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Abstract. The activation of mammalian ste20‑like kinase1 
(Mst1) is a crucial event in cardiac disease development. 
The inhibition of Mst1 has been recently suggested as a 
potential therapeutic strategy for the treatment of diabetic 
cardiomyopathy. However, whether silencing Mst1 also 
protects against hypertensive (HP) myocardial injury, or the 
mechanisms through which this protection is conferred are 
not yet fully understood. The present study aimed to explore 
the role of Mst1 in HP myocardial injury using in vivo and 
in vitro hypertension (HP) models. Angiotensin II (Ang II) 
was used to establish HP mouse and cardiac microvascular 
endothelial cell (CMEC) models. CRISPR/adenovirus vector 
transfection was used to silence Mst1 in these models. Using 

echocardiography, hematoxylin and eosin staining, Masson's 
trichrome staining, the enzyme‑linked immunosorbent assay 
detection of inflammatory factors, the enzyme immunoassay 
detection of oxidative stress markers, terminal deoxynucleo‑
tidyl transferase dUTP nick‑end labeling staining, scanning 
electron microscopy, transmission electron microscopy, 
as well as immunofluorescence and western blot analysis 
of the autophagy markers, p62, microtubule‑associated 
proteins 1A/1B light chain 3B and Beclin‑1, it was found that 
Ang II induced HP myocardial injury with impaired cardiac 
function, increased the expression of inflammatory factors, 
and elevated oxidative stress in mice. In addition, it was found 
that Ang II reduced autophagy, enhanced apoptosis, and 
disrupted endothelial integrity and mitochondrial membrane 
potential in cultured CMECs. The silencing of Mst1 in both 
in vivo and in vitro HP models attenuated the HP myocardial 
injury. On the whole, these findings suggest that Mst1 is a key 
contributor to HP myocardial injury through the regulation of 
cardiomyocyte autophagy.

Introduction

Hypertension (HP) is a common condition that accounts for 
~12% of primary care consultations globally and is one of 
the prevailing causes of fatal cardiovascular diseases such 
as stroke, arrhythmia and ischemic heart disease (1,2). Poor 
long‑term blood pressure management can result in cardiac 
remodeling, which typically involves cardiomyocyte and endo‑
thelial cell apoptosis (3‑5). Autophagy has been identified as 
a pertinent mechanism underlying hypertensive (HP) cardiac 
diseases (6). Thus, autophagy likely plays a role in cardiac HP, 
particularly in myocardial microvascular endothelial cells, and 
may thus be a major contributor to myocardial injury (7‑10).

A previous study by the authors demonstrated that the 
cardiac expression levels of autophagy proteins, including 
microtubule‑associated proteins 1A/1B light chain 3B (LC3), 
Beclin‑1 and autophagy‑related 7 (Atg7), were decreased, 
whereas the expression of p62 was increased in a diabetic 
mouse model  (11). By pharmaceutically restoring the 
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expression of these proteins, cardiac function improved in 
these mice, further indicating that autophagy is involved in 
diabetic cardiomyopathy (11). However, the interplay between 
autophagy and HP myocardial injury, and the underlying 
mechanisms remain to be fully elucidated.

One candidate protein potentially involved in the inter‑
action between autophagy and HP myocardial injury is 
mammalian ste20‑like kinase1 (Mst1). Mst1 is a protein kinase 
that can be activated during cardiomyocyte apoptosis (12,13). 
Exposure to high glucose has been shown to phosphorylate 
and activate Mst1 in microvascular endothelial cells, leading 
to apoptosis  (12). It has also been shown that decreased 
autophagy is associated with apoptosis, which is a critical 
step in the development of diabetic cardiomyopathy (12). The 
persistent activation of Mst1 has also been observed in dilated 
cardiomyopathy (DCM)  (14). In the present study, it was 
hypothesized that the inhibition of Mst1 may induce autophagy 
and confer protective effects against HP‑induced myocardial 
injury. The results obtained using animal and cell HP models 
suggest that the inhibition of Mst1 can exert protective effects 
against HP‑related cardiomyocyte injuries.

