
ORIGINAL ARTICLE
Experimental Surgery

ACTA CIRÚRGICA BRASILEIRA

� Acta Cir Bras. 2021;36(2):e360207

Liraglutide restores late cardioprotective effects of remote 
preconditioning in diabetic rats via activation of hydrogen sulfide 
and nuclear factor erythroid 2-related factor 2 signaling pathway

Lingling Wang1 , Yinyan Tang2 , Huimin He3 , Weirong Wei4,* 

1.MM. Jiangxi Provincial People’s Hospital – Department of Cardiology – Nanchang, (Jiangxi), China.

2.MM. The Forth People’s Hospital of Yongzhou – Department of Cardiovascular Medicine – Yangzhou (Hunan), China.

3.MM. The Forth People’s Hospital of Yongzhou – Department of Cardiovascular Medicine – Yangzhou (Hunan), China.

4.MM. Jiangxi Provincial People’s Hospital – Department of Cardiology – Nanchang, (Jiangxi), China.

ABSTRACT 

Purpose: The present study explored the influence of liraglutide on remote preconditioning-mediated 
cardioprotection in diabetes mellitus along with the role of nuclear factor erythroid 2-related factor 
2 (Nrf2), hypoxia inducible factor (HIF-1α) and hydrogen sulfide (H2S). Methods: Streptozotocin was 
given to rats to induce diabetes mellitus and rats were kept for eight weeks. Four cycles of ischemia and 
reperfusion were given to hind limb to induce remote preconditioning. After 24 h, hearts were isolated 
and subjected to 30 min of ischemia and 120 min of reperfusion on Langendorff system. Liraglutide was 
administered along with remote preconditioning. Cardiac injury was assessed by measuring the release 
of creatine kinase (CK-MB), cardiac troponin (cTnT) and development of left ventricular developed 
pressure. After ischemia-reperfusion, hearts were homogenized to measure the nuclear cytoplasmic 
ratio of Nrf2, H2S and HIF-1α levels. Results: In diabetic rats, there was more pronounced injury and 
the cardioprotective effects of remote preconditioning were not observed. Administration of liraglutide 
restored the cardioprotective effects of remote preconditioning in a dose-dependent manner. Moreover, 
liraglutide increased the Nrf2, H2S and HIF-1α levels in remote preconditioning-subjected diabetic rats. 
Conclusion: Liraglutide restores the lost cardioprotective effects of remote preconditioning in diabetes by 
increasing the expression of Nrf2, H2S and HIF-1α.
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Introduction

Diabetes mellitus is a chronic metabolic disorder, which 
is characterized by disturbance in glucose metabolism. 
Apart from short term effects of diabetes, long-standing 
uncontrolled hyperglycemia in diabetes produces a number 
of complications, including increase in the tendency to 
develop ischemia-reperfusion induced myocardial injury1,2. 
Remote preconditioning a therapeutic strategy in which 
short episodes of ischemia and reperfusion to an organ other 
than heart (nontarget or remote organ) confers protection 
to heart from sustained ischemia-reperfusion injury3. This 
therapeutic strategy has been used in preclinical as well in 
clinical setup to confer protection to heart against ischemia-
reperfusion injury4,5. Amongst the different problems of long-
standing diabetes, the usefulness of remote preconditioning 
to trigger cardioprotection is abolished significantly in 
diabetic condition6.

Liraglutide is glucagon-like peptide 1 agonist (GLP-1 
agonist) and it has been used to manage diabetes mellitus 
type 27. It is also been increasingly used to manage weight in 
obese people8with potential weight loss benefits, approved 
for the treatment of type 2 diabetes (T2D. Apart from it, 
liraglutide has been shown to exert neuroprotective effect and 
preserve cognitive functions9, decrease renal fibrosis10 and 
improve heart contractility11 and decrease heart remodeling12. 
There are important mediators revealed by different scientists 
that are important in inducing cardioprotective effects of 
remote preconditioning. Amongst these, the role of Nrf2 
ratio13,14, HIF-1α15,16 and H2S

17 has been very well documented 
in remote preconditioning-induced cardioprotection. Studies 
have shown that liraglutide promotes angiogenesis through 
increase in HIF-1α and vascular endothelial growth factor 
(VEGF) levels18. Moreover, it is also shown that liraglutide 
increases the expression of Nrf2, a transcriptional factor 
involved in increasing antioxidant enzymes, in producing 
beneficial effects19,20.

