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Abstract
This study aimed to investigate the protective effects and mechanisms of hyperbaric oxygen (HBO) preconditioning in a rat 
model of acute myocardial infarction (MI) established by ligation of the left anterior descending (LAD) coronary artery. 
Microarray, real-time PCR, and western blotting (WB) results demonstrated that the Mst1 gene was downregulated in the 
heart tissue of the MI rat model. HBO preconditioning significantly increased Mst1 expression in cardiac tissues of rats after 
MI modeling. Lentiviral infection was used to silence the Mst1 gene in rats treated with HBO to probe the effect of Mst1 on 
HBO cardioprotection. HBO preconditioning decreased heart infarct size and ameliorated cardiac function in MI rats, whereas 
Mst1 silencing reversed the effect of HBO administration, as indicated after heat infarct size determination via TTC staining, 
histological examination via HE staining, and measurements of cardiac function. HBO preconditioning reduced oxidative 
stress and inflammation in cardiac tissue of MI rat model, evidenced by alteration of malondialdehyde (MDA), 8-hydroxy-
2-deoxyguanosine (8-OHdG), and protein carbonyl contents, as well as production of inflammation-associated myeloperoxi-
dase (MPO), IL-1β, and TNF-α. These findings provide a new signaling mechanism through which HBO preconditioning 
can protect against acute MI injury through the Mst1-mediating Keap1/Nrf2/HO-1-dependent antioxidant defense system.
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Introduction

Mortality and morbidity worldwide are mainly caused by 
acute myocardial infarction (MI) and subsequent heart 
failure. Myocardial blood flow loss due to coronary artery 
occlusion leads to cardiac myocyte death and myocar-
dial remodeling. Cardiac remodeling following acute MI 
decreases left ventricular contraction, which consequently 
causes heart failure [1]. Enhanced myocardial neovascu-
larization after acute MI may ameliorate cardiac function 
and decrease heart failure, and the underlying therapeutic 
angiogenesis represents a critical treatment scheme in post-
MI treatment.

Hyperbaric oxygen (HBO) treatment can dramatically 
reduce the oxygen concentration in hypoperfused tissues, 
and elevated oxygen concentration in hypoxic tissues facili-
tates ischemic recovery [2, 3]. Enhanced neovascularization 
in ischemic tissue is one of the ways HBO therapy promotes 
wound healing [4]. HBO was capable of protecting hearts 
via anti-apoptotic effects and reducing infarct size [5, 6]. 
Also, the results of some clinical trials have confirmed that 
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HBO is advantageous for patients with acute coronary syn-
drome by decreasing infarct size and the incidence of severe 
cardiovascular cases [7]. HBO treatment results in decreased 
oxidative stress, anti-inflammation, cholinergic nerve protec-
tion, and neuronal apoptosis delay [8, 9]. HBO treatment 
can also shield PC12 cells from impairment resulting from 
oxygen–glucose deprivation/reperfusion [10].

Mst1 is a serine threonine kinase and a constituent of 
the “Hippo” pathway and has been explored during vari-
ous reperfusion impairments that occur during organ trans-
plantation [11]. As a pivotal regulator of oxidative stress, 
Mst1 is strongly correlated with autophagic activity and 
mitochondrial function. Nrf2 serves as an oxidative stress 
sensor and a pivotal transcription factor that can shield cells 
against oxidative impairment [12] and is capable of binding 
to its inhibitor Keap1. Once cells undergo excessive oxida-
tive stress, Nrf2 is released from Keap1 and transferred to 
the nucleus, in which Nrf2 accumulates. Nrf2 binds to genes 
encoding antioxidant response elements (ARE), which can 
alleviate oxidative impairment and maintain cellular redox 
homeostasis. Thus, a series of genes can be transcriptionally 
activated, which encode cytoprotection, anti-oxidation, and 
anti-inflammatory proteins [13], thereby decreasing oxida-
tive stress impairment. Nrf2 protects against oxidative stress 
and inflammation during retinal ischemia–reperfusion (IR) 
impairment [14]. Keap1/Keap1/HO-1 system is considered 
the main cellular defense mechanism against xenobiotics and 
oxidative stress [15]. A previous study displayed the protec-
tion of Mst1 against cardiac IR impairment by activating 
the Keap1/Nrf2 axis and repressing reactive oxygen species 
(ROS) production.

