ORIGINAL RESEARCH | CARDIOLOGY

THE EFFECT OF HIGH CONCENTRATIONS OF FENTANYL ON AN ISOLATED HEART OF RAT
Nechaykina OV &, Laptev DS, Bobkov DV, Petunov SG, Radilov AS
Research Institute of Hygiene, Occupational Pathology and Human Ecology of the Federal Medical Biological Agency, Leningrad region, Russia

Synthetic short-acting opioids are commonly used in anesthesiology as painkillers because their effect is more pronounced compared to that of natural substances.
However, they have a number of side effects that, when fentanyl is used in doses larger than therapeutic, can lead to a lethal outcome. This study aimed to
assess the cardiotropic effects of high doses of fentanyl using a rat heart isolated in a Langendorff perfusion system. Parameters of the heart's contractile activity
were recorded with the help of PowerlLab Data acquisition system 8/30 (ADInstruments, USA) and processed in the LabChartProUpgrade 7.0 program. At the
concentration of 3.7 x 10° M, which corresponds to the opioid content in blood after administration of a 5 ED,, dose, fentanyl caused the QT interval duration
to grow by 22%, as registered on an ECG, and a 256% spike of T wave (compared to control; p < 0.05). At the concentration of 7.4 x 10° M (10 ED, ), the drug
decreased heart rate by 20.4% (p < 0.05) and triggered a coronary constrictor effect that raised the perfusion pressure by 18.6% (p < 0.05). Further increase of
fentanyl concentration to 1.5 x 10° M (20 ED,) was accompanied by an 83.5% growth of the end diastolic pressure (o < 0.05). Administration of nalmefene, non-
selective opioid receptor blocker, did not cancel the cardiovasotropic action of fentanyl. Thus, fentanyl has a dose-dependent cardiotoxic effect. Despite the drop in
the registered values of isolated heart's parameters, the results of this experiment confirm that cardiac activity persists under the influence of high doses of the opioid.
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JENCTBUE BbICOKUX KOHLIEHTPALIMIA ®EHTAHUNA HA N30JIMPOBAHHOE CEPALE KPbICbI
O. B. HevankmHa =, [1. C. NlanTes, [1. B. bobkos, C. I. MetyHoB, A. C. Pagunos

Hay4Ho-1cenenoBaTensCKui MHCTUTYT MUreHbl, MPOoMnaTonorn 1 akonorum Yenoseka defepanbHOro Meayiko-610MorM4eckoro areHTeTsa, JleHHrpanckas obnacts,
Poccus

