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ABSTRACT

BACKGROUND: Modern combat-related surgical trauma is characterized by the combined impact of multiple detrimental fac-
tors. This often leads to the simultaneous development of several critical conditions in the body, such as burn disease and
crush syndrome. The cross-interaction of these pathogenetic pathways contributes to the development of mutual aggravation
syndrome, thereby increasing the likelihood of an unfavorable trauma outcome. Research into the mechanisms of these con-
ditions and the development of pathogenetically justified approaches to correcting these homeostatic disturbances remains
highly relevant.

AIM: To evaluate the effectiveness of antishock therapy in a combined experimental model of crush syndrome and burn dis-
ease.

METHODS: The study was performed using 360 rats weighing 240-250 g, in which both crush syndrome and deep skin burns
were induced. Mortality rates were analyzed depending on the volume and composition of the antishock therapy delivered.
Data processing was performed using the standard methods for variation statistics. The alternative hypothesis was accepted
at p<0.05.

RESULTS: It was found that in the combined model of crush syndrome and burn disease, the volume of infused fluids should be
increased by 40%. Based on this result, the standard Parkland formula was modified to V= 6,5 x S x M. Among the evaluated
antishock therapy regimens, the combination of crystalloid and colloid solutions in a 40:60 ratio exhibited the highest efficacy.
The mortality rate in this group was 28.9%, which was 2.4 (p < 0.05) and 2.6 (p < 0.05) times lower than that with 0.9% sodium
chloride solution and 10% albumin solution, respectively. The high effectiveness of the substrate-based antihypoxants for the
treatment of mechanical and thermal shock was demonstrated. Their administration reduced the mortality rate to 30.4%, which
was 2.2 times (p < 0.05) lower than the results observed when normal saline was administered. The use of analgesics and
antioxidants did not significantly influence the animals’ survival rate.

CONCLUSION: The results of this study indicate the potential use of metabolic (substrate-based) antihypoxants in antishock
therapy for patients with combined crush syndrome and burn disease. This research direction requires further development
and in-depth investigation..
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AHHOTALMA

O6ocHoBaHue. CoBpeMeHHyI0 60eBYI0 XMPYPrUYECKYD TPaBMY XapaKTepu3yeT KOMOMHMPOBaHHOE BO3ZAEMCTBME Pa3iMyHbIX
nopaxatoLumx dakTopoB. HepeKo 3T0 MPUBOAMT K 0AHOBPEMEHHOMY Pa3BUTUIO B OpraHW3Me HECKOJIbKUX KPUTUYECKUX CO-
CTOSIHWW, HaNpWUMep, 0X0roBoM DoNe3HW, CUHAPOMY ASUTENBHOTO CAABNEHMA U T. 4. [lepekpecTHoe B3aUMoJeNCTBME Lienen
naToreHe3a Kaw/oro M3 HUX cnocoOcTBYeT BO3HUKHOBEHMIO CUHAPOMA B3aUMHOI0 OTArOLLEHUS U, KaK CeACTBUE, NOBbILLe-
HWK0 BEPOATHOCTM HeBNaronpuATHOr0 UCX0AA TPaBMbI. AKTYanbHOCTb UCCNEA0BaHMI, HANPABEHHBIX HA U3YYeHWe MeXaHu3-
MOB Pa3BUTUSA AaHHbIX COCTOSIHUIA M pa3paboTKy BO3MOXHbIX MAaTOrEHETUHECKUX MyTeN KOPPEKLMM U3MEHEHWIA rOMEOCTasa,
He BbI3bIBAET COMHEHMUH.

Lienb — oueHuTb 3dheKTUBHOCTL NPOTMBOLLIOKOBOW TEpPanuM NpW COYETaHUM CUHAPOMA ANUTENBHOTO CAABNEHUS U 0XOro-
BOM D0oNe3HU B IKCNEpUMEHTE.

