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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.
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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
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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
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drHaHCcUpoBaHue: MCCenoBaHne BbIMOSHEHO 6E3 CMOHCOPCKON MOAAEPXKKN.

CooTBeTCTBME NPUHLMNAM 3TUKI: MCClefoBaHWe BbIMOMHEHO C COBMOAEHVEM NPaBuna BUO3TUKK, YTBEPXXAEHHbIX EBpONEnckon KoHBEH-
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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

A
100 -

— 22°C

75 A

50 A

Lethality, %

25 A

—O O

300 350 400

0 50 100 150 200 250
Fentanyl dose, pg/kg

Figure was prepared by the authors

180 1 o990

— 40°C

120 A

60 -

Latent time of awakening, min
HH

O T T T T T
0 50 100 150 200 250

Fentanyl dose, pg/kg

300 350 400

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

478

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.

MEOVLIMHA SKCTPEMATBbHBIX CUTYALIMI | 2025, TOM 27, Ne 4
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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

References

1. Acs A, Schmidt J, Németh Z, Fodor |, Farkas A. Elevated
temperature increases the susceptibility of D. magna to en-
vironmental mixtures of carbamazepine, tramadol and cita-
lopram. Comparative Biochemistry and Physiology Part C:
Toxicology and Pharmacology. 2025;287:110052.
https://doi.org/10.1016/j.cbpc.2024.110052

2. Gordon CJ, Johnstone AFM, Aydin C. Thermal stress and
toxicity. Comprehensive Physiology. 2014;4(3):995-1016.
https:/doi.org/10.1002/cphy.c130046

3. Golovko Al, Ivnitsky JuJdu, Rejniuk VL, Schifer TV.
Changes in the illegal synthetic opioids market. Narcology.
2024;23(2):54-9 (In Russ.).

EDN: SEMZIT

4. Berezovskaya IV. Prediction of drug safety in preclinical toxico-
logical studies. Toxicological Bulletin. 2010;(5):17-22 (In Russ.).
EDN: TQUNAB

5. Shabalov NP, ed. Pediatrics. SPb.: SpeclLit; 2003 (In Russ.).
EDN: QLEJWL

6. Getsy PM, May WJ, Young AP, Baby SM, Coffee GA,
Bates JN, et al. Tropine exacerbates the ventilator depres-
sant actions of fentanyl in freely-moving rats. Frontiers in
Pharmacology. 2024;24:1405461.
https://doi.org/10.3389/fphar.2024.1405461

EXTREME MEDICINE | 2025, VOLUME 27, No 4

intensifies the entry of ammonia and lower amines from
the blood into astroglia along the concentration gradient
of their neutral gaseous forms [19], which should lead
to the accumulation of free amino acids in the brain [20]
and cerebral swelling. Due to the inverse relationship
between water temperature and the solubility of gases
(including ammonia and lower amines), such swelling
cannot be alleviated by local head cooling. Conversely,
cooling the gastric and intestinal chyme by the magni-
tude observed in this study — an 11.4 °C drop in body
temperature during ice application to the ventral torso
surface — should reduce the metabolic activity of ther-
mophilic gastrointestinal microflora by at least 2.2 times,
thereby blocking the mechanisms of thanatogenesis
mediated by acute intestinal endotoxemia. Testing this
hypothesis in further research opens prospects for new
approaches to the pathogenetic therapy of both acute
opioid intoxication and heat stroke.

CONCLUSIONS

1. Body overheating potentiates the lethal and narcotic
effects of fentanyl in rats. Under these conditions, cool-
ing the ventral surface of the torso is an effective meas-
ure to prevent hyperthermia and reduce lethality, while
head cooling is ineffective.

2. At room air temperature, local cooling of both the
head and the ventral surface of the torso exacerbates
fentanyl-induced hypothermia without significantly af-
fecting rat lethality.

3. The data obtained should be considered in fur-
ther research into the influence of climatic factors on the
tolerability of narcotic analgesics in larger laboratory ani-
mals and humans.

7. Wolf ST, Bernard TE, Kenney WL. Heat exposure limits for
young unacclimatized males and females at low and high hu-
midity. Journal of Occupational and Environmental Hygiene.
2022;19(7):415-24.
https://doi.org/10.1080/15459624.2022.2076859

8. Canfield JR, Sprague JE. Influence of carbon side chain
length on the in vivo pharmacokinetic and pharmacodynam-
ics characteristics of illicitly manufactured fentanyls. Drug
Testing and Analyses. 2024;16(10):1113-21.
https://doi.org/10.1002/dta.3636

9. Attah AT, Negron-Moreno PN, Amigo-Duran M, Zhang L,
Kenngott M, Brecht M, et al. Sensory cues, behavior and fur-
based drying in the rat wetness response. Scientific Reports.
2024;14(1):24550.
https:/doi.org/10.1038/s41598-024-74900-9