CUHTETUYECKNE OnMonabl KOPOTKOrO AENCTBMS MONYHUNN LMPOKOE PacnpOCTPaHEHNE B aHECTE3MOMNOrM B Ka4eCcTBe 06e3601MBaloOLLMX CPEACTB 3a CHeT
6onee BblpaXeHHOro aexTa B CpaBHEHWI C MPMPOAHBIMM BelllecTBamu. OfHaKo OHW obnafatoT PSAoM NoB0YHbIX AhdEKTOB, KOTOPbIE NP MCMONL30BaHNN
heHTaHMNa B [03aX, MPEBbILLAIOLLIMX TEPANEBTUHECKIE, MOMYT MPUBOAUTL K CMePTESbHBIM 1cxodaM. Llensto paboTsl 6bI10 OLEHUTE KapaMOTPOMHbIE APMEKTbI
BbICOKMX [103 (heHTaHUna Ha MoZenn 13onmMpoBaHHoOro no JlaHreHoopdy cepala Kpbichl. MapameTpbl COKPATUTENBHOM aKTUBHOCTU M30MMPOBaHHOIO cepaLia
KPbICbl PEMMCTPUPOBa/IM C MOMOLLBO cncTembl Powerlab Data acquisition system 8/30 (ADInstruments, USA) ¢ nocnepytollert 06paboTkoin B nporpamMme
LabChartProUpgrade 7.0. Mpw Aeincteum heHTaHmna B KoHUeHTpaum 3,7 x 10 M, 4To COOTBETCTBYET COLEPXKaHMIO ONMOMaa B KPOBU MPU €ro BHYTPUBEHHOM
BBeaeHn B nose 5 ED,, sapervcTprpoBaHo yBesvdeHre npogomkutensHoctn QT-uHtepsana Ha OKIT Ha 22% u pocT amnnTyael 3ybua T Ha 256% no
CpaBHeHVIo C KoHTposeM (o < 0,05). Mpy aencTserM theHTaHnna B KoHueHTpaun 7,4 x 10° M (10 ED,) sapeructpriposaHbl cHmkerne YCC Ha 20,4% (o < 0,05)
1 KOPOHAPOKOHCTPVIKTOPHOE AENCTBME, BblpaXkatoLeecs B yBeNMyeHur aaeneHus nepdyaum Ha 18,6% (p < 0,05) No CpaBHEHMIO C KOHTPOMEM. YBenmyeHue
KOHLeHTpauwm deHTaHina go 1,5 x 10° M (20 ED,) conpoBox/aanocs POCTOM KOHEHYHOMO AMaCcTONMHECKOro aasneHins Ha 83,5% (o < 0,05). VicnonbsosaHie
HeceneKTMBHOro 611okaTopa OnNoVAHbIX PELIENTOPOB HanMedeHa He MPUBOANIO K OTMEHE KapAMoBa30oTPONMHbIX 3(MeKTOB heHTaHuna. Takum o6pasom,
cheHTaHUN obnafaeT A40303aBUCKMbIM KapAMOTOKCUHECKMM BAUSHEM. HECMOTPS Ha CHYDKEHWE PErvcTPUPYeMbIX MokasaTtesniei N3onmMpoBaHHOro cepaua,
nosyyYeHHble Pe3ysnbTaTbl CBUAETENLCTBYIOT O COXPaHEHWN CEPAEHHON AESTENBHOCTY MMOKapAa Npu BIUSIHWM BbICOKMX 403 Onnouaa.
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Synthetic opioids are widely used in medicine as powerful  cases remain a serious social problem. According to the
painkillers (opioid analgesics) or as an adjunct to non-narcotic ~ State Antidrug Committee, in 2022, there has been registered
anesthetics. At the same time, abuse of narcotic substances 22,000 cases of acute poisoning with narcotic substances
and the associated growth of the number of acute poisoning  and psychodisleptics in Russia, 10,000 of which had a lethal
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outcome. Fentanyl, an agonist mainly of the p-opioid receptors
found in the central nervous system, heart, lungs, blood
vessels and intestines, is one of the commonly abused drugs
[1]. The main side effects of opioid analgesics are well known:
respiratory depression and an increased risk of lethal apnea,
hemodynamic changes, histamine release, hypersensitivity
reactions, and serotonin syndrome [2]. Among the most
significant causes of death associated with fentanyl overdose
are respiratory depression, pulmonary edema, respiratory
arrest, bradycardia, and cardiac arrest.

There is only a limited number of published papers that
touch upon the subject of effect of deliberately high doses of
fentanyl on the myocardium in the context of an overdose. This
study aimed to assess the cardiotropic effects of toxic doses of
fentanyl using a rat's heart isolated in a Langendorff perfusion
system.

METHODS

An isolated heart model is the most informative and adequate
solution for the task of gauging direct effects of opioids on the
myocardium: it removes the influence of systemic regulatory
factors, provides the most objective information about how
xenobiotics affect the functional activity parameters, allows
determining the degree of dysfunction caused by xenobiotics
at the level of organs, and enables assessment of the possibility
of pharmacological adjustment of the identified changes.

For the experiment, we made isolated heart models using
the myocardium of male white mongrel rats weighing 300-350 g
(branch of the Kurchatov Institute — PNPI — Rappolovo
Laboratory Animal Nursery; Leningrad region).

The rooms where the animals were kept had the following
parameters: temperature 20 + 1 °C, relative humidity 60 + 5%,
12 hours of daylight and 12 hours of night. The animals had
unrestricted access to water and food.

