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PROGNOSIS OF LIMB MUSCULAR STRUCTURAL
DISORDERS AFTER TOURNIQUET APPLICATION BASED ON
THE CHANGES IN LIPID PEROXIDATION INDICATORS
USING NEURAL NETWORK CLUSTERING

Acute ischemia can cause a sudden decrease in limb perfusion,
threatening its viability. The restoration of blood supply causes complex
damage to previously ischemic tissues as well as to the tissues distant
from the area of ischemia, which is defined as ischemia-reperfusion
injury. This condition gets significantly worse under conditions of acute
blood loss. The development of new approaches for the prognosis of
morphological changes in the soft tissues of the limbs and further
clinical research on their correction is also relevant for civilian and
military medicine, especially in martial law conditions.

The objective of the study was to establish an association between
the degree of structural changes in the rat hind-limb skeletal muscles and
systemic changes in the indicators of lipid peroxidation and antioxidant
defense in ischemia-reperfusion injury against the background of acute
blood loss to make prognosis for morphological disorders using neural
network clustering.

Materials and Methods. We carried out a histological and
morphometric study of skeletal muscles and measured the parameters of
lipid peroxidation (content of diene conjugates, triene conjugates, TBA-
reactive substances) and antioxidant defense (superoxide dismutase and
catalase activity) in blood serum of 30 mature white male rats.
Simulation of acute ischemia was performed by applying SWAT rubber
tourniquets 5-6 mm wide on the hind limbs of rats at the level of the
inguinal fold for 2 hours under thiopental sodium anesthesia.
Reperfusion was induced by restoring blood circulation in the limbs of
the animals after removing the tourniquet. Acute blood loss was
simulated by transection of the femoral vein.

To analyze the relationship between the identified structural
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disorders of the hind limbs skeletal muscles and the changes in the lipid
peroxidation (LPO) and antioxidant defense (AOD) indicators, as well
as to predict the progression of morphological changes during the
ischemia-reperfusion injury, a neural network approach was used using
the NeuroXL Classifier add-on for Microsoft Excel.

Results and Discussion. In the early reperfusion period under
conditions of acute blood loss, structural remodeling was manifested by
edema and dystrophic-degenerative changes in skeletal muscles, with the
most pronounced changes on the first day (Group Ill). The average
diameter of the muscle fiber ((43.66+0.60) um) in this period exceeded
the corresponding indicator ((40.63+£0.24) um) of the control group by
6.94% (p<0.01), while the similar indicator of Group II ((41.97+0.25)
pum) — by 3.87% (p<0.05). In the late reperfusion period, the remodeling
of structural components of skeletal muscles was manifested as a
slowing down of acute manifestations with an incomplete return to the
baseline values.

We established an increase in the blood serum content of LPO
products in all experimental groups in the early reperfusion period. This
study confirmed the development of ischemia-reperfusion injury with
activation of lipid peroxidation and a decrease in antioxidant defense in
experimental animals. Thus, the diene conjugates (DC) content was the
highest in the third experimental group (the first day of reperfusion),
exceeding the indicator of the intact animals by 51.06% (p>0.05). The
triene conjugates (TC) content also reached its maximum during this
period, exceeding the control level by 1.61 times (p<0.01). One day
later, the highest level of the TBA-reactive substances (TBA-RS) was
observed. During the late postischemic period (Day 7 and Day 14), a
gradual normalization of indicators was observed; however, the content
of TBA-RS was still significantly higher than that of the control group
on the 14th day (p<0.005).

In all studied groups, there was a decrease in the activity of
superoxide dismutase (SOD) and catalase. Blood serum catalase activity
was observed at its lowest level after three days of reperfusion,
exceeding the control values by 65.76% (p<0.005), while SOD content
kept decreasing on Day 7 and Day 14. We observed a significant
dynamic decrease of PALI in the blood serum of rats in all studied groups
in the early reperfusion period (p<0.005) with a gradual increase of this
indicator in the late reperfusion period, which, however, did not return to
the control values (p<0.005).

When predicting the development of morphological disorders in the
early reperfusion period based on the results of the analysis of cluster
profiles obtained due to the neural network clustering of blood serum
LPO and AOD values in white rats and the morphological disorder
severity in different periods of ischemia-reperfusion injury under
conditions of acute blood loss, we observed the greatest significance of
the combined changes in DC, TC, TBA-RS content and SOD and
catalase activity, with the most significant changes being in TBA-RS
and catalase values.

Conclusions. Ischemic-reperfusion injury against the background of
acute blood loss was manifested by edema and dystrophic-degenerative
changes in skeletal muscles during the period of ischemia and in the first
hours after the restoration of blood circulation. This indicates an
increased load on the organs of the homeostasis system and the systemic
nature of the injury.
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When predicting the development of morphological disorders in the
early reperfusion period based on the results of the analysis of cluster
profiles obtained due to the neural network clustering of blood serum
LPO and AOD values in white rats and the morphological disorder
severity in different periods of ischemia-reperfusion injury under
conditions of acute blood loss, we observed the greatest significance of
the combined changes in TBA-RS content and catalase activity.

