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Protective effect of sitagliptin and whole-body c-irradiation in
diabetes-induced cardiac injury
Suzan M. Mansour, Sara Aly, SehamH.M. Hassan, and Hala F. Zaki

Abstract: Diabetes mellitus is associated with an increased risk of cardiac complications; this study aimed to investigate
effect of sitagliptin (SITA) alone or combined with g -irradiation on diabetes-associated cardiac injury. Rats were treated
with SITA (100 mg/kg per day; p.o.) for 2 weeks followed by a single dose of whole-body g -irradiation (3 Gy). Solitary admin-
istration of SITA or combined treatment with g -irradiation succeeded to ameliorate the increase in serum levels of glucose,
total cholesterol, triglycerides, creatine kinase-MB, and malondialdehyde, coupled by increased insulin and reduced gluta-
thione levels. Their cardioprotective potential was confirmed through attenuating the apoptotic signaling by mitigating
Bcl-2-associated X protein, caspase-3, and apoptosis-inducing factor expression, while augmenting the anti-apoptotic fac-
tors, B cell lymphoma-2 (Bcl-2), and heat shock protein 70 (HSP-70) in left ventricular tissue homogenates. These findings
were supported histopathologically. In conclusion, treatment with SITA alone or combined with g -irradiation may prove
beneficial in diabetes-accompanied cardiac insult. This could be due to the crosstalk between the antioxidant, anti-apoptotic,
and restoration of body’s defense capacities.

Key words: diabetes, sitagliptin, g -irradiation, apoptosis, oxidative stress, HSP-70.

Résumé : Le diabète sucré est associé avec un accroissement du risque de complications cardiaques; cette étude visait à
explorer le rôle de la sitagliptine (SITA) seule ou en association avec des rayons g sur des lésions cardiaques associées avec
le diabète. Nous avons administré de la SITA (100 mg/kg/jour; p.o.) chez des rats pendant 2 semaines, et ensuite une dose
unique de rayons g (3 Gy) sur l’organisme entier. L’administration de SITA en monothérapie ou en traitement d’association
avec les rayons g est parvenue à atténuer l’augmentation des taux sériques de glucose, de cholestérol total, de triglycérides,
de créatine kinase-MB et de malondialdéhyde conjointement avec l’atténuation de l’augmentation des taux d’insuline et
une diminution des taux de glutathion. Leur potentiel cardioprotecteur était confirmé par l’atténuation de la signalisation
de l’apoptose mise en évidence par la diminution de l’expression de la protéine Bax (de l’anglais « Bcl-2-associated X pro-
tein »), de la caspase-3 et du facteur induisant l’apoptose, contemporaine avec une augmentation des taux de facteur anti-
apoptotique, de Bcl-2 (de l’anglais « B cell lymphoma-2 ») et de la protéine de choc thermique 70 (HSP-70) dans des homogénats de
tissu ventriculaire gauche. Ces résultats étaient appuyés par l’histopathologie. En conclusion, l’administration de SITA seule ou
en association avec des rayons g pourrait se montrer avantageuse contre les lésions cardiaques qui accompagnent le diabète.
Cela pourrait être le fait d’une diaphonie entre les mécanismes de défense antioxydants, anti-apoptotiques et de rétablissement
de l’organisme. [Traduit par la Rédaction]

Mots-clés : diabète, sitagliptine, rayons g , apoptose, stress oxydatif, protéine de choc thermique 70.

1. Introduction
Diabetes mellitus (DM) is associated with an increased risk of

heart failure, which may be due to enhancing the impact of clas-
sical cardiovascular risk factors via accelerating the occurrence
and progression of coronary artery disease, as well as direct dele-
terious effects on the myocardium (Lehrke and Marx 2017). Ear-
lier studies proposed that diabetic cardiomyocytes may suffer
multi-factorial defects that may be responsible for worsening
the cardiovascular outcomes in diabetic patients; these include
raised mitochondrial reactive oxygen species (ROS) generation,
impaired phosphatidylinositol 3-kinase/protein kinase B survival
signaling, and reduction of ATP synthesis (Hausenloy et al. 2013).
Other suggested mechanisms involved in these cardiac changes

are myocyte hypertrophy and myocardial fibrosis (Trachanas et al.
2014).
Exposure to ionizing radiation, “which may occur through

