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Abstract. The aim of the present study was to examine the 
effects of atorvastatinon p38 phosphorylation and cardiac 
remodeling after myocardial infarction in rats. A total of 
43 rats were randomly divided into the control, sham operation, 
post-modeling medication (medication) and post-modeling 
non-medication (non-medication) groups. The control group 
did not receive any treatment. Anterior descending arteries 
of the rats in the medication and non‑medication groups were 
ligated, and threading at the anterior descending arteries was 
conducted for the rats in the sham operation group. Atorvastatin 
(10 mg/kg) was given daily to the rats in the medication group, 
and an equivalent amount of normal saline was given daily 
to the rats in the sham operation group. Four weeks later, the 
cardiac function, morphological changes in the myocardial 
cells, and the expression of tumor necrosis factor-α (TNF-α) 
and p38 in each group was detected. At 4 weeks after treatment, 
the myocardial infarction size, fibrosis and myocardial 
necrosis of the rats in the medication group was examined 
compared with those in the non‑medication group (P<0.05). 
The cardiac function of the rats in the non-medication group 
was significantly lower than that of the rats in the control and 
sham groups (P<0.05), while it was obviously elevated in the 
medication group compared with that in the non-medication 
group (P<0.05). The expression of TNF-α and phosphorylated 
p38 of the left ventricle in the non-medication group was higher 
than that in the control group (P<0.05), while it was obviously 
reduced in the non‑medication group compared with that in 
the control group (P<0.05). Atorvastatin can improve cardiac 
remodeling after myocardial infarction in rats, which may be 
associated with its inhibition of p38 phosphorylation and its 
decrease of TNF-α expression.

Introduction

Myocardial infarction is one of the leading causes of death in 
patients (1). The tissues release a variety of chemokines and 
cytokines after infarction, which leads to the accumulation 
of inflammatory cells and induces inflammation, resulting 
in fibrosis of myocardial tissues and cardiac remodeling (2). 
This causes heart failure due to a reduction in the cardiac 
function  (3-5). Regulating post-infarction inflammatory 
response can improve cardiac remodeling after myocardial 
infarction. This enhances cardiac function and reduces 
mortality.

Atorvastatin is currently one of the most commonly used 
drugs in clinic for the treatment of coronary heart disease 
and is mainly used for the control of risk factors in coronary 
heart disease as well as in the improvement of prognosis. As 
a result, the incidence of myocardial infarction is reduced (6). 
Recent findings have shown that atorvastatin can improve 
cardiac function after myocardial infarction  (7), but its 
specific mechanism remains to be determined. The effects 
of atorvastatin on myocardial remodeling after myocardial 
infarction in rats were discussed in this study mainly from the 
aspect of inflammation.

Materials and methods

Reagents and instruments. Chloral hydrate (Wuhan 
Yuancheng Technology Development Co., Ltd., Hubei, 
China), small animal ventilator and BL-420 biological signal 
collection system (both from Chengdu TME Technology 
Co., Ltd., Sichuan, China), radioimmunoprecipitation assay 
(RIPA) lysis buffer (Beyotime Institute of Biotechnology, 
Haimen, China) were used in the present study. Hematoxylin 
and eosin (H&E), and triphenyl tetrazolium chloride (TTC) 
staining was carried out (both purchased from Nanjing 
Jiancheng Bioengineering Institute, Jiangsu, China). Masson's 
trichrome staining was performed using a Masson Stain kit 
(D026) (Nanjing Jiancheng Bioengineering Institute). Color 
Doppler ultrasonic diagnostic apparatus (Mindray North 
America, Mahwah, NJ, USA), as well as rabbit anti-rat p38 
mitogen‑activated protein kinase and phosphorylated p38 
polyclonal antibodies (all purchased from Cell Signaling 
Technology, Danvers, MA, USA) were used in the study. 
Horseradish peroxidase-labeled goat anti-rat antibodies and 
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diaminobenzidine (DAB) coloration reagent kits were used 
(both from Beyotime Institute of Biotechnology). In addition, 
we used atorvastatin calcium tablets (Pfizer, Inc., New York, 
NY, USA), total cholesterol (TC), low‑density lipoprotein 
cholesterol (LDL-C), triglyceride  (TG) and high‑density 
lipoprotein cholesterol (HDL-C) test kits (all from Nanjing 
Jiancheng Bioengineering Institute). Further reagents 
and instruments used were: Protease inhibitor (Roche 
Diagnostics, Basel, Switzerland), protein electrophoresis 
apparatus (Bio‑Rad Laboratories, Inc., Hercules, CA, USA), 
rapid tissue cell cracker (Wuxi Voshin Instruments Co., Ltd., 
Jiangsu, China), protein loading buffer (Beyotime Institute 
of Biotechnology), pre-stained protein marker (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), and fluorescence 
microscope (IX73; Olympus Corporation, Tokyo, Japan).

