, have the 
molecular weight similar to that of the GE residue. In such a 
case, a feasible approach to the task of agent identification 
involves its reactivation from protein adducts and gas 
chromatography — mass spectrometry as means of detection. 
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Fig. 5. Results of IMAC(FLa)-MALDI-MS analysis of samples from the Seventh Official OPCW Biomedical Proficiency Test. A. MALDI mass spectrum of tryptic 
hydrolyzate of BChE modified with VX, signal at m/z 3034.5397, SVTLFGES(Vx)AGAASVSLHLLSPGSHSLFTR. B. MALDI mass spectrum of tryptic hydrolyzate of BChE 
modified with GE, signal at m/z 3062.5650 - SVTLFGES(GE)AGAASVSLHLLSPGSHSLFTR
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Fourier transform ion-cyclotron resonance mass spectrometry 
allowed determining the exact mass of the attached residue, 
which translated into a significantly narrower list of candidate OPs.

DISCUSSION

The suggested approach enables screening for OPs-modified 
SA and BChE peptides in an array of real blood plasma samples 
when poisoning by this class of compounds is suspected. In 
such cases, the concentration of these highly toxic OPs in 
blood plasma can reach 100 ng/ml. Identification of the mass 
of attached residue with the help of high resolution MS allows 
reasonable assumptions about the parent compound. 

A number of studies [24–27] take SA adducts with OPs 
as markers of intoxication that allow not only establishing the 
fact of poisoning but also enable identification of the OPs by 
the attached residue. However, the majority of researchers 
consider the adduct of BChE, which attaches the OPs residue 
by serine-198, to be the main protein marker [28]. The reason 
behind this fact is the great difference in concentrations of BChE 
and SA in human blood plasma: 5 and 40000 µg/ml, respectively. 
Even when the BChE is inhibited completely, the degree of SA 
modification will be extremely low. At the same time, in contrast 
to BChE, SA adducts with OPs do not undergo dealkylation, 
which in most cases allows either identifying the OPs by ΔM 
between modified and native peptides or selecting an empirical 
formula, which greatly facilitates further identification by other 
methods. Accordingly, the stage of sample enrichment with SA 
adducts with OPs becomes a compulsory one. Serum albumin 
is the main component of blood plasma, therefore, enzymatic 
hydrolyzates of blood plasma can be used to identify SA 
adducts without protein isolation. Indeed, IMAC on the surface 
of a MALDI target functionalized with FLa allows specific and 
selective extraction of adducts of SA with PFMP even from a 
peptic hydrolyzate of the total blood plasma protein, with SA 
concentration at 40% and the remaining protein components 
enhancing suppression of the target signals. It should be noted 

that for incubation of plasma with OPs we selected PFMP 
concentrations that do not imply a lethal outcome if OPs in such a 
dose entered human body. With PFMP concentration of 1 ng/ml, 
BChE inhibition was below 5%, which often does not even cause 
clinical manifestations. The suggested "lab-on-a-plate" format 
revealed presence of a dealkylated adduct, which signals of 
BChE inhibition, and, furthermore, provided information enabling 
identification of PFMP by ΔM = 162. Compared to extraction in 
spin columns, the approach translates into significant reduction 
of the reagent costs and time expenditures while noticeably 
increasing sensitivity of the analysis, which is essential when 
working with extremely limited amounts of biosamples. 

Sequential isolation of the BChE enzyme from blood 
plasma and subsequent IMAC on FLa of the enzyme's tryptic 
hydrolyzate allow detecting potential covalent adducts of OPs 
with BChE active site serine by MALDI-MS in the m/z range 
of 3000–3100. Information about the mass of the attached 
inhibitor significantly shortens the list of potential substances 
that caused the poisoning. The probable structural isomers 
that have similar molecular weight can be identified through 
targeted chemical analysis by gas chromatography in 
combination with MS after reactivation from protein adducts, 
or by analysis of tyrosine adducts of blood plasma proteins that 
do not dealkylate spontaneously. 

The Research Institute of Hygiene, Occupational Pathology 
and Human Ecology is an accredited laboratory of the 
OPCW; the developed approach allows rapid screening of 
potential organophosphorus toxicants in blood plasma when 
investigating poisoning with this class of compounds. 

CONCLUSIONS

We developed a technique of specific and selective extraction 
of blood protein adducts with OPs on the surface of a MALDI 
target functionalized with multimolecular structures based on 
lanthanum stearate using MAC in the "lab-on-a-plate" format. 
The study has shown that the adsorbent is capable of retaining 
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both full-length and dealkylated adducts of blood proteins with 
2-(fluoromethylphosphoryl)oxy-3.3-dimethylbutane (PFMP). 
The technique allowed extraction and identification of peptides 
of SA and BChE modified with PFMP and MPA (after incubation 
of human blood plasma with OPs in concentrations from 1 to 

100 ng/mL), which makes this approach applicable for the 
purposes of OPs identification in the context of investigation of 
real cases of intoxication. We applied the suggested approach 
in the context of doing the Seventh Official OPCW Biomedical 
Proficiency Test.
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EXPERIMENTAL ANIMAL MODEL FOR TREATMENT OF ABSOLUTE UTERINE FACTOR INFERTILITY

Reproductive organ transplantation was considered as a potential method for treatment of the ovarian factor, tubal factor, and uterine factor infertility before the 

advent of advanced assisted reproductive technologies. Uterus transplantation can be considered as the method for treatment of absolute uterine factor infertility 

similar to transplantation of non-vital organs. However, the clinical use of uterus transplantation in humans causes a lot of problems. The study was aimed to 

develop a program for assessment of various surgical tissue revascularization techniques for  restoration of reproductive function in experimental animals with 

uterine factor infertility. Chinchilla rabbits (n = 20) were selected for experiments because of the fact that all mammals have similar structure of the organs. The 

innovative technique involving the use of ovarian arteries instead of uterine arteries (as in the standard protocol) was used in laboratory animals to develop the 

surgical protocol for transplantation of reproductive tissues. The animal study results show that hemodynamic characteristics of blood supply to the transplanted 

uterus remain unchanged. This makes it possible to use the surgical method in the experiments on  the uterus transplant from a deceased donor. The proposed 

uterus transplantation protocol ensures high transplant survival rate and normal blood supply to the transplant, along with the reduced risk of injury to the donor 

and reduced complexity of the surgical procedure.
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МОДЕЛЬ ЛЕЧЕНИЯ АБСОЛЮТНОГО МАТОЧНОГО БЕСПЛОДИЯ НА ЭКСПЕРИМЕНТАЛЬНЫХ ЖИВОТНЫХ

До появления современных вспомогательных репродуктивных технологий трансплантацию репродуктивных органов рассматривали как потенциальное 

лечение яичникового, трубного и маточного бесплодия. Трансплантацию матки можно рассматривать как метод лечения абсолютного маточного 

бесплодия, подобный пересадке нежизненно важных органов. Однако клиническое применение трансплантации матки у человека вызывает много 

проблем. Целью исследования было разработать программу по оценке различных хирургических методов реваскуляризации тканей для восстановления 

репродуктивной функции при маточной форме бесплодия на экспериментальных животных. Выбор кроликов породы шиншилла (n = 20) для 

экспериментальной работы обусловлен идентичностью строения органокомплекса всех млекопитающих. Для разработки хирургического протокола 

пересадки тканей репродуктивной системы на лабораторных животных применили инновационную методику по использованию яичниковых артерий 

вместо маточных, как в стандартном протоколе. Согласно результатам, полученным на лабораторных животных, гемодинамические характеристики 

кровоснабжения пересаженной матки не меняются, что позволяет имплементировать данную хирургическую методику для использования в эксперименте 

на трупном материале для пересадки матки. Предлагаемый протокол проведения операции по трансплантации матки обеспечивает высокий уровень 

приживаемости трансплантанта и его нормальное кровоснабжение с минимизацией рисков травматизации донора и снижением сложности операции.

Ключевые слова: пересадка матки, лечение маточного бесплодия, трансплантация органов, органное донорство, сравнительный анализ
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Absolute uterine factor infertility (AUFI) have historically been 
regarded as an incurable form of infertility, however, the first 
case of a child born after allogeneic uterus transplantation 
(UT) was reported in 2014 [1]. The success of this surgical 
procedure was the substantial progress in treatment of AUFI. 
AUFI may be caused by  past surgical interventions preventing 
embryo implantation or positive pregnancy outcome [2]. About 
20 women per 100,000 female population of reproductive age 
have AUFI [3, 4]. Uterus transplantation is associated with a 
number of ethical challenges, which, in turn, can produce 
medical, psychological, and legal risks for both genetic and 
biological mothers of the unborn child [4].

Absolute uterine factor infertility (AUFI) can have various 
causes: uterine agenesis, anomalies of uterine development, 
congenital uterine anomalies or the history of organ retrieval 
surgery preventing embryo implantation or positive pregnancy 
outcome [2, 4].

The absent uterus is the most obvious cause of AUFI. The 
uterus is most often absent due to the history of hysterectomy 
used for treatment of such disorders as uterine fibroid, cervical 
or endometrial cancer, severe adenomyosis [1, 3].

The Mayer–Rokitansky–Küster–Hauser (MRKH) syndrome 
associated with abnormal formation of Müllerian ducts is the 
cause of congenital aplasia of the uterus [4]. There is a number 
of AUFI causes found in women with the preserved uterus, 
such as congenital uterine anomalies with partial developmental 
defects and fusion defects of the Müllerian ducts [5].

AUFI may result from complications of intrauterine 
manipulation or severe  endometritis [6]. UT can be the only 
method for restoring fertility in this group of patients. The 
estimated prevalence of AUFI is 20,000 cases in women of 
reproductive age per 100 million population [4]. 

The cold or warm ischemia is one of the most important 
issues to be dealt with when treating infertility using UT. Cells 
of the transplant are damaged since the moment of artery 
clamping in the donor's body to the moment of reperfusion 
after revascularization in the recipient's body. The mouse study 
has shown that spontaneous pregnancy is still possible after 
24 h of cold ischemia; the loss of function occurs after 48 ч 
h of cold ischemia [7]. The sheep uterus that was as large as 
the human uterus remained viable after 24 h of cold ischemia, 
viability was assessed within 8 days after the organ auto-
transplantation [8]. Sensitivity to warm ischemia was studied 
in rats [9], Macaca fascicularis macaques [10], and sheep [11]. 
The organ remained viable after 5, 4, and 3 h of ischemia, 
respectively. The innate regenerative potential that includes, 
among other things, organ-specific stem cells, ensures the 
ability of the uterus to compensate possible ischemia injury 
during transplantation [7–9, 12].

Immunosupression is one more important issue. The 
rat studies show excellent results of using tacrolimus [13] 
for prevention of rejection compared to cyclosporins [14]. 
Tacrolimus also proved effective in the rabbit study [15], and, 
according to the findings, it effectively prevented rejection in pigs 
for 12 months [16]. Cyclosporine monotherapy was effective in 
the studies involving sheep [17]. These data combined show 
that monotherapy with cyclosporins or tacrolimus is effective in 
rodents and large domestic animals.

Organ transplantation is a complex surgical problem, the 
main aspect of which is restoration of graft perfusion through 
establishing arterial inflow and venous outflow [2, 15]. When 
performing organ transplantation, blood flow restoration results 
from performing anastomosis of the main artery responsible for 
blood supply to the donated organ and the large main blood vessel 
of the recipient; venous outflow is restored in the same way [18]. In 

this regard many authors report the development of complications 
associated with abnormal venous outflow after transplantation. 
These data have provided the basis for identification of several 
major ways of blood flow restoration in the transplant, however, 
the optimal method has not been defined [7, 11].

When preparing for the first living donor UT in human, the 
surgical technique for retrieval of uterine arteries and veins in 
patients who underwent surgery due to uterine cancer and 
cervical cancer and lymphadenectomy was tested [19]. Later 
the results of this study provided the basis for the development 
of surgical protocol for the living donor UT in humans [20].

The study was based on the hypothesis that it was possible 
not to use uterine veins in the transplantation method since 
ovarian veins were enough. The other papers report the use of 
both groups of veins during transplantation [21].

All the researchers point out that the use of uterine arteries 
is associated with a number of complexities.

It is difficult to retrieve uterine veins when retrieving organ 
from a living donor (it is difficult to separate these from the 
ureter which is located in close proximity in terms of anatomy).

Uterine veins are intricately woven highly branched thin 
blood vessels that present a challenge when performing surgery, 
as a result, the surgical procedure is very time-consuming.

In case of multiorgan donation from a deceased donor the 
uterus is not a priority (it is retrieved last, if necessary), therefore 
it is difficult to retrieve the kidney: the kidney must be retrieved 
with the ureter of maximum length, that is why the uterus 
would be unusable (adjacent uterine blood vessels would be 
destroyed). 

To date, there is no approved protocol for surgical treatment 
of AUFI by uterus transplantation in the Russian Federation. 
The study was aimed to review the results of the studies of 
uterus transplantation in model animals (rabbits) reported in the 
world literature.

METHODS

The study was conducted in 2021 by the research team of the 
Federal Siberian Research Clinical Center of the Federal Medical 
Biological Agency of the Russian Federation. Laboratory 
animals were used: 20 female rabbits of the Chinchilla breed 
with the body weight of 1800–2000 g and the confirmed 
normal reproductive function (parous rabbits). 

The animals underwent a two-week quarantine in the 
vivarium according to the animal housing requirements 
before the experiment, they were given specialized wafers 
supplemented with vegetables, cereals, hay, and dairy 
products. The following light/dark cycle was used: 12 : 12 h, light 
since 08:00 am. There was one rabbit per cage. The animals' 
health status was assessed daily, and the data were recorded 
in the measurement diary. 

Blood flow parameters, vascular resistance index, and 
blood pressure were measured by Doppler ultrasound (Hitachi 
Aloka ProSound Alpha 6; Japan). All the experiments were 
recorded, photographic evidence was provided. Statistical 
data processing involved the use of the standard algorithm of 
statistical procedures, and the methods of statistical analysis 
were applied in accordance with the studied trait type and the 
number of comparison groups. The Shapiro–Wilk test was 
used to assess the distribution of quantitative indicators. In 
case of non-normal distribution the descriptive statistics was 
presented as median and percentiles. The Kruskal–Wallis test 
was used for multiple comparisons to assess the significance 
of differences, while the Mann–Whitney U test was used for 
pairwise comparison. 
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Table 1. Anatomic and hemodynamic parameters of the rabbit female reproductive blood vessels 

Parameter Value

Weight 3700 g

Body length 37 cm

Right uterine artery length 52 mm

Left uterine artery length 54 mm

Right ovarian artery length 43 mm

Left ovarian artery length 45 mm

Doppler parameters

Right uterine artery

V
min

3,1

V
max

29,7

PI 3,92

RI 0,89

Left uterine artery

V
min

3,3

V
max

27,8

PI 3,89

RI 0,88

Right ovarian artery

V
min

1,42

V
max

22,78

PI 4,02

RI 0,77

Left ovarian artery

V
min

1,53

V
max

23,62

PI 3,97

RI 0,69

In case of normal distribution the descriptive statistics was 
presented as mean and standard error of the mean. Significance 
of differences between the normally distributed indicators in the 
studied groups was assessed using the Student's t-test.

Program of experimental studies

The experiment involved 20 model laboratory animals (rabbits), 
divided into four study groups:

– group 1 (n = 5) — the animals underwent ligation of the 
uterine veins;

– group 2 (n = 5) — the animals underwent ligation of the 
ovarian veins;

– group 3, controls (n = 5) — intact animals;
– group 4, controls (n = 5) — the animals underwent ligation 

of the uterine and ovarian veins.      
The animal experiments were carried out in three phases. 

