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Abstract. Ischemic heart disease (IHD) is a leading cause of 
death in patients with type 1 diabetes. The key to treating IHD 
is to restore blood supply to the ischemic myocardium, which 
inevitably causes myocardial ischemia reperfusion (MI/R) 
injury. Although naringenin (Nar) prevents MI/R injury, 
the role of Nar in diabetic MI/R (D‑MI/R) injury remains 
to be elucidated. The PI3K/AKT signaling pathway and 
microRNA (miR)‑126 have previously been shown to serve 
anti‑MI/R injury roles. The present study aimed to investigate 
the protection of Nar against D‑MI/R injury and the role of the 
miR‑126‑PI3K/AKT axis. Diabetic rats were treated distilled 
water or Nar (25 or 50 mg/kg, orally) for 30 days and then 
exposed to MI/R. The present results revealed that Nar allevi‑
ated MI/R injury in streptozotocin (STZ)‑induced diabetic 
rats, as shown below: the reduction myocardial enzymes levels 
was measured using spectrophotometry, the increase of cardiac 
viability was detected by MTT assay, the inhibition of myocar‑
dial oxidative stress was measured using spectrophotometry 
and the enhancement of cardiac function were recorded using 
a hemodynamic monitoring system. Furthermore, Nar upregu‑
lated the myocardial miR‑126‑PI3K/AKT axis in D‑MI/R rats. 
These results indicated that Nar alleviated MI/R injury through 
upregulating the myocardial miR‑126‑PI3K/AKT axis in 
STZ‑induced diabetic rats. The current findings revealed that 
Nar, as an effective agent against D‑MI/R injury, may provide 
an effective approach in the management of diabetic IHD.

Introduction

Ischemic heart disease (IHD) is a threat to human health (1,2), 
and the key to treating IHD is to restore blood supply to 
the ischemic myocardium as soon as possible (3). However, 
restoration of blood supply is inevitably accompanied by 
subsequent cardiac injury, which is widely recognized as 
myocardial ischemia reperfusion (MI/R) injury (1,4,5). Since 
IHD became the leading cause of death in patients with type 1 
diabetes (6), the MI/R injury in diabetes has attracted wide‑
spread attention. Epidemiological data have demonstrated 
that the incidence rate of ischemic cardiomyopathy among 
patients with diabetes is ~4‑fold higher than that among 
patients without diabetes (7). Patients with diabetes are more 
susceptible to MI/R injury (8,9), with worse clinical prog‑
nosis and higher fatality rate compared with patients without 
diabetes (10,11). Therefore, it is necessary to implement new 
strategies to prevent MI/R injury in patients with diabetes to 
improve the effectiveness diabetic IHD treatment.

Naringenin (Nar) is a naturally occurring flavanone, 
predominantly derived from citrus fruits. Nar plays a 
biological role in the human body (12), and is known to 
exert cardioprotective effects (13). Nar prevents doxoru‑
bicin‑induced toxicity, including apoptosis and oxidative 
stress in cardiomyoblasts (14‑17). In addition, Nar antagonizes 
hypercholesterolemia‑induced cardiac oxidative stress and 
subsequent necroptosis in rats (18). Although a few studies have 
confirmed that Nar is able to attenuate MI/R injury (19,20), 
to the best of our knowledge, whether Nar counteracts MI/R 
injury in diabetes has not yet been clarified. It has been 
reported that Nar protects cardiomyocytes against hypergly‑
cemia‑induced injury (21). Therefore, in the present study, 
streptozotocin (STZ)‑induced diabetic rats were exposed to 
MI/R to construct a model of diabetic MI/R (D‑MI/R) injury, 
and to explore whether Nar has a potential therapeutic func‑
tion.

