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MECHANISMS OF HEAT STRESS POTENTIATION OF FENTANYL LETHALITY ) cCheck for updates
IN RATS

Jury Ju. Ivnitsky™, Ekaterina O. Demydova, Olga A. Vakunenkova, Ekaterina A. Zolotoverkhaja, Alexandr |. Golovko

Golikov Research Center of Toxicology, St. Petersburg, Russia

Introduction. As a rule, preclinical safety assessment of narcotic analgesic agents is conducted at ambient temperatures of 20-24 °C. How-
ever, their clinical use may occur under different thermal conditions. Previous studies have demonstrated the ability of heat stress to potentiate
the lethal and narcotic effects of fentanyl in rats, yet the mechanisms underlying this phenomenon remain unknown.

Objective. Testing hypotheses on the mechanisms of fentanyl toxicity potentiation in rats under heat stress conditions.

Materials and methods. The study was conducted on outbred male albino rats weighing 191-210 g. We investigated the effects of intra-
venous fentanyl administration at a dose of 200 pg/kg and/or a 40-min exposure to an ambient temperature of 40 °C on body temperature
and mass, brain moisture content and mass, glutamine concentration in brain tissue, biochemical parameters of blood collected from the
a. carotis communis and v. jugularis interna, and oxygen consumption by brain homogenates. Statistical analysis was performed using the
OriginPro software.

Results. Fentanyl administration induced opisthotonus, coma, bradypnea, and fundal cyanosis. The 40-min lethality following fentanyl in-
jection was 0-9% at an ambient temperature of 22 °C and 68-71% at an ambient temperature of 40 °C. In surviving rats removed from the
thermal chamber, rectal temperature was elevated to 42.9 °C. The relative mass of the freshly isolated brain and the brain dried to a constant
weight increased by 7.4% and 7.2%, respectively. Glutamine content in brain tissue increased by 46%. Plasma concentrations of ammonia,
creatinine, and lactate were elevated by 2.0-2.2, 2.1-2.3, and 1.5-1.6 times, respectively. In the absence of fentanyl administration, no lethality
was observed in rats placed in the thermal chamber. Rectal temperature increased to 42.7 °C. The relative mass of the freshly isolated brain
and the dried brain increased by 6.1% and 8.9%, respectively. Brain glutamine content increased by 43%. Plasma creatinine levels rose by
2.2-2.4 times, and lactate levels increased by 25-45%. In the absence of heat stress, fentanyl increased plasma creatinine concentration
only by 1.6-1.8 times. The arteriovenous gradient of plasma ammonia concentration was positive in all animals. Oxygen consumption by
brain homogenates decreased by 10% under isolated heat stress and increased by 7% under a combined action of heat stress and fentanyl
administration.

Conclusions. Hypoxemia, lactic acidemia, and hyperammonemia were necessary conditions for the aggravating effect of heat stress on
acute fentanyl intoxication in rats. Conversely, irreversible thermal damage to biological tissues, organism dehydration, cerebral edema, swell-
ing, hyperemia, and glutamine accumulation in the brain were not identified as such necessary conditions.
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MEXAHN3Mbl MOTEHLMPOBAHUS TEM/1I0BbIM CTPECCOM JIETAJIbHOIO JEWCTBUSA
®EHTAHUIA HA KPbIC

O.KO. MBHunukmin™, E.O. demmposa, O.A. BakyHeHkoBa, E.A. 3onoTtosepxas, A.W. fonosko

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

BeepeHue. [JoknnHudeckoe nay4eHne 6e30nacHOCTU HapKOTUHECKMX aHaIbreTUKOB MPOBOAAT Npu Temnepatype Bo3ayxa 20—24 °C, Ho nx
NPUMEHEHNE BOSMOXXHO M MpW MHOW TeMnepaType. PaHee NoKasaHO NOTEHLMPOBaHWeE TEMIOBLIM CTPECCOM 1IETANIbHOMO 1 HAPKOTNHECKOO
[encTBMS (DeHTaHWNAa Ha KPbIC, OAHAKO MexaHn3Mbl 3TOro (DeHOMeHa HEM3BECTHBI.

Llenb. MNpoBepka rmnoTes o MexaHn3max NoBbILLEHWS TOKCUYHOCTY heHTaHmna ANs KPbIC B YCOBKSIX TEMIOBOMO CTpecca.

