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Abstract
Purpose Fatal arrhythmias are one of the mainmanifestations of ischemic heart disease in diabetic patients. Here, we investigated
the effect of pretreatment with vildagliptin on myocardial arrhythmias, inflammatory responses, and expression of genes regu-
lating mitochondrial biogenesis following cardiac ischemic injury in type II diabetic male Wistar rats.
Methods Chronic diabetes was modeled by a high-fat diet and low-dose streptozotocin method and lasted for 12 weeks.
Vildagliptin (6 mg/dl) was orally administered during the last 4 weeks of the diabetic period. Then, rats’ hearts (n = 8/each
group) were immediately isolated and transferred to the Langendorff apparatus, in which left anterior descending coronary artery
was tightened for 35 min to induce regional ischemia. Electrocardiography was continuously recorded and myocardial arrhyth-
mias were interpreted according to the Lambeth Convention. Inflammatory cytokines in left ventricular samples were measured
using ELISA kits, and gene expression was assayed using real-time PCR.
Results Diabetic groups showed increased incidence and duration of ventricular fibrillation (VF) than controls (P < 0.05).
Pretreatment of diabetic rats with vildagliptin resulted in a significant decrease in number, duration, and severity of premature
ventricular complexes (PVC), tachycardia (VT), and VF during ischemia, compared to non-treated diabetic group (P < 0.05).
Additionally, vildagliptin significantly increased the expression of genes PGC-1α, SIRT-1, and NRF-2 and reduced the levels of
myeloperoxidase, creatine kinase release, and myocardial content of TNF-α and IL-1β in nondiabetic and diabetic rats as
compared to corresponding controls (P < 0.01–0.05).
Conclusion Vildagliptin preconditioning reduced the occurrence and severity of fatal ventricular arrhythmias induced by myo-
cardial ischemia in type II diabetic rats through increased activity of mitochondrial biogenesis-regulating genes and reduction of
inflammatory reactions.
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Abbreviations
VF Ventricular fibrillation
VT Ventricular tachycardia

VB Ventricular bigeminy
VS Ventricular salvos
VPB Single ventricular premature beat
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1 Introduction

The prevalence of type II diabetes, as a chronic metabolic
disorder, is increasing today [1]. Diabetes has been considered
as an independent risk factor for ischemic heart disease and
myocardial infarction. Due to the complex pathophysiology
and poor prognosis, the mortality and morbidity of diabetic
patients following ischemic heart disease are at least twice as
high as nondiabetic patients [1, 2]. Myocardial ischemia and
subsequent coronary artery disease develop due to the lack of
blood supply or stenosis of one or more coronary arteries,
leading to the sufferance for cardiomyocytes, and it may occur
during several clinical conditions [3]. Myocardial ischemic
injury causes more severe disorders such as cardiac hyper-
contracture and stunning, contractile dysfunction, and fatal
arrhythmias [4]. Therefore, reducing the severity of myocar-
dial ischemic injuries and returning normal electromechanical
activity of the heart in diabetic patients has high clinical
significance.

Myocardial arrhythmia is one of the main consequences of
ischemic insults and a major problem in clinical practice [3,
4]. Several mechanisms such as increased intracellular calci-
um load, inflammatory responses and cytokines, generation of
reactive oxygen species (ROS), and oxidative stress contribute
to the pathogenesis of myocardial arrhythmias [4]. Diabetes
has also a causative role in inducing these intracellular abnor-
malities [2, 3]. The increased production of inflammatory cy-
tokines during ischemic injury has a central involvement in
the occurrence of arrhythmias [5]. Ischemia triggers inflam-
matory cascades to activate nuclear factor kappa-B (NF-κB)
signaling and production of pro-inflammatory cytokines tu-
mor necrotic factor-alpha (TNF-α), interleukin-1beta (IL-
1β) , and IL-6. Besides, i t has been proved that
myeloperoxidase (MPO) is also involved in myocardial re-
modeling following myocardial ischemic insults [6].
Circulatory levels of MPO are linked to the occurrence of
ventricular arrhythmias in cardiac patients, and it causally
leads to the myocardial arrhythmias in mice [6]. In the pres-
ence of diabetes, the accumulation of leukocytes and activa-
tion of adhesion molecules and cytokines are accelerated, and
this situation can exaggerate the inflammatory response in the
diabetic-ischemic heart [5].