Based on these, the present study was designed to explore 
the influence of liraglutide on remote preconditioning-
mediated cardioprotection in long standing diabetes 
mellitus. Moreover, the study also explored the possible 
involvement of Nrf2, HIF-1 and H2S in liraglutide-mediated 
effects in remote preconditioning-subjected diabetic rats.

Methods

Animals and drugs

The experimental protocol was approved by Institutional 
Ethical Committee of Jiangxi Provincial People’s Hospital, 
with ethic number: 202005088779C09. Wistar albino rats 
(200–250g) were used for this study and the animals were 

kept in the standardized laboratory facilities. The kits for 
estimating the levels of creatine kinase (CK-MB), cardiac 
troponin T (cTnT), HIF-1α and Nrf-2 were procured from 
MyBioSource, Inc., San Diego, CA, USA.

Induction of diabetes mellitus 

A single dose of streptozotocin (STZ) (60 mg/kg i.v.) 
was administered to rats to induce diabetes mellitus21. The 
animals were kept for eight weeks to allow the onset of 
diabetic complications including increase in the tendency 
to develop ischemia-reperfusion injury. The blood glucose 
levels were quantified before STZ injection and at the end 
of the 8th week.

Perfusion of isolated hearts on the Langendorff 
system and assessment of myocardial injury

The animals were sacrificed by cervical dislocation 
and hearts were isolated to perfuse on the Langendorff 
apparatus, using Krebs–Henseleit solution. The inflow of 
Krebs solution was stopped for 30 min to induce global 
ischemia. Thereafter, the flow was reinstated for reperfusion 
for 21 min22. The extent of ischemia-reperfusion injury 
was assessed by measuring the release of heart-specific 
CK-MB and cTnT from the heart to the coronary effluent 
using commercially available diagnostic kits. Moreover, the 
functional assessment of heart was evaluated by measuring 
left ventricular developed pressure (LVDP) in the heart using 
a pressure transducer.

Remote ischemic preconditioning (RIP)

Under anesthesia (thiopental sodium 45 mg/kg i.p.), the 
left hind limb of rats was tied with neonatal blood pressure 
cuff. The cuff was filled with air up to pressure 160 mm of 
Hg to stop the flow of blood (hind limb ischemia) for 5 min. 
Thereafter, the cuff was deflated completely to restore the 
blood flow to hind limb (hind limb reperfusion) for 5 min. 
Such four alternate cycles of ischemia and reperfusion to 
the hind limb constituted remote preconditioning. After 
24 h, the rats were sacrificed to isolate hearts, which were 
perfused on the Langendorff apparatus3.

Assessment of nuclear cytoplasmic ratio of Nrf2, 
myocardial H2S and HIF-1α levels

After ischemia-reperfusion injury, the hearts were 
isolated for biochemical estimations. One half of the heart 
portion was homogenized in phosphate buffer saline (PBS, 
pH: 7.4). It was followed by centrifugation at 5000g for 
15 min to obtain clear supernatant solution. The levels 
of H2S and HIF-1α were determined in clear supernatant 
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solution. The levels of H2S were measured in the heart 
homogenates following ischemia-reperfusion injury using 
reverse phase high-performance liquid chromatography 
(HPLC) method and data were represented as µM/mg of 
protein. The levels of proteins in the heart homogenate 
were measured using Folin–Lowry method. The levels of 
HIF-1α were also determined in supernatant solution using 
ELISA kit. The other half portion of the heart was used to 
quantify nuclear cytoplasmic ratio of Nrf2. The nuclear and 
cytoplasmic fractions were separated using an extraction 
kit (BioVision, USA). The levels of Nrf2 were assessed in 
the supernatant using commercially available ELISA kits.