Various vessels that supplied blood to the uterus were ligated, 
a total of two blood vessel groups: the ovarian artery and 
ovarian veins, the uterine artery and uterine veins. When the 
uterine veins were ligated and the ovarian venous outflow was 
preserved only, the animals were monitored for two weeks in 
order to make sure that they had no dystrophy of the organ.

Experiment 1. Anatomical evaluation of the vascular territories 
(inflow and outflow vessels) of female reproductive organs 

Dissection of blood vessels of the uterus, ovaries, and vagina 
was performed with subsequent labeling of the vessels to 
determine the vessel length and the sites of anastomosis 
with the main arteries and veins, reveal collateral circulation, 
and identify shunts. After the blood vessel retrieval, the vessel 
length and diameter were measured; Doppler ultrasound was 

used to assess blood flow parameters, vascular resistance 
index, and blood pressure. 

Experiment 2. Assessment of the compensatory capabilities of 
various venous vascular territories responsible for drainage of 
reproductive organs 

At this stage ligation of various main blood vessels providing 
blood inflow and outflow from reproductive organs was 
performed with subsequent immediate and delayed 
assessement of their impact on blood flow and functional state 
of the reproductive organs. 

The animal was followed-up for 14 days during the 
experiment. After 14 days,  midline incision was performed 
again in order to revise pelvic organs and the site of previous 
surgery. Blood flow parameters were measured by Doppler 
ultrasound in the pelvic blood vessels and the uterus once 
again. 

Experiment 3. Uterus transplantantation involving the use of 
ovarian veins as the only venous outflow tract

The uterus was separated from the parametrial tissue, the urinary 
bladder and the colon were separated from the uterus, and the 
ligaments of those were transected. At the next stage vagina 
was transected. Then ligation and transection of the uterine 
veins was performed that was followed by clipping of the iliac 
arteries and transection of those at the sites where the uterine 
arteries arised. After that the donor animals were withdrawn 
from the experiment by intravenous administration of the  lethal 
dose of magnesium sulfate. Cannulation of the uterine arteries 
and ovarian veins of the transplant and the transplant perfusion 
using the Custodiol solution (at least 200 mL, in accordance 
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with the transplant size) combined with heparin solution 
(1 : 5000) were performed. After adequate washing (i.e. until 
there were no blood components in the washing fluid) the 
transplant vascular pedicles were prepared for transplantation. 

After 14 days, midline incision was performed again in 
order to revise pelvic organs, the site of previous surgery, the 
transplant condition, and anastomoses. Blood flow parameters 
were measured by Doppler ultrasound in the pelvic blood 
vessels and the transplanted uterus once again. 

RESULTS

The data obtained by assessing the anatomic parameters 
and hemodynamic indicators of blood flow in the reproductive 
organs of female rabbits by Doppler ultrasound are provided 
in Table 1. 

Comparative analysis of the parameters of anatomic 
and substitutional curculation was performed for each of 
20 animals. Consider these with an example of animal 1 (Figure).

The data provided in Figure show that the differences in 
V

min
 values between the uterine and ovarian arteries can be 

explained by the differences between the anatomic vessel 
diameters. Both the length and the diameter of these blood 
vessels vary considerably (the uterine artery has a much 
larger diameter) and, since the V

min
 value represents blood 

flow during diastole, it is obvious that blood flow is greated 
in the vessel with the larger diameter, and the differences 
between blood vessels may be considerable. That is why it 
should be expected that the V

min
 value of the uterine artery 

would be significantly higher than that of the ovarian artery. 
The measurements performed in 20 animals confirm that it is 
2–2.5 times higher. 

Comparative analysis of blood flow parameters was 
performed in all experimental animals. 

The V
max

 value represents blood flow during systole, it is 
slightly higher in the uterine value than in the ovarian artery. 
This can also be explained by anatomic features. The aorta 
is divided into two common iliac arteries, which, in turn, are 
divided into two external and internal iliac arteries. The uterine 
artery arises from the internal iliac artery, while the ovarian artery 
arises directly from the aorta. 

In contrast to V
min

, the differences between the V
max

 values 
of the uterine and ovarian arteries should be insignificant 
(15–30%). This was confirmed by measuring the Doppler 
parameters in all 20 animals. In animal 6, minimum blood flow 
velocity in the left UA was more than two times higher than in 
the OA (227%). In animal 7, minimum blood flow velocity in the 

left UA was twice as high as in the left OA, the same differences 
were observed in the right arteries. The differences between 
V

max
 values were insignificant: 26% for the left ovarian arteries, 

22% for the right arteries.  
Statistical processing of the results using the Student's 

t-test is provided in  Table 2. 
A total of 20 surgeries were performed in model animals 

(rabbits). Parameters of blood inflow/outflow were defined 
in each animals for the following pairs: right and left uterine 
arteries, right and left ovarian arteries (Table 2). No pairs showed 
significant differences between the total blood flow values. 

DISCUSSION

The criteria of successful transplantation and uterus removal 
must be defined prior to transplantation. The uterus transplant 
failure is determined by the following charateristics: no return 
of menstruation within certain period after transplantation, no 
pregnancy regardless of multiple embryo transfer procedures, 
uterine atrophy. The time period for these outcomes has 
not been defined, however, it must be determined prior to 
transplantation, since the long-term use of immunosuppressive 
drugs poses a risk to the recipient. The measures to counter 
functional failure are as follows: assessment of the transplanted 
uterus by echography with subsequent prescription of 
immunosuppressors. No immunosuppression was used during 
our study.

The uterus transplantation clinical use in humans 
requires a thorough discussion of issues related to 
reproductive ethics. Medical, ethical, social, and religious 
background is different in the countries that have performed 
such surgical procedures, such as Saudi Arabia, Turkey, and 
Sweden, that is why transplantation of the uterus should be 
thoroughly discussed taking into account all the provisions. 
It is important to consider the question, whether uterus 
transplantation is socially significant, i.e. whether the method of 
uterus transplantation satisfies the need of patients with uterine 
factor infertility for childbirth. The uterus transplantation method 
contributes to improving the methods for treatment of such 
patients and probably improves their health and quality of life. 
Based on the urgent issues in the countries where surrogacy 
is not allowed, the surgical procedure is not unnecessary or 
excessive. However, a handful of gynecologists and a much 
smaller number of patients and people in society are aware of 
the issues of uterus transplantation, that is why it is important 
for the surgical procedure to be widely perceived by the public. 
The large-scale public opinion polls aimed at studying the 

Fig. Doppler parameters of animal 1
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Table 2. Student’s t-test for the comparison group

Note: p — significance level of the differences

Comparison groups p

Right uterine artery V
min 

< 0,001
Right ovarian artery V

min
 

Right uterine artery V
max 

< 0,001
Right ovarian artery V

max
 

Right uterine artery PI 
0,032

Right ovarian artery PI

Right uterine artery RI
0,003

Right ovarian artery RI

Left uterine artery V
min

 
< 0,001

Left ovarian artery V
min

 

Left uterine artery V
max 

< 0,001
Left ovarian artery V

max

Left uterine artery PI 
0,491

Left ovarian artery PI 

Left uterine artery RI
0,01

Left ovarian artery RI

social needs and attitude towards surgical procedure are the 
next step.

CONCLUSIONS

The main idea of the study is that it is possible to artificially 
change the nature of blood flow in the implanted organ during 

the uterus transplantation: the proposed method is aimed 
at avoiding the time-consuming and potentially dangerous 
surgical procedure involving restoration of blood outflow 
through the uterine artery in the recipient. Such an approach 
makes it possible to develop a new protocol for treatment and 
surgery that would significantly reduce the risk of postoperative 
complications.
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MOLECULAR MODELING AND EXPERIMENTAL CONFIRMATION OF THE SEARCH FOR AGENTS 
MITIGATING TOXIC ACTION OF HYDROGEN SULFIDE

Mathematical modeling is a promising method enabling in silico calculations with subsequent suggestion of cell membrane protective agents used to reduce 

the consequences of exposure to hydrogen sulfide-containing gas in emergency situations. This study aimed to investigate the nature of interaction of hydrogen 

sulfide (H
2
S) and N-Acetyl-L-Cycteine (NAC) with the components of cell membranes. We built a mathematical model of interatomic interactions of cell membrane 

components with H
2
S and NAC (two separate models), then made the quantum-chemical calculations using our proprietary technique and set up GAMESS 

Z-matrices reflecting type and position of atoms in the molecules. The structure of the molecules was optimized with the help of MOPAC package built into 

ChemOffice. Lecithin-based liposomes in a sulfide solution (with Na
2
S being the donor of H and HS ions) were used as an experimental model of the biological 

membrane. Redox potential in mV was the comparison parameter in assessment of interaction of the H
2
S system components and NAC with phospholipid. The 

results include patterns showing the phospholipid reactive centers blocked by NAC under toxic exposure to H
2
S. Liposomal models of cell membranes were formed 

and redox parameters measured. Biological experiment confirmed the acceptable accuracy of the designed method of calculation of intermolecular interactions when 

used as a basis for further selection of agents capable of adjusting toxic doses of hydrogen sulfide. Membrane models of H
2
S interaction with protein and lecithin 

were visualized in silico and in vitro. The possibility of using NAC as an H
2
S inhibitor has been confirmed. 
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Л. И. Головацкая1, Е. В. Тризно2, Ю. А. Смирнова3, М. Н. Тризно2 

МОЛЕКУЛЯРНОЕ МОДЕЛИРОВАНИЕ И ЭКСПЕРИМЕНТАЛЬНОЕ ПОДТВЕРЖДЕНИЕ ПОИСКА 
СРЕДСТВ КОРРЕКЦИИ ТОКСИЧЕСКОГО ВОЗДЕЙСТВИЯ СЕРОВОДОРОДА

В качестве меры по снижению последствий воздействия на организм сероводородсодержащего газа в результате аварийных ситуаций перспективно 

использовать математическое моделирование, позволяющее in silico рассчитать и предложить средства защиты клеточных мембран. Целью работы 

было оценить характер взаимодействия сероводорода (H
2
S) и ацетилцистеина (АЦЦ) с компонентами клеточных мембран. С помощью математического 

моделирования межатомных взаимодействий компонентов клеточной мембраны сначала с H
2
S, а затем с АЦЦ осуществлены квантово-химические 

расчеты с использованием авторской методики. Созданы z-матрицы программного комплекса Gamess — метода PM3, отражающие тип и положение 

атома в молекуле. Оптимизацию структуры молекулы производили с помощью Mopac, встроенного в ChemOffice. В качестве экспериментальной 

модели биологической мембраны использовали липосомы на лецитиновой основе в сульфидном растворе (Na
2
S — донор H- и HS-ионов). Параметром 

сравнения взаимодействия компонентов системы H
2
S и АЦЦ с фосфолипидом послужил окислительно-восстановительный потенциал (Redox-

потенциал), выраженный в мВ. Представлены схемы, иллюстрирующие блокированные АЦЦ реактивные центры фосфолипида в условиях токсического 

воздействия H
2
S. Сформированы липосомные модели клеточных мембран и замерены Redox-показатели. Биологический эксперимент подтвердил 

приемлемость авторской методики расчета межмолекулярного взаимодействия в качестве базиса для дальнейшего подбора средств коррекции 

токсических доз сероводорода. Визуализированы мембранные модели взаимодействия H
2
S с белком и лецитином in silico и in vitro. Подтверждена 

возможность применения АЦЦ в качестве ингибитора H
2
S.

Ключевые слова: математическое моделирование, сероводород, фосфолипид, лецитин, липосомы, редокс-потенциал
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In the era of industrialization, hazardous emissions from plants 
and factories are a possibility. For example, at hydrogen sulfide-
containing (H

2
S) gas production and processing facilities, well 

equipment depressurization may lead to accidents involving 
combustion or spread of gas fluid without combustion. Today, 
it is necessary to be prepared for such accidents with gas. 
Among other things, violations of the production technology, 
like overspeeding during drilling of gas-saturated strata, make 
them more probable [1–6].

In such cases, hydrogen sulfide is a pathogenic factor that 
promotes disruption of the energy metabolism and boosts 
processes associated with the activity of free radicals in cells 
[7, 8]. The results of the said disruption and processes are 
damaged membranes and energy deficiency. Subsequently, 
on the one hand, the level of macroerg compounds goes 
down and content of Ca2+ ions in the cells goes up, and, on 
the other hand, the level of adenosine triphosphoric acid (ATP) 
decreases, which promotes shutdown of ion pumps and 
prevents ingress of Ca2+ ions from the intercellular medium, 
activation of membrane-binding phospholipases, hydrolysis of 
some phospholipids and reinforcement of permeability of the 
membranes [9, 10]. 

It can be assumed that development of various pathological 
conditions and diseases is associated with molecular changes 
in cell plasmalemmas. Being a target for H

2
S, membranes are 

involved in the pathological process that activates universal cell 
damage mechanisms associated with increased oxidation with 
free radicals and disruption of ion homeostasis [11–13].

In the recent years, active investigation of the molecular 
basis behind cell damage has boosted interest in the 
features of biological functioning of phospholipids [14, 15]. In 
biomembranes, lipid component is a functionally active matrix 
that integrates external influences and launches cellular control 
programs. There are three classes of membrane lipids: neutral 
lipids (30%), glycolipids (10%) and phospholipids (60%), the 
most widely represented class. The chemical energy of oxidized 
substrates or ATP is converted into electrical energy, namely, 
into a transmembrane difference in electrical potentials or into 
the energy of difference between concentration of substances 
contained in solutions separated by the membrane, and 
vice versa. Membranes can convert one form of energy into 
another. Retention of enzymes in mitochondria and oxidative 
phosphorylation, enzyme activity and cell sensitivity to hormonal 
and nervous regulation, as well as spatial identity depend on 
the state of the lipid component of the membrane [16–19].

The complexity of identification of the role of individual 
molecular mechanisms in realization of the processes 
that destroy membranes results from the closeness of 
their relationship. In this connection, deriving generalized 
descriptions of the cumulative patterns of cellular systems' 
reactions to pathological impulses of various origins not only 
promises better understanding of the general biological laws 
and how they function, but also allows re-evaluation of the 
methodology enabling adjustment thereof.   

It is impossible to understand the actual behavior of a 
molecule without knowing its structure. Any change in the set 
of coordinates of the nuclei, as infinitesimal as it may be, builds 
a new geometry. The spatial structure of a molecule is not an 
inherent characteristic property of the system. Still, molecular 
structure allows pinpointing a certain temporary position 
of the molecule and grants understanding of the concept 
of its change. Mathematical modeling enables sequential 
investigation of various external factors. To determine the 
equilibrium spatial structure of the molecules, it is necessary to 
optimize the mutual arrangement of their atoms. Optimization 

of geometry means a search for atomic coordinates at which 
the system has the lowest energy value [20–22]. As a result 
of optimization, individual groups of atoms of a molecular 
system change their spatial position to a more favorable one 
in relation to neighboring atoms. Parametric method 3 (PM3) 
is one of the most consistent methods, carefully calibrated for 
a wide range of compounds, including organic and inorganic 
molecules of atoms of the main subgroups and hydrogen-
bonded systems. It conveys the structure, thermodynamics, 
dipole moments, ionization potentials, vibrational frequencies 
well. In case of simple organic compounds, it approaches 
the density functional theory (DFT) in accuracy but surpasses 
it in performance by dozens of times. The average error in 
determining the enthalpy of a formation is about 5 kcal/mol. 
The advantages of other semi-empirical methods over PM3 
are mainly seen in evaluation of electronic, magnetic resonance 
parameters and electronic excitation spectra [21, 22].

