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BIOMARKERS OF SYSTEMIC INFLAMMATION AS EVALUATION CRITERIA 
FOR THE BODY’S ADAPTIVE CAPABILITIES UNDER WHOLE‑BODY COLD 
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Introduction. The complex of unfavorable natural and climatic factors in the North, creating a stressful living environment, induces a pro-
nounced tension in the immune responses that maintain homeostasis. Determining the type of adaptation reaction and the level of reactivity 
makes it possible to diagnose the functional state of the body and predict its response patterns to environmental factors.
Objective. Determination of systemic inflammation biomarker levels, calculated based on complete blood count data, for assessing the stress 
and failure of the adaptation process.
Materials and methods. The study examined 178 practically healthy volunteers (136 women and 42 men; mean age 31.17 ± 0.85 years). The 
assessment of the body’s adaptation state was carried out by analyzing leukograms. The types of non-specific adaptation reactions, levels of 
body reactivity, and adaptation state were determined according to Garkavi’s method. According to this method, all subjects were divided into 
the following groups: “physiological norm” (group 1) — 68 women and 23 men, mean age 31.59 ± 1.29 years; “adaptation stress” (group 2) — 
50 women and 10 men, mean age 31.21 ± 1.15 years; “adaptation failure” (group 3) — 18 women and 9 men, mean age 28.17 ± 2.51 years. 
General short-term cold exposure was modeled once in a climatic chamber (USHZ-25N, Russia), in which the subjects, dressed in cotton 
clothing, remained under continuous video observation for 5 min at an ambient air temperature of –25 °C. Hematological studies were per-
formed using an XS-500i analyzer. The content of catecholamines, cortisol, PPARγC1α, HIF‑1α, SIRT3, and BPI was determined by ELISA. 
Lymphocyte apoptosis and necrosis were assessed by double staining with Annexin V and propidium iodide (AnV/PI). The quantitative content 
of ATP was determined using the luciferin‑luciferase method. The following systemic inflammation indices were calculated: systemic immune-
inflammation index (SII), systemic inflammation response index (SIRI), and aggregate index of systemic inflammation (AISI). The results were 
processed using StatTech v.4.9.2 and Statistica 6.0 software. 
Results. In the “physiological norm” group, an increase in leukocyte counts, enhanced cell migration activity, and improved mitochondrial 
energy supply for their functional activity indicated high non-specific resistance and the absence of a stress effect from this type of cold expo-
sure. Under “adaptation stress”, the fastest cardiovascular responses aimed at maintaining temperature homeostasis were recorded, accom-
panied by increased catecholamine levels, enhanced leukocyte recirculation and migration, allowing the body to respond rapidly to short‑term 
stress factors. In the “adaptation failure” group, the baseline tension in the activity of regulatory systems, even after a single short‑term cold 
exposure, did not lead to the activation of effective thermoregulation mechanisms; leukocyte migration activity was slowed, significantly in-
creasing the risk of maladaptive and pro‑inflammatory reactions. It was established that SIRI, SII, and AISI are significant risk criteria for adap-
tation strain at SIRI ≥ 0.97, SII ≥ 447.43, AISI ≥ 216.24, and for adaptation failure at index values of ≥1.23, ≥449.76, and ≥239.58, respectively.
Conclusions. “Adaptation stress” and “adaptation failure” are characterized by changes in cellular and humoral parameters of peripheral 
blood even before the clinical manifestation of the disease, and these changes may be exacerbated by additional exposure to negative factors, 
even if their impact is short‑term. Baseline systemic inflammation indices (SIRI, SII, AISI) are significant predictors for assessing both “adapta-
tion stress” and “adaptation failure”. The use of these indices, calculated from complete blood count results, will make it possible to assess the 
presence of an initial imbalance in the body’s adaptation mechanisms, which may subsequently be aggravated by exposure to stress factors.
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БИОМАРКЕРЫ СИСТЕМНОГО ВОСПАЛЕНИЯ КАК КРИТЕРИИ ОЦЕНКИ АДАПТАЦИОННЫХ 
ВОЗМОЖНОСТЕЙ ОРГАНИЗМА ПРИ ОБЩЕМ ХОЛОДОВОМ ВОЗДЕЙСТВИИ 

В.П. Патракеева, В.А. Штаборов

Федеральный исследовательский центр комплексного изучения Арктики им. академика Н.П. Лаверова УрО РАН, 
Архангельск, Россия