experimentation, radiotherapy, nuclear accidents or working in
nuclear stations” (Nair et al. 2001), induces chemical changes in
the cellular components as a result of its penetration through liv-
ing systems with subsequent formation of ROS. These ROS cause
lipid peroxidation in cell membranes and damage to cellular
machineries (Beir 1990; Spitz et al. 2004). In a previous study of
Taunk et al. (2015), it was reported that radiation-induced heart
disease involves a range of cardiac pathological effects including
coronary artery disease, myocardial fibrosis, cardiomyopathy,
arrhythmias, and valvular disease. Nevertheless, as an adaptive
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response, radiation may induce or upregulate expression of pro-
tective proteins e.g., heat shock proteins and antioxidants that
may reduce tissue injury (Morcos et al. 2012). Moreover, diverse
effects other than the well-known harmful impacts of ionizing
radiation were previously reported, such as the beneficial effects
of low dose and (or) low dose rate exposure to ionizing radiation.
These effects are dependent on the nature and type of radiation,
animal sex, genetic background, and age (Tang et al. 2017).
Sitagliptin (SITA) is an oral antidiabetic agent that is catego-

rized as one of the dipeptidyl peptidase-4 inhibitors called glip-
tins. It preserves the islets’ function in the pancreas in different
animal models and increases pancreatic insulin contents through
increased proliferation, neogenesis, and resistance to apoptosis
(Scheen 2013). SITA is considered as a preferable option inmanage-
ment of type II diabetes in patients with cardiovascular complica-
tions (He et al. 2019) as some of the standard drugs such as
metformin or pioglitazone have some limitations. It is notewor-
thy that metformin has been reported to increase the risk of
lactic acidosis, which may exacerbate heart failure (Tahrani et al.
2007); whereas, pioglitazone causes an increase in body weight (BW)
and fluid retention in 5%–10% of patients, which might worsen car-
diac morbidities (Erdmann et al. 2007). SITA, however, has favorable
effects on postprandial glycaemia and lipemia, oxidative stress,
inflammation, blood pressure, and cardiac diastolic dysfunction
(Hausenloy et al. 2013). SITA may also exert beneficial effects on
cardiac remodeling attributed to sepsis-induced inflammation
(Lin and Lin 2016).
Based on the aforementioned data, we aimed at elucidating the

effect of SITA on DM-induced cardiac injury and evaluating these
effects with the concomitant acute exposure to c-radiation, as
well as unveiling the possible mechanisms involved.

2. Materials andmethods

2.1. Animals
Male Wistar rats (180–200 g) were obtained from the breeding

colony of the National Centre for Radiation Research and Tech-
nology (NCRRT), Cairo, Egypt. Rats were housed under proper
conditions of controlled humidity, temperature (25–30 °C), and
light. They were allowed free access to water and fed a standard rat
pellet diet. The experiments were conducted in accordance with
the ethical guidelines for investigations in laboratory animals and
were approved by the Ethical Committee of Faculty of Pharmacy,
Cairo University, Egypt (PT-1716), and complywith the Guide for the
Care and Use of Laboratory Animals (Clark et al. 1997). Unnecessary
disturbance of animals was avoided. Animals were treated gently;
squeezing, pressure, and toughmaneuveringwere avoided.

2.2. Chemicals
SITAwas obtained fromMerck Sharp andDohme, Spain. Strepto-

zotocin (STZ) was purchased from Sigma–Aldrich Chemicals, USA.
Test reagent kits used in this study including total cholesterol (TC),
triglycerides (TG), and blood glucose (BG) were purchased from
Spectrum, Egypt. Malondialdehyde (MDA) and reduced glutathi-
one (GSH) colorimetric kits were purchased from MyBioSource
Inc., USA. Creatine kinase-MB (CK-MB) assay kit was obtained
from Biomed-diagnostic, USA. Insulin and heat shock protein 70
(HSP-70) ELISA kits were provided by MyBioSource Inc.

2.3. Induction of diabetes
Overnight fasted animals were rendered diabetic by a single

dose injection of STZ at a dose of 50 mg/kg intraperitoneally (Wu
et al. 2014) in freshly prepared 0.1 M citrate buffer (pH 4.5). STZ-
injected animals were allowed free access to 5% glucose solution
for 24 h instead of water to overcome the initial STZ-induced
hypoglycemia and to decrease mortality rates. Seventy-two hours
later, diabetes was confirmed bymeasuring the tail vein BG using
a glucometer (On Call Plus, USA), and animals exhibiting BG level

over 300 mg/dL one week after administration of STZ were selected
for further experimentation (Li et al. 2016).

2.4. Radiation process
Animals’ whole-body g -irradiation was performed using

GammacellVR 40 in cesium 137 (137Cs) irradiation unit belonging to
the NCRRT, Cairo, Egypt, manufactured by the Atomic Energy of
Canada Limited, Chalk River, ON, Canada, at a dose rate of 0.66 rad/S
to attain a total dose of 3 Gy on the 21st day of the experimentwhich
was the day before euthanization (Fahmy et al. 2015).

