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Abstract

AIM

To evaluate the effects of glucagon-like peptide-1 analogs
(GLP-1a) combined with insulin on myocardial ischemia-
reperfusion injury in diabetic rats.

METHODS
Type 2 diabetes mellitus (T2DM) was induced in male
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Wistar rats with streptozotocin (65 mg/kg) and verified
using an oral glucose tolerance test. After anesthesia, the
left coronary artery was occluded for 40 min followed by
80 min reperfusion. Blood glucose level was measured
during surgery. Rats were randomized into six groups as
follows: (1) control rats; (2) insulin (0.1 U/kg) treated
rats prior to ischemia; (3) insulin (0.1 U/kg) treated rats
at reperfusion; (4) GLP-1a (140 mg/kg) treated rats prior
to ischemia; (5) GLP-1a (140 mg/kg) treated rats at
reperfusion; and (6) rats treated with GLP-1a (140 mg/kg)
prior to ischemia plus insulin (0.1 U/kg) at reperfusion.
Myocardial area at risk and infarct size was measured
planimetrically using Evans blue and triphenyltetrazolium
chloride staining, respectively.

RESULTS

There was no significant difference in the myocardial area
at risk among groups. Insulin treatment before ischemia
resulted in a significant increase in infarct size (34.7% =*
3.4% vs 18.6% + 3.1% in the control rats, 7 < 0.05).
Post-ischemic administration of insulin or GLP-1a had no
effect on infarct size. However, pre-ischemic administration
of GLP-1a reduced infarct size to 12% + 2.2% (P < 0.05).
The maximal infarct size reduction was observed in the
group treated with GLP-1a prior to ischemia and insulin
at reperfusion (8% * 1.6%, P < 0.05 vs the control and
GLP-1a alone treated groups).

CONCLUSION

GLP-1a pre-administration results in myocardial infarct size
reduction in rats with T2DM. These effects are maximal
in rats treated with GLP-1a pre-ischemia plus insulin at
reperfusion.

Key words: Glucagon-like peptide-1 analog; Insulin;
Myocardial ischemia-reperfusion injury; Infarct size; Type
2 diabetes mellitus; Rats; Experimental research

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: In addition to their glucose-lowering effects,
glucagon-like peptide-1 analogs (GLP-1a) were shown
to exhibit cardioprotective effects. However, the optimal
protocol of GLP-1a administration for infarct size reduction
has not been determined yet. Additionally, it is important
to investigate the effects of GLP-1a combined with other
antidiabetic drugs on myocardial infarct size. Thus, we eva-
luated the effects of GLP-1a with and without insulin on
infarct size in rats with type 2 diabetes mellitus. We found
that GLP-1a administration prior to ischemia resulted in
significant infarct size reduction. Infarct size reduction was
maximal in rats treated with GLP-1a before ischemia plus
insulin at reperfusion.

URL: http://www.wjgnet.com/1948-9358/full/v9/i19/149.htm
DOI: http://dx.doi.org/10.4239/wjd.v9.i9.149

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is considered a risk
factor for cardiovascular diseases with an approximately
three-fold increased risk of myocardial infarction (MI).
Normalizing glucose variability can prevent future
cardiovascular complications. Safe blood glucose levels
during MI (10 mmol/L, ideally < 8.7 mmol/L, not below
4.5-5 mmol/L) are very difficult to achieve using insulin
monotherapy, which is the main therapy option in the
acute period of MI",

Therefore, it is necessary to find other therapeutic
options to control blood glucose levels during MI. A
possible candidate is glucagon-like peptide-1 analogs
(GLP-1a) due to their high efficiency and low risk for
hypoglycemia®. Moreover, accumulated data has shown
that GLP-1a exhibits independent positive pleiotropic
effects on the cardiovascular system™"*!. However, only
few studies investigated the use of GLP-1 during acute MI
in patients with T2DM. The most convenient way to study
the pleiotropic effects of new antidiabetic drugs involves
the use of experimental models™.