The relationship between HBO treatment and the Mst1-
associated Keap1/Nrf2/HO-1 pathway in acute MI remains 
unclear. This study aimed to probe the detailed mechanism 
of HBO preconditioning via the Keap1/Nrf2/HO-1 pathway 
in MI animals. MI modeling induced decreased Mst1 expres-
sion and deactivated the Keap1/Nrf2/HO-1 pathway. How-
ever, HBO preconditioning upregulated Mst1 expression. 
Then, Mst1 was silenced in vivo in HBO-preconditioned MI 
rats to elucidate its underlying molecular mechanism and 
evaluate the participation of Mst1 during the HBO-alleviated 
pathological process of IR injury.

Materials and Methods

Acute MI Model Establishment

An acute MI rat model was established by ligating the left 
anterior descending (LAD) coronary artery [16]. Wistar rats 
(male, 280–330 g) were used in this study. The study was 
approved by the ethics committee of Affiliated Hospital of 
Hebei Engineering University, as per the Chinese Guidance 

of Humane Laboratory Animal Use guidelines [Approval 
number: (Beijing Ammerseth Biotechnology Co., LTD, 
2021078XYZ02)]. After anesthesia with isoflurane (2%) and 
confirmation of a totally anesthetized state (did not respond 
to toe pinching), the rats were placed on a rodent respirator 
for tracheotomy. The hearts were quickly exteriorized, and a 
6-0 silk suture was tightened around the LAD proximal coro-
nary artery (prior to the first diagonal artery branch). Control 
rats underwent similar procedures, except for LAD ligation. 
After the surgery, the wound was closed to restore normal 
respiration. In the acute MI study, rats were arbitrarily clas-
sified into five groups: (1) control, (2) MI alone, (3) MI and 
HBO pretreatment, (4) MI modeling, HBO treatment, and 
lentiviral (LV)-siRNA negative control (siNC) treatment, 
and (5) MI modeling, HBO treatment, and LV-siRNA Mst1 
(siMst) treatment. After 1 h, the viable myocardium bor-
dering the left ventricular infarct region was injected with 
100 μL lentiviruses (1000 U) at three different areas.

HBO Preconditioning

In the HBO-PC group, rats were pretreated with four daily 
HBO (2.0 atmosphere absolute, ATA), rested for 1 day, and 
then were subjected to myocardial I/R surgery.

During HBO treatment, rats were confined to a hyper-
baric chamber. The oxygen (100%) flow rate was set at 2.5 L/
min to maintain the RT. Rats in the MI + HBO group were 
exposed to HBO at 2 ATA once daily for 1 h during differ-
ent time periods. The oxygen pressure was selected using 
human treatment protocols as a reference [17]. Control rats 
were exposed to normobaric air at 1.0 ATA.

Finally, rats were anesthetized and sacrificed through iso-
flurane overdose, and their hearts were rapidly removed and 
kept in liquid  N2. Left ventricular tissue was subjected to 
western blotting (WB) and immunofluorescence staining. 
The infarct size was determined using the TTC method and 
calculated using computerized morphometry. All procedures 
were approved by the Animal Care and Use Committee of 
Affiliated Hospital of Hebei Engineering University.

Infarct Size Measurement

After reperfusion for 2 h, the suture was removed prior to 
infusion of 2% Evans blue dye into the aortic root to mark 
the area at risk (AAR, blue dye negative). TTC staining was 
used to measure infarct size. Briefly, hearts were harvested 
and stored at 20 °C for 0.5 h. Subsequently, frozen hearts 
were sliced into 1-mm sections parallel to the atrioventricu-
lar groove, which were thawed and incubated using 1% TTC 
PBS (pH 7.4) for 15 min at 37 °C. Next, they were washed 
with PBS and subjected to 10% formalin fixation to increase 
the contrast between TTC and Evans blue staining. Then, the 
sections were placed on a light table, and photos were taken 
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on both sides. Different regions were delineated. Infarct size 
was expressed as [white area (infarct area volume)/nonblue 
area (AAR)]%.

