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Abstract
The burden of myocardial ischemia/reperfusion (IR) injury is 2–3-folds higher in diabetic patients, so protecting
diabetic hearts is clinically important. Here, we investigated the effect of combinational therapy with vildagliptin
and ischemic postconditioning (IPostC) on cardioprotection and the expression of genes regulating autophagy and
mitochondrial function in diabetic hearts with IR injury. Type 2 diabetes was induced through high-fat diet and
streptozotocin protocol in Wistar rats. Vildagliptin was orally administered to diabetic rats 5 weeks before IR injury.
Myocardial-IR injury was modeled by ligation of left the coronary artery for 30 min followed by 60-min reperfusion,
on a Langendorff-perfusion system. IPostC was applied at early reperfusion as 6 alternative cycles of 10-s reperfusion/
ischemia. Creatine-kinase levels were measured spectrometrically, and infarct size was evaluated by TTC staining
method. Left ventricles were harvested for assessing the expression levels of autophagy and mitochondrial-related
genes using real-time PCR. Induction of diabetes significantly increased creatine-kinase release in comparison to
healthy rats, and all treatments significantly reduced the release of enzyme toward control levels (P < 0.05). Only
the combination therapy (IPostC + vildagliptin) could significantly reduce the infarct size of diabetic hearts as
compared to untreated diabetic-IR group (P < 0.01). The levels of autophagy genes LC3 and p62 were significantly
higher in diabetic groups than healthy ones. Induction of IR injury in diabetic hearts enhanced mitochondrial fission
(drp-1) and reduced mitochondrial fusion (mfn1 and mfn2) genes. IPostC alone had no significant effect on the gene
expression and vildagliptin alone could only affect LC3-II and mfn2 expressions. Nevertheless, administration of
combination therapy significantly reduced the expression of both autophagy genes and increased both LC3-II/I and
mfn2/1 ratios as compared with diabetic-IR hearts (P < 0.01–0.05). Application of this combination therapy could
overcome the diabetes-induced failure of cardioprotection by individual treatments and improve mitochondrial dynamic
and autophagy flux.
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Introduction

Ischemic heart disease andmyocardial infarction are still at the
forefront of diseases with high mortality rates, worldwide
(Finegold et al. 2013). Myocardial ischemia/reperfusion (IR)
injury is an unavoidable condition in cardiac procedures such
as percutaneous coronary intervention (PCI) or coronary ar-
tery bypass grafting (CABG) surgery and heart transplanta-
tion. The size of infarction is the core determinant in the prog-
nosis of myocardial IR injury. Reperfusion is the first and
effective therapy for ischemic injury, but despite its necessity,
reperfusion itself is also detrimental and can increase the in-
farct size severely and even cause death (Luc et al. 2018; Saeid
et al. 2018). Type 2 diabetes is a global pandemic that in-
creases the risk of cardiovascular mortality and makes the
heart prone to IR insults (Saeid et al. 2018). This high risk
of ischemic injuries in diabetic patients needs the multifacto-
rial preventive and therapeutic approaches.

Conditioning treatments, applied before and/or after ische-
mia, can greatly reduce the infarct size and preserve cardiac
function (Qiming et al. 2018; Zhao et al. 2003). In the IR heart
without risk factors and comorbidities, application of ischemic
postconditioning (IPostC), as the repetitive opening and clos-
ing of coronary artery, at the onset of reperfusion protects the
cardiomyocytes against IR damages through a number of sig-
naling pathways (Zhao et al. 2003). However, previous studies
have shown that the protective effects of these interventions
are abolished in the presence of diabetes (Bayrami et al. 2018).
One possible explanation for this interaction is that the diabe-
tes negatively alters the activity of intracellular survival effec-
tors and thereby reduces the therapeutic power of interven-
tions. One approach to overcome this challenge can be the
combinational therapies.

