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Abstract
Background  Investigating the interaction of diabetes with ischemic postconditioning (IPostC)-associated cardioprotection in 
myocardial ischemia/reperfusion (I/R) damage is of great clinical importance. The present work was designed to determine 
the possible synergistic effects of alpha-lipoic acid (LA) preconditioning and IPostC on myocardial I/R damage in type-II 
diabetic rats through modulating autophagy, and the involvement of mitochondrial function.
Methods  High-fat diet/low dose of streptozotocin-induced type-II diabetic model with duration of 12 weeks was used in this 
study. LA (100 mg/kg/day) was administered orally in diabetic rats for 5 weeks before I/R. Myocardial I/R was established 
on Langendorff apparatus through the ligation of left anterior descending coronary artery for 35 min, then reperfusion for 
60 min. IPostC was carried out immediately at the beginning of the reperfusion. At the end of the experiment, myocardial 
infarct size (IS), autophagy markers at both gene and protein levels, and mitochondrial ROS production and membrane 
potential were assessed.
Results  Combined conditioning with LA and ischemia significantly decreased the IS of diabetic hearts (P < 0.05), however, 
single therapies had no significant effects. LA in combination with IPostC more significantly decreased LC3 and p62 mRNA 
levels (P < 0.01), and LC3II/LC3I and p62 protein levels (P < 0.01). Also, this combined therapy decreased mitochondrial 
ROS generation and membrane depolarization (P < 0.01).
Conclusions  Pretreatment with LA in diabetic rats notably restored cardioprotection by IPostC via modulating autophagy 
and restoring mitochondrial function. This combined conditioning might be an effective strategy to diminish I/R damage 
in diabetic hearts.

Keywords  Ischemia/reperfusion injury · Alpha-lipoic acid · Ischemic postconditioning · Autophagy · Mitochondrial 
function · Diabetic heart
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Introduction

Rapid restoration of blood flow to the myocardial ischemic 
area is an optimal therapeutic procedure in which 
decreases the mortality rate, but also has the potential to 
induce ischemia/reperfusion (I/R) injury [1, 2]. The risk of 
myocardial I/R development in diabetic patients is higher 
than non-diabetic ones. Recently, we and others demon-
strated that diabetes sensitizes the myocardium to I/R 
damage, exacerbates myocardial damage, interacts with 
cardioprotective mechanisms, and leads to poor prognosis 
through multiple mechanisms that are largely unknown 
[3–7], but including overproduction of free radicals and 
pro-inflammatory cytokines, impaired production of nitric 
oxide, mitochondrial dysfunction, impaired activation of 
survival protein kinases, increased apoptosis, and dysregu-
lated autophagy [5, 8].

Autophagy has house-keeping role in preserving cel-
lular homeostasis via degrading misfolded and long-lived 
proteins, and dysfunctional organelles such as mitochon-
dria [9]. The dual role of autophagy in the regulation of 
cell survival and death has been shown in preclinical 
studies, but the protective versus detrimental function of 
altered autophagy in myocardial I/R injury, particularly 
in the presence of cardiovascular risk factors such as dia-
betes still requires further investigations [10, 11]. It has 
been suggested that by inducing well-controlled autophagy 
at a proper level and timing, and inhibiting inappropri-
ate autophagy, the myocardium can be protected from I/R 
damage [12]. Given that autophagy has an important role 
in preserving mitochondrial normal structure and perfor-
mance in the heart, there is a potential association between 
altered autophagy and dysfunctional mitochondria [13]. 
Mitochondrial dysfunction is involved in the poor progno-
sis of ischemic heart disease (IHD) under diabetic condi-
tion. Since diabetes impairs mitochondrial biogenesis, and 
decreases the function and number of mitochondria in the 
heart [14], so reduction of mitochondrial oxidative stress 
and improving its biogenesis have emerged as potential 
targets for reducing cardiac I/R damage under diabetes 
[15].