Materials and methods

Mouse model. Mst1 knockout mice (Mst1‑/‑ mice) were 
purchased from Shanghai Model Organisms. The animals 
were housed in the SPF animal laboratory of the Animal 
Experiment Center of Xinjiang Medical University at a 
constant temperature of 22‑24˚C, constant humidity (55±5%), 
artificial light and dark for 12 h, and free access to water and 
food. The present study used male Mst1‑/‑ mice and C57BL/6 
wild‑type (WT) mice (8‑10 weeks old, weighing 20‑25 g) to 
establish a mouse model of HP. All experimental mice were 
randomly allocated into four groups (the control, HP, HP + 
Ad‑KD‑Mst1 and HP + Ad‑KD‑NC groups) with 24 mice 
in each group. Briefly, Mst1‑/‑ and WT mice in the control 
groups were subcutaneously infused with 0.9% NaCl using an 
osmotic bump (ALZET Osmotic Pumps Model 2006, Durect 
Corp.) for 42 days, and mice in the HP groups were subcutane‑
ously infused with angiotensin II [Ang II; 2,000 ng/kg/min, 
A604098‑0100, Sangon Biotech (Shanghai) Co., Ltd.] for 
42 days, as previously described (15,16). In total, 96 mice were 
used in the experiment. Systolic blood pressure was measured 
at baseline and during Ang II infusion using a tail‑cuff method. 
A body weight loss >10% was set as the criteria for humane 
endpoints to remove mice from the experiments. At the end of 
the experiments, the exsanguination of 100 µl blood from the 
heart under general anesthesia with 1% pentobarbital sodium 
(45 mg/kg; P3761, MilliporeSigma) following the collection of 
the heart was used to euthanize the mice. The body weight of 
the mice was 30‑32 g at the time of sacrifice. The present study 
was reviewed and approved by Ethics Committee of The First 
Affiliated Hospital, Xinjiang Medical University (approval 
no. IACUC20201116‑13). All procedures performed in experi‑
ments involving animals were in accordance with the ethical 
standards of the institution or practice at which the studies 
were conducted.

Cell model. Cardiac microvascular endothelial cells (CMECs; 
C‑12285, PromoCell) were cultured in endothelial cell growth 

medium MV (C‑22020, PromeCell) supplemented with 10% 
fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml 
streptomycin at 37˚C in a 5% CO2 humidified incubator. Ang II 
(100 µM, 24 h) was used to induce the in vitro HP cell model as 
previously described (17,18). Mst1 silencing was achieved by 
transfecting Ad‑sh‑Mst1 [MOI: 200; Hanheng Biotechnology 
(Shanghai) Co., Ltd.] into the cells. The cultured CMECs were 
treated with 50 nM bafilomycin A1 (MiilliporeSigma) for 2 h 
to evaluate the autophagic flux.

Adenovirus construction. The pHBAd‑U6‑MCS‑CMV‑GFP‑ 
Δloxp was recombined with backbone pBHGlox(delta)E1, 3Cre 
in bacteria. The adenovirus was packaged using LipofiterTM 
for 6  h at 37˚C in 293A cells [Hanheng Biotechnology 
(Shanghai) Co., Ltd.] cultured in Dulbecco's modified Eagle's 
medium (DMEM) plus 10% FBS, as previously described (19). 
The nucleotide shRNA of Mst1 was cloned using sequence, 
5'‑GAA​GAC​TAT​CGA​GGC​ACA​ACC​AAT​A‑3' and the nega‑
tive control shRNA sequence was 5'‑TTC​TCC​GAA​CGT​GTC​
ACG​TAA‑3'.

Adenovirus transduction. Ad‑sh‑Mst1 or control Ad‑sh‑green 
f luorescent protein (GFP) was designed and provided 
by Hanheng Biotechnology (Shanghai) Co., Ltd. The 
titer of the adenoviruses used in the present study was 
~1.58x1010 PFU/ml. Prior to adenoviral transfection, CMECs 
(1x106 ̸ml, 3rd generation) were seeded into six‑well plates 
until they reached a confluency of 80%. The cells were then 
incubated with Ad‑sh‑Mst1 at an MOI of 200 for 48 h at 37˚C. 
Fluorescence microscopy was used to observe GFP expression. 
The mRNA level of Mst1 was further measured to evaluate the 
effectiveness of adenoviral transfection.

