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Abstract

Background/Aims: Cajaninstilbene acid (3-hydroxy-4-prenyl-5-methoxystilben-2 -carboxylic
acid, CSA), a natural stilbeneisolated fromthe leaves of Cajanus cajan, has attracted considerable
attention for its wide range of pharmacological activities. This study investigated whether CSA
protects against corticosterone (CORT)-induced injury in PC12 cells and examined the potential
mechanisms underlying this protective effect. Methods: Cell viability and cytotoxicity were
detected using a 3-(4,5-desethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
and a lactate dehydrogenase (LDH) assay kit, respectively. PC12 cell apoptosis was measured
using Hoechst 33342 staining and a DNA fragmentation assay kit, and intracellular Ca?*
concentrations were assessed by fluorescent labelling. Next, the mitochondrial permeability
transition pores (mPTPs) and mitochondrial membrane potentials (AWm) were detected using
a colorimetric mPTP detection kit and a 5,5,6,6'-tetrachloro-1,1',3,3'- tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1) kit, respectively. Finally, cytochrome ¢, caspase-3 and inhibitor of
caspase-activated deoxyribonuclease (ICAD) expression levels were monitored by western blot
analysis. Results: Treatment with 100 pumol/I CORT induced cytotoxicity in PC12 cells. However,
CSA dose-dependently increased cell viability and decreased LDH release as well as CORT-
induced apoptosis. Mechanistically, compared with the CORT-treated group, CSA strongly
attenuated intracellular Ca?* overload and restored mitochondrial functions, including mPTPs
and AWm. Furthermore, the down-regulation of cytochrome ¢ and ICAD protein expression
and the blockage of caspase-3 activity were observed upon CSA treatment. Conclusions: In
summary, our data are the first to show that the in vitro antidepressant-like effect of CSA may
be attributed to the cytoprotection of neurons and that such neuroprotective mechanisms are
correlated with intracellular Ca?* homeostasis and mitochondrial apoptotic pathways.
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Introduction

Glucocorticoids are steroid hormones produced by the adrenal cortex and are critical
for the regulation of development, metabolism and immune function [1]. However, high
levels of corticosterone (CORT), a principal glucocorticoid, can cause pathological damage to
hippocampal neurons both in vitro and in vivo [2, 3] and can induce depression-like behaviour
in animals, which can be reversed by treatment with antidepressants [4, 5]. Thus, drugs that
can inhibit CORT-induced neuronal damage may provide protection against depression.

Pigeon pea [Cajanus cajan (L.) Millsp.] is an important grain legume crop in semitropical
and tropical areas of the world. Extracts of pigeon pea are commonly used to treat diabetes,
febrifuge, dysentery, hepatitis and measles worldwide [6-8]. The active constituents of pigeon
pea include certain types of flavonoids and stilbenes [9, 10]. Some pharmacological studies
have revealed that 3-hydroxy-4-prenyl-5-methoxystilben-2-carboxylic acid (CSA) (Fig. 1),
one of the major stilbenes found in pigeon pea, has hypoglycaemic activities [11] as well as
anti-inflammatory and analgesic effects [12]. Furthermore, a recent study by our research
group demonstrated that the CSA-containing fraction of Cajanus cajan can significantly
ameliorate the cognitive deficits and prevent the neuronal apoptosis caused by A3 25-35
injection in mice [13]. Accordingly, we suggest that CSA may be a potential cytoprotective
agent for neurological diseases that are associated with CORT-induced neurotoxicity.

The differentiated rat pheochromocytoma (PC12) cell line possesses typical neuronal
features and expresses high levels of glucocorticoid receptors. Treatment of PC12 cells with
high concentrations of glucocorticoid induces neuronal damage that mimics that observed
in depressive disorders. Indeed, this treatment has been used to generate an in vitro
experimental model of depression [14-17], and this neuronal cell line has been used in a
variety of studies [18-20].

The present study aimed to examine the protective effects of CSA and further investigate
its underlying mechanisms in CORT-damaged PC12 cells. The results revealed that CSA
partially inhibited apoptosis in CORT-induced PC12 cells. Importantly, intracellular Ca?*
homeostasis and inhibition of the mitochondrial apoptotic pathway play major roles in this
process.

