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Abstract

Background. Cholecystokinin (CCK-8) has been shown to exhibit pharmacological preconditioning and
cardioprotective effects. However, the molecular mechanisms involved in (CK-8-induced pharmacological
preconditioning have not yet been clarified.

Objectives. The current study explored the molecular mechanisms involved in CCK-8-mediated pharma-
cological preconditioning effects on ischemic rat hearts.

Materials and methods. Pharmacological preconditioning was induced in male Wistarrats by administra-
tion of (CK-8 (20 ug/kg) 24 h before heart isolation. The PI3K inhibitor LY294002 (10 mg/kg and 20 mg/kg)
and the HIF-1a inhibitor YG-1 (1 mg/kg and 2 mg/kg) were administered 30 min before the administration
of CCK-8. The hearts were subjected to ischemia-reperfusion (IR) injury using a Langendorff apparatus.
Myocardial injury was quantified by measuring the release of LDH-1, CK-MB and cTnl. The levels of HIF-1a
and p-Akt expression and the ratio of p-GSK-3B/GSK-3p, were assessed in the heart homogenates.

Results. Pharmacological preconditioning with CCK-8 reduced IR-induced increases in the release of LDH,
(K-MB and cTnT. Moreover, it restored the expression of HIF-1a and p-Akt, and the p-GSK-3B/GSK-3 ratio.
However, administration of LY294002 or YG-1 with (CK-8 significantly abolished the cardioprotective ef-
fects of pharmacological preconditioning. The PI3K and HIF-Ta inhibitors also abolished the effects of (CK-8
preconditioning on HIF-1a, p-Akt and p-GSK-3/GSK-3B.

Conclusions. Based on these findings, it may be concluded that the molecular mechanisms participating
in (CK-8-induced pharmacological preconditioning involve HIF-1a, PI3K, Akt, and GSK-3p signaling pathways.
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Background

Interruption of blood flow in the form of ischemia in-
duces severe heart injury, and early restoration of blood
flow is essential to salvage ischemic heart. Thrombolysis
or angioplasty is typically employed in clinical settings
to restore the blood supply to ischemic heart.! However, re-
perfusion of the ischemic heart itself produces myocardial
injury, which is referred to as “reperfusion injury”.? There-
fore, the term “ischemia-reperfusion-induced myocardial
injury” is used to denote myocardial injury that occurs
during ischemia and reperfusion (IR). At present, there
are no well-established pharmacological agents to prevent
IR-induced heart injury. Accordingly, there is a need to find
new interventions/pharmacological agents that can limit
or prevent IR-induced myocardial injury.

Ischemic preconditioning is a novel technique that
renders the heart less vulnerable to prolonged ischemia-
reperfusion injury by prior exposure of the heart to short
episodes of IR.3 Researchers have extrapolated the concept
of ischemic preconditioning in the form of pharmacologi-
cal preconditioning, in which short episodes of ischemia
are induced by pharmacological agents.*® Several studies
have shown the usefulness of pharmacological precon-
ditioning in conferring resistance to various tissues and
organs,® including the heart.”

Cholecystokinin (CCK-8) is a neuropeptide secreted
by enteroendocrine cells of the duodenum.® Preclinical
studies have shown potential beneficial effects of CCK-8
distinct from its typical gastrointestinal effects related
to satiety and food intake.” Specifically, CCK-8 has been
shown to affect anxiety,'° pain,!! spatial memory ability,'?
and IR-induced liver injury.!® Furthermore, a recent study
reported an association of CCK-8 with reduction of apop-
tosis in IR-induced renal injury.!* Based on the findings
of studies conducted in animals, CCK-8 may also exert
beneficial effects in humans. However, there are insuf-
ficient clinical studies proving the usefulness of CCK-8
in humans. In continuation of preclinical studies, CCK-8
has been shown to influence pathophysiological states
of the heart through CCK-1 and CCK-2 receptors.!*> For
example, CCK-8 has been shown to attenuate myocardial
fibrosis following ischemia-reperfusion injury.!® A pre-
vious study documented that exogenous administration
of CCK-8 exhibits pharmacological preconditioning and
produces cardioprotective effects against IR injury.!” How-
ever, the molecular mechanisms involved in CCK-8-in-
duced pharmacological preconditioning have not been
explored.

