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EVALUATION OF ACUTE TOXICITY AND PHARMACOKINETICS M) Check for updates
OF A NATURAL PHAEOSPHAERIDE A DERIVATIVE
IN LABORATORY RODENTS

Victoria V. Abzianidze™, Nikita V. Skvortsov, Georgii V. Karakashev, Petr P. Beltyukov, Diana S. Suponina, Valeriya O. Musatova,
Alexander S. Bogachenkov, Denis V. Krivorotov

Research Institute of Hygiene, Occupational Pathology and Human Ecology, Leningrad Region, Russia

Introduction. The determination of metabolism and pharmacokinetics is an essential requirement in the development of any drug. Phaeos-
phaeride A (PPA) is an anticancer agent belonging to the group of natural compounds with antitumor properties, which was first isolated from
the endophytic fungus FA39 by Harvard scientists (Claudy et al.) in 20086. In this study, we investigate compound AV6, which is a derivative of
natural phaeosphaeride A.

Objective. To study the acute toxicity and pharmacokinetic characteristics of the semi-synthetic substance AV6 obtained based on phaeos-
phaeride A, a natural phytotoxin with antitumor properties, following a single intragastric administration of AV6 in laboratory rodents.
Materials and methods. The acute toxicity of AV6 was studied using 30 male Balb/c mice, which were divided into five groups of six animals
each. The control group received a single intragastric administration of a solvent (oil-alcohol emulsion, 300 pL volume), while four experimen-
tal groups received AV6 at doses of 5, 50, 300, and 2000 mg/kg bw. Body weight dynamics were evaluated, and organ mass coefficients
were calculated. The pharmacokinetic study was performed following a single intragastric administration of AV6 at a dose of 25 mg/kg bw to
outbred male Wistar rats. The AV6 dose for the pharmacokinetic study was determined based on acute toxicity data, accounting for the inter-
species conversion factor. Quantitative determination of AV6 in blood plasma and urine was performed using the MS/MS method. Statistical
analysis was conducted using GraphPad Prism 5 software.

Results. According to the acute toxicity data following intragastric administration, the AV6 phaeosphaeride A derivative can be classified
as hazard class 3 (animal mortality was observed exclusively in the 2000 mg/kg bw group). Visual examination of internal organs revealed
no apparent macroscopic signs of pathology. No statistically significant changes in the mass coefficients of internal organs were detected in
experimental animals compared to controls. A quantitative determination procedure for AV6 was developed based on HPLC-MS/MS analysis.
Metabolites formed in rats in vivo were identified. A comparison of rat blood plasma chromatograms 1 h and 10 h after intragastric AV6 ad-
ministration showed that, after 1 h, the AV6 peak intensity was 20 times higher than the M2 peak. However, after 10 h, the AV6 peak intensity
decreased, while the metabolite M2 peak intensity increased.

Conclusion. Compound AV6 is classified as a moderately hazardous substance. Data on the structure of AV6 metabolites (a derivative of
natural phaeosphaeride A) obtained during pharmacokinetic studies in rats indicate a relatively low metabolic rate of the compound. This is
primarily due to chemical transformations at the nitrogen atom of the lactam ring, resulting in metabolites that may be excreted in urine. The
most probable mechanisms of these transformations are oxidative deacylation followed by hydrolysis. The completed preclinical study evalu-
ating the acute toxicity, metabolism, and pharmacokinetics of AV6 represents a crucial step in translating previous findings on the antitumor
potential of this derivative of natural phaeosphaeride A and advancing in vivo research.

Keywords: natural phaeosphaeride A; pharmacokinetics; metabolism; acute toxicity; HPLC-MS analysis
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OLIEHKA OCTPOI TOKCUYHOCTU U PAPMAKOKUHETUKW MPOU3BOAHOIO NPUPOLAHOIO
OEOCOEPUAA A HA JIABOPATOPHbBIX M'PbISYHAX

B.B. A63nanuaze™, H.B. CkeopLos, 'B. Kapakatues, .M. Benstiokos, [.C. CynoHuHa, B.O. Mycatosa, A.C. Bora4eHkos,
[.B. KprBopoTos

Hay4Ho-rnccnenoBaTenbCKui UHCTUTYT FUFMEeHbl, NPOgNaTonorum n sKonorum Yenoseka PegepanbHOro Meanko-6r1onornieckoro
areHTCTBa, JleHnHrpaackas obnactb, Poccus

BeepneHue. OnpeneneHve metabonamMa n hapMakoKMHETUKN SBNSETCS BaXkKHbIM YCOBMEM MpKn pa3paboTke Noboro nekapCTBEHHOro
npenapaTta, B TOM 4ucie NpoTmeopakoBoro deocdepuaa A (PPA), KOTOpbIM OTHOCUTCS K rpymnne NPUPOAHbIX COEAMHEHNI, 0OnadatoLLx
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OPUTMHAJIbHASA CTATbA | TOKCUKONOIrns

NPOTMBOOMYXONEBLIMM CBONCTBaMU, 1 Oblf1 BNEPBbIe BblaeneH 13 aHaoMuTHoro rpmba FA39 rapsapackmmMm ydeHbiMu (Knayam 1 ero Konne-
ramu) B 2006 rogy. O6bekToM UCcneaoBaHns BbibpaHo coeamHeHne AV6 — nNpon3BoaHOe NpupoaHoro deocdepuaa A.

Llenb. V13y4eHne oCTpON TOKCUHYHOCTM 1 OCOOEHHOCTEN (hapMaKOKUHETVKIM MONYCUHTETMHECKOW cybcTaHummn AV6 Ha nnaTdhopme Npupoa-
HOro uToToKCUHA heocdepuaa A, obnagaroLLero NPOTUBOOMYXONEBLIMM CBONCTBAMMN, MPY OOHOKPATHOM BHYTPUXKENYAOHHOM BBEAEHNN
coeanHeHrs AV6 Ha nabopaTopHbIX MPbI3yHax.

MaTepuanel n metogpl. ViccnegosaHne oCTPOM TOKCMYHOCTU AV6 BbIMOMHEHO Ha camuax Mmbiwelt Balb/c (30 camuoB Obinv pasgene-
Hbl Ha 5 rpynn No 6 »KMBOTHbIX B KaXXAOW rpynne). KOHTPONbHOWM rpynne OOHOKPATHO BHYTPVXKENYAOYHO BBOAMAM PAcTBOPUTENb (Mac-
NIIHO-CMMPTOBYO 3aMynbeuto B o6beme 300 MKJ), YeTblpe rpynnbl (3KCnepuMeHTasbHble XKMBOTHbIE) nonydanu AV6 B gosax 5, 50, 300
1 2000 mr/kr mT. OueHnBany OUHAMKUKY MacChl Tena »KMBOTHbIX, pPacCHMTbIBaIM MaccoBble KOIMMOUUMEHTbI OpraHoB. ViccnenoBaHus
(hapMaKOKNHETMKIM BbINOSHEHbI MPY OGHOKPATHOM BHYTPWKENYO0HHOM BBeaeHu AVE B 003e 25 MI/Kr M.T. ayTOpeaHbIM KpbiCaM-caMmLam
Wistar. [Joza AV6 onst hapMakoKMHETUHECKOrO CCNefoBaHMNs paccyuTaHa Ha OCHOBaHUM AaHHbIX 06 OCTPOWM TOKCUYHOCTU C y4ETOM KO-
abdumumeHTa MEXBMAOBOrO NepeHoca. [ns Konnm4ecTBeHHOro onpeaenerHns AV6 B nna3me KpoBW 1 Mode ncnofibdosaH MC/MC meToa.
CTatncTnyecKnin aHanua NpoBeaeH ¢ ncnonb3osaHnem MO GraphPad Prism 5.

PesynbTathl. Ha ocHoBaHWM AaHHbIX 06 OCTPOW TOKCUHYHOCTI MW BHY TRPVKENYA0HHOM BBEAEHWM Npon3BoaHoe heocdepunaa A — AVB MOX-
HO OTHECTM K 3-My KJlacCy OnacHOCTU (rnbenb XKXMBOTHbIX Habnganm ncknoumTensHo B rpynne 2000 mMr/kr MT.). [py BU3yanbHON OLEHKE
BHYTPEHHMX OPraHoB SIBHbIX MakPOCKOMUYECKMX MPU3HAKOB MaToorm BbISBNEHO He Obiio. Takxe He OblNo 0OHapY>KeHO CTaTUCTUHECKN
3HaYMMbIX U3MEHEHMIA MacCOBbIX KOS MDVLIMEHTOB BHYTPEHHNX OPraHOB SKCMepUMEHTaSIbHbIX XXMBOTHBIX MO CPaBHEHNIO C KOHTponeM. Pas-
paboTaHa npoLeaypa Konm4eCcTBeHHOro onpeaenenusa AV6 Ha ocHoBe BOXKX-MC/MC aHanuza. OnpegeneHsl MeTabonuTbl, 06pasytoLLmecs
B OpraHname Kpbic in vivo. Tpu CpaBHEHUM XpOMaTOrpaMM MnnasmMbl KPOBW KpPbIChl Yeped 1 4ac nocne BHYTPYXKENYAOHHOro BBeAeHMS AV
1 cnycTd 10 4acoB Nnocne BBeLeHNs YCTaHOBIEHO, YTO Yepes Yac nocse BBeAeHN Nk AV6 no MHTEHCBHOCTY B 20 pas npeBocxoaun nvk M2.
OpHako 4epe3d 10 4acoB MHTEHCMBHOCTL Mka AV6 yMeHbLUMIACh, B TO BPEMS Kak MHTEHCMBHOCTL Mika MeTabonnta M2 yeenm4nnace.
BbiBogbl. CoeguHeHne AV6 OTHOCUTCS K YMEPEHHO OMacHbIM BellecTBaM. [aHHble O CTPyKType MeTabonmtos AV6, NpoM3BOAHOIO Npu-
pogHoro ceochepuga A, NofyyeHHble B Xofe hapMakoKMHETUHECKOrO UCCNE[0BaHNS Ha Kpbicax, CBUAETENbCTBYIOT O HEBBICOKOW CKO-
pocTu MeTabonnama BeLecTBa, YTo 00YCNOBAEHO NMPENMYLLIECTBEHHO XMMUYECKMI MPEBPALLEHUSMI y aTOMa a30Ta laKTaMHOro LUMKna,
B pe3ynbTarte 4ero obpasytoTcst MeTabonmThbl, KOTOPbIE MOTYT BbIAENATLCS B COCTaBe Mo4un. Hanbonee BEPOSTHbIMU MEXaHU3MaMM Takmx
npeBpaLLeHnin ABASIOTCA OKUCANTENBHOE AealMnpoBaHe 1 CneaytoLLnii 3a HUM raponua. BeinonHeHHoe OKNMHNYECKOe ccneoBane
MO OLEHKe OCTPO TOKCMYHOCTI AVB, ero metabonamMa 1 (hapMakoKUHETUKN SABASETCS OQHVM 13 3TaroB A1 NepeHoca NoflyYeHHbIX paHee
aBTopamMu AlaHHbIX O MPOTUBOOMYXONEBOM MOTEHLMANEe 3TOro NPON3BOAHOIO NPUPOAHOro heocdepuaa A 1 AanbHENLLIEN peanm3aunn nc-
cnenoBaHui in Vivo.

KntoyeBble cnoBa: npupoaHblin deocdepu A; dhapMakokUHETVKA; MeTabonam; ocTpas TOKCUYHOCTb; BOXKX-MC aHanna

Ons yutuposanua: AbsnaHnase B.B., Cksopuos H.B., Kapakawes I'B., Bensttokos N.I1., CynonnHa [.C., Mycatosa B.O., Boraverkos A.C.,
KpueopoTtos [1.B. OLeHka 0CTPOoM TOKCUYHOCTY 1 (hapMakoKMHETUKM MPON3BOAHOIO NPUpPoaHoro deocdepuaa A Ha nabopaTopHbIX Mpbi-
3yHax. MeguimHa akcTpemansHbix cutyaumi. 2025;27(4):441-452. https:/doi.org/10.47183/mes.2025-303

PuHaHCUpoBaHue: NCcefoBaHNe BbINOSHEHO 6e3 CMOHCOPCKOW MOAAEPXKKMN.

CooTBeTCcTBME NpUHLUMNAM 3TUKKU: UccneaoBaHe ofobpeHo athudeckum kommtetoM O YT «HU TTIO4Y» GMBA Poccum (mpoTokon Ne 3
oT 18.07.2023), BbINOAHEHO C COBMOAEHMEM NMPaBUS BUOITUKM, YTBEPXKAEHHbIX EBPONEnCcKon KOHBEHLIMEN O 3aLMTe MO3BOHOYHbIX XNBOT-
HbIX, MICMOMb3yeMbIX 151 SKCNepUMEHTabHbIX 1 Apyrnx Luenen. XKnBoTHbIX cogepkann B cootBeTcTBum ¢ FOCT 33215-2014 «PykoBoACTBO
Mo COOEPXKaHWIo 1 yXoay 3a NabopaTopHbIMM XXMBOTHbIMU» OT 2016 T
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INTRODUCTION

Cancer, along with cardiovascular diseases, continues
to be a leading cause of mortality worldwide. According
to WHO projections, cancer incidence will increase by
70% over the next 20 years, becoming the cause of
nearly one in six deaths globally [1].

For the past 50 years, chemotherapy has remained
the primary treatment for cancer, despite its serious
side effects. Among them are multidrug resistance,
hepatotoxicity (which was until recently considered an
inevitable consequence of chemotherapy), and other
significant adverse effects’ [2]. The underlying causes of
multiple adverse drug reactions fall within the research

domains of molecular biology, cytology, genetics, and
related disciplines.

The development prospects of any anticancer drug
depend on understanding its molecular mechanisms of
action, specific tumor-targeting effects and influence on
the tumor microenvironment, pharmacokinetic properties,
toxicity and safety profile, as well as other critical factors.

Achievement of therapeutic in vivo concentrations
sufficient for full clinical efficacy represents a major chal-
lenge in anticancer drug development?. Essential data
for drug development must also include information on
the systemic effects of potential anticancer compounds
in animal models used for toxicological evaluation of drug
prototypes, enabling dose extrapolation to humans®.

" Luellman H, Mohr K, Hein L. Pocket atlas of pharmacology. 4th ed. Thieme; 2011.
2 Key Scientific Achievements in Medicinal Chemistry in 2023. Scientific Council on Medicinal Chemistry of the Russian Academy of Sciences, Division of Chemistry

and Materials Science of the Russian Academy of Sciences. 2024.

8 Guidance on Nonclinical Safety Studies for the Conduct of Human Clinical Trials and Marketing Authorization for Pharmaceuticals M3(R2) CPMP/ICH/286/95
(2009). The European Agency for the Evaluation of Medicinal Products. Human medicines evaluation unit.
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Preclinical drug development requires comprehen-
sive pharmacokinetic studies in animal models to evalu-
ate optimal efficacy and safety profiles. Historically, such
studies primarily utilized radiolabeled compounds. Over
the past two decades, analytical approaches based
on tandem mass spectrometry (MS/MS) have become
widely adopted, proving effective for both clinical thera-
peutic drug monitoring and preclinical development of
novel pharmaceuticals [3].

In our previous research, we investigated AV6, a
derivative of natural phaeosphaeride A [4] with the
chemical structure (2S,3R,4R)-3-hydroxy-6-methoxy-
3-methyl-7-methylene-2-pentyl-4-pyrrolidin-1-yI-3,4,6,7-
tetrahydropyrano|2,3-c]pyrrol-5(2H)-one [5-10], and es-
tablished its:
® in vitro cytotoxicity against various tumor cell lines;
¢ inhibitory activity against P-glycoprotein (MDR1), the

primary xenobiotic transporter.

These dual properties — intrinsic antitumor activity
and ability to reduce MDR1 substrate efflux — render
AV6 a promising lead compound for anticancer drug de-
velopment.

In this study, we aim to investigate the acute toxicity
and pharmacokinetic properties of semi-synthetic AVG,
based on the natural phytotoxin phaeosphaeride A with
established antitumor activity, following single intragas-
tric administration in laboratory rodents.

MATERIALS AND METHODS

The study was conducted in compliance with the re-
quirements of Federal Law No. 61-FZ dated 12.04.2010
(Russian Federation)*, the national standard GOST
R 53434-2009°% Good Laboratory Practice (GLP) prin-
ciples®, Guidelines on preclinical research’. The require-
ments for the housing and care of animals used for sci-
entific purposes comply with Directive 2010/63/EUS.

The acute toxicity of AV6 was evaluated in male Balb/c
mice (8—10 weeks old, body weight 17.5-19.5 g) obtained
from the Rappolovo Laboratory Animal Breeding Facility.

The acute toxicity study of AV6 in mice was per-
formed to establish those dose levels that do not cause
acute intoxication or animal death following single intra-
gastric administration of an oil-alcohol emulsion of the
substance. The selection of this administration form for
AV6 was based on the need to obtain a homogeneous
mixture and to enhance the bioavailability of the hydro-
phobic AV6 compound, since dilution of initial AV6 solu-
tions in other solvents followed by water dilution resulted
in immediate precipitation.

Experiments on acute toxicity evaluation via intra-
gastric administration with determination of the test

substance hazard class were conducted in accordance
with GOST 32644-2014, identical to the international
document OECD Test Guideline No. 423:2001 (Acute
Oral Toxicity — Acute Toxic Class Method, IDT).

The AV6 emulsion for intragastric administration was
prepared by dissolving a weighed portion of the sub-
stance in a minimal volume of ethanol (10-72 pL, de-
pending on the required amount of AV6) followed by
addition of an oil-alcohol mixture such that the admin-
istration volume always amounted to 300 pL. The final
concentration of AV6 in the emulsion depended on the
animal’s body weight and the dose used in the experi-
ment, with ethanol concentration in the preparation be-
ing ~23%. The addition of oil to the alcohol solution of
AV6 allowed a homogeneous mixture to be obtained,
thus ensuring uniform dosing conditions for the study
purposes. Food was withdrawn 2 h before drug admin-
istration and access to food was restored 2 h after ad-
ministration. Intragastric administration was performed
using a mouse gastric tube and syringe.

All treated animals (30 males) were divided into five
groups of six animals each. The control group received
intragastric administration of the solvent (oil-alcohol
emulsion in a volume of 300 pL), while four groups (ex-
perimental animals) received AV6 at doses of 5, 50, 300,
and 2000 mg/kg bw.

Observation of the animals was carried out for the
first 30 min after dose administration, then periodically
during the first 24 h and daily for a total of 14 days to
record any clinical signs of toxicity or mortality. The body
weight of the animals was measured one day after ad-
ministration and at the end of each week of observa-
tion. Upon completion of the experiment after 14 days,
the general toxic effect of AV6 was evaluated. For this
purpose, blood samples were collected from all surviv-
ing animals, which were then subjected to cervical dis-
location, and internal organs — the heart, lungs, liver,
kidneys, spleen, and thymus — were extracted to as-
sess their appearance and determine their weights for
calculating organ-to-body weight ratios (the ratio was
calculated as organ weight (g)/body weight (g) x 100).

The pharmacokinetic evaluation of AV6 was conduct-
ed on five outbred male Wistar rats weighing 350-380 g
from the Rappolovo Laboratory Animal Breeding Facility.

All animals underwent quarantine and acclimatization
to the animal facility conditions before the onset of the
experiment. The rodents were housed in groups of five
per cage with free access to food and water. A complete
granulated feed “CHARA” for laboratory rodents was
used as the diet. The animal facilities maintained a day/
night cycle (12 h/12 h), a temperature of 20-26°C, and
humidity of 30-70%.

Federal Law No. 61-FZ of 12.04.2010 “On Circulation of Medicinal Products”.

GOST R 53434-2009 National Standard of the Russian Federation Principles of Good Laboratory Practice (GLP) Moscow: Standartinform; 2010.
Good laboratory practice: OECD principles and guidance for compliance monitoring. 2005.

Mironov A.N., editor. Guidelines for Conducting Preclinical Studies of Pharmaceuticals. Part One. Moscow: Grif & K; 2012.

® N o o &

European Parliament and Council. Directive 2010/63/EU of the European Parliament and of the council of 22 Sept. 2010 on the protection of animals used for
scientific purposes. Official Journal of the European Union. 2010; 276:33-79.
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Catheterization of the jugular vein in rats used in
pharmacokinetic studies was performed under inhala-
tion anesthesia with a gas mixture (5% isoflurane in air)
using an Univentor 410 Anaesthesia Unit (Univentor Ltd,
Malta).

The animals were placed in a supine position, and
their front and hind limbs were secured with adhesive
tape to the surface of a heated and illuminated surgi-
cal table. After achieving surgical access to the v. jugu-
laris externa and placing a cranial ligature around the
vessel, catheterization was performed. The catheter was
inserted into the vein toward the heart until the catheter
ring reached the vessel incision site. In this position, the
catheter tip was sufficiently close to the entrance of the
right atrium.

The catheter was then secured in the vessel using
the remaining ends of the previously placed cranial liga-
ture. After fixation, the catheter was tunneled subcuta-
neously to the scruff of the neck and then exteriorized
dorsally between the scapulae through a small incision
(~1 cm). Following wound closure, a harness was placed
on the animal, through which the free end of the catheter
was routed for connection to an Accusampler automatic
blood sampling device.

Under these conditions, the rat was housed in a
specialized cage with minimal movement restrictions.
Throughout the post-catheterization period, the catheter
was automatically flushed every 30 min with heparinized
saline (16 IU/mL) in a volume of 20 pL.

Before initiating pharmacokinetic studies, at least
36 h were allowed after surgery to ensure animal recov-
ery and minimize the influence of surgical trauma and
anesthetic agents on the absorption, metabolism, and
elimination of the test compound.

Pharmacokinetic studies

The pharmacokinetic studies were conducted following
a single intragastric administration of a guaranteed safe
dose of AV6 (25 mg/kg bw) in an oil-alcohol emulsion,
which was selected based on the results of acute toxic-
ity studies in mice, taking into account known interspe-
cies conversion factors for rats.

Prior to drug administration, baseline blood
samples of 0.2 mL were collected from all rats. The
Accusampler system used for in vivo blood sampling
ensured periodic flushing of the device’s capillaries
and valves with heparinized saline (16 IU/mL) and al-
lowed for the collection of whole blood in predeter-
mined 200 pL volumes without dilution. After each
blood sample collection, the volume was automati-
cally replaced with heparinized saline. Automated
blood sampling was performed at 20, 30 min, 1, 2, 4,
6, 8, 24, and 48 h. The sample tubes were centrifuged
(5 min, 11,000 rpm) at room temperature. The super-
natant (approximately 100 pL) was transferred using a
mechanical pipette into Eppendorf tubes, frozen, and

stored for subsequent analysis at minus 80°C for no
more than two months.

Urine samples (0.3-0.5 mL) were collected at in-
tervals before drug administration, as well as at 8,
24, and 48 h after administration. The collected sam-
ples were centrifuged (3 min, 14,000 rpm) to remove
insoluble precipitates. The supernatant was trans-
ferred using a mechanical pipette into Eppendorf
tubes, frozen, and stored at minus 80°C for no more
than 2 months. Centrifugation was performed using
a Hermle Z160M centrifuge with an angular rotor (ro-
tor radius — 8.5 cm).

In the study of the pharmacokinetic characteristics
of AV6 and its potential metabolites, the following pa-
rameters were determined: elimination rate constant
(k). half-life (T};), area under the pharmacokinetic curve
(AUC,_ o), volume of distribution (Vd), and total clear-
ance during the elimination phase (CLtot).

Sample preparation of urine and blood plasma for
AV6 and metabolites determination

In 2.0 mL Eppendorf tubes, 0.05 mL of the analyzed
sample (blood plasma or urine) was added, followed
by 0.15 mL of acetonitrile. The mixture was thoroughly
vortexed (BioSan FVL-2400n) and centrifuged for 3 min
at 14,000 rpm. The supernatant was transferred into
a 0.2 mL insert chromatographic vial. The vials were
placed into the chromatograph autosampler, with an in-
jection volume of 0.005 mL.

Quantification of AV6 and its metabolites was per-
formed using an UltiMate 3000 liquid chromatograph
equipped with an autosampler and a Q-Exactive mass-
selective detector with electrospray ionization at atmo-
spheric pressure. Data acquisition and processing were
performed using the Xcalibur software.

For quantitative determination and precise confirma-
tion of the presence of AV6 in blood plasma or urine,
an MS/MS method was employed. The confirmation
of AV6/metabolites in complex matrices (blood plasma
or urine) was based on the detection of three product
ions characteristic of the analyzed substance. Given the
preliminary nature of the study, which primarily aimed
to identify AV6 and potential metabolites, the complete
validation method for quantitative determination was not
conducted. The AV6 reference material used for calibra-
tion samples was preliminarily analyzed by NMR (Bruker
AVANCE Il 400 MHz NMR spectrometer); the purity of at
least 99% was confirmed.

For calibration sample preparation, 0.495 mL of blood
plasma or urine and 0.005 mL of AV6 solution (1 mg/mL
in methanol) were dispensed into a 2.0 mL Eppendorf
tube. The resulting blood plasma or urine samples con-
tained AV6 at a concentration of 10 pg/mL. Serial dilu-
tions (by adding 0.05 mL of the prepared AV6 solution to
0.45 mL of blood plasma or urine) yielded solutions with
AV6 concentrations of 1, 0.1, and 0.01 pg/mL.
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For analysis, 0.05 mL of each calibration sample
(blood plasma or urine) was dispensed into a 2.0 mL
Eppendorf tube, followed by 0.15 mL of acetonitrile.
The mixture was thoroughly vortexed and centrifuged
(8 min, 14,000 rpm). The supernatant was transferred
into a 0.2 mL insert chromatographic vial, which was
then placed into the chromatograph autosampler. The
injection volume was 0.005 mL.

Chromatographic separation conditions

Column Specifications: column Zorbax SB-C8 (Agilent),
length 150 mm, internal diameter 4.6 mm, sorbent par-
ticle size 1.8 pm. Mobile Phase Composition:
e  Component A: 0.1% formic acid solution in deionized
water
e Component B: 0.1% formic acid solution in gradient-
grade HPLC acetonitrile
Chromatographic Elution Mode: Gradient elution.
Mobile phase component ratios are shown in Table 1.
The study was conducted with the following chro-
matographic parameters: a flow rate of 0.4 mL/min, a
column oven temperature of 35°C, an injection volume
of 5.0 pL, the total run time of 14 min.

Mass spectrometric detection parameters

The study was performed under the following operating
conditions of the Q-Exactive mass spectrometric detec-
tor with electrospray ionization at atmospheric pressure:
drying gas flow — 45 arbitrary units; auxiliary gas flow —
20 arbitrary units; sprayer pressure — 35 psi; drying gas
temperature — 350°C; auxiliary gas stream tempera-
ture — 400°C; capillary voltage — 3500 V. Detection was
carried out in full ion current scanning mode (SCAN), with
ion registration in the m/z range 60-900 amu throughout
the entire analysis (under positive ionization).

lonization source mode: electrospray ionization at at-
mospheric pressure.

Detection mode: detection under positive ionization
in MS and MS/MS modes at high resolution.

Detected ion polarity: detection of positive ions.

Scanning mode: detected mass range, m/z 60-
950 amu, collision cell voltage — 25 arbitrary units.

The high-resolution mass spectrometry (HRMS)
mode was used to acquire mass chromatograms based
on the exact masses of the molecular ions of the com-
pounds listed above. Statistical analysis was performed
using the GraphPad Prism 5 software.

Table 2. Fragmentation conditions for AV6

RESULTS AND DISCUSSION

Acute toxicity of AV6 upon intragastric
administration

During the experiment, animal mortality was observed
exclusively in the 2000 mg/kg bw group (three mice
(50%) died on the second day after AV6 administration).
On this basis, the studied phaeosphaeride A deriva-
tive (AV6) can be classified as hazard class 3, since the
LD,, value for AV6 in the form of an oil-alcohol emul-
sion upon intragastric administration, according to the
obtained data, is close to the maximum tested dose of
2000 mg/kg bw.

Measurements of animal body weight in the experi-
mental groups showed its low dependence on the ef-
fects of AV6 upon intragastric administration. The results
of mouse body weight measurements and organ-to-
body weight ratios are presented in Tables 3 and 4.

Visual examination of internal organs revealed
no apparent macroscopic pathological alterations.
Furthermore, the comparative analysis demonstrated
no statistically significant differences in organ-to-body
weight ratios between experimental and control animal
groups.

Pharmacokinetic study of AV6 and identification of
its metabolites

The pharmacokinetics of AV6 and identification of its

potential metabolites were investigated following single
intragastric administration of AV6 (25 mg/kg bw). The

Table 1. Mobile phase composition gradient profile

Component, %
Time, min

A B
0.00 60 40
0.50 60 40
7.00 10 90
10.00 10 90
10.10 60 40
14.00 60 40

Table prepared by the authors using their own data

Mass [m/z] Formula [M] Species

Polarity

(N)CE (N)CE type Comment

3561,22783 C H,,NO

19° 300 274

+H

Positive 25

NCE AV-6

Table prepared by the authors using their own data

0 Test Guideline 423. OECD guideline for testing of chemicals. Acute oral toxicity — Acute toxic class method. 2002b. OECD, Sep. 2021.
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Table 3. Results of animal body weight assessment (g)

Animal groups
Obseryation
period C'c;r;tléol 5 ,TS/(I;(Q 50nrr1=g(/5kg 30?12%/kg 2000 mg/kg*
Day 1 18.7 £ 0.7 20.0+0.3 181 +£0.6 19.0+ 0.7 18.3 £ 0.7
Week 1 189+ 0.8 20.1 + 01 19.3+04 194+ 0.9 18.4 +1.6
Week 2 19.2+0.8 204 + 04 19.0+05 19.6+1.0 191 +1.4

Table prepared by the authors using their own data

Note: * — the presented data are for surviving animals only (n = 3); the data are presented as mean + standard error of the mean (M + m).

Table 4. Organ-to-body weight ratios (relative organ weights)

Animal groups
Organ Control 5 mg/kg 50 mg/kg 300 mg/kg 2000 mg/kg
n==6 n==6 n=06 n==6 n=3
Heart 0.54 + 0.06 0.50 + 0.03 0.57 + 0.06 0.53 + 0.08 0.58 + 0.04
Liver 516 +0.33 5.05 + 0.30 4.86 + 0.16 4.86 + 0.36 5.57 + 015
Kidneys 0.71 + 0.07 0.70 + 0.04 0.66 = 0.05 0.68 + 0.05 0.76 + 0.07
Spleen 0.53 +£0.10 0.59 £ 012 0.49 + 0.03 0.47 £ 0.03 0.54 £ 0.20
Lungs 112 + 0.32 0.88 £ 0.10 1.00 + 013 0.91 +0.15 110+ 0.25
Thymus 0.25 + 0.06 0.24 + 0.09 0.25 + 0.07 0.23 + 0.06 0.32 + 0.06

Table prepared by the authors using their own data

Note: the data are presented as mean + standard error of the mean (M + m).

concentration-time data for AV6 were analyzed using a
non-compartmental approach.

The absorption pharmacokinetics of AV6 after intra-
gastric administration was characterized by a relatively
rapid achievement of maximum concentration (30 ng/
mL), with T__ ranging 30-60 min. The formal conversion

Table 5. Pharmacokinetic parameters in rats following
single intragastric administration of AV6
at 25 mg/kg bw

Parameter Parameter Value
Elimination rate constant (k)), h™ 0.138-0.219
Half-life (T%), h 3.2-5.0
Area under the (pharmacokinetic) 80-98
concentration-time curve
(AUC,__,o) Hgxh/L
Volume of distribution (Vd), L ~50
Total clearance during elimination ~165
phase (CLtot), mL/min

Table prepared by the authors using their own data

based on rat blood volume (68-64 mL/kg bw) [11, 12]
suggests that approximately 10-15% of the intragastri-
cally administered AV6 dose was absorbed into the sys-
temic circulation of experimental rats.

The elimination phase of AV6 concentration showed
exponential decay. The elimination rate constant (k) was
determined from the slope of the concentration-time
curve in semi-logarithmic coordinates using data from
five animals.

The area under the concentration—time curve (AUC)
was calculated using blood concentration data from
20 min to 48 h post-administration, applying the trap-
ezoidal rule. The volume of distribution (Vd) was estimat-
ed considering the assumed oral bioavailability (approxi-
mately 15%) of AV6. The pharmacokinetic parameters
following intragastric administration of AV6 are present-
ed in Table 5.

The exponential approximation generally provides
adequate description of AV6 concentration—time curves
during the elimination phase. However, certain experi-
ments demonstrated an increase in plasma concentra-
tion within 2-5 h post-administration. This kinetic pat-
tern most likely reflects substance redistribution from
circulation into hydrophobic compartments (intercellular
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spaces) with subsequent re-entry into systemic circu-
lation. Potential plasma protein binding effects on AV6
extraction from biological samples should also be con-
sidered.

The elimination phase shows rapid AV6 concentra-
tion decline, as evidenced by the determined k, and T
values. This kinetic behavior presumably results from
metabolic transformation of the compound, supported
by detection of significant M2 metabolite levels in plas-
ma 10 h post-dosing.

Urinary excretion assessment of AV6 and its metabo-
lites was based on concentration measurements in urine
samples collected at intervals over 48 h following intra-
gastric administration. Cumulative 24-h excretion (nor-
malized to approximate daily urine volume of ~12 mL)
ranged 750-1400 ng, representing 50—-93% of systemi-
cally absorbed drug (assuming 15% oral bioavailability).

At this stage of the study, data on two major metabo-
lites were obtained. Figures 2—-4 present chromatograms
of blood plasma samples from experimental animals. In
addition to the parent compound, the samples demon-
strated the presence of its metabolites M1 and M2.
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Figure prepared by the authors using their own data

Fig. 1. Plasma concentration-time profile of AV6 in rats
following single intragastric administration
Note: the graph was generated using the GraphPad Prism 5 soft-

ware; the data are presented as mean + standard error of the mean
M + ).

Table 6. Molecular ion peaks of AV6 and its metabolites (M1 n M2)

. m/z Retention time
Code | Gross formula | Molecular weight M + H* Structural formula RT, min
AV-6 C,Hy NO, 350.22056 351.22783 7.68
M1 C,sH,sNO, 336.20491 337.21218 711
M2 C,gH,sN,O, 320.20999 321.21727 6.53

Table prepared by the authors using their own data
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D:\Xcalibur\.. \AV-6\P_2rat_blank_001 05/16/22 20:17:31
RT: 0.00-14.01 SM: 11G
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351.22607-351.22959 F: FTMS +
¢ ESI Full ms [60.0000-900.0000]
5 MS P_2rat_blank_001
RT: 5.76 RT: 7.84 AT 1087 N 2.68E3
b 10 AA: 5042 AA: 5303 AA: 4769  Base Peak m/z=
337.21051-337.21389 F: FTMS +
¢ ESI Full ms [60.0000-900.0000]
5 MS ICIS P_2rat_blank_001
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RT:3.10 NL: 3.33E3
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321.21566-321.21888 F: FTMS +
¢ ESI Full ms [60.0000-900.0000]
5 MS ICIS P_2rat_blank_001
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Time (min)
Figure prepared by the authors using their own data
Fig. 2. Rat plasma blank chromatogram: a — mass chromatogram reconstructed for exact ion mass

[M + H] + ¢ m/z 351,22783 (AV6); b — mass chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 337,21218
(M1); ¢ — mass chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 321,21727 (M2)
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Figure prepared by the authors using their own data

Fig. 3. Rat plasma chromatogram 1 hour post single intragastric administration of AV6 (25 mg/kg bw): a — mass
chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 351,22783 (AV6); b — mass chromatogram recon-
structed for exact ion mass [M + H] + ¢ m/z 337,21218 (M1); c — mass chromatogram reconstructed for exact ion mass

M + H] + ¢ m/z 321,21727 (M2)

The analysis of rat plasma chromatograms revealed
the appearance of novel compounds and correspond-
ing chromatographic peaks in samples collected 1 h
post-administration (Fig. 3), which were identified as

448

metabolites of AV6. Their structural characteristics are
presented in Table 6.

The plasma chromatograms clearly demonstrate
the presence of intact AV6 (Fig. 3a), along with trace
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amounts of metabolite M1 (Fig. 3b) and metabolite M2
(Fig. 3c). The retention times (RT) were determined to be
7.68 min for AV6 and 6.53 min for metabolite M2.

The chromatographic comparison of rat plasma
samples collected 1 h (Fig. 3) and 10 h (Fig. 4) after intra-
gastric AV6 administration demonstrates significant ki-
netic changes. At the 1-h timepoint, the peak intensity of
AV6 exceeded that of metabolite M2 by 20-fold. By 10 h
post-administration, the intensity of the AV6 peak had
decreased substantially, while the M2 metabolite peak
showed marked intensification.

The obtained chromatographic data confirm the
consistent detection of metabolite M2 throughout the
1-10 h period following AV6 administration. Notably,
the relative abundance of M2 surpassed that of the
parent compound by the 10-h observation point. This
kinetic profile suggests a greater metabolic stabil-
ity of M2 compared to AV6. Furthermore, the phar-
macological effects originally attributed to AV6 may
potentially be mediated by M2 activity. Metabolite
M1 was not detected in plasma samples at either
timepoint.

Results of AV6 and its metabolites quantification in
urine samples

The mass chromatograms of urine samples collected
before AV6 administration (Fig. 5), 8 h post-administra-
tion (Fig. 6), and 24 h post-administration (Fig. 7) demon-
strate the following metabolic profile:

¢ in the blank sample (Fig. 5), no peaks corresponding
to AV6 or its metabolites were detected, confirming
the absence of background interference;

e by 8 h post-administration (Fig. 6), chromatograms
revealed detectable peaks for both AV6 and its two
metabolites (M1 and M2);

e the peak intensity (area) of AV6 was only slightly
greater than those of the metabolites, indicating sig-
nificant excretion of the parent compound in urine;

e at the 24-h timepoint (Fig. 7), AV6 was present only
in trace amounts, while metabolites M1 (Fig. 7b) and
M2 (Fig. 7c) remained clearly detectable.

No target compounds (AV6 or its metabolites M1/M2)
were detected in blank (pre-dose) samples.

CONCLUSION

The conducted preclinical study to evaluate the acute
toxicity, metabolism, and pharmacokinetics of AV6 repre-
sents a crucial step in translating previous findings on the
antitumor potential of this derivative of natural phaeospha-
eride A and advancing in vivo research. The investigated
derivative of natural phaeosphaeride A — AV6 — can be
classified as hazard class 3. No statistically significant
changes were observed in the internal organs of experi-
mental animals compared to the control group.

As a result of this study, a quantitative determination
procedure for AV6 based on HPLC-MS/MS analysis has
been developed. For the first time, data on metabolites
formed in rats have been obtained. The pharmacokinetic
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Time (min)

Figure prepared by the authors using their own data

Fig. 4. Chromatogram of rat plasma 10 h after single intragastric administration of AV6 (25 mg/kg bw): a — mass
chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 351,22783 (AV6); b — mass chromatogram recon-
structed for exact ion mass [M + H] + ¢ m/z 337,21218 (M1); ¢ — mass chromatogram reconstructed for exact ion mass

M + H] + ¢ m/z 321,21727 (M2)
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Figure prepared by the authors using their own data

Fig. 5. Chromatogram of rat urine blank sample: a — mass chromatogram reconstructed for exact ion mass
[M + H] + ¢ m/z 351,22783 (AV-6); b — mass chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 337,21218
(M1); ¢ — mass chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 321,21727 (M2)

D:WXcalibur\data\Vika\AV-6\U_1rat_8h_001 05/17/22 00:04:47
RT: 0.00 - 14.00 SM: 11G
RT: 7.68 NL: 1.33E6
a 100 AA: 12853159 Base Peak m/z=
351.22607-351.22959 F: FTMS +
¢ ESI Full ms [60.0000-900.0000]
5 MS ICIS U_1rat_8h_001
RT: 4.09 RT: 7.32
AA: 2§J 343 AA: 213465
0 RT: 3.75 NL: 8.18E5
b 100 AA: 9126304 Base Peak m/z=
337.21051-337.21389 F: FTMS +
¢ ESI Full ms [60.0000-900.0000]
5 RT:3.97 MS ICIS U_1rat_8h_001
AA: 1329647
0 .
RT: 6.51 NL: 8.44E5
C 100 AA: 7123613 Base Peak m/z=
321.21566-321.21888 F: FTMS +
¢ ESI Full ms [60.0000-900.0000]
5 MS ICIS U_1rat_8h_001
0 2 4 6 8 10 12 14
Time (min)

Figure prepared by the authors using their own data

Fig. 6. Chromatogram of a rat urine sample 8 h after a single intragastric administration of AV6 at a dose of
25 mg/kg bw: a — mass chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 351,22783 (AV6), RT = 7.68 min;
b — mass chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 337,21218 (M1) RT = 3.75 min; ¢ — mass
chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 321,21727 (M2) RT = 6.51 min

data of AV6 following intragastric administration in an
oil-alcohol emulsion suggest that its pharmacokinetics
can be formally described using a non-compartmental
model. However, additional analysis of its distribution

450

into hydrophobic compartments may be required, con-
sidering its physicochemical properties.

The data on AV6 metabolites obtained during the
pharmacokinetic study in rats indicate that the metabolic
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Fig. 7. Chromatogram of rat urine sample 24 h post single intragastric administration of AV6 (25 mg/kg bw):
a — mass chromatogram reconstructed for exact ion mass [M + H] + ¢ m/z 351,22783 (AV6); b — mass chromatogram
reconstructed for exact ion mass [M + H] + ¢ m/z 337,21218 (M1); ¢ — mass chromatogram reconstructed for exact ion

mass [M + H] + ¢ m/z 321,21727 (M2)

rate of the compound is relatively low and is primar-
ily driven by chemical transformations at the nitrogen
atom of the lactam ring. This results in the formation of
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ANTICONVULSANT ACTIVITY OF ORIGINAL VALPROIC ACID M) Check for updates
AMINOETHERS IN CHOLINESTERASE INHIBITOR POISONING

Alisa V. Belskaya™, Aleksandra S. Melekhova, Veronika N. Zorina, Aleksandr Ya. Bespalov, Margarita V. Melnikova,
Anastasiya A. Bondarenko

Golikov Scientific and Clinical Center of Toxicology, St. Petersburg, Russia

Introduction. Cholinesterase inhibitors present in household chemicals, agrochemicals, and a number of medicinal products represent the
most common cause of acute intoxications accompanied by the development of convulsive syndrome. Delayed and repeated administration
of existing antidotes proves ineffective. Compounds that are promising for the development of alternative therapeutic agents include deriva-
tives of valproic acid.

Objective. Evaluation of the anticonvulsant efficacy of original valproic acid aminoethers in intoxication with phenylcarbamate as a cholines-
terase inhibitor.

Materials and methods. Experiments were conducted using outbred white male rats aged 3 months with a body weight of 200-240 g. The
tabular express method by Prozorovsky was used to determine the median lethal doses of the new compounds. To model the convulsive syn-
drome, phenylcarbamate was administered intraperitoneally to male rats at a dose of 1 mg/kg bw. The anticonvulsant activity of valproic acid
aminoethers — N-methyl-4-piperidinol (VAA), quinuclidinol (QVA), and tropinol (TVA) — was assessed. The preparations were administered
at doses of 21.5 mg/kg bw and 43 mg/kg bw after the onset of convulsions. The study was conducted using four experimental groups: phe-
nylcarbamate — P (n = 8), P+VAA (n = 16), P+TVA (n = 16), and P+QVA (n = 16). The test substances were dissolved in 0.9% sodium chloride
solution and administered intraperitoneally, taking interspecies dose conversion into account. The volume of the intraperitoneally administered
solution was 0.1 mL/100 g. The severity of the convulsive syndrome in the experiment was assessed using the Racine scale. The following
efficacy indicators were taken into account: latent period, severity and duration of convulsive syndrome, and mortality. Statistical processing
of the research results was performed using the Statistica 13.0 software package (Statsoft, USA).

Results. The established LD, values of the original valproic acid aminoethers under study correspond to class 3 of moderately toxic sub-
stances. At a dose of 21.5 mg/kg bw, the proportion of rats with severe convulsions significantly decreased in all groups; the fastest anticon-
vulsant effect was recorded in the QVA group (after 10 min, convulsions were absent). The efficacy of VAA and TVA at a dose of 43 mg/kg bw
was comparable to the dose of 21.5 mg/kg bw; in the QVA group, the proportion of animals with convulsions remained high after 10 min.
A significant reduction in the duration of convulsions was revealed in the QVA group at doses of 21.5 mg/kg bw and 43 mg/kg bw. A significant
decrease in the intensity of convulsions was detected in the VAA and QVA groups at a dose of 21.5 mg/kg bw, and at a dose of 43 mg/kg bw
in the VAA and TVA groups.

Conclusions. The new aminoethers of valproic acid exhibit anticonvulsant activity in intoxication with a reversible cholinesterase inhibitor. At
a dose of 21.5 mg/kg bw, QVA is the most effective; however, at a dose of 43 mg/kg bw, manifestations of toxicity are observed and VAA is
more effective. Despite animal mortality, TVA also demonstrates its efficacy at a dose of 43 mg/kg bw.

Keywords: valproic acid aminoethers; convulsive syndrome; cholinesterase inhibitors; carbamates; anticonvulsant therapy
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MPOTUBOCYAOPOXXHASA AKTUBHOCTb OPUMMHAJIbHBIX AMUHO3®VPOB BAJIbIMPOEBOW
KUCJ10Tbl NMPU NHTOKCUKALN NHTMBUTOPOM XOJIMH3CTEPA3

A.B. Benbckas™, A.C. Menexosa, B.H. 3opuHa, A.A. Becnanos, M.B. MenbHukoBa, A.A. BoHaapeHKo

Hay4HO-KNMHNYECKMIA LIEHTP TOKCUKOOrN M. akagemuka C.H. lonmkosa ®enepanbHOro Meamko-61onorm4eckoro areHTCTBea,
CaHkT-leTepbypr, Poccust

BBepeHune. Hanbonee pacnpocTpaHeHHOW MPUHUHOM OCTPbIX MHTOKCUKALWNA, COMPOBOXAAIOLLMXCS Pa3BUTMEM CYAOPOXHOrO CUHOPO-
Ma, SBSKOTCA MHMMOUTOPbI XONMHACTEPa3 B COCTaBe ObITOBOW XUMUW, arpOXUMUKATOB U Psifa eKapCTBEHHbIX cpeacTB. OTCpoYeHHoe
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1 NMOBTOPHOE MPUMEHEHME CYLLIECTBYHOLLIMX aHTUAOTOB ManoaekTBHO. K coeMHEHVSIM, NMEPCNEKTUBHBIM A5 paspaboTku ansrepHa-
TVBHbIX CPEeACTB Tepanuu, OTHOCATCSt MPOW3BOAHbIE BaNbNpPOEBO KMCOTbI.

Llenb. OueHka npoTUBOCYAOPOXKHOW 3(DMHEKTUBHOCTM OPUMMHANBHBIX aMUHOI(MUPOB BabMPOEBOWN KMCNOTbI MPU MHTOKCUKALMN UHIMOUTO-
POM XONMH3CTEPasbl — heHnnkapbamaTom.

Marepuanbl n meToabl. SKCNeprMeHTbl NPoBeaeHbl Ha HecnopodHbIX BefbIX KpbiCax-camuax Bo3pacTom 3 MecsLa 1 maccon tena 200-
240 r. Npy onpefenernn CpepHnX neTanbHbIX 03 HOBbIX COEANHEHNI CMONb30Bann Tabnn4HbIN Skcnpecc-meTog no B.6. MNpo3oposckomy.
[na MogennpoBaHns CyoOpPOXHOIro CUHAPOMA BHY TPMOPIOLLMHHO BBOAMAN KPbICaM-camuam heHnnkapbamar B fose 1 Mr/kr m.T. OueHmBanm
MNPOTUBOCYAOPOXHYIO aKTMBHOCTb aMMHOSMNPOB BaibNPoeBor KNCNOTbl: N-MeTun-4-nnnepunanHonsHei (ABK), xnHyk nugnHonsHein (XABK)
1 TponvHoBbIN (TABK), BBOAMMBIE B fo3ax 21,5 n 43 MI/Kr MT. mOcne Ha4ana cydopor. ViccnegoBaHne NpoBeaeHO Ha 4 OMbITHbIX rpynnax:
heHnnkapbamar «®» (n = 8), D+ABK (n = 16), D+TABK (n = 16), ®+XABK (n = 16). Viccnepyembie cybcTaHumm pacteopsinm B 0,9%-HOM pacTBo-
pe xnopuaa HaTpus 1 BBOAWUIM BHYTPUOPIOLLMHHO, C YHETOM MEXBWA0BOIo nepecyeTa Ao3. O6bem BBOAUMOrO BHY TPUOPIOLLMHHO pacTBopa
coctaenan 0,1 mn/100 r. Beipa>keHHOCTb CYyAOPOXHOro CUHAPOMA B 9KCMEpUMEHTE OueHnBanuv no wkane Racine. YunTbiBanm nokasarenm
3P HEKTUBHOCTU: NATEHTHbIN NEPUOL, BbIPAXXEHHOCTb 1 MPOAOIKUTENIBHOCTb CYAOPOXHOMO CUHAPOMA, NeTanbHOCTb. CTaTUCTUYECKYO 06-
paboTKy pe3ynsLTaToB MCCNeaoBaHs MPOM3BOANAN C MOMOLLbIO NakeTa nporpamMmel Statistica 13.0 (Statsoft, CLLA).

Pesynbratbl. YcTaHoBeHHbIe 3HaqeHVs J1, ) opyriHaibHbIX aMUHOS(MPOB BASIbMPOEBOW KUCOTbI COOTBETCTBYIOT 3-My KJIaCCy yMepeH-
HO TOKCU4YHbIX BeLlecTB. B fose 21,5 Mr/Kr MT. 3Ha4YMMO yMEHbLUANach 40N KPbIC C BbIPaXKeHHbIMI CyLOpOoraMm BO BCex rpynnax, Hambo-
nee BbICTPbIN MPOTUBOCYA0POXHBIN 3dhdeKT perncTpupoBani B rpynne XABK (4epe3 10 MUH cynopori oTcyTcTBOBanM). 9hdeKTUBHOCTb
ABK 1 TABK npu ncnonb3osaHumn B fo3e 43 Mr/kr M.T. 6bina conoctasmma ¢ goson 21,5 mr/kr m.T., B rpynne XABK yepes 10 MUH fOns XXun-
BOTHbIX C Cy4OpOramu octaBanacb BbICOKOW. [JOCTOBEPHOE YMEHbLLEHWE NPOAOIKUTENBHOCTY CYA0POr BbiBNEHO B rpynne XABK B fosax
21,5 1 43 Mr/kr M.T. [JOCTOBEPHOE CHVKEHME NHTEHCUBHOCTY CyA0por BbisBneHo B rpynnax ABK 1 XABK B nose 21,5 MI/kr M.T., rpynnax
ABK n TABK — B 103€ 43 Mr/Kr M.T.

BbiBopbl. HoBble amMyHO3(VPBI BasbNPOEBOW KUCNIOThI MPOSIBASIOT MPOTUBOCYAOPOXKHYHO aKTUBHOCTb MPU MHTOKCKKALIMM 0BPaTUMbIM UHMU-
OUTOPOM XonMHacTepas. B noge 21,5 Mr/kr M.T. Hanbonee achpexkTBeH XABK, oaHako B 4o3e 43 MI/KI M.T. Habto4atoTCs MPOSIBIEHNSI TOKCKY-
HocTu 1 6onee adpdexTrBeH ABK. HecMoTps Ha neTansHOCTb »KMBOTHBIX, TABK Takke mposBnseT CBOK apeKTUBHOCTb B 03€ 43 MI/KI M.T.

KnioyeBble cnoBa: aMuHO3VIPBI
NPOTUBOCYA0POXHAS Tepanms

BanbnpoeBoM KNCNOTbI; Cy,D,OpO)KHbII;I CVHOPOM; I/IHI'I/I6I/ITOpr XONNHaCTEepPas; Kap6aMaTbI;

Ons untupoBaHus: benbckaa A.B., Menexosa A.C., 3opuHa B.H., Becnanos A.4., MensHukosa M.B., BoHgapeHko A.A. MpoTusocyno-
POXHAA aKTMBHOCTb OPUrMHAIbHbIX aMUHOSMUPOB BaNbMNPOEBOW KUCNOTbI MPU MHTOKCUKALMU UHMMOUTOPOM XONnHaCTepas. MeguvumHa
SKCTPEMASIbHBIX CcUTyaum. 2025;27(4).453-461. https:/doi.org/10.47183/mes.2025-327

DuHaHCUpOBaHWeE: CCNefOBaHVEe BbINOHEHO B paMKax rocyaapcTBeHHoro 3agaHns ®PMBA no Teme «PaspaboTka opurnHanbHbIX hapma-
LIEBTUHECKIX CYyDOCTaHLNIA — aHTaroHUCTOB MHMMOUTOPOB XONMHACTEpPadbl» (LWndp «poBoaHnK» Per. Ne 124022400179-8), a Takxe B pam-
Kax rocyapCTBEHHOro KOHTpakTa «PadpaboTka MeaVkaMeHTO3HOro CPeAcTBa KYNMpOBaHUSA CyAOPOXXHOMO CUHAPOMa 6E30THOCUTENBHO
BbI3BABLLEr0 ero XMMN4ecKoro akTtopar, mgp «Poca.

BnaropgapHocTu: Bepsege A.B. 3a moOMOLLb B CTaTUCTUHECKOM 06paboTke AaHHbIX, MpokoneHko J1.W. 3a cuHTe3 opurnHabHbIX amMUHO-
3(hMpPOB BaNbNpPOEBON KUCNOTbI.

CooTBeTCTBUE NPUHLMNAM 3TUKU: UCCNEL0OBAHNE BbINOHEHO C COBMIOAEHMEM NPaBW BUOSTUKY, YTBEPXXAEHHBIX EBPONENCKOM KOHBEH-
Liel o 3aLipmTe NO3BOHOYHbBIX XKMBOTHbIX, MCMOMb3yeMbIX OJ151 9KCrepMeHTabHbIX 1 Apyrix Lienei. MNpoBeneHme nccnenoBaHnii onobpeHo
Ha 3acefaHun 6rnoatudeckoro komuteta PIEY HKLUT nm. C.H. Tonvkosa ®PMBA Poccum (MpoTtokon Ne 1/22 ot 22.02.2022).
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INTRODUCTION

Poisoning with cholinesterase inhibitors remains the
primary cause of generalized convulsive syndrome of
toxic etiology. Substances in this group include irre-
versible inhibitors, primarily organophosphorus com-
pounds (OPCs), and reversible inhibitors, such as de-
rivatives of carbamic acid (carbamates). Carbamates
and OPCs are used as components of agricultural and
household chemicals (pesticides, insecticides), as well
as plasticizers and polymeric materials. Carbamates
are also widely applied in the pharmaceutical indus-
try as part of medicinal products [1, 2]. The number
of victims of poisoning with cholinesterase inhibitors
(household poisonings, agrochemical poisonings, drug
overdoses, or suicides) amounts to several million per
annum worldwide.

454

The toxic effects of cholinesterase inhibitors on the
body are manifested in the development of miosis,
bronchospasm, hypersecretion, vomiting, arrhythmia,
and respiratory failure. These conditions result from en-
hanced muscarinic and nicotinic stimulation due to the
inhibition of acetylcholinesterase (AChE) activity. This in-
hibition promotes the accumulation of acetylcholine in
neuronal synapses and the development of cholinergic
syndrome [3]. Additionally, butyrylcholinesterase, carbo-
xylesterase, and some other enzymes are inhibited [1,
4, 5]. At the level of the central nervous system (CNS),
intoxication effects include generalized convulsive sei-
zures, which can last for more than 30 min and involve
significant damage to neurons and neuroglial cells in the
brain. Furthermore, cholinergic manifestations are sup-
plemented by glutamatergic excitotoxicity, progression
of neuroinflammation and neurodegeneration. Victims
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may experience persistent neurological disorders for an
extended period of time [6].

It appears evident that a timely and effective sup-
pression of convulsions is essential for improving the
survival rates after acute poisoning with cholinesterase
inhibitors, as well as for ensuring neuroprotection and
prevention of CNS dysfunction in the long-term post-
intoxication period. However, the existing antidote ther-
apy is primarily aimed at reducing severity and prevent-
ing fatalities in the earliest stages of intoxication (prior
to the onset of convulsions).

The effectiveness of antidote therapy decreases
significantly when administered during actively devel-
oping or established convulsive syndrome. In particu-
lar, atropin [5] acts only on muscarinic, rather than on
nicotinic, cholinergic receptors [6]. This compound is
most effective when administered prophylactically or
within the first minutes after exposure. Oximes, such
as pralidoxime, etc., are recommended as prophy-
lactic antidotes and exclusively for organophospho-
rus compound (OPC) poisoning [4]. Among benzodi-
azepines, which interact with gamma-aminobutyric
acid (GABA) receptors, midazolam is preferred due
to its rapid action, attributed to its high penetrative
properties across the blood-brain barrier (BBB) [5].
However, their efficacy may be significantly reduced
due to a substantial decline in the expression of re-
ceptor subunits and structurally associated proteins
and enzymes capable of interacting with these sub-
stances within 10-20 min after exposure [6]. This
greatly increases the share of refractory (antidote-re-
sistant) convulsions.

The above-mentioned considerations underscore
the necessity for developing new effective means to
suppress convulsive syndrome in poisoning with cho-
linesterase inhibitors. One promising direction consists
in the development of anticonvulsant agents based on
derivatives of valproic acid. It is known that valproic
acid participates in pre- and postsynaptic modulation
of GABAergic signaling, affects sodium, calcium, and
potassium channels, can increase extracellular lev-
els of serotonin and dopamine in the hippocampus,
modulate neurogenesis, and exert a neuroprotective
effect [7]. However, the high effective dose of this an-
ticonvulsant for generalized convulsive syndrome (over
150 mg/kg bw) limits its use as an antidote. Moreover,

high doses of valproic acid are associated with a tera-
togenic effect [8].

With the purpose of reducing the effective dose,
new pharmaceutical agents based on valproic acid are
being developed. For example, valpromide (VPM), a
recently developed substance, was shown to act as
a prodrug (valproic acid is released during hydrolysis
in the stomach) [8, 9]. However, VPM, approved only
in France and Italy (Depamide®), is recommended for
use exclusively in bipolar disorders (hot as an anticon-
vulsant) [9]. Valnoctamide (VCD) — an isomer of val-
promide — with its own therapeutic activity (biotrans-
formation with the release of valproic acid in the body
is minimal) has been developed. Currently, VCD has
successfully passed phase llb of clinical trials and is
included in the list of sedative agents as an anticon-
vulsant [8]. Sec-butylpropylacetamide (SPD), a recently
synthesized homologue of VCD, showed high anti-
convulsant activity in various experimental models in
preclinical studies, including cases of benzodiazepine-
resistant convulsions [8]. The efficacy of SPD is due
to a significantly faster rate of penetration through the
blood—-brain barrier (12 times faster than valproic acid).
SPD was demonstrated to preserve cognitive functions
and reduce neuronal damage [10]. However, SPD and
VCD are poorly soluble in water and are used in the
form of an emulsion [11], which is inconvenient for use
as an antidote. All the above-mentioned derivatives of
valproic acid are not registered as agents for the relief
of generalized convulsive syndrome.

The aim of the study is a comparative investigation
of the anticonvulsant efficacy of original valproic acid
aminoether substances in poisoning with a cholinester-
ase inhibitor — phenylcarbamate.

MATERIALS AND METHODS

Original valproic acid derivatives were developed and
synthesized at the Laboratory of Drug Synthesis of the
Golikov Federal Research Center of Toxicology. The list
and structural formulas of the tested substances are
presented in Table 1.

In the experiments, outbred white male rats aged
three months and weighing 200-240 g were used as
the test system. The animals were obtained from the
nursery of the National Research Center “Kurchatov

Table 1. Molecular characteristics of valproic acid aminoethers

Name Gross formula Purity (%)
(1-Methylpiperidin-4-yl) 2-propylpentanoate hydrochloride (VAA) C,,H,,NO,*HCI 98.27
1-Azabicyclo[2.2.2]oct-3-yl 2-propylpentanoate (QVA) C,,H,,NO,"HCI 98.03
8-Methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate (TVA) C,;H,,NO,"HCI 98.09

Table compiled by the authors
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Institute” — RAPPOLOVO Laboratory Animal Breeding
Facility (Leningrad Oblast). The animals were kept un-
der standard conditions in accordance with the rules'.

At the first stage, an assessment of acute toxicity
and determination of the median lethal dose (LD,,) for
TVA and QVA was conducted using the express method
by Prozorovsky [12]. In order to study each compound,
the experimental animals were divided into four groups
of two rats each; a single intraperitoneal injection of the
test solutions was performed (the substances were
dissolved in 0.9% sodium chloride solution). The fol-
lowing doses were selected for the acute toxicity study
of TVA and QVA substances: QVA — 63.1, 79.4, 100.0,
126.0 mg/kg; TVA — 79.4, 100.0, 126.0, 158.0 mg/kg.
Previous studies had determined the LD, for VAA to be
170 = 1.2 mg/kg bw [13].

At the second stage, the pharmacological activ-
ity of the substances was studied using a model of
convulsions induced by a reversible cholinesterase
inhibitor — substituted 2[(dimethylamino)methyl] aryldi-
methylcarbamate hydrochloride (hereinafter referred
to as phenylcarbamate) [14]. Phenylcarbamate was
administered as a single intraperitoneal injection at a
dose of 1 mg/kg bw [15]. The following experimental
groups were formed: a group with isolated administra-
tion of phenylcarbamate “P” as the convulsive agent
(n = 8), and three groups with administration of “P” fol-
lowed by administration of the test corrective agents:
P+VAA (n = 16), P+TVA (n = 16), P+QVA (n = 16). The
anticonvulsant efficacy of the VAA, QVA, and TVA sub-
stances was assessed at two doses — 21.5 mg/kg bw
and 43.0 mg/kg bw (eight animals per dose for each
test substance).

The selection of effective doses of the test sub-
stances and the administration regimen was based on
the dosage and usage protocols of sodium valproate
(Convulex®) adopted in clinical practice for humans.
The average dose of 7 mg/kg bw was used as the ba-
sis for calculating the effective dose. Interspecies dose
conversion from human to rat was performed using the
standard recommendations of Mironov2. The test dose
values were calculated using the following coefficients:
the therapeutic dose for rats was 7.0 x 39 (coefficient
for a human weighing 70 kg) / 6.5 (coefficient for a rat
weighing 200 g) = 43.0 mg/kg bw.

The test substances were dissolved in a 0.9% sodi-
um chloride solution and administered intraperitoneally,
taking interspecies dose conversion into account. The
volume of the intraperitoneally administered solution
was 0.1 mL/100 g. Administration was performed with-
in the first minutes after the onset of seizures at lev-
els 3—4 on the Racine scale [16], which were induced
by the administration of the cholinesterase inhibitor.

The following efficacy indicators were taken into ac-
count: latent period, severity and duration of convulsive

syndrome, and mortality. Observation and recording
of lethal outcomes were conducted over a 24-h pe-
riod. Mortality was assessed based on the proportion
of deceased rats relative to their total number in the
study group after the administration of the convulsive
agent during the 24-h observation period. The sever-
ity of convulsive syndrome in the experiment was as-
sessed using the Racine scale. Seizures of level 4 and
above, equivalent to generalized clonic-tonic seizures
in humans, were classified as severe. The duration of
convulsive syndrome was measured in minutes.

To assess the significance of differences in the fre-
quency of rats exhibiting severe seizures, Fisher’s exact
test was used. A comparative assessment of the con-
vulsive syndrome indicators in male rats poisoned with
phenylcarbamate was performed using the Kruskal—-
Walllis test. To identify differences between individual
groups, as well as between the studied substances
and the “P” group, Dunn’s multiple comparison test
(post-hoc analysis) was employed. Statistical process-
ing of the research results was carried out using the
Statistica 13.0 software package (Statsoft, USA).

RESULTS

In the course of work to determine the quantitative char-
acteristics of acute toxicity upon intraperitoneal admin-
istration of QVA, the following distribution of rat mor-
tality in each dose subgroup was established: 0O, O, 2,
2 individuals, which allowed for the determination of the
LD,, for QVA at a level of 89.8 + 7.1 mg/kg; upon intra-
peritoneal administration of TVA — 0, 0, 2, 2 individuals,
which corresponded to an LD, of 1138.1 + 8.9 mg/kg.
Based on the obtained LD, values of the original valp-
roic acid aminoethers, the compounds can be classified
as class 3 moderately toxic substances.

The experimental model of seizures induced by a
reversible acetylcholinesterase inhibitor (phenylcarba-
mate) [12, 13] following the administration of VAA, QVA,
and TVA at two doses (21.5 mg/kg bw and 43.0 mg/
kg bw) revealed no statistically significant difference
between the share of deceased rats in the group of
animals receiving the convulsive agent, regardless of
the dose and the recorded time interval. During the ex-
periment, the death of one animal in the “P” group at
the 30-min observation mark, the death of one rat fol-
lowing the administration of TVA at a dose of 21.5 mg/
kg bw at the 10-min observation mark, and the death of
three rats in the QVA group at a dose of 43.0 mg/kg bw
at the 20-min observation mark were recorded.

After the administration of phenylcarbamate, the
number of rats with severe convulsions in the “P”
group began to decrease from the 30-min observation
point by 14%; by 70 min, convulsions were no longer
recorded in the animals.

TSP 2.2.1.3218-14 dated September 28, 2014 “Sanitary and Epidemiological Requirements for the Design, Equipment, and Maintenance of Experimental-

Biological Clinics (Vivaria)”.

2 Mironov AN. Guidelines for conducting preclinical drug trials. Part 1. Moscow: Grif&K; 2012.
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Table 2. Effect of the investigated drugs on the occurrence of seizures in rats following administration of

phenylcarbamate and valproic acid aminoether substances
Time intervals, min
Group
0 5 10 20 30 40 50 60 70
Number of rats (n/N) after administration of substances at a dose of 21.5 mg/kg b.w.