2.5. Treatment protocol
Animals were randomly divided into six groups (n = 6) as follows:

(i) normal control (NC); (ii) irradiated control (Irr); (iii) diabetic
control (STZ); (iv) irradiated diabetic (Irr STZ); (v) diabetic SITA-
treated (STZ+SITA; 100 mg/kg per day); (vi) irradiated diabetic SITA-
treated (Irr STZ+SITA; 100 mg/kg per day). Irradiated animals were
exposed to single dose c-irradiation (3 Gy). A SITA dose of 100mg/kg
p.o. was administered daily (Hausenloy et al. 2013) one week after
STZ and continued for a further two weeks. All animals except the
SITA-treated groups were administered the vehicle, saline, during
the treatment period.

2.6. Biochemical studies
By the end of the treatment period, animals were fasted over-

night, weighed, and euthanized by a lethal dose of thiopental.
Blood was withdrawn by cardiac puncture, collected, centri-
fuged, and clear serum were separated. Hearts were excised and
weighed. The left ventricle was separated and weighed and the
ratios of heart weight to BW (HW/BW) and left ventricular weight
to HW (LvW/HW) were calculated.
Measurement of serumBG, insulin, TG, TC, GSH, andMDA levels,

as well as the activity of CK-MB was carried out, in addition to the
quantitative estimation of left ventricular tissue HSP-70 content.
Furthermore, BG and insulin values were further used for the
estimation of homeostasis model assessment of b-cell function
(HOMA-bCF) as follows:
b-cell function (HOMA-bCF) ¼ 20 � [serum insulin (lIU/mL)/

FBG (mmol/L) � 3.5)] (Matthews et al. 1985), where FBG is fasting
blood glucose.

2.7. Western blotting
This technique was performed according to that described by

Harlow and Lane (1999). Left ventricular tissue samples were
homogenized in radioimmunoprecipitation assay lysis buffer
(150 mM NaCl, 1% NP-40, 0.1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% SDS, and 50 mM Tris-HCl, at pH 8.0), centrifuged at
16 000g for 30 min at 4 °C. The supernatant was transferred to a
new tube for further protein concentration determination analy-
sis. Quantitative protein levels were determined using Bradford
protein assay kit (SK3041) provided by Bio Basic Inc. (Canada). After
gel electrophoresis, transfer of proteins from the gel to the mem-
brane was performed and incubated overnight in each primary
antibody solution against the blotted target protein at 4 °C with
primary antibodies. The determined protein was used for Western
blot analysis, which was performed with the following antibodies;
caspase-3 (cat# MA1-16843; 1:1000), Bcl-2-associated X protein
(Bax) (cat# MA5-14003; 1:1000), and B cell lymphoma-2 (Bcl-2)
(cat# 13-8800; 1:1000) (ThermoFisher Scientific, USA). It was incu-
bated again in the horseradish peroxidase–conjugated second-
ary antibody (goat anti-rabbit immunoglobulin G–horseradish
peroxidase–lmg goat mab, Novus Biologicals) solution against
the blotted target protein for 1 h at room temperature. Imaging
and data analysis quantitation using chemiluminescent substrate
(Clarity™ Western ECL substrate, Bio-Rad, USA, cat# 170-5060) was
applied to the blot by adding equal volumes from solution A
(Clarity Western Luminal/Enhancer solution) and solution B
(peroxidase solution); the signals were captured using a CCD camera-
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based imager and analyzed using band intensity software of the
target proteins against control sample after normalization by
b-actin on the ChemiDoc MP Imaging System (Bio-Rad).

2.8. Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was sequestered using Qiagen tissue extraction kit

(Qiagen, USA) as follows: left ventricular heart tissue (30 mg of
the tissue sample) was excised, lysed in RLT lysis buffer, and the
lysate was homogenized by tissue homogenizer for 40 s, then it
was centrifuged for 3 min and the supernatant was carefully
transferred into a new microcentrifuge tube in an RNeasy spin
column and centrifuged. The purity and the concentration of
RNA in the eluate were obtained using spectrophotometry (dual
wavelength Beckman, Spectrophotometer, USA). Total RNA
(0.5–2 lg) was used for cDNA conversion using high capacity
cDNA reverse transcription kit (Fermentas, USA). The qRT-PCR
assay reactions were carried out with 5 lL cDNA sample, primers
(1 lL of forward primer – 1 lL of reverse primer), and 12.5 lL SYBR
Green PCR Master Mix. Non-template control reactions were per-
formed for each gene, to assure nonspecific amplification. Reac-
tions were performed with the following thermal profile: one cycle
of 2 min at 50 °C plus 40 cycles of 15 s at 95 °C, 1 min at 60 °C, and
1 min at 72 °C. qRT-PCR results were analyzed with applied Biosys-
tems version 3.1 (StepOne™, USA) and quantification used the 2�DDCT

equation. The qRT-PCR assay with the primer sets were optimized
at the annealing temperature and a housekeeping gene b -actinwas
used as an internal control; the primer sequences for apoptosis-
inducing factor (AIF) (Q9JM53) and b -actin (P60711) are presented in
Table 1.

