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Abstract 

Background Previous studies on animal models have suggested that δ-opioid receptor (OR) signaling is the pri-
mary pathway responsible for opioids’ cardioprotective effect. We hypothesize that the μ-OR’s activation protects the 
human heart muscle.

Methods We performed the experiments on muscular trabeculae obtained from the right atrial appendages 
of 104 consecutive patients subjected to coronary artery bypass surgery. Two trabeculae from each patient were 
studied simultaneously and exposed to 60 min of hypoxia with subsequent 60 min of reoxygenation. Remifentanil 
(5 μM or 50 μM) or sufentanil (40 μM or 400 μM) was used from the time of reoxygenation. Trabeculae contractility 
was assessed as the maximal amplitude of the contraction at baseline, after 60 min of hypoxia, during reoxygenation, 
and after norepinephrine application.

Results During reperfusion, the application of remifentanil improved cardiomyocytes’ function as compared to the 
control group (time from reperfusion: 15 min: 39.8% vs. 21.7%, p = 0.01; 30 min: 41.4% vs. 21.8%, p = 0.01; 60 min: 
42.7% vs. 26.9%, p = 0.04; after norepinephrine: 64.7% vs. 43.2%, p = 0.03). The application of sufentanil did not influ-
ence cardiomyocyte function as can be seen when comparing the results of the experimental and control group.

Conclusions Remifentanil, but not sufentanil, induces a cardioprotective effect on human right atria muscle in 
in vitro conditions, manifested as the increased amplitude of their contraction during reperfusion after 60 min of 
ischemia.
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Introduction
Ischemic heart disease in adults remains  the  leading 
cause of  morbidity and mortality. Acute coronary syn-
drome treatment is a percutaneous coronary inter-
vention to restore coronary perfusion. However, the 
reperfusion triggers a  cascade of  intracellular reactions, 
increasing the  final injury up to  50% [1, 2]. Sequences 
of  brief periods of  non-lethal ischemia and reperfusion 
applied before or  after the  coronary occlusion are evi-
denced to decrease ischemia–reperfusion injury (IRI) [3–
5]. The main problem with finding a practical aspect of 

*Correspondence:
Marcin Kunecki
mkunecki@op.pl
Wojciech Płazak
w.plazak@szpitaljp2.krakow.pl
1 Department of Electrocardiology and Heart Failure, Medical University 
of Silesia, Katowice, Poland
2 Department of Anestesiology and Intensive Care, John Paul 2nd 
Hospital, Jagiellonian University Medical College, Krakow, Poland
3 Department of Cardiac and Vascular Diseases, John Paul 2nd Hospital, 
Jagiellonian University Medical College, Krakow, Poland
4 Department of Cardiosurgery, Medical University of Silesia, Katowice, 
Poland

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40360-023-00660-3&domain=pdf
http://orcid.org/0000-0003-4077-7378


Page 2 of 9Kunecki et al. BMC Pharmacology and Toxicology           (2023) 24:25 

ischemic conditioning was overcome with application of 
the remote ischemic conditioning. However, this strategy 
has shown neutral results in two large scale clinical trials 
[6, 7] Substantial research efforts have been made to find 
pharmacological agents that can mimic these cardiopro-
tective strategies since using these procedures in humans 
is  impractical. Moreover,  the  results from human trials 
have been controversial. The  mechanisms of ischemic 
preconditioning or postconditioning are still not fully 
understood. However, there is strong experimental evi-
dence that opioids participate in the endogenous cardio-
protective response to IRI [8–10].

Many research studies have shown that opioids admin-
istered at the beginning of the reperfusion may also pro-
tect heart muscles against IRI. However, the underlying 
mechanism has not been fully elucidated. Our previous 
studies on human heart tissue [2] have shown that the 
cardioprotective effect may be due to μ-OR rather than 
δ-OR activation. This data remains contrary to research 
performed on an animal model of IRI, which suggests the 
primary role of δ-OR stimulation [11–13]. Other stud-
ies with animal models reported that κ-OR but not δ-OR 
stimulation resulted in both infarct size limiting and an 
antiarrhythmic effect [14, 15].

Remifentanil is a short-acting opioid drug widely used 
in anesthesia because of its quick elimination and weak 
impact on hemodynamics. The effects of remifentanil are 
connected with μ-OR agonism. However, remifentanil is 
also a partial agonist δ-OR and NMDA receptor [16].

Sufentanil is a selective μ-OR agonist also widely used 
in anesthesia. It  has been shown that sufentanil may be 
a part of the endogenous cardioprotective response to IRI 
and trigger intracellular enzyme cascades, ultimately 
leading to  the  closure of  mitochondrial permeability 
transition pores (mPTP) responsible for  the  induction 
of cell damage [17, 18].

Previous studies on animal models have sug-
gested  δ-OR signaling as  the  primary pathway involved 
in  the  beneficial effect of  opioids. We  hypothesize 
that  the  μ-OR activation provides cardioprotection 
in human heart muscles, which may explain the protec-
tive mechanisms against IRI in humans.

The study aims to establish the possible cardioprotec-
tive effect of remifentanil and sufentanil on ischemic 
human heart muscle cells in vitro conditions.

Materials and methods
Our  experiments were performed using  muscu-
lar trabeculae obtained from the  right atrial append-
ages of  104  consecutive patients of Department of 
Cardiosurgery, Medical University of Silesia in Katowice, 

subjected to coronary artery bypass surgery. We pre-
sented the patients’ demographic data in Table 1.