Materials and Methods

Materials

The PC12 cell line was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai),
and 3-(4,5-desethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulphoxide (DMSO),
desipramine (DIM) and CORT were obtained from Sigma-Aldrich Inc. (St. Louis, MO, USA). Fura-2/AM
was purchased from the Beyotime Institute of Biotechnology (Jiangsu, China). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum, heat-inactivated horse serum, penicillin and streptomycin were
purchased from Gibco (Grand Island, NY, USA). CSA was extracted from the leaves of Cajanus cajan in our
laboratory, and the resulting purity exceeded 98 %. Deionised water was used in all experiments. All other
chemicals and reagents were of analytical grade.

Cell culture and treatment

PC12 cells were maintained in DMEM that was supplemented with penicillin (100 U/ml), streptomycin
(100 pg/ml), 5 % fetal bovine serum and 5 % horse serum at 37°C in a humidified atmosphere 0f 95 % air and
5% CO,,. Cells in the exponential phase of growth were used in all experiments. To study the neuroprotective
effect of CSA, PC12 cells were divided into the following groups, as previously described [21]: untreated;
CORT (100 pmol/1) plus DIM (1.0, 2.0, 4.0, 8.0 and 16.0 pmol/1); and CORT (100 pmol/1) plus CSA (1.0, 2.0,
4.0, 8.0 and 16.0 pmol/1). In all experiments, CORT was added 48 h prior to treatment with CSA or DIM.

Determination of cell viability via MTT assay
Briefly, PC12 cells were seeded into 96-well culture plates at a density of 1x10* cells/well. At the
end of the treatment, the cells were gently washed with phosphate-buffered saline (PBS). After washing,
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MTT (final concentration of 0.5 mg/ml) solution Fig. 1. Chemical structure of cajaninstilbene acid.
was added to each well. The plate was maintained
at 37°C for 4 h. The dark blue formazan crystals
formed within intact cells were solubilised with
DMSO. The absorbance was measured at 570 nm
using a microplate reader (BIO-TEK USA). Cell
viability is expressed as a percentage of the non-

treated control.

Cajaninstilbene acid

Assessment with Hoechst 33342

To further investigate the protective effect of CSA, Hoechst 33342, which can be used to distinguish
between apoptotic and normal cells based on nuclear chromatin condensation and fragmentation, was
used for qualitative and quantitative analyses of apoptotic cells. Briefly, PC12 cells were cultured in 6-well
plates for 36 h. At the end of the treatment, the cells were incubated with 10 ug/mL Hoechst 33342 for 15
min, washed twice with PBS and then visualised with fluorescence microscopy (Leica, Heidelberg, Germany).
At least 200 cells were examined to identify apoptotic nuclei in five randomly selected fields in each
treatment. The numbers of apoptotic nuclei are expressed as percentages of the total number of counted
nuclei.

Lactate dehydrogenase (LDH) activity assay

LDH activity was measured using an LDH diagnostic kit (A020, Nanjing Jiancheng Bioengineering
Institute, China) according to the manufacturer’s protocol. Briefly, PC12 cells were seeded into 24-well
culture plates at a density of 1x105 cells/well. At the end of the treatment, the supernatants were collected
for LDH measurement at 340 nm in cell-free media. The cell pellet and cells remaining in the multiwell
plate were lysed in 0.5 ml of lysis buffer (0.5 % Triton X-100 in 0.1 M potassium phosphate buffer, pH 7.0).
The amount of intracellular LDH released into the extracellular medium is expressed as a percentage (%)
of total LDH activity (LDH in the medium + LDH in the cell) according to the following equation: % LDH
released = (LDH activity in the medium/total LDH activity) x100.