Введение. Комплекс неблагоприятных природно-климатических факторов на Севере, создавая дискомфортную среду обитания, 
формирует выраженное напряжение иммунных реакций, обеспечивающих гомеостаз. Определение типа адаптационной реакции 
и уровня реактивности позволяет диагностировать функциональное состояние организма и прогнозировать варианты реагирова-
ния на факторы окружающей среды.
Цель. Определение уровней биомаркеров общего воспаления, рассчитываемых на основе данных общего анализа крови, для оцен-
ки напряжения и срыва процесса адаптации.
Материалы и методы. Обследовано 178  практически здоровых добровольцев (136 женщин и 42 мужчины; средний возраст 
31,17 ± 0,85 года). Оценка состояния адаптации организма проведена при анализе лейкограмм. Типы неспецифических адапта-
ционных реакций организма, уровни реактивности организма, состояние адаптации определяли по методике Л.Х. Гаркави. В со-
ответствии с ней все испытуемые были разделены на группы: «физиологическая норма» (группа 1) — 68 женщин и 23 мужчины, 
средний возраст 31,59 ± 1,29 года; «напряжение механизмов адаптации» (группа 2) — 50 женщин и 10 мужчин, средний возраст 
31,21 ± 1,15 года; «срыв процесса адаптации» (группа 3) — 18 женщин и 9 мужчин, средний возраст 28,17 ± 2,51 года. Моделирование 
общего кратковременного охлаждения проведено однократно в климатической камере (УШЗ-25Н, Россия), в которой испытуе-
мые находились в хлопковой одежде под постоянным видеонаблюдением в течение 5 мин при температуре атмосферного воз-
духа –25 °C. Гематологические исследования выполнены на анализаторе XS-500i. Методом ИФА определено содержание катехола-
минов, кортизола, PPARγC1α, HIF-1α, SIRT3, BPI. Апоптоз и некроз лимфоцитов определяли методом двойного окрашивания AnV/PI. 
Количественное содержание АТФ определяли при помощи люциферин-люциферазного метода. Рассчитаны индексы системного 
воспаления: SIRI, SII, AISI. Результаты исследования обработаны с использованием StatTech v.4.9.2, Statistica 6.0.
Результаты. В группе «физиологическая норма» повышение числа лейкоцитов, усиление миграционной активности клеток и мито-
хондриального энергообеспечения их функциональной активности свидетельствовало о высокой неспецифической резистентно-
сти и отсутствии стрессового влияния данного варианта холодового воздействия. При «напряжении механизмов адаптации» реги-
стрировали наиболее быстрые реакции со стороны сердечно-сосудистой системы, направленные на сохранение температурного 
гомеостаза, с повышением уровней катехоламинов, усилением рециркуляции и миграции лейкоцитов, что позволяло организму 
быстро реагировать на кратковременное влияние стрессовых факторов. При «срыве процесса адаптации» фоновое напряжение 
активности регуляторных систем даже при однократном кратковременном охлаждении не приводило к включению механизмов 
эффективной терморегуляции, при этом миграционная активность лейкоцитов была замедлена, что значительно повышало риск 
дезадаптационных и провоспалительных реакций. Установлено, что SIRI, SII, AISI являются значимыми критериями риска напря-
жения адаптации при уровне SIRI ≥ 0,97, SII ≥ 447,43, AISI ≥ 216,24 и ее срыва при значениях индексов ≥ 1,23, ≥ 449,76, ≥ 239,58 
соответственно.
Выводы. «Напряжение механизмов адаптации» и «срыв процесса адаптации» характеризуются изменением клеточных и гумораль-
ных показателей периферической крови еще до клинического проявления заболевания и могут усиливаться при дополнительном 
воздействии негативных факторов, даже если их влияние кратковременно. Фоновые индексы общего воспаления SII, SIRI, AISI 
являются значимыми предикторами при оценке «напряжения механизмов адаптации» и «срыва процесса адаптации». Использова-
ние данных индексов, рассчитываемых по результатам общего анализа крови, позволит оценивать наличие исходного дисбаланса 
в механизмах адаптации организма, которые могут в дальнейшем усилиться при воздействии стрессовых факторов.

Ключевые слова: напряжение; адаптация; неспецифическая резистентность; реактивность; общее охлаждение; биомаркеры; 
индекс системного воспалительного ответа; индекс системного воспаления; совокупный индекс системного воспаления
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INTRODUCTION

The complex of unfavorable natural and climatic fac-
tors in the North, by creating a stressful living en-
vironment, induces a pronounced tension in the 
immune responses that maintain homeostasis. In 

the Far North, the strain of adaptation mechanisms 
(adaptation stress) begins to manifest as early as 
childhood and is characterized by prolonged activa-
tion of the humoral component, including activation 
of the reaginic defense mechanism with elevated 
IgE levels [1].
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The combination of anthropogenic load and the dis-
comfort of climatic living conditions contribute to an ex-
acerbation of the imbalance in immune mechanisms, 
leading to the formation of specific variations of second-
ary immunodeficiencies. Stress is a general adaptation 
syndrome and represents a set of non‑specific reactions 
of the body during which energy and plastic resources 
are mobilized for the specific reconfiguration of various 
adaptive systems. In response to an exogenous or en-
dogenous stress factor, anti‑stress reactions involving 
immune and endocrine adaptation pathways are trig-
gered in the body. 

According to the theory of non‑specific adaptation 
reactions by Garkavi, one can distinguish calm activa-
tion reactions, heightened activation reactions, training 
reactions, and stress reactions, each characterized by 
a specific ratio of leukocytes in the peripheral blood [2]. 
Non‑specific adaptation reactions can have different lev-
els of reactivity (high, medium, low, and very low) cor-
responding to the degree of adaptation tension, which 
is determined by the maximum and minimum ranges 
of deviation in the cellular components of the leukocyte 
formula. Determining the type of reaction and the level 
of reactivity makes it possible to diagnose the function-
al state of the body and predict its response patterns 
to environmental factors. This approach to assessing 
non‑specific resistance is simple and informative, ena-
bling its use in studying the health structure of popula-
tions, evaluating stress levels and the recovery process, 
as well as the effectiveness of treatment during rehabili-
tation [3–6]. 

