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Abstract: This study was aimed to determine the regulatory landscape of ectopic Ras-related C3 botulinum toxin
substrate 1 (Racl) in cardiomyocytes with hypoxia-reoxygenation (H/R) injury. We constructed a cell model with H/R
injury in H9¢c2 cardiomyocytes to simulate myocardial Ischemia reperfusion injury (MIRI). When Racl was overex-
pressed or silenced, 3-(4,5-dimethylthiazol -2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay and flow
cytometry were used to detect cell viability, reactive oxygen species (ROS) content and apoptosis in transformed
cells. Key proteins Notch 1, Notch 2 and Jagged 1 (JAG1) of the Notch signaling pathway and apoptosis mediators
B-cell ymphoma-2 (Bcl-2) and Caspase-3 were observed. Reoxygenation treatment provoked decline in the H9c2
cell viability in a time-dependent manner and about 54.67% viability was identified for 12 h. Thereby, 12 h reoxygen-
ation duration was determined in further studies. Silencing Rac1 could remarkably raise cell viability (P < 0.05), sup-
press apoptosis (P < 0.05), scavenge ROS (P < 0.01) and inhibit expressions of key proteins of Notch signaling path-
way, while overexpressing Rac1 had opposite effects on H/R-treated H9c2 cardiomyocytes (P < 0.05). Furthermore,
silencing Racl suppressed H9c2 cell apoptosis by increasing Bcl-2 and decreasing cleaved Caspase-3. Collectively,
our findings suggest that Rac1 acts as a key mediator of cardiomyocytes survival and responding oxidant stress af-
ter H/R injury. This study provides novel insight into the MIRI suppressive capacity of silencing Rac1 by inactivation
of Notch signaling pathway, which holds great clinical potential in the cardioprotection against MIRI.
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Ras-related C3 botulinum toxin substrate 1
(Racl) is a key member of Ras superfamily of
small guanosine triphosphatases (GTPases),
which regulates cell cycle, apoptosis, protease
activation and membrane trafficking [8]. Evi-
dence points to a pivotal role for Racl acting
as a molecular switch to conduct cell growth
and cytoskeletal rearrangements. Raz et al.
found that Racl GTPase mediated IRI-induced
ROS generation and oxidative stress in the rat
following cerebral ischemia [9]. However, little
is known concerning the role of Racl in patho-

Introduction

Ischemic-reperfusion injury (IRI) is severe struc-
tural damages with cell metabolic disorders
when blood returns to organs following a period
of ischemia [1, 2]. Reintroduction of blood flow
contributes to the increase of reactive oxygen
species (ROS), which brings about tissue func-
tional damage and initiates a cellular cascade
resulting in inflammations and cell apoptosis
[3, 4]. Myocardial IRl (MIRI) has been reported
to inflict irreversible necrosis of cardiomyocytes
and poor prognosis in acute myocardial infarc-

tion (AMI) patients [5]. Currently, MIRI has been
the major barrier of ischemia myocardium
achieving the optimal efficacy from cardiopro-
tective therapy [6]. In the present study, we
established a model with hypoxia-reoxygen-
ation (H/R)-treated H9c2 cardiomyocytes to
simulate MIRI [7].

logical process of MIRI.

In this study, we aimed to determine the regu-
lating landscape of ectopic Racl in cardiomyo-
cytes with H/R injury, which is expected to con-
tribute to the therapy of MIRI. We constructed a
cell model with H/R injury in H9¢c2 cardiomyo-
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cytes to simulate MIRI. Subsequently, we stud-
ied whether overexpression and knockdown of
Rac1 play a role in the cell viability, ROS content
and apoptosis of H/R-induced H9c2 cells, as
well as its underlying mechanism. This study
was expected to offer a novel Racl-based ther-
apy for protection against MIRI.