From the chemical point of view, intermolecular electron 
transfer is a reduction/oxidation reaction, or RedOx. The 
processes of electron transfer in mitochondrial membranes 
form the physicochemical basis for the mechanisms of energy 
storing in a cell. Currently, it is assumed that the transfer of 
electrons between the cell's liquid phase components and 
intracellular proteins regulates the activity of cell proteins. 
Development of many diseases is associated with the 
increased levels of oxidants in the body; the list of such 
disorders includes atherosclerosis, liver cirrhosis, cataracts, 
arthritis, coronary heart disease, bronchial asthma, hepatitis, 
and diabetes. Albert Szent-Gy–rgyi, a Nobel Prize winner, 
wrote: "Balance between electron donors and acceptors with 
different biopotentials is one of the main parameters of life..." In 
the course of a redox reaction, the reduced form of one redox 
pair (reductant) donates electrons to the oxidized form (oxidizer) 
of another pair [23–25]. H

2
S is a known active ion exchange 

participant capable of binding copper atoms in cytochrome 
oxidase and thereby blocking the transfer of electrons from this 
mitochondrial respiratory chain enzyme to oxygen. Since body 
fluids are open systems constantly exchanging electrons with 
the environment, we discretized possible cross-reactions and 
used the liposomal membrane model in an aqueous medium.

The purpose of this work is to compare the degree of 
intermolecular interaction of two-component systems with a 
biomembrane (liposomal model thereof) in the reaction with 
hydrogen sulfide and acetylcysteine with the aim of adjusting 
the membrane's redox potential.

 
METHODS

Mathematical calculations were performed in GAMESS using 
the PM3 method (GBASIS=PM3), the gradient norm accuracy 
was up to the fourth decimal place inclusive (OPTTOL=1.0E-4). 
The results enabled building the z-matrix, the configuration 
of which is quite close to the point of global minimum of the 
potential energy surface. The calculation yielded the gradient 
value of 0.0000327 kcal/mol/angstrom, which makes the 
computational capabilities of GAMESS rather high compared 
to ChemOffice. The total energy value for the resulting 
configuration of molecules is calculated in atomic energy units 
and given in kJ/mol. 

We use three criteria to increase the accuracy of the 
adsorption interactions model: the magnitude of charge transfer 
(Δq), the distance between atoms (Å) and thermal effects of the 
adsorption complexes (ΔEads).

Protein and phospholipid components were chosen as 
components of the cell membrane. The structure of the protein 
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Table 1. Values of energy characteristics and bond lengths in the adsorption complexes of interaction of a pentapeptide molecule in vapors with hydrogen sulfide and 
ACC, results of application of PM3

Pentapeptide +
By hydrogen (...) bond 

between the indicated atoms
Bond length, Å Charge transfer amount

Δq, e
Energy characteristic

ΔEads, KJ/mol

Hydrogen sulfide

H
61

...S
77

2.582 135 –5.833

H
61

...N
26

1.007 211 –13.448

H
78

...S
77

1.293 –0.0167 –16.101

H
79

...S
77

1.291 –0.0182 –3.469

ACC

H
66

...S
7

2.62 96 –38.38

H
60

...S
7

2.73 28 –36.89

H
71

...S
7

2.53 96 –34.46

H
65

...S
7

1.75 985 –34.39

was a simple pentapeptide resulting from the calculation of 
the optimal equilibrium of the system from the viewpoint of 
the minimum total atomic energy. Given that phospholipid 
molecules can move from one side of the membrane to 
another, the in vitro model excludes variation in the biological 
response to pathogenic factors and minimizes the asymmetry 
of phospholipids in the membrane. As the base of liposomes, 
we used lecithin that was two-thirds phospholipids. 

The liposomes were prepared as described below.
We prepared the sulfide solution within the first stage of 

hydrolysis as per the following molecular equation:

Na
2
S + HOH <=> NaHS + NaOH, 

and the complete ionic equation for this reaction was as follows:

2Na+ + S2– + HOH <=> Na+ + HS– + Na+ + OH–. 

We stopped the reactions before the second stage of hydrolysis 
since that would imply formation of volatile forms of hydrogen 
sulfide, which is toxic. Another reason behind this decision is 
the specific dosage approach adopted for this experiment.

We used a weighing unit (Conzept; Italy) with a weighing 
accuracy of 0.1 mg, a redox potential meter (in millivolts, mV) 
(Russia), a magnetic stirrer, chemical beakers and a cylinder 
(graduated, with a volume of 100 ml), pipettes, automatic 
dispensers, an ultrasonic disperser (China), powdered sodium 
sulfide, a fume hood.

 The prepared solution of sodium sulfide (10%) had the 
sulfide concentration of 88 mg/l. Twelve grams of Na

2
S were 

mixed with 80 ml of distilled water (introduced thereto). We 
determined the exposure factoring in achievement of a stable 
change of the parameter at a constant level. The measurements 
were taken thrice, with subsequent derivation of the average 
values. 

The liposome solution was prepared from soy lecithin 
(Protein company; Russia) based on isopropanol at the ratio 
of 30:70. Having added a 0.1% solution of methylene blue (for 
better visualization), we treated the solution with ultrasonic (US) 
waves for 10 minutes, and then added the liposome solution 
to the sulfide solution at the ratio of 1:1. The saturated solution 
of lecithin (1 g + 25 ml of isopropanol) was supplemented with 
10 ml of ACC solution (10 mg/ml) and then exposed to ultrasonic 
waves. The redox potential was measured in solutions of 
liposomes with lecithin and ACC before and after immersion 
in a sulfide medium 15 minutes after preparation of the media. 

Abnormalities of distribution were detected with the help 
of the Kolmogorov–Smirnov and Shapiro–Wilk tests. Numerical 
values are given as median and P5-, P95-percentiles. The 
differences were considered significant at p ≤ 0.05. For the 

analysis, we used descriptive statistical methods of Statistica 
11.0 (StatSoft; USA).

RESULTS

Modeling the hydrogen sulfide's effect on a biological 
membrane includes generation of a mathematical model and 
a visual structure of the elements of the membrane and the 
toxicant. The plan implies a search for the sites of sorbate 
molecule that play a part in interactions resulting in the release 
of the greatest amount of energy. The energy of the activated 
complex should be at the minimum level possible. With the 
given structures, the interactions occur mainly in the amino 
group (NH

2
), sulfide (SH), carbonyl (CO), hydroxyl (OH), and 

methyl (CH
3
) groups, and may also involve hydrogen atoms of 

the benzene ring. Hydrogen sulfide can be bound both with 
hydrogen in amino and sulfide groups and with sulfur in amino, 
sulfide and hydroxyl groups. The strongest bonds include a 
hydrogen atom of the protein's SH group.

The tables below present the results of calculations of 
energy and geometric properties of the most significant 
molecular adsorption complexes (AC) with pentapeptide (Table 1) 
and lecithin (Table 2). The investigated amino acid sequence 
in the protein peptide was as follows: cysteine–phenylalanine–
alanine–cysteine–tyrosine.

The tables show active sites of hydrogen bond formation 
under the influence of ACC and hydrogen sulfide on the 
components of the cell membrane. Transfer of the charge 
confirms that the interaction takes place, and the magnitude 
of the charge transfered indicates the direction in which 
the electrons move between the atoms of the interacting 
substances. The sign of the charge reflects the molecule 
acting on the membrane (H

2
S or ACC). Positive sign means the 

charge is redistributed from hydrogen in the substance to the 
more electronegative atoms of the membrane (Fig. 1). Negative 
sign indicates the electrons move from the membrane's 
hydrogen to the "implanted" substances. The strongest 
interactions are observed between the lecithin's H

35
...S

7
 and 

ACC, in contrast to the hydrogen bonds of protein molecules 
and ACC (Fig. 2). Participation of proton of the ACC's SH 
group in formation of the hydrogen bond translates into 
greater density of electrons of the sulfur atom, which boosts 
its nucleophilic properties. Active SH group in the molecule of 
ACC conditions the properties of this substance. The length 
of the formed bond is most typical for this type of interaction, 
and the adsorption energy value reflects the robustness of the 
adsorption complexes. In this case, lecithin is the preferred 
target (Fig. 3). 

Any change of interatomic positions affects the molecule's 
geometry as a whole, and hence alters the properties of the 
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Table 2. Values of energy characteristics and bond lengths in the adsorption complexes of interaction of a lecithin molecule in vapors with hydrogen sulfide and ACC, 
results of application of PM3

Lecithin +
By hydrogen (...) bond 

between the indicated atoms
Bond length, Å Charge transfer amount 

Δq, e
Energy characteristic

ΔEads, KJ/mol

ACC

H
35

...S
7

3.04 –0.0136 –74.75

O
14

 ...H
12

1.8 –0.0209 –65.13

H
25

...S
7

3.05 221 –57.48

H
29

 ...S
7

2.57 –0.0311 –56.87

Hydrogen sulfide

H
33

...S
2

2.62 172 –51.52

O
14

 ...H
1

1.76 –0.0429 –49.7

H
41

...S
2

2.43 294 –48.85

H
35

 ...S
1

3.03 293 –46.85

Fig. 1. Active sites signature pattern example, interaction of lecithin and hydrogen 
sulfide

Fig. 2. Active sites signature pattern example, interaction of pentapeptide 
and ACC

system, but a structured calculation allows registering the 
molecule's position in time and helps understand the principle 
of changes as they are shaped by external factors. As a 
result, the following tasks become more simple: establishing 
individual geometric positions of the molecules relative to each 
other; learning the peculiarities of the effect produced by the 
attacking substance; mapping active atoms of the membrane 
components; analyzing and showing the competitive 
replaceability of the antidote.

As shown, interactions of hydrogen sulfide and ACC have 
a lower minimum of the adsorption energy when reacting with 
lecithin than with peptide. This means we characterize such 
interactions as structures with more stable positions from 
the energy viewpoint. Therefore, the in vitro model is the lipid 
component of the membrane, and the liposomes formed have 
the diameter of 36.92 [27.98; 54.39] µm (Fig. 4).

The redox potential of the sulfide solution was –718 [699; 723] mV. 
This is an extremely low value, which indicates the strength of 
reduction capabilities of the hydrogen sulfide ions. The redox 
potential of the saturated lecithin solution was –77 [–72; –81] mV. 
After ultrasonic treatment and preparation of the liposome 
solution with ACC, the redox potential was –54 [–41; –59] mV. 
The redox potential of the final solution of sulfides + lecithin + 
ACC has grown to –122 [–120; –131] mV.  

Thus, introduction of liposomes with ACC (acting as an 
oxidizer) restored the redox potential. Consequently, when 
interacting with hydrogen sulfide ions, active SH groups of the 
ACC give the solution properties of a buffer. 

DISCUSSION 

Currently, researchers rely on quantum chemical calculations 
when studying models of systems of molecular complexes. 
Their works include models of complexes consisting of two 
or more molecules that were described (with underlying tasks 

executed manually) earlier. One of such works presented 
a model of interaction in a three component system of oil, 
water and demulsifier [26]. The inclusion of water as one of 
the molecular system's components can only be justified if 
the purpose is to investigate the details of the demulsification 
process in a specific case of a possibility randomly set by 
the user. An alternative approach is accounting for solvation 
[27], a feature available in any quantum chemistry program, 
like GAMESS. The research efforts in this field target specific 
problems and mainly focus on determining the 3D structure 
of the molecules, distribution of charge and electron density 
of each atom of a molecule, total energy of the molecules, 
energies and heat accompanying formation of molecules, 
energies of electrons, energies of nuclei and dipole moments 
of atoms that make up the molecule [28, 29]. 

This study focuses on a systematic consideration of the 
possible adsorption complexes emerging as the molecules form 
a hydrogen bond between them. The focus enabled sequential 
investigation of the process of immersion of membrane's 
components in a hydrogen sulfide environment with 
subsequent evaluation of introduction of ACC as a competitor 
for hydrogen sulfide. With the help of quantum chemical 
modeling, we established the key values of energy peculiar 
to the formation of reacting molecules and their systems. To 
establish the stable positions of adsorption complexes we have 
additionally determined and calculated three criteria for each of 
them: the adsorption energy, the charge transfered from one 
molecule to another and the size of the formed hydrogen bond. 
Having eliminated the structures that did not meet the criteria, 
we learned the signatures of active atoms on the molecular 
surfaces specific to this kind of interactions [21]. 

We prepared the liposomes using generally recognized 
methods [16–18]. Isopropyl alcohol was used as a solvent, as 
it is less toxic (3600 – 5740 mg/kg) compared to other organic 
solvents (xylene, chloroform) [30] and more economically 
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Fig. 3. Active sites signature pattern example, interaction of lecithin and ACC

Fig. 4. Liposomes stained with methylene blue (magnification ×20) 

sound compared to, for example, ethyl alcohol. We used a 
flow of gaseous nitrogen instead of a rotary alcohol evaporator, 
which greatly simplified the experiment.

CONCLUSIONS

In general, the suggested in silico method of mathematical 
modeling of action of toxic blockers on a cell membrane 
model can complement in vitro experiments. The results of this 
study allow a detailed description of the mechanism of events 
occurring on the cell membrane's surface. Further research will 
help improve understanding of the structure and properties of 
potential antidotes for a number of cytotoxic substances. Our 
data indicate that reaction sites for this type of interactions may 
form, and they predominantly appear on the atoms represented 
in the interaction signatures (Fig. 1–3). The studied interaction 
between molecular components of biomembranes — protein 

and phospholipid, on the one hand, and hydrogen sulfide and 
ACC molecules "implanted" onto them, on the other hand, — is 
a good starting point for further investigations of the processes 
occurring on the surface of the cell membrane. Thus, it can 
be stated that lecithin is the most preferable target for an 
experimental study of the membrane component. Calculations 
of the energies of interaction of adsorption complexes and the 
redox potential of the systems show that lecithin combines 
more optimally with ACC compared to a combination with 
hydrogen sulfide. The oxidative environment created through 
addition of liposomes with ACC to a sulfide solution indicates 
that, from the energy viewpoint, the interaction of lecithin with 
ACC is better than with sulfide ions. Competitive hydrogen 
bonds between phospholipid and ACC with hydrogen sulfide 
in the background support further experiments. For example, 
a model of liposomes in a plasma solution will yield a better 
understanding and grounds for subsequent investigation of the 
interaction between molecules of ACC and hydrogen sulfide 
at a more complex organ level of biosystem organization.
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ASSESSMENT OF INDIVIDUAL HEMATOPOIETIC STEM CELL RESPONSE 
TO GAMMA EXPOSURE USING HUMANIZED MICE

Assessment of individual responses of cells, tissues and the whole body to radiation exposure is an important challenge for radiobiology and radiation safety. The study 

was aimed to develop the method for estimation of the human hematopietic stem cell (HSC) individual response in the humanized mouse model. The cord blood or 

peripheral blood HSCs were administered to the NOD SCID immunodeficient mice. The number of maturing HSCs (CD34+ cells) and mature CD45+ leukocytes was 

assesed after the acute gamma exposure to the doses of 0.5 Gy, 1 Gy, and 1.5 Gy, along with the HSC share among all CD45low/+ cells within three days (period of 

maximum mortality) and 14 days (period of active restoration) after exposure. The relationship between the indicato values and the exposure dose was calculated by 

regression analysis. There was exponential relationship between the human HSC survival rate in humanized mice and the dose on day three after exposure (R2 = 0.93; 