In assessing the state of health, in addition to “a state 
of complete physical, mental, and social well‑being,” 
one of the important aspects is the ability to adapt to 
changing environmental conditions and to maintain the 
functional activity of regulatory systems for a long time 
without disrupting compensatory‑adaptive reactions or 
developing disease and pathological conditions. 

The body’s adaptive capacity can be regarded as an 
integral indicator of health. Changes in the cellular com-
position of the blood in response to both external and 
internal factors are not visually apparent, but their devia-
tion from the norm leads to the formation of maladaptive 
reactions. When assessing the intensity of inflammation 
in patients with various diseases, as well as for predicting 
treatment outcomes and disease progression, inflam-
mation indices calculated from complete blood count 
data are used: the systemic inflammation response in-
dex (SIRI), the systemic immune-inflammation index (SII), 
and the aggregate index of systemic inflammation (AISI). 
These are easy‑to‑determine, cost‑effective clinical 
markers that provide valuable prognostic and diagnostic 
information, offering a holistic view of inflammatory pro-
cesses throughout the body. 

Elevated levels of systemic inflammation mark-
ers are associated with the risk of complications from 

COVID‑19, atherosclerosis, hypertension, type 2 diabe-
tes mellitus, and other diseases [7–15]. It is of interest to 
study the baseline levels of systemic inflammation mark-
ers in practically healthy individuals permanently resid-
ing in northern territories, which could serve as reliable 
predictors of the development of adaptation stress and 
adaptation failure, including during short‑term single ex-
posure to a stress factor.

Aim — to determine the levels of systemic inflamma-
tion biomarkers calculated from complete blood count 
data for the assessment of adaptation stress and adap-
tation failure. 

MATERIALS AND METHODS 

A total of 178  practically healthy volunteers were ex-
amined, including 42 men and 136 women; mean age 
31.17  ±  0.85  years. All subjects were born and per-
manently resided in the North of the European part of 
Russia. Throughout the study, the participants had no 
acute diseases or exacerbations of chronic diseases, 
and had not previously engaged in nor were currently 
undergoing cold hardening procedures. The study was 
conducted in the morning from 8:00 to 10:00, strictly on 
an empty stomach. 

Short‑term whole-body cold exposure was simulat-
ed once in a climatic chamber (USHZ-25N, Russia), in 
which the subjects, dressed in cotton clothing, remained 
under continuous video observation for 5 min at an am-
bient air temperature of -25 °C. 

Before and immediately after general cooling, 
three‑fold measurements of forehead skin temperature 
were taken (GP‑300 non‑contact infrared medical ther-
mometer, China). Changes in systemic hemodynamics 
were assessed using blood pressure (systolic blood 
pressure — SBP; diastolic blood pressure — DBP) and 
heart rate measurements (Omron M3 Expert tonometer, 
China). 

Blood collection was performed by qualified person-
nel from the cubital vein into Vacuette vacuum tubes with 
EDTA to obtain plasma and for hematological studies, 
and into tubes with a clotting activator to obtain serum. 
Serum and plasma were separated by centrifugation. 
The samples were frozen once at -20 °C. 

To determine the type of adaptation reaction (stress, 
training, calm activation, heightened activation, overac-
tivation) and the degree of adaptation tension (grades 0, 
I, II, III, IV) according to Garkavi’s method and in accor-
dance with the “Screening methods for assessing body 
adaptation in outpatient practice”, a leukogram analy-
sis of the subjects was performed1. First, based on the 
relative lymphocyte count, the type of non‑specific ad-
aptation reaction was determined: “stress” — lympho-
cyte count <20%; “training reaction” (TR) — 20–27.5%; 
“calm activation” (CAR) — 28–34%; “heightened activa-
tion” (HAR) — 34.5–44%; “overactivation” — >40–44%. 

1	 Khursa RV, Eryomina NM, Korzun NN. Screening methods for assessing body adaptation in outpatient practice: educational and methodological manual. Minsk: 
BSMU; 2018.
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Based on the calculated proportions of monocytes, 
eosinophils, basophils, band neutrophils, and the total 
leukocyte count, taking into account deviations of the 
parameters within the lower or upper half of the refer-
ence range, the levels of body reactivity (high, medium, 
low, and very low) were determined. When assessing 
the adaptation state, the following categories were dis-
tinguished: “physiological norm”, “adaptation stress”, 
and “adaptation failure”. For this purpose, for each type 
of adaptation reaction, the number of individuals with 
different body reactivity levels was determined. For the 
CAR and HAR types with high or medium reactivity, as 
well as for the TR type with high reactivity, the adapta-
tion state was assessed as “physiological norm”. For the 
HAR and CAR types with low reactivity, the TR type with 
medium reactivity, and the stress type with high reac-
tivity, the adaptation state was assessed as “adaptation 
stress”. For the stress type with medium or low reactivity, 
the overactivation type with low reactivity, and all reac-
tions with very low reactivity, the adaptation state was 
assessed as “adaptation failure”.