Hypoxia-inducible factor 1-a (HIF-1a) is a transcrip-
tional factor that is reported to play an important role
in the cardioprotective effects of different forms of pre-
conditioning.'®* Phosphoinositide 3-kinase (PI3K), pro-
tein kinase B (Akt), and glycogen synthase kinase-3f
(GSK-3p) also play important roles in conferring cardio-
protection during ischemic, remote and pharmacological
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preconditioning.?>?! Considering the significant role
of these signaling pathways in different types of precondi-
tioning-induced cardioprotection, we attempted to explore
the role of the HIF-1a, PI3K, Akt, and GSK-3p signaling
pathways in CCK-8-induced pharmacological precondi-
tioning on IR model rat hearts.

Obijectives

The present study aimed to investigate the role
of the HIF-1q, PI3K, Akt, and GSK-3p signaling pathways
in CCK-8-induced pharmacological preconditioning on IR
model rat hearts.

Materials and methods
Drugs and animals

Three-month-old male Wistar albino rats weighing
210-240 g were used in this study. The animals were fed
a normal pellet diet containing fiber (5%), protein (20%)
and fat (5-10%). Ultraviolet radiation-treated water was
provided in bottles for drinking purposes. The animals
were exposed to 12 h of light and 12 h of dark at 25 +2°C
and 55-60% relative humidity. The doses of CCK-8,"
PI3K inhibitor LY294002%223 and HIF-1 inhibitor YC-1%*
were determined based on the previous literature. Kits
for the quantification of lactate dehydrogenase 1 (LDH-1),
the MB isoform of creatine kinase (CK-MB), cardiac tropo-
nins (cI'nT), HIF-1a, p-Akt, and p-GSK-3 were procured
from MyBioSource, Inc. (San Diego, USA).

Approval of animal experiments

The experiments were approved by the Animal Ethical
Committee of The First Affiliated Hospital of Anhui Medi-
cal University, Hefei, China (approval No. 202103050053).

Pharmacological preconditioning

Pharmacological preconditioning was induced by ad-
ministering a single dose of CCK-8 (20 pg/kg) intrave-
nously (i.v.), 24 h before isolating the hearts.'”

Ischemia-reperfusion injury

After 24 h of pharmacological preconditioning, rats were
sacrificed by an overdose of 4.5% isoflurane (gaseous anes-
thetic agent) and the hearts were quickly isolated. Heparin
(1000 units/kg) was administered through the intraperito-
neal (i.p.) route 30 min before sacrificing the rats, to pre-
vent clot formation in the coronary arteries. The isolated
hearts were perfused with Krebs—Henseleit (KH) solution
(118 mM NacCl, 4.7 mM KCl, 1.2 mM MgSQO,, 1.25 mM
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CaCl,, 1.2 mM KH,POy, 25 mM NaHCO3, and 11 mM glu-
cose, pH = 7.4) at 37°C using a Langendorff system (emka
TECHNOLOGIES, Paris, France). Perfusion was stopped
for 30 min to induce global ischemia to the heart. There-
after, the flow of KH was restored for 120 min to institute
reperfusion.?>26