Matepuanbl u Metoabl. Wccneposanve BbinonHeHo Ha 360 Kpbicax Maccoit 240-250 r, KOTOpbIM MOAENMPOBaNM CUHAPOM
AJMTENBHOTO CAABNIEHUA TKaHei 1 rnybokue 0xoru Koxu. B xoge paboTbl aHanu3nposanu nokasartenb IeTaibHOCTU B 3aBM-
cuMmocTu oT obbeMa U cocTaBa MPOTMBOLLIOKOBOM Tepanuu. 06paboTKy MaTepuanos NpoBoAUNM 06LLENPUHATLIMA METOAAMM
BapWaLMOHHON CTAaTUCTUKU. AnbTepHaTUBHYH rUnoTesy npuHumMany npu p <0,05.

Pe3ynbTathl. YcTaHOBNEHO, YTO NpU COYETAHUM CUHAPOMA AJMTENBHOTO CAABEHUSA U 0XKOroBoi 6one3Hn 06beM BBOLUMBIX
pacTBOpPOB A0MKeEH ObiTb yBenmueH Ha 40%. C yueToM 3toro obienpuHsaTas gopmyna lapknaHaa beina MoauduumpoBaHa
cnepyowmM obpasoM: V=6,5xSxM. lpu n3yyeHuu pasnnyHbIX CXeM NPOTUBOLLOKOBOM Tepanun HanbonbLuylo 3G GeKTMBHOCTb
NPOAEMOHCTPUPOBAsO COBMECTHOE NPUMEHEHWE KPUCTaNIONAHBIX M KONINOUAHBIX PacTBOpPoB B cooTHoLeHUM 40 u 60% cooT-
BeTCTBEHHO. [pu 3TOM NieTanbHoCTb cocTasuna 28,9%, uto B 2,4 pasa (p <0,05) u B 2,6 pasa (p <0,05) bonblue No cpaBHeHMIO
C U30/MpoBaHHbIM NpuMeHeHueM 0,9% pacTBopa Hatpusa xnopupaa u 10% pactBopa anbbymuHa. [lokasaHa BbicoKas addek-
TUBHOCTb CYOCTPATHBIX aHTUTMMOKCAHTOB MPU NIEYEHUM MEXAHO-TEPMUYECKOrO LUIOKA. VX BBeAEHWEe NO3BOIUAO CHU3UTB MO-
Kasatenb netanbHoctn 1o 30,4%, uto B 2,2 pasa (p <0,05) MeHbLUe 0THOCUTENBHO Pe3yNbTaToB UCMOMb30BaHUS (U3M0N0-
FMYECKOro pacTeopa. Y npUMeHeHWs aHaNbreTMKOB M aHTMOKCMAAHTOB He BblN0 [LOCTOBEPHOrO BAMSHUA Ha BbIKMBAEMOCTb
YKMBOTHBIX.

3akuioueHue. lpoBeeHHOE McCNel0BaHME CBUAETENbCTBYET O NEPCMEKTUBHOCTU NPUMEHEHUs MeTabonnueckux (cyberpar-
HbIX) @HTUIMMOKCAHTOB NMPU NPOTUBOLLIOKOBOW Tepanuu y NocTpajaBLUKX C CUHAPOMOM UTUTENTBHOMO CLLABJIEHWUS U 0XKOr0BOM
bonesHbio. [lns AaHHOro HanpaeneHUs UCCne0BaHUi HeobX0AUMBI AanbHelLee pa3BUTUE U YriybieHHoe U3yYeHue.

KnioueBble cnoBa: 0XOrv KOXu; CUHOPOM ANIUTENbHOT0 CAaBJieHUd; LWOK; MHTeHCUBHAA Tepanud; r’MnoKcuAa; nemMuns;
dHTUTUNOKCAHTbl; aHTUOKCUAAHTHI.
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BACKGROUND

Blast injuries were not distinguished as a separate
group of combat wounds until the 1980s. However, the era
of local armed conflicts has contributed to a change in the
qualitative composition of medical losses. Currently, blast
injuries are more common than gunshot wounds [1].
Owing to advancements in artillery, missile, and loitering
(drones, UAVs) weaponry, the number of blast injury cases
accompanied by mechanical and thermal trauma continues
to steadily increase. This warrants the medical service
of the Ministry of Defense of the Russian Federation to
rethink approaches and tactics for providing medical care to
military personnel [2].