H&E Staining

Here, after collection and washing with normal saline, hearts 
were subjected to 4% formaldehyde fixation for 2 days and 
paraffin embedding; then, they were sliced into 4-mm-thick 
serial sections. Butterfly-shaped sections were cut and sub-
jected to histopathological analysis. Briefly, sections were 
subjected to xylene deparaffinization and absolute alcohol 
rehydration. After rinsing with distilled water, the cells 
were stained with hematoxylin for 8 min. Subsequently, 
the sections were rinsed for 5 min under running tap water 
and differentiated for 0.5 min using 1% acid alcohol. After 
rinsing with tap water and saturated  Li2CO3 solution, the 
sections were washed with 95% alcohol and subjected to 
eosin–phloxine counterstaining. Finally, the sections were 
exposed to alcohol dehydration and xylene-based mount-
ing medium, and subsequently evaluated for cardiomyocyte 
hydropic alterations, neutrophilic and lymphohistiocytic 
infiltrates, hemorrhage, and acute myocardial necrosis.

Cardiac Function Assessment

Cardiac function was determined as described in a previous 
study [18]. Rats were administered chloral hydrate (300 mg/
kg) as anesthesia, 24 days after I/R treatment. A small inci-
sion was made in the right midline of the neck. A microtip 
pressure-transducer catheter was introduced into the exter-
nal right carotid artery. The proximal end of the catheter is 
linked to an electrostatic chart recorder. After the arterial 
blood pressure was detected, the catheter tip was inserted 
deeper until it reached the left ventricular lumen. The left 
ventricular pressure (LVP) signal was constantly observed 
and used to calculate the left ventricular systolic pressure 
(LVSP), developed pressure (LVDP), and ±(dP/dt) max.

MDA, GSH Activity, and 8‑OHdG Measurement 
in Myocardium Tissues

Myocardial tissues were homogenized in 2 mL phosphate 
buffer (pH 7.4, 10 mM). After centrifugation for 0.5 h 
at 10,000 × g, the malondialdehyde (MDA), GSH, and 
8-hydroxy-2-deoxyguanosine (8-OHdG) contents in the 
supernatant were determined. A BCA assay kit was used to 
measure protein concentrations.

Inflammation Determination

Cardiac tissues were collected, rinsed with normal saline, and 
homogenized in saline (25 mg/mL) on ice. Myeloperoxidase 

(MPO), IL-1β, IL-6, and IFN-α levels in cardiac tissues and 
cells were determined using ELISA kits (Sigma, St. Louis, 
Missouri) as per relevant guidelines.

Real‑Time PCR

Total RNA was extracted from cardiac tissue or cardiomyo-
cytes using  TRIzol®. cDNA was obtained through the reverse 
transcription of RNA at 42 °C for 1 h and at 75 °C for 5 min. 
qPCR was performed using a SYBR Green PCR Master Kit. 
The thermocycling conditions were the following: first dena-
turation at 95 °C for 3 min; 40 cycles at 95 °C for 0.5 min, 
56 °C for 0.5 min, and 72 °C for 0.5 min. The fold alteration 
in gene expression was obtained using the  2−ΔΔCq method 
[19]. The sequences of primers used in this experiment are 
listed as follows: Mst1 F, 5ʹ-CCT TGG TGC TTC ACA TCT 
CGA C-3ʹ; Mst1 R, 5ʹ-GAG CCA CGA TAC TGT TCA CCT 
G-3ʹ; GAPDH F, 5ʹ-GCA CCG TCA AGG CTG AGA A-3ʹ; 
GAPDH R, 5ʹ-TGG TGA AGA CGC CAG TGG A-3ʹ. mRNA 
expression was normalized to that of GAPDH. All experi-
ments were conducted in triplicate.