P 8/8 8/8 8/8 8/8 6/7 5/7 3/7 1/7 0/7
P+VAA 8/8 8/8 3/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8
P+TVA 8/8 8/8 o/r* 3/7* 1/7* o/r* or7 o/7 o/7
P+QVA 8/8 8/8 0/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8

Number of rats (n/N) after administration of substances at a dose of 43.0 mg/kg b.w.

P 8/8 8/8 8/8 8/8 e/7 5/7 3/7 1/7 or7
P+VAA 8/8 8/8 2/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8
P+TVA 8/8 8/8 1/8* 1/8* 0/8* 0/8* o/7 0/7 0/7
P+QVA 8/8 8/8 8/8 0/8* 0/8* 0/8* 0/8 0/8 0/8

Table compiled by the authors based on their own data

Note: P — Phenylcarbamate; VAA — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA — 1-azabicyclo[2.2.2]oct-3-yl
2-propylpentanoate; TVA — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; n — number of rats with severe convulsions; N — total
number of rats in the group; * — differences are statistically significant compared to the P group (o < 0.05).

The administration of the original aminoethers re-
duced the number of animals with convulsion severity
of level 4 and above (Racine scale), which corresponds
to a generalized convulsive syndrome in humans
(Table 2).

Following the administration of the test substances
at a dose of 21.5 mg/kg bw, a statistically significant
reduction in the proportion of rats with severe convul-
sions was observed during the 10-40 min period of
observation (Table 2).

In the P+QVA group, animals with severe convul-
sions were completely absent starting from the 10-min
observation mark, whereas in the other two groups, the
anticonvulsant effect occurred later. Specifically, in the
P+TVA group, no severe convulsions were observed
at 10 min; however, cases of clonic-tonic convulsions
were recorded over the next 20 min, which ceased by
40 min. In the P+VAA group, a reduction in convulsion
severity occurred by the 20-min observation mark.

No statistically significant intergroup differences
were identified when comparing animals that received
different substances at the same time interval.

When the substances were administered at a dose
of 43.0 mg/kg bw, the anticonvulsant efficacy in the
P+VAA and P+TVA groups generally coincided with
that established at the lower dose. However, in the
P+QVA group, 10 min after substance administration,
the number of animals with severe convulsions did
not decrease compared to the “P” group. At the same

EXTREME MEDICINE | 2025, VOLUME 27, No 4

time, by 10 min, in the P+VAA and P+TVA groups, the
number of animals with convulsive syndrome was sta-
tistically significantly lower than that in the group with
isolated administration of phenylcarbamate.

When assessing the total duration of convulsions
using statistical processing of the results with the
Kruskal-Wallis test, the presence of statistically sig-
nificant differences between all studied groups upon
administration of the substances at both doses was
revealed (Table 3).

When constructing a quadratic matrix of post-hoc
comparisons (p-values) for the duration of convul-
sions following intraperitoneal administration of the
test substances and in the phenylcarbamate group
using Dunn’s post-hoc test, no statistically significant
intergroup differences were identified. However, when
comparing the duration of convulsions in the P+QVA
group (dose 21.5 mg/kg bw) with the values in the “P”
group, a statistically significant reduction in the medi-
an (Me) duration of convulsions by 77% was detected
(p = 0.001). A lower median duration of convulsions by
57% was also recorded when comparing the indicator
in the P+QVA and P+VAA groups at the dose level of
21.5 mg/kg bw (p = 0.041).

When the substances were administered at a dose
of 43.0 mg/kg bw, differences in the duration of con-
vulsions were established, comparable to the results
obtained when studying the effects of lower doses.
Specifically, significant differences were found when
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Table 3. Comparative assessment of convulsion duration in rats after intraperitoneal administration of
phenylcarbamate and valproic acid aminoether substances at doses of 21.5 and 43.0 mg/kg bw

. Animals amount Convulsion duration, min p-value of
Dose of valproic .
Group acid aminoethers intergroup
N M, Min Max differences’
P - 8 87.0 13.0 103.0
P+VAA 8 46.5 34.0 57.0
0.003
P+TVA 21.5 mg/kg b.w. 8 40.0 8.0 44.0
P+QVA 8 20.0 20.0 20.0
P - 8 87.0 13.0 103.0
P+VAA 8 70.0 31.0 81.0
0.002
P+TVA 43.0 mg/kg b.w. 8 48.0 45.0 50.0
P+QVA 8 30.0 12.0 32.0

Table compiled by the authors based on their own data

Note: P — Phenylcarbamate; VAA — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA — 1-azabicyclo[2.2.2]oct-3-yl
2-propylpentanoate; TVA — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; «—» — isolated administration of phenylcarbamate; ' —

p-value in the Kruskal-Wallis test.

Table 4. Comparative assessment of the time-weighted sum of seizure intensity scores in male rats after
intraperitoneal administration of valproic acid aminoether substances at doses of 21.5 and 43.0 mg/kg bw

Time-weighted sums of seizure p-value of
G Dose of valproic Number of intensity scores, score/min .
roup ; . . intergroup
acid aminoethers animals differences!
M, min max
P - 7 270 210 310
P+VAA 8 61 53 98
0.001
P+TVA 21.5 mg/kg bw 7 85 48 115
P+QVA 8 19 18 20
P - 7 270 210 310
P+VAA 8 110 63 183
0.001
P+TVA 43.0 mg/kg bw 8 66 65 165
P+QVA 5 78 78 90

Table compiled by the authors based on their own data

Note: P — Phenylcarbamate; VAA — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA — 1-azabicyclo[2.2.2]oct-3-y!
2-propylpentanoate; TVA — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; «—» — isolated administration of phenylcarbamate;

' — p-value in the Kruskal-Wallis test.

comparing the P+QVA group with the phenylcarbamate
group (p = 0.001) and in the intergroup comparison be-
tween P+QVA and P+VAA (p = 0.039).

Time-weighted sums of seizure intensity scores
(area under the curve “seizure score—time,” AUC)
were calculated. Deceased individuals were excluded
from the calculations. It was demonstrated (Table 4)
that there are statistically significant differences be-
tween the AUC indicators upon administration of the
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substances at doses of 21.5 mg/kg bw (p = 0.001) and
43.0 mg/kg bw (p = 0.001).

Upon administration of the substances at a dose of
21.5mg/kg bw, the time-weighted sums of seizure inten-
sity scores in the P+VAA group were found to be statis-
tically significantly lower by 77% than the correspond-
ing indicator in the phenylcarbamate group (p = 0.041),
and in the P+QVA group — by 93% (p = 0.001) based
on the median, respectively. In the P+TVA group, the
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Figure prepared by the authors based on their own data

Fig. 1. Median-based plots of the severity of the con-
vulsive syndrome according to the Racine scale
(points) versus time after administration of valproic
acid aminoether substances at a dose of 21.5 mg/kg
bw to male rats: P — Phenylcarbamate; VAA — (1-meth-
ylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA —
1-azabicyclo[2.2.2]oct-3-yl  2-propylpentanoate; TVA —
8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate

AUC level was lower by 84%, although not reaching
statistical significance compared to the “P” group. A
statistically significant decrease in the AUC indicator
was also recorded in the P+QVA group compared to
the P+TVA group, with a difference of 78% (p = 0.026).

When the substances were administered at a dose
of 43.0 mg/kg bw, a significant reduction in the me-
dian AUC indicator was noted: by 59% (p = 0.015)
in the P+VAA group and by 79% in the P+TVA group
(p = 0.001) compared to the animals that received only
phenylcarbamate.

Figures 1 and 2 show the dynamics of the median
scores for the severity of convulsive syndrome (from O
to 6 points on the Racine scale) after administration of
the test substances over a 100-min observation pe-
riod. Administration of the QVA substance at a dose of
21.5 mg/kg bw demonstrated the most favorable time
course for the severity of convulsive syndrome, corre-
sponding to the greater anticonvulsant efficacy of this
compound. Conversely, when a dose of 43.0 mg/kg
bw was administered, more preferable changes were
observed in animals that received VAA and TVA.

DISCUSSION

Our results indicate that the administration of original
valproic acid aminoethers in the setting of acute intoxi-
cation with a cholinesterase inhibitor contributed to a
pronounced reduction in the duration of convulsions
within the first 10-20 min after the onset of exposure.
The highest efficacy was demonstrated by QVA at a
dose of 21.5 mg/kg bw. This dose led to cessation of
convulsions in 100% of animals after 10 min.
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Fig. 2. Median-based plots of the severity of the convul-
sive syndrome according to the Racine scale (points)
versus time after administration of valproic acid ami-
noether substances at a dose of 43 mg/kg bw to male
rats: P — Phenylcarbamate; VAA — (1-methylpiperidin-
4-yl) 2-propylpentanoate hydrochloride; QVA — 1-azabi-
cyclo[2.2.2]oct-3-yl 2-propylpentanoate; TVA — 8-methyl-
8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate

The time-weighted sum of seizure intensity scores
(AUC) in the groups receiving the original valproic acid
aminoethers at both doses was significantly lower
compared to the group of animals without therapy (only
phenylcarbamate administration), indicating sufficient
efficacy of the test substances in reducing the severity
of not only intense but also other types of convulsions.
Overall, the lowest median AUC value (corresponding
to the highest efficacy) was established for QVA (valp-
roic acid quinuclidinol aminoether) when administered
at a dose of 21.5 mg/kg bw. The VAA and TVA samples
at the studied doses were comparable to each other in
terms of efficacy.

Although no statistically significant differences in
mortality were detected between the studied groups
across all time intervals, the identified death cases of
three animals at the 20-min mark of the experiment
following the use of QVA at a high dose (43.0 mg/
kg bw) require further investigation. It is evident that
these cases could have been associated with either
the toxicity of QVA or the individual reaction of spe-
cific animals to phenylcarbamate exposure, inde-
pendent of QVA administration. Furthermore, the pro-
nounced efficacy of QVA at a dose of 21.5 mg/kg bw
suggests that a further dose reduction without effi-
cacy loss is possible and that the 43 mg/kg bw dose
may be excessive. It has been previously established
that the anticonvulsant efficacy of valpromide in ex-
periments on mice is 3-5 times higher than that of
valproic acid [9]; it is possible that in the case of
QVA, the optimal dose will also be significantly low-
er and not associated with any manifestations of
toxicity.
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Previous animal models demonstrated that, in com-
parision with atropine — a standard antidote for intoxi-
cation with cholinesterase inhibitors [17], VAA is more
effective in reducing the duration of convulsive syn-
drome. In this light, the developed original valproic acid
derivatives should be considered promising for further
study and the development of agents to terminate the
convulsive syndrome induced by cholinesterase inhibi-
tors, including irreversible ones.

CONCLUSIONS

1. The developed original valproic acid derivatives
(VAA, QVA, and TVA) are effective in relieving convulsive
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Introduction. Issues related to the epidemiologic aspects and clinical manifestations of poisoning by neurotoxicants, whose effects cause
serious harm to the health of victims, are highly relevant. Acute and chronic poisoning can be manifested through diverse patterns; however,
regardless of the type of neurotoxicant, all victims experience asthenovegetative and psychoorganic syndromes. These syndromes can de-
velop during both toxicogenic and somatogenic phases of poisoning, manifesting in the period of its long-term consequences.

Objective. Scientific substantiation of the risks of poisoning by neurotoxicants, which pose a serious threat to public health due to their sys-
temic toxic effects and the development of multiorgan pathology, including at the stage of long-term consequences of poisoning.
Discussion. In Russia, among various types of acute poisoning, intoxications by substances causing primary damage to the central nervous
system rank first. The routes of entry of neurotoxicants into the body are indicated, and the forms of manifestation of neurotoxic processes
are described. The pathogenesis of the toxic action of organic solvents, heavy metal salts, barbiturates, and carbamates is analyzed. Toxic
neurotropic substances can adversely affect the nervous system both directly and indirectly, through damage to other organs and systems.
Clinical cases of acute poisoning by neurotoxicants are described. After poisoning by representatives of the group of neurotropic toxicants,
after a certain period of time, the victim develops long-term consequences with a highly varying clinical picture.

Conclusions. The presented data on poisoning exposures to neurotoxicants demonstrate the clinical and pathogenetic significance of their
effects not only on the central nervous system but also on other organs and tissues, the development of systemic pathological processes
and multiorgan pathologies. The identified features of the toxic action must be taken into account when analyzing the health risks to victims
of poisoning with neurotropic toxicants. The most significant manifestations of the effects on other organs/tissues should be reflected in the
protocols for diagnosing the severity of such poisoning accidents and their long-term consequences, as well as in the use of metabolic and
cytoprotective agents for their treatment.
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"Hay4HO-KNMHNYECKUI LIEHTP TOKCUKOOrM M. akagemuka C.H. Tonmkosa ®egepanbHOro Meamko-o1monormieckoro areHTcTea,
CankT-leTepbypr, Poccus

2 BoeHHo-MeanumHekas akagemust M. C.M. Kuposa MuHrcTepcTBa 060poHbl Poccuiickoin ®epepaumm, CankT-MNeTepbypr, Poccus
3 BO€HHbIN MHHOBALMOHHBI TexHononue «9PA» MuHncTepcTea 060poHbl Poccuinckon ®epepauum, AHana, Poccus

BBegeHue. Bonpochl annaeMmonorim  0CoO6eHHOCTEN KIMHUYECKOM KapTUHbI OTPAaBEHNIA HENPOTPOMHBLIMY TOKCUKaHTaMW, 0eNCTBME KO-
TOPbIX HAHOCUT Cepbe3HbIN Bpea 340POBbI0 MOCTPaAaBLUVX, ABASIOTCS akTyanbHbIMU U MPUOPUTETHBIMU. KapTiHa OCTPbIX 1 XPOHUHECKIMX
OTpaBfeHNA MOXXET ObITb BECbMa pa3HO0bpa3Ha, OOHaKO €CTb BeayLLUMe CUHOPOMbI, TakMe Kak aCTeHOBEreTaTuBHbIA 1 MCUXOOpraHnye-
CKUI, KOTOPble HabMoAATCS Y MOCTPaAaBLIMX HE3ABUCUMO OT BAA HENPOTOKCMKaHTa. [laHHble CUHOPOMbI MOMYT Pa3BNBATHLCS Kak B TOK-
CVIKOreHHyto (hady OTpaBrieHs, Tak 1 B COMaTOreHHyY0, MPOSIBNSASCH B Nepuofe OTAANEHHbIX MOCAEACTBUA OTPaBEHWN.

Llenb. Hay4Hoe 060CHOBaHME PUCKOB OTPAaBEHNIA HEMPOTOKCUKaHTaMM, NPEACTaBASOLIMMU CEPbE3HYIO Yrpo3y ANS 340PO0BbsA Hacene-
HUS, CBABAHHYO C X CUCTEMHbBIM TOKCUYECKIM AENCTBUEM 1N (hOPMUPOBaHNEM MOAMOPraHHON NaTonoruy, B TOM Y/CHe Ha aTarne oThaneH-
HbIX MOCNeACTBUIN OTPaBNEHNI.

O6cyxpaeHue. OTMe4eHo, YTO B KapTUHE OCTPbIX OTpaBieHni B Poccuiickon edepaLim nepeoe MeCTO 3aHUMAatOT MHTOKCUKaLMM BeLLe-
CTBaMK, BbI3blBalOLLMU NepBuYHoe nopaxkeHne LIHC. MokasaHbl nyTu NOCTYMNeHNss HEMPOTOKCUKAHTOB B OpraHuaM, onmcaHbl (hopMbl
NPOSIBNEHNS HENPOTOKCUYECKIX MPOLIECCOB N MaTOreHe3 TOKCUHECKOro AeCTBUS OpraHN4eCKNX pacTBOpUTENe, Coner Tsxenbix MeTan-
0B, 6apbuTypaToB 1 KapbamaToB. YCTAHOBEHO, YTO TOKCUYHbIE HEMPOTPOMHbIE BELLIECTBA MOIYT OKasblBaTb HEraTMBHOE BO3AEUCTBME
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Ha HEPBHYIO CUCTEMY Kak HanpsiMyto, Tak 1 OnocpeoBaHHO, Yepes NOBPEXAeHNE APYrnX OpraHoB 1 cucTeMm. NpeacTaBneHbl onmMcanms
KIIMHWYECKUX Cy4aeB OCTPbIX OTPaB/IEHWN HEMPOTOKCHKaHTaMW. BbisBAEHO, YTO Mocfie OTpaBneHus NpeacTaBuTensMy rpynnbl Hermpo-
TPOMHbIX TOKCMKAHTOB Yepe3 OnpeaesieHHbIN Nepuo BpEMEHN Y MOCTPaAaBLIEro PasBmMBatOTCS OTAaNeHHble MOCNeACTBUSA U KNMHMYeCKas
KapTuHa UX MOXET BbITb BECbMAa pasHoobpasHa.

BbiBogbl. NpefactaBnerHble cBefeHUst MO OTPaBEHUSM HENPOTOKCUKaHTaMKM MoKasblBaloT KIMHUYECKYIO 1 MaTOreHETUHECKYIO 3HauM-
MOCTb UX AENCTBMSA He ToNbKO Ha LIHC, Ho 1 Ha apyrue opraHbl 1 TKaHu, pa3BUTUE CUCTEMHBIX NaTONOMMYECKMX MPOLECCOB 1 MOAMOPraHHOM
natonorun. BeisiBneHHble 0COBEHHOCTY TOKCUHECKOrO AECTBMS HEOOXOAMMO YHUTBIBATbL MPU aHaIM3e PUCKOB 340POBbLI MOCTPaAaBLUNX
OT OTpaB/IeHVS HENPOTPOMHBIMU TOKCUKaHTamu, a Hanbonee 3HadvMble NPOSIBNEHNS AENCTBUSA Ha ApYre OpraHbl/TKaHy JOMKHbI HalTK
OTpaXkeHre B MPOTOKOMax AMArHOCTUKIN CTEMEHW TSXKECTU Takmx OTPaBAEHUN U UX OTAaNEeHHbIX MOCNEACTBUNM, a TakxXe B MPUMEHEHU
CpeacTB MeTabonM4ecKoro 1 LUMTONPOTEKTOPHOIO AEUCTBUSA 15 UX NIEHEHUS.

KntouyeBble cnoBa: HEMPOTOKCUYHOCTb; HEMPOTOKCUKAHT; OTPaBfeHWe; MeTaHos; 6apbuTypaThl; TsSKeble MeTanbl; CBUHEL,; Kapbamarsl;
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INTRODUCTION

The rapid development of chemical science has been
accompanied by uncovering fundamental patterns
of chemical processes, developing chemical com-
pounds through targeted synthesis, and establishing
large-scale chemical production, thereby integrating
chemistry into virtually all spheres of human life, in-
cluding industry, agriculture, military affairs, and ev-
eryday life. The scientific and technological progress
has undoubtedly enhanced the standards of living;
however, it has also brought about new risks lead-
ing to incidents and even technological disasters of
various scales. Virtually all types of emergencies are
related to the potential adverse effects of chemical
agents on human life, health, and the environment.
Unfortunately, the frequency of accidents at chemi-
cally hazardous facilities resulting in casualties contin-
ues to demonstrate a persistent trend [1].

In Russia, for a number of years, mortality from ex-
ternal causes has been ranking third after oncological
and cardiovascular diseases. In the structure of mortal-
ity from external causes, every fourth case of death has
been caused by acute poisoning of chemical etiology.
Acute poisoning remains a serious medical and social
problem, as evidenced by its regular occurrence and
the resulting consequences, including high rates of fa-
talities and disability among the victims [2].

According to poisoning statistics in the Russian
Federation for the 2022-2024 period, the number of
food poisoning incidents decreased; however, the
number of victims of all other monitored toxicants
showed a growing trend (Table 1). In 2023, Solonin
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et al. conducted a retrospective observational study
to evaluate the results of chemical and toxicological
analysis in patients admitted to the Department of
Acute Poisonings and Somatopsychiatric Disorders
of the Sklifosovsky Institute for Emergency Medicine
(SIEM) in 2019-2021. Thus, during 2019-2021, 9590
patients sought specialized toxicological care at the
SIEM, which corresponded to approximately one case
of poisoning with neurotropic toxicants per 1000 of
the population [3].

In the structure of acute poisoning in the Russian
Federation, intoxications by substances that primarily
cause damage to the nervous system rank first. The
share of poisoning cases by neurotropic toxicants was
about 65%, with more than a third of cases classified
as severe and extremely severe intoxications [4, 5].

Neurotoxicity is the ability of a toxic substance to
affect the central nervous system (CNS), leading to
the destruction of its structure and/or disruption of its
function [6]. The toxic process can cause such disor-
ders in the body as changes in energy metabolism,
neuromuscular transmission problems, damage to
cell membranes and synapses. Neurotoxicity can be
direct, i.e., caused by the action of a toxic substance
directly on the nervous system, or indirect, when tox-
icity arises due to damage to other organs and sys-
tems [7].

Neurotoxic processes can manifest as impairments
in motor, sensory, and cognitive functions, as well as
changes in the emotional state [8]. Depending on the
conditions of exposure, the structure of the toxicant,
and its neurotoxic potential, the developing processes
can be acute or chronic [6].
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Table 1. Distribution of poisoning cases of chemical etiology by main monitored groups in the Russian

Federation for 2022-2024

Analyzed period (year)
2022 2023 2024
Toxicants groups
total of which total of which total of which
(people) fatal (people) fatal (people) fatal
peop (people) | PEOP (people) | ‘PEOP (people)
Alcohol-containing products 30,917 9228 32,540 10,013 30,321 9313
Narcotic substances 22,054 7077 25,188 7909 23,289 6546
Medicinal products 20,940 662 23,748 710 24,610 761
Food products 1549 27 1536 18 1174 15
Other monitored species 25579 5981 29671 6197 30259 6287
Total 101,039 22,975 112,683 24,847 109,653 22,922

Table prepared by the authors based on data from the internet source'

The list of substances that can cause a chronic neu-
rotoxic process is quite extensive, with the most com-
mon being:

e toxicants present in the external environment (deriva-
tives of mercury, lead, arsenic, etc.);

e pharmaceuticals (antidepressants, antipsychotics,
antiepileptic drugs, cytostatics, antibiotics, synthetic
antimicrobial agents, etc.);

e organic solvents (benzene, toluene, acetone, ethyl,
methyl, propyl alcohols, etc.);

e industrial chemicals and toxic compounds (organo-
phosphorus and organochlorine pesticides, carba-
mates, pyrethroids, defoliants and other agrochemi-
cal agents, carbon monoxide, etc.) [9].

As a result of poisoning exposure to neurotoxicants,
persistent impairments in mental and physical activ-
ity, emotional state, cognitive processes, sensitivity,
as well as focal neurological disorders may occur. The
available literature shows that while the initial stages
of pathogenesis and the clinical development of acute
poisoning have been extensively studied, the long-term
consequences of poisoning by neurotoxicants require
elucidation. In addition, data on the statistics of delayed
nervous system disorders are lacking. CNS lesions de-
veloping in the long-term period after acute intoxication
are usually not associated with these poisoning inci-
dents?.

In this work, our aim is to scientifically substantiate
the risks of poisoning by neurotoxicants, which pose a
serious threat to public health due to their systemic toxic
effects and the development of multiorgan pathologies,
including at the stage of long-term consequences of
poisoning.

MATERIALS AND METHODS

A literature search was conducted in electronic bib-
liographic databases, including the Russian Science
Citation Index (RSCI), Scopus, Web of Science (WoS),
and PubMed. Search queries included the following
keywords: neurotoxicity, intoxications by neurotropic
toxicants, severe poisonings, long-term consequenc-
es. The review covers publications with an information
search depth of no more than five years, as well as lit-
erature sources that are considered fundamental works
on the subject under discussion, regardless of their pub-
lication year.

RESULTS AND DISCUSSION

In order to fulfill the research objectives, we carry out a
detailed examination of representative substances from
each group that can trigger a chronic neurotoxic pro-
cess.

T Information on acute poisonings of chemical etiology by constituent entities of the Russian Federation. Federal Center for Hygiene and Epidemiology of the
Federal Service for Surveillance on Consumer Rights Protection and Human Wellbeing. https:/fcgie.ru/sgm.html (access date: 10.04.2025).
2 Methodological Recommendations (MR) FMBA of Russia 12.05-18. Clinical Presentation, Diagnosis, Prevention and Treatment of Central Nervous System

Lesions Following Severe Poisonings with Neurotoxicants. Moscow; 2018.
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Environmental pollutants (heavy metals)

The term “heavy metals” (HMs) characterizes a broad
group of substances that enter the environment primar-
ily as a result of human activity [10, 11]. Sources of HM
pollution include industrial and agricultural production,
chemical plants, waste incineration facilities, and boil-
er houses. Additionally, there exist non-anthropogenic
sources of HM pollution, such as volcanic eruptions [12].
Accumulation of HMs occurs in polluted air, water, soil,
and consumer goods (e.g., cosmetic products) [13].

There are two primary routes of human exposure
to heavy metals: oral and inhalation. In oral exposure,
the main source is plant-based food, which accounts
for 40-80% of heavy metal intake; atmospheric air
and water contribute 20-40% of HMs. The second
route is inhalation exposure, although it is less com-
mon [14].

According to the decision of the UN Economic
Commission for Europe®, the group of the most haz-
ardous (and thus prioritized for monitoring, control,
and regulation) HMs includes mercury, lead, cadmium,
chromium, manganese, nickel, cobalt, vanadium, cop-
per, iron, zinc, and antimony (as well as arsenic and
selenium) [15].

Poisoning with HM salts occurs through ingestion
into the digestive system, inhalation of vapors, or expo-
sure via mucous membranes and skin. Multiple systems
and organs — the CNS, kidneys, intestines, liver, endo-
crine organs, heart, and blood vessels — are affected.
HM salts are capable of accumulating in the body, circu-
lating for extended periods and gradually releasing into
the bloodstream from their depots, rendering the pro-
cess chronic [16].

Overall, the mechanisms of HM toxicity have been
studied in detail. The impact of HM salts on the body
is determined by numerous factors, including the na-
ture of the metal, the type of compound, and its con-
centration. Metal ions are part of coenzymes. One
of the primary mechanisms of HM toxicity consists
in their competition with essential metals for binding
sites in proteins. Furthermore, many protein macro-
molecules contain free sulfhydryl groups that can in-
teract with ions of toxic metals, such as cadmium,
lead, mercury, etc. This interaction subsequently
leads to the loss of protein function and the develop-
ment of toxic effects [11].

Lead poisoning (Pb). According to estimates pre-
sented in the updated release of the WHO publication
“The impact of chemicals on public health: known and

unknown for 2021,” nearly half of the two million deaths
caused by chemical substances in 2019 were due to
lead exposure. Globally, the long-term health conse-
quences of lead exposure through various routes of
entry (oral, inhalation, transcutaneous) result in the loss
of 21.7 million years of life due to disability and death
(disability-adjusted life years, DALYS). Lead, as a contrib-
uting factor to disease development, accounts for up to
30% of all idiopathic intellectual disabilities, 4.6% of car-
diovascular diseases, and approximately 3% of chronic
kidney diseases.*

Lead poisoning, in the setting of oxidative stress, re-
sults in leukocytosis, lymphocytosis, a decrease in total
protein, albumin, and globulin levels [17]. The genotoxic
effect of lead was demonstrated experimentally by ad-
ministering lead acetate in water (Pb) intraperitoneally
to laboratory animals in small doses over six weeks.
By the end of the observation period, the animals had
developed moderate subchronic intoxication with signs
characteristic of lead effects (caused by impaired heme
formation and increased synthesis of cytochrome P450
in the liver) [18].

It was found that approximately 80% of lead enter-
ing the body accumulates in bone tissue, while the re-
maining 20% is distributed in adipose tissue, kidneys,
and liver, binding to sulfhydryl groups of proteins and
forming toxic compounds [11, 19, 20]. The primary tar-
get organs in lead poisoning are the hematopoietic sys-
tem, CNS, and the kidneys. Lead poisoning is accom-
panied by changes in antioxidant status, ionic mimicry
as a mechanism of molecular lead toxicity, alterations
in the structure and function of intracellular organelles
in neuronal cells, induction of autophagy through the
PISK/AKT/mTOR signaling pathway, effects on the cel-
lular receptor apparatus, changes in synaptic plasticity,
and impacts on the cellular genetic apparatus [21]. In
the brain, diffuse edema of gray and white matter can
be observed, as well as dystrophic changes in corti-
cal and ganglionic neurons and demyelination of white
matter [12].

The angiotoxic effect of lead is manifested through
activation of mitogen-activated protein kinase signaling
pathways, which triggers a cascade of reactions for the
synthesis of pro-inflammatory proteins, leading to in-
creased vascular resistance and blood pressure [22].

Cadmium poisoning (Cd). According to the WHO,
cadmium ranks fifth among the most hazardous chemi-
cal substances affecting the human body. This metal is
typically present in the environment in small quantities.
However, due to human activities, cadmium levels are

8 Protocol on Heavy Metals. UNECE; 1998.

4 World Health Organization. URL: https://www.who.int/ru/news-room/fact-sheets/detail/lead-poisoning-and-health (access date: 05.04.2025).
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gradually increasing each year [23]. Both in Russia and
globally, the primary area of cadmium consumption is
the production of nickel-cadmium batteries. Other ap-
plications of cadmium include anti-corrosion coatings,
pigments, polyvinyl chloride stabilizers, and semicon-
ductors for solar cells [24].

Cadmium can enter the human body through inhala-
tion, via cigarette smoke (cadmium accumulates in to-
bacco leaves) or the air with accumulated road dust par-
ticles, including that generated from tire and brake pad
wear. Orally, cadmium is ingested via its accumulating
foods, such as mushrooms, various plants, and meat
(pork or beef) [25]. Additionally, cadmium can also en-
ter food products through packaging (typical of canned
goods, particularly those made of materials prohibited
for contact with food) [26]. Cadmium is chemically simi-
lar to zinc, capable of its replacement in biochemical re-
actions, acting as a pseudo-inducer or pseudo-inhibitor
of zinc-containing enzymes [27].

The pathogenesis of the toxic effects of HMs on the
body exhibits uniform features characteristic of many
types of damage: activation of lipid peroxidation (LPO)
and damaging effects on intracellular proteins [28]. Since
liver cells do not absorb the cadmium-protein complex,
it is transported from the gastrointestinal tract directly to
the kidneys [10]. The most pronounced inhibitory effect
of Cd is on the antioxidant system, leading to oxidative
cell damage [29].

Cadmium poisoning is accompanied by disrup-
tions in protein synthesis and nucleic acid metabolism.
Cadmium also possesses carcinogenic and mutagenic
properties; thus, experiments have confirmed its terato-
genic effect, which is associated with cell damage dur-
ing early stages of organogenesis [30].

Chronic cadmium intoxication leads to impaired
functional state of the kidneys, characterized by sig-
nificant changes in glomerular filtration rate and tubular
water reabsorption. The nephrotoxic effect of cadmium
alters electrolyte metabolism, marked by increased ex-
cretion of sodium and calcium and decreased excre-
tion of potassium. In a situation of chronic cadmium
poisoning, the concentrating function of the kidneys is
impaired [31].

Arsenic poisoning (As). Arsenic, a natural component
of more than 200 natural minerals, is included in the
WHO list of 10 chemical elements that pose significant
public health threats®.

The mechanism of action of trivalent and pentava-
lent arsenic compounds differs. Trivalent arsenic acts by
blocking the pyruvate dehydrogenase complex, which

plays a key role in glycolytic processes. Trivalent arsenic
reduces ATP resynthesis and the formation of oxaloacet-
ic acid from pyruvate (disrupting pyruvate gluconeogen-
esis), ultimately leading to hypoglycemia. Trivalent ar-
senic also inhibits the activity of glutathione synthase,
glucose-6-phosphate dehydrogenase, and glutathione
reductase, resulting in glutathione deficiency in the liver
and impaired arsenic detoxification processes. Due to
disrupted glycolysis, acetylcholine synthesis is also im-
paired, which is a cause of peripheral neuropathy [32)].

When entering the human body orally (through food
or water) and via inhalation (atmospheric air, dust) in el-
evated quantities, arsenic can primarily cause liver dys-
function, allergic reactions, skin changes (hyperkera-
tosis, dermatitis), vascular damage (often in the lower
extremities), hearing loss, immunosuppression, impaired
hematopoiesis, and severe neurological disorders (in-
creased CNS excitability, irritability, headaches). Chronic
As intoxications lead to damage to peripheral nerve fib-
ers, where demyelination is severely pronounced, even
to the point of axonal destruction. Dermatological mani-
festations include the appearance of dark brown pig-
mentation in the form of isolated or merging spots on
the skin, hyperkeratosis of the palms and soles, followed
by the development of epidermoid carcinomas in these
areas [33].

The main complications of acute As intoxication are
the development of intravascular hemolysis, acute re-
nal and hepatic failure, and cardiogenic shock. Long-
term consequences of acute poisonings in children
may include significant hearing loss. Damage to the
nervous system manifests as toxic encephalopathy
(impaired speech, coordination, epileptiform seizures,
psychoses) [12].

Thallium poisoning (Tl). In the overall structure of
HM poisonings, thallium compounds rank relatively low;
however, the severity of their course, complex differential
diagnosis, and challenges in treatment necessitate spe-
cial attention to these intoxications®.

A significant role in the mechanism of thallium toxic
action is played by blocking of sulfhydryl groups and
suppression of thiol-dependent enzymes that regulate
mitochondrial permeability, leading to water influx and
swelling. Thallium was established to disrupt glutathione
metabolism, enhance lipid peroxidation processes,
damags the membrane apparatus, and cause cell death
[34, 35]. Thallium also delays protein synthesis by acting
on ribosomes (particularly the 60S subunit), leading to
impaired keratinization and alopecia. Thallium intoxica-
tion results in disrupted riboflavin metabolism by forming

5 World Health Organization. URL: https://www.who.int/ru/news-room/fact-sheets/detail/lead-poisoning-and-health (access date: 05.04.2025).

8 Livanov GA. Poisoning with Thallium Compounds (Clinical Presentation, Diagnosis and Treatment). A Guide for Physicians. Saint Petersburg; 2016.
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an insoluble complex with riboflavin and leading to ribo-
flavin deficiency and impaired cellular energy supply [36,
37]. Certain symptoms of thallium poisoning, such as
peripheral neuropathy, alopecia, and dermatitis, confirm
riboflavin deficiency (as demonstrated in animal models
of riboflavin deficiency). All this leads to the blocking of
active transport of alkali metal ions and causes disrup-
tions in various functional systems, which accounts for
diverse clinical patterns [38].

Given the above, one of the most potent and wide-
spread forms of chemical pollution is HM contamination
[10]. Lead is the most hazardous HM to human health,
due to its ability to replace metal ions essential for bio-
chemical processes and disrupt biological processes
in cells [39]. It is important to note that the kinetics of
such HMs as lead and cadmium are similar. Indeed, they
lack their own transporters and enter the cells and blood
using transport systems intended for normally present
metals and trace elements. However, although the neg-
ative impact of cadmium on human health is beyond
doubt, the relationship between the dose levels of cad-
mium intake and deterministic genotoxic effects remain
to be understood. Such effects are likely to be related
to the multifactorial nature of cadmium action resulting
from cadmium ions binding to numerous cellular targets.
Consequently, the development of approaches to re-
ducing cadmium-induced toxicity is a priority direction
in toxicological research [24].

Poisoning by medicinal neurotropic drugs

According to data from the World Association of
Toxicological Centers (International Association of
Forensic Toxicologists, TIAFT), acute poisonings with
neurotropic drugs rank among the top positions in the
structure of poisoning accidents [40]. Poisoning with
barbiturates account for approximately 20-25% of all
cases of acute poisonings for which patients are admit-
ted to specialized toxicological hospitals [41].

Barbiturate poisoning. Recent years have seen a de-
cline in barbiturate poisoning cases [42], attributed to
both the reduced scope of application and distribution
of barbituric acid derivatives, as well as the introduc-
tion of more modern/safer drugs, including benzodiaz-
epines. Despite this, barbiturates remain among the top
15 classes of medications causing patient deaths from
drug intake [43].

According to data from the Department of Clinical
Toxicology of the Dzhanelidze Research Institute
of Emergency Care, in 2015, out of 286 cases of
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barbiturate poisoning, 104 patients (36.3%) were over
60 years old, of whom 11 (3.8% of the elderly group)
died. In 2016, out of 482 patients, 123 (25.5%) were
of elderly and senile age, with 21 (17.1% of the elderly
group) experiencing a fatal outcome. Poisoning by bar-
bituric acid derivatives is most commonly provoked by
the use of combined medications such as Corvalol or
Valocordin®, which, in addition to phenobarbital, con-
tain ethanol, ethyl ester of a-bromoisovaleric acid, and
peppermint leaf oil. The severity of the patients’ condi-
tion was determined by the development of toxic en-
cephalopathy, clinically manifested by consciousness
disorders of varying severity: from mild stupor to atonic
coma [44].

Yesin et al. indicate that barbiturates are most fre-
quently used in suicide attempts by individuals over
60 years old (27.6% of all suicidal poisonings in this age
category), whereas among persons aged 18-59, suicid-
al barbiturate poisonings account for 11.8% [45].

For humans, a single oral intake of approximately
10 therapeutic doses of the drug is considered lethal.
The lethal dose of phenobarbital ranges 2-10 g [46]. In
high doses, barbiturates exert a depressant effect on the
sensory areas of the cerebral cortex, thereby reducing
motor activity and suppressing cerebral functions [42].

Clinically pronounced symptoms of toxic barbiturate
poisoning may manifest only several hours after drug
ingestion. Intoxication presents as nystagmus, ataxia,
dizziness, headache, increasing psychomotor retarda-
tion, suppression or complete loss of reflexes, marked
drowsiness or agitation, progressing to respiratory de-
pression, pupillary constriction (alternating with paralytic
dilation), increased or decreased heart rate while main-
taining normal cardiac rhythm, and cyanosis. Pulmonary
edema and coma development are among the compli-
cated symptoms of barbiturate intoxication [46].

A detailed study of the clinical course of barbiturate
intoxication conducted by Alexandrovsky et al. identified
the main syndromes in 385 examined patients. These
were comatose state and other neurological disorders
(pupillary constriction, sensory disturbances, increased
or decreased tendon and skin reflexes, etc.), respiratory
and hemodynamic impairments [47].

Post-hypoxic brain injury is one of the most serious
consequences of barbiturate poisoning. This complica-
tion is observed in 35% of patients with severe and ex-
tremely severe poisoning, manifested as reduced cogni-
tive function, paralysis, paresis, and impaired functioning
of internal organs. In some cases, the development of
cerebral edema can lead to fatal outcomes or irrevers-
ible damage to the CNS [22].
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Intoxication with organic solvents

Methanol poisoning. Methanol, also known as methyl or
wood alcohol, is an organic chemical compound and
the simplest aliphatic alcohol with the chemical formula
of CH,OH. It is a colorless, poisonous liquid widely used
in the industrial sector as a solvent, in the synthesis of or-
ganic compounds, in the production of resins and dyes,
and is a component of windshield washing fluids. Due to
the active search for alternative energy sources and the
consideration of alcohols as a replacement for hydrocar-
bon fuels, the use of methanol is forecasted to increase
worldwide [48].

The problem of methanol poisoning is extremely
acute. According to Rosstat data, poisoning with alco-
hol-containing products continues to be a leading cause
of fatal outcomes due to chemical poisoning. The most
tragic case of mass methanol poisoning occurred in
Irkutsk (December 2016), where 77 people died, with the
maximum number of fatalities in the working-age popu-
lation [49]. Another highly publicized mass methanol poi-
soning in Russia occurred during the period from June 3
to 5, 2023, when residents of several regions consumed
alcoholic products under the brand of Mr. Cider. As a
result, 47 people died and at least 106 were affected.
Loskutnikova et al., Yakovenko et al. have also noted a
wave-like dynamics in mortality rates from methanol poi-
soning [50, 51].

According to the statistical data presented in the state
report “On the State of Sanitary and Epidemiological
Well-Being of the Population in the Russian Federation
in 2021,” 470,358 cases of acute poisoning with alco-
hol-containing products were registered in the Russian
Federation in 2012-2021, with 124,813 of them being
fatal (26.5%). The rate of acute poisoning with alco-
hol-containing products in 2021 was 21.19 cases per
100,000 population.”

Thus, the statistical data on poisonings in the
Vologda Oblast shows that methanol poisoning consist-
ently ranks second after the cases of ethanol poisoning
(Table 2).

Acute methanol poisoning progresses through four
stages: initial stage, stage of latent manifestations or
false well-being, stage of pronounced clinical manifesta-
tions, and the period of poisoning consequences.®

The initial stage, lasting 1-12 h, is characterized by
manifestations of ordinary alcohol intoxication caused
by the narcotic effect of this alcohol on the CNS, with
the degree of intoxication being less pronounced than
that with comparable doses of ethyl alcohol®. The stage
of false well-being follows the period of intoxication [53].

The stage of pronounced clinical manifestations is
characterized by the development of toxic gastritis, toxic
encephalopathy with headaches and dizziness, psycho-
motor agitation, stupor and confusion, loss of contact.
At the culminating stage, symptoms of severe general

Table 2. Number of alcohol poisoning accidents in 2020-2022 (per 100,000 population) in the Vologda Oblast
according to data from the Local Territorial Center for Hygiene and Epidemiology

2020 2021 2022
Parameter wotal | Ofwhich | | ofwhich | | ofwhich
fatal fatal fatal
Toxic effects of alcohol (T51) — total 6.4 3.7 4.7 1.8 4.5 1.4
Ethanol (T51.0) 4.4 27 35 1.4 3.2 0.8
Methanol (T51.1) 0.1 0.1 0.1 0.0 0.4 0.4
2-propanol (T51.2) 01 0.1 0.3 0.3 01 01
Fusel oil (T51.3) 0.2 0.2 0.0 0.0 0.0 0.0
Other alcohols (T51.8) 0.0 0.0 041 041 0.0 0.0
Unspecified alcohol (T51.9) 1.6 0.7 0.8 0.1 0.7 0.1

Table prepared by the authors according to the source [52]

7 On the State of Sanitary and Epidemiological Well-Being of the Population in the Russian Federation in 2021: State Report. M.: Federal Service for Surveillance

on Consumer Rights Protection and Human Wellbeing; 2022.

& Analysis of acute chemical etiology poisonings, including alcohol-related fatal cases for 2022. URL: https://fouz35.ru/files.aspx?id=4038db6b560c4057b9besde

4358af0412 (access data: 10.04.2025).

¢ Clinical Guidelines “Toxic Effects of Methanol and Ethylene Glycol” (approved by the Ministry of Health of Russia). https:/legalacts.ru/doc/klinicheskie-
rekomendatsii-toksicheskoe-deistvie-metanola-i-etilenglikolja-odobreny-minzdravom/?ysclid=mdfwi7hjv1220621463 (access data: 10.04.2025).
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intoxication develop in the form of acute respiratory and
cardiovascular failure. Ophthalmological disorders are
among the main consequences of methanol poisoning
(in surviving patients). The main complications of metha-
nol poisoning include toxic kidney damage, acute toxic
myocarditis, and, in the long-term period, psychoneu-
rological disorders in the form of memory impairment,
emotional lability, disorders such as “body schema dis-
turbance”.

A characteristic feature of methanol intoxication con-
sists in its metabolism occuring according to the princi-
ple of “lethal” synthesis, resulting in the formation of more
poisonous substances: formaldehyde, whose toxicity is
33 times higher than that of methanol itself, and formic
acid. Part of the formaldehyde interacts with proteins,
and another part is converted into formic acid. The me-
tabolism of formaldehyde occurs through the two main
ways: with the help of tetrahydrofolic acid and reduced
glutathione. Formic acid is rapidly formed during the oxi-
dation of formaldehyde, and its further metabolism pro-
ceeds slowly. The main metabolic transformations occur
in the liver tissue, which has the greatest ability to oxidize
formaldehyde. In addition, a significant part of methanol
is excreted through the lungs.

Poisoning with diols (1,4-butanediol and related com-
pounds). Among the most frequently encountered poi-
soning exposures to organic solvents, 1,4-butanediol
(1,4-BD) holds a special place. It is a dihydric aliphatic
alcohol widely used in industrial sectors as a solvent, an
intermediate in organic synthesis, and the production of
plastics'®. In recent years, this compound has increas-
ingly been used illegally to achieve a specific emotional
state (euphoria). Thus, the prevalence of 1,4-butanediol
use as a psychoactive substance (PAS) among the drug-
dependent population ranges 22.3-43.7%; moreover, it
is often consumed concurrently with other PAS (ethanol,
amphetamine and its derivatives, etc.) [564, 55].

The toxicodynamics of oral 1,4-BD use includes rapid
absorption by the stomach and upper small intestine into
the blood from and passage through the blood—brain
barrier. After oxidation by alcohol dehydrogenase (ADH)
to gamma-hydroxybutyraldehyde, it is metabolized to
GHB and its carboxyl metabolite (glucuronide) followed
by metabolization in the liver to aldehyde metabolites un-
der the influence of ADH [56]. Moreover, 1,4-butanediol
is metabolized to GHB, on average, within 1 min [57]. At
the same time, studies on volunteers have shown sig-
nificant individual differences in the rate of metabolism
of 1,4-butanediol to GHB, presumably associated with
varying degrees of alcohol dehydrogenase activity [58].

The minimum toxic dose of 1,4-BD for humans is 5-20 g
(88-300 mg/kg) [59].

The clinical pattern of acute 1,4-butanediol poisoning
manifests as behavioral disorders in the form of psycho-
motor agitation accompanied by anxiety and aggres-
sion, hallucinations, disorientation, and delirium [59]. In
severe 1,4-BD poisoning, loss of consciousness up to
coma, neurological disorders, impaired respiratory func-
tion, cardiovascular activity, and various metabolic dis-
turbances are observed [55].

A number of studies have presented illustrative clini-
cal cases of acute oral poisonings with 1,4-BD. For in-
stance, Sinchenko et al. described a clinical case of
acute 1,4-BD poisoning combined with ethanol in a
young man who had long used this psychoactive sub-
stance in small doses to enhance sexual arousal and
physical endurance. Acute poisoning occurred after a
single intake of an excessive dose of the psychoactive
substance, leading to the development of a convulsive
syndrome, depression of consciousness to the level of
stage Il coma, and the onset of toxic encephalopathy
[55]. Livanov et al. described a clinical case of severe
acute oral poisoning with 1,4-butanediol in a 12-year-old
adolescent girl, accompanied by toxic-hypoxic enceph-
alopathy and stage Il coma, resulting from the acciden-
tal ingestion of 1,4-BD [59].

In the USA and EU, the issue of the narcotic use of
gamma-hydroxybutyric acid (GHB) and its precursors
(1,4-butanediol and gamma-butyrolactone) is related to
the frequent use of these substances in the commission
of sexual crimes [57].

Industrial chemicals and toxic compounds

Carbamate poisoning. Carbamates are derivatives of
carbamic acid used in agriculture as insecticides and
pesticides, as well as in pharmacology as medicinal
products (tranquilizers, muscle relaxants, antidotes,
etc.). The main routes of carbamate entry into the hu-
man body are the respiratory organs and intact skin, as
well as the gastrointestinal tract™.

Carbamate intoxication holds a significant posi-
tion in the structure of poisoning caused by neurotoxic
chemicals. These compounds can cause dysfunction
of the cholinergic system by activating nicotinic and
muscarinic receptors. A number of carbamic acid de-
rivatives are highly toxic compounds, reversible (unlike
organophosphates — OPs) inhibitors of cholinester-
ases, leading to the so-called “cholinergic crisis.” This
condition is associated with the development of gener-
alized convulsive syndrome, which results in coma and

0 Great Russian Encyclopedia: Scientific and Educational Portal. https://bigenc.ru/c/1-4-butandiol-b997fe/?v=8031024 (access data: 05.04.2025).

"' Gerunova L, Boyko T. Toksikologiya pestitsidov. Moscow: ID Nauchnaya biblioteka; 2021.
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death in severe cases. Due to the rapid hydrolysis of
the C=0 bond (decarbamoylation of the enzyme) dur-
ing acute carbamate intoxication, cholinesterase activ-
ity in survivors recovers within a few hours, with com-
plete restoration of cholinesterase function observed
within 24-48 h [60].

The clinical pattern of carbamate intoxication is de-
termined by the accumulation of acetylcholinesterase
at nerve endings. The symptoms of intoxication can be
classified into the following groups [61]:

1. Muscarinic-like manifestations: increased bron-
chial secretion, profuse sweating and salivation, lacrima-
tion, pupillary constriction, bronchospasm, abdominal
cramps (vomiting and diarrhea), bradycardia.

2. Nicotinic-like manifestations: fasciculations of
small muscles (in severe cases, also respiratory and dia-
phragmatic muscles), tachycardia.

3. Symptoms and signs of CNS damage: headache,
dizziness, anxiety, memory loss, convulsions, coma.

4. Depression of the respiratory center.

All these symptoms manifest in various combina-
tions and may vary in presentation and sequence de-
pending on the substance, dose, and route of expo-
sure. The duration of symptoms is generally shorter
than with OP exposure [62]. In severe cases of poi-
soning, death may occur due to asphyxia from mus-
cle spasm or acute heart failure [63]. Long-term con-
sequences include significant impairments in cognitive
and behavioral abilities [61].

Based on the analysis of the social status of indi-
viduals poisoned by carbamates, Reddy et al. revealed
unexpected results: 23% of the victims were farmers,
27% were temporary workers, 21% were homemakers,
11% were permanent employees, and 8% were students
[64]. Thus, in addition to the risk of poisoning in work-
places with hazardous conditions or during various ter-
rorist incidents, accidental or intentional self-poisoning,
as well as toxic effects from drug overdoses, are quite
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EFFECT OF GENERAL HYPERTHERMIA AND LOCAL COOLING M) Check for updates
ON FENTANYL TOLERANCE IN RATS

Jury Ju. Ivnitsky™, Olga A. Vakunenkova, Alexandr |. Golovko, Nataliya V. Lapina, Vladimir L. Rejniuk

Golikov Scientific and Clinical Center of Toxicology, St. Petersburg, Russia

Introduction. The toxicity of a number of xenobiotics increases with air temperature. However, it remains unknown whether this applies to
narcotic analgesics and whether this dependence can be corrected by first aid measures recommended for heat stroke.

Objective. Evaluation of the effect of elevated air temperatures and local cooling on the acute toxicity of fentanyl.

Materials and methods. Three series of experiments were conducted. In the first series, the effect of elevated air temperatures on the dose
dependence of the lethal and narcotic effects of fentanyl was studied. In total, 11 groups of 20 rats each were formed, which were intrave-
nously administered fentanyl at doses of 50, 100, 200, 300, or 400 pg/kg, and one group (n = 14) without drug administration. Following
fentanyl administration, one subset of rats (n = 100) was kept for 24 h at an air temperature of 22 °C; the second subset (n = 100) was kept for
40 min in a thermal chamber at 40 °C and then for 24 h at 22 °C. Those not receiving fentanyl were observed in a thermal chamber until the first
case of death, then for 24 h at 22 °C. In the second series of experiments, the effect of head cooling on lethality, latent awakening time, and
rectal temperature of rats (n = 49) 40 min after intravenous administration of fentanyl at a dose of 300 pg/kg (LD,) was studied. Four groups of
animals were formed, which were kept after fentanyl administration for 40 min at 22 or 40 °C with or without local cooling of the neurocranium,
followed by observation for 24 h at 22 °C. In the third series of experiments, following the same scheme, the effect of cooling the middle third
of the ventral surface of the torso on lethality, latent awakening time, and rectal temperature of rats (n = 48) 40 min after fentanyl administration
at the same dose was studied. Statistical analysis was performed using the OriginPro software.

Results. A 40-min exposure at 40 °C was non-lethal for intact rats. After administration of fentanyl at doses of 100-400 pg/kg, lethality
reached 0-5% and 60-95% at 22 °C and 40 °C, respectively. Hyperthermia induced by 40 °C exposure under fentanyl administration at a
dose of 300 pg/kg was mitigated by head cooling and prevented by cooling the ventral surface of the torso. Cooling the ventral surface of the
torso, rather than the head, reduced lethality from 100% to 8%. At 22 °C, both local cooling methods deepened fentanyl-induced hypothermia
without significantly affecting lethality or anesthesia duration.

Conclusions. The general overheating potentiates the lethal and narcotic effects of fentanyl in rats. Under these conditions, cooling the ven-
tral surface of the torso is an effective measure to prevent hyperthermia and lethality, while head cooling is ineffective. At room temperature,
both local cooling methods deepen fentanyl-induced hypothermia without significantly affecting lethality. The efficacy of cooling the ventral
surface of the torso requires evaluation not only during combined overheating but also during isolated overheating of the organism.

Keywords: lethality; local cooling; general overheating; acute intoxication; body temperature; fentanyl
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BJIMAHUNE OBLLUEIO NEPEMPEBAHNA U MECTHOIO OXJTAXKAEHNA HA MEPEHOCUMOCTb
OEHTAHUJIA KPbICAMU

HO.FO. VBHuukmin™, O.A. BakyHeHkoBa, A.V. lonoeko, H.B. ManuHa, B.J1. PeiHiok

Hay4HO-KNMHMYECKINIA LEHTP TOKCUKOMorum um. akagemunka C.H. fonvkosa ®epepanbHOro Meamnko-61oorm4eckoro areHTcTBea,
CaHkT-lNeTepbypr, Poccus

BeepeHune. TOKCMYHOCTb MHOMMX KCEHOOMOTUKOB BO3PAaCTaeT C TEMMNepaTypor BO34yxa, HO HEM3BECTHO, OTHOCUTCS N 3TO K HApPKOTNYe-
CKVM aHanbreTnkam 1 Kak Ha 3Ty 3aB1UCYMMOCTb BVSAKOT MEPbI MOMOLLM, PEKOMEHAYEMbIE MPW TEMIOBOM yaape.

Llenb. OueHka BANSIHMSA NOBbILLEHHO TemnepaTypbl BO34yxXa 1 MECTHOIO OXJlaXKAeHNS Ha OCTPYHO TOKCUYHOCTb (PeHTaHmna.

MaTtepuanei u meTogbl. [1pOBEAEHbI TPU CEPUM SKCMEPUMEHTOB: B MEPBOI U3YHEHO BAUSIHIE MOBbILLEHHON TEMNepaTypbl BO3Ayxa Ha 030~
BYIO 3aBMCMMOCTb NETaslbHOro 1 HAPKOTUYECKOro AencTBust heHTaHuna. ®opmmposann 11 rpynn no 20 KpbIC, KOTOPbIM BHY TRVBEHHO (B/B)
BBOAMAN peHTaHun B go3ax 50, 100, 200, 300 unmn 400 mkr/kr n rpynny (n = 14) 6e3 BBefAeHWs npenaparta. [Nocne BBeaeHWs heHTaHuna
YacTb KpbIC (1 = 100) cogepxanun B TeHeHre CyTOK Npu TemnepaType Bodayxa 22 °C; BTopyto HacTb (n = 100) — 40 MuH B TepMokamepe
npn 40 °C 1 panee B TedeHne cyTok npu 22 °C; He Nony4mBLIMX heHTaHW Habnogany B TepMokamepe [0 NepBoro ciyyas rmbenu, sa-
Tem — B TeueHne cyTok npu 22 °C. Bo BTOpOW cepum n3y4eHo BAVSIHNE OXTaXKAeHUst FONOBbI Ha NIeTaslbHOCTb, TaTEHTHOE BPEMS MPOOYX-
LeHVIs, PEKTasIbHYIO TeMrepaTypy Kpbic (n = 49) dYepes 40 MuH nocne 8/B BBefeHVs eHTannna B Aose 300 MKI/Kr (LD,). dopmuposany

© Ju.Ju. Ivnitsky, O.A. Vakunenkova, A.l. Golovko, N.V. Lapina, V.L. Rejniuk, 2025
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4 rpynnbl XKMBOTHbIX, KOTOPbIX NOCNe BBeAeHWs heHTaHnna cogepxxany 40 MuH npu 22 nnm 40 °C ¢ MECTHbIM OXNaXKAeHEM neurocranium
nnv 6e3 Hero 1 NocneayLLMM HabmoAeHeM B TedeHre CyTok npu 22 °C. B TpeTbel cepuin Mo Takom XXe CxeMe 13y4eHO BANSHUE OXNakae-
HUSI CPEeOHEN TPETU BEHTPAsbHOM MOBEPXHOCTM TYIOBULLA HA NETANIbHOCTb, TATEHTHOE BPEMS MPOBY>XXAEHNS 1 PEKTabHYIO TemMnepaTtypy
KpbIC (N = 48) Yyepes 40 MUH Nocne BBeAeHUS (heHTaHnnNa B Ton xe go3e. CTaTuCTUYeCKNiA aHann3 NpoBeaeH C MCNOb30BaHMEM NPOrpPamMm-
Horo obecnedeHns OriginPro.

Pesynbtatbl. CopokaMuHyTHOE NpebbiBaHne MHTAKTHbIX KpbIC Mpu 40 °C BbIno HeneTanbHbIM. [locne BBeaeHns heHTaHmna B gosax 100—
400 mKr/kr netanbHOCTb coctaBuna 0-5% npu 22 °C n 60-95% npw 40 °C. Tuneptepmua npu 40 °C Ha poHe BBeLeHVA heHTaHuna B 4036
300 MKI/KI 3amMefnsanach npy OXnaXkAeHnu ronosbl 1 NpefoTepaLlanach npu OXna>kAeHn BEHTpasibHOM MOBEPXHOCTY TynoBuLa. Oxnax-
[OEHVie BEHTPabHOM MOBEPXHOCTY TYNOBULLA, HO HE FOfoBbI, CHVKaNOo fetanbHocTb co 100 go 8%. lMpu 22 °C oba BapraHTa MECTHOIO
OXNaXkAeHNs yrnybnsinv Bbi3BaHHYK (PEHTAHWUIOM MNOTEPMUIO, CYLLIECTBEHHO HE BIINSIA HA NETANbHOCTb U MPOAOIKUTENBHOCTL HAPKO3a.
BbiBogbl. ObLLee NeperpeBaHme NOTEHLMPYET NeTanbHOE U HAPKOTUYECKOe AeNCTBIE heHTaHnna Ha Kpbic. OxnaxaeHre B 3TVX YCNOBUSX
BEHTPasIbHOM MOBEPXHOCTM TyNoBMLLA — 3PEKTUBHAS Mepa NPeaynpexaeHNs rMNepTePMUN 1 NETaIbHOCTH, a OXNaXKAeHVe rofoBbl Ma-
noahekTmBHO. [Npn KOMHATHOWM TemnepaTtype 0ba BapraHTa MECTHOIO OXNaXKAeHUS yrnyonstoT BbI3SBaHHYKD PEHTAHWUIOM MMNOTEPMUIO,
CYLLIECTBEHHO He BVSS Ha NleTanibHOCTb. TpebyeT oueHKM 3HEKTUBHOCTb OXNTaXKAEHVS BEHTPAbHOW NOBEPXHOCTY TY/OBMLLA HE TObKO
npY KOMOVHMPOBAHHOM, HO 1 MPW U30MPOBaHHOM MeperpeBaHnn opraHnama.

KntoyeBble cnoBa: neTasbHOCTb; MECTHOE OXJlaXKaeHue; obLLee rneperpeBaHne; ocTpasd MHTOKCKKaLWS; TemnepaTtypa Tena; (heHTaHn

Ons untnpoBaHus: ViBHuukunin HO.KO., BakyHeHkoBa O.A., Tonosko A.W., JanuHa H.B., PeiHiok B.J1. BnusHue obuiero neperpesa-
HUSE N MECTHOro OXJlaXXAEeHUss Ha MepeHOCMMOCTb (heHTaHuna Kpbicamu. MeguiumHa aKCcTpemasibHbiX cuTyaumi. 2025;27(4):475-482.
https:/doi.org/10.47183/mes.2025-311

drHaHCcUpoBaHue: MCCenoBaHne BbIMOSHEHO 6E3 CMOHCOPCKON MOAAEPXKKN.

CooTBeTCTBME NPUHLMNAM 3TUKI: MCClefoBaHWe BbIMOMHEHO C COBMOAEHVEM NPaBuna BUO3TUKK, YTBEPXXAEHHbIX EBpONEnckon KoHBEH-
Liner O 3aLlmTe MO3BOHOYHbBIX XKMBOTHbIX, MCMOb3YeMbIX 151 9KCMepMeHTaslbHbIX 1 Apyrx Lenel. [poBedeHve nccnenoBaHnii onobpeHo
Ha 3acefaHun 6rnoatudeckoro komuteta OIBY HKLUT nm. C.H. Tonvkosa ®PMBA Poccum (MpoTtokon Ne 16/24 o1 22.10.2024).

MoTeHuuanbHbIn KOHMANKT NHTEpPecoB: B.J1. PeiHioK — 4fieH pedakLUMOHHON Konnerum »xypHana «MeguumHa aKCTpemManbHbIX Ccutya-

umit». OcTanbHble aBTOPbI 3asBNSIOT 06 OTCYTCTBUN KOH(INKTA MHTEPECOB.
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INTRODUCTION

Overheating of the body is a health condition caused by
an increase in body temperature under the conditions
where the sum of the thermal energy released during
metabolic processes and received from the environment
exceeds the thermal energy lost through radiation, con-
vection, and heat conduction.

Climatic conditions conducive to overheating of the
body are not uncommon in Russia. One aspect of this
problem is the associated increase in the toxicity of a
number of xenobiotics for poikilothermic [1] and homeo-
thermic animals [2]. In this regard, the influence of condi-
tions promoting overheating of the body on the sever-
ity of side effects of narcotic analgesics is of interest.
Their overdose may occur during the medical evacua-
tion of the wounded. In addition, fentanyl derivatives are
spreading rapidly on the illegal market of narcotic drugs
and psychotropic substances [3]. However, there is a
lack of data on predicting the effect of overheating on
the toxicity of opioids. In order to fill this gap, the toxic-
ity of such substances in cases of overdose under con-
trolled climatic conditions should be studied.

Opioid overdose can be conveniently simulated by
administering fentanyl to animals, due to a combination
of short duration of action and its membership in the
class of extremely toxic substances [4]. In addition, it is
of interest to study the feasibility of therapeutic measures

recommended for isolated overheating of the body in the
form of heat stroke in the setting of opioid analgesia. The
Russian Standard of Emergency Medical Care for Heat
and Sun Stroke' prescribes the “application of an ice
pack” as such a measure, although not specifying the
location for its placement. In educational and method-
ological sources, the forehead is most often indicated as
such a location?. The back of the head, neck, temples,
collarbones, inner bends of the elbow and knee joints,
calf muscles, groin, and sacral areas are also mentioned
[B]; however, there is a lack of objective data character-
izing the validity of such recommendations.

This study aims to evaluate the effect of elevated air
temperature and local cooling on the acute toxicity of
fentanyl.

MATERIALS AND METHODS

The study was conducted in November 2024 using
male outbred albino rats weighing 191-210 g from the
Rappolovo Laboratory Animal Breeding Facility of the
Kurchatov Institute. Three series of experiments were
performed.

In the first series of experiments, the effect of elevat-
ed air temperature on the dose dependence of the le-
thal and narcotic effects of fentanyl was studied. In to-
tal, 11 randomized groups were formed. In 10 groups,
animals (n = 200) were injected with a fentanyl solution

" Order of the Ministry of Health of the Russian Federation No. 1115n dated 20 Dec. 2012 “Standard of Emergency Medical Care for Heat and Sun Stroke”.
2 Bykov IYu, Rakov AE, Sosyukin AE, eds. Military Field Therapy: A National Guide. Moscow: GEOTAR-Media; 2007.
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of 50 pg/mL (Moscow Endocrine Plant, batch 30212) at
doses of 50, 100, 200, 300, 400 ug/kg into the lateral tail
vein. In one group (n = 14), the drug was not administered.

The individuals that received fentanyl (n = 100) were
left for 24 h at room temperature of 22 °C (control group);
the second part of the animals (n = 100) was placed for
40 min in open enclosures installed in a thermal cham-
ber at 40 °C, and then observed for 24 h at an air tem-
perature of 22 °C.

Rats that did not receive fentanyl (dose O mg/kg, vol-
ume 0 mL/kg) were placed in restrainers and kept in a
thermal chamber until the first case of death. After re-
moval from the thermal chamber, observation continued
for 24 h at 22 °C. During this time, awakening (at the mo-
ment of the first running movement upon tail percussion)
or death was recorded. The study design is presented
in the Table.

In the second series of experiments using other rats
(n = 49), the effect of general overheating and/or local
head cooling on rectal temperature, lethality, and the la-
tent time of awakening 40 min after the administration of
the officinal fentanyl preparation at a dose of 300 pg/kg
was studied. This dose was preliminarily identified as
LD, for individuals kept at room temperature. Four rand-
omized groups were formed:

1. Group 1 (n = 14) — animals that received fentany!
at a dose of 300 pg/kg and were then kept for 24 h at
22 °C without local cooling;

2. Group 2 (n = 12) — animals that received fentanyl
at a dose of 300 pg/kg, then left for 40 min at 22 °C with
local cooling, and then for 24 h at 22 °C without local
cooling;

3. Group 3 (n = 12) — animals that received fentanyl
at a dose of 300 pg/kg, kept for 40 min at 40 °C without
local cooling, and then for 24 h at 22 °C;

4. Group 4 (n = 11) — animals that received fentanyl
at a dose of 300 pg/kg, kept for 40 min at 40 °C with lo-
cal cooling, and then for 24 h at 22 °C.

To cool the head, plastic containers containing 70 g
of melting ice were held on the surface of the neurocra-
nium of the animals for 40 min after fentanyl administra-
tion, after which local cooling was stopped and body
temperature was measured. The outcome of intoxication
(death or awakening) was recorded over 24 h.

