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Abstract
Objectives: Previously, we demonstrated that a novel enkephalin 

analogue, Eribis Peptide 94 (EP94), produces a reduction of myocardial 
infarct size in rats and pigs administrated during occlusion. Since a 
complete dose-response relationship and the opioid receptor 
subtype activated by EP94 was not been clearly established, the 
following study was undertaken. It was also determined if multiple 
doses of EP94 could produce greater cardioprotective effects similar 
to those observed with single versus multiple ischemic 
preconditioning (IPC) stimuli. 

Methods: We used adult male Sprague-Dawley rats subjected to 
either 25 or 40 minutes of coronary occlusion followed by 120 minutes 
of reperfusion. 

Key findings: A single and triple bolus of 1 µg/kg of EP94 
administered iv prior occlusion produced a reduction of infarct size (IS/
AAR) by 39% and 45%, correspondingly.  Dose-response relationship 
has been established. All of the opioid receptor antagonists (naloxone, 
CTOP, naltrindole, nor-BNI) blocked the effect of EP94. 

Conclusion: EP94 produces a potent cardioprotective effect in 
rats following single or multiple injections administrated prior occlusion 
via effects on µ, δ, and κ opioid receptors. Repeated bolus injections 
of EP94 produced a reduction of IS/AAR when the ischemic period was 
increased from 25 to 40 minutes.

Introduction
Involvement of opioid receptors and their endogenous ligands in 

the regulation of cardiac tolerance to ischemia/reperfusion supports 
an important role for enkephalins as a part of the endogenous 
opioid system responsible for cardioprotection. The development of 
cardioprotective agents, based on the enkephalin structure in order to 
improve myocardial function and limit the total extent of infarction 
during ischemia/reperfusion is of great clinical importance. 

Known synthetic enkephalin analogues (FK 33-824, Tyr-D-
Ala-Gly-MePhe-Met(O)ol; DAMGO, DADLE, DPDPE, Dalargin, 
2’,6’-dimethyltyrosine-D-Arg-Phe-Lys-NH2), native enkephalin  
sequences, (ME, LE, MEAP,  proenkephalin), have been tested for 
involvement in cardioprotection in recent years. Some of them reduce 
myocardial ischemia/reperfusion injury when administered prior to, 
during or after the onset of ischemia [1,2]. However, few results have 

been obtained for therapeutic applications of potent cardioprotective 
opioids. 

As a part of our effort to obtain new enkephalin analogues [3-5] 
we have synthesized several new compounds with a cardioprotective 
profile [6] and tested them in a rat model of infarction.

Eribis peptide 94 (EP94) is a tetrapeptidamide of the native 
enkephalin sequence with modifications in position 2 and 4. Full 
structural formula is presented in the patent description [6]. Novel 
enkephalin analog EP 94 demonstrated high affinity for µ- and δ- 
opioid receptors. Studies of Gross et al. [7] suggest that EP94 
injected during ischemia reduced infarct size in rat hearts via an 
eNOS- and KATP channel-dependent mechanism. Testing in pigs also 
demonstrated cardioprotective activity of EP94 [8,9].

According to different sources, all three opioid receptor subtypes, 
µ-, δ- and κ- have been proposed as potential mediators of the 
cardioprotective effect of exogenous opioids [10]. However, most 
data confirm the predominant role of δ-receptors in mediating the 
phenomenon of ischemic preconditioning (IPC) by which brief 
episodes of myocardial ischemia increase the ability of the heart to 
tolerate a subsequent prolonged period of ischemic injury [10,11].

Myocardial protective properties of the novel enkephalin 
analogue EP94 as a mimic of IPC and the efficiency of EP94 given 
during prolonged ischemia and reperfusion has been described in the 
current study.

