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Additive effects of atorvastatin combined with sitagliptin 
on rats with myocardial infarction: a pilot study
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A b s t r a c t

Introduction: Atorvastatin and sitagliptin are able to exert cardio-protective 
effects. However, whether atorvastatin plus sitagliptin could confer additive 
benefits for rats with myocardial infarction (MI) is unknown.
Material and methods: Forty rats with MI were produced and 37 surviving 
rats were randomly divided into atorvastatin (10 mg/kg daily, n = 9), sita-
gliptin (10 mg/kg daily, n = 9), combined (10 mg/kg daily atorvastatin plus 
10 mg/kg daily sitagliptin, n = 9), and control groups (3 ml normal saline 
daily, n = 10). Fourteen days later, cardiac function was detected and fasting 
venous blood was sampled for lipid profiles and glucose evaluation. Cardi-
ac tissues were used for hematoxylin-eosin staining, for interleukin-6 (IL-6) 
and tumor necrotic factor-α (TNF-α) evaluation, and for rho-associated ki-
nase 2 (ROCK2) assessment.
Results: Fourteen days after MI, the inflammatory reaction regarding the 
degree of leukocyte infiltration and IL-6 and TNF-α expression in cardiac 
tissues was ameliorated in atorvastatin and sitagliptin groups compared to 
the control group (p < 0.05). In addition, ROCK2 was attenuated by either 
atorvastatin or sitagliptin (p < 0.05). Echocardiography showed that cardiac 
function was significantly improved with atorvastatin and sitagliptin thera-
py (p < 0.05). Overall, all these benefits were further enhanced by combined 
therapy, suggesting that atorvastatin combined with sitagliptin therapy has 
additive effects on reducing cardiac inflammation and improving cardiac 
function. No significant changes in lipid profiles or glucose were observed, 
suggesting that the benefits derived from atorvastatin and sitagliptin thera-
py might not depend on cholesterol and glucose modulation.
Conclusions: In rats with MI, atorvastatin plus sitagliptin therapy provides 
additive effects for cardio-protection, and mechanisms operating in these 
processes may be due to ROCK2 diminishment.
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Introduction

Atherosclerotic cardiovascular disease (ASCVD), especially myocardial 
infarction (MI), is the leading cause of morbidity and mortality around 
the world at present [1]. Statins, 3-hydroxy-methylglutaryl-coenzyme A 
(HMG-CoA) reductase inhibitors, are a class of medications for choles-
terol modification and have been broadly used for the primary and sec-
ondary prevention of ASCVD [2–4]. Previously, many experimental and 
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clinical studies have consistently demonstrated 
that statin therapy is beneficial for ameliorating 
inflammation and improving cardiac function af-
ter MI, and the mechanisms operating in these 
processes are ascribed to statins’ effects on inhib-
iting rho-associated kinase (ROCK) and associated 
signaling pathways [5, 6]. 

In the past decade, several studies have re-
vealed that dipeptidyl peptidase-4 (DPP-4) inhib-
itor has additional cardio-protective effects other 
than regulating glucose metabolism, and these 
benefits were dependent on its anti-inflammatory 
and endothelium-protection efficacy [7–9]. In the 
last decade, with increasing prevalence of diabe-
tes mellitus, a major risk factor of ASCVD, DPP-4 
inhibitor has been broadly used in clinical practice 
for its potential cardiac protection. In addition, 
since the risk of diabetes is equivalent to that of 
ASCVD, statins have also been recommended for 
diabetic populations for secondary prevention. It 
is therefore interesting and clinically relevant to 
investigate whether statins combined with DPP-4  
inhibitor could provide additive benefit for the 
cardiovascular system. Theoretically, statins com-
bined with DPP-4 inhibitor therapy should have 
better cardio-protective efficacies owing to their 
potent pleiotropic effects on vascular systems. 
Nevertheless, the data are scant and the under-
lying mechanisms are also not well studied. In 
this study we conducted basic research to address 
these issues, and we considered that the prelim-
inary data from our present research would shed 
light on the clinical preferred application of statins 
combined with DPP-4 inhibitors in patients with 
high cardiovascular risk.

Material and methods

Animals and protocol

Forty healthy male Sprague-Dawley rats weigh-
ing 210–230 g were obtained from the Experimen-
tal Animal Center of Guangdong Province, China. 
The study was approved by the Ethic Committee 
of Sun Yat-sen University. All animals received hu-
mane care in compliance with the Guide for the 
Care and Use of Laboratory Animals of the Insti-
tute of Laboratory Animal Resources, National Re-
search Council.

