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Association of the PPARY/PI3K/Akt pathway
with the cardioprotective effects of tacrolimus in
myocardial ischemic/reperfusion injury
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Abstract. Myocardial ischemia/reperfusion injury (MIRI)
induces severe arrhythmias and has a high risk of mortality.
The aim of the present study was to investigate the effect
of tacrolimus on arrhythmias, cardiac function, oxidative
stress and myocardium apoptosis induced by MIRI, and to
elucidate the underlying mechanism. The effects of MIRI
and tacrolimus on arrhythmias, cardiac function parameters,
myocardial oxidative stress and apoptosis were investigated
in a rat model of MIRI. The phosphorylation of peroxisome
proliferator-activated receptor ¥ (PPARY) and protein kinase
B (Akt) was investigated via western blotting. After rats were
treated with inhibitors of PPARy/phosphoinositide 3-kinase
(PI3K)/Akt, cardiac function parameters were measured. The
results demonstrated that the MIRI procedure induced arrhyth-
mias and significant impairment of cardiac function, oxidative
stress and apoptosis in cardiomyocytes (P<0.05). Tacrolimus
significantly alleviated the arrhythmias and impairment
of cardiac function and inhibited the oxidative stress and
apoptosis in cardiomyocytes (P<0.05). The phosphorylation
of PPARY and Akt was significantly activated by tacrolimus,
whereas inhibitors of PPARY/PI3K/Akt significantly abolished
the effects of tacrolimus (P<0.05). Together, these results
suggest that tacrolimus may protect rats from MIRI through
activation of the PPARY/PI3K/Akt pathway.

Introduction

Primary percutaneous coronary intervention (PCI) is an
effective treatment method for patients with acute myocardial
ischemia (1). As the duration of ischemia is a critical factor in
infarct size and patient prognosis, the time interval between
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chest pain onset and PCI treatment should be minimized (1).
It has previously been demonstrated that rapid restoration
of blood flow to the ischemia area via PCI is effective in
increasing the survival of patients with acute myocardial
ischemia (2). Conversely, there is evidence suggesting that
PCI increases the risk of heart failure in patients with acute
myocardial ischemia, as it leads to myocardial injury and
cardiomyocyte death, which is also known as myocardial
ischemia/reperfusion (I/R) injury (MIRI) (3). The patho-
genesis of MIRI includes marked accumulation of reactive
oxygen species (ROS) and cardiomyocyte apoptosis (4),
which may subsequently induce cardiomyocyte damage,
myocardial function impairment and lethal arrhythmias (5).
ROS are generated from injured myocytes, endothelial
cells and neutrophils in the ischemic zone, and are further
activated by reperfusion (6). The over-production of ROS
facilitates membrane damage and calcium overload, which
leads to cell membrane lipid peroxidation, protein denatur-
ation and DNA damage (7). Apoptosis is associated with
infarct size and left ventricular remodeling during MIRI (8).
It is induced by activation of sarcolemmal receptors via
an extrinsic mechanism, or by mitochondrial release of
cytochrome c via an intrinsic mechanism (9). The mitochon-
drial permeability transition pore (MPTP) is an essential
component of cell apoptosis (10). MPTP opens as a result of
increased concentrations of calcium and ROS, or a decreased
inner mitochondrial membrane potential, all of which are
present in MIRI (11,12). To improve the outcomes of patients
with acute myocardial ischemia after receiving PCI or other
reperfusion therapies, a prevention strategy against MIRI
needs to be developed.

Tacrolimus (also known as FK506) is a macrolide antibi-
otic compound that was discovered in 1984. It is a metabolite
of the fungus Streptomyces tsukubaensis (13). As a calcineurin
inhibitor, it has typically been used as an immunosuppressive
agent in organ transplantations and autoimmune diseases
since the mid-1980s (14,15). It is able to bind to FK506
binding protein and inhibit calcineurin phosphatase, which
in turn inhibits calcium-dependent events, including gene
transcription of interleukins, nitric oxide synthase activation
and apoptosis (13). Previous studies have demonstrated that
tacrolimus alleviates I/R injury in various organs, including
the ovary, liver and brain (16,17). It has also been revealed
that tacrolimus may exert anti-oxidative and anti-apoptotic
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effects (18,19). However, the effects of tacrolimus on MIRI and
the exact mechanism are yet to be elucidated.