Keywords: acute ischemia, skeletal muscles, ischemia-reperfusion
injury, acute blood loss, lipid peroxidation, antioxidant defense, neural
network clustering.

Corresponding author: Anamoniii Tenes sk, kaghedpa anamomii modunu, TeproninbCoKuil HAYIOHANbHUL MEOUUHULL

yHisepcumem imeni I.A. I'opbauescokozo MO3 Yrpainu, Tepronine, Ykpaina.
En. nowma: televiak@tdmu.edu.ua; men: +380673500488

PE3IOME
Herpo Cenbcbkuii
https://orcid.org/0000-0001-9778-2499
Kadenpa naromoriunoi anaTomii 3
CEKLIITHUM KypCOM Ta CYIOBOIO

MeIUIUHOI, TepHOMIbChKUI
HalliOHAILHUN MEUYHHUN YHIBEPCUTET
imei 1.5. T'opbaueBchkoro MO3
VYxpainu, TepHomine, Ykpaina

AmnaroJiii TeaeB’sik
https://orcid.org/0000-0001-7173-400X
Kadenpa armaromii mronuHy,
TepHOMUTBCHKHUN HALIIOHATHHHAN
MEJIMYHAN YHIBEPCUTET iMEeHI

I.4. T'op6auescekoro MO3 Ykpainu,

Tepnomnisb, Ykpaina

Biranii Jlyuuk
https://orcid.org/0009-0001-9372-5822
Kadenpa naromoriunoi aHaToMii 3
CEeKIIHHUM KYPCOM Ta CYZOBOIO
MeIUIUHOI0, TepHOMUTBChKUI
HalliOHAIEHUN MEIMYHUIN yHIBEPCUTET
imeni [.4. T'opbaueBcrkoro MO3

VYxpainu, TepHomine, YkpaiHa

Bajentun ®panuyk
https://orcid.org/0000-0001-8484-8049
Kadenpa naromoriunoi anatomii 3

CEeKLIHHUM KYPCOM Ta CYZO0BOIO
MeIUIMHOI, TepHOMmiIbChKNi
HalliOHAIEHUH MEMYHUI YHIBEPCUTET
imewi 1.5. T'opbaueBcrkoro MO3
VYxpainu, TepHoninb, Ykpaina

Amnppiii CBepcTiok
https://orcid.org/0000-0001-8644-0776

MPOTHO3YBAHHSI CTPYKTYPHUX MOPYIIEHb M’SI3IB
KIHIIBOK MICJISI HAKJIAJIAHHSI TYPHIKETY HA OCHOBI
3MIH TOKA3HHMKIB IEPOKCHJIHOIO OKHUCHEHHS
JINIAIB I3 3ACTOCYBAHHSIM  HEWPOMEPEXEIOI
KJACTEPU3AILII

IMpu roctpiii imemii BHHHMKAaE panToOBE 3HIDKCHHS nepdysii
KIHIIBKH, SIKE€ CTBOPIOE 3arpo3y ii >kurre3patHocti. [Ipn BinmHOBiIEHHI
KpPOBOIIOCTa4YaHHS ~ BHHHMKA€  KOMIUIGKCHE  ypaKeHHS  paHilie
iIIeMi30BaHKX, a TAaKOX BigJalleHHX BiJ MICIA imieMii TKaHHWH, IO
BU3HAYAEThCA SIK iMIeMiuHO-penepdy3iiinuii cuHApoM. 3a3HaueHi
NOPYLIEHHSI CYTTEBO IOTMOMIOIOTHECS 33 YMOB TOCTPOi KPOBOBTPATH.
Po3poOka HOBHX MiIXOAiB MpPH MPOTHO3YBaHHI MOP(ONOTIYHHUX 3MiH
M’SIKHX TKaHWH KiHI[IBOK € aKTyaJbHOIO AJS TOAaNbIINX KIIHIYHIX
JOCIIJKEHb CTOCOBHO KOPEKIi TAaKWX MOPYUICHb Y LHBIIBbHIA Ta
BiICPKOBi# MEAWIIHI, 0COOIMBO B YMOBAaX BOEHHOTO CTaHY

MeTa qoc/izkeHHs] — BCTAHOBUTH B33a€MO3B’SI30K MIX CTyNEHEM
CTPYKTYPHUX 3MIH CKEJICTHHX M’S3iB 3aJHiX KIHI[IBOK WIypiB 1
CUCTEMHMMH 3MiHAMH TIOKa3HMKIB JHOiAHO! mepokcuaamii  Ta
AQHTHUOKCHJIAHTHOTO 3aXMCTy Ipu imemii-peniepdysii Ha T rocTpoi
KPOBOBTpATH /IS NPOTHO3yBaHHS MOP(QOJIOTiYHUX MNOPYIIEHb i3
3aCTOCYBHHSIM HEHpPOMeEpekeBoi KilacTepH3allii.