The choice of the active substance concentrations for
the study was based on the data found in scientific literature,
according to which injection of a 5 ED,, dose of fentanyl into
the rat's tail vein induced a superficial coma with a 100%
survival rate [3, 4]. Hot plate test allowed establishing the ED,,
of fentanyl for white rats: 0.01 mg/kg [5].

For the purpose of evaluating the resistance of myocardium
to the effects of high doses of fentanyl, we selected three
concentrations: 3.7 x 10° M, 7.4 x 10° M, and 1.5 x 10° M,
which, in terms of fentanyl content in blood after an IV injection,
are equivalent to doses 5 ED,,, 10 ED,,, 20 ED, , respectively.

Experimental animals were euthanized by stunning and
bilateral transabdominal thoracotomy, the latter performed after
securing the bodies in the preparation pans. This method of
euthanasia was chosen because of the need to have an intact
contracting heart, which disallows narcotization of experimental
animals or inducing systemic hypoxia. The heart, once exposed,
was taken by the base with thumb and forefinger of the left
hand, carefully pulled ventrally and downward, then the great
vessels were cut with scissors. Immediately after the heart was
removed from the chest cavity, it was placed in Krebs-Henseleit
saline solution of the following composition (in mM): NaCl —
118.99; KCI — 4.69; NaHCO, — 25; KH,PO, — 1.18; MgSO,
x 7 H0—1.17; CaCl, x 2 H,0 — 2.5; EDTA — 0.03; CH,,0, —
5.5. The aorta was fixed to the cannula of the Langendorff
System perfusion rig (Panlab; Spain) with a crocodile clamp
and then with sutures. The heart was perfused through the
cannula, with the perfusate retrogradely delivered to the left
ventricle. The perfusate was Krebs-Henseleit solution warmed
to 37 °C. To bring its pH to the physiological level (7.39-7.41)

and to ensure adequate oxygenation of the heart, the solution
was continuously aerated with carbogen (95% oxygen and 5%
carbon dioxide). The feeding rate of the perfusate (delivered by
a peristaltic pump) was 10 ml per minute per 1 g of heart wet
weight. The adequacy of perfusion was judged by the pressure in
the "pump —aortic cannula" circuit (at least 50 mmHg). Contractile
activity of the heart stabilized within 30 minutes from its locking
in the system; after that, the contractility baseline value was
registered [6]. We used a catheter with a polyethylene balloon
to measure pressure in the left ventricle. The parameters of
cardiac contractile activity were recorded using the PowerlLab
Data acquisition system 8/30 (ADInstruments; USA) and
subsequently processed in the LabChartProUpgrade 7.0
software (ADInstruments; USA). The recorded parameters were
perfusion pressure (PerP; reflects coronary flow); pressure in the
left ventricle (systolic, diastolic); heart rate (HR; beats/minute);
end diastolic pressure (EDP, mmHg; reflects the left ventricle's
relaxation capacity). Simultaneously with registration of the
parameters of myocardial contractile activity, we recorded ECG.

At the end of stabilization, we added fentanyl to the
perfusate in one of the studied concentrations, seeking to
identify the dose — effect relationship. For each concentration,
the exposure time was 10 minutes. Nalmefene, a non-selective
opioid receptor antagonist, was used at a concentration of
1 x 10° M to evaluate fentanyl's receptor activation capacity.

After the experiment, we calculated pulse pressure (PP,
mmHg), the integral cardiac contractility index per minute
(Int, ., c.u), and the first time derivative of pressure (+dP/dt
and —dP/dt, mmHg/s) that describes the rate of left ventricle's
contraction and relaxation.

For the analysis part, we compared the dynamics of
parameters of the cardiac contractile and electrical activity in
treatment and control groups. GraphPad Prism 5.04 software
(USA) was used for statistical processing. To establish the
significance of differences in the values intragroup, we applied
the Wilcoxon T-test for related samples, and for intergroup
differences we used the Mann-Whitney U-test. The differences
were considered significant at p < 0.05.