The PI3K/AKT signaling pathway plays a critical protective 
role in MI/R injury (22). In the myocardium, the PI3K/AKT 
signaling pathway indirectly regulates the contraction of the 
cardiac muscle and the function of calcium channels (23). 
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Accumulating evidence has demonstrated that the PI3K/AKT 
signaling pathway is impaired during MI/R injury, and that 
MI/R injury can be ameliorated by activation of the PI3K/AKT 
signaling pathway (24‑26). These previous studies provided 
evidence that activated PI3K/AKT signaling may improve 
MI/R injury. Therefore, the present study investigated whether 
the PI3K/AKT signaling pathway is involved in the protective 
effect of Nar against MI/R injury in diabetes.

MicroRNA‑126 (miR‑126) is involved in the patho‑
physiological processes of various cardiovascular diseases, 
particularly MI/R injury (27‑29). It has been demonstrated 
that miR‑126 attenuates oxidative stress and apoptosis induced 
by MI/R injury in rats (27,28). Notably, miR‑126 may be a 
therapeutic agent for diabetes mellitus (30). Diabetes reduces 
miR‑126 expression and angiogenesis in the myocardium 
compared with healthy rats, while enhancement of myocardial 
miR‑126 level significantly improves myocardial angiogenesis 
in diabetic rats (31). Therefore, although an association between 
Nar and miR‑126 has not been reported to date, the aforemen‑
tioned studies led to a hypothesis that miR‑126 may be involved 
in the protective effects of Nar against MI/R injury in diabetes.

The present study aimed to explore whether Nar antagonizes 
MI/R‑injury in diabetic rats and whether miR‑126‑PI3K/AKT 
are involved in this protective effect. The results of the present 
study demonstrated that Nar significantly ameliorated MI/R 
injury and enhanced the myocardial miR‑126‑PI3K/AKT axis 
in rats with D‑MI/R. The results suggest that Nar alleviated 
MI/R injury via enhancing the myocardial miR‑126‑PI3K/AKT 
axis in STZ‑induced diabetic rats.

Materials and methods

Reagents. STZ, Nar, ketamine, xylazine and an MTT kit were 
supplied by Sigma‑Aldrich; Merck KGaA. The BCA protein 
assay kit was obtained from Dojindo Molecular Technologies, 
Inc. Lactate dehydrogenase (LDH) and creatine kinase 
myocardial band (CK‑MB) measurement kits were obtained 
from the Nanjing Jiancheng Bioengineering Institute. The 
assay kits for glutathione peroxidase (GSH‑Px), superoxide 
dismutase (SOD), malondialdehyde (MDA), 8‑hydroxy‑2 
deoxyguanosine (8‑OHdG) and H2O2 measurement were 
purchased from Wuhan USCN Business Co., Ltd. Specific 
monoclonal antibodies against phosphorylated (p)‑PI3K 
(cat. no. 4228), PI3K (cat. no. 4255), p‑AKT (cat. no. 9271), 
AKT (cat. no. 9272) and GAPDH (cat. no. 2118), Anti‑rabbit 
IgG‑HRP‑linked Antibody (cat. no. 7074) were supplied by 
Cell Signaling Technology, Inc.

Animals. A total of 50 adult male Sprague‑Dawley rats (age, 
8‑10 weeks; weight, 250±10 g) were supplied by Guangdong 
Medical Laboratory Animal Center. Rats were raised in 
single cages (individually) in a specific‑pathogen‑free 
environment under a 12‑h light/dark cycle (light exposure, 
7:00 a.m.‑7:00 p.m.), and maintained at a constant temperature 
(22±2˚C), ventilation and humidity (50%). Rats were provided 
with food and water ad libitum, and the bedding was changed 
1‑2 times a week to ensure a suitable environment for the rats.