According to the same scheme, in the third series
of experiments using four groups of 12 rats each, the
influence of a 40-min stay in a thermal chamber at 40 °C
and/or cooling the middle third of the ventral surface of
the torso on acute fentanyl intoxication was studied. The
conditions of local body cooling are illustrated in Fig. 1.

Climatic conditions promoting body overheating were
simulated in a BMT Stericell SC 111 ECO thermal cham-
ber with a capacity of 111 L (Czech Republic), which main-
tained an air temperature of 40 + 1 °C, relative humidity of
48%, and an air exchange rate of 45 chamber volumes
per hour. Body temperature was measured with an elec-
tric thermometer equipped with a RET-2 rat sensor (WP,
China), the tip of which was inserted into the rectum to a
depth of 3 cm. Instrumental ophthalmoscopy was not per-
formed; the color of the ocular fundus was indirectly as-
sessed by the color of the eyes, which in albino rats lack
pigments other than hemoglobin in the blood vessels.

Statistical analysis was performed using the OriginPro
software. The results are presented as the mean value

Table. Scheme for studying the influence of conditions promoting body overheating on the dose dependence of

the lethal and narcotic effects of fentanyl

Pharmacological effects
Rat number Climate impact
Fentanyl dose, ug/kg Drug volume, mL/kg

20 50 1

20 100 2

20 200 4 22 °C within 24 h after fentanyl

administration

20 300 6

20 400 8

14 0 0 40 °C until the occurrence of first death,

and then 22 °C for 24 h
20 50 1
20 100 2
40 °C for 40 min after the fentanyl

20 200 4 administration and then for 24 h at 22 °C
20 300 6

20 400 8

Table prepared by the authors
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Figure prepared by the authors

Fig. 1. Local cooling of the rat body after fentanyl administration: A — container with melting ice is in contact with the
neurocranium; B — container with melting ice is in contact with the middle third of the ventral surface of the torso
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Fig. 2. Lethality (A) and latent time of awakening (B) in rats after fentanyl administration followed by a 40-min stay

at an air temperature of 22 °C or 40 °C

and its error (M + m). The Shapiro-Wilk test was used to
check the normality of the distribution. The influence of
the applied interventions on parametric indicators was
assessed using analysis of variance. In cases of sig-
nificant models, intergroup comparison of means was
performed using Tukey’s honestly significant difference
test. LD, values were calculated using the probit meth-
od. Intergroup differences in survival functions were
assessed using the Gehan-Wilcoxon test, and the fre-
quency of occurrence of alternative traits was assessed
using Fisher’'s exact method. The critical significance
level o was set at 0.05.

RESULTS
In the first series of experiments, when studying the dose

dependence of the lethal and narcotic effects of fenta-
nyl, 10-15 s after its administration, opisthotonus, tail
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extension, and short-term apnea followed by rare shal-
low breathing were observed in the rats. The ocular fun-
dus acquired a violet color. All cases of death occurred
within the first 2 h, and awakenings occurred within the
first 3.4 h. For individuals kept at room temperature, fen-
tanyl doses of 50 and 100 pg/kg were sublethal, while at
doses of 200, 300, or 400 pg/kg, the lethality rate was
5%. Thus, at room air temperature, the LD, value for
fentanyl administered intravenously as an official solu-
tion in a volume acceptable for rats (< 2 mL) was not
reached.

In animals placed in the thermal chamber for 40 min
after fentanyl administration, the LD, was 113 + 16 pg/kg
(Fig. 2A). Thermal exposure against the background
of fentanyl administration increased the latent time to
awakening by 1.6—-4.0 times (from 10-110 to 40-176 min,
Fig. 2B). In such animals, transient ataxia was observed
after awakening, which was absent in the control group.
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For rats that did not receive fentanyl, the 40-min ther-
mal exposure was non-lethal; the first case of death
was noted only 90 min after being placed in the thermal
chamber.

Figure 2 shows that, compared to animals left at
room temperature, the difference is significant in the
dose range of 100-400 pg/kg for lethality and in the
dose range of 50-400 ug/kg for the latent time of awak-
ening, p < 0.05.

In the second and third series of experiments, when
studying the thermal state of the body, the initial rectal
temperature was 38.1 + 0.1 °C (n = 96). Thus, 40 min
after fentanyl administration, the rectal temperature of
surviving individuals in Group 1, left at room temperature
without local body cooling, decreased to 34.5 + 0.2 °C
(n = 25), while in rats from Group 3 (n = 5) that remained
alive at this time, it increased to 44.5 + 0.4 °C. With head
cooling, the body temperature in rats left at room tem-
perature was 33.7 = 0.3 °C, Group 2 (n = 10), and in
the six surviving individuals from Group 4 at the time of
removal from the thermal chamber, it was 39.8 + 0.6 °C
(Fig. 3A). Cooling the ventral surface of the torso reduced
the body temperature of animals compared to those not
receiving local cooling in animals that, after fentanyl ad-
ministration, were kept at both room and elevated air
temperatures: to 29.7 + 0.3 °C (n = 9) and 33.0 + 0.5 °C
(n = 11) over 40 min, respectively. Over 40 min, the dif-
ference in mean group body temperature values among
the rats that survived exposure to the thermal chamber,
without and with local cooling of the ventral torso sur-
face, reached 11.4 °C (Fig. 3B).

In rats left at room temperature after fentanyl admin-
istration, lethality was 7-8%, while in those placed in a
thermal chamber for 40 min, it was 100% (p < 0.05). The

>

22 °C 22 °C +ice

40 °C 40 °C + ice

Rectal temperature measurement, °C

Figure prepared by the authors

effect of head cooling on lethality showed a tendency to
increase by 10% in rats left at room temperature and to
decrease by 27% in those placed in the thermal cham-
ber (Fig. 4A).

Cooling the ventral surface of the torso completely
prevented the aggravating effect of elevated air tempera-
ture on acute intoxication. Thus, the lethality decreased
by 92% and was similar to that in rats left at room tem-
perature without local cooling (Fig. 4B). In animals left
at room temperature after fentanyl administration, cool-
ing the ventral surface of the torso showed a tendency
to increase lethality by 17% compared to those without
local cooling. Rats subjected to thermal exposure after
fentanyl administration without local body cooling died
without awakening. No significant intergroup differences
in the latent time of awakening were recorded among
the remaining animals, who did not show signs of ataxia.

DISCUSSION

The range of fentanyl doses used in the present study,
50-400 pg/kg, included the ED,, for analgesic activity
in rats: 75 pg/kg [6]. When calculated based on body
surface area, the administered doses are bioequivalent
to 8-67 pg/kg for humans. This is 1-8 times higher than
the doses used for neuroleptanalgesia and 2-16 times
higher than the doses used in surgeries with sponta-
neous breathing®, modelling an overdose of an opioid
narcotic analgesic.

While unlikely in a hospital setting, such an overdose
is possible due to lapses in the continuity of care for the
wounded during stages of medical evacuation, including
under conditions promoting body overheating. In humans
performing light physical work, overheating occurs when

(o8]

22 °C 22 °C +ice 40 °C + ice

Rectal temperature measurement, °C

Fig. 3. Changes in the rectal temperature of rats after fentanyl administration at a dose of 300 pg/kg and a 40-min
stay at an air temperature of 22 °C or 40 °C with ice cooling of the head (A) or the ventral surface of the torso (B)

Note: statistically significant difference (p < 0.05): * — compared to the corresponding group of rats left at room temperature after fentanyl
administration; T — compared to the corresponding group of rats without local cooling.

3 Mashkovsky MD. Medicinal Products. Moscow: Novaya Volna; 2021.
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Fig. 4. Survival of rats after fentanyl administration at a dose of 300 ug/kg and a 40-min stay at an air temperature
of 22 °C or 40 °C with ice cooling of the head (A) or the ventral surface of the torso (B)

Note: statistically significant effect (p < 0.05) was found for: general overheating without local cooling (A, B); local cooling during general

overheating (B).

the air temperature exceeds 31 °C as measured by a
“wet” bulb thermometer [7], which, at a relative humidity
of 48%, corresponds to 40 °C on a “dry” bulb thermom-
eter. According to the data obtained, a 40-min exposure
to such conditions was easily tolerated by intact rats but
severely exacerbated the toxic effects of opioids at dos-
es that are non-lethal under thermal comfort conditions.
These data characterize the type of interaction between
the undesirable side effects of the opioid and conditions
promoting body overheating as potentiation.

Overheating in animals placed in a thermal chamber
after fentanyl administration occurred despite its hypo-
thermic effect observed at room temperature [8]. In the
setting of fentanyl exposure, overheating may have been
facilitated by impaired evaporative heat loss from the
body surface, which is hypothetically achieved in rats by
spreading saliva onto their fur [9]. Narcotization deprived
the animals of this thermoregulatory mechanism, analo-
gous to sweat evaporation in humans. Reduced evapo-
ration of moisture from the respiratory tract surface due
to suppressed external respiration may also have con-
tributed to decreased heat loss.

Exposure to a thermal chamber increased the rectal
temperature of anesthetized rats to 44.5 °C, exceeding
the threshold for irreversible tissue damage 43 °C) by
1.5 °C [10]. This was a sufficient condition for their death.
In comparison, without thermal exposure, the adminis-
tration of an equivalent dose of fentanyl was non-lethal
for most animals. Reversible impairments, such as in-
creased blood-brain barrier permeability and elevated
brain water content, can occur even at lower body tem-
peratures (42 °C) [10]; these may have been associated
with the ataxia observed in rats that awakened after
fentanyl administration and thermal chamber exposure.
Thus, in the absence of local body cooling, hyperpyrexia

was the factor precluding survival at an air temperature
of 40 °C during acute fentanyl intoxication.

When the ventral torso surface or head was cooled,
the body temperature did not reach 42 °C during the
stay of animals in a thermal chamber. Although head
cooling prevented hyperpyrexia during thermal cham-
ber exposure, it did not significantly affect lethality.
Probable mechanisms of thanatogenesis in these rats
included cerebral edema and swelling, which have been
described in both severe opioid intoxications [11] and
heat stroke [12]. An increase in brain volume within the
confined space of the skull leads to elevated intracra-
nial pressure and reduced cerebral blood flow velocity.
This may explain the lower cooling efficacy of ice ap-
plication to the head compared to the ventral torso sur-
face. These findings appear to contradict reports of high
cerebral blood flow velocity*, high heat flux density from
the head surface [13], and recommendations to cool the
head during body overheating [5, 14]. This contradiction
may be explained by the hypothesis of reduced cerebral
blood flow velocity, which impeded heat transfer from
the body thermal “core” to the cooled surface of the
neurocranium during acute fentanyl intoxication under
conditions of body overheating.

Cooling the middle third of the ventral surface of the
torso proved to be a highly effective measure for pre-
venting body overheating despite elevated air tempera-
tures and reduced evaporative heat loss. This indicates
the sufficiency of the volumetric blood flow rate in the
visceral region for convective transfer to the cooled sur-
face not only of excess heat entering the body from the
external environment but also of heat released during
metabolic processes. In light of this, it seems expedi-
ent to evaluate the efficacy of local abdominal cooling
not only against the background of opioid exposure but

4 Osipov AP, Ibishov DF, Rastorguyeva SL. Physiology of Blood Circulation and Lymph Circulation. Textbook. Perm: IPC "Prokrost”; 2022.
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also during isolated body overheating, with potential re-
visions to the current “Standard of Emergency Medical
Care for Heat and Sun Stroke” if necessary.

However, the data obtained also indicate that local
body cooling should not be recommended during acute
opioid intoxication under comfortable climatic condi-
tions. It is likely that the decrease in body temperature
during local cooling, combined with fentanyl-induced
peripheral vasodilation [15] and its direct inhibitory effect
on mitochondrial oxygen consumption [16], suppressed
the respiratory center and exacerbated hypoxemia, as
indicated by cyanosis of the ocular fundus of the ani-
mals.

The findings allow us to formulate a hypothesis re-
garding the mechanisms by which body overheating
and cooling of the ventral torso surface against this
background affect the toxic effects of fentanyl. Both
opioids and heat stress inhibit the propulsive function of
the gastrointestinal tract, promoting the overgrowth of
thermophilic microflora and its production of toxic sub-
stances, including ammonia and lower amines [17]. The
accumulation of fluid in the intestinal lumen associated
with activation of p-opioid receptors by fentanyl also
stimulates bacterial growth, further facilitating the forma-
tion of these substances [18]. The translocation of am-
monia and lower amines from the gastrointestinal chyme
into the bloodstream is enhanced by p-opioid receptor
agonist-mediated increased intestinal epithelial perme-
ability, which is mediated by Toll-like receptor activation
[18]. The subsequent transfer of ammonia and lower
amines from the blood into the brain may be facilitated
by metabolic acidosis caused by body overheating and
acute respiratory failure. The characteristic increase in
the pH gradient between blood plasma and cytoplasm
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SUPPORT FOR THE ACTIVITIES OF JOINT MEDICAL TEAMS OF FMBA
OF RUSSIA
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2S.M. Kirov Military Medical Academy, Moscow Branch, Russia

Introduction. Modern challenges to the national security of Russia necessitate improvements in the medical and sanitary support system,
including the medical personnel and resources of the Federal Medical and Biological Agency (FMBA) of Russia during emergency situations,
terrorist attacks, and armed conflicts. Special emphasis is placed on enhancing the promptness, effectiveness, and organization of providing
specialized medical assistance and carrying out medical evacuations for victims, injured persons, and patients. This need is underscored by
the existing experience of Joint Medical Teams (JMTs) of the FMBA of Russia participating in the elimination of large-scale emergency conse-
quences and ongoing Special Military Operation (SMO).

Objective. Development of proposals for improving the regulatory framework and methodological support for the creation, preparation, use,
and operation of FMBA JMTs.

Materials and methods. The study utilized normative and methodological documents of the Agency, reports from district medical centers
(DMCs), and data from a survey questionnaire involving 192 medical specialists engaged in the activities of JMTs over the period from Febru-
ary 2022 to June 2025, including their involvement in the SMO. The following methods were employed in conducting this research: formal legal
analysis, content analysis, expert evaluation, statistical processing of data, as well as logical and information modeling techniques. The study
encompassed legal, organizational, and methodological aspects related to the functioning of JMTs in various types of emergency situations.
The analysis took into account extensive experience in mitigating health-related consequences of emergencies and the role of such teams in
facilitating medical evacuation, delivering medical aid to affected individuals, wounded soldiers, and ill servicemen.

Results. Gaps in the normative and methodological support for the activities of FMBA JMTs were established, despite their relatively
high response efficiency and functional effectiveness, confirmed by their participation in providing medical support during the SMO. The
expert assessments among 192 medical professionals, most of whom (60.4%) had practical experience of working within JMTs, showed
dissatisfaction with the current normative and methodological basis. According to the experts, the current framework does not provide for
sufficient clarity or regulation for establishing, preparing, utilizing, maintaining, and implementing medical evacuation processes by JMTs.
The collected data indicate a pressing need for a comprehensive improvement of the legal and methodological basis for JMT activities.
These improvements include drafting and adopting a single Standardized Regulation for JMTs, supplementing FMBA Order No. 126 dated
25.04.2022, taking into account specific tasks related to medical evacuation, entrusting DMCs with responsibilities for forming, training,
and managing JMTs, and elaborating detailed methodological recommendations aimed at standardizing the organizational structure,
equipping standards, and preparedness criteria for JMTs. The results obtained form a basis for resolving numerous problematic issues
impeding effective functioning of JMTs.

Conclusions. The results obtained indicate gaps in the normative and methodological framework regulating the activities of FMBA JMTs,
which hinder the development of clear mechanisms for their formation, application, and functioning when organizing and providing medical
assistance to victims of emergencies, terrorist acts, and military conflicts. Implementation of the proposed measures will enhance the ef-
ficiency and effectiveness of JMTs within the healthcare system, contributing significantly to national security interests.

Keywords: joint medical team; FMBA of Russia; normative and methodological support; emergency situation; special military operation;
medical evacuation; regional medical center; national security
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K BOIMNMPOCY O HOPMATUBHOM PETYJINPOBAHUN N METOANYECKOM COIMNPOBOXXOEHNN
OEATENBbHOCTU CBOAHOINO MEOMNLUMHCKOIO OTPAAA ®MBA POCCUN

M.A. PatmaHoB™, A.A. drcyH?

' ®epepanbHoe Meanko-bronorndeckoe areHTcTBo, Mocksa, Poccus
2 dunnan BoeHHo-MeamumHcKon akagemum, Mocksa, Poccust

BeepeHune. CoBpeMeHHble BbI30BbI HALIMOHANBHOM 6e30MacHOCTY TPebyHOT COBEPLLEHCTBOBAHNS CUCTEMbI MEAMKO-CaHUTAPHOro obecne-
YeHus, B TOM YnCne MeduLMHCKUX cun 1 cpeacTs denepanbHOro Meamko-ononormieckoro areHTcTea (nanee — ®MBA Poccumn, AreHTCTBO)
B YCNOBUSX Ype3dBblHanHbix cutyaumin (HC), TeppOpUCTUHECKMX aKTOB 1 BOOPY>KEHHbBIX KOHM(DIMKTOB. Ocobyto 3Ha4MMOCTb npuobpetaeT
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OPUIMHAJIbHASI CTATbA | OPFTAHU3ALIUSA MOMOLLM B YPE3BbIYANHbIX CUTYALIUAX

MOBbILLEHWE OMepaTUBHOCTY, 3(PPEKTUBHOCTA U OPraHN30BaHHOCTW OKa3aHUsi CrneumnannanpoBaHHON MeULMHCKOM NOMOLLM 1 NPOBeae-
HIS MeAMLMHCKON 3BaKyaLmy NocTpaaaBLUMX, PaHeHbIX 1 O0bHbIX, YTO MOATBEPXKAAETCSA UMEIOLLMMCS OMbITOM y4acTus CBOAHbIX Mean-
UMHCkMx oTpsaaoB (CMO) ®PMBA Poccun B iMKBraaumy nocneacTemin KpynHeix HC 1 npoBoavMon cneypansHon BoeHHon onepauum (CBO).
Llenb. PaspaboTtka npeanoXkeHuii No CoBepLIEHCTBOBAHMIO HOPMAaTUBHO-NPaBOBOW 6a3bl 1 METOANYECKOrO 0OeCneYeHnst co3aanHuns, noa-
rOTOBKMW, MpUMeHeHUst 1 dyHKLMoHUpoBaHns CMO ®MBA Poccun.

MaTtepuanel u metTogbl. B nccnegoBaHm MCNoNb30BaHbl HOPMATUBHbIE 1 METOANHECKNE OOKYMEHTbI AreHTCTBa, OTHETHbIE MaTepuarbl
OKPY>XHbIX MeanUMHCKNX LieHTpoB (OML) 1 aaHHble aHKeTHOro onpoca 192 MeauUMHCKMX CneynanmcToB, BOBMEYEHHbIX B AEATENBHOCTb
CBOIHbIX MeOULMHCKMX OTPSA0B B Nepropg 02.2022-06.2025, BkatoYasa OnbIT y4acTus B CneumanbHor BOeHHOW onepaumu. Mpu BbINOnHe-
HUW UCCNEfOBaHUS MPUMEHSANCH CRedytolme MeTOAbl: (hOPManbHO-IOPUANYECKMIA N KOHTEHT-aHaIn3, SKCnepTHas oLeHKa, cTaTucTude-
ckasi 0bpaboTka [aHHbIX, a TakXKe MeToAbl JIOrM4ecKoro 1 MHPOPMaLMOHHOrO MOAENMPOBaHUS. ViccnenoBaHie oxBaTbiBano NpaBoBble,
OopraHunsaunoHHble 1 MeToaMHeckme acnekTbl PyHKUMoHMpoBaHs CMO B yCnoBmsx YpesBblHaiHbiX CUTyaLmin pasnimyHoro xapakTtepa.
AHan“3 NpoBOAMICA C YHETOM OOLUMPHOMO OMbITa NMKBUAALUMM MeAUKO-caHnTapHbix nocneactemin YC n ydactns CMO B ocyLLecTBAEHUN
MELMLIMHCKOW 3BaKyaLum, OKa3aHU MeAULIMHCKON MOMOLLM NOCTPaaBLUNM, PaHEHBIM 1 6OSbHBIM BOEHHOCTY>KALLIM.

Peaynbrathl. BbisiBneHbl Npobesbl B HOPMaTUBHO-METOAMYECKOM obecnedeHnn aestensHocT CMO OMBA Poccumn, HeCMOTpS Ha X [o-
CTaTOYHO BbICOKYIO OMepaTMBHOCTL pearnpoBaHng U 3dPEeKTUBHOCTb (DYHKLMOHNPOBaHWS MO NpeAHasHaveHnto, NoATBEP X AEHHbIE OMbl-
TOM y4acTus B MEQULMHCKOM OBecrneveHunn crneymanbHOM BOEHHON onepaumn. OKcnepTHas oueHka 192 MeauUMHCKMX cneynanmcTos,
Bonblias YacTb kKoTopbix (60,4%) UMena peasbHbIn NpakTUYecKuiAz onbIT paboTsl B coctaBe CMO, nokasana H13KWin ypoBeHb YAOBIETBO-
PEHHOCTU AENCTBYIOLLEN HOPMATUBHO-METOAMHECKOM 6a301, He 0BecneqmBaloLLEN B MOMHOW Mepe YeTKOro PeryanpoBaHns Nopsiaka cos-
OaHWs, NoAroTOBKN, NPUMEHEHNS, (PYHKLMOHMPOBAHUS 1 BbINONHEHUS MedULIMHCKON 3Bakyaumy CMO. Ha ocHOBaHWM NONYHYeHHbIX AaHHbIX
o60cHOBaHa HEOOXOAMMOCTb KOMMEKCHONO COBEPLUEHCTBOBAHUSI MPaBOBbIX M METOAMYECKUX OCHOB AesTensHocTv CMO, 3aknioydato-
Lasics B paspaboTke 1 yTBEPXAEHUN eaUHOr0 TUMOBOrO MONOXKEHWS O CBOAHOM MEAMLIMHCKOM OTPSAe, BHECEHUM AOMONHEHU B MPUKa3
OMBA Poccum ot 25.04.2022 Ne 126 ¢ y4eTOM 3a[a4 N0 MeauLMHCKON aBakyauun, 3akpenneHnio 3a OML, dyHKUMM o hopMrMpoBaHuto,
noarotoske 1 ynpasneHnto CMO, a Takxxe padpaboTke AeTann3npoBaHHbIX METOAUHYECKMX PEKOMEHAALMI, CTaHAaPTU3NPYIOLLMX OpraHn-
3aLMOHHYIO CTPYKTYPY, OCHaLLeHMe 1 KpuTepumn roToBHOCTY CMO. Peannaaumst pesynstatoB UCCnefoBaHns 0becnedmT co3gaHne yCcnoBuia
015 paspelleHns MHOrMx NpobaeMHbIX BOMPOCOB, NMEIOLLIMX BbICOKYH MPakTUYecKyto 3Ha4nmmMocTb ans CMO.

BbiBoabl. [Mony4eHHble pedynsTaThl UCCNefoBaHNS CBUAETENbCTBYIOT O HANNYMN HEAOYETOB B HOPMaTMBHO-MeToAMYecKoln 6ase, onpe-
aensioLLen nopsaok geatenbHocTy CMO, KOTOpble NPEnATCTBYIOT CO34aHNI0 HETKNX MEXAHU3MOB PErynMpoBaHns opMr1pOBaHns, Npu-
MeHeHUs 1 PyHKLUMoHUpoBaHns CMO npu opraHmsanmmn n okadaHus MegULMHCKOM NOMOLLM NOCTPaAaBLUVMM B pedynbTaTe YpesBblHariHbIX
CUTyauuii, TEPPOPUCTUHECKINX aKTOB 1 BOEHHbIX KOH(PIMKTOB. Peanusauuns NpeanoXeHHbIX Mep MO3BONT MOBbICUTEL ONepaTUBHOCTL 1 3d-
hekTMBHOCTb NpUMeHeHus CMO B cucTeMe MeAMKO-CaHUTapHOrO 06ecneyeHnst B MHTepecax HaLVOHanbHOM 6e30MacHOCTH.

KntoueBble cnoBa: cBOAHbIN MeauumMHeKuin otpsig; PMBA Poccumn; HopMaTBHO-METOANHECKOE 0becreveHne; YpeaBblHaiHas cuTyaums;
creLmanbHas BoeHHas onepauus; MeAMLIMHCKAs 3BaKyauusl; OKPY>XHOM MEeOVLMHCKIN LEHTP; HaLMoHanbHas 6e30nacHoCTb

Ons uutuposaHus: PatmaHoB M.A., ®ucyn A9, K Bonmpocy O HOPMAaTMBHOM PErynMpoBaHun 1 MEeTOAMHECKOM COMpPOBOXAe-
HUN OeATEeNbHOCTM CBOAHOrO MeguumHckoro otpaga OMBA Poccun. MeguumHa askcTpemasibHbix cuTyaumi. 2025;27(4):483-489.
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INTRODUCTION

The implementation of the National Security Strategy of
the Russian Federation involves the development, ad-
justment, and implementation of a set of diverse state
programs aimed at ensuring safety and sustainable de-
velopment of the country.! This applies in full measure to
the development and improvement of medical person-
nel and resources of the Federal Medical and Biological
Agency (FMBA)? of Russia, enhancing the quality of
medical and sanitary services provided to workers in in-
dustries with particularly hazardous working conditions,
as well as residents living in service areas. Special at-
tention is given to preserving and strengthening public

health, extending professional activity and overall life ex-
pectancy. In this context, enhancing the level of timely
response, as well as the effectiveness and efficiency
of preventive measures, localization, and mitigation of
medical and sanitary consequences resulting from inci-
dents, accidents, disasters, natural calamities, and other
emergencies of different nature becomes particularly
important.

Current challenges demand continuous enhance-
ment of the capabilities of medical units of the FMBA
in the context of ensuring national security [1-4]. Key
priorities remain improving the quality of medical care
provided and ensuring readiness for efficient respons-
es to terrorist attacks, armed conflicts, and major

" Presidential Decree No. 400 “On the Strategy of National Security of the Russian Federation” dated 02.07.2021.
2 Decree of the President of the Russian Federation No. 568 “Issues Concerning the Federal Medical and Biological Agency” dated 02.07.2024

3 Order of FMBA of Russia No. 144 “On Approval of the Regulation on Functional Subsystem of Medical-Sanitary Assistance to Victims in Emergencies in
Organizations (Facilities) Under the Jurisdiction of FMBA of Russia, as Well as in Organizations and Territories Serviced by FMBA of Russia” dated 20.05.2022.
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emergencies.*>%” The likelihood of terrorist attacks and
armed conflicts accompanied by a significant number of
casualties remains high. Victims belong to various popu-
lation categories and require timely specialized medical
care and organized medical evacuation, which should
be carried out to specialized stationary treatment facili-
ties using different modes of transport [5-10Q].

Mobile medical formations, specifically joint medical
teams (UMTs), play a crucial role in addressing the medi-
cal and sanitary consequences of large-scale emergen-
cies and armed conflicts.® Such units primarily provide
urgent medical care and conduct medical evacuation
of victims, wounded, and patients while adhering to
routing principles [5—11]. Practice has confirmed the ef-
fectiveness of JMTs but also highlighted the need for
their improved normative and methodological support.
Optimizing the management system of subordinate or-
ganizations of the FMBA of Russia and establishing ef-
fective interaction with government authorities requires
refinement of the legal framework regulating the activi-
ties of IMTs. Therefore, studying the current state of nor-
mative regulation and methodological support for their
activities becomes particularly relevant. Additionally, an
analysis of existing approaches can contribute to the
development and modernization of the medical assis-
tance management system in emergency situations as
a whole [12-16].

In this study, our aim was to develop proposals for
improving the legal framework and methodological sup-
port for the creation, preparation, deployment, and op-
eration of FMBA JMTs.

MATERIALS AND METHODS

We used normative and methodological documents
of the FMBA regulating the activities of JMTs, includ-
ing FMBA orders No. 60 dated 28.02.2022, No. 35
dated 29.02.2024, and No. 1263 dated 25.04.2022, as
well as the draft Regulations on the Organization and
Coordination of Activities of JMTs of FMBA of Russia
(2023), developed by the Center for Strategic Planning
and Management of Medical and Biological Health
Risks. Additionally, reports from district medical centers
(DMCs) of FMBA were analyzed, covering the formation,
deployment, and operation of JMTs (February 2022—
April 2025) during the Special Military Operation (SMO).
The study also included data from surveys in the form of
questionnaires assessing the condition of formation and
functioning of JMTs. The questionnaires were filled out
by medical experts directly involved in the work of these
teams, including those who participated in responding

to medical and sanitary consequences of emergencies,
terrorist attacks, and military conflicts.

The formulated objectives were achieved by a set
of methods, including a formal and legal analysis of
normative documents, a content analysis of texts iden-
tifying gaps and contradictions, expert evaluations in-
volving 192 medical professionals. The latter were di-
vided into two groups: Group 1 (n = 116) comprised
individuals with practical experience working in JMTs,
while Group 2 (n = 76) comprised specialists involved
in forming the teams but not participating in actual
emergency situations. Statistical data were processed
using the SPSS Statistics 23.0 software package and
Microsoft Excel 2010. Statistical data processing al-
lowed identification of patterns in assessments of the
normative regulation and methodological support for
JMTs. When developing proposals for improvement,
methods of logical and informational modeling, as well
as analytical methods ensuring systematic generaliza-
tion of the obtained results, were employed. The study
covers both legal aspects of regulating the activities
of JMTs, as well as organizational and methodologi-
cal issues related to the preparation, functioning, and
management of JMTs in various types of emergency
situations.

RESULTS

At the initial stage of the study, we assessed the level of
satisfaction of medical professionals regarding the cur-
rent state of normative regulations and methodological
support for the activity of JMTs. The results of expert
evaluations indicate that, according to contemporary
requirements for safety and operational conditions of
JMTs, the current normative and methodological frame-
work regulating the order of creation, preparation, de-
ployment, and functioning of JMTs is less than optimal
(Table).

Only 24.0% of the experts assessed the current nor-
mative and methodological framework as fully support-
ing the activities JMTs. More than 66.6% of the respon-
dents (31.2% from Group 1 and 35.4% from Group 2)
indicated limited or partial compliance of documents
with the current requirements. Notably, 79.3% experts
from Group 1, who have had the practical experience of
working in JMTs, believe that existing norms and meth-
odologies do not adequately meet the needs of such
teams. At the same time, 47.3% of experts from Group 2
evaluated the normative and methodological support
positively, confirming the influence of practical experi-
ence on objectivity.

4 Order of FMBA of Russia No. 144 “On Approval of the Regulation on Functional Subsystem of Medical-Sanitary Assistance to Victims in Emergencies in
Organizations (Facilities) Under the Jurisdiction of FMBA of Russia, as Well as in Organizations and Territories Serviced by FMBA of Russia” dated 20.05.2022.
5 Order of FMBA of Russia No. 60 “On Formation of Joint Medical Teams of FMBA of Russia and Improving Readiness of Medical Institutions of FMBA of Russia

for Work in Emergency Situations” dated 28.02.2022.

8 Order of FMBA of Russia No. 35 “6. Amendment to the Order of FMBA of Russia No. 60 dated 28.02.2022 ‘On Forming Joint Medical Teams of FMBA of Russia

for Operations in Emergency Situations’” dated 29.02.2024.

7 Regulation on Organization and Coordination of Joint Medical Teams of the Federal Medical and Biological Agency (Draft). Moscow, 2023.
8 Order of FMBA of Russia No. 126 dated 25.04.2022 “On Approval of Cases and Procedure for Organizing Provision of Medical and Sanitary Care and
Specialized, Including High-Tech, Medical Aid by Medical Staff of Medical Institutions Subordinate to FMBA of Russia Beyond Such Medical Institutions”.

EXTREME MEDICINE | 2025, VOLUME 27, No 4

485




OPUIMMHAJIbHAS CTATbS | OPTAHU3ALMSA MOMOLLUW B YPE3BbIYAUHbBIX CUTYALIUSIX

Table. Distribution of expert opinions regarding the state of normative regulation and methodological support

for the activity of FMBA JMTs

Share of experts who | Including the assessment of this
Assessment of normative selected the variant particular group of experts, %
. from the total number of
and methodological support
experts, %

(n=192) first (n = 116) second (n = 76)
Provide the entire scope of activities 24.0 13.8 39.5
Provide on a limited basis 31.2 34.5 26.3
Provide partially 35.4 44.8 21.0
Difficult to answer 9.4 6.9 13.2
Total: 100.0 100.0 100.0

Table compiled by authors based on their own data

Note: n — number of experts.

Difficulties in assessment noted by 6.9-13.2% of the
respondents can be explained by insufficient practical
experience before the SMO. Then, JMTs were occa-
sionally deployed for small-scale emergency response
efforts, preventing most specialists from gaining ad-
equate and objective experience in such conditions.

Completely different conditions emerged during the
SMO course for testing the quality of normative and
methodological documents. Large-scale, prolonged,
and multifaceted employment of JMTs in combat zones
enabled a substantial number of medical personnel to
gain substantive experience, including practical verifi-
cation of provisions outlined in regulatory documents. It
was precisely this hands-on experience that became a
reliable criterion for evaluating the comprehensiveness,
clarity, and applicability of these documents.

The experience gained by JMTs during the SMO
revealed gaps in the existing documentation. Only
15 (12.8%) experts involved in forming squadrons for
the SMO reported complete and clear normative pro-
visions regarding structure, goals, establishment pro-
cess, and functionality. Meanwhile, 59 (51.3%) experts
pointed to a partial coverage, 24 (20.5%) mentioned
the lack of essential documents, and 18 (15.4%) found
it difficult to respond. A significant proportion of the
experts expressed the need for comprehensive reg-
ulation: 164 (85.4%) supported the idea of develop-
ing and validating an all-inclusive policy document.
On the contrary, only 13 (6.8%) saw no need for
such changes, while 15 (7.8%) remained undecided.
Similarly, 143 (74.5%) experts backed amendments to
FMBA Order No. 126° dated 25.04.2022, concerning

the creation, usage, and function of JMTs in handling
the aftermath of emergencies, terrorist attacks, and
armed conflicts, including integration into general
therapeutic-evacuation systems for injured and ill
military personnel. Among those who opposed and
abstained were 29 (15.1%) and 20 (10.4%) experts, re-
spectively.

DISCUSSION

The data obtained allow us to conclude that FMBA JMTs
are becoming increasingly important in the system of
medical and sanitary provision for dealing with the con-
sequences of emergencies, terrorist acts, and armed
conflicts.

According to the information presented by
V.I. Skvortsova, Head of the FMBA of Russia, through-
out its participation in the SMO (02.2022-04.2025),
medical teams assisted 143,000 injured military per-
sonnel, with 12,000 undergoing surgeries.'® These
figures highlight not only the scale of engagement
of FMBA medical units but also indicate a qualitative
change in the type of medical care provided. As em-
phasized by V.I. Skvortsova, “the structure of medical
assistance has changed, with surgical interventions
now being the primary focus.”"

In 2024, the volume of medical care provided by
FMBA medical professionals increased by 65%, and
the number of surgeries more than tripled compared
to previous years.'? This trend reflects both the rising
load on the FMBA medical staff and resources and
the enhanced operational readiness and functional

¢ Order of FMBA of Russia No. 126 “On Approval of Cases and Procedures for Providing Medical and Sanitary Care, Specialized, Including High-Tech Medical
Care, by Healthcare Professionals of Medical Facilities Subordinated to FMBA of Russia Outside These Facilities” dated 25.04.2022.
9 FMBA medical teams provided medical assistance to 143,000 servicemen in the SMO zone. Kommersant; 2024. URL: https://www.kommersant.ru/doc/7693365

(request date: 08.08.2025).
" lbid.
2 Ibid.
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sustainability of these teams. Notably, medical “spe-
cial forces” of FMBA, according to V.I. Skvortsova,
participated in nearly all major emergency incidents
in Russia in 2024, highlighting the expansion of JMT
functions and their integration into the national emer-
gency response system.!s

Extensive and sustained deployment of JMTs dur-
ing the SMO uncovered deficiencies in their normative
and methodological support. Most experts with practi-
cal experience in JMTs rated the normative framework
as requiring further development and improvement.
Serious concerns arise due to the absence of clear
provisions in the current regulations defining the pro-
cedure for creating, preparing, functioning, equipping,
and managing JMTs.

FMBA DMGCs have demonstrated particular im-
portance. It is on their basis that JMTs are formed.
However, Order No. 208 of the FMBA of Russia dated
30.07.2020, which defines their functions, does not
officially assign DMCs a role in the formation, training,
and management of JMTs." This creates organiza-
tional and legal uncertainties and reduces account-
ability for the readiness of such teams. It is noteworthy
that 80.7% of the experts supported assigning DMCs
functions such as organizing the creation and training
of JMTs, providing methodological support for their
activities, monitoring readiness, and ensuring their
deployment in emergency situations.

Another significant gap is the legal regulation of
medical evacuation. Agency Order No. 126 dated
25.04.2022' provides for the formation of mobile medi-
cal teams to deliver medical care outside assigned ter-
ritories; however, it does not regulate the procedure
for medical evacuation. According to S.V. Markov, by
early 2025, specialists from the Burnazian Federal
Medical Biophysical Center alone had evacuated over
32,000 patients, including more than 7000 by air trans-
port [6].

On the basis of the data obtained from the applica-
tion of JMTs in the SMO and emergency situations, sev-
eral practical steps may be recommended:

e establishment of typical organizational structures
for JMTs tailored to the profile of emergency (chemi-
cal, radiation, biological, terrorism, warfare);

e determination of composition and equipment stand-
ards for medical brigades;

e development of protocols for functioning, including
organization of medical care and evacuation along
routing principles;

e codification of technologies for training and profes-
sional coordination;

e clarification of regulations for creation, replenish-
ment, and storage of reserve medical supplies and
other property;

e integration of information technology and telemedi-
cine into JMT operations;

e formalization of accounting, reporting, and notifica-
tion systems.

CONCLUSION

The conducted research confirms the significance of
FMBA JMTs as one of the key components of the overall
medical support system in emergency situations, terror-
ist acts, and armed conflicts. Their practical application,
especially during the SMO, demonstrated not only their
ability to promptly respond and effectively provide medi-
cal care and perform medical evacuation for victims, the
wounded, and sick individuals, but also the need for sys-
temic improvement of normative regulation and meth-
odological support for their activities.

The analysis of the normative and methodologi-
cal framework of JMTs revealed certain discrepancies
between its current state and modern requirements.
Specifically, there is a lack of clear regulation regarding
the creation, preparation, application, and functioning of
medical teams; ambiguity in task distribution and DMC
functions concerning JMTs; and virtually no normative
support for medical evacuation — a key element of JMT
operations. Based on the data obtained, the necessity
for a comprehensive improvement of the legal and meth-
odological foundation of JMT activities has been sub-
stantiated. This entails the development and approval
of a uniform Model Regulation for consolidated medi-
cal teams, amendments to FMBA Order No. 126 dat-
ed 25.04.2022, incorporating tasks related to medical
evacuation, assigning DMCs responsibility for forming,
preparing, and managing JMTs, and developing detailed
methodological recommendations standardizing organi-
zational structure, equipment, and readiness criteria for
JMTs.

Implementation of these proposals can enhance
the timeliness, efficiency, and resilience of the medical
support system for victims, the wounded, and sick in-
dividuals. It will create conditions for more adaptive and
effective operations of JMTs within a unified modern
system countering threats to the security of the Russian
Federation.

' FMBA medical teams provided medical assistance to 143,000 servicemen in the SMO zone. Kommersant; 2024. URL: https://www.kommersant.ru/doc/7693365

(request date: 08.08.2025).

4 Order of FMBA of Russia No. 208 “On Establishment of Network of Regional Medical Centers of FMBA of Russia” dated 30.07.2020.
5 Order of FMBA of Russia No. 126 “On Approval of Cases and Procedures for Providing Medical and Sanitary Care, Specialized, Including High-Tech Medical
Care, by Healthcare Professionals of Medical Facilities Subordinated to FMBA of Russia Outside These Facilities” dated 25.04.2022.
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APPLICATION OF MODIFIED PACKING IN THE COMBINATION TREATMENT | ) Check for updates
OF EXTENSIVE TRAUMATIC LIVER INJURIES

Aleksey K. Vorontsov'™, Yurij A. Parhisenko?, Evgeniy F. Cherednikov?, Sergey V. Barannikov?, Aleksandr A. Bezaltynnykh'

"Smolensk State Medical University, Smolensk, Russia
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Introduction. Traumatic liver injuries are a significant challenge in modern emergency surgery. Developing new methods for surgical hemo-
stasis of traumatic liver injuries is an extremely relevant task in urgent surgery.

Objective. Development and testing of surgical hemostasis for traumatic liver injuries using a modified packing technique.

Materials and methods. A new method of surgical hemostasis for traumatic liver injuries was developed using cadaveric material. The clinical
trial included 27 patients with severe traumatic liver injuries (AAST Grade V). Patients were divided into the main (n = 14) and control (n = 13)
groups. Patients in the main group were treated using a new method of surgical hemostasis for traumatic liver injuries, involving tamponade
of the liver wounds with Surgitamp hemostatic gauze impregnated with Molselect G-50 granular sorbent, followed by modified liver packing
with strips of polypropylene mesh implant. In the control group, surgical hemostasis was performed by tamponading the liver wound with
hemostatic sponges followed by suturing. The effectiveness of the proposed method was evaluated based on the following parameters:
definitive hemostasis, number of recurrent hemorrhages, number of recurrent operations, mortality, hospital stay duration, intensive care unit
stay duration. Statistical analysis of the study results was performed using the Statistica 10 software.

Results. The application of modified packing in the combination treatment of patients with severe traumatic liver injuries increased the reli-
ability of definitive hemostasis from 46.2% to 92.8% (p = 0.0391), reduced the number of re-bleeding episodes and re-operations from 38.4%
to 7.1% (p = 0.0391), and decreased the mortality rate from 38.4% to 14.2% (p > 0.05).

Conclusions. The application of the new combined method of surgical hemostasis improved the treatment outcomes for patients with severe
traumatic liver injuries by increasing the reliability of definitive hemostasis, reducing re-bleeding and re-operations, and lowering mortality.
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NMPUMEHEHNE MOANPNLINPOBAHHOIO NMAKETUPOBAHNA B KOMIMTJIEKCHOM JIEHEHUA
OBLUUPHbIX TPABMATUYECKUX MOBPEXXAEHUI NEYEHU

A.K. BopoHuos™, KO.A. MapxunceHko?, E.®. YepenHnkos?, C.B. BapaHHukor?, A.A. Be3anTbIHHbIX!

" CMONIEHCKMI rocyAapCTBEHHBIV MeOVLMHCKIUIA yHUBepcuTeT, CMoneHck, Poccus
2 BopOHeXXCKUIM FroCy[apCTBEHHbIN MEANLIMHCKNI yHMBepcuTeT uM. H.H. Bypaerko, Boponex, Poccus

BeepeHne. TpaBmaT4eckmne NoOBPEXAEHNA NeHEHN MPEACTaBNAT COBOM CEPbESHYIO MPOBIEMY COBPEMEHHOW YPreHTHOM Xmpyprum. Pas-
paboTka HOBbIX METOZOB XMPYPrU4ecKoro reMoctasa TpaBMaTUHECKMX NOBPEXAEHNI NMEYEHN SBNSETCA KpaiHe akTyanbHOW 3ajaqein He-
OTJIOXKHOWV XMPYPIruu.

Llenb. PaszpaboTka n anpobaums Xnpyprm4eckoro reMocTtasa npy TpaBMaTUHeCKIX MOBPEXKAEHNSX NEYEHN MyTEM NMPUMEHEHNS MOANDU-
LIMPOBAHHOIO NaKeTUPOBaHWS.

Martepuansl n metoabl. Ha KagaBepHOM mMaTtepuane paspabdoTaH HOBbI METOL XMPYPrMY4ecKoro reMoctasa npu TpaBMaTu4eckux mo-
BPEXAEHNSAX MeYeHN. B KNMHMYECKOM NCCNeoBaHnn NPUHSAM yqacTne 27 nauyeHTOB C TSHKeNbIMU TPaBMaTUHECKUMI NOBPEXKAEHNSAMN
nedeHn (IV cteneHb no AAST). MaumneHTbl Bbinv padfeneHsl Ha ABe rpynnbl: OCHOBHYIO (N = 14) U KOHTPOMbHYO (N = 13). B nedeHun nauy-
€HTOB OCHOBHOW Mpynnbl MPUMEHEH HOBbIN COCOD XMPYPrn4eckoro remMoctasa TpaBMaTUHeCKIX MOBPEXAEHW NEYeHW, 3aKIoHatoLLmincs
B TAMMOHMPOBaHUM PaH NevYeHn remocTaTnyieckon mapnen «Cyprutamn», MPONUTaHHOW rpaHyMpoBaHHbIM copbeHToM «MoncenekT G-50»,
C NOCNEeAyOLMM MOANMPULMPOBAHHBIM NaKETUPOBAHNEM MEYEHM MONOCKaMMN NOANMPONUIEHOBOIO CETHATOrO UMMJIaHTa; B KOHTPOJSIbHOM
rpynne XvMpypruyeckunii reMocTas BbIMONHANM MyTeM TaMMOHUPOBaHWSA PaHbl MEYEHV reMOCTaTUHECKUMUN ryOkamu C MOCAEAYIOWMM YLLIN-
BaHVeM paHbl. IPPEKTVBHOCTb MPUMEHEHNA METOAMKIM OLIEHNBASN MO CNEAYIOLLMM NOKa3aTeNaM: OKOHYaTENbHbIA FEMOCTas, KONM4eCTBO
MOBTOPHbIX KPOBOTEYEHWI, KONMYECTBO NMOBTOPHbIX ONepaLin, NeTanbHOCTb, OAUTENBHOCTb CTALMOHAPHOMO IeYeHNs, OIUTENbHOCTL Npe-
6biBaHnst B OPUT. CTtatuctnyeckyto 06paboTky pesynsraTtoB UCCNefoBaHmsa NpoBoanan B nporpamme Statistica 10.
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PesynbraTtbl. [prMeHeHe MOANMULMPOBAHHOIO NaKETUPOBAHMSA B KOMIMIEKCHOM NEYeHNN MaLMEHTOB C TSHKENbIMY TPaBMaTNHECKUMM NO-
BPeXAEHNSIMI NeYeHn NO3BOANAO MNOBLICUTb HAAEXKHOCTb OKOHYaTENBHOro reMocTasa ¢ 46,2 fo 92,8% (p = 0,0391), CHM3UTb KOIMYECTBO
MOBTOPHbIX KPOBOTE4eHWn 1 onepaumnin ¢ 38,4 ao 7,1% (p = 0,0891) 1 ymeHbLINTL YpoBeHb NeTanbHocTy ¢ 38,4 no 14,2% (p > 0,05).
BbiBogbl. [priMeHeHre HOBOro KOMOMHUPOBaHHOMO METOAA XMPYPIrMYECKOro reMocTasa No3BOUIIO YNYULLUTL Pe3yNLTaThl IEYeHMs naum-
€HTOB C TsPKeNbIMU TPaBMaTUHECKUMUN MOBPEXAEHVSIMU MeYeHN 3a CHET MOBbILLEHNS HAAEKHOCTM OKOHYaTEIbHOro remMocTasa, yMeHblle-
HWSt MOBTOPHbIX KPOBOTEYEHNI 1 Onepaumii, CHUKEHNS NeTalbHOCTU.

KniouyeBble cnoBa: abaomvHaibHas TpaBma; MOBPEXAEHUS MeYeH; BHYTPUOPIOWHOE KPOBOTEYEHWE; XMPYPrUHecKuii remocTas;
Cyprutamn; MoncenekT G-50; MognduumMpoBaHHOE NakeTUpoBaHve

Onsa untnposaHus: BopoHuos AK., MapxuceHko HO.A., HepeoHukos E.®., BapaHHukos C.B., besantbiHHbIX A.A. NpuMeHeHre mogndn-
LIMPOBAHHOIO MaKeTUPOBAHUS B KOMIMIIEKCHOM JNIEYEHUM OBLLIMPHBIX TPaBMaTUHECKUX MOBPEXAEHUI nevenn. MeauumHa sKCTpemasibHbIX
cutyaumn. 2025;27(4).490-499. https:/doi.org/10.47183/mes.2025-337

dDrHaHCUMpPOBaHMe: UCCNefoBaHVe BbINOHEHO B3 CNOHCOPCKOWN NOAAEPXKKM.

CooTBeTCTBUE NPUHLUMNAM 3TUKN: UCCNEAOBaHME NPOBEAEHO C CObMoaeHNeM TpeboBaHUM 1 HOPM XeNbCUHKCKOM aeknapauun. ccne-
noBaHne ofobpeHo aTndecknm komutetom OIrEQOY BO BIMY vm. H.H. BypaeHko (npoTokon Ne 2 o1 05.04.2022). Bece naumeHTsl nognvcani
MHOPMUPOBAHHOE COrnacre Ha fiedeHne, a Takxxe MCnonb30oBaHne 00e3MHEHHbIX MEVLIMHCKIMX AaHHbIX 1 doTorpaduin. KagasepHbi
Marepuan npenocTaBfieH OHOIXKETHLIM YHPEeXAEHNEM 34paBOOXPaHeHVs BoOpoHeXcko obnacTtu «BopoHeckoe 0651acTHOe MaTosnoro-
aHaTomum4eckoe 6topo». PaspelleHne Ha nNpenocTaBeHne KagaBepHoro marepmana CoOOTBETCTBOBASIO MOSIOXKEHMAM OeNCTBYIOLIEero 3a-

KoHOOaTeNnbCcTBa.

MoTeHumanbHbIi KOHMINKT MHTEPECOB: aBTOPbI 3asBNAOT 06 OTCYTCTBUM KOH(IVMKTA MHTEPECOB.

><1 BopoHLoB Anekcein KoHcTaHTuHOBKY ale92112855@yandex.ru
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INTRODUCTION

Traumatic injuries to the abdominal organs represent
a serious problem in modern emergency surgery.
According to statistics, abdominal trauma accounts for
1.5-36.5% of all traumatic injuries. However, the mortal-
ity rate for injuries to the abdominal organs reaches ex-
tremely high figures — approximately 60%. Furthermore,
the majority of the victims are of young and working age,
which underscores the significant medical and social
importance of this problem [1, 2].

A distinct category of injuries in abdominal trauma
comprises those to the parenchymal organs. Damage
to the spleen is most frequently encountered in clinical
practice. Liver injuries rank second in the structure of
abdominal parenchymal organ injuries, yet they repre-
sent a considerable challenge for global surgery. Severe
liver injuries are often accompanied by the development
of difficult-to-control intra-abdominal hemorrhage and
the onset of hepatocellular insufficiency in the postoper-
ative period in cases of massive liver crush injury, which
are the primary causes of unsatisfactory treatment out-
comes for victims with liver trauma and high mortality
rates (up to 50% or more) in such injuries [3-5].

Most recent studies concerning the problem of
traumatic liver injuries have been focused on refining
tactical approaches to the management of liver trau-
ma, the application of endovascular hemostasis tech-
nologies, and the improvement of methods for surgi-
cal hemostasis of liver injuries [6]. Among the tactical
approaches for the management of severe combined
injuries, the strategy of staged surgical treatment, so
called “damage control surgery,” is gaining increasing
adoption. This strategy aims to shorten the initial phase
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of operative intervention, followed by stabilization of the
patient’s condition and performance of the definitive
surgical stage under more favorable circumstances.
The strategy of damage control surgery currently dem-
onstrates favorable outcomes; however, it does not ad-
dress all aspects of the surgical management of severe
traumatic liver injuries due to the development of early
recurrent hemorrhages in patients with massive hepat-
ic parenchymal damage [7-9].

An important modern achievement in the manage-
ment of abdominal trauma, and primarily intra-abdom-
inal hemorrhages, has been the adoption of the Non-
Operative Management (NOM) strategy [10, 11]. The
NOM strategy implies conducting a strict patient selec-
tion process and equipping hospitals with angiographic
suites, coupled with a mandatory system for dynamic
monitoring of patient condition [12]. However, most
Russian hospitals providing emergency care to patients
with abdominal trauma lack the appropriate facilities,
which limits the applicability of the NOM strategy in the
treatment of patients with liver injuries [13].

The primary current method for the management of
severe traumatic liver injuries in patients with unstable
hemodynamics is emergency operative intervention —
midline laparotomy. Its main objective is to achieve reli-
able hemostasis of intra-abdominal hemorrhage [14, 15].
A multitude of methods for hemostasis of liver injuries,
both temporary and definitive, have been developed and
are used in clinical practice; however, none of them can
be considered fully satisfactory due to the high incidence
of recurrent hemorrhage in the postoperative period [16,
17]. The development of new methods for surgical he-
mostasis of traumatic liver injuries remains an extremely
urgent task in modern emergency surgery [18].
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In this study, we set out to develop and test a surgical
hemostasis method for traumatic liver injuries through
the application of modified perihepatic packing.

MATERIALS AND METHODS

Earlier, we conducted preliminary experimental studies
to investigate the feasibility of a modified perihepatic
packing technique for surgical hemostasis in laboratory
animals [19].

In addition, we conducted preliminary studies on ca-
daveric material to develop a surgical technique for the
application of modified perihepatic packing. The stud-
ies were carried out on seven unfixed male cadavers
with a mean age of 34.5 + 3.2 years, who had died from
causes unrelated to traumatic injuries or diseases of the
abdominal organs. The cadavers were provided by the

a—

Photographs taken by the authors

Voronezh Regional Pathological Anatomy Bureau. The
authorization for the provision of the cadaveric material
complied with the provisions of the current legislation.!
The time interval from death to the study procedure did
not exceed 24 h.

In each research subject, a traumatic liver injury was
simulated. To that end, following a total laparotomy, the
right lobe of the liver was exteriorized into the surgical
wound and placed on a supporting platform/table.

At a distance of 40 cm from the liver surface, a
250 g steel weight was suspended from a laboratory
stand using a thread. Upon readiness, the thread secur-
ing the weight was burned through with a gas burner
flame, causing the weight to fall vertically and impact
the diaphragmatic surface of the right liver lobe, result-
ing in the formation of a liver wound (Fig. 1A). The sim-
ulated liver wound was tightly packed with Surgitamp

Fig. 1. Stages of modified perihepatic packing on a cadaveric model: A — simulated contused wound of the right liver
lobe; B — tamponade of the liver wound with Surgitamp hemostatic material; C — application of Molselect G-50 granular
sorbent; D — fixation of the polypropylene mesh implant strips to the diaphragm; E — fixation of the mesh implant strips
along the visceral surface of the liver; F — final appearance of the liver after modified perinepatic packing

" Decree of the Government of the Russian Federation No. 750 “On the Approval of the Rules for the Transfer of Unclaimed Bodies, Organs, and Tissues of a
Deceased Person for Use in Medical, Scientific, and Educational Purposes, as well as the Use of Unclaimed Bodies, Organs, and Tissues of a Deceased Person

for the Said Purposes” (as amended) of 21.07.2012.
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hemostatic gauze (Fig. 1B), which had been impregnat-
ed with Molselect G-50 granular sorbent (Fig. 1C), after
which the right liver lobe was compressed with gauze
pads.

To perform the procedure of modified perihepatic
packing, mobilization of the right liver lobe was carried
out. To that end, the right triangular, coronary, falci-
form, and round ligaments of the liver were transected
with scissors, after which the right liver lobe was exte-
riorized into the surgical wound. Subsequently, a strip
(width 4.0 cm and length 30.0 cm) of a mesh polypro-
pylene implant used for hernia repair was positioned
in the sagittal plane. For this purpose, the edge of the
mesh implant strip was sutured to the diaphragm with
three separate interrupted sutures using polypropylene
monofilament (Fig. 1D). Next, the diaphragmatic surface
of the liver was wrapped, extending onto the visceral
surface; the mesh implant was tensioned to provide
compression, and its lower edge was fixed with inter-
rupted sutures to the starting edge of the strip, creating
compression and tension. It is important to perform the
modified perihepatic packing by maintaining a distance
of 1.0-1.5 cm from the edges of the gallbladder; thereaf-
ter, it was enveloped with the greater omentum (Fig. 1E).

To provide additional compression in the transverse
direction relative to the right liver lobe, three addition-
al polypropylene mesh strips were sutured in place
(Fig. 1F). The strips were enveloped with the greater
omentum, which was then fixed to the liver capsule with
interrupted sutures to prevent the occurrence of intesti-
nal fistulas.

The subsequent phase of the study comprised the
clinical evaluation of the modified perihepatic packing
technique in patients with liver injuries. A pilot rand-
omized controlled clinical trial was conducted at Bryansk
City Hospital No. 1, Voronezh Regional Clinical Hospital
No. 1, Voronezh City Emergency Clinical Hospital No. 1,
and Voronezh City Emergency Clinical Hospital No. 10.
In total, 27 patients with traumatic liver injury were en-
rolled in the study. The clinical trial design is summarized
in Figure 2.

The inclusion criteria for the study were blunt abdom-
inal trauma; patient age 18-80 years; signed informed
consent for participation in the clinical trial; Grade IV
liver injury according to the American Association for the
Surgery of Trauma (AAST) classification [19].

The exclusion criteria for the study were refusal to
participate in the clinical trial; moribund state of the pa-
tient; allergic reactions to Molselect G-50, Surgitamp, or
the polypropylene mesh implant.

The discontinuation criteria for the study were with-
drawal of consent for continued participation in the clini-
cal trial; injury to hollow organs, peritonitis; Grade |-llI
liver injury according to the AAST classification; multi-
ple injuries to abdominal organs; macroscopic signs of
liver cirrhosis; a score of > 13 points on the Military Field
Surgery scale for determining surgical tactics.

EXTREME MEDICINE | 2025, VOLUME 27, No 4

According to the formulated objectives, the patients
were divided into two groups: the main group (14 pa-
tients) and the control group (13 patients). Patient al-
location was performed by random sampling using a
random number generator. The patients were com-
parable in terms of sex, age, nature of traumatic liver
injury, structure of associated injuries, and severity of
blood loss.

In the main group, the method for surgical hemosta-
sis of traumatic liver injuries, as described in the patent
[20], was applied. In the control group, the method for
surgical hemostasis of liver wounds involved tamponade
of the liver wounds with hemostatic collagen sponges,
followed by suturing of the liver wound with 2-0 PGA
monofilament.

As part of combined management, patients in both
groups received standard conservative treatment in the
postoperative period, which included hemostatic and
infusion therapy, blood transfusions as indicated, antibi-
otic therapy, analgesics, and wound dressings.

The study outcomes were assessed based on the
following parameters: achievement of definitive hemo-
stasis, number of recurrent hemorrhages and reop-
erations, operative time, length of stay in the intensive
care unit, duration of hospital stay, mortality rate, and
the incidence and nature of postoperative complica-
tions.

Statistical analysis of the study results was per-
formed using the Statistica 10 software. Standard de-
scriptive statistics were calculated (mean (M), stand-
ard error of the mean (m), median (M), lower (Q,) and
upper (Q,) quartiles). The Shapiro-Wilk test was used
to assess the normality of distribution for quantitative
variables. The significance of differences for quantitative
variables between independent groups was determined
using Student’s t-test (for normally distributed variables)
and the Mann-Whitney U-test (for non-normally dis-
tributed variables). Analysis of qualitative variables was
conducted using Fisher’s exact test and the Z-test with
Yates’ correction. Differences were considered statisti-
cally significant at p < 0.05.

RESULTS

The general characteristics of the patients enrolled in the
study are presented in Table 1.

Table 1 summarized data on the patient groups.
Traumatic liver injuries were most frequently encoun-
tered in males of working age — 20 (74.1%). These
injuries were significantly less common in females —
7 (25.9%) patients. The median age of patients with trau-
matic liver injuries was 36.0 [30.0; 43.0] years. Analyzing
the mechanism of abdominal trauma, it should be noted
that road traffic accidents were the predominant cause
of traumatic liver injuries (12 (44.5%) patients), followed
by catatrauma (fall from height) (9 (33.3%) patients) and
domestic injury (6 (22.2%) patients).
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— Number of patients assessed for eligibility (n = 83)

- MFS scale score > 20 (n = 4)

Excluded from the study (n = 56)
- liver injury AAST grade I-lll (n = 32);
- hollow viscus injury, peritonitis (n = 3);
- multiple abdominal organ injuries (n = 12);
- macroscopic signs of liver cirrhosis (n = 5);

- blunt abdominal trauma;
- patient age 18-80 years;

c
0
e

(&)
Q

O
(7))

- liver injury AAST grade IV

Assessed for eligibility (n = 83)

- signed informed consent for participation in the clinical study;

- patient social status (n = 27);
-age (n =27);
-sex (n =27);

- comorbidities (n = 27);
- associated injuries (n = 27);

Data available for analysis

- nature of traumatic injury (n = 27);

- ASA physical status classification score (n = 27)

Randomized (n = 27)

General patient group
(n =14)
Surgical hemostasis of liver
injuries using modified perihepatic
packing

Distribution

Control patient group
(n=13)
Tamponade of liver wounds with
hemostatic sponges (collagen
hemostatic sponge) combined
with suturing

- definitive hemostasis;

- number of re-operations;
- mortality rate;

- duration of hospital stay;
- length of ICU stay

5
7
>
©
c
<

Efficacy parameters :

- number of re-bleeding episodes;

- Statistical analysis of the study results

Figure prepared by the authors

Fig. 2. Clinical study design: MFS — Military Field Surgery; ICU — Intensive Care Unit; ASA — American Society of
Anesthesiologists; AAST — American Association for the Surgery of Trauma

Among the associated injuries, chest injuries were
the most frequent — 17 (32.5%), followed by skeletal
trauma — 9 (16.7%), traumatic brain injury — 8 (29.6%),
and pelvic injury — 5 (18.5%).

An analysis of comorbidities revealed that patients
with abdominal trauma and liver injuries were largely so-
matically healthy. Comorbid conditions were identified
in only 4 (14.8%) patients: coronary artery disease was
present in 1 (3.7%) patient, and chronic pancreatitis was
found in 3 (11.1%) patients.

As part of combined management of patients in the
main group, a new method for surgical hemostasis of

traumatic liver injuries was applied. This method involved
tamponade of the liver wounds with Surgitamp hemo-
static gauze impregnated with Molselect G-50 granular
sorbent, followed by modified perihepatic packing using
strips of a polypropylene mesh implant [20] (Fig. 3A-F).
We established that immediately after tamponade of
the liver wound with Surgitamp hemostatic gauze im-
pregnated with Molselect G-50 granular sorbent, which
swells upon contact with blood and increases in vol-
ume, the sorbent transformed into a blood-soaked hy-
drogel. The Surgitamp hemostatic gauze provided com-
pression and enhanced the hemostatic effect. Manual
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Table 1. Characteristics of the study groups

Parameter M?:’n=g;2)up Corz;rc;l ‘lg;)oup Statistic;lzlvzil?gificance

Currently employed, n (%) 3 (21.4%) 5 (38.5%) p >0.05

Unemployed, n (%) 8 (567.2%) 8 (61.5%) p >0.05
Retirees, n (%) 3 (21.4%) 0 id

Age, years M_[Q,; Q] 40 [54.0; 79.0] 36.7 [37.0; 61.0] p > 0.05

Males, n (%) 10 (58.7%) 10 (78.2%) p > 0.05

Females, n (%) 4 (41.3%) 3 (21.8%) p >0.05

Road traffic injury, n (%) 5 (835.7%) 7 (53.8%) p > 0.05

Fall from height, n (%) 5 (21.4%) 4 (23.1%) p > 0.05

Domestic injury, n (%) 4 (28.6%) 2 (15.4%) p >0.05
Coronary artery disease, n (%) 1(83.2%) 0 id

Chronic pancreatitis, n (%) 1 (8.4%) 2 (9.0%) p >0.05

Traumatic brain injury, n (%) 4 (60.5%) 4 (50.0%) p > 0.05

Chest injuries, n (%) 9 (30.9%) 8 (41.6%) p >0.05

Skeletal trauma, n (%) 5 (8.6%) 4 (8.4%) p >0.05

Pelvic bone injury, n (%) 3 (21.4%) 2 (15.3%) p>0.05

I, n (%) 5 (35.7%) 4 (30.8%) p>0.05

I, n (%) 7 (60%) 8 (61.5%) p>0.05

IV, n (%) 2 (14.3%) 1(7.7%) p >0.05

I, n (%) 4 (28.6%) 3 (23.2%) p >0.05

IV, n (%) 6 (42.8%) 5 (38.4%) p >0.05

V, n (%) 4 (28.6%) 5 (38.4%) p>0.05

Table compiled by the authors based on original data

Note: id — insufficient data; n — patient number in the group.

compression of the liver achieved temporary hemosta-
sis; however, upon release of compression, the bleeding
recurred.

To achieve definitive hemostasis, the method of
modified perihepatic packing with strips of polypropyl-
ene mesh implant was employed (the fixation technique
is described above), which resulted in the final cessa-
tion of bleeding. Definitive hemostasis was achieved in
13 (92.8%) patients in the main group. In one (7.14%) pa-
tient from the main group, signs of recurrent hemorrhage
were observed on postoperative day 2. The patient un-
derwent emergency reoperation. During the abdominal
cavity revision, the source of bleeding was identified as
diffuse oozing from the liver wound due to insufficient
compression from the tension of the polypropylene
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mesh implant strips. Additional tightening of the strips
led to hemostasis and achievement of definitive control.

In the main group, two (14.3%) patients died. The
cause of death was severe polytrauma. According to
forensic autopsy findings, no signs of recurrent intra-
abdominal hemorrhage were observed in either case.