Martepiamm i metoau. [IpoBeneHo ricTonorigae, MOphOMETpUIHE
MOKa3HHKIB

NOCIIKEHHS  CKEJIETHHUX M s3iB 1

MIEPOKCUIHOTO OKUCHEHHS JIMiiB (Ii€HOBI i TpieHOBI KOH foraTH, THK-

BHU3HAYCHHA

AKTUBHI TPOAYKTH) Ta AaHTHOKCHAAHTHOTO 3axXUCTy (aKTHBHICTh
CYNEPOKCHIIMCMYTa3H, KaTaga3u) CUpOBaTKH KpoBi 30 craTteBo3piimux
Oinmx trypiB-cammiB. Jlisi MopenmoBaHHS rocTpoi imemii Ha 3aiHi
KIHI[IBKM TBapHH Ha PiBHI MMaX0OBO{ CKIAJKH HAKJAIald TyMOBI JUKTYTH
SWAT mmpuHOIO 5-6 MM yHOpogOBX 2 TOAWHM MiA TIOHNEHTANT
Peniepdysito
BIZTHOBJICHHSI KPOBOOOIrY Y KiHIIIBKaX TBapWH MICIS 3HATTS TYpPHIKETY.
MopentoBaHHS ~ TOCTpOi  KPOBOBTpAaTH  3IMCHIOBAJIM  LUISIXOM
TepecikaHHs CTErHOBOT BEHH.

Jns aHamizy B3a€MO3B’SI3KY CTYINEHS BHSBJIEHHX CTPYKTYPHHX
MOPYIICHb CKEJIETHUX M’SI3iB 3aJHIX KIiHIIBOK 31 3MiHAMH IMOKa3HUKIB

HaniGBI/IM SHCUYJICHHSM. BHUKIINKAJIN HIJIIXOM

ninignoi nepoxcunamnii (ITOJI) Ta anTHOKCHAaHTHOTO 3axucTy (AO3), a
TaKOXX 33U MPOTHO3YBAaHHS MPOTPecyBaHHS MOPQOIOTIYHUX 3MiH
imeMigHO-penepdy3iifHOro  CHHApPOMY

TKAHMUH 332  PO3BUTKY
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3aCTOCOBAaHO HEHPOMEPEKEBUH MiAXil i3 BUKOPUCTAHHAM HaJI0ylOBH
NeuroXL Classifier mis mporpamu Microsoft Excel.

PesyabTaTH fgocaizkeHb Ta iX 00roBopeHHs. Y paHHBOMY
mepiomi perepdysii 3a yMOB TOCTpPOi KPOBOBTpPATH CTPYKTYpHE
pEMOJENIOBaHHS ~ TPOSBIUIOCS ~ HAaOpsIKOM  Ta  AHCTPOQidHO-
JeTeHepaTHBHAMH 3MIHAMH Y CKEJNETHHX M’s3aX i3 HalWBUpasHIIIMMHA
3MiHaMu Ha nepury ao0y (tpers rpyma mrypis). [lepeciunmii niamerp
M’s130BOr0 BoJIoKHa ((43,66+0,60) MKM) y Iieil mepio]] MepeBUIIYBaB
BiAnoBinHUH nokaszHuk ((40,63+0,24) MKM) KOHTPOJIBHOI IpynH Ha 6,94
% (p<0,01), a aHamoriyHMi NOKa3HHWK IONEPEAHBOI (Ipyroi) rpymnu
((41,974£0,25) wmxm) - ©Ha 3,87% (p<0,05). VY misHEOMY
penepdy3ifHOMY Tepiofi peMOJEITIOBaHHS CTPYKTYPHUX KOMIIOHEHTIB
CKeJIETHUX M S3iB BUSIBILUIOCA Y CHOBUTBHEHHI TOCTPHX MPOSBIB i3
HETIOBHUM ITOBEPHEHHSM JI0 BUXIIHOTO CTaHy.