Materials and methods
Cell culture and H/R treatment

The rat embryonic heart-derived H9c2 cardio-
myocytes were obtained from the American
Type Culture Collection (ATCC; Manassas, USA).
The cell line was maintained in high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM,
Lonza, USA) supplemented with 10% fetal
bovine serum (FBS; Hyclone Laboratories,
Logan, USA), 100 pg/mL streptomycin, 100 1U/
mL penicillin (both from Gibco-Invitrogen Corp.,
UK) and 2 mM L-glutamine (Sigma-Aldrich,
Saint Louis, USA). All cells were cultured at
37°C in a humidified atmosphere containing
5% CO, for 2-3 d. Then for the H/R treatment,
the medium was replaced with none glucose
DMEM to simulate myocardial ischemia. The
hypoxic condition was founded by incubating
H9c2 cells in an anaerobic chamber equilibrat-
ed with 5% H,, 5% CO, and 90% N, at 37°C for
6 h. Subsequently, the medium was replaced
with high glucose DMEM and H9c2 cells were
reoxygenated under normoxic conditions in a
humidified atmosphere (5% CO,) at 37°C for
the indicated time (2, 4, 8, 12 and 24 h). In
addition, the control H9c2 cardiomyocytes
were incubated in high glucose DMEM under
normoxic conditions for equivalent durations.
For following analyses, H9c2 cells grew to 70%-
80% confluence as judged under a phase con-
trast microscopy (Olympus, Tokyo, Japan) for 1
d before experimentations.

Racl overexpression and silence plasmids
transfection

H9c2 cells were incubated at 1x10° cells per
well of six-well plates overnight. The plasmid
pcDNA3.1-Racl or small interfering RNA
(siRNA)-Racl (GenePharma Co, Shanghai,
China) was constructed and transfected to
H/R-treated H9c2 cells on the next day, resp-
ectively. The empty vector pcDNA3.1 and
siRNA were considered to be negative control
(NC). Cell transfections were carried out using
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Lipofectamine 3000 reagent (Invitrogen, CA,
USA) based on manufacturer’ s introductions.

Cell viability assay

The cell viability was determined with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay [10]. After
transformation for 2 d, the control and H/R-
treated H9c2 cells were cultured in DMEM (with
10% FBS) containing 0.5 mg/mL MTT (Sigma,
USA) for 4 h. Then 100 pL dimethylsulfoxide
(DMSO; Lonza, USA) was added to dissolve
the blue formazan (Sigma, USA) product. The
cell viability was measured by absorbance at
a wavelength of 550 nm. After the reoxygen-
ation duration was determined, cell viability of
H/R-treated negative control and transfected
H9c2 cells were identified at 1 d after reoxygen-
ation with the same method.

Apoptosis assay

Apoptotic H9c2 cells were identified and quan-
tified by flow cytometry with Annexin V-FITC/
propidium iodide (Pl) apoptosis detection kit
(Beijing Biosea Biotechnology, Beijing, China).
After transfecting pc-Racl/pcDNA3.1 or
siRac1/siRNA for 48 h, H/R-treated H9c2 cells
(1x10° cells/well) were seeded in 6-well culture
plates respectively and washed twice with cold
phosphate buffer saline (PBS). Then they were
co-incubated with serum-free culture medium
containing 10 uM dichlorofluorescein diacetate
(DCFH-DA; Jiancheng, Nanjing, China) for 20
min at room temperature in the dark. Sub-
sequently, samples were collected by a trypsin
digestion approach and centrifuged. Then they
were resuspended in 100 pl annexin-binding
buffer and apoptotic H9c2 cells measured with
flow cytometer according to the manufacturer’s
protocol.

ROS content

ROS was measured by flow cytometry using
DCFH-DA. Briefly, after treated by H/R, the
negative control and transfected H9c2 cells
(for 2 d) were conducted in the same way as
apoptosis assay. Then they were centrifuged
and resuspended to 500 ul PBS again. The fluo-
rescent intensities were measured using a flow
cytometer (Becton Dickinson, Mountain View,
USA) with 488 nm excitation and 521 nm
emission.
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Figure 1. The H9c2 cell viability after different dura-
tions of H/R treatment. H/R, Hypoxia-Reoxygenation.
*P < 0.05; **P < 0.01; ***P < 0.001.

Quantitative reverse-transcription polymerase
chain reaction (QRT-PCR)