Quantitative assessment
of myocardial injury

The extent of IR-induced myocardial injury was quanti-
fied by measuring the release of 3 heart-specific biochemi-
cals, namely LDH-1, CK-MB and cTnT, in the coronary
effluent, using commercially available kits. The measure-
ment of LDH-1 was performed using lithium L-lactate and
NAD* to yield pyruvic acid and a reduced form of nico-
tinamide adenine dinucleotide (NADH); absorbance was
then measured at 340 nm using a spectrophotometer
(Cary 60; Agilent Technologies, Santa Clara, USA). LDH-1
was quantified as enzymatic activity recorded in IU/L.
The quantification of CK-MB was performed by adding
adenosine diphosphate (ADP) to the sample (containing
CK-MB) to obtain ATP, which then reacted with glucose
in the presence of hexokinase. Thereafter, nicotinamide
adenine dinucleotide phosphate (NADP*) and glucose-
6-phosphate dehydrogenase were added to generate nico-
tinamide adenine dinucleotide phosphate (NADPH), and
the absorbance was determined at 340 nm using a spectro-
photometer (Cary 60; Agilent Technologies). Like LDH-1,
CK-MB was also quantified as enzymatic activity in IU/L.
The c¢TnT levels in the coronary effluent were quantified
using a sandwich enzyme-linked immunosorbent assay
(ELISA) kit with a cTnT antibody (capture antibody) pre-
coated microplate. The addition of a sample containing
cTnT to the wells led to the binding of ¢ITnT to the capture
antibody. Next, detection reagent A (biotin-conjugated an-
tibody), detection reagent B (avidin-conjugated horseradish
peroxidase (HRP)) and tetramethylbenzidine (a substrate
of HRP) were added to yield a color, which was measured
at 450 nm using an ELISA reader (BioTek, Winooski, USA).

Quantification of HIF-1a, p-Akt
and p-GSK-3f3

After 120 min of reperfusion, the hearts were removed
and homogenized in phosphate-buffered saline (PBS) so-
lution (137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,,
1.8 mM KH,PO,, pH = 7.4) for 15 min in a refrigerated
microtube tissue homogenizer at 4°C (Thomas Scientific,
Swedesboro, USA) to obtain the homogenate. The homog-
enate was centrifuged (Beckman Coulter Life Sciences,
Indianapolis, USA) at 5000 g for 10 min at 4°C to obtain
clear supernatant, which was then employed for biochemi-
cal estimations. Using the heart homogenate supernatants,
the expression of HIF-1a, p-Akt and p-GSK-33/GSK-3p
was quantified using commercially available ELISA kits.
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Experimental protocol

For this study, 7 groups, each containing 8 animals, were
used. The animals were randomly assigned to the follow-
ing groups: 1) non-ischemic group, in which the hearts were
isolated for biochemical estimation of HIF-1a, p-Akt and
p-GSK-3B/GSK-3p; 2) IR injury group, in which hearts were
subjected to 30 min of ischemia and 120 min of reperfu-
sion; 3) CCK-8 pharmacological preconditioning group;
4 and 5) LY294002 in CCK-8 pharmacological precon-
ditioning group, in which LY294002 (10 and 20 mg/kg)
was administered before CCK-8 preconditioning; and
6 and 7) YC-1 in CCK-8 pharmacological preconditioning
groups, in which YC-1 (1 and 2 mg/kg, i.p.) was adminis-
tered before CCK-8 preconditioning.

Statistical analyses

Statistical analyses were performed using GraphPad
Prism v. 8 (GraphPad Software, San Diego, USA). Data are
reported as the mean + standard deviation (SD). A nor-
mality test was conducted to check the appropriateness
of applying analysis of variance (ANOVA). After passing
the normality test, the results for LDH-1, CK-MB and cInT
were analyzed with two-way ANOVA. The results of all
other parameters were analyzed using one-way ANOVA.
These analyses were followed by Tukey’s post hoc test.
The results of parametric tests are represented as figures.
The data were also analyzed using non-parametric tests
(Table 1,2), namely the Kruskal-Wallis test (for biochemical
parameters) and Friedman’s test (for heart injury-specific
parameters), followed by Dunn’s post hoc test. Statistical
significance was fixed at p < 0.05.