As a type II nuclear receptor, peroxisome proliferator-acti-
vated receptor y (PPARY) is associated with the pathology
of a number of diseases. It is able to reduce ROS stress and
apoptosis during I/R injury (20). There is also an association
between PPARYy and tacrolimus. FK506 binding protein 51
(FKBP51) has previously been identified as a chaperone to
PPARY, and FKBP51 over-expression was demonstrated to
increase PPARY activity, in which Akt phosphorylation was
associated (21). Therefore, in the present study, the effects of
tacrolimus on MIRI-induced arrhythmias and heart function
were evaluated, and the oxidative products and apoptosis
proteins in the myocardium were measured. The phosphoryla-
tion of PPARY and protein kinase B (Akt) was subsequently
measured by western blotting to observe the activation of
the PPARYy/phosphoinositide 3-kinase (PI3K)/Akt pathway.
Finally, via the use of PPARY/PI3K/Akt pathway inhibitors,
heart function parameters were examined to investigate the
role of the PPARY/PI3K/Akt pathway.

Materials and methods

Animals. Adult male Wistar rats (n=140; mean
weight, 250+20 g; age, 45-55 days) were purchased
from the Animal Center of Xinjiang Medical University
(Uriimqi, China) and housed in a climate-controlled room
(temperature, 25+2°C; humidity, 50-60%) in the Animal
Center of Xinjiang Medical University with a 12-h light-dark
cycle and ad libitum access to food and water. In the part A
experiment, rats were randomly assigned to four groups, with
8 or 12 rats per group. In the experiment Part A, 88 rats were
assigned to sham+vehicle, sham+tacrolimus, I/R+vehicle
and I/R+tacrolimus groups (n=22). For biomedical assays,
there were 10 rats per group; for cardiac function measure-
ments, there were 12 rats per group. In the experiment
Part B, 48 rats were assigned to I/R+tacrolimus+vehicle,
I/R+tacrolimus+GW9662, I/R+tacrolimus+LY294002 and
[/R+tacrolimus+triciribine groups (n=12). All experiments
were performed in accordance with the guidelines set by the
National Institutes of Health (22) and approved by Animal
Ethics Committee of Xinjiang Medical University. Tacrolimus
(0.1 mg/kg; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was intraperitoneally administered to rats in the
treatment groups 30 min prior to MIRI procedure. Rats in
the vehicle groups were administered with the same volume
of saline. The PPARYy inhibitor GW9662, PI3K inhibitor
LY294002 and Akt inhibitor triciribine were purchased from
Sigma-Aldrich (Merck KGaA). GW9662,1.Y294002 or triciri-
bine were administered intraperitoneally at 30 min prior to
tacrolimus injection at dosages of 2 mg/kg, 100 mg/kg and
2 mg/kg, respectively. Twelve rats were administered with each
inhibitor. Twelve rats in the I/R+tacrolimus+vehicle group
received same volume of saline. The experimental groups and
procedure are summarized in Fig. 1.

MIRI model. The MIRI procedure was performed according
to the method recently detailed by Zhou et al (23). Briefly,
the left coronary artery was exposed via surgical incision.
A 3-0 silk braided suture was used to form a snare around
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the left coronary artery. Tightening and releasing this snare
was performed via a Voss clip. Ischemia was maintained
for 1 h by tightening the snare, which was then released for
reperfusion. The duration of reperfusion was 1 h. When
reperfusion was completed, rats were returned to their cages
for a 2-week recovery period. Buprenorphine hydrochloride
(Sigma-Aldrich; Merck KGaA) was intramuscularly admin-
istered (0.65 mg/kg) to reduce postoperative pain. Sham rats
underwent a similar surgical procedure wherein the coronary
artery was not snared.