Total RNA of transfected H9c2 and control cells
was isolated respectively using Trizol reagent
(Invitrogen, CA, USA) and treated with DNasel
(Promega, Madison, USA). A total of 2 yg RNA
was used to synthesize poly-oligo (dT) primed
complementary DNA (cDNA) with the RevertAid
H Minus First strand Cdna Synthesis Kit
(Thermo Fischer Scientific Inc., MA, USA). QRT-
PCR reactions for Racl, Notch 1, Notch 2,
Jagged 1 (JAG1), B-cell lymphoma-2 (Bcl-2),
Caspase-3 were performed using RiboMAX
Large Scale RNA Production System T7 (Pro-
mega, Karlsruhe, Germany). The primer sequ-
ences were: Racl forward primer: 5ATGC-
AGGCCATCAAGTATGTGGTG’3, reverse primer:
5 TTACAACAGCAGG CATTTTCTCTTCC’3 [8]; No-
tch 1 forward primer: 5’GATGACCTGGGGCA
AGTCCG’3, reverse primer: 5TGCGCTCCTGT-
GCGATGT’3; Notch 2 forward primer: 5 TGACT-
GT TCCCTCACTATGG'3, reverse primer: 5'CA-
CGTCTTGC TATTCCTCTG’3; JAG1 forward prim-
er: 5’ACGACCCCCTGTGAAGTGAT'3, reverse pri-
mer: 5 TCCCGACTGACTCTTGCACT'3 [11]; Bcl-2
forward primer: 5’ATCGCCCTGTGGATGACTGA-
G’3, reverse primer: 5’CAGCCAGGAGAAATC
AAACAGAGG’3 [12]; Caspase-3 forward prim-
er: 5’ATGGACAACAACGAAA CCTC’3, reverse
primer: 5 TTAGTGATAAAAGTACAGTTCTT'3 [13];
GAPDH forward primer: 5’GCACCGTCAAGGCT-
GAGAAC’3, reverse primer: 5TGGTG AAGAC-
GCCAGTGGA'3.

Western blot analysis

The protein used for western blotting was
extracted from H9c2 cells using RIPA lysis buf-
fer (Beyotime Biotechnology, Shanghai, China)
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with protease inhibitors (Applygen Technolo-
gies Inc., Beijing, China). The total amount of
proteins was quantified by Bicinchoninic Acid
(BCA) Protein Assay Kit (Pierce, Appleton, USA).
A Bio-Rad Bis-Tris Gel system was employed
to establish the western blot system, in which
GAPDH (Abcam, Cambridge, United Kingdom)
was regarded as an internal control. Primary
antibodies Racl (ab33186), Notch 1 (ab52-
301), Notch 2 (ab201616), JAG 1 (ab89663),
Bcl-2 (ab59348), Pro-Caspase-3 (ab90437)
and Cleaved-Caspase-3 (ab32042) were ob-
tained from Abcam (Cambridge, United King-
dom). After incubation with the membrane at
4°C overnight, secondary antibodies were
marked by horseradish peroxidase for 1 h at
37°C. Then the polyvinylidenefluoride (PVDF)
membrane carrying blots and antibodies was
transferred into the Bio-Rad ChemiDoc™ XRS
system. Images were developed and photo-
graphed using Image Lab statistical software
(Bio-Rad, Richmond, USA).

Statistical analysis

The results were presented as mean + stan-
dard deviation (SD). Values were performed by
one-way analysis of variance (ANOVA) with
SPSS 19.0 software (SPSS, IL, USA). A P value
of < 0.05 was considered significant.

Results
Determination of H/R treatment duration

The anoxic HI9c¢2 cells were reoxygenated under
normoxic conditions for 2, 4, 8, 12 and 24 h,
respectively. We sought to determine the H/R
treatment duration via measuring H9c2 cell
viability after different durations of reoxygen-
ation. The H9c2 cell viability varied with differ-
ent H/R treatment durations as compared to
cells without H/R treatment (Figure 1). The cell
viability was strikingly reduced by H/R treat-
ment after 2, 4 h (P < 0.05), 8, 12 h (P < 0.01)
and 24 h (P < 0.001), respectively. Reoxygena-
tion treatment provoked decline in the H9c2
cell viability in a time-dependent manner and
about 54.67% viability was identified for 12 h.
Thereby, 12 h reoxygenation duration was de-
termined among H/R-treated H9c2 cardiomyo-
cytes in further studies [14].

Transfection efficiency of Racl overexpression
and knockdown in H9c2 cells

The pc-Racl/pcDNA3.1 or siRac1/siRNA were
transformed to H/R-treated H9c2 cells respec-
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Figure 2. The expressions of ectopic Racl in H/R-treated H9c2 cardiomyo-
cytes. A. The expressions of Racl overexpression in H/R-treated H9c2 car-
diomyocytes; B. The expressions of Racl knockdown in H/R-treated H9c2
cardiomyocytes. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; si,
small interfering; NC, negative control; Racl, Ras-related C3 botulinum toxin

substrate 1. **P < 0.01.

tively in order to examine the effects of ectopic
Racl on H9c2 cardiomyocytes. Figure 2A and
2B reflected that relative expression of overex-
pressing Racl was significantly higher than the
NC (P < 0.01) and silencing Racl1 was statisti-
cally lower than the NC (P < 0.01). Accordingly,
it was concluded that overexpression and sil-
ence of Racl were effective and these trans-
ferred H9c2 cells could be used in the further
study.

