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The effect of a new JNK inhibitor IQ-1 (11H-indeno[1,2-b]quinoxalin-11-one oxime) was studied 
in male Wistar rats in a model of acute myocardial ischemia/reperfusion. Area at risk and 
myocardial infarct zones were studied in two series of experiments: 16 h after a single dose 
of IQ-1 (25 mg/kg intraperitoneally during cardiac ischemia) and on day 5 after its course 
administration (25 mg/kg intraperitoneally during cardiac ischemia and daily over 4 days). 
On day  5 after ischemia/reperfusion, cardiodynamic indicators were also studied: systolic, 
end-diastolic, and minimum pressure in the left ventricle, stress—time index, as well as the 
maximum rates of pressure rise and fall in the left ventricle (+dP/dtmax and -dP/dtmax). In 16 h 
after ischemia/reperfusion, the infarct area in the control was 24±2% of the total area of the 
sections, while after administration of IQ-1 this parameter was 14±1% (p<0.05). On day 5, the 
infarct area in the control group was 25±1% of the total area of myocardial sections. A course 
of IQ-1 administration led to a significant reduction in the infarct area to 10±2% of the total 
area of myocardial slices. Course administration of IQ-1 led to improvement in contractile 
function and weakening of the diastolic dysfunction of the left ventricle: systolic pressure in 
the left ventricle increased by 20%, +dP/dtmax by 23%, voltage—time index by 12%, -dP/dtmax 
by 43%, and the minimum pressure in the left ventricle decreased by 3.4 times.
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Coronary heart disease is the leading cause of global 
mortality from various cardiovascular diseases [1]. The 
most effective treatment for coronary heart disease 
is timely reperfusion, including primary percutaneous 

coronary intervention and thrombolytic therapy. How-
ever, reperfusion leads to oxidative stress, arrhyth-
mias, microvascular obstruction, contractile dysfunc-
tion, apoptosis and death of cardiomyocytes [2,3], and 
this phenomenon is called myocardial ischemia/re - 
perfusion injury [4]. Studies have shown that the in-
tracellular signaling pathway c-Jun N-terminal kinase 
(JNK) is involved in ischemia/reperfusion injury [5]. 
Oxidative stress leads to activation of JNK [6], result-
ing in apoptosis and necrosis of cardiomyocytes [7]. 
Pharmacological inhibition of JNK by various synthetic 
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inhibitors reduces myocardial infarct size and reduces 
cardiomyocyte apoptosis early after ischemia/reperfu-
sion injury [8-11]. However, the effect of various JNK 
inhibitors on the contractile function of the heart at 
the early stages after ischemia/reperfusion is ambig-
uous [12,13].

The search for highly selective JNK inhibitors suit-
able for therapeutic purposes is in progress. 11H-in-
deno[1,2-b]quinoxalin-11-one oxime (IQ-1) is a new JNK 
inhibitor with a selective effect on JNK3 [13,14], which 
is an important feature of this compound, because JNK3 
is expressed exclusively in the heart, brain, and testicles 
and plays a unique role in the myocardium [15].

The aim of this work is to investigate the effect of sin-
gle and course administration of IQ-1 on the myocardial 
infarct size in rats after acute myocardial ischemia/re - 
perfusion, as well as the effect of course administration 
of IQ-1 on myocardial contractile function.

MATERIALS AND METHODS
The study was conducted in accordance with Direc-
tive  2010/63/EU of the European Parliament and of 
the Council (September  22, 2010; On the Protection 
of Animals Used for Scientific Purposes) and was ap-
proved by the Commission for the Control of the Care 
and Use of Laboratory Animals of the E. D. Goldberg 
Research Institute of Pharmacology and Regenerative 
Medicine, Tomsk National Research Medical Center 
(Protocol No. 130092017 of September 8, 2017).

The experiments were performed on mature male 
Wistar rats (n=62) weighing 250-280 g. The rats were 
housed in groups of 5 animals per cage (57×36×20 cm) 
under standard laboratory conditions (22±2°C, relative 
humidity 60%, and 12/12-h light/dark cycle) in cages 
with sawdust bedding and had unrestricted access to 
water and standard rodent feed (PK-120-1, Labora-
torsnab).

