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Abstract 
Aspirin (ASA) is a cardioprotective drug with anti-cardiac fibrosis action in vivo.  This study was aimed to clarify the anti-cardiac fibrosis 
action of ASA and the underlying mechanisms.  Two heart injury models (injection of isoproterenol and ligation of the left anterior 
descending branch) were used in mice to induce cardiac fibrosis.  The animals were treated with ASA (10 mg·kg-1·d-1, ig) for 21 and 
14 d, respectively.  ASA administration significantly improved cardiac function, and ameliorated heart damage and fibrosis in the 
mice.  The mechanisms underlying ASA’s anti-fibrotic effect were further analyzed in neonatal cardiac fibroblasts (CFs) exposed to 
hypoxia in vitro.  ASA (0.5–5 mmol/L) dose-dependently inhibited the proliferation and Akt phosphorylation in the CFs.  In addition, ASA 
significantly inhibited CF apoptosis, and decreased the levels of apoptosis markers (cleaved caspase 3 and Parp1), which might serve 
as a side effect of anti-fibrotic effect of ASA.  Furthermore, ASA dose-dependently inhibited the autophagy in the CFs, as evidenced by 
the reduced levels of autophagy marker LC3-II.  The autophagy inhibitor Pepstatin A (PepA) promoted the inhibitory effect of ASA on CF 
proliferation, whereas the autophagy inducer rapamycin rescued ASA-caused inhibition of CF proliferation, suggesting an autophagy-
dependent anti-proliferative effect of ASA.  Both p38 inhibitor SB203580 and ROS scavenger N-acetyl-cysteine (NAC) significantly 
decreased Akt phosphorylation in CFs in the basal and hypoxic situations, but they both significantly increased LC3-II levels in the 
CFs.  Our results suggest that an autophagy- and p38/ROS-dependent pathway mediates the anti-cardiac fibrosis effect of ASA in CFs.  
As PepA and SB203580 did not affect ASA-caused inhibition of CF apoptosis, the drug combination will enhance ASA’s therapeutic 
effects.   
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Introduction
Cardiac fibrosis is a common pathological feature of many 
heart diseases[1].  Fibrosis leads to reduced cardiac pumping 
capacity and abnormal heart rhythms through elevated myo-
cardial stiffness and impaired cardiac function, and it eventu-
ally leads to heart failure[2].  Cardiac fibrosis has been acknowl-
edged as an early warning sign of sudden death for patients 
with heart failure[1].  However, few reports of medications that 
alleviate cardiac fibrosis have been published.

Aspirin, also known as acetylsalicylic acid (ASA), is a widely 
used medicine that prevents heart attack, stroke, and blood 
clot formation in people at high risk of developing blood 
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clots[3, 4].  It is reported that ASA inhibits angiotensin II (Ang 
II)-activated fibroblast growth, collagen synthesis and reactive 
oxygen species (ROS) generation[5].  ASA also inhibits IL-18-in-
duced fibroblast migration[6], suggesting that ASA plays an 
anti-cardiac fibrosis role, but ASA’s function in cardiac fibrosis 
in vivo and the underlying mechanisms of this function remain 
unclear.

Autophagy is a conserved process for the bulk degradation 
of long-lived proteins and organelles.  Accumulating evidence 
suggests that autophagy plays an essential role in maintain-
ing cardiac function with cardiac fibrosis[7].  ASA has been 
reported to alleviate heart diseases through its anti-platelet 
and anti-inflammatory functions[8].  The role of ASA on 
autophagy is cell specific; ASA inhibits epithelial autophagy 
through the activated PI3K/Akt-GSK3-mTOR pathway[9], 
while it induces autophagy in colorectal cancer cells through 
inhibiting mTOR signaling.  Until now, its effect on autophagy 
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in cardiac fibroblasts is not clear.
p38 MAPK (p38), one of three distinct families of MAPKs 

(ERK, JNK and p38 kinase), is a vital factor mediating ASA 
functions, such as ASA-induced anti-inflammatory and anti-
cancer effects[10, 11].  In addition, p38 activation is involved in 
the fibrosis of various organs.  Inhibition of p38 can attenu-
ate renal fibrosis, and the activation of p38 can promote liver 
fibrosis[12, 13], although whether p38 participates in the ASA-
induced anti-fibrosis process and its relationship with autoph-
agy remain unknown.  