Studies have revealed that in the prolonged myocardial 
ischemia, episodes of brief ischemia at the beginning of 
the reperfusion can elicit a significant reduction in infarct 
size and induce cardioprotection, which is called postcon-
ditioning (IPostC). Therapeutic strategies such as IPostC 
which have shown positive effects against myocardial I/R 
damage in non-diabetic experimental models, have failed 
to exert same protection under diabetes. Diabetes elimi-
nates the beneficial effects of IPostC against myocardial 
I/R damage via interference with the cell survival signal-
ing pathways [5]. Since diabetic heart is more resistant to 

common cardioprotections, emerging data suggests that 
optimal cardioprotection may be achieved by combina-
tion therapy. Thus, for enhancing the potency of IPostC 
in diabetic myocardium, and restoring diabetes-associated 
loss of cardioprotection, its combination with appropri-
ate pharmacological agents has been proposed in several 
studies [3, 4].

Alpha-lipoic acid (LA) is a potent natural antioxidant and 
free radical scavenger [16, 17] which has beneficial effects 
in preventing cardiovascular diseases [18]. LA exerts anti-
inflammatory and antioxidative effects, and has the ability to 
increase cellular defense and the resistance to ROS-induced 
myocardial damage, diminish myocardial injury, and pre-
serve heart function during I/R [19]. There are reports that 
LA is a protective agent against oxidative stress in several 
experimental or clinical setting, including I/R damage and 
diabetes [20, 21]. In addition, LA has a wide range of phar-
macological capabilities in diabetic patients including glu-
cose and lipid-lowering effect, insulin-sensitizing, and anti-
oxidative, anti-apoptotic, and anti-inflammatory properties 
[22].

It has been argued that presence of chronic diabetes may 
enhance the susceptibility of the heart to I/R damage, and 
interfere with and attenuate the cardioprotective efficacy of 
IPostC [23]. Considering the therapeutic potentials of LA in 
cardiovascular diseases and diabetes, we have designed this 
work to explore whether combination therapy with LA pre-
conditioning and IPostC is able to protect the diabetic heart 
from I/R damage, and to identify the role of cardiomyocyte 
autophagy and mitochondrial function in this setting.

Materials and methods

Ethics and animals

All procedures of this work were conducted in accordance 
with the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (8th Edi-
tion, NRC 2011), and were approved by the ethical com-
mittee of Tabriz University of Medical Sciences (ethical 
code: IR.TBZMED.VCR.REC.1400.154), and Iran’s Natio
nal Committee for Ethics in Biomedical Research (ethical 
code: IR.NIMAD.REC.1396.029). Male Wistar rats (84 rats 
at 8 weeks of age, 200–250 g) were supplied by the ani-
mal center of Tabriz University of Medical Sciences. The 
rats were kept under 12-h light/dark cycles in the individual 
cages in the humidity- and temperature-controlled animal 
room, and received humane care with unlimited access to 
standard diet and water ad libitum.
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Induction of type‑II diabetes

In order to induce type-II diabetes with insulin resistance, 
high-fat diet-fed and low-dose streptozotocin (STZ) (Sigma, 
St. Louis, MO, USA) method was used in accordance with 
the previous studies [24]. For simulation of chronic diabe-
tes, the duration of 12 weeks was considered. Following 
the adaptation of animals for 1 week, diabetic rats received 
ad libitum with a high-fat diet (0.3% DL-Methionine, 1% 
cholesterol, 4% sucrose, 24% casein, 30% lard, and 35% 
normal pellet) for 6 weeks (total caloric value ≈ 4.6 kcal/g; 
62% of which was from fat). After 6 weeks, STZ at the dose 
of 35 mg/kg in citrate buffer (pH 4) was injected intraperi-
toneally (i.p) in diabetic rats following 8 h fasting. Non-
diabetic rats received typical food and an equal volume of 
citrate buffer. For confirmation of diabetes, blood samples 
were collected 72 h following the injection of STZ, and 
the levels of blood glucose were determined by means of a 
glucometer device. The animals with blood glucose levels 
beyond 250 mg/dl were enrolled to the further experiment.