Recent studies have indicated that GLP-1a can exert
beneficial effects on the cardiovascular system. The
mechanisms underlying these positive effects included
both indirect effects on insulin secretion, glucose uptake,
and free fatty acid metabolism in the peripheral and
central nervous systems, and direct effects on GLP-1
receptors in the myocardium. Although there are nu-
merous studies on the cardiovascular effects of GLP-1a,
most studies use recombinant GLP-1 infusion that is not
used in clinical practice. In addition, emphasis was placed
on monotherapy with GLP-1a"%. Therefore, it is of great
interest to investigate the effects of the clinically used
GLP-1a or GLP-1 mimetics on the cardiovascular system
and evaluate their cardioprotective effects in combination
with insulin therapy, which is more clinically applicable.
In addition, it is important to study the effects of GLP-1a
administration at different stages of the experiment (before
and during MI) to determine the appropriate dosage
regimen in patients.

Therefore, in this study, we aimed to investigate the
effects of GLP-1a combined with insulin on blood glucose
levels, severity of myocardial damage, and mortality in
experimental MI in rats with streptozotocin-induced T2DM.

MATERIALS AND METHODS

Zykov VA, Tuchina TP, Lebedev DA, Krylova 1B, Babenko AY,
Kuleshova EV, Grineva EN, Bayramov AA, Galagudza MM.
Effects of glucagon-like peptide 1 analogs in combination with
insulin on myocardial infarct size in rats with type 2 diabetes
mellitus. World J Diabetes 2018; 9(9): 149-156 Available from:
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Animals

Seventy male Wistar rats were used in this study. Both
neonatal STZ-induced T2DM and MI were induced in
these rats. Experimental studies were conducted at the
Federal State Budget Scientific Institution “Institute of
Experimental Medicine” in cooperation with the staff of the
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Laboratory of Chemistry and Pharmacology of Medicine,
in accordance with the “Guidelines for the Care and Use
of Laboratory Animals” and “A guide to experimental
(preclinical) study of new pharmacological substances,”
with observance of the principles of humanity, European
Directives (86/609/EEC), and Helsinki Declaration.

T2DM model

We used the streptozotocin(STZ)-nicotinamide model
of diabetes. Induction of diabetes in rats was carried
out by a single intraperitoneal injection of STZ at 65
mg/kg, dissolved in citrate buffer (pH 5.5). For selection
of rats to be used in the study, blood glucose level was
measured at the age of 3 mo, followed by an oral glucose
tolerance test after administration of 40 % w/v glucose
solution at a dose of 3 g/kg. Diagnostic criteria for T2DM
included fasting blood glucose levels from 7 to 14 mmol/L
(OneTouch Select glucometer, LifeScan Inc., Milpitas, CA,
United States) and two-fold increase in the area under the
glucose curve of the oral glucose tolerance test, compared
with that in the control group™>*°.,

Myocardial ischemia-reperfusion model

Rats were anesthetized using chloral hydrate solution
(400 mg/kg), tracheotomized, and ventilated (SAR-
830P, Stoelting, United States) using room air, with a tidal
volume of 2 mL/100 g and a rate of approximately 60
breaths/min. The core body temperature was maintained
at 37 £ 0.5°C using a feedback-controlled heating pad
(TCAT-2LV controller, Physiotemp Instruments Inc.,
Clifton, NJ, United States). The left carotid artery and
right femoral vein were cannulated for measurement of
the mean arterial pressure (MAP) and maintenance of
anesthesia, respectively. Lead 1 of the electrocardiograph
was monitored for determination of the heart rate (HR)
and arrhythmias. After a 10 min stabilization, a left thora-
cotomy was performed. A 6-0 polypropylene thread was
placed around a prominent branch of the left coronary
artery, and the ends were passed through a polyethylene
tube as an occluder. Exclusion criteria were MAP < 50
mmHg and/or HR < 300 bpm at any time point during the
experiment™’.,