Quantification of DNA fragmentation

DNA fragmentation was quantified using the Cell Death Detection ELISA™ kit (Roche Applied Sciences,
Basel, Switzerland) according to the manufacturer’s protocol. At the end of treatment, the cells were washed
with D-Hanks solution and incubated with 200 ul of lysis buffer for 30 min at room temperature. The
plates were centrifuged at 200 g for 10 min at 4°C. An aliquot (20 pl) of the supernatant from each well
was transferred to a streptavidin-coated microplate and incubated with a mixture of anti-histone-biotin
and anti-DNA-peroxidase. The apoptotic nucleosomes were captured via their histone components using
the anti-histone-biotin antibody embedded in the streptavidin-coated microplates. Simultaneously, anti-
DNA-peroxidase was bound to the DNA part of the nucleosomes. After removing the unbound antibodies,
the amount of peroxidase retained in the immunocomplexes was quantitated by adding 2, 2'-azinobis
(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) as the substrate, and the absorbance of the reaction
mixtures was measured at 405 nm using a microplate reader. The absorbance is directly proportional to
the number of apoptotic nucleosomes. The degree of DNA fragmentation is expressed as a percentage of the
non-treated control.

Measurement of intracellular calcium levels

The concentration of intracellular calcium ([Ca*"]) was determined using the fluorescent Ca** chelator
Fura-2/AM. Fura-2 binds to intracellular Ca?* to form a fluorescent compound, and the fluorescence intensity
of this compound was determined at an excitation wavelength of 340 nm and an emission wavelength of 510
nm using a microplate reader (Infinite 1000 M, Tecan, AUSTRIA). The cells were rinsed with Krebs-Ringer
buffer (137 M NaCl, 5 mM KCl, 1 mM MgCl,, 1.5 mM CaCl,, 10 mM HEPES and 25 mM D-glucose, pH adjusted
to 7.4) and incubated with 5 uM Fura-2/AM at 37°C for 60 min. Subsequently, the cells were washed twice
with Krebs-Ringer buffer for fluorescence measurement. The results are expressed as percentages of the
non-treated control.
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Determination of mitochondrial membrane potential (A¥m)

Changes in AWm in CORT-treated PC12 cells were determined using 5,5',6,6’-tetrachloro-1,1’3,3’-
tetraethylbenzimidazolyl-carbocyanine iodide (JC-1). After the indicated treatment, the cells were incubated
at 37°C with a working solution of JC-1 (Molecular Probes, Eugene, OR, USA) for 15 min and then washed
twice with PBS. Subsequently, the cells were resuspended in PBS at a concentration of approximately 1x10°¢
cells/ml, labelled with JC-1 and analysed by FACSCalibur flow cytometry (BD Biosciences).

Measurement of mitochondrial permeability transition pore (mPTP) opening

mPTP opening in CORT-treated PC12 cells was determined using the mPTP Colorimetric Detection Kit
(Genmed Scientifics, Inc.), which is based on the quenching of calcein fluorescence by cobalt. All procedures
completely complied with the manufacturer’s instructions. The cells were washed twice with Reagent A,
and Reagents B and C (1:50; 500 pl per well) were added for 20 min at 37°C for staining. The cells were then
washed twice with pre-warmed Reagent A, and the fluorescence intensity was measured using a microplate
reader with excitation and emission wavelengths of 488 and 505 nm, respectively.

Western blot analyses

At the end of the treatment, the cells were harvested, washed once with PBS and subsequently lysed
with cell lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 0.1 % SDS, 1 % Triton X-100, 10 mM
EGTA and a protease inhibitor cocktail. The cytosolic fraction was isolated as previously described [22]. The
total lysates and cytosolic fractions were collected for protein quantification via Bradford protein assays [23]
and were boiled for 10 min after the addition of loading buffer. Solubilised proteins (30 pg) were separated
by 8 or 15 % SDS-PAGE at 100 V for 1.5 h at 25°C and then electrophoretically transferred to nitrocellulose
membranes for 60 or 90 min at 200 mA and 4°C. The membranes were blocked with 5 % (w/v) milk in 138
mM NaCl, 25 mM Tris, pH 7.5 and 0.1 % (w/v) Tween-20 at 25°C for 1 h and then probed overnight at 4°C
with anti-inhibitor of caspase-activated deoxyribonuclease (ICAD) (1:1000, GTX103668, GeneTex), anti-
cytochrome c (2 pg/ml, 3025-100, BioVision), anti-caspase-3 (1:500, 9662, Cell Signaling Technology) and
anti-B-actin (1:1000, CW0096A, CWBio) antibodies to normalise the total lysate. The antibody reaction was
visualised with ECL chemiluminescence (GE Healthcare, Little Chalfont, UK). Densitometric analyses were
performed with Image]2 software for Windows.

