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Background: Acute myocardial infarction is the leading cause of mortality among adults worldwide. The present study aimed
to investigate the role and mechanism of thrombin and SIRT1 in hypoxia/reoxygenation (H/R) injury.
Material/Methods: H9c2 cardiomyocytes were used to create an H/R model to simulate in vivo ischemia/reperfusion injury. The MTT
assay was used to measure cell viability, gRT-PCR was used to detect the level of SIRT1, thrombin, and PAR-1,
and western blot analysis was conducted for evaluation of thrombin, PAR-1, SIRT1, LC3I, LC3Il, and Beclinl.
ELISA was applied for determination of IL-1f, IL-6, TNF-c,, MMP-9, and ICAM-1. After the establishment of the
H/R model, superoxide dismutase (SOD) activity was evaluated by the xanthine oxidase method, malondial-
dehyde content was detected by thiobarbituric acid assay, and reactive oxygen species generation was mea-
sured by CM-H2DCFDA.
Results: The findings showed that thrombin enhanced inflammatory factor secretion and oxidative stress but inhibit-
ed cell viability in H/R-injured cardiomyocytes. We also observed that thrombin promoted autophagy in H/R-
injured cardiomyocytes. In addition, thrombin enhanced the upregulation of SIRT1 expression by H/R. However,
it was found that inhibition of SIRT1 could suppress the effect of thrombin on inflammatory factor secretion,
oxidative stress, and cell viability. Moreover, downregulation of SIRT1 suppressed the inhibitory effect of throm-
bin on autophagy in H/R injury.
Conclusions: Thrombin aggravates H/R injury of cardiomyocytes by activating an autophagy pathway mediated by SIRT1.
These findings might provide a potential target therapy for the treatment of ischemia/reperfusion injury in fu-
ture clinical work.
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Material and Methods

Acute myocardial infarction (M) is the leading cause of mor-
tality among adults worldwide, with more than 20% of all
deaths being related to cardiovascular disease in the past few
decades [1,2]. Though primary percutaneous coronary inter-
vention has been considered as a standard therapy for acute
MI, myocardial ischemia/reperfusion (I/R) injury accounts for
the majority of causes of heart failure [3]. I/R is a multifacto-
rial process regulated by inflammation, metabolic factors, mi-
crovascular obstruction, and other processes and factors [4].

The serine protease thrombin is an essential component of the
coagulation cascade. It is involved in endothelial cell activa-
tion, vascular biology processes, and platelet aggregation [5].
Increasing evidence has revealed that thrombin plays an im-
portant role in traumatic brain injury as well as in ischemic and
hemorrhagic stroke [6]. Thrombin and thrombin receptor PAR-
1 are increased in glial fibrillary acidic protein (GFAP)-positive
astrocytes [7]. In addition, thrombin activity is increased in hip-
pocampal slices after oxygen induction and glucose depriva-
tion [8]. Moreover, thrombin has been reported to participate
in the genesis of arrhythmias and activation of thrombin re-
ceptor-affected ventricular arrhythmias [9].

Autophagy refers to a process of cellular degradation, through
which cellular proteins and organelles are sequestered in au-
tophagosomes, delivered to lysosomes, and digested by lyso-
somal hydrolases [10]. Autophagy is an essential process in
maintaining cardiomyocyte function [11]. In addition, autopha-
gy is involved in multiple cardiovascular diseases, serving as an
adaptive response or a detrimental contributor to pathogene-
sis [12]. Generally, autophagy plays a double role in the myo-
cardial I/R process, in which moderate autophagy may benefit
cardiomyocytes and excessive autophagy may induce harm-
ful reactions like cell apoptosis of cardiomyocytes engaged in
the I/R process [13-15]. As reported previously, moderate au-
tophagy activation plays a cardioprotective role against I/R
injury [16]. However, limited research has addressed the reg-
ulatory roles of thrombin and autophagy in myocardial isch-
emia-reperfusion injury. Therefore, we thought it would be
highly interesting to investigate how thrombin affects autoph-
agy in cardiomyocytes.

In the present study, the mechanism of thrombin’s effects on
autophagy was deeply investigated in cardiomyocytes after
hypoxia/reoxygenation injury (H/R). We demonstrated that
thrombin increased H/R injury of cardiomyocytes by activat-
ing an autophagy pathway mediated by SIRT1.