We excluded the patients diagnosed with severe val-
vular heart disease or significant heart failure from the 
study. It is possible to obtain maximum two trabeculae 
from human atrial appendices. To make our results the 
most reliable, trabeculae from each patient were used 
simultaneously. Fragments of the human right heart atria 
explanted during surgery were transported from the car-
diac surgery room to the laboratory in the ice-cold Krebs–
Henseleit solution ([M]: 118.0 NaCl, 24.88 NaHCO3, 1.18 
KH2PO4, 1.64 MgSO4, 4.70 KCl, 1.52 CaCl2, 2.0 sodium 
pyruvate, 11.0 glucose; pH 7.4). Two muscular trabeculae 
were obtained from the right heart appendage and incu-
bated in separate organ baths (Hugo Sachs Elektronik—
HSE, Schuler Organ Bath, March-Hugstetten, Germany). 
Both were filled with the 37 °C Krebs–Henseleit solution. 
The  trabeculae used in  the  study had a  cross-sectional 
area below 1  mm in  diameter to  avoid core hypoxia. 
There were always studied simultaneously two trabeculae 
from each patient and exposed to  the hypoxia protocol, 
including 60  min of  hypoxia (incubation in  the  Krebs–
Henseleit buffer saturated with 95% argon and 5% car-
bon dioxide deprived of  glucose and pyruvate) with a 
subsequent 60  min period of  reoxygenation (incubation 
in the Krebs–Henseleit buffer saturated with the 5% car-
bon dioxide and 95% oxygen). The  buffer was replaced 
every 15 min, except for the period of hypoxia.

According to the Frank-Starling relationship, each tra-
becula was stretched to  90 percent of  its optimal ten-
sion strength. All trabeculae were driven throughout 
the  experiments with 1  Hz 50  ms square stimuli using 
a  stimulator Type 215 (HSE) and platinum field elec-
trodes. Every trabecula’s  contractive function was ana-
lyzed using the  transducer (Type 372, HSE). The  signal 

Table 1 Characteristics of the patients from whom myocardial 
fragments were taken

Number of patients 104 (100%)

Males 82 (79%)

Females 22 (21%)

Age (years) 64,8 ± 9.7

Left ventricle ejection fraction (%) 50,7 ± 8,5

Diabetes 23 (22%)

Diabetes on insulin treatment 10 (9%)

Beta-blockers 97 (93%)

Calcium channel blockers 23 (22%)

ACE inhibitors 67 (64%)

Angiotensin receptor blockers 2 (2%)

Aspirin 89 (86%)

Statins 89 (86%)
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was amplified with a  bridge amplifier (Type 336, HSE), 
recorded with the PowerLab/4SP system, and calculated 
using chart software (ADInstruments, Chalgrove, UK). 
Each experimental protocol ended with the  application 
of 10 μM of norepinephrine to assess trabecula viability.

Control trabeculae were subjected only to the hypoxia 
protocol. Remifentanil (5  μM or 50  μM) or  sufentanil 
(40 μM or 400 μM) were used from the beginning of the 
reoxygenation period. Both remifentanil and sufenta-
nil were used every five min during the experiment. To 
make our results the most reliable, trabeculae from each 
patient were used simultaneously. We can directly assess 
the effect of drug comparing with control in equal tis-
sue. This study construction can avoid the influence of 
disruptive factors like individual variability. Trabecula 
contractility was assessed as the contraction’s maximal 
amplitude. Measurements were obtained at baseline, 
after 60  min of hypoxia, during reoxygenation (at the 
fifth, 10th, 15th, 30th, 45th, and 60th min), and after nor-
epinephrine application. The data for reperfusion’s onset 
after 60 min of hypoxia ("0 min") were not analyzed due 
to the many artifacts caused by mechanical influence 
during the experiment (including changes of gas supply 
and opioid application).

We presented the  results as  percentages of  the  values 
of contraction amplitudes obtained at the beginning of 
the  experimental protocol. At the onset of experiment, 
after trabeculae stability obtained in normoxic condi-
tions, measurements were done as a baseline (100% of 
values). The following measurements were a percentages 

of  the  values of contraction amplitudes obtained at the 
beginning of the  experimental protocol. Norepineph-
rine was used in the end of each experiment to check the 
heart muscle viability and to exclude the effect of myo-
cardial stunning. All results are  presented as  a  mean 
with a standard error of the mean (SEM). Two-way anal-
ysis of variance (ANOVA) and the Holm-Sidack test were 
used to compare the values from the fifth to the 60th min 
of reoxygenation; the p values < 0.05 were considered sta-
tistically significant. Statistical analysis was performed 
using SigmaPlot software v. 10.0.1.2 (Systat Software Inc., 
San Jose, USA).

Results
Figure 1 shows an example of the recording obtained dur-
ing the experiment. At the same time, contraction ampli-
tudes for remifentanil (above) and the control (below) are 
shown. A profound decrease in trabeculae contraction 
results from ischemia. At the end of 60  min, ischemia 
oxygen is again applied, and opioid is added to the study 
probe. The amplitude of contraction is measured several 
times during reperfusion.

Hypoxia induced a significant, profound decrease of 
trabeculae contraction amplitude. After 60 min of perfu-
sion with 0% oxygen, 95% argon, and 5% carbon dioxide, 
the mean amplitude of contraction was 27.7% (SD 12.3%, 
p <  10–20) of the baseline contraction.

After the norepinephrine application, contractility 
increased significantly (compared to the post-hypoxic 

Fig. 1 Effects of hypoxia and reperfusion on the contractile function of cardiomyocytes. An example of the recording obtained during the 
experiment. The trabeculae’s contraction amplitudes are shown for remifentanil (above) and the control (below). A profound decrease in trabeculae 
contraction results from ischemia. At the end of 60 min of ischemia, oxygen is again applied (reperfusion), and opioid is added to the study probe. 
Higher contraction amplitudes are noted for the remifentanil probe
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period), reaching 43.5% of the baseline pre-hypoxic value. 
During the reoxygenation period, no significant restora-
tion of contractility was observed. The data are given in 
Table 2.