Modeling. Chloral hydrate (300-350 mg/kg) was administered 
by intraperitoneal injection. The rats were connected with 
the ventilator and BL-420 bioinformation collection system 
was used after anesthesia. The thoracic cavity was opened 
from the 3rd and 4th intercostal space of the left thoracic 
cavity in rats. Anterior descending arteries of the rats in the 
medication and myocardial infarction groups were ligated 
with a 6-0  suture. The rats in the sham operation group 
were threaded but not ligated. Following surgery, the chest 
was closed and erythromycin ointment was applied. The 
intratracheal catheter was removed after the rats woke up from 
anesthesia, and they were returned to the rearing cage for a 
4-week rearing. Signs of successful myocardial infarction 
modeling included: i) Electrocardiogram showed elevated ST 
segment and ii) the ligation site and the heart tissue at the 
cardiac apex were whitened. The modeling was considered 
successful when the aforementioned two requirements were 
met (8).

Laboratory animals and grouping. A total of 43  male 
Sprague‑Dawley rats (~200 g) were provided by the Laboratory 
Animal Center of Hubei Medical University (cat. no. SCXK E 
2016‑0008). The study was approved by the Ethics Committee 
of Xiangyang No. 1 People's Hospital (Xiangyang, China). The 
rats were kept in cage at temperature of 22-25˚C and humidity 
53-60%. The animals had access to food and water ad libitum. 
The rats that were modeled successfully were divided into 
four  groups using a random number table: i)  The control 
group (10 rats), rats were fed normally; ii)  the sham group 
(11 rats), rats were given 2 ml normal saline by gavage every 
24 h continuously for 4 weeks; iii) the non-medication group 
(11 rats), rats were given 2 ml normal saline by gavage every 
24 h continuously for 4 weeks and iv) the medication group 
(11 rats), atorvastatin was dissolved in the normal saline, and 
2 ml atorvastatin (drug dose: 10 mg/kg) (9-11) was given to 
the rats by gavage every 24 h continuously for 4 weeks after 
successful modeling.

Measurement of cardiac function via echocardiography. Left 
ventricular ejection fraction (LVEF), shortening fraction (SF), 
left ventricular end-systolic diameter  (LVESD) and left 
ventricular end-diastolic diameter (LVEDD) of the rats in each 
group were measured via color Doppler ultrasonic diagnostic 
apparatus before and at 4 weeks after modeling.

Measurement of blood lipids in each group. Four weeks later, the 
rats were anesthetized using chloral hydrate (300-350 mg/kg)  
via intraperitoneal injection. Blood (4 ml) was drawn from 
the abdominal aorta and the plasma was frozen at -80˚C. The 
concentrations of TC, TG, HDL-C and LDL-C were detected 
using the reagent kits.

Left ventricular H&E staining. The anterior wall of the left 
ventricle of the rats in each group was sampled and fixed in 4% 
paraformaldehyde. The samples were embedded with paraffin 
the next day to produce paraffin sections. After H&E staining, 
the samples were placed under the fluorescence microscope to 
observe the morphological changes of the cells.

Masson staining. The hearts of the rats were removed and 
washed repeatedly with normal saline, then fixed in 4% 
paraformaldehyde. Serial sectioning (5  times in total) was 
conducted for the hearts of the rats in each group to produce 
paraffin sections. Masson staining was performed according 
to the kit instructions after dewaxing. The fibrosis area of each 
group was analyzed using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA).

TTC staining. The hearts were removed, washed repeatedly and 
placed in the heart cutting slot (RWD Life Science Co., Ltd., 
Shenzhen, China). Then, they were placed in the refrigerator 
at -20˚C for 2 h. Heart sectioning was conducted in the unit 
of 2 mm and placed in TTC dye liquor for incubation at 37˚C 
for 30 min. The results were observed, and the myocardial 
infarction size was measured using ImageJ software (National 
Institutes of Health).