Cell Culture and Hypoxia/Reoxygenation Treatment

H9c2 cardiomyocytes were obtained from the American Type
Culture Collection (Rockville, MD, USA). H9c2 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fe-
tal bovine serum (FBS) (both from Invitrogen Life Technologies,
Carlsbad, CA, USA) at 37°C in a humidified incubator contain-
ing 5% CO,. The treated H9c2 cells were firstly cultured in se-
rum-free 10% FBS DMEM with 5% CO, at 37°C for 12 h. Then,
the cells were placed in a hypoxia chamber supplemented
with an anerobic pouch and incubated in 5% C0O,/95% N, at
37°C for 21 h. Subsequently, the H9c2 cells were cultured in
10% FBS DMEM in 5% CO, at 37°C for 3 h for reoxygenation.

Cell Treatment and Transfection

For cell treatment, H/R-injured H9c2 cells were treated with
either dabigatran (1 nM) or thrombin (5 U/ml) with or with-
out dabigatran (1 nM). In addition, H/R-injured H9¢2 cells were
treated with thrombin (5 U/ml) with or without 3-MA. The dose
of thrombin was determined according to our experimental
experience and previous reference [17].

For cell transfection, H9c2 cells treated with thrombin (5 U/ml)
were transfected with si-SIRT1 or si-NC (all purchased from
GenePharma Co., Ltd., Shanghai, China) using Lipofectamine
2000 (Invitrogen, Life Technologies, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions.

MTT Assay

Cell viability of the H9c2 cells was detected using an MTT (3-
[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide)
assay administered 48 h after transfection. Briefly, H9¢2 cells
were planted in 96-well plates at a density of 5x103 cells per
well and incubated for 48 h. After the aforementioned treat-
ments, 10 pl of 5 mg/mL MTT solution was added to each
well and the plates were incubated for another 4 h at 37°C.
After removing the MTT, the supernatant was subsequently re-
placed with 180 L DMSO. The optical density (OD) value was
measured at 450 nm using a microplate reader (DNM-9602;
Perlong, Beijing, China).

RNA Extraction and Quantitative Real-Time PCR

The expression of PAR-1, SIRT1, and thrombin was mea-
sured by quantitative Real-Time PCR (qRT-PCR). TRIZOL re-
agent (Invitrogen, Grand Island, NY, USA) was applied to ex-
tract total RNA. Subsequently, the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems; Thermo Fisher Scientific,
Inc.) was used to convert RNA into cDNA, and SYBR-Green |
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Real-Time PCR kit (TaKaRa Biotechnology, Dalian, China), with
a Bio-Rad MiniOption thermocycler (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), was used for detection. Primer sequenc-
es were as follows:

F 5’-CCTATGAGACAGCCAGAA-3’ and

R 5’-GCTTCTTGACCTTCATCC-3’ for PAR-1;

F 5’-~AGGGAACCTCTGCCTCATCT-3’ and

R 5’-TGGCATACTCGCCACCTAAC-3’ for SIRT1;

F 5’-ATGGCTGCAATCCGAAAGAAG-3’ and

R 5’-ACAGTAGGGACGTAGACCTCC-3’ for Thrombin; and

F 5’-ATCCCATCACCATCTTCC AG-3’ and

R 5’-TTCTAGACGGCAGGTCAGGT-3’ for GAPDH. GAPDH was
used as an internal control for the mRNA. The relative expres-
sion levels of RNA were evaluated using the 2724% method.

Western Blot Assay

Western blotting was performed to detect the levels of throm-
bin, PAR-1, SIRT1, LC3I, LC3II, and Beclin1. Briefly, the total pro-
tein extracted from the sample was measured using a protein
assay reagent (Bio-Rad, Hercules, CA, USA). Equal amounts
of protein were separated by sodium dodecyl sulfate (10%)
polyacrylamide gel electrophoresis (10% SDS-PAGE), trans-
ferred onto polyvinylidene difluoride (PVDF) membranes, and
blocked with 5% nonfat milk at room temperature for 1 h.
The membranes were then incubated with primary antibody
overnight at 4°C: anti-thrombin (ab92621, 1 pug/ml), anti-
SIRT1 (ab189494, 1/1000), anti-LC3A/B (ab128025, 2 pg/ml),
anti-Beclin 1 (ab210498, 1/1000), and anti-GAPDH (ab8245,
1/500) were all purchased from Abcam (Cambridge, MA, USA),
while anti-PAR1 (#MBS3008648, 1/500) was purchased from
MyBioSource, Inc. (San Diego, CA, USA). After washing 3 times
with tris-buffered saline with Tween, the membranes were in-
cubated with corresponding goat anti-mouse or goat anti-rab-
bit secondary antibodies for 1 h at room temperature. Protein
bands were analyzed using the Bio-Image Analysis System (Bio-
Rad, Richmond, CA, USA). The data were normalized to B-ac-
tin, which served as an internal control.