The health of mitochondria in cardiomyocytes is crucial in
determining the fate of ischemic injury. Disrupting the func-
tion and biogenesis of mitochondria following cardiac ische-
mia can aggravate inflammatory responses and oxidative
stress, leading to cardiac arrhythmias and necrosis [7]. The
PPAR-γ coactivator (PGC)-1α transcriptional factor is a pow-
erful regulator of mitochondrial biogenesis in the myocardium
[8]. Sirtuin (SIRT)-1 can increase the deacetylase activity of
this coactivator to enhance the transcriptional control of mito-
chondrial protection [9]. On the other hand, the nuclear factor
erythroid 2-related factor (NRF)-2 is also targeted by PGC-1α

and plays a vital role in maintaining mitochondrial respiratory
activity and regulating antioxidant gene expression [10]. It
seems that the PGC-1α/SIRT-1/NRF-2 signaling pathway acts
as a coordinated network that controls mitochondrial dynamic
and biogenesis. Since the mitochondrial biogenesis signaling
is impaired in cardiomyocytes during diabetes and metabolic
syndrome, modification of these mitochondrial elements can
be considered as an effective approach to reducing the out-
comes of myocardial arrhythmias and inflammatory responses
in these circumstances.

One of the best strategies to reduce the severity of ischemic
injuries in the diabetic hearts would be the administration of
drugs owning cardioprotective potentials besides their antidi-
abetic effects. Vildagliptin, as an inhibitor of enzyme
dipeptidyl peptidase-4, has beneficial impacts on reducing
blood glucose and lipid profiles in diabetes and also has
shown anti-inflammatory, anti-oxidative, and anti-apoptotic
features [11–14], and therefore it can be a good candidate
for cardioprotection. Furthermore, it has been recently report-
ed that this drug had improving effects on the autophagy pro-
cess and mitochondrial function in diabetic heart and reduced
the size of infarction [15], but its antiarrhythmogenic capabil-
ity is yet to be clarified. Considering these significant poten-
tials as well as critical roles of ventricular arrhythmias in
cardioprotective management of diabetic heart, the present
study aimed to determine whether vildagliptin has the antiar-
rhythmic effects in the myocardial ischemic injury of rats with
type II diabetes and that whether the anti-inflammatory and
mitochondrial biogenesis-activating effects are involved in
this process.

2 Materials and methods

2.1 Animals and materials

Thirty male Wistar rats with weight range of 220–250 g
were purchased from the animal center of the iuniversity
and transferred to the experimental animal room. Four rats
were allocated in each cage; all had free access to food
and water under a 12-h lightness/darkness cycle at the
humidity of 50 ± 10% and temperature of 22 ± 3°C. All
procedures performed in studies involving animals were
in accordance with the ethical standards of the institution
and approved by local Animal Care Committee under the
ethical number of 93.5–4.8. The materials for high-fat diet
were purchased from Merck (Germany) , Sigma
(Germany), or local suppliers with the highest quality
available. Vildagliptin was obtained from Novartis
(Swiss), and streptozotocin (STZ) was bought from
Sigma (Germany). The sources of commercial kits specif-
ic for biochemical and molecular parameters have been
reported in corresponding sections.
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2.2 Type II diabetes induction

Type II diabetes mellitus was induced in rats by the method of
high-fat diet and low-dose STZ [16]. After an acclimatization
period of a week, rats were fed a high-fat diet containing 35%
normal pellet, 30% lard, 24% casein, 4% sucrose, 1% choles-
terol, and 0.3% DL-methionine. The total calorie of this reg-
imen was calculated to be 4.6 kcal/g, 62% of which was from
fat. At the beginning of the 7th week of feeding, 35 mg/kg of
STZ (in citrate buffer, pH 4) were injected intraperitoneally to
rats. At the end of the 7th week, a drop of blood was sampled
from the tail vein of rats for measuring the blood glucose
levels using a glucometer. The animals with blood glucose
levels less than 250 mg/dl were excluded from the study and
above this value were considered as diabetic rats. The period
of experimental diabetes was continued for 12 weeks to sim-
ulate the chronic status of the disease.