After 1 week of accommodation, 40 rats under-
went MI model establishment. Briefly, induction 
of MI was performed as previously described by 
permanent ligation of the left anterior descending 
coronary artery with the help of ventilation (tidal 
volume, 6.0 ml; respiratory rate, 70 cycles/min) 
[10]. Thereafter, the surviving 37 rats were ran-
domly divided into 4 groups as follows: atorvasta-
tin group (10 mg/kg daily, oral gavage, n = 9), sita-
gliptin group (10 mg/kg daily, oral gavage, n = 9),  

combined group (10 mg/kg daily atorvastatin 
plus 10 mg/kg daily sitagliptin, n = 9), and con-
trol group (3 ml of normal saline daily, oral gavage,  
n = 10). The medications were prescribed 24 h af-
ter MI was produced and the therapeutic duration 
was 2 weeks.

Cardiac function measurement with 
echocardiography

Briefly, 2 weeks later, cardiac function in terms 
of left ventricular ejection fraction (LVEF), frac-
tional shortening (FS), left ventricular end-sys-
tolic and end-diastolic diameter (LVDs and LVDd) 
were measured by echocardiography (ATL-HDI500 
equipped with a 10-MHz image transducer). Brief-
ly, LVEF was calculated by (LVDd2 – LVDs2)/LVDs2. 
Before performance, all the rats were under an-
esthesia and all procedures were performed by 
an experienced investigator who was blinded to 
these groups. Assessment was conducted three 
times to obtain the average values of each cardiac 
function parameter.

Hematoxylin-eosin staining of cardiac tissue

After cardiac function was measured, all an-
imals were humanely sacrificed and cardiac tis-
sues were embedded in 4  μm paraffin sections 
for hematoxylin-eosin (HE) staining. The extent of 
leukocyte infiltration was evaluated by counting 
the number of leukocytes in 10 randomly peri-in-
farcted areas of each group at 200× magnification 
(Olympus BX51 microscope, Tokyo, Japan). All the 
evaluations were performed by an investigator 
who was blinded to the assignment group.

Evaluation of inflammatory cytokines by 
western blot

Expression of inflammatory cytokines includ-
ing interleukin-6 (IL-6) and tumor necrotic fac-
tor-α (TNF-α) in cardiac tissues was evaluated 
by western blot. Tissues were extracted from 
myocardium and then homogenized in 500 μl 
of lysate. After electrophoresis, trans-mem-
brane and blocking, membrane was incubated 
at 4°C overnight with rabbit anti-rat IL-6 (Sigma, 
St. Louis, MO, I5018, SAB4300383, 1 : 1500) or 
TNF-α (Cell Signaling Technology, Danvers, MA, 
#3727, 1 : 1500). The membranes were washed 
3 times with TBS-T and incubated with goat an-
ti-rabbit IgG HRP-conjugated secondary antibody 
(Cell Signaling Technology, Danvers, MA, #7074,  
1 : 4000) at room temperature for 1 h. Protein of 
interest was detected by chemiluminescence, and 
optical density (OD) was measured in grey scale 
images with the Volume Contour method. Glyc-
eraldehyde-phosphate dehydrogenase (GAPDH) 
(Cell Signaling Technology, Danvers, MA, #2118,  
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1 : 8000) was used as a  loading control. All the 
data were presented as relative expression after 
being normalized to GAPDH. 

ELISA assay for ROCK2 measurement

Quantitative immunoassay was used for evalu-
ating expression of ROCK2 in cardiac tissues after 
2 weeks of therapy. Procedures were performed 
in accordance with the manufacturer’s protocol 
(Huamei Biology Company, Wuhan, China, CSB- 
EL020059RA). The detected range is from 62.5 
to 4000 pg/ml, and the detected wavelength is  
450 nm. All the measurements were repeated  
3 times to determine the arithmetic average.

Evaluation of the changes of lipid profiles 
and glucose

After 14 days of therapy, 8 ml of fasting venous 
blood was sampled for lipid profiles and glucose 
detection by an Automatic Biochemistry Analyzer 
(Beckman Coulter UniCel DxC 800 Synchron).

Statistical analysis

All continuous variables were expressed as 
mean ± SD, and analyses were performed with 
SPSS software, version 17.0 (SPSS Science, Chica-
go, IL, USA). Statistical significance between differ-

ent groups was evaluated with ANOVA post-hoc 
tests, and a value of p < 0.05 was considered to 
be statistically significant. 

Results 

Comparison of anti-inflammatory effects 
between groups

As shown in Figures 1 A, B, 14 days after MI, the 
inflammatory reaction in terms of the degree of 
leukocyte infiltration and IL-6 and TNF-α expres-
sion in cardiac tissues was ameliorated in ator-
vastatin and sitagliptin groups when compared to 
the control group (p < 0.05). Notably, these effects 
were further enhanced in the combined group, 
strongly suggesting that atorvastatin combined 
with sitagliptin therapy has additive effects on re-
ducing cardiac inflammation. The improvement of 
inflammation was better in the atorvastatin group 
than in the sitagliptin group, but no statistical sig-
nificance was observed.