F = 211; p < 0.01), while the relationship between the number of HSCs and the dose on day 14 after exposure was linear (R2 = 0.65; F = 12.9; p = 0.01). The C14/3 

coefficient calculated as a ratio of the HSC share among all human CD45low/+ cells on day 14 after exposure to the same parameter on day three after exposure was 

proposed as an indicator of HSC mortality and HSC number restoration. C14/3 negatively correlated with the exposure dose (R2 = 0.57; F = 13.3; p = 0.004), it was 

higher in radioresistant mice and the model of  cysteamine-induced radioresistance in humanized mice. The model mice humanized using the peripheral blood HSCs 

can be used to assess individual HSC response to acute external gamma exposure based on C14/3 and the data on the HSC survival and restoration.
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А. В. Аклеев1,2

ОЦЕНКА ПЕРСОНИФИЦИРОВАННОЙ РЕАКЦИИ ГЕМОПОЭТИЧЕСКИХ СТВОЛОВЫХ КЛЕТОК НА 
ГАММА-ОБЛУЧЕНИЕ С ИСПОЛЬЗОВАНИЕМ ГУМАНИЗИРОВАННЫХ МЫШЕЙ

Оценка персонифицированной реакции клеток, тканей и организма на радиационное воздействие является важной проблемой радиобиологии и 

радиационной защиты. Целью исследования было разработать метод оценки персонифицированной реакции гемопоэтических стволовых клеток (ГСК) 

человека в модели гуманизированных мышей. ГСК пуповинной или периферической крови вводили иммунодефицитным мышам NOD SCID. После 

острого внешнего гамма-облучения в дозах 0,5 Гр, 1 Гр и 1,5 Гр оценивали число ГСК (CD34+-клеток), созревающих и зрелых лейкоцитарных клеток 

CD45+, долю ГСК среди всех CD45low/+-клеток через трое суток (период максимальной гибели) и 14 суток (период активного восстановления) после 

облучения. Методом регрессионного анализа рассчитывали зависимость показателей от дозы облучения. Описана экспоненциальная зависимость 

выживаемости ГСК человека у гуманизированных мышей через трое суток после облучения (R2 = 0,93; F = 211; p < 0,01), линейная зависимость от 

дозы количества ГСК на 14-е сутки после облучения (R2 = 0,65; F = 12,9; p = 0,01). В качестве показателя, отражающего гибель ГСК и восстановление 

их числа и функциональной активности, предложен коэффициент К14/3, равный отношению доли ГСК среди всех CD45low/+-клеток человека на 14-е 

сутки после облучения к этому параметру на третьи сутки. К14/3 имел обратную зависимость от дозы облучения (R2 = 0,57; F = 13,3; p = 0,004), 

был выше у радиорезистентных мышей и в модели индуцированной цистеамином радиорезистентности у гуманизированных мышей. Модель мышей, 

гуманизированных ГСК периферической крови, может быть использована для оценки персонифицированных реакций ГСК на острое внешнее гамма-

облучение на основе применения показателя К14/3, данных о выживаемости и восстановлении ГСК.

Ключевые слова: гемопоэтические стволовые клетки, острый радиационный синдром, гуманизированные мыши, индивидуальная радиочувствительность
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Developing the approaches to estimation of individual 
radiosensitivity remains a priority of human radiation biology 
due to rapid development of nuclear technologies, nuclear 
medicine technologies and the perspectives of long-term 
interplanetary spaceflights [1, 2]. Assessment of individual 
response to exposure is necessary to identify the groups with 
high risk of exposure effects. This would be useful for both 
selection of staff to work with the sources of ionizing radiation 
and cosmonauts, and personalization of the risk of health 
effects of human exposure to radiation.

The phenomenon of radiosensitivity is assessed by the 
researchers at various levels, from  radiosensitivity of the 
whole body manifested in survival or death after exposure, to 
radiosensitivity of tissues and cells and their susceptibility to 
the long-term adverse exposure effects [1–3]. However, there 
is no uniform system of determining individual radiosensitivity 
in humans. Intensive research focused on studying molecular 
genetic, immunological, hematological and other markers, the 
personalized predictors of the tissue response and the long-
term effects of both acute and chronic exposure to radiation, is 
under way [1, 2, 4, 5].

Red bone marrow is one of the most radiosensitive tissues 
in the human body. The red bone marrow resistance to radiation 
exposure depends on the DNA damage repair, cell repopulation 
in the tissue on the accounts of proliferating revenant cells, the 
ability of the tissue to form the functional reserve of cells, etc. 
[1]. In the bone marrow form of acute radiation syndrome, the 
effects on the body (the chance of death) result largely from 
the hematopoietic stem cell (HSC) survival rate and the kinetics 
of the revenant cell populations [6, 7]. Ionizing radiation has a 
suppressive effect on the HSC proliferative and regenerative 
potential. Furthermore, the issue of the relationship between 
the HSC response to exposure and individual radiosensitivity 
remains unresolved.

The use of humanized mice for assessment of individual 
human HSC response to ionizing radiation is promising [8, 9]. 
The following types of response to radiation exposure have 
been reported in the model mice humanized by transplantation 
of human HSCs: enhanced γH2AX foci, increased expression 
of the p16INK4a gene, loss of HSC capability of repopulation 
after transplantation to secondary recipients, and reduced 
differentiation repertoir [10]. Similar processes that are typical 
for the HSC natural ageing [11–13] are also observed in cases 
of human or animal external exposure [14]. In particular, clonal 
expansion of hematopoietic cells was reported in exposed 
animals [15] and astronauts who experienced high levels of 
radiation exposure during spaceflights [16].

The above defines the relevance and validity of such task as 
the development of methods for estimation of the HSC individual 
response to exposure and its relation to radiosensitivity. 

The study was aimed to develop the technology for 
estimation of the human HSC individual response to exposure 
based on the HSC xenotransplantation to immunodeficient 
mice in order to determine radiosensitivity in terms of the 
hematopoietic tissue response to acute radiation exposure.

METHODS

The NOD SCID immunodeficient mice (breeding nursery of 
the SPF vivarium, Institute of Cytology and Genetics, Siberian 
Branch of Russian Academy of Sciences; Novosibirsk, 
Russia) were used to obtain humanized mice. Animals were 
housed in the specific pathogen free (SPF) environment with a 
temperature of 22 ± 2 °С and humidity of 50–60% and fed with 
the autoclaved SPF pellets for stock mice. They were given free 

access to food and water, the 12-hour light cycle was used. 
Cervical dislocation was used to withdraw animals from the 
experiment.

Animals were administered peripheral blood and cord blood 
HSCs [17]. HSCs were obtained from the cord blood samples 
collected in the Regional Perinatal Center and from the donor 
peripheral blood product, the buffy coat (Blood Transfusion 
Station of FMBA of Russia; Chelyabinsk, Russia). HSCs were 
isolated from blood by innumomagnetic separation using the 
EasySep Human Cord Blood CD34 Positive Selection Kit II 
(Stem Cell Technologies; Canada). HSCs were identified as the 
CD45lowCD34+ cells. 

The mice received intravenous lateral tail vein injections 
of the cord blood HSCs after acute exposure to the external 
gamma dose of 2.5 Gy. The HSC engraftment in the murine bone 
marrow and the development of human lymphogranulopoiesis 
occurred within nine weeks. Equal amounts of HSCs collected 
from each cord blood donor were administered to at least three 
mice (the number of administered HSCs was 30,000–200,000 
cells per animal). One mouse was left as a control, while the 
other two were exposed to the doses of 0.5, 1.0, and 1.5 Gy 
nine weeks after the HSC transplantation (three HSC donors per 
dose). The number of human and murine cells was measured in 
the femurs of the control mouse and other mice three days and 
14 days after exposure. 

HSCs isolated from peripheral blood were administered to 
mice by intraosseous tibia injection after applying isoflurane 
anesthesia. Equal amounts of HSCs collected from each 
peripheral blood donor were administered to at least four mice 
(the number of administered HSCs was 30,000–115,000 cells 
per animal). Two animals that received cells isolated from one 
donor were exposed before HSC administration (non-exposed 
human cells), and two mice that received cells isolated from the 
same donor were exposed after HSC administration (exposed 
human cells). The same exposure doses, 0.5, 1.0, and 1.5 Gy, 
were used (three donors per dose). Human and murine cells 
were enumerated three days and 14 days after exposure (one 
mouse with non-exposed human HSCs and another one with 
exposed cells for each timepoint).

The exposure was provided using the IGUR-1M 
radiobiological research gamma-unit  (Quantum; Russia). The 
unit was equipped with the sources of 137Cs, the dose rate 
was 0.91 Gy/min, and the gamma field non-uniformity did not 
exceed 10%.

The number of murine CD45+ cells (stained with the 
PE-conjugated rat anti-CD45 monoclonal antibody, clone 
30-F11; BD Pharmingen, USA), human CD45+ leukocytes 
(stained with the FITC-conjugated mouse anti-CD45 
monoclonal antibody, clone HI30; Stem Cell Technologies, 
Canada), and CD45lowCD34+ human stem cells (stained with the 
APC-conjugated mouse anti-CD34 monoclonal antibody, clone 
581; Stem Cell Technologies, Canada) in the bone marrow 
of mice was measured by flow cytometry. The Accuri C6 
cytometer was used for measurement (BD Biosciences; USA). 
We calculated the number of cells per milliliter of suspension 
containing cells isolated from one bone.

The survival rate of exposed cells was calculated as a 
ratio of the number of exposed cells measured within three 
days and 14 days to the number of cells of the same donor 
in the control non-exposed mouse (for cord blood HSCs) or 
as a ratio of the number of exposed cells to the number of 
non-exposed cells of the same donor measured in the same 
timepoint after exposure (for peripheral blood HSCs). The HSC 
share was calculated as a percentage of the total number of 
human CD45low/CD45+ cells for each humanized animal. We 
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Fig. 1. Survival rate of the CD45lowCD34+ human cells in the model mice humanized with the cord blood HSCs as a function of the acute external gamma exposure 
dose. А. HSC survival rate three days after exposure. B. HSC number relative to the non-exposed control 14 days after exposure  
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also determined a coefficient that was calculated as a ratio of 
the HSC share on day 14 after exposure to the HSC share on 
day three after exposure (C14/3), since it was previously shown 
that this indicator was associated with the animal survival rate 
and cell repopulation in the bone marrow of non-humanized 
mice in in vivo studies [18].

Two experiments were conducted to assess the C14/3 
coefficient prognostic properties in order to define the human 
HSC individual response to radiation exposure and the 
relationship between this indicator and radiosensitivity. The 
first experiment involved measuring the C14/3 coefficient for 
the fraction of murine CD117+ hematopoietic stem cells after 
exposure to the dose of 1 Gy in animals of two lines with 
different radiosensitivity: the radiosensitive NOD SCID line 
(LD

50/30
 = 3.5 Gy) and the relatively radioresistant C57Bl/6 line 

(LD
50/30

 = 6.0 Gy) [18].
In the second experiment, HSCs obtained from three cord 

blood donors were used for humanization in five humanized 
mice instead of three. These three additional humanized animals 
were administered the drug with a known radioprotective 
effect, mercaptoethylamine (cysteamine) at a dose of 200 mg/kg 
of body weight (Serva; USA), by intraperitoneal route 30 min 
before the exposure. The animals that received cells from two 
donors were exposed to a dose of 0.5 Gy, while the animals 
that received cells from the third donor were exposed to a 
dose of 1 Gy. We compared C14/3 coefficients in humanized 
mice not administered cysteamine and mice with increased 
radioresistance due to cysteamine. 

The mean and standard error of the mean were calculated 
for the studied parameters. Regression analysis was performed 
using Microsoft Office Exсel (Microsoft; USA) to reveal the 
relationship between the studied indicators and the dose. 
Student's t-test was used to compare regression coefficients. 
The results were considered significant at the probability that 
the null hypothesis was true (p < 0.05).

RESULTS

After administration of the cord blood HSCs to mice with 
severe combined immunodeficiency (NOD SCID) human cells 
colonize the murine bone marrow and form a self-sustaining 
pool of HSCs and a pool of maturing cells, mostly lymphocytes/
granulocytes [17, 19]. This model makes it possible to study 
the radiation-induced apoptosis and repopulation of human 
stem cells, as well as their potential for maintaining the pool of 
maturing human cells in vivo in the humanized animal model.

Our experiments have shown that the humanized mice 
exposure results in the dose-dependent decrease in the 

survival rate of the CD45lowCD34+ human cells three days after 
exposure (Fig. 1А). Exponential dose dependence is observed 
(R2 = 0.67; F = 38.65; p < 0.001).

On day 14 after exposure the number of HSCs in exposed 
mice increased. In different donors, it could exceed or fall below 
the baseline reference levels that corresponded to no exposure 
(Fig. 1B). No significant correlation between the exposure dose 
and the decrease in the number of HSCs was observed on 
day 14 after exposure (R2 = 0.34; F = 4.01; p = 0.079 for linear 
relationship).

After exposure the share of stem cells among all human cells 
in the bone marrow of humanized mice decreased compared to 
baseline (25 ± 8%). There was a linear relationship between the 
dose within the range of 0.5–1.5 Gy and the C14/3 coefficient 
calculated as the ratio of the share of stem cells on day 14 after 
exposure to the share of stem cells on day three after exposure 
(Fig. 2). This indicator decreased with increasing dose (R2 = 0.57; 
F = 13.26; p = 0.004). The indicator reflects the stem cells' 
survival rate, their regeneration 14 days after exposure, and 
ability to produce differentiating cells.

The experiment involving the use of radioprotective drug, 
cysteamine, showed that the humanized mice that were 
protected with radioprotector had a higher C14/3 coefficient  
than the non-protected mice exposed to the same dose (Fig. 3). 
Thus, the increased coefficient indicates higher radioresistance.

The same pattern was revealed when comparing C14/3 
coefficients in mice of the lines with different radiosensitivity 

Fig. 2. Relationship between the C14/3 coefficient and the dose for CD45lowCD34+ 

human cells in the model mice humanized with the cord blood HSCs  
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Fig. 3. C14/3 coefficient for the CD45lowCD34+ human cells in the model mice humanized with the cord blood HSCs isolated from three donors. Responses of human 
hematopoietic cells in humanized mice to radiation exposure in the groups administered (induced radioresistance) and not administered cysteamine. * — significant 
differences between groups, р < 0.05 
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(Fig. 4). Thus, C14/3 coefficient in radiosensitive NOD SCID mice 
(LD

50/30
 = 3.5 Gy, 95% CI 3.4–3.8 Gy) exposed to a dose of 

1 Gy was 0.23 ± 0.06, which represented a significant difference 
(t = 3.9; p = 0.003) from the C14/3 coefficient (0.98 ± 0.18) of 
the C57Bl/6 mice with normal radiosensitivity (LD

50/30
 = 6.0 Gy, 

95% CI 5.8–6.2 Gy). This  proves that the coefficient can reflect 
the differences in hematopoietic responses between mice with 
different radiosensitivity in vivo. 

After administration of peripheral blood HSCs of adult 
humans, HSCs are unable to function in the bone marrow 
of mice for a long time, but can maintain the HSC pool and 
produce maturing cells for at least 14 days [17]. Just as in 
the model mice humanized with the cord blood HSCs, there 
is exponential relationship between the human HSC survival 
rate and the external gamma exposure dose on day three after 
exposure (R2 = 0.93; F = 211; p < 0.001; Fig. 5А).

On day 14 after exposure, the number of HSCs increased 
and exceeded the control level (no exposure) in the animals 
exposed to a dose of 0.5 Gy; in the animals exposed to doses 
of 1.0 and 1.5 Gy, the number of cells remained low compared 
to the number of HSCs observed on day 14 in the non-exposed 
animals (Fig. 5B). The linear model of the relationship between 
the dose and the number of HSCs relative to the non-exposed 
control 14 days after exposure was described (R2 = 0.65; 
F = 12.90; p = 0.009).