Preparation of I/R injury model and IPostC 
in Langendorff‑perfused rat hearts

All rats were heparinized (500 IU/kg) to avoid blood clot-
ting during the surgery, and anesthetized by i.p injection 
of ketamine/xylazine (60/10 mg/kg, respectively). Next, 
by using the Langendorff perfusion apparatus (ML176-V; 
AD Instruments, New South Wales, Australia) at a constant 
pressure of 80 mmHg, the isolated hearts were retrogradely 
perfused through the aorta with a Krebs–Henseleit (K-H) 
buffer gassed with carbogen (5% CO2 and 95% O2) at 37 °C 
± 0.5 °C, and pH of 7.4, of the following composition (in 
mmol/L): KCl 4.7; NaCl 118; KH2PO4 1.2; MgSO4 1.2; 
CaCl2 2.5; NaHCO3 25; and glucose 11.1 [25]. Following 
a stabilization period for 15 min with 12–14 ml/min coro-
nary flow rate, the isolated hearts underwent left anterior 
descending (LAD) coronary artery blocking for 35 min to 
induce regional ischemia, then LAD re-opening for 60 min 
to induce reperfusion. The Sham-operated groups underwent 
the above procedure, without LAD ligation. Successful I/R 
cycle was indicated by a decline of at least 25% in coronary 
flow in the obstruction period, and the subsequent recovery 
of the coronary flow during reperfusion. IPostC in corre-
sponding groups was carried out at the beginning of the 
reperfusion by 6 cycles of 10 s ischemia/10 s reperfusion.

Study design

The isolated hearts were randomly assigned to one of 
these groups (n = 12/each): H-Sham (non-diabetic hearts 
receiving 110 min full perfusion); H-Cont (non-diabetic 
hearts receiving 35 min ischemia plus 60 min reperfusion); 

D-Sham (diabetic hearts receiving 110  min full perfu-
sion); D-Cont (diabetic hearts receiving 35 min ischemia 
plus 60 min reperfusion); D-Post (diabetic hearts receiv-
ing 35 min ischemia plus 6 cycles of 10 s ischemia/10 sec 
reperfusion at the beginning of 60 min reperfusion); D-LA 
(the hearts of LA-receiving diabetic rats undergoing 35 min 
ischemia plus 60 min reperfusion); and D-Post-LA (the 
hearts of LA-receiving diabetic rats undergoing 35 min 
ischemia plus 6 cycles of 10 s ischemia/10 sec reperfusion 
at the beginning of 60 min reperfusion). LA (Sigma-Aldrich, 
St. Louis, USA) at the dose of 100 mg/kg/day, dissolved in 
DMSO (0.1%), was administered in D-LA and D-LA-Post 
groups through feeding gavage in the last 5 weeks. Body 
weight recording was performed weekly, with the final body 
weight recording before isolation of the heart. The ratio of 
heart/body weight (%) was measured as an index of diabetic 
cardiomyopathy.

Assessment of HOMA1‑IR index

The levels of fasting blood glucose and plasma insulin were 
evaluated for confirmation of insulin resistance and type-
II diabetes. Before isolation of the hearts, blood samples 
were collected from the hearts, and immediately centrifuged 
for separation of plasma (3500 × g, 10 min, 4 °C). Then, 
plasma levels of insulin were determined using a rat-specific 
enzyme-linked immunosorbent assay (ELISA) kit (Cay-
man Chem., Ann Arbor, Michigan) based on the manufac-
turer’s protocols. The levels of fasting blood glucose were 
determined using a glucometer device. Homeostasis model 
assessment of insulin resistance (HOMA1-IR) index was 
employed in order to identify insulin resistance based on the 
following formula: fasting blood glucose (mmol/l) × fasting 
insulin (µu/l)/22.5 [26].