Western Blotting (WB)

The proteins from heart tissue and cells were extracted using 
RIPA lysis buffer according to the relevant protocol. The total 
protein concentration was measured. The loaded protein sam-
ples were subjected to SDS-PAGE and then transferred to 
Hybond-C membranes, which were incubated overnight with 
the appropriate primary antibodies. Bound antibodies were 
subsequently observed using secondary antibodies conjugated 
to HRP. The information of primary antibody was listed here: 
anti-Mst1 antibody (1:1000, ab76822, Abcam), anti-Actin 
(1:5000, 1:5000, ab8227, Abcam), anti-IL-1beta (1:1000, 
ab9722, Abcam), anti-TNF-alpha (1:1000, ab6671, Abcam), 
anti-MPO (1:1000, ab9535, Abcam), anti-Keap1 (1:1000, 
ab119403, Abcam), anti-p-Nrf2 (1:500, ab76026, Abcam), 
anti-Nrf2 (1:1000, ab137550, Abcam), and anti-HO-1 (1:2000, 
ab13248, Abcam). Band intensity was quantified using Band-
Scan 5.0.

Statistical Analysis

Statistically significant differences were analyzed via Prism 7.0 
and shown as the mean ± SD. ANOVA with Tukey’s post hoc 
test and t-test were utilized to analyze the differences among 
multiple or two groups, respectively. Statistical significance 
was set at p < 0.05.
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Results

Mst1 Was Downregulated in the Cardiac Tissue of MI 
Rats

To identify differentially expressed genes between the 
myocardial tissue of MI rats and healthy heart tissue, 
microarray analysis was performed on five MI hearts from 
the LAD-surgery animal model and five sham-control 
heart tissues. We found that Mst1 was in the top five down-
regulated genes (Fig. 1A). Next, we performed real-time 
PCR and WB to confirm its expression in the myocardial 
tissues. We observed that Mst1 in the cardiac tissue of MI 
rats was decreased at both the mRNA and protein levels 
(Fig. 1B, C), while the expression of other genes requires 
further validation (data not shown). Our data suggest that 
Mst1 expression is downregulated in the myocardial tis-
sues of MI animals.

Furthermore, HBO preconditioning was used to allevi-
ate cardiac damage caused by LAD surgery. It was clearly 
demonstrated that, compared with the non-administration 
group, Mst1 was upregulated in the myocardial tissue of 

MI rats in response to HBO administration (Fig. 1B, C). 
To investigate the role of Mst1 in HBO-alleviated cardiac 
function loss and injury in rats caused by MI modeling, 
LV-siMst1 was injected in situ into the heart tissue of MI 
rats to silence Mst1 expression in HBO-preconditioned MI 
rats. Both real-time PCR and WB results showed that Mst1 
expression was significantly decreased in MI rats, com-
pared to that in the LV-siNC injection group (Fig. 1B, C).

HBO Preconditioning Relieves the Infarct Size 
and Pathological Alterations of MI Heart Tissue 
and Cardiac Function Loss, Whereas Mst1 Silencing 
Abolished Its Effect

We performed TTC staining on the slices of heart samples 
from each group to assess the effect of Mst1 on infarct size 
in MI rats. TTC staining showed a significant improvement 
in infarct size reduction in the MI rat model in response to 
HBO administration (Fig. 2A, B). However, Mst1 silencing 
reenlarged the infarct size in MI rats (Fig. 2A, B).

Blinded histological analysis of HE staining data showed 
that the HBO treatment group exhibited lower degrees of 
necrosis, neutrophilic infiltration, and hemorrhage than the 

Fig. 1  Expression of Mst1 in 
cardiac tissue of MI rats with or 
without HBO preconditioning. 
A A microarray was performed 
to identify the differentially 
expressed genes between MI rat 
model and sham rats. The top 
five up- or downregulated genes 
in each cluster are displayed. 
Lentiviral infection was used to 
downregulate Mst1 expression 
in the myocardial tissue of MI 
rats with HBO precondition-
ing. B Real-time PCR and C 
WB analyses were performed 
to show the Mst1 expression in 
the cardiac tissue of rats with or 
without MI. **p < 0.01
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MI group. The LV-siNC-infected group showed no improve-
ment in these abnormalities. However, in the LV-siMst1 
group, histopathological changes in the myocardial tissue 
of MI rats were exacerbated even after HBO precondition-
ing (Fig. 3).