Reactive oxygen species (ROS) are an important factor in 
regulating cell fate.  As an anti-oxidation agent, ASA can 
widely attenuate the generation of ROS[14–16].  Thus, ROS are 
another vital factor mediated by ASA.  The pathogenesis of 
cardiac fibrosis is thought to involve the ROS-dependent 
induction of inflammatory cytokines and matrix metallopro-
teinases (MMPs) and the activation and migration of cardiac 
fibroblasts (CF)[17, 18].  Furthermore, many reports suggest that 
ROS and the p38 axis play important roles in cardiac fibro-
sis[18].  Whether and how ROS participate in ASA-induced anti-
fibrosis processes still requires clarification.

CFs undergo phenotypic transformation to myofibroblasts 
following myocardial injury.  Myofibroblasts are highly active 
cells that express α-SMA and exhibit improved prolifera-
tion, migration and collagen protein secretion[19].  It has been 
reported that hypoxia can upregulate α-SMA, increase the col-
lagen content and enhance the migration abilities of CFs, sug-
gesting that hypoxia induces the transformation of CFs into 
myofibroblasts and might be used as a model to study cardiac 
fibrosis in vitro[19].  We therefore used CFs exposed to hypoxia 
to study the mechanisms of ASA on fibrosis.

Here, we report that ASA ameliorated heart damage and 
fibrosis.  ASA performed its functions through inhibiting CF 
proliferation, which is regulated by autophagy and p38/ROS.  

Materials and methods 
Reagents
The ASA was purchased from Sigma (St Louis, MO, USA).  
The Dulbecco’s modified Eagle’s medium (DMEM) was from 
Gibco (Grand Island, NY, USA).  The fetal bovine serum (FBS) 
was from HyClone Lab (Logan, UT, USA).  The antibodies, 
including LC3, caspase 3, PARP 1, total and phosphorylated 
Akt (Ser 473), JNK (Thr183/Tyr185), p38 MAPK (Thr180/
Tyr182) and ERK (Thr202/Tyr204) were all from Cell Signaling 
Technology (Beverly, MA, USA).  The antibodies for β-actin 
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).  
The p38 inhibitor SB203580 and the ROS scavenger N-acetyl-
cysteine (NAC) were from Selleck Chemicals (Houston, USA).

Animal protocol
Ten-week-old Balb/c mice and C57bl/6 mice were purchased 
from the animal center of Shandong University.  The animal 
care and experimental procedures involved in this study were 
approved by the Institutional Animal Care and Use Com-
mittee of Shandong University and adhered to the American 
Physiological Society’s “Guiding Principles in the Care and 
Use of Vertebrate Animals in Research and Training”.

ISO injection associated cardiac fibrosis model 
We divided the Balb/c mice into 4 groups: vehicle, isoproter-
enol (ISO), ISO plus ASA, and ISO plus captopril.  The vehicle 
group was treated with saline.  Captopril is a positive control 
for ASA.  Cardiac fibrosis was induced by subcutaneous ISO 
injection daily (3 mg·kg-1·d-1 for 3 d and 6 mg·kg-1·d-1 for 18 d), 
and ASA (10 mg·kg-1·d-1 for 21 d) was administered by oral 
gavage according to a published report[20].  After 14 d, animal 
echocardiography was used to preliminarily evaluate the suc-
cess of the cardiac fibrosis model, and the mice were sacrificed 
by cervical dislocation under deep anesthesia with 2% isoflu-
rane (Ruiwode Corporation, Shenzhen, China) at the end of 
the experiment.  

Myocardial infarction (MI) model
C57BL/6 male mice were divided into 3 groups: sham, MI 
and MI plus ASA.  Every group had 6 surviving mice.  MI was 
induced by permanent ligation of the left anterior descend-
ing (LAD) coronary artery for 14 d as described[16].  ASA (10 
mg·kg-1·d-1 for 14 d) was administered by oral gavage accord-
ing to a published report beginning on the second day of 
LAD[17].  At the end of the experiment, cardiac function was 
analyzed, and then the mice were sacrificed.

Animal echocardiography
The mice were anesthetized with intraperitoneal 4% chloral 
hydrate by weight, and the heart rate was controlled at 360±30 
beat/min.  Echocardiographic assessments of the left ventricu-
lar (LV) anatomy and function were performed using a Sonos 
5500 Imaging System (Philips, Philips Healthcare, Andover, 
MA, USA) with a 12 MHz transducer.  Systolic and diastolic 
functions were evaluated individually using echocardiogra-
phy by left ventricular ejection fraction (EF) and left ventricu-
lar fractional shortening (FS).

Histology
The mouse hearts were fixed in 4% formalin for a minimum 
of 24 h.  The fixed tissues were embedded in paraffin and 
sectioned (5 µm) for staining.  The heart sections were stained 
with Masson’s trichrome and picrosirius red to evaluate 
interstitial collagen deposition.  The results were analyzed by 
Image J software (National Institutes of Health, USA).  