Infarct size estimation

At the end of 60 min reperfusion in a separate grouping 
of rats, the LAD was tied again, and 2 ml Evans blue dye 
(0.25%) was infused into the coronary system. Next, the 
heart samples were stored at − 20 °C. After 24 h, sections of 
frozen heart were prepared and placed in 2,3,5-triphenylte-
trazolium chloride (TTC, 1%) in phosphate-buffered solution 
(pH 7.4) for 15–20 min at 37 °C. Then, the slices were fixed 
in 10% formalin for 24–48 h to improve the contrast of the 
staining. A computerized planimetry and ImageJ software 
(NIH, Bethesda, USA) were utilized for calculation of area 
at risk (AAR) and infarct size (IS) of each slice, which were 
defined as a percentage of left ventricle (AAR/LV × 100), 
and a percentage of AAR (IS/AAR × 100), respectively.
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Real‑time PCR

The mRNA levels of microtubule-associated proteins 1 A/1B 
light chain 3 (LC3) and p62 were determined by Real-time 
PCR with the following steps: denaturation (94–97 °C), 
annealing (55–60 °C), and extension (≈ 72 °C). Total RNA 
was extracted from fresh samples of LVs using Trizol Rea-
gent (Invitrogen Company, San Diego, CA, USA) on ice, 
in accordance to the manufacturer’s guidelines. In order to 
detect the RNA yield and purity, NanoDrop spectrophotome-
ter (NanoDrop ND-2000 C, Thermo Fisher Scientific, USA) 
at a wavelength of 260/280 nm was employed. Utilizing an 
Exiqon cDNA Synthesis Kit, RNA series were converted 
to cDNA. By means of a LightCycler-96 Roche device, the 
assessment of the gene expressions of LC3 and p62 were 
performed. Primers used in this study are listed in Table 1. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
was the internal control for this study. 2−∆∆CT method was 
employed for determining the relative-quantitative levels of 
autophagy genes. The results were reported as fold-change 
difference to the relevant controls.

Western blot assay

At 60 min following reperfusion, the expression of LC3II/
LC3I and p62 were determined in the LVs using western 
blot assay. After dissecting and homogenizing fresh-frozen 
samples in lysis buffer (Sigma-Aldrich, St. Louis, MO, USA) 
based on the manufacturer’s guidelines, the resulting solu-
tions were centrifuged at 10,000 RCF for 10 min at 4 °C to 
collect the supernatants. BCA Protein Assay Kit (Pierce, 
Rockford, IL, USA) was carried out to determine protein 
concentration.

After the separating equal amounts of proteins (50 µg) 
in 12% SDS-PAGE gel electrophoresis, separated soluble 
proteins were transferred to a polyvinylidene difluoride 
(PVDF, Sigma-Aldrich, St. Louis, MO, USA) membrane. 
After blocking non-specific bindings in 5% non-fat dry milk 
solution for 2 h, the membranes were then probed overnight 
with primary antibodies against LC3B (1:1000, Cell Signal-
ing), p62/SQSTM1 (1:500, Santa Cruz), and β-actin (1:500, 
Cell Signaling) overnight at 4 °C on a shaker. Membranes 
were washed 3 times and then incubated with anti-rabbit 

secondary antibody (1:7000, Cell Signaling) for 1 h on a 
shaker at room temperature. Using an enhanced chemilu-
minescence (ECL) detection kit (Amersham Pharmacia 
Biotech, England), the immunoreactivities were visualized 
based on the manufacturer’s protocols, then exposed to a 
film, quantified by densitometric analysis, and normalized 
with the intensity of β-actin bands as loading control. The 
measured values were presented in arbitrary unit.