Results

Influence of CCK-8 pharmacological
preconditioning on IR-induced
myocardial injury

There was a significant increase in the release of heart-
specific biochemical markers, namely LDH-1 (Fig. 1),
CK-MB (Fig. 2) and cInT (Fig. 3) in the coronary effluent,
in response to 30 min of ischemia and 120 min of reper-
fusion. There was an approximately sixteen-fold increase
in LDH-1, 8-fold increase in CK-MB and 12-fold increase
in cInT release during the reperfusion phase in compari-
son to non-ischemic hearts. The increased release of these
biochemicals in the coronary effluent suggests a significant
increase in IR injury to the heart. Notably, pharmacologi-
cal preconditioning in the form of CCK-8 administration
24 h before ischemic injury significantly attenuated the re-
lease of LDH-1, CK-MB and cTnT in the coronary effluent.
In CCK-8-preconditioned rats, the increase in heart injury
biomarkers was reduced, i.e., eight-fold increase for LDH-1,
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Table 1. Effect of different interventions on the heart injury parameters in isolated heart. Values are given as median (interquartile range (IQR)). The analysis
was done using Friedman’s test with Dunn'’s post hoc analysis

Groups

1. IRinjury

CCK-8 pharmacological
preconditioning

LY294002 (10 mg/kg) in CCK-8

3 pharmacological preconditioning
4 LY294002 (20 mg/kg) in CCK-8

) pharmacological preconditioning
s YC-1 (1 mg/kg) in CCK-8

' pharmacological preconditioning
6 YC-1 (2 mg/kg) in CCK-8

pharmacological preconditioning

before during
ischemia reperfusion
240 508.5
[21.25-25.75] [505.0-510.8]°
350 82.0
[32.25-36.75] [79.25-84.75]°
3050 2105
[29.25-32.75] [207.0-213.8]
30.0 469.0
[27.5-32.5] [464.8-473.5]
30.0 247.0
[27.5-32.5] [244.0-253.5]¢
37.5 4880

[36.00-38.75]

[484.8-489.8]

before during
ischemia reperfusion
14.0 159.5
[13.00-17.75] [156.5-161.8]°
24.0 34.0
[22.25-25.50] [32.25-36.00]°
20.5 94.5
[1925-21.75] = [90.50-96.75]
270 1385
[26.0-28.0] [136.3-139.8]
27.0 104.5
[26.0-28.0] [102.3-107.8]
255 149.0
[24.0-26.0] [146.3-151.8]

before during
ischemia reperfusion
15.0 1885
[13.50-16.75] = [185.3-190.0]°
12.0 24.5
[10.25-13.00] [20.75-26.75]°
18.0 1100
[17.00-19.75] = [109.0-111.0]
21.0 1785
[19.00-22.75] [174.3-181.5]
19.5 1215
[17.25-20.75] [119.3-122.8]°
230 1830
[21.25-24.75] [178.3-185.8]

2 p < 0.05 compared to results before ischemia; ® p < 0.05 compared to results after IR injury after reperfusion; < p < 0.05 compared to results after CCK-8
preconditioning; IR — ischemia-reperfusion; CCK-8 — cholecystokinin.

Table 2. Effect of different interventions on biochemical parameters in isolated rat hearts. The data were analyzed using Kruskal-Wallis test and post hoc
analysis was done using Dunn'’s multiple comparison test. Values are given as median (interquartile range (IQR)).

p-GSK-33/GSK-3p ratio

1. non-ischemic
2. IRinjury
3 CCK-8 pharmacological

preconditioning
LY294002 (10 mg/kg) in CCK-8

4. . .
pharmacological preconditioning
5 LY294002 (20 mg/kg) in CCK-8
' pharmacological preconditioning
5 YC-1 (1 mg/kg) in CCK-8
' pharmacological preconditioning
5 YC-1 (2 mg/kg) in CCK-8

100.0 [99.25-100.0]
465 [43.5-48.0)°

88.5 [87.0-92.75]°

69.50 [68.25-70.75]°

56.0 [54.25-57.0]

64.0 [63.0-65.75]°

52.5[52.0-55.0]

100.0 [99.25-100.0]
46.5 [43.5-48.0)°

88.5 [87.0-92.75]°

69.5 [68.25-70.25]°

56.0 [54.2-57.0]

64.0 [63.0-65.75]¢

52.5[52.0-55.0]

1.0[0.91-1.1]
0.311[0.29-0.3410

0.90 [0.88-0.92]°

0.74[0.72-0.76]°

0.56 [0.53-0.58]°

0.64 [0.61-0.67]°

043 [0.37-0.44]

pharmacological preconditioning

2 p < 0.05 compared to results before ischemia; ® p < 0.05 compared to results after IR injury after reperfusion; < p < 0.05 compared to results after CCK-8
preconditioning; IR — ischemia-reperfusion; CCK-8 — cholecystokinin.