2.9. Histopathological investigations
After sacrifice and isolation of left ventricular tissue samples,

they were immediately fixed in 10% formalin solution. Specimens
were embedded in paraffinwax by routinemethodology. The par-
affin blocks were cut into 5 mm thick sections and stained with
hematoxylin and eosin. For detection of fibrous connective tissue,
other sections were stainedwithMasson’s trichrome (Bancroft et al.
1996). All sections were examined using TS View software at 20� by
using light digital microscope (Olympus XC30, Tokyo, Japan). These
sections were evaluated for the presence or absence of myocardial
features; cardiomyocytes hypertrophy (scored as absent, mild, mod-
erate and severe), myofibrillar disarray and interstitial fibrosis, and
the range ofmyocyte diameter was done by observingfive represen-
tative randomly selected non-overlapping fields per tissue section
of each sample. Moreover, semiquantitative visual evaluation of
each type of fibrosis for all the specimens was done, and they
were scored as absent (–), present in ≤30% of the examined myo-
cardium (+), present in >30% but <60% of the examined myocar-
dium (++), and present in ≥60% of the examined myocardium (+++)
(McLeod et al. 2009). The degree of collagen deposition was done by
observing five representative randomly selected non-overlapping
fields per tissue section of each sample for the determination of
area percentage of collagen fibers deposition using the image ana-
lyzing software ImageJ.

2.10. Statistical analysis
Data were expressed as means 6 standard error of the mean.

Statistical analysis were performed using Graphpad prism soft-
ware version 7 (San Diego, CA, USA), and to assess the signifi-
cance level, one-way analysis of variance (ANOVA) followed by

Tukey’s multiple comparison post hoc test were used. Differen-
ces were considered statistically significant at P value<0.05.

3. Results

3.1. Effect of on glucose and insulin homeostasis
As shown in Table 2, exposure to c-irradiation or administra-

tion of STZ resulted in marked BG elevation with lowered insulin
levels as compared with NC rats. On the contrary, exposing dia-
betic rats to g -irradiation was associated with noticeable reduc-
tion in serum BG level that was paralleled bymarked elevation in
insulin levels as compared with STZ animals. Similarly, treat-
ment of STZ and Irr animals with SITA normalized these changes
and resulted in marked improvement in b-cell function as mani-
fested by the elevation in the HOMA-bCF score.

3.2. Effect on BWand HW
As depicted in Fig. 1, STZ-induced DM resulted in marked reduc-

tion in BW (Fig. 1A) with pronounced increase in HW/BW (Fig. 1B)
and LvW/HW (Fig. 1C) ratios as compared with NC animals. Admin-
istration of SITA to Irr STZ rats markedly elevated BW as compared
with STZ rats. Regarding the effect on the increased HW/BW and
LvW/HW ratios, treatment with SITA significantly normalized this
increase in both non-irradiated and g -irradiated rats.

3.3. Effect on serum TG and TC levels
As illustrated in Fig. 2, g -irradiation or STZ administration

obviously increased TC (Fig. 2A) and TG (Fig. 2B) levels as com-
pared with NC animals; however, treatment of diabetic rats with
SITA and (or) the exposure to g -irradiation significantly halted
these changes.

3.4. Effect on serumGSH andMDA levels, as well as CK-MB
activity
In Fig. 3, animals exposed to a single dose injection of STZ or

g -irradiation showed marked reduction in the serum level of
GSH (Fig. 3A), with obvious elevation in MDA (Fig. 3B) level and
CK-MB activity (Fig. 3C). On the contrary, exposing diabetic animals
to g -irradiation effectively reverted these alterations. Likewise, treat-
ment with SITA with and without g -irradiation preserved these
effects.

3.5. Effect on cardiac Bax, Bcl-2, and caspase-3 protein expression
andAIF gene expression, aswell asHSP-70 content
The effect of g -irradiation or DMwas further extended to involve

the apoptotic process in themyocardium as demonstrated in Fig. 4,
where a significant elevation in the protein expression of BAX
(Fig. 4A) and cleaved caspase-3 (Fig. 4B), paralleled by marked
reduction in Bcl-2 (Fig. 4C) protein expression, was detected in
both groups as compared with NC animals. Similarly, a pronounced
elevation in the gene expression of AIF (Fig. 4D) and HSP-70 (Fig. 4F)
was observed. Administration of SITA to non-irradiated and
g -irradiated animals successfully halted the apoptotic signal-
ing and abated such changes.