Experimental protocol

Reperfusion was started 40 min after the onset of ische-
mia by removing the ligature from the coronary artery.
After another 80 min, the ischemic lesion was assessed.
Figure 1 shows the experimental protocol. Animals were
randomly divided into six groups, as follows: Group 1:
control rats with T2DM without therapy; Group 2: rats
treated with insulin prior to MI (IpMI) at a dose of 0.1 U/kg
1.5 hr before induction of AMI; Group 3: rats treated with
insulin after MI (IaMI) at a dose of 0.1 U/kg 40 min after
coronary artery ligation; Group 4: rats treated with GLP-
1a prior to MI (GLP1pMI) at a dose of 140 mg/kg 1.5
hr before ischemia; Group 5: rats treated with GLP-1a
after MI (GLP1aMI) at a dose of 140 mg/kg 40 min after
ischemia; Group 6: GLP1pMI + IaMI at a GLP-1a dose of
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140 mg/kg 1.5 hr before ischemia and at an insulin dose
of 0.1 U/kg 40 min after ischemia.

Infarct size measurement

At the end of the experiment, the left coronary artery was
re-occluded, followed by administration of 0.5 mL of 5%
Evans blue (MP Biomedicals, Solon, OH, United States) via
the femoral vein for measurement of the area at risk (AR).
The hearts were excised and cut into five 2 mm thick slices
parallel to the atrioventricular groove. The basal surface
of each slice was digitally photographed. The slices were
immersed in 1% solution of 2,3,5-triphenyltetrazolium
chloride (MP Biomedicals, Solon, OH, United States) at
37°C (pH 7.4) for 15 min and photographed again for
determination of infarct area (IA). The images were digi-
tized using Adobe Photoshop CS. The AR was expressed
as a percentage of the whole slice, and the IA was
expressed as a percentage of AR. Values of AR and IA
for each heart were obtained by calculating mean values
of the slices. Rats with AR 15% were excluded from the
study. Infarct size measurement and data analyses were
performed by an investigator blinded to the study groups.

Evaluation of blood glucose levels

In addition, blood glucose levels were monitored during
the experiment. A blood glucose test was performed prior
to T2DM induction, after T2DM induction, a three day
measurement with an interval of two to three days, during
the glucose tolerance test, and thereafter every week
before the operation. During the operation, blood was
collected for glucose monitoring according to the following
protocol: 1.5 hr before MI induction, immediately before
MI, and then every 20 min. Measurement of blood glucose
levels was performed at all points with the Accu-Chek
glucometer using diagnostic test strips®*#2%,

Statistical analysis

Statistical analyses were carried out using the IBM SPSS
Statistics 23 program (SPSS Inc., Chicago, IL, United
States) and were performed by a biomedical statistician.
Data were presented as the mean + SD. To evaluate
the differences between dependent samples, the non-
parametric Wilcoxon test was used, whereas the Mann-
Whitney test was used to evaluate the reliability of the
differences between independent variables. P values < 0.05
were considered statistically significant.

RESULTS

Blood glucose levels and glycemic variability

We assessed the features of the glycemic profiles in
experimental animals. Data on glycemic variability and
number of episodes of hypoglycemia in rats are presented
in Table 1. The highest glycemic variability was observed
in the rats treated with insulin monotherapy, whereas
the lowest glycemic variability was achieved in the rats
receiving GLP-1a (P < 0.05). It is noteworthy that glycemic
variability in the rats treated with combined GLP-1a and
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Table 1 Number of hypoglycemia episodes and glycemic variability in experimental animals

Group Control IpMI laMI GLP1pMI GLP1aMI GLP1pMI + laMI
Hypoglycemia episodes (1) 0 5 3 1 2 1
Glycemic variability 448 +0.74 6.29 £ 0.9 557+t1.3 3.79 + 0.65" 3.60 £ 0.65" 3.00 + 0.42°

*P < 0.05, vs control group. Control: Rats with T2DM without therapy; IpMI: Rats treated with insulin prior to MI; IaMI: Rats treated with insulin after MI;
GLP1pMI: Rats treated with GLP-1a prior to MI; GLP1aMI: Rats treated with GLP-1a after MI; GLP1pMI + IaMI: Rats treated with GLP-1a prior to MI and
with insulin after MI.