MaTtepuanel n MmeTogbl. ViccnegoBaHne NpoBeaeHo Ha 6ecnopoHbIX camLax Kpbic-anbbuHocoB Mmaccon 191-210 r. 3yvanu BAnsHmE BHy-
TpVBEHHOro BBeAeHNst heHTaHuna B fo3e 200 MKI/Kr 1 (M) COpoKamMUHYTHOMO NpebbiBaHvsa Npu Temnepatype Bosayxa 40 °C Ha Temne-
paTypy 1 Maccy Tena, BlaroCoOAep>kaH1e 1 Maccy rofioBHOMO MO3ra, COAepXKaHne rnyTaMmmnHa B TKaHn Mo3ra, BUOoXMMNYECKMe nokasaTenm
KPOBW U3 a. carotis communis v v. jugularis interna KpbIC, NOTPebNeHe KNCAOPOAA roMOreHaTamm 1x rofoBHoro Moara. CtatncTn4eckunia
aHaIM3 NPoBOAMIM C MCMONb30BaHMEM NporpaMMHoro obecnevenns OriginPro.

PeaynbTathl. BBegeHne deHTaHuna BbI3biBasio ONMCTOTOHYC, KOMY, 6paannHO3 1 LnMaHo3 rna3Horo AHa. JletanbHocTb 3a 40 MyH nocne
BBefeHus beHTaHmna coctasnana 0-9% npu Temnepatype Bo3ayxa 22 °C 1 68-71% npu Temnepatype Bodayxa 40 °C. PekTanbHas Tem-
neparypa y BbDKMBLLMX KPbIC MO U3BEYEHUN N3 TepMoKamMepbl Obina nosbilleHa ao 42,9 °C, oTHocKTebHas Macca CBEXXEN3BEYEHHOro
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1 BbICYLLEHHOrO O MOCTOSAHHOW MACChl FONIOBHOIO MO3ra — Ha 7,4 1 7,2% COOTBETCTBEHHO, COAEPKaHNe rmyTaMurHa B ero TKaHn — Ha 46%;
B MJa3Me KpPOoBW NoBbilLanach KOHLEeHTpaums ammmaka B 2,0-2,2 paga, KpeaTuHuHa — B 2,1-2,3 pasa n naktata — B 1,5-1,6 pasa. be3
BBeAeHUs (heHTaHua NeTanbHOCTb KPbIC B TepMOKaMepe OTCYTCTBOBasa, PeKTasibHasa Temneparypa nosbianace o 42,7 °C, oTHocu-
TeNbHas Macca CBEXEN3BIEHEHHOrO FONI0BHOIO Mo3ra — Ha 6,1% 1 cyxoro — Ha 8,9%, cofeprkaHue B Hem rnmyTammHa — Ha 43%, ypoBeHb
B Ms1asaMe KpPoBW KpeaTuHHa — B 2,2—2,4 pada 1 naktata — Ha 25-45%. bes TennoBoro ctpecca eHTaHmn N1k nosbiwan 8 1,6-1,8 pasa
KOHLEHTPaLMIO KpeaTnHMHA B NMiasmMe KpoBU. ADTEPUOBEHO3HbIN MPaANEHT KOHLIEHTPaUMV aMMmaka B Mia3me KPOBU Y BCEX XXMBOTHbIX Obln
nonoXxntensHbIM. MoTpebneHne KNCnopoga roMoreHaTamMm roloBHOMO Mo3ra CHkanoch Ha 10% npu n3oanpoBaHHOM TEMIOBOM CTpecce
1 MOBbILLANOCh Ha 7% Mpw TENNOBOM CTpecce Ha (DoHe BBEAEHNS (heHTaHuna.

BbiBoAbl. [VNoKcemus, naktaunaemMmns 1 rmnepaMmmoHneMmst 6o HEOOXOANMbIMI YCOBUSMY OTSArOLLAOLLErO BANSHNS TEMIOBOrO CTpec-
Ca Ha OCTPY MHTOKCUKaLMIO heHTaHWUNOM Y KpbiC. HeobpaTumoe TepMmnyHeckoe NoBpexaeHne BnoTkaHern, 06e3BOXNBaHNE OpraHn3ma,
0Tek, HabyxaHve, rMnepems rofJOBHOr0 Mo3ra Uv HaKOrMeHVe B HEM MyTamyHa He SBASNNCH TakKUMU YCIOBUSIMU.

