ORIGINAL ARTICLE | ARCTIC MEDICINE

https://doi.org/10.47183/mes.2026-459 ch BY 4.0

BIOMARKERS OF SYSTEMIC INFLAMMATION AS EVALUATION CRITERIA M) Check for updates
FOR THE BODY’S ADAPTIVE CAPABILITIES UNDER WHOLE-BODY COLD
EXPOSURE

Veronika P. Patrakeeva™, Vyacheslav A. Shtaborov
Laverov Federal Center for Integrated Arctic Research of the Ural Branch of the Russian Academy of Sciences, Arkhangelsk, Russia

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, PPARyC1a, HIF-1a, 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 (Sll), 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, SlI, and AlSI are significant risk criteria for adap-
tation strain at SIRI = 0.97, SIl > 447.43, AIS| > 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, SllI, 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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BMOMAPKEPbI CUCTEMHOIO BOCIAJIEHNA KAK KPUTEPUWN OLLEHK AOAMTALNOHHbIX
BO3MO>XHOCTEN OPFAHU3MA MPU OBLLEM XO/040BOM BO3AENCTBUMN

B.IN. Matpakeesa™, B.A. LLITabopoB

depepabHbIi UICCNEA0BATENbCKNIA LEHTP KOMMIEKCHOIO M3y4eHna APKTUKM M. akagemunka H.I. Jlaseposa YpO PAH,
ApxaHrenbck, Poccus

BeepeHune. Komnnekc HebnaronpusTHbIX MPUPOAHO-KAMMaTNHECKKX (hakTopoB Ha Cesepe, cosfaBasi AMCKOMMOPTHYIO cpelly 0buTaHus,
OopPMMPYET BbIpaXKeEHHOE HaMPSPKEHME NMMYHHbBIX peakuumi, obecrnevmBatoLLx romeocTtasd. OnpeaenerHre Tuna agantauMoHHOM peakumm
1 YPOBHSI PEaKTVUBHOCTY MO3BONAET AMAarHOCTMPOBATh (DYHKLUMOHAIbHOE COCTOSIHNE OpraHn3ma 1 NporHo3npoBaTh BapuaHTbl pearnposa-
HWNS Ha (DaKTOPbl OKPY>KatoLLen cpeapbl.

Llenb. OnpegeneHve ypoBHen 6rioMapKepoB 06LLero BocnaneHvsl, paccH1TbiBaeMblX Ha OCHOBE AaHHbIX OOLLIEr0 aHanM3a KpoBW, A5 OLEH-
KW HanpshkeHns 1 cpblBa NpoLiecca agantaumm.

MaTtepuanbl u metogbl. ObcnenoBaHo 178 npakTU4ecKy 340POBbIX A06POBOMbLUEB (136 MEHLIMH U 42 My>XX4YMHbI; cpeaHuin Bo3pacT
31,17 + 0,85 roga). OueHka COCTOsHMA afjanTaumn opraHnama npoBefeHa Npu aHanmae nekorpamMm. Tunbl Hecneumdumyecknx aganTa-
LIMOHHbBIX PEeaKLUmii OpraHn3ma, YPOBHM PEAKTUBHOCTW OpraHnu3ma, COCTOsHME ajantaummn onpefenany no metogunke J1.X. lapkasu. B co-
OTBETCTBUWN C HEW BCE UCMbITyeMble Oblnn pasneneHbl Ha rpynmbl: «usmnonorndeckast Hopmar (rpynna 1) — 68 »eHLWMH 1 23 My>XXHYUMHbI,
cpeaHun BogpacT 31,59 + 1,29 roga; «HanpspkeHne MexaHn3mMoB agantaumu» (rpynna 2) — 50 »keHWwmH 1 10 My>X4nH, cpeaHuii BospacT
31,21 + 1,15 roga; «cpbIB NpoLecca agantaumm» (rpynna 3) — 18 XXeHLLMH 1 9 My>X4nH, cpefHui Bo3pacT 28,17 + 2,51 roga. MogennpoBaHune
00LLEero KpaTKOBPEMEHHOIO OXNaXkAeHUst MPOBEASHO OAHOKPAaTHO B KnnmMaTudeckoln kamepe (YLLI3-25H, Poccusi), B KOTopo 1UcnbiTye-
Mbl€ HaXOOMNCb B XJTIOMKOBOW OAEXAe Mo MOCTOSIHHbIM BUAEOHAGMOAEHNEM B TedeHe 5 MUH Npu TemnepaType atMochepHOro Bo3-
oyxa —25 °C. [emaTonorn4eckme NccneqoBanvis BeiNOMHEHbI Ha aHanmadatope XS-500i. Metogom VIOA onpefeneHo cofeprkanvie katexona-
MUHOB, kopTuaona, PPARyC1a, HIF-1a, SIRT3, BPI. AnonTo3s 1 Hekpo3 MMMQOoLIMTOB onpeaensnv MeToA0M ABONHOro okpatumsaHns AnV/PI.
KonnyecTteeHHoe cogepxaHne ATO onpegensnn npu noMoLm noumdepnH-noumdepasHoro Metoga. Paccumntanbl MHAEKCHI CUCTEMHOMO
Bocnanenuvs: SIRI, SlI, AISI. PesynstaTel nccnenosanms o6paboTaHbl ¢ ncnonb3oBaHem StatTech v.4.9.2, Statistica 6.0.