IQ-1 (M314 series) was synthesized as described 
previously [16]. The chemical structure of IQ-1 was 
confirmed by mass spectrometry and NMR; sample 
purity 99.9%. IQ-1 suspension for intraperitoneal ad-
ministration was prepared under aseptic conditions 
with the addition of 20 μl of Tween-80 and 2 ml of 
sterile saline NaCl solution.

Two series of experiments were carried out. Rats 
in the control and experimental groups in both series 
underwent temporary ligation of the left coronary ar-
tery, rats in the sham-operated groups received only 
surgical intervention without coronary artery ligation. 
The coronary artery occlusion model has been pre-
viously described in detail [17]. Ligation of the left 
coronary artery was performed without disturbing the 
topography of the heart in the chest in anesthetized 
rats (propofol intravenously, 10 mg/kg/h) after thora-

co- and pericardiotomy. The duration of occlusion was 
45 min. The study of the risk and myocardial infarct 
zones was carried out in two series of experiments: 
in series  I — 16  h after a single injection of IQ-1  
(25 mg/kg at the 30th minute of myocardial ischemia) 
and in series II — on day 5 after course administration 
of IQ-1 (25 mg/kg at the 30th minute of myocardial 
ischemia, then daily for 4  days). Rats of the control 
groups received 2 ml of solvent intraperitoneally ac-
cording to the same scheme.

In series  II, the parameters of cardiac contrac-
tile function were also studied. Three hours after the 
last injection of IQ-1, the animals were placed under 
general anesthesia by diethyl ether inhalation, then 
a catheter was implanted into the right femoral vein, 
and the animals anesthetized with sodium thiopental 
(35  mg/kg/h). To measure cardiac contractile func-
tion, a microsensor TSD282 of an intracardiac pres-
sure device (OpSens) was inserted through the right 
common carotid artery into the left ventricular (LV) 
cavity and connected to an MP150 high-speed data 
acquisition and processing system (Biopac Systems, 
Inc.) The pressure curve in the LV cavity was used to 
determine systolic pressure (LVSP, mm Hg), end-dia-
stolic pressure (LVEDP, mm Hg), minimum pressure 
(LVPmin, mm Hg), stress—time index (STI, mm Hg), 
and maximum rates of rise and fall of intraventricular 
pressure (+dP/dtmax and -dP/dtmax).

To identify the risk zone, in rats anesthetized with 
sodium thiopental, the ligature on the coronary artery 
was again tightened, 0.2 ml of 5% solution of patent 
blue violet dye (Sigma) was injected as a bolus into 
the femoral vein, and the heart was removed after 
10-20  sec. The atria, right heart, and great vessels 
were removed. The heart was frozen for 1 h and 1-mm 
sections were prepared using a RBM2000C tissue ma-
trix. The sections were covered with glass slides and 
scanned on an HP Scanjet  3770. Then the sections 
were washed and stained with a 1% buffer solution 
of 2,3,5-triphenyltetrazolium chloride (pH 7.4) at 37°C 
for 10 min to identify the infarct zone by the level of 
dehydrogenase activity; the stained side of the sec-
tions was scanned again. The resulting images were 
processed using Adobe Photoshop  6.0. The areas of 
risk and myocardial infarct zones and the entire LV 
were calculated. The areas of risk zones and myocar-
dial infarct zones were expressed as a percentage of 
the area of the LV myocardium.

Statistical analysis was performed using Statis-
tica  8.0 (StatSoft, Inc.). The data were expressed as 
M±SEM. Group variability was assessed using the 
Kruskal—Wallis test. Significant differences between 
the groups were determined using the Fisher’s exact 
test (animal mortality) and the Mann—Whitney U test 
(other parameters) at p<0.05.
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RESULTS

In the groups of sham-operated animals, no deaths 
were observed. In series I (16 h after ischemia/reper-
fusion), 5  (38%) of 13  rats died in the control group 
and 2 (22%) of 9 in the experimental group. In series II 
(5  days after ischemia/reperfusion), rat mortality in 
the control and experimental groups was 43% (6 out 
of 14 rats died: 5 rats during the first day and 1 rat on 
the third day) and 38% (5 out of 13 rats died during 
the first day), respectively. Mortality in the control and 
the experimental groups did not differ significantly.