The effects of Racl overexpression and knock-
down on cell viability, ROS content and apopto-
sis in H9¢c2 cells subjected to H/R

To functionally characterize the impact of aber-
rant Racl on H/R-treated H9c2 cells, the
effects of Racl overexpression and knockdown
on cell viability, ROS content and apoptosis
were measured in transformed cells. Overex-
pressing Racl observably diminished cell via-
bility and silencing Racl accelerated it com-
pared to the NC (P < 0.05, Figure 3A). Addi-
tionally, ROS content in H9c2 cardiomyocytes
were increased by overexpressing Racl (P <
0.05) and decreased by silencing Racl (P <
0.01) as shown in Figure 3B. The flow cytome-
try assay revealed that Racl overexpression
raised percentage of apoptosis cells from
26.2% (NC) to 34.9% (P < 0.05) and Rac1 sup-
pression dropped it from 27.0% (NC) to 12.7%
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ment in mature tissue, which
attracts a host of interests
in human diseases [15, 16].
We investigated the effects
of Racl overexpression and
knockdown on the expres-
sions of Notch family in H/R-
treated H9c2 cells. The ex-
pressions of Notch 1, Notch 2 and JAG1 mRNA
and proteins were higher by Racl overexpres-
sion and lower by Racl suppression as com-
pared with control cells (P < 0.05 or P < 0.01;
Figure 4A and 4B). It indicated that silencing
Racl inhibited the Notch signaling pathway in
H/R-treated H9c2 cells. Moreover, emerging
evidence has revealed that the best recognized
biochemical hallmark of apoptosis is the anti-
apoptotic Bcl-2 and activation of cysteine pro-
teases (caspases) [17]. We examined the anti-
apoptotic protein Bcl-2 was down-regulated by
overexpressing Racl (P < 0.01) and up-regulat-
ed by silencing Racl (P < 0.05). Further, the
activated Caspase-3 was increased by overex-
pressing Racl (P < 0.01) and decreased by
silencing Racl (P < 0.05). These findings
claimed that silencing Racl inhibited H9c2 cell
apoptosis in H/R injury condition.

Discussion

The current study makes a primary research on
the regulating role and mechanism of Racl in
MIRI. H9c2 cardiomyocytes were exposed to
hypoxia for 6 h and reoxygenation for 12 h to
establish the MIRI process model. Then we
observed the effects of overexpressing and
silencing Racl on cell growth, apoptosis and
ROS content of H/R-induced H9c2 cells.
Silencing Racl could remarkably raise cell via-

Int J Clin Exp Pathol 2016;9(12):12543-12550
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Figure 3. The effects of Rac1 overexpression and knockdown on cell viability, ROS content and apoptosis in H/R-treated H9c2 cardiomyocytes. A. The effects of Racl
overexpression and knockdown on cell viability in H9c2 cells; B. The effects of Rac1 overexpression and knockdown on ROS content in H9c2 cells; C. The effects of
Racl overexpression and knockdown on apoptosis in H9c2 cells; D. Apoptotic H9c2 cells were identified and quantified by flow cytometry. si, small interfering; NC,
negative control; Racl, Ras-related C3 botulinum toxin substrate 1. *P < 0.05; **P < 0.01.
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Figure 4. The effects of Racl overexpression and
knockdown on the Notch family and apoptosis in-
dicators. A. The effects of aberrant Racl1 on the ex-
pressions of Notch family and apoptosis indicators
mRNAs; B. The effects of aberrant Racl1 on the ex-
pressions of Notch family and apoptosis indicators
proteins; JAG1, Jagged 1; Bcl-2, B-cell lymphoma-2;
si, small interfering; NC, negative control; Racl,
Ras-related C3 botulinum toxin substrate 1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; H/R,
Hypoxia-Reoxygenation. *P < 0.05; **P < 0.01.

bility, suppress apoptosis and scavenge ROS
by inhibiting Notch signaling pathway, while
overexpressing Racl had opposite effects on
H/R-treated H9c2 cardiomyocytes. Therefore,
these findings hinted the importance of Racl in
regulating tissue damage and responding oxi-
dant stress resulting from IRl and made the
suppression of Racl an attractive candidate for
MIRI therapeutic target.