Induction of diabetes. STZ was dissolved in 0.1 mol/l sodium 
citrate buffer (pH 4.3) and used immediately after preparation, 

which was performed in a cold (4‑6˚C) and dark environ‑
ment. After overnight (12‑h) fasting, the rats were weighed. 
The STZ‑treated groups received a single intraperitoneal (i.p.) 
injection of STZ (55 mg/kg), while the other groups received 
an equivalent dose of PBS (i.p.). The rats were administered 
food 1 h after STZ injection. A total of 72 h after the STZ 
injection, Baseline body weight and blood glucose level were 
measured in all the rats. After STZ or PBS injection, blood 
glucose levels at day 3 and day 30 were determined measured 
using a glucometer (Roche Applied Science), and body weights 
were measured once a week. Only animals with fasting blood 
glucose levels >16.7 mmol/l at 3 days after STZ injection 
were considered diabetic and ~80 rats used for further experi‑
ments (32). Finally, six of the rats did not reach their target 
levels of blood glucose, which were supplemented with STZ 
(10‑20 mg/kg) 3 days later. Failing that, diabetic induction was 
repeated from scratch once blood glucose levels had returned 
to normal.

Experimental protocol. After a week of adaptation to the 
experimental environment, then 3 days after the STZ or PBS 
injection, the rats were randomly divided into the following 
five groups (10 rats in each group) and were provided with 
the following treatments: i) Control‑sham group (C‑S), 
non‑diabetic rats that received sham surgery; ii) diabetes‑sham 
group (D‑S), diabetic rats that received sham surgery; 
iii) D‑MI/R group, diabetic rats that were orally treated with 
vehicle (distilled water, 1.5 ml) for 30 days, and then subjected 
to MI/R injury; iv) D‑MI/R + low‑dose Nar (LN) group, 
diabetic rats that were orally treated with Nar (25 mg/kg/day; 
diluted in distilled water) for 30 days and then subjected to I/R 
injury; and v) D‑MI/R + high‑dose Nar (HN) group, diabetic 
rats that were orally treated with Nar (50 mg/kg/day; diluted 
in sterile water) for 30 days and then subjected to I/R injury.

MI/R modeling. After the aforementioned 4 weeks of treat‑
ment with Nar or distilled water, the hearts of the rats were 
isolated and perfused according to a previously described 
protocol (33,34). Briefly, the each rat were heparinized (500 IU) 
to avoid blood clotting during surgery and then anesthetized 
with ketamine (60 mg/kg; i.p.) and xylazine (10 mg/kg; i.p.). 
Subsequently, the hearts were rapidly excised and immediately 
perfused on a Langendorff device (ADInstruments, Ltd.) with 
modified Krebs‑Henseleit solution (pH 7.4; 37˚C) containing 
118 mmol/l NaCl, 4.7 mmol/l KCl, 1.25 mmol/l CaCl2, 
1.2 mmol/l MgSO4, 25 mmol/l NaHCO3, 1.2 mmol/l KH2PO4 
and 11 mmol/l glucose, saturated with 95% O2 and 5% CO2. 
Upon stabilization, the hearts were subjected to 30‑min 
regional ischemia by tightening a 5‑0 silk suture around the 
left anterior descending coronary artery and reperfusion for 
120 min. The sham groups underwent sham surgery (the left 
anterior descending coronary artery was not ligated) in which 
the heart was exteriorized without MI/R injury.

Evaluating myocardial systolic and diastolic functions. 
For measurement of interventricular pressure changes, a 
water‑filled latex balloon was inserted into the left ventricle, 
and the signals were delivered to the associated transducer 
through a connecting pressure catheter. After reperfusion, the 
cardiac function index, including left ventricular systolic pres‑
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sure (LVSP), left ventricular end‑diastolic pressure (LVEDP) 
and left ventricular maximal systolic/diastolic velocity 
(±dP/dtmax, +dP/dtmax = the maximum rate of pressure rise in 
the left ventricle; ‑dP/dtmax = the maximum rate of pressure 
drop in the left ventricle), were recorded using a hemodynamic 
monitoring system (PowerLab‑PL3508; ADInstruments, Ltd.).

Measurement of cardiac tissue viability, and CK and LDH 
levels. After reperfusion, the hearts were cut into 2‑mm‑thick 
sections and incubated with MTT (3 mM) at 37˚C for 30 min 
to form formazan (34). Based on previous study, cardiac 
tissue viability was measured by the level of formazan using 
a spectrophotometer at 550 nm (34). In addition, at 5 min 
after reperfusion, the coronary effluent was collected for the 
determination of cardiac CK‑MB and LDH activities, which 
are two major indicators of MI/R injury, by spectrophotometry 
using the aforementioned commercial assay kits according to a 
previously described protocol (35). The activities of these two 
enzymes were expressed as U/l.