Design

Nine experimental groups were used and each group 
comprised of eight rats. The groups included: normal control 
(group I), in which no intervention was done and heart was 
isolated for biochemical estimations; nondiabetic control 
(group II), in which hearts were isolated from nondiabetic 
rats and subjected to ischemia-reperfusion injury; diabetic 
control (group III), in which hearts of diabetic rats were 
subjected to ischemia-reperfusion injury; RIP in nondiabetic 
(group IV), in which RIP stimulus was given to nondiabetic 
rats; RIP in diabetic (group V), in which RIP stimulus was 
given to diabetic rats; liraglutide (0.2 mg/kg) and RIP 
in diabetic (group VI), in which liraglutide (0.2 mg/kg) 
was injected along with RIP stimulus in diabetic rats; 
liraglutide (0.4 mg/kg) and RIP in diabetic (group VII) in 
liraglutide (0.4 mg/kg) was injected along with RIP stimulus 
in diabetic rats; liraglutide (0.4 mg/kg) in nondiabetic control 
(group VIII), in which liraglutide was injected in nondiabetic 
animals, not subjected to RIP stimulus; liraglutide (0.4 mg/kg) 
and RIP in nondiabetic (group IX), in which liraglutide was 
injected along with RIP stimulus in nondiabetic rats.

Statistical analysis

Mean± S.D. was used to represent the data. The data of 
CK-MB, cTnT, LVDP, blood glucose levels were statistically 
compared using two-way repeated measure ANOVA. The 
data of other parameters were compared using one-way 
ANOVA. Tukey’s post hoc test was employed for multiple 
comparisons. P < 0.05 was considered to be statistically 
significant.

Results

Effect of diabetes on ischemia-reperfusion induced 
heart injury

There was a significant rise in the fasting blood glucose 
levels in streptozotocin-injected rats as compared to 
nondiabetic rats, p < 0.001 (Fig. 1). The exposure of30 min 
of ischemia and 120 min of reperfusion to isolated rat hearts 
produced significant myocardial injury as assessed by increase 
in the release of CK-MB, p < 0.001 (Fig. 2) and cTnT, p < 0.001 
(Fig. 3) in the coronary effluent. Moreover, there was also 
a significant decline in the functional parameters of heart 
assessed in terms of LVDP and there was a decrease in the 
value of LVDP during the reperfusion phase in comparison 
to pre-ischemic state (before ischemia), p < 0.001 (Table 1). 
In diabetic rats, there was a significant increase in heart 
injury in response to 30 min of ischemia and 120 min of 
reperfusion in comparison to normal, nondiabetic rats. In 
diabetic rats, there was higher release of CK-MB, p < 0.01 
(Fig. 2), and cTnT, p < 0.01 (Fig. 3), in coronary effluent 
along with more depressed LVDP value, p < 0.01 (Table 1), 
in comparison to nondiabetic rats. It suggests that there 
was more significant myocardial injury in diabetic rats in 
comparison to nondiabetic rats.

^
^

± ^

m
g/

dL

Figure 1 – Effect of different interventions on blood glucose levels, assessed at the end of the 8th week. 
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Figure 3 – Effect of different interventions on the cTnT levels, assessed in the coronary effluent before ischemia and during reperfusion.