Cardiac function measurements. Evaluation of arrhythmia
and mean blood pressure (MBP) was performed prior to and
during the MIRI procedure according to protocols recently
described by Su er al (24). Heart rate, ventricular tachy-
cardia and fibrillation were recorded in rats of I/R groups
during I/R, or in the sham group rats at the corresponding
time period via AcqKnowledge waveform analysis software
(version 4.1; Biopac Systems, Inc., Goleta, CA, USA) based
on diagnostic criteria from The Lambeth Conventions guide-
lines (25). Incidences and durations of ventricular tachycardia
and fibrillation were counted from the ECG. Cardiac func-
tion measurements were performed as recently described
by Sivasinprasasn et al (26) at 2 weeks following the MIRI
procedure. Briefly, following exposure of the right carotid
artery, a micro-tipped transducer catheter was inserted into
the right carotid artery to the left ventricle (LV). The other
end of the catheter was connected to a transducer control unit
and a Grass model 7 polygraph (Natus Medical Incorporated,
Pleasanton, CA). The LV end-diastolic pressure (LVEDP), LV
systolic pressure (LVSP), maximal rates of rise in LV pressure
(dP/dtmax), maximal rates of fall in LV pressure (-dP/dtmin)
and stroke volume (SV) were recorded and the mean was
calculated from 10 consecutive beats. Rats were monitored for
survival/mortality for two weeks after the I/R procedure.

Assessment of malondialdehyde (MDA), protein carbonyl
and 8-hydroxy-2-deoxyguanosine (8-OHdG). Immediately
following the completion of reperfusion, myocardial tissue
was harvested and homogenized at 4°C for 10 min in a potas-
sium phosphate buffer solution (50 mM; pH 7.5). Following
centrifugation at 1,500 x g and 4°C for 10 min, the superna-
tant was collected and placed on ice and measured for the
levels of MDA, protein carbonyl and 8-OHdGaccording to
previously described methods (27-29). Protein concentration
was measured using a bicinchoninic acid protein assay kit
(Sigma-Aldrich; Merck KGaA).

Western blotting. Western blotting was performed according to
the protocols recently described by Musman et al (30). Cardiac
tissues were homogenized in lysis buffer containing 50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 1% NP-40, 0.1% SDS, 1 mM
protease inhibitor cocktail and protein phosphatase inhibitor
(Roche Applied Science, Madison, WI, USA) on ice for 10 min
and the supernatant was collected following centrifugation at
12,000 x g at4°C for 15 min. Protein concentration was measured
using a bicinchoninic acid protein assay kit (Sigma-Aldrich;
Merck KGaA). A total of 40 pg protein was loaded per lane and
separated by 12% SDS-PAGE. The protein was then transferred
to nitrocellulose membranes electrophoretically. Membranes
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Figure 1. Experimental design and groups. The time of myocardial I/R procedure was considered as O min. (A) Protocols involving the sham and I/R groups.
(B) Protocols involving the treatment groups within the I/R group. I/R, ischemia/reperfusion; MDA, malondialdehyde; 8-OHdG, 8-hydroxy-2-deoxyguanosine;
LV, left ventricle; LVEDP, LV end-diastolic pressure; LVSP; LV systolic pressure; dP/dtmax, maximal rates of rise in LV pressure; -dP/dtmin: maximal rates

of fall in LV pressure; SV, stroke volume.

were subsequently incubated with 5% non-fat milk at 25°C for
2 h. Membranes were then incubated with primary antibodies
for PPARY (cat. no. sc-7273; 1:200; Santa Cruz Biotechnology,
Inc. Dallas, TX, USA), phosphorylated (p)-PPARY (Ser273;
1:800; New England Peptide, Inc., Gardner, MA, USA), Akt (cat.
no. sc-5298; 1:1,000; Santa Cruz Biotechnology, Inc.), p-Akt
(cat. no. sc-514032; 1:500; Santa Cruz Biotechnology, Inc.),
Bax (cat. no. sc-493; 1:500; Santa Cruz Biotechnology, Inc.),
caspase-3 (cat. no. sc-7148; 1:800; Santa Cruz Biotechnology,
Inc.), cleaved caspase-3 (cat. no. sc-22171; 1:200; Santa Cruz
Biotechnology, Inc.) and Bcl-2 (cat. no. sc-7382; 1:500; Santa
Cruz Biotechnology, Inc.) at 4°C overnight. Membranes were
subsequently incubated with horseradish peroxidase-conjugated
goat anti-rabbit IgG secondary antibody (cat. no. sc-2030; 1:300;
Santa Cruz Biotechnology, Inc.) in tris-buffered saline/Tween-20
solution for 1 h at 25°C. Blots were incubated with enhanced
chemiluminescent detection solution (Pierce; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and quantified by densi-
tometry using Quantity One software 4.6.2 (version 4.6.2;
Bio-Rad Laboratories, Inc., Hercules CA, USA).