In series  I, the size of myocardial infarct was 
~24% of the section area in rats of the control group 
and ~14% in rats receiving single injection of IQ-1. In 
series II, the myocardial infarct zone in animals of the 
control group was ~25% of the total area of myocar-
dial sections. The size of the myocardial infarct zone 
in the group of rats treated with IQ-1 was significantly 
lower than in the control: ~10% of the total area of 

myocardial sections (Table 1; Fig. 1). Risk zones in all 
studied groups did not differ significantly (Table 1).

In 5 days after ischemia/reperfusion, control ani-
mals showed impaired myocardial contractile function 
and a statistically significant decrease in LVSP (by 
31%), +dP/dtmax (by 36%), and STI (by 18%) relative to 
the values in sham-operated rats. Disturbance in the 
processes of myocardial relaxation were detected in 
control animals: a decrease in -dP/dtmax (by 47%) and 
an increase in LVEDP (by 139%). The differences in 
LVPmin in sham-operated and control rats were quali-
tative (Table 2). These results are in good agreement 
with the data of similar studies conducted on rats at 
similar terms after ischemia/reperfusion [18,19].

In the group of rats with course administration 
of IQ-1, a significant improvement in myocardial con-
tractile function was noted on day 5 after ischemia/
reperfusion in comparison with the control group. 
LVSP, +dP/dtmax, and STI increased by 20, 23, and 
12%, respectively. There was an improvement in the 
processes of myocardial relaxation: -dP/dtmax signifi-
cantly increased (by 43%) and LVPmin decreased (by 
3.4 times) (Table 2).

The protective effects of JNK inhibitors have been 
demonstrated in vitro in cell lines, ex vivo on the 
isolated hearts, and in vivo in myocardial ischemia/
reperfusion models [8-13]. Studies of the cardioprotec-
tive activity of JNK inhibitors conducted in vivo on a 
model of myocardial ischemia/reperfusion are limited 
to short periods (3-24  h) [8,9,11]. At the same time, 
the ischemia/reperfusion damage to the myocardium 
appear at later terms, after 5-7  days [18-20]. In our 

TABLE 1. Effect of IQ-1 on the Risk and Myocardial Infarct 
Zones in Rats 16 h (Series I) and on Day 5 (Series II) after 
Myocardial Ischemia/Reperfusion (M±SEM)

Group Risk 
zone, %

Myocardial  
infarct zone, %

Series I control (n=8) 35±1 24±2

IQ-1 (n=7) 36±1 14±1*

Series II control (n=8) 36±2 25±1

IQ-1 (n=8) 36±1 10±2*

Note. *р<0.05 in comparison with the control.

Fig. 1. Sections of the LV of the rat heart (series II). The light zones of the sections are the infarct zones.
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experiments, a course intraperitoneal administration 
of IQ-1 to rats led to a decrease in the infarct area, 
improvement in LV contractile function, and weakening 
of diastolic dysfunction in 5 days after myocardial isch-
emia/reperfusion. IQ-1 may be a promising compound 
for the development of a drug based on it for the 
treatment of myocardial ischemia/reperfusion injury.

REFERENCES
 1. Reed GW, Rossi JE, Cannon CP. Acute myocardial in-

farction. Lancet. 2017;389:197-210. doi: 10.1016/S0140-
6736(16)30677-8.