It is important to note that the models describing dose 
dependence of the cell survival rate that were obtained for 
the cord blood and peripheral blood HSCs were similar: no 
significant differences were revealed when comparing the 
coefficients (t = 1.18; p = 0.24) and the constant terms (t = 0.15; 
p = 0.88) of the equations that related the HSC survival rate 
and the dose on day three after exposure or when comparing 
the slope (t = 0.19; p = 0.85) and the constant terms (t = 0.34; 
p = 0.74) of the equations that related the relative cell number 
and the dose on day 14 after exposure.

Just like in the model mice humanized with the cord blood 
HSCs, C14/3 coefficient in the short-term model of mouse 
humanization with the peripheral blood HSCs was a function 
of dose (R2 = 0.45; F = 5.67; p = 0.048) and reflected individual 
characteristics of the HSC donors (Fig. 6).

DISCUSSION

Assessment of individual radiosensitivity in terms of both 
severity of early tissue reactions and the risk of delayed 
exposure effects is necessary to identify the groups with high 

risk of adverse exposure effects (in case of high radiosensitivity) 
and to select staff (individuals with high radioresistance).

Individual response to radiation exposure can be measured 
at different levels of organization of the organism based on 
estimation of various final effects of exposure, such as death of the 
organism, cancer, non-cancerous disorders, tissue reactions after 
exposure, chromosomal aberrations, and molecular alterations 
[2, 3]. Not all studies succeed in determining the relationship 
between the molecular and cellular responses in vitro and the 
severity of tissue reactions to acute exposure [4, 20, 21].

It seems that clonogenic cell survival can be considered 
as a good predictor of radiosensitivity [4]. HSCs can be 
considered as a representational model for assessment of the 
hematopoietic system radiosensitivity. Obtaining humanized 
mice may be a promising method for assessment of the HSC 
individual response [8, 9], since these humanized mice may be 
considered as “avatars” reflecting the entire range of features 
of the cellular response inherent to the donor of cells. Such 
an approach is being developed within the framework of 
introducing personalized care for cancer patients and studying 
individual features of the immune system [22–25].

When human HSCs are transplanted to mice with severe 
combined immunodeficiency previously exposed to sublethal 
radiation dose, human cells can colonize the niches in the 
animal bone marrow that have become vacant after exposure 
and exist in the body of the mouse for a long time (2–12 months 
after administration). Moreover, HSCs not only maintain their 

Fig. 4. C14/3 coefficient for hematopoietic CD117+ cells of the lines of mice with 
high (NOD SCID) and normal (C57Bl/6) radiosensitivity. * — significant differences 
between groups, р < 0.05

C
o

ef
fic

ie
nt

 1
4/

3

Lines of mice

1,4

1

0,8

0,4

0,6

1,2

0,2

0

NOD SCID

C57B1/6
*

*

*

*

Cysteamine



47

ORIGINAL RESEARCH    RADIATION MEDICINE

EXTREME MEDICINE   1, 25, 2023   MES.FMBA.PRESS| |

Fig. 5. Survival rate of the CD45lowCD34+ human cells in the model mice humanized with the peripheral blood HSCs as a function of the acute external gamma exposure 
dose. А. HSC survival rate three days after exposure. B. HSC number relative to the non-exposed control 14 days after exposure
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pool of multipotent stem cells, but also give rise to the mature 
and functionally active blood cells, mostly myeloid cells.

The mice humanized by adminisration of the cord blood 
HSCs can be used for development of the acute radiation 
syndrome model, since these mice provide an opportunity to 
assess the effects of exposure on the HSC mortality, subsequent 
repopulation, and functional activity. Our study shows the the 
HSC survival rate in the short term after exposure (within three 
days) and the number of HSCs 14 days after exposure (during 
the period of restoring the population) depend on the dose in 
case of exposure to the doses of 0.5–1.5 Gy.

The C14/3 coefficient proposed by the authors that 
characterizes the change in the HSC share relative to 
other human CD45low/+ cells within 14 days after exposure 
is considered as an integrated indicator that reflects the HSC 
survival, subsequent restoration, and functional activity. The 
earlier studies show the relationship between this indicator 
and survival rates in mice of various lines, i.e. the association 
with radiosensitivity at the organism level [18]. The negative 
relationship between the C14/3 coefficient and the exposure 
dose has been revealed in the model mice humanized with the 
cord blood HSCs. This indicates the possibility of using this 
parameter for assessment of the severity of the tissue response 
to ionizing radiation. The experiments that involve comparison of 
these indicators in the organisms that obviously have different 
radiosensitivity (NOD SCID and C57Bl/6 mice, humanized mice 
administered or not administered radioprotector) have revealed 
unidirectional differences: the coefficient was higher in more 
radioresistant subjects. The association of higher C14/3 with the 
lower doses and higher radioresistance may be due to the more 
effective HSC repopulation after exposure, higher proliferative 
potential, and more effective restoration of the stem cell pool 
before triggering proliferation and maturation of the CD45+ cells.

When administering peripheral blood HSCs to mice with 
immunodeficiency, we have failed to obtain a long-lasting 
pool of stem cells in the animal bone marrow [17], however, 
simultaneous use of radiation exposure during transplantation 
of human cells and enumeration of HSCs and maturing 
hematopoietic cells within 14 days after transplantation is 
possible. The study shows that the dose dependence of the 
HSC survival rate and the HSC number 14 days after exposure 
is the same in the humanized mouse models with the sustained 
cord blood and peripheral blood HSCs. Therefore, the model 
obtained using peripheral blood HSCs that does not involve 
prolonged repopulation can be also used for simulation of acute 
radiation syndrome, as well as for assessment of the radiation-
induced cell death and cell restoration. The calculated C14/3

 

coefficient has also shown negative correlation with the dose in 
the model obtained using peripheral blood HSCs. 

It is important to note the fact that the HSC survival on day 
three after exposure in different donors of both cord blood and 
peripheral blood has shown much smaller individual differences 
than the number of HSCs that has raised within 14 days, the 
number of maturing   CD45+ cells, and, consequently, the share 
of HSCs among all human cells and the С14/3 coefficient. It is 
clear that individual characteristics are less likely to affect the 
differences in the radiation-induced cell death and are more 
likely to affect the possibility of repair, subsequent restoration of 
the stem cell pool, and the HSC clonogenic activity.

The largest individual differences were observed in the 
humanized mice exposed to a dose of 0.5 Gy. Such exposure 
level may be recommended for assessment of individual 
HSC response that indicates individual radiosensitivity in the 
humanized mouse model obtained using peripheral blood HSCs.

CONCLUSIONS

The model humanized with human HSCs isolated from cord 
blood and peripheral blood can be used to assess the HSC 
response to radiation exposure in vivo. The C14/3 coefficient 
calculated as a ratio of the HSC share among all human CD45low/+ 
cells on day 14 after exposure to the same parameter on day 
three after exposure is the most effective integrated indicator 
that reflects the HSC radiation-induced death, restoration of 
the HSC number, and HSC functional activity. This coefficient 
can be used to estimate the human HSC individual response 
to radiation exposure.

Fig. 6. Relationship between the C14/3 coefficient and the dose for CD45lowCD34+ 
human cells in the model mice humanized with the peripheral blood HSCs isolated 
from adult humans 
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С. А. Сайганов1, А. В. Любимова1      , И. М. Гасанбеков2, А. В. Мельцер1, З. В. Лопатин1, Б. И. Асланов1  

РЕЗУЛЬТАТЫ ЭПИДЕМИОЛОГИЧЕСКОГО НАДЗОРА ЗА COVID-19 СРЕДИ ОБУЧАЮЩИХСЯ 
И ПРОФЕССОРСКО-ПРЕПОДАВАТЕЛЬСКОГО СОСТАВА УНИВЕРСИТЕТА 

Организация обучения в условиях пандемии COVID-19 потребовала разработки и внедрения активного эпидемиологического надзора за острыми 

респираторными заболеваниями среди обучающихся и профессорско-преподавательского состава (ППС) медицинского университета. Целью 

работы было выявить особенности эпидемического процесса COVID-19 среди обучающихся и ППС университета в 2020–2022 гг. Проведен анализ 

заболеваемости COVID-19 среди обучающихся и ППС за 2020–2021 и 2021–2022 учебные годы. Под наблюдением находились 6293 обучающихся в 

2020–2021 учебном году и 6148 в 2021–2022 учебном году, ППС — 772 человека. В 2020–2021 учебном году COVID-19 выявлен у 681 обучающегося, 

кумулятивная инцидентность (КИ) 10,83 (95% ДИ 10,08–11,61) на 100 обучающихся и 79 человек ППС — КИ 10,23 (95% ДИ 8,09–12,37), в 2021–2022 

учебном году — у 690 обучающихся, КИ 11,44 (95% ДИ 10,64–12,24) на 100 обучающихся и 75 человек ППС — КИ 9,71 (95% ДИ 7,62%–11,80%). У 

26,3% заболевших COVID-19 инфекция была выявлена при обращении в поликлинику Университета. Заболеваемость обучающихся, проживающих 

в общежитиях, не превышала заболеваемость среди тех, кто проживал на частных адресах (p = 0,36), также не было зарегистрировано вспышек. 

Найдена сильная положительная связь между заболеваемостью жителей Санкт-Петербурга и заболеваемостью обучающихся (r = 0,77). За весь период 

вероятное место заражения установлено у 39,9% заболевших, наиболее часто (15,2%) — в медицинской организации по месту работы. Заболеваемость 

новой коронавирусной инфекцией (COVID-19) среди обучающихся и профессорско-преподавательского состава за 2020–2021 и 2021–2022 учебные 

годы напрямую обусловлена их вовлечением в эпидемический процесс COVID-19 в Санкт-Петербурге. 

Ключевые слова: новая коронавирусная инфекция, профилактические мероприятия, учебный процесс, медицинская организация, эпидемиологический 
надзор
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RESULTS OF EPIDEMIOLOGICAL SURVEILLANCE FOR COVID-19 AMONG STUDENTS 
AND TEACHING STAFF OF THE UNIVERSITY 

Organization of training in the context of COVID-19 pandemic demanded the development and implementation of active epidemiological surveillance for acute 

respiratory infections in students and teaching staff of the Medical University. The study was aimed to identify the features of the COVID-19 epidemic process 

among students and teaching staff in 2020–2022. The analysis of COVID-19 incidence among students and teaching staff in the academic years 2020–2021 and 

2021–2022 was carried out. The study was conducted on 6293 students enrolled in the academic year 2020–2021, 6148 students enrolled in the academic year 

2021–2022, and 772 teaching staff members. In the academic year 2020–2021, COVID-19 was detected in 681 students, among whom the cumulative incidence 

(CI) was 10.83 (95% CI: 10.08-11.61) per 100 students, and 79 teaching staff members, among whom the CI was 10.23 (95% CI: 8.09–12.37); in the  academic 

year 2021–2022 infection was detected in 690 students, the CI was 11.44 (95% CI: 10.64–12.24) per 100 students, and 75 teaching staff members, the CI was 

9.71 (95% CI: 7.62%–11.80%). In 26.3% affected individuals, COVID-19 was detected when contacting the University outpatient clinic. The incidence among 

students living in the dormitories did not exceed that among students living in private apartments (p = 0.36), and no outbreaks were reported. There was a strong 

positive correlation between the incidence among residents of St. Petersburg and the incidence among students (r = 0.77). Over the entire period, probable setting 

of transmission was determined in 39.9% of infected individuals, contact most often (15.2%) occurred when working in the health care facilities. The incidence of 

novel coronavirus infection (COVID-19) among students and teaching staff members in the academic years 2020–2021 and 2021–2022 is directly related to their 

involvement in the COVID-19 epidemic process in St. Petersburg. 
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Table. Number of students of different fields by year

Year 

Medical specialty (faculty) 

Nursing care General medicine Preventive medicine Dentistry

Academic year

2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022

1 19 13 695 786 156 156 95 70

2 10 11 718 586 160 125 90 66

3 8 7 581 607 142 140 72 56

4 8 556 505 127 114 66 61

5 581 535 116 123 72 58

6 480 563 135 113

Total 37 39 3611 3582 836 771 395 311

This paper is a continuation of a series of articles on prevention 
of the novel coronavirus infection spread among students and 
teaching staff of the Mechnikov North-Western State Medical 
University(hereinafter University) [1, 2].

During the COVID-19 pandemic many higher education 
institutions were forced to switch to distance learning. However, 
medical education cannot be effective without practical skills. 
That is why it was decided to conduct workshop-type classes 
and practical classes in the face-to-face format in the University's 
classrooms since September 2020 in case the classes involved 
developing practical skills. This resulted in the need to develop 
and implement a number of preventive and anti-epidemic 
measures taking into account the fact that medical students were 
engaged in providing care to COVID-19 patients in both outpatient 
and inpatient settings. Despite the fact that there are many 
publications discussing the COVID-19 rate among students, 
all these publications are based on the results of the questionnaire 
surveys of students, not on the  objective morbidity data.

The study was aimed to identify the features of the 
COVID-19 novel coronavirus infection epidemic process among 
students and teaching staff of the University in the academic 
years 2020–2021 and 2021–2022 based on the implemented 
epidemiological surveillance.

METHODS

Active epidemiological surveillance for acute respiratory 
infections in students and teaching staff was developed and 
implemented in the University in order to carry out and adjust 
anti-epidemic measures in the context of face-to-face training 
during the ongoing COVID-19 pandemic. The detailed scheme 
of epidemiological surveillance was reported earlier [1].

Analysis of morbidity was performed every week to ensure 
the timely adjustment of anti-epidemic measures.

The measures recommended by Rospotrebnadzor [3] and 
some additional measures were implemented to prevent the 
spread of novel coronavirus infection:

– outreach activities (movies, video lectures, posters, 
newsletters);

– active detection of individuals showing signs of acute 
respiratory infection (ARI);

– setting up an isolation ward for admission and assessment 
of students and employees with symptoms of ARI in the 
University outpatient clinic;

– switching individuals with symptoms of ARI and confirmed 
COVID-19 or exposed people to distance learning;

– withdrawing individuals with symptoms of ARI and 
confirmed COVID-19 or contact persons from the dormitory;

The incidence of COVID-19 for the mentioned above 
academic years (between September 1 and June 30) was 
assessed. All students and teachers were included in the 
study. During the studied period, a total of 4879 students were 
followed-up in the academic year 2020–2021 and 4703 were 
followed-up in 2021–2022; 1414 residents were followed-up 
in the academic year 2020–2021 and 1445 were followed-
up in 2021–2022; a total of 772 teaching staff members were 
followed-up. The number of students of different fields by year 
is provided in Table. 

The disease was detected when contacting local medical 
institution, ambulance or University outpatient clinic. Clinical 
diagnosis and laboratory confirmation were provided in 
accordance with the version of regulatory documents that 
was valid at the time of seeking medical care [4]. Cumulative 
incidence of COVID-19 (the ratio of the number of diagnosed 
cases in the studied group to the total number of individuals in 
the group within the studied period  multiplied by 100) among 
students of various faculties and teaching staff and its monthly 
trends were calculated. The Pearson correlation coefficient 
for the relationship between the weekly trends in the number 
of cases diagnosed among residents of St. Petersburg and 
University students ® was calculated. 

All the infected people were interviewed in order to reveal 
probable places of infection and contact persons. The place of 
infection was considered to be determined, when the student 
reported the contact with the confirmed case of COVID-19 
within 14 days since the emergence of symptoms in the years 
2020–2021 and within 7 days in the year 2022. Cumulative 
incidence of COVID-19 among students enrolled in different 
semesters was calculated based on the probable setting of 
transmission infection. The structure of junior and senior students 
of various faculties and residents (share of all disease cases) was 
also calculated based on the probable place of infection.