KntoueBble cnosa: runepaMMoHNeMNs:; FyTaMyH TKaHU MO3ra; NakTaumuaeMust; NeTanbHOCTb; OCTPas MHTOKCUKaLUWS; TemnepaTypa Tena;
TEMOBOW CTPECC; (DEHTaAHNUN

Ons uutupoBanus: VisHuukuin HOKO., HemupoBa E.O., BakyHeHkoBa O.A., 3onotoBepxast E.A., TonoBko A./. MexaHnambl MOTEH-
LMpOBaHMSA TEMMOBbIM CTPECCOM JleTaNbHOro AeNCTBUS heHTaHua Ha KpbIC. SKcTpemasibHas buomenuumHa. 2026;28(2):297-305.
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drHaHCcUpoBaHue: 1CCenoBaHne BbIMONHEHO 663 CMOHCOPCKON MOAAEPXKKN.
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INTRODUCTION

As a rule, preclinical drug studies are conducted at
an ambient temperature of 20-24 °C, as stipulated by
the Guidelines for the Housing and Care of Laboratory
Animals.! Consequently, the influence of heat stress on
the biological activity of a number of pharmaceuticals is
poorly represented in the scientific literature, despite its
potential role as a background condition in real-world
use, particularly in prehospital settings. This under-
scores the relevance of investigating the biological activ-
ity of drugs under climatic conditions that promote body
hyperthermia.

We have previously demonstrated [1] that intravenous
administration of fentanyl to rats at doses not exceeding
the LD, (at an ambient temperature of 20-24 °C) be-
comes uniformly lethal upon subsequent 40-min expo-
sure to an ambient temperature of 40 °C, a condition
that is well-tolerated in the absence of fentanyl. In order
to explain this previously unknown phenomenon, hy-
potheses suggesting hyperammonemia and the result-
ing brain swelling as mechanisms for the aggravating
effect of heat stress on acute fentanyl intoxication were
advanced.

The aim of this study was to test the above hypoth-
eses regarding the mechanisms of fentanyl toxicity en-
hancement in rats under heat stress conditions.

MATERIALS AND METHODS

The study was conducted from January to May 2025
on outbred male albino rats (191-210 g) obtained from

the Rappolovo Laboratory Animal Nursery (Kurchatov
Institute). Two experimental series were performed.

In the first series of experiments (n = 77), we inves-
tigated the effects of isolated or combined exposure to
fentanyl and heat stress on rectal temperature, body and
brain mass, brain glutamine content, and biochemical
parameters of blood collected from the a. carotis com-
munis and v. jugularis interna. The study design and ani-
mal distribution into experimental groups are presented
in Table 1.

In the second series of experiments, a separate co-
hort of rats (n = 37), comparable to those used in the first
series, was employed to investigate the effects of isolat-
ed or combined exposure to fentanyl and heat stress on
oxygen consumption by brain homogenates. The study
design is presented in Table 2.

A fentanyl solution of 50 pg/mL (Moscow Endocrine
Plant, batch 30212) was administered to the animals at
a volume of 4 mL/kg via the lateral tail vein. The fenta-
nyl dose was 200 pg/kg, which, according to previous
data [1], corresponded to LD, ,,, at 22 °C and LD, at
40 °C over 40 min, followed by maintenance at 22 °C.

Thermal stress was simulated in a BMT
Stericell SC 111 ECO thermal chamber (Czech Republic)
with a volume of 111 L. The following environmental pa-
rameters were maintained: air temperature at 40 = 1 °C,
relative humidity at 48%, and an air exchange rate of
45 chamber volumes per hour. During their stay in the
thermal chamber, all animals were placed in restrain-
ers made of perforated aluminum. Rats that did not
receive fentanyl and were kept in restrainers at room
temperature were considered intact (control) animals.