Statistical analysis. Statistical analyses were performed
using one-way analysis of variance followed by the
Student-Newman-Keuls post hoc test, via SPSS 17.0 (SPSS,
Inc., Chicago, IL, USA). Data are presented as the mean + the
standard error of the mean. P<0.05 was considered to indicate
a statistically significant difference.

Results

Experimental design and groups. Fig. 1 details the experi-
mental design and groups used in the present study. The time
of myocardial I/R procedure was considered as 0 min. Fig. 1A
details protocols involving the sham and I/R groups. Rats were
divided into four groups: sham+vehicle, sham-+tacrolimus,
I/R+vehicle and I/R+tacrolimus, and arrhythmias, cardiac
function, MBP, oxidative products, apoptotic proteins,
PPARY/PI3K/Akt expression and phosphorylation were

examined. Fig. 1B details protocols involving the different treat-
ment groups within the I/R group. Rats were divided into four
groups: I/R+tacrolimus+vehicle, I/R+tacrolimus+GW9662,
I/R+tacrolimus+LY294002 and I/R+tacrolimus+triciribine,
and cardiac function was examined.

Effect of tacrolimus on myocardial ischemia-reperfusion
induced arrhythmias. Table I details the effect of tacrolimus
on myocardial I/R-induced arrhythmias. No ventricular tachy-
cardia or ventricular fibrillation was observed in the sham
groups. In the I/R groups, there was no significant difference
between the vehicle and tacrolimus groups in the incidence
of ventricular tachycardia, but a significant decrease was
observed in the tacrolimus group compared with the vehicle
group in the duration of ventricular tachycardia, and the inci-
dence and duration of ventricular fibrillation (P<0.05). The
mortality rate of the tacrolimus group was also significantly
lower than the vehicle group (P<0.05).

Cardiac function changes by myocardial ischemia-reperfu-
sion and tacrolimus. Table II details the changes in cardiac
function parameters [heart rate, LVESP, LVEDP, dP/dtmax,
-dP/dtmin and SV/body weight (BW)] induced by myocardial
I/R and tacrolimus. In the sham group, there was no signifi-
cant difference in any parameters between the vehicle and
tacrolimus groups. In the I/R groups there was no significant
difference between the vehicle and tacrolimus groups in heart
rate, but the LVESP, dP/dtmax and SV/BW were significantly
decreased, whereas the LVEDP and -dP/dtmin were signifi-
cantly increased in the vehicle vs. the sham group (P<0.05).
Compared with the vehicle sham group, the heart rate, LVESP,
dP/dtmax and SV/BW were significantly decreased, whereas
the LVEDP and -dP/dtmin were significantly increased in the
I/R vehicle group (P<0.05).

Time-course changes in the MBP during MIRI procedure.
Fig. 2A details the time-course changes in MBP throughout the
MIRI procedure. The recording of MBP commenced 10 min
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Table I. Effect of tacrolimus on myocardial I/R-induced arrhythmias.

Ventricular tachycardia Ventricular fibrillation
Group n Incidence Duration (sec) Incidence Duration (sec) Mortality
Sham
Vehicle 8 0 0 0 0 0
Tacrolimus 8 0 0 0 0 0
I/R
Vehicle 12 92% 28.5+6.5 58% 35.7+£7.8 33%
Tacrolimus 12 75% 10.4+4.3* 25%* 15.1+4.9* 0%*

Data are presented as the mean + standard error of the mean or as a percentage. *P<0.05 vs. I/R+vehicle. Sham, rats received sham operation;
vehicle, rats received normal saline injection; tacrolimus, rats received 0.1 mg/kg tacrolimus; I/R, ischemia/reperfusion.

Table II. Effect of tacrolimus on cardiac function.