 2. Hausenloy DJ, Yellon DM. Myocardial ischemia—reperfu-
sion injury: a neglected therapeutic target. J. Clin. Invest. 
2013;123(1):92-100. doi: 10.1172/JCI62874

 3. Goff DC Jr, Lloyd-Jones DM, Bennett G, Coady S, 
D’Agostino RBSr, Gibbons R, Greenland P, Lackland DT, 
Levy D, O’Donnell CJ, Robinson JG, Schwartz JS, Shero ST, 
Smith SC Jr, Sorlie P, Stone NJ, Wilson PWF. 2013 ACC/
AHA guideline on the assessment of cardiovascular risk: 
a report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines. 
J. Am. Coll. Cardiol. 2014;63(25, Pt B):2935-2959. doi: 
10.1016/j.jacc.2013.11.005

 4. Lønborg J, Vejlstrup N, Kelbæk H, Bøtker HE, Kim WY, 
Mathiasen AB, Jørgensen E, Helqvist S, Saunamäki K, 
Clemmensen P, Holmvang L, Thuesen L, Krusell LR, 
Jensen JS, Køber L, Treiman M, Holst JJ, Engstrøm T. 
Exenatide reduces reperfusion injury in patients with 
ST-segment elevation myocardial infarction. Eur. Heart J.  
2012;33(12):1491-1499. doi: 10.1093/eurheartj/ehr309

 5. Javadov S, Jang S, Agostini B. Crosstalk between mitogen-
activated protein kinases and mitochondria in cardiac 
diseases: therapeutic perspectives. Pharmacol. Ther. 
2014;144(2):202-225. doi: 10.1016/j.pharmthera.2014.05.013

 6. Chambers JW, LoGrasso PV. Mitochondrial c-Jun N-termi-
nal kinase (JNK) signaling initiates physiological changes 
resulting in amplification of reactive oxygen species gen-
eration. J. Biol. Chem. 2011;286(18):16 052-16 062. doi: 
10.1074/jbc.M111.223602

 7. Ventura JJ, Cogswell P, Flavell RA, Baldwin AS Jr, Davis RJ. 
JNK potentiates TNF-stimulated necrosis by increasing the 
production of cytotoxic reactive oxygen species. Genes 
Dev. 2004;18(23):2905-2915. doi: 10.1101/gad.1223004

 8. Chambers JW, Pachori A, Howard S, Iqbal S, LoGrasso PV. 
Inhibition of JNK mitochondrial localization and signal-
ing is protective against ischemia/reperfusion injury in 
rats. J. Biol. Chem. 2013;288(6):4000-4011. doi: 10.1074/
jbc.M112.406777

 9. Ferrandi C, Ballerio R, Gaillard P, Giachetti C, Carboni S, 
Vitte PA, Gotteland JP, Cirillo R. Inhibition of c-Jun N-
terminal kinase decreases cardiomyocyte apoptosis and 
infarct size after myocardial ischemia and reperfusion in 
anaesthetized rats. Br. J. Pharmacol. 2004;142(6):953-960. 
doi: 10.1038/sj.bjp.0705873

10. Xu H, Yao Y, Su Z, Yang Y, Kao R, Martin CM, Rui T. 
Endogenous HMGB1 contributes to ischemia—reperfu-
sion-induced myocardial apoptosis by potentiating the 
effect of TNF-α/JNK. Am. J. Physiol. Heart Circ. Physiol. 
2011;300(3):H913-H921. doi: 10.1152/ajpheart.00703.2010

11. Zhang J, Li XX, Bian HJ, Liu XB, Ji XP, Zhang Y. Inhibi-
tion of the activity of Rho-kinase reduces cardiomyocyte 
apoptosis in heart ischemia/reperfusion via suppress-
ing JNK-mediated AIF translocation. Clin. Chim. Acta. 
2009;401(1-2):76-80. doi: 10.1016/j.cca.2008

12. Jang S, Javadov S. Inhibition of JNK aggravates the re-
covery of rat hearts after global ischemia: the role of 
mitochondrial JNK. PLoS One. 2014;9(11):e113526. doi: 
10.1371/journal.pone.0113526

13. Wu X, Xu T, Li D, Zhu S, Chen Q, Hu W, Pan D, Zhu H,  
Sun H. ERK/PP1a/PLB/SERCA2a and JNK pathways 
are involved in luteolin-mediated protection of rat 
hearts and cardiomyocytes following ischemia/reperfu-
sion. PLoS One. 2013;8(12):e82957. doi: 10.1371/journal.
pone.0082957