Materials and Methods
Animal studies were carried out according to protocols approved 

by the Institutional Animal Care and Use Committee of the Institute 
of Bioorganic Chemistry (Branch), Pushchino, Moscow Region. 
The Association for Assessment and Accreditation of Laboratory 
Animal Care (AAALAC) International accredited Biological Testing 
Laboratory that conducted the study.
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Enkephalin analogs EP94 was manufactured by Polypeptide 
Laboratories France SAS (Strasburg) according to the principles and 
guidelines of current good manufacturing practice as laid down in the 
EU guidelines Eudralex GMP Volume 4, Part II, and the US 21 CFR 
Part 210, 211. Identity and purity of peptide were conformed by Mass 
spectral analysis and RP-HPLC analysis (Purity=97.7%).

Surgical preparation 

Male CD (Sprague-Dawley) rats (280-350 g, Pushchino Breeding 
Center, Moscow Region) were anesthetized with urethane (1.5 g/
kg, intraperitonealy) and placed on the heat pad at 37°C. Following 
intubation, ventilation was provided using a Rodent Respirator (UGO 
BASILE, Italy) with atmospheric air at a tidal volume of 10 mL and a 
rate of 65 cycles/min. The right femoral vein was cannulated to allow 
administration of drugs and vehicle. A thoracotomy was performed at 
the fifth intercostal space and the heart was exposed. The pericardium 
was removed, and the left coronary artery (LCA) was ligated with 5-0 
silk sutures. The ends of suture were passed through a small piece of 
PE-10 tubing to form a snare to occlude the LCA. After 25 minutes 
or 40 minutes the occlusion was released and the coronary artery was 
reperfused for 120 minutes.

Measurement of the area at risk and infarct size

At the end of reperfusion, methylene blue dye (0.4 ml of 10% w/v 
in saline) was injected into the venous catheter to stain the normally 
perfused region of the heart. The area defined as normal was dyed 
blue and the total area at risk remained pink. The heart was excised, 
flushed in distilled water and cut into 2-mm-thick cross-sectional 
slices. The slices were incubated at 37°C for 15 minutes in a 1% 
solution of 2,3,5-triphenyltetrazolium chloride (TTC) in 100 mM 

phosphate buffer (pH 7.4) and immersed in 10% formalin for 5 min. 
The areas of infarct (TTC negative) and risk zone (TTC stained) were 
determined by a computerized planimetry technique (Image Tool 
software). The infarct size (IS), expressed as a percentage of the area 
at risk (IS/AAR), was taken as a measure of cardioprotection. 

Experimental protocols 

The experimental protocols are outlined in Figure 1. The control 
groups were subjected to 25 minutes or 40 minutes of coronary LCA 
occlusion and 2 hours of reperfusion. In the first set of experiments, 
EP94 was injected (0.66 µg/kg) three times at 15, 10 and 5 minutes 
before LCA occlusion to mimic ischemic preconditioning or was 
injected by bolus injection 5 minutes before ischemia in doses of 
0.01, 0.1, 1, 5, or 10 µg/kg for dose-response evaluation.

In the opioid antagonist studies, rats were administrated the non-
selective opioid receptor antagonist Nal (naloxone) (3 mg/kg, iv) or 
the selective opioid receptor antagonists: CTOP (D-Phe-Cys-Tyr-D-
Trp-Orn-Thr-Pen-Thr-NH2,) (μ, 1 mg/kg, iv), naltrindole (δ, 5.0 mg/
kg, iv) or nor-BNI (Norbinaltorphimine) (κ, 5 mg/kg, iv) alone 15 
min before LCA occlusion or 10 min before dosing with EP94 (1 µg/
kg). 

To investigate whether EP94 retained cardioprotection with 
prolonged ischemia and reperfusion, it was injected (1 µg/kg) at 5 
minutes before the 25-minute or 40-minute LCA occlusion every 
5 minutes during the 25-minute or 40-minute occlusion period or 
during the first 5 minutes of reperfusion.

All agents were administered in a volume of 1 mL/kg as a bolus 
via the femoral vein. EP94 was dissolved in physiological saline.