T GOST 33216-2014 “Guidelines for the Housing and Care of Laboratory Animals. Requirements for the Maintenance and Care of Laboratory Rodents and

Rabbits”.
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Table 1. Protocol for the assessment of fentanyl and/or heat stress effects on body temperature, body and
brain mass, glutamine content in dry brain tissue, and biochemical parameters of blood from the common

carotid artery and internal jugular vein in rats

Number of rats Exposure of rats

Parameters

body mass and temperature, brain mass,
glutamine content in dry brain tissue, and levels
of ammonia, creatinine, and lactic acid in blood

surviving until
examination Pharmacological Microclimatic
11 out of 11 absent 22 °C for 40 min
post-injection
10 out of 11 fentanyl
10 out of 10 absent 40 °C for 40 min
post-injection
13 out of 45 fentanyl

from the a. carotis communis and v. jugularis
interna at 40 min post-injection

Table compiled by the authors

Table 2. Protocol for the assessment of fentanyl and/or heat stress effects on oxygen consumption by rat brain

homogenates

Number of rats Exposure of rats

Parameters

oxygen consumption by brain
homogenates extracted 40 min after
injection

surviving until
examination Pharmacological Microclimatic
6 out of 6 absent 22 °C for 40 min
post-injection
6 out of 6 fentanyl
6 out of 6 absent 40 °C for 40 min
post-injection
6 out of 19 fentanyl

Table compiled by the authors

Body temperature was measured with a precision
of 0.1 °C using an electric thermometer with a rat-specif-
ic probe (RET-2, WPI, China). The probe tip was insert-
ed 3 cm into the rectum. Body weight was measured
with a precision of 1g both before and 40 min after ad-
ministration of the solutions to the animals. The color of
the ocular fundus was assessed indirectly by observing
the eye color in albino rats, which lack pigments other
than hemoglobin.

In the first series of experiments, rats were immo-
bilized in the dorsal position for blood collection; those
not receiving fentanyl were subjected to light halothane
anesthesia. Blood samples of 0.5-1 mL were collected
from the a. carotis communis and v. jugularis interna.
Plasma was separated by centrifugation at 4 °C for
10 min at 3000 rpm (5400 g). Using an A-25 biochemical
analyzer (BioSystems, Spain), the following parameters
were measured:

e Ammonia — using an Ammonia Ultra reagent kit

(Sentinel Diagnostics, ltaly);

e Creatinine — via the reaction with picric acid, using a

Creatinine-Novo-A reagent kit (Vector-Best, Russia);
e |actic acid — using a Lactate Vital reagent kit (Vital

Development Corporation, Russia).

Following the completion of blood collection, the
animals were decapitated; the brain was removed and
weighed to the nearest 0.01 g both before and after

EXTREME MEDICINE | 2026, VOLUME 28, No 2

drying to constant weight at 105 °C. The dried brain
was ground to a powder, suspended in nine parts of
0.01 M phosphate buffered saline (pH = 7.0), mixed, and
centrifuged at 20,000 rpm (36,000 g) for 1 h at 4 °C.
The supernatant was incubated for 10 min at 100 °C in
the presence of sulfuric acid at a final concentration of
0.17 M. Ammonia was measured in the supernatant both
before and after incubation using the method described
above. Glutamine concentration in the tissue extract was
determined as the difference between ammonia con-
centrations in the supernatant before and after acid hy-
drolysis [2]. An L-glutamine standard (Merck, Germany)
was used to construct the calibration curve. Glutamine
content in dry tissue was calculated in pmol/g.

In the second series of experiments, the brain was
removed, weighed, and homogenized in cold Hank’s so-
lution (free of phenol red) to produce a uniform suspen-
sion, with a ratio of one mass unit of wet tissue to four
mass units of Hank’s solution. One milliliter of the result-
ing 20% homogenate was added to manometric vessels
containing 2 mL of Hank’s solution (without phenol red)
in the main chambers and 0.2 mL of 10% potassium
hydroxide solution in the central compartments.

Oxygen consumption was measured using the man-
ometric method [3] with a Warburg apparatus (model
Wa 0110, Glaswerke llImenau, GDR) at 38 °C and a
shaker speed of 120 min'; air served as the gas phase.
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Manometer readings were recorded after a 10-min
temperature equilibration period, then at 10-min inter-
vals over a 70-min span. Oxygen consumption was ex-
pressed in microliters per gram of wet tissue, cumula-
tively.