The use of explosive munitions, including shaped
charges, in targeting military personnel, fortifications, and
equipment shifts the vector of injuries toward mechanical
and thermal damage [3]. Extensive burn injuries to the
skin develop into burn disease. The main steps in the
pathogenesis of this condition in the first hours after
injury are pain syndrome and psychoemotional stress,
leading to the active release of vasopressin, oxytocin,
and adrenocorticotropin. These hormones contribute to
increased acidosis and tissue hypoxia due to an increase
in the overall peripheral vascular resistance, blood
circulation centralization, and external respiratory function
impairment [4]. Hypovolemia plays a major role in disrupting
the body’s homeostasis in extensive burn injuries. Increased
vascular permeability due to the effects of amines,
the kinin system, eicosanoids, etc., and changes in oncotic
pressure in the microvasculature and interstitium cause
active transsudation of fluid from the vasculature into the
tissues. The same processes occur in extensive mechanical
trauma, including crush syndrome. Prolonged absence
of tissue perfusion in damaged areas leads to ischemia
and toxic metabolite accumulation, forming a vicious circle
of pathogenesis. This warrants early start of antishock
therapy, which, if not provided, leads to irreversible tissue
damage and death. These conditions are critical.

In an experimental study by Zolotukhina et al. [8],
it was demonstrated that even after a 4 cm? burn
on the withers skin, by the 10th day of observation
80% of rats had died. The combination of the conditions
contributes to the development of mutual aggravation
syndrome and increases the likelihood of an unfavorable
trauma outcome. The primary treatment in this case
was early initiation of antishock therapy with large
intravenous infusion of crystalloid and colloid solutions.
Tissue reperfusion is primarily aimed at decreasing tissue
hypoxia. In this regard, there is a number of promising
drugs, such as metabolic (substrate) antihypoxants and
antioxidants, which, however, are rarely used. Therefore,
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antishock therapy for burn disease and crush syndrome
in combination with these drugs are an important issue
in military medicine.

This study aimed to evaluate the effectiveness of
antishock therapy in a combined experimental model of crush
syndrome and burn disease.

METHODS

The study was conducted on 360 rats weighing
240-250 g at the Department of Pathological Physiology
of the S.M. Kirov Military Medical Academy and Research
Laboratory of Experimental Surgery of the St. Petersburg
State Pediatric Medical University in 2020-2021. The rats
were obtained from the Rappolovo laboratory animal
vivarium in the Leningrad region and quarantined
for 2 weeks. The animals were housed at the institutions’
vivarium facilities, meeting the requirements of GOST 33215-
2014" and GOST 33216-2014.2 Animals were excluded from
the experiment on observation day 7 using the procedure in
accordance with section 6.11 of GOST 33215-2014 and the
European Commission recommendations on euthanasia of
experimental animals.? The exclusion was carried out by
intravenous infusion of 1 mL of lidocaine under general
anesthesia. Biological material was disposed according to
the standards for class B waste disposal.

The animals were randomized based on body weight.
Depending on assigned tasks, the animals were divided
into 28 equal groups. The first 6 groups, each consisting
of 11 rats, were used to assess the impact of burn injury
area (10, 20, 30, 40, 50, and 60 cm?) on mortality. The
next 9 groups, each consisting of 11 rats, were used to
assess the impact of the volume of 0.9% sodium chloride
infusion (0, 5, 10, 15, 20, 25, 30, 35, and 40 mL) on
mortality. The third set of 13 groups, each consisting of
15 rats, was used to evaluate the effectiveness of intensive
therapy (0 [control group, no treatment]); 0.9% sodium
chloride (NaCl) solution; 0.9% NaCl solution + 10% albumin
solution (80:20); 0.9% NaCl solution + 10% albumin solution
(60:40); 0.9% NaCl solution + 10% albumin solution (40:60);
0.9% NaCl solution + 10% albumin solution (20:80); 10%
albumin solution; Remaxol®; Mafusol®; polyoxyfumarine
solution; 0.9% NaCl solution+superoxide dismutase

' Guide to the Care and Maintenance of Laboratory Animals. Moscow:
Standartinform, 2016, 20.

2 Guide to the Care and Maintenance of Laboratory Animals. Rules
for the care and maintenance of laboratory rodents and rabbits.
Moscow: Standartinform, 2016, 17.

