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Abstract

Accumulating evidence indicates that oxymatrine (OMT) possesses variously pharmacological properties, especially on the
cardiovascular system. We previously demonstrated that activated calpain/apoptosis-inducing factor (AIF)-mediated
pathway was the key molecular mechanism in aldosterone (ALD) induces cardiomyocytes apoptosis. In the present study,
we extended the experimentation by investigating the effect of OMT on cardiomyocytes exposed to ALD, as compared to
spironolactone (Spiro), a classical ALD receptor antagonist. Cardiomyocytes were pre-incubated with OMT, Spiro or vehicle
for 1 h, and then, cardiomyocytes were exposed to ALD 24 h. The cell injury was evaluated by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay and lactate dehydrogenase (LDH) leakage ratio. Apoptosis was determined by
terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay, annexin V/PI staining, and relative
caspase-3 activity assay. Furthermore, expression of pro-apoptotic proteins including truncated Bid (tBid), calpain and AIF
were evaluated by western blot analysis. ALD stimulation increased cardiomyocytes apoptosis, caspase-3 activity and
protein expression of calpain, tBid and AlF in the cytosol (p<<0.05). Pre-incubated with cardiomyocytes injury and increased
caspase-3 activity were significantly attenuated (p<<0.05). Furthermore, OMT suppressed ALD-induced high expression of
calpain and AIF. And these effects of OMT could be comparable to Spiro. These findings indicated that OMT might be a
potential cardioprotective-agent against excessive ALD-induced cardiotoxicity, at least in part, mediated through inhibition

of calpain/AIF signaling.
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Introduction

Nearly 40% of deaths are related to cardiovascular disease in
developed countries [1]. Heart failure, characterized by impaired
systolic and/or diastolic function with high morbidity and
mortality, is the common ending of diverse etiologies. It is well
accepted that one of most important reasons resulting in heart
failure is cardiomyocytes loss including necrosis and apoptosis.
The apoptotic process involves many factors, such as the
sympathetic nervous system, renin-angiotensin system, reactive
oxygen species, etc. Increasing evidence indicates that excessive
aldosterone (ALD) may play a critical role in the process of heart
failure, and heart is one of direct targets of ALD, which can
provoke hypertrophy and apoptosis of cardiomyocytes [2]. ALD
could induce cardiomyocytes apoptosis via [Ca']; overload-
mediated mitochondria-dependent and independent pathway
[3,4,5,6]. Accumulating experimental data indicates that calci-
um/ calpain-dependent mechanism was involved in the ALD-
induced renal cell apoptosis [7,8] and myocardial apoptosis [9,10].
Moreover, the activation of calpain and apotosis-inducing factor
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(AIF) signaling involvement in ALD-mediated cardiomyoctes
apoptosis has been demonstrated by inhibition of Ca** chelator
and calpain inhibitor [10]. It is well accepted that spironolactone
(Spiro) protects against heart failure by inhibiting myocardial
apoptosis and fibrosis i vivo and i vitro [9,11,12]. Nowadays, Spiro
is the first choice in clinic practice for the patients who suffer from
heart failure accompany with high plasma concentration of ALD
[13,14,15].

Oxymatrine (OMT) (C,5H94N50) is the main active principle
of Kushen (Sophorae flavescentis Radix), traditional Chinese
herbal medicine made from the dried root of Sophora flavescens Ait.
It has been demonstrated that OMT has wide-ranging of
pharmacological effects, such as anti-inflammation, immune
regulation, anti-virus, protection against acute lung injury and
anti-hepatic fibrosis, etc. [16]. Abundant evidences show that
OMT could prevent myocardium from apoptosis and fibrosis
caused by lots of stimuli [17,18,19,20,21]. Hence, the aim of
present study was to investigate the protective effect of OMT on
ALD-induced apoptosis in cardiomyocytes. To the best of our
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knowledge, this is the first demonstration about the protective
effect of OMT against ALD-mediated cardiomyocytes injury.

Materials and Methods

Chemicals and Animals

All chemicals and reagents were purchased from Sigma—Aldrich
(St. Louis, MO, USA), unless stated otherwise. Between 1 and 3
days old Sprague-Dawley (SD) rats were provided by the
experimental animal center of Guiyang Medical University. All
animal procedures and experiments were performed following the
approval of the Bioethics Committee of Guiyang Medical
University.