15 h prior MI Ischemia Repefusion Morfologllcal
evaluation
90 min 40 min 80 min
Control heg
Insulin _
IpMI |~ n=16
TaMI Iz Insulin n=12
aGLP1pMI |~ 3GLP1 n=12
aGLP1
aGLP1aMI / R
_ aGLP1 Insulin
aGLP1pMI + IaMI | x~ / 5 =10

Figure 1 The experimental protocol. Group 1: Control rats with T2DM without therapy; Group 2: IpMI (rats treated with insulin prior to MI); Group 3: laMI (rats
treated with insulin after Ml); Group 4: GLP1pMI (rats treated with GLP-1a prior to MI); Group 5: GLP1aMI (rats treated with GLP-1a after MI); Group 6: GLP1pMI +
laMI (rats treated with GLP-1a prior to Ml and with insulin after MI).

insulin was comparable with that in the rats receiving whole slice, and the IA was expressed as a percentage of
GLP-1a monotherapy. However, it was significantly lower AR. Values of AR and IA for each heart were obtained by

than that in the rats treated with insulin monotherapy calculating the mean values of the slices'®. Results are

and in the control group rats (P < 0.05). The number of shown in Table 2.

episodes of hypoglycemia was also high in the groups Figures 2 and 3 show the risk and necrotic zones. The

receiving insulin monotherapy, whereas hypoglycemia AR did not significantly differ among groups. However,

was practically undetected in the groups receiving GLP- the largest zone of myocardial necrosis in relation to the

1a. Statistical analysis of hypoglycemia incidence was not ischemic zone was observed in the rats receiving insulin

performed because of the small sample size. Thus, data monotherapy before induction of ischemia.

were expressed as absolute numbers. Insulin treatment before ischemia resulted in a
significant increase in infarct size (34.7% + 3.4% vs

Mortality 18.6% * 3.1% in the control P < 0.05). Post-ischemic

In addition, we evaluated the mortality of rats during the administration of insulin or GLP-1a had no effect on infarct
experiment. During the experiment, 26 rats died owing to size. Pre-ischemic administration of GLP-1a reduced infarct
acute heart failure and/or persistent arrhythmia (Table 1). size to 12% + 2.2%. The maximal infract size reduction
Data on the ratios of dead and surviving rats in each group was observed in the rats treated with GLP-1a pre-ischemia
are presented in Table 1. Statistical analysis of mortality and insulin at reperfusion (8% * 1.6%, P < 0.05 vs the
was not carried out because of the small sample size. control and GLP-1a alone-treated groups).

Area at risk and infarct size
To estimate the extent of myocardial damage, the ratio DISCUSSION

of the necrotic zone area to the ischemic zone area was The results of this experimental study confirmed the
calculated. The AR was expressed as a percentage of the cardioprotective effects of GLP-1a, which were reported
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Table 2 Mortality of rats expressed as percentages with different antihyperglycemic therapies

Group 1 2 3 4 5 é
Control IpMI 1aMI GLP1pMI GLP1aMI GLP1pMI + 1aMI
(n = 8) (n=16) (n=12) (n=12) (n=12) (n =10)

Ratio of surviving to dead rats 5/3 8/8 7/5 8/4 8/4 8/2

(% of deaths) (37.5%) (50%) (41.6%) (30 %) (30 %) (20%)

Control: Rats with T2DM without therapy; IpMI: Rats treated with insulin prior to MI; IJaMI: Rats treated with insulin after MI; GLP1pMI: Rats treated with
GLP-1a prior to MI; GLP1aMI: Rats treated with GLP-1a after MI; GLP1pMI + IaMI: Rats treated with GLP-1a prior to MI and with insulin after MI.

45 -
40 -

351

[ 4
[ ]rA

25+

%

20 -
15+

10 -

Control IpMI IaMI

Figure 2 Comparison of the necrotic zone and zone at risk between different drugs. Control: Rats with T2DM without therapy; IpMI: Rats treated with insulin
prior to MI; laMI: Rats treated with insulin after MI.