600 - LDH-1 Fig. 1. Influence of cholecystokinin
(CCK-8) preconditioning and other
interventions on the release of LDH-1

500 in the coronary effluent

_ Values are given as mean £5D; ANOVA

2 400 results: F(1,84) = 984.2 for time,

= F(5,84) = 4539 for treatment, n = §,

H p <0.001;a-p < 0.05 compared to

F 500 before ischemia; b - p < 0.05 compared

E to IR injury after reperfusion; ¢ — p < 0.05

£ Lo compared to CCK-8 preconditioning;

© IR — ischemia-reperfusion; SD - standard
deviation; ANOVA - analysis of variance.

100

0
before ischemia after reperfusion
B ]R injury B CCK-8 preconditioning

B CCK-8 preconditioning and LY294002 (10 mg/kg) B CCK-8 preconditioning and LY294002 (20 mg/kg)

B CCK-8 preconditioning and YC-1 (1 mg/kg) 5 CCK-8 preconditioning and YC-1 (2 mg/kg)
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180

CK-MB

160 -

140 -

120 -

100 -

80 -

concentration [IU/L]

60 -

40

before ischemia after reperfusion

u IR injury 8 CCK-8 preconditioning
B CCK-8 preconditioning and LY294002 (10 mg/kg) B CCK-8 preconditioning and 1.Y294002 (20 mg/kg)
B CCK-8 preconditioning and YC-1 (1 mg/kg) B CCK-8 preconditioning and YC-1 (2 mg/kg)

Fig. 2. Influence of cholecystokinin
(CCK-8) preconditioning and other
interventions on the release of CK-MB
in the coronary effluent

Values are given as mean +SD;

ANOVA results: F(1,84) = 783.1 for time,
F(5,84) = 395.6 for treatment, n = 8,

p < 0.001;a-p < 0.05 compared to
before ischemia; b — p < 0.05 compared
to IR injury after reperfusion; c - p < 0.05
compared to CCK-8 preconditioning;

IR — ischemia-reperfusion; SD — standard
deviation; ANOVA — analysis of variance.

Fig. 3. Influence of cholecystokinin
(CCK-8) preconditioning and other

interventions on the release of cTnT
in the coronary effluent

Values are given as mean £SD; ANOVA
results: F(1,84) = 812.8 for time,

F(5,84) = 412.7 for treatment, n = 8,

p < 0.007;a-p < 0.05 compared to
before ischemia; b — p < 0.05 compared
to IR injury after reperfusion; c - p < 0.05
compared to CCK-8 preconditioning;

IR — ischemia-reperfusion; SD — standard
deviation; ANOVA - analysis of variance.

Fig. 4. Influence of cholecystokinin
(CCK-8) preconditioning and other
interventions on ischemia-reperfusion-
induced changes in the expression

of HIF-1a

Values are reported as mean +SD;
ANOVA results: F(6,49) = 634.8,n =8,
p < 0.001;a - p < 0.05 compared to
non-ischemic; b — p < 0.05 compared
to IRinjury; c — p < 0.05 compared to
CCK-8 preconditioning; IR — ischemia-
reperfusion; SD — standard deviation;
ANOVA - analysis of variance.
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120 - p-AKT levels Fig. 5. Influence of cholecystokinin
(CCK-8) preconditioning and other
interventions on IR-induced changes
100 - in the p-Akt levels
Values are given as mean +SD;
80 | ANOVA results: F(6,49) = 530.1,n =8,
° p < 0.001;a - p < 0.05 compared to
gn non-ischemic; b - p < 0.05 compared
= 60 | to IRinjury; c — p < 0.05 compared to
s CCK-8 preconditioning; IR — ischemia-
g reperfusion; SD - standard deviation;
40 - ANOVA - analysis of variance.
20
0 ,