Cell Culture and Treatments

Primary cultured new born rats’ cardiomyocytes were prepared
from SD rats between 1 and 3 days old according to previous
methods [10]. The purity of cultured cardiomycoyte was >97% as
evaluated by immunocytochemical staining using cardiac muscle
sarcomeric o-actinin antibody (Boster Biotechnology, China).
Cardiomyocyte treated with 0.2% dimethylsulfoxide (DMSO)
(Amresco, USA) was served as a vehicle, and for other groups,
treatment of either 25 ug/mL OMT (Green Valley Pharmaceu-
tical Co. Ltd., Shanghai, China, with a purity of 98%), or 10 uM
Spiro (National Institute for the control of pharmaceutical and
biological products, China, purity >98%). After 1 h incubation,
all medium was discarded and cells were treated with 10 pM ALD
(Fluka, Switzerland, with a purity of 98%) for 24 h. All drugs were
freshly dissolved in DMSO, and there was not significant effect on
cardiomyocytes (data not shown).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT) Assay

At the designated experimental time point, the supernatant of
each well was removed, and 20 pL of 5 mg/mL MTT (Amresco,
USA) solution was added into and incubated at 37°C for 4 h.
Formazan salt crystals were then dissolved with 150 pL dimethyl-

sulfoxide for each well. The mixtures are determined at 570 nm
using a microplate reader (ELX800, GE, USA).

Lactate Dehydrogenase (LDH) Leakage Ratio

LDH activity was measured using the relative LDH activity
assay kit (KeyGEN, Nanjing, China). LDH leakage rate was
expressed as the percentage of the total LDH activity (the
extracellular LDH activity plus the intracellular LDH activity),
according to the following equation: % LDH release rate = (LDH
activity in medium/total LDH activity) x100.

Terminal Deoxynucleotidyl Transferase-mediated dUTP
Nick-end Labeling (TUNEL) Assay

TUNEL (KeyGEN, Nanjing, China) assays were performed in
accordance with the manufacturer’s protocol. Apoptotic cells were
stained brown and normal cells were stained purple-blue. The
percentage of TUNEL-positive cells was determined by counting
at least 200 cells in 5 randomly selected fields.

Annexin-V/PI Staining

The annexin-V-fluorescein isothiocyanate (FITC) apoptosis
detection kit (KeyGEN, Nanjing, China) was used according to
the manufacturer’s instruction. Observation through a fluores-
cence microscope (BX.51, OLYPUS, Japan), normal cells could
only give off a weak green fluorescence. In the early stages of
apoptosis, the cell membranes were stained with annexin V and
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gave ofl' a vibrant green fluorescence, while the nucleolus was not
stained with PI. The cells in the media and at late stages of
apoptosis were highly stained by both annexin V and PI, therefore
the cell membranes gave off green fluorescence and the nucleolus
gave off a red fluorescence. The apoptotic cell counts were
expressed as a percentage of the total number of cells giving off
fluorescence.

Caspase-3 Activity

The caspase-3 colorimetric assay kit (KeyGEN, Nanjing, China)
was used to determine caspase-3 activity following the instruction
of the manufacturer’s protocol. Cardiomycytes lysates were
incubated with 1 M DTT and the labeled caspase-3 substrate
DEVD-p-nitroanilide (DEVD-pNA) for 4 h at 37°C. Cleavage of a
substrate was quantified by measuring the absorbance at 405 nm
using a microplate reader (ELX800, GE, USA).

Western Blot Analysis

The primary cultured cells were washed once in PBS and lysed
on ice in lysis buffer (Beyotime, Jiangsu, China) after treatments
were completed. The protein concentration was determined using
a BCA protein assay kit (Beyotime, Jiangsu, China). Equal
amounts of proteins were subjected to 8-12% SDS-polyacryl-
amide gel. After being electrophoresed, the proteins were
transferred onto a PVDF membrane by using a Bio-Rad western
blot analysis apparatus. The membrane was incubated with
blocking buffer for 1.5 h at room temperature and then incubated
overnight at 4°C with the primary polyclonal antibodies against
calpain, tBid and AIF (1:500, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), followed by incubation with corresponding
secondary antibodies. Specific protein bands were visualized with
an ECL advanced western blot analysis detection kit (Beyotime,
Jiangsu, China).

Statistical Analysis

Data were expressed as mean * standard error of the mean
(S.E.M.) of at least 3 independent experiments. Between-group
comparisons were performed by using t-test, statistical significance
was set at P<<0.05, P<<0.01 was considered extraordinarily
significant.