Echocardiography. Transthoracic echocardiography was 
performed to evaluate mouse cardiac structure and function 
using a Vevo 2100 ultrasound imaging system (VisualSonics). 
Briefly, the mice were anesthetized with 1% pentobarbital 
sodium (45 mg/kg; P3761, MilliporeSigma) and placed on a 
warmed platform. Ultrasound gel (Ultrasonic coupling agent; 
TM‑100, Tianjin Jinya Electronics Co. Ltd.) was applied to 
the chest skin after preparation (mice were depilated using 
the Vetin depilatory cream from the chest to the subxiphoid 
process up to the left axilla, and the skin was prepared). 
Subsequently, two‑dimensional images and M‑mode images 
of the parasternal short‑axis view were recorded using a 
diagnostic ultrasound machine (Philips HD11 XE). The left 
ventricular end‑diastolic diameter (LVEDD), left ventricular 
end‑systolic diameter (LVESD), left ventricular ejection 
fraction (LVEF) and left ventricular fractional shortening 
(LVFS) were then calculated.

Histological analysis. The mouse hearts were harvested 
and fixed with 10% formalin for 24 h. The hearts were then 
embedded in paraffin and cut into 5‑µm‑thick sections. 
Myocardial morphology and fibrosis were assessed by staining 
the sections with hematoxylin and eosin (H&E) for 4 min at 
room temperature, and Masson's trichrome for about 13‑15 min 
at room temperature (D026‑1‑2; Nanjing Jiancheng Biological 
Engineering Research Institute Co. Ltd.), respectively, as 
previously described (20). Images were captured using a light 
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microscope (E200, Nikon Corporation). The cardiomyocyte 
size and area of fibrosis were measured using ImageJ software 
(version 1.50i, National Institutes of Health).

Biochemical assays. Mouse heart samples were homogenized, 
and supernatants were collected and used for biochemical 
measurements. The concentrations of interleukin‑6 (IL‑6; 
EK206/3‑48, Lianke Biotechnology Co., Ltd.), tumor 
necrosis factor‑α (TNF‑α; EK282/3‑48, EK206/3‑48, 
Lianke Biotechnology), malondialdehyde (MDA; A003‑1‑1, 
Nanjing Jiancheng Biological Engineering Research Institute 
Co. Ltd.), superoxide dismutase (SOD; A001‑3‑1, Nanjing 
Jiancheng Biological Engineering Research Institute) and 
glutathione peroxidase (GSH‑PX, A005, Nanjing Jiancheng 
Biological Engineering Research Institute) were measured 
using enzyme‑linked immunosorbent assays (ELISAs) using 
commercially available kits (as indicated above) according to 
the manufacturer's instructions.

Measurement of apoptosis. Apoptotic cells were detected 
using a terminal deoxynucleotidyl transferase dUTP nick‑end 
labeling (TUNEL) assay kit (MK1015, Boster Biological 
Technology Co. Ltd.). Briefly, heart paraffin sections were 
prepared, dewaxed in xylene and hydrated in ethanol. The 
sections were then incubated for 30 min at 37˚C with TUNEL 
reaction mixture according to the manufacturer's instructions. 
Images were captured using a fluorescence microscope (E200, 
Nikon Corporation). TUNEL‑positive cells in 10 randomly 
selected areas were quantified. In total, five visual fields 
under the microscope were selected randomly to observe 
the proportion of apoptotic cells in each visual field with the 
naked eye, and an average apoptotic rate was then calculated 
using SPSS 19.0 software (IBM Corp. USA).

Microvascular corrosion casting. Microvascular corrosion 
casting was conducted as previously described  (21) using 
scanning electron microscopy (SEM). Briefly, after being 
euthanized and perfused, the mice were infused with Mercox 
CL‑2B (Dainippon Ink and Chemicals, Inc.) diluted with 
monomeric methylmethacrylate (Ladd Research Industries) 
at a flow rate of 41 ml/h. After the hardening of the injected 
resin, the heart was washed and submerged in 2% hydrochloric 
acid. The specimens were then washed, and ice‑embedded 
casts were freeze‑dried. The mounted specimens were either 
evaporated with carbon and gold or sputter‑coated with gold 
and examined using the XL‑30 SEM (FEI, Eindhoven) at an 
accelerating voltage of 10 kV.

Mitochondrial assays. The detection of mitochondrial 
membrane potential was performed as described previ‑
ously (22). In brief, the cells were detached using Trypsin 
(0.25%, #25200‑056, Gibco; Thermo Fisher Scientific, Inc.), 
washed with PBS precooled to 4˚C and incubated with JC‑1 
staining solution for 30  min at 37˚C (C2006, Beyotime 
Institute of Biotechnology). After 30 min, the cells were 
washed and detected using f luorescence‑activated cell 
sorting (BD LSRFortessa™ System, BD Biosciences). The 
ratio of red to green fluorescence intensity at an excitation 
wavelength of 490 nm indicated the mitochondrial membrane 
potential.