Figure 1: A schematic diagram of the experimental protocols. 
Abbreviations: NL =Naloxone hydrochloride, NT = naltrindole, CTOP = D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 , nor-BNI = Norbinaltorphimine.
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Statistical analysis of data 

Data analysis was performed with a personal computer-based 
statistical software package (Prism v.5.0; GraphPad Software, San 
Diego, CA). Data were expressed as mean ± S.E.M. IS/AAR were 
analyzed between groups using a one way ANOVA followed by the 
Tukey post hoc test for multiple comparisons. Statistical significance 
was determined at P ≤ 0.05. 

Results
Cardioprotective effect of EP94 prior to the onset of 
occlusion 

EP94 showed significant cardioprotective activity after a single 
bolus injection of 1 µg/kg before 25-minute of ischemia and 2-h 
of reperfusion (26.0 ± 3.5%, P < 0.01 versus control), (Figure 2). 
The average IS/AAR for the control group was 42.9 ± 2.7%.  We  
discovered that the heart responded in a non-monotonic fashion to 
exposure to EP94. The U-shaped non-monotonic dose–response 
curve is presented in Figure 3. High and low doses of EP94 revealed 
no cardioprotective activity of  EP94 relative to control, whereas 
doses between 0.14 µg/kg and 3.5 µg/kg demonstrated IS/AAR lower 
than 30%. It is necessary to mention that the experiments with rats 
revealed that the maximal effective dose was very low (EDmax = 0.7 
µg/kg) which could be useful for practical use in a clinical setting. 
Three consecutive bolus injections (0.66 µg/kg x 3) before ischemia 
turned out to be even more effective and reduced infarct size to 22.8 
± 1.9% (P < 0.001 versus control, Figure 2).

Opioid receptor subtypes studies 

The effect of the nonselective opioid receptor antagonist, 
naloxone (Figure 1; Group VIII,IX) on the cardioprotective activity 
of EP94 is presented in Figure 4. These results suggest that the 
cardioprotective effect of EP94 was a consequence of opioid receptor 
stimulation, since its beneficial effect was completely inhibited by 
pre-treatment with the non-selective opioid receptor antagonist, 
naloxone. The average IS/AAR in group Nal+EP94 was 37,5 ± 1.8%. 

We used selective opioid antagonists CTOP (μ-), naltrindole (δ-) 
and nor-BNI (κ-) to determine which subtype of opioid receptor was 
responsible for EP94-induced preconditioning. All antagonists were 
effective at blocking the cardioprotective effect of EP94. There were 
no significant reduction in IS/AAR versus control when CTOP, 
naltrindole or nor-BNI were administrated followed by injection of 
EP94 (45,1 ± 3.1%.: 37,0 ± 3.9%.: 37,4 ± 2.4% respectively). 
However, it should be noted that the δ-antagonist, naltrindole, was 
slightly more effective, and its pre-treatment significantly blocked 
the effect of EP94 completely. Administration of antagonist without 
peptide did not alter the size ratio IS/AAR in groups.

Cardioprotective effect of EP 94 during 25-minutes and 
40-minutes (prolonged) occlusion and reperfusion 

Repeated (every 5 min) bolus injections of EP94 during the 25-
minutes of ischemia effectively reduced the IS/AAR to 27.3 ± 1.0% 
versus 42.9 ± 2.7% in control group, P < 0.001 (Figure 2). The 
multiple injection protocol of EP 94 administration maintains its 
high cardioprotective activity despite the prolongation of ischemia to 
40 minutes. EP 94 injected before 40-minute LCA occlusion did not 
alter infarct size (55.2 ± 2.6% versus 52.2 ± 1.8% in control group). 
However, repeated (every 5 min) EP 94 administration after start of 
occlusion caused significant cardioprotection (34.8 ± 1.8%, P < 0.001, 
Figure 2).

Whether EP94 could protect rat hearts during reperfusion, we 
administrated EP94 (1 µg/kg) during the first 5 minutes of LCA 
reperfusion. Although EP94 was protective when given before or 
during ischemia, it failed to decrease infarct size when given at 
reperfusion in the present study. There were no noticeable effects of 
EP94 on reduction of infarct size when peptide was administrated in 
the first seconds or minutes of reperfusion (36.8 ± 1.9% and 42.6 ± 
1.7% respectively versus 42.9 ± 2.7% in control group, Figure 2). 