Autophagy plays an important role in adapting cells to
stress conditions by eliminating non-functional protein aggre-
gates and defective organelles in cells and providing a “fast
source of energy” for maintaining cell survival. However, an
unnecessary increase in autophagy can destroy normal cell
components and lead to cell death (Mizushima and Komatsu
2011). Growing evidence suggests that autophagy is over-
activated during myocardial ischemic injuries (Ma et al.
2015), and on the other hand, its normal activity is impaired
in diabetic circumstances (Munasinghe and Katare 2016).
Further, the mitochondrial health and its normal function sub-
stantially depend on the normal expression of factors promot-
ing normal autophagy (LC3B and p62), mitophagy, and mito-
chondrial fission and fusion (dynamic-related protein-1; drp1,
mitofusins 1 and 2; and mfn1/2, respectively) (Maneechote
et al. 2017; Kim and Yi 2018). The normal mitochondrial
function can optimize the activity of autophagy regulators,
and in turn, the optimized autophagy destroys defective mito-
chondria and improves its function. Thus, with the participa-
tion of these two cellular elements, cell homeostasis is

maintained considerably. Therefore, modification of autopha-
gy and mitochondrial dynamic can be considered as one of the
effective tools to reduce the myocardial IR damages in
diabetes.

Dipeptidyl peptidase-4 inhibitors (DPP-4, gliptins) are anti-
diabetic drugs that have positive cardiovascular effects in ad-
dition to their hypoglycemic roles (Apaijai et al. 2013). It has
been observed in a previous study that vildagliptin can im-
prove the contractile activity and hemodynamic function of
the IR heart by modifying the inflammatory and oxidative
responses (Bayrami et al. 2018). It has also been reported that
this drug affects the signaling pathways of cellular autophagy
responses (Murase et al. 2015). However, its role in regulating
autophagy/mitophagy and related mitochondrial processes in
myocardial IR injury and diabetes is still unclear. Molecular
changes in autophagy/mitophagy signaling can play an impor-
tant role in determining the effectiveness of cardioprotective
interventions in diabetic heart (Kim and Yi 2018). The normal
function of both mitochondria and autophagy is impaired in
diabetes as well as in cardiac ischemic injuries, and correcting
this impairment by the therapies targeting these two main
homeostatic mechanisms can be a good clinical approach.
Therefore, with regard to the promising potentials of
vildagliptin and postconditioning, the aim of this study was
to investigate the effect of combinational therapy with
vildagliptin and IPostC on cardioprotection and the expression
of genes involved in autophagy, and mitochondrial fission and
fusion in diabetic heart with IR injury.

Materials and methods

Animals

In this study, maleWistar rats weighing 200–250 g were used.
Animals were kept in transparent polyethylene cages (4 rats in
each) on wood shavings in the university animal house with a
temperature of 22 ± 2 °C and a cycle of 12:12 h of dark and
light. They had free access to water and normal food. All
animal procedures and experimental interventions were car-
ried out in accordance with the ethical guidelines and ap-
proved by the local Ethical Committee for Animal Research.

Animal grouping and study design

First, the animals were randomly allocated to healthy and
diabetic groups. Healthy rats received standard diet and dia-
betic ones received high-fat diet with streptozotocin (STZ)
injection (see the next section). Then, healthy rats were divid-
ed into two subgroups and diabetic rats were divided into five
diabetic subgroups (n = 6/each), as following (Fig. 1):
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& Healthy sham (H-sham) group without IR injury: healthy
rats were kept untreated for 12 weeks, and then, their
beating hearts were isolated and mounted on a
Langendorff perfusion system and received normal perfu-
sion solution for 105 min. Myocardial IR injury was not
induced in this group.

& Healthy IR (H-IR) group: healthy rats were kept untreated
for 12 weeks, and then, their beating hearts were isolated
and mounted on a Langendorff perfusion system, in which
after stabilization period (15 min), they experienced re-
gional ischemia, through coronary artery ligation, for
30 min and then reperfusion for 60 min (as IR insult).

& Diabetic ham (D-sham) group without IR injury: after in-
duction of type 2 diabetes and completing the 12-week
period (next section), the beating hearts of diabetic rats
were isolated and mounted on a Langendorff perfusion
system and received normal perfusion solution for
105 min. Myocardial IR injury was not induced in this
group.