Transmission electron microscopy (TEM) detection of 
autophagosomes. Autophagosomes were detected using a 
transmission electron microscope (TEM1230, JEOL, Ltd.) 
according to a previously published study  (23). In brief, 
cultured CMECs were digested and washed, followed by 
2.5% glutaraldehyde fixation at 4˚C, and the cells were then 
examined using an electron microscope. Groups consisting of 
10 fields were selected for analysis.

Western blot analyses. The preparation of cell lysates 
(RIPA buffer, AR0105, Boster Biological Technology) from 
in vitro and in vivo samples was performed as previously 
described  (11). Equal amounts (50 µg for tissue lysates or 
25  µg for cell lysates) of protein were separated in 10% 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
and then transferred to polyvinylidene fluoride membranes. 
The membranes were incubated with antibodies against 
MST1 (1:1,000, cat.  no.  3682S), phosphorylated (p‑)Mst1 
(1:1,000, cat. no. 49332S), Beclin‑1 (1:1,000, cat. no. 3738S), 
p62 (1:1,000, cat. no. 23214S), LC3B (1:1,000, cat. no. 2775S), 
cleaved caspase‑3 (1:1,000), cleaved caspase‑9 (1:1,000), 
BAX (1:1,000), Bcl‑2 (1:1,000), PARP‑1 (1:1,000) overnight 
at 4˚C. All primary antibodies were purchased from Cell 
Signaling Technology, Inc. Following incubation with goat 
anti‑rabbit IgG H&L (conjugated with horseradish peroxi‑
dase, 1:5,000, cat. no. ab205718, Abcam) or goat anti‑mouse 
IgG H&L (conjugated with horseradish peroxidase, 1:5,000, 
cat. no. ab205719, Abcam) for 2 h at room temperature, the 
bands were detected with enhanced chemiluminescence 
(SuperSignal West Pico PLUS Chemiluminescent Substrate; 
cat. no. 34580; Thermo Fisher Scientific, Inc.), and the density 
and size of the bands were quantified using ImageJ 1.50i soft‑
ware (National Institutes of Health) by normalizing to β‑actin 
[1:1,000, Sangon Biotech (Shanghai) Co., Ltd.] and GAPDH 
(1:5,000; cat. no. 5174, Cell Signaling Technology, Inc.).

Immunofluorescence. To visualize autophagy markers, the 
cells were washed with cold phosphate‑buffered saline (PBS) 
and fixed with 4% formaldehyde solution for 20 min. This 
was followed by permeabilization with 0.5% Triton X‑100 for 
20 min and incubation with blocking buffer containing 1% 
bovine serum albumin (BSA) for 30 min at room temperature. 
Samples were incubated with primary antibodies against LC3B 
(2 µg/ml, cat. no. 2775S) and p62 (2 µg/ml, cat. no. 23214) 
(both from Cell Signaling Technology, Inc.) at 37˚C for 2 h 
and secondary antibodies (2 µg/ml, goat anti‑rabbit IgG H&L 
labeled with Alexa Fluor488, cat. no. ab150081, Abcam) at 
37˚C for 1 h. For myocardial tissue sections, the samples were 
fixed with acetone at 4˚C for 10 min, followed by blocking 
with 5% BSA for 30 min at room temperature. Incubation with 
primary antibodies was performed at 4˚C overnight and with 
the secondary antibodies at room temperature for 1 h. Staining 
without primary antibodies was used as the negative control. 
Images were obtained using a LSM 700 laser scanning 
confocal microscope (Carl Zeiss AG).

Statistical analysis. Statistical analyses were conducted using 
SPSS 19.0 software (IBM Corp.). Data are expressed as the 
mean ± standard deviation (SD) for the indicated number of 
experiments or mice. The differences in means between two 
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groups and multiple groups were evaluated using an unpaired 
t‑test and one‑way analysis of variance, respectively. Post‑test 
comparisons for multiple analyses were performed using 
Tukey's test. P‑values were 2‑sided and a P‑value <0.05 was 
considered to indicate a statistically significant difference.