Cell culture and treatment
Neonatal cardiac fibroblasts (CFs) were isolated from the 
hearts of 1- to 3-d-old Sprague-Dawley rats.  Briefly, the hearts 
were quickly excised and immediately embedded in PBS 
solution.  CFs were isolated from the rat hearts by enzymatic 
digestion with pancreatin and collagenase type II, as described 
previously[21]; grown to 80% confluence and then cultured 
in serum-free medium and exposed to hypoxia (95% N2, 5% 
CO2)[22] and treated with ASA for 12 h.

Cell survival assay
The CFs were seeded in 96-well cell culture plates for sub-con-
fluency, then they were exposed to hypoxia and treated with 
ASA at the indicated concentrations for 12 h.  Next, the cells 
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were fixed and studied to estimate the numbers of cells using 
the sulforhodamine B assay (SRB).

Western blot assay
Total protein was extracted in RIPA buffer (CxBio, Shanghai, 
China) supplemented with phenylmethanesulfonyl fluoride 
(PMSF, CxBio).  The protein concentrations were measured 
using the BCA Protein Assay (Applygen, Beijing, China).  The 
samples were separated on a 10% SDS-polyacrylamide gel 
and then transferred to a nitrocellulose membrane, which was 
blocked in 5% skim milk for 1 h and then incubated with pri-
mary antibodies at 4 °C overnight.  After washing, the mem-
branes were incubated with horseradish peroxidase-labeled 
secondary antibodies for 1 h at room temperature.  The bands 
were visualized using a chemiluminescence detection system, 
and the densitometric results were analyzed with Image J soft-
ware.  

ROS detection
CFs were treated with different doses of ASA as described 
above.  Intracellular ROS levels were measured using a fluo-
rescent probe, 2,7-dichlorodihydrofluorescein (DCHF), as 
previously described[23].  After incubation with the probe for 
30 min, the CFs were washed with PBS.  A region of interest 
was randomly selected, then zoomed into the same frame; the 
relative fluorescent intensity per cell was the total value of the 
sample in the zoom scan divided by the total number of cells 
(at least 200 cells) in the same scan.  A clear and representative 
result from three similar experiments is shown.  The data are 
the mean±SEM from all independent experiments.

Statistical analysis
All of the experiments were performed at least three times.  
The data are expressed as the means±SEM and were analyzed by 
ANOVA and a post hoc Tukey analysis or by a t-test, as appro-
priate.  A P value of 0.05 or less was considered significant.

Results
ASA inhibits heart fibrosis in ISO injected mouse models
The mice were injected with ISO or ISO combined with ASA 
for 21 d.  Cardiac function analyses showed that the mice had 
decreased EF and FS.  Masson’s trichrome and picrosirius red 
staining showed that fibrosis increased when the myocardium 
was injured, and ASA ameliorated the heart damage and 
fibrosis (Figure 1A and 1B).  

ASA protects the heart against damage caused by MI and 
inhibits heart fibrosis
We also used the MI model to verify the anti-fibrotic function 
of ASA in vivo.  MI models were generated as reported[24], and 
ASA was injected into the MI mice beginning on the second 
day of MI and continued for 14 d.  The heart function analysis 
showed that ASA rescued the decreased EF, FS and LVPW 
(left ventricular posterior wall thickness).  The heart sections 
stained with Masson’s trichrome and picrosirius red staining 
showed that ASA inhibited the fibrosis caused by the MI (Fig-
ure 2A and 2B).  

ASA inhibits CF proliferation and apoptosis 
CF exposure to hypoxia is a widely accepted model for 
researching fibrosis in vitro[19].  CFs cultured in vitro were 
exposed to hypoxia and treated with 0.5, 2.5, or 5 mmol/L 
ASA for 12 h.  LDH results showed that there was no necrosis 
(Figure 3A).  

Because a report showed that ASA could inhibit CF prolif-
eration[5], we detected the changes in CF survival using the 
SRB assay.  The results showed that ASA inhibited CF survival 
(Figure 3B) and the phosphorylation of Akt (Figure 3C), a key 
factor in the proliferation pathway.  The proliferation inhibi-
tion by ASA was also confirmed by the EdU assay, in which 
fewer CFs were labeled by EdU (Figure 3D).  Our data suggest 
that ASA inhibited fibrosis through the inhibition of prolifera-
tion.  We used the phosphorylation of Akt to show the changes 
in CF proliferation in the followed experiments.