Pesynbtatbl. B rpynne «puranonornyeckan Hopma» noBbILLEHNE YACA NENKOLMTOB, YCUNEHNE MUTPaLMOHHON aKTUBHOCTU KNIETOK Y MUTO-
XOHAPWanNbHOro aHeproobecneyeHns Nx MyHKUMOHaNBHOW akTUBHOCTM CBUAETENbCTBOBASIO O BbICOKOM HeCNeunMn1ecKkon pe3ncTeHTHO-
CTV 1 OTCYTCTBMM CTPECCOBOIrO BAVSHVSA 4AHHOMO BapuaHTa X0I040BOro BO3AeNCTBUS. [1pn «<HanpsKeHU MexaHU3MOoB aganTaLm» perv-
CTpupoBanu Hanbonee ObICTPbIE PeakLMn CO CTOPOHbI CepaeYHO-COCYANCTON CUCTEMbI, HANMPaBfEeHHbIE HA COXPaHEeHe TemnepaTypHOro
roMeocTasa, C MOBbILLEHNEM YPOBHEW KaTEXONaMMHOB, YCUIEHMEM PELMPKYNALUMM 1 MUTPaLMK NIENKOLMTOB, YTO MO3BOMSNO OpraHn3my
ObICTPO pearmpoBaTh Ha KPaTKOBPEMEHHOE BNSAHME CTPECCOBbIX (hakTopoB. [pu «CpbiBe NpoLecca agantaum» OHOBOE HaNpsKeHne
aKTVBHOCTU PErYAATOPHbBIX CUCTEM [ake NP OOHOKPATHOM KPaTKOBPEMEHHOM OXJIaXKAEHVN He NMPUBOLMIO K BKIIIOYEHWIO MEXaHN3MOB
3P PEKTUBHON TEPMOPETYAALMM, MPU 3TOM MUMPALMOHHAsS akTVBHOCTb NIEMKOLMTOB Oblna 3aMefieHa, YTO 3Ha4MTeNbHO MOBbILLANIO PUCK
JesafanTaumoHHbIX 1 MPOBOCHaNNTENbHBIX peakumin. YcTaHosneHo, 4To SIRI, SlI, AISI aBasioTCa 3HaYMMbIMU KPUTEPUSMI PUCKA Hanmps-
XeHus apganTtauum npu yposHe SIRI > 0,97, SIl > 447,43, AISI > 216,24 1 ee cpbiBa Npu 3Ha4YeHNsX MHaekcos > 1,23, > 449,76, > 239,58
COOTBETCTBEHHO.