Results

Mst1 knockout ameliorates cardiac structure and function 
in mice with HP. To evaluate the role of Mst1 in the hearts 
of mice with HP, mouse model of HP was first constructed 

as described in the ‘Materials and methods’. The knockout 
of Mst1 significantly attenuated Ang II‑induced HP (P<0.05, 
Fig.  1A). Echocardiography revealed an impaired heart 
function in the HP group compared to the control group, as 
indicated by both morphological changes and heart function 
markers, including LVEDD, LVESD, LVEF and LVFS (all 
P<0.05, Fig. 1B and C). Mst1 knockout in the HP group resulted 
in improved cardiac function (all P<0.05, Fig. 1B and C), 
suggesting a key role of Mst1 in HP. H&E staining (Fig. 1D) 
and Masson's trichrome staining (Fig. 1E) revealed cardiomyo‑
cyte hypertrophy and fibrosis (both P<0.05, Fig. 1F and G) in 

Figure 1. Cardiac morphology and function in mice. (A) Systolic blood pressure of the mice. *P<0.05 vs. WT or Mst1‑/‑. (B) Representative M‑mode echo‑
cardiography images of WT, Mst1‑/‑, HP and HP Mst1‑/‑ mice. (C) Quantitative assessment of M‑mode images describing left ventricular function; n=6. 
(D) Representative hematoxylin and eosin staining of mouse cardiac sections. (E) Representative Masson's trichrome staining of mouse cardiac sections. 
(F) Quantification of cardiomyocyte hypertrophy. (G) Quantification of fibrosis. *P<0.05 and **P<0.01. WT, wild‑type; Mst1, mammalian ste20‑like kinase 1; 
HP, hypertensive/hypertension. 
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the HP group, respectively. Mst1 knockout in the HP group 
significantly reduced both cardiomyocyte hypertrophy and 
fibrosis (both P<0.05, Fig. 1D‑G), demonstrating the potential 
benefits of the silencing of Mst1 to improve cardiac function.

Mst1 knockout reduces HP‑induced inflammation and 
oxidative stress. HP is often associated with the increased 
expression of inflammatory factors in the heart, such as 
IL‑6 and TNF‑α (24). Indeed, the present study observed an 
increase in IL‑6 (P<0.05) and TNF‑α (P<0.05) expression in 
the HP group. Both IL‑6 and TNF‑α expression levels were 

decreased in Mst1‑/‑ mice in the HP group (both P<0.05, 
Fig. 2A and B), indicating that the silencing of Mst1 expres‑
sion can protect against inflammation during HP myocardial 
injury. In addition, an increase was found in oxidative stress, 
as evidenced by changes in MDA, SOD and GSH‑PX levels 
(all P<0.05, Fig. 2C‑E), similar to the findings of a previous 
study  (25). Of note, a significant increase in MDA, and a 
decrease in SOD and GSH‑PX levels were observed in the 
HP group (all P<0.05, Fig. 2C‑E). Mst1 knockout in the HP 
group markedly abrogated the HP‑mediated induction of these 
oxidative stress markers (all P<0.05, Fig. 2C‑E).

Figure 2. Cardiac levels of inflammatory factors and oxidative stress markers in mice. (A and B) Expression level of IL‑6 and TNF‑α in mouse 
myocardium; n=6. (C-E) Protein levels of MDA, SOD and GSH‑PX in mouse myocardium; n=6. *P<0.05. IL‑6, interleukin‑6; TNF‑α, tumor necrosis 
factor‑α; MDA, malondialdehyde; SOD, superoxide dismutase; GSH‑PX, glutathione peroxidase; WT, wild‑type; Mst1, mammalian ste20‑like kinase 1; 
HP, hypertensive/hypertension.

Figure 3. Cardiomyocyte apoptosis in mice. (A) Representative TUNEL staining of mouse cardiac sections. (B) Quantitative assessment of TUNEL staining; 
n=6. *P<0.05. WT, wild‑type; Mst1, mammalian ste20‑like kinase 1; HP, hypertensive/hypertension.
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Mst1 knockout decreases HP‑induced myocardial apoptosis. 
A key event in cardiac HP is the apoptosis of cardiomyocytes 
and CMECs (10,12,26). In the present study, TUNEL staining 
was used to compare apoptosis in myocardial sections from the 
different groups. There was a marked increase in the apoptotic 
ratio in the myocardial tissues in the HP group compared to 
the non‑HP groups (both P<0.05, Fig. 3). As was expected, 
Mst1 knockout abolished the HP‑induced increase in apoptosis 
in the HP group (both P<0.05, Fig. 3), further confirming the 
beneficial roles of inhibiting Mst1 in cardiac HP. In addition, 

the protein expression levels of apoptosis‑related proteins 
were measured. The expression of Bcl‑2 was decreased, while 
the expression levels of BAX, PARP‑1, cleaved caspase‑3 and 
cleaved caspase‑9 were increased in the HP group (all P<0.01, 
Fig 4). However, these changes induced by HP were significantly 
attenuated in the Mst1‑/‑ mice (all P<0.01, Fig 4).