& Diabetic IR (D-IR) group: after completing the 12-week
diabetic period, the beating hearts of diabetic rats were
isolated and mounted on a Langendorff perfusion system,
in which after stabilization period (15 min), they experi-
enced regional ischemia for 30 min and then reperfusion
for 60 min (as IR insult).

& Ischemic postconditioning (D-IPostC) group: the condi-
tion was similar to the D-IR group except that the isolated
hearts received 6 alternative cycles of 10-s reperfusion and
10-s ischemia (as IPostC protocol), immediately at the
beginning of main reperfusion.

& Vildagliptin (D-Vilda) group: the condition was sim-
ilar to the D-IR group except that before myocardial
IR injury induction on a Langendorff system, the
diabetic rats were pretreated with vildagliptin orally
for 5 weeks (weeks 8–12).

& Vildagliptin-IPostC (D-Vilda-IPostC) group: the condi-
tion was similar to the D-IR group except that before
myocardial IR injury induction on a Langendorff system,
the diabetic rats were first pretreated with vildagliptin oral-
ly for 5 weeks, and during IR protocol, the isolated beating
hearts received six alternative cycles of 10-s reperfusion
and 10-s ischemia (as IPostC protocol), at the onset of
main reperfusion.

Rats in two diabetic groups received vildagliptin 6 mg/kg/
day orally for 5 weeks from the beginning of the 8-week until
the end of 12-week diabetic period (Bayrami et al. 2018). Each
day at a certain time (4 pm), the required amount of vildagliptin
was dissolved in distilled water according to the body weight of
rats and was given to each rat by a gavage syringe. Normal
saline was gavaged to the rats in other groups.

Induction of diabetes

Type 2 diabetes mellitus was induced in rats using a high-fat
diet and low-dose STZ protocol (Bayrami et al. 2018). After
1 week of adaptation period, rats were fed with a high-fat
saturated diet containing 35% normal pellet (Behparvar Co.,
Iran), 30% lard (local market source), 24% casein (Kazeinat
Co., Iran), 4% sucrose, 1% cholesterol, and 0.3% DL-methio-
nine (62% calories from fat) (all from Merck, Germany).
Then, at the beginning of seventh week, 35 mg/kg of STZ
(dissolved in citrate buffer pH 4.5) was injected intraperitone-
ally after 8 h of night fasting. One week after STZ injection, a
glucometry was performed for testing fasting blood glucose
(FBS) and oral glucose tolerance (OGT). Rats with FBS above
250mg/dL and impaired OGTT (indicative of the initial phase
of type 2 diabetes) were allocated to diabetic groups. The
diabetes period was extended for the next 6 weeks (total

Fig. 1 Study design
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period was 12 weeks). Rats with lower FBS were excluded
from the study. Body weight and food intake of animals were
recorded weekly.

Langendorff perfusion system and IR injury protocol

After completing 12 weeks, a constant-pressure mode of the
Langendorff perfusion system was used to study myocardial
injury ex vivo (Badalzadeh et al. 2017a). Following animal
anesthesia with a mixture of ketamine (60 mg/kg) and
xylasine (10 mg/kg) and heparinization with 500 IU of hepa-
rin sodium, the hearts of rats were isolated and rapidly
mounted on the Langendorff system and then perfused with
a perfusion solution containing (in mM/L): NaCl 118; KCl
4.7; NaHCO3 25; KH2PO4 1.2; MgSO4 1.2; CaCl2 2.5; and
glucose 11.1 (all from Merck co, Germany) and bubbled with
95% O2, 5% CO2 at 37 °C and pH 7.4. After 15 min of
stabilization period, the hearts in all groups except the two
sham groups received regional ischemia for 30 min and then
reperfusion for 60 min. Regional ischemia was applied by oc-
cluding the left anterior descending (LAD) coronary artery and
reperfusion was achieved by reopening of it. The LAD occlusion
was done using a temporary ligation of LAD with a 5–0 silk
suture placed around the LAD. The effective coronary blockage
and reperfusion were confirmed by a rapid drop in coronary flow
and its recovery at the onset of reperfusion, respectively.