Effects of remifentanil on the contractile function 
of ischemic cardiomyocytes
The application of remifentanil improved the cardio-
myocyte function compared to the control group. At a 
5  μM concentration, cardiomyocytes’ contractility was 
significantly better 30  min from the start of reoxygena-
tion. At a 50 μM concentration, contractility was signifi-
cantly better 5, 15, 30, 45, and 60 min from the start of 
reoxygenation.

After norepinephrine application at the end of the 
experiment, contractility was significantly better in tra-
beculae perfused with 50  μM of remifentanil. The data 
are shown in Fig. 2.

Effects of sufentanil on the contractile function of ischemic 
cardiomyocytes
Sufentanil application did not influence cardiomyocyte 
function compared to the control group at concentra-
tions of 40 μM and 400 μM. After norepinephrine appli-
cation at the end of the experiment, contractility was 
comparable in trabeculae perfused with or without any 
sufentanil concentration. The data are shown in Fig. 3.

Discussion
Many studies on opioid conditioning in humans and ani-
mals have had encouraging results. Opioids have been 
investigated as cardioprotective agents against IRI in ani-
mal models as well as human in vitro and in vivo studies. 
Both exogenous and endogenous opioid releasing after 
nonlethal ischemia protect cardiac and cerebral tissue 
[19]. Morphine was the first OR agonist proven to confer 
protection from IRI [20]. Recently, we showed that a high 
concentration of morphine may confer cardioprotec-
tion in human cardiac tissue in vitro [2]. Since excessive 
opioid doses increase the risk of side effects like respira-
tory depression, synthetic short-acting opioids have been 
researched regarding cardioprotective effects due to their 
selective OR agonism.

Endogenous peptides selectively activate ORs. The OR 
group consists of three single gene-derived classes: δ-, 
μ-, and κ-ORs. All these receptors belong to the family of 
receptors coupled to G-proteins. Crosstalk among other 
G-protein–coupled receptors like bradykinin, adenosine, 
and adrenergic receptors may result from receptor pep-
tides’ heterodimerization. It has been suggested that sev-
eral receptor ligands other than opioids may mimic the 
beneficial effect of the OR stimulation pathway [21].

Most studies have found δ- and κ-, but not μ-receptors 
expressed in animal cardiomyocytes [8]. Conversely, 
studies reported evidence of μ-receptors in human car-
diac tissues. Using RNA isolation and RT-PCR analysis 
in human atria and ventricular tissue, Bell and colleagues 
demonstrated the presence of δ- and μ- receptor in 
human ventricular tissue at a copy number similar to 
human atrial tissue, but at a higher copy number than 
κ-opioid receptors. Although mRNA expression of all 
three opioid receptors was high in most of the central 
nervous system area examined, κ- and δ-receptor mRNA 
expression was detected at very low levels in the heart 
and μ-receptor mRNA was absent.  So origination from 
neuronal cells in the studied heart tissue could not be 
excluded. [9–11].

Opioids such as morphine, fentanyl, remifentanil, and 
sufentanil have varied affinities to ORs, rendering state-
ments regarding subtype involvement in opioid-medi-
ated cardioprotective effect challenging. Remifentanil, an 
ultra-short-acting opioid rapidly metabolized by blood 
and tissue esterases [22] with a solid affinity for μ-ORs, is 
widely used in cardiac anesthesia due to its quick elimi-
nation and weak impact on hemodynamics. Most of the 
studies on the beneficial effect of remifentanil were per-
formed on animal models. Previous research on an ani-
mal model have shown that δ- and κ-ORs are involved in 
cardioprotection, but the role of μ-ORs seems to be mar-
ginal because especially in rat cardiomyocytes, only the 
δ- and κ-ORs are presented, not μ-ORs [12, 13]. It was 
shown that the beneficial effect of remifentanil precondi-
tioning was abolished by δ- and κ-OR but not by μ-OR 
antagonists in the isolated rat tissue [23, 24]. Remifenta-
nil is a potent μ-OR agonist and has few effects on δ- and 
κ-ORs.

Table 2 Decreased cardiomyocyte contractile function caused by hypoxia and reperfusion. The amplitude of cardiomyocyte 
contraction is given as % of baseline contraction (100%; NE—norepinephrine application). The number of observations is 208

Baseline Reperfusion

5 min 10 min 15 min 30 min 45 min 60 min ne

100 27.7 ± 12.3 24.8 ± 14.6 24.5 ± 14.1 27.6 ± 12.3 27.2 ± 13.5 28.1 ± 12.3 43.5 ± 14.1

p vs. 5 min reper-
fusion

- ns ns ns ns ns 0.002
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Nevertheless, κ-OR stimulation is considered involved 
in decreasing cardiac IRI related to preconditioning or 
postconditioning [14, 15]. However, this remains con-
trary to previous studies that have shown that κ-OR 
stimulation does not take part in the preconditioning 
effect [20]. Although the ORs are also found in the neural 

tissue, it may be questionable that opioid-induced cardio-
protection is dependent on processes occurring only in 
the cardiac tissue. In open-chest anesthetized rat models, 
the extracardiac μ-OR stimulation may be considered in 
the cardioprotective remifentanil effect.Moreover, in this 
model, the beneficial effect was reduced by a selective 