" non-ischemic ® IR injury

m CCK-8 preconditioning

m CCK-8 preconditioning and L.Y294002 (10 mg/kg)

B CCK-8 preconditioning and LY294002 (20 mg/kg) = CCK-8 preconditioning and YC-1 (1 mg/kg)

u CCK-8 preconditioning and YC-1 (2 mg/kg)

12 - p-GSK-3p/GSK-3p

0.6 -

ratio

0.2 -

0 -

E IR injury
® CCK-8 preconditioning and 1.Y294002 (10 mg/kg)
B CCK-8 preconditioning and 1.Y294002 (20 mg/kg) ® CCK-8 preconditioning and YC-1 (1 mg/kg)

B CCK-8 preconditioning and YC-1 (2 mg/kg)

¥ non-ischemic
B CCK-8 preconditioning

four-fold increase for CK-MB, and seven-fold increase for
cInT. Overall, the parameters were nearly two-fold lower
than in the IR injury group. This result suggests that CCK-8
produced pharmacological preconditioning and significantly
protected the rat hearts from IR injury.

Influence of CCK-8 pharmacological
preconditioning on IR-induced
biochemical changes in the heart

Apart from attenuating heart injury, pharmacological
preconditioning with CCK-8 prevented ischemia-reperfu-
sion-induced changes in the expression levels of the bio-
chemical markers such as HIF-1a, p-Akt and p-GSK-3p.
In IR-subjected rats, there was a significant decrease

Fig. 6. Influence of cholecystokinin
(CCK-8) preconditioning and other
interventions on IR-induced changes

in the p-GSK-33/GSK-3 ratio in the heart
homogenates

Values are given as mean +SD;
ANOVA results: F(6,49) = 785.3,n = §,
p <0.001;a - p <0.05 compared to
non-ischemic; b - p < 0.05 compared
to IR injury; c — p < 0.05 compared to
CCK-8 preconditioning; IR — ischemia-
reperfusion; SD - standard deviation;
ANOVA - analysis of variance.

in the expression of HIF-1a (Fig. 4) and p-Akt (Fig. 5), and
in p-GSK-3B/GSK-3p ratio (Fig. 6) in comparison to nor-
mal, non-ischemic hearts. In the IR group, the expression
of HIF-1a in hearts was reduced 2.16-fold, the expression
of p-Akt 1.94-fold and the p-GSK-33/GSK-3p ratio 3.1-fold
in comparison to non-ischemic hearts. However, pharma-
cological preconditioning with CCK-8 led to significant
restoration of HIF-1a and p-Akt expression and p-GSK-3p/
GSK-3p ratio in the heart homogenates. In CCK-8-pre-
conditioned hearts, the expression of HIF-1a in hearts
was reduced 1.2-fold, the expression of p-Akt 1.1-fold
and the p-GSK-3B/GSK-3p ratio 1.4-fold. Thus, there was
an approximately two-fold greater increase in the above
biochemical parameters in the CCK-8 preconditioning
group compared to the IR injury group.
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Influence of LY294002 and YC-1 on CCK-8
pharmacological preconditioning-induced
changes in IR-subjected rat hearts