3 Directive 2010/63/EU of the European Parliament and of the Council
On the Protection of Animals Used for Scientific Purposes dated September
22, 2010 // Official Journal of the European Union. L 276/33 dated
October 20, 2010.
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Fig. 1. Skin of rats after reproducing a third-degree burn.

solution; 0.9% NaCl solution + 2% xylazine solution;
and polyoxyfumarine solution + superoxide dismutase
solution + 2% xylazine solution) in the treatment of
mechanical and thermal shock.

Crush syndrome was modeled under general
anesthesia by applying pressure to the soft tissues
of the thigh over a 5 cm? area using metal clamps with
a force of 8-10 kg/cm? for 4 h [10]. Then, using our
original method,* third-degree deep skin burns were
reproduced on 10, 20, 30, 40, 50, and 60 cm? areas. Before
modeling a burn wound, the hair on the animal’s back was
removed using sodium sulfide solution heated to 36 °C.
Furthermore, an asbestos stencil was applied to the
selected area, the surface area of which was calculated
using the Lee formula [11]:

$=12.54 x M x 0.66,

where S is the body surface area (cm?) and M is the body
weight (kg).

Burn was inflicted by light radiation of a “KDB-22" lamp
(with a power of 500 W), positioned 2.5 cm away from
the animal’s skin for 20 s at 85 °C-90 °C. The lamp was
controlled using the thermocouple sensor of the multimeter.
The depth of the lesion was visually assessed by evaluating
the vascular response. Upon external examination, a whitish
color of the dermis was noted in the burn area, with
pronounced tissue swelling and a clear border with intact
skin. The vascular response was assessed by applying
pressure to the injured area until a “white spot” appeared. This
phenomenon reflects microvasculature spasm. In superficial
lesions, exposure cessation leads to arteriole and capillary
dilation, rapid microcirculation restoration, and arterial
hyperemia. Slowing of microvasculature filling, manifested
by the prolonged retention of a “white spot,” is characteristic

“ Rationalization Proposal No. 14287/1 dated January 19, 2016. Methodology
for Reproducing Third-Degree Skin Burns in an Experiment / EN. Zinoviev.
SM. Kirov Military Medical Academy. 2016.
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of a borderline skin burn. The absence of vascular response
indicates a deep lesion.

Prior to injury modeling, general anesthesia was
performed through intramusclular injection of 2% xylazine
solution in the thigh at 0.1 mL per 100 g of body weight.
Anesthesia was maintained by ether vapor inhalation.
Antishock therapy involved infusing crystalloid and colloid
solutions, antihypoxants, and antioxidants. The needle
was intraperitoneally inserted through parenteral access
in the thigh. The volume of solutions was calculated using
the Parkland formula [12]:

V="4xMx%,

where Vis the volume of infusion (mL), M is the body weight
of the animal (kg); and % is the burn area (absolute units).

During the observation, mortality (%) was evaluated
in consideration of the antishock therapy. The study lasted
for 7 days.

Statistical analysis of obtained data was performed using
Microsoft Excel and SPSS Statistics 17.0 software. The work
with databases was conducted using generally accepted
methods of variation statistics in three steps: research model
development, plan drafting and implementation, and material
collection. Quantitative parameters were evaluated using the
nonparametric Mann-Whitney test (pairwise comparison)
and Kruskal-Wallis test to eliminate the problem of multiple
pairwise comparisons. Frequency indicators were assessed
using Pearson’s criterion (y*-test). The alternative hypothesis
was accepted at p <0.05.

RESULTS

Figure 2 presents the study of rat mortality during tissue
reperfusion after modeling prolonged crush syndrome and
inflicting deep burns without administering antishock therapy.

The critical burn area in rats was 30 cm?. In this group,
all rats had an average lifespan of 64.3+10.7 h. Moreover,
an increase in the burn area of the skin to =60 cm? was
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characterized by 100% mortality. These values did not
change despite infusion therapy, whereas the administration
of a 0.9% sodium chloride solution, in the amount calculated
using the Parkland formula, in rats with a burn area
of 30 cm? increased their survival by 19%. Thus, the model of
30 cm? deep skin burns was chosen for further study of the
effectiveness of the proposed antishock therapy.

Figure 3 shows the effectiveness of 0.9% sodium chloride
infusions of various volumes as antishock therapy.