Statistical analysis was performed using the OriginPro
software. Results were presented as the mean value
and its standard error (M + m). To test the normality of
the distribution, the Shapiro-Wilk test was used. The ef-
fect of the applied interventions on parametric param-
eters was assessed using analysis of variance (ANOVA).
When the obtained models were statistically significant,
post-hoc comparisons of mean values between groups
were conducted using Tukey’s honest significant differ-
ence (HSD) test. The critical significance level « was set
at 0.05.

RESULTS

Within several seconds after fentanyl administration, rats
developed opisthotonus, tail extension, brief apnea fol-
lowed by shallow, infrequent breathing, and pronounced
cyanosis of the ocular fundus. The absence of audito-
ry-motor and pain reflexes allowed the animals’ neuro-
logical status to be classified as coma.

In the first series of experiments, the mortality rate
among rats that received fentanyl over a 40-min period
at 22 °C was 9%, while at 40 °C it reached 71%. For
rats that did not receive fentanyl, a 40-min exposure to
40 °C was non-lethal. Thus, upon removal from the ther-
mal chamber, their behavior appeared normal, and the
ocular fundus exhibited a bright crimson color.

In surviving rats, the baseline rectal temperature was
38.0 + 0.1 °C (n = 44). In total, 40 min after fentanyl admin-
istration, the rectal temperature of animals maintained at
22 °C decreased to 33.9 + 0.2 °C (n = 10), while that
of animals placed in the thermal chamber increased to
42.9 + 0.3 °C (n = 12). Exposure to the thermal chamber

A
*_I_ *T

22 °C +
fentanyl

40 °C 40 °C +

fentanyl

Body temperature change, °C

Figure prepared by the authors based on their original data

without fentanyl administration increased rectal tem-
perature to 42.7 + 0.3 °C (n = 10). These changes are
presented in Fig. 1A.

Within 40 min after fentanyl injection, the body
mass of rats kept at 22 °C decreased from 203 + 5 g
to 198 + 5 g, with a similar trend observed in intact ani-
mals. Exposure to the thermal chamber without fentanyl
administration reduced body mass from 200 + 4 g to
190 + 4 g, while in survivors receiving fentanyl, it de-
creased from 201 + 5 g to 192 + 5 g. Changes in body
mass are shown in Fig. 1B.

The absolute mass of the isolated brain, as well as its
ratio to the initial body mass of rats that received fentanyl
and/or underwent heat stress, did not differ significantly
from those in intact animals. The brain-to-body mass ra-
tio 40 min after fentanyl administration and/or placement
in the thermal chamber showed a tendency to increase
in all groups compared to the intact group. For animals
placed in the thermal chamber after fentanyl administra-
tion, this tendency was significant and manifested as a
7.4% increase in their relative brain mass compared to
that in intact rats (Fig. 2A).

In intact rats, brain moisture content averaged 79.4%.
Under isolated fentanyl exposure, it was 79.2%; under
isolated hyperthermia, 78.9%; and under combined hy-
perthermia and fentanyl exposure, 79.5%. The intergroup
differences were not statistically significant. The relative
mass of the dry brain following exposure to fentanyl and
heat stress exceeded that in intact rats by 7.2%, and
after isolated heat exposure, by 8.9% (Fig. 2B).

In the extract of dry brain tissue, the concentration of
free ammonia was below the detection limit of the meth-
od (15 pmol/L). However, following acid hydrolysis, it was
detected at a level equivalent to the glutamine content.
In intact rats, the glutamine concentration in dry brain
tissue was 21.8 + 1.5 pmol/g, which corresponded to
4.5 pmol/g in wet tissue and was consistent with the data
published in [4]. In dry brain tissue subjected to isolated

17 22 °C 22 °C +

fentanyl

40 °C

40 °C +
fentanyl

Body mass loss, %

-6 *t

Fig. 1. Changes in rectal temperature and body mass of rats following administration of fentanyl at a dose of
200 pg/kg and/or a 40-min exposure to an ambient temperature of 22 °C or 40 °C

Note: the results are presented as M + m; statistically significant difference p < 0.05: * — with intact rats kept for 40 min at room temperature;
T — with rats that received fentanyl and were kept for 40 min at room temperature.
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Relative wet brain mass, g/kg

22 °C 22 °C +

fentanyl

40 °C 40 °C +

fentanyl

O

40 ~

Glutamine, pmol per gram of dry tissue

22 °C

22 °C +
fentanyl

40 °C 40 °C +

fentanyl

heat stress or its combination with fentanyl exposure,
the glutamine content was increased by 43% and 46%,
respectively, compared to intact animals (Fig. 2C).