In light of the significant increase in the expression
of HIF-1la and p-Akt in CCK-8 preconditioning-sub-
jected rat hearts, the influence of LY294002 and YC-1
on CCK-8-induced changes was explored. Administration
of LY294002 (PI3K inhibitor) or YC-1 (HIF-1la inhibitor)
prior to CCK-8 preconditioning significantly abolished
CCK-8-induced cardioprotective effects in IR-subjected
rat hearts. There was a significant and dose-dependent
increase in the levels of LDH-1 (Fig. 1), CK-MB (Fig. 2)
and ¢InT (Fig. 3) in rat hearts treated with LY294002
(10 mg/kg and 20 mg/kg) and YC-1 (1 mg/kg and 2 mg/kg).
Compared to CCK-8 preconditioning, administration
of LY294002 led to a 2.56-fold (10 mg/kg) and 5.72-fold
(20 mg/kg) increase in LDH-1 release; 2.76-fold (10 mg/kg)
and 4.07-fold (20 mg/kg) increase in CK-MB release; and
4.58-fold (10 mg/kg) and 7.42-fold (20 mg/kg) increase
in cTnT release during the reperfusion phase. Similarly,
in comparison to CCK-8 preconditioning, administration
of YC-1 led to a 3.02-fold (1 mg/kg) and 5.94-fold (2 mg/kg)
increase in LDH-1 release; 3.08-fold (1 mg/kg) and 4.38-
fold (2 mg/kg) increase in CK-MB release; and 5.04-fold
(1 mg/kg) and 7.58-fold (2 mg/kg) increase in cInT release
during the reperfusion phase. These results indicate that
higher doses of LY294002 (20 mg/kg) and YC-1 (2 mg/kg)
almost completely abolished the effects of CCK-8 pre-
conditioning, and that the effects in those groups were
comparable to the IR injury group.

Moreover, there was a significant decrease in the lev-
els of HIF-1a (Fig. 4) and p-Akt expression (Fig. 5) and
in p-GSK-3p/GSK-3p ratio (Fig. 6) in the heart homogenates
in LY294002 and YC-1-administered rats. In comparison
to CCK-8 preconditioning, administration of LY294002 led
to a 1.28-fold (10 mg/kg) and 1.60-fold (20 mg/kg) decrease
in HIF-1a; 1.20-fold (10 mg/kg) and 1.52-fold (20 mg/kg)
decrease in p-Akt; and 1.21-fold (10 mg/kg) and 1.60-fold
(20 mg/kg) decrease in p-GSK-3B/GSK-3p ratio. Admin-
istration of YC-1 led to a 1.39-fold (1 mg/kg) and 1.67-fold
(2 mg/kg) decrease in HIF-1a; 1.30-fold (1 mg/kg) and 1.60-
fold (2 mg/kg) decrease in p-Akt; and 1.40-fold (1 mg/kg)
and 2.19-fold (2 mg/kg) decrease in p-GSK-33/GSK-3f3
ratio. Similar to the parameters of cardiac injury, higher
doses of LY294002 (20 mg/kg) and YC-1 (2 mg/kg) almost
completely abolished the effects of CCK-8 preconditioning
on biochemical parameters, and the effects in those groups
were comparable to the IR injury group.

Discussion

In this present investigation, pharmacological precon-
ditioning with CCK-8 was found to provide significant
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cardioprotection against IR-induced myocardial injury.
There was a significant reduction in the release of car-
diac injury markers, namely LDH-1, CK-MB, and ¢TnT,
in the coronary effluent of ischemia-reperfusion injury
model rats. Pharmacological preconditioning is an ex-
trapolation of ischemic preconditioning, in which in-
stead of short episodes of ischemia, a pharmacological
agent is employed.? Several pharmacological agents are
known to exhibit pharmacological preconditioning-like
effects.?® In the current study, cardioprotective effects
were evaluated after 24 h of CCK-8 administration.
Therefore, the results suggest that CCK-8 exerts late
phase preconditioning on hearts. The results of the pres-
ent study are in line with the results of a previous study
showing the delayed phase of cardioprotective effects
of CCK-8-induced pharmacological preconditioning.!”

In this present study, along with the cardioprotective
effects of CCK-8-induced preconditioning, we observed
significant restoration of biochemical markers in IR-sub-
jected rat hearts. In response to IR, there was a signifi-
cant decrease in the expression of HIF-1a and p-Akt and
in p-GSK-3B/GSK-3p ratio. However, pharmacological
preconditioning with CCK-8 led to significant restoration
of HIF-1a and p-Akt expression and of p-GSK-33/GSK-3[3
ratio in the heart homogenates. The HIF-1a is a hypoxia-
inducible transcriptional factor and its key role in isch-
emic?® and remote preconditioning-induced cardiopro-
tection has been previously demonstrated.?° The present
finding of an increase in HIF-1a level in response to CCK-8
preconditioning is supported by previous studies showing
that CCK-8 may increase the expression of HIF-1a.3! Fur-
thermore, the present study demonstrated that the admin-
istration of a selective pharmacological inhibitor of HIF-1a,
namely YC-1, significantly abrogated the cardioprotective
effects of CCK-8-induced pharmacological precondition-
ing. Accordingly, it may be suggested that CCK-8-induced
pharmacological preconditioning involves the activation
of a HIF-1a-dependent signaling pathway.