BceranoBneno 3poctanHs BMicty mpoxykrie [1IOJI y cuposatmi
KpOBI yCiX eKCIepHMEHTaJbHUX TpPyH paHHBOTO pernepdysiitHoro
niepioay. JlocmipKeHHs MiATBEPINIO PO3BUTOK Y MiAIOCHTITHUX TBAPHH
imemiuyHo-penepdy3iHHOTO  CHHAPOMY 3  aKTUBALI€l  JIMIIHOT
NepoKcuaalii Ta 3HIKEHHSIM aHTHOKCHIAHTHOTO 3axucry. Tak,
nmokasHuk JieHoBux KoH’toraT ([IK) BHSBISIBCS HAWBHIIMM Yy TPETii
eKCIIepUMEHTANIBHIN TpyTi (mepiia 100a penepdysii), MepeBUIIyIOUH HA
51,06 % mnokasHMK Tpynu IiHTakTHEX TBapuH (p>0,05). PiBens
TpieHoBuX KoH 1orat (TK) Takox DoCArHYB MaKCHMaJbHOTO 3HAYCHHS Y
neit mepiox, nepesumiytoun y 1,61 paza xonTpomsHuit (p<0,01). Uepes
omHy no0y MaB Miclie i HaWBHIIMK piBeHb Moka3sHMKa TBK-akTuBHIX
npoayktiB (TBK-AIT). YnpomoBxk Mi3HROTO MOCTIIEMIYHOTO MEPioay
(cboMa 1 yoTHpHaUsATa 100a) CrIOCTEpIraocs: MOCTYIOBE MOBEPHEHHS
MOKa3HUKIB JI0 KOHTPOJIbHHX 3HaueHb, npore BMmict TBK-AIl i Ha
YOTHPHAALATY 100y Bce Il CYTTEBO IMEPEBHIIYBaB IOKa3HHK TPYyNH
koHTpoo (p<0,005).

B ycix mociipkyBaHUX TpyIax Majo Miclie 3HWKEHHsI aKTHBHOCTI
cynepokcumaucmyTazu (COJI) i karanmasu. IlokasHMK KaTanaszHOi
AKTUBHOCTI CHpPOBATKH KPOBI CIOCTEpiraBcsi Ha HAWHWKYOMY pPiBHI
4yepe3 Tpu 100u pernepdysii, mepeBHITyI0YM KOHTPOIBHUH Ha 65,76 %
(p<0,005), a moka3uuk pieHs COJ] 3HMKYBaABCS ¥ YIPOIOBK CHOMOT Ta
gotupHaauaToi mi0. Crnoctepiranocs i muHamiuHe 3HmkeHHA Alll B
CHpOBATLll KpOBI IIypiB YCIX MJOCHIDKyBaHUX TPyl PaHHBOI'O
penepdysiiinoro mepiony (p<0,005) 3 TOCTymoBMM MiJBHIIEHHS
3a3HAUEHOTO MMOKAa3HUKA YIIPOJIOBXK Mi3HBOTO nepioay penepdysii, skuii
BCE K HE MOBEPHYBCS JI0 PiBHS KOHTPOJIbHUX 3HaueHb (p<0,005).

Ilpu mnporHo3yBaHHi PO3BUTKY MOP(DOJOTIYHUX TMOPYIIEHb Yy
paHHBOMY penepdy3ifiHOMy Tmepiofi 3a pe3ynbTaTaMd  aHaNi3y
KJIaCTepHUX  TOPTPETiB  NIpH  NPOBEAEHHI  HeHpoMmepexeBoi
knacrepusanii nokaszHukis [10JI ta AO3 cupoBaTku KpoBi OuIHX mIypiB
1 TIOKa3HWKa BUPAXKEHOCTI MOPQOJIOTIYHUX MOPYILIEHb Yy Pi3HI nepioan
imemii-penepdysii 3a yMOB TOCTpOi KpPOBOBTPAaTH BCTAHOBJIEHO
HalicyTTeBime 3HadeHHs noeaHanux 3MiH piBHIB JIK, TK, TBK-AII ta
COJl i xaramasm, cepex SAKMX HaWiCTOTHIIIUMH € 3MiHH piBHIB TBK-
AKTHBHHX MPOJYKTIB Ta KaTaja3H.

BucHoBku. Imemigno-penepdysiitHe ypakeHHS 32 YMOB TOCTpOi
KPOBOBTPATH BHSBIIIOCS HAOPSIKOM 1 JHCTPOGIYHO-IeTeHepaTUBHIMHU
3MIHAMH CKEJIETHUX M 5I3iB, a TAaKOX 3HAYHUMH 3MiHAMH ITOKa3HHKIB
MIEPOKCU/IHOTO OKHCHEHHS JIIAIB Ta aHTHOKCHAAHTHOTO 3aXHUCTY
CHPOBATKM KPOBI BXK€ Yy MepIIi FOAWHH Hicisl BiJHOBJICHHS KPOBOOOIry
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i3 HaWOUIBIIOI BHUPAKEHICTIO Ha mepury ao0y, IO CBIAYUTH IIPO
NOCHJICHE HABaHTAXXCHHA HAa OpraHd CHCTEMH TIOMeocTasy Ta Ha
CHCTEMHICTD ypakeHb.