BbiBoAbl. «<Hanps>keHre MexaH3MOB afantaumum» 1 «CpblB NpoLecca afantaunmn» XapakTepuaytoTCa SMEHEHNEM KNETOUHBIX 1 FyMOpasib-
HbIX NokasaTtenen neprgepru4ecKor KPOBHK eLLe A0 KIIMHNYECKOro NPosiBNEHNst 3a60eBaHns U MOTyT YCUIMBATLCS NPY AOMONHNTENBHOM
BO3OENCTBMN HeraTuBHbIX (DaKTOPOB, AaXKe eCnn X BAMSIHWE KpaTKoBpeMeHHO. PoHOoBble MHAEKCHI obulero BocnaneHns Sli, SIRI, AlSI
SABNAOTCA 3HAYMMbIMU MPEANKTOPAMY MPU OLIEHKE «HaNPs>XeHNs MEXaH3MOB afganTaLumn» 1 «CpblBa Npouecca agantauumn». Vicnons3osa-
HWe faHHbIX HOEKCOB, PacCHUTLIBAEMbIX MO pesynsTataM obLLero aHanmaa KpoBu, MO3BOUT OLEHMBATL HaNNYMe NCXOQHOMO AncbanaHca
B MexaH13max ajanTtaumm opraHnama, Kotopble MOryT B AafibHeNWeM YCUMTbCS NpY BO3AENCTBUM CTPECCOBbLIX (hakTOPOB.

KntoueBble crnoBa: HanpshkeHwe; ajantaums; Hecrneunduieckas pesncTeHTHOCTb; PeakTUBHOCTD; oblLee oxnaxaeHve; 6MOMapKepbl;
NHOEKC CMCTEMHOro BoCcnaanTeibHOro oTeeTa, MHOEKC CUCTEMHOr0 BOCNaneHns, COBOKyI'IHbII?I NHOEKC CNCTEMHOro BocnaneHns

Ona  uutupoBsanusa: [latpakeesa B, LtabopoB B.A. Buomapkepbl CUCTEMHOrO BOCMANEHUst Kak KPUTEPUM  OLIEHKM
afanTauUMOHHBIX  BO3MOXHOCTEN OpraHuama npu  oOLleM  XONOAOBOM  BO3OENCTBUMW.  OkcTpemasbHas obuomeguumHa. 2026.
https://doi.org/10.47183/mes.2026-459

duHaHcupoBaHue. PaboTa BbINONHEHA B pamMkax nporpaMmbl (OyHOAMEHTabHbIX Hay4HbIX UCCNeQoBanHuin VIHCTUTyTa hrdnonorum npu-
poaHbix agantaumin OIrEYH GNLIKMA YpO PAH, rocpermctpaums Ne 125021902586-9.

CooTBeTcTBME NpUHUMNam aTuku. Viccnegosarve ogobpeHo atudeckm komutetom OrBYH GUNLIKNA YpO PAH (npotokon Ne 001-20/01
oT 20.01.2025). Bce vcnbiTyeMble nognucanv 4o6poBonbHOe MHOPMMPOBaHHOE cornacue Ha y4acTue B McceaoBaHui.

MoTeHumnanbHbI KOHPANKT MHTEPECOB. ABTOPbI 3as3BNAIOT 006 OTCYTCTBUM KOH(IMKTA MHTEPECOB.
><] MaTpakeesa BepoHuika MNasnosHa patrakeewa.veronika@yandex.ru
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INTRODUCTION the Far North, the strain of adaptation mechanisms

(adaptation stress) begins to manifest as early as
The complex of unfavorable natural and climatic fac-  childhood and is characterized by prolonged activa-
tors in the North, by creating a stressful living en-  tion of the humoral component, including activation
vironment, induces a pronounced tension in the of the reaginic defense mechanism with elevated
immune responses that maintain homeostasis. In  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 (Sl),
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
3117 + 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 0O,
[, I, I, 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 performed'. 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%.