Cellular caspase-3 activity determination

Caspase-3 activity was measured using an Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega,
Madison, USA) according to the manufacturer’s protocol. Briefly, PC12 cells were seeded into 96-well black
plates at a density of 1x10* cells/well. At the end of the treatment, 100 ul of Apo-ONE® Caspase-3/7 Reagent
was added to each well of 96-well black plates containing 100 pl of cells in culture medium. The contents of
the wells were gently mixed with a plate shaker at 300 x g for 5 h at room temperature. The fluorescence of
each well was determined using a microplate reader at an excitation wavelength of 499 nm and an emission
wavelength of 521 nm. The results are expressed as percentages of the non-treated controls.

Statistical analyses

Data are expressed as the mean * the standard deviation (SD). One-way analyses of variance (ANOVAs)
followed by Dunnett’s test were used to test differences between the groups. Differences were considered to
be statistically significant at P < 0.05. All experiments were performed a minimum of three times.

Results

CSA ameliorated CORT-induced cytotoxicity in PC12 cells

The possible protective effect of CSA against CORT-induced cell death was assessed
in PC12 cells. The cells were treated with increasing concentrations of CSA or DIM (0-16
umol/1) after the addition of CORT (100 pmol/1) for 48 h. DIM, a known antidepressant, was
used as a positive control. CORT treatment caused significant cytotoxicity in PC12 cells (53.9
% of the control), as assessed by the MTT test, whereas treatment with DIM or CSA increased
cell viability (Fig. 2A). The results revealed that CSA exhibited stronger cytoprotective effects
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Fig. 2. Neuroprotective effects of CSA A
against CORT-induced injury in PC12 cells.
(A) Cell viabilities assayed via MTT. (B) Cell
viabilities according to LDH leakage assays. ? 150y O csa
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against CORT-induced apoptosis than DIM at the same concentrations and also indicated
that CSA (2.0-16.0 umol/1) possesses dose-dependent neuroprotective effects.

The protective effect of CSA was also demonstrated by detecting LDH leakage caused by
CORT, which was significantly increased compared with that observed in the control group
(P < 0.001). In contrast, when cells were treated with CSA (4.0, 8.0 and 16.0 pmol/l) in the
presence of CORT, the percentages of LDH leakage dropped to 43.4 %, 37.9 % and 31.1 %,
respectively (Fig. 2B). These results indicated that CSA has a protective effect against CORT-
induced neurotoxicity in PC12 cells by reducing LDH release.

CSA inhibited the apoptosis and DNA fragmentation induced by CORT in PC12 cells

To further investigate the protective effects of CSA, Hoechst 33342 staining was
performed to examine morphological changes in PC12 cells. The fluorescence images
revealed oval-shaped nuclei with homogeneous fluorescence intensity in the normal cells,
whereas heterogeneous intensities and chromatin condensation were observed in the nuclei
of the CORT-injured PC12 cells (Fig. 3A). The nuclei of the apoptotic cells (i.e., the Hoechst-
positive cells) are indicated by arrowheads in the images and were counted for statistical
analyses. The results revealed that CSA alleviated the morphological changes induced by
CORT in PC12 cells. Apoptotic cells accounted for 0.02 % of the cells in the control group and
34.5 % of the CORT-treated cells. The number of apoptotic cells significantly decreased after
treatment with 2.0, 4.0, 8.0 and 16.0 umol/L CSA, and the percentages decreased to 17.0 %,
13.5 %, 8.8 % and 7.1 %, respectively (Fig. 3B).

Similarly, CORT elevated the level of DNA fragmentation (272.1%) in PC12 cells
considerably compared with the control group (P < 0.001) (Fig. 3C). In the cells treated
with various concentrations of CSA (4.0, 8.0 and 16.0 umol/l) in the presence of CORT, DNA
fragmentation was significantly decreased (P < 0.01, P < 0.01 and P < 0.05, respectively)
compared with that observed in the CORT group, with 222.2 %, 192.9 % and 128.2 % of the
cells in the CORT+ CSA group showing fragmented DNA, respectively.