Results

OMT Protected Cardiomycoytes from ALD-induced Cell
Injury

Previous study showed that ALD caused cardiomyocytes injury
was in the time- and dose-dependent manners and at the dose of
10 uM for 24 h caused 33.33% cells death in M'T'T assay [10]. At
present study, the MTT assay showed that cardiomyocyte viability
was Increased from 67.61% to 77.09% by being pre-treated with
25 ug/mL OMT 1 h, the cell damage was also attenuated by
Spiro pre-treatment (Figure 1(A)). LDH leakage ratio is served as a
biomaker of cellular membrane injury. There was a significant
increase in LDH leakage ratio (P<<0.01 compared with the vehicle
group) in cells exposed to 10 UM ALD alone for 24 h. However,
the high level of LDH leakage ratio was significantly reduced in
cells pre-treated with OMT, as well as with Spiro (Figure 1(B)),
and there was no difference between two pre-treated groups (P>
0.05).
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Figure 1. Inhibited effects of OMT on ALD-induced cardiomy-
ocytes viability and LDH release. After an equal number of
cardiomyocytes were pre-treated with either Spiro (10 uM), or OMT
(25 pug/mL) for 1 h and then were stimulated with ALD (10 uM) for 24 h.
At the end of the incubation period, (A) the cells were evaluated for
viability with MTT; (B) cell death was measured by an LDH release ratio
assay. The results (mean * SEM) are from 6 series of experiments, each
carried out in triplicate. ##P<0.01 compared with vehicle. *P<0.05
compared with ALD. **P<0.01 compared with ALD.
doi:10.1371/journal.pone.0088856.g001

OMT Protected Against Cardiomyocytes from ALD-
induced Cell Apoptosis

The apoptotic cells were observed and calculated after annexin-
V/PI staining. The pro-apoptotic impact of ALD on cardiomy-
ocytes is obvious (P<0.01 compared to the vehicle group). The
percentage of apoptotic cells reached to 16.43% in the ALD alone
treatment group, but it was remarkably reduced to 11.43% in the
group pre-treated with OMT and to 10.00% in the Spiro pre-
treatment group (Figure 2(A)).

The activated caspase-3 is a key executioner in apoptotic
pathological process. The level of caspase-3 activity in the cells
exposed to ALD alone was significantly higher than that in the
vehicle group (P<<0.01). However, when pre-incubation with
OMT, the activation of caspase-3 was reduced from (0.73%0.06)
to (0.58%0.10) (P<<0.05 compared with the ALD group). The
caspase-3 activity was decreased to (0.50%0.06) in the Spiro pre-
treatment group (P<<0.05 compared with the ALD group)

(Figure 2(B)).
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Figure 2. Impacts of OMT on ALD-induced cardiomyocytes
apoptosis by annexin V/Pl staining and caspase-3 activity
analysis. Cardiomyocytes were pre-treated with either Spiro (10 uM),
or OMT (25 pug/mL) for 1 h and then were stimulated with ALD (10 uM)
for 24 h. At the end of the incubation period, the myocytes were then
prepared for annexin V/PI staining. (A) The data expressed as %
apoptotic cardiac myocytes. (B) The cells were evaluated for caspase-3
activity. The results (mean = SEM) are from 6 series of experiments,
each carried out in triplicate. ##P<0.01 compared with vehicle. *P<
0.05 compared with ALD. **P<<0.01 compared with ALD.
doi:10.1371/journal.pone.0088856.9g002

The further confirmation of anti-apoptotic effect of OMT was
exhibited via TUNEL assay. The representative morphological
views of the vehicle and ALD-treated groups were shown in
Figure 3(A). The TUNEL positive cells account for 12.09% in the
OMT group and 9.82% in the Spiro group, compared to 15.03%
in the ALD group (P<<0.05) (Figure 3(B)).