Mitochondrial oxidative stress quantification. After reperfu‑
sion, the myocardial tissue was homogenized (10% w/v) in 
0.1 mol/l PBS and centrifuged at 12,000 x g for 10 min at 4˚C. 
Subsequently, the supernatant was collected, and the protein 
concentration was quantified using the aforementioned BCA 
protein assay. As previously described (36,37), the activities of 
GSH‑Px and SOD, the levels of MDA and 8‑OHdG, and H2O2 
formation in the supernatant were determined by spectropho‑
tometry using the aforementioned commercially available kits.

Western blot analysis. The protein levels of p‑PI3K, PI3K, 
p‑AKT and AKT were measured by western blotting. After 
reperfusion, myocardial tissue was homogenized in ice‑cold 
homogenizing buffer [20 mM Tris‑Cl (pH 7.4), 150 mM NaCl, 
1 mM EDTA, 1% Triton X‑100 and 1 mM phenylmethanesul‑
fonyl fluoride). After centrifugation at 12,000 x g for 30 min at 
4˚C, the supernatant was collected and the protein concentra‑
tion was analyzed using a BCA protein assay kit (Beyotime 
Institute of Biotechnology). Approximately 10 µg of protein 
for each sample were resolved by SDS‑PAGE (8‑12%) and 
transferred onto PVDF membranes by electroblotting. 
Non‑specific protein binding was blocked with TBS‑Tween‑20 
[TBS‑T; 50 mmol/l Tris‑HCl (pH 7.5), 150 mmol/l NaCl 
and 0.05% Tween‑20] containing 5% non‑fat milk for 2 h 
at room temperature, and the membranes were incubated 
overnight at 4˚C with the aforementioned primary antibodies 
(P‑PI3K, PI3K, P‑AKT, AKT, GAPDH; dilution, 1:1,000). 
After the membranes were washed three times with TBS‑T 
buffer, the blots were incubated with a horseradish peroxi‑
dase‑conjugated anti‑rabbit secondary antibody (1:5,000) for 
2 h at 4˚C. Subsequently, the membranes were washed with 
TBS‑T buffer (five times for 5 min each) and electrogenerated 
chemiluminescence reaction solution (SuperSignal™ West 
Pico PLUS Chemiluminescent Substrate‑A38555; Thermo 
Fisher Scientific, Inc.) was added for 30 sec. The protein bands 
were visualized using a Tanon‑5600 Imaging System (Tanon 
Science and Technology Co., Ltd.). The semi‑quantitative 
analysis of each blot was performed using SigmaScan Pro 5.0 
software (Systat Software, Inc) and expression values were 
normalized to that of GAPDH.

Reverse transcription‑quantitative PCR (RT‑qPCR). The 
myocardial miR‑126 level was measured by RT‑qPCR as previ‑
ously described (28). Briefly, total RNA from the myocardial 
tissue of rats was isolated using the TRIzol® reagent (Thermo 
Fisher Scientific, Inc.). Next, miRNA‑specific stem‑loop 
primers were reverse transcribed to cDNA according to the 
instructions of the miRNA RT kit (Takara Biotechnology Co., 
Ltd.). RT reaction conditions were processed at 42˚C for 15 min, 
followed by 3 min at 95˚C. qPCR was performed using SYBR 
Premix Ex Taq™ according to the manufacturer's instructions 
(Takara Biotechnology Co., Ltd.). The following PCR protocol 
was used: 95˚C for 10 min, followed by 40 cycles of 95 ˚C for 
15 sec and 60 ˚C for 1 min. The 2‑ΔΔCq method (38) was used to 
calculate the relative expression levels of miR‑126 and U6 was 
used as an internal reference. The sequences of the primers 
(Beyotime Institute of Biotechnology) used were as follows: 
miR‑126 forward, 5'‑ACTGTCACTCTCATCACAAGCGC‑3' 
and reverse, 5'‑ACGCTGGCTCAGGGATCAGAGA‑3'; and 
U6 forward, 5'‑CTCGCTTCGGCAGCACA‑3' and reverse, 
5'‑AACGCTTCACGAATTTGCGT‑3'.