Comparison of ROCK2 between groups

After 14 days of therapy, ROCK2 in cardiac tis-
sues was compared between groups. As presented 
in Figure 2, atorvastatin or sitagliptin therapy sig-
nificantly reduced ROCK2 when compared to the 
control group (p < 0.05), and this benefit was fur-

Figure 1. Evaluation of inflammatory parameters: A – shows the degree of leukocyte infiltration in cardiac tissues, 
B – shows the expressions of IL-6 and TNF-α in cardiac tissues

*P < 0.05 vs. other groups, #p < 0.05 vs. sitagliptin and atorvastatin groups
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ther promoted by combined therapy, suggesting 
that atorvastatin combined with sitagliptin ther-
apy had additive effects on diminishing ROCK2. 
No significant difference was observed between 
atorvastatin and sitagliptin groups, although it 
appeared that ROCK2 was modestly lower in the 
atorvastatin group. 

Comparison of cardiac function between 
groups

After 14 days of therapy, cardiac function was 
evaluated by echocardiography and was compared 
between groups. As shown in Table I, atorvastatin 
or sitagliptin therapy significantly enhanced LVEF 
and fractional shortening (FS) when compared to 
the control group (p < 0.05). Moreover, LVDs and 
LVDd were both modestly reduced in atorvastatin 
and sitagliptin groups. Overall, cardiac function was 
further promoted by combined therapy (p < 0.05). 

Effects of atorvastatin and sitagliptin 
therapy on lipid profiles and glucose

After 14 days of therapy, lipid profiles and 
fasting blood glucose were detected. As shown 
in Table II, no significant changes of lipid profiles 
or fasting blood glucose were observed between 
groups, suggesting that the effects of atorvasta-
tin or sitagliptin therapy might be cholesterol and 
glucose independent. 

Discussion

Data from our preliminary research revealed 
that in rats with MI, 14 days of atorvastatin or 

sitagliptin therapy improves cardiac inflammation 
as reflected by reduced leukocyte infiltration, as 
well as diminished expression of IL-6 and TNF-α. 
In addition, ROCK2 is also decreased by either reg-
imen as compared with the control group. More-
over, echocardiography shows that cardiac func-
tion in both atorvastatin and sitagliptin groups is 
significantly improved in comparison to the con-
trol group. Importantly, these benefits are further 
enhanced by combined therapy, strongly suggest-
ing that atorvastatin plus sitagliptin therapy could 
provide additive benefits for improving cardiac 
inflammation and cardiac function after ischemic 
insult. 

The inflammatory reaction after MI plays piv-
otal and adverse roles in cardiac remodeling [11]. 
Similarly, our current study also showed that in 
the control group, cardiac diastolic and systolic di-
ameters were significantly elevated, as presented 
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Figure 2. Comparison of ROCK2 between groups

*P < 0.05 vs. other groups, #p < 0.05 vs. sitagliptin and 
atorvastatin groups.

Table I. Comparison of cardiac function between groups

Parameter Control Sitagliptin Atorvastatin Combined

LVEF (%) 47.5 ±6.6* 52.1 ±6.2 55.3 ±5.6 61.8 ±7.4#

FS (%) 26.4 ±3.3* 30.5 ±3.8 32.6 ±4.0 36.4 ±3.0#

LVDs [mm] 41.6 ±4.5* 37.4 ±3.8 36.2 ±5.1 33.9 ±4.6#

LVDd [mm] 32.7 ±3.3* 29.2 ±3.8 29.3 ±2.8 24.6 ±4.3#

*P < 0.05 vs. other groups, #P < 0.05 vs. sitagliptin and atorvastatin groups.