Measurement of infarct size

For the measurement of infarct sizes, the 2,3,5-triphenylte-
trazolium chloride (TTC) staining method and a computerized
planimetry was employed (Bayrami et al. 2018). Briefly, the
LAD coronary artery was re-occluded at the end of reperfu-
sion and then 2 mL Evans blue dye (0.25%) (Sigma,
Germany) was administered to the hearts through aortic can-
nula. Thereafter, the hearts were frozen and cut into 2-mm
slices; the slices were immersed in 1% TTC (Sigma,
Germany) in phosphate-buffered solution (pH 7.4) for
20 min. Then, the ventricular volumes, areas at risk, and in-
farct sizes of the hearts were calculated, using the ImageJ
software.

Measurement of creatine kinase

The myocardial release of enzyme creatine kinase-myocardial
band (CK-mB) was evaluated to compare the level of heart
damage among groups. For this purpose, the coronary fluid
released from the heart was collected during reperfusion
phase. The enzyme was then measured in the mixed coronary
effluent samples by the spectrophotometric method according
to the kits instructions (Pars Azmoon Co., Iran). The absor-
bance of the samples was read at 525 nm, and the levels of
CK-mB enzyme were reported in units per liter.

RNA extraction and real-time PCR

Approximately 100 mg of areas at risk of left ventricles were
obtained and lysed on ice in 1 mL of lysis buffer solution
containing protease inhibitor cocktail (Sigma-Aldrich, St
Louis, MO) at pH 7.4. The resultant sample solution was used
for Real-Time PCR experiments. Total RNA of the samples
was extracted using miRCURYTM RNA isolation kit, based
on the protocol provided by the manufacturer (Exiqon,
Vedbaek, Denmark). A nanodrop 1000 spectrophotometer
(Thermo Scientific, Wilmington, DE, 19810, USA) was used
to measure the RNA content and purity.

The expression profiles of mRNAswere performed on total
RNA extracted by using the universal cDNA synthesis kit
(Yavari et al. 2016). Briefly, total RNA was poly adenylated
and cDNAwas synthesized using a poly (T) primer with a 30
degenerate anchor and a 50 universal tag (Exiqon, Vedbaek,
Denmark). Revert Aid First Strand cDNA Synthesis Kit
(FermentasGmBH, Leon-Rot, Germany) with random
hexamer primers and MMLV reverse transcriptase (as a com-
plete system for efficient synthesis of first strand cDNA from
mRNA or total RNA templates) were used for determination
of mRNAs expression levels. Real-time PCR reactions were
performed on a Bio-Rad iQ5 detection System (Bio-Rad,
Richmond, CA, USA). Forward and reverse primers for genes
are shown in Table 1. Relative expressions of mRNAs were
normalized to GAPDH expression levels. The 2−(ΔΔCt) meth-
od was used to determine the relative-quantitative levels of

Table 1 Primers
Genes Forward primer Reverse primer

LC3-I CGTCCTTGGACAAGACCAAGT CTCGTCTTTACTCCTGCTCGT

LC3-II GTTGTGTACGTCGTCATGTCCC GCCTGAGCAGCATCTTAGAGCA

p62 TGTTAGTTTCAAAAGTGGCATTGCT CACCTACTGCCGTTAACATTGTGA

Drp-1 CGGGAAGTGGATCCAGATGGTC ATAAGCTGCAATAAAGTGGCACT

Mfn-1 AAGCAACATACAGGAACCCGGAA GCCAAAAAATGCCACTTTCATATGC

Mfn-2 CCTGGGCTTTAGACTCAACCAG CATCACAATGCCAGACACCAAC

GAPDH AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT
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individual mRNAs. The results were expressed as the fold
change to the relevant controls.

Statistical analysis

All values were expressed as mean ± standard deviations. The
parametric variables between groups were analyzed using one-
way ANOVA followed by Tukey’s post hoc test. The statistical
significance of differences was considered as P < 0.05.

Results

Basic characteristics

One week after STZ administration (at the end of 7th week),
diabetic rats had significantly higher blood glucose level and
impaired OGT test values as compared with those of healthy
rats (Table 2). At the end of 12th week, the ANOVA analysis
showed the higher heart weight and the ratio of heart weight to
body weight in diabetic versus healthy rats. In addition,
vildagliptin pretreatment in diabetic rats could significantly
diminish hyperglycemia (P < 0.01), and reduce heart and body
weights (P < 0.05), comparing to the untreated diabetic rats
(Table 2).