Statistical analysis. All experiments were repeated ≥3 times, 
and statistical analyses were performed using SPSS 20.0 
software (IBM Corp.). Data are presented as the mean ± SEM, 
and differences between groups were assessed using one‑way 
analysis of variance and Tukey's post hoc test. Repeated 
measurement data were analyzed using mixed ANOVA and 
a Tukey's post‑hoc test for simple main effects. Two‑tailed 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Nar does not affect blood glucose levels or body weight in 
STZ‑induced diabetic rats. Blood sugar levels and weight were 
regularly measured in diabetic rats to determine whether Nar 
had an effect on these parameters. The blood glucose level of 
the diabetic groups was significantly higher than that of the 
control group 3 days after STZ injection (Fig. 1A). At day 30, 
the blood glucose levels in the four diabetic groups remained 
high, and there was no significant difference in blood glucose 
levels between STZ‑treated rats and rats co‑treated with STZ 
and Nar (Fig. 1A).

Body weight was measured once a week after STZ or PBS 
injection. The body weight of STZ‑induced diabetic rats was 
significantly reduced compared with that of the control group. 
In addition, there were no significant differences in body 
weight between STZ‑treated rats and rats co‑treated with 
STZ and Nar (Fig. 1B). These data indicate that STZ injection 
resulted in a diabetic status in rats, and that Nar did not affect 
the blood glucose level or body weight of diabetic rats.

Nar decreases myocardial enzyme content and enhances 
cardiac tissue viability in D‑MI/R rats. To determine if Nar 
alleviated MI/R injury in diabetic rats, the present study first 
explored whether Nar decreased myocardial enzyme levels 
and enhanced cardiac tissue viability by observing the effects 
of Nar on the levels of LDH and CK‑MB in the coronary 
effluent, and the viability of heart tissues in D‑MI/R rats. 
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The results showed that HN significantly downregulated the 
levels of LDH and CK‑MB (Fig. 2A and B) in the coronary 
effluent, and increased the cardiac formazan content (Fig. 2C) 
in D‑MI/R rats compared with that in the untreated D‑MI/R 
group. Moreover, there was no significant difference in the 
levels of LDH, CK‑MB or formazan content between the 
C‑S and D‑S groups. These data indicate that Nar decreased 
the myocardial enzyme content and increased cardiac tissue 
viability in D‑MI/R rats.

Nar inhibits myocardial oxidative stress in D‑MI/R rats. To 
confirm that Nar alleviates MI/R injury in diabetic rats, the 
present study investigated whether Nar antagonized myocar‑
dial oxidative stress by observing the effects of Nar on the 
activity of GSH‑Px and SOD, and the levels of MDA, 8‑OHdG 
and H2O2 in the myocardium of D‑MI/R rats. In the D‑MI/R 
group, upregulation in the content of MDA, 8‑OHdG and H2O2, 
and downregulation in the activities of GSH‑Px and SOD in 
the myocardium of D‑MI/R rats were observed, compared 
with the D‑S group, while these effects were markedly 
reversed by pretreatment with Nar (Fig. 3A‑E). Furthermore, 
there was no significant difference in myocardial oxidative 

stress indexes between the C‑S and D‑S groups. These data 
indicated that Nar inhibited myocardial oxidative stress in 
D‑MI/R rats (Fig. 3A‑E).