Table 1 – Effect of different interventions on the LVDP values, assessed before ischemia and during reperfusion.
S. No Experimental Before ischemia During reperfusion

1. Nondiabetic control 76.50 ± 3.54 33.50 ± 3.25*

2. Diabetic control 64.10 ± 2.41 23.00 ± 1.77@

3. RIP in nondiabetic 76.37 ± 2.38 55.75 ± 2.60@

4. RIP in diabetic 63.75 ± 2.25 31.30 ± 2.19

5. Liraglutide (0.2 mg) and RIP in diabetic 72.25 ± 2.31 45.15 ± 3.18^

6. Liraglutide (0.4 mg) and RIP in diabetic 70.87 ± 2.29 58.00 ±3.25^

7. Liraglutide (0.4 mg/kg) in nondiabetic 69.75 ± 2.37 39.80 ± 1.45@

8. Liraglutide (0.4 mg/kg) and RIP in nondiabetic 70.50 ± 2.56 56.15 ± 3.44

Values are mean ± SD. *= p < 0.05 vs. nondiabetic during before ischemia; @ = p < 0.05 vs. nondiabetic control during reperfusion; 
^ = p < 0.05 vs. RIP in diabetic. RIP: remote preconditioning; LVDP: left ventricular developed pressure.

Effect of remote preconditioning on 
ischemia-reperfusion induced injury in nondiabetic rats

Remote preconditioning stimulus produced significant 
delayed cardioprotection (assessed after 24 h of stimulus) 
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Figure 2 – Effect of different interventions on the CK-MB levels, assessed in the coronary effluent before ischemia and during reperfusion. 

in ischemia-reperfusion subjected nondiabetic rats. There 
was significant decline in CK-MB, p < 0.001 (Fig. 2), and 
cTnT, p < 0.001 (Fig. 3), levels along with improvement in 
LVDP values, p < 0.001 (Table 1), in remote preconditioning-
subjected rats. However, the cardioprotective effects 
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Figure 5 – Effect of different interventions on the H2S levels in the heart following ischemia-reperfusion injury.

Figure 4 – Effect of different interventions on the nuclear cytoplasmic Nrf2 ratio in the heart following ischemia-reperfusion injury.
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of remote preconditioning were not observed in 
streptozotocin-injected diabetic rats and there was no 
significant decrease in heart biomarkers or increase in 
heart contractility.

Effects of liraglutide on remote 
preconditioning-mediated actions in diabetic rats

Administration of liraglutide (0.2 and 0.4 mg/kg) 
in rats restored the cardioprotective effects of remote 
preconditioning as there was significant decline in 
heart injury biomarkers, p < 0.01 (Figs.2 and 3), and 
improvement in heart contractility (Table 1) in a dose-
dependent manner, p < 0.01. However, administration of 
liraglutide (0.4 mg/kg) in nondiabetic rats did not enhance 
the cardioprotection offered by remote preconditioning 
p > 0.05.

Influence of different interventions on the 
biochemical parameters in ischemia-reperfusion 
subjected rats

In ischemia-reperfusion subjected rats, there was 
significant decrease in Nrf2 ratio, p < 0.01 (Fig.4), H2S, 
p < 0.01 (Fig.5), and HIF-1α levels, p < 0.01 (Fig.6), 
in the heart homogenates. The decrease in these 
biochemical parameters was more prominent in diabetic 
rats. Remote preconditioning restored the Nrf2 ratio, 
H2Sand HIF-1α levels selectively in nondiabetic rats 
(p < 0.01), without any significant effect in diabetic 
rats p > 0.05. Administration of liraglutide (0.2 and 
0.4 mg/kg) restored the effects of remote preconditioning 
and there was a significant increase in Nrf2 ratio, H2Sand 
HIF-1α levels, p < 0.01. Liraglutide did not enhance 
the effects of remote preconditioning on biochemical 
parameters, p > 0.05.



Liraglutide restores late cardioprotective effects of remote preconditioning in diabetic rats via activation of hydrogen 
sulfide and nuclear factor erythroid 2-related factor 2 signaling pathway