Level of CK-mB enzyme released from I/R hearts

The content of CK-mB release from the diabetic hearts with or
without IR injury was significantly higher than those of
healthy non-diabetic groups (P < 0.05) (Fig. 2). Induction of
IR injury could not further increase the CK-mB levels as com-
pared to the D-sham group. Application of IPostC to the hearts
and pretreatment of rats with vildagliptin similarly reduced the
levels of CK-mB, in comparison to the D-IR group (P < 0.05).
Additionally, combinational therapy with vildagliptin and
IPostC had greater impact on the reduction of this enzyme
(P < 0.01 vs. D-IR group).

Myocardial infarct size

Induction of myocardial IR injury in healthy and diabetic rats
provided almost similar infarct sizes (42 ± 2.4% and 38 ±
1.6%, respectively) (Fig. 3). The infarct sizes were reduced
in the D-post and D-vild groups in comparison to the D-IR
group, but these reductions were not statistically significant.
However, concomitant application of treatments in diabetic
rats had significant infarct reducing effect as compared with
those of the D-IR group (P < 0.01; Fig. 3).

The expression levels of autophagy genes

Changes in the expression levels of LC3-I, LC3-II, and p62
genes were evaluated as the main determinants of autophagic
activity in cardiomyocytes (Fig. 4). Induction of type 2 diabe-
tes significantly increased the expression levels of both au-
tophagy genes (P < 0.05 D-sham vs. H-sham). LC3 levels
were significantly reduced after IR injury in diabetic rats
(P < 0.05), but the level of p62 remained unchanged (D-IR
vs. D-sham). In addition, the ratio of LC3-II/LC3-I was also
reduced by IR injury in diabetic hearts (P < 0.05). IPostC
could not significantly affect both genes in diabetic IR hearts.
While vildagliptin alone significantly lowered only the level
of LC3-II expression, the combination of IPostC and
vildagliptin significantly reduced the expression levels of both
autophagy genes LC3 and p62 in comparison to the D-IR
group (P < 0.05 for LC3 and P < 0.01 for p62). Moreover,
LC3-II/LC3-I ratio tended to increase after combined therapy.

The expression levels of mitochondrial fission gene

Changes in the gene expression levels of drp-1 were evaluated
as the main indicator of mitochondrial fission in
cardiomyocytes (Fig. 5). Induction of IR injury in both series
of healthy and diabetic rats significantly increased the expres-
sion level of drp-1 gene, compared with the corresponding
sham groups (P < 0.01 and P < 0.05, respectively). IPostC

Table 2 Basic characteristics of
animals before myocardial IR
experiments

Groups Healthy rats Diabetic rats Diabetic rats receiving
vildagliptin

Blood glucose (mg/dL)—at the end of 12th week 95.0 ± 6.2 514.8 ± 19.0** 361.1 ± 11.8**,##

Body weights (g)—at the end of 12th week 298 ± 16.7 303 ± 14.4 270 ± 15.1#

Heart weights (g) 1.3 ± 0.32 1.6 ± 0.20* 1.4 ± 0.15#

Heart weights to body weights (%) 0.44 ± 0.07 0.54 ± 0.08* 0.51 ± 0.11

OGTT (mg/dL) at 0 mina 98.5 ± 7.3 452.1 ± 20.1** Not applicable

OGTT (mg/dL) at 30 min 156.3 ± 16.3 591.8 ± 25.7** Not applicable

OGTT (mg/dL) at 120 min 127.4 ± 10.0 518.2 ± 23.0** Not applicable

Data were expressed as mean ± SD. n = 8 for each group. OGTT: oral glucose tolerance test; **P < 0.01 as
compared with healthy rats and #P < 0.05 and ##P < 0.01 as compared with diabetic rats. a OGT test was mea-
sured 1 week after STZ injection, at the end of seventh week (before vildagliptin administration period)
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alone or in combination with vildagliptin could significantly
inhibit the sharp increase in drp-1 gene expression in compar-
ison to the D-IR group (P < 0.05, both), while vildagliptin
alone could not have a significant effect (Fig. 5).