Table 1. Primer sequence for apoptosis-inducing factor.

Studied gene Primer sequence

AIF Forward: 5 0-TGCTCTTGGCAGAAAGTCTC-3 0

Reverse: 5 0-TTGGGCATCACTTTCACTCC-3 0

b -actin Forward: 5 0-GCACCCAGCACAATGAAGATCAAG-3 0

Reverse: 5 0-TCATACTCCTGCTTGCTGATCCAC-30

Table 2. Effect of sitagliptin on serum glucose and insulin levels and
b -cell function.

Group Glucose (mg/dL) Insulin (ng/ml) HOMA-bCF (10–3)

NC 124.568.9 2.9460.24 660.5
Irr 185614* 1.6760.14* 7.260.77
STZ 376621.6* 0.9960.01* 660.31
Irr STZ 140.7611.6† 260.06*† 760.75
STZ + SITA 122.867.4† 2.3460.12† 760.44
Irr STZ + SITA 133.166.3† 2.6260.18† 1360.3*†

Note: Data are presented as mean 6 standard error of the mean (n = 6). * and
† are significantly different from NC and STZ groups, respectively. NC, normal
control; Irr, irradiated; STZ, streptozotocin (diabetic); SITA, sitagliptin; HOMA-
bCF, homeostasis model assessment of b -cell function.
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3.6. Effect of SITA on histopathological cardiac changes
As shown in Fig. 5, histopathological examination revealed

that exposure of normal animals to g -irradiation was accompa-
nied by mild hypertrophic myocytes and intramyocardial oedema
(Fig. 5B). Meanwhile, STZ rats showed extensive myocardial damage
as evidenced by the necrotic changes in the cardiomyocytes and the
disorganization of cardiac muscle fibers (Fig. 5C). On the contrary,
Irr STZ animals showed marked improvement in cardiac structure
as demonstrated by the decreased necrotic and hyalinotic changes
as compared with the STZ group. In a similar manner, treatment of
STZ (Fig. 5E) or Irr STZ (Fig. 5F) animals with SITA significantly

ameliorated most of diabetes-induced cardiac injury. Effects of vari-
ous treatment regimens on cardiomyocyte diameter range are sum-
marized in Fig. 5G.

3.7. Effect of SITA on collagen deposition
The Masson’s trichrome staining (Fig. 6) further supports the

histological changes, where section Fig. 6B demonstrated that
g -irradiated animals showed marked fibrotic changes in the in-
terstitial myocellular and perivascular areas as compared with
NC rats. Similarly, in Fig. 6C, STZ animals showed extensive dam-
age presented as interstitial inter-myocellular fibrosis; however,

Fig. 1. Effect of sitagliptin (SITA) on (A) body weight (BW), (B) heart weight (HW)/BW ratio, and (C) left ventricular weight (LvW)/HW ratio.
Data are presented as mean 6 standard error of the mean, statistical analysis were performed using one-way ANOVA followed by Tukey’s
multiple comparison post hoc test at P ≤ 0.05 (n = 6). * and † are significantly different from NC and STZ groups, respectively. NC, normal
control; Irr, irradiated; STZ, streptozotocin (diabetic).

Fig. 2. Effect of sitagliptin (SITA) on (A) total cholesterol (TC) and (B) triglycerides (TG). Data are presented as mean 6 standard error of
the mean, statistical analysis were performed using one-way ANOVA followed by Tukey’s multiple comparison post hoc test at P ≤ 0.05
(n = 6). * and † are significantly different from NC and STZ groups, respectively. NC, normal control; Irr, irradiated; STZ, streptozotocin
(diabetic).

Fig. 3. Effect of sitagliptin (SITA) on (A) reduced glutathione (GSH), (B) malondialdehyde (MDA), and (C) creatine kinase-MB (CK-MB). Data
are presented as mean 6 standard error of the mean, statistical analysis were performed using one-way ANOVA followed by Tukey’s
multiple comparison post hoc test at P ≤ 0.05 (n = 6). * and † are significantly different from NC and STZ groups, respectively. NC, normal
control; Irr; irradiated; STZ, streptozotocin (diabetic).
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profound reduction in collagen fibers deposition was observed in
the Irr STZ (Fig. 6D) and SITA-treated non-irradiated and c-irradiated
groups, respectively (Fig. 6E and 6F). These data were abridged
in Fig. 6G.