In the control group, to achieve definitive hemostasis
of the liver injuries, the wounds were packed with he-
mostatic collagen sponges. The sponges became satu-
rated with blood; however, diffuse bleeding from the liver
wounds persisted. To achieve definitive hemostasis, the
liver wounds were sutured with U-shaped stitches (using
2-0 PGA monofilament) to approximate the wound edg-
es. During suturing of the liver wounds, diffuse oozing
from the needle puncture sites was observed, and the
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Photographs taken by the authors

Fig. 3. Stages of modified perihepatic packing in a patient with liver injury: A — gross appearance of a traumatic
rupture of segments V, VI, and VIl of the right liver lobe (AAST Grade IV); B — tamponade of the wound with Surgitamp
hemostatic material impregnated with Molselect G-50 granular sorbent, and temporary packing with a gauze towel;
C — fixation of the polypropylene mesh implant strips to the diaphragm; D, E — fixation of the mesh implant strips in the
transverse direction; F — final appearance of the surgical wound

liver parenchyma was lacerated by the suture material,
which complicated the achievement of definitive hemo-
stasis and prolonged the operative time. In five (38.4%)
patients in the control group, signs of recurrent bleeding
were observed on postoperative days 2-3. These pa-
tients underwent emergency reoperation. The source of
bleeding in all cases was oozing from the liver ruptures.
In the control group, five (38.4%) patients died due to
acute blood loss, posthemorrhagic anemia, and associ-
ated injuries.

The comparative effectiveness of modified perihe-
patic packing in the management of traumatic liver inju-
ries is presented in Table 2.

The application of modified perihepatic packing in
the combination management of patients with severe
traumatic liver injuries (AAST Grade IV) resulted in an
increase in the reliability of definitive hemostasis from
46.2% to 92.8% (p = 0.0391), a reduction in the rate of

recurrent hemorrhages and reoperations from 38.4%
to 71% (p = 0.0391), and a decrease in mortality from
38.4% to 14.2% (p > 0.05).

The conducted analysis of postoperative surgical
complications in the study groups showed that in the
postoperative period, one patient in the main group
experienced recurrent hemorrhage. The patient un-
derwent emergency reoperation. During the abdominal
cavity revision, the source of bleeding was identified as
diffuse oozing from the liver wound due to insufficient
compression from the tension of the polypropylene
mesh implant strips. Additional tightening of the strips
led to the cessation of bleeding and the achievement of
definitive hemostasis.

In the control group, five patients exhibited signs of
recurrent bleeding in the postoperative period. These
patients underwent reoperation. Intraoperatively, lacera-
tion of the liver parenchyma by the sutures was identified;
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Table 2. Comparative effectiveness of management for patients with traumatic liver injuries

Parameter Me(1'i'n=g1r2)up Corz:,rcil 1g?r)oup Statisticlzlvzil?gificance
Definitive hemostasis, n (%) 13 (92.8%) 6 (46.2%) p = 0.0391
Recurrent hemorrhages, n (%) 1 (71%) 5 (38.4%) p = 0.0391
Reoperations, n (%) 1 (71%) 5 (38.4%) p = 0.0391
Mortality, n (%) 2 (14.2%) 5 (38.4%) p>0.05
Median duration of hospital stay, bed days 10.0 [9.0; 14.0] 16.0 [10.0; 18.0] p >0.05
Median operative time, min 100.0 [85.0; 120.0] 130.0 [120.0; 150.0] p = 0.0022
Median ICU length of stay, bed-days 3.0 [1.0; 4.0] 5.0 [3.0; 6.0] p =0.011
Median volume of red biood cel 1140 [1100; 1200] | 1230 [1150; 1900] p = 00272
ransfusion, mL
Median volume of FFP transfusion, mL 1175 [1100; 1250] 1430 [1350; 2100] p = 0.0001
Postoperative complications (according to the Clavien-Dindo classification)
1, n (%) 1(7.1%) 5 (38.4%) p>0.05
llla, n (%) - 1(7.7%) id
IV, n (%) - 1(7.7%) id
V, n (%) 2 (14.2%) 5 (38.4%) p>0.05

Table compiled by the authors based on original data

Note: ICU — Intensive Care Unit; FFP — Fresh Frozen Plasma; id — insufficient data; n — patient number.

additional hemostasis was performed, comprising elec-
trocautery, application of a Tachocomb® patch to the site
of diffuse oozing, or additional suturing of the rupture
sites. One patient in the control group developed com-
plaints of right upper quadrant pain and weakness in the
postoperative period; an abdominal ultrasound was per-
formed, revealing a biloma in the abdominal cavity. The
latter complication required ultrasound-guided percuta-
neous drainage. The outcome was complete resolution,
and the patient was discharged in satisfactory condition
for outpatient follow-up on day 18. One patient devel-
oped disseminated intravascular coagulation (DIC) syn-
drome in the postoperative period following acute mas-
sive blood loss, which required intensive care in the ICU;
this complication resolved.

DISCUSSION

Injuries to the abdominal organs represent one of the
most challenging and largely unresolved problems in
emergency surgery [5, 9]. In the spectrum of abdomi-
nal trauma, liver injuries rank second, surpassed only by
splenic injuries. However, the highest mortality rates (14—
58%) in patients with blunt abdominal trauma are as-
sociated precisely with severe liver injuries, which is at-
tributable to massive, difficult-to-control intra-abdominal
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hemorrhage and the development of hepatocellular in-
sufficiency in the postoperative period [13, 18].

The most frequent cause of mortality in abdominal
trauma is traumatic liver rupture complicated by mas-
sive hemorrhage. In such cases, two factors are of para-
mount importance: the promptness and rapidity of sur-
gical intervention and the application of a reliable and
effective method for surgical hemostasis [6].

Most surgeons in emergency settings employ wound
suturing, electrocautery, and packing. A significant draw-
back of these methods is the development of ischemic
necrotic areas between the sutures. For deep injuries,
packing the wounds with omentum, various hemostatic
sponges, films, or powdered hemostatic agents is used.
However, as practice shows, these often prove to be
ineffective. Tamponade of deep wounds with a towel,
gauze pad, or any non-resorbable material necessitates
reoperation [3].

In cases of extensive traumatic liver injuries, an ef-
fective method for hemorrhage control is perihepatic
packing of the liver ruptures with a polypropylene mesh
implant. This procedure involves mobilization of the liver
from all its ligaments while mandatorily preserving ve-
nous outflow. However, in the postoperative period, after
stabilization of all patients, reoperation is required to per-
form definitive surgical repair [1].
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The presented data indicate that while numerous
methods for hemostasis in liver injuries exist, none of
them is fully satisfactory. In this context, the develop-
ment of new methods for surgical hemostasis of trau-
matic liver injuries remains a relevant problem in emer-
gency surgery.

Prior to the initiation of the clinical trial, we con-
ducted multifunctional integrated morphological, mor-
phometric, and immunohistochemical studies in labo-
ratory animals to develop a new method for surgical
hemostasis [3]. In a series of in vivo experiments, it was
initially demonstrated that the application of Surgitamp
hemostatic agent and Molselect G-50 sorbent ef-
fectively controls moderate parenchymal bleeding in
models of bleeding liver wounds. Furthermore, in ex-
periments using models with active hemorrhage from
liver wounds, the developed technique of combined
surgical hemostasis — utilizing hemostatic agents and
modified perihepatic packing — demonstrated high ef-
ficacy in achieving local hemostasis [19].
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REMOVAL OF A METAL FRAGMENT AND FLOATING THROMBUS FROM M) Check for updates
THE INTERNAL JUGULAR VEIN OF A SERVICEMAN IN A FIELD HOSPITAL
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Introduction. Fragment wounds of the neck with neurovascular bundle injury sustained during combat operations represent a relevant
problem in the field of extreme medicine. High mortality rates, along with a lack of sufficient research, contribute to uncertainty in determining
optimal treatment tactics.

Case report. A successful surgical treatment of a serviceman with a fragment wound to the neck caused by a foreign metallic body (shell frag-
ment) involving the internal jugular vein and a floating thrombus was performed in a field hospital. An open surgery was conducted to remove
the foreign metallic body and the floating thrombus from the internal jugular vein, followed by repair of the venous wall with a 7/0 polypropylene
suture. The postoperative course was uneventful.

Conclusions. The presented case demonstrates previously unpublished data on a variant of fragment injury to the internal jugular vein. The
proposed surgical technique has proven to be effective and safe.

Keywords: internal jugular vein thrombosis; floating thrombus; fragment wound of the neck; military field surgery; foreign body of the jugular
vein; thrombectomy
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YOANEHUE METAJIJIMYECKOIO OCKOJIKA Y ®JTIOTUPYHOLLIEFO TPOMBA N3 BHY TPEHHEN
APEMHOW BEHbl Y BOEHHOCJTY>KALLIEFO B BOEHHO-MOJIEBOM FOCMNUTANE

[.C. Bacunees', A.H. KazaHues®”, B.B. KonecHukog', P.I. Axumasudyc!, AL LLnwkuH!, XK.M. Bensit', P.P. TeHuLies?,
B.H. XonmaTos?

1442 BoeHHbIN KnuHMYeckunii rocnvtane nm. 3.11. Conoseesa MuHucTepctaa 060poHbl Poccuinckon ®epepaumm, Poccus
236 oTheNbHbIN MEOVLMHCKI OTPSAL (@3PpOMOBWIIbHBIN) BO3OYLIHO-AECaHTHbIX BOMCK MuHMCTEpCTBa 060p0HbI Poccuiickon ®epepaumu,
Poccus

BeepeHune. OckonoyHble paHeHNs LLEeN C NOBPEXAEHNEM COCYANCTO-HEPBHOIO MNyyka B X0e BefAeHNs 60eBbIX AeNCTBUN SBASIOTCS aKTy-
anbHOM NPob6IeMo MeauLIMHBI IKCTPEMAaSTbHbIX CUTYauuii. Bbicokas cCMepTHOCTb, a Tak)ke OTCYTCTBME AOCTATOYHOrO KONM4YecTBa nccne-
OOBaHWIA CO30at0T HEOMPEAENEHHOCTb B BbIOOPE TaKTUKM NIEHEHMIS.

OnucaHune KNMHU4ecKoro cny4yas. [pefcTaBneHo yCrneLlHoe XMpYprdeckoe NeYeHie BOEHHOCTY KaLLlero B BOEHHO-MNOMIEBOM rocnuTane
C OCKOJI0YHbIM pPaHEHVEM LEeN UHOPOOHbIM METaNIMYECKM TENOM (OCKOIKOM CHapsiaa), BHYTPEHHEN SPEMHOM BEHbI, U (DNOTUPYIOLWIMM
TpoM6oM. BbinonHeHa OTKpbITag onepaums — yaaneHne MHOPOAHOrO METaIMHYECKOro Tena 1 roTUpyoLero TpoMoba 13 BHYTPEHHEN
SPEMHOI BeHbI C YLIMBaHUEM CTEHKW BEHbl MOANMMPONMIeHoBOM H1TLLO 7/0. MocneonepaLoHHbIn nepuom npoTekan 6e3 0cobeHHOCTEN.
BbiBoAbl. B npeacTtasneHHom paboTe NpoaeMOHCTPUPOBaHb! paHee He Ny6ankoBaBLUMECS AaHHbIE O BapUaHTe OCKOI0YHOMO MOBPEX AEHNUS
BHYTPEHHEN SAPEMHON BeHbl. [PeanoKeHHbIN CMOCOD XMPYPrMYECKOro eHeHns nokasan cBoto ahMEKTUBHOCTb 1 6€30MacHOCTb.

KntoueBble croBa: TpOM603 BHYTPEHHEN SPEMHOI BEHbI; (HIOTUPYHOLLMIA TPOMO; OCKOSIOHYHOE PaHEHWE LeW; BOEHHO-MOMEBas XMPYPIus;
NHOPOAHOE TEeNo APEMHON BEHbI; TODOMOIKTOMUS

[nsa untuposanusa: Bacunees [.C., KasaHues A.H., Konechukos B.B., Akumasudyc P, LWuwkun AL, Benan XK.M., Ternwes P.P., Xonwva-
TOB B.H. YOaneHne metannmn4eckoro ockoska 1 hnoTupyroLlero Tpomoba 13 BHYTPEHHEeN ApeMHO BeHbl Y BOEHHOCITY>KaLLEero B BOGHHO-MO-
neBoM rocnutane. MeauumHa akcTpemasibHbix cutyaumi. 2025;27(4):500-504. https:/doi.org/10.47183/mes.2025-349

duHaHcupoBaHue: padoTa BbinonHeHa 6e3 CNoHCOPCKOM NoAAePX KM,
CoOTBeTCTBME MPUHLMNAM 3TUKU: OT MaumeHTa nosly4eHo NUCbMEHHOe MH(OPMUPOBaHHOE OOBPOBOMBHOE Cornacue Ha nybnmkaumo

ONMCaHKs KINMHUYECKOro ciy4asi, 06e3N14EHHbIX MEAULIMHCKIX AaHHbIX 1 hoTorpaduii.
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MoTeHumnanbHbI KOHMANKT MHTEPECOB: aBTOPbI 3aABAAT 06 OTCYTCTBUM KOH(NKTA UHTEPECOB.
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INTRODUCTION

Military-field vascular surgery remains a relevant dis-
cipline within modern medicine of extreme situations.
However, the existing literature lacks sufficient research
dedicated to the surgical management of patients with
vascular injuries sustained during combat operations.
This trend can be traced back to the report by Oppel [1],
published during World War | in 1915. At that time, mili-
tary hospitals admitted rare patients with injuries to ma-
jor arteries and veins due to high mortality from ongoing
bleeding on the battlefield [1]. Consequently, the propor-
tion of servicemen with such wounds did not exceed
1%, presenting as false aneurysms in 30% of cases and
as hemorrhage in 70% [2].

According to Akhutin [3], until 1938, the most
common surgical method for arterial and venous in-
juries in combat settings had been vessel ligation.
Reconstructive surgeries became more widespread in
military field hospitals during World War Il. This shift
was partially determined by the difficulty in evacuating
casualties due to artillery shelling and the moderniza-
tion of long-range weaponry. By April 1943, Petrovsky
had performed 238 successful reconstructive proce-
dures for major vascular injuries [4]. Among these, frag-
ment wounds to the neck were of particular interest.
The neck is the least protected body area, and bleed-
ing from injuries to the brachiocephalic arteries and/
or jugular veins cannot be controlled with a tourniquet
on the battlefield, significantly reducing the wounded
soldier’s chances of evacuation to specialized medical
care facilities.

The first documented experience in surgical man-
agement of neck injuries in servicemen was published
by Pirogov [5] during the Eastern War of 1853-1856. He
emphasized the importance of urgent surgical interven-
tion in this cohort of patients [5]. During World War I,
neck wounds accounted for 9.63-19.2% of all injuries,
with fragment wounds comprising 68.4—74.0% of cases
[6]. These figures highlight the high vulnerability of this
anatomical region.

Surgical treatment of fragment wounds to major
neck vessels remains critically relevant in modern com-
bat operations. However, the available literature contains
only sporadic reports focusing primarily on arterial inju-
ries and surgical management of false aneurysms [7, 8].
This gap has resulted in the absence of a unified surgical
approach for servicemen with injuries to the deep veins
of the neck.

In this article, we report the outcome of surgical inter-
vention in a patient with a fragment wound to the neck
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penetrating the left jugular vein and complicated by a
floating thrombus.

CASE REPORT

A 28-year-old male serviceman sustained a fragment
wound from an artillery shell explosion during a combat
mission and was evacuated to a field hospital.

The patient’s condition was assessed using military
field surgery (MFS) scoring systems:

1. MFS-DS (Damage Severity Scale for MFS):
8.1 points — severe injury;

2. Abbreviated Injury Scale: 4 points — critical injury;

3. MFS-AS (Admission Severity Scale for MFS):
12 points — non-severe condition;

4. Revised Trauma Score: 7.8408 points — non-se-
vere condition.

Consciousness was clear (15 points on the Glasgow
Coma Scale). Complaints included pain in the left shoul-
der and left side of the neck.

Local findings: A 2 cm lacerated wound on the pos-
terior surface of the left shoulder with scant serosan-
guineous discharge (Fig. 1).

Neck radiography revealed a metallic foreign body
(fragment) measuring 2x2 cm within the deep tissues of
the left neck (Fig. 2).

According to ultrasonography (USG), the fragment
was located between the left common carotid artery
and the internal jugular vein (IJV), penetrating the 1JV. A
3 cm floating thrombus attached to the fragment was
visualized within the IJV lumen (Fig. 3).

Photograph taken by the authors

Fig. 1. Fragment wound of the left shoulder: 1 — the
entrance wound is located on the posterior surface of the
left shoulder
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Images obtained by the authors

Fig. 2. Neck radiography: 1 — lateral neck radiography: metallic foreign body (fragment) in the left neck tissues; 2 —
anteroposterior neck radiography: metallic foreign body (fragment) in the left neck tissues

s

Images obtained by the authors

Fig. 3. Left neck ultrasound: 1 — floating thrombus in the lumen of the internal jugular vein; 2 — metallic foreign body
(fragment) penetrating the lumen of the internal jugular vein; 3 — site of attachment of the floating thrombus to the metallic

foreign body (fragment)

Diagnosis established: Combined fragment wound
to the left neck and left upper extremity. A blind (non-
penetrating) fragment wound to zone |l of the left neck,
resulting in injury to the internal jugular vein with forma-
tion of a floating thrombus. A blind fragment wound to
the soft tissues of the left shoulder.

This injury is classified as severe according to
the List of Injuries approved by Decree No. 855
of the Government of the Russian Federation
(29.07.1998)".

The decision was made to perform surgical inter-
vention comprising thrombectomy from the IJV with
removal of the fragment (time from injury to surgery
onset: 5 h).

Procedure: A longitudinal incision was made along
the lateral border of the left sternocleidomastoid muscle.
The IJV was isolated. A 1 cm defect in the posterior wall

of the IJV was identified, caused by foreign body inva-
sion — a metallic fragment.

Heparin was administered intravenously in the
amount of 5000 IU. The IJV was clamped 3 cm distal
and proximal to the defect. A 2 cm venotomy of the ante-
rior IJV wall was performed. The thrombus was removed
from its lumen. Subsequently, the foreign body was ex-
tracted (Fig. 4).

The defect in the posterior wall of the IJV was re-
paired using a 7/0 polypropylene suture. Subsequently,
a vascular suture of the venotomy site on the anterior
wall was performed with 7/0 polypropylene. Clamps
were removed, and satisfactory blood flow through the
IJV was confirmed (Fig. 5).

The postoperative course was uneventful. Sutures
were removed on day 12 after surgery, after which the
patient was discharged and evacuated to the next stage

" Decree No. 855 of the Government of the Russian Federation of 29.07.1998 “On Measures to Implement the Federal Law ‘On Compulsory State Insurance of
Life and Health of Military Personnel, Citizens Called up for Military Training, Privates and Commanders of Internal Affairs Agencies of the Russian Federation, and

Employees of Federal Tax Police Bodies’”.
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Photograph taken by the authors

Fig. 4. Foreign metallic body (fragment) and thrombotic
material removed from the internal jugular vein

of medical care. The following therapy was administered:
apixaban 5 mg twice daily; ceftriaxone 1.0 g twice daily
intramuscularly; analgesics.

According to ultrasonography findings, on the first
day and on day 12 after surgery, the internal jugular vein
(IJV) was patent, with no signs of thrombosis or reste-
nosis.

DISCUSSION

The current literature lacks sufficient studies on the sur-
gical management of neck injuries in servicemen during
combat operations. Anipchenko et al. described a case
of gunshot wound to the neck [9]. The fragment did not
damage blood vessels, being localized paraesophageally
in the Killian’s triangle region. Subsequently, an abscess
developed, requiring surgical intervention. Successful
open surgery was performed to remove the foreign body
and fragment. The postoperative course was uneventful
[9]. This case highlights that foreign bodies (fragments) in
deep neck tissues, even without causing bleeding, should
be removed due to high risks of infectious complications,
abscess formation, and mediastinitis.

Dadayan et al. presented a case of foreign body re-
moval from the neck after fragment wound [10]. However,
the fragment did not damage the neurovascular bundle.
According to ultrasound, it was localized between the
jugular vein and common carotid artery. The fragment
was removed via open surgery under ultrasound guid-
ance. The procedure was completed without complica-
tions [10]. The authors emphasized the importance of
such operations due to risks of neurovascular bundle
injury from foreign body migration.

EXTREME MEDICINE | 2025, VOLUME 27, No 4

Photograph taken by the authors

Fig. 5. Final result of the operation: 1 — closure of the
venotomy site on the anterior wall of the internal jugular
vein; 2 — internal jugular vein proximal to the site of
reconstruction

Muminjonova et al. [7] reported a case of fragment
wound to the neck with injury to carotid arteries, result-
ing in pseudoaneurysm formation. Aneurysm resection
with subsequent prosthetic grafting was performed. This
approach prevented potential aneurysm rupture-related
bleeding and wound infection [7].

The clinical case presented in this article is the
first report of a military-field surgical intervention de-
scribing surgical management of a neck fragment
wound with fragment invasion into the IJV and float-
ing thrombus formation. The technological complex-
ity was due to the IJV wall defect being located on
its posterior surface, preventing adequate thrombec-
tomy and subsequent repair. Thus, it was decided to
perform anterior IJV venotomy, open thrombectomy,
followed by posterior wall repair and venotomy clo-
sure. A 7/0 polypropylene suture was used for vascu-
lar repair to minimize vein incorporation and prevent
residual restenosis. In our opinion, 1JV ligation without
reconstruction could acutely impair cerebral venous
outflow, leading to venous congestion and potential
cerebral edema.

Thus, the implemented surgical strategy has proven
successful and allowed optimal treatment outcomes to
be achieved.

CONCLUSION

The presented case demonstrates previously unpub-
lished data on a variant of fragment injury to the internal
jugular vein. The proposed surgical technique has prov-
en to be effective and safe. Its implementation prevented
the development of distal embolism, wound infection,
and bleeding.
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MAYAK WORKER COHORT: CHARACTERISTICS AND KEY RESULTS OF M) Check for updates
EPIDEMIOLOGICAL STUDIES

Irina S. Kuznetsova™, Mikhail E. Sokolnikov, Nailya R. Kabirova, Yulia V. Tsareva, Elena V. Denisova, Pavel V. Okatenko

Southern Urals Federal Research and Clinical Center for Medical Biophysics, Ozersk, Russia

Introduction. The medical registry of workers at the Mayak Production Association (PA) was initially established with the purpose of studying
the long-term stochastic health effects of occupational radiation exposure at the first nuclear industry enterprise in the USSR.

Objective. Assessment of radiogenic risk from prolonged occupational exposure among the Mayak PA worker cohort, including the subco-
hort of workers exposed to normal radiation conditions.

Materials and methods. This study represents one phase of a lifelong retrospective epidemiological investigation of health indicators, includ-
ing the incidence and mortality from malignant neoplasms (MN), conducted within the framework of the medical-dosimetric registry of Mayak
PA workers. The available study cohort is limited to employees of three main production facilities and two auxiliary plants, hired between 1948
and 1982. Within the study cohort, two subcohorts are distinguished based on factual data on radiation exposure levels and assessed medi-
cal outcomes. These include the subcohort of 1948-1958, personnel hired during the technology development phase and characterized by
high occupational radiation exposure levels and that of 1959-1982, hired during routine operational periods with radiation doses comparable
to modern limits. At the current stage, the attained age of workers in the second subcohort and the volume of accumulated data have enabled
an analysis focused on individuals having worked under standard conditions, excluding the effects of high doses and dose rates. This has
expanded the scope of statistically significant direct estimates of radiogenic MN risk. All studies of radiogenic risk in the cohort of Mayak PA
workers were conducted using the Epicure statistical software package.

Results. The cohort comprised 25,755 workers. The vital status during the period of up to 31.12.2018 was known for 94% of subjects. In
the 1948-1958 subcohort, the mean cumulative gamma radiation dose was 748 mGy, compared to 130 mGy in the 1959-1982 subcohort.
Overall, 10,304 individuals (40.1% of the cohort) received low doses of gamma radiation. The mean cumulative lung dose from alpha radiation
due to incorporated ?**Pu was 179.4 mGy, with 329.2 mGy and 41.0 mGy for the 1948-1958 and 1959-1982 subcohorts, respectively. The
estimated excess relative risk per 1 Gy of alpha radiation lung dose was 3.5-8 for 60-year-old males. No deviations from linearity were found.
Radiogenic risk decreased with an increase in age. A nonlinear dose-response relationship was identified for liver MN. The primary long-term
effect of external gamma radiation was leukemia development, where a nonlinear model incorporating effect modification by age at exposure,
time since exposure, and attained age provided better approximation than a linear model. For solid MN, the risk coefficient from external
gamma radiation ranged 0.1-0.4 per 1 Gy. Among workers employed under normal radiation conditions (1959-1982 hiring period), the attrib-
utable risk assessment suggests that 1-5% of MN (excluding tumors in plutonium primary deposition organs) were radiation-induced, solely
due to external gamma exposure.

Conclusions. The Mayak PA worker cohort, with its high-quality medical and dosimetric data, serves as a crucial source for direct epidemio-
logical assessments of radiogenic risks from prolonged occupational radiation exposure. The identification of the routine production operation
period not only validates the magnitude of carcinogenic risk but also highlights the need to extend both the follow-up period and the cohort
itself to include more workers exposed to conditions comparable to modern standards.

Keywords: personnel; exposure; radiogenic risk; malignant neoplasms; non-tumor diseases; regulation; radiation safety
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KOIMOPTA PABOTHUKOB IO «MASAK»: XAPAKTEPUCTUKA N OCHOBHbIE PE3YJIbTATbI
SNUAEMUNONOMMYECKNX NCCNELOBAHUN

W.C. KysHeLoa™, M.3. CokonbHukos, H.P. Kabuposa, KO.B. Llapesa, E.B. denucosa, .B. OkaTeHko

HOXKHO-Ypanbckuii hefepanbHbli HayYHO-KIMHNHECKUIA LIEHTP MeANUMHCKOM Brodmankm egepanbHoro Meamko-01Moorm4eckoro
areHTcTBa, O3epck, Poccus

BeepeHune. Pernctp nepconana MO «Masik» co3gaH o UCCnefoBaHns oTaaneHHbIX CTOXaCTUHECKUX MEeOMLMHCKIX NOCNeacTBuin Npo-
HeCccroHanbHOro paanaLmoHHoro obny4eHns paboTH1KoB nepsoro B CCCP npeanpusitis saepHor NpOoMbILLNEHHOCTU.
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OPUTNMHAJIbHASA CTATbA | PABUOBNONOINA

Lenb. OueHka pagnoreHHoro pycka npw NposoHrMpoBaHHOM NpoecCcroHanbHOM 06ydeHnn B koropte paboTHMKOB 10 «Mask», B ToM
4uCne B KoropTe nnL, paboTaBLUMX B YCNOBUSX LUTATHOM pafmaLiOHHON 0OCTaHOBKMN.

MaTepuanbsl n meToabl. BeinonHeHHas paboTa ABNSETCA OAHUM U3 3TanoB MNOXU3HEHHONO PETPOCMEKTMBHOIO 3MMAEMUONOMMHECKOro
1ccnenoBaHns nokasaTtenen 340P0Bbs, B TOM Yice 3a60/1eBaEMOCTU I CMEPTHOCTM OT 3/10KA4eCTBEHHbIX HOBOOOpa3osaHuin (SHO), npo-
BOAMMOrO Ha 6a3e MedVKo-A03MMETPUHECKOro perncTpa paboTHunkos MO «Masgk». [JocTynHast 4nst MccnefoBaHHas KoropTa orpaHudeHa
paboTHUKaMKM TPEX OCHOBHbIX MPOV3BOACTB M ABYX BCMOMOraTefibHbIX 3aBOAOB, a Tak)ke NeproaomM HarMa Ha paboTty 1948-1982 rr. B nc-
ChneflyeMoi KOropTe, OCHOBbIBasICh Ha (DaKTUHECKUX AaHHbIX 06 YPOBHSIX 06MYyHEHNS 11 MOMYYEHHbIX OLEHKaX MEAULMHCKMX NMOCNEACTBUNM,
BblaeneHbl ABe cyokoropTbl: 1948-1958 rr. — cybkoropTa HalimMa B Nepuro OCBOEHWSI TEXHOMOMM U BbICOKIX YPOBHEN NpodeccroHansHo-
ro 06nydeHuns n 1959-1982 rr. — cybkoropTta HariMa B Meprop, LUTaTHOW SKCMlyaTaumy NMpOV3BOACTBA 1 COMOCTaBUMbIX C COBPEMEHHBIMU
npegenamn 0o3. Ha coBpeMeHHOM aTane AOCTUrHY ThI BO3PAaCT PabOTHUKOB, BKIIKOYEHHbBIX BO BTOPYIO CYOKOropTy, 1 06 beM HaKOMMEHHbIX
JaHHbIX MO3BOANA MPOBECTY aHann3 Ast NuL, paboTaBLUMX B LUTATHbIX YCMOBUSX, UCKIIOHMB BANSIHME BbICOKMX [03 Y MOLLHOCTEN 003,
1 paclmpuTb 061acTb MNOMYHEHHbIX CTATUCTUYECKM 3HAYMMbIX MPSAMBIX OLIEHOK paanoreHHoro pucka 3HO. Bce nccnegoBanvs pagmoreH-
HOro pucka B koropte paboTHNKoB MO «Masik» NPoOBEeAEHbI C MCMONb30BaHMEM NakeTa AN1S CTaTUCTUYeCcKom 0bpaboTKM AaHHbIX Epicure.
Pesynbratbl. Koropta coctont 13 25 755 paboTHMKOB. XK13HeHHbI cTaTyc B nepuofd o 31.12.2018 ndsecTeH ans 94%. B cybkoropte
1948-1958 rT. Harima cpegHss HaKomneHHas [o3a ramma-obnydeHns coctasuna 748 mip, 1959-1982 rr. — 130 mlp. B uenom obnactb
Masnblx f03 ramma-unanydenHus skatodana 10 304 (40,1% 4qneHoB KOropTbl) Yenoseka. CpefHAst HaKOMNeHHas [03a B NIErknx 3a CHeT anb-
ha-065yyHeHnst MHKopNopupoBaHHbIM **°Pu cocTaBnana 179,4 Mip, ans cybkoropt 1948-1958 1 1959-1982 rr. — 329,2 n 41,0 MIp cooT-
BeTCTBEHHO. OueHKa N30bITOYHOr0 OTHOCUTENIBbHOIO PaanaLMoHHOro prucka Ha 1 Mp o3kl anbda-n3ny4eHus B nerkux coctasmna 3,5-8,0
Ha 1 [p ans My>xymH B Bo3pacTte 60 neT. He HanaeHo OTKNOHEHWUI OT NIMHENHOCTW. PagmnorerHHbI PUCK CHKANCS C yBEMYEHNEM BO3pacTa.
BbisiBneHa HenvHenHast 3asucmMocTb pucka 3HO nederHn. OCHOBHbIM OTAaNEHHbIM 3HEKTOM BHELLHErO ramma-obnyyeHns SBAsnoch
pasBuTHE NENKo3a, AN KOTOPOro HEIMHENHAsA 3aBUCUMOCTb C MoAUMUKaLMEN paaraLMOHHOrO PUCKa Mo BPEMEHHBIM XapaKTePUCTNKaM,
CB$I3aHHbIM C BO3PacTOM Ha MOMEHT 00JlyHeHsl, BDEMEHEM, MPOLLUEALLNM C MOMEHTa 0BJlyHeHUst, U JOCTUrHYThbIM BO3PACcTOM SABMSETCS
NydLlern annpokcumaumen, Yem nuHenHas. Ons connaHbix 3HO koahduumeHT pucka oT BHELLHero ramma-nanyyexuns coctasmn 0,1-0,4
Ha 1 [p. Cpean Ny, paboTaBLUMX B YCNOBUSX LUTATHOW paanaLoHHon o6cTaHoBkM (1959-1982 rr. Haima), oueHka aTpnbyTMBHOMO prucka
3HO, 3a ncktoHeHem onyxonen opraHoB OCHOBHOIO AEMOHMPOBaHNS NYTOHMSA, MO3BONAET OTHECTU 1-5% cnyyaes K pagnaLmoHHO-1H-
OyLMpPOBaHHbIM, MPUYeM TOMbKO BCIEACTBUNE BAVSIHNS BHELLHErO raMMa-n3nyyeHus.

BeiBogbl. Koropta pabotHukoB 10 «Masik», obecnedeHHas BbICOKOKAYECTBEHHbIMU MEANKO-AO3UMETPUHECKUMN OaHHbIMUY, ABASETCS
BaXKHbIM UCTOYHVKOM MPSIMbIX 3MNAEMMONIONMHYECKIX OLIEHOK PaAMOreHHOro pucka npu npoecCcnoHanbHOM NPOSIOHTIMPOBAHHOM pPaan-
auvoHHOM BO3aencTBUW. BblaeneHne nepuoaa LUTaTHON aKcnyaTaly NPou3BOACTBA, C OAHOW CTOPOHbI, MOATBEPKAAET BENNHMHY KaH-
LIePOreHHOro prcka, C Apyro — ykasblBaeT Ha HeOOXOAMMOCTb PacCLUMPEHUs nepuoga HabnioaeHs 1 caMor KOropTbl L, paboTaBLUnX
B YCJ/IOBUSIX, COMOCTaBUMbIX C COBPEMEHHbBIMU.

KnioyeBble cnoBa: nepcoHan; obfy4eHne; pPagnoreHHbl PUCK; 310KaYeCTBEHHble HOBOOOPA30BaHWs; HeOoMyxoneBble 3ab0neBaHNs;
HOPMUpPOBaHWe; paanaLMoHHas 6e30nacHOCTb

Ons yntuposaHusn: KysHeuosa V.C., CokonbHukos M.O., Kabuposa H.P., Llapesa KO.B., denucosa E.B., Okatenko IN.B. Koropta paboT-
HukoB MO «Masik»: xapakTepucTVKa 1 OCHOBHbIE Pe3y/bTaTbl SMMAEMUONOMMHYECKMX UCCNeoBanni. MeauiHa sKCTpemasibHbIX CUTYaLMi.
2025;27(4):505-515. https://doi.org/10.47183/mes.2025-290

duHaHcupoBaHue: paboTa BbINOSHEHa B paMkax rocyaapcTeeHHoro 3agaHns Ne 11.001.25.800 no teme HVIP «ObecneyeHne nHovBuay-
anbHOro OO3MMETPUHECKOrO KOHTPOAS nepcoHana «[opHO-XMMUYeckoro kombumHata», Ne 11.002.22.800 «[1porHo3 pagmoreHHoro pucka
3ab01eBaeMOCTV 1 CMEPTHOCTM CPEeAM NepcoHana NpegnpuaTua atoMmHon nHayctpum MO «Mask» Ha nepuog go 2035 . npu CoxpaHeHnn
LUTATHOW paanaLMoHHON 06CTaHOBKM».

BnarogapHOCTK: aBTOPbI BbipaXkatoT rMyboKyto npuaHaTenbHoCcTb HinHe AnekcanopoBHe KoluypHukoBol (24.12.1926-13.02.2025), npo-
deccopy, LOKTOPY MEANUMHCKNX HayK, OpraHn3oBaBLLUel nadopaTtoputo pagmaLioHHOM aNaeM1onorim, co3aaBlien perncTp nepcoHana
MO «Masik» n 0o nocnegHero aHsA padboTasLlen Hag NoTyYeHNEM HOBbIX 3HaHWM B 061acT paaraumoHHON 6e30macHOCTH, OcTaBasCh 06-
pasLOoM NMPeaaHHOCTU HayKe.

CooTBeTCTBME NPUHLMNAM 3TUKN: 0006pEHMe BMO3TUHECKOrO KOMUTETA HE TPebOoBaNoCk, MOCKOSbKY NCCNEA0BaHME BbINOHEHO Ha OC-
HOBE apX1BHOW NHboPMaLN.
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INTRODUCTION

Hygienic regulation of ionizing radiation is based on
understanding its medical consequences. For this
reason, since the first years of practical use of ion-
izing radiation, permissible exposure levels have de-
creased by more than an order of magnitude: from
500 mSv per year in the 1930s to 20 mSv per year
today'. The primary reason for this gradual reduction

in dose limits is related to the stochastic (carcinogen-
ic) nature of the main adverse effects of ionizing ra-
diation, which typically develop following long latency
periods. To assess the risks associated with these ef-
fects, prolonged (and still ongoing) observation of ir-
radiated populations is required—currently spanning a
maximum of 70-75 years. During this period, methods
for radiation-epidemiological studies have been de-
veloped, and estimates of radiogenic risk have been
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obtained (through epidemiological and radiobiological
research)?.

The selection, quality assessment, and evaluation of
scientific research results are conducted by the United
Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR). Based on continuously updated
data on the relationship between cancer incidence,
mortality, and ionizing radiation doses, UNSCEAR sys-
tematically publishes scientific reports on the levels and
consequences of radiation exposure to human health
and the environment. These reports are recognized as
a reliable and comprehensive source of information by
the international community and are widely used for
risk assessment and radiation protection measures.
Radiation safety recommendations are formulated by
the International Commission on Radiological Protection
(ICRP). In the USSR and later in the Russian Federation,
occupational dose limits for radiation workers have al-
ways aligned with ICRP guidelines [1].

The Life Span Study (LSS) of atomic bomb survivors
in Hiroshima and Nagasaki (Japan) remains the primary
source of quantitative radiogenic risk estimates, due to
its large cohort size (over 100,000 subjects) and wide
range of radiation doses (up to 4 Gy) [2]. The cohort in-
cludes both males and females of various ages at expo-
sure (from children to the elderly), enabling robust pop-
ulation risk assessments®. In its latest Publication 103,
providing recommendations for the radiological protec-
tion of workers and the public, the ICRP states:

“Risk modeling was based on data from the LSS
cohort of Japanese atomic bomb survivors, but epide-
miological literature was also reviewed to compare other
studies with LSS-derived estimates.™

Thus, from a radiation safety perspective, the scien-
tific community requires validation of LSS findings us-
ing data on the effects of occupational exposure among
workers in radiation-hazardous industries.

The Mayak Production Association (PA) was the first
nuclear industry enterprise in the USSR. The Mayak
PA Personnel Registry was created as part of the
Epidemiology Department to study long-term stochastic
effects of occupational ionizing radiation exposure. Data
collection began in the mid-1980s and continues up to
the present [3].

The cohort derived from this registry differs from oth-
er similar cohorts [4-6], remaining the only global cohort
demonstrating statistically significant effects from both
alpha radiation (via incorporated plutonium) and external
gamma exposure®.

In this research, we aim to assess radiogenic risks
from prolonged occupational radiation exposure in the
Mayak PA worker cohort, including the subcohort em-
ployed under normal radiation conditions.

MATERIALS AND METHODS

Inclusion criteria for the study cohort and subgroup
stratification

A long-term retrospective epidemiological study on the
incidence and mortality from malignant neoplasms (MN)
was conducted using the medical-dosimetric registry
of Mayak Production Association (PA) workers. Initially,
the Mayak PA registry contained information exclusively
on personnel working during the 1948-1972 period at
three main production facilities (reactors, radiochemical
and chemical-metallurgical plants) [7]. Subsequently,
the registry was extended to include data on workers
hired during the following decade [8], as well as those
from two auxiliary facilities, i.e., the water treatment plant
and the mechanical repair plant. The registry continues
to be updated both by adding newly hired workers at
these facilities, currently including individuals employed
up to 2016 [3], and by collecting data on employees
from other departments. As of today, the Mayak PA
medical-dosimetric registry covers the data on workers
employed at the main plants and other enterprise divi-
sions in 1948-2016.

The Mayak worker cohort, which is currently avail-
able for study, is limited to workers from three main and
two auxiliary production facilities hired in 1948-1982.
This restriction is related to insufficient and lower-quality
dosimetric monitoring of personnel from other Mayak PA
departments, particularly regarding internal exposure
from incorporated radionuclides.

At the time of commissioning the Mayak PA, knowl-
edge about the effects of radiation on the human body
was limited. The delayed manifestation of health conse-
quences also contributed to a lag in implementing more
stringent radiation exposure limits. In the USSR, radia-
tion safety standards were based on ICRP recommen-
dations. The authors in [9] provide detailed information
on the evolution of dose limits for radiation workers —
from initial levels of 0.1 R/day and 30 R/year to the an-
nual limit of 50 mSv recommended by the ICRP® and
implemented through Regulation No. 333-60".

The Mayak PA personnel registry initially identified
four subcohorts based on the year of employment at
the main production facilities: 1948-1953, 1954-1958,
1959-1963, and 1964-1972 [10, 11]. Subsequently, the
fifth subcohort (1973-1982) and workers from two aux-
iliary facilities were added [8]. Currently, based on ac-
tual radiation exposure levels and assessed health out-
comes, two subcohorts have been distinguished:

e the 1948-1958 subcohort includes workers hired
during the technology development phase with high
occupational radiation exposures;
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e the 1959-1982 subcohort includes workers hired
during routine operations with exposure levels com-
parable to modern dose limits [8, 12].

All radiogenic risk studies in the Mayak worker cohort
have employed methodologies and software tools, par-
ticularly the Epicure® statistical software package [13],
consistent with those used in both the LSS cohort and
other radiation worker cohorts worldwide. Tabulated
data are presented with quantitative characteristics in-
cluding median (M), minimum (min), and maximum
(max) values.

RESULTS AND DISCUSSION
Cohort size and follow-up period

Table 1 presents the cohort and subcohort sizes along
with the distribution of workers by sex, birth year, age
at hiring, and employment duration. The cohort com-
prised 25,755 workers, including 25% females, with a
wide range of birth years (1886-1965) and ages at em-
ployment initiation (18-69 years). The 1948-1958 hiring
subcohort included 13,790 workers (53.5%), while the
1959-1982 subcohort contained 11,966 (46.5%). Due to
sufficient availability of male specialists, females consti-
tuted only 20.7% in the latter subcohort, compared to
28.2% in the early post-war years. Most workers had
already completed their employment at the enterprise —
by 2018, 98% of workers had been discharged, includ-
ing 100% from the first subcohort.

Information on the vital status of cohort members
(specifically the year of departure from the city, loca-
tion, death data) was collected and prepared for use
in epidemiological studies through 2018 inclusive
(Table 2). The vital status is known for 24,146 indi-
viduals (93.8%). Among those with the known vital
status, 17,810 persons (73.8%) had died, with 89.0%
deceased in the first decade of hire subcohort and
571% in the 1959-1982 hire subcohort. The increase
in deaths in recent years (2009-2018) was substantial
(23.3% of total deaths over the 70-year observation

807 MW inthetown MW beyond the town
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period). Extending the observation period through
31.12.2018 allowed accumulation of over 1 million
person-years of follow-up for analysis of radiogenic
mortality risk.

Cause-of-death and cancer incidence data

Cause of death was coded according to two International
Statistical Classifications of Diseases® and Related
Health Problems, 9th and 10th revisions (ICD-9, ICD-10).
Both codes are provided for each worker.

For all individuals who died in the city, information
on the cause of death was obtained from medical
sources or civil registry records. Due to the availabil-
ity of medical information among those who died in
the city, the proportion of unknown causes of death
is 1.6% for the entire observation period and 2.7% for
2010-2018.

For individuals who left the city, obtaining information
on the cause of death from official sources is currently
virtually impossible. However, even before the adop-
tion of the Federal Law “On Personal Data,”° this was a
challenging task. As a result, among those who left and
died before the 2000s, the number of individuals with
an unknown cause of death was ~7%, while later—on
average, about 50% (Fig.). Over the past 20 years, the
primary source of data on the cause of death has re-
mained personal contact with relatives.

The structure of causes of death differed slightly
depending on the hiring period. On average, 47.8% of
deaths were due to cardiovascular diseases, 24.3%
to malignant neoplasms (MN), and 13.1% to external
causes (Table 3).

Unlike mortality data, which were obtained for all
members of the study cohort regardless of their place of
residence, information on diseases is currently available
only for the period when individuals resided in Ozersk.
All cases were coded according to ICD-9 and ICD-10.
Additionally, the data included morphological diagnoses
of MN in accordance with the International Classification
of Diseases for Oncology (ICD-O)".

65.0%

36.7%

2.7%

1948-1980 1980-1999

2000-2009 2010-2018

Death years

Figure prepared by the authors using data from the Mayak Production Association Personnel Registry

Fig. Proportion with unknown cause of death

8 Preston DL, Lubin J, Pierce DA, McConney ME, Shilnikova NS. Epicure Manuals.URL: https:/hirosoft.com/wp-content/uploads/nethelp/NetHelp/index.

html#!Documents/userguide.htm (access date: 06.05.2025).

¢ International Classification of Diseases and Related Health Problems) ICD-10 Version:2019

0 Federal Law No. 152-FZ of 27.07.2006 «On Personal Data».

" International Classification of Diseases for Oncology (ICD-O), 3rd ed., 1st revision. St. Petersburg: «Problems in oncology», 2017.
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Table 1. Quantitative composition of the Mayak PA worker cohort

Hiring period
Numerical Profile
1948-1958 1959-1982 1948-1982
Number of workers, n 13790 11 965 25755
males 9907 9486 19 393
females 3883 (28.2%) 2479 (20.1%) 6362
Birth cohort

before 1930 8080 1004 9084
1930-1950 5710 6867 12577
1950-1965 - 4094 4094

birth year range 1928 1944 1935

M_ (min-max) (1886-1942) (1893-1965) (1886-1965)
Age at hiring at Mayak PA, years

<20 4369 5462 9831

20-30 7163 4372 11535

30-55 2243 2107 4350

55> 15 24 39

Age range 22.4 20.8 21.8

M, (min—-max) (14-65) (14-69) (14-69)
Duration of employment at Mayak PA, years

<5 3624 2730 6354

5-20 5121 3571 8692

20-40 4001 4144 8145

40< 1044 1520 2564

employment duration (M) 11 18 14
Employment status
dismissed 13 790 11 511 25 301
continue to work as of 2018 0 454 454

Table compiled by the authors using data from the Mayak PA Personnel Registry

A total of 4285 malignant neoplasm cases were di-
agnosed among 3805 workers in 1948-2018. Over the
last 19 years of observation (2000-2018), the number
of MN cases accounted for 49.2% (2107 cases)—nearly
the same as during the previous 52 years (1948-1999;
2178 cases).

Dosimetric data
Dosimetric information represents fundamental data for

epidemiological studies of radiogenic risk. Therefore,
alongside cohort member identification, continuous

EXTREME MEDICINE | 2025, VOLUME 27, No 4

updates of individual vital status data, and records of di-
agnosed diseases, in the 1990s, research began to revise
and reconstruct absorbed doses (hereinafter referred
to as doses) in specific organs from both external and
internal exposure. As a result, five generations of dosi-
metric systems for external exposure dose assessments
were sequentially developed (Doses-1999, Doses-2000,
Doses-2005, Doses-2008, and Doses-2013), as well
as seven generations for assessments of %°Pu body
content and corresponding internal exposure doses
(Doses-1999, Doses-2000, Doses-2005, Doses-2008,
Doses-2013, Doses-2016, and Doses-2019) [14-21].
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Table 2. Vital status in the Mayak PA worker cohort (follow-up through 31.12.2018)

Hiring period
Numerical Profile 1948-1958 1959-1982 1948-1982
in the beyond in the beyond in the beyond Total
town the town town the town town the town
Number of workers, n 6478 7311 8530 3436 15 008 10 747 25 755
traceable individuals: 6478 6148 8530 2990 15 008 9138 24 146
alive 693 696 3915 1032 4608 1728 6336
died 5785 5452 4615 1958 10 400 7410 17 810
lost to fo(”a%\/:o-; g) (abroad) 0 211 3()31(? 0 (iljg) 0 2 267079) 1609
M, of survival age, years 72.0 69.7 65.0 64.1 67.5 67.6 67.6
M, of follow-up duration, years 45.8 44.8 40.9 41.5 42.3 43.4 42.5
Person-years of follow-up 285621 | 298546 | 338662 | 134088 | 624283 | 432634 | 1056917
Person-years of urban residence 348 938 369 600 718 538

Table compiled by the authors using data from the Mayak PA Personnel Registry

Since the launch of the first industrial reactor at
Mayak PA in 1948, the enterprise personnel have been
provided with individual dosimeters for measuring
gamma radiation doses [14-16]. Starting from 1984,
systematic measurements of the neutron dose com-
ponent have been introduced. Among the study cohort
members, dosimetric data on external exposure is avail-
able for all 25,755 workers (100%), with 80% of annual
dose estimates based on individual dosimeter readings.
About 29% of cohort members have at least one an-
nual dose estimated using only indirect data. For 2063
workers (8.0%), the analysis of professional employment
records confirmed the absence of occupational external
exposure.

The sets of annual external exposure dose values
in different generations of dosimetric systems differ
primarily in the list of organs for which doses were as-
sessed and the size of the cohort. In 1949-1958, the
average annual gamma radiation doses for personnel
(Doses-2013, individual dose equivalent — yHp10) ex-
ceeded 50 mSy, decreasing to 5-10 mSv in 1968-1989.
Since 1990, the average annual dose has not exceeded
5 mSv. Overall, 10,304 individuals (40.1% of the cohort)
received low doses. The mean cumulative gamma dose
was 748 mGy for the 1948-1958 hire subcohort and
130 mQGy for the 1959-1982 subcohort.

Annual gamma doses were estimated through 2007.
Due to the cessation of participation of Mayak PA spe-
cialists in joint studies, access to external dose data
from 2008 onward has been restricted.

An analysis of autopsy materials from cohort workers
revealed that internal exposure in the Mayak PA cohort

510

essentially involved dosimetry of inhaled 2**Pu, com-
pared to doses from uranium fission products, which
were orders of magnitude lower [17, 18]. Estimates of
nuclide content and organ/tissue doses are based on
urinary 2%°Pu activity measurements [19-21]. The latest
Dose-2019 system includes dose estimates for 17 or-
gans/tissues and lung compartments for 8395 workers.
Cumulative doses varied significantly between primary
plutonium deposition organs and systemic pool organs,
with maximum values in bone surfaces and minimum
values in stomach, intestines, and muscles.

The mean cumulative lung dose was 179.4 mGy
(329.2 mQGy for the 1948-1958 hiring period; 41.0 mGy
for the 1959-1982 hiring period). In the first subcohort,
1394 workers (34.6%) received >100 mGy lung dos-
es, compared to only 9.2% in the second subcohort.
Conversely, 264 workers (6.5%) hired before 1959 and
1734 (89.7%) hired later received <6 mGy lung doses.
Systemic organ doses were two orders lower: the mean
stomach dose was 1.2 mGy, with >5 mGy doses found
in 4.7% of examined workers (only 13 in the later sub-
cohort).

Only 32.6% of workers in the study cohort under-
went examination. As of 2018, approximately 2000 local
residents remained available for testing, including < 200
early hires (first decade). For unexamined workers, dos-
es were estimated using the Job Exposure Matrix (JEM)
approach, covering 25,423 workers (98.7%).

The Mayak PA worker cohort remains the world’s
primary source on health effects of occupational plu-
tonium exposure. The main stochastic effect of inhaled
plutonium compounds is lung cancer. Numerous Mayak
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Table 3. Structure of causes of death and malignant neoplasm incidence among Mayak PA workers (follow-up

through 31.12.2018)

Cause of death / disease Mortality, % MN Incidence®*, %
Cause of death is known 15 767-100 -
Malignant neoplasms* 3837-24.3 4285-100
solid MN* 3615-94.2 4056-94.7
stomach cancer* 563-15.6 455-11.2
MN of colon, rectosigmoid junction and rectum 425-11.8 529-13.0
cancer of liver and intrahepatic bile ducts * 114-3.2 76-1.9
pancreatic cancer * 179-5.0 148-3.6
lung cancer * 1021-28.2 720-17.8
non-melanoma skin cancer * 18-0.5 5711441
breast cancer © 130-15.0 180-15.3
MN of female genital organs °© 101-11.7 157-13.4
prostate cancer * 147-4.9 266-8.6
bladder cancer * 83-2.3 268-6.6
cancer of the kidneys, other and unspecified urinary organs * 105-2.9 161-4
unknown primary tumor # 1561-4.2 401
hemoblastoses * 222-5.8 229-5.3
leukemias * 129-58.1 114-49.8
Diseases of the blood and blood-forming organs* 20-0.1 -
Diseases of the circulatory system* 7538-47.8 -
ischemic heart disease” 4067-54.0 -
cerebrovascular diseases” 2510-33.3 -
External causes* 2061-13.1 -
Other causes* 2311-14.7 -
Table compiled by the authors using data from the Mayak PA Personnel Registry
Note: * — % of known causes of death; * — % of malignant neoplasms (NM); * — % of solid NM; # — % of circulatory system diseases; * — %
of NM in women; * — % of NM in men; * — incidence data reflect diagnoses made exclusively within the Ozersk population; “~” — cases of

benign or non-neoplastic nature fall outside the scope of this registry.

studies employing various dosimetric systems, observa-
tion periods, and non-radiation factors have established
lung cancer dose-response models and statistically sig-
nificant risk estimates [22-24].

The estimated excess relative radiation risk (ERR)
per 1 Gy dose to the lungs was 3.5-8 per 1 Gy for
males aged 60 years. No deviations from linear dose-
response relationships were found. Radiogenic risk
values showed a stronger dependence on smok-
ing status than on gender, although these factors

EXTREME MEDICINE | 2025, VOLUME 27, No 4

demonstrated moderate correlation (r = 0.61) in the
Mayak PA worker cohort. Additionally, the excess risk
showed a statistically significant decline with an in-
crease in age.

Studies of the Mayak PA cohort also revealed dose-
dependent relationships between alpha radiation dose
and MNs in other primary plutonium deposition organs
(liver, bones). For liver cancer, a nonlinear dose response
was observed, although apparently being driven exclu-
sively by high-dose exposures.
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For other solid tumors as well as lymphohematopoi-
etic malignancies, neither incidence nor mortality out-
comes showed demonstrable effects from incorporated
plutonium exposure levels.

Beyond plutonium-related effects, the Mayak work-
er cohort has provided estimates of radiogenic cancer
risks from external gamma exposure. The principal late
effect of gamma radiation in this cohort was leukemia
development. The radiation risk for leukemia (excluding
chronic lymphocytic leukemia) was approximately 3 per
1 Gy dose to red bone marrow under a linear model
[25-27]. However, the data were statistically significantly
better described by nonlinear (purely quadratic or linear-
quadratic) models incorporating effect modification by:
® Qgge at exposure,

e time since exposure,
e attained age [26, 27].

For solid MN, the coefficient of excess relative risk
per Gy (ERR/Gy) from external gamma radiation ranged
0.1-0.4 per Gy across various studies [28-30]. When
examining the influence of non-radiation factors (sex,
smoking, type of production, attained age, age at hire)
as modifiers of radiogenic risk, no statistically significant
differences were found.

When developing models to predict MN risk among
workers at modern facilities, it is important to consider
the significant difference between the current working
conditions, including dose loads, and those during the
formative period [31-40]. The assessment of radiogenic
risk for solid MN incidence (excluding MN in primary
plutonium deposition organs) in relation to combined
occupational gamma and alpha radiation levels among
workers employed under normal radiation conditions
(1959-1982 hiring period) revealed an increase in MN
incidence at external radiation doses of 0.5-1.0 Gy
(relative risk RR = 0.15; 95% CI: -0.21-0.51) and at al-
pha radiation doses up to 0.005 Gy (RR = 0.30; 95%
Cl: 0.07-0.53). The linear coefficient of radiation risk for
MN incidence (ERR/Gy) depending on gamma radiation
dose was statistically significantly different from zero
only at the 90% level (0.36; 95% CI: -0.02-0.85; 90%
Cl: 0.03-0.76) when alpha radiation dose was not ac-
counted for [41]. Estimates of the linear ERR/Gy coef-
ficient for alpha radiation dose were negative'?.

In the study of cancer mortality using a linear dose-
response function, the excess risk coefficient was zero
for alpha radiation dose and positive, although not statis-
tically significant, for gamma radiation dose (ERR: 0.17/
Gy; 95% ClI: -0.24-0.68)"®. When conducting an interval
dose estimation, a positive and statistically significant
excess risk was observed only in the high-dose range
of external radiation above 0.5 Gy (ERR: 0.33/Gy; 95%

Cl: 0-0.82). When modeling only alpha dose intervals, a
statistically significant positive association was found in
the dose range up to 0.005 Gy; however, this excess risk
was not confirmed when using a model accounting for
both radiation types [42].

Thus, among workers employed under normal ra-
diation conditions (1959-1982 hiring period), the at-
tributable risk assessment for MNs (excluding tumors
in primary plutonium deposition organs) suggests that
only 1-5% of cases can be considered radiation-in-
duced, and solely due to external gamma radiation
exposure.

In the analysis of hon-cancer mortality rates among
workers hired in 1959-1982'4, a comparison of various
excess relative risk models based on external radiation
exposure levels, both with and without consideration of
internal exposure levels, showed no increase in mortality
with an increase in radiation exposure. Indeed, no dis-
ease category showed a positive estimate of the ERR/
Gy coefficient when using a linear dose-response rela-
tionship, nor was there a monotonic statistically signifi-
cant increase in relative risk when using a nonparametric
dose-response relationship.

The improvement in data approximation quality when
using dose intervals was statistically significant at the
90% level only for the group of infectious and parasit-
ic diseases: however, this was solely due to a positive
estimate of excess risk in the dose interval up to 100
mGy (ERR = 0.6; 90% CI: 0.04-1.58). For the most rep-
resentative category of circulatory system diseases, no
dose-effect relationship was observed as well, with the
only positive estimate of excess risk obtained for doses
exceeding 0.5 Gy (ERR = 0.05; p > 0.5).

CONCLUSION

The Mayak Production Association Personnel Registry
constitutes an authoritative source for epidemiological
assessments of radiogenic risks associated with pro-
longed occupational radiation exposure at nuclear in-
dustrial facilities. Based on the worker cohort hired in
1948-1982, direct estimates of carcinogenic risk have
been obtained for both external radiation doses and
2%Pu intake. The observation of workers who began
employment during 1959-1982 serves dual purposes.
On the one hand, this allows the magnitude of dose-
dependent carcinogenic risk from cumulative gamma
radiation exposure to be assessed. On the other hand,
this work highlights the need to extend both the obser-
vation period and the cohort itself to include personnel
working under exposure conditions comparable to con-
temporary standards.

2 Indicators and Risk Prognosis for Long-Term Medical Consequences of Prolonged Exposure to lonizing Radiation from External and Incorporated Sources
Among Personnel at the Nuclear Industry Enterprise ‘Mayak’ PA Under Normal Operating Conditions, and Assessment of Medical-Demographic Health
Indicators of the Population Living Near the Radiation-Hazardous Facility. Research Report (Interim). Federal State Budgetary Scientific Institution ‘South Urals
Institute of Biophysics’, Head: Sokolnikov ME. Ozersk: 2023. State Research Registration No. 122041300044-3. Deposited at CITIS 07.02.2025, No. IKRBS

1224120300119-7 / 225020709083-0.
S Ibid.
™ Ibid.
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AS A RADIOPROTECTIVE AGENT
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Introduction. The diversity of clinical manifestations of radiation sickness creates significant difficulties in the development of a versatile
means for the prevention and treatment of radiation injuries.

Objective. Assessment of the prospects for using alpha-2-macroglobulin («2M) as a radioprotective agent.

Discussion. The existing agents were established to be incapable of simultaneous implementation of multiple mechanisms of radiopro-
tective action, rendering the development of complex formulations the primary research direction. However, the toxicity, side effects, and
multidirectional nature of many radioprotectors hinders their combined application. Along with inhibiting proteinases, alpha-2-macroglobulin
(«2M) is involved in lipid metabolism and regulation of the antioxidant system. It influences enzyme activity, binds and transports numerous
cytokines, affects the functions of immunocompetent cells, and controls the development of the inflammatory response and tissue remodel-
ing processes. A number of published studies confirm a2M to be a promising radioprotector and a key component of innate radioprotection.
Conclusions. Preparations based on human blood polyfunctional proteins can serve as a basis for the development of means for preventing
and treating radiation injuries. The a2M administration into the body reduces lethality, protects DNA from damage, lowers the oxidative stress
level, mitigates the severity of leukopenia and thrombocytopenia, and reduces the number of necrosis foci. Further research into the radio-
protective properties of this protein and the optimization of methods for its isolation from blood for industrial-scale production are required.
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MEPCMEKTUBbI NCIMOJIb3OBAHUA AJTb®A-2-MAKPOITIOBYJIMHA KAK NMPOTUBOJTYHEBOIO
CPEACTBA

B.H. BopuHa™, E.A. EBOok1moBa

Hay4HO-KNMHNYECKIMI LIEHTP TOKCUKOOrn M. akagemurka C.H. lonvkosa ®egepanbHOro Meamko-o1onorm4eckoro areHTcTea,
CankT-leTtepbypr, Poccus

BeepneHune. MHoroobpasane KNMHNHeCcKuX NposiBNeHU ny4eBoi 60one3Hn co3gaeT 3Ha4MTeNbHbIe CIIOXHOCTY B padpaboTke yHMBepcarnb-
HOro CpeacTBa NPOMUNAKTVKL 1 Tepanumn pagnaLoHHbIX MOpaXKeHNI.

Llenb. OueHka nepCcneKTrB CNOoNb30BaHMS anbda-2-MakpornodynnHa (e2-MIM) kak IpOTUBOYHEBOro CPEACTBA.

O6cyxaeHne. YCTaHOBIEHO, YTO CYLLECTBYIOLLME CPEACTBA He MO3BOMSHOT OAHOBPEMEHHO peann3oBaTb HECKOSIbKO MEXaHM3MOB Mpo-
TUBOJTYHEBOIrO AEVCTBUS, OCHOBHBIM HampaB/ieHneM ABNSeTCs paspaboTka KOMMIEKCHbIX peuenTyp. OgHako MHorme paavonpoTeKTOpbI
TOKCWYHBI U UMEIOT NOBOYHbIE 3(PdEKTbI, PA3HOHANPABIEHHOCTb X BO3AEUCTBUSA NPENATCTBYET KOMMIEKCHOMY MpuMeHeHwto. [13BecT-
HO, 4TO o2-MI, NMOMUMO NHIMBMPOBaHWSA NPOTEMHA3, 3a4eICTBOBaH B 0OMEHe NUMAOB 1 Perynsauu aHTMOKCUAAHTHOW CUCTEMDI, BAUSET
Ha aKTUBHOCTb (DEPMEHTOB, CBS3bIBAET U TPAHCMOPTUPYET MHOMME LIMTOKMHbI, BO3AENCTBYET Ha YHKLMN MMMYHOKOMMETEHTHBIX KNETOK,
KOHTPOMPYET Pas3BUTUE BOCMANUTENBHON PeakLmmn 1 MPOLLECChl PEMOAENMPOBaHNs TkaHe. OnybnmkoBaH pag padoT, NMOATBEPXKAAIOLLMX,
410 a2-MI" IBNsieTCs NepcneKkTVBHbIM PaMONPOTEKTOPOM M OCHOBHBIM KOMMOHEHTOM BPOXXAEHHOW paamo3allmThl.

BbiBoAbl. [Mpenapatsl NonndyHKUMOHaIbHbIX OETKOB KPOBW YenoBeKa MOryT CIy>KWUTb OCHOBOW A5 pa3paboTky cpeacTs NpodunakTukm
1 NIeHeHVa paanaLlroHHbIX NopaxkeHnn. Beenerve o2-MIT B OpraHnaM CHKaeT neTanbHOCTb, 3awmaeT JHK oT noBpexxaeHnst, CHkaeT
YPOBEHb OKUCIINTENBHOrO CTPECCa, YMEHbLLIAET BbIPa>KEHHOCTb NIENKOMNEHMN 1 TPOMOOLIMTOMEHMI, KONIMHYECTBO 04aroB Hekposa. TpebytoT-
Cs1 AOMNONHUTENBHbIE UCCNEAOBaHMS PaaMO3aLUTHBIX CBOMCTB AaHHOMO H6enka 1 ONTUMU3aLms METOAOB BblAENEHWS 13 KPOBW Mof, Mpoun3-
BOLCTBEHHbIE HY>XXApl.

KnioueBble cnoea: anbha-2-MakpornobyivH; paanonpoTeKTOPbI; fy4esas 60M1e3HbL; Teparns PaAVaLMOHHbIX MOPaYKEHUI; MPOTUBOSTYYEeBbIe
cpencTtea

Ons untuposaHus: 3opuHa B.H., EBpokumosa E.A. NepcnekTrBbl MCNONb30BaHUs anbia-2-MakpornodynvHa Kak npoTMBOJTyHEBOrO
cpenctBa. MeguuymHa skcTpemarsibHbix cutyaumi. 2025;27(4):516-524. https:/doi.org/10.47183/mes.2025-316
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INTRODUCTION

The current stage of technological development is as-
sociated with aggravation of radiation hazards to the
level of public discussions around the possibility of
using tactical nuclear weapons. At the same time, the
delayed effects of radiation sickness are generally ig-
nored, ranging from acute leukemia, which developed
en masse 9-10 days after the bombings of Hiroshima
and Nagasaki [1], to teratogenic effects observed in ci-
vilians living for many years in areas adjacent to territo-
ries contaminated with depleted uranium (Irag, Serbia,
Libya, Somalia, Haiti, etc.) [2]. It should be noted that
the existing technologies aimed at ecosystem restora-
tion and human safety, including biorevitalization and
biomineralization methods, demonstrate insufficient ef-
ficiency [3]. Undoubtedly, the tragedy of Hiroshima and
Nagasaki was a harsh lesson to learn for contemporar-
ies, intensifying experimental studies of radiation sick-
ness in laboratory animals, as well as the development
of personal protective equipment and medical means
of radiological protection.

Today, the biological effects of ionizing radiation
are viewed as a combination of molecular, biochemi-
cal, morphological, physiological, and genetic changes.
Numerous deterministic and stochastic (dose-inde-
pendent) effects have been described and studied [4].
Overall, radiation pathology is characterized by a diver-
sity of clinical forms, hindering the creation of a unified
classification of radiation injuries. In addition to the dura-
tion of exposure and dose, the routes of radionuclide
intake into the body, distribution features, tropism to
organs and tissues, and the ability to adapt and regen-
erate at the individual level are of great importance for
pathogenesis. With an increase in the absorbed dose,
the bone marrow and intestines are sequentially affect-
ed, vascular-toxemic, cardiovascular, and cerebral forms
of acute radiation sickness develop, with a correspond-
ing reduction in the time to lethal outcome (a dose of up
to 10 Gray is considered treatable) [4]. The diversity of
clinical manifestations of radiation sickness creates sig-
nificant barriers to the development of versatile preven-
tion and treatment means.