The expression levels of mitochondrial fusion genes

Changes in the gene expression levels of mfn-1 and mfn-2 and
the ratio of mfn2/mfn1 were analyzed as the main indicators of
mitochondrial fusion in IR-experienced hearts. Following
myocardial IR injury in both healthy and diabetic rats, the
expression of both genes tended to decrease, so that this de-
crease was more considerable in healthy rats (Fig. 6). Using
IPostC alone in diabetic hearts had no significant effect on any
of the mitochondrial fusion genes and the ratio of mfn2/mfn1,
and vildgliptin-pretreatment could increase only the expres-
sion level of mfn-2 (P < 0.05). However, following the admin-
istration of both therapeutic interventions simultaneously, the
expression levels of both genes as well as their ratio were
significantly increased compared with those of the D-IR group
(P < 0.05 for mfn-1 and ratio, and P < 0.01 for mfn-2).

Discussion

According to the results of the present study, administration of
any therapeutic interventions individually was associated with
some limited positive effects on gene expression and
cardioprotection in IR injury of rats with type 2 diabetes.
Postconditioning with ischemia (IPostC) alone could only de-
crease the levels of CK-mB release and drp-1 expression.
Similarly, preconditioning or pretreatment with vildagliptin
only decreased the levels of CK-mB and LC3-II expression
and increased mfn-2 expression. Nevertheless, administration
of both therapies (vildagliptin and IPostC) concomitantly had
more considerable and consistent effects on all parameters and
significantly protracted the diabetic hearts against IR insult.
This combinational therapy decreased the amount of CK-mB
and infarct size and reduced the expression levels of autoph-
agy genes LC3-II/LC3-I and p62 and mitochondrial fission
marker drp-1 and increased the mitochondrial fusion markers
mfn1/2 in diabetic IR hearts. In this study, we focused on two
important cellular homeostatic processes, namely autophagy
and mitochondrial dynamic (fission and fusion), which are
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functionally interconnected. Both processes are negatively im-
plicated in myocardial IR injury and diabetes circumstances
(Munasinghe and Katare 2016; Maneechote et al. 2017; Kim
and Yi 2018; Apaijai et al. 2013). Therefore, using treatments
that can correct negative changes in these two cellular phe-
nomena may have promising cardioprotective outcomes
against IR hearts, especially during diabetic settings.

The precise role of autophagy in cardiac complications of
diabetes is still unclear. Some studies have reported that
autophagy’s activity in myocardial IR injury increases dramat-
ically, and this increase can exacerbate the cardioprotection
(Matsui et al. 2007). It has also been shown that the level of
autophagy decreases during diabetes (Munasinghe and Katare
2016). Nevertheless, there are quite opposite reports, as well
(Xie et al. 2016). The normal autophagy flux is due to the
enhancement of the activity of autophagic promoters and the
clearance of autophagosomes by the lysosomes. LC3-II is a
main autophagy promoter and its expression is associatedwith
the increased levels of autophagic activity. On the other hand,
p62 is a selective substrate of autophagy and subjected to
autophagic degradation by the lysosome, so a reduction in
its level as well as an augmentation in LC3-II/LC3-I ratio
indicate the autophagic flux enhancement (Matsui et al.
2007; Gottlieb and Mentzer Jr 2010; Kadowaki and Karim
2009). In our study, the expression levels of both markers,
LC3 and p62, were upregulated in diabetic hearts in compar-
ison to the healthy ones, and induction ofmyocardial IR injury
reduced the expression of LC3-II and LC3-II/I ratio with no
considerable effect on p62 level. These findings are in agree-
ment with the previous reports and indicate an impairment in
the autophagy pathway and autophagy flux in diabetic hearts
with IR injury (Munasinghe and Katare 2016; Matsui et al.
2007). Combination therapy with IPostC and vildagliptin sig-
nificantly reduced the expression levels of both genes and
increased LC3-II/I ratio. These indicate that combination ther-
apy in diabetic IR hearts could modulate the upregulated
authophagic activity and enhanced the autophagy flux.
These changes can provide an encouraging intracellular con-
dition for producing a better cardioprotection by combination
therapy.