Western blot analysis. The left ventricles of the rats were 
excised and cut into pieces in the size of rice  (12). An 
appropriate amount of RIPA lysis buffer and protease 
inhibitors were added. The tissues were pulverized using a 
rapid tissue cell cracker and centrifuged at 13,500 x g for 
5 min at 4˚C. The supernatant was removed and an appropriate 
amount of protein loading buffer was added. Then, it was 
boiled for 5 min and frozen at -20˚C. SDS-PAGE with 5% 
concentration and 12% separation gel was used. Pre-stained 
protein marker was added to the first well, and 30 µg protein 
samples were added to the remaining wells. Electrophoresis 
was stopped when the bromophenol blue reached the bottom 
of the gel. Membrane transfer was performed at 4˚C for 2 h 
at 200 mA. The wells were eluted with Tris-buffered saline 
containing Tween-20 (TBST) and blocked for 2 h with 5% 
skimmed milk powder (4% bovine serum albumin was used 
for phosphorylated antibodies). Rabbit anti-rat α-tubulin, 
p38, phospho-p38 primary polyclonal antibodies (1:500; 
cat. nos. 2144, 9212 and 9211; Cell Signaling Technology, 
Danvers, MA, USA) and rabbit anti-rat TNF-α primary 
polyclonal antibody (1:500; cat.  no.  ARC3012; Thermo 
Fisher Scientific, Inc.) was added and incubated overnight 
at 4˚C. Then they were eluted with TBST. Goat anti‑rabbit 
secondary polyclonal antibody (1:1,000; cat. no. 7074; Cell 
Signaling Technology) was added and incubated for 1 h at 
room temperature. Finally, they were eluted with TBST, and 
DAB coloration reagent kits were used for color development 
for several minutes. They were scanned and the images were 
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saved. Gray value was measured using ImageJ software 
(National Institutes of Health).

Statistical analysis. SPSS  17.0 (SPSS, Inc., Chicago, IL, 
USA) was used for result processing. A t-test was used for 
the comparison of enumeration data between two groups, and 
analysis of variance with the Bonferroni's post hoc test was 
used for comparison among multiple groups. The data were 
expressed as mean ± standard deviation (SD). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effect of atorvastatin on improving the cardiac function of 
the rats. LVEDD, LVESD, LVEF and SF in each group did 
not show significant differences between groups before 
modeling (p>0.05, Table Ⅰ). The ventricular wall movement of 

the rats in the non-medication group was obviously reduced in 
comparison with that of the rats in the medication group. Four 
weeks after modeling LVEF and SF in the medication group 
were significantly higher than those in the non-medication 
group (P<0.05). LVESD and LVEDD in the medication group 
were obviously lower than those in the non‑medication group 
(P<0.05) (Figs. 1 and 2, Tables I and II).

Measurement of blood lipids in each group 4 weeks later. 
HDL-C and TG of each group had no statistical differences 
(P>0.05). The contents of TC and LDL-C in the blood of 
the rats in the medication group were obviously decreased 
(P<0.05) (Table III).

Comparison of cell morphology of the rats in each group. The 
non-medication group showed a large area of fibrous tissue 
hyperplasia. There were only a small number of normal cardiac 

Table I. Cardiac function in each group before modeling (mean ± SD).

Groups	 LVEDD (cm)	 LVESD (cm)	 LVEF (%)	 SF (%)

Control	 0.62±0.08	 0.32±0.08	 85.75±7.85	 57.60±7.98
Sham operation	 0.62±0.11	 0.32±0.10	 85.33±8.90	 57.00±8.78
Non-medication	 0.61±0.11	 0.31±0.11	 86.75±7.96	 58.11±7.88
Medication	 0.62±0.07	 0.32±0.08	 83.88±8.56	 60.19±8.13

The remaining quantity of animals in each group: In the sham operation, 9; control, 10; non-medication, 8; and medication groups, 9. LVEDD, 
LVESD, LVEF and SF in each group show that P>0.05. LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; 
LVESD, left ventricular end-systolic diameter; SF, shortening fraction; SD, standard deviation.

Table II. Cardiac function in each group at 4 weeks after modeling (mean ± SD).