Sham I/R

Parameter Vehicle Tacrolimus Vehicle Tacrolimus
Heart rate (bpm) 214+10 221+18 209+22° 224423
LVESP (mmHg) 6612 69+15 36+6° 55+7°
LVEDP (mmHg) 19+4 17£5 33+4° 20+5°
dP/dtmax (mmHg/sec) 4,596+1,325 4.226+1,635 2,359+1,014* 3.452+1,134°
-dP/dtmin (mmHg/sec) -4,326+1,235 -4.259+1,363 -2,148+1,127* -3,699+1,364°
SV/BW (ul/gram) 0.82+0.45 0.88+0.39 0.31+0.152 0.75+0.22°

Data are presented as the mean + standard error of the mean. P<0.05 vs. sham+vehicle; °P<0.05 vs. I/R+vehicle. Sham, rats received sham
operation; vehicle, rats received normal saline injection; tacrolimus, rats received 0.1 mg/kg tacrolimus; I/R, ischemia/reperfusion; LVESP,
left ventricular end systolic pressure; LVEDP, left ventricular end diastolic pressure; LVEDP, left ventricular end diastolic pressure; dP/dtmax,
maximal rates of rise in left ventricular pressure; -dP/dtmin, maximal rates of fall in left ventricular pressure; SV/BW, stroke volume/body
weight.
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Figure 2. Time-course changes in the MBP during MIRI procedure. (A) Time-course changes in the MBP during MIRI procedure, beginning at 10 min prior to
ischemia and ending at 180 min following reperfusion. (B) Area under the curve calculated from time-course data. Data are presented as the mean + standard
error of the mean for 12 rats in each group. "P<0.05 vs. sham+vehicle; ¥P<0.05 vs. I/R+vehicle. MBP, mean blood pressure; I/R, ischemia/reperfusion; MIRI,
myocardial I/R injury.

prior to ischemia and ended at 180 min following reperfu-  or sham+tacrolimus groups throughout. The MBP in the
sion. No significant change was detected in the sham+vehicle  I/R+vehicle and I/R+tacrolimus groups began to decrease at



MOLECULAR MEDICINE REPORTS 17: 6759-6767, 2018

6763

A B C 4
= 20 = 81
® _ = 'S
B = £ =
s §2 151 5 9 &
g & 55 2 -
_ 4 [=)]
g ; 2 10 e _
D =

2 g8 2
<< a e I
fa] = o
= Z w

Vehicle TAC Vehicle TAC Vehicle TAC Vehicle TAC Vehicle TAC Vehicle TAC

Sham Operated (IR) Sham Operated (IR) Sham Operated (IR)
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Figure 4. Changes in apoptotic proteins in myocardium induced by myocardial I/R injury and TAC. Changes in the levels of (A) Bax, (B) caspase-3 and (C) Bcl-2
were measured. Data are presented as the mean + standard error of the mean for 12 rats in each group. “P<0.05 vs. sham+vehicle; “P<0.05 vs. I/R+vehicle. I/R,
ischemia/reperfusion; TAC, tacrolimus; Bcl-2, B cell lymphoma 2; Bax, Bcl-2 associated protein x.

15 min following ischemia, but the decrease in the I/R+vehicle
was more marked. Fig. 2B demonstrates the area under the
curve (AUC) of Fig. 2A. Compared to the sham+vehicle group,
the AUC in the I/R+vehicle group was significantly lower
(P<0.05). The AUC in the I/R+tacrolimus group was signifi-
cantly higher than that in the I/R+vehicle group (P<0.05).

Changes in oxidative products (8-OHdG, MDA and protein
carbonyl). Fig. 3 depicts changes in the oxidative products
(8-OHdG, MDA and protein carbonyl) between groups. MIRI
caused significant oxidative stress, as indicated by the signifi-
cant increase of 8-OHdG, MDA and protein carbonyl levels in
the I/R+vehicle group vs. the sham+vehicle group (P<0.05).
Tacrolimus reduced oxidative stress, as demonstrated by the
significant decreases in these oxidative products compared in
the I/R+tacrolimus group vs. the I/R+vehicle group (P<0.05).