Table II. Comparison of lipid profiles and glucose between each group

Parameter Control Sitagliptin Atorvastatin Combined

TG [mmol/l] 1.5 ±0.6 1.7 ±0.4 1.7 ±0.6 1.5 ±0.4

TC [mmol/l] 4.3 ±0.3 4.5 ±0.6 4.6 ±0.5 4.4 ±0.3

HDL-C [mmol/l] 1.0 ±0.5 1.0 ±0.3 1.1 ±0.3 1.2 ±0.4

LDL-C [mmol/l] 2.7 ±0.5 2.5 ±0.4 2.4 ±2.3 2.6 ±0.3

FBG [mmol/l] 4.6 ±0.6 4.8 ±0.5 4.9 ±0.6 4.6 ±0.4

TG – triglyceride, TC – total cholesterol, HDL-C – high-density lipoprotein cholesterol, LDL-C – low-density lipoprotein cholesterol,  
FBG – fasting blood glucose.
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in Table I. By mechanism, leukocytes infiltrate and 
accumulate in peri-infarcted areas and thereby 
elicit a cascade of inflammatory reactions which 
leads to cardiomyocytes’ apoptosis and necrosis 
[12]. Previously, many studies have demonstrated 
that statin therapy could improve cardiac inflam-
mation and reduce cardiomyocytes loss, and the 
mechanisms are associated with statins’ pleiotro-
pic effects [13, 14]. For example, Cai et al. reported 
that in rats with acute myocardial infarction, ator-
vastatin therapy is beneficial for reducing inflam-
matory cytokine expression as well as decreasing 
leukocyte infiltration [10]. In addition, through im-
proving endothelial function, statin therapy reduc-
es leukocytes trans-endothelium migration, and 
the mechanism is associated with statins’ effect 
on inhibiting ROCK [15]. Moreover, diminishing 
ROCK, statins promote nitric oxide generation and 
reduce reactive oxygen species production [16]. 
Consistent with previous reports, results from 
our present research also show that atorvastatin 
therapy could mitigate cardiac inflammation and 
reduce ROCK2. Owing to previous compelling evi-
dence, we considered that inflammation improve-
ment was at least partially ascribed to dimin-
ishment in ROCK2 with atorvastatin therapy. In 
addition, these improvements might in turn lead 
to improvement of cardiac remodeling as reflected 
by smaller systolic and diastolic diameters in rats 
with atorvastatin therapy than the control group, 
as shown in Table I.

Interestingly and importantly, similar improve-
ment in cardiac inflammation and ROCK2 attenu-
ation was also observed with sitagliptin therapy. 
However, these benefits were slightly less than 
that with atorvastatin therapy. Previously, some 
studies showed that other than regulating glu-
cose metabolism, sitagliptin had a role in improv-
ing endothelial function and reducing inflamma-
tory cytokine generation [17–19]. It might be the 
first mechanism by which sitagliptin reduced leu-
kocyte infiltration and ameliorated inflammation. 
On the other hand, via an AMP-activated protein 
kinase (AMPK) and mitogen-activated protein ki-
nase (MAPK)-dependent mechanism, sitagliptin 
reduces leukocyte-endothelium interaction and 
attenuates atherosclerosis progression in apo-li-
poprotein-E knockout mice [20]. Therefore, we 
postulated that sitagliptin might ameliorate car-
diac inflammation through the AMPK and MAPK 
signaling pathway, and the underlying mecha-
nism might be associated with sitagliptin effects 
on diminishing ROCK2. Additionally, through in-
creasing NO production and decreasing serum 
IL-6, C-reactive protein, and TNF-α levels [9, 21], 
sitagliptin should improve the general condition 
and thereby improve the cardiac microenviron-
ment. 

Notably, the above benefits of atorvastatin or 
sitagliptin therapy conferred to rats with MI were 
further enhanced by the combined therapy. With 
regard to the underlying mechanisms contributing 
to atorvastatin or sitagliptin therapy as mentioned 
above, we considered that the additive benefits 
with atorvastatin plus sitagliptin therapy might be 
at least partially dependent on their potent effects 
on reducing ROCK2, since no significant changes 
of lipid profiles and glucose were observed be-
tween different therapeutic groups. However, we 
should be cautious considering that the absence 
of effects on lipid reduction could be just due to 
the fact that the therapy duration was not long 
enough. Importantly, our present research addi-
tionally revealed that cardiac inflammation im-
provement and ROCK2 attenuation contributed 
to profound enhancement of cardiac function as 
reflected by the profound increase in LVEF and FS. 
Moreover, cardiac remodeling was also observed. 
Owing to the effect of statins in reducing cardio-
myocyte apoptosis and the effect of sitagliptin in 
diminishing cardiac fibrosis, it was reasonable to 
conclude that atorvastatin plus sitagliptin therapy 
could provide additive benefits for preserving car-
diac function. 

Finally, with respect to the design of our present 
study, there are some limitations that should be ad-
dressed and, in addition, we suggest that the future 
directions should also be focused on these unad-
dressed issues. First of all, our current research was 
only a pilot study, and the uninvestigated mecha-
nisms should be further studied. Second, as men-
tioned above, the AMPK and MAPK signaling path-
way might be involved in the amelioration of the 
inflammatory reaction of sitagliptin therapy; how-
ever, our current study did not evaluate the AMPK 
and MAPK signaling pathway, and we suggest that 
future studies should evaluate these signaling 
pathways, which are critical for understanding the 
mechanisms of the pleiotropic effects of sitagliptin. 
Third, we did not assess the dose-dependent rela-
tionship of atorvastatin and sitagliptin therapy in 
rats with myocardial infarction, and it is essential if 
such a relationship could be corroborated regarding 
the strength of the findings’ validity. 

In conclusion, our present research suggests that 
in rats with MI, atorvastatin plus sitagliptin therapy 
could provide additive benefits for cardio-protec-
tion, and the mechanisms operating in these pro-
cesses may be due to ROCK2 diminishment.
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