Groups	 LVEDD (cm)	 LVESD (cm)	 LVEF (%)	 SF (%)

Control	 0.60±0.08	 0.30±0.75	 82.20±7.54	 56.10±9.40
Sham operation	 0.72±0.10	 0.45±0.70	 85.75±7.85	 51.44±9.15
Non-medication	 1.07±0.12a	 0.76±0.11a	 49.13±9.03a	 32.88±9.16a

Medication	 0.69±0.09b	 0.39±0.09b	 64.00±8.37b	 49.89±7.51b

aComparison between the non-medication and control groups shows that P<0.05. bComparison between the medication and non-medication 
groups shows that P<0.05. LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular 
end-systolic diameter; SF, shortening fraction; SD, standard deviation.

Table III. Blood lipids in each group 4 weeks later (mean ± SD) (mmol/l).

Groups	 TC	 TG	 HDL-C	 LDL-C

Control	 2.49±0.18	 1.35±0.14	 1.46±0.17	 0.71±0.15
Sham operation	 2.49±0.19	 1.48±0.14	 1.53±0.18	 0.67±0.17
Non-medication	 2.80±0.28	 1.35±0.18	 1.40±0.22	 0.70±0.13
Medication	 1.78±0.26a	 1.33±0.18	 1.52±0.19	 0.43±0.09a

aComparison between the medication and non-medication groups shows that P<0.05. TC, total cholesterol; TG, triglyceride; LDL-C,  
low‑density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; SD, standard deviation.
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tissues with incomplete capsule, nuclear fragmentation and 
dissolution. Cardiac tissues with clear texture could be seen 
in the sections of the rats in the control group. The capsule 
was complete, the cell nucleus was blue and the cytoplasm was 
red. In addition, the medication group showed a small amount 
of fibrous tissue hyperplasia. Necrotic myocardial cells were 
significantly reduced, and the texture of the myocardial cells 
was still visible. The sham operation group showed a small 
amount of fibrous tissue hyperplasia. Necrotic myocardial 
cells were rarely observed, and the texture of the myocardial 
cells was still evident (Fig. 3).

Comparison of the myocardial fibrosis area of the rats in each 
group after medication. The proportion of fibrosis in each 
group was significantly different (P<0.05), and the myocardial 
fibrosis area in the medication group was significantly lower 
than that in the non-medication group (P<0.05) at 4 weeks 
after myocardial infarction in rats (Fig. 4 and Table IV).

Effect of atorvastatin on reducing the myocardial infarction 
size. The proportion of fibrosis in each group was significantly 
different (P<0.05), and the myocardial infarction size of the 
rats in the medication group was significantly lower than that 

Figure 2. Echocardiogram of the rats in each group 4 weeks later. (A) Control, (B) sham operation, (C) non-medication and (D) medication groups.

Figure 1. Heart echocardiography of the rats in each group before operation. (A) Control, (B) sham operation, (C) non-medication and (D) medication groups.
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of the rats in the non-medication group (P<0.05) after the 
4-week experiment (Fig. 5 and Table IV).

Protein expression in each group. The cardiac protein 
expression of the rats in each group was significantly different 
4 weeks after successful modeling. Phosphorylated p38 and 
TNF-α in the non-medication group were obviously increased 
compared to those in the control group (P<0.05), while they 
were obviously reduced in the medication group compared with 
those in the non‑medication group (P<0.05) (Figs. 6 and 7).

Discussion

Myocardial infarction is the necrosis of myocardial cells 
in the heart caused by ischemia and hypoxia  (13). An 
inflammatory reaction is caused by the accumulation of 
various inflammatory cells after infarction. The accumulation 
of inflammatory cells and release of inflammatory cytokines 
lead to post‑infarction cardiac remodeling (2). The expansion 
of the central cavity, decrease of cardiac function, apoptosis 
of the myocardial cells and proliferation of fibrous tissues are 

Figure 3. H&E staining of the anterior myocardial wall in each group (x400). 
(A) Control, (B) sham operation, (C) non-medication and (D) medication 
groups. H&E, hematoxylin and eosin.

Table IV. The area of infarction and fibrosis 4 weeks later (mean ± SD).

Groups	 Proportion of myocardial infarction size	 Proportion of cardiac fibrosis area

Control	 0±0	 0.01±0.004
Sham operation	 0.11±0.05	 0.06±0.007
Non-medication	 0.32±0.05a	 0.20±0.019a

Medication	 0.22±0.09b	 0.11±0.016b

aComparison between the non-medication and normal groups shows that P<0.05; bComparison between the medication and non-medication 
group shows that P<0.05; SD, standard deviation.