In the setting of combined fentanyl and heat stress
exposure, the blood ammonia level was elevated by
2-2.2 times compared to intact animals. The value of
the arteriovenous gradient of plasma ammonia concen-
tration was positive in all animals. Under isolated heat
stress, its value of 47 + 13 pM was equal to that in intact
rats, while under isolated fentanyl exposure or in com-
bination with hyperthermia, it showed a tendency to in-
crease: 87 + 29 and 61 + 18 puM, respectively (Fig. 3A).

The concentration of creatinine in the plasma of ar-
terial and venous blood exceeded that in intact rats by
1.6-2.4 times in all experimental groups. This increase
was the greatest (2.2-2.4-fold) under conditions of heat
stress (Fig. 3B).

In the setting of heat stress, the level of lactic acid
in the plasma of arterial and venous blood was 25—
45% higher than in intact rats, and under hyperthermia
combined with fentanyl administration, it was 50-60%
higher. The lactate content in arterial blood exceeded
its concentration in venous blood in all animals except
those subjected to isolated heat stress (Fig. 3C).

In the second series of experiments, isolated expo-
sure to fentanyl or heat stress was non-lethal, while their

EXTREME MEDICINE | 2026, VOLUME 28, No 2
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217 M Relative to initial body mass
B Relative to body mass at 40 min

Relative dry brain mass, g/kg

22 °C 22 °C +

fentanyl

40 °C 40 °C +

fentanyl

Figure prepared by the authors based on their original data

Fig. 2. Relative mass of the wet and dry brain, and
glutamine content in the dry brain tissue of rats
following administration of fentanyl at a dose of
200 pg/kg and/or a 40-min exposure to an ambient
temperature of 22 °C or 40 °C

Note: the results are presented as M + m; * — statistically significant

difference (p < 0.05) with intact rats kept for 40 min at room
temperature.

combination resulted in the death of 13 (68%) out of
19 rats before removal from the thermal chamber.

The respiratory rate of brain homogenates remained
stable across all experimental groups, ensuring a linear
dynamic of oxygen consumption volume. For intact ani-
mals, it was described by the linear regression equation
y = 3.83 x; for isolated fentanyl exposure — y = 3.71 x;
for isolated heat stress — y = 3.41 x; and for the com-
bined action of these agents — y = 4.09 x, where x is
the incubation duration (min) and y is the specific volume
of oxygen consumed (L per 1 g of tissue). The mean
oxygen consumption over 70 min was 3.8 pL/(g x min) in
the intact group. Under isolated heat stress, it was 10%
lower, and under heat stress combined with fentanyl ac-
tion, it was 7% higher than in intact rats (Fig. 4).

DISCUSSION

In the thermal chamber, the rectal temperature of the rats
increased, indicating the development of heat stress.
Contrary to the hypothermic effect of fentanyl observed
in the present study and described in the literature [5],
after 40 min in the thermal chamber, the body tempera-
ture of rats that received fentanyl, as well as those un-
der isolated heat exposure, approached 43 °C. This is
known to be a threshold for irreversible tissue damage
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Figure prepared by the authors based on their original data

Fig. 4. Oxygen consumption by brain homogenates
following administration of fentanyl at a dose of
200 pg/kg to rats and/or their 40-min exposure to an
ambient temperature of 22 °C or 40 °C

Note: the results are presented as M + m; statistically significant
difference, p < 0.05: * — with intact rats left at room temperature

for 40 min; T — rats treated with fentanyl and left for 40 min at an air
temperature of 40 °C.
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Fig. 3. The levels of ammonia, creatinine, and lactic acid
in blood plasma from the common carotid artery and
internal jugular vein of rats following administration of
fentanyl at a dose of 200 pg/kg and/or 40-min exposure
to air temperatures of 22 °C or 40 °C

Note: the results are presented as M + m; statistically significant
difference, p < 0.05: * — with intact rats kept for 40 min at 22 °C

(and, for ammonia, also at 40 °C); T — with rats treated with fentanyl
and were kept for 40 min at 22 °C.