Nar improves cardiac function in D‑MI/R rats. To confirm 
that Nar alleviates MI/R injury in diabetic rats, the present 
study sought to determine whether Nar ameliorated cardiac 
function by observing the effects of Nar on left ventricular 
hemodynamic parameters in D‑MI/R rats. As shown 
in Fig. 4, compared with the D‑S group, the D‑MI/R group 
had lower LVSP and ±dP/dtmax, as well as higher LVEDP. 
However, pretreatment with HN for 30 days significantly 
increased LVSP and ±dP/dtmax, and reduced LVEDP in 
D‑MI/R rats (Fig. 4A‑D). In addition, there were no significant 
differences in LVSP, LVEDP or ±dP/dtmax between the C‑S and 
D‑S groups. These data indicate that Nar alleviated cardiac 
dysfunction in D‑MI/R rats (Fig. 4A‑D).

Nar upregulates myocardial PI3K/AKT signaling in D‑MI/R 
rats. To explore whether the PI3K/AKT signaling pathway 
was involved in the Nar‑mediated protection against MI/R 
injury in diabetic rats, the present study determined whether 

Figure 1. Effect of Nar on body weight and blood glucose levels in rats. (A) Blood glucose levels at days 0, 3 and 30 were determined with a blood glucose meter. 
(B) Body weight in the different groups was measured once a week. Data are presented as the mean ± SEM (number of repeated measurements: n=8‑10/group). 
***P<0.001 compared with the control‑sham group. Nar, naringenin; STZ, streptozotocin; MI/R, myocardial ischemia reperfusion.

Figure 2. Effect of Nar on myocardial enzyme levels and cardiac viability in diabetic MI/R rats. Levels of (A) LDH and (B) CK‑MB in the coronary effluent 
were detected using spectrophotometry by commercial assay kits. (C) Cardiac formazan content was measured using an MTT assay. Data are presented as the 
mean ± SEM (number of repeated measurements: n=3/group). **P<0.01 and ***P<0.001 compared with the STZ‑sham group; #P<0.05 and ##P<0.01 compared 
with the STZ‑M/IR group. LDH, lactate dehydrogenase; CK‑MB, creatine kinase myocardial band; STZ, streptozotocin; MI/R, myocardial ischemia reperfu‑
sion; Nar, naringenin.
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Nar regulated PI3K/AKT signaling. As represented in Fig. 5, 
the ratios of p‑PI3K/PI3K and p‑AKT/AKT were significantly 
downregulated in D‑MI/R rats, while pretreatment with Nar 
markedly abolished this downregulation (Fig. 5), indicating 
that enhanced PI3K/AKT signaling may contribute to the 
Nar‑mediated protection against MI/R injury in diabetic rats.

Nar upregulates myocardial miR‑126 expression in D‑MI/R 
rats. To investigate whether miR‑126 was involved in the 
Nar‑mediated protection against MI/R injury in diabetic rats, 
the present study examined the effect of Nar on myocardial 
miR‑126 expression in D‑MI/R rats. Myocardial miR‑126 
expression was significantly lower in D‑MI/R rats compared 
with that in the D‑S group, while HN significantly reversed 
this downregulation of miR‑126 in D‑MI/R rats (Fig. 6), indi‑
cating that the upregulation of miR‑126 may participate in the 
Nar‑mediated protection against MI/R injury in diabetic rats.

Discussion

The anti‑MI/R injury role of Nar has been previously 
reported (19,20,39). Activation of PI3K/AKT signaling alle‑
viates MI/R injury (24‑26), and enhanced miR‑126 prevents 
MI/R injury (27,28). The present study used STZ‑induced 
diabetic rats to investigate whether Nar could ameliorate MI/R 
injury in diabetes, and to explore the role of the myocardial 
miR‑126‑PI3K/AKT axis in Nar‑mediated protection. The 
primary findings were as follows: i) Nar decreased myocar‑
dial enzyme content and enhanced cardiac tissue viability 
in D‑MI/R rats; ii) Nar inhibited myocardial oxidative 
stress in D‑MI/R rats; iii) Nar improved cardiac function 
in D‑MI/R rats; and iv) Nar upregulated the myocardial 
miR‑126‑PI3K/AKT axis in D‑MI/R rats. In summary, these 
findings revealed that Nar prevented MI/R injury by upregu‑
lating the miR‑126‑PI3K/AKT axis.