Fig. 2 Remifentanil’s effects on the contractile function of ischaemic cardiomyocytes. The number of observations: 104. X axis means time of 
reoxygenation in minutes. Y axis means percentages of the values of contraction amplitudes obtained at the beginning of the experimental 
protocol. Remifentanil (5 μM or 50 μM) were used from the beginning of the reoxygenation period. Trabecula contractility was assessed as the 
contraction’s maximal amplitude. Measurements were obtained at baseline (Time:0), during reoxygenation (at the 5th, 10th, 15th, 30th, 45th, and 
60th minute), and after norepinephrine application (ne)
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μ-OR agonist [25]. In turn, a beneficial effect of remifen-
tanil presented in isolated rat hearts precluded a possible 
influence on the central nervous system [24]. In the rat 
model of IRI, the significant reduction of cardiac infarct 
size was observed either in remifentanil precondition-
ing, postconditioning, and the continuous administration 

during the ischemic and reoxygenation period [26]. The 
proposed mechanism of remifentanil action in the ani-
mal IRI model reduces oxidative stress [27], increases 
cell viability, and decreases cell apoptosis [28]. Similarly, 
in human cardiomyocytes, remifentanil preconditioning 

Fig. 3 Sufentanil’s effects on the contractile function of ischaemic cardiomyocytes. The number of observations: 104. X axis means time of 
reoxygenation in minutes. Y axis means percentages of the values of contraction amplitudes obtained at the beginning of the experimental 
protocol. Sufentanil (40 μM or 400 μM) were used from the beginning of the reoxygenation period. Trabecula contractility was assessed as the 
contraction’s maximal amplitude. Measurements were obtained at baseline (Time:0), during reoxygenation (at the 5th, 10th, 15th, 30th, 45th, and 
60th minute), and after norepinephrine application (ne)
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confers protection, limiting hypoxia-induced senescence 
and necroptosis [29].

Sufentanil also predominantly stimulates μ-ORs, and 
in an animal model similarly presented a cardioprotec-
tive effect against IRI. In rats, sufentanil postcondition-
ing reduces infarct size after two hours of reperfusion 
[25]. Moreover, continuous administration of remifenta-
nil or sufentanil in human heart tissue during the whole 
pre-ischemic period, ischemia, and reoxygenation con-
fers cardioprotection [26]. These observations suggest a 
direct cardioprotective effect on cardiomyocytes since 
neither sufentanil nor remifentanil presented a direct 
inotropic or lusitropic effect on human heart tissue [25, 
30]. Similarly, the reduced infarct size was observed in 
rats following sufentanil anesthesia administered before, 
during ischemia, and in the reoxygenation period [31]. 
In rats, the proposed sufentanil acting mechanism 
may involve the reduction of oxidative stress and mito-
chondrial autophagy [32]. Previous studies have shown 
that δ and κ, but not μ-ORs were present in rat cardiac 
tissue,and investigators concluded that stimulation of δ 
and κ-OR conferred cardioprotection. Although, μ-ORs 
are present in human cardiomyocytes. It cannot be pre-
cluded that the presence of μ-ORs has a background in 
the neural cells. Indeed, cardioprotective effect of μ-OR 
stimulation in humans, confirmed in the clinical study 
with remifentanil, strong μ-OR agonist, administered 
in patients subjected to coronary artery by-pass graft-
ing (CABG) [33]. This results are consistent with our 
observations. In patients subjected to off-pump CABG, 
remifentanil administered before sternotomy has been 
observed to lower troponin I and CK-MB release for 
twelve to twenty-four hours after the procedure [34]. 
Moreover, the inotropic support was less required after 
operation in patients after remifentanil use. The length of 
time in the intensive care unit (ICU) and the whole hos-
pital stay was shorter in these groups of patients. There 
is also a higher risk for cardiovascular depression in the 
early postoperative period [35]. Post-mortem research 
on opioid users reduced the severity of coronary artery 
disease [36]. Interestingly, long-term opioid adminis-
tration may decrease the incidence or extent of cardiac 
infarction.

Our study’s main finding shows the cardioprotective 
effect of remifentanil, but not sufentanil, on human right-
atria cardiomyocytes in in  vitro conditions, manifested 
as the increased amplitude of their contraction during 
reperfusion after 60  min of ischemia. We presented a 
remifentanil concentration of 50 μM as the most cardio-
protective. Contrary to previous studies, we have been 
the first to show the effect of remifentanil and sufen-
tanil administered at the end of hypoxia. The beginning 
of the reoxygenation period presents the model of drug 

use in acute cardiac infarction. The present study was 
performed on fragments of isolated human heart tissue. 
For functional studies, atrial tissue sampling minimalizes 
the influence of confounding factors, like the effect of 
drugs or the presence of collateral circulation. We could 
not assess the infarction size in our research model but 
tracked the changes in contractility as a functional conse-
quence of cardiac ischemia.

The differences between species in the animal model used 
in studies might account for the discrepancies in results. In 
contrast to in vivo studies, isolated cardiac tissue has a lim-
ited period of biological stability. The viability of the cardiac 
tissue differs depending on the animal model. For exam-
ple, in rats, the application of 30–40 min of ischemia dam-
ages 50% of tissue. In pigs, a similar effect is observed after 
90 min of ischemia. In our study, due to the limited time of 
heart tissue stability, we analyzed no more than a 60-min 
period after reoxygenation. Most studies were performed 
on young animals. However, intrinsic protective tolerance 
against IRI may fail with age in humans [37, 38].

Remifentanil mimics cardioprotection via all three ORs. 
Part of the protective effect may be produced by μ-agonist 
activity outside the heart. On the other hand, out-of-recep-
tor acting of remifentanil can also bring interesting results. 
Further studies are needed to explore this unknown acting 
of sufentanil and remifentanil.

Above mentioned data support an idea on the role of 
opioids in protecting the human heart against IRI, not-
withstanding the controversy concerning the role of OR 
subtypes. For example, 3, 2, and 7 OR subtypes have been 
identified for μ-, δ- and κ-OR, respectively [17]. Addition-
ally, receptor crosstalk between ORs complicates the opi-
oid-induced protective reactions. Whether this effect is 
involved in crosstalk with other ORs or roles of extracar-
diac µ-ORs remains to be determined.