The aim of this work is to assess the prospects for
using alpha-2-macroglobulin as a radioprotective agent.

MATERIALS AND METHODS

The literature search was carried out in electron-
ic bibliographic databases in the Russian (E-library,
CyberLeninka) and English (PubMed) languages and
patent sources (FIPS, EspaceNet). Search queries in-
cluded the following keywords: alpha-2-macroglobu-
lin, radioprotector, radioprotection, anti-radiation. The
search depth for the combination of keywords “alpha-
2-macroglobulin” and others was not specified, and the
search depth for the remaining keywords was 10 years.

EXTREME MEDICINE | 2025, VOLUME 27, No 4

RESULTS AND DISCUSSION
Existing and novel radioprotective agents

Medicinal products used for the prevention and treat-
ment of radiation injuries lack a unified classification;
however, they can be conventionally divided into radio-
protectors, agents for long-term enhancement of body
resistance, and means for injury prevention. Based on
the scenarios of exposure, they are distinguished as
radioprotectors (providing short-term effects), radi-
omitigators (long-term exposure, stimulation of repair),
radiomodifiers (non-specific enhancement of body re-
sistance), agents preventing incorporation and promot-
ing the elimination of radionuclides from the body, and
means for suppressing undesirable body reactions to
irradiation. Medical means are also conventionally sub-
divided into preventive (radioprotectors, stimulators of
body radioresistance), therapeutic-prophylactic (radi-
omitigators, agents for alleviating the primary body reac-
tion and means for preventing effects from incorporated
nucleotides), and therapeutic agents (treatment of acute
bone marrow syndrome, skin and mucous membrane
injuries). Additionally, classifications based on the bio-
logical activity of the agents and other criteria exist [4, 5].

It is important to note that none of the hypotheses
regarding the radioprotective action of pharmacological
compounds allow for a unified theoretical generalization
of the mechanism of their action, as none of the recom-
mended or developed agents enable the simultaneous
implementation of multiple mechanisms of radioprotec-
tive action [6]. In Russia, indralin (B-190) [4, 6], a bio-
genic amine, is recommended as a radioprotector. The
high protective efficacy of indralin is primarily associated
with its vasoconstrictor activity, leading to regional im-
pairment of blood supply, including in radio-sensitive
tissues. It has been suggested that B-190 provokes tis-
sue hypoxia by activating tissue respiration through al-
adrenergic receptors. A radiomitigating effect has also
been assumed; thus, indralin indirectly releases sero-
tonin from bone marrow tissues, and serotonin, in turn,
stimulates the proliferation of hematopoietic stem cells.
However, the radiomitigating properties of indralin, while
contributing to increased radioresistance, are still not
comparable to its radioprotective effect [6].

Along with B-190, naphthyzin, a common alpha-adre-
nomimetic with vasoconstrictive action, is also used as a
radioprotector. Recommended as a means for prevent-
ing and alleviating the primary radiation reaction, ondan-
setron hydrochloride dihydrate (Latran®, granisetron) is
essentially an antiemetic drug [5, 6]. Enterosorbents and
other means for preventing injuries from incorporated
radionuclides, including potassium iodide, potassium-
iron hexacyanoferrate (Ferrocyn®), calcium-trisodium salt
of diethylenetriaminepentaacetic acid (Pentacin), and
2,3-dimercaptopropanesulfonate (Unithiol) [5, 6], protect
only specific organs and have application limitations,
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with many enterosorbents developed in the USSR long
being discontinued.

The attempts to develop and test novel means of ra-
diation protection are ongoing. Some previously devel-
oped anti-radiation agents (cystamine, Mexamine®) have
been surpassed in terms of tolerability and protective
properties by modern radioprotectors and are seeking
new medical applications [6]. Efforts are being made to
reduce the side effects of amifostine (WR-2721 is the pri-
mary radioprotector in the USA and Western Europe) by
modifying the active component. Thus, a new polycyste-
ine peptide with three thiol groups has been synthesized
to reduce toxicity, demonstrating efficacy comparable to
that of amifostine and a better safety profile [7].

Among original innovations, the proposal to use
molecular hydrogen for radioprotection (as an anti-
oxidant, anti-inflammatory, anti-apoptotic agent, and a
factor influencing gene expression) can be mentioned.
Protective effects on cognitive functions, the immune
system, lungs, heart, digestive organs, hematopoietic
organs, testes, skin, and cartilage tissues have been re-
ported when administering hydrogen-enriched water to
small laboratory animals. In patients undergoing radia-
tion therapy for therapeutic purposes, the intake of such
enriched water reduced side effects without affecting
the primary treatment outcome. Inhalation of gaseous
H, in terminal-stage cancer patients improved hemato-
poietic function [8].

Among substances of plant origin, celastrol (tripterin)
has been described. This is a pentacyclic triterpenoid
from the quinone methide family, derived from the roots
of Chinese medicinal plants (Tripterygium wilfordii or
Celastrus regelii). According to the authors, this sub-
stance is capable of inhibiting NF-xB pathways, exhib-
iting antioxidant activity, suppressing lipid peroxidation
and oxidative DNA damage, and increasing animal sur-
vival in experiments [9].

As a separate research direction, the administration
of bacterial strains to enhance survival has been de-
scribed. In particular, data were published showing that
the introduction of a radioresistant variant of St. aureus
followed by irradiation of animals at the LD100/30 level
increased survival by 77.7% [10]. It is assumed that the
modified strains actively synthesize antioxidant factors
affecting various organs and systems, which collectively
enhance the body’s resistance.

Since the creation of an original low-molecular-
weight chemical compound with multi-targeted ac-
tions and diverse biological activities presents a sig-
nificant challenge, research groups have long adopted
the strategy of utilizing natural creations. In this regard,
cytokines, hormones, and vitamins have been studied
as a means for the prevention and early therapy of ra-
diation injuries [5]. Over a decade ago, the U.S. Food
and Drug Administration (US FDA) approved a num-
ber of radioprotective agents (radiomitigators), includ-
ing 5-androstenediol (neumune), genistein (BIO 300),
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protein kinase ON01210 (Ex-RAD), Toll-like receptor 5
agonist CBLB502 (entolimod), the corticosteroid be-
clomethasone (OrbeShield®), recombinant human inter-
leukin-12 (HemaMax®), and recombinant growth factor
G-CSF (Neupogen®) [5]. An analogue of the latter agent
(filgrastim) is also positioned as a means for the patho-
genetic therapy of acute radiation sickness [6], although
it is essentially a genetically engineered granulocyte
colony-stimulating factor that stimulates leukopoiesis.
Beta-leukin, which is no longer produced but was rec-
ommended as an effective radiomitigator for early use
after accidental irradiation [5, 6], is a recombinant ana-
logue of human pro-inflammatory interleukin-1p. While
the aforementioned natural compounds and their re-
combinant analogues demonstrate certain levels of ra-
dioprotective activity — either directly or indirectly (e.g.,
by stimulating an inflammatory response that counter-
acts processes developing during radiation sickness) —
and protect specific organs and systems from the pro-
gression of radiation sickness, they still fail to provide a
comprehensive protection for the entire organism.

According to a number of radiology specialists, the
primary direction in the development of approaches to
pharmacological correction of the initial response to ir-
radiation is the creation of complex formulations. Their
components should effectively target various organs
and systems, and accordingly, different links in the
pathogenesis of early disorders [5]. A consequence of
this approach has been a striking diversity of means for
preventing and treating individual manifestations of ra-
diation sickness, albeit with questionable acceptability
of the results from their combined use.

This diversity is exemplified by Chinese authors [11],
who illustrated all radioprotective means mentioned in
scientific publications (Fig. 1). Among the listed agents,
along with “classical” amifostine, are the non-steroidal
anti-inflammatory benzydamine for treating oral muco-
sitis, glutamine for mucosal restoration, pentoxifylline
with statins to reduce inflammation and prevent fibrosis,
meloxicam as an anti-proliferative agent, and superoxide
dismutase for protection against free radical damage.
The authors also mentioned Toll-like receptor agonists,
low-molecular nitroxide compounds, and sphingosine-
1-phosphate.

The natural radioprotective agents described so far
include plant extracts (flavonoids, etc.), vitamins (A, C, E),
trace elements (selenium), and components of bacterial
lysates (flagellin). Cytokines (including a number of pro-
inflammatory cytokines and growth factors) and some
immunomodulators (B-glucan and others) are separate-
ly listed, with stem cell therapy and gene therapy also
mentioned [11].

It becomes absolutely evident that employing such a
complex therapy with substances of multidirectional bio-
logical action is hazardous to health, even in the event
of a direct threat to human life, as the cumulative side
effects may well surpass the consequences of radiation
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exposure. This justifies the necessity of searching for
more versatile medicinal methods of protection.

Properties of alpha-2-macroglobulin and prospects
for its use as a means for prevention and treatment
of radiation injuries

The trend toward using natural molecules with a medium
or high molecular weight, which allow for a more diverse
impact on the organism compared to low-molecular-
weight chemical compounds, is evident. However, it has
not reached its logical conclusion as high-molecular-
weight blood plasma components with radioprotective
properties are now rarely discussed in the scientific lit-
erature.

Meanwhile, for over half a billion years, a family of
proteins that exerts a complex effect on the body’s or-
gans and systems and possesses, among other things,
pronounced radioprotective properties has existed. In
humans, the main representative of this family is alpha-
2-macroglobulin (@2M); its concentration in blood serum
is about 2-3 g/L. In humans, this family also includes
pregnancy-associated alpha-2-glycoprotein and plasma
protein-A (their blood levels increase during pregnancy
and in estrogen-dependent tumors, but even then, they
are significantly lower than the concentration of a2M).
In rodents, this family additionally includes murinoglobu-
lins. Some authors also classify the complement com-
ponents C3 and C4 as part of this superfamily.

Possessing a significant molecular weight (720 kDa),
a2M can perform regulatory and transport functions in
the intercellular environment. This protein is known to be
biologically active; however, low-molecular-weight com-
pounds diffuse rather slowly in the absence of fluid flow.
This glycoprotein has four subunits in its structure, each
containing a masked thiol ester that specifically binds a
wide spectrum of proteinases while partially preserving
their activity. Furthermore, the subunits have a fairly ex-
tensive hydrophobic region, which is also a binding site.

A unique property of a2M, along with its ability to
form covalent and non-covalent bonds with a wide va-
riety of compounds, consists in its capacity to change
the conformation and accessibility of binding sites on
its surface. A number of functions are triggered only af-
ter interaction with proteinases (an example of the «a2M
structure based on cryo-electron microscopy data is
shown in Fig. 2). Such features determine the variability
of its properties, even regarding its clearance rate from
circulation; thus, the a2M complex with some cytokines
can circulate in the body for a long time, while after in-
teraction with a proteinase, the half-life of the complex
is no more than 1.5 min. In general, the structure and
functions of a2M, including those mentioned above,
have been described in sufficient detail in the scientific
literature from the 1980s to the present day [12-17].

Among the properties of this protein directly or indi-
rectly involved in radioprotection mechanisms is the fact
that a«2M subunits are paired by two zinc atoms and can
interact with various metals via a competitive mecha-
nism [18]. This protein is capable of performing its func-
tions through different types of receptors expressed by
various cell types, including endocytosis receptors (the
low-density lipoprotein receptor family, or so-called LRP
receptors) and signaling receptors (including GRP-78,
classified as a heat shock protein). It has been previously
established that «2M is involved in lipid metabolism, tis-
sue remodeling, regulation of enzymatic and antioxidant
system functions, while controlling the development of
an inflammatory response. The fact that a2M binds and
transports many cytokines, and its synthesis is regulated
by cytokines and growth factors (IL-6 stimulates synthe-
sis, while TGF-B inhibits), as well as the circumstance
that a2M influences the functions of leukocytes (primar-
ily neutrophils), lymphocytes, and macrophages, and is
actively involved in inflammatory, autoimmune, and pro-
liferative processes [12-16], indicates that many effects
of currently used radioprotectors are realized with the
direct participation of this protein. Among other things,

60 A width
groove

Figure prepared by the authors based on data from [17], CC BY license

Fig. 2. Structure of the native and transformed (after interaction with a proteinase) alpha-2-macroglobulin

molecule according to cryo-electron microscopy data
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a2M can induce the activation of NF-kB signaling path-
ways [19] and is capable of interacting with histones [20].
Despite these promising observations, only a few pub-
lications have addressed the radioprotective properties
of a2M.

The first attempts found in the scientific literature to
use a2M as a radioprotective agent date back to the
1960s. In 1967, the research team [21] showed that
alpha-macroglobulin fractions (19S), isolated by zonal
ultracentrifugation from the blood serum of rats and
mice and administered both separately and in a mixture,
increased the survival of mice irradiated at a dose of
750 roentgen. It was shown that the «murine» a2M frac-
tion stimulates hematopoiesis; thus, differences in hema-
topoietic activity in irradiated (400 roentgen) mice receiv-
ing the macroglobulin fraction compared to the control
averaged 3-5 times in the bone marrow and 9-10 times
in the spleen. At the same time, the administration of
a fraction of isologous proteins with a lower molecular
weight did not produce a similar effect, underscoring the
importance of using precisely native, undamaged prep-
arations of high-molecular-weight proteins.

In 1974, British researchers also reported on the abil-
ity of a2M to provide radioprotection, including as part
of fractions or preparations containing IgA impurities.
Mice were irradiated at a sublethal dose of 500 rad and
administered a2M or its containing protein fraction con-
taining 4 h after whole-body irradiation, with a second
administration 4 days later. Human albumin was used
as a reference protein. It was found that the adminis-
tration of a2M contributed to an increase in the total
number of leukocytes. Since an unphysiologically high
dose (20 mg), on the contrary, had a suppressive ef-
fect, a dose of 5 mg was considered promising. It was
suggested that earlier administration (less than 4 h after
radiation exposure) would be more effective [22].

Attempts to use a2M as a radioprotective agent were
also made in Russia. In particular, in 1995, a patent was
registered for an invention of a method for obtaining a
blood plasma fraction containing a2M and intended,
among other things, for the treatment of radiation in-
juries [23]. Despite a rather primitive and controversial
production method (the fraction is essentially a mixture
of a2M and IgM), the effectiveness of the development
was demonstrated in clinical studies involving cancer
patients undergoing chemo- and radiotherapy. The
obtained preparation was administered intramuscu-
larly multiple times. In patients additionally receiving the
preparation alongside their treatment, the frequency of
leukopenia and thrombocytopenia decreased, general
well-being improved, the number of inflammatory infil-
trates decreased, and in some cases, a regression of
metastases was observed [23].

Serbian scientists published a series of works on the
radioprotective properties of a2M in 2003, 2009, and
2011. The initial experiments were conducted on rats ir-
radiated at a dose of 6.7 Gy. Amifostine was used as a
reference drug. The a2M purification method included
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chromatography on DEAE-cellulose and gel filtration. It
was demonstrated that the prophylactic administration
of a2M provided 100% protection against lethal out-
come at the specified radiation dose, as well as ami-
fostine. In that experiment, a mixture of amifostine and
a2M best preserved the total number of leukocytes and
platelets [24].

In another study, the same research group admin-
istered a2M in physiological saline at a dose of 4.5 mg
per rat weighing 200-250 g, 30 min after irradiation at
6.7 Gy. In the untreated group, about 50% of the animals
died within the 4-week observation period, while in the
groups receiving amifostine or a2M, all animals survived
and showed weight gain. In irradiated animals without
treatment, the relative liver weight (calculated as the ra-
tio of the organ’s absolute weight to the animal’s body
weight) decreased. Conversely, the administration of
a2M and amifostine increased the relative weight, peak-
ing in differences at 14 days. When studying morpholog-
ical changes in the liver tissues of irradiated animals, the
administration of a2M and amifostine minimized dam-
age and prevented the formation of necrotic foci [25].

It was experimentally established that both «2M and
amifostine significantly reduced the number of DNA
damages in irradiated animals (although not fully nor-
malizing this indicator). A comparable influence in the
direction and magnitude of amifostine and «a2M action
on superoxide dismutase activity, the expression of the
universal transcription factor NF-xB, and changes in se-
rum IL-6 concentration in rats upon irradiation was ob-
served. On this basis, the authors concluded that the
radioprotective efficacy of a2M results from a combina-
tion of several mechanisms of action, each with its own
effectiveness. It is possible that a number of the protec-
tive effects of amifostine are due to its ability to stimulate
the synthesis of «a2M. Thus, a2M is a central effector of
natural radioprotection, at least in rats [26, 27].

These findings are of particular interest given the tox-
icity of amifostine, while a number of its radioprotective
effects are mediated by the activity of a non-toxic protein
(x2M), whose synthesis it stimulates.

In 2018, Liu et al. conducted experiments on cell
cultures to demonstrate that a2M has a beneficial ef-
fect on the differentiation and proliferation of irradiated
bone tissue cells, reduced autophagy, lowered oxidative
stress levels, and decreased apoptosis activity, exhib-
iting pronounced radioprotective effects [28]. In 2022,
other Chinese researchers, Huangfu et al., published
data confirming the restoration of functions and main-
tenance of viability in irradiated fibroblasts, as well as a
reduction in oxidative stress levels under the influence of
a2M. Mitochondrial damage caused by irradiation was
reduced with a2M, presumably by inhibiting the loss of
mitochondrial membrane potential, calcium expression,
and TRPM2 [29].

The significance of «2M and its receptor LRP1 (CD91)
in the progression of malignant neoplasms has been re-
peatedly confirmed. It is suggested that restoring a2M
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homeostasis in tumors to levels characteristic of healthy
tissues may suppress the tumor’s ability to evade im-
mune surveillance and promote cancer cell death [30].
Since a2M levels and the activity of LRP receptor ex-
pression are directly interrelated with the growth activity
of a number of malignant tumors, organismal aging, and
a general decrease in resistance to external influences, it
is evident that a number of teratogenic effects observed
in radiation injuries may also be regulated by influencing
the content of this protein in the body.

It is noteworthy that available literature contains al-
most no publications from Western European and North
American scientists dedicated to studying the radiopro-
tective properties of a2M. We found only one study by
US researchers, who demonstrated that individuals with
high levels of a2M in their blood tolerate therapeutically
prescribed irradiation more easily [31].

Among the literature reviews summarizing informa-
tion on the radioprotective properties of a2M, an article
by Chinese specialists described its possible mecha-
nisms of action, including the ability to stimulate anti-
oxidant enzyme activity, prevent the development of
fibrosis, maintain homeostasis and hemodynamic equi-
librium, and improve DNA repair and cell recovery pro-
cesses [32].

It is important to note that one of the possible rea-
sons for the scarcity of scientific studies on the radio-
protective properties of a2M relates to the difficulty in
isolating highly purified preparations of «2M from blood
with preserved structure and activity. Since aggressive
solvents (e.g., acetonitrile) and elution buffers with acid-
ic pH destroy the protein’s structure, chromatography
methods using HPLC are hardly applicable, as well as
the attempts to obtain recombinant proteins enabling
the purification of «a2M via affinity chromatography [33].
The most acceptable methods are gentle, multi-step
preparative low-pressure chromatography techniques.

Danish specialists made a significant contribution
to the study and development of methods for the pre-
parative isolation of a2M. Between 1970 and 1990, re-
sults obtained via an extensive series of studies dedi-
cated to this protein and other members of its family
were published, including descriptions of its structure,
mechanisms of interaction with receptors and ligands
[34-36]. The primary method proposed for isolating
a2M from blood involved the removal of plasminogen
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Introduction. Primary hyperoxaluria type 1 (PH1) is an inherited disorder characterized by excessive oxalate production in the liver, leading
to hyperoxaluria, kidney stone formation, nephrocalcinosis, and progressive kidney damage. PH1 is caused by mutations in the AGXT gene,
whereas types 2 and 3 are associated with mutations in GRHPR and HOGAT, respectively. Lumasiran, an RNA interference (RNAI)-based
therapeutic agent, targets the HAOT gene (hydroxyacid oxidase 1), thus reducing the levels of glycolate oxidase. This action results in de-
creased hepatic oxalate production.

Objective. Evaluation of the efficacy, safety, and clinical use of lumasiran in adults and children with genetically confirmed primary hyperox-
aluria type 1.

Materials and methods. The systematic review was conducted in accordance with the PRISMA 2020 guidelines. A comprehensive literature
search was performed across four databases (PubMed, Scopus, Web of Science, and EMBASE). Studies were selected based on their focus
on the use of lumasiran in pediatric or adult patients with genetically confirmed primary hyperoxaluria type 1. The quality and risk of bias were
assessed using the Joanna Briggs Institute (UB) critical appraisal tools. The final analysis included 11 studies: two randomized controlled tri-
als, two prospective single-arm studies, one case series (involving five patients), and six individual clinical case reports involving both pediatric
and adult populations.

Discussion. Lumasiran treatment was found to lead to a significant reduction in urinary oxalate (UOX) levels (approximately 60-75%) and
plasma oxalate (POx) levels (approximately 30-60%). Patients across all age groups, from infants to adults, exhibited markedly stabilized or
improved renal function, alongside reduced progression of nephrocalcinosis. Lumasiran demonstrated a favorable safety profile, with the
most common adverse events being mild injection-site reactions. No serious treatment-related adverse events requiring discontinuation of
therapy were reported.

Conclusions. By suppressing glycolate oxidase expression, lumasiran has consistently demonstrated significant efficacy in reducing oxalate
levels. However, there exist differences in therapeutic approaches for adult patients and infants, as well as in treatment effects based on
baseline renal function and dosing regimens. Both pediatric and adult populations showed substantial improvement and stabilization of renal
function, although infants and patients with advanced chronic kidney disease required dose adjustments. Studies also revealed a greater
variability in renal outcomes, particularly regarding the progression of nephrocalcinosis. Although additional large-scale long-term studies
are needed, our findings indicate that lumasiran may impede the progression of kidney disease and potentially reduce or delay the need for
kidney transplantation in PH1.
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BE3OMACHOCTb Y 9®®EKTUBHOCTb TEPAMUU NEPBUYHOW MMNEPOKCANTYPUN 1-I'0
TUMA C UCMNOJIb3BOBAHMEM MAJIbIX UHTEP®EPUPYOLLNX PHK-AFEHTOB (JTYMACWUPAH):
CUCTEMATUYECKWUIN OB30P

C. Hapxadu', ®. Abacabann?, M.C. Caracpu®, ®. Kocpasu*, M. PaxmaHsaH**

"Meluxeackuin MeguUVHCKKI yHBepcuTeT, Meuxen, VipaH
2TerepaHckuin yHuBepcuTeT, TerepaH, VpaH

3 Kymckui yHuBepeuTeT, Kym, VpaH

4 MeguumHekmin yHneepcuTeT uM. LLlaxmnaa Bexewtn, TerepaH, VpaH

BeepeHue. lNepauydHas runepokcanypus 1-ro tmna (M) — HacneacTBeHHoe 3aboneBaHne, Bbi3biBatoLLee N30bITOHHYHO BbIpabOTKY OKca-
NaToB B MEYEHW, YTO NMPUBOLUT K rMnepokcanypumr, o6pasoBaHuio KaMHel B NoYkax, HeppokanbLMHO3Y 1 MPOrpeccrpyoLemMy NoBpPex-
neHuto nodek. B ocHoge MMM nexxat myTaummn reHa AGXT, B TO Bpemst Kak 2-i 1 3-1 TUMbl rnepokcanypum BeldaBaHbl MyTaumsimu GRHPR
1n HOGAT cooTBeTCTBeHHO. JlymacupaH, npenapat Ha ocHoBe PHK-uHTepdepeHumn (RNAI), Bo3aenctayeT Ha reH HAOT (okcuaasa rmapok-
CUKMCHOT 1) 1 CHKAET YPOBEHb MNKONATOKCAA3b!, YTO NMPUBOAUT K CHIKEHWIO BbIDAOOTKIM OKCaNaToB NeYeHbHO.
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Lenb. OueHka adhdhekTBHOCTH, 6€30MacHOCTU 1 OCOBEHHOCTEN KNHUHECKOrO NPUMEHEHUS TyMacupaHa y B3pOChbIX 1 AETEN C reHeTu-
HYeCKM NOATBEPXKAEHHOM NepBUHHON rMnepokcanypuern 1-ro tuna.

MaTtepuanbel n metoabl. Cuctematmdeckmin 063op nposedeH cornacHo kputepuam PRISMA 2020; BbINOMHEH MOMCK B YeTblpex basax
naHHbIX (PubMed, Scopus, Web of Science n EMBASE). OTobpaHbl UCCneaoBaHns O NPUMEHEHUM fyMacupaHa y OeTent Unn B3pOoChblx
NaLmneHToB C reHeTUYECKM MOATBEPXAEHHOW NepBUYHOM rnepokcanypuen 1-ro Tuna. Ka4ecTBo 1 pyCK CUCTEMHOWM OLUMOKM OLEeHBanu
C MOMOLLBIO MHCTPYMEHTOB KpuTudeckoro aHanusa JBI (MHctuTyTa OxkoaHHbl Bpurre). B paboTty BkntoveHo 11 nccneposanun (2 paHao-
MU3VPOBAHHBIX KOHTPONMPYEMbIX UCCNEA0BaHNS, 2 MPOCMNEKTUBHbIX HECPABHUTESBHBLIX NCCMNEA0BaHKS C OAHOWM rpynron, 1 cepus cnyvaes
(c yqacTuem 5 naumeHToB) 1 6 nHAMBMAYabHBIX OTHETOB O KIMHUYECKMX ClyYasXx C y4acTuem AeTen 1 B3pOChbIX).

O6cyxpaeHne. YCTaHOBNEHO, YTO MPUMEHEHVE NyMacpaHa CnocobCTBOBANIO CHUXXEHMIO YPOBHeN okcanaTtos B Mo4ve (UOXx) (mprmepHo
Ha 60-75%) n okcanatos nnas3mbl Kposu (POXx) (MpumepHO Ha 30—-60%). Y naumeHToB pa3Horo BO3pacTa, OT MafeHLEB 40 B3POCbIX, 3Ha-
YUTENbHO CTabunmuampoBanack UM ynyyianack QyHKLMS NOYEK 1 CHUXXaNO0Ck NPOrpeccupoBaHe HepokanbLyHosa. JlymacupaH npo-
OEMOHCTpUpOBa 6naronpusaTHbIN Npoduibs 6e30MacHOCTH, MPY 3TOM Harbosee YacTbiM N0604YHBIMK 3hdekTamu Bbiv cnabble peaxkuum
B MECTE MHBEKLIMM 1 CEPbE3HBIX NMPOOEM, TPEOYIOLLIX MPEKPALLEHNS NEYEHIs], HE BO3HKKAIO.

BbiBoabl. MogaBnss akCnpeccuio rMKonaTokeuaasbl, lyMacupaH HeM3MEHHO AEMOHCTPUPOBaA BblpaXKeHHYO 3P(EKTUBHOCTb B CHU-
YKEHUIN YPOBHS OKCanaToB, OAHAKO eCTb PasdnnyMsa B TepaneBTUHECKMX NOAX0Aax NPUMEHEHM npenapara y B3POC/bIX NaUMEHTOB 1 Mna-
[OEHLEB, a TakXXe pasnnyHble aeKTbl OT BO3AENCTBUS B 3aBUCMMOCTI OT UCXOAHOW peHanbHOM OYHKUMN 1 PEXUMOB A03MpOoBaHus. Kak
y AeTen, Tak 1y B3POCHbIX Habnofanm 3HadmMTeNsHoe yayylleHne 1 HopManmaaumo noYeyHon yHKLMK, HO MiadeHLam 1 naumeHTam
C MPOrPECCUPYIOLLIEN XPOHUHECKONM BONIE3HBIO MOYeK TpeboBanachk KOPPEKTUPOBKA A03bl; B MCCNEA0BaHNAX Takke NPOAEMOHCTPUPOBa-
Ha 6onbluas BaprabenbHOCTb B 3HAYEHNSAX PeHasbHbIX MokasaTenen M 0COOBEHHO B OTHOLLEHMN NPOrpPeCCMpOoBaHMs HepoKanbLMHO3a.
XoTs HeOBXOAMMbI AOMONHUTENBHBIE KPYMHOMACLUTabHble 4OAFOCPOYHbIE CCNEeA0BaHNS, HaLLUW pe3ybTaTbl MOKa3bIBaOT, YTO lyMacupaH
MOXET 3aMeNIfiTb MPOrpeccrpoBaHie 3ab0eBaHs NOYEK 1N MOTEHUMANBHO CHUXKATb UM OTCPOYUTL HEOOXOAMMOCTL B TPaHCMIaHTaumm
novek npwu M.

KntoueBble cnoBa: nepBuyHas runepokcanypusa 1-ro tuna; nymacupan; manasa nHrepdepupytoias PHK; naumeHTsl 4eTCKOro BO3pacTa;
B3pOCSble NauUMeHTbl; OKCanar; NoBpexXAeHMe noYeK

Ons yutuposanun: Hagxadpwu C., Abacabagm @., Carapu M.C., Kocpasu @., PaxmaHsaH M. Be3onacHOCTb 1 aphekTUBHOCTb Tepanumn nep-
BUYHOW rmnepokcanypumn 1-ro Tmna ¢ Ucnonb3oBaHrem Masbix MHTepdepupytoLLvx PHK-areHToB (nymacupaH): cuctematnyeckumin 063op.

MeauuymHa skcTpemasbHbix cuTyauymi. 2025;27(4):525-535. https:/doi.org/10.47183/mes.2025-344

DuHaHCUpoBaHue: NCceoBaHNe BbINOSHEHO 6e3 CMOHCOPCKOW MOAAEPXKKMN.
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INTRODUCTION

Primary hyperoxaluria (PH) is a rare (orphan) genetically
determined autosomal recessive disorder. Its pathogen-
esis is rooted in impaired hepatic glyoxylate metabolism
caused by mutations in the AGXT, GRHPR, and HOGAT
genes, which encode enzymes involved in glyoxylate
metabolism [1, 2].

Specifically, primary hyperoxaluria type 1 (PH1)
is caused by mutations in the AGXT gene, encod-
ing the enzyme alanine-glyoxylate aminotransferase
(AGT). AGT deficiency or dysfunction leads to exces-
sive conversion of glyoxylate to oxalate. This disorder
results in:

e overproduction of oxalate in the liver;

e clevated plasma oxalate levels;

e increased urinary oxalate excretion;

e formation of renal calcium-oxalate crystals and ra-
diopaque stones (primarily calcium oxalate monohy-
drate).

Among the main clinical manifestations are:

e kidney stone formation;

® nephrocalcinosis;

e progressive chronic kidney disease (CKD).

Without intervention, systemic oxalate deposition
may occur, potentially leading to end-stage renal dis-
ease (ESRD) [3-06].

526

Due to critical impairments in hepatic enzymatic func-
tion and renal excretory capacity, patients with advanced
PH1 may require simultaneous or sequential combined
liver and kidney transplantation [7]. Therapeutic options
for PH1 have conventionally been limited to conservative
medical management, including high fluid intake, vita-
min B6 (pyridoxine) supplementation, and crystallization
inhibitors (e.g., citrate). However, these measures often
fail to halt the relentless progression to end-stage renal
disease (ESRD) [8].

Isolated kidney transplantation is generally insuffi-
cient, as persistent hepatic oxalate production leads to
recurrent oxalate nephropathy. Consequently, combined
liver-kidney transplantation has become the preferred
treatment strategy [3]. Nevertheless, transplantation car-
ries inherent surgical risks, potential graft failure, and im-
munological complications.

Lumasiran, a small interfering RNA (siRNA)-based
therapeutic agent, received approval from the U.S.
Food and Drug Administration (FDA) in November 2020
as the first drug indicated for the treatment of primary
hyperoxaluria type 1 in adults and children aged six
years and older [9]. OxlumoTM (lumasiran) operates
via the molecular mechanism of RNA interference
(RNAI), inducing degradation of target messenger
RNA (mRNA) within the cell cytoplasm and enabling
highly specific post-transcriptional gene regulation.
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This therapeutic approach utilizes small RNA mol-
ecules to suppress the expression of specific genes
by binding to complementary mRNA sequences and
triggering their degradation [10, 11].

Lumasiran specifically targets the HAOT gene,
which encodes the hydroxyacid oxidase 1 (HAO1) en-
zyme in hepatocytes, thereby inhibiting the production
of the glycolate oxidase (GO) protein [9, 12]. By sup-
pressing GO synthesis, lumasiran reduces hepatic gly-
oxylate availability and consequently decreases oxalate
production, ultimately preventing the accumulation of
oxalate crystals in the kidneys and other organs [12].

Clinical trials have demonstrated that lumasiran is
highly effective in reducing plasma and urinary oxalate
levels, leading to improved renal function in patients with
PH1 [13-15]. According to Garrelfs et al., a randomized,
double-blind, placebo-controlled clinical trial of Oxlumo™
(lumasiran) showed a significantly greater reduction in
24-h urinary oxalate excretion — 53.5 percentage points
more with lumasiran than with placebo over a 6-month
treatment period. By month 6, the majority of patients
receiving lumasiran achieved urinary oxalate levels with-
in or near the normal range. Furthermore, none of the
patients in the lumasiran group developed new kidney
stones, whereas kidney stones were detected in 6 out
of 12 patients in the placebo group. Additionally, 84% of
lumasiran-treated patients exhibited a 24-h urinary oxa-
late excretion no more than 1.5 times the upper limit of
normal by month 6, compared to the placebo group [14].

Lumasiran also demonstrated a favorable safety pro-
file with minimal adverse effects [15]. However, studies
indicate that higher doses may be required to ensure ef-
ficacy in infants, and treatment may not fully prevent the
development of nephrocalcinosis in the long term [16].

While these clinical trial results are promising, further
research is needed to fully understand the safety and
efficacy of lumasiran for treating hyperoxaluria. These
findings may contribute to revised therapeutic protocols
and reduce the need for liver transplantation in patients
with PH1.

The aim of this study is to evaluate the efficacy, safe-
ty, and clinical use of OxlumoTM (lumasiran) in adults
and children with genetically confirmed primary hyper-
oxaluria type 1.

MATERIALS AND METHODS
Study design and search strategy

A systematic review of study results was conducted
in accordance with the PRISMA 2020 guidelines [17].
The review protocol was not registered in PROSPERO.
A literature search was performed using the PubMed,
Scopus, EMBASE, and Web of Science databases.
Original studies investigating the use of lumasiran in pa-
tients with a genetic or clinical diagnosis of primary hy-
peroxaluria type 1 were identified.

EXTREME MEDICINE | 2025, VOLUME 27, No 4

In the PubMed/Medline database, the search was
conducted using Medical Subject Headings (MeSH)
terms and keywords: lumasiran, RNAI, primary hyperox-
aluria type 1 (PH1), excessive hepatic oxalate, glycolate
oxidase inhibition, and small interfering RNA (siRNA). To
enhance search efficiency, Boolean operators OR (any
of the keywords) and AND (all keywords combined) were
used when combining MeSH terms and keywords up to
May 2024.

Inclusion and exclusion criteria

The studies included in the systematic review com-
prised interventional studies (randomized controlled
trials, non-comparative studies, and quasi-experi-
mental designs), case series, and clinical case re-
ports containing original data on clinical outcomes of
Oxlumo™ (lumasiran) therapy in children and adults
with PH1.

The studies excluded from consideration were re-
views, animal studies, duplicate full-text publications,
conference abstracts without data, and articles with in-
sufficient patient information.

Subsequently, we analyzed sample sizes, patient de-
mographic characteristics, details of PH1 diagnosis, lu-
masiran dosing and administration regimens, treatment
duration, changes in urinary/plasma oxalate levels, re-
nal function assessment data, and all reported adverse
events. The studies encompassed patients across a
wide age range, from infants (under one year) to elderly
adults (50 years and older), with varying degrees of dis-
ease severity.

Study selection and data extraction

From the initial 91 articles identified from databases,
53 duplicate publications were excluded. Two independ-
ent experts screened the remaining 38 records by title
and abstract, excluding 12 irrelevant publications. Two
additional articles were included following a search of
grey literature via Google Scholar and citation track-
ing. A total of 26 full-text publications were selected for
evaluation, supplemented by 2 additional records from
grey literature and citation sources. During screening,
15 articles were excluded due to overlapping data, one
publication was a non-systematic review, and one was
irrelevant to the topic. The remaining 11 studies met our
inclusion criteria.

The systematic review included 11 studies:

2 randomized controlled trials,

2 non-comparative prospective single-arm studies,

1 case series (involving 5 patients),

6 individual clinical case reports.

These studies included both pediatric and adult pa-
tients, covering age groups from infants (< 1 year) to el-
derly adults (> 50 years), with varying degrees of PH1
severity.
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Records identified from
databases:
Web of Science n = 36
Pubmed n = 28
Scopus n =12
EMBASE n = 15
Total n = 91

Identification

|

Records screened:

Total n = 38

Screening

Records sought for full text:
n=26
Grey literature:

!

Totaln =28
Records assessed for eligibility:
Totaln =11

Eligibility

Studies included in review:
Totaln = 11

Included

Figure prepared by the authors
Fig. PRISMA flow diagram of the systematic review

Quality assessment of included studies

The quality assessment of the included studies was
conducted using the approved Joanna Briggs Institute
(UBI) critical appraisal checklists, corresponding to the
design of each study (randomized controlled trials, case
reports, and case series studies). The criteria of each
checklist were independently evaluated by two experts,
and any discrepancies were resolved through consen-
sus or consultation with a third expert. The majority of
the studies demonstrated high methodological quality
with minimal bias.
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Records removed before
screening:

duplicate records removed
n=>53

Records excluded:
reviews, animal studies,
research protocols, clinical
guidelines

Totaln =12

Records excluded:
Data overlap n =15
Review n = 1
Not related n = 1
Totaln =17

RESULTS AND DISCUSSION

The Table summarizes the aggregated study data,
patient demographics, Oxlumo™ (lumasiran) dos-
ing regimens, key outcomes/disease progression, and
documents a comprehensive analysis of the impact of
Oxlumo™ (lumasiran) on the PH1course.

Frishberg et al. [18] reported a significant reduction
in mean maximum 24-h Urinary oxalate (UOx) excre-
tion levels by 75%, or 43-92% from the baseline value
of 1.69 mmol/24 h/1.73 m2. Notably, all study partici-
pants achieved UOx levels < 1.5 times the upper limit of
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normal (ULN). This confirms that the core mechanism
of lumasiran lies in its ability to degrade glycolate oxi-
dase mRNA. Collectively, these results provide a com-
prehensive understanding of the efficacy of lumasiran
in alleviating the course of PH1.

Garrelfs et al. [14] evaluated the effect of lumasiran
therapy on changes in 24-h urinary oxalate excretion and
plasma oxalate (POx) levels in PH1 patients. The data re-
vealed that 84% of lumasiran-treated patients achieved
24-h UOx levels < 1.5 times the ULN. Furthermore,

lumasiran treatment demonstrated a significant reduc-
tion in POx levels, providing compelling evidence of its
established mechanism of action.

Michael et al. [13] observed that lumasiran admin-
istration led to a marked decrease in POx levels while
maintaining a favorable safety profile in individuals with
progressive kidney disease and PH1.

Sas et al. [19] conducted a study investigating the
efficacy of lumasiran as a therapeutic agent for treating
PH1 in pediatric patients. The study utilized a regimen

Table. Summary of studies included in the systematic review on the effects of Oxlumo™ (lumasiran) on primary

hyperoxaluria type 1 (PH1)

Year
Stu- First of Type Sample Application method Follow-
dy author, pub- of - and dosage regimen for | up du- Population Outcomes
. size . .
ID | country | lica- | Study lumasiran ration
tion

1 | Michael, 2023 | Clini- | Total Children weighing <10 kg: | 6-12 | Total number of | A reduction
Israel, cal | par- 6 mg/kg monthly for three months | participants: 21 | in POx levels
France, trial | ticipants: | months (loading phase), fol- patients. All pa- | of 33.3% and
Germany, single | 21 lowed by 3 mg/kg monthly tients received | 42.4% was
the UK, arm | people, | (maintenance phase). treatment with | observed,
and Neth- 0-59 Children weighing lumasiran in alongside an
erlands years 10-20 kg: 6 mg/kg monthly two separate acceptable
[13] for three months (loading cohorts: safety profile

phase), followed by 6 mg/kg Cohort A for patients
quarterly (every 3 months) (n=6;
(maintenance phase). 50% female,
Children weighing >20 kg: 50% male)
3 mg/kg monthly for three Cohort B
months (loading phase), fol- (n=15;
lowed by 3 mg/kg quarterly 40% female,
(every 3 months) (mainte- 60% male)
nance phase).

All injections were adminis-

tered subcutaneously.

2 | Garrelfs, 2021 | RCT | Total 3mg/kg monthly for 6 Total 64% reduc-
the Neth- Par- 3 months. Followed by months | participants: tion in 24-hour
erlands ticipants: | maintenance doses given 39 patients. UOx excretion
[14] 39 indi- | once every 3 months, be- Lumasiran (84% below

viduals, | ginning 1 month after the group:n =26 | 1.5times the
aged last loading dose, followed (81% female; upper limit of
6-47 for 6 months. 69% male). normal)
years All injections were per- Placebo Reduction in
formed subcutaneously group: n =13 | POx levels
(38% female; eGFR re-
62% male) mained stable
Decrease in
UOx/Cr ratio

3 | Méaux, 2022 | Case | Total Dosing regimen: 6 mg/kg 10 Infants before Reduction in
France report | number | monthly for 3 months (load- | months | 2 years of age | POx levels.
[16] of par- ing phase), followed by a re- Decrease in

ticipants: | duction to 3 mg/kg monthly UOx/Cr ratio.
3 (maintenance phase) for Renal func-
children weighing less than tion remained
10 kg. All injections were normal
administered subcutane-
ously.
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Table (continued)

Year
Stu- First of Type Sample Application method Follow-
dy | author, | pub- of size and dosage regimen for | up du- Population Outcomes
ID | country | lica- | Study lumasiran ration
tion
4 | Frishberg, | 2021 | RCT | Total Dosing and 85 Total number of | A 75% reduc-
Israel, number | Administration Regimens: | days, | participants: tion in 24-hour
France, of par- e 1 mg/kg once monthly; 197 | 52 individuals. | UOx excretion
Germany, ticipants: | © 3 mg/kg once monthly; days | Healthy volun- | (< 1.5 times
the UK, 52 indi- | ® 3 mg/kg every 3 months. teers: n =32 the upper limit
and the viduals, e | umasiran of normal).
Nether- aged Observation period: group: n =24
lands [18] 6-64 At least 12 weeks. (46% female; A decrease in
years All injections were adminis- 54% male) POx concen-
tered subcutaneously e Placebo tration
group: n =8
(63% female;
37% male)
Patients:
n=20
e |umasiran
group: n =17
(71% female;
29% male)
* Placebo
group: n =3
(833% female;
67% male)
5 | Sas, 2022 | Clini- | Total Dosing regimen for pediatric 6 Total number of | A 72%
Israel, cal | number | patients: months | participants: 18 | reduction in
France, trial | of par- e Children weighing patients. All pa- | UOx/Cr and
Germany, single | ticipants: | <10 kg: 6 mg/kg monthly tients received | a decrease in
the UK, arm | 18, for three months (load- treatment with | POx levels in
and the aged O | ing phase), followed by lumasiran. children under
Nether- months | 3 mg/kg monthly (mainte- Stratified by 6 years of age
lands [19] to 6 nance phase). weight group: (50% lower
years e Children weighing e <10 kg: n =3 | than 1.5 times
10 kg to <20 kg: 6 mg/kg (83% female); the upper limit
monthly for three months e 10 to of normal)
(loading phase), followed by <20kg:n=12
6 mg/kg quarterly (every (75% female);
3 months) (maintenance e >20kg:n=3
phase). (0% female).
e Children weighing All treated
>20 kg: 3 mg/kg monthly patients
for three months (load- (pooled): n =18
ing phase), followed by (56% female)
3 mg/kg quarterly (every
3 months) (maintenance
phase).
All injections were adminis-
tered subcutaneously
6 | Aldabek, 2022 | Case | Total Dosing regimen: 6 mg/kg 8 Two male Significant
the USA report | partici- monthly for the first months | twins, improvement
[20] pants: 2 | 3 months (loading phase), 12 months old | in symptoms
followed by 3 mg/kg month-
ly (maintenance phase). All
injections were adminis-
tered subcutaneously

530

MEOVLIMHA SKCTPEMATBbHBIX CUTYALIMI | 2025, TOM 27, Ne 4




SYSTEMATIC REVIEW | INNOVATIVE THERAPIES

Table (continued)

Year
Stu- First of Type Sample Application method Follow-
dy author, | pub- of . and dosage regimen for | up du- Population Outcomes
. size . .
ID | country | lica- | Study lumasiran ration
tion
Lombardi, | 2023 | Case | Total Dosing regimen: 3 mg/kg 14 A male patient | Decrease of
France report | partici- | monthly for 3 months months | 51 years old SOx and UOx
[21] pants: 1 | (loading phase), followed concentration,
by maintenance doses as wellas a
administered once every decrease in
3 months, starting 1 month oxalate crystal
after the last loading dose. deposition in
All injections were adminis- the kidneys
tered subcutaneously
Sellier - 2023 | Case | Total Lumasiran was adminis- 13 Total number Reduction of
Leclerc, series | number | tered via subcutaneous months | of participants: | POx level
France of par- injections monthly for 5 patients.
[22] ticipants: | 3 months (loading phase), All patients
5, aged | followed by maintenance received treat-
3-45 dosing every 3 months. ment with
years Data on the exact dosage lumasiran
are unavailable
7 | Chiodini, 2022 | Case | Total Dosing Regimen: 3 mg/kg 18 Patient boy, Reduction of
Belgium report | partici- monthly for 3 months months | 13 years old POx and UOx
[23] pants: 1 | (loading phase), followed levels to within
by maintenance doses normal range.
administered once every 70% reduc-
3 months, starting 1 month tion in UOx/Cr
after the last loading dose. ratio.
All injections were adminis- eGFR
tered subcutaneously remained
stable (60 mL/
min/1.73 m?)
10 | Joher, 2022 | Case | Total Lumasiran therapy before Dura- | 39 years old Normaliza-
France report | partici- KTx tion not | women tion of SOx
[24] pants: 1 detailed concentration
before KTx
11 | Poyah, 2021 | Case | Total Not specified Dura- | A 40-year-old POx level
Canada report | partici- tion not | female with decreased
[25] pants: 1 detailed | primary hyper- | by 36%, but
(adult, oxaluria (PH), renal func-
ESKD, suffering from tion did not
cuta- end-stage renal | recover;
neous disease (ESRD) | progression
manifes- with cutaneous | of extrarenal
tations) manifestations | involve-
ment with
swan-neck
deformity and
pulmonary
hypertension
was observed

Table prepared by the authors using data from Ref. [13, 14, 16, 18-25]

Note: RCT — randomized controlled trial; NRCT — non-randomized controlled trial; POx — plasma oxalates; UOx / Cr — the ratio of oxalates
in urine and creatinine level; UOx — urinary oxalates; SOx — serum oxalates; KTx — renal transplantation; eGFR — glomerular filtration rate.

EXTREME MEDICINE | 2025, VOLUME 27, No 4

531




CUCTEMATUYECKUA OB30P | MHHOBALMOHHbIE METObI TEPAMUN

of 4 or 6 loading doses of the drug, adjusted accord-
ing to the patient weight. The results demonstrated a
72.0% reduction in the oxalate-to-creatinine excretion
ratio (UOx:Cr). Furthermore, half of the patients achieved
UOx:Cr values within half of the upper limit of normal
(ULN). The reduction in POx reached 31.7%. To evaluate
the impact of lumasiran therapy on PH1, six clinical stud-
ies were included in the analysis.

Méaux et al. [16] in their study observed three infants
diagnosed with PH1. The patients received lumasiran
therapy, with dosage and frequency adjusted based on
the child’s body weight. For the first 3 months, a dose of
6 mg/kg per month was prescribed; for infants weighing
less than 10 kg, this regimen was adjusted to 3 mg/kg
per month. As explained by Méaux et al., this method
underscores the importance of weight-based factors in
determining the appropriate lumasiran dose for infants
with PH1. Patient 1 was diagnosed with PH1 prenatally
because his older sister was diagnosed with stage 5
chronic kidney disease (CKD) at 4 months of age. After
10 months of observation, renal hyperechogenicity in the
patient began to decrease, with preserved kidney func-
tion. Patient 2, diagnosed with PH1, was hospitalized
due to acute renal failure and dehydration at 2.5 months
of age. Serum creatinine levels were 243 ymol/L, blood
urea nitrogen 19 mmol/L, with an estimated glomerular
filtration rate (€GFR) of 8 mL/min/1.73 m?2, and UOx:Cr
ratio (806 pmol/mmol) and POx (184 pmol/L), which were
significantly elevated. After nine injections, the UOx:Cr
ratio decreased by more than 60% — to 310 pmol/
mmol, which was nearly normal. During the 10-month
observation period, a sharp decline in serum creatinine
levels was noted, eventually stabilizing at approximately
120 ymol/L (eGFR 20 mL/min/1.73 m?). However, grade
Il nephrocalcinosis persisted. Due to the presence of
grade lll nephrocalcinosis at 3.5 months of age, patient 3
was enrolled in the study with a diagnosis of PH1. After
one week, the UOx:Cr ratio increased to 2167 pmol/mmol
from an elevated baseline of 1651 pmol/mmol, according
to biochemical analysis. POx level was 36 pymol/L, ac-
companied by an elevated plasma glycolate level, but
normal kidney function (creatinine 30 pmol/L, eGFR
77 mL/min/1.73 m?). After the initial administration, a rap-
id decrease in the UOx:Cr ratio to 1640 ymol/mmol was
observed. Kidney function remained stable throughout
the observation period. After the fifth injection, nephroc-
alcinosis decreased from grade lll to grade Il. The results
indicate that lumasiran is effective in infants, exhibiting no
negative side effects. However, despite the good toler-
ability of lumasiran, it is not possible to completely avoid
the occurrence or progression of nephrocalcinosis, es-
pecially in its severe forms, even when therapy is initiated
in the early neonatal period or combined with standard
approaches to treating PH1 [22].

In a study conducted by Aldabek et al. [20], the focus
was on two male twin infants diagnosed with PH1 who
exhibited symptoms of nephrolithiasis and nephrocalci-
nosis. These patients received lumasiran treatment start-
ing at 12 months of age, with an initial dose of 6 mg/kg
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once monthly for the first three months, followed by an
adjustment to 3 mg/kg monthly. Notably, the twin boys
showed significant symptomatic improvement. Based on
these positive outcomes, Aldabek et al. concluded that
lumasiran is a successful treatment for pediatric PH1.

Chiodini et al. [23] observed an adolescent patient
with PH1 who received lumasiran at a dose of 3 mg/kg
over 18 months. The patient exhibited a rapid and sus-
tained reduction in the UOx:Cr ratio, averaging 70% af-
ter lumasiran administration. Throughout the 18-month
observation period, UOx levels remained low, nearly
approaching the normal range. Additionally, a rapid de-
cline in POx levels was observed, with an average re-
duction of approximately 60% following lumasiran treat-
ment. The estimated glomerular filtration rate (eGFR)
showed no significant changes over the entire treatment
period, ranging from 60 mL/min/1.73 m? at baseline to
62 mL/min/1.73 m? at 18 months.

Lombardi et al. [21] studied the efficacy of lumasiran
therapy in a 51-year-old patient with PH1 who experi-
enced recurrent oxalate nephropathy after an isolated
kidney transplant. The drug therapy involved subcuta-
neous administration of lumasiran at a dose of 3 mg/kg.
A total of three-monthly injections were administered
initially, followed by injections every three months. After
initiating lumasiran, a reduction in serum oxalate (SOx)
concentration, urinary oxalate, and renal oxalate crystal
deposition was observed.

Another study conducted by Sellier-Leclerc et al. [22]
included five patients with genetically confirmed PH1 who
had undergone isolated kidney transplantation. The pa-
tients, with a mean age of 26 years (range 3-45 years),
received lumasiran therapy for a median duration of
13 months (range 5-17 months). The results showed a
consistent and significant reduction in POx levels in all pa-
tients after initiating lumasiran: from 110 (20-150) ymol/L
to 53 (10-72) ymol/L at the time of kidney transplanta-
tion (KTx), and further to 7 (5-26) umol/L at three months
post-treatment (p < 0.05). Thus, in cases where the POx
level ranges 80-90 pmol/L, the findings suggest that iso-
lated KTx combined with lumasiran therapy may be a safe
treatment option for PH1 patients with renal failure.

Joher et al. [24] reported a 39-year-old female with
PH1 and a history of kidney transplantation (KTx) who
had previously received lumasiran therapy. The results
showed that SOx concentration normalized even be-
fore the KTx surgery. Lumasiran therapy led to favorable
outcomes, including reductions in SOx, POx, 24-h UOx,
and the UOx:Cr ratio. This was achieved through degra-
dation of mMRNA encoding glycolate oxidase, the enzyme
regulating AGT, thereby reducing oxalate production.

In a study by Poyah [25], a clinical case of prima-
ry hyperoxaluria type 1 was described in a 40-year-
old female with a history of recurrent nephrolithiasis.
Lumasiran therapy was initiated 11 months after starting
hemodialysis and pyridoxine treatment. After 14 months
of high-intensity hemodialysis and three months of lu-
masiran, no signs of renal recovery were observed,
and extrarenal complications worsened, including
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progressive swan-neck deformities, reduced systolic
heart function, and pulmonary hypertension. The patient
was placed on the waiting list for combined liver—kidney
transplantation.

The primary side effect associated with the use of
lumasiran was mild and transient injection site reactions.
Typical signs and manifestations included redness, skin
discoloration, and hematoma at the injection site [18, 23,
25]. During studies, some patients experienced minor
adverse effects, including fever, vomiting, rhinitis, ab-
dominal pain, diarrhea, anemia, headache, or accidental
overdose [13]. It is suggested that lumasiran does not
have any clinically significant impact on laboratory re-
sults (including blood tests and liver function), ECG, or
other vital signs [23]. This confirms that lumasiran ther-
apy is a safe and effective treatment for infants, young
children, and adults.

In our work, we studied the efficacy, safety, and clini-
cal outcomes of lumasiran in the treatment of PH1. Our
analysis of 11 studies, including randomized controlled
trials, clinical case reports, and case series established
that lumasiran, an RNA interference-based drug, signifi-
cantly reduces oxalate levels in both plasma and urine,
stabilizes or modestly improves renal function, and re-
duces nephrocalcinosis in patients of various ages,
including adults and children. It was found that most
patients achieved normal or near-normal oxalate levels
while using the drug. The drug was generally well tolerat-
ed, with the most commonly reported side effect being
mild injection site reactions. Thus, lumasiran represents
a promising breakthrough in the treatment of PH1. Long-
term follow-up data (>3 years) remain limited, particularly
for infants, and further monitoring is essential to assess
sustained efficacy and renal outcomes.

Across all the reviewed studies, lumasiran consist-
ently demonstrated significant efficacy in reducing oxa-
late levels. However, variations were observed in patient
age, baseline renal function, and dosing regimens. Both
children and adults showed substantial improvement
and normalization of renal function, although infants
and patients with progressive chronic kidney disease
required dose adjustments. The studies also revealed a
greater variability in renal outcomes, particularly regard-
ing the progression of nephrocalcinosis.

Lumasiran acts by suppressing the HAOT gene, which
encodes glycolate oxidase—an enzyme involved in oxa-
late production [9]. Consequently, by inhibiting glycolate
oxidase, the substrate required for oxalate production
is reduced, while the levels of calcium glycolate, a less
harmful metabolite, increase [17]. This reduction in oxalate
synthesis leads to decreased oxalate levels in both blood
and urine [25]. Numerous clinical trials and case reports
have confirmed these effects and their clinical implica-
tions, such as improved renal function in both pediatric
and adult patients with PH1 [13, 18, 25]. Pharmacokinetic
studies indicate that lumasiran is rapidly absorbed and
eliminated, supporting its favorable safety profile [9].

In the Phase Il open-label single-arm study
(ILLUMINATE-B) conducted in 2021, 18 children under
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six years of age with PH1 received lumasiran treatment
for six months and demonstrated a rapid reduction in
oxalate concentrations, ultimately reaching the upper
limit of normal [18].

According to the ILLUMINATE-A study, kidney stone
formation decreased after 6-12 months of lumasiran
treatment in PH1 patients over six years of age [18, 11].
Urinary oxalate excretion also normalized [14].

Furthermore, the efficacy of lumasiran was evalu-
ated in patients of various age groups and those with
progressive CKD over 12 months in the ILLUMINATE-C
study [13, 17]. As a result, POx concentrations were sig-
nificantly reduced. This may delay the need for dialysis
and transplantation in CKD patients and improve the
prognosis for those who have already undergone kid-
ney transplantation [28]. Regarding renal function, after
several months of lumasiran treatment, eGFR remained
stable or even improved [18, 28].

In summary, lumasiran may impede the progression to
end-stage renal failure by improving kidney function [20,
23]. However, the optimal timing for initiating lumasiran
remains unclear. While early treatment may help prevent
the accumulation of oxalate crystals in the kidneys and
other organs and slow the progression of nephrocalcino-
sis, it does not completely prevent these manifestations in
some patients [23]. Therefore, further research is needed
to clarify the goals of comprehensive therapy.

Another significant advantage of lumasiran consists
in its favorable tolerability profile. The most frequently re-
ported adverse events were transient, mild injection site
reactions [14, 18]. Some patients experienced at least one
manageable minor side effect, including fever, vomiting,
rhinitis, abdominal pain, upper respiratory tract infection,
diarrhea, anemia, ear infection, headache, or accidental
overdose, all of which resolved rapidly during the study
[13]. It appears promising that lumasiran has no clinically
relevant impact on laboratory results (including hemato-
logical and liver function tests), electrocardiograms, or
vital signs [23]. The studies [23] reported neither serious
safety concerns—such as treatment discontinuation or
drug-related deaths, nor worsening of severe symptoms
[15]. Symptoms such as fatigue, nausea, reduced appe-
tite, bone pain, decreased mobility, shortness of breath,
renal colic, and others either improved or remained un-
changed during lumasiran treatment [15].

While studies on the use of lumasiran for treating
PH1 are promising, certain limitations and areas requir-
ing further investigation remain. A notable drawback of
many studies reviewed in our work is their sample size,
frequently involving only one or several patients. In order
to gain deeper insights into the safety and efficacy of
this drug, larger randomized controlled trials are neces-
sary. Additional research is also heeded across diverse
age groups, such as young children and elderly patients,
as well as specific patient subgroups, including those
with progressive kidney disease.

Furthermore, there is a lack of long-term data on the
effects of lumasiran beyond one year, which is critical
for understanding the full benefits and potential risks of
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this therapy. The optimal dosage and treatment sched-
ule have not yet been definitively established, particu-
larly for pediatric patients. Although early initiation of
treatment may prevent or reduce the development of
nephrocalcinosis in some children, it does not fully elimi-
nate the condition.

While lumasiran therapy appears to reduce oxalate
deposition in the kidneys, further studies are needed to
determine its impact on extrarenal oxalate deposition.
Additionally, most existing studies were conducted in
specialized centers using advanced PH1 treatment proto-
cols, which may limit the generalizability of their findings.

Finally, combination therapy involving lumasiran and
adjunctive medications may offer additional benefits;
however, its potential remains to be elucidated. More
clinical trials are required to enable meaningful meta-
analyses. We therefore recommend conducting addi-
tional systematic reviews alongside meta-analyses to
comprehensively evaluate the evidence.

In summary, while lumasiran demonstrates signifi-
cant potential as a promising treatment for PH1, future
large-scale studies or registry-based trials will be essen-
tial to confirm its efficacy, safety, and broader applicabil-
ity. Key priorities include determining optimal dosing for
neonates and patients with advanced-stage CKD, and
evaluating whether combination therapies can reliably
prevent the need for liver and kidney transplantation.

CONCLUSION

Our findings underscore the high efficacy and favorable
safety profile of lumasiran, a breakthrough RNAi-based
medication that reduces plasma and urinary oxalate lev-
els, thereby preventing kidney damage in patients with
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STUDY OF HORMONAL STATUS AND BONE METABOLISM IN UNDERAGE M) Check for updates
FEMALE ATHLETES WITH PRIMARY AMENORRHEA
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Introduction. Fractures, particularly low-energy ones, are more common in female athletes with oligo/amenorrhea compared to their peers
without menstrual disorders. This problem is associated with various hormonal changes and impaired bone remodeling processes.
Objective. Assessment of bone metabolism and serum hormonal parameters in highly qualified under-18 female athletes both with primary
amenorrhea and without menstrual cycle disorders.

Materials and methods. A single-center single-stage study involved 111 young female athletes aged 15-18 years (median age 15.9 [14.9;
16.6] years), who were members of Russian national teams in five sports. All the participants underwent comprehensive medical examination
at the Federal Scientific and Clinical Center for Children and Adolescents of FMBA of Russia between March 2021 and July 20283. The athletes
were divided into two groups based on the presence of primary amenorrhea. The group with primary amenorrhea included 23 athletes (me-
dian age 15.8 [15.1; 16.3] years); the comparison group consisted of 88 athletes (median age 15.9 [14.9; 16.6] years) with a regular menstrual
cycle. Serum levels of osteocalcin, C-terminal telopeptide (3-CrossLaps), type 1 procollagen (P1NP), parathyroid hormone (PTH), vitamin D
(25(0OH)D3), and alkaline phosphatase (ALP) activity were measured. To assess hormonal status, levels of luteinizing hormone (LH), follicle-
stimulating hormone (FSH), estradiol, and leptin were evaluated. Sexual maturity was assessed according to the Tanner rating, and body
composition was evaluated using bioelectrical impedance analysis. Statistical data processing was performed using the Statistica v. 10.0
software package (StatSoft Inc., USA).

Results. Athletes with primary amenorrhea were characterized by lower body weight (o < 0.0001) and body fat percentage (p < 0.0001) com-
pared to their peers without menstrual disorders. The analysis of LH (p = 0.328) and FSH (p = 0.069) levels did not reveal statistically significant
differences between the study groups; however, the adolescent athletes with primary amenorrhea had lower levels of estradiol 182.0 [123.0;
227.0] and 244.0 [143.5; 518.5] (p = 0.002) and leptin 2.1 [1.2; 4.1] and 9.1 [6.1; 14.9] (p < 0.0001) compared those without menstrual cycle
disorders. The athletes with primary amenorrhea showed an increase in both bone formation markers (P1NP, osteocalcin) and bone resorp-
tion markers (B-CrossLaps and ALP) compared to their peers without menstrual disorders.

Conclusions. Minors with primary amenorrhea are characterized by disharmonious physical development due to underweight, accompanied
by reduced body fat content, decreased levels of leptin and estradiol, preserved gonadostat function, and increased markers of bone metabo-
lism. The identified hormonal and metabolic features may represent a significant risk for impaired bone remodeling in this group of athletes.
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N3YYEHWUE FOPMOHAJIbHOIO CTATYCA U METABOJIM3MA KOCTHON TKAHWU Y
HECOBEPLUEHHOJIETHUX CMTOPTCMEHOK C NEPBUYHON AMEHOPEEW

E.M. Nicaesa**, T.J1. Okopokos'?, C.A. Ctonsiposa’, 1.B. 3abkuH'*, M.P. lcaes®

T depepanbHbIf HayYHO-KMHUYECKIIA LEeHTP AeTer 1 nogpocTkos PefepanbHOro Meamko-bronornieckoro areHTctea, Mocksa, Poccus

2 HaumoHanbHbI MeEOVLMHCKINIA MCCNeaoBaTeNbCKU LIEHTP SHAOKpUHOMorK, MockBa, Poccus

3MNepBbIn MOCKOBCKWIA rocyaapCTBEHHDBIN MeaNUMHCKNIA yHuBepcuTeT um. V.M. CeveHoBa (CeveHoBckumin YHBepcuTeT), Mocksa, Poccus
4TocymapcTBEHHbI Hay4YHbIN LieHTp Poccuinckon ®epepaummn — deaepanbHbii MEANLMHCKNA Broduamndeckuii ueHTp um. AV, BypHassHa,
Mocksa, Poccus

BeepeHne. [Nepenombl, B OCOBEHHOCTN HN3KOSHEPIrETUHECKNE, Yalle BCTPEYAOTCA Y CMOPTCMEHOK C ONUro/aMeHopeen Mo CpaBHEHMIO
CO CBepCTHULaMV 63 HapyLLEHUI MEHCTPYaNbHOIO LIMKA, YTO CBSA3aHO C PasfMyHbIMU FOPMOHABHBIMU N3MEHEHVUSIMU 1 HAPYLLEHEM
NPOLIECCOB PEMOAEINPOBAHUS KOCTHOW TKaHW.