Figure 3. Effect of Nar on myocardial oxidative stress in diabetic MI/R rats. Activities of (A) SOD and (B) GSH‑Px, and the levels of (C) MDA, (D) 8‑OHdG 
as well as (E) H2O2 formation in the myocardium were determined by spectrophotometry using commercially available kits. Data are presented as the 
mean ± SEM (number of repeated measurements: n=3/group). **P<0.01 and ***P<0.001 compared with the STZ‑sham group; #P<0.05, ##P<0.01 and ###P<0.001 
compared with the STZ‑M/IR group. GSH‑Px, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde; 8‑OHdG, 8‑hydroxy‑2 deoxy‑/IR group. GSH‑Px, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde; 8‑OHdG, 8‑hydroxy‑2 deoxy‑IR group. GSH‑Px, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde; 8‑OHdG, 8‑hydroxy‑2 deoxy‑
guanosine; STZ, streptozotocin; MI/R, myocardial ischemia reperfusion; Nar, naringenin.
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In the present study, STZ‑induced diabetic rats were 
exposed to MI/R to establish an ex vivo model of I/R injury. 
Myocardial enzymes, such as CK‑MB and LDH, are released 
into the plasma during the I/R process due to the loss of 
myocardial membrane integrity, and are regarded as indica‑
tors of MI/R damage (40,41). The present results show that 
MI/R upregulated the levels of CK‑MB and LDH of the coro‑
nary effluent following 5 min of reperfusion, and decreased 
cardiac viability in diabetic rats. Moreover, the main func‑
tional manifestation of MI/R injury is cardiac dysfunction, 
especially systolic and diastolic dysfunction (42,43). The 

results of the present study showed that MI/R downregulated 
LVSP and ±dP/dtmax, and upregulated LVEDP in diabetic 
rats. Substantial evidence indicates that oxidative stress is 
a major contributing factor to MI/R injury (1,28,34,44). It 
is known that the activity of SOD and GSH‑Px can be used 
as an objective index to evaluate the scavenging capacity 
of ROS (45). MDA and 8‑OHdG are well‑known biomarkers 
of lipid and DNA peroxidation, respectively, indicating lipid 
and DNA damage caused by excessive ROS (46,47). In the 
present study, compared with the D‑S group, D‑MI/R rats 
had decreased activities of GSH‑Px and SOD, and increased 

Figure 5. Effect of Nar on PI3K/AKT signaling in diabetic MI/R rats. The protein levels of p‑PI3K, PI3K, p‑AKT, AKT and GAPDH in myocardium were detected 
by western blotting. Data are presented the mean ± SEM (number of repeated measurements: n=3/group). **P<0.01 and ***P<0.001 compared with the STZ‑sham 
group; #P<0.05, ##P<0.01 and ###P<0.001 compared with the STZ‑M/IR group. STZ, streptozotocin; MI/R, myocardial ischemia reperfusion; Nar, naringenin.

Figure 4. Effect of Nar on cardiac function in diabetic MI/R rats. (A) LVSP, (B) LVEDP, (C) +dP/dtmax and (D) ‑dP/dtmax were recorded using a hemodynamic 
monitoring system. Data are presented as the mean ± SEM (number of repeated measurements: n=6‑8/group). *P<0.05, **P<0.01 and ***P<0.001 compared with 
the STZ‑sham group; #P<0.05 and ##P<0.01 compared with the STZ‑M/IR group. STZ, streptozotocin; MI/R, myocardial ischemia reperfusion; Nar, narin‑/IR group. STZ, streptozotocin; MI/R, myocardial ischemia reperfusion; Nar, narin‑IR group. STZ, streptozotocin; MI/R, myocardial ischemia reperfusion; Nar, narin‑/R, myocardial ischemia reperfusion; Nar, narin‑R, myocardial ischemia reperfusion; Nar, narin‑
genin; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end‑diastolic pressure; +dP/dtmax, peak rate of left ventricular maximal systolic/diastolic 
velocity rise; ‑dP/dtmax, peak rate of left ventricular maximal systolic/diastolic velocity fall.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  810,  2021 7

levels of MDA, 8‑OHdG and H2O2. These results indicate that 
D‑MI/R rats had upregulated levels of myocardial enzymes, 
reduced cardiac tissue viability, and enhanced oxidative stress 
and cardiac dysfunction, suggesting the successful establish‑
ment of the I/R injury model.