ELISA

The protein levels of IL-1B, IL-6, TNF-0,, MMP-9, and ICAM-1 in
the serum were measured using enzyme-linked immunosor-
bent assay (ELISA) kits. The ELISA kits used were as follows: Rat
IL-1 beta ELISA Kit (ab255730), Rat IL-6 ELISA Kit (ab234570),
Rat TNF alpha ELISA Kit (ab236712), Rat ICAM 1 ELISA Kit
(ab100763) (all purchased from Abcam), and Rat MMP9 ELISA
Kit (EK1463, Boster Biological Technology Co., Ltd). Protocols
were carried out according to the manufacturer’s instructions.
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Measurement of Superoxide Dismutase, Malondialdehyde,
and Reactive Oxygen Species Generation

After H/R induction, superoxide dismutase (SOD) activity was
evaluated by the xanthine oxidase method, malondialde-
hyde (MDA) content was detected by thiobarbituric acid as-
say, and reactive oxygen species (ROS) generation was mea-
sured by CM-H2DCFDA (Life Technologies, Invitrogen, catalog
number: C6827).

Statistical Analysis

Comparison between 2 groups was performed using the t test,
while comparison among 3 or more groups was performed by
using one-way analysis of variance (ANOVA) followed by Tukey
post hoc test. All data were expressed as mean+SD and an-
alyzed using SPSS 20.0. P<0.05 was considered to indicate a
statistically significant difference.

Results

Thrombin Increased Inflammatory Factor Secretion and
Oxidative Stress in H/R-Injured Cardiomyocytes

To investigate the effect of thrombin on H/R-injured cardiomy-
ocytes, inflammatory factor level, oxidative stress, and cell via-
bility were detected. As shown in Figure 1A, MDA content and
ROS level were increased following H/R treatment; however,
the activity of SOD was suppressed. H/R treatment also signif-
icantly upregulated the level of IL-1B, IL-6, TNF-c, ICAM-1, and
MMP-9 in serum (Figure 1B) but inhibited cell viability of car-
diomyocytes (Figure 1C). After the H/R-injured cardiomyocytes
were treated with thrombin, we observed that thrombin clearly
enhanced the upregulation of MDA content, ROS level, and the
level of inflammatory factors (IL-1p, IL-6, TNF-a,, ICAM-1, and
MMP-9) that had been induced by H/R. Furthermore, thrombin
notably promoted the inhibition effect of H/R on SOD activity
and cell viability. In addition, dabigatran was able to remark-
ably alleviate the oxidative stress and increased inflammato-
ry factor secretion induced by H/R and thrombin; it was also
able to alleviate the effects on cell viability. All these findings
suggested that thrombin increased inflammatory factor se-
cretion and oxidative stress in H/R-injured cardiomyocytes.

Thrombin Increased Autophagy in H/R-Injured
Cardiomyocytes

Next, we studied the effect of thrombin on autophagy in H/R-
injured cardiomyocytes. The western blotting result revealed
that the levels of thrombin, PAR-1, SIRT1, and Beclin1, and the
conversion of LC3I to LC3II, were notably increased by H/R in-
jury (Figure 2A). Further, the effect of H/R injury on autophagy
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Figure 1. Induction of inflammatory factor secretion and oxidative stress by thrombin in H/R- injured cardiomyocytes. (A) MDA
content, ROS level, and SOD activity were detected to evaluate oxidative stress in the H/R model treated with thrombin, the
H/R model treated with dabigatran, and the H/R model treated with a combination of thrombin and dabigatran, as well as
the controls. (B) ELISA was used to determine the level of IL-1pB, IL-6, TNF-c, ICAM-1, and MMP-9. (C) MTT was conducted to
test cell viability. *** P<0.001 vs control group, n=3.

in cardiomyocytes was significantly increased by thrombin cardiomyocytes (Figure 2B). The above results indicated that
but attenuated by dabigatran. Moreover, dabigatran reversed thrombin increased autophagy in H/R-injured cardiomyocytes.
the effect of thrombin on autophagy in H/R-injured cardiomy-
ocytes. The qRT-PCR results also confirmed that the expres-
sion of thrombin, PAR-1, and SIRT1 were clearly upregulated
by thrombin and downregulated by dabigatran in H/R-injured
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Figure 2. Induction of autophagy by thrombin in H/R-injured cardiomyocytes. (A) Western blotting was applied to determine the level
of thrombin, PAR-1, SIRT1, Beclin1, and the conversion of LC3I to LC3II. (B) gRT-PCR was conducted to detect the expression
of thrombin, PAR-1, and SIRT1. *** P<0.001 vs control group, n=3.