Mst1‑deficient microvascular endothelial cells exhibit an 
improved integrity and mitochondrial membrane potential 
in HP models. As microvascular endothelial cell apoptosis 

Figure 4. Expression of apoptosis‑related proteins. (A) representative western blots. Quantification of the expression level of (B) Bcl‑2, (C) BAX, (D) PARP‑1, 
(E) cleaved caspase‑3, and (F) cleaved caspase‑9 in WT, Mst1‑/‑, HP and HP Mst1‑/‑ mice. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. WT, wild‑type; 
Mst1, mammalian ste20‑like kinase 1; HP, hypertensive/hypertension.
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is critical for endothelial integrity, and in turn for cardiac 
microcirculation  (26), the present study hypothesized that 
the inhibition of Mst1 may improve myocardial endothelial 
integrity in HP mice. The microvascular corrosion casting 
results demonstrated that the microvascular endothelial integ‑
rity was severely damaged in the HP group compared to the 
non‑HP groups, and Mst1 knockout efficiently ameliorated 
the altered endothelial cell integrity (Fig. 5A), consistent with 
the function of Mst1 in apoptosis. It was then hypothesized 
that Mst1 could also improve mitochondrial function in 
HP‑compromised myocardial microvascular endothelial cells. 
It was found that Mst1 knockdown attenuated the dispro‑
portion of mitochondrial membrane potential in the HP 
endothelial cell model (P<0.05, Fig. 5B and C). To summarize, 
the silencing of Mst1 improved microvascular endothelial cell 
functions in the heart in HP.

Mst1 deficiency increases autophagy in HP hearts and 
endothelial cells. The dysregulation of autophagy is 
frequently associated with cardiac disease, and the balance 
between autophagy and apoptosis has become a therapeutic 
target (8,9). Using TEM, the present study found a decrease in 
the number of autophagosomes in the HP CMECs compared 

to the control CMECs, and Mst1 knockdown recovered the 
number of autophagosomes (Fig. 6A). Fluorescence micros‑
copy detected the expression of the key autophagy markers, 
p62 and LC3B, in both in vivo myocardial tissue sections 
and in vitro CMECs, providing additional evidence that Mst1 
silencing can reverse the inhibition of autophagy in cardiac 
HP in vivo (all P<0.05, Fig. 6B‑E). These findings suggest 
that modulating autophagy by inhibiting Mst1 is a critical 
factor in treating HP injury.

Mst1 plays a critical role in modulating autophagy in the HP 
heart. To verify the role of Mst1 in the HP heart, the present 
study then examined the expression and activation of Mst1 and 
the autophagy markers, Beclin‑1, LC3B and p62, in CMECs and 
cardiac tissues using western blot analysis (all P<0.05, Fig. 7). 
In both the in vivo and in vitro HP models, it was observed 
that Mst1 deficiency, along with blocking its activation, corre‑
sponded with the activation of autophagy, reflected by the 
increased expression of Beclin‑1, increased LC3B lipidation 
and decreased p62 accumulation (all P<0.05, Fig. 7). Together, 
these results suggest that Mst1 may be a master regulator of 
autophagy in mouse hearts in HP. Subsequently, Cultured 
CMECs were treated with 50 nM bafilomycin A1 for 2 h to 

Figure 5. Microvascular endothelial cell integrity and mitochondrial membrane potential of Ang II‑treated endothelial cells. (A) Representative scanning 
electron microscopy images of mouse myocardial microvascular endothelial cells. (B) FACS measurement of mitochondrial membrane potential of CMECs. 
(C) Quantitative assessment of mitochondrial membrane potential of CMECs; n=3. *P<0.05 and **P<0.01. CMECs, cardiac microvascular endothelial cells; 
WT, wild‑type; Mst1, mammalian ste20‑like kinase 1; HP, hypertensive/hypertension; KD, knockdown; NC, negative control.
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Figure 6. Increased autophagy in Mst1‑deficient endothelial cells. (A) TEM images of CMECs. Scale bar, 2 µm. (B) Representative immunofluorescence 
images of p62 and LC3B in mouse myocardium; magnification, x200. (C) Quantitative assessment of immunofluorescence images; n=3. (D) Representative 
immunofluorescence images of p62 and LC3B in CMECs; magnification, x200. (E) Quantitative assessment of immunofluorescence images; n=3. *P<0.05. 
WT, wild‑type; Mst1, mammalian ste20‑like kinase 1; HP, hypertensive/hypertension; LC3B, microtubule‑associated proteins 1A/1B light chain 3B; 
CMECs, cardiac microvascular endothelial cells; KD, knockdown; NC, negative control.
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determine the activity of the autophagic flux. Consistently, 
the enhanced autophagic flux exerted by Mst1 deficiency 
was demonstrated by an increased LC3 ΙΙ/LC3 Ι ratio and a 
decreased p62 expression in the presence of bafilomycin A1 
(Fig. 8).