The 95% confidence intervals were calculated using the 
Wilson score. The differences were considered significant 
when p-value was below 0.05.  

RESULTS

A total of 1371 students and 155 teaching staff members 
were diagnosed with COVID-19 during the studied period. 
Furthermore, in the academic year 2020–2021, COVID-19 
was detected in 681 students, the cumulative incidence 
(CI) was 10.83 (95% CI: 10.08–11.61) per 100 students, 
and 79 teaching staff members, the CI was 10.23 (95% CI: 
8.09–12.37); in the academic year 2021–2022, infection was 
detected in 690 students, the CI was 11.44 (95% CI: 10.64–12.24) 
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Fig. 1. Cumulative incidence of COVID-19 among students and teaching staff in 2020–2021 and 2021–2022. FGM — Faculty of General Medicine, FPM — Faculty of 
Preventive Medicine, FD — Faculty of Dentistry, NC — Nursing Care, TS — teaching staff
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Fig. 2. Monthly trends in cumulative incidence of COVID-19 among students and teaching staff in 2020–2021 and 2021–2022. FGM — Faculty of General Medicine, 
FPM — Faculty of Preventive Medicine, FD — Faculty of Dentistry, TS — teaching staff
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per 100 students, and 75 teaching staff members, the CI was 
9.71 (95% CI: 7.62–11.80%). 

It should be noted that almost every fifth COVID-19 case 
(19%) was revealed in the University outpatient clinic, where 
the isolation ward for admission and assessment of students 
and employees with symptoms of ARI was set up. A total of 
1058 contacted the clinic, of them the diagnosis of COVID-19 
was confirmed in 278 individuals (26.3%). Among those who 
contacted the clinic, 487 students (46%) lived in the University 
dormitories, and COVID-19 was detected in 124 (25.4%) of 
them. The diagnosis was confirmed by PCR within 12 h after 
seeking medical care. Information was immediately sent to the 
coordinator of anti-epidemic measures, to head of the service 
for accommodation and socio-household arrangements, and 
the deputy deans of the faculties. This enabled earlier isolation of
infected individuals and timely implementation of anti-epidemic 
measures. The incidence among students living in the 
dormitories reported over the entire research period did not 
exceed that among students living in private apartments, it was 
19.1 and 18.9 per 100 students, respectively. No outbreaks 
among students living in the dormitories were reported. 

In the year 2020–2021, the incidence among students 
of different faculties, residents, and teaching stuff was at the 
same level. In 2021–2022, the highest incidence was revealed 
in students of the Faculty of Preventive Medicine due to the 
greatest engagement in the outbreak caused by the SARS-CoV-2 
Omicron strain (Fig. 1, 2).

The highest incidence was observed in senior students 
(years 4–6) in 2021–2022, it was 12.60 per 100 students (95% 
CI: 11.24–14.09). The incidence in junior students (years 1–3) 
was 11.52 per 100 students (95% CI: 10.33–12.76). In 2020–
2021 these indicators were lower: 9.67 (95% CI: 8.61–10.84; 
p = 0.03) in junior students and 9.28 (95% CI: 8.12–10.59; 
p = 0.0006) in senior students.

The COVID-19 incidence peaks were revealed in autumn 
2020 and winter 2022. In autumn 2020, a quarter of all disease 
cases detected among students resulted from exposure in 
health care facilities  related to the students' and residents' 
work in the COVID centers. Furthermore, multiple cases of non-
compliance with the self-isolation regime after the emergence 
of ARI symptoms were revealed. When the SARS-CoV-2 
Delta strain prevailed, the highest incidence was observed in 
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Fig. 3. Trends in the number of COVID-19 cases revealed among the University students and teaching staff and the residents of St. Petersburg
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the teaching staff members, which was probably due to the 
age-related factor. The rise of incidence during weeks 40–41 
(May 31–June 13, 2021) was caused by the  students' non-
compliance with the self-isolation regime in cases of infection 
during the end-of-semester examinations: 70% of infected 
students having symptoms of ARI continued attending the 
University. Furthermore, testing students for SARS-CoV-2 
performed prior to summer internship revealed 30% of the total 
number of cases [1]. In winter 2022, when the SARS-CoV-2 
Omicron strain prevailed, the teaching staff and residents were 
maximally involved as early as January 2022, while students 
were involved in February, which was due to student holidays.

The COVID-19 epidemic process among students and 
teaching staff members in the University depended on the 
epidemic process among residents of St. Petersburg: a strong 
positive correlation was revealed (correlation coefficient r = 0.77) 
(Fig. 3). 

Re-infection was detected in 58 students (4.3% of the total 
number of infected individuals). The peak number of re-infection 
was revealed during the spread of SARS-CoV-2 Omicron strain 
in February 2022.  

We managed to determine the probable setting of 
transmission  infection in 39.9% of affected individuals over 
the entire period. The students most often reported contacting 
persons with confirmed COVID-19 at work or during their 
internship in the health care facilities (15.2% of affected 
individuals), 12.1% were contact in the group during face-to-
face training, contact in the family at home was reported by 
6.6%, contact  in the dormitory was mentioned by 2.2%, 2.5% 
reported contact in other circumstances, and 1.3% noted they 
were contact to multiple sources of infection. The incidence 
among students who contacted persons with confirmed 
COVID-19 over the entire observation period was 8.8 per 
100 students, while the incidence among students had contact  
to undefined sources of infection was 13.3 per 100 students. 
However, the incidence rates in individuals with various  types 
of contact were different in the epidemic process intensity and 

were higher during the incidence peaks compared to periods 
with lower incidence (47.8 and 28.9%, respectively; p << 0.01) 
mostly due to infection resulting from exposure at work or 
during internship in the medical institution or University. Multiple 
contact, i.e. contact  to multiple sources of infection during the 
incubation period, were reported in 2021–2022 (Fig. 4).

The infected senior students of the Faculties of General 
Medicine and Preventive Medicine and residents most often 
reported contacting persons with confirmed COVID-19 at work 
or during internship in the health care facilities (p << 0.01). This 
is not surprising, since it is senior students and residents who 
work and do internships in health care facilities. Infection due 
to contact in the University prevailed among junior students 
(p = 0.0004). The largest share of contacts with persons  having 
confirmed COVID-19 under different circumstances outside the 
University was reported by students of the Faculty of Dentistry 
(Fig. 5).

DISCUSSION

The risk of infection increases during face-to-face training 
at universities. Thus, a dramatic increase in the COVID-19 
incidence among students was observed in the USA in early 
2020–2021. The survey performed by New York Times in more 
than 1600 colleges revealed more than 26,000 COVID-19 
cases in more than 750 colleges across the country by August 
26, more than 51,000 cases in more than 1020 US colleges by 
September 3, and more than 130,000 cases in 1300 colleges 
by September 25 [5]. In the other university 528 students 
(24.1%) out of 2187 were diagnosed with COVID-19 during 
the fall semester 2020, which was 8 times higher compared 
to the values obtained during our study [6]. The SARS-CoV-2 
seroprevalence in 2905 students of five universities in the UK 
was 17.8% (95% CI: 16.5–19.3) in December 2020, it was 
within the range of 7.6–29.7% [7]. The incidence among 
students of one more university in 2020–2021 was 15.7 per 
100 students [8].
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Fig. 4. Cumulative incidence of COVID-19 by probable setting of transmission infection among students enrolled in different semesters
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Fig. 5. Probable setting of transmission  infection (share of all disease cases) of junior and senior students of various faculties and residents
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In our study, the rapid growth of incidence in early 
2020–2021 was also observed. The analysis of the causes of 
COVID-19 spread in September 2020 showed that students 
who attended the University while having ARI symptoms 
were the main cause. Thus, in September 2020, 25.4% of 
infected individuals came to the university on the day of 
symptom onset and 32.7% of individuals with COVID-19 
continued attending face-to-face classes for more than one 
day after the disease onset. The studies conducted in other 
Russian universities have also shown that about a quarter of 
students having symptoms of COVID-19 do not seek medical 
care [9, 10]. This is usually due to the fear of making up 

missed classes. University administration decided to switch 
the infected individuals to distance learning, i.e. the classes 
were not marked as missed and the infected students did 
not have to make up any classes. Furthermore, a poster 
was created with a message not to attend classes after the 
emergence of ARI signs. Such posters were stationed at the 
entrance to each department. These measures reduced twice 
the attendance rate of individuals showing ARI symptoms, 
which made it possible to reduce the incidence rate when 
used along with implementation of other preventive and anti-
epidemic measures. Rapid detection and isolation of infected 
people and exposed individuals along with strict compliance 
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with the face mask requirements are the key measures to 
control the spread of coronavirus infection.

During the pandemic (September–June 2020–2021 and 
2021–2022), the incidence among the University students 
and teaching staff generally resulted from their involvement in 
the COVID-19 epidemic process in St. Petersburg, however, 
it was lower compared to that observed in the aggregate 
population of St. Petersburg. More than 1,350,000 COVID-19 
cases were reported in St. Petersburg over the studied period, 
and the incidence that constituted 25 per 100 residents was 
higher than the incidence reported in the University. The 
highest incidence values were reported during the period of 
peak incidence in St. Petersburg. The relationships between 
the incidence rates of students and residents of settlements 
were described by some other researchers [11]. For example, 
the lower number of COVID-19 cases was registered among 
residents of Pennsylvania, who were not students, than among 
students [12].

Working in health care facilities was the main risk factor of 
morbidity in students. Active questioning of infected individuals 
made it possible to define the probable setting of transmission  
infection in more than a third of cases. Almost a half of them 
were contact  when working in the health care facilities , which 
to a great extent determined the incidence among senior 
students and residents. Thus, the incidence among students 
working in health care facilities of Barnaul exceeded the regional 
average by 4.7 times. The share of infected 4–6-year students 
was 75.3% [13]. The students of Smolensk medical university 
also noted that health care facilities were among the major 
probable  setting of transmission infection [14]. This is due to 
the clear COVID-19 status of patients in health care facilities 
and, probably, to the higher risk of infection in the context of 
medical care. Predominance of infection cases among junior 
University students is probably due to less knowledge and low 
adherence to preventive measures [15, 16].

The implemented measures made it possible to prevent 
high incidence among the University teaching staff members, 
which was extremely important, since many of them had some 

risk factors of severe COVID-19. The cumulative incidence of 
COVID-19 among teaching staff and students was 19.9 and 
22.3 per 100, respectively. 

The mass media of the Russian Federation repeatedly 
reported the COVID-19 outbreaks in the student dormitories. 
Thus, information about at least 15 outbreaks with the total 
number of affected individuals of at least 324 (4–79) was 
published on the open online resources. One of the studies 
showed that students living in the room together had a twice as 
much chance to become infected with COVID-19 than those 
who lived alone [5]. Active detection and isolation of infected 
and exposed individuals made it possible to avoid outbreaks 
among students living in the dormitories. The low percentage of 
re-infection  cases that were observed only during the spread 
of the SARS-CoV-2 Omicron strain should be noted. 

CONCLUSIONS

The incidence of novel coronavirus infection (COVID-19) 
among students and teaching staff members in the 
academic years 2020–2021 and 2021–2022 is directly related 
to their involvement in the COVID-19 epidemic process in 
St. Petersburg. The measures developed and implemented in 
the University in order to control the spread of novel coronavirus 
infection made it possible to prevent outbreaks among students 
and teaching staff and achieve the lower levels compared to 
overall population of St. Petersburg despite the face-to-face 
learning format. The incidence among students living in the 
dormitories over the entire period did not exceed that among 
individuals living in private apartments due to the development 
and implementation of active epidemiological surveillance for 
acute respiratory infections. No outbreaks among students living 
in the dormitories were detected, while mass media repeatedly 
reported COVID-19 outbreaks in the dormitories of other 
universities. Infection most often occurred upon exposure to the 
source of infection when working in the health care facilities. The 
experience of the University can be used in the future in case of 
new challenges related to the spread of infections.
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CLINICAL AND VIROLOGICAL CHARACTERISTICS OF CHRONIC HEPATITIS B AND RESPONSE 
TO ANTIVIRAL THERAPY 

Chronic hepatitis B (CHB) is a common infectious disease that represents one of the main causes of liver cirrhosis (LC) and hepatocellular carcinoma (HCC). CHB 

is still difficult to treat due to  the lack of drugs that completely eliminate hepatitis B virus (HBV) from hepatocytes. The study was aimed to describe the CHB clinical 

and laboratory features, assess the efficiency of antiviral therapy and identify the factors associated with the response to antiviral therapy. The results of clinical and 

laboratory assessment, instrumental examination, serological and molecular testing of the patients (n = 201) followed up between 2007–2021 in the Viral Hepatitis 

Diagnosis and Treatment Center at the Clinical Hospital No. 85 of FMBA of Russia were assessed based on primary sources. Most of the patients in the group 

were males (56.7%); the HBeAg-negative patients predominated (93%). LC was diagnosed in nine patients (4.5%), among them one patient had HCC. The HBV 

D genotype was determined in 95.4% of cases, А genotype in 3.1% of cases, and С genotype in 1.5% of cases. After a year of treatment with the nucleos(t)ide 

analogues (entecavir or tenofovir) 88% of patients showed no viremia and their biochemical parameters were back to normal (88%). The overall seroconversion 

rate was 41.7% for HBeAg and 3% for HBsAg. Thus, high rates of virological response and enzyme activity normalization were obtained. Low baseline viremia 

level is an independent prognostic factor of achieving a virological response. The HBsAg level in the end of therapy makes it possible to predict relapse after the 

treatment cessation.  
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КЛИНИКО-ВИРУСОЛОГИЧЕСКАЯ ХАРАКТЕРИСТИКА ХРОНИЧЕСКОГО 
ГЕПАТИТА В И ОТВЕТ НА ПРОТИВОВИРУСНУЮ ТЕРАПИЮ 

Хронический гепатит B (ХГВ) — широко распространенное инфекционное заболевание, одна из основных причин цирроза печени (ЦП) и 

гепатоцеллюлярной карциномы (ГЦК). Лечение ХГВ до сих пор затруднено из-за отсутствия препаратов, полностью элиминирующих вирус гепатита 

В (HBV) из гепатоцита. Целью работы было описать клинико-лабораторные особенности ХГВ, оценить эффективность противовирусной терапии и 

выявить факторы, ассоциированные с ответом на нее. На основании первичной документации проведена оценка результатов клинико-лабораторного 

и инструментального обследования, а также данных серологических и молекулярно-биологических методов исследований  пациентов (n = 201), 

наблюдавшихся в период 2007–2021 гг. в Центре диагностики и лечения хронических вирусных гепатитов КБ № 85 ФМБА России. Большинство 

пациентов в группе — мужчины (56,7%); преобладали HBeAg-негативные больные (93%). У девяти (4,5%) пациентов диагностирован ЦП, у одного из них — 

ГЦК. Генотип D HBV установлен в 95,4% случаев, А — в 3,1% и С — в 1,5%. После года терапии аналогами нуклеоз(т)идов (энтекавир или тенофовир) у 

88% пациентов отсутствовала виремия, нормализовались биохимические показатели (88%). Общий уровень сероконверсии по HBeAg составил 41,7% 

и по HBsAg — 3%. Таким образом, получены высокая частота достижения вирусологического ответа и нормализация активности ферментов. Низкий 

исходный уровень виремии является независимым прогностическим фактором для достижения вирусологического ответа. Уровень HBsAg в конце 

терапии позволяет прогнозировать рецидив после окончания лечения.  
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Chronic hepatitis B (CHB) which is widespread throughout the 
world represents a serious global public health issue. According 
to the World Health Organization, there are 296 million people 
with CHB all over the world, up to 1.5 million new cases of 
infection are reported annually. In 2019, a total of 820,000 died, 
mostly from such complications, as liver cirrhosis (LC) and 
hepatocellular carcinoma (HCC) [1].  