Silencing of SIRT1 Inhibited the Effect of Thrombin on
Oxidative Stress and the Secretion of Inflammatory Factors
in H/R-Injured Cardiomyocytes

Subsequently, we investigated the molecular mechanism
whereby SIRT1 modulated the effect of thrombin on inflam-
matory factor secretion, oxidative stress, and cell viability in
H/R-injured cardiomyocytes. We found that H/R treatment
significantly increased MDA content and ROS level but inhib-
ited SOD activity (Figure 3A). ELISA results showed that H/R
also obviously upregulated serum levels of IL-1p, IL-6, TNF-q,
ICAM-1, and MMP-9 (Figure 3B), while lowering cell viability in

This work is licensed under Creative Common Attribution-
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cardiomyocytes (Figure 3C). Furthermore, thrombin was also
shown to notably aggravate the effect of H/R injury on cardio-
myocytes. Interesting, SIRT1 knockdown or autophagy inhibi-
tor 3-MA attenuated the level of inflammatory factors, includ-
ing IL-1B, IL-6, TNF-a, ICAM-1, and MMP-9, as well as effects
on oxidative stress and cell viability, in H/R-injured cells both
with and without thrombin treatment. All these findings il-
lustrated that SIRT1 silencing inhibited thrombin-induced up-
regulation of the level of inflammatory factors and oxidative
stress in H/R-injured cardiomyocytes.
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Figure 3. Silencing of SIRT1 inhibited the effect of thrombin on the secretion of inflammatory factors and oxidative stress in H/R-
injured cardiomyocytes. (A) MDA content, ROS level, and SOD activity were detected to evaluate oxidative stress in an
H/R model treated with thrombin, an H/R model transfected with si-SIRT1 and dabigatran, an H/R model treated with a
combination of thrombin and 3-MA, and controls. (B) ELISA was used to determine the level of IL-1B, IL-6, TNF-o, ICAM-1,
and MMP-9 in serum. (C) MTT was conducted to test cell viability. *** P<0.001 vs control group, n=3.

Silencing of SIRT1 Suppressed the Regulatory Effects of
Thrombin on Autophagy in H/R-Injured Astrocytes

We finally explored the molecular mechanism underlying the
effect of SIRT1 on autophagy. Western blot (Figure 4A) revealed
that the level of thrombin and PAR1 was increased by thrombin
treatment, but was not affected by either si-SIRT1 or autopha-
gy inhibitor 3-MA. Moreover, thrombin upregulated the level of

autophagy factor, including the ratio of LC3II/I and Beclin1, which
could be suppressed by 3-MA. SIRT1 expression was increased
by thrombin and decreased by si-SIRT1. At the same time,
gRT-PCR results confirmed that SIRT1 was effectively knocked
down by si-SIRT1 (Figure 4B); however, the levels of thrombin
and PAR1 were not obviously affected by si-SIRT1. These re-
sults indicated that silencing of SIRT1 suppressed the regula-
tion of thrombin on autophagy in H/R-injured cardiomyocytes.
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Figure 4. Silencing of SIRT1 suppressed the regulation by thrombin of autophagy in H/R-injured astrocytes. (A) Western blotting was
applied to determine the level of thrombin, PAR-1, SIRT1, Beclin1, and the conversion of LC3I to LC3II. (B) gRT-PCR was
conducted to detect the expression of thrombin, PAR-1, and SIRT1. *** P<0.001 vs control group, n=3.