According to the type of adaptation reaction and 
the degree of adaptation tension, the subjects were 
divided into the following groups: “physiological norm” 
(group 1) — 68 (74.73%) women and 23 (25.27%) men, 
mean age 31.59  ±  1.29  years; “adaptation stress” 
(group 2) — 50 (83.33%) women and 10 (16.67%) men, 
mean age 31.21  ±  1.15  years; “adaptation failure” 
(group 3) — 18 (66.66%) women and 9 (33.33%) men, 
mean age 28.17 ± 2.51 years. 

Hematological studies were performed on an 
XS‑500i hematology analyzer (Sysmex, Japan). In blood 
smears stained according to Romanowsky–Giemsa, a 
lymphocytogram was examined under a Vision Hema 
microscope (West Medica, Austria) at immersion magni-
fication ×40 using the Kassirsky method. [16], determin-
ing the content of large (>12 μm), medium (8–12 μm), and 
small (<8 μm) lymphocytes. 

The following parameters were determined by en-
zyme‑linked immunosorbent assay: adrenaline (IBL, 
Germany), noradrenaline (IBL, Germany), cortisol (DBC, 
Canada), and bactericidal/permeability-increasing pro-
tein (BPI) (Hycult Biotech, Netherlands). In lymphocyte 
lysates, the concentrations of hypoxia‑inducible fac-
tor 1‑alpha (HIF‑1α) (Cloud‑Clone Corp., USA), sirtuin 3 
(SIRT3) (RayBiotech, USA), and peroxisome prolifer-
ator‑activated receptor gamma coactivator 1‑alpha 
(PPARγC1α) (Cloud‑Clone Corp., USA) were determined. 
Results were evaluated using a Multiscan FC plate read-
er (Thermo Scientific, USA). 

The quantitative ATP content was determined in 
100 μl of a lymphocyte suspension at a concentration 
of 106 cells per μmol using the luciferin‑luciferase meth-
od. The reaction results were assessed using a LUM‑1 
luminometer (Lumtek, Russia) with standard Lumtek 
reagent kits. 

The phagocytic activity of neutrophils was deter-
mined using a 1% suspension of latex particles 1.5 μm 

in size (Diaem, Russia). For this purpose, 100 μl of a la-
tex suspension for phagocytosis was added to 100 μl 
of peripheral blood, and the mixture was incubated in 
a thermostat at 37 °C for 30 min. Blood smears were 
fixed according to May–Grünwald and stained accord-
ing to Romanowsky–Giemsa. Phagocytic activity was 
assessed under a microscope at  ×1000 magnification 
(per 100 cells). The percentage of neutrophils that had 
phagocytosed particles and the average number of 
phagocytosed latex particles per cell were counted. 

The level of lymphocyte apoptosis and necrosis 
was determined using an Epics XL flow cytofluorimeter 
(Beckman Coulter, USA) by double staining with annex-
in V  (AnV) and propidium iodide  (PI), analyzing at least 
5,000  cells. The results were evaluated based on cell 
staining patterns: live cells  — AnV–/PI–; early apopto-
sis — AnV+/PI–; late apoptosis — AnV+/PI+; and necro-
sis — AnV–/PI+.

The following systemic inflammation indices were 
calculated [17–19]:
•	 systemic inflammation index (SII)  =  neutrophil 

count × platelet count / lymphocyte count;
•	 systemic inflammation response index (SIRI) = neu-

trophil count × monocyte count / lymphocyte count;
•	 aggregate inflammation systemic index (AISI) = neu-

trophil count × monocyte count × platelet count / lym-
phocyte count. 
The study results were processed using the 

StatTech  v.  4.9.2 software package (Stattech, Russia) 
and Statistica 6.0 (StatSoft, USA). Quantitative param-
eters were assessed for normality of distribution using 
the Shapiro–Wilk test. Mean values (M) and standard 
deviations (SD) were determined. For distributions close 
to normal, the Student’s t‑test was used to compare re-
sults, with differences considered significant at p < 0.05. 
In the absence of a normal distribution, quantitative data 
were described using the median (M

e
) and the lower and 

upper quartiles  [Q
1
;  Q

3
]. The statistical significance of 

differences was determined using the non‑parametric 
Mann–Whitney U-test. Rates of increase and decrease 
were calculated to assess the dynamics of changes in 
parameter levels. ROC curve analysis was used to evalu-
ate the discriminatory ability of quantitative features for 
predicting adaptation stress or adaptation failure. The 
cut‑off value was determined by the maximum Youden 
index. Differences were considered statistically signifi-
cant at p < 0.05.

RESULTS AND DISCUSSION

Initially, we determined the types of adaptation reaction 
and the degree of adaptation tension. Analysis of leu-
kograms showed that 51.41% of the examined subjects 
corresponded to the “physiological norm” adaptation 
level, “adaptation stress” was identified in 33.80% of 
participants, and “adaptation failure” in 15.25%. 