2.3 Experimental protocols

Thirty-two rats were randomly divided into the following
groups (n = 8/each group):

- Control group (Cont) – nondiabetic healthy rats fed by
normal diet and with no pretreatment. Their hearts were sub-
jected to 35 min of regional ischemia.

- Vildagliptin group (Vilda) – control rats were pretreated
with vildagliptin orally for a month, and then their hearts were
subjected to 35 min of regional ischemia.

- Diabetic group (Diab) – diabetic rats with no pretreat-
ment. Their hearts were subjected to 35 min of regional
ischemia.

- Diabetic + vildagliptin group (Diab+Vilda) – diabetic rats
were pretreated with vildagliptin orally for a month, and then
their hearts were subjected to 35 min of regional ischemia.

Vildagliptin (6 mg/kg) was dissolved in distilled water and
administered by oral gavage for 4 weeks, in the last month of
the diabetic period [15]. Gavage handling was implemented in
the evenings once a day. In groups without pretreatment, dis-
tilled water was gavaged, and in control rats, citrate buffer was
injected instead of STZ, to minimize the effect of stress caused
by gavage and needling, respectively.

2.4 Induction of myocardial ischemia in Langendorff
perfusion system

At the end of the 12th week, the rats were heparinized with
500 IU sodium heparin to prevent clots during surgery and
then anesthetized with a mixture of ketamine and xylazine (60
and 10mg/dl, respectively). After that, their chest was opened,
and the heart was immediately and carefully isolated from the
body and transferred to the Langendorff perfusion system. In
this system, the hearts were nourished with a Krebs-Henseleit
perfusion solution through the aortic cannula. The ingredients

of solution (in mmol/L at pH 7.4 and 37°C) was 118 NaCl, 4.8
KCl, 1.2 MgSO4, 1.0 KH2PO4, 27.2 NaHCO3, 10 glucose,
and 1.25 CaCl2. In addition, a gas with 95% O2 and 5% CO2
was bubbled through the solution, and the perfusion pressure
was set constantly at 75 mmHg throughout the experiment.
The isolated pacing hearts in the Langendorff system were
firstly experienced 20 min of the stabilization period and then
subjected to 35 min of regional ischemia through ligation of
left anterior descending (LAD) coronary artery by a 4/0 silk
thread. The confirmation of regional ischemia was made by
the reduction of coronary flow to 30–40% of its baseline
values [15].

2.5 Electrocardiogram recording and arrhythmias
interpretation

To record electrocardiographic (ECG) tracing and spontane-
ous arrhythmias, three gold surface electrodes were attached
to three parts of the heart surface, and electrical changes were
transferred to a data acquisition system (Power Lab, AD
Instruments, Australia) using a related bio-amplifier. The
ECG recording was continued throughout the experiment
and displayed and stored on a monitor and then analyzed
using the Software Chart v7.7 for Windows (AD
Instruments). Lambeth Convention was used to classify the
spontaneous arrhythmias; determine the number, duration,
and severity of them; as well as interpret their changes among
groups (Table 1). During ischemia, the number and duration
of arrhythmias including premature ventricular contraction
(PVC), ventricular tachycardia (VT) and ventricular fibrilla-
tion (VF), and the severity of arrhythmias in each heart were
calculated. A single ventricular premature beat (VPB), ven-
tricular bigeminy (VB), and ventricular salvos (VS) were all
known as PVC. VT was considered as a run of four or more
consecutive VPBs, and VF was considered as the irregular
morphology of QRS. The severity of arrhythmias was scored
based on a 5-degree algorithm as follows: grade 0 = no ar-
rhythmia, grade 1 = VPB, grade 2 = VB or VS, grade 3 =
VT, and grade 4 = F (Table 2). The highest degree of arrhyth-
mia was reported in each sampling (5).