On the other hand, the mitochondrial fission and fusion are
two necessary processes for the maintenance of normal mito-
chondrial function. Overproduction of reactive oxygen spe-
cies (ROS) and an intracellular calcium overload during IR
injury can contribute to the mitochondrial fragmentation
through increasing the expression and activity of fission fac-
tor, drp-1 (Ong et al. 2010; Orcid et al. 2018). This condition is
also seen during diabetes (Rovira-Llopis et al. 2017). When
activated, drp-1 translocates on outer mitochondrial mem-
brane and divides the mitochondria (Maneechote et al.
2017). However, the fusion process can create an intercon-
nected mitochondrial network and make better cell homeosta-
sis by improved communication with other intracellular

organelles, such as the endoplasmic reticulum (Maneechote
et al. 2017). It has been reported that reduced mitochondrial
fusion during myocardial IR injury can also lead to the frag-
mentation and dysfunction of mitochondria (Vasquez-
Trincado et al. 2016). Mfn1/2 and OPA-1 mediate mitochon-
drial fusion through acting on its outer and inner membranes,
respectively (Maneechote et al. 2017; Vasquez-Trincado et al.
2016). In the present study in line with previous studies, even
though diabetes itself did not have any significant effect on
mitochondrial dynamic markers, induction of IR injury in-
creased drp-1 and reduced mfn1/2 expressions in diabetic
hearts. Combined treatment significantly modified both fis-
sion and fusion indicators, while the effect of individual treat-
ments on these parameters was not completely reliable. Thus,
it can be understood that diabetes can exacerbate the activity
of intracellular survival effectors and the application of mono-
therapy does not overcome these diabetes-induced intracellu-
lar changes to produce its protective effect. However, by com-
bining two therapeutic interventions together, their individual
effects are strengthened and full cardioprotection achieved. It
seems that their additive effects are through acting on both
common and parallel survival pathways. Choosing the true
elements in the combination therapy is very important. In this
case, both IPostC and vildagliptin have been shown to have
protective effects in non-diabetic hearts (Apaijai et al. 2013;
Badalzadeh et al. 2017a). Additionally, both have the potential
to influence onmitochondrial function and autophagic activity
in different tissues (Bayrami et al. 2018; Apaijai et al. 2013).
So, it can be reasoned that their combined positive effects are
amplified if administered concomitantly.

We previously reported in a study that concomitant admin-
istration of cyclosporine-A and IPostC was able to overcome
the failure of individual IPostC and to protect significantly the
IR hearts of type 1 diabetic rats (Badalzadeh et al. 2017b). In
addition, it has recently been observed that the use of
vildagliptin and metformin has had better additive effects on
the IR hearts in obese mice (Apaijai et al. 2014). Also, com-
bining metformin and fenofibrate yields cardioprotection in
IR hearts of rats with type 2 diabetes (Oidor-Chan et al.
2016). These findings are in consistent with our study and
may represent a novel combined treatment approach to over-
come the interfering effects of diabetes with cardioprotection.
Our findings confirm the previous hypothesis that diabetes
can cause many metabolic and intracellular changes, all neg-
atively affect the activity of survival mediators, and therefore,
administration of any of the therapeutic interventions individ-
ually cannot have a considerable potency to activate cellular
protective pathways. Recent experimental studies have pro-
posed that DPP-4 inhibitors as a monotherapy or in combina-
tion with other agents have potentially beneficial effects on
cardiovascular outcomes in hypertension, heart failure, and
myocardial infarction (Home 2019; Park et al. 2016).
Although different DPP-4 inhibitors act on the human body
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in similar ways, there are some pharmacological differences
among these drugs with regard to different cardiovascular
endpoints (Home 2019). However, the reasons for the differ-
ent effects of DPP-4 inhibitors on cardiovascular disease are
unclear yet.