[6]. However, lethality was observed only in the setting of
fentanyl administration, and, therefore, it was not caused
by thermal damage to tissues or by a decrease in hemo-
globin affinity for oxygen with increasing body tempera-
ture. For the same reason, lethality was not determined
by organism dehydration: both water loss, leading to a
decrease in body mass, and hemoconcentration, mani-
fested by the accumulation of creatinine in the blood,
were comparable in animals that received and did not
receive fentanyl. The increase in blood viscosity due to
dehydration could impede blood supply to the brain;
however, in the absence of fentanyl, it was not lethal.

The hypothesis suggesting the contribution of brain
swelling to the aggravating effect of heat stress on acute
fentanyl intoxication was not experimentally confirmed.
In rats that survived 40 min after the onset of the com-
bined exposure to these factors, the increase in the rela-
tive mass of the wet and dry brain was comparable (by
7.4% and 7.2%, respectively), and the moisture content
did not change significantly. This indicates the absence
of pronounced cerebral edema, swelling, or hyperemia
in these animals.

Under heat stress, brain dehydration was less pro-
nounced than systemic dehydration, as evidenced by
an increase in its relative mass while the absolute mass
remained stable. Given that the mass of biological tissue
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is positively correlated with its volume, the ratio of brain
volume to cranial cavity volume during heat exposure
could have increased, potentially elevating intracranial
pressure. In accordance with Pascal’s law, this excess
hydraulic pressure, if transmitted to blood vessels,
would impede cerebral blood flow. However, the com-
parable extent of increased relative brain mass in rats
that did and did not receive fentanyl prior to placement
in the thermal chamber — coupled with survival only in
the latter group — does not support elevated intracranial
pressure as a key mechanism in thanatogenesis.

Under the influence of fentanyl and/or heat stress,
glutamine accumulated in the brain. Calculated per 1 g
of wet tissue, its mean group content was higher than in
intact rats by 0.2, 1.0, and 1.0 ymol at 40 min after fen-
tanyl administration, placement in the thermal chamber,
or a combination of these factors, respectively. Since
postmortem synthesis of glutamine in brain tissue is
impossible due to the cessation of oxidative phospho-
rylation within 10.5 s after decapitation [7], this increase
reflected the direction of in-vivo changes in the primary
reaction of ammonia detoxification by the brain: the syn-
thesis of glutamine by astrocytic glutamine synthetase
[8]. The comparable extent of glutamine accumulation
in the brains of rats that did and did not receive fentanyl
prior to placement in the thermal chamber allows this
disturbance to be excluded from being a lethal factor.

A positive arteriovenous transcerebral gradient of plas-
ma ammonia concentration was observed in all rats, which
is consistent with the data reported in [8] and indicates that
the primary source of glutamine in brain tissue was ammo-
nia extracted from the blood. Each milliliter of blood from in-
tact animals or those subjected to isolated heat stress lost
47 nmol of ammonia during its passage from the common
carotid artery to the internal jugular vein. Under isolated
fentanyl exposure, this loss amounted to 87 nmal, and un-
der combined fentanyl and heat stress, it was 61 nmol. The
volumetric rate of cerebral blood flow in rats is estimated at
1.3 mL/(g x min) [9]. Assuming unchanged cerebral blood
flow, this allows for the calculation of the amount of am-
monia absorbed by the tissues of the head (predominantly
the brain) from the blood: 2.4, 4.5, 2.4, and 3.2 pmol per
1 g of tissue over 40 min for intact animals, those receiving
fentanyl, those subjected to heat stress, or the combined
action of both factors, respectively. However, these data
do not reveal a consistent correlation with the intergroup
differences in lethality.

The increase in glutamine content in the brain tis-
sue did not account for the binding of all the ammo-
nia absorbed from the blood. The remaining portion of
ammonia, which crossed the blood-brain barrier over
40 min, can be determined by subtracting the increase
in tissue glutamine content from the amount of ammonia
absorbed by the tissue. This value amounts to 2.4, 4.3,
1.4, and 2.2 pmol per 1 g of tissue for intact animals,
those receiving fentanyl, those subjected to heat stress,
or the combined action of both factors, respectively. In
neurons, ammonia is stoichiometrically incorporated
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into glutamate and other amino acids. Since the calcu-
lated amounts of unconsumed ammonia are an order
of magnitude higher than the content of pyruvic (0.06—
0.183 ymol/g) and a-ketoglutaric (0.12-0.19 pmol/g) ox-
oacids in the nervous tissue [10], their amination to form
alanine and glutamate could have reduced the availabil-
ity of these key intermediates of energy metabolism for
the brain tissue.