RESULTS

The study has shown that the action of fentanyl on an isolated
heart depends on the concentration, and the drug can have
opposite effects. Minimal and medium concentrations yielded
potentiating effect: left ventricular contraction rate increased by
9.7 and 8.4%, respectively (Table 1).

Medium (7.4 x 10° M) and high (1.5 x 10-5 M) concentrations
trigger vasoconstriction, wuth perfusion pressure growing by
18.6 and 46.5%, respectively. A negative lusitropic effect, when
the heart's diastolic relaxation capability deteriorates, was
registered only after administration of the maximum studied
concentration, with the said effect confirmed by the growth
of end diastolic pressure by 83.5% compared to the values
recorded in the control group.

Medium and high concentrations of fentanyl provoked a
significantdrop inthe heart rate: by 20.4 and 28.3%, respectively,
compared to the control. The negative chronotropic effect of
the drug pushed the integral myocardial contractility index
down while the pulse pressure did not change (Table 1).

The vasotropic effects of fentanyl at the concentration of
1.5 x 10 M were almost unaffected by nalmefene injected at
the concentration of 1 x 10° M (Table 1).

The effect of fentanyl at concentrations of 3.7 x 10° M,
7.4 x 10° M, 1.5 x 10° M on the isolated heart's electrical
activity manifested in the growth of the QT interval (compared
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Table 1. Parameters of contractile activity of the isolated heart of white rats under the action of fentanyl. The data are percentage relative to the background (M + SE)

Perfusate n PerP Int . Heart rate PP +dP/dt —dP/dt EDP
Gontrol (saline solution) 20 | 993=:18 99.4+2.2 98.7 + 4.1 103 + 4.1 1009+ 1.5 101529 | 100.1+32
';e;ti‘qy(')_s v 6 1104+ 7.8 95.1+£52 1003+ 6.0 | 102.4+7.1 110.6 + 4.4* 1102+2.8 | 789+123
;i”ia%'ﬁ M 6 | 1186+7.1* | 93.3:34 783+55° | 1052:24 109.3 + 1.5* 104.8 +2.3 90.3 + 8.3
?ZHXT‘:*[')TM 6 | 1465+61" | 93.9+22 70.4 = 7.1* 945+26 97.0 £ 0.7 94.0+45 | 183.6+18.8"
Fentanyl 1.5 x 10 6 | 1258+136" | 816447 | 687+152° | 91.3+6.9 92.9+3.3 90617 | 1958+ 235"
M + nalmefene 1 x 106 M

Note: * — statistically significant difference from the control at p < 0.05; n — number of observations; PerP — perfusion pressure; Int

— integral indicator of heart

1min

contractility per minute; PP — pulse pressure; +dP/dt and —dP/dt — first time derivative of pressure; EDP — end diastolic pressure.

to the control) by 22%, 24% and 53%, and T-wave amplitude
of 256%, 307% and 245%, respectively (Table 2).

The increase in the rate of myocardial contraction (+dP/dt)
associated with administration of fentanyl at the concentrations
of 3.7 x 10°% M and 7.4 x 10°° M was accompanied by an
increase amplitude of the R-wave.

DISCUSSION

The effects of fentanyl on the cardiovascular system in general
and on the myocardium in particular have been investigated
for a long period of time. The respective studies yielded large
amount of evidence from experiments with models based on
objects of various levels of organization. An ex vivo isolated
heart model that excludes modulation from the central nervous
system allowed documenting the most complete and objective
description of the cardiotropic effect of fentanyl, with some
points thereof confirmed by numerous works by Russian and
foreign authors [7-9].

This study looked into the direct effects fentanyl has
on the heart. For the minimal considered concentration of
the drug (3.7 x 10° M), we learned that it raises the rate of
contraction of the left ventricle, which is a sensitive marker
of its systolic function, and does not affect heart rate and
PP. As a trend, we have also registered faster relaxation of
the left ventricle and a drop of the end diastolic pressure
associated therewith, which signal a positive lusitropic
effect of fentanyl on the isolated rat heart. This effect is
likely mediated by catecholamines that induce calcium
uptake in the sarcoplasmic reticulum and, consequently,
trigger a rapid depletion thereof in the cytosol.