Limitations of the study
The results must be interpreted with the limitations ensu-
ing from the methodology. The construction of the experi-
ments assumed a control group obtained from the same 
patient and the same potentially affecting factors on the 
final results. We must note that the simulated ischemic 
model differs from in vivo condition. We used a crystalloid 
buffer with no transporting system for drugs like peptides. 
The affinity of remifentanil and sufentanil for OR may vary 
therefore we may only conclude whether a drug was pro-
tective or not. Further discussion about the implicated 
receptor would require experiments with selective antag-
onists. We excluded the patients diagnosed with severe 
valvular heart disease or significant heart failure from the 
study. We did not excluded male patients only for obtain 
equal number of females and males. Predominance in our 
study of older male patients results from high frequency of 
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advanced coronary artery disease required CABG in this 
group. The presence of co-morbidities and medications 
may affect the results, but in the in vitro studies it may has 
minor impact on acute changes of cardiomyocytes’ con-
tractility. The advantage of our study is that we include 
real patients with atherosclerosis and numerous chronic 
disorders.

Conclusions
Remifentanil—but not sufentanil—induces a cardiopro-
tective effect on human right atria cardiomyocytes in 
in  vitro conditions, manifested as increased contraction 
amplitude during reperfusion after 60 min of ischemia.

Acknowledgements
Not applicable

Authors’ contributions
Conceptualization, MK, KG, PP and WP.; methodology, MK, TO, KG and WP.; soft-
ware, MK, TO and MZ.; validation, MK, KG, JB and WP.; formal analysis, MK, KG 
and WP.; investigation, MK, TO, MZ and WP.; resources, JM, MD, TK, KG and WP.; 
data curation, MK, JB, KG and WP.; writing—original draft preparation, MK, TO 
and MZ.; writing—review and editing, KG and WP.; visualization, KG and WP.; 
supervision, KG, PP and WP.; project administration, KG, PP and WP.; funding 
acquisition, KG, PP and WP. All authors reviewed the manuscript. The author(s) 
read and approved the final manuscript.

Funding
This research received no external funding.

Availability of data and materials
The datasets generated and/or analysed during the current study are available 
in the Google Drive: https:// drive. google. com/ drive/ folde rs/ 1zrzN Jyui7 STyj4 
4m68I C8s3X cmj- UeDH

Declarations

Ethics approval and consent to participate
All subjects gave their informed consent for inclusion before they participated 
in the study. The study was conducted in accordance with the Declaration of 
Helsinki, and the protocol was approved by the Ethics Committee of the Medi-
cal University of Silesia (approval number 122.6120.120.2015). Informed con-
sent was obtained from all subjects involved in the study. Written informed 
consent has been obtained from the patient(s) to publish this paper.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 18 May 2022   Accepted: 7 March 2023

References
 1. Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a delay 

of lethal cell injury in ischemic myocardium. Circulation. 1986;74(5):1124–
36. https:// doi. org/ 10. 1161/ 01. cir. 74.5. 1124. Pubmed: 37691 70.

 2. Kunecki M, Płazak W, Roleder T, Biernat J, Oleksy T, Podolec P, Gołba KS. 
‘Opioidergic postconditioning’ of heart muscle during ischemia/reperfu-
sion injury. Cardiol J. 2017;24(4):419–26. https:// doi. org/ 10. 5603/ CJ. a2016. 
0090. Pubmed: 27734 456.

 3. Granfeldt A, Lefer DJ, Vinten-Johansen J. Protective ischaemia in patients: 
preconditioning and postconditioning. Cardiovasc Res. 2009;83(2):234–
46. https:// doi. org/ 10. 1093/ cvr/ cvp129. Pubmed: 19398 470.

 4. Yellon DM, Alkhulaifi AM, Pugsley WB. Preconditioning the human 
myocardium. Lancet. 1993;342(8866):276–7. https:// doi. org/ 10. 1016/ 
0140- 6736(93) 91819-8. Pubmed: 81013 04.

 5. Vinten-Johansen J. Postconditioning: a mechanical maneuver that trig-
gers biological and molecular cardioprotective responses to reperfusion. 
Heart Fail Rev. 2007;12(3–4):235–44. https:// doi. org/ 10. 1007/ s10741- 007- 
9024-3. Pubmed: 17520 362.

 6. Hausenloy DJ, Candilio L, Evans R, Ariti C, Jenkins DP, Kolvekar S, Knight R, 
Kunst G, Laing C, Nicholas J, Pepper J, Robertson S, Xenou M, Clayton T, 
Yellon DM. Remote Ischemic Preconditioning and Outcomes of Cardiac 
Surgery. N Engl J Med. 2015;373(15):1408–17. https:// doi. org/ 10. 1056/ 
NEJMo a1413 534. Pubmed: 26436 207.

 7. Hausenloy DJ, Kharbanda RK, Møller UK, Ramlall M, Aarøe J, et al. Effect 
of remote ischaemic conditioning on clinical outcomes in patients 
with acute myocardial infarction (CONDI-2/ERIC-PPCI): a single-blind 
randomised controlled trial. Lancet. 2019;394(10207):1415–24. https:// 
doi. org/ 10. 1016/ S0140- 6736(19) 32039-2. Epub 2019 Sep 6. Pubmed: 
31500849.

 8. Ventura C, Bastagli L, Bernardi P, Caldarera CM, Guarnieri C. Opioid recep-
tors in rat cardiac sarcolemma: effect of phenylephrine and isoproterenol. 
Biochim Biophys Acta. 1989;987:69–74. https:// doi. org/ 10. 1016/ 0005- 
2736(89) 90456-2. Pubmed: 25570 82.