2.6 Measurement of myeloperoxidase levels

In vildagliptin-treated and untreated control and diabetic rats,
myeloperoxidase (MPO) levels in the plasmawere determined
by a colorimetric method. Briefly, plasma samples were ob-
tained at the end of the treatment period and then immersed in
50mMpotassium-phosphate buffer solution (PBS) containing
0.5% hexa-decyltrimethyl-ammonium bromide and immedi-
ately homogenized at pH 6. The resultant solution was under-
gone with 20 min centrifugation at 4500 rpm at 4°C.
Thereafter, 0.1 mL of supernatant or prepared standard solu-
tion (Sigma, Germany) was added to a 2.9 mL PBS buffer
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(pH 6) containing o-dianisidine hydrochloride (0.167 mg/mL)
and H2O2 (0.0005%). The reaction was stopped by adding
0.1 mL of 1.2 M hydrochloric acid after 5 min. The absor-
bance of the solution for MPO was measured spectrophoto-
metrically at 460 nm.

2.7 Measurement of creatine kinase

As an index for myocardial cellular damage, creatine kinase
(CK) level was measured from the coronary effluent at the end
of ischemic period by a colorimetric method, using a commer-
cial kit (Roche Diagnostics, Germany) and an auto-analyzer
device (Alcyon, Santa Clara, USA), according to the manu-
facturer’s instructions. The absorbance of the solution was
read at 340 nm, and the recorded values were reported in U/l.

2.8 Measurement of pro-inflammatory cytokines

Enzyme-linked immunosorbent assay (ELISA) kits
(BenderMed systems, Austria) were used to measure the
levels of inflammatory cytokines (IL-1β and TNF-α), accord-
ing to the manufacturer’s instructions. Briefly, at the end of the
ischemic phase, the hearts were removed from the
Langendorff apparatus and the ischemic zones of the left ven-
tricles (~100 mg) were immediately isolated, homogenized in
lysis buffer, and centrifuged at 10000 g for 10 min at 4°C. The
resultant supernatants were separated from the rest of the so-
lution. Then, 50 ml supernatants and standards were added to
the related wells of the plate, and the polyclonal antibodies
were then added to all wells. After incubation for 2 h at room
temperature, the wells were washed by washing buffer, re-
ceived the streptavidin-horseradish peroxidase enzyme, and
incubated again for 1 h. Finally, after adding TMB substrate
solution to all wells to form a colored product, the stop solu-
tion was added to each well to stop enzyme reaction, and the
rates of absorbance of cytokines in wells were determined at
450 nm, using an ELISA reader. The resultant values were
normalized according to the protein contents of each sample
and reported as pg/mg of tissue protein.

2.9 Measurement of PGC-1α, SIRT-1, and NRF-2 genes
expression levels: real-time PCR

Total RNA extraction: Extracting total RNA was performed
by the Plus-RNX kit (Sinaclon, Iran), according to the

Table 2 The five-grade scoring system for the severity of myocardial
spontaneous arrhythmias [17]

Arrhythmias Score

VF 4

VT 3

VB and/or VS 2

VPB 1

No arrhythmias 0

Abbreviations: VF: Ventricular Fibrillation; VT: Ventricular Tachycardia;
VB: Ventricular Bigeminy; VS: Ventricular Salvos; VPB: Single ventric-
ular premature beat.

Table 1 Recording samples of rat ECGs traces for identification of myocardial arrhythmias according to the Lambeth Convention [17]. Single,
bigeminy and salvos arrhythmias were collectively considered as PVC or premature ventricular complexes

Types of arrhythmiasECG tracings

Normal

Single

Bigeminy

Salvos

Ventricular 

Tachycardia (VT)

Ventricular 

Fibrillation (VF)
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manufacturer instructions. Briefly, the first 1 ml of Plus RNX
solution was added to the tissue precipitates, and this was
followed by adding 200 μl of chloroform. After mixing, the
vial was incubated at room temperature for 5 min and then
centrifuged at 4°C with 12,000 rpm for 15 min. The superna-
tant was discarded and 1 ml of 75% ethanol was added to the
precipitates. The resultant solution was centrifuged again at
4°C with 7500 rpm for 8 min. Then, 50–30 ml of DEPCwater
was added to the tube. The samples were subjected to deter-
mination of RNA concentration via NanoDrop and then used
for the synthesis of cDNA.