Appreciable literatures on cardioprotection are
undertaken to construct cell culture models, in
which H/R is applied to simulate IRI, leading to
developments of preclinical results to clinical
therapy [7, 18, 19]. H/R is considered to expe-
dite oxidant products and cause cell apoptosis
as well as activation of inflammatory responses
[20], providing a clue for our MIRI model. Our
data revealed that Racl suppression promoted
H9c2 cell viability and inhibited apoptosis, indi-
cating that silencing Racl protected H9c2 car-
diomyocyte growth against H/R injury.

There is extensive evidence confirming that
following reperfusion of the cardiac muscle,
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there is a rapid augment of ROS content, inflict-
ing increased lipid peroxidation, protein nitro-
sylation and DNA damage [9, 21]. ROS, com-
prising H,0,, 0> and OH-, is considered to be
the main indicator of oxidative stress [22].
Moreover, superfluous ROS restrains the ac-
tion of endogenous antioxidant enzymes and
aggravates lipid peroxidation as well as causes
cell damage [23-25]. Our data revealed that
silencing Racl could strikingly scavenge ROS in
H/R-treated H9c2 cells, which was corroborat-
ed by an anterior report that the administration
of a Rac GTPase inhibitor attenuated superox-
ide production in rats at 3 h after cerebral
stroke [9]. Thus, suppression of Racl might
possess a protective effect in scavenging ROS
by preventing the cardiac muscle from lipid per-
oxidation in H/R-induced cardiomyocytes.

The past decades have seen a multitude of
developments in the Notch signaling pathway.
Notch signaling, including four receptors (Notch
1-4) and five ligands (Deltal, Deltal 3-4 and
JAG 1-2), is an evolutionarily conserved cell fate
regulator which serves as a key driver regulat-
ing homeostasis, proliferation, survival, apop-
tosis and neurogenesis in diverse embryonic
and tissue systems [11, 26, 27]. Nakhai et al.
claimed that the inactivation of Notch 1 and
Notch 2 repressed epithelial cells growth in the
early pancreatic embryonic development stage
[28]. Besides, the suppression of Notchl mod-
erately inhibits invasion of prostate cancer (PC)
cells, which was suggestive of a therapeutic
approach against PC [29]. In IRl research,
emerging studies point out IRI could induce the
activation of Notch signaling pathway. Notch
signaling protected non-parenchymal cells from
IRI by decreasing ROS content [30] and the
inhibitor of the Notch-activating enzyme less-
ened the proliferation of reactive astrocyte
[31]. Based upon the previous facts, we investi-
gated the effects of aberrant Racl on the
expressions of Notch family to characterize
endogenous Notch signaling activation in H9¢c2
cardiomyocytes induced by H/R injury. The
results gave strength to that H/R treatment
leaded to the activation of Notch signaling
pathway and Racl effects might be by regulat-
ing downstream Notch signaling pathway.
Consequently, silencing Racl alleviated H/R
injury by inactivation of Notch pathway in H9¢c2
cells.

Dysfunction of apoptosis is involved in numer-
ous pathological processes in human, including

Int J Clin Exp Pathol 2016;9(12):12543-12550
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MIRI. In previous MIRlI model, the apoptotic
events were evidenced in cardiomyocytes in
response to hypoxia and reoxygenation injury
[14, 32]. It is well known that the execution of
cell apoptosis processes is adjusted by the
Bcl-2 and caspase families of proteins. The cur-
cumin improved apoptosis in human cervical
cancer cells by increasing cleavage of Cas-
pase-3 [33]. Our data validated that H/R-
treated H9c2 cell damage was related to apop-
tosis via the restraint of Bcl-2 and activation of
Caspase-3. Hence, silencing Racl suppressed
cell apoptosis as evidenced by the increase in
Bcl-2 and decrease in cleaved Caspase-3.
These results indicated that silencing Racl
protected H9c2 cardiomyocytes from H/R-
induced cell apoptosis.

Collectively, our findings suggest that Racl
acts as a key mediator of cardiomyocytes sur-
vival and responding oxidant stress after H/R
injury. This study provides novel insight into the
injury suppressive capacity of silencing Racl by
inactivation of Notch signaling pathway, which
holds great clinical potential in the cardiopro-
tection against MIRI.
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