Discussion
The cardioprotective activity of the novel enkephalin, analogue 

Figure 2: Cardioprotective effect of EP94 during 25 min and 40 min (prolonged) occlusion and reperfusion (iv, 1 µg/kg, bolus injections; except for 0.66 µg/kg x 
3 before occlusion). *P < 0.001 vs. Control.
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Figure 3: Dose-response curve for cardioprotective effect (IS/AAR%) of EP94 (i.v. bolus administration 5 min before 25 min occlusion following 2 hours reperfusion).

Figure 4: The effect of the opioid antagonists on EP 94-induced cardioprotection in rats naloxone (non-selective, 3 mg/kg, iv), CTOP (μ-selective 1 mg/kg, iv), 
NT (δ-selective, 5.0 mg/kg, iv) or nor-BNI (κ-selective, 5 mg/kg, iv) (mean ± S.E.M). *P < 0.01 vs Control, #P < 0.001 vs. EP94.

EP94, has been demonstrated by studies performed in several 
laboratories when administered prior to occlusion or during 
occlusion. Previously, Karlsson et al. have demonstrated a reduction 
of infarct size produced by EP94 administration in different porcine 
models of myocardial ischemia and reperfusion [8,9]. The protective 
effect of EP94 is at least partially the result of activation of nitric 
oxide synthase and adenosine triphosphate potassium channel-
dependent mechanism [7]. Further studies with selective opioid 
antagonists demonstrated that the cardioprotective effect of EP94 
injected during ischemia in rats is mediated primarily via activation 
of centrally located μ opioid receptors [12].

The current study was performed to determine whether EP94 
can mimic the phenomenon of ischemic preconditioning (IPC) [13], 
similar to previously studied opioid agonists [14-16] and if so, which 
opioid receptor mediates this effect. Three repetitive administrations 
of EP94 prior to the onset of a 25-minute occlusion considerably 
reduced the infarct size when followed by 2 hr of reperfusion.  The 
effect appeared to be dose-related at 0.1-10 µg/kg. It is important 
to stress that the experiments in rats revealed that the effective dose 
of EP94 turned out to be very low when compared with the known 

clinically available opioid agonist, morphine [17,18], the opiate that 
has been most extensively studied in cardioprotection. 

There is a growing body of evidence that one of the three known 
opioid receptors, e.g., the δ-opioid receptor, mediates early IPC 
[15,17]. Naturally, the hypothesis to be tested to determine whether 
the δ-receptors are the more likely candidate of opioid receptors 
involved in the preconditioning phenomenon by EP94 should be 
tested. EP 94 is an enkephalin analogue with high affinity for the 
µ-opioid receptor subtype, lower affinity for the δ-opioid receptor 
and to a less extent for the κ-opioid receptor (unpublished data). 
The protective effect of EP94 was abolished by coadministration of 
EP 94 not only with naltrindole (δ-opioid receptor antagonist), but 
also with selective  µ-, and κ-opioid receptor antagonists. 

The results of the present study further suggest that 
pharmacological preconditioning with EP94 can confer acute 
cardioprotection via activation of all opioid receptors. Nevertheless, 
we should like to mention, that the blocking action of naltrindole in 
our experiments has a more significant effect and it is in agreement 
with the results of other authors concerning the role of the δ-opioid 
receptor in IPC. 
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In a previous study of Gross et al. [12] suggested that EP94 
injected during ischemia reduced infarct size in rat hearts via 
activation of centrally located μ-opioid receptors. The µ-opioid 
receptor has traditionally been believed to be absent from adult rat 
myocytes, based on binding studies [19,20]. The lack of µ-opioid 
receptor activity in the cardioprotective effect of IPC has also been 
supported by a number of functional studies, indicating an absence of 
this particular opioid receptor in rat myocytes [19,21].