The relationship between p-Akt and CCK-8-induced
pharmacological preconditioning was also assessed
in the current study. The results showed that CCK-8-in-
duced pharmacological preconditioning was associated
with restoration of p-Akt expression and p-GSK-3f/
GSK-3p ratio. Previous studies have described that PI3K-
Akt-GSK-3p constitutes an important signaling cascade
mediating various biological effects, including ischemic,
remote and pharmacological preconditioning-induced car-
dioprotection.3233 PI3K leads to phosphorylation of Akt
to increase its activity,>* and the phosphorylated form
of Akt leads to phosphorylation of GSK-3p.3> Of note,
phosphorylation of GSK-3p leads to a decrease in its ac-
tivity and, thus, a decrease in the p-GSK-3p/GSK-3p ratio
indicates the potentiation of its activity.3®

In this present study, pharmacological inhibition
of PI3K using LY294002 led to significant attenuation
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of the cardioprotective actions of CCK-8-induced phar-
macological preconditioning. Moreover, LY294002 abol-
ished the restorative effects of CCK-8-induced phar-
macological preconditioning on biochemical markers
in the heart homogenates. To the best of our knowledge,
this is the first study describing that the cardioprotective
effects of CCK-8-induced pharmacological precondition-
ing are mediated through the PI3K-Akt-GSK-3p signal-
ing pathway. Moreover, it is the first study describing
that CCK-8-induced pharmacological preconditioning
involves the activation of the HIF-1a-dependent signaling
pathway. Previous studies have shown that hypoxia may
trigger the activation of PI3K-Akt to increase the expres-
sion of HIF-1a, which may contribute to the resistance
of the heart to ischemic injury.®”-3® However, the present
study did not delineate the precise sequence of the intra-
cellular signaling pathway involving PISK-Akt-GSK-3
and HIF-1la in CCK-8-induced pharmacological precon-
ditioning. Furthermore, roles of the RISK (reperfusion
injury salvage kinase) and SAFE (survivor activating fac-
tor enhancement) signaling pathways in CCK-8-mediated
protective effects in IR-induced myocardial injury have
been reported.?® Accordingly, there are potential roles for
these signaling pathways in CCK-8-mediated precondi-
tioning effects.

Clinically, there are limited options to protect the heart
from ischemic injury; therefore, CCK-8 may serve as a use-
ful pharmacological tool to protect against ischemia-
reperfusion injury. In particular, CCK-8 may be useful
in situations where myocardial ischemia is unavoidable,
such as coronary artery balloon angioplasty, coronary ar-
tery bypass surgery, excision and transportation of a donor
heart, and before exercise in patients with known demand-
induced ischemia. Mechanistically, CCK-8 administra-
tion in the form of pharmacological preconditioning may
trigger cardioprotective signaling, involving activation
of the PI3K-Akt-GSK-3p pathway.

Limitations and future directions

The present study did not reveal the precise sequence
of the HIF-1a and PI3K-Akt-GSK-3p signaling pathways
in CCK-8-induced pharmacological preconditioning.
Thus, the role of the RISK and SAFE signaling pathways
in CCK-8-mediated preconditioning effects warrant fur-
ther investigation. Moreover, future studies should explore
the clinical effects of CCK-8 preconditioning in patients
suffering from ischemic heart diseases.

Conclusions

The findings of this study suggest that the molecular
mechanisms participating in CCK-8-induced pharmaco-
logical preconditioning involve the HIF-1qa, PI3K, Akt, and
GSK-3p signaling pathway.
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