 9. Tanaka K, Kersten JR, Riess ML. Opioid-induced cardioprotection. Curr 
Pharm Des. 2014;20(36):5696–705. https:// doi. org/ 10. 2174/ 13816 12820 
66614 02041 20311. Pubmed: 24502 571.

 10. Headrick JP, See Hoe LE, Du Toit EF, Peart J. Opioid receptors and car-
dioprotection - ‘opioidergic conditioning’ of the heart. Br J Pharmacol. 
2015;172(8):2026–50. https:// doi. org/ 10. 1111/ bph. 13042. Pubmed: 25521 
834.

 11. Bell SP, Sack MN, Patel A, Opie LH, Yellon DM. Delta opioid receptor 
stimulation mimics ischemic preconditioning in human heart muscle. J 
Am Coll Cardiol. 2000;36(2296–2302):27. https:// doi. org/ 10. 1016/ s0735- 
1097(00) 01011-1. Pubmed: 11127 476.

 12. Schultz JJ, Hsu AK, Gross GJ. Ischemic preconditioning and morphine-
induced cardioprotection involve the delta (delta)-opioid receptor in the 
intact rat heart. J Mol Cell Cardiol. 1997;29:2187–95. https:// doi. org/ 10. 
1006/ jmcc. 1997. 0454. Pubmed: 92814 50.

 13. Schultz JE, Hsu AK, Gross GJ. Ischemic preconditioning in the intact rat 
heart is mediated by delta1- but not mu- or kappa-opioid receptors. 
Circulation. 1998;97:1282–9. https:// doi. org/ 10. 1161/ 01. cir. 97. 13. 1282. 
Pubmed: 95701 99.

 14. Wang GY, Wu S, Pei JM, Yu XC, Wong TM. Kappa- but not delta-opioid 
receptors mediate effects of ischemic preconditioning on both infarct 
and arrhythmia in rats. Am J Physiol Heart Circ Physiol. 2001;280:H384–91. 
https:// doi. org/ 10. 1152/ ajphe art. 2001. 280.1. H384. Pubmed: 11123 255.

 15. Wu Y, Wan J, Zhen WZ, Chen LF, Zhan J, Ke JJ, Zhang ZZ, Wang YL. The 
effect of butorphanol postconditioning on myocardial ischaemia reperfu-
sion injury in rats. Interact Cardiovasc Thorac Surg. 2014;18:308–12. 
https:// doi. org/ 10. 1093/ icvts/ ivt516. Pubmed: 24336 785.

 16. Zhao M, Joo DT. Enhancement of spinal N-methyl-D-aspartate receptor 
function by remifentanil action at delta-opioid receptors as a mechanism 
for acute opioid induced hyperalgesia and tolerance. Anesthesiology. 
2008;109(2):308–17. https:// doi. org/ 10. 1097/ ALN. 0b013 e3181 7f4c5d. 
Pubmed: 18648 240.

 17. Dietis N, Rowbotham DJ, Lambert DG. Opioid receptor subtypes: fact or 
artifact? Br J Anaesth. 2011;107:8–18. https:// doi. org/ 10. 1093/ bja/ aer115. 
Pubmed: 21613 279.

 18. Wu Y, Gu EW, Zhu Y, Zhang L, Liu XQ, Fang WP. Sufentanil limits the myo-
cardial infarct size by preservation of the phosphorylated connexin 43. Int 
Immunopharmacol. 2012;13:341–6. https:// doi. org/ 10. 1016/j. intimp. 2012. 
04. 009. Pubmed: 22561 119.

 19. Arabian M, Aboutaleb N, Soleimani M, Ajami M, Habibey R, Rezaei Y, 
Pazoki-Toroudi H. Preconditioning with morphine protec ts hippocampal 
Ca1 neurons from ischemia-reperfusion injury via activation of the mTOR 
pathway. Can J Physiol Pharmacol. 2018;96:80–7. https:// doi. org/ 10. 1139/ 
cjpp- 2017- 0245. Pubmed: 28881154.

 20. Schultz JE, Rose E, Yao Z, Gross GJ. Evidence for involvement 
of opioid receptors preconditioning in rat hearts. Am J Physiol. 

https://drive.google.com/drive/folders/1zrzNJyui7STyj44m68IC8s3Xcmj-UeDH
https://drive.google.com/drive/folders/1zrzNJyui7STyj44m68IC8s3Xcmj-UeDH
https://doi.org/10.1161/01.cir.74.5.1124.Pubmed:3769170
https://doi.org/10.5603/CJ.a2016.0090.Pubmed:27734456
https://doi.org/10.5603/CJ.a2016.0090.Pubmed:27734456
https://doi.org/10.1093/cvr/cvp129.Pubmed:19398470
https://doi.org/10.1016/0140-6736(93)91819-8.Pubmed:8101304
https://doi.org/10.1016/0140-6736(93)91819-8.Pubmed:8101304
https://doi.org/10.1007/s10741-007-9024-3.Pubmed:17520362
https://doi.org/10.1007/s10741-007-9024-3.Pubmed:17520362
https://doi.org/10.1056/NEJMoa1413534.Pubmed:26436207
https://doi.org/10.1056/NEJMoa1413534.Pubmed:26436207
https://doi.org/10.1016/S0140-6736(19)32039-2
https://doi.org/10.1016/S0140-6736(19)32039-2
https://doi.org/10.1016/0005-2736(89)90456-2.Pubmed:2557082
https://doi.org/10.1016/0005-2736(89)90456-2.Pubmed:2557082
https://doi.org/10.2174/1381612820666140204120311.Pubmed:24502571
https://doi.org/10.2174/1381612820666140204120311.Pubmed:24502571
https://doi.org/10.1111/bph.13042.Pubmed:25521834
https://doi.org/10.1111/bph.13042.Pubmed:25521834
https://doi.org/10.1016/s0735-1097(00)01011-1.Pubmed:11127476
https://doi.org/10.1016/s0735-1097(00)01011-1.Pubmed:11127476
https://doi.org/10.1006/jmcc.1997.0454.Pubmed:9281450
https://doi.org/10.1006/jmcc.1997.0454.Pubmed:9281450
https://doi.org/10.1161/01.cir.97.13.1282.Pubmed:9570199
https://doi.org/10.1161/01.cir.97.13.1282.Pubmed:9570199
https://doi.org/10.1152/ajpheart.2001.280.1.H384.Pubmed:11123255
https://doi.org/10.1093/icvts/ivt516.Pubmed:24336785
https://doi.org/10.1097/ALN.0b013e31817f4c5d.Pubmed:18648240
https://doi.org/10.1097/ALN.0b013e31817f4c5d.Pubmed:18648240
https://doi.org/10.1093/bja/aer115.Pubmed:21613279
https://doi.org/10.1093/bja/aer115.Pubmed:21613279
https://doi.org/10.1016/j.intimp.2012.04.009.Pubmed:22561119
https://doi.org/10.1016/j.intimp.2012.04.009.Pubmed:22561119
https://doi.org/10.1139/cjpp-2017-0245
https://doi.org/10.1139/cjpp-2017-0245