6 � Acta Cir Bras. 2021;36(2):e360207

Discussion

In the present investigation, ischemia-reperfusion 
produced a significant injury as assessed by an increase 
in CK-MB and cTnT release along with a decrease in 
LVDP. The extent of myocardial injury was much higher 
in diabetic rats in comparison to nondiabetic rats. The 
present study results showing an increase in myocardial 
injury in diabetic rats in response to ischemia-reperfusion 
injury is in consonance with the previous studies23,24. In 
the present study, remote preconditioning attenuated 
ischemia-reperfusion injury myocardial injury, which was 
assessed after 24 h of remote preconditioning stimulus, 
suggesting that remote preconditioning produced delayed 
cardioprotective effects in nondiabetic rats. However, 
the cardioprotective effects of remote preconditioning 
were not observed in nondiabetic rats. In other words, 
remote preconditioning failed to attenuate ischemia-
reperfusion induced myocardial injury in diabetic rats. The 
present study results showing the attenuated protective 
effects of remote preconditioning in diabetic rats are 
in consonance with previously published studies6,25. It 
has been suggested that long standing diabetes mellitus 
interferes with the endogenous protective mechanism 
and loss of protective mechanism may contribute to an 
increase in ischemia-reperfusion injury.

In this study, administration of liraglutide (0.2 mg and 
0.4 mg/kg) led to restoration of cardioprotective effects 
of remote preconditioning and in liraglutide-treated 
rats, remote preconditioning attenuated ischemia-
reperfusion injury in a significant manner in diabetic 
rats. Liraglutide is a glucagon-like peptide 1 agonist and 
is used in the management of diabetes mellitus8,26. Apart 
from its antidiabetic action, it has been shown to produce 

beneficial effect on heart, brain and other organs9,27,28,29. 
It is reported to repair the infarcted heart30, produce 
beneficial effects on heart failure31. Nevertheless, it is 
the first study describing the usefulness of liraglutide 
in restoring the lost late cardioprotective effects of 
remote preconditioning in diabetic rats.

In the present study, there were significant biochemical 
alterations in the heart of ischemia-reperfusion subjected 
rats. There was a significant decrease in the nuclear 
cytosolic ratio of Nrf2 along with a decrease in the levels 
of H2S and HIF-1α in the hearts of ischemia-reperfusion 
subjected rats. These biochemical alterations were 
significantly more pronounced in diabetic rats, suggesting 
that long-term standing hyperglycemia may have 
adversely affected these biochemical parameters, which 
may be responsible for increase in myocardial injury in 
diabetic rats. Interestingly, remote preconditioning-
induced cardioprotection was associated with the 
increase in the levels of Nrf2, H2S and HIF-1α in the 
hearts of ischemia-reperfusion subjected rats. There 
have been studies showing the key role of Nrf214, 
H2S

17 and HIF-1α32 in remote preconditioning-induced 
cardioprotection in ischemia-reperfusion subjected rats. 
However, remote preconditioning failed to increase 
the levels of these biochemical parameters in diabetic 
rats, suggesting that failure to increase the levels of 
Nrf2, H2Sand HIF-1α in diabetic rats may be a possible 
mechanism contributing in attenuating the beneficial 
effects of remote preconditioning.

In the present study, liraglutide-mediated restoration of 
cardioprotective effects of remote preconditioning in diabetic 
rats was associated with a significant increase in the levels 
of Nrf2, H2S and HIF-1α in the heart homogenates. Hypoxia 
inducible factor is a hypoxia-inducible transcriptional factor, 
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Figure 6 – Effect of different interventions on the HIF-1α levels in the heart following ischemia-reperfusion injury.
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which is involved in producing beneficial effects on the 
heart by virtue of multiple mechanisms, including increase 
in angiogenesis33. There has also been a study showing 
that liraglutide promotes angiogenesis by increasing the 
levels of HIF-1α18. Moreover, it is also shown that liraglutide 
increases the Nrf2 ratio to exert antioxidant effects34. 
However, it is the first study showing the increase in the H2S 
levels following liraglutide treatment in diabetic rats. Based 
on the results of the present study, it may be proposed 
that liraglutide may restore the cardioprotective effects 
of remote preconditioning in diabetic rats by increasing 
the expression of Nrf2, H2S and HIF-1α.

Conclusion

Liraglutide has the potential to restore the lost 
cardioprotective effects of remote preconditioning in 
diabetic rats by increasing the expression of Nrf2, H2S 
and HIF-1α.
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