Data presented in Fig. 3 indicate that antishock therapy
with a volume of 25 mL of 0.9% sodium chloride solution
contributed to achieving minimal mortality (68.2%) during
the tissue reperfusion period after modeling crush syndrome
and inflicting deep skin burns over an area of 30 cm?. After
decreasing the infusion volume to 20 mL and increasing
the infusion volume to 30 mL, the mortality rate was 76.7%
and 82.1%, respectively. Thus, the highest survival rate
was noted when calculating the volume of 0.9% sodium
chloride solution using the modified Parkland formula (mL)
1/=6.5xMx%, which is 39% higher than its classical variant.

Figure 4 presents mortality during tissue reperfusion
after modeling crush syndrome and inflicting a 30 cm? deep
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10 20 30
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skin burn, considering antishock therapy including 0.9%
sodium chloride solution and 10% albumin solution in various
volumes.

According to the study results presented in Fig. 4,
the infusion of 0.9% NaCl solution combined with 10%
albumin solution in a 40:60 ratio, in a volume calculated
using the Parkland formula + 40% of the calculated volume,
achieves the lowest mortality rate (28.9%) in small laboratory
animals. Isolated administration of saline or 10% albumin
solution led to an increase in the frequency of fatal outcomes
among rats by 2.4 times (p < 0.05) and 2.6 times (p < 0.05),
respectively.

Notably, the administration of substrate antihypoxants
contributed to the increased survival of experimental animals.
Polyoxyfumarine showed the greatest efficacy among these
drugs. Drug infusion in animals with combined lesions led
to a 2.2-fold decrease in mortality (p <0.05) compared with
isolated saline infusion. When Mafusol® and Remaxol®
were administered, the mortality rate was 47.6% and 50.2%,
respectively, which was 1.4 times (p <0.05) and 1.2 times
(p <0.05) lower compared with isolated saline infusion
(68.2%).

40 50 60 Burn area, cm?

Fig. 2. Rat mortality during tissue reperfusion after modeling crush syndrome and inflicting a skin burn, with consideration of the area of deep lesions.

100
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10
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0 5 10 15

30 25 30 35 40 Infusion volume, cm?

Fig. 3. Rat mortality during tissue reperfusion after modeling crush syndrome and inflicting a 30 cm2 skin burn, with consideration of the volume of 0.9%

sodium chloride infusion.

DOl https://doiorg/10.17816/brmmabs2642

225



OPUTHATTEHBIE MCCIIELOBAHMA

0
0,9% NaCl
0,9% NaCl+ ALB (80:20)
0,9% NaCl + ALB (60:40)
0,9% NaCl+ ALB (40:60)
0,9% NaCl + ALB (20:80)
ALB
REM
MUF
POL
0,9% NaCl+ SUP
0,9% NaCl+KSIL
POL + SUP + KSIL

0 20

Tom 27,N° 2, 2025

BecTHmK PoccuincKoit BOEHHO-MeANLMHCKOM aKaaemMumm

40 60 80 100 Mortality, %

Fig. 4. Rat mortality during tissue reperfusion after modeling crush syndrome and inflicting a 30 cm2 skin burn, with consideration of infusion therapy
calculated according to the Parkland formula + 40% of the calculated volume: 0, control group (no treatment); NaCl, 0.9% sodium chloride solution;
ALB, 10% albumin solution; REM, Remaxol®; MUF, Mafusol®; POL, polyoxifumarine solution; SUP, superoxide dismutase solution; KSIL, 2% xylazine solution.

The effectiveness of using 0.9% NaCl solution
and superoxide dismutase solution was comparable
to the isolated saline infusion, with 71.3% and 68.2% mortality
rate, respectively. No significant differences were noted
in survival rates between the 0.9% NaCl solution + xylazine
solution and 0.9% NaCl solution groups.

Thus, the most effective treatment regimens for animals
with burn shock and crush syndrome are 0.9% NaCl
solution + 10% albumin solution (40:60); polyoxyfumarine
solution; and combined polyoxyfumarine, superoxide
dismutase, and xylazine solution. The mortality rates were
28.9%, 30.4%, and 33.2%, respectively.