Discussion

Ischemic heart disease is characterized by restriction of blood
supply to the myocardial regions, leading to infarction and
tissue necrosis [18]. Moreover, myocardial infarction belongs
to one of the most prevalent cardiovascular diseases world-
wide [19]. In recent decades, an increasing number of studies
have investigated the role of I/R in myocardial injury [20,21];
however, the molecular mechanisms involved in I/R still re-
main uncertain. As reported, I/R injury activates autophagy and
apoptosis, leading to cell death [22]. Hence, the present study
focused on the effects of thrombin on inflammatory factors
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and oxidative stress as well as autophagy in H/R-injured car-
diomyocytes. We demonstrated, for the first time, that throm-
bin might promote H/R injury by activating SIRT1-induced au-
tophagy in cardiomyocytes.

Inflammation and oxidative stress are closely associated
processes that participate in various types of injury [23].
Thrombin participates in inflammation, apoptosis, and oxida-
tive stress [24]. A previous study demonstrated that thrombin
activates the NLRP3 inflammasome and induces cell apopto-
sis in microglia [25]. Another study suggested that thrombin
induces the secretion of proinflammatory cytokines as well as
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enhanced inflammatory responses in the pathogenesis of ath-
erosclerosis [26]. These results supported thrombin’s ability to
activate inflammatory factors. However, as stated in another
previous study, thrombin initiated proinflammatory signaling
responses by activating PARs, which would serve to increase
secretion of proinflammatory cytokines and chemokines, and
enhance leukocyte migration [27], indicating that thrombin
might play different roles in inflammation under different con-
ditions. Our study showed that thrombin stimulated the secre-
tion of inflammatory factors in cardiomyocytes with H/R injury,
which is consistent with some of the previous findings men-
tioned above. However, only limited reports have illustrated
the effect of thrombin on oxidative stress and autophagy. In
addition, thrombin induces ROS generation, which results in
oxidative damage and the death of hippocampal neurons [28].
Hu et al also demonstrated that thrombin can induce autophagy
in glial cells of the rat central nervous system [29]. In addition,
autophagy induced by thrombin plays a promising role in mit-
igating intracerebral hemorrhage [17]. These previous reports
are accordant with our findings that thrombin enhanced oxi-
dative stress and autophagy after H/R injury. Also, we showed
for the first time that under H/R conditions, thrombin also pro-
moted inflammation and oxidative stress.

SIRT1 is an NAD+-dependent protein deacetylase that is in-
volved in various metabolic and pathological processes that
protect against apoptosis, inflammation, and oxidative stress
by regulating gene expression [30]. Increasing evidence in-
dicates that SIRT1 is closely associated with inflammation
and oxidative stress in the I/R process. Through targeting of
SIRT1, downregulated miR-29a alleviates myocardial I/R injury
through suppression of oxidative stress and NLRP3-mediated
pyroptosis [31]. As reported by Zhang et al, myocardial oxi-
dative damage and apoptosis in myocardial I/R injury of rats
was attenuated by honokiol via the SIRT1-Nrf2 signaling path-
way [32]. However, no study has focused on the relationship
between SIRT1 and thrombin. In the present study, we demon-
strated that inhibition of SIRT1 suppressed the promotion by
thrombin of inflammation and oxidative stress in H/R-injured
cardiomyocytes.
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Moreover, SIRT1 has proved to be an important regulator of au-
tophagy in various I/R injuries, including ischemic stroke [33],
I/R liver injury [34], and myocardial I/R injury [35]. Since au-
tophagy plays both protective and harmful roles in I/R injury,
it is not surprising that SIRT1 has also been reported to im-
prove or facilitate I/R or H/R injury. Qiu et al found that miR-
204 can improve H/R injury in cardiomyocytes through inhi-
bition of SIRT1-induced autophagy, and SIRT1 is upregulated
after H/R injury [36]. However, it was also reported that under
some conditions, the activation of SIRT1 might improve I/R or
H/R injury [37-39]. Under these conditions, the expression of
SIRT1 might be downregulated after H/R injury [40]. All these
results suggest that the role of SIRT1 in I/R and H/R injury still
needs more research for further characterization and confir-
mation. Our findings found that after H/R injury, upon throm-
bin treatment, the expression of SIRT1 was elevated. Silencing
SIRT1, in turn, led to inhibited autophagy that was enhanced
by thrombin in H/R-injured cardiomyocytes.

Conclusions

In summary, this study performed in vitro experiments designed
to investigate the role of thrombin and SIRT1 in H/R injury.
We demonstrated, for the first time, that thrombin affected
H/R injury by activating an autophagy pathway mediated by
SIRT1 in cardiomyocytes. This might provide a new direction
for the development of treatments for I/R injury in the clinic.
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