Relative Signal Molecular Expression of OMT Protected
Against ALD-induced Cardiomyocyte Apoptosis

Calpain, cysteine protease, which is activated by sustained
elevation of intracellular Ca**, was confirmed to be involved in
ALD-induced cardiomyocytes apoptosis. At present, the expres-
sion of calpain decreased to (158.33%£39.99)% in the OMT group,
and also decreased to (156.17£31.25)% in the Spiro group,

February 2014 | Volume 9 | Issue 2 | e88856



;
- .
ks -
;
N \“ f
k, A}

i
;

” ." o
SO P R

Vehicle (24 h) ALD (10 uM, 24 h)

— ALD (10pM) —
##

N
g

-
()]
1

TUNEL Positive cells (%) @
2

e
5 -
R

« ~\C©
R

Figure 3. Protective effects of OMT on ALD-induced cardiomy-
ocytes DNA fragmentation. Cardiomyocytes were pre-treated with
either Spiro (10 uM), or OMT (25 pg/mL) for 1 h and then were
stimulated with ALD (10 uM) for 24 h. At the end of the incubation
period, cell apoptosis was detected by TUNEL-positive staining. (A) Dark
brown staining indicted apoptotic nuclei. Arrows indicate the typical
features of apoptotic myocytes. (B) More than 200 nuclei from randomly
selected fields (10 fields per dish) were counted to calculate the
apoptosis index. Data are expressed as the mean *= SEM values from
three independent experiments. ##P<0.01 compared with vehicle. *P<
0.05 compared with ALD. **P<<0.01 compared with ALD.
doi:10.1371/journal.pone.0088856.9003

compared with that in ALD group (235.67%£38.03)% (P<<0.05)
(Figure 4).

Bid, a pro-apoptotic BH3-only member of the Bcl-2 family, is a
classic substrate for calpain. The active truncated form, tBid, can
promote release of cytochrome C. The present data showed that
OMT could inhibit the transformation of Bid induced by ALD,
and the level of tBid was (223.54%36.26)% in the OMT group,
(210.59%31.91)% in the Spiro group, which were significantly less
than that in the ALD group (306.15+31.49)% (P<<0.03) (Figure 4).

AIF is thought to promote cell death by binding to DNA and
inducing large scale fragmentation, and by increasing mitochon-
drial permeability. After administration with either OMT or
Spiro, the AIF expression in cytosol decreased to
(252.73+45.21)% and 216.25%40.84)%, respectively, compared
with the ALD group (374.38%+60.52)% (P<<0.05) (Figure 4).

Discussion

Evidences from present study indicated that ALD-mediated
primary cultured cardiomyocytes damage could be significantly
ameliorated by OMT. Meanwhile, the results showed that Spiro
could attenuate significantly cardiomyocytes apoptosis due to ALD
stimulation. Our previous studies suggested that two different
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Figure 4. Regulation of OMT on ALD-induced calpain, tBid and
AIF levels in cardiomyocytes, respectively. Cardiomyocytes were
pre-treated with either Spiro (10 uM), or OMT (25 pug/mL) for 1 h and
then were stimulated with ALD (10 uM) for 24 h. At the end of the
incubation period, each protein level was analyzed by western blotting.
Levels of protein are shown as a percentage of change in the mean
value derived from 4 independent experiments. ##P<0.01 compared
with vehicle. *P<<0.05 compared with ALD.
doi:10.1371/journal.pone.0088856.g004

substrates of calcium, calpain- and AlIF-mediated pro-apoptotic
pathways were involved in the ALD-induced apoptosis [10]. In the
present study, the over-expression of pro-apoptotic proteins,
including calpain, tBid (calpain target), and AIF, were significantly
inhibited because of OMT intervention, and the actions were
similar to Spiro.

The cardiomyocytes are terminally differentiated muscle cells
with no longer proliferation. Therefore, cardiomyocytes loss with
the absence of regenerative capacity may cause irreversible cardiac
dysfunction [22], such as heart failure. It is well known that the
genesis and development of heart failure are characterized by a
number of neurohormonal abnormalities [23,24]. These include
activation of the renin-angiotensin-ALD system (RAAS), which
could increase plasma levels of ALD. Besides, ALD can be
synthesized and excreted locally in the cardiac tissue, and the ALD
system will be activated in heart failure entirely pathological
progress. In addition to angiotensin II, elevated potassium
concentration, and corticotrophin, etc., the supposed to be
short-lived corticotrophin can gradually increase in plasma of
patients with heart failure resulting in increase of ALD secretion.
The dysregulation of circulating catecholamines, endothelins, and
arginine vaspressin in patients with heart failure are also
contributing to the high level of ALD in plasma. Moreover,
decreased metabolic clearance of ALD by the reduced hepatic
perfusion in patients with HF accounts for a several fold increase
plasma concentration of ALD in patient with HF [25]. All
together, these abnormal increased ALD could produce lots of
serious adverse effects on cardiac tissue including cardiac
hypertrophy, apoptosis, necrosis and fibrosis, etc.