Changes in apoptotic proteins by MIR and tacrolimus. Fig. 4
details the changes in apoptotic protein level (Bax, caspase-3
and Bcl-2) induced by MIRI and tacrolimus. As shown in
Fig. 4A and B, there was a significant increase in Bax and
cleaved caspase-3 levels in the I/R+vehicle group compared
with the sham+vehicle group (P<0.05). Following the treatment

of rats in the I/R group with tacrolimus, there was a signifi-
cant decrease in these levels compared with the I/R+vehicle
group (P<0.05). As shown in Fig. 4C, I/R+vehicle rats exhib-
ited a significant decrease in Bcl-2 levels compared with the
sham+vehicle group (P<0.05). A significant increase in Bcl-2
levels was observed in the I/R+tacrolimus group compared
with the I/R+vehicle group (P<0.05). As evidenced by the sham
groups, treatment with tacrolimus in the absence of I/R did not
significantly alter the levels of these apoptotic proteins.

Activation of the PPARy/PI3K/Akt pathway with tacrolimus.
Fig. 5 details the activation of PPARY/PI3K/Akt pathway by
the western blot analysis of PPARy and Akt phosphorylation.
As shown in the western blot results, there was no significant
difference in protein phosphorylation levels induced between
rats exposed to the sham and I/R procedures in the absence of
tacrolimus. However, compared with the I/R+vehicle group,
the I/R+tacrolimus group exhibited significant increases in the
phosphorylation levels of both PPARy and Akt (P<0.05).

Changes in the cardiac function by inhibitors of
PPARy/PI3K/Akt pathway. Table III details changes in
cardiac function induced by inhibitors of the PPARYy/PI3K/Akt
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pathway (GW9662, LY294002 or triciribine, respectively).
Rats in all the groups were treated with I/R and tacrolimus.
Compared with the vehicle group, treatment with LY294001 or
triciribine induced significant increases in heart rate, LVEDP
and -dP/dtmin, and significant decreases in LVESP, dP/dtmax
and SV/BW (P<0.05). Similar results were observed following
GWO9662 for all parameters except heart rate, where no signifi-
cant difference was observed.

Changes induced in PPARy or Akt phosphoryla-
tion by inhibitors of the PPARy/PI3K/Akt pathway.
Fig. 6 details changes of PPARy or Akt phosphoryla-
tion induced by inhibitors of the PPARY/PI3K/Akt
pathway (GW9662, LY294002 and triciribine). As demon-
strated in Fig. 6A, GW9662 significantly decreased the
phosphorylation of PPARy compared with the vehicle group
(P<0.05), whereas LY294002 or triciribine did not lead
to any significant changes. However, compared with the
vehicle group, the phosphorylation of Akt was significantly
decreased by treatment with GW9662, LY294002 and
triciribine (P<0.05).

Discussion

The aim of the present study was to investigate the effect of
tacrolimus on arrhythmias, cardiac function, oxidative stress
and myocardium apoptosis induced by MIRI, and to eluci-
date the underlying mechanism. The study was performed
in two parts (Fig. 1). In Part 1, rats were divided into four
groups: Sham+vehicle, sham+tacrolimus, I/R+vehicle and

I/R+tacrolimus, and arrhythmias, cardiac function, MBP,
oxidative products, apoptotic proteins, and PPARY/PI3K/Akt
expression and phosphorylation were measured. In Part 2,
rats were divided into four groups: I/R+tacrolimus+vehicle,
I/R+tacrolimus+GW9662, I/R+tacrolimus+LY294002 and
I/R+tacrolimus+triciribine, and cardiac functions were
examined. The results demonstrated that the MIRI procedure
induced arrhythmias and significant impairment of cardiac
function, as indicated by changes in the ventricular tachy-
cardia and ventricular fibrillation as well as LVESP, LVEDP,
dP/dtmax, -dP/dtmin, SV/BW and MBP. MIRI also caused
oxidative stress and apoptosis in cardiomyocytes. Tacrolimus
treatment significantly limited the impairments induced by
MIR. It alleviated the arrhythmias and significant impairment
of cardiac function, and inhibited oxidative stress as well
as apoptosis in cardiomyocytes. To investigate the possible
mechanism, the role of the PPARY/PI3K/Akt pathway was
investigated. The phosphorylation of PPARy and Akt were
significantly activated by tacrolimus, whereas the inhibitors
of PPARY/PI3K/Akt significantly abolished the effects of
tacrolimus. Taken together, these results indicate that tacro-
limus may protect rats from MIRI through activation of the
PPARY/PI3K/Akt pathway.