" 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 + 115 vyears; “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 x40 using the Kassirsky method. [16], determin-
ing the content of large (>12 pm), medium (8—12 pm), and
small (<8 um) 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-1a) (Cloud-Clone Corp., USA), sirtuin 3
(SIRT3) (RayBiotech, USA), and peroxisome prolifer-
ator-activated receptor gamma coactivator 1-alpha
(PPARyC1a) (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 pl of a lymphocyte suspension at a concentration
of 108 cells per pmol 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 pm

in size (Diaem, Russia). For this purpose, 100 pl of a la-
tex suspension for phagocytosis was added to 100
of peripheral blood, and the mixture was incubated in
a thermostat at 37 °C for 30 min. Blood smears were
fixed according to May-Griinwald and stained accord-
ing to Romanowsky—-Giemsa. Phagocytic activity was
assessed under a microscope at x1000 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 (Pl), 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:

e gsystemic inflammation index (SIl) =
count x platelet count / lymphocyte count;

e gsystemic inflammation response index (SIRI) = neu-
trophil count x monocyte count / lymphocyte count;

e aggregate inflammation systemic index (AlSI) = neu-
trophil count x monocyte count x 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) and the lower and
upper quartiles [Q; Q,]. 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.

neutrophil

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).
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Comparison groups
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Fig. 1. Baseline serum cortisol level in the subjects
before cold exposure
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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] x 10° cells/L
(b < 0.05). Lymphocytes are characterized by high mi-
tochondrial activity in terms of the intracellular concen-
tration of PPARyC1a (peroxisome proliferator-activated
receptor gamma coactivator 1-alpha), a key regulator
controlling mitochondrial quantity and biogenesis, and
the lowest HIF-1a/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
312 [1.48; 4.16] pmol/10® cells (p < 0.01) (Table 1).
PPARyC1a is involved in antioxidant defense and regu-
lates mitochondrial reactive oxygen species generation
by increasing the expression of uncoupling proteins

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

*

A

Plasma catecholamine level, pg/mL

Epinephrine
(adrenaline)

Norepinephrine
(noradrenaline)

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; A —
p < 0.01; 0 — p < 0.001
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Table 1. Levels of intracellular markers associated with lymphocyte metabolic activity

Comparison groups
Parameter Group 1: Group 2: Group 3:
“physiological “adaptation “adaptation
norm” stress” failure”
Peroxisome proliferator-activated receptor gamma 1.08 + 0.15 1.33 + 0.41* 0.97 + 013"
coactivator 1-alpha (PPARyC1a), 10° cells/L
Hypoxia-inducible factor 1-alpha (HIF-1a), 10° cells/L 1.86 + 0.24 1.91 + 0.10 118 £ 0.29°
Sirtuin 3 (SIRT3), 10° cells/L 0.42 + 0.07 0.31 + 0.06 0.14 + 0.02°
Hif1a/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; m — 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).

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] x 10° 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/10°® cells. However, this group
was characterized by the highest concentration of
PPARyC1a, 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
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B Small lymphocytes (after)
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Figure prepared by the authors based on their own data

B Medium lymphocytes (before)
@ Medium lymphocytes (after)

“adaptation stress”

by a decrease in lymphocyte levels from 1.67 [1.26; 2.17]
t01.43[1.14; 212] x 10° cells/L (p < 0.05). The ATP levelin
circulating lymphocytes increased from 0.96 [0.53; 3.23]
to 1.80 [0.66; 2.15] mmol/10° 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

B [arge lymphocytes (before)
@ Large lymphocytes (after)

~w
LN
o
SN
o
-~
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Group 2: Group 3:

“adaptation failure”

Fig. 3. Lymphocytogram structure: pre- and post-cold exposure in comparison groups. A — significance of differ-

ences p < 0.01; * — significance of differences p < 0.001
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B Early apoptosis (before)
&8 Early apoptosis (after)

Lymphocyte count, %

Group 1:
“physiological norm”

Figure prepared by the authors based on their own data

Group 2:
“adaptation stress”

B [ate apoptosis (before)
@ Late apoptosis (after)

B Necrosis (before)
B Necrosis (after)

Group 3:
“adaptation failure”

Fig. 4. Levels of lymphocyte necrosis and apoptosis in volunteers before and after whole-body cold exposure.
A — significance of differences p < 0.01; * — significance of differences p < 0.001