The [Ca®"]; overload is regarded as a pivotal point for lots of
signaling pathways leading to pathological status. The role of
calcium in ALD signaling-mediated heart failure is a field that has
recently been highlighted. For example, the production of reactive
oxygen species (ROS) caused by [Ca®'];, overload, as a by-product
of ALLD metabolism, is considered to be one of mechanisms related
to ALD-induced cardiotoxicity [26,27,28]. In our study, we
established the i witro cardiomyocytes injury model by ALD
stimulation to induce calcium-related adverse events, which was
confirmed by our previous study and other’s observation [3,9,10].
ALD co-incubation promoted LDH leakage and decreased the
viability of cardiomyocytes, whereas pre-treatment with OMT
significantly alleviated the LDH leakage and preserved the
viability of cardiomyocytes. These results indicated that OMT
could prevent cardiomyocytes from ALD-induced cytotoxity.
Moreover, the annexin V/PI and TUNEL staining, and the
activity of caspase-3-based evidences suggested that OMT could
significantly decrease the apoptosis. Our previous study indicated
that ALD-induced cardiomycocytes apoptosis might be mediated
by two independent pathways, calpain- and AlF-mediated pro-
apoptotic pathways. It is well accepted that over-activated
calpains, calcium-dependent cysteine proteases, can result in
mitochondrial ~ dysfunction and lead to cell apoptosis
[29,30,31,32]. Bid, as calpain target, mediates reactions of
mitochondrial proteins, consequently leading to cell death both
in i vwo and n vitro models [33,34,35]. Cleavage of Bid results in
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formation of the active truncated form, tBid, which could promote
the release of cytochrome C from mitochondria to cytosol. Several
pathways have been proposed for the action of tBid, which may
contribute to cytochrome C release followed by caspase-3
activation [36,37,38,39]. AIF, a flavoprotein with NADH oxidase
activity anchored to the mitochondrial inner membrane, is known
to be relevant to complex I maintenance. During apoptosis, Al
can be released from mitochondria to the cytosol, then to the
nucleus, in where it participates in chromatin condensation and
large-scale DNA fragmentation. Recent studies on the investiga-
tion of the impacts of over-loaded [Ca*']; on cell apoptosis
indicated that the translocation of AIF plays indispensable role
involved in this process [32]. The down-regulated expression of
AIF in cytosol by OMT might be a reason, resulting in less AIF
translocation into the nucleus, subsequently, less apoptosis. In the
present study, there is a limitation that whether OMT attenuated
apoptosis via inhibiting the release of AIF from mitochondria or
decreasing the expression of AIF is unclear, which needs to be
clarified in the further research.

ALD is present and active all along with the cardiovascular
continuum. Excessive ALD signaling results in a multitude of
adverse effects on the cardiovascular system. In recent years, with
new sites of MR expression being discovered in non-epithelial
tissue such as heart, vasculature, brain, etc., the potential ALD
target genes in these tissues with unexpected biological functions
catch increasing attentions. Besides, there are accumulating
evidences from i vivo and i wvitro studies on cross-talk among
MR and other molecular signaling pathways, such as MAPK, src,
and STAT pathway [40,41,42]. So MR blockade will offer
tremendous therapy strategies for ALD receptor excessive
activation-related diseases. Although the underlying mechanism
has not been fully elucidated, at least our studies could provide
some clues for the continuing research understand the MR-
mediated signaling during cardiac abnormalities. As compared
with Spiro, OMT attenuated the cardiac apoptosis, sharing the
same way of inhibiting calpain- and AlF-signaling activated in
ALD-mediated event. To date, the experimental phenomenon
could be explained based on two hypotheses, 1) Sprio and OMT
both might intervene with the upstream of the intercellular
calcium network pathway; 2) OMT might inhibit ALD-related
adverse events via intervening with synthesis of MR, which need to
be tested in the further studies. In clinic, there are a variety of
pharmacological antagonists on offer, however, they have different
side effect profiles which may influence the selection of one drug in
preference to the other, and most of them share hyperkalemia as a
serious side effect. To find out more effective and safer
pharmaceuticals to blockade this neurohormone still claims our
intensive attention.

Conclusions

The present study for the first time demonstrates that OMT
could protect cardiomyocytes against ALD-mediated injury, and
the beneficial effect was not inferior to Spiro. The mechanism
probably related to suppressing the calcium-related calpain and
AIF signalings. OMT as a promising potent drug needs further
basic and clinical observations in the coming years.
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