When studying the cardiovascular system’s re-
sponse to general cold exposure, a compensatory 
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vasoconstrictor reaction aimed at maintaining tem-
perature homeostasis was observed, characterized by 
a statistically significant increase in blood pressure in 
two groups: in the “physiological norm” group — DBP 
from 76.35  ±  0.83 to 77.96  ±  0.97  mmHg and SBP 
from 122.68 ± 1.41 to 125.59 ± 1.37 mmHg; in the “ad-
aptation stress” group  — DBP from 76.05  ±  1.07 to 
77.35  ±  1.24  mmHg and SBP from 122.27  ±  1.35 to 
125.26  ±  1.45  mmHg. In the third group, “adaptation 
failure”, no significant changes in blood pressure param-
eters were found. 

A decrease in body temperature was observed in 
subjects across all study groups. Calculation of the rate 
of temperature decrease showed that the fastest change 
occurred in the “adaptation stress” group  — 10.16%, 
while the smallest change was in the “adaptation failure” 
group — 5.74%. In the “physiological norm” group, the 
rate of temperature decrease was borderline, at 7.54%. 

Thus, for the “physiological norm” group, this type of 
cold load was not stressful, and the range of adaptive 
reactions was small. In the “adaptation stress” group, 
the responses were more pronounced, while in the “ad-
aptation failure” group, they were delayed.

The mean cortisol concentration in the peripheral 
blood of subjects in group 3 (“adaptation failure”) was 
significantly higher and at the upper limit of the physi-
ological norm — 526.75 ± 25.48 nmol/L (Fig. 1). In the 
“physiological norm” adaptation reaction (group 1) and 
“adaptation stress” (group 2), cortisol levels did not differ 
significantly and were significantly lower: 317.60 ± 35.39 
and 314.26 ± 30.70 nmol/L, respectively. 

Catecholamine levels in the study groups were with-
in the physiological norm; however, in the “adaptation 
stress” group (subjects in group 2), the concentrations 
of adrenaline and noradrenaline were statistically sig-
nificantly lower, which may indicate depletion of the neu-
rotransmitter component under conditions of chronic 
stress (Fig. 2). 

After short‑term whole-body cold exposure, the ra-
tio of cortisol levels in the study groups did not change 
significantly; however, in the “adaptation failure” group 
(subjects in group 3), the highest cortisol level was main-
tained — 415.93 ± 15.87 nmol/L; in group 2 with “adap-
tation stress” — 302.53 ± 28.53 nmol/L (p < 0.001); in 
participants from group 1 with the “physiological norm” 
adaptation type — 330.82 ± 35.78 nmol/L (p < 0.001). 

During the study, changes in catecholamine levels in 
response to cold exposure were observed. In subjects 
with “adaptation stress” (group 2) and “adaptation failure” 
(group 3), the catecholamine response was character-
ized by increased levels of adrenaline (up to 45.70 ± 3.37 
and 61.22 ± 10.25 pg/mL, respectively) and noradrena-
line (up to 104.77 ± 9.05 and 152.48 ± 7.67 pg/mL, re-
spectively). This may have contributed to the mobiliza-
tion of adaptive systems and changes in hemodynamics 
aimed at maintaining homeostasis in response to exter-
nal stimuli.

In the group of participants with the “physiological 
norm” adaptation type, a statistically significant increase 
in the total pool of circulating lymphocytes in the periph-
eral blood was observed in response to general cooling, 
from 1.78  [1.40; 2.09] to 1.82  [1.47; 2.23]  ×  109 cells/L 
(p < 0.05). Lymphocytes are characterized by high mi-
tochondrial activity in terms of the intracellular concen-
tration of PPARγC1α (peroxisome proliferator‑activated 
receptor gamma coactivator 1‑alpha), a key regulator 
controlling mitochondrial quantity and biogenesis, and 
the lowest HIF‑1α/SIRT3 ratio. This manifested as an 
increase in intracellular ATP and a twofold increase 
in ATP levels after cooling, from 1.61  [0.57;  3.03] to 
3.12  [1.48;  4.16] μmol/106  cells (p  <  0.01) (Table  1). 
PPARγC1α is involved in antioxidant defense and regu-
lates mitochondrial reactive oxygen species generation 
by increasing the expression of uncoupling proteins 

Figure prepared by the authors based on their own data

Fig. 1. Baseline serum cortisol level in the subjects 
before cold exposure

Figure prepared by the authors based on their own data

Fig. 2. Baseline plasma catecholamine level before 
whole-body cold exposure. * — p < 0.01 statistical sig-
nificance of differences between groups 1 and 2; statistical 
significance of differences between groups 2 and 3; ▲ — 
p < 0.01; ◊ — p < 0.001
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UCP2 and UCP3, thereby participating in thermoregu-
lation processes  [20–22]. An increase in antioxidant 
defense is a necessary factor in the formation of stable 
adaptation of the body to low‑temperature exposure, 
including the protection of cell membranes from the 
formation of protein‑lipid cross‑links that increase their 
microviscosity, which reduces migratory activity and in-
creases the likelihood of hypoxic and chronic infectious 
conditions. 