Llenb. OueHka COCTOSHMA MeTaboNM3Ma KOCTHOM TKaHN 1 FOPMOHaSIbHbIX MOKasaTtesen B CbIBOPOTKE KPOBW Y BbICOKOKBaTMMDULMPOBAHHBIX
CMOPTCMEHOK, He AoCTUrMX 18-neTHero Bo3pacTa, ¢ NepBuUYHOM aMeHopeel 1 6e3 HapyLLEeHUIA MEeHCTPYasIbHOro LKA,
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Matepuansl n metoppl. [1poBeeHO OAHOMOMEHTHOE OZHOLIEHTPOBOE MCCefoBaHWe C y4acTemM 111 toHbIX CMOPTCMEHOK B BO3pacTe
15-18 neT (cpeaHuin Bo3pacT 15,9 [14,9; 16,6] roga), BxogsaLmx B cocTaB cbopHbIX koMaHa PP no 5 Buaam criopTa 1 NpoXoamBLUNX yriyOneH-
Hoe MeauLmHckoe obcnepoBaHve B PIBY «OHKLL aeten n nogpoctkoB PMBA Poccum» B neprog ¢ mapta 2021 no monb 2023 r. CnopT-
CMEHKM Obinn pasgeneHbl Ha 2 rpynmbl B 3aBUCUMOCTU OT HanM4ms NepBrHHON ameHopen. B rpynny ¢ nepBuUYHON aMeHOpeel BKIIKO4YEHbI
23 cnopTcMeHKn (cpeaHui Bo3pacT 15,8 [15,1; 16,3] roga); B rpynny cpaBHeHWs — 88 CnopTCMEHOK (cpeaHuin BospacT 15,9 [14,9; 16,6] roga)
C PerynsapHbIM MEHCTPYaNbHbIM LIMKIOM. Y CMOPTCMEHOK OMPEAENSM YPOBEHb OCTeoKanbLHa, C-kKoHuesoro Tenonentuga (B-CrossLaps),
npokonnareHa 1-ro Tuna (PINP), napatupeongHoro ropmoHa (INTT), sButamunHa D (25(OH)D3) n akTuBHOCTU Lieno4vHon dhocdatasbl (LLD)
B CbIBOPOTKE KpOBU. [N OLEHKI FOPMOHAaSIbHOMO CTaTyca NpoBeAeHa OLeHKa ypoBHel NioTenHuanpytoLLero ropmona (N7), dponnmkynoctu-
MynupytoLero ropmona (PCI), actpaanona n nentuHa. OueHka NoNoBOro pa3BUTUS NPoBeAeHa No knaccudukaumm Tanner, oLeHKa KOMMo-
3MLMOHHOMO cocTaBa Tefla — MeTOA0M BrovMedaHCcHOro aHanmnaa. CtaTucTuydeckas obpadoTka AaHHbIX MPon3BeeHa C UCMONb30BaHNEM
nakeTa nNpuknagHbix Nporpamm Statistica v. 10.0 (StatSoft Inc., CLUA).

Pesynbtathl. [115 CNOPTCMEHOK C MePBUYHOM aMeHopeel xapakTepHbl 6onee H1N3KMe 3HaveHnst maccebl Tena (p < 0,0001) n cogep>xkaHus
XKNMPoBOWM TKaHn (%) B opranHmame (p < 0,0001) No cpaBHEHMIO CO CBEPCTHMLLAMN 63 HApPYLLEHUIN MEHCTPYaNbHOIO LUMKNa. AHanma ypoBHeN
N (p =0,328) 1 ®CI" (p = 0,069) He BbIABMSAN CTATUCTUYECKM 3HAYMMbIX Pa3NUYMIA B UCCeayeMblxX rpynnax, OAHaKo y AeBOoYeK C nepBuy-
HOW ameHopeen oTMedann 6onee HU3KKe ypoBHU acTpaamona 182,0 [123,0; 227,0] n 244,0 [143,5; 518,5] (p = 0,002) n nentuHa 2,1 [1,2; 4,1]
19,1 [5,1; 14,9] (p < 0,0001) No cpaBHEHMIO CO CNOPTCMEHKaMK 6€3 HapPYLLIEHWIN MEHCTPYaIbHOMO LKA, Y CNOPTCMEHOK C NEPBUYHON ame-
HOopeei BbIBNEHO MOBbILLEHNE Kak MapkepoB kocTeobpasosaruns (PTNP, ocTeokanbLyH), Tak 1 KOCTHOM pe3dopbumn (B-CrossLaps 1 LLI®)
Mo CPaBHEHWIO CO CBEPCTHULIAMN 6e3 HapyLLEHNIA MEHCTPYasIbHOrO LMK a.

BbiBopgbl. [1ns HECOBEPLLUEHHONETHMUX CMOPTCMEHOK C MEPBUYHON aMEHOPEEN XapakTepHO AMCrapMOHWYHOE (DU3NYECKOE pPasBUTUE
3a cyeT aeduumTa Macchl Tena, CoONPOBOXKAAIOLLEECS CHIPKEHNEM COAEPXXaHWS >KMPOBOW TKaHW B OpraHn3me, CHIKEHNEM YPOBHS nen-
TVHa 1 3CTPaAmona N COXpaHHoOM yHKLUMEN roHaaocTaTa, a TakxKe MOBbILLEHNEM MapKepoB MeTabom3mMa KOCTHOM TKaHW. BbisiBneHHble
roOpMOHasibHble 1 MeTabonM4ecKne 0COH6EHHOCTU MOMYT SBNATLCS 3HAYMMbIM (haKTOPOM pUCKa Pa3BUTUS HAPYLLIEHWI PEMOLENNPOBAHNS
KOCTHOW TKaHu y JaHHOW rpynbl CIOPTCMEHOK.

KntoueBble cnoBa: ioHble CMOPTCMEHKW; CMopTMBHAS MeAWLIMHA; MNepBudHas amMeHopesl; NEenTVH; FOPMOHbI;, MapKepbl KOCTHOIO
MeTabonmama; sButammH D

Ona untupoBaHusa: Vcaesa E.M., Okopokos [M1.J1., Ctonaposa C.A., 3s6kuH .B., VicaeB M.P. [13y4eHne ropmoHanbHOro craTyca
1 MeTabonm3ma KOCTHOWM TKaHM Y HECOBEPLUEHHONETHNX CMOPTCMEHOK C MEPBUYHOM ameHopeein. MeauumHa SKCTpemasibHbIX CUTYaLni.
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INTRODUCTION

Relative energy deficiency in sport (RED-s) in ado-
lescent females is often associated with the develop-
ment of functional hypothalamic amenorrhea (FHA) [1,
2]. Prolonged energy deficiency is accompanied by a
decrease in the pulsatile secretion of gonadotropin-
releasing hormone in the hypothalamus, followed by
impaired release of luteinizing hormone (LH) and folli-
cle-stimulating hormone (FSH) from the pituitary gland.
In turn, this leads to decreased estradiol levels and the
development of menstrual disorders, such as primary
and secondary amenorrhea [3]. Underweight and par-
ticularly reduced adipose tissue in athletes with long-
term energy deficit are also associated with decreased
leptin levels — a hormone produced by adipose tissue
that is an important regulator of gonadostat functional
activity [4].

The FHA development is associated with reduced
bone mass accumulation and impaired bone micro-
architecture, being a leading risk factor in low-energy

EXTREME MEDICINE | 2025, VOLUME 27, No 4

fractures in professional female athletes, particularly
those under 18 years of age [1, 5, 6].

Studies into bone metabolism markers and their re-
lationship with hormonal parameters in underage highly
trained female athletes with primary amenorrhea are lim-
ited and show contradictory results [5].

The aim of this study is to assess bone metabolism
and serum hormonal parameters in highly qualified un-
der-18 female athletes both with primary amenorrhea
and without menstrual cycle disorders.

MATERIALS AND METHODS

A single-center single-stage study involved young ath-
letes from the Russian national teams who underwent
comprehensive medical examination at the Federal
Scientificand Clinical Centerfor Children and Adolescents
of FMBA between March 2021 and July 2023. A total
of 111 young female athletes aged 15-18 years (medi-
an age 15.9 [14.9; 16.6] years), representing five sports
(rhythmic gymnastics, artistic gymnastics, figure skating,
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softball, synchronized swimming), included in the study,
were divided into two groups based on the presence
of primary amenorrhea. Primary amenorrhea was diag-
nosed based on the absence of menstruation by age 15
(provided that secondary sexual characteristics had de-
veloped).

The group with primary amenorrhea included
23 athletes (median age 15.8 [15.1; 16.3] years); the
comparison group consisted of 88 athletes (median
age 15.9 [14.9; 16.6] years) with a regular menstru-
al cycle. The study groups were comparable in age
(p = 0.794) and sexual maturity stage, although show-
ing statistically significant differences in the key an-
thropometric parameters (Table 1). Anthropometric
measurements of the underage athletes included:
height, body weight, and calculation of body mass in-
dex (BMI). BMI was assessed for the specific age and
sex and presented as the number of standard devia-
tions from the mean (SDS). Body composition assess-
ment was performed using bioelectrical impedance
analysis (InBody 570 analyzer, South Korea). Sexual
maturity of the underage athletes was assessed ac-
cording to the Tanner rating.

When assessing sexual maturity, 21 (92%) athletes in
the study group and 88 (100%) athletes in the compari-
son group had completed or nearly completed sexual
maturity. Sexual maturity was assessed according to the
Tanner rating [7]. Inclusion criteria for study participants
were female athletes from Russian national teams aged
15-18 years and the presence of primary amenorrhea.
Inclusion criteria for the comparison group were regular
menstrual cycle, gynecological age > 1 year.

For clinical and laboratory analysis, blood samples
were collected from a peripheral vein in the morning
after fasting. All young athletes had their serum lev-
els of osteocalcin (Roche, Switzerland), N-terminal

Table 1. Clinical characteristics of the study groups

propeptide of human type 1 procollagen (P1NP) (Roche,
Switzerland), C-terminal telopeptide (B-CrossLaps)
(Roche, Switzerland), vitamin D (25-hydroxycholecal-
ciferol-25(0OH)D3) (Roche, Switzerland) measured (ng/
mL). Parathyroid hormone (PTH) (Roche, Switzerland)
in serum (pmol/L). Leptin (hg/mL), luteinizing hormone
(LH) (1U/L), follicle-stimulating hormone (FSH) (IU/L), and
estradiol (pmol/L) levels were determined by enzyme
immunoassay (manufacturer Bender MedSystems,
Austria). p-CrossLaps testing was performed by elec-
trochemiluminescence using a Cobas e411 analyzer
(Roche Diagnostics, Germany). Testing of PINP, osteo-
calcin, PTH, 25(OH)D3 was carried out by solid-phase
enzyme immunoassay. Serum alkaline phosphatase
(ALP) activity (U/L) was determined by a kinetic colori-
metric method.

Statistical data processing was performed using the
Statistica v. 10.0 software package (StatSoft Inc., USA).
Since the studied quantitative indicators had a non-nor-
mal distribution (according to the Kolmogorov—Smirnov
test), all data are presented as median (M) and 1st and
3rd quartiles [Q,; Q,]. The Mann-Whitney U test was
used to assess the statistical significance of differences
in quantitative characteristics. Qualitative characteristics
are presented as percentages (%) with absolute values.
Contingency tables were constructed to assess dif-
ferences between qualitative characteristics, followed
by evaluation using Pearson’s chi-square test (x?) with
Yates’ correction. Correlation analysis was performed
using Spearman’s criterion. A statistical significance lev-
el of p < 0.05 was accepted for differences.

RESULTS

Athletes with primary amenorrhea were characterized
by lower parameters of height (p = 0.023), body weight

P Group with primary Group with regular menstrual Statistical
arameter L
amenorrhea (n = 23) cycle (n=88) significance level, p
Age, years 15.8 [15.1; 16.3] 15.9 [14.9; 6.6] 0.794
Height, m 1.63 [1.56; 1.67] 1.66 [1.61; 1.71] 0.023
Height SDS 0.15 [-1.17; 0.87] 0.66 [-0.06; 1.5] 0.016
Body weight, kg 46.8 [40.5; 48.8] 60.6 [54.2; 67.7] < 0.0001
BMI 17.4 [16.6; 18.2] 21.8 [19.7; 24.0] < 0.0001
BMI SDS -1.34 [-1.69; -0.88] 0.5 [-0.07; 1.14] < 0.0001
Sexual maturity:
Tanner [l 2 (8%) - 0.059
Tanner V-V 21 (92%) 88 (100%)
Table compiled by the authors based on their own data
Note: n = number of athletes; “~” — the absence of athletes at Tanner sexual maturity stages II-lIl in this group.

T Clinical guidelines “Amenorrhea and oligomenorrhea”; 2024 (In Russ.). URL: https://cr.minzdrav.gov.ru/preview-cr/644 2?ysclid=mdyjwyzaqy 766941934
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(b <0.0001), BMI (p < 0.0001), and BMI SDS (p < 0.0001)
compared to their peers without menstrual disorders.

An analysis of gonadotropin levels (Table 2) did not
reveal statistically significant differences between the
study groups (p = 0.328 for LH; p = 0.069 for FSH).
However, adolesent althleters with primary amenorrhea
had lower levels of estradiol, 182.0 [123.0; 227.0], and
leptin, 2.1 [1.2; 4.1], compared to those without menstru-
al cycle disorders: 244.0 [143.5; 518.5] (p = 0.002) and
9.1 [6.1; 14.9] (p < 0.0001), respectively.

A correlation analysis revealed a strong positive cor-
relation between leptin levels and body fat percentage
(r,=0.74; p < 0.05), LH levels (r, = 0.16; p < 0.05), and
estradiol levels (r, = 0.24; p < 0.05).

According to the assessed bone metabolism pa-
rameters, athletes with primary amenorrhea showed
an increase in both bone formation markers (PINP by
2.5 times and osteocalcin by almost 2 times) and bone
resorption markers p-CrossLaps and ALP compared to
their peers without menstrual disorders; the correspond-
ing data are presented in Table 2. The study groups did
not show statistically significant differences in PTH levels
(b = 0.242). However, when assessing vitamin D status,
athletes with a regular menstrual cycle had lower lev-
els of 25(0H)D3 compared to the primary amenorrhea
group (p = 0.001).

An evaluation of body composition in underage ath-
letes with primary amenorrhea revealed a statistically
significant reduction in body fat percentage (%) com-
pared to the group of athletes with a regular menstrual
cycle: 10.8 [9.3; 12.8] vs. 20.5 [16.1; 24.4], (p < 0.0001).

The conducted correlation analysis established a
moderate negative association between leptin levels and
osteocalcin (r, = -0.33), PINP (r, = -0.39), B-CrossLaps

(r, =-0.45), and ALP (r, = -0.43). Meanwhile, bone me-
tabolism markers in underage athletes were not de-
pendent on estradiol and gonadotropin levels.

DISCUSSION

It is known that fractures, particularly low-energy ones,
are more common in athletes with oligo/amenorrhea
compared to their peers without menstrual disorders
and with normal physical activity levels [8]. The pres-
ence of primary amenorrhea is currently considered by
the International Olympic Committee expert panel as
an important risk factor used for stratifying the risks
of developing RED-s syndrome, including in underage
athletes [1].

Analysis of bone metabolism markers is an effective
diagnostic tool for assessing the functional state of the
skeletal system in clinical practice [9]. Our work demon-
strated that underage athletes with primary amenorrhea
demonstrate elevated levels of key bone metabolism
markers compared to athletes without menstrual disor-
ders. It is known that estrogens promote the inhibition
of bone resorption processes [10], and their deficiency,
identified in athletes with primary amenorrhea, leads
to an increase in bone resorption markers. However,
our results are not consistent with the data by Christo
et al., who found reduced levels of N-terminal telopep-
tide (NTX) and PINP in athletes with amenorrhea and
low bone mineral density (BMD). The authors explained
their finding by a “slowdown” in bone metabolism due to
chronic energy deficiency in athletes [5].

Some authors have shown that the presence of
menstrual disorders in young athletes is accompanied
by reduced BMD, as determined by X-ray densitometry

Table 2. Hormonal parameters and bone metabolism markers in underage highly qualified female athletes

depending on the presence of primary amenorrhea

Studied parameters Group with primary Group with regular menstrual _ _S_tatistical
amenorrhea (n = 23) cycle (n=88) significance level, p

Osteocalcin, ng/mL 92.2 [60.0; 110.0] 49.0 [37.0; 65.0] < 0.0001

P1NP, ng/mL 505.3 [406.8; 750.8] 200.7 [136.0; 244.9] < 0.0001

ALP, U/L 200.2 [161.7; 285.1] 92.7 [75.3; 127.3] <0.0001
B-CrosslLaps, ng/mL 1.78 [1.39; 2.11] 1.27 [0.98; 1.51] 0.0001
PTH, pmol/L 4.6[2.7: 5.4] 5.0 [3.6; 6.6] 0.242
25(OH)D3, ng/mL 23.5[13.3; 32.9] 14.3 [11.1; 19.8] 0.001
LH, IU/L 2.8 [2.3; 41] 3.4 [2.0; 5.8] 0.328
FSH, IU/L 5.4 [4.6; 6.5] 4.8 [3.5; 6.1] 0.069
Estradiol, pmol/L 182.0 [123.0; 227.0] 244.0 [143.5; 518.5] 0.002

Leptin, ng/mL 21 [1.2; 4] 9.1 [5.1; 14.9] < 0.0001

Table compiled by the authors based on their own data

Note: n = number of athletes.
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[8]. The reduction in bone tissue mineralization in highly
qualified young athletes occurs despite the presence of
strength and intensive physical loads, which have a pro-
tective effect on bone tissue [11].

Our work demonstrated that athletes with primary
amenorrhea had lower BMI SDS values, which, accord-
ing to the literature, is a predictor of reduced BMD [12].
The group of athletes with primary amenorrhea was
predominantly represented by rhythmic gymnastics and
figure skating. In these sports, low body weight is a key
factor for success; for this reason, athletes often resort
to hypocaloric unbalanced diets, which is one of the
causes of developing FHA within RED-s explaining the
presence of primary amenorrhea [13]. For example, in a
study of athletes aged 11-17 years engaged in rhythmic
gymnastics, disharmonious physical development due
to underweight was revealed, accompanied by a reduc-
tion in body fat and a high prevalence of primary amen-
orrhea (38%) [14].

Therefore, BMI SDS and estrogen deficiency can be
considered as the leading independent factors contrib-
uting to impaired mineralization and microarchitecture of
bone tissue in athletes with FHA. Underweight in ath-
letes is associated with a reduction in adipose tissue and
circulating leptin. Normally, leptin, by affecting the secre-
tory activity of gonadotrophs, increases the pulsatile se-
cretion of LH and, to a lesser extent, FSH [15]. Currently,
leptin is believed to be a crucial endogenous regulator
and modulator of reproductive system functions, the
dysfunction of which is a key factor in impaired bone
remodeling and reduced BMD in athletes with RED-s
syndrome [1, 17].

In addition to weight deficiency, athletes with men-
strual disorders have been recorded to have lower height
and height SDS indicators, which may be due to reduced
secretion of insulin-like growth factor-1 and the develop-
ment of partial resistance to growth hormone [1, 2].

An important limitation of our study is the presence
of vitamin D deficiency or insufficiency in the major-
ity of athletes in both study groups, which could have
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influenced the levels of the studied bone metabolism
markers. We did not assess the impact of sports type
on the levels of the investigated bone metabolism mark-
ers due to the small sample size of athletes with primary
amenorrhea. Furthermore, underage athletes did not
undergo assessment of biological (bone) age using hand
radiography. It is known that bone age is an independ-
ent predictor of bone remodeling marker levels, which
physiologically increase during active growth in puberty
[17-19]. The greater the bone maturation values, the less
growth potential the child has, and the lower the levels
of bone remodeling markers he or she demonstrates.

Further studies into the characteristics of hormonal
status and bone remodeling markers and their influence
on BMD may have important practical significance for
developing an individualized approach to diagnosing im-
paired bone remodeling and stratifying the risks of low-
energy fractures in underage athletes with FHA.

CONCLUSION

The development of primary amenorrhea in underage
highly trained athletes with FHA is accompanied by de-
creased estrogen levels, although not being associated
with impaired gonadostat function. The state of under-
weight identified in athletes with primary amenorrhea is
caused by a deficit in adipose tissue and is accompa-
nied by reduced blood leptin levels, which may contrib-
ute to the progression of reproductive system disorders.

Elevated bone metabolism markers in athletes with
FHA may indicate disturbances in bone remodeling
processes or may reflect ongoing growth and develop-
ment in adolescents. Given the known negative impact
of estrogen deficiency on BMD, underage athletes with
underweight and FHA constitute a high-risk group for
developing low-energy fractures.

The influence of elevated bone metabolite levels in
athletes with amenorrhea on bone mineral density, bone
structure, and the risk of increased trauma requires fur-
ther research and elucidation.
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INJURIES AND DAMAGE TO LARGE JOINTS IN UNDERAGE ATHLETES. M) Check for updates
THERAPY WITH PLATELET-RICH PLASMA. A CLINICAL CASE

llya V. Zyabkin'2, lvan V. Pankratov', Aleksandra M. Kovalkova', Victoria V. Khizhnikova', Elena V. Zavaleva'™,
Valeriy A. Mukhortykh!

"Federal Scientific and Clinical Center for Children and Adolescents of the Federal Medical and Biological Agency, Moscow, Russia
2Russian Medical Academy of Continuous Professional Education, Moscow, Russia

Introduction. Approximately 46% of large joint injuries involve damage to the knee joint, among which anterior cruciate ligament (ACL) injuries
account for about 15-24% in children and adolescents. In order to reduce the likelihood of long-term complications after injuries in underage
professional athletes, shorten the rehabilitation period, and enable a quicker return to elite sports, innovative regenerative medicine tech-
nologies should be implemented into clinical practice, including the use of platelet-rich plasma (PRP). In comparison with other conservative
treatment methods, PRP offers several advantages. Being an orthobiological agent, PRP is a biological substance derived from the patient’s
own body, promoting accelerated regeneration with minimal risk of side effects. When performed correctly, this procedure shows minimal
invasiveness and does not lead to complications. Although PRP therapy is widely used in treating diseases and injuries of large joints in adult
patients, the application of this therapeutic method in underage athletes has not been sufficiently studied, which is the focus of this study.
Case report. We present a clinical case of a professional athlete with a knee joint injury, assessing the functional and clinical outcomes of
PRP therapy. Two standardized methods for PRP application are demonstrated, highlighting the advantages of a closed-loop PRP preparation
system. These include minimized exposure to the external environment, mitigating potential risks of infection, and reduced consumption of
materials, enhancing cost-effectiveness. The described clinical case of an ACL injury in a junior athlete, with complete functional and structural
recovery (as confirmed by magnetic resonance imaging, MRI), demonstrated the efficacy, safety, and good tolerability of PRP therapy. Posi-
tive outcomes were observed both clinically (regression of pain assessed via the visual analog scale, restoration of joint function, and positive
dynamics in provocative tests such as the Lachman test and anterior drawer test) and through MRI data.

Conclusions. The use of PRP therapy for ACL injuries in underage professional athletes represents a promising therapeutic approach in
orthopedics and sports medicine, utilizing regenerative medicine technologies. The closed-loop system for PRP preparation offers several ad-
vantages over open-loop systems, including cost-effectiveness due to minimized consumption of medical supplies. The safety of the method
is ensured provided that the procedural requirements are met (asepsis, antisepsis, ultrasound guidance, etc.); the high sensitivity of MRI in
tracking the dynamics of ACL injuries is confirmed.

Keywords: sports medicine; pediatric sports injuries; large joint damage; PRP therapy; underage athletes
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TPABMbI 1 MOBPEXXAEHNA KPYMHbIX CYCTABOB Y HECOBEPLLUEHHONETHUX
CMOPTCMEHOB. TEPANUSA MJTIASMOW, OBOMALLIEHHON TPOMBOLIUTAMMW.
KNMHUYECKU CNYHAN

W.B. 3abknH"?, V.B. MaHkpaTos', A.M. Koanbkoga', B.B. XvxHukosa', E.B. 3asanesa'™, B.A. MyxopTbIX'

T®enepanbHbIi HayYHO-KIMHNYECKNIA LIEHTP AeTen 1 NoapocTkoB PeaepasbHOro Meamko-buonormieckoro areHTcTea, Mocksa, Poccust
2 Poccurckas MeanumHcKas akagemms HenpepbiBHOMO NpodeccroHanbHoro obpa3oBaHns MuHMCTEPCTBA 3ApaBooOXpaHeHmst Poccuiickom
®epepaumn, Mockea, Poccng

BeepeHune. Okono 46% TpaBM KpyMHbIX CYCTABOB 3aHUMAOT MOBPEXAEHNS KOMIEHHOrO CyCTaBa, B CTPYKTYpe KOTOPbIX y AeTel 1 MoAa-
pocTkoB nopsigka 15-24% npuxoauTcs Ha nepefHioo kpectoobpasHyto cesasky (MKC). [Ona cokpalleHns BEpoSTHOCTY OTAaNEHHbIX OC-
NIOXKHEHWI NMOCe TPaBM Y HECOBEPLLUEHHONETHMX MPOMECCNOHANBHBIX CMOPTCMEHOB, peabunMTauyoHHOro Neproa U CKopenLlero Bo3-
BpAaLLEHNst B CMOPT BbICLUNX AOCTVXKEHMIN HEOOXOAMMO BHEAPEHNE B KITMHUYECKYIO MPaKTUKY MHHOBALMOHHBLIX TEXHOIOMMIN pereHepaTBHOM
MeOuLMHBI, B TOM Y/CNe C UCMonb3oBaHneM nnasmbl, oboratleHHon TpomboumTamu (PRP). MpumeHeHne PRP vMmeeT pan npevMyLlecTs
Mo CpaBHEHWIO C APYrMU KOHCEPBATMBHBIMU METOAAMM Tepanun, a UMEHHO: SBASsSiCb opTobronorndeckim npenapatom, PRP npeactas-
n9eT cobor BroNormyeckoe BELLECTBO COOCTBEHHOMO OpraHn3ma naumeHTa, CnoCcobCTBYIOLLEE YCKOPEHWIO pereHepaumyt ¢ MUHUMAabHbIM
PUCKOM BO3HUKHOBEHMS MOBOYHbIX SBNEHNI; 3TO MaloMHBa3MBHAsS MaHUMYNSALIMS, NPy COBMIOAEHMN METOAVKN HE MPUBOASILLASA K OCIOXHE-
HUSM. HecMoTps Ha To 4To PRP-Tepanust LUMPOKO NPUMEHSIETCS Npu NeveHn 3aboneBaHnin 1 MOBPEXAEHN KPYMHbIX CyCTaBOB Y B3POCIION
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KaTeropuy NaumeHToB, UCMoJIb30BaHMe AaHHOMO TePaneBTUHECKOro MeTOA Y HECOBEPLLEHHOMETHNX CMIOPTCMEHOB M3Y4EHO HELOCTATOY-
HO, B CBSI3M C YeM U SBWUIOCH LieNblo HacTosILLEeR paboThl.

OnuncaHmne KNNMHUYECKoro crny4as. peacTaBneHo KnnHudeckoe HabmogeHne NpodecCnoHanbHOro CnopTCMeHa C TPaBMOW KONMEHHOIO
cycTaBa C OUEHKOM (OYyHKUMOHANBbHbIX N KAVHMYeCKMx pedynstatoB PRP-Tepanun. B gaHHom paboTte NpoaeMOHCTPUPOBaHb! ABE CTaH-
[apTu3npoBaHHble MeToavKM Mo npuMeHeHnto PRP, o6o3Ha4eHbl npenMyLiiecTBa 3aKpbITOro uyknia npurotosneHuns PRP: MuHnMmaaums
KOHTaKTa C BHELUHEN CPefon, CHKAIOLLErO BO3MOXHbIE PUCKM MHDULMPOBAHNS; COKpaLLEHNe PacxXoaHbIX MaTepranioB, MOBbILLIAIOLIErO
9KOHOMMNYECKYHD 3PDEKTUBHOCTbL. ONMCaHHbIN KNMHUYeCKu cny4ai TpaeMbl [NKC y toHMopa ¢ NoHbIM (OYHKLMOHANBHBIM 1 CTRYKTYPHbIM
(N0 AaHHBIM MarHUTHO-PEe30HaHCHOW ToMOorpadu) BOCCTaHOBEHEM NpK NpoBefeHun PRP-Tepannmn npogemMoHcTpupoBan adexkTs-
HOCTb, 6€30MacHOCTb 1 XOPOLLYHO MEPEHOCMMOCTb MPUMEHEHNS Ma3Mbl, oboralleHHor TpoMbounTamu. MonoXKUTENbHBIN pPedynsTaT oT-
MEYEH Kak KJIMHUYECKN (KOHCTaTaums perpecca 60/1eBOro CUHAPOMA, OLEHNBAEMOrO MO BM3YaslbHO-aHaIoroBoy LLKase, BOCCTaHOBIEHWS
YHKLMM CycTaBa, MoNoXKMTENbHAS AMHaMMKa NPOBOKALIMOHHBIX TECTOB (TeCT JlaxmaHa 1 nepefHero BbIABVXXHOIO SLLMKa)), Tak 1 Mo AaH-
HbIM BU3yannaaumnn.

BeiBopbl. [NpumeHeHne PRP-Tepanuu npu tTpaBmax MKC y HeCOBEPLLEHHONETHMX NPOMECCUOHASBbHBIX CMOPTCMEHOB ABNSETCSA NEPCMeK-
TVBHbIM TEpaneBTUYECKM NOAXOA0OM B OPTONEANM 1 CMOPTUBHON MEAULIMHE C UCMONb30BaHNEM TEXHONOMMIA pereHepaTnBHON MEAULIAHDI.
3aKpbITbI UMK NpurotoBneHns PRP nmveeT pag npenMyLLecTB nepes OTKPbITbIM, BKOHass SKOHOMUYECKYIO a(PdeKTMBHOCTL 6narogapst
MUHMN3aLMM Pacxofa MeauUMHCKINX n3aenun. MNokasaHa 6e3o0nacHOCTb MeToga Npy CObNAEHNM TPEBOBaHNIN K ero NPOBEAEHUIO (acen-
TVKa, aHTUCENTUNKa, YNBTPa3BYKOBOW KOHTPOSb 1 AP.) U MOATBEPXKAEHa BbICOKAs YyBCTBUTENbHOCTb MarHUTHO-PE30HaHCHOM ToOMOorpadhum
B pamMKax OLEHKN AnHamMunkiy nospexaeHnii MKC.

KnioyeBble cnoBa: CrnopTuBHas MeAMLMHA, [OETCKWE CMOPTUBHbIE TPAaBMbI,
HECOBEPLLEHHONETHIE CMIOPTCMEHbI

NoBPEeXAeHNs KpPynHbIX cyctasos; PRP-Tepanus;

Ons untnposanus: 316kuH V.B., Mankpatos W.B., KoBanekosa A.M., XmxxHukosa B.B., 3aBanesa E.B., MyxopTbix B.A. TpaBmbl 1 NOBpex-
[EHNSt KPYMHbIX CYyCTaBOB Y HECOBEPLLEHHONETHMX CMOPTCMEHOB. Tepanus nnasmomn, oboralleHHon TpoMmooumuTamn. KNMHNHECKNn ciyyan.
MeauimHa skcTpemasibHbix cuTyaumn. 2025. https:/doi.org/10.47183/mes.2025-323

®duHaHcupoBaHue: paboTa BbiMOMHEHA B pamMkax rocygapCTBeHHoro 3agaHms Ne 124022800121-3 HVIP «PRP-tepanua npu TpaBmax
1 3ab60neBaHnsAX KPYMHbIX CYCTaBOB Y FOHMOPOB CMOPTMBHBLIX COOPHbLIX KoMaHa Poccuiickon depepaummn»; wmdp Tembl: «PRP-Tepanus
npw TpaemMax»; kog, 83.002.24.800.

CooTBeTcTBUE NMPUHLMNaAM 3TUKU: 1CceaoBaHne ofo0peHo NoKanbHbIM 3Tu4eckuM komuteTom PIBY «OHKL, peteit n NoapocTkoB
OMBA Poccum» (mpoTtokon Ne 2 o1 15.05.2025). OT 3aKOHHOI0 NPeACcTaBUTENSA MOTyHEHO MMCbMEHHOE [OBPOBOIBHOE MH(DOPMUPOBAHHOE
cornacve Ha nyoanmkaumio onMcaHns KNMHUYECKOro cry4vas, 06e3n1n4eHHbIX MeANLMHCKUX CBeaeHU 1 gaHHbix MPT.

MoTeHumnanbHbI KOHMINKT MHTEPECOB: aBTOPbI 3aABNSI0T 00 OTCYTCTBUM KOHMVKTa MHTEPECOB.

<1 BaBanesa EneHa BaneHTuHosHa zavalevaev@kidsfmba.ru

Crtartbs noctynuna: 05.03.2025 MNMocne popaboTtku: 21.07.2025 MpuHaTa k ny6nukauun: 01.09.2025 Online first: 24.10.2025

INTRODUCTION

The development of physical culture and sports, in-
cluding youth sports, is a priority direction of Russian
state policy."? According to the list of instructions of the
President of Russia,® the Federal Medical and Biological
Agency (FMBA) serves as the lead organization for med-
ical support and biomedical supervision of athletes in
Russian national teams. This role, combined with the
country’s strategic national priorities in scientific and
technological development, drives the adoption of inno-
vative technologies in sports medicine.*

In Russia, approximately 24.3 million children regu-
larly engage in physical culture, with 3.2 million training
in sports centers. Elite sports involve about 17,000 chil-
dren. Sports-related injuries account for about 35.8% of
all injuries among children (aged 5-17) [1]. Knee injuries
dominate (approximately 46% of all major joint injuries),
with anterior cruciate ligament (ACL) injuries remaining

highly prevalent among professional athletes, children,
and adolescents. These are severe conditions, compris-
ing 15-24% of such injuries, while meniscus trauma oc-
curs at a rate of 51 per 100,000 juniors [2, 3]. Upper
limb injuries (shoulder, elbow joints) are common among
athletes (including children) involved in overhead activi-
ties. In 75% of cases, these injuries result in temporary
exclusion from sports [4], yet only 5% require surgical
intervention [5].

The development of physical culture and sports in
Russia has led to a growing number of professional ath-
letes, increasing the incidence of sports-related injuries.
This trend necessitates the adoption of novel therapeu-
tic approaches, including regenerative medicine tech-
nologies such as the use of platelet-rich plasma (PRP).

PRP, as an orthobiological agent and a biological
substance derived from the patient’'s own body, ac-
celerates recovery and promotes regeneration, allevi-
ates pain, and shortens the rehabilitation period. This

" Decree of the Government of the Russian Federation No. 3081-r dated 24.11.2020 “On the Approval of the Strategy for the Development of Physical Culture and
Sports in the Russian Federation for the Period up to 2030”. URL: https://docs.cntd.ru/document/566430492

2 Resolution of the Government of the Russian Federation No. 1661 dated 30.09.2021 “On the Approval of the State Program of the Russian Federation
‘Development of Physical Culture and Sports”. URL: https://base.garant.ru/402891691/

S List of Instructions of the President of the Russian Federation following the meeting of the Presidential Council for the Development of Physical Culture and Sport
dated 29.11.2024, No. Pr-2500. URL: http://www.kremlin.ru/acts/assignments/orders/75738

4 Decree of the President of the Russian Federation No. 145 dated 28.02.2024, “On the Strategy for Scientific and Technological Development of the Russian

Federation”. URL: http://www.kremlin.ru/acts/bank/50358
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is particularly critical in elite sports [6, 7]. Moreover,
when performed according to guidelines, PRP therapy
is a minimally invasive technique with a low complication
rate [8]. While numerous publications address the use of
PRP for joint diseases in adults with osteoarthritis and in
older professional athletes [9, 10], studies evaluating the
efficacy of PRP in underage athletes with injuries to large
joints remain insufficient.

This work presents a clinical case of a professional
athlete with a knee joint injury, assessing the functional
and clinical outcomes of PRP therapy.

Preparation of Platelet-Rich Plasma (PRP)

Injuries and damage to various segments of the limbs are
an unfortunate but integral part of elite sports. PRP has
been successfully applied in such conditions as tennis
elbow, golfers elbow, Achilles tendon injuries and plantar
fasciitis, rotator cuff syndrome, adductor enthesopathy,
jumpers knee, and runners knee [11].

PRP is human blood plasma with a concentration
of platelets exceeding physiological levels. Platelets are
anucleate cytoplasmic bodies formed through the frag-
mentation of megakaryocyte precursors. They circulate
in the blood, expressing glycoproteins on their cell mem-
branes, playing a key role in hemostasis and wound
healing through the formation of fibrin clots [12].

A number of studies have shown that platelet counts
in healthy individuals change throughout life. The nor-
mal platelet count for adults of both sexes ranges
(150-400)x10%L. In children, platelet levels vary with age
during growth and development. For example, in a one-
month-old child, the platelet count is (208-352)x10%L,
reaching about (198-340)x10%L° by age 11.

PRP is obtained by separating platelets from other
blood components through the collection of a specific
volume of the patient’s blood followed by centrifugation.
This process yields blood plasma with a high platelet
concentration (exceeding the physiological baseline by
3-10 times). The final platelet concentration may vary
depending on the system used [13, 14].

Currently, a substantial number of scientific studies
are dedicated to randomized clinical trials on the use
of PRP therapy for injuries and disorders of the mus-
culoskeletal system [15, 16], including in professional
athletes. However, Russia lacks a unified approved
methodology for injections of PRP. To standardize the
approach to PRP application for injuries and damage to
large joints in junior athletes, two methods have been
approved at the Federal Scientific and Clinical Center
for Children and Adolescents: open and closed (Fig. 1).

When processed using a closed-loop system, plate-
lets are not exposed to the external environment after
blood collection. This system involves the use of a com-
mercial kit, primarily in combination with additional cen-
trifugation.

There are numerous (over 40) protocols and com-
mercial systems for producing PRP; the relevant data
are presented in Table.

The study by Jildeh et al. present a comparative
analysis of PRP preparation methods using commer-
cial systems. Technical specifications, cost, processing
time, and centrifugation parameters of various com-
mercially available PRP devices differ significantly. The
physician independently determines the characteristics
that best align with their PRP requirements [17].

CLINICAL CASE DESCRIPTION

Patient A, 16 years old (born 2007), a professional
beach volleyball athlete, was under observation at the
Traumatology Department of the Federal Scientific and
Clinical Center for Children and Adolescents with the fol-
lowing diagnosis: S83.7 Injury of multiple structures of
the knee joint. Partial tear of the anterior cruciate liga-
ment (ACL) of the left knee joint. W09.3 Fall involving
sports ground equipment during sports activities and
competitions.

Medlcal History. The patient is the first child from a
physiological pregnancy and spontaneous delivery. Birth
weight was 3450 g, length 52 cm, Apgar score 8-9.
Breastfeeding continued until 10 months. Psychomotor
development during the first year was age-appropriate.
Past infectious diseases: ARVI, chickenpox. Preventive
vaccinations were administered according to the na-
tional immunization schedule. No prior surgical interven-
tions.

History of Present lliness. In March 2025, during
training, the patient sustained a left knee injury due to
a fall. Given the trauma and severe pain, magnetic reso-
nance imaging (MRI) of the injured joint was performed
outpatient at the local clinic. The MRI findings indicated
an isolated ACL injury of the left knee joint (Fig. 2A). Two
days post-injury, the patient was examined by a trauma
orthopedist at the Federal Scientific and Clinical Center
for Children and Adolescents.

Status Localis. Moderately pronounced edema in the
left knee joint; positive patellar ballottement sign; flexion
limited to 90° due to pain. Provocative tests (Lachman
test, anterior drawer test) could not be performed at this
stage due to severe pain. Pain intensity assessed via the
Visual Analog Scale (VAS) (O = no pain, 10 = worst pain)
was 5 points.

Based on the history, complaints, physical exami-
nation, and diagnostic results, the final diagnosis was
“Isolated injury of the anterior cruciate ligament of the
left knee joint.”

Management and Treatment Strategy. To reduce
pain and stimulate regeneration of damaged tissues,
a conservative treatment strategy was selected. This
included immobilization of the knee joint (tutor for
2 weeks), troxerutin gel (for 2 weeks) cold therapy

5 Normal Platelet Count in Blood. URL: https://wer.ru/articles/norma-trombotsitov-v-krovi/ (access date: 27.05.2025)
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Figure adapted from [8]

Fig. 1. Methods of PRP application for injuries and damage to large joints in underage athletes

(8 days) for local treatment, of a hinged brace with
gradual increase in flexion angle by 15-30° every
3 days, exclusion of running and jumping, and a course
of PRP therapy (3 injections at 7-day intervals). After
six months of the PRP therapy course, a follow-up MRI
was conducted.

PRP Therapy. In accordance with the protocol de-
veloped and implemented at the Federal Scientific and
Clinical Center for Children and Adolescents for candi-
date selection for PRP therapy, the patient was evalu-
ated using inclusion criteria before initiating the PRP
course. This included assessment of complete blood
count (CBC) and inflammatory markers (C-reactive pro-
tein, CRP) to promptly identify signs of systemic inflam-
mation or other contraindications. Additionally, prior to
each injection, CBC was repeated to rule out potential
contraindications (e.g., acute inflammatory processes,
thrombocytopenia). Given normal laboratory values and
no deviations from other inclusion criteria, the athlete re-
ceived a course of PRP therapy consisting of three injec-
tions at seven-day intervals.

For platelet-rich plasma preparation, a closed-loop
method using a dual-syringe system was selected:
15 mL of whole blood was collected from the medial cu-
bital vein into Arthrex tubes and centrifuged at 1500 rpm
for 5 min using a Rotofix 32A centrifuge. After blood
component separation, the formed platelet-rich plasma

EXTREME MEDICINE | 2025, VOLUME 27, No 4

layer (approximately 5.0 mL) was transferred from the
outer syringe to the inner syringe. A portion of the pre-
pared material (approximately 1.0 mL) was sent to a clini-
cal diagnostic laboratory for platelet concentration mea-
surement, which confirmed a twofold increase in platelet
count compared to baseline. PRP injections were ad-
ministered percutaneously under ultrasound guidance.
The procedure was performed under aseptic conditions
after skin antisepsis, with the patient in a supine posi-
tion and the knee flexed at 90°. The injection was de-
livered into the knee joint cavity via a lateral approach.
The patient tolerated PRP therapy satisfactorily, with no
adverse reactions reported.

Therapy Results. After the completed course of
PRP therapy, the patient noted improvement in knee
joint function manifested in reduced pain syndrome
(VAS - 3 points), improved flexion function, and de-
creased discomfort phenomena in the left knee joint
during physical exercises.

The follow-up examination after six weeks showed a
complete regression of the edema of the knee joint area,
a full restoration of the joint flexion, and the absence of
pain syndrome (VAS — 1 point). Slight limping was not-
ed when leaning on the injured limb. Provocative tests
(Lachman test and anterior drawer test) were question-
able; however, no signs of pronounced instability were
detected. Importantly for the athlete, gradual return to
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Table. Point-of-Care processing methods for platelet-rich plasma

Claimed Platelet
Name of Platelet Centrifugation .
. . Increase Fold . . Key Advantages Disadvantages
Commercial Kit | Increase Fold - Time (min)
- (Times)
(Times)
More than 4-fold Transfer via syringe.
. No data . . .
ProofPoint . 5.2 49 increase in platelet open system; 2 cen-
available . . .
count in plasma trifugation stages
More than 4-fold
AcCELLerated 4 5.2 18 increase in platelet Absent
count in plasma
Reduction of pro-
cessing time; Non-permanent
Arthrex 2-3 4.2 15 More than 4-fold increase in platelet
increase in platelet count
count in plasma
Non-permanent
Celling Noldata 2.7 29 Usability increase in platelet
available
count
More than 4-fold
Terumo 3.62 41 24 increase in platelet Variability of results
count in plasma

Table prepared by the authors using own data [17]

MRI'image obtained by the authors.

Fig. 2. Magnetic resonance imaging of the left knee joint: A — after injury; B — after treatment
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previous sports load was noted, including running and
cycling. Five months after the injury, the patient was able
to resume gym training (leg press with 120 kg weight).

The follow-up examination six months after the in-
jury showed the ability of the patient to walk indepen-
dently and confidently, without limping. No edema in
the left knee joint area was present; the patella was in
the midline. Ballottement sign was negative, Lachman
and anterior drawer tests were negative, symmetrical on
both sides. No subjective or objective signs of knee joint
instability were detected, VAS was O points. Therefore,
according to control MRI data, restoration of the anterior
cruciate ligament structure was confirmed (Fig. 2B).

Thus, this clinical case demonstrates the efficacy,
safety, and good tolerability of PRP application for ACL
injury in an underage professional athlete. Positive out-
comes were observed both clinically — manifested as
regression of pain assessed via VAS, restoration of joint
function, and positive dynamics in provocative tests
(Lachman test and anterior drawer test) — and through
MRI data showing restoration of the anatomical integ-
rity of the ligament. This highlights the importance of an
individualized approach to treatment strategies for pa-
tients, particularly athletes with injuries and damage to
large joints. The results align with current literature data,
indicating the promise of therapeutic approaches in
orthopedics and sports medicine utilizing regenerative
medicine technologies.

CLINICAL CASE DISCUSSION

Anterior cruciate ligament (ACL) injury remains a com-
mon and severe trauma among professional athletes
and sports enthusiasts [2]. Due to the high involvement
of the ACL in knee mobility and stability, its injuries are of
particular interest to sports medicine specialists, neces-
sitating reduced rehabilitation time, lower probability of
long-term complications, and faster recovery and return
of athletes to elite sports. In this context, regenerative
medicine technologies, including the use of platelet-
rich plasma (PRP), hold a special place in orthopedics.
Numerous research articles on PRP therapy have been
published, demonstrating positive outcomes such as
pain relief, stimulation of tissue regeneration, and ac-
celerated healing processes in patients with musculo-
skeletal injuries [18]. PRP therapy is a minimally invasive
method that can be used both as a monotherapy and in
combination with conservative treatment. To accurately
assess the effectiveness of PRP, comprehensive and dy-
namic clinical and instrumental examination is required.

EXTREME MEDICINE | 2025, VOLUME 27, No 4

Thorough history-taking, pain assessment, and physical
examination are helpful in determining the most appro-
priate diagnostic tools. Some studies prioritize magnetic
resonance imaging (MRI) for diagnosing ligamentous in-
juries of the knee joint in children [19].

Indeed, MRI is widely used for evaluating knee in-
juries, but its accuracy in cases of damage to various
structures of the knee joint remains uncertain. However,
for ACL injuries, the high sensitivity of this method
amounting to 90.4% has been proven [20].

In the presented clinical case, the use of PRP for
ACL injury in an underage professional athlete showed
favorable results both in terms of pain relief and restora-
tion of functional abilities of the injured limb. It is impor-
tant to note that this method is safe when procedural
requirements are met (asepsis, antisepsis, ultrasound
guidance, etc.), cost-effective due to the use of the pa-
tient’s own plasma, and yields rapid results. The use of a
closed-loop system for PRP preparation minimized po-
tential risks, reduced the consumption of medical sup-
plies, and shortened the time required for transferring
PRP between tubes, thereby enhancing economic ef-
ficiency.

CONCLUSION

The study presents standardized methodologies for
PRP therapy in injuries and damage to large joints in un-
derage athletes. The efficacy of PRP application for ACL
injury in a professional beach volleyball athlete was eval-
uated. A set of trigger points to track dynamic changes
during PRP therapy for ACL injuries was theoretically
substantiated, including clinical presentation with pain
assessment via VAS, physical examination data, results
of specific functional tests (Lachman test and anterior
drawer test), and MRI diagnostics. The presented clini-
cal case demonstrates the effectiveness of PRP therapy,
with positive dynamics on radiological diagnostic results,
culminating in complete restoration of the anterior cruci-
ate ligament structure within the period of six months.

Given the existing domestic and international experi-
ence of using PRP for diseases and injuries of large joints
in older population cohorts, as well as the results ob-
tained in this clinical case, it appears promising to con-
tinue the application of PRP in underage athletes with in-
juries and damage to large joints. Subsequent evaluation
of the efficacy of the proposed method should consider
injury localization, type of damaged tissue, time since
injury, and rehabilitation period, with documentation of
clinical and functional dynamics.
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INFLUENCE OF DENTAL AND ORTHODONTIC DISEASES ON PHYSICAL M) Check for updates
PERFORMANCE AND ENDURANCE OF HIGH-CLASS COMBAT SPORTS
ATHLETES
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Introduction. Oral health issues, such as dental caries, periodontal diseases, or malocclusion, can cause pain, discomfort, and systemic
health problems, which in turn may negatively affect the performance and endurance of athletes. In this context, the development of compre-
hensive dental programs for athletes involved in professional sports is a relevant task.

Objective. To determine statistically significant differences in performance parameters among combat sports athletes for the development of
measures to correct the dental status of highly qualified athletes.

Materials and methods. A mathematical and statistical analysis of anonymized medical data on comprehensive medical examination of elite
athletes was conducted. Data from 1887 combat sports athletes were processed (n = 1887; males n = 1190; females n = 697). The sample
was divided into two groups: athletes without dental pathologies — Group 0 (n = 791; M_ median age 21.00 [19.00; 25.00]); athletes with
confirmed dental pathologies — Group 1 (0 = 1096; M, median age 19.00 [17.00; 24.00]). Diagnoses from endocrinologists and gastroenter-
ologists were also taken into account. Morphometric characteristics and physiological parameters from exercise stress testing were analyzed.
Statistical analysis was performed using the StatTech v. 4.6.0 software.

Results. A significant influence of dental diseases on physical performance and endurance was identified. Compared to the group of
athletes without a dental diagnosis (Group 0), the presence of a dental diagnosis (Group 1) was associated with statistically significant
differences (p < 0.05) across a range of physiological indicators characterizing physical endurance and performance: respiratory ex-
change ratio R(0) = 1.05 [1.03; 1.09], R(1) = 1.04 [1.03; 1.07]; heart rate at the aerobic threshold level HR, .(0) = 110.00 [100.00; 122.00],
HR,.(1) = 114.00 [102.00; 126.00]; heart rate at the anaerobic threshold HR,(0) = 143.00 [132.00; 154.00], HR (1) = 147.00 [134.00; 158.00];
peak heart rate at peak load HR__,(0) = 151.00 [144.00; 160.00], HRpeakﬁ) = 152.00 [144.00; 163.00]; heart rate at the 3 min of recovery
HR, ..(0)=91.00[82.00; 101.00], HR, . (1) = 93.00[84.00; 102.00]; power output at the level of the anaerobic threshold Pwr,_(0) = 190.00 [165.00;
230.00], Pwr, (1) = 200.00 [165.00; 240.00].

Conclusions. Dental diseases reduce the performance athletes, in particular at submaximal load levels. This has a negative effect on the
training process and competitive results in martial arts. In this regard, a comprehensive prevention program and regular dental checkups are
recommended as an essential part of preparation, in particular, in contact sports. The use of individual aligners for mitigating excessive impact
on teeth under the conditions of overload and extreme situations is proposed.

Keywords: dentistry; sports medicine; combat sports athletes; comprehensive medical examination; aligners; retrospective study; physical
performance; physical endurance
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BBepeHune. MNpobnemMbl CoO 340POBbEM MONOCTU PTa, Takne Kak kapuec 3y6oB, 3aboneBaHunst NapoAoHTa U HEMPaBUbHbIA MPUKYC, MOTYT
BbI3blBaTb 00/1b, AMCKOMMOPT 1 CUCTEMHbIE MPOBAEMBI CO 3[0POBLEM, YTO, B CBOKO 04EPEfb, MOXKET HEraTMBHO CKa3aTbCst Ha paboTocmo-
COBHOCTM 1 BbIHOCNIMBOCTM CMOPTCMeHa. Hapsiay ¢ aTUM CyLLIEeCTBYET Y HEOOXOAUMOCTL PasdpaboTK KOMMIEKCHbBIX CTOMAaTONOMMYECKNX
nporpamm assi N(poeccnoHanbHoro cropTa.

Lenb. Onpegenerve CTaTUCTUHECKM 3HAYMMBIX Pa3NNYMii NapamMeTpoB paboTOCNOCOOHOCTM Y CMOPTCMEHOB-eAMHOOOPLIEB A5 pa3paboT-
K1 MEPOMPUATUI MO KOPPEKLMN CTOMATOSOMMYECKOr0 CTaTyca Y BbICOKOKBAIMMDULIMPOBaHHbBIX CIIOPTCMEHOB.

Marepuansl 1 metogbl. [1poBeeH MaTeMaTKO-CTaTUCTUHECKUIA aHaNN3 AENepCOHaNN3NPOBaHHbIX MEAVNLUMHCKIX AaHHbIX PE3yNsTaToB
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samy — rpynna «1» (n = 1096; M, cpeaHero Boapacta 19,00 [17,00; 24,00]). B paboTe yumTbiBanm Tak>xe auarHo3bl 3HAOKPMHOMOra 1 ra-
CTpO3aHTeponora. AHanmM3upoBanu MOPOMETPUHECKIE XapPaKTEPUCTUKM U (PU3NONOrMHECKNe nokasaTenv Harpy304HOro TECTVPOBAHNS.
CTaTtucTn4ecknin aHanmsa NpoBOANICS C UCMNONb30BaHneM nporpammbl StatTech v. 4.6.0.

Pe3ynbraTbl. BbiSBNeHO 3Ha4YMTENbHOE BAVSIHME CTOMAaTONOrM4eckmx 3abonesaHnii Ha uU3nHeckyto paboTocnoCcobHOCTb U BbIHOCN-
BOCTb. Hann4ve ctomMaTonornieckoro anarHosa (rpynna «1») CBa3aHo CO CTaTUCTUHECKMN 3HAYUMbIMY pasnmnimnamm (p < 0,05) No cpaBHeHWo
C rpynnow CrnopTCMeHOB 63 CTOMAaTONOrM4YeCcKOro amarHosa (rpynna «0»), no psay Gusanonornieckmnx nokasartenen xapakTepuayroLmnx
DUNHECKYIO BBIHOCIMBOCTL 1 paboTOCNOCOBHOCTL: AblxaTeNbHbii koaddunumeHT R(0) = 1,05 [1,08; 1,09], R(1) = 1,04 [1,03; 1,07]; yacToTa
cepeHHbIX cokpalLeHun aspobHoro nopora YCC, (0) = 110,00 [100,00; 122,00], 4YCC, (1) = 114,00 [102,00; 126,00]; 4acToTa cepaeqHbIx Co-
KpalLlleHnin Ha ypoBHe aHaspobHoro nopora 4CC,,, ,(0) = 143,00 [132,00; 154,00], H4CC,,, (1) = 147,00 [134,00; 158,00]; 4acToTa cepagHHbIx
COKpalLieHnit Ha nuke Harpyskn YCC,, (0) =151,00 [144,00; 160,00], 4CC, (1) = 152,00 [144,00; 163,00]; 4actoTa cepagHHbIX COKpaLLeHMN
Ha 3-1 MnHyTe BoccTaHoBneHus YCC,  (0) = 91,00 [82,00; 101,00], 4CC, (1) = 93,00 [84,00; 102,00]; MOLUHOCTb CTYMEHM, Ha KOTOPOM
[OCTUIHYT YPOBEHb Nopora aHaspobHoro obmena, Moy, (0) = 190,00 [165,00; 230,00], Mou,,,.(1) = 200,00 [165,00; 240,00].

BobiBopgpbl. CToMaTonornyeckme 3aboneBaHns CHKaloT paboTOCNOCOOHOCTb CMOPTCMEHOB, OCOOEHHO Ha CyOMaKCHMasbHbIX YPOBHSX Ha-
rPY3KM, YTO MOXET HEraTMBHO CKa3blBaTbCH Ha TPEHNPOBOYHOM MPOLIECCE 1 COPEBHOBATENBbHBIX PE3ybTaTax B 60EBbIX MCKYCCTBax. B cBs3u
C 3TUM PEKOMEHAOBAHbBI KOMIMJIEKCHAs NMporpammMa npounakTuki 1 perynsipHble CTOMATONIONMYECK e OCMOTPbI Kak 0b6si3aTesibHasi YacTb
MOArOTOBKM, OCOBEHHO B KOHTaKTHbIX BMAax criopTa. Ha ocHoBaHWM aHanm3a pesynsraToB MCCAefoBaHns NpeaioXKeHo MCNonb30BaTh MH-
[OVBUIyanbHble anarHepbl AN18 NPeaoTBPaLLEHNS N30bITOYHOMO BO3AEVCTBUS Ha 3yObl B YCIIOBUSIX MEPErpy30K 1 9KCTPEMATbHbIX CUTYaLUi.

KniouyeBble cnoBa: CTOMAaTONOrMs; ChopTUBHAs MeauuMHa; eduHobopupl; yrnybneHHoe MegMuMHCKoe Oo6CnefoBaHve; ananHepsl;
PETPOCNEKTUBHOE UCCNefoBaHne; huandeckas paboTocrnocobHOCTb; huanyHeckast BbIHOCIMBOCTb

Ons untnposanus: Pycak XK.W., BarnHckun A.J1., Munawerko E.B., MNeTtposa B.B., AptamoHoB A.A. BnvgHne cToMaTonorn4eckmx 1 opTo-
OOHTUYECKMX 3a00NeBaHN Ha PU3NHECKYO PaboTOCMNOCOOHOCTL 1 BIHOCMBOCTL CNOPTCMEHOB-eANMHODOPLEB BbICOKOro knacca. Meau-
LMHa sKCTpemarsibHbIx cuTyauymi. 2025;27(4).550-557. https:/doi.org/10.47183/mes.2025-295

®duHaHcupoBaHume: paboTa BbiNonHeHa B pamkax TeMbl FMFR-2024-0042 nporpamMmbl yHAAMEHTaNbHbIX HAy4YHbIX UCCnenoBanmin PAH.

CooTBeTCTBME NPpUHLMNAaM 3TUKIK: nccnenosaHne ogobpeHo JIOK ®reY ML ®MBELL nm. AW, BypHasaHa PMBA Poccun (mpoTtokon Ne 121
oT 23.01.2025). Bcemun yHacTHUKaMK noanmMcaHo 406poBosibHOE Cornache Ha UCMofib30BaHNe CBOUX 06e3MYEHHbIX MEANLMHCKNX OaHHbIX
B Hay4HbIX NCCNEAOBaHNSAX.

MoTeHUmnanbHbI KOHMIIMKT UHTEPECOB: aBTOPbI 3aBSKOT 00 OTCYTCTBUM KOH(DMKTA UHTEPECOB.
><1 BaruHckuin Anekcew JleoHnaoBuy baginski@inbox.ru
CTtatbs noctynuna: 12.03.2025 NMocne popabotku: 19.07.2025 MpuHaTa K ny6nukauum: 25.08.2025 Online first: 07.10.2025

INTRODUCTION

Dental and orthodontic diseases represent a multifac-
eted problem that directly or indirectly affects the per-
formance of athletes. Oral diseases can cause severe
pain, which directly impacts the ability of athletes to train
and compete [1]. This is particularly relevant in combat
sports, where physical conditioning, concentration, and
endurance are crucial. The presence of oral diseases
can affect the ability to eat properly, leading to nutritional
deficiencies that negatively impact physical performance
and endurance. Pain caused by dental caries or peri-
odontal disease can result in reduced training volumes
and complicate participation in competitions. Teixeira et
al. demonstrated that athletes with oral diseases may
experience up to a 21% decline in performance [2].
Unsatisfactory dental conditions can lead to systemic
diseases, such as cardiovascular and respiratory com-
plications, impairing muscle recovery and overall physi-
cal performance [2]; negatively affect the confidence
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and quality of life of athletes [3], their appearance and
social interactions, which are extremely important for
maintaining a positive mental state [4]. Additionally, there
is evidence suggesting that oral health problems can im-
pact cognitive functions necessary for strategic thinking
and decision making [5].

This study aims to determine statistically significant
differences in performance parameters among combat
sports athletes to develop measures for correcting the
dental status of highly qualified athletes.

MATERIALS AND METHODS

A mathematical and statistical analysis of anonymized
medical data from the comprehensive medical examina-
tion (CME) of high-class athletes, not lower than Masters
of Sport of Russia, was conducted.

Data on 1887 (n = 1887; males n = 1190; females
n = 697) representatives of combat sports, including
aikido, arm wrestling, boxing, wrestling, belt wrestling,
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freestyle wrestling, Greco-Roman wrestling, grappling,
jiu-jitsu, judo, karate, kickboxing, Kyokushin, hand-to-
hand fighting sport, savate, sambo, sumo, Muay Thai,
taekwondo, universal fighting, and wushu, were ana-
lyzed. The sample was divided into two groups: athletes
without dental pathologies (median age 21.00 [19.00;
25.00)); athletes with dental diagnoses (median age
19.00 [17.00; 24.00]). Athletes with a dental diagnosis
listed under K02-K08.9 according to ICD-10 formed
Group 1 (n = 1096); those without a dental diagnosis
(n =791) formed Group O.

The study also considered endocrinological (ICD-10
codes: EO0-EQ7, E10-E16, E40-E46, EG5-EGS, E70-
E90) and gastroenterological (ICD-10 codes: KOO-K93)
diagnoses.

Data for both groups were compared based on the
results of the CME, including functional testing on a bi-
cycle ergometer using the Ramp-30 protocol. This is a
method of stress testing involving ergospirometry on a
V-ergoPro bicycle ergometer: “to failure” under gradually
increasing load starting from 5 W.

The inclusion criteria for the study were completion
of the CME and the athlete’s clearance for competitions.

For subsequent processing, the following quantita-
tive indicators were identified: height (cm); weight (kg);
oxygen consumption at the anaerobic threshold level
(VO, ,, mL/min/kg), i.e., the amount of oxygen utilized
primarily by working muscles per unit time at the moment
of reaching the anaerobic threshold; oxygen consump-
tion at the maximum stage of load testing (VO, poal mL/
min/kg), i.e., the amount of oxygen utilized primarily by
working muscles per unit time at the maximum achieved
power during testing with submaximal loads (if VO, —
maximal oxygen consumption — is not reached, then
it coincides with VO, ) respiratory exchange ratio
(R, relative units), i.e., the ratio of carbon dioxide re-
leased to oxygen consumption, reflecting the ratio of
oxidized substrates, ventilation-perfusion ratios in the
lungs, and the activity of the blood bicarbonate buffer;
heart rate before exercise (HR __, bpm), which depends
on age, gender, stage of the training process, and skill
level; heart rate at the aerobic threshold (HR, ., bpm),
which is the upper limit of the individual aerobic zone
and the lower limit for the developmental zone of exer-
cise intensity; heart rate at the anaerobic threshold level
(HR ., bpm), which is the upper limit of the developmen-
tal and lower limit of the anaerobic individual zones of
exercise intensity; heart rate at peak load (HRpeak, bpm),
i.e., the maximum recorded heart rate during exercise
“to failure”; heart rate at the 3 min of recovery (HR, .,
bpm), i.e., supporting the body’s recovery processes,
one of the criteria for assessing fitness; power output at
the level of the anaerobic threshold (Pwr,,, W), reflect-
ing the absolute power that an athlete can generate at
the anaerobic threshold level; power output at the maxi-
mum stage of testing (Pwrpeak, W), reflecting the abso-
lute power that an athlete can generate; relative power
at the anaerobic threshold level (Pwr,/weight, W/kg),

552

i.e., a relative indicator that takes into account the ath-
lete’'s body weight and allows for comparing work ef-
ficiency considering individual physical parameters (it is
particularly important when assessing athletes of differ-
ent weights, due to its more accurate representation of
functional capabilities per unit of body weight); (Pwrpe /
weight, W/kg) is the relative power at peak load.

In modeling formulas, quantitative indicators are rep-
resented by adding the index X to the studied parame-
ters and Y'to the analyzed value; diagnoses from gastro-
enterologists, dentists, and endocrinologists (presence
of diaghosis — 1, absence of diagnosis — 0); gender
(0 — female (F), 1 — male (M)).

Quantitative indicators were assessed for compliance
with normal distribution using the Shapiro-Wilk test (for
sample sizes less than 50) or the Kolmogorov—Smirnov
test (for sample sizes greater than 50). Quantitative in-
dicators with normal distribution were described us-
ing arithmetic means (M) and standard deviations (SD),
and 95% confidence interval (95% ClI) limits. In the ab-
sence of normal distribution, quantitative data were de-
scribed using median (M ) and lower and upper quartiles
[Q,; Q] (IQR]). Comparison of the study groups for a
quantitative indicator with normal distribution, assum-
ing equal variances, was performed using Student’s
t-test; for unequal variances, Welch’s t-test was used.
Comparison of the study groups for a quantitative indi-
cator with a distribution different from normal was per-
formed using the Mann-Whitney U-test.

A predictive model characterizing the dependence
of the quantitative variable HR,_. (heart rate at aerobic
threshold) on gender, diagnoses from gastroenterolo-
gists, dentists, endocrinologists, weight, and indicators
HR ... HR,. HR, ., Pwr,, Pwr,/weight, was developed
using the linear regression method. Differences were
considered statistically significant at p < 0.05. Statistical
analysis was performed using the StatTech v. 4.6.0 soft-
ware (StatTech, Russia).

ak

RESULTS AND DISCUSSION

Table 1 presents the results of descriptive statistics for
groups of high-class combat athletes.

Table 1 demonstrates statistically significant differ-
ences between the groups of athletes with (Group 1)
and without a dental diagnosis (Group 0) across sev-
eral parameters. For instance, heart rate before exercise
was higher in Group 1 (M, = 81.00 bpm) compared to
Group 0 (M, =78.00 bpm, p < 0.001). A similar trend was
observed for heart rate at the aerobic threshold (HR,_ )
(114.00 vs. 110.00 bpm, p < 0.001) and heart rate at
the anaerobic threshold (HR,;) (147.00 vs. 143.00 bpm,
p < 0.001). These differences may indicate higher base-
line activation of the sympathetic nervous system in
athletes with oral health issues, likely associated with
chronic inflammation or pain caused by dental caries or
periodontitis. Studies by other authors confirm that in-
flammatory processes in the oral cavity can exacerbate
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Table 1. Descriptive statistics of quantitative variables by presence of dental diagnosis

Dental report
Statistical
Parameters Group 0 Group 1 significance
(n=791) (n=1096) level, p
M, [IQR] M, [IGR]
21.00 19.00
Age, years [19.00; 25.00] [17.00; 24.00] 0.285
. 174.00 173.00
Height, cm [167.00; 182.00] | [166.00; 181.00] 0.285
. 73.00 73.00
Body weight, kg [63.00; 87.00] [63.00: 87.00] 0.852
Oxygen consumption at the anaerobic threshold level 31.02 31.31 0.333
(VO, ,;), mL/min/kg [26.68; 35.45] [26.84; 36.11] '
Oxygen consumption at the maximum stage of exercise 33.84 33.59 0.449
testing (VO, poakd) mL/min/kg [29.59; 38.18] [29.01; 38.03] '
. ) . 1.05 1.04
Respiratory exchange ratio (R), rel. units [1.03: 1.09] [1.03: 1.07] 0.002
. ) 78.00 81.00
Heart rate before exercise (HR ), beats per min (bpm) [70.00: 87.00] [72.00; 89.00] <0.001
Heart rate at aerobic threshold (HR,_,), beats per min 110.00 114.00 <0.001
(bpm) [100.00; 122.00] [102.00; 126.00] '
Heart rate at anaerobic threshold (HR,,), beats per min 143.00 147.00 <0.001
(bpm) [132.00; 154.00] [134.00; 158.00] '
. 151.00 152.00
Heart rate at peak load (HRpeak), beats per min (bpm) [144.00: 160.00] [144.00: 163.00] 0.025
Heart rate at 3 min of recovery (HR, ), beats per min 91.00 93.00 0.017
(bpm) [82.00; 101.00] [84.00; 102.00] '
. 190.00 200.00
Power output at the anaerobic threshold level (Pwr, ), W [165.00: 230.00] [165.00: 240.00] 0.028
Power output at the maximum stage of testing 215.00 215.00 0.982
(Pwr,_ ), W [180.00; 260.00] [175.00; 260.00] )
Relative power output at anaerobic threshold per body 2.63 2.72 0.006
weight (Pwr,/weight), W/kg [2.27; 3.01] [2.29; 3.16] ‘
Relative maximal power output per body weight during 2.94 2.96 0.568
testing (Pwr,,./weight), W/kg [2.59; 3.31] [2.54; 3.36] '

Table compiled by the authors based on their own data

Note: IQR — interquartile range

systemic stress, increasing cortisol levels and affecting
cardiovascular regulation [12].