CF apoptosis may be important for restoring the balance 
impaired by fibroblast activation.  We thus deduced that ASA 
could induce CF apoptosis.  In contrast, the Western blot 
results showed that ASA inhibited the cleavage of caspase 3 
and PARP 1 (Figure 3E), suggesting an anti-apoptotic role of 
ASA.  The anti-apoptotic role of ASA was further confirmed 
by TUNEL and caspase 3 activity assays (Figure 3F, 3G).

ASA alleviates CF proliferation by inhibiting autophagy
Autophagy is a key mechanism affecting fibrosis[25], and in 
order to know its roles in ASA-inhibited fibrosis, we detected 
levels of LC3-II, a well-known marker of autophagy[26].  The 
autophagy in CFs exposed to hypoxia was inhibited by ASA, 
as was demonstrated by reduced LC3-II levels (Figure 4A).  
Pepstatin A (PepA) could block the autophagy flux by impair-
ing lysosome functions to inhibit autophagy[27].  As a result, 
PepA increased LC3-II levels in ASA-treated cells when it 
inhibited autophagy.  Furthermore, PepA reduced the phos-
phorylation of Akt (Figure 4B), as did ASA, and enhanced 
ASA functions, which suggested that ASA performed its anti-
fibrotic function through inhibiting autophagy.  Importantly, 
PepA did not affect apoptosis, as was evidenced by no changes 
in cleaved PARP 1 (Figure 4B).  We then enhanced autophagy 
by rapamycin when the CF cells were treated with hypoxia, 
and the results showed that the proliferation of CFs increased 
(Figure 4C), which further confirmed that ASA-inhibited CF 
proliferation was autophagy-dependent.

p38 MAPK induced an autophagy-dependent pathway in ASA-
impaired CF proliferation
To understand the molecular mechanisms of ASA inhibition of 
autophagy, we detected changes in MAPK members, includ-
ing p38, JNK, and ERK.  ASA decreased the phosphorylation 
of p38 and ERK, but it did not affect the phosphorylation of 
JNK (Figure 5A).  We are interested in the role of p38 in ASA 
inhibiting autophagy because of its importance in fibrosis[12, 13].  
The p38 inhibitor SB203580 increased LC3-II levels in basal 
and ASA-treated CFs (Figure 5B), which suggested that p38 
regulated autophagy.  At the same time, SB203580 inhibited 
the ASA-mediated reduction of Akt phosphorylation (Figure 
5B).  Therefore, p38 signaling is necessary for the anti-fibrotic 
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effect of ASA.  Furthermore, SB203580 did not affect apoptosis, 
as was evidenced by no changes in PARP 1 (Figure 5B).

The function of ROS in ASA-mediated inhibition of CF pro lifera-
tion and apoptosis
Many ASA functions have been associated with inhibited 
ROS[17, 18].  Here, our data showed that ASA inhibited ROS in 

CFs (Figure 6A).  NAC upregulated the level of LC3-II and 
inhibited the phosphorylation of Akt (Figure 6B), similar to 
the effects of ASA and SB203580.  Therefore, ROS partici-
pated in the anti-fibrotic functions of ASA through regulating 
autophagy.  NAC also inhibited the cleavage of caspase3 (Fig-
ure 6B), which suggested an autophagy-independent but ROS-
dependent mechanism of ASA inhibited apoptosis.

Figure 1.  ASA protects the heart and inhibits fibrosis. Mice were injected with ISO or ISO combined with ASA for 21 d.  (A) Animal echocardiography 
was conducted to analyze cardiac function at 14 d.  The results showed that ASA rescued EF and FS significantly.  (B) Masson’s and Sirius red staining 
showed that ASA rescued the ISO-induced fibrosis.  Magnification is 200×.  Mean±SEM. n=6.  **P<0.01. Captopril was  used as positive control.
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Discussion
Cardiac fibrosis is a basic pathological characteristic of the 
post-infarct myocardium and plays a pivotal role in the devel-
opment of other cardiovascular diseases such as heart failure 
and atrial fibrillation[1].  Although ASA was reported to affect 
CF proliferation and migration in some situations stimulators, 
its function in the circumstance of cardiac fibrosis is not clear.  
In this study, we used two classical models of cardiac injury to 
verify the anti-fibrotic role of ASA in vivo.  Our results showed 

that early administration of ASA could ameliorate heart dam-
age by inhibiting myocardial fibrosis.  Therefore, we revealed 
an anti-fibrotic pharmacological activity of ASA against car-
diac injury.