Discussion

Myocardial remodeling is a compensatory response to HP 
myocardial injury and is indicated by cardiac hypertrophy, 

fibrosis, inf lammation, mitochondria injury, impaired 
autophagy and an enhanced apoptosis (3). Severe myocardial 
remodeling can even lead to arrhythmia and heart failure. 
The present study demonstrated that Mst1, a protein kinase 
activated during HP, is a key regulator of HP myocardial 
injury. The silencing of Mst1 in vivo markedly ameliorated the 
changes in cardiac structure and function, and reduced inflam‑
mation, oxidative stress and the apoptosis of CMECs in the HP 
mouse model. In addition, Mst1 knockdown in vitro restored 
endothelial integrity, improved mitochondrial membrane 

Figure 7. Modulation of core autophagy protein expression by Mst1. (A) Representative western blots of Mst1, p‑Mst1, Beclin‑1, p62, LC3B and β‑actin proteins 
in CMECs and the quantitative assessment of the western blots; n=4. (B) Representative western blots of Mst1, p‑Mst1, Beclin‑1, p62, LC3B and β‑actin 
proteins in mouse myocardium and the quantitative assessment of the western blots; n=3. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Mst1, mamma‑
lian ste20‑like kinase 1; LC3B, microtubule‑associated proteins 1A/1B light chain 3B; CMECs, cardiac microvascular endothelial cells; WT, wild‑type; 
HP, hypertensive/hypertension; KD, knockdown; NC, negative control.
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potential and activated autophagy, conferring protective 
effects in the HP cell culture model.

Mst1 has been implicated as a key factor that regulates 
the balance between apoptosis and autophagy in the cardio‑
vascular system  (12,13,16,27,28). Generally, autophagy 
inhibits the induction of apoptosis, and apoptosis blocks the 
autophagic process (29). Impaired autophagy and enhanced 
apoptosis are associated with HP heart disease (6). Therefore, 
Mst1 may play a role in HP myocardial injury by regulating 
the balance between autophagy and apoptosis. It has been 
reported that Mst1 plays a critical role in regulating autophagy 
by phosphorylating LC3, a marker of autophagy (30‑32). In 
physiological settings, Mst1 is a critical factor in the devel‑
opment of the cardiovascular system, specifically as regards 
the modulation of cardiomyocyte growth and apoptosis (27). 
Under pathophysiological conditions, multiple stresses, such 
as oxidative stress, ischemia and hypoxia, can activate Mst1. 
The persistent activation of Mst1 has been shown to be associ‑
ated with a variety of cardiovascular diseases, including DCM, 
atherosclerosis and ischemia/reperfusion injury (14,33,34). 

However, whether Mst1 plays a role in myocardial injury 
induced by HP remains largely unknown.

In the present study, to investigate the role of Mst1 in HP 
cardiomyopathy, a HP mouse model was constructed using 
WT and Mst1‑/‑ mice. The echocardiography results revealed 
that Mst1 knockout attenuated the HP‑induced impairment of 
cardiac function as indicated by changes in LVFS and LVEF. 
H&E and Masson's trichrome staining also revealed reduced 
cardiomyocyte hypertrophy and fibrosis in the Mst1‑/‑ mice 
compared with the WT mice, indicating that the inhibition of 
Mst1 improves cardiac function and remodeling in vivo. There 
is evidence to indicate that Ang II‑induced pathological cardiac 
hypertrophy is associated with decreased autophagy (35‑38). 
The findings in the present study suggest that Mst1 may 
regulate autophagy and attenuate Ang II‑induced pathological 
cardiac hypertrophy in mice.