50 -
45|
40
35| | 4
30| [ |RrA
< 25-
20
15
10
s
0

aGLP1pMI aGLP1aMI aGLP1pMI + IaMI

Figure 3 Comparison of the necrotic zone and zone at risk between different drugs. GLP1pMI: Rats treated with GLP-1a prior to MI; GLP1aMI: Rats treated
with GLP-1a after MI; GLP1pMI + laMI: Rats treated with GLP-1a prior to Ml and with insulin after MI.

in earlier studies. In addition, we assessed the glycemic 1a reduced glycemic variability, regardless of the time of
variability since inadequate control of this index has been administration and combination with other drugs.

shown to worsen the prognosis for MI in patients with Previous studies have evaluated the effects of GLP-
T2DM!™, GLP-1a infusion results in a decrease in blood 1a in the cardiovascular system™, In addition, one

glucose concentration to the level of fasting glycemia. study investigated the effects of GLP-1 agonists on the
However, as soon as the level of blood glucose decreases endothelial function of blood vessels in patients with
and approaches normal values, the effects of GLP-1a on T2DM and stable angina pectoris®". GLP-1a significantly
insulin secretion cease because of a feedback mechanism. improved endothelium-dependent vasodilatation of the
In addition, GLP-1a suppresses glucagon secretion from brachial artery in samples with acetylcholine in patients
the pancreatic a-cells by means of a glucose-dependent with T2DM. Moreover, previous studies showed that
mechanism. Thus, the fact that GLP-1a cannot cause recombinant GLP-1 infusion improved left ventricular
severe hypoglycemia is dlinically important®®, The re- function in patients with T2DM and severe heart failure™®.
sults of this study suggested that administration of GLP- In addition, a significant decrease in the systolic blood
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pressure was observed approximately two weeks after
the initiation of therapy in LEAD studies®®®. This anti-
hypertensive effect of GLP-1a might be attributed to
its vasodilator effects by increasing the expression of
endothelial nitric oxide synthase. Alternatively, it could
result from its natriuretic or diuretic action™”.

Administration of GLP-1 agonists at high doses re-
sulted in a decrease in the levels of three biomarkers of
cardiovascular risk, including triglycerides, inhibitor of
plasminogen-1 activator (PAI-1), and natriuretic peptide
type B, compared to placebo. Accordingly, LEAD studies
concluded that GLP-1a provided more effective target
achievement of the final complex, combining three im-
portant parameters of metabolic control, HbA1c, systolic
blood pressure, and body weight, compared with that
of other hypoglycemic drugs. In addition, since GLP-1a
results in an indirect increase in insulin secretion, it also
achieves all the cardioprotective effects of insulin therapy.
Thus, GLP-1a therapy has the advantage of maintaining
the positive effects of insulin therapy by eliminating its
potential complications.

Our study showed the cardioprotective effects of GLP-
la. We suggested that the use of both GLP-1a alone and
in combination with insulin reduced the necrotic zone
area. Our research protocol was as close as possible to
the dlinical situation and ensured optimal translation of the
results of the present study to the clinic. Insulin-treated
rats exhibited significant differences depending on whether
insulin was administered prior to or after the induction of
ischemia.

The mechanisms of insulin action in MI are now
well studied. In particular, the cardioprotective effects
of insulin at reperfusion are attributable to the increase
in the production of phosphatidylinositol 3-kinase,
which promotes the synthesis of antiapoptotic protein
kinases, inhibits apoptosis, and promotes the survival of
cardiomyocytes. In addition, it is known that insulin lowers
the concentration of free fatty acids and ketone bodies in
the myocardium, which increases the activity of pyruvate
dehydrogenase to a certain extent and decreases the
accumulation of lactate in the myocardium. These effects
significantly improve the regulation of metabolic processes
in the damaged myocardium and subsequently reduce the
mortality and duration of hospitalization. Glucose uptake
by the myocardium is significantly enhanced or even
normalized with adequate insulin therapy. This, in tum, has
a positive effect on prognosis and improves the systolic
function and left ventricular ejection fraction. Additionally,
insulin can suppress inflammation and enhance fibrinolysis
(by decreasing the activity of antifibrinolytic factors)
in patients with acute MI with ST segment elevation,
receiving low-dose insulin infusion and fibrinolytic therapy.
These effects of insulin, along with its vasodilator and
antiplatelet actions, promote reperfusion at the level of the
epicardium and microcirculatory bed, and thus protect the
myocardium'®®,