MI/R injury can be triggered while treating IHD (1,4,5). 
IHD is a leading cause of death in patients with diabetes (6). 
Therefore, effective approaches against D‑MI/R injury may 
provide a better outcome in the management of diabetic IHD. 
It has been shown that Nar prevents MI/R injury (19,20,39,48). 
Thus, the present study aimed to determine whether Nar 
protected against MI/R injury in diabetic heart. The results 
showed that Nar reduced the myocardial enzyme content of 
the coronary effluent, increased cardiac tissue viability, allevi‑
ated the oxidative stress level and improved cardiac function 
in D‑MI/R rats. These data indicate that Nar has the ability to 
alleviate MI/R injury in diabetic rats. The antioxidative effect 
of Nar has been confirmed in lens (49), retina (50) and renal (51) 
cells of diabetic rats. In addition, Nar exhibits a protective role 
on cardiac hypertrophy in STZ‑induced diabetic mice (52). 
These previous findings offer a reasonable explanation for 
the results obtained in the present study. Therefore, it can be 
suggested that Nar is an effective therapeutic drug for MI/R 
injury in diabetic heart.

The present study also investigated the possible underlying 
mechanism for the protective role of Nar against D‑MI/R 
injury. It has been shown that activation of PI3K/AKT 
signaling ameliorates MI/R injury (24‑26). Notably, miR‑126 
may be a therapeutic agent for diabetes mellitus (30) and 
MI/R injury (27,28). Therefore, it was hypothesized that the 
miR‑126‑PI3K/AKT axis may be involved in Nar‑mediated 
protection against D‑MI/R injury. The present study 
evaluated the role of Nar on myocardial miR‑126 and 
PI3K/AKT signaling in D‑MI/R rats. It was revealed that 
Nar reversed the MI/R‑reduced miR‑126 expression level, 
as well as the ratios of p‑PI3K/PI3K and p‑AKT/AKT in 
D‑MI/R rats, which suggested that the upregulation of the 

miR‑126‑PI3K/AKT axis contributed to the beneficial effect 
of Nar on D‑MI/R injury. It has previously been confirmed 
that the antidiabetic effect of Nar is exerted by activation of the 
PI3K/AKT signaling pathway (53). In addition, the activation 
the PI3K/AKT signaling pathway is involved in in the protec‑
tion mediated by dexmedetomidine (54) and eplerenone (55) 
against I/R injury in the heart of diabetic rats. Furthermore, 
long non‑coding RNA cardiac hypertrophy‑related factor 
modulates the progression of cerebral I/R injury via the 
miR‑126/SOX6 signaling pathway (56). These previous find‑
ings offer a reasonable explanation for the results obtained in 
the present study.

In conclusion, the present study demonstrated that 
Nar was able to prevent MI/R injury and upregulate the 
miR‑126‑PI3K/AKT axis in D‑MI/R rats. These results indi‑
cated that Nar ameliorated MI/R injury by upregulating the 
miR‑126‑PI3K/AKT axis in diabetic heart, and suggest that 
Nar may act as a potential preventive agent for MI/R injury 
in diabetes, which is important for improving the therapeutic 
effect of diabetic IHD including antioxidant, improvement of 
myocardial enzyme level and enhancement of cardiac activity 
and function.
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Figure 6. Effect of Nar on miR‑126 expression in diabetic MI/R rats. Relative 
expression levels of myocardial miR‑126 were determined using reverse tran‑
scription‑quantitative PCR. Data are presented as the mean ± SEM (number of 
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group; ##P<0.01 compared with the STZ‑M/IR group. miR, microRNA; STZ, 
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