Evaluation of mitochondrial function

Isolation of cardiac mitochondria was performed based on 
our previous works [8, 25]. The generation of mitochon-
drial ROS in the heart was evaluated by dichlorohydro-
fluorescein diacetate (DCFDA) dye using a fluorometric 
technique. Mitochondrial ROS generation levels in the heart 
were expressed as the fluorescence intensity per mg protein 
of samples. Mitochondrial membrane potential alterations in 
the heart were evaluated utilizing the 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) 
by an isolated mitochondrial staining kit (Sigma, Germany), 
based on the manufacturer’s instructions. Reduction of red/
green fluorescence intensity ratio was considered as mito-
chondrial membrane depolarization [25].

Statistical analysis

All quantitative data were expressed as means ± stand-
ard errors of the mean (SEM), and analysed with one-way 
ANOVA followed by Tukey post-hoc test. Statistical analysis 
of data was carried out using the SPSS software 25 (SPSS 
Inc., Chicago, IL, USA). P < 0.05 was considered statisti-
cally significant.

Results

Characteristics of the animals

The statistical analyses showed significant increases in the 
levels of fasting blood glucose and plasma insulin, HOMA1-
IR index, heart weight (HW), and the ratio of heart/body 
weight (HW/BW) as compared to the non-diabetic rats (P < 
0.01 for all). Pretreatment of diabetic rats with LA signifi-
cantly decreased hyperglycemia (P < 0.01), increased the 
plasma levels of insulin (P < 0.05), and reduced HOMA-IR 
index (P < 0.05), HW (P < 0.05), and HW/BW ratio (P < 
0.05) as compared to the diabetic rats (Table 2).

Table 1   The sequences of primers used in real-time PCR

Gene name Primer sequence

 LC3 Forward: 5′-GTT​GTG​TAC​GTC​GTC​ATG​TCCC-3′
Reverse: 5′-GCC​TGA​GCA​GCA​TCT​TAG​AGCA-3′

 p62 Forward: 5′-TGT​TAG​TTT​CAA​AAG​TGG​CAT​TGC​T-3′
Reverse: 5′-CAC​CTA​CTG​CCG​TTA​ACA​TTG​TGA​-3′

 GAPDH Forward: 5′-AAG​TTC​AAC​GGC​ACA​GTC​AAGG-3′
Reverse: 5′-CAT​ACT​CAG​CAC​CAG​CAT​CACC-3′
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Myocardial AAR and IS

As shown in Fig. 1A, AAR volumes were similar between 
all of the hearts subjected to 35 min ischemia and 60 min 

reperfusion. As shown in Fig. 1B, induction of 35 min 
ischemia and 60  min reperfusion in non-diabetic rats 
caused the development of IS to 39 ± 3.2%, and this value 
in the diabetic rats was 47 ± 8.1%. Postconditioning with 
ischemia alone or preconditioning with LA alone could 
not significantly reduce the IS in comparison to those of 
non-treated diabetic hearts. However, combined therapy 
with LA and IPostC caused a significant decrease in the 
IS compared with D-Cont group (P < 0.05).

The expression of LC3 and p62 genes

As shown in Fig. 2A and B, induction of I/R in non-dia-
betic hearts increased the mRNA levels of LC3 to some 
extent, however, this difference was not significant, and 
increased the mRNA levels of p62 to a significant level (P 
< 0.05) when compared with H-Sham group. In diabetic 
hearts, induction of I/R significantly increased the mRNA 
levels of LC3 (P < 0.05), as well as increased the mRNA 
levels of p62 to some extent when compared with D-Sham 

Table 2   General information of experimental groups

LA alpha-lipoic acid, HOMA1-IR Homeostasis model assessment of 
insulin resistance, BW body weight, HW heart weight
The data were expressed as mean ± SEM. (**P < 0.01 vs. Non-dia-
betic group, +P < 0.05 and ++P < 0.01 vs. Diabetic group)

Groups Non-diabetic Diabetic Diabetic + LA

 Fasting blood 
glucose (mg/dl) 