The importance of autophagy in cardiac fibrosis was real-
ized recently, when many reports suggested that autophagy 
is required for the fibrosis response[25, 28, 29], although the role 
of ASA on CF autophagy is not clear.  In this study, we found 
that ASA performed its anti-fibrotic function at least partly 

Figure 2.  ASA protects the heart against MI-induced heart damage and inhibits heart fibrosis.  (A) ASA was injected into the MI mice starting on the 
second day of MI and continued for 14 d.  Heart function was analyzed by echocardiography, and the changes of EF, FS, and LVPW were revealed.  (B) 
Heart sections stained with Masson’s and Sirius red staining were used to analyze the fibrosis.  Representative images are shown.  Magnification is 
100×.   Mean±SEM. n=6.  **P<0.01. 
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though inhibiting autophagy.  Our data support a potential to 
treat fibrosis by altering the mechanisms of autophagy.  In this 
study, upregulated LC3-II in SB203580- or NAC-treated CFs 
were accompanied by decreased phosphorylation of Akt, but 

whether autophagy flux inhibition or autophagy promotion 
caused increases in LC3-II requires further research.

It has been reported that an increase in ROS levels is accom-
panied by p38 activation, fibrosis, apoptosis and cardiac dys-

Figure 3.  ASA inhibits CF proliferation and apoptosis.  CFs were cultured in a hypoxia situation and treated with 0.5, 2.5, or 5 mmol/L ASA for 12 h.  
(A) The culture supernatant was collected and used in LDH detection.  (B) An SRB assay was performed to detect the changes in CF survival.  (C) The 
proteins were collected for Western blot detection.  The changes in phosphorylated Akt were shown.  (D–G) CFs were cultured in a hypoxia situation and 
treated with 2.5 mmol/L ASA for 12 h.  (D) The EdU assay showed the proliferation of CFs.  (E) Western blot results showed the changes of apoptosis 
markers, including cleaved PARP 1 and caspase 3.  (F) TUNEL assay showed the apoptosis of CFs.  (G) Caspase 3 activity was detected using the 
caspase 3 fluorescence metric assay kit.   Mean±SEM.  n=3.  *P<0.05, **P<0.01.
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function[18, 30].  In this study, ASA inhibited levels of ROS and 
phosphorylated p38 when inhibiting fibrosis and apoptosis.  
This result is in accordance with a previous report[14] and con-
firmed the importance of the ROS-p38 axis in fibrosis.  Our 
results provide new insights into the mechanisms underlying 
the anti-fibrotic effects of ASA in the heart.

CF proliferation and adaptive collagen synthesis are major 
sources of cardiac fibrosis[31], and apoptosis may be impor-
tant for restoring the cell population balance in the context of 
fibroblast proliferation to alleviate cardiac fibrosis.  Because 
of this, ASA-inhibited apoptosis is a side effect of its anti-
fibrotic effects.  Drug combination is a novel method that 

Figure 4.  ASA inhibits CF proliferation and apoptosis by impairing autophagy.  (A) CFs exposed to hypoxia were treated with 0.5, 2.5, or 5 mmol/L ASA 
for 12 h, then the changes in LC3-II were detected by Western blot.  (B) CFs were treated with 2.5 mmol/L ASA combined with the lysosome inhibitor 
PepA for 12 h, then the changes of LC3-II, phosphorylated Akt and PARP 1 were all detected by Western blot.  (C) CFs were treated with 2.5 mmol/L ASA 
and the autophagy inducer rapamycin for 12 h, then the proliferation of CFs was analyzed by EdU.   Mean±SEM. n=3.  **P<0.01. 
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Figure 5.  p38 MAPK induced an autophagy-dependent pathway in ASA-regulated CF proliferation.  (A) CFs exposed to hypoxia were treated with 
doses of ASA at 0.5, 2.5, and 5 mmol/L for 12 h, and then the changes of phosphorylated p38, ERK, JNK were detected by Western blot.  (B) Cardiac 
fibroblasts were pre-treated with the p38 inhibitor SB203580 (10 μmol/L) for 1 h and were then treated with 2.5 mmol/L ASA for 12 h.  Western blot 
results showed the changes of LC3-II, phosphorylated Akt and cleaved PARP 1.   Mean±SEM. n=3, **P<0.01.
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enhances useful effects and avoids side effects.  In our study, 
the autophagy inhibitors PepA and SB203580 did not affect 
apoptosis when decreasing the phosphorylation of Akt, and 
they enhanced the effect of ASA in fibrosis therapy.  Our data 
support a novel method that enhances the useful effects and 
avoids the side effects of ASA.  

In summary, we report that ASA ameliorates heart dam-
age and fibrosis in vivo.  ASA performs its functions through 

an autophagy- and p38/ROS-dependent pathway.  Our data 
reveal an anti-fibrotic pharmacological activity of ASA against 
cardiac injury and support autophagy targeting for fibrosis 
therapy.
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