cDNA synthesis: For cDNA synthesis, the AccuPower cy-
cle Script- RT Premix kit was used based on the instructions of
the kit. After adding 1 μg of RNA and bringing the final
volume to 20 μl, the resulting mixture was entered to the
temperature-time cycles in a thermocycler device for the syn-
thesis of cDNA. After completing cDNA synthesis, its con-
centration was measured by Picodrop. In addition, the primers
for genes PGC-1α, SIRT-1, and NRF-2 and GAPDH (as
housekeeping control) were designed using a Gene Runner
software and shown in Table 3.

Real-time and PCR reactions: First, 10 μl Master Mix,
2 μL forward and reverse primers, 4 μl cDNA, and 4 μl de-
ionized water were added on each other to reach a final vol-
ume of 20 μl. The resultant mixture was transferred to a real-
time PCR thermocycler device (Light Cycler 96), with a cer-
tain temperature-time program. After reactions, the Ct differ-
ence of target gene to reference gene was calculated as ΔCt
for each sample, and then the 2-ΔΔCt was obtained. The ratio
of the resultant numbers for PGC-1α, SIRT-1, and NRF-2 to
GAPDH was reported.

2.10 Statistical analysis

All statistical data were presented as mean ± SEM. The
Kruskal–Wallis test was employed to analyze the data for
myocardial arrhythmias among experimental groups. Other
parameters were analyzed using one-way ANOVA followed
by Tukey post hoc test. A p value of less than 0.05 was ac-
cepted as statistically significant.

3 Results

3.1 General information about experimental groups

The body weights in diabetic rats (302.92 ± 4.47 g) did not
differ from those of control rats (297.75 ± 1.67 g), but
vildagliptin significantly reduced the body weight (268.92 ±
4.51) in comparison to diabetic group (P < 0.01). In addition,
the induction of chronic diabetes significantly increased the
blood glucose and insulin levels compared to control group
(glucose, 514.80 ± 8.98 vs. 95 ± 3.22mg/dl, and insulin, 7.3 ±
0.2 vs. 4.6 ± 0.3 μU/ml) (P < 0.01). Pretreatment of diabetic
rats with vildagliptin significantly reduced the blood glucose
of diabetic rats to 361.20 ± 4.62 mg/dl (P < 0.01) and in-
creased insulin level to 9.5 ± 0.2 μU/ml. Furthermore, the
heart weight to body weight in the diabetic group was signif-
icantly greater than controls (0.54 ± 0.00 vs. 0.44 ± 0.01)
(P < 0.01), and vildagliptin had no significant effect on this
parameter (0.53 ± 0.01) as compared to diabetic group.

3.2 Myocardial CK release

The levels of CK release was measured as an indicator of
myocardial damage. The level of CK release in diabetic hearts
was significantly greater than that of control hearts (P < 0.05).
One month pretreatment of diabetic and nondiabetic rats with
vildagliptin could significantly reduce CK release from the
myocardium as compared with those of corresponding control
groups (both P < 0.05) (Fig. 1).

3.3 Myocardial arrhythmias

The findings of the number and duration and incidences of
ventricular arrhythmias including PVC, VT, and VF as well as
arrhythmias score during ischemic injury of the myocardium
in experimental groups are shown in Fig. 2 a–d. Induction of
diabetes for 12 weeks significantly increased some of arrhyth-
mias episodes including VF number (P < 0.05), VF duration
(P < 0.01), and incidence of VF episodes in comparison with
control rats (Fig. 2a–c). Pretreatment of nondiabetic control
rats with vildagliptin significantly reduced the VT duration
(P < 0.05), VF number (P < 0.05), and VF incidence
(P < 0.01) in comparison to the untreated control group
(Fig. 2a–c). In addition, administration of vildagliptin to dia-
betic rats significantly reduced both number and duration of
PVC episodes, VT episodes, and VF episodes (Fig. 2a, b) and
incidence of VF (Fig. 2c) as compared with those of untreated
diabetic group (P < 0.05 and P < 0.01). Following vildagliptin
administration in diabetic rats, the number, duration, and inci-
dence of VF episodes reached zero. Finally, arrhythmia sever-
ity scoring was significantly reduced in vildagliptin-receiving
diabetic rats compared to the untreated diabetic group
(P < 0.05; Fig. 2d).