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

Comparison groups
Group 1: Group 2: Group 3:
Parameter “physiological norm” “adaptation stress” “adaptation failure”
cold exposure cold exposure cold exposure
before after before after before after

Percentage of active 70.00 69.50 73.50 74.00 70.00 73.00
phagocytes, % [60.00; 81.00] | [60.00; 83.00] |[59.00; 92.00] | [65.00; 87.00] | [60.00; 85.00] | [52.00; 86.00]
Phagocytic intensity, 4.70 4.55 5.00 4.90 5.90 6.09
particles/cell [3.47; 5.90] [3.56; 6.90] [3.64; 6.90] | [4.00; 6.87] [4.50; 9.20] [4.95; 9.40]
Eiﬁf;ﬁg?gzgﬁ%?%%“ 0 0 56 | [0 .0 53 | [0 .0 51 | o 30 52 | [0 226 48 | 5.0 53]
(BPI), pg/mL
Venous blood 2.84 3.06 2.58 2.93 4.66 517
neutrophils, x10° cells/L [2.32; 3.22] [2.52; 3.67] [2.15; 3.67] [2.15; 3.90] [3.19; 6.39] [3.58; 6.43]
Capillary blood 2.82 3.22 3.10 3.50 3.62 4.84
neutrophils, x10° cells/L [2.18;3.22] | [2.60; 3.97]* | [2.23; 3.87] [2.40; 4.15] [2.80; 5.47] [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, [Q,; Q,]; * — significance of differences p < 0.05; A — 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 horm” 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, Sll, and AlSI 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
Comparison groups
Group 1: Group 2: Group 3:
Parameter “physiological norm” “adaptation stress” “adaptation failure”

cold exposure

cold exposure

cold exposure

before after before after before after
Venous blood monocytes, 0.41 0.51 0.48 0.52 0.46 0.68
10° cells/L [0.30; 0.53] | [0.41; 0.59]* | [0.37; 0.63] [0.41; 0.67] [0.26; 0.80] | [0.59; 0.86]
Capillary blood monocytes, 0.46 0.56 0.51 0.61 0.64 0.71
10° cells/L [0.32; 0.59] | [0.45; 0.70]4 | [0.40;0.60] | [0.49; 0.49] | [0.46; 0.91] [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, [Q,; Q,]; * — significance of differences p < 0.05; A — significance of

differences p < 0.001.

Table 4. Systemic inflammation indices across the study groups

Study groups
Index
Group 1: “physiological norm” | Group 2: “adaptation stress” | Group 3: “adaptation failure”
SIRI 0.72 0.94 1.94
[0.58; 0.88]* [0.46; 1.15] [1.35; 2.44]=

Sl 324.56 477.83 549.05

[272.68; 423.26]° [407.80; 558.26] [491.36; 659.44]*
ASI 156.14 198.74 335.69

[116.67; 207.99] [118.10; 305.62] [288.63; 566.38]"

Table compiled by the authors based on their own data

Note. Data are presented as median and interquartile range M, [Q,; Q.J; significance of differences between groups 1 and 2 * —p < 0.05, A —
p <0.01, 0 — p < 0.001. Significance of differences between groups 2 and 3. ¢ —p < 0.05, m — p < 0.001.
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Table 5. ROC analysis results

Cut-off value 95% ClI Cut-off value 95% ClI
Index of the index AUC (confidence of the index AUC (confidence
for adaptation stress interval) for adaptation failure interval)
SIRI 0.966 0.6330 | 0.526-0.740* 1.231 0.930 | 0.830-1.000"
Sl 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; Sl — systemic immune-inflammation index; AISI — aggregate index of systemic

inflammation; AUC — area under the curve; significance of differences * — p < 0.05, m — p < 0.001.

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 SIl —
447427, 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, Sll, 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
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SIl— 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
Sl > 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.
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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; Sl — systemic immune-inflammation index;
AISI — aggregate index of systemic inflammation
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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 PPARyC1a, 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
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