MIRI, which is a result of the recovery of blood flow to the
ischemic tissue, may induce electrophysiological perturbation
and acute reperfusion arrhythmias in the heart, which may
then induce sudden cardiac death (31,32). Electrophysiological
perturbation or acute reperfusion arrhythmias may occur either
during or following MIRI. Various electrical properties of
cardiac tissue may be changed during MIRI, including reduced
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Table III. Effect of PPARYy, PI3K and Akt inhibitors on cardiac function.

I/R+tacrolimus
Parameter Vehicle GW9662 LY294002 Triciribine
Heart rate (bpm) 211x19 21317 221+22% 223+17*
LVESP (mmHg) 56+4 33452 35+7° 32452
LVEDP (mmHg) 21+6 32+6% 30+6° 36+5°
dP/dtmax (mmHg/sec) 3,526+1,125 2,254+1,123* 2,175+1,035° 2,245+1,241*
-dP/dtmin (mmHg/sec) -3,625+1,247 -2,243+1,0422 -2011+1,439* -2,263+1,076
SV/BW (ul/g) 0.77+0.19 0.35+0.11* 0.41+0.13* 0.28+0.10*

Data are presented as the mean + standard error of the mean. “P<0.05 vs. vehicle. Vehicle, rats received normal saline injection; GW9662,
rats received GW9662 injection; LY294002, rats received LY294002 injection; triciribine, rats received Triciribine injection; LVESP, left
ventricular end systolic pressure; LVEDP, left ventricular end diastolic pressure; dP/dtmax, maximal rates of rise in left ventricular pressure;
-dP/dtmin, maximal rates of fall in left ventricular pressure; SV/BW, stroke volume/body weight.
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Figure 6. Changes in PPARy or Akt phosphorylation by inhibitors of the PPARy/PI3K/Akt pathway. Changes of (A) PPARYy or (B) Akt phosphorylation were
demonstrated by the western blot analysis following treatment with GW9662, LY294002 or triciribine. Data are presented as the mean + standard error of the
mean for 12 rats in each group. ¥P<0.05 vs. I/R+vehicle. PPARY, peroxisome proliferator-activated receptor v; PI3K, phosphoinositide 3-kinase; Akt, protein

kinase B; I/R, ischemia/reperfusion; p, phosphorylated.

resting membrane potential and cellular excitability. It has been
reported that the cardiac remodeling following MIRI may alter
various ion channels, and decrease cellular excitability and
repolarization (33,34). As demonstrated in the present study,
MIRI induced a marked increase of incidence and duration of
ventricular tachycardia and ventricular fibrillation, indicating
that arrhythmia was induced by MIRI. Tacrolimus treatment,
however, significantly decreased the duration of ventricular
tachycardia, as well as the incidence and duration of ventricular
fibrillation, while tacrolimus treatment in the sham group did
not cause any significant change in these indicators. To the best
of our knowledge, this is the first report to demonstrate that
tacrolimus alleviates arrhythmias in an animal model of MIRI.

MIRI may also impair cardiac function, which is demon-
strated by hemodynamic parameters and left ventricular
function. Hemodynamic parameters were evaluated by heart

rate and MBP, whereas left ventricular function was assessed
by LVESP, LVEDP, dP/dtmax, -dP/dtmin and SV/BW. MIRI
induced a significant decrease in MBP and left ventricular func-
tion, but the tacrolimus treatment significantly ameliorated the
decline of MBP and left ventricular function induced by MIRI.
Tacrolimus treatment alone, however, had no significant effect
on hemodynamic parameters or left ventricular function.
Oxidative stress and cardiomyocyte apoptosis are two crit-
ical factors in the pathology of MIRI. Over-accumulation of
ROS during MIRI overwhelms the anti-oxidative capacity of
cells and induces detrimental modifications of lipids, proteins
and DNA, thus producing the oxidative products MDA, protein
carbonyl and 8-OHdG (35). The present study demonstrated
that MIRI significantly increased these oxidative products,
which was significantly mitigated by tacrolimus, indicating
the anti-oxidative ability of tacrolimus. It has previously been