HP is often associated with the increased expression 
of inflammatory factors and elevated oxidative stress in the 
heart  (26). The present study demonstrated that in the HP 
mouse models, Mst1 knockout reduced the expression of IL‑6 
and TNF‑α compared with the WT group, suggesting a protec‑
tive effect of Mst1 knockout. In addition, less myocardial 
oxidative stress was observed in the Mst1‑/‑ mice, as indicated 
by a reduction in MDA and GSH‑PX compared with the WT 
mice.

To further evaluate the function of Mst1 in HP, myocar‑
dial apoptosis was measured in the Mst1‑/‑ mice and WT 
mice using TUNEL assay. As was expected, cardiomyocyte 
apoptosis increased in the HP group, which was abolished 
by Mst1 knockout, supporting the protective role of Mst1 in 
HP‑induced cardiomyocyte apoptosis.

The present study also found that Mst1 knockout 
significantly improved myocardial microvascular endothelial 
integrity in HP mice, suggesting a role for Mst1 in endothe‑
lial cell function, consistent with the findings of a previous 
study (39). One factor that contributes to HP is the apoptosis 
of microvascular endothelial cells, as this directly leads to 
microcirculation reduction and peripheral resistance increase, 
both of which result in elevated blood pressure  (10,40). 
Microcirculation impairment can also cause organ injury 
due to a decrease in nutrient and oxygen supply. Therefore, 
the perturbation of the microcirculation can lead to a range 
of cardiovascular diseases, such as diabetic cardiomyopathy, 
atherosclerosis, angina pectoris and ischemia/reperfusion 
injury (26,41). A previous study found that high glucose can 
phosphorylate and activate Mst1 in myocardial microvascular 
endothelial cells, promote apoptosis, and inhibit autophagy, 
resulting in diabetic cardiomyopathy (12).

Mitochondrial membrane potential reflects mitochondrial 
function, and its dysregulation can initiate apoptosis (42). The 
present study assessed mitochondrial membrane potential in 
CMECs using JC‑1 staining and observed that the knockdown 
of Mst1 in vitro markedly reversed the Ang II‑induced increase 
in membrane potential, demonstrating a beneficial effect of 
inhibiting Mst1 on mitochondrial health.

Physiological autophagy is a key mechanism in the quality 
control of proteins and organelles and therefore, in cell homeo‑
stasis (7,8). The dysregulation of autophagy under conditions 
of stress is frequently implicated in heart diseases (43). Using 
TEM, the present study observed a marked increase in the 

Figure 8. Autophagy‑related protein expression with autophagy inhibi‑
tors. (A) Representative western blots. Quantification of the expression 
of (B) LC3B and (C) p62 in CMECs treated with or without bafilomycin 
A1. **P<0.01, ***P<0.001 and ****P<0.0001. LC3B, microtubule‑associated 
proteins 1A/1B light chain 3B; CMECs, cardiac microvascular endothelial 
cells; Mst1, mammalian ste20‑like kinase 1; HP, hypertensive/hypertension; 
KD, knockdown; NC, negative control.
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number of autophagosomes in the Mst1‑deficient mouse 
myocardial microvascular endothelial cells compared with 
the WT cells following the induction of HP. Fluorescence 
microscopy and western blot analysis of the autophagy 
markers, p62 and LC3B, further confirmed that the silencing 
of Mst1 increased autophagy in both the in vivo and in vitro 
HP models.

In the heart, constitutive autophagy is not only a homeostatic 
mechanism for maintaining cardiac structure and function, but 
is also of utmost importance for the maintenance of cardiac 
cellular integrity. However, the disruption of autophagy may 
lead to heart failure (44). The findings of the present study 
suggest that Mst1 plays roles in the regulation of autophagy, 
apoptosis, oxidative stress and inflammation in HP hearts. A 
possible mechanism involved is that the loss of Mst1 primarily 
induces protective autophagy, which subsequently inhibits 
apoptosis, oxidative stress and inflammatory responses, leading 
to suppressed cardiomyocyte injury in HP. This hypothesis 
warrants investigation in future studies. In summary, Mst1 
inhibition can considerably ameliorate HP‑induced myocar‑
dial injury which is associated with enhanced microvascular 
endothelial cell autophagy and decreased apoptosis. Mst1‑/‑ 
mice were used in the present study, while further studies are 
required in the future to determine whether the inhibition or 
downregulation of Mst1 using pharmacological approaches 
prevents or improves myocardial injury induced by HP. The 
promising beneficial effects of Mst1 silencing may provide 
novel strategies for the treatment of HP heart diseases.
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