IIpu mnporHo3yBaHHI PO3BHTKY MOPQOJOTIYHUX TMOPYIICHb Y
panHEBOMY penepdysifiHOMy mepiofi 3a pe3ynbTaTaMH — aHaNi3y
KIACTePHHX  MOPTPETIiB  TPH  TPOBEACHHI  HEHpPOMEpexeBoi
knactepusanii nokaszHukis [10JI ta AO3 cupoBaTku KpoBi OLInX HIypiB
1 TIOKa3HMKa BUPAXKEHOCTI MOPQOJIOTIYHUX MOPYLIEHb Yy Pi3HI Hepioan
imemii-penepdysii 3a yMOB TOCTpOi KpPOBOBTPAaTH BCTQHOBJICHO

HaiiBaromiiue

3HAYCHHS Mo€qHaHuxX 3MiH piBHIB THK-akTuBHMX

MIPOJYKTIB Ta KaTanasu.

KiouoBi cioBa: roctpa imemis, CKeJeTHI M’S3H, IMIEMidHO-

penepdy3ifiHUIT  CHHAPOM, TOCTpa  KpPOBOBTpaTa, IEPOKCHIHE
OKHCHEHHsS JMiAiB, aHTHOKCHAAHTHHHA 3axHCT, HelpoMmepekena
KJIaCTePH3aLlis.

Aemop, 6ionogioanvHuli 3a NAUCMYGAHHA

Anamoniti Tenes sk, xageopa anamomii nmoounu, Teproninbcoruil
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ABBREVIATIONS / YMOBHI CKOPOYEHHSI
AOD - antioxidant defense

PAI — prooxidant/antioxidant index

DC — diene conjugates

LPO - lipid peroxidation

SOD - superoxide dismutase

TBA-RS — TBA-reactive substances

TC — triene conjugates

INTRODUCTION / BCTYIT

Acute ischemia can cause a sudden decrease in limb
perfusion, which poses a threat to its viability. This
condition develops due to obstruction of the large
arterial lumen as a result of acute thrombosis, embolism,
and impaired vascular patency due to injuries or
compression, in particular, in conditions of a
compartment syndrome, which is one of the most
common types of injuries in military and civilian
medicine [1, 2]. At the same time, the restoration of
blood supply causes complex damage to previously
ischemic tissues as well as to the tissues distant from the
area of ischemia, which is defined as ischemia-
reperfusion injury [2, 3, 4]. This condition gets
significantly worse under conditions of acute blood loss
[5].

The role of lipid peroxidation (LPO) activation in
the pathogenesis of ischemia-reperfusion injury has
been studied in many studies [6, 3], but LPO
progression and antioxidant defense (AOD) response
under conditions of acute blood loss in different periods
of ischemia-reperfusion injury remain insufficiently
studied. It is particularly relevant to introduce the latest
information methods for a comprehensive comparative
analysis of tissue structural changes and disorders in the

lipid peroxidation system to predict morphological
disorders of the soft tissues of the limbs [7, 8, 3, 9, 10].
The development of new approaches for the prognosis
of such conditions and further clinical research on their
correction is also relevant for civilian and military
medicine, especially in martial law conditions.

The objective of the study was to establish an
association between the degree of structural changes in
the rat hind-limb skeletal muscles and systemic changes
in the indicators of lipid peroxidation and antioxidant
defense in ischemia-reperfusion injury against the
background of acute blood loss in order to make
prognosis for morphological disorders using neural
network clustering.

Materials and Methods. The study was carried out
on 30 non-linear sexually mature white rats.
Morphological changes in the rat hind-limb skeletal
muscles were studied, and the content of diene
conjugates (DC), triene conjugates (TC), TBA-reactive
substances (TBA-RS), superoxide dismutase (SOD),
and catalase was determined in blood serum in
experimental  ischemia-reperfusion  injury  under
conditions of acute blood loss. Simulation of acute
ischemia was performed by placing SWAT rubber
tourniquets 5-6 mm wide on the hind limbs of rats at
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the level of the inguinal fold under thiopental sodium
anesthesia, while reperfusion was simulated by
removing the tourniquet 2 hours after its application.
Acute blood loss was simulated by transection of the
femoral vein. After blood loss reached ~ 25% of
circulating blood volume (CBV), hemostasis was
maintained in the animals. CBV was calculated
according to the generally accepted formula: 7.8% of
the total weight of the rat [6].

All experimental animals were divided into 6 study
groups of 5 rats each. The control group consisted of 5
intact animals. Group | included animals with ischemic
changes after 2 hours without reperfusion. The model of
the early postischemic period was represented by groups
of rats with reperfusion changes: 2 hours (Group 1), 1
day (Group Il1), and 3 days (Group V) after removing
the tourniquet, while the model of the late postischemic
period — 7 days (Group V) and 14 days (Group V1) after
removing the tourniquet. Animals were sacrificed by
decapitation under sodium thiopental anesthesia.