In the Russian Federation (RF) the CHB incidence rate 
stabilized at around 14.0–16.0 per 100,000 population in 
2000–2009. There had been a decreasing trend of CHB 
incidence since 2010. In 2020, the incidence rate was 4.4 
per 100,000 population, which was three times lower than in 
2010 (13.3 per 100,000 population). This was probably due to 
active immunization of the population. However, the incidence 
of CHB in some regions of the RF remains high. Thus, in 
2019, the CHB incidence in St. Petersburg was 44.0 per 
100,000 population, while it was 54.3 per 100,000 population 
in the Republic of Tuva, 25.0 per 100,000 population in the 
Sakha Republic (Yakutia), and 13.0 per 100,000 population in 
Moscow. The prevalence of CHB in some regions is close to 
1000 per 100,000 population, i.e. it constitutes about 1% of 
the total population [2–4]. 

The chronic infection caused by hepatitis B virus (HBV) 
is a dynamic process that reflects interaction between HBV 
replication and the patient's immune response. Five phases are 
conventionally distinguished in the natural course of chronic 
HBV infection based on the presence of HBeAg, HBV DNA 
levels, alanine aminotransferase (ALT) levels, and the absence 
or presence of the hepatic inflammation components [5]. 
Despite the variability in the course of chronic HBV infection, 
one third of patients eventually develop LC and 5–10% of 
patients develop HCC [6].

Antiviral therapy (AVT) slows down the disease progression, 
thereby reducing morbidity and mortality. However, regardless 
of the advances in therapy, recovery from CHB remains a 
challenging task, since antiviral drugs that are currently used 
in actual practice make it possible to achieve clinical remission, 
but do not eliminate HBV. Improving the survival rate by 
preventing the disease progression, LC decompensation, and 
HCC development is a final goal of the CHB treatment. 

The study was aimed to describe the CHB clinical and 
laboratory features, assess the efficiency of AVT and identify 
the factors associated with the response to AVT.

   
METHODS 

Primary sources (medical records) were analyzed in the Viral 
Hepatitis Diagnosis and Treatment Center. Among 989 medical 
records a total of 224 records of all patients infected with 
HBV who had been followed up between January 2007 and 
December 2021 were selected to provide the basis for the 
database. 

The results of clinical and laboratory assessment, serological 
and molecular testing, and instrumental examination were 
analyzed based on the primary sources.

Inclusion criteria for the retrospective observational study: 
male and female HBsAg-positive patients; age 18–75 years; 
availability of the informed consent.

Exclusion criteria: patients having incomplete records; 
patients with human immunodeficiency virus (HIV), hepatitis C 
virus (HCV), hepatitis D virus (HDV) co-infection; no informed 
consent available.

A total of 23 patients were excluded due to non-compliance 
with the inclusion criteria; the clinical group included 201 
people. The follow-up period was 1–15 years. The vast majority 

of patients (75.1%) were followed up during the first three 
years, a quarter of patients (23.4%) were followed up for 3–10 
years, and three patients (1.5%) were followed up for more than 
10 years. 

All the patients attached to the medical institutions of 
FMBA of Russia underwent a comprehensive examination that 
included analysis of complaints and the disease history along 
with physical examination when contacting the Center. The 
following data were recorded when performing examination: 
gender, age (at the time of the first visit), the date when HBsAg 
were first detected, and duration of HBV infection. Laboratory 
and instrumental tests were performed in accordance with the 
clinical guidelines [2, 7]. The complete blood count (red blood 
cells, hemoglobin, platelets, white blood cells), biochemical 
profile (total protein, albumin, cholesterol, ALT, aspartate 
aminotransferase (AST), total bilirubin (TB), direct bilirubin, 
alkaline phosphatase (ALP), gamma-glutamyl transferase 
(GGT)), coagulation profile (partial thromboplastin time (PTT), 
international normalized ratio (INR), fibrinogen, prothrombin 
index (PTI), prothrombin time) tests were performed with the 
analyzers used in the laboratory of the Clinical Hospital № 85 
of FMBA of Russia.

Serological markers of HBV infection (HBsAg), antibodies 
against HBsAg (anti-HBs), antibodies of the immunoglobulin G 
and M classes against the hepatitis B core antigen (anti-HBcore 
IgG, anti-HBcore IgM), HBeAg, antibodies against HBeAg 
(anti-HBe) were defined. The levels of HBsAg and anti-HBs 
were estimated by ensyme immunoassay (EIA). The HBV DNA 
was detected by polymerase chain reaction (PCR; sensitivity 
of the method was at least 50 IU/mL). The HBV genotypes 
were determined by the PCR amplification and sequencing of 
the viral genome fragment encoding the small surface protein 
(HBsAg).  

All patients underwent hepatobiliary and spleen ultrasonography 
(AIXPLORER; France) and esophagogastoduodenoscopy (EGD) 
according to the indications (OLYMPUS GIF-Е3; Japan). The liver 
stiffness was measured using the Fibroscan 502 Touch system 
(Echosens; France) according to the standard procedure. The 
fibrosis stage was determined in accordance with the METAVIR 
scoring system [8].

The virological response (VR) during treatment with the 
nucleos(t)ide analogues (NAs) was defined as achieving 
undetectable viremia (HBV DNA < 50 IU/mL), while VR 
during treatment with pegylated interferon — (PEG-IFN-α) 
for 12 months was defined as HBV DNA level < 2000 IU/mL; 
sustained virological response (SVR) was defined as the 
serum HBV DNA level < 2000 IU/mL 12 months after the end 
of therapy. Biochemical response (BR) was characterized by 
normal ALT activity (< 40 U/L). 

The following was diagnosed based on the asessment 
performed during the first visit: four (2%) patients had HBeAg(+) 
chronic HBV infection, 10 (5%) – HBeAg(+) CHB, 37 (18.4%) 
– HBeAg(-) CHB, and 150 (74.6%) – HBeAg(-) chronic HBV 
infection (inactive HBsAg carriers).

Progression of infection was detected in 31 patients during 
the follow-up in the Center (within 1–10 years after the first 
visit): HBeAg(+) CHB in three cases and HВeAg(–) CHB in 19 
cases. Furthermore, nine HBeAg(–) patients (4.5%) developed 
LC, among them one patient developed HCC. Probably, this 
was due to no AVT.

Statistical analysis

Statistical processing was performed using the SPSS 
25.0 software package (SPSS: An IBM Company; USA). 
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Table 1. Comparative characteristics of HBeAg(+) and HBeAg(–) patients

Parameters HBeAg(–), n = 187 HBeAg(+), n = 14 p*

Gender
Males
Females

103 (55.1%) 
84 (44.9%)

11 (78.6%) 
3 (21.4%)

0.152

Age, years 50.0 [36.0–58.0] 28.5 [20.5–45.5] 0.001

Red blood cells, 1012/L 4.7 [4.3–5.0] 4.8 [4.5–5.1] 0.488

Hemoglobin, g/L 144.0 [135.0–152.0] 147.5 [138.0–155.0] 0.268

White blood cells, 109/L 5.9 [4.9–6.8] 5.7 [4.3–6.3] 0.329

Platelets, 109/L 222.0 [194.0–256.0] 224.0 [201.0–267.0] 0.683

Total cholesterol, mmol/L 4.98 [4.3–5.8] 4.78 [4.1–5.2] 0.149

Total bilirubin, µmol/L 14.0 [10.25–18.9] 12.7 [9.1–18.0] 0.39

GGT, U/L 22.2 [15.9–35.1] 24.3 [18.6–43.0] 0.307

ALT, U/L
> 40.0 U/L

24.0 [18.0–36.0] 
37 (19.8%)

57.6 [34.9–78.0] 
10 (71.4%)

0.001 
<0.001"

AST, U/L
> 40.0 U/L

23.8 [19.9–34.0] 
32 (17.1%)

35.3 [30.3–46.0] 
6 (42.9%)

0.020 
0.029

Fibrosis, kPa 5.4 [4.5–7.2] 5.7 [5.4–6.9] 0.427

HBV DNA, log
10

 IU/mL 3.4 [1.0–4.1] 7.5 [3.2–7.8] 0.001

HBsAg, log
10

 IU/mL 3.4 [2.2–3.7] 4.1 [2.1–4.6] 0.259

Disease duration, years 5.0 [1.0–11.0] 5.0 [1.0–7.0] 0.726

Note: the data are presented as МЕ [25th and 75th percentiles] or n/N (%); *p — significance level.

Quantitative indicators were presented as median (МЕ) [25th 
and 75th percentiles], and the qualitative data were presented 
as percentage. The chi-squared test and the Fisher's exact 
test were used to compare qualitative clinical data between 
groups, while the numerical data were compared using 
the Mann–Whitney U test. Logistic regression was used to 
assess the factors related to undetectable HBV DNA levels. 
The cumulative rates of virologic relapse were estimated by 
the Kaplan–Meier method and compared using the log-rank 
test. The Cox regression analysis was used to assess the 
relationship between the risk factors and the virologic relapse. 
Log transformation was applied to the HBV DNA and HBsAg 
levels. A p-value lower than 0.05 was considered statistically 
significant. 

RESULTS

Characteristics of patients

A total of 201 patients were enrolled (114 males and 87 females, 
the male-to-female ratio was 1.3 : 1.0). The patients' median 
age at the time of the first visit was 50.0 [33.5–58.0] years and 
the median disease duration was 5.0 [1.0–11.0] years. The 
majority of patients had minimal clinical manifestations: fatique 
and the right upper quadrant pain. The patients were divided 
into two groups in accordance with their baseline HBeAg 
status: HBeAg positive (HBeAg(+)) and HBeAg negative 
(HBeAg(–)). The HBeAg(–) patients predominated (187/201; 
93%). The patients' demographic and clinical characteristics 
are provided in Table 1.

The median age of the HBeAg(–) patients was higher 
than that of the HBeAg(+) patients: 50.0 [36.0–58.0] years 

and 28.5 [20.5–45.5] years, respectively; p = 0.001. The 
HBeAg(+) patients showed higher median ALT activity than 
the HBeAg(–) patients (57.6 U/L and 24.0 U/L, respectively; 
p = 0.001). Furthermore, elevated ALT was reported in 19.8% 
of the HBeAg(–) patients and 71.4% of  the HBeAg(+) patients 
(p < 0.001).

Among 37 HBeAg(–) patients (19.8%), ALT activity was 
three times higher than the upper limit of normal (ULN) in 
28 cases, 3–5 times higher than the ULN in four cases, up 
to 5–10 times higher than the ULN in four cases, and more 
than 10 times higher than the ULN in one patient. A total of 10 
HBeAg(+) patients (71.4%) with elevated ALT were reported 
(ALT was three times higher than the ULN in eight of them and 
five times higher than the ULN in in two of them).

Likewise, the median AST level was higher in the HBeAg(+) 
patients than in the HBeAg(–) patients (35.3 U/L and 23.8 U/L, 
respectively; p = 0.020). The rate of the HBeAg(+) patients with 
elevated AST was 42.9% compared to the HBeAg(–) patients 
(17.1%) at p = 0.029. 

Assessment of liver fibrosis by transient elastography was 
performed in 151/201 patients (75.1%). The body mass index 
did not exceed 25 kg/m2. The following fibrosis stages were 
determined at the time of the first visit: F0/F1/F2 in 133/151 
cases (88.1%), F3/F4 in 18/151 cases (11.9%). The HBV DNA 
levels were defined in 194 patients: these were 7.5 [3.2–7.8] 
log IU/mL in the group of HBeAg(+) patients and 3.4 [1.0–4,1] 
log IU/mL in the group of HBeAg(–) patients (p = 0.001). 

The HBV genotype was studied in 65/201 patients (32.3%). 
Predominance of D genotype (62/65 (95.4%)) over the А 
(2/65 (3.1%)) and С (1/65 (1.5%)) genotypes was noted. HBV 
genotyping was performed in two HBeAg(+) patients, the HBV 
A and C genotypes were determined.
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Table 2. Antiviral drugs used for treatment of CHB (n = 66)

Note: ETV — entecavir; TBV — telbivudine; TDF — tenofovir disoproxil fumarate; LAM — lamivudine; PEG-IFN-α-2a — pegylated interferon α-2а; * — AVT in 2009–
2011; ** — TBV for 12 months in 2009–2010, then ETV.

Drugs HBeAg(–) patients HBeAg(+) patients 

ETV 37 6

TDF 1 3

TBV* 10 2

LAM* 2 0

PEG-IFN-α-2a 0 1

ETV, TDF 3 0

TBV**, ETV 1 0

Table 3. Comparative characteristics of HBeAg(+) and HBeAg(–) patients who received NAs

Note: the data are presented as МЕ [ 25th and 75th percentiles] or n/N (%); *p — significance level.

Parameters HBeAg(–) patients, n = 58 HBeAg(+) patients, n = 11 p*

Gender
Males
Females

28/58 (48.3%) 
30/58 (51.7%)

8/11 (72.7%) 
3/11 (27.3%)

0.137

Age, years 48.0 [32.0–57.0] 30.0 [25.0–52.0] 0.028

ALT, U/L
> 40.0 U/L

27.7 [18.1–48.4] 
 20/58 (34.5%)

60.6 [43.3–90.4] 
9/11 (81.8%)

0.006 
0.006

AST, U/L
> 40.0 U/L

25.3 [19.1–43.4] 
15/58 (25.9%)

44.8 [28.2–70.0] 
6/11 (54.5%)

0.016 
0.078

Platelets, 109/L
> 180 × 109/L

227.5 [179.0–269.0] 
43/58 (74.1%)

228.0 [201.0–255.0] 
11/11 (100.0%)

0.670 
0.105

Fibrosis, kPa 6.6 [5.3–10.4] 6.1 [5.4–7.6] 0.649

HBV DNA, log
10

 IU/mL 4.0 [3.3–4.8] 7.0 [3.6–8.0] 0.016

HBsAg, log
10

 IU/mL 3.3 [3.0–3.8] 4.3 [3.8–4.5] 0.105

Efficacy of AVT for CHB  

Currently, AVT for CHB approved in the RF involves the use 
of the nucleos(t)ide analogues (NAs) and pegylated interferons — 
(PEG-IFN-α). The NAs that are registered in Russia and are 
preferred for treatment of CHB include the drugs showing high 
antiviral activity: entecavir (ETV), tenofovir disoproxil fumarate 
(TDF), and tenofovir alafenamide (TAF). Since the patients 
followed up in the Center in 2007–2021 were enrolled, some 
patients received lamivudine (LAM) or telbivudine (TBV) during 
the first years of follow-up.

A total of 66 patients (32.8%) in the studied group who 
bought the drugs themselves received AVT. ETV was most 
often used by both HBeAg(–) and HBeAg(+) patients: 43/66 
(65.2%) received this drug only, while the others (23) received 
other antiviral medications (Table 2).

A total of 65 patients were prescribed NAs. Among them 
61 patients received only one drug, the treatment regimen was 
changed in four HBeAg(–) patients (antiviral drug was replaced by 
another one), that is why the total number of observations was 69 
(58 HBeAg(–) and 11 HBeAg(+) patients). Three patients received 
ETV for 21–36 months, then switched to TDF, one patient received 
TBV for 12 months, then switched to ETV (Table 3).

 The HBeAg(+) patients were younger and had higher ALT, 
AST, and viremia compared to the HBeAg(–) patients (Table 3). 
The median duration of therapy was 12.0 [11.0–30.0] months. 
The results of AVT with NAs (ETV, TDF, TBV, LAM) are provided 
in Table 4.