Page 9 of 9Kunecki et al. BMC Pharmacology and Toxicology           (2023) 24:25  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

1995;268(5):H2157–61. https:// doi. org/ 10. 1152/ ajphe art. 1995. 268.5. 
H2157. Pubmed: 77715 66.

 21. Gupta A, Mulder J, Gomes I, Rozenfeld R, Bushlin I, Ong E, Lim M, Mail-
let E, Junek M, Cahill CM, Harkan T, Devi LA. Increased abundance of 
opioid receptor heteromers after chronic morphine administration. 
Sci Signal. 2010;3(131):ra54. https:// doi. org/ 10. 1126/ scisi gnal. 20008 07. 
Pubmed:20647592.

 22. Dershwitz M, Randel GI, Rosow CE, Fragen RJ, Connors PM, Librojo ES, 
Shaw DL, Peng AW, Jamerson BD. Initial clinical experience with remifen-
tanil, a new opioid metabolized by esterases. Anest Analg. 1995;81:619–
23. https:// doi. org/ 10. 1097/ 00000 539- 19950 9000- 00035. Pubmed: 76538 
33.

 23. Zhang Y, Irwin MG, Wong TM. Remifentanil preconditioning pro-
tects against ischemic injury in the intact rat heart. Anesthesiology. 
2004;101(4):918–23. https:// doi. org/ 10. 1097/ 00000 542- 20041 0000- 00017. 
Pubmed: 15448 525.

 24. Zhang Y, Irwin MG, Wong TM, Chen M, Cao CM. Remifentanil precon-
ditioning confers cardioprotection via cardiac kappa- and delta-opioid 
receptors. Anesthesiology. 2005;2005(102):371–8. https:// doi. org/ 10. 
1097/ 00000 542- 20050 2000- 00020. Pubmed: 15681 953.

 25. Hanouz JL, Yvon A, Guesne GG, Eustratiades C, Babatasi G, Rouet R, 
Ducouret P, Khayat A, Bricard H, Gerard JL. The In Vitro Effects of Remifen-
tanil, Sufentanil, Fentanyl, and Alfentanil on Isolated Human Right Atria. 
Anesth Analg. 2001;93:543–9. https:// doi. org/ 10. 1097/ 00000 539- 20010 
9000- 00005. Pubmed: 11524 316.

 26. Lemoine S, Zhu L, Massetti M, Gérard J-L, Hanouz J-L. Continuous 
administration of remifentanil and sufentanil induces cardioprotection in 
human myocardium, in vitro. Acta Anaesthesiol Scand. 2011;55(6):758–
64. https:// doi. org/ 10. 1111/j. 1399- 6576. 2011. 02456.x. Pubmed: 21615344.

 27. Zhou Q, Song J, Wang Y, Lin T. Remifentanil attenuates cardiac dysfunc-
tion, lipid peroxidation and immune disorder in rats with isoproterenol-
induced myocardial injury via JNK/NF-KB p65 inhibition. Ann Transl Med. 
2020;8(8):551. https:// doi. org/ 10. 21037/ atm- 20- 3134. Pubmed: 32411774.

 28. Cheng L, Wu Y, Tang J, Zhang C, Cheng H, Jiang Q, Jian C. Remifentanil 
protects against myocardial ischemia/reperfusion injury via miR-205-me-
diated regulation of PINK. J Toxicol Sci. 2021;46(6):263–71. https:// doi. org/ 
10. 2131/ jts. 46. 263. Pubmed: 34078 833.

 29. Lewinska A, Adamczyk-Grochala J, Bloniarz D, Horeczy B, Zurek S, Kurow-
icki A, Woloszczuk-Gebicka B, Widenka K, Wnuk M. Remifentanil precondi-
tioning protects against hypoxia-induced senescence and necroptosis in 
human cardiac myocytes in vitro. 2020;12(14):13924–38. https:// doi. org/ 
10. 18632/ aging. 103604. Pubmed: 32584 786.

 30. Duman A, Sahin AS, Atalik KE, Ogün C, Ulusoy HB, Durgut K, Okesli S. 
The in vitro effects of remifentanil and fentanyl on isolated human right 
atria and saphenous veins. J Cardiothorac Vasc Anesth. 2003;17(4):465–9. 
https:// doi. org/ 10. 1016/ s1053- 0770(03) 00151-4. Pubmed: 12968234.