6766

demonstrated that the apoptotic process contributes to the loss
of cardiomyocytes, myocardial injury and impaired ventricular
performance induced by MIRI (36). As tacrolimus significantly
ameliorated the cardiac function, the effects of tacrolimus on
preventing cardiomyocyte apoptosis were further investigated.
The results demonstrated that after rats were treated with
tacrolimus, the increase of Bax and cleaved caspase-3, and the
decrease of Bcl-2 were significantly inhibited. Similar results
were obtained in previous studies. Badr et al (19) recently
demonstrated that tacrolimus inhibited Bax gene expression
and induced Bcl-2 gene expression as an anti-apoptotic gene
in a global I/R model. Tacrolimus post-conditioning was
also demonstrated to inhibit apoptosis of neural cells and
protect the spinal cord from ischemia-reperfusion injury (37).
Consistent with these reports, the present study demonstrated
the anti-apoptotic property of tacrolimus in MIRI.

Given the previous findings that tacrolimus was able
to regulate PPARy, PI3K and Akt (21,38,39), the role of
PPARYy, PI3K and Akt in the protection of tacrolimus on
MIRI was investigated. PPARy may regulate the release of
vasoactive substances from vascular endothelial cells and the
PPARYy activator is able to reverse vascular remodeling, reduce
vascular inflammation and improve endothelial function (40).
It was previously reported that activation of PPARY increased
endothelial nitric oxide synthase activity and improved
the left ventricular remodeling of infracted hearts (41,42).
PI3K/Akt serves an essential role in the cardioprotection. The
activation of the PI3K/Akt pathway may protect cardiomyo-
cytes from apoptosis following I/R injury (43,44). Li e al (45)
recently demonstrated that aqueous extract of cortex dictamni
was able to protect cardiomyocytes from hypoxia/reoxygen-
ation-induced oxidative stress and apoptosis via the PI3K/Akt
signaling pathway, and Urolithin A was reported to alleviate
myocardial I/R injury via the PI3K/Akt pathway (46). In
the present study, it was observed that the phosphoryla-
tion of PPARy and Akt was not significantly altered by
MIRI procedure, but was significantly increased by tacro-
limus. Based on these results, rats were administered with
inhibitors of PPARY/PI3K/Akt (GW9662, LY294002 and
triciribine, respectively) and changes in cardiac function
were measured. It was demonstrated that co-administration
of GW9662, LY294002 or triciribine significantly decreased
LVESP, dP/dtmax, and SV/BW, but increased LVEDP and
-dP/dtmin, thus abolishing the effects of tacrolimus. Changes
in PPARy or Akt phosphorylation were also measured after
rats were administered GW9662, L.Y294002, triciribine. The
results indicated that only GW9662 significantly reduced the
phosphorylation of PPARY, whereas GW9662, 1.Y294002 and
triciribine significantly reduced the phosphorylation of Akt.
These results indicate that PPARYy activation may regulate the
PI3K/Akt pathway, but not vice versa. Taken together, these
results indicate that tacrolimus suppresses oxidative stress and
myocardium apoptosis induced by MIRI via activation of the
PPARY/PI3K/Akt pathway. These results may present a novel
signaling mechanism through which tacrolimus protects rats
against MIRI in a PPARY/PI3K/Akt pathway.

The main limitation of the present study was that the role
of PPARY/PI3K/Akt pathway was investigated in the cardio-
protective effects of tacrolimus; however other signaling
pathways may also be involved. The complete mechanisms
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regarding the protective effect of tacrolimus against myocar-
dial ischemic/reperfusion injury still require further study.

In summary, the aim of the present study was to
examine the protective effect of tacrolimus against myocardial I/R
injury in an animal model. Although the results demonstrated that
tacrolimus significantly alleviated arrhythmia and impairment of
cardiac function, and inhibited the oxidative stress and apoptosis
in cardiomyocytes, whether tacrolimus is protective in clinical
settings requires further investigation.
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