Table 3 The primers for genes. GAPDH: a housekeeping gene

Genes primers

PGC-1α Forward: CTAGCGGTCCTCACAGAGACA

Reverse: GTCAGGCATGGAGGAAGGAC

SIRT-1 Forward: ACTGGAGCTGGGGTTTCTGTT

Reverse: GGAAGTCCACAGCAAGGCGAG

NRF-2 Forward: GCTGTGTGTTCTGAGTATCGT

Reverse: TCATAATCCTTCTGTCGCTGA

GAPDH Forward: CCCATCACCATCTTCCAGGAG

Reverse: GAAGGGGCGGAGATGATGAC
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3.4 Plasma MPO levels

The plasma levels of MPO as a peroxidase and an inflamma-
tory factor were measured in experimental groups of rats.
MPO level was significantly higher in the diabetic group than
the control group (P < 0.05; fig. 3). The administration of
vildagliptin to nondiabetic and diabetic rats significantly re-
duced the MPO levels toward their corresponding control
values (both P < 0.01; Fig. 3).

3.5 Cytokines levels

Statistical analysis with one-way ANOVA revealed that the
administration of vildagliptin in control rats significantly re-
duced the levels of TNF-α (23.7 ± 2.2 vs. 32.1 ± 3.2; in pg/mg
of total protein of sample) (P < 0.05; Fig. 4a) and of IL-1β
(25.4 ± 4.1 vs. 34.8 ± 1.9) (P < 0.05; Fig. 4b), as compared
with untreated control rats. In addition, although the levels
of these inflammatory cytokines were not significantly differ-
ent between diabetic and control hearts, pretreatment of dia-
betic rats with vildagliptin could significantly reduce the
levels of TNF-α (26.8 ± 1.9 vs. 35.9 ± 1.8) (Fig. 4a) and of
IL-1β (24.8 ± 1.7 vs. 37.7 ± 2.2 (Fig. 4b), in comparison with
those of untreated diabetic rats (P < 0.01).

3.6 Expression levels of mitochondrial
biogenesis-targeting genes

The expression levels of genes PGC-1α, SIRT-1, and NRF-2
in experimental groups are seen in Fig. 5. Chronic diabetes
tended to significantly increase the expression of PGC-1α
gene as compared with the control group (Fig. 5a).
However, the effects of diabetes on the mRNA levels of

Fig. 2 The number (a) and duration (b) of PVC, VT, and VF and
arrhythmias incidence (c) and scoring (d) in hearts of experimental
groups during ischemic period. (*P < 0.05, **P < 0.01 vs. Cont group,

and #P < 0.05, ##P < 0.01 vs. Diab group), n = 8/each group. Cont,
control; Diab, diabetic; Vilda, vildagliptin

Fig. 1 Levels of creatine kinase (CK) release in hearts of experimental
groups. (*P < 0.05 vs. Cont group and (#P < 0.05 vs. Diab group), n = 8/
each group. Cont, control; Diab, diabetic; Vilda, vildagliptin
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SIRT-1 and NRF-2 were not statistically significant
(Fig. 5b, c). While the administration of vildagliptin to control
rats significantly increased only the mRNA levels of NRF-2 in
comparison to control group (Fig. 5c), vildagliptin pretreat-
ment in diabetic rats could significantly increase the expression
of all three genes (P < 0.01 for PGC-1α and P < 0.05 for SIRT-
1 and NRF-2) as compared with diabetic group (Fig. 5a–c).