Tissues for morphological examination were taken
below the tourniquet application site, including the
superficial layers of the quadriceps muscle of the rat hind
limb in the middle third of the thigh. Histological sections
were stained with hematoxylin and eosin, and Van
Gieson staining and Masson's trichrome staining were
used. Specimens were studied using a Bresser Trino
Researcher 40x-100x microscope and a MICROmedSEO
SCAN laboratory microscope with a camera and a
polarizing nozzle. At the same time, the most
demonstrative histological specimens were photographed
with a Digital Camera for Microscope Science Lab DCM
820 Resolution 8.0 Mp. During the morphometric study
of the muscles, the diameter of the muscle fiber was
measured. The specified parameters were calculated
using SEO Image Lab image processing and analysis
software of the company “Sumy Electron Optics.”

To study LPO and AOD, blood was obtained from
the apex of the heart by cardiotomy. Blood serum was
isolated by centrifugation for 15 minutes at 3000 rpm
with subsequent cooling. DC, TC, TBA-RS content,
SOD and catalase activity were measured in each
experimental group according to generally accepted
methods [11]. The essence of measuring the content of
DC and TC is that the hydroperoxides extracted with a
heptane-isopropyl  mixture give the maximum
absorption of a light wave with a length of 232 nm.
TBA-RS concentration was measured using the
following principle: at high temperatures in an acidic
environment, malondialdehyde reacts with
thiobarbituric acid, generating a colored adduct with an
absorption maximum at 532 nm. At the same time, the
concentration of TBA-RS is proportional to the intensity
of the resulting color and is determined using a

photometer. Superoxide dismutase activity was measured
using a method based on the enzyme's ability to inhibit
the reduction of nitro-tetrazolium blue; catalase activity
was measured using the ability of hydrogen peroxide to
form a stable complex with ammonium molybdate, and
the color intensity of it is inversely proportional to
catalase activity in the studied substrate. We also
analyzed the changes in the prooxidant/antioxidant index
(PAI), which reflected the balance between prooxidant
and antioxidant mechanisms and was an indicator of
antioxidant defense (AOD). PAI was calculated using the
formula: PAI = catalase activity / content of TBA-
reactive substances [12].

The study was conducted at the Central Research
Laboratory of Ivan Horbachevsky Ternopil National
Medical University of the Ministry of Health of
Ukraine.

The Microsoft Excel (2010) program package was
used for statistical data processing. Normal distribution
verification for the studied indicators was done using
the Kolmogorov-Smirnov test. Under the conditions of
normal distribution, the statistical significance of the
difference  between the arithmetic means was
determined by the Student-Fisher test (t). In the case of
non-normal distribution in odd groups, the statistical
significance of the obtained results was determined
using the Mann-Whitney (U) test.

To analyze the relationship between the identified
morphological disorders of the hind limbs skeletal
muscles and the changes in the lipid peroxidation (LPO)
and antioxidant defense indicators, as well as to predict
the progression of structural changes during the
ischemia-reperfusion injury, a neural network approach
was used using the NeuroXL Classifier add-on for
Microsoft Excel, which made it possible to carry out a
high-precision  classification, to determine the
associations and trends, and to establish the value of
combined changes in these indicators [9, 13, 14].

Results and Discussion. Structural remodeling in
the early reperfusion period was characterized by
edema, dystrophic-degenerative, and necrotic changes
in skeletal muscles and fibrous structures with an
inflammatory response to ischemia-reperfusion injury
under conditions of acute blood loss. The average index
of the muscle fiber cross-section performed 2 hours
after the restoration of perfusion (41.97 £ 0.25 pm)
exceeded the indicator in Group I by 2.05% (p<0.05)
and the indicator in the control group by 3.19%
(p<0.05). Edema of muscle tissue, especially of the
perimysium, was most pronounced in Group Ill on Day
1 of reperfusion. At the same time, necrotic changes in
muscle fibers were detected, while hemorrhagic foci and
small round cell infiltrates were visualized in the stroma

(Fig. 1).
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Figure 1 — Femoral muscle of the hind limb of a rat on Day 1 after restoration of blood supply Hematoxylin and

eosin staining. x 100

Figure legend: 1 — necrotic area; 2 — edema; 3 — hemorrhage and stroma infiltration; 4 — expanded venule lumen

The average diameter of muscle fibers ((43.66+0.60)
um) in Group III was significantly (by 3.87%) higher
than the corresponding indicator of Group II (p<0.05) and
by 6.94% higher than the indicator of the control group
(p<0.05). Later, the indicator of the average diameter of
the fibers decreased but still exceeded the indicator of the
control group by 4.08% (p<0.01).

In animals of Groups V and VI, which represented the
model of the late period of ischemia-reperfusion injury,
there was a decrease in acute signs of reperfusion injury

of skeletal muscles and a partial restoration of their
structure. On Day 7, Group V still had the average
diameter of muscle fibers by 2.33% higher than the
control group (p<0.05), while on Day 14, there was no
longer a statistically significant difference in this
indicator in comparison with rats of the control group.
Perivascular proliferation of collagen fibers was observed
in skeletal muscle specimens in this period. Perivasal
hemorrhages and dystrophic changes in skeletal muscle
fibers were detected only in some areas (Fig. 2).