Furthermore, power output at the anaerobic thresh-
old (W) and relative power at the anaerobic threshold
(W/kg) were higher in Group 1 (p = 0.028 and p = 0.006,
respectively), which may suggest compensatory mech-
anisms. Thus, athletes with chronic pain or discomfort
might exert more effort to achieve the same perfor-
mance level. However, peak power and VO, ., showed
no significant differences (p = 0.982 and p = 0.449),
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indicating that dental issues have a limited impact on
maximal aerobic capacity.
For each parameter reflecting the performance and

endurance of athletes, regression models were devel-
oped. Our approach was strictly guided by statistical
analysis, and we present robust mathematical models.
The strength and closeness of the relationship between
the studied parameters were assessed based on the
correlation coefficient, considering the appropriate lev-
el of statistical significance and the observed variance
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magnitude. The corresponding data are presented in
Table 2.

The observed dependence of the HR,_. (opm) in-
dicator is described by the following linear regression
equation:

Y, =-18.046 - 4.633 x X, + 5.500 x X "+

HR AerT — gastro

+1.375 x X +2219 x X+ 0167 x X +

weight

+0120 x X, +0.646 x X, +0130 x X, —
- 0079 X XPV\/R AT + 8007 x XPWR AT/weight*

Based on the presented regression model equation,
athletes can expect an increase in HR, . with a gastro-
enterological diagnosis (by 5.500 bpm), a dental diagno-
sis (by 1.375 bpm), and an endocrinological diagnosis
(by 2.219 bpm).

The HR,_; indicator will increase with a 1 bpm increase
in HR ., — by 0.120 bpm; with each kilogram increase
in the athlete’s body weight — by 0.167 bpm; with a 1
bpm increase in HR,; — by 0.646 bpm; with a 1 bpm in-
crease in HR, . — by 0.130 bpm; with a 1 W/kg increase
in Pwr,/weight — by 8.007 bpm. At the same time, with
anincrease in Pwr,., a decrease in the HR,_, indicator by
0.079 bpm can be expected. According to the regression
model results, males are expected to have a decrease in
HR, . by 4.633 bpm compared to females.

AerT

Table 2. Statistical description of the regression model

The obtained regression model is characterized by a
multiple correlation coefficient ny = 0.830; (p < 0.001),
which corresponds to a high strength of association ac-
cording to the Chaddock scale. The obtained model al-
lowed the change in the HR,_ . indicator to be predicted
with high accuracy, accounting for 68.9% of the ob-
served variance. The assessment of the dependence of
HR,; (bpm) on quantitative factors was performed using
the linear regression method. The number of observa-
tions was 1887.

The linear regression results (Table 2) confirm that the
presence of a dental diagnosis is independently associ-
ated with anincrease in HR,_; by 1.375 bpm (p = 0.017).
Although this effect seems minor, it has cumulative sig-
nificance in the context of other factors, such as gen-
der (increase in HR, . in men by 4.633 bpm, p < 0.001),
presence of a gastroenterological diagnosis (increase by
5.500 bpm, p = 0.021), and endocrinological problems
(increase by 2.219 bpm, p = 0.039). The model explains
68.9% of the variance in HR, . (R,, = 0.830, p < 0.001),
indicating high predictive power and confirming the sys-
temic nature of the influence of dental diseases.

Interestingly, an increase in power at the anaerobic
threshold (Pwr,,) is associated with a decrease in HR,_;
(-0.079 bpm per 1 W, p = 0.007), which may reflect bet-
ter cardiovascular adaptation to exercise in more trained

Contribution Standard t-test of regres- Statistical
Parameters in regression | error of the sion model significance

equation mean parameters level, p
Intercept -18.046 6.357 2.839 0.005
Gender: M 4.633 0.759 6.105 <0.001
Gastroenterologist 5.500 2.389 2.302 0.021
Dentist 1.375 0.573 2.398 0.017
Endocrinologist 2.219 1.073 2.069 0.039
Body weight, kg 0.167 0.074 2.262 0.024
Hgart rate before exercise (HR __), beats per 0120 0.029 4174 <0.001
min (bpm)
Heart rate at anaerobic threshold (HR ), 0.646 0.027 53.870 <0.001
beats per min (bpm)
Heart rate at 3 min of recovery (HR, ), 0430 0.024 5.470 <0.001
beats per min (bpm)
Power output at the anaerobic threshold 0,079 0.029 2706 0.007
level (Pwr,), W
Relative power output at anaerobic
threshold per body weight (Pwr, /weight), 8.007 2.340 3.421 < 0.001
W/kg

Table compiled by the authors based on their own data

Note: Intercept — dimensionless indicator
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athletes. However, an increase in relative power at the
anaerobic threshold (Pwr,/weight) increases HR, . by
8.007 bpm (p < 0.001), highlighting the complex rela-
tionship between body weight, strength, and cardiac re-
sponse. It should be noted that, despite the significance
of the identified differences in cardiorespiratory param-
eters, peak power output metrics showed no statistically
significant differences between the groups. This may
indicate that short-term maximal performance remains
unaffected, while endurance and recovery speed are
impaired, which is particularly critical for combat sports
athletes.

The data obtained are consistent with those reported
in literature demonstrating that oral health affects ath-
letic performance through several mechanisms. First,
chronic pain from dental caries or periodontitis can re-
duce training volumes and concentration, which is par-
ticularly critical in martial arts where strategic thinking is
required [13]. Second, systemic inflammation caused by
periodontal infections may impair muscle recovery and
increase the risk of cardiovascular complications [14].
Third, nutritional problems due to pain or tooth loss can
lead to deficiencies in macronutrients and micronutri-
ents, thus reducing endurance [15].

Our study used the data of comprehensive medical
examinations (CME) of 1887 combat sports athletes to
reveal a significant impact of dental diseases on physi-
cal performance and endurance. The analysis showed
that the presence of dental problems leads to changes
in a range of physiological indicators, including heart
rate (HR) during various phases of exercise and recov-
ery, as well as power output at the anaerobic thresh-
old (AT). These results underscore the importance of
oral health as a factor influencing athletic performance
(5], particularly in martial arts, which demand a high level
of physical conditioning [8] and concentration [1, 9].

The identified dependence of HR,. and HF%peak on the
presence of dental diseases confirms the hypothesis of
the negative impact of dental pathologies on the adap-
tive capabilities of athletes. Elevated HR during various
exercise phases may indicate reduced efficiency of en-
ergy metabolism and slower recovery processes, which
are crucial in professional sports. The conducted re-
gression analysis also revealed that, in addition to den-
tal diseases, physiological parameters of athletes are
influenced by conditions affecting other body systems,
such as gastrointestinal and endocrine pathologies [10,
11]. This reinforces the need for comprehensive medical
support for athletes, with an emphasis on an interdisci-
plinary approach.

The obtained data are consistent with the results of
similar studies [16, 17] and indicate a high prevalence
of dental diseases affecting physiological indicators and
athletic performance among combat sports athletes.
The presence of dental pathologies is associated with
increased load on the cardiovascular system [19], which
may reduce the body’s adaptive capabilities to physi-
cal exertion and impair recovery processes [18, 20-22].
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Many athletes lack sufficient awareness and, conse-
quently, adherence to preventive oral hygiene practices
[7], leading to the neglect and exacerbation of oral health
problems [5]. Increasing awareness among athletes,
coaches, and sports organizations about the impor-
tance of oral hygiene could lead to improved preventive
measures and better outcomes [10]. The use of aligners
or braces for bite correction, adapted for contact sports
[23], may serve as an effective prevention measure of
orthodontic issues. Regular dental checkups and the
use of protective devices, such as custom-made mouth-
guards, can help prevent oral injuries and diseases [1].
Effective strategies for promoting oral health are neces-
sary to minimize its impact on performance [4].

The similarity of psychophysiological stress during
combat in martial artists to the overload states experi-
enced by pilots, astronauts, and military personnel [10]
suggests the potential applicability of individual aligners
in aerospace medicine and extreme situation medicine.

The identified differences highlight the need to inte-
grate dental care into training programs. The absence of
significant differences in VO, beak and peak power may
indicate that a greater level of impact of dental diseases
at submaximal exertion levels, which are characteristic
of prolonged training and competitions in martial arts.
This aligns with data from [9], which revealed up to a
21% decrease in performance among athletes with poor
oral health.

CONCLUSION

The presence of a dental diagnosis is associated with
increased heart rate at rest, at the anaerobic threshold,
and during the recovery phase, as well as with chang-
es in power output at the anaerobic threshold. These
changes may be attributed to pain, systemic inflam-
mation, and nutritional disturbances, highlighting the
systemic nature of the problem. The regression model
demonstrated high predictive power, identifying dental
diseases as an independent factor influencing HR,_ .,
alongside gender, weight, and other medical diagnoses.

In our study, a significant impact of dental diseas-
es on physical performance and endurance was iden-
tified. The presence of a dental diagnosis (Group 1)
was associated with statistically significant differences
(b < 0.05) compared to the group of athletes without
a dental diagnosis (Group 0) across a range of physi-
ological indicators characterizing physical endur-
ance and performance: respiratory exchange ratio
R(O) = 1.05 [1.03; 1.09], R(1) = 1.04 [1.03; 1.07]; heart
rate at aerobic threshold HR,_ .(0) = 110.00 [100.00;
122.00], HR, (1) = 114.00 [102.00; 126.00]; heart
rate at anaerobic threshold HR,(0) = 143.00 [132.00;
154.00], HR (1) = 147.00 [134.00; 158.00]; heart rate
at peak load HR  (0) = 151.00 [144.00; 160.00],
HRpeaKﬁ) = 152.00 [144.00; 163.00]; heart rate at
3 min of recovery HR, (0) = 91.00 [82.00; 101.00],
HR,,,(1) = 93.00 [84.00; 102.00]; power output at the
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anaerobic threshold level Pwr,(0) = 190.00 [165.00;
230.00], Pwr, (1) = 200.00 [165.00; 240.00].

The identified patterns indicate the need to incor-
porate dental examinations and preventive measures
into mandatory medical support for athletes. Regular
checkups, timely treatment of oral diseases, and the
use of protective devices, such as mouthguards, can
mitigate the negative impact of dental pathologies on
athletic performance. Based on statistically significant
differences in performance parameters among combat
sports athletes, measures have been proposed to devel-
op interventions for correcting the dental status of highly
qualified athletes. These include:

1) need for prevention (regular dental examina-
tions, the use of protective mouthguards, and increased
awareness among athletes and coaches about oral hy-
giene are key measures to minimize negative impacts);

2) comprehensive approach (integrating dental
care into the athletes’ medical support system should
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COMPARATIVE ASSESSMENT OF PROTEOMIC REGULATION OF BONE M) Check for updates
TISSUE DURING 21-DAY HEAD-DOWN BED REST (-6°) AND 21-DAY DRY
IMMERSION

Ludmila Kh. Pastushkova, Anna G. Goncharova, Daria N. Kashirina™, Irina M. Larina

Institute of Biomedical Problems of the Russian Academy of Sciences, Moscow, Russia

Introduction. Experimental possibilities during actual spaceflight are limited, making ground-based models, such as dry immersion (DI) and
head-down bed rest (HDBR) tests, highly relevant. Changes in bone tissue are induced by alterations in a complex set of environmental fac-
tors at the proteomic level, compensating for changes caused by reduced gravity and decreased motor activity. However, upon continued
exposure, other regulatory circuits are activated.

Objective. Comparative assessment of proteomic regulation of bone tissue status in 21-day HDBR (tilted at 6°) and 21-day DI tests.
Materials and methods. Using mass spectrometry methods, plasma samples from 8 healthy male volunteer subjects (mean age 20—
44 years) under the conditions of 21-day HDBR and 10 subjects (mean age 23-34 years) under 21-day DI were studied. The Perseus software
was used for statistical analysis and identification of molecular functions and biological processes involving the proteins. The correspondence
of major biological processes, according to gene ontologies specified in the GO database, and identified proteins was established using the
knowledge base of the ANDSystem and STRING.

Results. Nine proteins with significantly altered levels on Day 21 of HDBR (p < 0.05) and eight proteins with significantly altered levels on
Day 21 of DI (p < 0.05) were identified. These proteins are associated with biological processes occurring in bone tissue. Some of the identi-
fied proteins form stable protein—protein interaction (PPI) networks, indicating potential co-expression. Two common proteins — haptoglobin
(Hp) and glutathione peroxidase (GPx) — were identified on Day 21 of both DI and HDBR.

Conclusions. The findings offer an insight into the proteomic mechanisms regulating biological processes in bone tissue of healthy individuals
under the influence of 21-day HDBR and 21-day DI. Annotations for each protein involved in bone tissue biological processes during 21-day
HDBR (tilted at 6°) and 21-day DI are provided. These results are of great importance for aerospace and clinical medicine.
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CPABHUTEJIbHASA OLIEHKA NMPOTEOMHOW PEMYNALMN COCTOAHNA KOCTHON TKAHU
B 21-CYTOYHON AHTUOPTOCTATUYECKOW MMNOKUHE3WUU (-6°) U 21-CYTOYHON
«CYXOW» UMMEPCUI

JN1.X. MacTtywikosa, A.l. Tor4yaposa, [.H. KawmpuHa™, .M. NapuHa

VIHCTUTYT Meamnko-6uonorndecknx npobnem PAH, Mockea, Poccus

BBepeHune. SxcneprMeHTanbHble BO3MOXHOCTW BO BPEMST peasibHOr0 KOCMUYECKOrO MosieTa OrpaHnyeHbl, MO3TOMY akTyasnbHO MCMOMb30-
BaHVe Ha3eMHbIX MOAENEN, Taknx Kak «cyxas» nmmepcus (CU) n aHTropTocTaTndeckast rmnoknHesus (AHON). ViameHeHns KOCTHOM TKaHu
VHOYLIMPYIOTCHA N3MEHEHEM KOMMIeKca (DaKTOPOB BHELLHEN cpefbl Ha MPOTEOMHOM YPOBHE, KOMMNEHCUPYSA U3MEHEHUS, BbI3BAHHbIE CHU-
YKEHWEM rpaBuTaLmn 1 yMeHbLIEHEM ABUraTebHOM akTUBHOCTW, HO B AasibHellleM C NPOAOSKEHEM BO3AENCTBIS BKIIIOHAOTCS Apyrue
KOHTYPbI PErynsaLmn.

Llenb. CpaBHuTeNbHas OLeHKa NPOTEOMHON PErynaumm COCTOAHUS KOCTHOW TKaHu B 21-CyTOYHON aHTUOPTOCTATUHECKOWN MNOKMHEe3um (-6°)
1 21-CyTOHYHOW «CyXON» NMMEPCUN.

Marepuansl n metoabl. MeTogamu Macc-CnekTPOMETPUM CCnefoBany 0bpasubl Mna3mbl KpOBK 8 300P0BbIX NCMbITAaTENEN-[00POBOSb-
LIeB MY>X4UH (CpefHui BospacT 20—-44 rofa) B ycnosusax 21-cytodHon AHOI n 10 ncneiratenen (cpegHuin Bo3pacTt 23-34 roga) B yCnoBmsaX
21-cyTO4HOW «Cyx0i» MMMepcun. [ns cTaTUCTU4eCKOro aHanmaa 1 onpefeneHns MonekynsapHbiX yHKLWA 1 BUONOrM4ecKnx NPoLLeCccoB,
B KOTOPbIX y4acTBOBanM 6enku, MpUMeHaNy NporpaMMHbii nakeT Perseus. COOTBETCTBMNE OCHOBHbIX BUOIOMMHECKIX MPOLECCOB, Cornac-
HO FEHHbIM OHTOMOMMAM, YKasaHHbIM B 6a3de faHHbix GO, 1 onpegeneHHbix 6enKoB yCTaHaBMBaM C NOMOLLBIO 6a3bl 3HAHUA CUCTEMBI
ANDSystem, STRING.

© L.Kh. Pastushkova, A.G. Goncharova, D.N. Kashirina, I.M. Larina, 2025
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Pesynbtatbl. BbisiBneHo 9 6e1KOB C JOCTOBEPHO M3MEHSIOLMMCS YPOBHEM Ha 21-e cyTkn AHOI (p < 0,05) 1 8 6enkoB ¢ AOCTOBEPHO 13-
MeHsItoLLMCS ypoBHeM Ha 21-e cyTku CU (p < 0,05), cBsI3aHHbIX C BUMOI0rMHYECKUMM MpoLIeccamMn, MPOTEKAIOLLMMM B KOCTHOW TKaHW. YacTb
BbISAB/IEHHbIX OEMKOB CBSA3aHbl B YCTOM4MBbLIE CETU OEOK-0eNKOBbIX B3aUMOAENCTBUA, TO €CTb MOTYT KOSKCMNpeccmpoBaTbes. BoigeneHsl
nga obumx 6enka (ranTornobuH 1 rnyTaTnoHnepokcuaasa) Ha 21-e cyTkn CU, 21-e cytkn AHOT.

BbiBogbl. [Nony4eHHble AaHHble BNepBble 06paLLiaoT BHYMaHNE Ha MPOTEOMHbIE MeXaHV3Mbl PerynsLmm G1oNorM4ecKmnx NpoLLeccoB KOCT-
HOW TKaHW y 300POBbIX ML, Nof BAvsiHWEM 21-cyTodHon AHOI 1 21-cyTo4HOM «Cyxor» nvmmepcun. MNprBedeHbl aHHOTaLUMM Kaxkaoro 6en-
Ka — y4YacTHMKa BMONOrM4eCKX NPOLECCOB B KOCTHOM TKaHM B 21-cyTodHom AHOT (-6°) 1 21-CyTOYHOWM «CyXOn» MMepCUn. STu pesynsTa-
Tbl UMeIOT 60SbLLIOE 3HaYeHMe A1 aBUaKOCMUYECKOW Y KIIMHNYECKON MEANLIMHDI.

KnioyeBble cnoBa: «Cyxas» UMMEPCUs; aHTMopTOoCTaTMYeckasi rMnoKUHEsUsl; MpPOTEOM; KOCTHasi CUCTeMa; 3[40POBble WCMbITaTenu-
[006pPOBOSbLbI

Onsa untuposanus: Mactywkosa J1.X., loH4yaposa AL, KawupuHa O.H., NapuHa .M. CpaBHUTENbHAsA OLleHKa NPOTEOMHON Perynsaumm
COCTOSHNSI KOCTHOW TKaHW B 21-CYyTOYHON aHTUOPTOCTATUHECKOW MMAOKNHE3NN (-6°) 1 21-CyTO4HOM «Cyxo» uMmepcun. MeguimHa akcTpe-
MasibHbIX cuTyaumn. 2025;27(4):558-568. https:/doi.org/10.47183/mes.2025-296

®duHaHcupoBaHue: paboTa 6bl1a BbINOHEHA B pamkax 6a30BON TeMaTUKN Hay4HbIX nccnepgosaHni PAH FMFR-2024-0032. Oprannsauys
9KCMepUMeHTa OcyLLecTBeHa 3a cHeT rpaHTa PHO Ne 19-15-00435.

CooTBeTCTBUE NPUHLUMNAM 3TUKU: UCCNedoBaHne 0fobpeHo kKomMmnceren no bromMmeamumHekon atnke OIrYH ML PO IMBIT PAH, Mo-
ckBa (npoTokon Ne 483 ot 03.08.2018). Bcemu y4acTHUKamM1 nognmMcaHo 1ob6poBosibHOe MHPOPMMPOBAHHOE corflacue Ha UccnenoBaHume.

MoTeHumnanbHbI KOHMINKT MHTEPECOB: aBTOPbI 3aABNSI0T 00 OTCYTCTBUM KOHMVKTA MHTEPECOB.

<1 Kawwupvra OJapbs HukonaesHa daryakudryaviseva@mail.ru

Cratbs noctynuna: 20.03.2025 Mocne gopaboTtku: 01.07.2025 MpuHaTa k ny6nnkauum: 20.08.2025 Online first: 25.09.2025

INTRODUCTION

The knowledge of biological changes in bone tissue
induced by prolonged exposure to microgravity, as a
component of the set of spaceflight (SF) factors, is of
paramount importance for space agencies planning to
conduct deep space exploration missions.

Weightlessness causes physiological changes af-
fecting the musculoskeletal system and interrelated sen-
sory, neuromuscular, vascular, and other processes. In
view of the limited experimental opportunities during ac-
tual spaceflight, ground-based models [1] can be used
to assess the effects of microgravity, to identify gravita-
tional mechanisms regulating the body’s physiological
systems, and to elucidate adaptation mechanisms to
weightlessness [1].

Comparisons of the results obtained by ground-
based model experiments (head-down bed rest, HDBR,;
dry immersion, DI) and those during actual SF have
demonstrated the utility of ground-based simulations
of specific SF factors for studying fundamental patterns
and changes in the organism. The use of these models
has become essential for research purposes, allowing
for a broader participant pool and enhanced scientific
significance through the analysis of various protocols
(e.g., different durations or use of countermeasures) [2].
Notably, the use of invasive procedures (e.g., venipunc-
ture for blood sampling, biopsies) and the logistics of
cargo delivery to the orbit and back to the Earth pre-
sent significant challenges [2], further emphasizing the
importance of ground-based model studies.

Extended knowledge in this field is crucial for the
social and economic aspects of maintaining the health,
work capacity, and social activity of astronauts. Research
into the effects of physical inactivity and forced bed
rest on human health is highly relevant in the context of

EXTREME MEDICINE | 2025, VOLUME 27, No 4

modern health issues and population aging [2]. Reduced
mechanical loading on the skeleton, caused by bed rest
and/or spaceflight, leads to bone mass loss, reflected
in a decrease in the bone mineral density (BMD) both
throughout the entire skeleton and in specific sites, such
as the spine, femoral neck, and tibia [3, 4].

Baran et al. and Man et al. identified structural chang-
es in the radius and tibia using peripheral quantitative
computed tomography (pQCT) and high-resolution pe-
ripheral quantitative computed tomography (HR-pQCT)
under spaceflight conditions [5, 6].

Alterations in hormonal status accompanying bone
resorption and formation processes have been noted
in several studies. For instance, disrupted circadian
rhythms of somatotropin and a decrease in its average
daily concentration during a 370-day HDBR experiment
were described [7]. Grigoriev et al. and Austermann et
al. demonstrated changes in the levels of hormones
regulating calcium metabolism during both 120-day
and 370-day HDBR. Specifically, by day 75 of the ex-
periment, parathyroid hormone (PTH) levels were below
baseline, while the calcitonin (CT) concentration was
elevated [8, 9]. Inoue et al. established that insulin-like
growth factor | (IGF-I), its binding protein (IGFBP), and
insulin-like growth factor binding protein 3 (IGFBP-3) in-
creased during 120-day bed rest, suggesting potential
IGF-I resistance in bones under reduced mechanical
load and strain [10].

Although model studies cannot fully replicate the
conditions experienced by astronauts during SF, there
is a notable similarity in the pathophysiological changes
observed during prolonged mobility restriction (bed rest)
and the issues faced by astronauts [2].

In DI tests, the lack of mechanical support for spe-
cific body areas during immersion creates a state akin
to weightlessness, termed unloading, which induces
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physiological changes in the musculoskeletal and other
bodily systems [1]. Hypokinesia and hypodynamia are
primary characteristics of physical inactivity induced by
DI. Hypodynamia implies reduced postural muscle load,
while hypokinesia represents a decrease in motor activ-
ity. In addition to the acute restriction of normal muscle
activity and reduced load on muscles and bones, ther-
moneutral immersion rapidly induces a significant de-
cline in muscle tone and tension [11, 12], which is unat-
tainable even with prolonged bed rest models.

Kotov et al. found that after seven days of DI, the
bone mineral density (BMD) in the lower skeleton
(proximal femoral epiphysis) decreased by 2%, while
the density in the upper body (skull, hand, rib bones)
was approximately 2% higher than the baseline values.
Moreover, three weeks of recovery after DI were suffi-
cient to reverse these bone density changes [13]. It is
hypothesized that these changes are a secondary ef-
fect of the cranial fluid shift to the upper body, where
increased hydrostatic pressure promotes the movement
of ions and proteins into the bone. Thus, DI appeared
to exert a similar effect as HDBR on bone resorption in
specific body regions. Baecker et al. showed that mark-
ers of bone resorption increased as early as day 2 of
bed rest [14]. Kotov et al. also confirmed the rapid onset
of bone tissue degradation under immobilization condi-
tions, such as DI or HDBR.

According to Markin et al., biochemical processes
involved in bone formation were not affected by day 7
of DI, as evidenced by the lack of changes in serum al-
kaline phosphatase (ALP) concentration [13, 15], serum
procollagen type | N-terminal propeptide (PINP), and
bone-specific alkaline phosphatase (BAP). Markers of
bone resorption, such as tartrate-resistant acid phos-
phatase (TRAP) and urinary C-terminal telopeptide of
type | collagen (CTX), showed a slight increase during a
7-day DI [16]. However, Markin et al. did not detect any
changes in the activity of total acid phosphatase as a
biomarker of osteoclast activity during a 7-day DI [15].

It is evident that alterations in bone tissue are induced
by a complex set of environmental factors at the pro-
teomic level, initially compensating for reduced gravity
and decreased motor activity. However, upon prolonged
exposure, additional regulatory pathways become en-
gaged.

In this research, we aim to carry out a comparative
assessment of proteomic regulation of bone tissue sta-
tus under the conditions of 21-day head-down bed rest
(tilted at —6°) and 21-day dry immersion.

MATERIALS AND METHODS

The 21-day head-down bed rest (HDBR) study involved
eight healthy male volunteers aged 20-44 years. The
participants were maintained at a —6° head-down tilt
position relative to the horizontal for 21 days under con-
trolled conditions at the MEDES Research Center as

part of the joint Russian-French CaDy WEC laboratory
program (Toulouse, France, 2014). No countermeasures
to prevent adaptive physiological changes were imple-
mented. The participants received a standardized diet
with controlled nutrient content and monitored water in-
take. Blood samples were collected prior to the study
(baseline) and on day 21 of HDBR.

The 21-day dry immersion (DI) study involved
10 healthy male volunteers aged 23-34 years, ap-
proved by the IBMP RAS Medical Expert Commission.
All participants provided their written informed consent
(IBMP RAS Bioethics Committee Protocol No. 483,
03.08.2018). The study complied with the require-
ments of Helsinki Declaration for participant safety
and risk management. The experiment was conduct-
ed at IBMP RAS using the Dry Immersion facility, part
of the “Medical and Technical Complex for Innovative
Space Biomedicine Technologies” research facility
(RSF grant No. 19-15-00435). Proteomic research
was supported by state assignment No. FMFR-2024-
0032. Both studies used comparable diets and hydra-
tion protocols.

Plasma samples were collected at identical time-
points in both studies, including seven days prior to ex-
posure (baseline) and on day 21 of DI/HDBR. Blood was
drawn from the cubital vein (5 mL) into EDTA tubes after
fasting. Samples were centrifuged in 9 mL K, EDTA vac-
uum tubes at 3000 rpm (MPW-350R centrifuge, Poland)
for 10 min at 4°C. The preparation technique and the
subsequent chromatography-mass spectrometry analy-
sis were identical for all biological samples, regardless of
the experimental exposure factor, in order to ensure the
validity of the comparison of the results obtained in both
experiments.

FASP filters were used for sample preparation. Mass
spectrometry analysis was performed using a MaXis 4G
spectrometer (Bruker Daltonics, Germany) equipped
with the MaxQuant software. Peak lists included up to
eight major peaks per 100 Da window. The SwissProt
database (forward/reverse) with 10 ppm precursor mass
tolerance was used for identification purposes. Peptides
were identified with =7 amino acids, FDR (false discov-
ery rate) 0.01, and the “match between runs” option.

Statistical analysis was conducted using the Perseus
software with Mann-Whitney U tests for small samples
[17]. Functional annotation was carried out using the
ANDSystem and STRING databases with GO term en-
richment'.

RESULTS AND DISCUSSION

The results of a comparative proteomic analysis of sta-
tistically significant differentially expressed proteins in
ground-based model studies is presented in the Table.
The analysis of the data presented in the Table re-
veals statistically significant differences (p < 0.05) in
protein levels compared to the baseline values under

" ANDSystem Knowledge Base. https://www-bionet.sysbio.cytogen.ru/and/cell/#!/app/about
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21-day HDBR conditions. These include increased lev-
els of APOE, Hp, complement C5 alpha chain, GPx3,
HCII, and decreased levels of CD146 antigen, Angll,
and CHLE. Meanwhile, under 21-day DI conditions, sta-
tistically significant increases were observed in PHLD,
PON1, TTHY, TRFE, VINGC, as well as Hp and GPx3
compared to the baseline values.

Angiotensinogen (AGT gene) is involved in bone re-
modeling regulation. The renin-angiotensin-aldosterone
system (RAAS) is known to participate in bone tissue
regulation. Angiotensin Il activates osteoclasts through
increased expression of receptor activator of nuclear
factor x-B ligand (RANKL) on osteoblasts, leading to re-
duced BMD. The use of angiotensin Il receptor block-
ers is associated with lower rates of bone fractures [18].
Some evidence suggests that RAAS blockade may re-
duce the risk of osteoporotic fractures [19]. However,
other studies indicate that RAAS blockers do not reduce

and may even increase the incidence of osteoporotic
fractures [20]. RAAS components are expressed in bone
tissue, activating local RAAS responses that lead to de-
creased bone density [21]. Angiotensinogen increased
interleukin-6 secretion in vitro and reduced alkaline
phosphatase activity only in otosclerotic cells. These
observations suggest a connection between local renin-
angiotensin system activity and otosclerosis, suggesting
new therapeutic possibilities.

Mineralocorticoid receptors have also been identi-
fied in human osteoblasts, osteoclasts, and bone cells.
Previous research indicates that local bone RAAS plays
an important role in various causes of osteoporosis.
RAAS blockers may reduce BMD loss through cas-
cades involving angiotensin Il type 1 receptor (AT1R), the
ligand-receptor system (OPG/RANKL), and angiotensin-
converting enzyme 2 (ACE2/Ang)(1-7)/Mas. By restoring
bone physicochemical properties and reducing fracture

Table. Comparative assessment of proteomic regulation of bone tissue status during 21-day head-down bed

rest (-6°) and 21-day dry immersion

21-day HDBR 21-day DI
Protein names Genes Protein Level of confi- Protein Level of
levels in % | dence in the ob- | levels in % | confidence in the
relative to | served changes | relative to | observed changes
baseline (p-value) baseline (p-value)

Apolipoprotein E (APOE) APOE 104.2 0.0024 - -
Haptoglobin (Hp) HP 105.3 0.0047 107.8 0.000018
Complement C5 alpha chain C5 115.1 0.0014 - -
CD146 antigen (MUC18) MCAM 95.7 0.0020 - -
Extracellular glutathione GPX3 106.5 0.0084 113.6 0.0000023
peroxidase (GPx3)
Angiotensinogen (Angll) AGT 96.1 0.0035 - -
Heparin cofactor Il (HCII) SERPIND1 10841 0.0038 - -
Cholinesterase (CHLE) BCHE 94.3 0.0039 - -
Phosphatidylinositol-glycan- GPLD1 - - 113.2 0.000015
specific phospholipase D (PHLD)
Serum paraoxonase (PON1) PONT1 - - 115.2 0.00005
Fibronectin (FINC) FN1 - - 108.7 0.00000013
Transthyretin (TTHY) TTR - - 105.0 0.000013
Serotransferrin (TRFE) TF - - 109.6 0.0000018
Vitronectin (VTNC) VTN - - 109.9 0.0000065

Table prepared by the authors using their own data

Note: “~” the data are not presented due to the lack of statistically significant differences.
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risk, RAAS blockers could serve as an effective adjuvant
therapy for osteoporosis [21].

Heparin cofactor Il HCII (SERPIND1 gene) stimulates
osteogenic activity. Studies on HCII effects have inves-
tigated bone formation models stimulated by human tu-
mors. HCIl induced new bone growth over the cranial
surface, even at a distance from the tumor mass. This
suggests bone growth induction through growth factor
production and the combined action of multiple factors
on bone tissue [22].

Cholinesterase (BCHE gene) is an esterase with a
broad substrate specificity. Acetylcholinesterase inhibi-
tors (AChEls) are known to stimulate acetylcholine re-
ceptors and are used in the treatment of Alzheimer’s
disease, providing protection against osteoporosis
and inhibiting osteoclast differentiation and function.
AChEIs variably reduced RANKL-induced transcription
of nuclear factor of activated T cells 1 (Nfatc1) and os-
teoclast marker gene expression (primarily donepezil
and rivastigmine, rather than galantamine). Additionally,
AChEls differentially inhibited RANKL-induced MAPK
signaling, accompanied by reduced acetylcholinest-
erase transcription. Finally, AChEls protected against
OVX-induced bone loss primarily by inhibiting osteoclast
activity. Collectively, AChEls (mainly donepezil and riv-
astigmine) positively affected bone protection by sup-
pressing osteoclast function through MAPK and Nfatct
signaling pathways via downregulation of acetylcho-
linesterase [23].

Apolipoprotein E (APOE gene) is a biomarker of
fracture risk and an indicator of lower BMD in patients
with osteoporosis. The APOE2 and APOE4 alleles have
been associated with lower BMD, as well as with higher
levels of serum C-terminal telopeptide and urinary de-
oxypyridinoline, which are biomarkers of bone resorp-
tion. Codominance of the APOE3 allele was also asso-
ciated with fewer bone fractures in these patients over
a 5-year follow-up period [24]. Apolipoprotein E levels
were shown to increase significantly on day 7 of a space
flight [25].

During the study under HDBR conditions, 33 sig-
nificantly altered proteins were identified. Nine of these
are associated with biological processes occurring in
bone tissue (Fig. 1) and showed statistically significant
changes compared to the baseline values. The proteins
AGT and AGT Il are annotated together as they are local
regulators of bone tissue, belonging to the same group
of angiotensin system regulators. Consequently, they
are bioinformatically grouped by the ANDVisio software.

The results of 21-day HDBR exposure revealed sta-
tistically significant associations between specific pro-
teins and key bone tissue biological processes. The
ossification process demonstrated connections with
four proteins, i.e., MUC18, GPX3, Angll, and APOE.
Osteoblast differentiation was associated with one pro-
tein (Complement C5 alpha chain), while bone miner-
alization correlated with Angll levels. Bone development
involved two proteins — Angll and CHLE, and bone
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resorption was linked to two proteins — Angll and Hp.
Osteoclast differentiation similarly involved two proteins
(Angll, Hp), bone growth was associated with one pro-
tein (HCII), and bone remodeling regulation correlated
with Angll.

Our study also identified protein—protein interac-
tion networks related to bone tissue regulation under
21-day HDBR conditions, with the corresponding data
presented in Fig. 2. Six proteins — apolipoprotein E,
haptoglobin, complement C5 alpha chain, angiotensin,
cholinesterase, and extracellular glutathione peroxi-
dase — formed an interconnected protein—protein in-
teraction network suggesting potential co-expression.
One protein (CD146 antigen) remained outside this
network (Fig. 2). The constructed network reflects the
mutual influence of these proteins on common bone
tissue targets.

The protein interactions indicate coordinated regula-
tion of bone metabolic pathways during mechanical un-
loading, with angiotensin Il (Angll) emerging as a central
regulator across multiple processes, including ossifica-
tion, mineralization, and bone resorption. The network
analysis provides insights into potential molecular mech-
anisms underlying HDBR-induced bone adaptation and
suggests targets for countermeasure development.

Bergdolt et al. demonstrated that the complement
protein C5 receptor (C5aR1) plays a crucial role in bone
metabolism and fracture healing, being highly expressed
onimmune and bone cells, including osteoblasts and os-
teoclasts. C5aR1 induces osteoblast migration, cytokine
production, and osteoclastogenesis. C5aR1 signaling in
osteoblasts may potentially influence the RANKL/OPG
signaling pathway balance that regulates bone tissue
homeostasis, involving the receptor activator of nuclear
factor x-B ligand (RANKL) and osteoprotegerin (OPG),
leading to increased bone resorption. Binding to the
C5ART1 receptor triggers various responses, including
intracellular calcium release, smooth muscle contrac-
tion, increased vascular permeability, and histamine
release from mast cells and basophilic leukocytes [26].
Ignatius et al. suggested that complement may enhance
the inflammatory response of osteoblasts and increase
osteoclast formation, particularly in pro-inflammatory
environments such as during bone healing or inflamma-
tory bone diseases [27].

Pimenta-Lopes et al. established that genetic dele-
tion of Cbarl, the receptor for the anaphylatoxin C5a,
or treatment with a C5AR1 inhibitor reduced mono-
cyte chemotaxis and osteoclast differentiation, partially
preventing bone loss and osteoclastogenesis during
chemotherapy or ovariectomy. Thus, inhibition of alter-
native complement pathways may have specific thera-
peutic effects in osteopenic disorders [28]. Meanwhile,
Kunimatsu et al. showed that the cell surface glycopro-
tein MUC18 (MCAM gene) acts as a surface receptor
that triggers tyrosine phosphorylation of FYN and a tem-
porary increase in intracellular calcium concentration.
This protein stimulates a cell population capable of bone
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Figure prepared by the authors using their own data
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Fig. 1. Interrelationship between significantly altered proteins and bone tissue processes under 21-day head-
down bed rest (HDBR) conditions. Lines of different colors and labels indicate relationships between phenomena
in peer-reviewed literature: black lines represent co-mention in scientific publications and association with biological
processes; purple lines indicate stimulation or enhancement of biological process activity; green lines denote involvement
or participation in biological processes, showing functional engagement in pathway mechanisms

formation and transendothelial migration in vivo, induc-
ing bone tissue regeneration [29].

Thus, the identified changes indicate the involvement
of both systemic and local protein regulators of bone tis-
sue status in the biological processes of bone metabo-
lism. Notably, the local bone RAAS plays an important
role in the development of osteoporosis of various etiolo-
gies already in the early stages of exposure to the set of
simulated SF factors. RAAS blockers may reduce BMD
loss through AT1R, OPG/RANKL, ACE2/Ang (1-7)/Mas
cascades.

In turn, AChEI inhibition exerts a positive effect on
bone protection by suppressing osteoclast function
through MAPK and Nfatc1 signaling pathways via down-
regulation of AChE. Changes in apolipoprotein E lev-
els may reflect the activation of a protective biological
process of osteogenesis in response to the duration of
HDBR exposure.

An analysis of the blood plasma proteome on day 21
of DI identified 31 proteins with significantly altered lev-
els, out of which eight proteins were associated with the
regulation of biological processes in bone tissue, such
as bone remodeling (serum paraoxonase), osteoclast
differentiation (haptoglobin and transthyretin), bone min-
eralization (transthyretin), bone regeneration (transthyre-
tin, fibronectin), osteoblast differentiation (fibronectin),
resorption (transthyretin, serotransferrin), BMP-4 signal-
ing pathway (fibronectin), and bone biosynthesis, includ-
ing bone growth and development processes (fibronec-
tin) (Fig. 3).

These proteins form a stable protein—protein inter-
action network (Fig. 4). The analysis of protein—protein
interactions related to bone tissue regulation under

EXTREME MEDICINE | 2025, VOLUME 27, No 4

21-day DI conditions are presented in Fig. 4. Seven
proteins, including haptoglobin, extracellular glu-
tathione peroxidase, serum paraoxonase, serotrans-
ferrin, transthyretin, vitronectin, and fibronectin, form a

MCAM

Figure prepared by the authors using their own data

Fig. 2. Protein-protein interactions associated with
the regulation of bone tissue processes during 21-
day head-down bed rest (HDBR). Protein—protein
interaction lines are color-coded to indicate different types
of evidence: light green represents co-mention in PubMed
abstracts, indicating textual co-occurrence in scientific
literature; crimson denotes experimentally determined
interactions validated through laboratory methods; black
indicates protein co-expression observed in transcriptomic
or proteomic studies; light blue represents interactions
curated from established biological databases
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Fig. 3. Interrelationship between significantly altered proteins and bone tissue processes under 21-day dry
immersion (DI) conditions. Lines of different colors and labels indicate evidence-based relationships between biological
phenomena: black lines represent co-occurrence in scientific literature and association with biological processes; purple
lines indicate stimulation or enhancement of biological process activity; green lines denote functional involvement or

participation in biological processes

protein—protein interaction network, indicating potential
co-expression, while one protein (phosphatidylinosi-
tol-glycan-specific phosphatase) remains outside this
network (Fig. 4). The constructed network reflects the

Figure prepared by the authors using their own data

Fig. 4. Protein-protein interactions associated with
regulation of bone tissue processes during 21-day dry
immersion (DI). Protein colors are assigned randomly by
the visualization software. Interaction lines are color-coded
as follows: light green indicates co-mention in PubMed
abstracts (text mining evidence); crimson represents
experimentally validated interactions; black denotes protein
co-expression patterns
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mutual influence of these proteins on common bone
tissue targets.

Fibronectin (FN7 gene) participates in osteoblast
condensation through matrix assembly via fibronectin
fibrillogenesis, regulates type | collagen deposition by
osteoblasts, and acts as a ligand for the immunoglob-
ulin-like receptor family membrane protein (LILRB4), in-
hibiting monocyte activation. Fibronectin fibrillogenesis
is involved in bone mineralization processes. Specific
regulation of FN7 during different phases of osteoblast
differentiation has been established.

In studies by Xiong et al., fibronectin-1, thrombos-
pondin-1, and biglycan were identified as key bone
mineralization genes, with their upregulation associ-
ated with potential disturbances in bone remodeling
processes. Fibronectin-1  (FNT7), thrombospondin-1
(THBST), and biglycan (BGN) were determined as the
most significant genes in treating non-union fractures,
highlighting the crucial role of FN1, THBS1, and BGN in
extracellular matrix mineralization dynamics and bone
regeneration [30]. Increased FN7 expression promotes
fracture healing by activating the TGF-p/PISK/Akt sign-
aling pathway [31].

Serotransferrin (TF gene) is involved in regulating bio-
logical processes of bone resorption and osteoclast dif-
ferentiation. Higher levels of soluble transferrin receptor
(STfR) correlate with a lower trabecular number, cortical
thickness, and cortical pore diameter. The relationship
between the tibial bone density and strength and low
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circulating concentrations of bone resorption and for-
mation markers with serotransferrin levels likely results
from the direct role of iron ions in collagen synthesis [32,
33]. Serotransferrin levels in dry blood spot extracts from
cosmonauts were significantly altered after three and six
months of SF [25]. This indicates that ground-based
model studies do reproduce some proteomic biological
processes of bone tissue regulation observed at differ-
ent time points during SF [11].

Vitronectin (VTN gene) is present throughout the
mineralized bone matrix of cancellous and cortical
bones, suggesting its participation in bone remodeling
through bone formation, resorption, and osteogenesis
biological processes. Vitronectin is known to interact
with glycosaminoglycans and proteoglycans, inhibiting
the membrane-damaging effect of the terminal cytolytic
complement pathway. Vitronectin deficiency was shown
to increase osteoclast numbers and reduce total femoral
bone volume in an ovariectomized mouse osteoporosis
model [34]. Our previous studies noted that vitronectin
levels significantly decreased after six months of SF [25],
confirming the role of vitronectin in regulating osteogen-
esis and bone remodeling under DI and SF conditions in
overall bone volume formation.

Serum paraoxonase/arylesterase 1 (PON7 gene)
plays an important role in maintaining the buffering
colloidal properties of intervertebral discs. Low lev-
els of PONT expression were established as a pre-
dictor of nucleus pulposus degeneration in interver-
tebral discs. Inflammation and oxidative stress can
deteriorate the cellular environment of the nucleus
pulposus, leading to intervertebral disc degeneration.
Paraoxonase is an enzyme with anti-inflammatory and
antioxidant effects. Aydin et al. investigated PON7T ex-
pression in 88 human intervertebral disc samples and
rat models, measuring tumor necrosis factor (TNF-a),
interleukin (IL-1p), mitosuperoxide (SOX), aggrecan,
and collagen Il levels in nucleus pulposus cells. PONT
expression was significantly suppressed in degenera-
tive human and rat intervertebral discs. PONT levels
were significantly reduced in degenerative cell models
induced by TNF-a and oxidative stress (H,0,). TNF-a
and interleukin-1B (IL-1p) levels clearly increased, while
aggrecan and collagen expression decreased in cells
transfected with PONT siRNA. PONT levels were also
significantly higher in patients with osteoporotic hip
fractures, particularly intertrochanteric femoral frac-
tures and femoral neck fractures, compared to the
control group [35].

Thus, low PONT expression is a predictor of severe
intervertebral disc dysfunction. PONT plays a crucial role
in maintaining the homeostatic balance of the interver-
tebral disc nucleus pulposus. Therapeutic approaches
targeting PONT may be beneficial for alleviating nucleus
pulposus dysfunction in the future.

Phosphatidylinositol-glycan-specific ~ phospholi-
pase D (GPLD1 gene) primarily functions to hydrolyze
the inositol phosphate bond in phosphatidylinositol
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glycan-anchored proteins, releasing these proteins
from the membrane. Additionally, associations be-
tween the phosphatidylinositol-glycan-specific phos-
pholipase locus and alkaline phosphatase levels were
established, suggesting the specificity of this protein
for bone tissue [36].

Transthyretin (TTR gene), TTHY is a transport pro-
tein involved in regulating biological processes of bone
resorption and growth. Transthyretin levels gradually de-
crease with a reduction in BMD in osteoporosis patients
[37]. Similar changes in the levels of this protein were
identified in the dry blood spots of cosmonauts after six
months of SF [25].

Two common proteins were identified regarding their
participation in the biological processes of bone tissue
regulation, observed both following 21 days of HDBR
and 21 days of DI. These proteins are haptoglobin
(Hp) and glutathione peroxidase (GPx3) (Fig. 5).

When examining the participation of these proteins
in regulating the biological processes of bone tissue,
the following observations should be mentioned. Thus,
altered haptoglobin concentrations (Hp gene) were de-
tected at day 21 in both DI and HDBR exposure condi-
tions. Haptoglobin participates in regulating osteoclast
differentiation and bone resorption. The protein Zscan10
is likely to be involved in regulating haptoglobin transcrip-
tion during osteoclast differentiation. /n vitro studies by
Yanagihara et al. into the effects of human haptoglobin on
bone resorption and prostanoid formation demonstrated
that haptoglobin transcription negatively regulates oste-
oclast differentiation and modifies bone resorption pro-
cesses [38]. Importantly, a proteomic analysis of the dry
blood spots of cosmonauts after three months of SF also
revealed significant changes in haptoglobin levels [25].

Our study identified altered concentrations of glu-
tathione peroxidase 3 (GPx3 gene) at day 21 under both
DIl and HDBR conditions. This protein protects structural
elements of bone tissue cells from oxidative damage
by catalyzing the reduction of hydrogen peroxide, lipid
peroxides, and organic hydroperoxides with glutathione,
thereby shifting the balance between osteoblast and
osteoclast activity. According to Foger-Samwald et al.,
increased expression of SOD2 and GPX3 suggests
enhanced antioxidant activity in bone samples from
individuals with osteoporosis and hip fractures [39]. It
is hypothesized that osteoclast production of reactive
oxygen species suppresses protective mechanisms of
natural antioxidants. Concomitant oxidative stress may
lead to bone loss and, consequently, to osteoporosis
development [4Q].

Notably, when comparing proteomic results from
ground-based experiments (using identical materi-
als, blood plasma, and sampling timepoints) and pro-
longed SF (dried blood spot extracts, different sam-
pling timepoints), common proteins were identified
across different timepoints (7 days, 3 and 6 months)
of a long-duration SF [18], and in blood plasma sam-
ples analyzed at day 21 of HDBR and DI. These
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Fig. 5. Common and differentially expressed proteins
involved in bone tissue regulation under 21-day head-
down bed rest (HDBR) and 21-day dry immersion (DI)
conditions

include haptoglobin, apolipoprotein E, transthyretin,
serotransferrin, and vitronectin. Their participation in
bone tissue biological processes has been described
above.

CONCLUSION

In the present study, we conducted a comparative as-
sessment of proteomic regulation in bone tissue dur-
ing 21-day head-down bed rest (tilted at 6°) and 21-
day dry immersion tests. Proteomic investigations of
bone tissue regulation mechanisms in ground-based
model studies identified nine proteins with signifi-
cantly altered levels under HDBR conditions and eight
proteins with statistically significant changes under DI
conditions, all associated with the regulation of bio-
logical processes in bone tissue (osteogenesis, os-
teoblast differentiation, osteoclast differentiation, re-
sorption, bone mineralization, bone development, and
bone remodeling regulation).

Several proteins (in both HDBR and DI studies)
formed protein—protein interaction networks, indicat-
ing potential co-expression. Different protein networks
were associated with distinct biological effects of an-
tiorthostatic hypokinesia and DI of the same duration.
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LONGEVITY OF EMPLOYEES

Maria Yu. Kalinina™, Alexander A. Kosenkov', Elena Yu. Mamonova?®
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2JSC “Atomic Insurance Broker,” Moscow, Russia

Introduction. The task of maintaining the professional longevity of employees, particularly in technology-intensive and potentially hazardous
industries, is becoming increasingly relevant in the context of aging populations and increasing life expectancy. Existing methods for assess-
ing occupational health are in many cases fragmented and fail to account for the entire set of physical, psychological, and social factors. In
this article, we address this issue by developing an integral group index of professional longevity (IGIPL).

Objective. The development and implementation of the IGIPL as a tool for quantitative assessment of the level of professional longevity
among nuclear industry employees, taking into account morbidity, health status, results of medical examinations and psychophysiological
testing, stress levels, and engagement.

Materials and methods. A retrospective study covering the period of 2023-2024 was conducted. The analysis was based on depersonal-
ized data from employees of VNIITF (Snezhinsk) and the Kalinin NPP (Udomlya). The study included HR reports on morbidity with temporary
disability (TD), final reports of periodic medical examinations (PME), annual reports of psychophysiological examinations (PPE), as well as
the results of corporate surveys on stress levels (SL) and emotional burnout (EB). We present only relative summary data, without consider-
ing working conditions in the index calculation. Standardized methods were used to assess the parameters, including the Perceived Stress
Scale-10, the Burnout Assessment Tool, and the E.L. Notkin method for analyzing TD.

Results. The calculation of the IGIPL showed a positive trend. Thus, the index increased by 2.6 points at the Kalinin NPP (a rise from 69.6 to
72.2 points) and decreased at VNIITF (from 67.2 to 65.8 points). The key factor that had the most pronounced negative impact was the high
rate of morbidity with temporary disability (1914 days per 100 workers at VNIITF). At the Kalinin NPP, an improvement in the distribution of
employees by health groups and a decrease in the proportion of individuals with a high level of emotional burnout were recorded, indicating
the effectiveness of the preventive measures implemented by the organization.

Conclusions. The IGIPL has proven its effectiveness as a tool for monitoring professional longevity and identifying risk areas. The study
results underscore the necessity for comprehensive programs aimed at reducing morbidity, managing stress, and increasing employee
engagement. The IGIPL methodology can be adapted for other industries. Its further elaboration will enhance the accuracy of assessments.
The data obtained hold practical significance for developing corporate programs aimed at preserving health and extending the professional
longevity of employees.
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AKTYAJIbHbIE BOMPOCHLI OLIEHK OXKUAAEMOI'O NMPO®ECCUOHAJIbHOIO AONTITOJIETUSA
PABOTHUKOB

M.IO. KanuHuHa™, A.A. Kocenkos', E.FO. MamoHoBa?

T depepanbHbli MeVLMHCKMA Brodmrandeckumin LeHTp nm. AWM. BypHasaHa PefepanbHOro Meanko-61onornieckoro areHTcTea, Mockaa,
Poccus
2 AKLMOHepHOE 06LLeCcTBO «ATOMHBI CTPaxoBoi 6pokep», Mockea, Poccus

BBepeHune. B coBpeMeHHbIX YCNOBUSIX CTapEHNSt HACENEHWS 1 YBENNYEHWS MPOAOSIKUTENBHOCTI XU3HN aKTyaslbHON CTaHOBUTCS Npobne-
Ma CoxXpaHeHnst MPoeCcCMoHanbHOro AONroNeTNst PaboTHNKOB, OCOOEHHO B BbICOKOTEXHOMOMMYHbBIX 1 MOTEHLMAabHO ONMacHbIX OTPacsX.
CyLecTBytOLLIME METOAB! OLIEHKN MPOMECCHOHANBHOIO 340P0BbS HYaCTO (PparMeHTapHbl U HE YYUTLIBAIOT KOMMJIEKCHOE BINSHWE (Purande-
CKUX, NMCUXONOMMYECKINX U colpmanbHbix hakTopoB. [1ns peLueHrs sToi npobnemsl npeanarastcs pa3paboTka MHTerpasbHoro rpyrnnoBoro
MNHAekca npoeccunoHaneHoro gonronetus (UFAMQ).

Llenb. PagpaboTka n BHepperne VMM kak MHCTPyMEHTa KONMYECTBEHHOW OLIEHKM YPOBHSA MPOdECCHOHANBHOMO AONTONETUS KONNEKTU-
Ba pabOTHWKOB aTOMHOWM OTPac/n C y4eTOM 3a00/1eBaEMOCTU, COCTOSIHUSI 3A,0POBbSI, PE3YNBTATOB MELOCMOTPOB U NMCUXO(U3NONOTNHECKO-
ro obcnefoBaHns, YPoBHS CTpecca 1 BOBEYEHHOCTU.

MaTtepuanel n Mmetogbl. [poBeeHO PeTPOCMEKTUBHOE UCCNedoBaHNe ¢ neprogomM oxearta 2023-2024 rr. O6bekToM aHanvsa obinm ge-
NepCcoHNdULIMPOBaHHbIE AaHHble paboTHUKoB BHUNT® (r. CHexxunHek) 1 KanuHnHekon ASC (. Yoomns). B nccnepgoBaHve BKIKOYEHb! Kaapo-
Bble OTHYETbl O 3a60NeBaeMOCTM C BPEMEHHOW yTpaTon TpyaocnocobHocTn (BYT), 3aknoumTenbHble akTbl MEPUOANHECKUX MEAULIMHCKIX

© M.Yu. Kalinina, A.A. Kosenkov, E.Yu. Mamonova, 2025
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ocmMoTpoB (NMO), rogoeble O0THeTbI NcKxoduanonorndecknx obcnegosaHuin (MAPQO), a Takxe pesynbTaTbl KOPNOPATUBHBIX aHKETUPOBAHWN
ypoBHs cTpecca (YC) 1 amoumoHansHoro BeiropaHus (YOB). B cTaTbe nprBefeHb! TONbKO OTHOCUTENbHbIE CBOAHbIE AaHHble; YC0BUSA Tpyaa
B pacyeT NHAEKCa He BKItoYannch. [ns OLeHKN napamMeTpoB MPUMEHAIMCH CTaHAapTU3MPOBaHHbIE METOANKN: «LLIkana BocnprHMMaemMoro
cTpecca-10», «Burnout Assessment Tool», a Takxe metToguka E.J1. HoTkmHa ans aHannza BYT.

Peaynbtatbl. Pacuet VTN nokasan NonoxmnTenbHyo AnHaMUKY: MHOEKC npeTepnen nosbilleHne Ha 2,6 6anna Ha KanmHuHckon ASC
(pocT € 69,6 po 72,2 6anna) n CHWkeHne nokasartens Bo BHVUT® (c 67,2 no 65,8 6anna). KnoyeBbiM (hakTopoMm, okasaBLUMM Hanbonee
BbIPaXKEHHOE HEraTMBHOE BIVSIHUE, SBUICA BbICOKUIA YPOBEHb 3aD0NEBAEMOCTIN C BPEMEHHOW yTpaTon TpyaocnocobHoctu (1914 oHen
Ha 100 paboTHMkoB Bo BHNWT®). Ha KannHuHckon ASC 3admkcrpoBaHo yiyylleHre pacnpeaeneHns paboTHMKOB Mo rpynnamM 340p0oBbst
1 CHVDKEHME J0NM 1L, C BbICOKMM YPOBHEM 3MOLIMOHATBHOIO BbIFOpaHNs, YTO yKasbiBaeT Ha aPdEKTMBHOCTb peannadyemMblx opraHnsaumen
NPOMUNAKTUHECKNX MEPOMPUSATIAI.

Boeisopbl. VIM'M gokasan cBoto ahPeKTUBHOCTb Kak MHCTRYMEHT 4151 MOHUTOPUHIa NPOgeCCoHaNbHOro AONrONETUSA U BbISBNEHNSA 30H
pucka. PeaynsraThl CCNefoBaHns NOAYEPKNBAOT HEOOXOAMMOCTb KOMMIEKCHbBIX MPOrpaMM, HanpaB/ieHHbIX Ha CHKeHWe 3abo1eBaemMo-
CTW, ynpaBneHne CTPECCOM U MOBbILIEHNE BOBNEYEHHOCTM paboTHuUkoB. Metogonorua VTATL MoxeT ObiThb agantupoBaHa Ans Apyrmux
oTpacnei, a ee fanbHelillee COBEPLUEHCTBOBaHNE MO3BOUT MOBLICUTL TOYHOCTb OLIEHOK. [Mofly4eHHble AaHHble UMEOT MpakTUHECKYO
3HAYMMOCTb AN PaspaboTKM KOPMOPaTUBHbIX MPOrpaMM MO COXPaHEHNO 300POBbs 1 MPOAIEHNIO NPOdECCHUOHANBHOrO AONFONETUS pa-
BOOTHMKOB.

KniouyeBble cnoBa: npodeccroHanbHoe 340P0BbE; MPOMEeCcCUMoHanbHoe OONroNeTne; 3aboneBaeMoCTb;
NCUXoU3NONOrNieckoe 0bCenoBaHe; CTPECT; BOBIEYEHHOCTb

MEOVLMHCKNA  OCMOTP;

Ons yutupoeanusn: KanmHmnHa M.FO., KoceHkoB A.A., MamoHoBa E.FO. AkTyasbHble BOMPOCH! OLEHKN OXMAAEMOro NPOdeCcCnoHanbHOro
nonroneTus paboTHNKOB. MeauiLmHa akcTpemasibHbIx cuTyaumi. 2025;27(4):569-577. https://doi.org/10.47183/mes.2025-373

duHaHcupoBaHue: paboTa BbINoHeHa 6€3 CNOHCOPCKON NOLAEPXKKM.

CoOTBeTCTBME NPUHLMNaM 3TUKK: UCCNeAoBaHre He TPeboBasio 3aK/oHeHVs B1MO3TUHECKOrO KOMUTETA, MOCKOJIbKY CMONb30Banu ae-
NepCcoHNMULIMPOBaHHbIE faHHblIe PAGOTHVKOB ABYX NPEAnPUSTUA aTOMHO OTpacu.

MoTeHumnanbHbI KOHMINKT UHTEPECOB: aBTOPbI 3aABNSIOT 00 OTCYTCTBUM KOH(VKTA MHTEPECOB.

>< KanuHunHa Mapus FOpbesHa MY Kalinina@rosatom.ru

Ctartbs noctynuna: 10.08.2025 MNocne gopaboTku: 23.09.2025 MpuHaTa k ny6nukauun: 25.09.2025 Online first: 24.10.2025

INTRODUCTION ageing) [1], focusing mainly on the quality of life and

maintaining the health of older people.? However, in

In the current demographic context of an aging society
driven by increasing life expectancy in Russia, as well as
the need to address humanitarian and economic chal-
lenges, the task of preserving the professional longev-
ity of employees is acquiring particular relevance. The
growth in the retirement age and rising demands on
qualifications and working conditions require new ap-
proaches to assessing and managing the professional
activity of employees throughout their careers. The issue
of extending professional longevity is inextricably linked
to ensuring timely and accessible medical care, includ-
ing prevention, diagnosis, and rehabilitation. These tasks
are set by the national project “Long and Active Life”, the
implementation of which began on 01.01.2025.

According to the WHO definition, “health is a state of
complete physical, mental and social well-being and not
merely the absence of disease or infirmity.’

At the beginning of the 21st century, due to the
growing life expectancy of the population in eco-
nomically developed countries, the WHO launched a
program for active longevity (in the original — active

the 2015 edition, the program shifted attention to the
employment of older people. This shift is explained by
growing concerns among governmental and business
structures that population aging would place an un-
sustainable burden on the budgets of enterprises and
social support institutions, primarily pension funds. In
order to counter these threats, a series of urgent meas-
ures [2] were proposed to improve the economic situ-
ation, including measures to retain specialists in the la-
bor market beyond the retirement age.®*

Thus, concern for the working individual, beyond its
humanitarian significance, has acquired a pronounced
macroeconomic meaning. As a result, the concepts
of “occupational health” and “professional longevity”
have become the focus of close attention for special-
ists in medicine, occupational psychology, and related
disciplines. Occupational health is defined as an integral
characteristic of the “functional state of the human body
based on physical and mental parameters, aiming to as-
sess its ability for specific professional activity with given
efficiency and duration over a specified life period, as

" Preamble to the Charter (Constitution) of the World Health Organization.

pdf?ua=1#page=9 (request date of 07.04.2025).

https://apps.who.int/gb/bd/PDF/bd48/basic-documents-48th-edition-ru.

2 Active ageing: a policy framework; 2002. WHO reference number: WHO/NMH/NPH/02.8. https://extranet.who.int/agefriendlyworld/wp-content/uploads/2014/06/
WHO-Active-Ageing-Framework.pdf (request date of 02.05.2025).

% World Health Organization (WHO). Project 1: Global Strategy and Action Plan on Ageing and Health. 2015. https://www.who.int/ageing/ageing-global-strategy-
draft1-ru.pdf (request date of 15.08.2020).

4 Multisectoral action for healthy ageing based on a life-cycle approach: draft global strategy and action plan on ageing and health. Report of the Secretariat
of the Sixty-ninth session of the WHO World Health Assembly, 22 April 2016. https://apps.who.int/iris/bitstream/handle/10665/253277/A69 17-ru.
pdf?sequence=1&isAllowed=y (request date of 05.02.2022).
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well as its resistance to adverse factors accompanying
this activity.”®

The aforementioned WHO definition of health, which
includes mental and social well-being, should be ex-
tended by the concept of occupational health, ie., a
person’s ability to fully realize themselves as a qualified
specialist, experience a sense of self-worth and engage-
ment in the life of the team and the work process, ac-
ceptance and support from colleagues, as well as to feel
cared by management.

Professional longevity is the “ability of a person to
solve professional tasks at a high level throughout the
entire period of labor activity allotted by society,”® “that
is, to maintain occupational capacity [4, 8, 9].” Given
the demographic situation, the importance of pre-
serving this ability and the desire to continue working
after reaching retirement age should be emphasized.
Human health is influenced by a large number of so-
cial and economic factors, with the living and working
conditions of citizens being of particular importance.
Surveys of the working population have revealed that
“more than a third lead a sedentary lifestyle, 56%
regularly face overtime work, 54% of Russians report
periodic stress at work, 10% report constant stress,
and 45% say they have experienced professional
burnout.””

The Russian government has developed a number
of regulatory legal acts and national projects aiming to
improve the health and increase the life expectancy of
the country’s population, as well as to overcome diffi-
culties related to the demographic situation. Decree of
the President of the Russian Federation No. 3098 speci-
fies national development goals for the period up to
2030 and with a perspective to 2036, among which the
foremost are preserving the population, strengthening
health, improving people’s well-being, and supporting
the family.

The current stage involves the implementation of the
national projects for the next six years. Among them,
the National Project® is aimed at increasing the popula-
tion’s life expectancy to 78 years by 2030. The plans in-
clude modernization of the primary healthcare system in
Russia, development of measures for the prevention and
early diagnosis of cancer, creation of a national digital
platform “Health,” and development of a medical reha-
bilitation system.

In order to ensure early and timely detection of chronic
non-communicable diseases, which are the main cause
of mortality (cardiovascular, oncological, and respiratory
diseases, diabetes, etc.), preventive medical examina-
tions and population health checkups are being carried
out [4, 5].

Decree of the President of the Russian Federation
No. 145'° has declared a transition to personalized, pre-
dictive, and preventive medicine, high-tech healthcare,
and health preservation technologies, including for the
working population. Directive No. 830-r"" outlines strat-
egies for extending active healthy longevity, creating
conditions for realizing the personal potential of elderly
citizens, and expanding their participation in the soci-
ety. Federal Law No. 311-FZ" has introduced compre-
hensive amendments to the Labor Code of the Russian
Federation aimed at transforming approaches in the
field of labor protection, implementing and developing
a system for the prevention of occupational injuries and
diseases, and improving mechanisms to incentivize em-
ployers to enhance working conditions.