Electrocardiography was used to characterize the effect 
of HBO preconditioning and the involvement of Mst1 in 
the cardiac function loss caused by MI. Compared to the 
sham group, lower ± (dP/dt)max and LVSP values and 
higher LVDP values, which indicated cardiac dysfunction, 
were observed in the MI group. As expected, HBO treat-
ment resulted in alleviated cardiac dysfunction, as shown by 
recovered ± (dP/dt)max, LVSP, and LVDP, compared with 
those in the MI group. After infection with LV-shMst1, the 
effects of HBO preconditioning on ± (dP/dt)max, LVSP, and 
LVDP were reversed (Fig. 4A–C). Collectively, these data 

suggested that HBO preconditioning ameliorated MI-asso-
ciated cardiac dysfunction in an Mst1-dependent manner.

Effect of HBO Preconditioning and Mst1 
Involvement in Oxidative Disordering 
and Inflammation in the Myocardium Tissue of MI 
Rats

Oxidative disorders and inflammation are two features of 
MI development [20]. Therefore, we examined the effects 
of HBO preconditioning and Mst1 involvement on oxida-
tive stress and inflammation in the myocardium of MI rats. 
The upregulation of myocardial MDA and 8-OHdG levels 
and downregulation of GSH activity demonstrated that MI 
caused significant oxidative stress in the myocardium. In the 
HBO preconditioning group, myocardial MDA and 8-OHdG 

Fig. 2  Effects of HBO preconditioning and Mst1 silencing on MI-induced infarct in rats. A TTC staining was conducted to show the infarct size 
of the heart tissues of rats. B The right panel displays the infarct area of the heart tissue from the rats. *p < 0.05, **p < 0.01, ***p < 0.001

Fig. 3  Effect of HBO preconditioning and Mst1 silencing on pathophysiological events of MI mice. HE staining was used for histology analysis 
on myocardium tissue of rats
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levels were significantly reduced, whereas GSH activity 
was promoted in the myocardium. After infection with LV-
siMst1, the alterations in myocardial MDA and 8-OHdG 
levels, as well as GSH activity in HBO-preconditioned MI 
rats, were recovered (Fig. 5A–C). These data demonstrate 

that HBO preconditioning alleviated oxidative stress in the 
myocardial tissue of MI rats via Mst1.

ELISA results indicated that inflammation-associated 
MPO and pro-inflammatory cytokines (IL-1β, and TNF-
α) were robustly expressed in cardiac tissue in response 

Fig. 4  Effect of HBO preconditioning and Mst1 silencing on the car-
diac function of MI rats. The alterations in MI modeling-induced car-
diac function were represented by A, B ±(dP/dt) max, C LVDP, and 

D LVSP, which were determined 24 days following LAD ligation sur-
gery. *p < 0.05, **p < 0.01
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to MI modeling, whereas HBO treatment alleviated the 
production of these cytokines (Fig. 6A–C). However, in 
HBO-preconditioned MI rats treated with LV-siMst1, the 
production of these three cytokines was significantly ele-
vated. These data suggest that inflammation in MI heart 
tissue is inhibited by HBO treatment via Mst1 modulation.