4 Discussion

In the present study, the anti-arrhythmic effects of vildagliptin
following myocardial injury of type II diabetic hearts were
evaluated. Chronic diabetes significantly increased the num-
ber, duration, and incidence of ischemia-induced VF episodes
and arrhythmias scoring. Pretreatment of diabetic rats with
vildagliptin resulted in a significant decrease in number and
duration of PVC, VT, and VF episodes and the severity of
arrhythmias score during myocardial ischemia. Also,
vildagliptin significantly reduced VT duration, VF count,
and incidence of arrhythmias in nondiabetic hearts.
Additionally, vildagliptin significantly increased the expres-
sion of mitochondrial biogenesis-targeting genes PGC-1α

and SIRT-1 in diabetic rats and increased the expression of
NRF-2 and declined MPO levels and CK release as well as
myocardial content of inflammatory cytokines TNF-α and IL-
1β in both nondiabetic and diabetic groups. Therefore, pre-
conditioning of hearts with vildagliptin in type II diabetic rats
can reduce the occurrence and severity of fatal ventricular
arrhythmias-induced bymyocardial ischemia. Increased activ-
ity of genes regulatingmitochondrial biogenesis and reduction
of inflammatory reactions may play significant impacts in this
antiarrhythmic action.

Acute myocardial ischemia is associated with substantial
alterations in intracellular and extracellular ionic, biochemical,
and metabolic processes in cardiomyocytes. These alterations
lead to cellular electrophysiological changes, inducing ar-
rhythmias through several arrhythmogenic mechanisms [3,
18]. Following tachyarrhythmias, significant hemodynamic
deteriorations can lead to left ventricular dysfunction.
Ventricular arrhythmias such as PVCs, VT, and VF commonly
occur early in ischemia and increase myocardial oxygen de-
mand, resulting in exacerbation of ischemia and the develop-
ment of infarction and acute MI. More importantly, these
events are significantly worsening in diabetic conditions [3,
19]. Hyperglycemia, compensatory hyperinsulinemia, insulin
resistance, and overproduction of fatty acids during type II
diabetes create a certain systemic metabolic phenotype that
ultimately exacerbates the production of advanced glycation
products, increases oxidative stress and inflammatory re-
sponses, and reduces nitric oxide production and
endothelial-dependent vascular responses [2, 3]. Ischemia-
induced lack of ATP and hypoxia and resultant mitochondrial
dysfunction cause abnormalities in impulse initiation and
propagation along cardiomyocytes. All of these metabolic
changes contribute to arrhythmogenesis. Thus, appropriate
risk assessment and subsequent preventive treatments to im-
pede these excessive responses are warranted in the cardiac
injury of diabetic subjects.

To reduce the deleterious effects of ischemic injury in dia-
betic heart, the best candidates would be the use of

Fig. 4 Levels of pro-inflammatory cytokines TNF-α (a) and IL-1β (b) in hearts of experimental groups. (*P < 0.05 vs. Cont group; and #P < 0.05,
##P < 0.01 vs. Diab group), n = 8/each group. Cont, control; Diab, diabetic; Vilda, vildagliptin

Fig. 3 Levels of myeloperoxidase (MPO) in plasma of experimental
groups. (**P < 0.01 vs. Cont group; and #P < 0.05, ##P < 0.01 vs. Diab
group), n = 8/each group. Cont, control; Diab, diabetic; Vilda, vildagliptin
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medications that also have cardioprotective potentials beside
their hypoglycemic effect. Vildagliptin has been shown that
increase insulin secretion and decrease blood levels of
glucagon-like peptides (such as GLP-1) [11] and also can
preserve the normal function of the heart in diabetic rats by
maintaining the mitochondrial biogenesis and enhancing the
cell survival and intercellular mechanisms [14, 15]. Recently,
it has been reported that vildagliptin can reduce the myocar-
dial infarct size of diabetic rats and enhance the
cardioprotective efficacy of ischemic post-conditioning on di-
abetic hearts following ischemia-reperfusion injury [13]. The
drug has donated these protective effects in a variety of ways,
such as the reduction of the myocardial levels of oxidative
marker 8-isoprostane and the pro-inflammatory cytokine in-
terleukin-6, and improved the mitochondrial function and au-
tophagy process in the heart.