Quite possibly, the cardioprotective effect of systemically 
administrated opioids can be through the simultaneous activation 
of peripheral and central opioid receptors. According to different 
sources, the cardioprotective effect of exogenous opioids can be 
attributed through activation of cardiac δ- and κ- receptors, as well 
as through extracardiac localized µ, δ- and κ- receptors [18,22-26].

In the present study the selective δ-opioid receptor antagonist, 
naltrindole, attenuated the infarct sparring effect of EP94. These 
results are in accordance with the known data which suggests that 
stimulation of the δ-opioid receptor by IPC or pharmacological 
imitation of IPC by opioids appears to protect heart muscle from 
ischemia [15,17]. It is necessary to take into account the basic 
condition of the endogenous opioid system for better understanding 
the mechanism of action of the novel enkephalin analogue in case of 
administration of EP94 prior occlusion (current work) or during 
occlusion [12].  It is well documented that the level of specific 
cardiac opioids are elevated in response to myocardial ischemia [27]. 
Presumably, released endogenous enkephalins bind mainly to the δ–
cardiac opioid receptors and can influence the receptor preference to 
exogenous opioids administrated in such conditions. We have been 
using EP94 in our experiments and assume, that EP94 administrated 
before ischemia can protect the rat heart via activation of all three 
opioid receptors: the δ - and κ- cardiac opioid receptors and µ- 
opioid receptors with extracardiac localization. 

In the next part of our work we focused on the effects of EP94 in 
a rat model with a more prolonged occlusion period. One time 
administration of EP94 in the dose of 1 µg/kg to rats in experiments 
with 40 min occlusion instead of 25 min occlusion failed to show the 
protective effect of EP94, whereas multiple (every 5 min) injections 
of EP94 during the total period of occlusion not only preserved the 
cardioprotective effect of EP94, but demonstrated considerable 
reduction of infarct size by 30% in such severe conditions. This 
prolonged effect obtained with EP94 may be useful in heart surgery 
in cases of complicated, long-term heart operations. It will give more 
time to a physician to proceed with reperfusion therapy to patients in 
an acute myocardial infarction treatment when the time frame is 
very important. Multiple injections of EP94 could extend this time.

EP94 activity at reperfusion has been tested, as well. We have 
not found a reduction of infarct size when EP94 was administrated 
in the first seconds or minutes of reperfusion. In a previous study, 
EP94 administrated by an intracoronary infusion (0.2 µg/kg/min) 
maintained for the last 10 minutes of ischemia and start of 
reperfusion reduced infarct size in open-chest pigs [8].  However, 
the cardioprotection was not present when EP94 was administered 
by single injection late during ischemia at doses up to 25 µg/kg in 
closed-chest pigs [9].

The concordance of animal models is one of the important 
problems concerning the pre-clinical setting. The μ-opioid receptor 
are thought to be absent in adult rat cardiomyocytes, whereas δ- 
and κ-opioid receptors are expressed [19,20].  Similar results were 
obtained in pig hearts [9]. This is quite different from the human 
heart, where both µ- and δ- opioid receptors are present [28].

Finally we should like to emphasize the safety of EP94. There 
were no deaths of animals observed under control conditions when 
doses up to 100 mg/kg in safety tests of toxicity. No difference in 
any of the hemodynamic parameters between control and treatment 
groups undergoing ischemia and reperfusion in doses of EP94 up to 
10 mg/kg were observed in experiments carried out in this work 
(unpublished data). 

Taken together, the data suggest that the cardioprotective 
activity of EP94 tested on the infarction rat model may be beneficial 
for the treatment of myocardium resistance during ischemia.
Conclusion

In summary, we demonstrated the dose-related reduction of 
cardioprotective effects of EP94 administrated intravenously prior 
ischemia in rats. µ-,δ-,κ-opioid receptors were involved in 
cardioprotection of EP94 administrated prior ischemia. It was found 
that the peptide EP94 can mimic the phenomenon of IPC. EP94 
turned out to be active at prolongated ischemia. Multiple 
administrations of EP94 protected the heart during prolongated 
occlusion that can be useful in infarct treatment. EP94 was 
ineffective if it was administrated at first seconds or minutes of 
reperfusion.
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