14. Schepetkin IA, Kirpotina LN, Khlebnikov AI, Hanks TS, 
Kochetkova I, Pascual DW, Jutila MA, Quinn MT. Iden-
tification and characterization of a novel class of c-
Jun N-terminal kinase inhibitors. Mol. Pharmacol. 
2012;81(6):832-845. doi: 10.1124/mol.111.077446

15. Schepetkin IA, Kirpotina LN, Hammaker D, Kochetkova I, 
Khlebnikov AI, Lyakhov SA, Firestein GS, Quinn MT. Anti- 
inflammatory effects and joint protection in collagen-
induced arthritis after treatment with IQ-1S, a selective 
c-Jun N-terminal kinase inhibitor. J. Pharmacol. Exp. Ther. 
2015;353(3):505-516. doi: 10.1124/jpet.114.220251

16. Mohit AA, Martin JH, Miller CA. p493F12 kinase: a novel 
MAP kinase expressed in a subset of neurons in the 
human nervous system. Neuron. 1995;14(1):67-78. doi: 
10.1016/0896-6273(95)90241-4

TABLE 2. Effect of IQ-1 on Parameters of Contractile Function of the Heart of Rats on Day 5 after Myocardial Ischemia/
Reperfusion (M±SEM)

Parameter Sham-operated (n=8) Control (n=8) IQ-1 (n=8)

LVSP, mm Hg 150±7 103±3* 124±4+

+dP/dtmax, mm Hg/sec 9254±308 5936±204* 7283±236+

-dP/dtmax, mm Hg/sec 8351±307 4459±261* 6374±391+

LVEDP, mm Hg 4.4±1.1 10.5±1.6* 6.3±1.1+

LVPmin, mm Hg -0.5±0.8 6.4±1.6* 1.9±11+

STI, mm Hg 9.9±0.6 8.1±0.3* 9.1±0.3+

Note. р<0.05 in comparison with *sham-operated, +control.

Bulletin of Experimental Biology and Medicine, Vol. 176, No. 4, February, 2024 PHARMACOLOGY AND TOXICOLOGY



451

17. Pearson BD. Indenoquinolines. III. Derivatives of 11H-
Indeno-[1,2-b]quinoxaline and related indenoquinolines. 
J. Org. Chem. 1962;27:1674-1678.

18. Plotnikov MB, Chernysheva GA, Smol’yakova VI, 
Aliev OI, Fomina TI, Sandrikina LA, Sukhodolo IV, Iva-
nova VV, Osipenko AN, Anfinogenova ND, Khlebni-
kov  AI, Atochin DN, Schepetkin IA, Quinn MT. Car-
dioprotective effects of a selective c-Jun N-terminal 
kinase inhibitor in a rat model of myocardial infarc-
tion. Biomedicines. 2023;11(3):714. doi: 10.3390/bio-
medicines11030714

19. Song CL, Liu B, Diao HY, Shi YF, Li YX, Zhang JC, Lu Y, 
Wang G, Liu J, Yu YP, Guo ZY, Wang JP, Zhao Z, Liu JG, 
Liu YH, Liu ZX, Cai D, Li Q. The protective effect of mi-
croRNA-320 on left ventricular remodeling after myocardial 
ischemia—reperfusion injury in the rat model. Int. J. Mol. 
Sci. 2014;15(10):17 442-14 456. doi: 10.3390/ijms151017442

20. Yang Y, Zhao L, Ma J. Penehyclidine hydrochloride pre-
conditioning provides cardiac protection in a rat model 
of myocardial ischemia/reperfusion injury via the mecha-
nism of mitochondrial dynamics mechanism. Eur. J. Phar-
macol. 2017;813:130-139. doi: 10.1016/j.ejphar.2017.07.031

M. B. Plotnikov, G. A. Chernysheva, et al.


	ABSTRACT
	MATERIALS AND METHODS
	RESULTS
	REFERENCES