 31. Ter Horst EN, Krijnen PAJ, Flecknell P, Meyer KW, Kramer K, van der 
Laan AM, Piek JJ, Niessen HWM. Sufentanil-medetomidine anaesthesia 
compared with fentanyl/fluanisone-midazolam is associated with fewer 
ventricular arrhythmias and death during experimental myocardial 
infarction in rats and limits infarct size following reperfusion. Lab Anim. 
2018;52(3):271–9. https:// doi. org/ 10. 1177/ 00236 77217 724485. Pubmed: 
28776 458.

 32. Wu Q, Shang Y, Bai Y, Wu Y, Wang H, Shen T. Sufentanil preconditioning 
protects against myocardial ischemia/reperfusion injury via miR-125a/
DRAM2 axis. Cell Cycle. 2021;20(4):383–91. https:// doi. org/ 10. 1080/ 15384 
101. 2021. 18756 68. Pubmed: 33475 463.

 33. Wong GTC, Huang Z, Ji S, Irwin MG. Remifentanil reduces the release of 
biochemical markers of myocardial damage after coronary artery bypass 
surgery: a randomized trial. J Cardiothorac Vasc Anesth. 2010;24(5):790–6. 
https:// doi. org/ 10. 1053/j. jvca. 2009. 09. 012. Pubmed: 20056 436.

 34. Xu ZD, Jin M, He WX, Xia SX, Zhao YF, He B, Cao DX, Peng SL, Li J, Cao MH. 
Remifentanil preconditioning lowers cardiac troponin I levels in patients 
undergoing off-pump coronary artery by-pass graft surgery. Nan Fang Yi 
Ke Da Xue Xue Bao. 2009;29:1554–6 Pubmed: 19726290.

 35. Pleym H, Stenseth R, Wiseth R, Karevold A, Dale O. Supplemental 
remifentanil during coronary artery bypass grafting is followed by a 
transient postoperative cardiac depression. Acta Anaesthesiol Scand. 
2004;48:1155–62. https:// doi. org/ 10. 1111/j. 1399- 6576. 2004. 00474.x. 
Pubmed: 15352 962.

 36. Marmor M, Penn A, Widmer K, Levin RI, Maslansky R. Coronary artery 
disease and opioid use. Am J Cardiol. 2004;93:1295–7. https:// doi. org/ 10. 
1016/j. amjca rd. 2004. 01. 072. Pubmed: 15135 709.

 37. Peart JN, Pepe S, Reichelt ME, Beckett N, See Hoe L, Ozberk V, Niesman IR, 
Patel HH, Headrick JP. Dysfunctional survivalsignaling and stress-intoler-
ance in aged murine and human myocardium. Exp Gerontol. 2014;50:72–
81. https:// doi. org/ 10. 1016/j. exger. 2013. 11. 015. Pubmed: 24316 036.

 38. Chun KJ, Park YH, Kim JS, Jang Y, Kim JH, Kim J, Lee MY. Comparison of 5 
different remifentanil strategies against myocardial ischemia-reperfusion 
injury. J Cardiothorac Vasc Anesth. 2011;25:926–30. https:// doi. org/ 10. 
1053/j. jvca. 2011. 02. 019. Pubmed: 21514 843.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1152/ajpheart.1995.268.5.H2157.Pubmed:7771566
https://doi.org/10.1152/ajpheart.1995.268.5.H2157.Pubmed:7771566
https://doi.org/10.1126/scisignal.2000807
https://doi.org/10.1097/00000539-199509000-00035.Pubmed:7653833
https://doi.org/10.1097/00000539-199509000-00035.Pubmed:7653833
https://doi.org/10.1097/00000542-200410000-00017.Pubmed:15448525
https://doi.org/10.1097/00000542-200410000-00017.Pubmed:15448525
https://doi.org/10.1097/00000542-200502000-00020.Pubmed:15681953
https://doi.org/10.1097/00000542-200502000-00020.Pubmed:15681953
https://doi.org/10.1097/00000539-200109000-00005.Pubmed:11524316
https://doi.org/10.1097/00000539-200109000-00005.Pubmed:11524316
https://doi.org/10.1111/j.1399-6576.2011.02456.x
https://doi.org/10.21037/atm-20-3134
https://doi.org/10.2131/jts.46.263.Pubmed:34078833
https://doi.org/10.2131/jts.46.263.Pubmed:34078833
https://doi.org/10.18632/aging.103604.Pubmed:32584786
https://doi.org/10.18632/aging.103604.Pubmed:32584786
https://doi.org/10.1016/s1053-0770(03)00151-4
https://doi.org/10.1177/0023677217724485.Pubmed:28776458
https://doi.org/10.1177/0023677217724485.Pubmed:28776458
https://doi.org/10.1080/15384101.2021.1875668.Pubmed:33475463
https://doi.org/10.1080/15384101.2021.1875668.Pubmed:33475463
https://doi.org/10.1053/j.jvca.2009.09.012.Pubmed:20056436
https://doi.org/10.1111/j.1399-6576.2004.00474.x.Pubmed:15352962
https://doi.org/10.1111/j.1399-6576.2004.00474.x.Pubmed:15352962
https://doi.org/10.1016/j.amjcard.2004.01.072.Pubmed:15135709
https://doi.org/10.1016/j.amjcard.2004.01.072.Pubmed:15135709
https://doi.org/10.1016/j.exger.2013.11.015.Pubmed:24316036
https://doi.org/10.1053/j.jvca.2011.02.019.Pubmed:21514843
https://doi.org/10.1053/j.jvca.2011.02.019.Pubmed:21514843

	Remifentanil but not sufentanil induces cardioprotection in human ischemic heart muscle in vitro
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Results
	Effects of remifentanil on the contractile function of ischemic cardiomyocytes
	Effects of sufentanil on the contractile function of ischemic cardiomyocytes

	Discussion
	Limitations of the study

	Conclusions
	Acknowledgements
	References