Figure 4. Myocardial Masson staining in each group 4  weeks later. 
(A) Control, (B) sham operation, (C) non-medication and (D) medication 
group. The blue part is the fibrosis area.

Figure 5. TTC staining of the hearts of the rats 4 weeks later. (A) Control, (B) sham operation, (C) non-medication and (D) medication groups. The white part is 
the infarction area and the red part is the non-infarction area. Heart sections were incubated with 2% TTC at 37˚C for 30 min. TTC, triphenyltetrazolium chloride.
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observed during cardiac remodeling (14). Early remodeling 
changes the adaptation of the heart. Long‑term staying in 
this state leads to increased cardiac load, decreased cardiac 
function and heart failure (15). Therefore, the study of the 
treatment method for cardiac modeling after myocardial 
infarction is of great importance.

Atorvastatin has the function of regulating lipids. Some 
scholars believe that atorvastatin can resist inflammation, 
oxidation and arrhythmia, and improve cardiac remodeling. 
The long-term administration of atorvastatin can improve 
patient prognosis and reduce the incidence of adverse 
events (7,16). However, the exact mechanism is unknown. In the 
present study, the left ventricular cardiac function, myocardial 
fibrosis, morphological changes of the myocardial cells and 
expression of phosphorylated p38 and TNF-α in the rats were 
detected at 4 weeks after myocardial infarction in order to 
study the possible mechanism of atorvastatin in improving 
cardiac remodeling. The results of the experiment showed that 
the 4-week continuous administration of atorvastatin could 
improve the left ventricular function of the rats. LVEF and SF 
were increased compared with those in the non-medication 
group (P<0.05 for both items), while LVESD and LVEDD 
were decreased compared with those in the non-medication 
group (P<0.05 for both items). The myocardial infarction size 
and fibrosis area in the medication group were significantly 
reduced compared with those in the non-medication group 
(P<0.05 for both items). The morphological structure of the 
myocardial cells was more complete. Necrotic cells were 
decreased, and the outline of the myocardial cells was clearly 
visible. The contents of phosphorylated p38 and TNF-α in 
the left ventricle were significantly decreased (P<0.05 for 
both items). It indicated that atorvastatin can improve cardiac 
remodeling after myocardial infarction in rats. Therefore, its 
action of mechanism may be related to its inhibition of p38 
phosphorylation and its decrease of TNF-α expression.

p38 includes 4 subtypes, namely p38α, p38β, p38γ and 
p38δ (17). p38β, p38γ and p38δ are expressed in the brain, 
skeletal muscle and pancreas, respectively  (17). However, 
p38α is expressed in any tissue. Its molecular weight is 
38 kDa. Endogenous response can be caused by tyrosine site 
phosphorylation (18). Heat shock protein (HSP) 27 is a target 
of action at the downstream of p38α. Upon oxidative stress, the 
activation of HSP27 can convert the actin into a fibrous tissue, 
in which the p38/MK2/HSP29 pathway plays an important 

role (18). TNF-α is mainly secreted by macrophages (19), which 
can cause inflammatory immune response and induce the 
secretion of various cytokines. It also plays an important role 
in ischemic cardiomyopathy (20). TNF-α is expressed in large 
numbers after myocardial infarction in rats (21) and acts on the 
extracellular matrix (22), leading to myocardial remodeling due 
to an increased expression of matrix metalloproteinases (23). 
On the one hand, inflammatory cytokines can activate 
inducible nitric oxide synthase and increase its activity. On 
the other hand, it can activate renin-angiotensin-aldosterone 
system to participate in myocardial remodeling. TNF-α 
can promote apoptosis  (14). The interaction of apoptosis, 
necrosis and proliferation of fibrous tissues further aggravates 
myocardial remodeling, which further deteriorates cardiac 
function. Therefore, reduction of the level of inflammatory 
cytokines is essential for improving cardiac remodeling after 
myocardial infarction.

In summary, the findings have shown that the function of 
atorvastatin on improving cardiac remodeling after myocardial 
infarction in rats may be associated with its inhibition of p38 
phosphorylation and its reduction of TNF-α expression, which 
provides a basis for clarifying the mechanism of atorvastatin 
in cardiac remodeling after the treatment of myocardial 
infarction and lays a foundation for the discovery of subsequent 
new therapeutic targets.
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