4. Discussion
Diabetes may possibly lead to cardiac injury not only by ampli-

fying the effect of classical cardiovascular risk factors but also
through direct deleterious influence on the myocardium. Diabe-
tes apparent metabolic abnormalities are involved in the patho-
genesis and progression of the cardiac implications (Ernande
and Derumeaux 2012). These abnormalities include advanced
glycation end products–induced glucotoxicity in consort with
increased lipid oxidation instead of glucose, lipotoxicity, enhanced
oxidative stress, impaired calcium homeostasis, renin-angiotensin-
aldosterone system activation, andmitochondrial dysfunction. Thus,
leading to an escalation in myocardial fibrosis and necrosis or
apoptosis, eventually ensuing myocardial dysfunction and heart
failure (Boudina and Abel 2007, 2010).
In the present study, we successfully provoked these cardiac

biochemical and structural alterations using the STZ-induced DM
model. Markedly higher levels of BG were recorded because of
impaired insulin secretion caused by STZ-mediated selective cy-
totoxicity to pancreatic b-cells due to ROS action (Eleazu et al.
2013), which in turn, resulted in glucotoxicity and lipotoxicity
with further impairment and reduction in the rate of insulin
secretion from dysfunctional b-islet cells and accumulation of

free fatty acids in the myocardium. As well, other associated
effects involving decreased BW, dyslipidemia, and increased oxi-
dative stress were observed (Nolan et al. 2011). Oxidative insult–
induced increase in ROS subsequently hinders the function of
the antioxidant system (Szkudelski 2001) and accelerates cardio-
myocyte hypertrophy, fibrosis, and apoptosis (Huynh et al. 2014).
All of these alterations were in coherence with our findings.

Regarding BW, DM is known to cause such an obvious reduction
in BW (Wang et al. 2015; Wu et al. 2014) which may be due to the
degradation and catabolism of fats and proteins resulting from
oxidative stress, and leading to muscle wasting that may result in
weight loss in diabetics (Oyedemi et al. 2011). Similarly, HW/BW
and LvW/HW ratios were increased in diabetic animals which
agrees with Wang et al. (2006); they found that hyperglycemia
further exacerbates glucose auto-oxidation and advanced glyca-
tion end formation and causes modification of susceptible pro-
teins such as collagen and elastin. These findings were confirmed
histopathologically as evidenced by the observed cardiomyocytes
hypertrophy andmassive fibrous connective tissue formation.
Furthermore, the current findings confirmed diabetic cardiac

injury associated oxidative stress damage, where an imbalance
between the pro-oxidant and antioxidant machineries was observed.
Depletion of the well-known antioxidant GSH, which plays an essen-
tial role in the detoxification of reactivemetabolites and in the regula-
tion of cellular redox balance (Kalpana et al. 2011), as well as MDA
overproduction in the STZ animals, were apparent. Al-Rasheed
et al. (2017) reported that hyperglycemic-induced oxidative stress

Fig. 4. Effect of sitagliptin (SITA) on the protein expression of (A) Bcl-2-associated X protein (Bax), (B) caspase-3, (C) B cell lymphoma-2
(Bcl-2), (D) gene expression of apoptosis-inducing factor (AIF), (E) Bax/Bcl-2 ratio, and (F) content of heat shock protein 70 (HSP-70). Data are
presented as mean 6 standard error of the mean, statistical analysis were performed using one-way ANOVA followed by Tukey’s multiple
comparison post hoc test at P ≤ 0.05 (n = 6). * and † are significantly different from NC and STZ groups, respectively. NC, normal control;
Irr, irradiated; STZ, streptozotocin (diabetic).

680 Can. J. Physiol. Pharmacol. Vol. 99, 2021

Published by Canadian Science Publishing

C
an

. J
. P

hy
si

ol
. P

ha
rm

ac
ol

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
Su

za
n 

M
. M

an
so

ur
 o

n 
01

/0
6/

22
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



and inflammation may promote cardiomyocyte hypertrophy
through reduced degradation and increased proteins synthesis,
as well as fatty acid oxidation in the cardiomyocytes, with subse-
quent elevation in biomarkers of myocardial injury such as CK-MB
as observed herein.
Meanwhile, enhanced apoptotic signaling associated with

increased oxidative stress was evident in the current investiga-
tion. Diabetic animals showed marked activation in the caspase-
dependent apoptotic pathway tracked biomarkers, as demonstrated
by the increased protein expression of the proapoptotic factor Bax,
paralleled by the reduced expression of the anti-apoptotic factor
Bcl-2. Findings indicated accelerated apoptosis (Marques et al. 2014),
and were further confirmed by the amplified cleaved caspase-3
protein expression, that may be involved in ROS-induced apo-
ptosis (Picatoste et al. 2013). Cardiomyocytes contain AIF as one
of the endogenous caspase inhibitors that make them relatively
resistant to caspase-dependent apoptosis (Bae et al. 2008). AIF
release from the mitochondria to the cytosol followed by its
translocation to the nucleus, and causes DNA fragmentation
without concurrent caspase activation (Cande et al. 2002; Cregan
et al. 2004). Elevated AIF expression in DM-control animals could
be explained because of the enhanced ROS production. Similar
observations were reported following ischemia reperfusion car-
diac damage (Chen et al. 2004; Xiao et al. 2005). Providentially,
HSP-70 levels were markedly increased as a defense mechanism
to compensate for the deteriorating effects of diabetes. HSP-70
is recognized to be in a phosphorylated state supporting the