In the second group of subjects with “adaptation 
stress”, no changes in the content of circulating lympho-
cytes were recorded; their levels were 1.62 [1.26; 2.28] 
and 1.57  [1.26; 2.03] × 109 cells/L, respectively. At the 
same time, the intracellular ATP content decreased 
statistically significantly from 1.26  [0.21;  2.07] to 
1.04  [0.55;  1.49] mmol/106  cells. However, this group 
was characterized by the highest concentration of 
PPARγC1α, indicating a switch to predominantly mito-
chondrial energy supply for the cells. Under stress (ad-
aptation failure group), mitochondrial activity of cells was 
lower, with a shift in metabolic activity toward glycolysis 
and activation of hypoxia‑inducible factor, accompanied 

by a decrease in lymphocyte levels from 1.67 [1.26; 2.17] 
to 1.43 [1.14; 2.12] × 109 cells/L (p < 0.05). The ATP level in 
circulating lymphocytes increased from 0.96 [0.53; 3.23] 
to 1.80 [0.66; 2.15] mmol/106 cells.

It was shown that after general cooling, in subjects of 
group 1 (“physiological norm”) and group 2 (“adaptation 
stress”), an increase in the number of small lymphocytes 
was recorded in the lymphocytogram structure, with 
their growth rates being 4.80% and 20.91%, respec-
tively (Fig. 3). In the “adaptation failure” group (group 3), 
the content of small lymphocytes did not change sig-
nificantly. An increase in the number of circulating small 
lymphocytes is a positive adaptive response for main-
taining homeostasis under low‑temperature exposure, 
by enhancing tissue sanitation and subsequent anti-
gen‑stimulated differentiation and proliferation of cells in 
the lymph nodes [23].

The level of lymphocyte necrosis did not change un-
der this type of cold exposure in subjects from all study 
groups (Fig.  4). In the first group of subjects with the 
“physiological norm” adaptation type, cold exposure 
did not significantly affect the number of lymphocytes 

Table 1. Levels of intracellular markers associated with lymphocyte metabolic activity

Parameter

Comparison groups

Group 1: 
“physiological 

norm” 

Group 2: 
“adaptation 

stress”

Group 3: 
“adaptation 

failure”

Peroxisome proliferator‑activated receptor gamma 
coactivator 1‑alpha (PPARγC1α), 109 cells/L

1.08 ± 0.15 1.33 ± 0.41* 0.97 ± 0.13■

Hypoxia‑inducible factor 1‑alpha (HIF‑1α), 109 cells/L 1.86 ± 0.24 1.91 ± 0.10 1.18 ± 0.29◊

Sirtuin 3 (SIRT3), 109 cells/L 0.42 ± 0.07 0.31 ± 0.06 0.14 ± 0.02◊

Hif1α/SIRT3 4.42 6.16* 8.42◊

Table compiled by the authors based on their own data

Note. * — statistical significance of differences between groups 1 and 2 at the level of p < 0.01; ■ — significance of differences between groups 
1 and 3 at the level of p < 0.05, ◊ — p < 0.01; data are presented as mean value and standard deviation (M ± SD).
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Fig. 3. Lymphocytogram structure: pre‑ and post‑cold exposure in comparison groups. ▲ — significance of differ-
ences p < 0.01; * — significance of differences p < 0.001
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labeled for apoptosis, either early or late. In the “adapta-
tion stress” group, the level of late apoptosis increased. 
In the “adaptation failure” group, the percentage of cells 
in early apoptosis significantly increased. Apoptosis, 
as a form of cell death, regulates cellular homeostasis 
and the processes of physiological cell regeneration; it 
can be initiated by both internal and external factors of 
the extracellular microenvironment, such as hypoxia, is-
chemia/reperfusion, exposure to physical and chemical 
agents, disruption of cell cycle signaling, and others [24]. 
Some studies have shown that apoptosis can be revers-
ible, and cell survival or death depends on the balance 
of pro‑apoptotic and anti‑apoptotic stimuli [25–27]. The 

cancellation of apoptosis is associated with cell survival, 
differentiation, and proliferation, which, on the one hand, 
serves as a mechanism of recovery, but is also a risk 
factor for increased cell mutagenesis in response to ex-
ternal stimuli.

In subjects of group 1 with the “physiological norm” 
adaptation type, an increase in neutrophil release from 
the depot and an expansion of the circulating neutro-
phil pool, as well as migration into tissues with a more 
intensive rate of increase in the capillary blood count, 
were recorded in response to general cooling (Table 2). 
In all groups, no changes were observed in the activity 
of phagocytic reactions or in the level of BPI.

Table 2. Parameters of neutrophil phagocytic activity in subjects before and after whole-body cold exposure

Parameter

Comparison groups

Group 1: 
“physiological norm”

Group 2: 
“adaptation stress”

Group 3: 
“adaptation failure”

cold exposure cold exposure cold exposure

before after before after before after

Percentage of active 
phagocytes, %

70.00
[60.00; 81.00]

69.50
[60.00; 83.00]

73.50
[59.00; 92.00]

74.00 
[65.00; 87.00]

70.00 
[60.00; 85.00]

73.00 
[52.00; 86.00]

Phagocytic intensity, 
particles/cell

4.70 
[3.47; 5.90]

4.55 
[3.56; 6.90]

5.00 
[3.64; 6.90]

4.90 
[4.00; 6.87]

5.90 
[4.50; 9.20]

6.09 
[4.95; 9.40]

Bactericidal/permea-
bility‑increasing protein 
(BPI), pg/mL

0.46
[0.33; 0.55]

0.40 
[0.36; 0.53]

0.38 
[0.32; 0.51]