CONCLUSION

The outcome of severe mechanical and burn shock
directly correlates with the volume and composition of
infusion therapy. The infusion volume calculated using the
generally accepted Parkland method is insufficient and
requires at least a 40% increase. The modified Parkland
formula was modified as follows: V = 6.5 x M x %. This
allowed for achieving a minimal animal mortality of 68.2%,
which is 31.8% lower (p < 0.05) compared with the control
group. Antishock therapy is an important regimen. It should
consist of crystalloid and colloid solutions in a 40%-60%
ratio. This allows a significant decrease in the frequency of
fatal outcomes in laboratory animals to 28.2%. With isolated
administration of the abovementioned infusion regimens, 7
out of 10 rats died.

Study data justify the addition of metabolic (substrate)
drugs with antihypoxic effects in antishock therapy. The
introduction of polyoxyfumarine solution during tissue

DOl https://doiorg/10.17816/brmmab42642

reperfusion decreases the mortality of rats by almost two
times (30.4%). Moreover, no positive effect was noted in the
use of antioxidant drugs, with the mortality rate of 71.3%,
which is 3.1% higher (p > 0.05) compared to the isolated
infusion of an equivalent volume of saline. Furthermore, it
was noted that the additional administration of analgesics had
no effect on the mortality rate of rats. In this case, mortality
was comparable to that seen with 0.9% NaCl infusion: 65.1%
and 68.2% (p > 0.05), respectively.

The cross-interaction of the pathogenetic mechanisms
of extensive burn injuries and crush syndrome significantly
affects trauma outcome, with hypoxia and tissue ischemia
playing the central role. The study demonstrates the potential
of using metabolic (substrate) antihypoxants in treating
patients with mechanical and thermal shock. However, the
existing theoretical basis is insufficient to justify the inclusion
of these drugs in antishock therapy. This requires further
development and in-depth investigation.
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paccMOTPEHME W peLLeHr e BOMPOCOB, CBA3aHHbIX C TOYHOCTbIO 1 [obpoco-
BECTHOCTbIO N10bOI ee YacT.

3tnyeckas akcneptusa. [lpoBefeHWe MCCneaoBaHus 0f06peHo fo-
KanbHbIM 3TWYECKMM KOMMUTETOM BOEHHO-MeAULMHCKOM  aKagemum
uM. CM. Kupoga (npotokon N° 221 ot 23.04.2019).

UcTouHnk duHaHcupoBaHms. ABTOpbI 3asBNSIOT 06 OTCYTCTBUM BHELLHErO
(VHaHCVPOBaHMA NpY NPOBEEHUN UCCNe0BaHNS.

PackpbiTe UHTepecoB. ABTOPbI 3aABAAIOT 00 OTCYTCTBUW OTHOLLEHWI, fie-
ATENLHOCTV W MHTEPecoB 3a MOCefHNe TPU rOfia, CBA3aHHBIX C TPETbI MM
JmuaMy (KOMMEpYECKUMY 1 HEKOMMEPYECKVIMM), UHTEPECh! KOTOPbIX MOTYT
BbITb 3aTPOHYTHI COLlEPXKAHMEM CTaTbU.

OpuruHanbHocTb. [lpy co3aaHUM HacTosLLe paboTbl aBTOpbI He WCMosb-
30Ba/v paHee onybMKOBaHHbIE CBEAEHWs (TEKCT, UNICTPaLMK, iaHHbIe).
HocTyn K aaHHbIM. Bce faHHbIe, NoyYeHHble B HACTOALLEM UCCej0BaHUN,
LOCTYMHbI B CTaTbe.

['eHepaTUBHBIN WUCKYCCTBEHHBIA UHTENNEKT. [lpW CO3[aHMM HaCToALLEN
CTaTbW TEXHONMOTMM TeHepaTMBHOTO UCKYCCTBEHHOO MHTENNEKTa He uc-
nonb30Bany.

PaccMoTpeHue 1 peLieH3npoBaHme. HacTosLas paboTta noaaHa B ypHan
B MHULWATWBHOM MOPSAKE W PaccMOTpeHa Mo 0bbluHOM npouesype. B pe-
LieH31POBaHWM Y4acTBOBaNM [1Ba BHYTPEHHWX PeLieH3eHTa.
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