Figure 2 — Femoral muscle of the hind limb of a rat on Day 7 of reperfusion. Hematoxylin and eosin staining. % 100
Figure legend: 1 — proliferation of collagen fibers around microvessels; 2 — a site of perivascular hemorrhage; 3 —

necrosis of muscle fibers

In all studied groups, a comparative analysis was
carried out for the content of LPO and AOD products in
blood serum, namely: diene and triene conjugates (DC

and TC), TBA-reactive substances (TBA-RS), catalase,
and superoxide dismutase (SOD). The obtained results
are shown in Table 1.
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Table 1 — POL and AOD content in blood serum of white rats in different periods of ischemic-reperfusion injury
under conditions of simulated acute blood loss (M + m)

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Control . . . . .
Parameter rou no reperfusion | reperfusion | reperfusion | reperfusion | reperfusion
group reperfusion 2h Day 1 Day 3 Day 7 Day 14
94 +£0. * .62 £0.
ﬁj;m_ 0464008 | 0554007 | 069008 | "= | gggugi0r| 02500 | o534 0.06
03+0. 01=+0. *
TC, IU/mL 0.43+0.05 0.64+0.08" | 0.81+0.09" 103 o 0.12 101 - 0.12 0.74+0.10 0.58+0.10
- 50 £ 0. 30 £0. A48 +0. 82+0. .06 £0.
TBA RS, 5-30 j: 0.33 7.47 :t 0'49* 10**5*9 ***(3*46 18**3*9 ***(2*39 17i§ ***9*31 15*?3 ***9*46 11*9*6 ***9*44
mM/L : : : , ,
ISS)/IE 44264127 | 41524203 34.{1 i*1'60 30.48: 1.22 30.44: 1.56 29.01;!: 1.58 26'5i 1.32
A3+1. 32 £0. 62+0. .58 £ 0. 14 +0.
E:‘:;"L'ase' 30784120 | 3340+ 126 | S0-18F 120 | 1432072 11362+ 0.70 | 1758 +0.62 | 17.14=0.78

Note 1. " — p<0.05 vs. the control group;
Note 2. ™ — p<0.01 vs. the control group;
Note 3. ™ — p<0.05 vs. the preceding group;
Note 4. ™ — p<0.01 vs. the preceding group;
Note 5. ™ — p<0.005 vs. the control group.

In Group Il of rats with a reperfusion time at 2 hours,
a significant increase in blood serum DC content was
observed vs. the control group (by 33.33%; p<0.05). In
Group 111, the DC indicator reached the highest value and
was 26.60% higher vs. Group Il (p<0.05) and 51.06%
higher vs. the control group (p>0.05). After 3 days from
the moment of reperfusion, the DC content slightly
decreased, being by 48.31% higher than that of the
control group (p<0.05). On the 7th and 14th days, the DC
content continued to decrease. Although it still slightly
exceeded the indicator of the control group, the difference
was not statistically significant (p>0.05).

Blood serum TC content increased in Groups | and Il
and reached its maximum in Group Il with a reperfusion
period of 1 day; thus, the latter was 21.36% higher vs.
Group Il (p>0.05) and 61.0% higher vs. the control group
(p<0.01). Further, the TC content decreased; on the 7th
day, it was only 26.09% higher than that in the control
group (p<0.05).

A statistically significant increase in blood serum
content of TBA-RS was revealed in all studied groups
compared to the control group (p<0.005). Moreover, this
indicator reached its highest value after 1 day of
reperfusion, being higher than the similar indicator of
Group II by 42.62% (p<0.01). Subsequently, the content
of TBA-RS gradually decreased and reached its
minimum on the 14th day after the tourniquet was
removed. At the same time, this indicator remained
significantly higher (by 52.08%) vs. controls (p<0.005).

SOD activity gradually decreased in all experimental

groups in both early and late reperfusion periods,
reaching its minimum in rats with a reperfusion period of
14 days. At the same time, the SOD indicator was
40.05% lower vs. the control group (p<0.01).

Changes in the level of catalase activity were largely
similar to those of SOD. Catalase activity reached the
lowest value in the group of animals with 3-day
reperfusion, being statistically significantly lower vs. the
control group (by 65.76%; p<0.005). In subsequent
periods, an increase in the activity of this enzyme was
noted, but even after 14 days of reperfusion, the catalase
activity was 58.91% lower compared to the controls
(p<0.005).

In this experiment, a significant decrease in the PAI
values was found in the blood serum in all experimental
groups. In 1-day reperfusion group, this indicator
(0.78+0.03) was 9.73 times lower than the corresponding
indicator of the control group (p<0.005), remaining at
approximately the same level as in animals with 3-day
reperfusion. The indicator increased in the animals of the
late-reperfusion group, but even after 14 days, it remained
lower compared to the control indicator (p<0.005).