96 ± 4.4 540 ± 15** 346 ± 12**,++

 Insulin (µu/ml) 4.7 ± 0.5 7.2 ± 0.6** 9.3 ± 0.4**,+

 HOMA1-IR 1.1 ± 0.1 9.3 ± 0.2** 8.2 ± 0.5**,+

 BW (g) 295 ± 11 311 ± 14 305 ± 9
 HW (g) 1.36 ± 0.03 1.61 ± 0.04** 1.48 ± 0.06+

 HW/BW (%) 0.46 ± 0.01 0.53 ± 0.01** 0.49 ± 0.01+
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group. Application of IPostC alone significantly decreased 
the expression of LC3 gene in diabetic hearts (P < 0.05), 
however, had no significant influence on the expression of 
p62 gene as compared with D-Cont group. Preconditioning 
with LA significantly decreased the mRNA levels of LC3 
and p62 as compared with D-Cont group (P < 0.01 and P 
< 0.05, respectively). LA preconditioning in combination 
with IPostC significantly and more potently decreased LC3 
and p62 mRNA levels when compared with D-Cont group 
(P < 0.01 for both).

The expression of LC3II/LC3I and p62 proteins

As shown in Fig. 3B and C, LC3II/LC3I and p62 protein 
levels in H-Cont group tended to increase to some extent in 
comparison with H-Sham group, but these differences were 
not significant. Furthermore, protein levels of LC3II/LC3I 
and p62 in D-Cont group were significantly higher than 
D-Sham group (P < 0.05 for both). Postconditioning with 
ischemia significantly decreased LC3II/LC3I expression (P 
< 0.05), however, could not significantly decrease p62 pro-
tein expression compared with D-Cont group. The protein 
levels of LC3II/LC3I and p62 were significantly decreased 
in the group receiving LA preconditioning when compared 
with I/R group (P < 0.01 and P < 0.05, respectively). Con-
comitant application of both LA and IPostC significantly and 
more effectively decreased LC3II/LC3I and p62 protein lev-
els when compared with D-Cont group (P < 0.01 for both).
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Mitochondrial function

Figure 4A and B shows the levels of mitochondrial ROS 
production and the alterations of mitochondrial membrane 
potential in the heart, which were reported as fluorescence 
intensity of DCF, and red/green fluorescence intensity ratio 
of JC-1 staining respectively. Lack of unwanted depolariza-
tion or normal membrane potential associates with greater 
red/green ratios. As shown, induction of I/R in non-diabetic 
hearts led to the increased levels of ROS production and 
decreased ratio of red/green fluorescence intensity when 
compared with H-Sham hearts (P < 0.05 and P < 0.01, 
respectively). In diabetic hearts, induction of I/R led to the 
enhanced levels of ROS production, and decreased ratio of 
red/green fluorescence intensity as compared with D-Sham 
group (P < 0.05 and P < 0.01, respectively). Interestingly, 
the levels of mitochondrial ROS production were signifi-
cantly decreased in D-Post (P < 0.01), D-LA (P < 0.05), 
and D-Post-LA (P < 0.01) groups, and the ratio of red/green 
fluorescence intensity were significantly increased in D-LA 
and D-Post-LA (P < 0.01 for both) groups, as compared 
with D-Cont group.

Discussion

The present experimental study showed the effectiveness 
of combined therapy with LA preconditioning and IPostC 
in type-II diabetic hearts injured by I/R by investigating 
autophagic flux and mitochondrial function. Pretreatment 
of type-II diabetic rats with LA restored the cardioprotec-
tive effects of IPostC following I/R injury, as evidenced by 
decreased myocardial infarct size. The reduction of myocar-
dial infarct size by combined conditioning was partly medi-
ated by its influence on autophagic flux and mitochondrial 
function following reperfusion injury in diabetic hearts. Our 
data documented that this combined therapy decreased the 
expression of genes and proteins involved in autophagic flux 
(LC3II and p62), as well as improved mitochondrial function 
by decreasing mitochondrial ROS generation and membrane 
depolarization.