0.38 
[0.34; 0.52]

0.32 
[0.23; 0.48]

0.40 
[0.36; 0.53]

Venous blood 
neutrophils, ×109 cells/L

2.84 
[2.32; 3.22]

3.06 
[2.52; 3.67]*

2.58 
[2.15; 3.67]

2.93 
[2.15; 3.90]

4.66 
[3.19; 6.39]

5.17 
[3.58; 6.43]

Capillary blood 
neutrophils, ×109 cells/L

2.82 
[2.18; 3.22]

3.22 
[2.60; 3.97]▲

3.10 
[2.23; 3.87]

3.50 
[2.40; 4.15]

3.62 
[2.80; 5.47]

4.84 
[3.65; 6.98]

Table compiled by the authors based on their own data

Note. Data are presented as the median and interquartile range M
e
  [Q

1
; Q

3
]; * — significance of differences p < 0.05; ▲ — significance of 

differences p < 0.001.

Figure prepared by the authors based on their own data

Fig. 4. Levels of lymphocyte necrosis and apoptosis in volunteers before and after whole-body cold exposure. 
▲ — significance of differences p < 0.01; * — significance of differences p < 0.001
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It was found that in subjects from all observation 
groups, monocyte levels were higher in capillary blood. 
After cold exposure in the “physiological norm” group, 
the number of monocytes increased in both venous and 
capillary blood, indicating stimulation of cell release from 
the depot and activation of their migration into tissues. In 
subjects with “adaptation stress,” a significant increase 
in monocytes was recorded in capillary blood, increas-
ing the likelihood of their further migration into tissues. 
In group  3 (“adaptation failure”), monocyte migration 
through small vessels was slowed, against the back-
ground of a significant increase in their level in peripheral 
blood, which may indicate increased activity of inflam-
matory reactions (Table 3). 

The different baseline state of the body under a single 
short‑term general cold exposure is characterized by the 
formation of distinct adaptive adjustments. In subjects 
with the “physiological norm” adaptation type (group 1), 
the increase in leukocyte count, enhanced cell migra-
tion activity, and improved mitochondrial energy supply 
for their functional activity indicated high non‑specific 
resistance and the absence of a stress effect from this 

factor. In the “adaptation stress” group (group  2), the 
fastest responses were recorded from the cardiovascu-
lar system, aimed at maintaining temperature homeosta-
sis, with increased catecholamine levels and enhanced 
leukocyte recirculation and migration. Thus, the baseline 
state of “adaptation stress” allows for rapid responses to 
short‑term stress challenges. In the “adaptation failure” 
group (group  3), the baseline tension in the activity of 
regulatory systems, even under a single short‑term cold 
exposure, did not lead to the activation of effective ther-
moregulation mechanisms, while leukocyte migration 
activity was slowed, significantly increasing the risk of 
maladaptive and pro‑inflammatory reactions.

It is of interest to identify effective markers (systemic 
inflammation indices) for assessing the baseline state of 
the body evaluated as “adaptation stress” and “adapta-
tion failure”.

The mean values of the SIRI, SII, and AISI indices 
are presented in Table 4. It was found that their levels 
in “adaptation stress” and “adaptation failure” were sta-
tistically significantly higher than in the “physiological 
norm”. 

Table 3. Monocyte levels in peripheral venous and capillary blood of subjects before and after whole-body cold 
exposure

Parameter

Comparison groups

Group 1:  
“physiological norm”

Group 2: 
“adaptation stress”

Group 3: 
“adaptation failure”

cold exposure cold exposure cold exposure

before after before after before after

Venous blood monocytes, 
109 cells/L

0.41
[0.30; 0.53]

0.51
[0.41; 0.59]▲

0.48
[0.37; 0.63]

0.52
[0.41; 0.67]

0.46
[0.26; 0.80]

0.68
[0.59; 0.86]*

Capillary blood monocytes, 
109 cells/L

0.46
[0.32; 0.59]

0.56
[0.45; 0.70]▲

0.51
[0.40; 0.60]

0.61
[0.49; 0.49]*

0.64
[0.46; 0.91]

0.71
[0.50; 0.93]

Table compiled by the authors based on their own data

Note. Data are presented as the median and interquartile range M
e
  [Q

1
; Q

3
]; * — significance of differences p < 0.05; ▲ — significance of 

differences p < 0.001.

Table 4. Systemic inflammation indices across the study groups

Index
Study groups

Group 1: “physiological norm” Group 2: “adaptation stress” Group 3: “adaptation failure”

SIRI 
0.72

[0.58; 0.88]▲
0.94

[0.46; 1.15]
1.94

[1.35; 2.44]■

SII 
324.56

[272.68; 423.26]◊
477.83

[407.80; 558.26]
549.05

[491.36; 659.44]♦

AISI
156.14

[116.67; 207.99]*
198.74

[118.10; 305.62]
335.69

[288.63; 566.38]■

Table compiled by the authors based on their own data

Note. Data are presented as median and interquartile range M
e
 [Q

1
; Q

3
]; significance of differences between groups 1 and 2 * — p < 0.05, ▲ — 

p < 0.01, ◊ — p < 0.001. Significance of differences between groups 2 and 3. ♦ — p < 0.05, ■ — p < 0.001.
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To assess the discriminatory ability of the inflamma-
tion indices in predicting a specific outcome  — either 
“adaptation stress” or “adaptation failure”  — the ROC 
curve analysis method was applied, and the cut‑off val-
ues of the studied parameters were calculated (Table 5).