A higher concentration of fentanyl in the perfusate (7.4 x 106 M)
raises perfusion pressure by inducing vasoconstriction of
the coronary artery and heart rate slowdown (a negative
chronotropic effect). The rate of contraction of the left ventricle
grows further, but the positive lusitropic effect is offset almost
completely.

Addition of fentanyl to the perfusate to the concentration of
1.5 x 10° M causes heart rate drop and perfusion pressure
growth. Coronary vessels narrow significantly, which limits
inflow of oxygen and energy substrates and, consequently,
disrupts transportation of calcium ions from the cytosol to
intracellular depots of cardiomyocytes. The ultimate outcome
is the significant increase of EDP, which reflects deterioration of
the myocardium's relaxation capacity.

Pretreatment of isolated heart preparations with nalmefene
(1 x 10 M) did not yield cancellation of the cardiovasotropic
effects of fentanyl administered at the concentration of 1.5 x 10
M. Moreover, with nalmefene in the background, we registered
a progressive inhibition of the heart's contractile function, which
was seen in all its parameters except the perfusion pressure.
Continued depression of the myocardium's functional activity
under the action of fentanyl when opioid receptors are blocked
can indicate that the drug's cardiotropic effects are realized,
inter alia, through the activation of non-opioid receptors [10].

Studying the effect of fentanyl on the electrical activity of an
isolated rat heart, we registered a dose-dependent elongation
of the QT interval, which reflects the longer time of excitation of
the ventricles. Such changes are possible when the electrolyte
balance is disrupted, or in case of a myocardial ischemia, which
are unfavorable prognostic signs. This fact was confirmed by
an experimental study that reported a significant increase of
duration of action potential of dog's cardiomyocytes under
the influence of fentanyl (1.9 x 107 M) [11]. In addition, the
negative effect of the studied concentrations of the drug on the
myocardium are evidenced by an increase amplitude T-wave
that reflects repolarization of the ventricular myocardium,
which may indicate myocardial ischemia caused by increased
coronary artery tone and decreased oxygen flow.

CONCLUSIONS

In the course of the study, we analyzed the effect of fentanyl on
an isolated rat heart in concentrations significantly higher than

Table 2. Parameters of ECG of the isolated heart of white rats under the action of fentanyl. The data are in absolute values (M + SE)

Group of animals RRinterval, s PR interval, s Duration P, s QRS interval, s QT interval, s Amplr;:L\J/de R, Amplitude T, mV
Control 0.265+0.020 | 0.061+0.011 0.032 + 0.010 0.022+0.001 | 0078+0007 | 401640570 | 0.749+0.152
567”13%',6 v 03090270 | 0.064+0.003 0.019 + 0.002 0.024 +0.001 | 0.095+0.004 | 11.150 + 1.852* | 2.667 + 0.942*
Fentanyl " " «
e 0.373+0.047 | 0.064 +0.005 0.019 + 0.002 0.020+0.002 | 0.097 +0.007* | 10.790 + 1.539* | 3.047 + 0.928
Fentanyl " N "
At oy 0.381+0.063 | 0.069+0.009 0.023 + 0.002 0.025+0.001 | 0.119+0.003* | 8167 +0.905* | 2.883 + 0.450

Note: * — statistically significant difference from control at p < 0.05.
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those achieved when the drug is used for therapeutic purposes.
For the minimal studied concentration (3.7 x 10 M), the effects
were visible mostly on ECG. The parameters describing
myocardium's contractile activity practically remained
unchanged, with the exception of the rate of contraction of
the left ventricle (it increased), which is a sensitive indicator
of the cardiotropic effect of the drug. Higher concentrations
of fentanyl in the perfusate (7.4 x 10° M and 1.5 x 10° M)
supported changes in the electrical activity and triggered further
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