Studies have shown that diabetes mellitus leads to the 
aggravation of heart function after I/R injury, and reduces 
the efficacy of cardioprotective strategies [27]. The char-
acteristics of type-II diabetes include glucose intolerance, 
hyperglycemia, hyperinsulinemia, insulin resistance, and 
hyperlipidemia [10]. In this study, using high-fat diet/strep-
tozotocin (HFD/STZ) in rats resulted in hyperglycemia, 
hyperinsulinemia, insulin resistance, and elevated HW/BW 
ratio. In details, at the end of 7th week, the diabetic rats 
showed glucose intolerance, and at the end of 12th week 
showed high fasting blood glucose, hyperinsulinemia, and 
increased HOMA1-IR. Accordingly, these results confirmed 

that the rats underwent type-II diabetes and insulin resist-
ance. Surprisingly, preconditioning with LA decreased 
blood glucose levels to the normal state, elevated insulin 
sensitivity, and reduced HW/BW ratio in diabetic animals. 
In agreement with our findings, a previous experimental 
study showed that LA has positive effects against diabetic 
cardiomyopathy development by inhibition of mitochondrial 
oxidative injury through decreasing cardiomyocyte apopto-
sis and increasing the levels of glutathione (GSH) and the 
activity of manganese superoxide diamutase (Mn-SOD) 
[19]. Several previous studies have suggested that diabetes 
can increase cardiac susceptibility to I/R damage, leading 
to the increased infarct size compared with non-diabetic 
hearts [6, 28]. Inconsistent, this model of diabetes in our 
study could not significantly increase the infarct size. The 
impacts of diabetes on cardiac I/R damage and infarct size 
in experimental setting are controversial. The discrepancy 
of the results can be described by the possible ability of 
diabetes to increase cardiac resistance to I/R injury due to 
its possible preconditioning impacts [7, 23].

It has been revealed that diabetic heart leads to the exces-
sive generation of mitochondrial ROS, reduction of NO lev-
els, endothelial dysfunction, myocardial inflammation, apop-
tosis, dysregulated autophagy, and consequently contractile 
dysfunction [29, 30]. Autophagy is critical in degradation of 
old damaged organelles and proteins in the cell, and has an 
important role in physiological function of the heart through 
maintaining cellular homeostasis [31]. Under myocardial 
I/R injury, autophagy plays both destructive and beneficial 
roles, which depend on the level of autophagy activity [12, 
14]. Thus, maladaptive or adaptive function of autophagy 
under I/R condition is still under discussion. It has been 
demonstrated that increase or decrease in autophagy activity 
induces cell death via excessive degradation of vital orga-
nelles and proteins, or accumulation of injured organelles 
and proteins, respectively [12, 32]. Several preclinical stud-
ies reported that induction of adaptive autophagy in the 
heart may be protective under I/R injury. On the other hand, 
there are preclinical studies demonstrating that reduction 
of autophagy activity in the heart may be protective under 
I/R injury (for more details see Mokhtari and Badalzadeh) 
[12]. Impaired autophagy in the heart of animals with HFD-
induced insulin resistance and type-II diabetes, as well as 
ischemia could be occurred [33]. Under diabetic condition, 
metabolic abnormalities such as hyperglycemia, insulin 
resistance, dyslipidemia, and excessive ROS can inhibit or 
induce autophagy process in the myocardium, thus lead to 
the diabetic cardiomyopathy development [10]. In the pre-
sent work, we used western blotting to monitor changes in 
LC3II/LC3I and p62, and found that I/R injury increased 
LC3II and p62 in the heart at both gene and protein levels 
under diabetic condition. According to the related data of 
this study, it can be indirectly said that impaired autophagic 
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flux following I/R in diabetic hearts occurred, and com-
bined therapy restored the autophagic flux by decreasing 
the expression of genes and proteins involved in autophagic 
flux (LC3 and p62). It should be noted that because of some 
limitations, the whole “autophagic flux” was not assessed in 
our study. So it will be necessary to perform further studies 
to explore the effect of this combined therapy on autophagic 
flux in the future researches.