It was found that the systemic inflammation indices 
are statistically significant predictors for forecasting ad-
aptation stress. The cut‑off values (corresponding to the 
highest Youden index) were: for SIRI — 0.966, for SII — 
447.427, and for AISI — 216.24. Adaptation stress was 
predicted when the index values were equal to or above 
these thresholds (Fig. 5).

When assessing the discriminatory ability for the 
“adaptation failure” state using SIRI, SII, and AISI with 
ROC analysis, the curves shown in Figure 6 were ob-
tained. It was found that the systemic inflammation indi-
ces are statistically significant predictors for forecasting 
adaptation failure. The cut‑off values (corresponding to 
the maximum Youden index) were: for SIRI — 1.231, for 

SII — 449.761, and for AISI — 239.580. Adaptation failure 
was predicted when the index values were equal to or 
above these thresholds. The obtained data are consis-
tent with the literature data on the assessment of these 
indices in various pathologies; in particular, it has been 
shown that cut‑off values of SIRI > 1.05, AISI > 248, and 
SII ≥ 694.3 are associated with the risk of cardiovascular 
pathology, atherosclerosis, thrombosis, and acute coro-
nary syndrome [28–30].

CONCLUSIONS

The formation of adaptive and maladaptive reactions 
in response to environmental factors depends on the 
baseline level of adaptation mediators and the energy 
supply of immunocompetent cells. The “physiological 
norm” group is characterized by a high level of non‑spe-
cific resistance in response to the type of cold exposure 
studied in this work. 

Figure prepared by the authors based on their own data

Fig. 5. ROC curves characterizing the discriminatory 
ability of systemic inflammation indices in predicting 
adaptation stress. SIRI  — systemic inflammation re-
sponse index; SII — systemic immune-inflammation index; 
AISI — aggregate index of systemic inflammation
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Table 5. ROC analysis results

Index
Cut‑off value 
of the index 

for adaptation stress
AUC

95% CI 
(confidence 

interval)

Cut‑off value 
of the index 

for adaptation failure
AUC

95% CI 
(confidence 

interval)

SIRI 0.966 0.6330 0.526–0.740* 1.231 0.930 0.830–1.000■

SII 447.427 0.816 0.718–0.915■ 449.761 0.719 0.537–0.901*

AISI 216.240 0.826 0.680–0.913■ 239.580 0.626 0.517–0.735*

Table compiled by the authors based on their own data

Note. SIRI  — systemic inflammation response index; SII  — systemic immune-inflammation index; AISI  — aggregate index of systemic 
inflammation; AUC — area under the curve; significance of differences * — p < 0.05, ■ — p < 0.001. 
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In “adaptation stress”, the effect of chronic stress 
was characterized by depletion of the mediator compo-
nent and, consequently, low baseline concentrations of 
catecholamines. After short‑term cold exposure, their 
levels increased, which ensured the formation of rapid 
adaptive hemodynamic responses.

Lymphocytes are characterized by a high intracellular 
concentration of PPARγC1α, a key regulator controlling 
the number and biogenesis of mitochondria, indicating 
a shift toward predominantly mitochondrial energy sup-
ply for the cells. In response to cold exposure, leukocyte 
recirculation and migration increased, thereby improving 
tissue sanitation and subsequent antigen‑stimulated dif-
ferentiation and proliferation of lymphocytes. At the same 
time, a decrease in intracellular ATP levels occurred, re-
flecting an increase in the activity of energy‑consuming 
reactions of phosphorylation and synthesis of intracellular 
components. In “adaptation failure,” the baseline tension 
in the activity of regulatory systems, even under a single 
short‑term cold exposure, did not lead to the activation 
of effective thermoregulation mechanisms. This group is 
characterized by high baseline cortisol levels with a simul-
taneous increase in catecholamine concentrations after 
general cooling; the mitochondrial activity of cell energy 

supply is lower, with a shift in metabolic activity toward 
glycolysis and activation of HIF‑1α, accompanied by a de-
crease in the total level of circulating lymphocytes and an 
increase in the proportion of cells in the early stage of 
apoptosis. This increases the risk of enhanced cell muta-
genesis in response to external stimuli. 

The body’s adaptive capacity determines the forma-
tion of an adequate response of regulatory systems to 
external and internal stimuli without failure and without 
the development of pathological conditions. “Adaptation 
stress” and “adaptation failure” are characterized by 
changes in cellular and humoral parameters of periph-
eral blood even before clinical manifestation of the dis-
ease, and these changes may be exacerbated by ad-
ditional exposure to negative factors, even if their impact 
is short‑term. 

It was established that the baseline systemic inflam-
mation indices (SII, SIRI, and AISI) are significant predic-
tors for assessing both “adaptation stress” and “adapta-
tion failure”. The use of these indices, calculated from 
complete blood count results, allows for the assessment 
of an initial imbalance in the adaptation mechanisms, 
which may subsequently be exacerbated by exposure 
to stress factors.
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