Labor protection has become one of the priority ar-
eas of the Russian state policy, with the goal of creat-
ing a prosperous and safe environment for the citizens.
There is a raising awareness among employers about
the economic feasibility of promoting a healthy lifestyle
among employees and encouraging regular preventive
medical examinations and health checkups, as well as
the importance of implementing special comprehensive
programs to create appropriate conditions for employ-
ees to maintain a healthy lifestyle [7].

Directive of the Government of the Russian Federation
No. 833-r'® has approved a set of measures to incentiv-
ize employers and employees to improve working con-
ditions and preserve the health of workers, as well as
to motivate citizens to adopt a healthy lifestyle. These
measures provide for the creation and replication of best
corporate and regional practices for encouraging em-
ployers to enhance working conditions and preserve the
health of workers.

While acknowledging the importance of the meas-
ures implemented by the Russian state to improve public
policy in healthcare and labor protection for preserving
the health of the working population, attention should be
drawn to the persistently high mortality rate from non-
communicable diseases, the prevalence of smoking and

5 Health Psychology: Textbook for Universities / Edited by GS Nikiforov. — St. Petersburg: Peter, 2006.

8 L.V. Mardakhaev Social Pedagogy: Textbook. Moscow: Gardariki, 2005.

7 Federation Council of the Federal Assembly of the Russian Federation. Transcript of parliamentary hearings on the topic “Protecting the Health of the Working
Population” dated 24.10.2024. http://council.gov.ru/activity/activities/parliamentary/161497/ (request date of 05.05.2025).

& Decree of the President of the Russian Federation No. 309 “On the National Development Goals of the Russian Federation for the Period until 2036” dated

07.05.2024. http://government.ru/docs/all/155078/

¢ National project “Long and Active Life”. https://HaunoHansHblenpoexTsl.pd/new-projects/prodolzhitelnaya-i-aktivnaya-zhizn/

0 Decree of the President of the Russian Federation No. 145 “On the Strategy for Scientific and Technological Development of the Russian Federation” dated

28.02.2024. http://www.kremlin.ru/acts/bank/50358

" Decree of the Government of the Russian Federation No. 830-r dated 07.04.2025, on the approval of the “Strategy for Action in the Interests of Older Citizens

in Russia until 2030.” http://government.ru/docs/54753/

2 Federal Law No. 311-FZ “On Amendments to the Labor Code of the Russian Federation” dated 02.07.2021. http://www.kremlin.ru/acts/bank/46959

s Decree of the Government of the Russian Federation No. 833-r dated 26.04.2019, on the approval of the “Set of Measures to Stimulate Employers
and Employees to Improve Working Conditions and Preserve the Health of Workers, as well as to Motivate Citizens to Lead a Healthy Lifestyle.”.
http://static.government.ru/media/files/EIHhjehSWOoZSfE40uOTqJuFSmr7e7P7.pdf
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alcohol consumption among the population, poor nu-
trition, insufficient physical activity, a formalistic attitude
and low level of trust in health checkups. Psychosomatic
diseases are becoming widespread, to a large extent
being influenced by psychological factors, insufficient
stress resistance, and prolonged psychoemotional ten-
sion.

In the context of demographic challenges and in-
creasing demands to preserve labor potential, objective
tools capable of assessing the health status of employ-
ees and their level of professional longevity are becom-
ing particularly important. In order to address this task,
we set out to develop a methodology for calculating an
Integral Group Index of Professional Longevity (IGIPL)
based on a set of medical, psychophysiological, and
social parameters. The index enables the planning and
monitoring of corporate and state programs aimed at
extending professional activity, allows for tracking the
dynamics of key parameters, and facilitates comparative
analysis across different enterprises.

In this study, we aim to develop an IGIPL for use as
a tool for quantitative assessment of the level of pro-
fessional longevity among nuclear industry employees,
taking into account morbidity, health status, results of
medical examinations and psychophysiological testing,
stress levels, and engagement.

To that end, we set the following objectives:

e 1o justify the IGIPL calculation methodology, includ-
ing the selection of parameters and determination of
their weight significance based on expert assess-
ments;

e to calculate an IGIPL and carry out a comparative
analysis of its values using the example of two nu-
clear industry enterprises for 2023 and 2024, with an
assessment of parameter dynamics;

e to determine general approaches to developing cor-
rective measures based on the IGIPL, aimed at in-
creasing the level of professional longevity of employ-
ees.

MATERIALS AND METHODS

We carried out a retrospective and observational study
covering the period of 2023-2024. The analysis was
based on anonymized data from employees of two nu-
clear industry enterprises: VNIITF (Snezhinsk) and the
Kalinin NPP (Udomlya).
The following information sources were used:
e Human Resources (HR) reports on morbidity with
temporary disability (TD);
e final reports on the results of periodic medical exami-
nations (PME) indicating the distribution of employ-
ees by health groups;

e annual reports of psychophysiological examinations
(PPE);

e materials from corporate surveys assessing stress
levels (SL) and emotional burnout (EB).

In this article, we present exclusively relative values
based on aggregated, anonymized data. It should be
noted that working conditions were not considered in
the calculation of the IGIPL; therefore, their detailed anal-
ysis was beyond the scope of this study.

Standardized methodologies were used to assess
specific parameters:

e S| was assessed using the “Perceived Stress
Scale-10.” The maximum score on this scale is
50 points. To normalize the data (i.e., to convert the
scale to a 100-point dimension), the obtained values
were multiplied by two;

e EB level was assessed using the “Burnout
Assessment Tool (BAT),” specifically its version for
working individuals. A short Russian-language ver-
sion provided by the developer of the methodology
was used [3];

e The E.L. Notkin method' was used to assess mor-
bidity with TD, calculated as the number of days per
100 employees.

Thus, the combination of the above sources and
methods enabled a comprehensive analysis of profes-
sional health parameters and the calculation of the IGIPL.

Weight coefficients (W) were established based on
an expert assessment method aimed at determining the
relative significance of various parameters for the pro-
fessional longevity of employees. The study involved
20 experts in the fields of occupational medicine, psy-
chophysiology, and human resource management. Data
collection was carried out using standardized question-
naires followed by their statistical processing for the de-
termination of valid weight coefficients (Table 1).

The assigned coefficients reflect the contribution of
each parameter to the overall value of IGIPL. Experts at-
tributed the greatest significance (coefficients of 0.20—
0.15) to the following parameters: temporary disabil-
ity (TD), health group (HG), stress level (SL), emotional
burnout level (EB), and work engagement (E). According
to specialists, these parameters most significantly de-
termine the current state and dynamics of professional
longevity, being directly linked to the risks of lost work
capacity, decreased motivation, and premature depar-
ture from the profession.

Lower weight coefficients (0.10 each) were assigned
to the parameters of fitness for work based on medical
examinations (PME) and psychophysiological resilience
(PPR). Despite their undeniable importance, experts
considered these factors to play more of a supportive
rather than a determining role in shaping professional

4 Burnout Assessment Tool: version for working individuals. https://burnoutassessmenttool.be/wp-content/uploads/2020/11/BAT Russian.pdf (request date of

083.05.2025).

5 Methodological Guidelines MR 2.2.9.0375-25 “Analysis of the causes of temporary disability to identify priority professional groups for the development of

medical and preventive measures”.
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Table 1. Weight coefficients determined by experts

No. Parameter Abbreviation Weighting coefficients (W)
1. Temporary Disability D 0.20

2. Health Group HG 015

3. Periodic Medical Examination PME 0.10

4. Psychophysiological Examination PPE 0.10

5. Stress Level SL 015

6. Emotional Burnout Level EB 0.15

7. Engagement E 0.15

Table compiled by the authors based on their own data

Table 2. Temporary disability assessment scale (S_TD)

Temporary disability in days per :IOO workers according to Points on the S_TD assessment scale*

E.L. Notkin

<500 100

500-599 85

600-799 70

800-999 55

1000-1199 40

1200-1499 25

> 1500 10

Table compiled by the authors based on data from source MR 2.2.9.0375-25'

Note: * — the S_TD scale step is designed such that for every increase of 200-300 days of TD per 100 employees, the index value sequentially

decreases by 15 points.

longevity, especially in the presence of other critical de-
viations.

The integration of the TD parameter was carried
out through the S_TD assessment scale (Table 2). This
approach normalizes the parameter to a 0-100 scale,
reflects the generally accepted expert assessment ac-
cording to the E.L. Notkin scale, and eliminates math-
ematical distortions at extreme values.

Therefore, the formula for calculating the Integral
Group Index of Professional Longevity (IGIPL) takes the
following form:

IGIPL = W_TD x S_TD + W_HG x HG +
+ W_PME x PME + W_PPE x PPE + + W_E x E + (1)
+W_SL = (100 - SL) + W_EB x (100 - EB),

wherein:
W — the weight coefficient of the parameter;

S_TD — the score for morbidity with temporary disability;
HG — the proportion of employees in health groups Il
(%);

PME — the proportion of employees deemed fit for work
without restrictions based on the results of periodic
medical examinations (%);

PPE — the proportion of employees deemed fit based
on the results of psychophysiological examinations (%);
E — the level of work engagement (%);

SL — the stress level according to the scale (points);

EB — the level of emotional burnout (%).

The IGIPL calculation was conducted using the ex-
ample of enterprises of the State Corporation “Rosatom,”
which operate in technology-intensive and potentially
hazardous industries: nuclear power and the defense-
industrial complex.

The objects under analysis were the All-Russian
Research Institute of Technical Physics (VNIITF,
Snezhinsk) and the Kalinin Nuclear Power Plant

6 Methodological Guidelines MR 2.2.9.0375-25 “Analysis of the Causes of Temporary Disability to Identify Priority Professional Groups for the Development of

Medical and Preventive Measures”.

EXTREME MEDICINE | 2025, VOLUME 27, No 4

573




OPUI'MHAJIbHASA CTATbA | TIPOPUNTAKTUHECKAA MEOVLINHA

Table 3. Interpretation of IGIPL values

Scores Level

Interpretation of IGIPL Values

80-100 High

High level of professional longevity. Supportive measures for health protection,
strengthening psychological well-being, and employee engagement are sufficient

60-79 Medium

Medium level of professional longevity. The implementation of regular preventive
programs for stress management and maintaining employee motivation is

required

40-59 Low

Low level of professional longevity. Targeted health-improvement and
organizational measures aimed at improving the physical and psycho-emotional

state of workers are necessary

<40 Critical

Critical level of professional longevity. The implementation of comprehensive
programs for health protection, workload reduction, and fostering a favorable

work environment is required

Table compiled by the authors based on their own data

(Udomlya). These enterprises are characterized by a
high degree of responsibility, complex technological
processes, and stringent requirements for the health
and psychophysiological resilience of their employees.

RESULTS AND DISCUSSION

The IGIPL is formed based on a set of various param-
eters. When growing, these parameters either contribute
to the growth of professional longevity or, conversely,
lead to its decrease. The key parameters influencing the
IGIPL are presented below.

Factors whose growth has a positive effect on the

IGIPL:

e Health Group (HG): The more employees belong to
Health Groups | and II, the higher the overall level of
resilience and physical readiness of the team to per-
form professional tasks.

e Fitness for Work based on Medical Examinations
(PME): A high proportion of workers without medical
restrictions reflects good overall health of the person-
nel and contributes to stable labor activity.

e Psychophysiological Resilience (PPE): The ability to
maintain performance under difficult conditions is a
crucial component for sustaining professional lon-
gevity.

e Work Engagement (E): A high level of engagement
promotes professional stability, reduces the likeli-
hood of burnout, and increases motivation.

Factors whose growth has a negative effect on the

IGIPL:

e Temporary Disability (TD, days): An increase in the
number of disability days indicates a decline in the
overall health level of the team and negatively im-
pacts the index value.

e Stress Level (SL): An elevated stress level leads to
decreased performance, reduced psychological

574

resilience, and a decline in the quality of professional
duties.

e Emotional Burnout (EB): A high level of burnout is one
of the primary factors for premature termination of
employment.

The IGIPL was developed as a practical tool for
employers to assess the level of professional longev-
ity among employees at the enterprise level. The index
can be used to formulate, implement, and subsequently
evaluate the effectiveness of programs aimed at protect-
ing employee health, increasing motivation, and improv-
ing the psychological climate within the team.

We performed IGIPL calculations based on the pa-
rameters of physical, psychological, and social well-be-
ing for the period of 2023-2024 in accordance with the
developed methodology (Table 4).

According to the results obtained, the IGIPL values
at VNIITF decreased over the year by 1.4 points (from
67.2 to 65.8 points). However, at the Kalinin NPP, the
index increased by 2.6 points (from 69.6 as of 2023 to
72.2 points in 2024). Both organizations were character-
ized by an average level of IGIPL (60-79 points), which
reflects a satisfactory but insufficiently stable state of
the professional longevity level of employees. A slight
decrease in the parameter was noted at VNIITF, while
a positive trend was observed at the Kalinin NPP, likely
associated with the effectiveness of the implemented
measures to strengthen occupational health and im-
prove working conditions.

Our analysis identified key parameters that deter-
mine the value of IGIPL. The most significant factor was
morbidity with temporary disability (TD). The VNIITF en-
terprise exhibited a critically high level of morbidity with
TD: 1914 days per 100 workers in 2023 and 1912 days
in 2024. According to the E.L. Notkin scale, this corre-
sponds to the minimum score (10 points) and indicates
an area of chronic overload and unfavorable health status
of personnel, requiring immediate corrective measures.
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Table 4. Calculation of IGIPL for each enterprise for 2023-2024

Organization | Year | S_TD "‘é—}%x W::g x W—PPI\',‘I"EE x W—PPPPEE |, 1"(‘)’63_'-le_) ( 1"(‘)’(—)E_BE*B) W—EE * | 1GIPL
VNIITF 2023| 10 | 20 3.3 9.92 10.0 139 13.9 141 | 672
VNIITF 2024 | 10 | 20 | 405 | 988 100 13.2 13.2 135 | 658

KalininNPP | 2023 | 25 | 50 4.5 8.84 10.0 13.6 13.3 142 | 696

KalninNPP | 2024 | 25 | 50 | 6.88 9.18 100 136 13.9 135 | 72.2

Table compiled by the authors based on their own data

Note: W — the weight coefficient of the parameter; TD — temporary disability; HG — health groups; PME — periodic medical examination;
PPE — psychophysiological examinations; SL — stress levels; EB — emotional burnout.

At the Kalinin NPP, this parameter was somewhat lower
(1321 and 1222 days per 100 workers in 2023 and 2024,
respectively), which corresponds to 25 points and also
indicates a significant loss of working capacity.

The second most significant factor is the distribution
of employees by health groups. At the VNIITF enterprise,
a moderate increase in the proportion of employees with
Health Groups |-Il was observed over time (from 22%
in 2023 to 27% in 2024); however, the baseline level re-
mains low. At the Kalinin NPP, a pronounced positive
shift was observed: from 30% in 2023 to 45.9% in 2024,
reflecting a more effective implementation of preventive
and health-improvement measures.

The results of PME showed high values at both en-
terprises. For instance, at VNIITF, over 98% of employ-
ees were cleared for work without restrictions, indicating
strict control of professional suitability. At the Kalinin NPP,
this parameter was somewhat lower (88-91%), although
remaining within acceptable standards.

Psychophysiological examination (PPE) at both enter-
prises showed a 100% clearance of employees for fur-
ther work. This result indicates the low informativeness
of the parameter “proportion of employees suspended
based on PPE results.” However, the signs of strain and
impaired psychophysiological adaptation identified dur-
ing the examination are significant predictors of somatic
ill-health and require consideration when planning pre-
ventive measures. In the future, it is advisable to use an
integral assessment of psychophysiological adaptation,
e.g., by indicating the proportion of employees with pro-
nounced impairments.

The conducted analysis of psychoemotional fac-
tors revealed differences between the organizations.
The stress level among workers at VNIITF was elevated,
ranging 7-12 points, which should be considered an
alarming signal and a prerequisite for developing target-
ed preventive measures. At the Kalinin NPP, this param-
eter remained stable (around 9 points), corresponding to
a moderate level requiring regular monitoring.

The dynamics of emotional burnout also differed. At
VNIITF, its prevalence increased from 7% to 12%, which,
combined with rising stress levels, indicated a growing
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risk of deterioration in the psychoemotional state of
workers. Conversely, at the Kalinin NPP, a decrease in
the proportion of workers with a high level of burnout
was recorded, from 11% to 7%, reflecting positive trends
and the need to maintain them further.

The engagement index remained high at both enter-
prises (VNIITF: 94% — 90%; Kalinin NPP: 95% — 90%),
which is a factor of resilience to stress and the likelihood
of staff turnover. The slight decrease in engagement at
VNIITF in the setting of increasing stress and burnout
can be considered an early sign of professional exhaus-
tion among the workforce.

As a result of the conducted research, a compre-
hensive assessment of professional longevity at two
enterprises of the State Corporation “Rosatom” was ob-
tained. We established that both organizations are within
the stable range of IGIPL, indicating the stability of labor
potential despite the presence of risk factors.

However, differences in dynamics were identified.
Positive shifts were recorded at the Kalinin NPP, driven
by a decrease in morbidity with temporary disability, a
reduction in the prevalence of emotional burnout, and a
significant increase in the proportion of employees with
Health Groups I-Il according to medical checkup data.
Conversely, at the VNIITF enterprise, a critically high
level of morbidity with temporary disability persisted,
which is a key limiting factor for professional longevity.
Furthermore, unfavorable changes in the psychoemo-
tional state of the workforce were noted, including an
increase in stress levels, a rise in the proportion of em-
ployees showing signs of burnout, and a decrease in
engagement.

The obtained results underscore the necessity for
long-term observation (at least 4-5 years) to confirm the
identified trends and to form sustainable management
strategies. At the same time, the IGIPL has proven its
scientific and practical significance as an integral pa-
rameter. It demonstrates high sensitivity to key risks in
the occupational environment and enables an objective
assessment of the effectiveness of corporate and state
programs aimed at preserving health and extending the
professional longevity of personnel.
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CONCLUSION

The Integral Group Index of Professional Longevity
serves as a tool for monitoring the effectiveness of
measures aimed at preserving the health of the work-
ing population and extending professional longevity.
Its application will enhance the objectivity of assess-
ing programs implemented by enterprises and facilitate
the development of more targeted preventive measures
against key risk factors.

The implementation of IGIPL-based targeted meas-
ures may contribute to extending the active working
life of employees, reducing morbidity and professional
burnout, and increasing labor productivity. Undoubtedly,
a competent personnel policy must account for the neg-
ative impact of biological aging on psychophysiological
functions.

The proposed algorithm for IGIPL calculation is a dy-
namic model that can be refined with new accumulated
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Introduction. The high prevalence and significant disability of patients with Alzheimer’s disease (AD) necessitate the search for new mark-
ers of disease progression and novel treatment approaches. Recent evidence is increasingly attracting the research attention to the value of
electroencephalography (EEG) in detecting epileptiform activity in this patient population.

Objective. Detection of the frequency of epileptiform activity in patients with AD and evaluation of its clinical and diagnostic significance.
Discussion. EEG, in particular, prolonged sleep-deprived EEG, is capable of detecting subclinical epileptiform activity, which is associated
with more severe cognitive impairments and contributes to disease progression. This review examines research data on the prevalence and
clinical significance of subclinical epileptiform activity in AD patients without an epilepsy diagnosis. It also highlights key pathophysiological
mechanisms linking epileptiform activity to the progression of cognitive decline in AD. Furthermore, it addresses the rationale for prescribing
specific antiepileptic therapy upon detection of subclinical epileptiform activity.

Conclusions. The high clinical significance of performing electroencephalography and detecting epileptiform activity in patients with Al-
zheimer’s disease, due to its potential negative impact on the progression of cognitive impairments and increased risks of developing epileptic
seizures, has been demonstrated.
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AWATHOCTUYECKASA 3HAYMMOCTb CYBK/IMHUYECKON 3NMUNENTUD®OPMHON
AKTUBHOCTM Y NAUNEHTOB C BOJIE3HbIO AJTbLIFEMMEPA

C.I. bypa'®, AH. boronenosa'?, A.B. llebenesa'?, HO.B. Pybnesa', E.A. KoBaneHko'?, E.B. MaxHoBu4'?, H.A. OcnHoBcKast',
E.A. lhnesa', H.B. ManTtuHa’, .M. KoBanesa'

"®enepanbHbIn LIEHTP MO3ra U HenpoTexHonorun ®egepanbHOro Meamnko-b1monormieckoro areHTcTea, Mockaa, Poccus
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BBepgeHune. Bbicokas pacnpocTpaHeHHOCTb U 3Ha4MTeNnbHas HBanMamn3aumus naumeHToB ¢ 6oneaHbio AnbLreinmepa (bA) TpebytoT noncka
HOBbIX MapPKepPOB MPOrpeccHpoBaHNs 3TOro 3aboneBaHs, a TakxXe HOBbIX MOAXOA0B K ero fiederHunto. B nocneaHee Bpems HakanveaeTcs
BCe 60MblUe CBeAEHNIA O 3HAYMMOCTI MPUMEHEHWS aNeKTPO3HLedanorpadun y naumeHToB ¢ BA ¢ Lenbio BbISBAEHUS SnMNenTUOpPMHON
aKTUBHOCTW Y JaHHOW KaTeropum.

Llenb. OnpefeneHne 4acToTbl BCTPEYaeMOCTIN SMUAENTUAOPMHON aKTUBHOCTY y NaumeHToB ¢ BA 1 oLieHKka ee KIIMHUYECKOW 1 AnarHocTu-
4YEeCKOW 3Ha4YMMOCTH.

O6cyXxaeHune. YcTaHoBNEHO, YTo nposeaeHne 33, 0COHBEHHO NPOOOIKEHHON, C BKIIIOYEHUEM CHa, NMO3BONSET BbIABUTL CYOKIMHUYECKYIO
SMMNenTUOPMHYIO aKTUBHOCTb, KOTOpasi accoummpoBaHa ¢ 60ee Bblpa)keHHbIMU KOrHUTUBHBIMY HapyLLEHUSIMI 1 CIOCOBCTBYET Mpo-
rpeccupoBaHnio 3aboneBaHnsd. B 0630pe pacCMOTpeHbl AaHHbIe MCCNefoBaHuin MO PacipPOCTPaHEHHOCTU U KIIMHUYECKON 3HAYMMOCTU
CYOKNMHNYECKOWN aNnMNenTudOPMHON aKTUBHOCTY Yy NaLMeHToB ¢ BA 6e3 amarHosa «anunencusi». Takxke 0CBeLLeHbl OCHOBHbIe NaTouano-
NOMMHECKME MEXaHV3Mbl B3aMMOCBS3M aNMNenTUOPMHO aKTUBHOCTI 1 MPOrPECCUPOBaHVS KOrHUTUBHBIX HapyLLleHnii B pamkax BA. Kpo-
Me TOro, paccMaTpuBaeTCs BOMPOC O LieN1IeCo00pasHOCTN Ha3HaYeHNst Cneumnduieckon NpOTUBOSMUAENTUHECKOM Tepanuy NP BbiSBIEHUN
CYOKMMHNYECKOWN 3NMNenTUMDOPMHON akTUBHOCTW.

BbiBoabl. [NokasdaHa BbicoKast KNMHM4eCcKast 3Ha4MMOCTb MPOBEAEHNS SNEKTPOSHLEedanorpadun 1 BbISBAEHUS aNUNenTUOPMHOA aKT1B-
HOCTW y NaLMEHTOB C 601e3HbI0 ANbLreriMepa BCIeACTBNE ee MOTEHLMaIbHOrO HEraTUBHOIO BAUSIHWS HA MPOrPEeCCUPOBaHNE KOMHUTUBHbIX
HapyLUEHWI 1 NOBbILLIEHNSI PUCKOB PasBUTUS 3NUNENTUHECKMX MPUCTYMOB.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of
dementia and one of the most prevalent diseases in the
elderly, affecting 10—-20 million people worldwide [1]. The
disease is characterized by the formation of neurofibril-
lary tangles and amyloid plaques in the brain, manifest-
ing as progressive cognitive impairment. Annual direct
and indirect costs associated with this disease amount
to $100 billion, making the search for new diagnostic and
therapeutic methods critically important. It is predicted
that delaying disease progression by five years could re-
duce healthcare costs related to AD by half [2-5].

Despite significant advances in laboratory and ge-
netic diagnostics, as well as modern neuroimaging
methods (magnetic resonance imaging (MRI) of the brain
with morphometry, positron emission tomography), di-
agnosing dementia-related diseases remains challeng-
ing and, in many cases, inaccessible due to the cost of
examinations. Currently, electroencephalography (EEG)
is not part of the standard examination protocol for pa-
tients with dementia, including those with AD. However,
numerous literature sources report that pathological
brain activity (e.g., slowing of the background rhythm
or epileptiform activity) may be recorded during EEG in
AD patients, which could exacerbate the progression of
cognitive impairments and increase the risk of epileptic
seizures, further disadapting patients with AD [6, 7].

EEG with functional tests is a simple diagnostic meth-
od that allows assessment of the bioelectrical activity of
the brain. Non-epileptiform pathological activity, such as
theta or delta slowing (regional/diffuse) of bioelectrical
brain activity, is a common finding in AD patients dur-
ing routine EEG [6]. There is evidence suggesting that
increased relative power of theta oscillations may be an
early sign preceding dementia, thus being an important
biomarker of disease progression [8, 9].

The detection of epileptiform activity in AD patients
holds a great significance. However, routine EEG is of-
ten insufficient for capturing epileptiform activity, since
approximately 85% of standard EEG recordings fail to
detect epileptiform activity even in AD patients with epi-
leptic seizures [10]. This highlights the need for more sen-
sitive methods, such as prolonged video-EEG monitor-
ing including sleep, magnetoencephalography (MEG), or
invasive electrode placement through the foramen ovale
to identify this pathological activity [10]. Some authors
emphasize the higher prevalence of epileptiform activity
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in AD patients compared to the healthy population, as
well as its significance in the progression of cognitive
impairments in neurodegenerative disease. Thus, this
pathological activity may represent a promising target
for intervention in treating cognitive impairments in AD.

The aim of the study is to detect the frequency of epi-
leptiform activity in patients with AD and verify its clinical
significance.

MATERIALS AND METHODS

The search for scientific literature was conducted in elec-
tronic bibliographic databases in the Russian (eLibrary,
CyberlLeninka) and English (PubMed, Google Scholar)
languages. The search queries included the following
keywords or their combinations: Alzheimer’s disease,
electroencephalography, video-EEG monitoring, sub-
clinical epileptiform activity.

The inclusion criteria for publications were literature
systematic reviews and meta-analyses with data on the
prevalence of subclinical epileptiform activity in AD, the
pathophysiology of its occurrence, and the relationship
between the neurodegenerative process, epileptiform
activity, and cognitive impairments. The exclusion crite-
ria were publications covering theoretical models, ab-
stracts, and conference materials. In total, 52 articles
published from 1998 to 2024 were reviewed.

RESULTS AND DISCUSSION

Subclinical epileptiform activity (SEA) in patients
with Alzheimer’s disease (AD)

Subclinical epileptiform activity (SEA) typically refers to
epileptiform activity detected in EEG in patients without
a history of epileptic seizures. According to scientific re-
search, data on the prevalence and diagnostic signifi-
cance of epileptiform activity in patients with AD are lim-
ited and contradictory. The reviewed publications show
a significant variability (ranging from 2% to 54%) in the
reported prevalence of SEA among patients diagnosed
with AD, likely due to substantial methodological differ-
ences across the studies (Table) [11].

The presence of epileptiform activity may exacer-
bate the progression of cognitive impairments in AD
patients. Moreover, its detection may serve as a mark-
er for the potential development of epileptic seizures.
For example, Kang and Mendez et al. observed the
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development of epilepsy in approximately 10-22% of
AD patients [7, 12].

When investigating the prevalence and significance
of epileptiform discharges in patients with various types
of dementia, Liedorp et al. [15] found that routine 30-
min EEG detected epileptiform activity (predominantly
regional in the temporal areas) only in 2% of patients
with AD, mild cognitive impairment (MCI) and in 1% of
patients with other types of dementia. These rates are
similar to those in the general population. Only in 10%
of patients with dementia, whose EEG showed epilep-
tiform activity, developed seizures later in the course of
the disease [15].

The low detection rate of epileptiform activity in pa-
tients with AD prompted researchers to use additional
foramen ovale EEG electrodes for its identification. Thus,
Lam et al. applied foramen ovale electrodes and showed
that subclinical epileptiform activity, predominant during
sleep (affecting memory consolidation), can be detected
in the early stages of AD, in the absence of changes in
the routine scalp EEG [21]. This highlights the need for
larger EEG studies using additional techniques, includ-
ing foramen ovale recording, to determine the diagnostic
value of EEG in clinical practice.

According to a number of studies, a significant prev-
alence of SEA has been detected in AD patients, which
is likely associated with the use of prolonged video-EEG
monitoring including during sleep. Recently, increasing
attention has been paid to the presence of SEA in AD
patients due to evidence of a more pronounced cogni-
tive decline and a faster disease progression in patients
with SEA compared to those without it [16, 18, 22, 23].

Thus, Horvath et al. analyzed SEA in 52 AD patients
and detected significantly more frequent subclini-
cal epileptiform discharges (54%) among this group
compared to healthy elderly people of correspond-
ing age (25%) [18]. SEA was detected predominantly
in the temporal regions, mostly on the left side, with
bitemporal and right-temporal epileptiform activity be-
ing less common. The vast majority of SEA episodes
occurred during sleep, most frequently recorded dur-
ing stages 2 and 3 of sleep, while fewer spikes were
detected in stage 1 sleep. Moreover, the presence
of SEA was associated with more severe cognitive
impairments. Horvath et al. showed that in patients
with AD combined with SEA, cognitive decline over
the observation period (3 years) occurred 1.5 times
faster than in patients without epileptiform activity [18].
According to Vossel et al., epileptiform activity was de-
tected in 42.4% of patients with AD and only in 10.5%
of individuals in the control group of corresponding
age without cognitive impairments [16]. Patients with
SEA showed a faster decline in executive functions
and global cognition, as measured by the instrument
of Mini-Mental State Examination (MMSE), averaging
3.9 points/year compared to 1.6 points/year in pa-
tients without SEA [16].
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Nous et al. studied patients with different stages of
AD (preclinical, MCI, dementia) using such various meth-
ods as prolonged EEG, 50-min MEG, and high-density
EEG [11]. The prevalence of SEA in these patients was
31% compared to the control group (8%) without cog-
nitive dysfunction. The frequency was increasing along
with the disease progressed, i.e., in 50% of cases with
developed dementia, in 27% with MCI, and in 25% at
the preclinical stage of AD. Although the use of MEG
did not lead to a more frequent detection of SEA in AD
compared to prolonged EEG and high-density EEG,
MEG significantly outperformed other methods in terms
of spike detection rate per 50 min (epileptiform activity
representation index). Furthermore, in AD patients, the
presence of SEA was associated with more pronounced
impairments in visuospatial functions and attention, as
well as with a relatively larger volume of the left frontal,
left temporal, and entorhinal cortex compared to pa-
tients without epileptiform activity [7].

Pathophysiological mechanisms of the relationship
between epileptiform activity, neurodegenerative
process, and cognitive impairment in Alzheimer’s
disease

A number of authors consider epileptiform activity to be
part of the pathophysiological mechanisms leading to
coghnitive impairment in AD. The proposed mechanisms
include compromised glutamatergic system, excitotox-
icity-induced neurodegeneration, accelerated amyloid
and tau protein deposition under the influence of epi-
leptiform discharges, remodeling due to increased excit-
ability leading to functional network disconnection, and
sleep architecture changes [23].

One hypothesis describes a vicious cycle where mo-
lecular changes in AD promote neuronal hyperexcitabil-
ity [24], which in turn exacerbates the neurodegenerative
process in AD [25]. It was reported that in AD, soluble
oligomeric Ap (amyloid-beta), rather than AP plagues,
is the primary cause of neuronal hyperexcitability [24].
For instance, AB1-42 (the most toxic form of soluble AB
peptides) was to increase neuronal excitability through
selective inhibition of K+ currents [26]. It was described
that under the influence of AB, AD patients experience
impaired neuronal and glial glutamate reuptake, leading
to excitotoxicity. Similarly, glutamate excitotoxicity is also
exacerbated by the effect of Ap on the function of the
N-methyl-D-aspartate receptor (NMDA-R) [27]. It was
suggested that activation of cholinergic receptors and
Ca? channels under the influence of Ap may cause early
subclinical epileptic activity preceding the development
of clinical Alzheimer’s disease [28]. Furthermore, it was
shown that beta-secretase 1 (BACE1 is a key protein in-
volved in Ap formation) cleaves the B2 and B4 subunits of
the voltage-gated Na* channel [24]. Cleavage of p2 alters
transcription and receptor expression on the cell surface
[21]; cleavage of B4 significantly increases intracellular
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Table. Prevalence of subclinical epileptiform activity in patients with Alzheimer’s disease

Literature Ci(r)r?:::\tilr\-le People SEA Epileptiform
No prevalence, Activity SEA localization EEG type
reference ment amount Y |
. o ndex (EAI)
severity
1 Brunetti et AD 50 AD - 6.38; 0.015-0.025/ No data available LTVEM +
al. [13] MCI 50 MCI - 11.63; hour PSG +
CG 50 CG-4.43 MEG
2 Vossel et | AD + MCI 113 6 No data No data available routine
al. [14] available EEG
3 Liedorp et AD 510 2 AD; No data No data available 30-min
al. [15] MCI 225 2 MCl; available EEG
other 193 1 other
dementias dementia
4 Vossel et AD 33 42.4 AD; 0.03-5.18/ 9.9% wakefulness; Nighttime
al. [16] CG 19 10.5 CG hour 25.7% N1, 64.4% N2-N3; PSG +
MEG
43% left temple;
29% left central area;
14% right frontal area;
14% bifrontotemporally
5 Horvath et AD 42 28 No data No data available 24-h EEG
al. [17] available
6 Horvath et AD 52 54 AD; 0.29-6.68/ 8% wakefulness; 24-h EEG
al. [18] CG 20 25 CG hour 23% N1, 21% N2, 34% N3;
4% REM,;
52% left temple;
22% right temple;
26% bitemporally;
3% biparietal;
3% right frontal areg;
9% bifrontal
7 Lam et al. AD 4 22 AD; 1.5-3/day 20% N1, 80% N2; 24-h EEG
[19] CG 43 4.7 CG 85.7% left temporal
region;
28.6% bifrontal
8 Babiloni et | AD ¢ MCl, 56 No data No data No data available routine
al. [20] MCI with- 32 available available EEG
out AD AD + MCI;
41 MCl
without AD
9 Nous et al. AD+ 49 31 among all Number of Fronto-temporal regions | Prolonged
[11] dementia; patients with spikes per (more often on the left). EEG and/
AD + MClI; AD; 50 min: Single cases: central or 50-min
AD preclini- 50in Prolonged region, bifrontotemporal, | MEG and/
cal stage dementia; EEG: 0,19 spi- | bitemporal, right parietal, | or 50-min
27 in MCl; kes/min; right temporal, right frontal High-
25 on clinical | 50-min MEG: regions. Density
stage 64.5 spikes/ | More often, stages 1 and EEG
min; High- 2 of sleep
Density EEG:
3 spikes/min

Table compiled by the authors based on data from sources [11, 13-20]

Note: MCl — mild cognitive impairment; CG — healthy control group; SEA — subclinical epileptiform activity; EEG — electroencephalography;
LTVEM — long-term video-EEG monitoring, MEG — magnetoencephalography; PSG — polysomnography; N1 — sleep stage 1; N2 — sleep
stage 2; N3 — sleep stage 3; REM — rapid eye movement sleep.
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Na* levels [26]. Both processes contribute to overall neu-
ronal hyperexcitability, which may promote the develop-
ment of epileptic seizures.

Both epilepsy and Alzheimer’s disease involve neu-
roinflammation induced by AP, characterized by the in-
duction of an immune response in the central nervous
system (CNS) in reaction to the pathological process
[29]. Inflammation in the CNS is primarily mediated by
microglia, astrocytes, and oligodendrocytes [30]. Ap-
induced glial activation leads to the release of numerous
pro-inflammatory cytokines (e.g., TNF-a, IL-6, or IL-10),
triggering generalized neuroinflammation. This process,
in turn, promotes neurotoxic effects that ultimately result
in neuronal hyperexcitability, exacerbating the neurode-
generative process [24]. It was also described that pro-
inflammatory cytokines, such as IL-1B, increase neuronal
hyperexcitability either by enhancing glutamate release
from astrocytes and reducing its reuptake [31], or by up-
regulating NMDA-R, which increases intracellular Ca?*
influx [32].

Tau protein plays a distinct role in epileptogenesis
during AD, given that this protein is one of the key me-
diators of AB-induced epileptogenic mechanisms [33].

Increased glutamate
excitability _

Tau protein contributes to neuronal excitotoxicity by in-
creasing extracellular glutamate and causing NMDA-R
dysfunction [34]. Tau protein is also associated with ab-
normal neuronal migration in the hippocampus—a brain
structure closely linked to the development of epilepsy
[35, 36]. Furthermore, animal models of epileptogenesis
confirmed reduced activity of phosphatase 2A, leading
to increased p-tau in epileptogenic brain regions [37].

The neurosteroid allopregnanolone was also linked
to the development of Alzheimer’s disease [38]. Some
authors reported decreased levels of allopregnanolone
in the plasma and brain, particularly in the prefrontal
cortex, of patients with AD. Reduced allopregnanolone
levels lead to diminished neuroprotection, activation of
astrocytes and microglia, which in turn promotes the
production of neurotoxic cytokines, chemokines, and
reactive oxygen and nitrogen species. These mecha-
nisms contribute to the progression of neurodegenera-
tive disease and neuronal hyperexcitability [38].

The key components of the pathogenetic relationship
between epileptiform activity and the neurodegenerative
process are presented in the Figure below. Increased
activity of the glutamatergic system in AD leads to

Amyloid plaque

au neuroﬁbrillg

angles

Phosphorilated tau
oligomers

Epileptic discharges

Neurodegeneration

Figure prepared by the authors based on data from [23], CC BY license

Amyloid oligomers

¢ A

Accumulation of
misfolded proteins

Fig. Vicious cycle of glutamate-mediated hyperexcitability and accumulation of pathological proteins in cognitive

impairment in Alzheimer’s disease
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elevated expression of AMPA receptors and mobiliza-
tion of intracellular calcium. The rise in intracellular cal-
cium levels results in the release of amyloid oligomers
into the extracellular space and enhanced phosphoryla-
tion of tau oligomers (red arrows). Increased neuronal
excitation, manifested as epileptic discharges, is also a
consequence of glutamate-mediated hyperexcitability.
On the other hand, the accumulation of amyloid plaques
and tau neurofibrils alters the expression of glutamate
receptors and triggers excessive glutamate release from
microglial cells and astrocytes (green arrows). This bidi-
rectional pathological interaction can lead to progressive
neurodegeneration (black arrows), which is typically ac-
companied by cognitive impairment [23].

Pathological remodeling of hippocampo-cortical
connections is also considered to play a major role in
the presence of epileptiform activity. As a result of epi-
leptiform activity, local intrahippocampal connections
are strengthened, while the strength and number of
long-range connections are reduced. This remodeling
of neural networks leads to relative isolation of the hip-
pocampus from the cortex, impairing the functioning of
hippocampo-cortical circuits [23].

Furthermore, the presence of epileptiform activity
disrupts physiological sleep patterns and impairs the
memory consolidation process. Thalamic sleep spindles
at a frequency of 12-16 Hz are crucial for memory for-
mation, synchronizing hippocampal activity with cortical
neurons. Slow waves associated with cortical sleep pro-
vide the highest degree of synchronization, promoting
the activation of hippocampal activity and thalamic sleep
spindles. Epileptiform activity contributes to:

e transformation of hippocampal activity;

e disorganization of sleep spindle architecture;

e reduction of cortical slow waves due to cortical hy-
perpolarization.

In combination, these changes reduce the efficiency
of memory consolidation [23].

Treatment of subclinical epileptiform activity as an
alternative approach to AD therapy

Given the existing concept of SEA potentiating the
pathophysiological mechanisms that contribute to the
progression of cognitive impairment in AD, some au-
thors propose therapeutic approaches for treating AD
patients with SEA, such as prescribing antiseizure medi-
cation (ASM). There is a wide range of ASMs available;
however, due to the negative effects of most of them on
coghnitive functions and memory, the choice of ASM in
such patients is limited.

According to numerous studies on the effects of
ASMs on cognitive functions in patients with epilepsy,
some drugs exhibit a so-called “pro-cognitive” effect.
Levetiracetam is one example of such drugs. Due to the
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potentially beneficial effects of levetiracetam on cogni-
tive functions, most studies aimed at treating SEA and
epilepsy in AD patients focus on this particular medi-
cation [14, 39-44]. Experiments showed that levetirace-
tam modulates neuronal hyperexcitability, reduces the
number of amyloid plagues, and regulates neurotrophic
factors [39, 45]. It is known that in AD patients with epi-
leptiform activity, cognitive functions deteriorate faster
than in those without such activity. For instance, Vossel
et al. studied the effects of levetiracetam on various do-
mains of cognitive function in a group of 34 participants
with AD. The analysis showed that in the group of pa-
tients with seizures or SEA, the use of levetiracetam led
to positive dynamics in tests of executive function and
visuospatial memory [46].

Lamotrigine, which has no negative effect on cogni-
tive functions, may also be considered for use in patients
with AD and SEA [12, 45, 47-50]. Lamotrigine prevents
the accumulation of extracellular f-amyloid, suppresses
glutamate excitotoxicity, thereby exerting neuroprotec-
tive properties [51, 52]. A study by Tekin et al. of AD
patients without epilepsy showed that the use of la-
motrigine at a dose of 300 mg/day for eight weeks had
a positive effect on cognitive indicators (in performing
tasks on recognition and naming of objects and match-
ing names with objects) and mood [52]. However, there
are currently no clear clinical guidelines for prescribing
antiseizure therapy to AD patients with SEA having no
seizures, which requires further study.

CONCLUSION

The conducted review indicates the high clinical signifi-
cance of performing electroencephalography and de-
tecting epileptiform activity in patients with Alzheimer’s
disease due to its potential negative impact on the pro-
gression of cognitive impairment and increased risk of
epileptic seizures in such patients. The frequency of
SEA in AD patients can vary (2-54%) depending on
the duration of EEG recording, sleep inclusion, and
the use of additional techniques (MEG, foramen ovale
electrodes). Most literature data emphasize a higher in-
cidence of SEA in AD patients compared to those with
other types of dementia or healthy individuals of the
corresponding age. Pathophysiological mechanisms
highlight common etiopathogenetic links in the pro-
gression of AD and the formation of neuronal hyperex-
citability, which is associated with the appearance of
epileptiform activity on EEG. The use of ASM for SEA
therapy may become a new treatment strategy for AD
patients, not only as a means of preventing epileptic
seizures but also in the treatment of cognitive impair-
ment. However, the advisability of treating subclinical
epileptiform activity in Alzheimer’s disease patients re-
mains a subject for further investigation.
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DETERMINATION OF PREDICTORS OF ADVERSE DISEASE OUTCOME M) Check for updates
IN PATIENTS WITH COVID-19 BASED ON HEMOSTASIS SYSTEM ANALYSIS

Olesia U. Matvienko™, Olga A. Smirnova, Olga G. Golovina

Russian Research Institute of Hematology and Transfusiology, St. Petersburg, Russia

Introduction. Severe complications of the novel coronavirus infection (COVID-19) include arterial or venous thromboses, which not only
complicate the disease course but also increase mortality. The development of hypercoagulability, which precedes the occurrence of throm-
bosis, is associated with a significant activation of the hemostasis system, as well as the appearance of microparticles in circulation. These
microparticles, generated by activated blood cells, enhance the procoagulant orientation of hemostasis. In this regard, assessment of the
prognostic value of changes in hemostasis system parameters associated with the progression and outcome of COVID-19 represents a rel-
evant research task.

Objective. To identify predictors of adverse outcomes of the novel coronavirus infection based on the assessment of parameters character-
izing the state of the hemostasis system.

Materials and methods. A total of 163 patients (78 males and 85 females, aged 35-90 years, median age 69 years) were examined during
the acute phase of the disease with severe and moderate severity. Depending on the disease outcome, the patients were divided into two
groups: the group of survivors (n = 120) and the group of the deceased (n = 43). A study of plasma hemostasis parameters was conducted,
including Quick’s prothrombin test, fibrinogen concentration, activated partial thromboplastin time, factor VIII activity, ristocetin cofactor activ-
ity, von Willebrand factor content, protein C activity, antithrombin, and free protein S. In addition, the characteristics of microparticles were
studied. Statistical processing of the results was performed using the Statistica 12.0 software package.

Results. In patients with adverse disease outcomes, a significant decrease in Quick’s prothrombin time (PT) and antithrombin activity was
observed, along with an increase in von Willebrand factor activity, D-dimer concentration, and platelet microparticle count. The analysis of
sensitivity and specificity of these parameters allowed Quick’s PT less than 70% (sensitivity and specificity were 70% and 74.3%, respectively),
D-dimer level more than 800 ng/ml (sensitivity and specificity — 72% and 75.2%, respectively), and platelet MP count more than 3.22% (sen-
sitivity and specificity — 77.8% and 72.7%, respectively) to be considered as threshold values associated with lethal outcome from COVID-19.
Conclusions. Based on the conducted ROC analysis, predictive models for the risk of adverse outcomes of COVID-19 associated with
changes in hemostasis system parameters were obtained. The parameters of D-dimer concentration, Quick’s prothrombin time, and platelet
microparticle count can be used as laboratory predictors of unfavorable disease progression.

Keywords: adverse outcome; COVID-19; hypercoagulation; Quick’s prothrombin test; D-dimer; platelet microparticles
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OMPEAEJIEHNE NMPEANKTOPOB HEBJIAITONMPUATHOIO MCXOOA 3ABOJIEBAHUA
Y NALUMEHTOB C COVID-19 HA OCHOBAHUN NCCNEOQOBAHUA CUCTEMbI TEMOCTA3A

O.10. Mateunerko™, O.A. CmupHosa, O.I. lfonosuHa

Poccuinckuin Hay4HO-1CCneaoBaTeNbCKMi MHCTUTYT reMaToNiorn 1 TpaHcdyanonorn OefepanbHoro Meamko-01Monorn4eckoro areHTcTaa,
CaHkT-lNeTepbypr, Poccus

BeepeHune. Cpean TxKeNbIX OCNOXHEHNIA HOBOW KOPOHaBMpyCcHOM MHekummr (COVID-19) BbioenaoT apTepuanbHble UM BEHO3HbIE TPOM-
603bl, KOTOPblE MPUBOAAT HE TOMBKO K OoNee TSKenoMy TeHeHUo 3ab0NeBaHns, HO U K YBENUYEHWIO neTansHoCTH. PassuTre runepkoa-
rynaumn, NpedwecTBytoLlee peanmaaumm TpoMb03a, 06yCNoBNEHO BbIPaXKEHHON akTUBaLMEe CUCTEMbI FeMOCTa3a, a TakxXe NosIBNeHEM
B LUMPKYAAUMM MukpodacTul, (MY), KOTopble reHepupytoTCa akTUBMPOBAHHBIMY KIIETKaMM KPOBU 1 YBEINYNBAKOT MPOKOAryAAHTHYIO Ha-
npaBfeHHOCTb remocTasa. B CBsi3n ¢ 3TUM OLieHKa MPOrHOCTUHECKOro 3Ha4YeHNst 3MEHEHWIN Moka3aTenel CUCTeMbl FeMOoCcTa3a, CBA3aHHbIX
C TeveHneM 1 ncxogom COVID-19, npeactaBnseT 60bLUON NHTEPEC.

Llenb. BoisiBUTb NpeamnKTopbl HE6NaronpuUATHORO NCXOAA HOBOW KOPOHABMPYCHOM MHMDEKLMM Ha OCHOBE OLIEHKI MapamMeTpoB, XxapakTepu-
3YIOLLIMX COCTOSIHNE CUCTEMbBI reMocTasa.

MaTtepuanel 1 meTofbl. O6cnenoBaHo 163 naumeHTa (78 My>X4nH 1 85 »KeHLLMH, BO3pacT KOTOPbIX konebancs ot 35 go 90 neTt, meamaHa
BO3pacta — 69 neT) B OCTPOM NEPUOLE C THKENbIM 1N CPEOHETSKENbIM TeveHneM 3abonesannsa. B 3aBucnMocTr OT ncxopa 3abonesaHns

© 0.U. Matvienko, O.A. Smirnova, O.G. Golovina, 2025
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naumeHTbl ObIIv pasaenerbl Ha ABe rpynnbl: rpynna «BbhKMBLUME NaumeHTbl» (1 = 120); rpynna «ymepLuve nauyeHTbl» (n = 43). [NposeagHo
1CccnefoBaHne nokasarenen nna3mMeHHoro reMoctasa (MPoTPoMOMHOBOrO TecTa Mo KBUKY, KOHLEHTpaummn pubprHoreHa, akTMBMpOBaH-
HOMO MapuManbHoOro TPOMBOMIaCTUHOBOIO BPEMEHW, akTUBHOCTK dakTopa VI, prucToLeTUH-KOMaKTOPHON aKTUBHOCTU U COOEPXaHUS
hakTopa Bunnebparaa, akTMBHOCTM NpoTenHa C, aHTUTPOMOMHA, YPOBHSA CBOOOAHOIO NPOTenHa S), a TakxKe OLeHKa XapakTepnctik M.
CratncTn4eckyto 06paboTKy MoyHeHHbIX Pe3ynsTaToB BbIMOMHSANN C MOMOLLBIO MakeTa nporpamMmmHoro obecnedermns Statistica 12.0.
Pesynbtathbl. Y nayMeHToB ¢ HEONaronpusTHbIM UCXOAOM 3ab0fIeBaHMsA MOYHEHO 3HAYMMOE CHIDKEHME NpoTpomMoOuHoBoro Tecta (MT)
no KBKKY 1 akTUBHOCTW aHTUTPOMOMHA, MOBbILLEHWE aKTUBHOCTU (hakTopa Bunnebpanga, KoHueHTpaumm D-gumepa 1 komdecTea TpoM60-
umTapHbIX MY. MNpoBefeHHbIN aHann3 YyBCTBUTENBHOCTA U CNELMMUYHOCTM AaHHbIX NapaMeTpoB No3Boann paccmatpusaTth MNT no KBuky
MeHee 70% (4yBCTBUTENBHOCTL U CneuLmdmnyHOCTb cocTasunm 70 1 74,3% COOTBETCTBEHHO), ypoBeHb D-aumepa 6onee 800 HI/MA (HyBCTBU-
TENbHOCTb U CNeUNUNYHOCTE — 72 1 75,2% COOTBETCTBEHHO) 1 KOMYECTBO TPOMboLUmTapHbIX MY 6onee 3,22% (4yBCTBUTENLHOCTL U Che-
UMUHHOCTb — 77,8 1 72,7% COOTBETCTBEHHO) B KQ4eCTBE MOPOrOBbIX 3HAYEHUI, aCCOLMMPOBaHHbIX C NeTanbHbIM ncxogomM ot COVID-19.
BeiBogbl. Ha ocHoBaHum nposedeHHoro ROC-aHanmsa noy4eHbl MPOrHOCTUHECKME MOOENM PUCKA BO3SHUKHOBEHWS HEGNAronpusTHOro
nexona COVID-19, conpsieHHble C UBMEHEHNAMM NapaMeTPOB CUCTEMbI FremMocTasa: KoHLEeHTpaumn D-gumepa, MT no KBuky n konn4ectaa
TpomboumTapHbix MY, koTopble MOryT ObITb NCMOMBb30BaHbl B Ka4eCTBe NabopaTOpHbIX MPeANKTOPOB HebnaronpuUsTHOro TedeHnst 3abo-
fneBaHvist.

Kntoueble cnosa: HebnaronpusTHbin ncxon; COVID-19; runepkoarynaums; npoTpoMOnHOBLIN TecT no Keuky; D-anmep; TpomboumtapHble
MUKPOYaCTALbI

Ons untupoBaHus: MatsueHko O.HO., CmmpHosa O.A., TonosuHa O.[. OnpegeneHne NpeaKTopoB HeEGNaronpuaTHONO ncxoda 3abonesa-
H1g y naumeHtoB ¢ COVID-19 Ha OCHOBaHUM UCCNefoBaHNs CUCTeMbl remocTasa. MeguumHa sKkCTpemasibHbix cuTyaumi. 2025;27(4):587-
598. https://doi.org/10.47183/mes.2025-306

duHaHcupoBaHue: paboTa BbINOMHEHA B paMKax rocygapCTBEeHHOro 3afaHns Ha 2023-2025 rr. «PagpaboTka HOBbIX KpUTEPMEB MPO-
FHO3MPOBaHNS pUCKa PasdBUTUS OTCPOYEHHbIX OCNOXKHEHWN Y MaumeHToB ¢ 3aboneBaHnsMu cUcTeMbl KpoBM, nepeHectumx COVID-19»,
Ne 12305000055-0.

CooTBeTCTBME NpUHLMNaAM 3TUKU: NCCeaoBaHve NPOBEAEHO B COOTBETCTBUM C XeNbCUHKCKOW Aeknapaumnen «3Tudeckue nprHLMbI
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INTRODUCTION

It has been established that the novel coronavirus in-
fection (COVID-19) is associated with the development
of endothelial dysfunction, activation of blood cells with
the formation of blood plasma microparticles, plasma
fibrinolytic failure, and the development of a cytokine
storm syndrome [1, 2]. Such pathological changes lead
to a procoagulant shift in the hemostatic system, which
may be associated with the development of hyperco-
agulability followed by thrombosis in the microvascu-
lature, distress syndrome, and multiple organ failure.
Thromboembolic complications are among the leading
causes of increased mortality in patients with COVID-19.

Studies have shown that the frequency of thrombotic
complications reaches 18% in patients treated in inten-
sive care units [3, 4]. During COVID-19, activation of the
hemostatic system occurs, affecting both its plasma and
cellular components, leading to a prothrombotic state
[5-8]. Microparticles derived from various blood cells
and capable of participating in a range of biological re-
actions may play a significant role in these procoagulant
changes. Plasma microparticles are phospholipid mi-
crovesicles ranging 0.1-1 um in size. They are surround-
ed by a cell membrane, lack a nucleus, and vary sig-
nificantly in the composition of antigenic determinants
on their surface, depending on the mechanism of their
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formation and the nature of the stimulating influence.
Due to the negatively charged phospholipids and tissue
factor localized on their surface, MPs actively participate
in hemostatic reactions, which may be a significant fac-
tor in the development of thrombotic complications in
various pathologies, including COVID-19 [9-11].

The use of various laboratory and instrumental stud-
ies to identify predictors of adverse outcomes and pro-
gression of the novel coronavirus infection is of great in-
terest. Thus, determination of the SARS-CoV-2 viral load
and assessment of lung CT results upon hospitalization
using artificial intelligence have shown good prognostic
value; however, these methods are not widely available
for clinical use [12, 13]. Certain informativeness is offered
by the level of lymphopenia and changes in lymphocyte
subpopulations, as well as such indicators as C-reactive
protein, procalcitonin, and ferritin, which are nonspecific
markers of inflammation [14-17]. Given the character-
istic changes in the blood coagulation system accom-
panying COVID-19, the search for such markers is also
conducted among hemostatic parameters. A number
of researchers have noted a correlation between high
D-dimer levels and mortality, although its threshold
prognostic values vary widely [18-20].

The selection of parameters characterizing the state
of plasma hemostasis and the degree of blood cell acti-
vation, which can be used for prognostic assessment of

MEOVLIMHA SKCTPEMATBbHBIX CUTYALIMI | 2025, TOM 27, Ne 4



ORIGINAL ARTICLE | HEMATOLOGY

disease severity and outcome, will contribute to a more
rational management of patients with COVID-19.

This study is aimed at identifying predictors of ad-
verse outcomes of the novel coronavirus infection based
on the assessment of parameters characterizing the
state of the hemostasis system.

MATERIALS AND METHODS

The study group included 163 patients (78 males and
85 females, aged 35-90 years, median age 69 years)
with severe or moderate forms of COVID-19. All the pa-
tients were treated in intensive care units. The inclusion
criteria were the age over 18 years old and confirmed
novel coronavirus infection with a positive laboratory test
for SARS-CoV-2 RNA. The exclusion criteria were the
age under 18 years, history or presence of oncological
disease, HIV infection, hepatitis B and C, liver pathology
with impaired function, kidney disease with altered glo-
merular filtration rate, and regular use of any anticoagu-
lant drugs prior to the onset of the disease.

The severity of the disease was determined by the
degree of lung involvement, which exceeded 25%, as
well as patient comorbidities. Among the examined
patients, 120 (74%) recovered, while 43 (26%) had an
adverse (fatal) outcome. Depending on the disease out-
come, patients were divided into two groups for the as-
sessment of hemostasis parameters and microparticle
(MP) characteristics: the group of survivors (n = 120) and
the group of deceased patients (n = 43).

Blood samples for the study were collected upon pa-
tients’” admission to the hospital, prior to the initiation of
specific therapy and anticoagulant prophylaxis, using a
vacuum system with Vacutest vacuum tubes containing
3.2% sodium citrate as an anticoagulant.

The following parameters characterizing the state of
plasma hemostasis were evaluated: Quick’s prothrombin
time (PT), fibrinogen concentration (Fg), activated partial
thromboplastin time (APTT), factor VIII activity (fVIII), ris-
tocetin cofactor activity and von Willebrand factor con-
tent (VWF:RCof and VWF:Ag, respectively), protein C ac-
tivity (PC) and antithrombin (AT), as well as free protein S
level (PS). Reagents from HemoslIL (Instrumentation
Laboratory, USA) were used, and all studies were per-
formed in accordance with the manufacturer’s instruc-
tions for reagents and equipment. The listed parameters
were determined using automated coagulometers of the
ACL series, including ACL Top 300 CTS and ACL Elite
Pro (Automated Coagulation Laboratory, Instrumentation
Laboratory, USA).

For the analysis of microparticle characteristics using
flow cytometry, platelet-poor plasma was centrifuged
using a ThermoFisherScientific centrifuge (Germany) at
22°C for 30 min at 14,000 g. After high-speed centrifuga-
tion, the supernatant was aspirated, and the pellet was
collected and resuspended by adding 100 pL of phos-
phate-buffered saline (PBS). The resulting microparticle

EXTREME MEDICINE | 2025, VOLUME 27, No 4

suspension was used for further analysis. To determine
the quantity and origin of microparticles, a laser flow cy-
tometer Cytoflex (Beckman Coulter, USA) was employed
using fluorescently labeled antibodies against surface
markers of cells as follows: platelet-derived (CD41), leu-
kocyte-derived (CD45), and endothelial-derived (CD144).
Statistical analysis of the results obtained was per-
formed using the Statistica 12.0 software (StatSoft Inc.,
USA). Asymmetrical data distribution was identified us-
ing the Shapiro-Wilk test; the results are presented as
median (M,) and interquartile [25-75 percentile] range
[Q,~Q,]. Comparison between the two groups was
conducted using the non-parametric Mann-Whitney
U-test. To identify the threshold values of variables as-
sociated with adverse outcomes of COVID-19, ROC
analysis was performed with the construction of ROC
curves. The quantitative interpretation of ROC curves
was assessed using the Area Under the Curve (AUC)
metric, which represents the area bounded by the ROC
curve and the axis of false positive rates. An AUC value
below 0.5 indicated the unsuitability of the selected
classification method, while an AUC above 0.7 char-
acterized the high predictive power of the constructed
model. The Youden index was used as a criterion for
determining the optimal threshold point or cutoff value
along the ROC curve, allowing evaluation of the differ-
ence between the proportion of true positive results
(sensitivity) and the proportion of false positive results
(specificity) to select the optimal threshold value. The
critical level of statistical significance was set at 0.05.

RESULTS

The results obtained by comparing the plasma hemo-
stasis parameters of the examined patients, depending
on the disease outcome, are presented in Table 1.

The results presented in Table 1 indicate significant
differences between the two groups of examined pa-
tients. Thus, an adverse disease outcome was associ-
ated with a 1.4-fold increase in von Willebrand factor
activity (340.0 [260.1-420.0]; p = 0.01), a 1.2-fold de-
crease in Quick’s prothrombin time (65.3 [51.0-73.9];
p = 0.00), and a reduction in antithrombin activity to
85.3 [71.0-97.5]; p = 0.034 when compared to the
group of survivors. The most significant differences in-
volved the concentration of D-dimer, which was nearly
four times higher in deceased patients (1670.0 [715.0-
4334.5]; p < 0.0001) relative to levels in patients with a
favorable disease outcome. These findings are consist-
ent with data obtained by other researchers who have
also identified a significant increase in D-dimer levels
as a marker of adverse progression and outcome of the
novel coronavirus infection [21, 22].

Additionally, we conducted an analysis of plasma
microparticle characteristics in the examined patients
based on disease outcome. The obtained results are
presented in Table 2.
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Table 1. Parameters characterizing the plasma hemostasis status of COVID-19 patients

Level of statistical

Parameters Survivors (n = 120) Deceased (n = 43) L "
significance*, p

APTT 0.88 [0.82-0.97] 0.88 [0.82-1.08] 0.407
PT, % 79.0 [70.2-851] 65.3 [51.0-73.9] 0.000
FG, g/L 5.4 [41-6.9] 5.5 [3.6-8.0] 0.931
FVII, % 112.4 [85.8-165.5] 150.0 [80.3-217.2] 0.08

VWF:RCo, % 250.5 [180.0-350.1] 340.0 [260.1-420.0] 0.01

VWF:Ag, % 219.6 [198.3-321.2] 340.0 [260.1-420.0] 0.08

D-dimer, ng/mL 387.0 [220.0-724.5] 1670.0 [715.0-4334.5] <0.0001

AT, % 97.7 [84.3-105.0] 85.3 [71.0-97.5] 0.034
PC, % 97.0 [79.7-117.3] 88.0 [67.2-102.0] 0.185
PS, % 75.2 [66.5-90.0] 62.7 [48.2-86.3] 0.138

Table compiled by the authors based on original data

Note: * — comparison was performed between groups of COVID-19 patients; APTT — activated partial thromboplastin time, PT — Quick’s
prothrombin time, FG — fibrinogen concentration, f.VIIl — factor VIII activity, vWF:RCo — ristocetin cofactor activity, vVWF:Ag — von Willebrand

factor antigen, AT — antithrombin activity, PC — protein C activity, PS — free protein S.

Table 2. Characterization of microparticles in COVID-19 patients

Cellular Marker

Survivors (n = 15)

Deceased (n=9)

Level of statistical
significance*, p

CD41* (% of events)

2.22[1.385-3.25]

4.27 [3.48-4.61]

0.025

CD144+ (% of events)

0.03 [0.02-0.03]

0.05 [0.03-0.06]

0.8

Table compiled by the authors based on original data

Note: * — comparison was performed between the study groups of COVID-19 patients.

The data presented in Table 2 indicate a significant
increase in platelet-derived microparticles in patients
with adverse disease outcomes compared to survivors.
No significant differences were observed between the
two groups in the number of endothelial-derived MPs.
Leukocyte-derived microparticles were detected in
negligible quantities, which precluded robust statistical
analysis.

For further analysis, results from tests with param-
eters that significantly differed between patient groups
based on disease outcome were selected, namely:

e D-dimer concentration,

von Willebrand factor (vVWF) activity,

antithrombin (AT) activity,

Quick’s prothrombin time (PT),

platelet-derived MP count.

ROC analysis of VWF activity and antithrombin activ-
ity did not yield high-quality predictive models for ad-
verse outcomes of COVID-19. Conversely, ROC analy-
sis for parameters such as D-dimer, Quick’'s PT, and
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platelet-derived MP count — which are directly associat-
ed with adverse COVID-19 outcomes — demonstrated
models with a high predictive power:

e AUC for D-dimer 0.787;

e AUC for Quick’s PT 0.747;

e AUC for platelet-derived MPs 0.798.

The results allowed the determination of threshold
values for these parameters, indicating a high probability
of lethal outcome. For D-dimer levels, the highest Youden
index (47.2), corresponding to a sensitivity of 72% and
specificity of 75.2%, was achieved at a threshold value
of **800 ng/mL™ (Fig. 1).

For the indicator of Quick’s prothrombin time (PT),
the highest Youden index of 44.3, corresponding to a
model sensitivity of 70% and specificity of 74.3%, was
achieved at a threshold value of 70% (Fig. 2).

For the platelet-derived microparticle count, the high-
est Youden index of 50.5, corresponding to a sensitivity
of 77.8% and specificity of 72.7%, was achieved at a
threshold value of 3.22% of events (Fig. 3).
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Figure prepared by the authors based on original data

Fig. 1. ROC curves for evaluating the predictive model
of elevated D-dimer levels and adverse outcomes in
COVID-19

Thus, the analysis of sensitivity and specificity of
the selected parameters allows us to consider the fol-
lowing markers as predictors of an adverse outcome in
COVID-19:
¢ Quick’s prothrombin time (PT) below 70%,

e D-dimer level above 800 ng/mL,
e Platelet-derived microparticle
above 3.22% of events.

(MP) count

CONCLUSION

Disturbances in the hemostatic system play a key
role in the pathogenesis of COVID-19 complications.
Prothrombotic changes lead to the development of
thrombotic processes in vessels of various types and
calibers, thus aggravating the disease prognosis. Our
study revealed that a number of parameters characteriz-
ing the state of the hemostasis system, namely D-dimer
concentration and Quick’s prothrombin time (PT), can
be used as laboratory predictors of lethal disease out-
comes. Given the limited size of the patient sample in
which microparticle characteristics were determined,
further research is needed to establish their significance
for the development of adverse COVID-19 progression
and outcomes.
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Fig. 2. ROC curves for evaluating the predictive model
of Quick’s prothrombin test (PT) reduction and adverse
outcome in COVID-19
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Fig. 3. ROC curves for evaluating the predictive
model of platelet-derived microparticles and adverse
outcomes in COVID-19
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