Keap1/Nrf2/HO‑1 Signaling Pathway in Myocardium 
of MI Rats Is Activated in Response to HBO 
Preconditioning

The Keap1/Nrf2/HO-1 signal transduction pathway is a 
well-documented pathway involved in cellular antioxidative 
functions [21], and a previous study demonstrated that Mst1 

Fig. 5  Effect of HBO precon-
ditioning and Mst1 silencing 
on oxidative disordering in 
myocardium tissue of MI rats. 
Myocardium oxidative impair-
ment was determined through A 
MDA, B 8-OHdG, and C GSH 
activity assays 24 days after 
LAD ligation surgery. *p < 0.05, 
**p < 0.01

Fig. 6  Effect of HBO preconditioning and Mst1 silencing on inflammation in myocardial tissue of MI rats. Inflammation in myocardium was 
evaluated via MPO, IL-1β, and TNF-α 24 days after LAD ligation surgery. *p < 0.05, **p < 0.01, ***p < 0.001
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was able to activate this pathway by reducing Keap1 protein 
levels. Therefore, we hypothesized that HBO precondition-
ing could regulate oxidative stress via the potential regula-
tory role of Mst1 in the Keap1/Nrf2/HO-1 axis. WB results 
showed that Keap1 was induced, and that phosphorylated 
Nrf2, Nrf2, and HO-1 levels were decreased in the myocar-
dium of MI rats, suggesting the deactivation of this pathway 
by MI modeling. In the HBO-treated group, we observed 
that Keap1 expression dramatically decreased, whereas 
Nrf2 and HO-1 expressions were elevated in myocardial 
tissue lysates. However, infection with LV-siMst1 restored 
Keap1 and reduced Nrf2 and HO-1 in HBO-exposed MI 
rats (Fig. 7), suggesting that the Keap1/Nrf2/HO-1 axis was 
activated by HBO preconditioning in an Mst1-dependent 
manner.

Discussion

In this study, using a rat model of acute MI, it was found that 
the expression of Mst1 decreased, whereas HBO precondi-
tioning caused the upregulation of Mst1 in the myocardium 
tissue of MI rats. Also, our in vivo studies demonstrated that 
HBO reduced infarct size and alleviated histopathological 

changes and cardiac function loss in MI rats. Silencing Mst1 
expression in cardiac myocytes abolished the cardioprotec-
tive function of HBO preconditioning in MI rats. Further-
more, HBO preconditioning activated the Keap1/Nrf2/HO-1 
axis in the myocardial tissue of MI rats in an MST-depend-
ent manner. These results demonstrate that HBO alleviated 
MI-induced myocardial damage by upregulating the Mst1-
modulated Keap1/Nrf2/HO-1 axis.

Previous studies have explored the effects of HBO pre-
conditioning on MI development; however, their conclusions 
are unreliable. Radice et al. treated rats with 2.5 ATA HBO 
for 1 h, 3 h, or 6 h and subsequently removed the hearts 
and exposed them to low-flow ischemia and reperfusion 
[22]. Their findings showed that ischemia was aggravated 
in HBO-treated rats. Left ventricular end-diastolic pressure 
(LVEDP) was dramatically and proportionally elevated with 
HBO exposure time [22]. Maffei et al. exposed separate 
hearts to HBO and discovered that HBO markedly exac-
erbated postischemic impairment, as shown by elevated 
LVEDP and coronary perfusion pressure [23]. However, 
Han et al. indicated that HBO preconditioning could miti-
gate myocardial ischemia in a rat model [23]. The HBO-
exposed group exhibited a smaller infarct size and markedly 
elevated LVSP, −dP/dt max, and +dP/dt max; VEGF protein 
levels and capillary density were also elevated [24]. Cab-
igas et al. reported that HBO preconditioning could reduce 
infarct size in separate hearts after IR, in which NOS plays 
a critical role [25]. A clinical study showed that HBO pre-
conditioning before coronary artery bypass graft surgery 
resulted in an elevation in left ventricular stroke work 1 day 
after surgery and myocardial endothelial NOS and HSP72 
levels, suggesting that HBO-PC was capable of providing 
endogenous cardioprotection after ischemia–reperfusion 
injury [26]. Yin et al. demonstrated that HBO precondition-
ing ameliorates myocardial IR injury by upregulating HO-1 
expression [27]. The cause of the controversial results of 
HBO preconditioning is obscure and requires further clari-
fication. In the present study, we used LAD ligation surgery 
to establish a MI rat model. Before MI modeling, four daily 
HBO pretreatments were administered. After MI modeling, 
the cardiac injury caused by MI was evidenced via infarct 
size determination, pathological changes, and cardiac func-
tion assessment. Our data clearly demonstrated that cardiac 
injury significantly improved after HBO preconditioning, 
which is consistent with several previous studies [23–27]. 
Our data also showed that HBO preconditioning resulted in 
HO-1 upregulation via Mst1 modulation, which is consistent 
with the findings of Yin et al. [27].