Comprehensive analysis of the effect of vildagliptin on the
different substrates in IR hearts will help to identify the un-
derlying protection mechanisms. Many humoral factors in cir-
culation and within the myocardium may activate cardiomyo-
cyte signaling pathways, which eventually convey the
cardioprotective signal to the end effectors, particularly the
mitochondria. Platelets, inflammatory cytokines/chemokines,
nitric oxide, growth factors and adenosine can mediate the
effect of the vildagliptin in increasing the power of
postconditioning response (Saeid et al. 2018; Zhao et al.
2003). These factors also have preconditioning properties.
Diabetes likely rises the platelet capability to increase micro-
vascular thrombosis and inflammatory response (Maiocchi
et al. 2018). In patients with type 2 diabetes who are suffering
from coronary artery disease, combining vildagliptin to met-
formin has led to a significant suppression of the levels of IL-
1ß, TNF-α, C-reactive protein, and hemoglobin-A1C during
follow up (Younis et al. 2017). Thus, a change in cytokine
expression by vildagliptin may contribute to the improving
of IPostC potency.

Furthermore, some protective actions of vildagliptin can be
attributed to its improving effects on the metabolic alterations
induced by diabetes. It has been approved that this drug can
improve lipid profile and hyperglycemia during diabetes

(Bayrami et al. 2018). Increased fatty acid in diabetes triggers
opening of mitochondrial permeability transition at reperfu-
sion, leading to the worsening of mitochondrial function and
dysregulation of ROS, apoptosis and autophagy process
(Bayrami et al. 2018). Moreover, vildagliptin effects can be
mediated through increasing the incretin hormone, glucagon-
like peptide-1 (GLP-1), as a result of DPP-4 inhibition
(Ravassa et al. 2012). Nonetheless, we did not explore the
direct effect of vildagliptin on GLP-1 in this study, as a limi-
tation. Myocardial GLP-1 receptor activation during IR injury
can potentiate the insulin signaling, augment the myocardial
intake of glucose, and thereby promote energy metabolism
(Ravassa et al. 2012). GLP-1 was also reported to activate
the cAMP-dependent protein kinase A (PKA) by which it
can boost ionic flow (such as L-type Ca2+current) and the
activity of reperfusion-induced salvage kinase signaling, spe-
cifically AMP kinase and Akt-dependent intracellular path-
ways in cardiomyocytes (Saeid et al. 2018; Home 2019;
Ravassa et al. 2012).

Another possibility is that increased GLP-1 levels by
vildagliptin directly influences mitochondrial preservation
(Home 2019), since GLP-1 has directly targeted mitochondria
in hepatocytes, exerting insulin-like actions via modifying
oxidative-phosphorylation and attenuating oxidative stress
(Tomas et al. 2011). Finally, vildagliptin-mediated survival
and cardiac preservation after IR injury may also be attributed
to a reduced activation of inflammatory responses, phosphor-
ylation of endothelial nitric oxide synthase, direct vascular
actions, and improvement of myocardial microcirculation
and endothelial function, through the non-enzymatic GLP-1-
independent pathway (Younis et al. 2017; Miyoshi et al.
2014). Deciphering the exact role of DPP-4 in the heart will
shed light on the novel functions of DPP-4 inhibitors in car-
diovascular medicine.

In conclusion, one of the best approaches to reduce the
impact of IR injuries in diabetic conditions is to use suitable
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combination therapies to modulate the diabetes-induced struc-
tural and functional changes in two important intracellular
arms of cardioprotection, namely autophagy and mitochondri-
al function. Concomitant administration of both IPostC and
vildagliptin had greater cardioprotective effects and improved
the low effectiveness of each treatment on infarct size and
gene expressions. Modification of autophagy and autophagic
flux, inhibition of mitochondrial fission, and improvement of

mitochondrial fusion can contribute to the cardioprotection of
combination therapy. Our finding indicated the potential role
of vildagliptin combination therapy on the early
cardioprotection, but long-term effects after reperfusion injury
need further investigation. There are many gaps in the knowl-
edge that modulation of autophagy and mitochondrial dynam-
ic can protect the diabetic heart. This modulation requires
future intensive research before clinical application is applied.
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