AVT efficiency in the HBeAg(+) patients

No viremia after 24, 48, 96 weeks of taking ETV was reported in 
3/6, 4/5, and 1/1 patients, respectively. In patients who received 

TDF, VR was achieved after 24, 48, 96 weeks in 0/3, 1/3, and 
1/3 patients, respectively. Two patients had been taking TBV 
for about two years; no viremia was detected in one of them 
after 24 and 48 weeks. 

SVR after discontinuation of treatment was achieved in 3/3 
patients. Among them one patient received TBV and the others 
received ETV.

The HBeAg seroconversion was reported in 4/11 patients 
(36.4%): it was associated with ETV therapy (two cases) or with 
TDF and TBV therapy (single cases).

When taking NAs, 2/11 HBeAg(+) patients (18.2%) who 
received ETV showed the HBsAg clearance, anti-HBs were 
found in 1/11 patient (9.1%). The HBsAg seroconversion was 
reported in this patient 27 months after the ETV discontinuation.

ALT activity back to normal after 24, 48, 96 weeks of taking 
ETV was reported in 1/6, 3/5, and 1/1 patients, respectively. As 
for patients who received TDF, no BR was observed after 24 
and 48 weeks of therapy; one patient out of three showed BR 
after 96 weeks.  ALT activity back to normal was observed in 
one patient treated with TBV out of two after 24 weeks, such 
ALT activity persisted at week 48 of therapy. 

Only one HBeAg(+) patient had been taking PEG-IFN-α-2a 
in a dose of 180 mg/week for 48 weeks; HBsAg and HBeAg 
seroconversion together with undetectable HBV DNA were 
reported in the end of therapy.

AVT efficiency in the HBeAg(–) patients

After 24, 48, 96 weeks of taking ETV no HBV DNA was reported 
in 78%, 92.1%, and 94.1% of patients, respectively. In patients 
who received TDF, VR was achieved after 24, 48, 96 weeks in 
3/4, 4/4, and 4/4 cases, respectively. A total of 11 patients had 
been taking TBV for about two years; VR was reported after 24 
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Table 4. Comparative efficiency of antiviral therapy with NAs

Note: the data are presented as n/N (%).

Table 5. Comparative efficiency of antiviral therapy with NAs in the HBeAg(+) and HBeAg(–) patients

Note: the data are presented as n/N (%); *p — significance level.

Virological response HBeAg(–) patients HBeAg(+) patients p*

24 weeks 46/58 (79.3%) 4/11 (36.4%) 0.007

48 weeks 50/54 (92.6%) 6/10 (60.0%) 0.016

96 weeks 20/21 (95.2%) 2/4 (50.0%) 0.057

24 weeks 55/58 (94.8%) 2/11 (18.2%) < 0.001

48 weeks 53/54 (98.1%) 4/10 (40.0%) < 0.001

96 weeks 20/21 (95.2%) 2/4 (50.0%) 0.057

SVR 3/3 (100.0%) 11/24 (45.8%) 0.222

and 48 weeks in 9/11 and 9/10 patients. VR was achieved after 
24 and 48 weeks of taking LAM in 2/2 patients.

SVR was achieved in 11/24 patients (45.8%). Among them 
three patients received TBV and eight patients received ETV. 
Virological relapse was reported in 13/24 patients (54.2%) after 
discontinuation of treatment with NAs, the median time was 6.0 
[6.0–11.0] months.

No HBsAg clearance was reported in any of the HBeAg(–) 
patients who had been taking NAs.

ALT activity back to normal after 24, 48, 96 weeks of taking 
ETV was reported in 95.1%, 97.4%, and 94.1% of patients, 
respectively. As for patients who received TDF, BR was 
achieved after 24, 48, 96 weeks in 3/4, 4/4, and 4/4 patients, 
respectively, while in patients treated with TBV and LAM it was 
achieved after 24 and 48 weeks.

Thus, in patients who received NAs with a high barrier 
to drug resistance (ETV and TDF), VR was achieved after 24 
and 48 weeks of treatment in 70.4 and 88.0%, while BR was 
achieved in 79.6 and 88.0%, respectively. It was shown that 
the rate of achieving VR and BR after 24 and 48 weeks of 
treatment with NAs was higher in the HBeAg(–) patients than in 
the HBeAg(+) patients, however, no differences were observed 
after 96 weeks of taking NAs (Table 5). After discontinuation 
of treatment with NAs, SVR was achieved in 14/27 patients 
(51.9%). When comparing the rates of achieving SVR, no 
significant differences were revealed between the HBeAg(+) and 
HBeAg(–) patients (p = 0.222). The HBeAg seroconversion was 
achieved in five cases (41.7%): after treatment with PEG-IFN-α 
(one case), ETV (two cases), TDF (one case), and TBV (one 
case). The HBsAg clearance was observed in three patients 
(4.5%): the patient who received PEG-IFN-α and two patients 

who received ETV. The HBsAg seroconversion was reported in 
two cases (3.0%) of treatment with PEG-IFN-α and ETV.

Factors affecting the ARV efficiency

Factors predictive of virological response

The univariate and multivariate logistic regression models were 
used to analyze the factors associated with VR at week 48 of 
the NA therapy. The univariate regression analysis identified the 
following factors associated with undetectable HBV DNA levels 
after 48 weeks of therapy: HBeAg status (p = 0.011); HBV 
DNA (p = 0.001) and ALT (p = 0.042) levels. The multivariate 
regression analysis showed that the baseline HBV DNA level 
(relative risk (RR) 0.411; 95% confidence interval (CI) 0.211–
0.800; р = 0.009) was an independent prognostic factor of 
aviremia (Table 6).

HBsAg as a predictor of SVR after discontinuation 
of NA therapy 

After discontinuation of NA therapy in 27 patients who had 
achieved VR, virological relapse was reported in 13/27 
individuals (48.1%). The cumulative rate of virological relapse 
6, 12, 24, and 36 months after discontinuation of NAs reached 
25.9%, 40.7%, 44.4%, and 48.1%, respectively. Most cases of 
virological relapse were detected during the first 12 months of 
follow-up (11/13; 84.6%). The Сох regression analysis taking 
into account gender, age, HBV DNA levels before treatment, 
HBeAg status, and the HBsAg levels in the end of therapy 
showed that higher HBsAg levels in the end of therapy were 

Virological response

ETV TDF TBV LAM

HBeAg(–) 
patients

HBeAg(+) 
patients

HBeAg(–) 
patients

HBeAg(+) 
patients

HBeAg(–) 
patients

HBeAg(+) 
patients

HBeAg(–) 
patients

Virological response

24 weeks
32/41 

(78.0%)
3/6 

(50.0%)
3/4 

(75.0%)
0/3 

(0.0%)
9/11 

(81.8%)
1/2 

(50.0%)
2/2 

(100.0%)

48 weeks
35/38 

(92.1%)
4/5 

(80.0%)
4/4 

(100.0%)
1/3 

(33.3%)
9/10 

(90.0%)
1/2 

(50.0%)
2/2 

(100.0%)

96 weeks
16/17 

(94.1%)
1/1 

(100.0%)
4/4 

(100.0%)
1/3 

(33.3%)

Biochemical response

24 weeks
39/41 

(95.1%)
1/6 

(16.7%)
3/4 

(75.0%)
0/3 

(0.0%)
11/11 

(100.0%
1/2 

(50.0%)
2/2 

(100.0%)

48 weeks
37/38 

(97.4%)
3/5 

(60.0%)
4/4 

(100.0%)
0/3 

(0.0%)
10/10 

(100.0%)
1/2 

(50.0%)
2/2 

(100.0%)

96 weeks
16/17 

(94.1%)
1/1 

(100.0%)
4/4 

(100.0%)
1/3 

(33.3%)
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Table 6. Univariate and multivariate analysis of the raw factors associated with VR after 48 weeks of therapy with the nucleos(t)ide analogues 

Note: *p — significance level.

Indicators
Univariate analysis Multivariate analysis

ОР 95% CI p* ОР 95% CI p*

Gender (female) 0.931 0.212–4.097 0.925

Age (increment 1 year) 1 0.954–1.049 0.988

HBeAg(+) status 0.12 0.024–0.609 0.011 0.248 0.027–2.249 0.215

HBV DNA (increment 1 log
10

 IU/mL) 0.336 0.180–0.627 0.001 0.411 0.211–0.800 0.009

ALT (increment 1 U/L) 0.993 0.986–1.000 0.042 0.996 0.986–1.005 0.392

AST (increment 1 U/L) 0.991 0.980–1.001 0.083

Platelets (less than 180 × 109/L) 0.818 0.146–4.582 0.819

Liver fibrosis (F3/F4) 0.485 0.072–3.290 0.459

predictive of virological relapse after discontinuation of NAs 
(RR: 3.909; 95% CI: 1.729–8.835; p = 0.001). 

The patients with SVR had lower HBsAg levels in the end of 
therapy than the patients with virological relapse (1.9 [1.4–2.6] 
and 3.5 [3.3–4.0] log10 IU/mL, respectively; р < 0.001).   

The patients were divided into three groups based on the 
HBsAg levels in the end of therapy:

Group 1: HBsAg < 100 IU/mL (n = 8);
Group 2: HBsAg — 100–1000 IU/mL (n = 6);
Group 3: HBsAg > 1000 IU/mL (n = 13).
No virological relapse was observed in patients of group 1, 

however, it was observed in 33.3% of group 2 (2/6) and 84.6% 
of group 3 (11/13). Significant intergroup differences in the 
virological relapse rate were revealed (log rank X2 = 12,280; 
р = 0.02). The HBsAg level < 100 IU/mL in the end of therapy 
was a significant predictor of SVR after discontinuation of NAs. 

DISCUSSION

The clinical presentation of chronic HBV infection is characterized 
by the long term mildly symptomatic or asymptomatic disease 
with rare exacerbations or no exacerbations at all. However, the 
main danger related to this infection is the high risk of LC and 
HCC that reaches 8–20% within 5 years after the diagnosis in 
individuals with chronic HBV infection [2]. Our study explains 
the CHB course in patients who have been followed up in the 
Center for 1–15 years. The majority of patients had minimal 
clinical manifestations: fatique and the right upper quadrant 
pain predominated. However, among them LC was diagnosed 
in nine patients (4.5%), one of these patients developed HCC.  

    Currently, the HBeAg(–) form of this infection predominates 
in many countries of the world, including the RF. According to 
the reference center of surveillance for viral hepatitis of the 
Central Research Institute of Epidemiology of Rospotrebnadzor, 
in 2015 the share of HBeAg(–) patients was 90%. Our study 
yielded the same result: the HBeAg(–) patients constututed 
93%. Predominance of the НBV D genotype (95.4%) was 
detected that was in line with the data of other studies focused 
on the HBV genotype distribution in Russia [7, 9].

The group of the HBeAg(+) patients is represented by 
younger individuals with the higher  viremia and higher rate of 
hyperenzymemia compared to the HBeAg(–) patients. 

Suppression of virus replication is an important goal of AVT 
and the basic premise of the CHB progression prevention. 
Currently, NAs are used for treatment of CHB in the world, 
including the RF, due to their high antiviral activity, low rate of 
side effects and the ease of use (1 tablet per day). Furthermore, 

NAs with a high barrier to drug resistance (ETV and TDF) are 
the top-priority drugs to be used for AVT.   

The data obtained confirm high efficiency of the ETV and 
TDF therapy in patients with CHB. Aviremia after 48 weeks of 
treatment with ETV or TDF was achieved in 88% of cases. This, 
some papers report aviremia in 89.4% [10] and 88% [11] of 
patients who received ETV for a year. The other authors also 
observed aviremia in 86.2% of patients after a year of treatment 
with TDF [12]. 

Our findings showed the differences in achieving aviremia 
between the HBeAg(–) and HBeAg(+) patients. The patients 
with the HBeAg(–) CHB had a higher rate of VR after 24 and 
48 weeks of treatment with NAs than the HBeAg(+) patients. 
Earlier it was shown that no HBV DNA was detected within the 
year of treatment in 75% of the HBeAg(+) patients and 99% 
of the HBeAg(–) patients who received ETV [10]. However, no 
differences in VR between patients of the Center were observed 
when performing treatment with NAs for 96 weeks.

Achieving BR defined as ALT activity back to normal can 
be considered as the desired therapy outcome. In the analyzed 
group of patients, BR was reported in 88% of cases after 48 
weeks of treatment with ETV or TDF. The other researchers 
also demonstrate high rate of the ALT activity normalization 
during treatment with ETV and TDF [13–15]. Furthermore, 
we have shown the differences in the BR rate between the 
HBeAg(–) and HBeAg(+) patients after 24 and 48 weeks of 
treatment with NAs, which is consistent with the data provided 
by other authors [12, 16, 17]. It has been shown that the 
presence of HBeAg before treatment can be predictive of the 
ALT normalization failure [18].

The HBsAg clearance with or without seroconversion 
is considered an optimal treatment outcome and recovery 
from CHB. In the analyzed group, the HBsAg clearance was 
observed only in three HBeAg(+) patients (4.5%): in one patient 
who received PEG-IFN-α and two patients who received ETV. 
The HBsAg seroconversion was reported in two cases (3%). 

The literature data suggest the higher rate of HBsAg 
clearance in patients with the HBeAg(+) hepatitis В. Thus, 
when performing treatment with TDF for 48 weeks, the HBsAg 
clearance after seven years was observed in 3.2% and 11.8% 
of patients with HBeAg(+) CHB and in 0% and 0.3% of patients 
with HBeAg(–) CHB, respectively [12, 19]. In general, very 
few (about 1%) of HBeAg(–) patients achieved the HBsAg 
clearance, even in case of the long term NA therapy (> 5 years) 
[11, 20]. The HBsAg clearance and seroconversion are more 
often reported in the HBeAg(+) CHB patients: 5–10% of the 
long term treatment cases [21, 22].
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As for patients of the Center, the lower baseline HBV DNA 
level was an independent factor associated with aviremia after 48 
weeks of treatment with NAs, which was consistent with the data 
reported by other authors [10]. They showed that the baseline HBV 
DNA level ≤7.6 log

10
 copies/mL was an independent prognostic 

factor of developing VR by year three of treatment. Similar results 
were obtained in a number of studies [23–25]. 

The virological relapse after the NA therapy discontinuation 
was observed in 13/27 patients of the Center (48.1%), while 
the higher HBsAg level in the end of therapy was predictive 
of virological relapse after the NA discontinuation. It has been 
shown that high baseline HBV DNA level and high HBsAg 
level in the end of treatment are the independent predictors 
of virological relapse [26]. In the analyzed group, no virological 
relapse was observed in patients with the HBsAg level in the 
end of therapy of less than 100 IU/mL, in contrast to patients 
with the levels of 100–1000 IU/mL (33.3%) and more than 
1000 IU/mL (86,4%), respectively. 

The recent systematic review that includes 11 studies 
involving 1716 patients suggests that the HBsAg levels in 
the end of therapy of less than 100 IU/mL are optimal for 
discontinuation of NAs and reduce the risk of virological relapse 
12 months after the therapy cessation or later [27].

CONCLUSIONS

Chronic infection caused by HBV is a slowly progressive 
disease with the typical asimptomatic or mildly symptomatic 
course, however, the risk of developing LC and HCC is 
relatively high. The timely AVT is the only way to prevent 
these complications. AVT with NAs ensure high rates of virus 
replication suppression and ALT normalization. Low baseline 
level of viral load is an independent prognostic factor of 
achieving VR. The HBsAg level in the end of therapy is useful 
for predicting the HBV infection relapse after the treatment 
cessation.
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