transmembrane transport of proteins by stabilizing them in a
partially folded state, thereby regulating some of its functions
(Gao and Newton 2002; Muller et al. 2013; Truman et al. 2012),
and thus protecting the cells from oxidative stress damage. Further-
more, HSP-70 directly inhibits the apoptotic process by blocking
the recruitment of procaspase-9 to the apoptotic protease activat-
ing factor-1/deoxyadenosine triphosphate/cytochrome-c apoptosome
complex, thus improving cell survival (Beere et al. 2000).
The current study was further extended to investigate the effect

of g -irradiation on DM-induced cardiac damage. Despite the well-
known adverse events of g -irradiation on normal animals such as
hyperglycemia, exposure of diabetic animals to g -irradiationmark-
edly showed an augmented ameliorative effect on most of the
studied biochemical parameters. BG level was significantly reduced
(Fahmy et al. 2015); this effect may be related to the elevation in
insulin level. Moreover, g -irradiation of diabetic animals signifi-
cantly increased the antioxidant status, which presented as
increased GSH and diminished MDA levels, findings that are
quite consistent with a previous study (El-Kashoury et al. 2016).
In addition, g -irradiation markedly attenuated CK-MB activity
(Morcos et al. 2012). Hence, exposure of diabetic animals to
c-irradiation unexpectedly, in a chain reaction manner, ham-
pered the excessive oxidative insult and eventually suppressed
apoptotic signaling by lessening the protein expression of Bax,
and accordingly caspase-3 expression, hindering AIF gene expres-
sion, stimulating Bcl-2, and compensating cardiac function and
viability.

Fig. 5. Photomicrograph of cardiac muscle: (A) NC group with normal cardiac architecture and striated muscle fibers with centrally located
nuclei; (B) Irr group showing mild hypertrophic myocytes, nuclear enlargement, intra-myocardial oedema; (C) STZ-control animals showing
disorganized cardiac muscle fibers and necrotic myocytes, marked intramyocardial oedema, vacuolations, hyalinization in some of the fibers
and moderate hypertrophy of myocytes; (D) Irr STZ group showing mild intramyocardial oedema with focal hyalinosis, necrosis of muscle
bundles without cellular hypertrophy; (E) STZ+SITA group showing oedema of intramuscular bundles, moderate hypertrophy of myocytes;
(F) Irr STZ+SITA group showing branching of the striated muscles that form parallel muscle fibers and mild hypertrophic myocytes (hematoxylin
and eosin, �200). Panel (G) shows the effect of SITA on myocyte diameter range. Data are presented as mean 6 standard error of the mean,
statistical analysis were performed using one-way ANOVA followed by Tukey’s multiple comparison post hoc test at P ≤ 0.05. * and † are
significantly different from NC and STZ groups, respectively. NC, normal control; Irr, irradiated; STZ, streptozotocin (diabetic); SITA,
sitagliptin. [Colour online.]
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The present work further enlightened the protective potential
of SITA in DM-associated cardiac injury. SITA successfully low-
ered BG level and increase insulin secretion (El Naggar et al. 2015).
This apparent glucose lowering potential may not only occur via
its GLP-1 effect but also through inhibiting glucose absorption by
the intestine (Kutoh 2011). It was also reported that a low dose of
SITA (10 mg/kg per day) for four weeks has a cytoprotective effect
on the pancreatic b-cells, as a consequence to the improved glyce-
mic control and lipid profile, as well as its anti-apoptotic and anti-
inflammatory effects “as evidenced bymuch less positive caspase-3
and negative iNOS immunoreactivities” (Shawky et al. 2020).
Moreover, administration of SITA had a non-significant effect

on BW in diabetic animals (Ramírez et al. 2018), but auspiciously
in g -irradiated diabetic animals there was a significant increase
in BW; conceivably, one can propose that the improvement in
oxidant status may have had an important role. Additionally,
diabetes-associated cardiac hypertrophy and fibrosis were improved
after SITA administration as manifested by the decreased HW/BW
and LvW/HW ratios and established with histopathological
examinations, thus eventually reflecting on the cardiac function. In
agreement with our findings, Picatoste et al. (2013) assumed that SITA-
attenuated cardiac apoptosis and (or) necrosis, hypertrophy, and fibrosis
in experimental type II diabetes mellitus, an effect that could be due to
the increased insulin responsebyplasmaGLP-1 stabilization.