The availability of pyruvate could also have been re-
duced by its carboxylation to form oxaloacetate. This
process is stimulated by low oxaloacetate concentration,
which is linked to the concentration of a-ketoglutarate;
an excess of ammonia in tissues leads to the amina-
tion of precisely these keto acids. The depleting effect
of ammonia on the pool of Krebs cycle intermediates in
neurons, which triggers a cascade of neuronal damage,
is considered by some authors to be a primary mecha-
nism of its neurotoxicity [11]. Another potential mecha-
nism of neurotoxicity for ammonia not incorporated into
glutamine could be the accumulation of the excitotoxic
agent, glutamate, in the brain [12]. As evident from the
data obtained, the intergroup differences in the calcu-
lated amounts of ammonia involved in these processes
could not explain the potentiation of the acute toxicity of
fentanyl under the action of heat stress.

A 2.0-2.2-fold increase in blood ammonia levels,
which distinguished rats after combined exposure to
fentanyl and heat stress from those subjected to iso-
lated exposure, is generally considered non-lethal [8].
However, it can be hypothesized that in animals that
died before removal from the thermal chamber, hyper-
ammonemia was more severe than in those that did sur-
vive. Furthermore, hyperammonemia was accompanied
by hypoxemia, indicated by fundal cyanosis, and meta-
bolic acidosis, marked by lactic acidemia. The presence
of both these disturbances and the maximal severity of
lactic acidemia distinguished animals subjected to the
combined action of fentanyl and heat stress from those
subjected to their isolated effects. Hypoxia and meta-
bolic acidosis are known to increase the toxicity of am-
monia [13, 14]. Thus, it is evident that hyperammonemia,
in combination with hypoxemia and lactic acidemia, re-
duced the survival of rats under the conditions of fenta-
nyl and heat stress exposure.

Oxygen consumption by aerobic cells is an integral
indicator of their metabolic activity [15]. Oxygen con-
sumption by brain cells was measured in vitro under the
conditions free from substrate limitations and with the
ATP-dependent function of nerve impulse generation
and conduction suppressed. It ranged 3.4-4.1 pL per
1 g of tissue per minute, which is an order of magni-
tude lower than the in-vivo rate of 33 uL per 1 g of tis-
sue per minute [7]. The data obtained did not reveal any
impairments in cellular respiration in rats that survived
exposure to fentanyl and heat stress that would prevent
the meeting of the energy demands of the nervous tis-
sue under these favorable in-vitro conditions. The ob-
served intensification of oxygen consumption by brain
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homogenates from these animals was compensatory
in nature and reflected a state of energy deprivation
in which the brain tissue existed prior to decapitation.
Given the presence of lactic acidemia and signs of hy-
poxemia in these animals, positive modulators of cellular
respiration — ADP, AMP, and phosphate — were likely
accumulating in their brain tissue [16].

Since the tissue was diluted 15-fold during homoge-
nate preparation, the stimulatory effect of these sub-
stances was manifested only in a weakened form. Under
isolated fentanyl exposure, the aforementioned distur-
bances might have been mitigated by a reduced de-
mand for ATP in the brain due to the comatose state [17],
which is a probable reason for the absence of significant
changes in oxygen consumption by the brain homogen-
ates. The lack of substantial changes in blood lactate
levels and its arteriovenous gradient in these animals
indicated an absence of significant energy debt in their
brain tissue. In rats subjected to isolated heat stress, the
bright scarlet color of the ocular fundus suggested in-
tense cerebral blood flow and high oxygen saturation of
arterial hemoglobin. In these animals, the lower oxygen
consumption by brain cells in vitro compared to intact
rats might reflect the accumulation of a negative modu-
lator of cellular respiration — ATP.

The data obtained demonstrate that a triad of meta-
bolic disturbances — lactic acidemia, hypoxemia, and
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