In addition to the above evidence, our hypothesis on
the putative infarct-limiting effect of insulin pretreatment
was based on the data obtained in the study of Fuglesteg
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et al” who showed mTOR-dependent infarct size
reduction after preischemic insulin administration in the
Langendorff-perfused rat heart. There are, however,
studies that have not confirmed this fact. Therefore, we
thought to check if insulin is really cardioprotective when
administered prior to ischemia. Our results showed that
insulin monotherapy resulted in high glycemic variability
and low survival rate in experimental animals with acute
myocardial ischemia. In the experimental group treated
with insulin before induction of ischemia the necrotic
area was the largest among all other groups. The lowest
percentage of myocardial necrosis was observed in the
rats treated with GLP-1a before induction of ischemia and
in rats receiving combination therapy.

The main limitation of this study was the small sample
size that did not allow full-scale statistical analysis to
assess the mortality of animals during the experiment and
the number of episodes of hypoglycemia. However, this
sample size allowed us to fulfill the main goal of this study
and draw conclusions on the effects of GLP-1a in MI.

We suggest that the pronounced positive effects of
GLP-1a during the course of MI therapy occurred when it
was administered at the onset of infarction. This could be
explained by the fact that the required drug concentration
and effects in the myocardium could only be achieved
when the drug was administered prior to the induction of
ischemia.

In conclusion, GLP-1a pre-ischemic administration
results in myocardial infarct size reduction in rats with
T2DM. These effects are maximal in rats treated with GLP-
1a pre-ischemia plus insulin at reperfusion.

ARTICLE HIGHLIGHTS

Research background

Type 2 diabetes mellitus (T2DM) is associated with an increased risk of
myocardial infarction (MI) and poorer prognosis. Recent studies demonstrate
that glucagon-like peptide-1 analogs (GLP-1a) possess infarct-limiting effects in
experimental settings. However, it is not clear whether GLP-1a have beneficial
effects when combined with insulin.

Research motivation
In this study, we intended to compare the cardioprotective effects of GLP-1a
therapy with and without concomitant insulin in acute Ml in rats with T2DM.

Research objectives

The effects of pre- and post-ischemic GLP-1a and insulin administration on
infarct size were studied in the rat model of MI. The effect of a combination of
GLP-1a and insulin was assessed in a separate group.

Research methods

We induced T2DM in Wistar rats with streptozotocin at a dose of 65 mg/kg.
Myocardial ischemia was induced by left coronary artery occlusion. Myocardial
infarct size was determined histochemically. In addition, we analyzed the
number and severity of hypoglycemia episodes in the experimental groups.
Animals were treated with either GLP-1a or insulin.

Research results

Results of our study show that using GLP-1a before ischemia-reperfusion
significantly reduced infarct size. The maximal infarct size reduction was
observed in the group treated with GLP-1a prior to ischemia and insulin at
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reperfusion.

Research conclusions

We have shown that insulin infusion before ischemia increased infarct
size, while GLP-1a demonstrated cardioprotective effects. Post-ischemic
administration of insulin or GLP-1a had no effect on infarct size. Thus, the
regimen of GLP-1a and insulin administration is crucial for expression of their
cardioprotective effect.

Research perspectives

Further studies with larger sample sizes can be conducted in order to develop
a clinical trial and introduce new combinations of drugs with antidiabetic activity
for MI therapy in patients with T2DM.
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