In addition, SITA hampered oxidative stress, which was in
agreement with the findings of previous studies (Alam et al. 2015;
Al-Rasheed et al. 2016; El-Sahar et al. 2015; Unis et al. 2015). This
was likely to be accelerated by g -irradiation as evidenced by
boosting GSH coupled by halting MDA levels and maintaining
b-cell function with better pancreatic insulin secretion. The
demonstrated increase in serum lipids was reversed by SITA-
treatment; SITA lipidemic control may be related to GLP-1 effect
on lipid absorption (Conarello et al. 2003) and metabolism (Ramírez
et al. 2018). This effect was boosted by g -irradiation, which could
be attributed to the modulation of oxidant status. Treatment
of diabetic rats with SITA preferably caused a large decrease in
CK-MB activity, which is supported by Al-Rasheed et al. (2016) who
showed that CK-MB-reduced activity strongly supports the concept
that dipeptidyl peptidase-4 inhibitors may reduce the risk of
evolving diabetes-related heart diseases. Moreover, this effect
was enhanced by exposure to g -irradiation. In this perspective,
histopathological findings demonstrated marked improvement
in cardiac architecture following treatment with SITA with and
without concomitant g -irradiation.
Considering DM-induced cardiac apoptotic progression, treat-

ment with SITA significantly diminished Bax/Bcl-2 ratio in diabetic-
treated animals, which agrees with Marques et al. (2014) in that they
documented that chronic hyperglycemia-induced ROS production

Fig. 6. Photomicrograph of cardiac muscle stained with Masson’s trichome: (A) NC group with normal very fine collagen fibers in between
muscle bundles and perivascular fibrosis; (B) Irr group showing in between muscle bundles, which appeared as interstitial intermyocellular
and perivascular fibrous connective tissue; (C) STZ-control group showing fibrous connective tissue proliferation appeared as interstitial
intermyocellular fibrosis; (D) Irr STZ group showing interstitial intermyocellular fibrosis; (E) STZ+SITA showing delicate intermuscular
fibrosis; (F) Irr STZ+SITA showing delicate intermuscular and perivascular connective fibrous tissue (�200). Panel (G) demonstrates the
effect of SITA on collagen deposition. Data are presented as mean 6 standard error of the mean, statistical analysis were performed using
one-way ANOVA followed by Tukey’s multiple comparison post hoc test at P ≤ 0.05. * and † are significantly different from NC and STZ
groups, respectively. NC, normal control; Irr, irradiated; STZ, streptozotocin (diabetic); SITA, sitagliptin. [Colour online.]
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results in an increase in apoptosis with a proapoptotic statemediated
byBax andBid.Therefore, a goodglycemic controlwith SITAobserved
herein could reduce ROS production and the subsequent risk of cell
death through diminution of Bax and the acceleration of Bcl-2 fol-
lowed by mitigation of caspase-3 protein expression. It was formerly
considered that activation of incretin receptors in pancreatic b-cells
stimulates resistance to apoptosis via activation of several pathways
leading to inhibition of caspase-3 by increasing expression of Bcl-2
while decreasing that of Bax (Marques et al. 2014). Cheung et al. (2006)
reported that AIF is required for cell survival andmitochondrial respi-
ration; conversely, during apoptotic stimulation, the proapoptotic
function of AIF is recognized when it is released from the mitochon-
dria, thus promoting DNAdamage in the nucleus. In this study, it was
found that SITA exerted a compensatory effect through controlling
AIF gene expression. As a reimbursing mechanism against diabetes,
the body tends to increase the levels of protective molecules namely,
HSP-70, which can protect the cells from oxidative stress. HSP-70 acts
to prevent the partially denatured proteins from aggregation and
allows them to refold aswell as improving overall protein integrity. In
the present study, SITA normalized elevated HSP-70 level, as a predict-
able consequence of its antioxidant potential. Altogether these find-
ingsmay explain, at least in part, the SITA protective effects thatwere
fortunately enhanced by g -irradiation.

5. Conclusion
This study emphasizes the cardioprotective potential of SITA

in DM-induced cardiac injury. This could be attributed to variety
of factors acting simultaneously including modulation of the
metabolic, oxidative, and apoptotic trajectories. Moreover, the
present workmay provide novel insights on the beneficial effects
of concomitant exposure to g -irradiation in modulating diabe-
tes-induced cardiac changes, possibly through halting oxidative
insult and apoptosis. Further investigations, however, are war-
ranted to unveil the exact mechanisms.
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