In order to identify the value of combined changes in
certain indicators for predicting the development of
ischemia-reperfusion injuries under conditions of acute
blood loss, neural network clustering was carried out
based on LPO and AOD values in the blood serum of
white rats at different times of the early reperfusion
period, i. e. DC (1), TC (2), TBA-RS (3), SOD (4), and
catalase (5). An additional parameter for clustering was
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the severity of structural disorders of muscle tissue in
different periods of reperfusion. This indicator, S (6), was
determined for each experimental animal of the first
subgroup as "1", the second subgroup — as "2", the third
subgroup (the most pronounced structural disorders) — as
"3", and the fourth subgroup —as "2".

To carry out neural network clustering, we chose the
number of clusters equal to three and used the parameters
proposed by the program. The results of the program
clustering are presented in Figure 3 a, b. At the same
time, 50.0% of experimental animals belonged to the first

cluster, 25.0% — to the second cluster, and 25.0% — to the
third cluster.

As follows from Figure 3, the severity of structural
changes during the development of ischemia-reperfusion
injury (S) was the highest in the third cluster (40.0%). At
the same time, the third cluster presented the maximum
values of DC (25.42 %), TC (21.42 %), and TBA-
reactive substances (34.55 %), and the minimum values
of catalase (-9.19 %) and SOD (- 13.04%) compared to
the corresponding indicators in the first two clusters.

50,00%

Cluster 1 —&—Cluster 2

Cluster 3

40,00% |
30,00% |
20,00% |
10,00% |
0,00%

-10,00% | 1 2
-20,00% |
-30,00% |
-40,00% |

a) -50,00%

60,00%

50,00%
50,00%

40,00% |
30,00% |
20,00% |

10,00% |

0,00%

25,00%

25,00%

b) 1

Figure 3 — Results of clustering of blood serum LPO and AOD indicators of white rats in different periods of
ischemic-reperfusion injury under conditions of acute blood loss: a) cluster profiles — parameters, including LPO, AOD
indicators and morphological changes severity in different periods of reperfusion; b) cluster weights - shares of

animals that fell into a certain cluster

CONCLUSIONS / BACHOBKH

Ischemic-reperfusion injury against the background of
acute blood loss was manifested by edema and
dystrophic-degenerative changes in skeletal muscles
during the period of ischemia and in the first hours after
the restoration of blood circulation, with the most
pronounced disorders on the first day. The average
diameter of the muscle fiber ((43.66+0.60) pm) in this

period exceeded the corresponding indicator
((40.63+£0.24) pm) of the control group by 6.94%
(p<0.01).

This experimental study confirmed the development
of ischemia-reperfusion injury with activation of lipid
peroxidation and a decrease in antioxidant defense in
experimental animals. Thus, the DC content was the
highest in the third experimental group (the first day of
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reperfusion), exceeding the indicator of the intact animals
by 51.06% (p>0.05). The TC content also reached its
maximum during this period, exceeding the control level
by 1.61 times (p<0.01). One day later, the highest level of
the TBA-RS was observed. During the late postischemic
period (Day 7 and Day 14), a gradual normalization of
indicators was observed; however, the content of TBA-
RS was still significantly higher than that of the control
group on the 14th day (p<0.005).

In all studied groups, there was a decrease in the
activity of SOD and catalase. Blood serum catalase
activity was observed at its lowest level after three days
of reperfusion, exceeding the control values by 65.76%
(p<0.005), while SOD content kept decreasing on Day 7
and Day 14.

Such changes indicated, in our opinion, the reaction
of systemic compensatory mechanisms of AOD in
response to significant activation of lipid peroxidation.
However, under conditions of acute blood loss, full
compensation was not observed in the reperfusion period.
The above confirms the significant dynamic decrease of

PAI in the blood serum of rats in all studied groups in the
early reperfusion period (p<0.005) with a gradual
increase of this indicator, which, however, did not return
to the control values (p<0.005).

When predicting the development of morphological
disorders in the early reperfusion period based on the
results of the analysis of cluster profiles obtained due to
the neural network clustering of blood serum LPO and
AOD values in white rats and the morphological disorder
severity in different periods of ischemia-reperfusion
injury under conditions of acute blood loss, we observed
the greatest significance of the combined changes in DC,
TC, TBA-RS content and SOD and catalase activity, with
the most significant changes being in TBA-RS and
catalase values.

The study's results can be used in clinical studies on
the optimal medical correction of hypovolemic shock and
ischemic-reperfusion injury, taking into account the
prognosis of structural remodeling of the soft tissues of
the limbs in both civilian and military medicine.

PROSPECTS FOR FUTURE RESEARCH / MEPCIIEKTUBHU ITOJAJBIINUX JOCJI/KEHb

Prospects for further research: prognosis of morphological disorders of skeletal muscles after the application of a
tourniquet in the conditions of the combined effect of other pathological factors (burn disease, injury of the

musculoskeletal system, closed craniocerebral injury).
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