In our study, vildagliptin protected the diabetic heart
against ischemic injury, as evidenced by a reduction in CK
level, and demonstrated the antiarrhythmic effect by lessening
the timings, incidences, and severity of PVC, VT, and VF. The
protective and antiarrhythmogenic effects of vildagliptin pre-
treatment were accompanied by reduced levels of cardiac
TNF-α and IL-1β. Even though the interaction between in-
flammatory mediators, arrhythmia, and diabetes is not well
defined yet, inflammatory reactions have been known as a risk

factor for myocardial arrhythmia [20, 21]. The overproduction
of ROS during ischemia can trigger an inflammatory response
and activate pro-inflammatory cytokines such as TNF-α, IL-
1β, and IL-6 following ischemic insult [22]. TNF-α, in turn,
promotes IKKb/NF-kB activation, by which it negatively in-
fluences mitochondrial function and biogenesis, boosts ROS
overproduction, and augments pro-inflammatory mediators
expression and inflammatory responses [23]. Thus, the reduc-
tion of IL-1β level after administration of vildagliptin could
be attributed to the parallel reduction in TNF-α activity.

In addition, according to our findings, diabetes led to in-
creased systemic MPO levels and vildagliptin significantly
prevented this effect. It has been reported that plasma levels
of MPO are associated with ventricular arrhythmias and can
promote pro-arrhythmic remodeling following myocardial is-
chemia [6]. MPO has potent pro-inflammatory properties and
facilitates the generation of ROS [24]. Therefore, the reduc-
tion of MPO levels by vildagliptin can be another support for
the anti-inflammatory and antiarrhythmic effect of this drug in
diabetic heart.

The loss of mitochondrial function and biogenesis, which
often occurs in diabetic conditions, has emerged as the main
contributor to the arrhythmogenesis during ischemic injury
[7]. This effect can be afforded by changes in the activity of
energy-sensitive and redox signaling pathways that regulate

Fig. 5 Levels of gene expression of PGC-1α (a), SIRT-1 (b), and NRF-2 (c) in hearts of experimental groups. (*P < 0.05 vs. Cont group; and #P < 0.05,
##P < 0.01 vs. Diab group), n = 8/each group. Cont, control; Diab, diabetic; Vilda, vildagliptin
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ion homeostasis and electrophysiological activity of the heart.
PGC-1α has a crucial role in regulating mitochondrial biogen-
esis [8, 9], and SIRT1 can directly regulate the activity of this
coactivator [9, 25]. In the present study, the expression of both
genes was upregulated following the administration of
vildagliptin to diabetic rats, and this may indicate that
vildagliptin-induced high expression of SIRT1 in
cardiomyocytes can subsequently lead to the improvement
of transcriptional activity of PGC-1α and thereby promotes
the mitochondrial biogenesis and cardioprotection. Finally,
the results obtained from real-time PCR revealed that
vildagliptin also upregulated NRF-2 expression in the left
ventricular ischemic area of both diabetic and nondiabetic rats.
Activation of NRF-2 has been reported as cardioprotective.
SIRT-1 and PGC-1α can promote the activity of the nuclear
transcription factor NRF-2, which, in turn, upregulates the
transcription of cytoprotective and antioxidative enzymes
[26]. The expression of these target genes augments the heart
resistance to oxidative stress and inflammatory reactions [26,
27]. Therefore, PGC-1α/SIRT-1/NRF-2 signaling pathway
may act as a coordinated network to control mitochondrial
dynamic and biogenesis and mediate the positive effect of
vildagliptin on the activity of MPO and pro-inflammatory
cytokines as well as myocardial arrhythmias.

In conclusion, the administration of vildagliptin as a
preconditioning modality to type II diabetic rats could re-
duce the occurrence of ventricular arrhythmias and the se-
verity of fatal arrhythmias following myocardial ischemia.
The increased activity of genes regulating mitochondrial
biogenesis and reduction of MPO levels and inflammatory
mediators may play significant impacts in this antiarrhyth-
mic action. Whether vildagliptin can modulate other mech-
anisms of arrhythmogenesis in diabetic hearts warrants fur-
ther investigation.
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