In addition to iron overload, the accumulation of oxi-
dative stress is a major biochemical characteristic [28]. 
Morphological characteristics of robust oxidative dis-
orders include mitochondrial shrinkage, mitochondrial 
cristae decrease or disappearance, elevated mitochondrial 

Fig. 7  Effect of HBO preconditioning and Mst1 silencing on Keap1/
Nrf2/HO-1 pathway activation in the myocardial tissue of MI rats. 
WB was utilized to determine the protein levels of Keap1, Nrf2, 
phosphorylated Nrf2, and HO-1 24 days after LAD ligation surgery
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membrane density and rupture, normal nuclear morphology, 
and lack of chromatin condensation [29]. This study showed 
that MDA and 8-OHdG levels were dramatically elevated, 
and that GSH in myocardial tissue with MI modeling was 
remarkably reduced. HBO treatment counteracted these 
alterations. These findings indicate that HBO precondition-
ing can alleviate oxidative disorders in the myocardial tissue 
of MI rats; however, the detailed effect of HBO on oxidative 
disordering-induced morphological features requires further 
clarification.

Our microarray results indicated the downregulation of 
Mst1 in the myocardial tissue of MI rats, which was con-
firmed through real-time PCR and WB. Mst1 is an oxidative 
stress regulator and is closely associated with mitochondrial 
function. As expected, increased Mst1 levels were detected 
in the myocardial tissue of MI rats in response to HBO pre-
conditioning, suggesting an association between HBO and 
Mst1. Moreover, Mst1 silencing abolished the cardioprotec-
tive role of HBO in MI rats by alleviating oxidative stress 
and inflammation. These data are consistent with those of a 
previous study demonstrating that the knockdown of Mst1 in 
an MI cell model intensified cell injury via oxidative stress 
and inflammation. Therefore, it is reasonable to speculate 
that HBO functions in an Mst1-dependent manner. Exces-
sive production of oxidants and cytokines exacerbates oxida-
tive stress in mitochondria, leading to cell death [30, 31] and 
eventually causing myocardial injury.

Considering that Mst1 protein downregulation destroys 
the biological activities of antioxidant enzymes, an in-depth 
assay was conducted to clarify the mechanism underlying 
HBO-Mst1-mediating cell oxidative stress through Keap1/
Nrf2/HO-1 pathway regulation. Nrf2 is capable of shield-
ing cells from oxidative impairment by functioning as a 
critical transcription factor and oxidative stress sensor [12]. 
Deactivation of Keap1 can cause Nrf2 accumulation in the 
cell nucleus, accompanied by transcriptional activation of a 
series of genes that encode antioxidant and anti-inflamma-
tory proteins, thereby reducing oxidative stress impairment. 
The protection part of Nrf2 and its target genes has been 
reported to ameliorate inflammatory responses and oxidative 
stress in myocardial IR injury [32]. Our data confirmed that 
HBO preconditioning resulted in the activation of this path-
way, as indicated by upregulated phosphorylated Nrf2, Nrf2, 
and HO-1 levels. As expected, Mst1 silencing counteracted 
the beneficial effect of HBO preconditioning on the antioxi-
dative activity of Nrf2, suggesting that HBO preconditioning 
activates Nrf2 via Mst1 modulation.

Taken together, our results provide a novel mechanism 
for explaining the cardioprotective function of HBO pre-
conditioning during MI development, which involves the 
activation of Mst1-dependent Keap1/Nrf2/HO-1 in the myo-
cardium of MI animals. This study also confirmed that Mst1 
assumes a critical role in cardioprotection, suggesting that 

Mst1 is a potential target for MI treatment in clinical therapy 
and drug development.
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