70. Yarmolenko PS, Moon EJ, Landon C, Manzoor A,
Hochman DW, Viglianti L, et al. Thresholds for thermal dam-
age to normal tissues: an update. International Journal of
Hyperthermia. 2011;27(4):320-43.
https://doi.org/10.3109/02656736.2010.534527

71. Puszkei A, Malissin |, Cisternino S, Pallet N, Decléves X,
Mégarbane B. Massive tramadol ingestion resulting in fa-
tal injury — a pharmacokinetic study with discussion on

481



https://www.elibrary.ru/SEMZIT
https://www.elibrary.ru/TQUNAB
https://www.elibrary.ru/QLFJWL

OPUTMHAJIbHASA CTATbA | TOKCUKONOIrns

12.

13.

4.

15.

16.

the involved mechanisms of toxicity. Clinical Toxicology.
2022;60(9):1059-62.
https:/doi.org/10.1080/15563650.2022.2071286

Lee S, Lee SH. Exertional heat stroke with reversible se-
vere cerebral edema. Clinical and Experimental Emergency
Medicine. 2021;8(3):242-5.
https:/doi.org/10.15441/ceem.19.085

Alali Z, Eckels SJ. 3D numerical simulations of mixed con-
vective heat transfer and correlation development for a ther-
mal manikin head. Heliyon. 2024;10(9):e30161.

Wang J, Jiang C, Kang J, Yu S, Bai G. Head-neck local ven-
tilation mode for long-narrow mine working face. Scientific
Reports. 2024;14(1):19663.
https:/doi.org/10.1038/s41598-024-70739-2

Solis E, Cameron-Burr KT, Shaham Y, Kiyatkin EA.
Fentanyl-induced brain hypoxia triggers brain hyper-
glycemia and biphasic changes in brain temperature.
Neuropsychopharmacology. 2018;43(4):810-9.
https://doi.org/10.1038/npp.2017.181

Zamparelli M, Eaton S, Quant PA, McEwan A, Spitz L,
Pierro A. Analgesic doses of fentanyl impair oxidative metab-

17.

18.

19.

20.

olism of neonatal hepatocytes. Journal of Pediatric Surgery.
1999;34(2):260-3.
https://doi.org/10.1016/s0022-3468(99)90186-0

Ivnitsky Judu, Rejniuk VL, Schifer TV, Vakunenkova OA.

Acute intestinal endotoxicosis in  disaster medi-
cine. Kremlin Medicine Journal. 2024;1:81-6
(In Russ.).

https://doi.org/10.48612/cgma/1e9k-uttr-7hBa

Lacy BE, Cangemi DJ. Opioids and the gastrointestinal tract:
the role of peripherally active p-opioid receptor antagonists
in modulating intestinal permeability. American Journal of
Gastroenterology. 2024;119(10):1970-8.
https://doi.org/10.14309/ajg.0000000000002887

Ott P, Vilstrup H. Cerebral effects of ammonia in liver dis-
ease: current hypotheses. Metabolic Brain Disease.
2014;29(4):901-11.
https:/doi.org/10.1007/s11011-014-9494-7

Zielinska M, Albrecht J, Popek M. Disregulation of astrocytic
glutamine transport in acute hyperammonemic brain edema.
Frontiers in Neuroscience. 2022;16:875750.
https:/doi.org/10.3389/fnins.2022.874750

Authors’ contributions. All authors confirm that their authorship meets the ICMJE criteria. The greatest contribution
is as follows: Jury Ju. Ivnitsky — scientific concept, research plan development, semantics, and data interpretation;
Olga A. Vakunenkova — management of the experimental part of the work; Alexandr I. Golovko — analysis of data
on the state of the illegal opioid market; Nataliya V. Lapina — development of an experimental model of heat stress;
Vladimir L. Rejniuk — development of an experimental model of an overdose of a narcotic analgesic. All authors partici-
pated in the discussion of the results, preparation, and editing of the manuscript.

AUTHORS

Jury Ju. lvnitsky, Dr. Sci. (Med.), Professor
https://orcid.org/0000-0002-1057-5356

neugierig@mail.ru

Olga A. Vakunenkova
https://orcid.org/0009-0005-9665-9866

volga-2303@yandex.ru

Alexandr |. Golovko, Dr. Sci. (Med.), Professor
https://orcid.org/0000-0002-2751-3637

prgolovko@inbox.ru

482

Nataliya V. Lapina, Cand. Sci. (Med.)
https://orcid.org/0000-0002-3418-1095

lapina2005@inbox.ru

Vladimir L. Rejniuk, Dr. Sci. (Med.)
https://orcid.org/0000-0002-4472-6546

email@yandex.ru

MEOVLIMHA SKCTPEMATBbHBIX CUTYALIMI | 2025, TOM 27, Ne 4


https://doi.org/10.1016/s0022-3468(99)90186-0