Mitochondrial dysfunction has been associated with 
insulin resistance, and is considered as a major target of 
oxidative damage in diabetic heart injury. Excessive pro-
duction of ROS from injured mitochondria which causes 
cardiomyocyte death through releasing pro-death factors, 
and subsequent autophagosome accumulation, are com-
monly observed in diabetic myocardium. Autophagy has 
a key role in the reduction of diabetic heart injury through 
elimination of dysfunctional or damaged mitochondria, 
and prevention of ROS generation [34–36]. Similarly, our 
study showed that I/R injury led to the increased levels 
of ROS production in the heart under normal and dia-
betic conditions. In addition, reduction of mitochondrial 
membrane potential which indicates more depolarization 
was observed in non-diabetic and diabetic hearts with I/R 
injury. These findings may reflect the fact that targeting 
novel strategies to prevent excessive ROS generation by 
removing dysfunctional mitochondria via restoration of 
autophagic flux in appropriate level and timing would 
be useful in the diabetic myocardium with I/R injury. 
Accordingly, in the current work, application of LA alone 
caused significant reduction of LC3II and p62 at both 
gene and protein levels in one hand, and decreased mito-
chondrial ROS production and improved mitochondrial 
membrane potential on the other hand. Also, application 
of IPostC alone significantly reduced LC3 gene expres-
sion, LC3II/LC3I protein levels, and mitochondrial ROS 
generation. However, preconditioning with LA alone, or 
postconditioning with ischemia alone could not signifi-
cantly decrease myocardial infarct size. It can be prob-
ably explained with this hypothesis that other protective 
mechanisms may not be influenced by single therapy with 
LA or IPostC in diabetic hearts with I/R injury. Never-
theless, additional investigations are needed to evaluate 
this suggestion. The current work showed that combined 
therapy with LA and IPostC decreased the infarct size of 
diabetic hearts. This positive effect of combined therapy 
on infarct size was in consistent with its effects on restor-
ing autophagic flux and improving mitochondrial func-
tion. Of note, the effects of combined therapy with LA 
and IPostC on autophagic flux and mitochondrial func-
tion were more effective and potent as compared to the 
single therapy with them. In other words, addition of LA 
with IPostC elevated the efficacy of IPostC to modulate 
autophagic flux and improve mitochondrial function in 

diabetic I/R hearts. Taken together, it seems that diabetes 
interferes with cardioprotective effects of IPostC, and pos-
sibly reduces its efficacy against myocardial I/R damage. 
It seems that application of LA raises the potency and 
efficacy of IPostC in diabetic hearts likely via normaliza-
tion of some diabetes-associated cellular alterations. This 
finding suggests that combined conditioning may possibly 
lead to the effective co-activation of multiple mechanisms 
of cardioprotection, which requires further clarification. 
In agreement with the present results, our previous works 
also confirmed that IPostC alone was not able to decrease 
infarct size and improve cardiac function following I/R 
damage under diabetic condition. However, additioning 
an appropriate therapeutic agent (vildagliptin) with IPostC 
caused more cardioprotective effects via restoration of 
autophagic flux and improving mitochondrial function in 
diabetic hearts injured with I/R [3, 8].

Conclusions

Combined therapy with LA and IPostC induced more effec-
tive cardioprotection in type-II diabetic hearts injured by I/R 
through modulation of autophagic flux and improving mito-
chondrial function in risk areas of I/R hearts. Even though, 
further investigations are required to clarify the role of dif-
ferent mechanisms and signaling pathways affected by this 
combined conditioning to protect the diabetic myocardium, 
particularly in the in vivo models of I/R injury.
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