Effect of CSA on the intracellular Ca?* concentration in CORT-damaged PC12 cells
Intracellular Ca?* concentrations were measured using the Fura-2/AM fluorescence
labelling assay. The ratio of fluorescence intensities related to intracellular Ca?* was used
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to represent the Ca®" concentration in PC12 cells. As shown in Fig. 4, CORT significantly
increased the concentration of intracellular Ca?* (208.8 % of the control), and various doses
of CSA (4.0, 8.0 and 16.0 umol/l) decreased this concentration (to 172.7 %, 159.3 % and
139.0 % of the control, respectively). The results indicated that CORT could increase the
intracellular Ca?* concentration, whereas CSA could significantly attenuate the intracellular
Ca* overload induced by CORT in PC12 cells.

CSA inhibited the loss of A¥'m and the opening of mPTPs in CORT-treated PC12 cells

The effect of CSA on AWYm damaged by CORT was assayed by JC-1 staining. The results
showed that the exposure of PC12 cells to CORT caused a significant increase in the green/
red fluorescence ratio relative to that of the control group (P < 0.01), indicating that CORT
induced the depolarisation of AWm (Fig. 5A). In contrast, the green/red fluorescence
intensity ratios of cells cultured with CSA (4.0, 8.0 and 16.0 umol/1) were markedly attenuated
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Fig. 5. Effects of CSA on mitochondrial membrane potentials in CORT-treated PC12 cells based on flow cyto-
metry analyses. (A) The cells were pretreated with CSA; then, the cells were stained with 2 mmol/L JC-1 for
30 min and analysed with flow cytometry. (B) JC-1 positive rate. The results are presented as fluorescence
intensities (C). ## P < 0.01 compared to the control group; *P < 0.05 and **P < 0.01 compared to the CORT
group. The values are the means * the SEMs, n=5. CSA: cajaninstilbene acid, CORT: corticosterone.

compared with the ratios of cells treated with the same CORT concentrations. Statistical
analyses of fluorescence intensity revealed that the green/red fluorescence ratios of the
CORT-treated group increased to 21.17 %, while they decreased to 7.67 %, 2.41 % and 0.46
% in the presence of different concentrations of CSA (4, 8 and 16 pmol/], respectively) (Fig.
5B). These results demonstrated that the anti-apoptotic effect of CSA was most likely due
to the restoration of mitochondrial function. Therefore, we further explored mitochondrial
mPTP opening using the calcein-cobalt quenching method and found that CORT decreased
the mitochondrial fluorescence intensity compared to the controls (P < 0.001). In contrast,
CSA significantly increased fluorescence intensity compared with the CORT group (Fig. 5C),
suggesting that CSA markedly induced the closure of mPTPs.

CSA modulated apoptosis-related protein expression and caspase-3 activity in CORT-

treated PC12 cells

As shown in Figs. 64, 6B and 6C, cytosolic cytochrome c and cleaved ICAD expression
levels were significantly increased in PC12 cells after treatment with 100 pmol/lI CORT, and
CSA reversed this effect. The release of cytochrome c can activate members of the caspase
family that regulate many of the events that lead to the cellular and biochemical changes
associated with apoptosis [24]. We examined caspase-3 activity and expression levels. Similar
to cytochrome c, caspase-3 activity was significantly increased when cells were treated with
100 umol/1 CORT, whereas CSA reversed these changes in caspase-3 activity (Fig. 6D). These
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Fig. 6. Effect of CSA on the expressions of cytochrome ¢, caspase 3 and ICAD in CORT-treated PC12 cells.
(A) CSA was prepared at the indicated times after exposure to CORT, and cytoplasmic cytochrome c, cleaved
ICAD, B-actin were detected by immunoblotting. (B) The cleaved ICAD data are presented as fold-changes
compared to the -actin in the control group. (C) Cytoplasmic cytochrome c data are presented as fold-
changes compared to the B-actin. (D) Caspase-3 activity was detected using a commercial kit as described
in Section 2. (E) Effect of CSA on the expression of Caspase-3 and cleaved Caspase-3 in PC12 cells. (F) The
cleaved Caspase-3 data are presented as percentage compared to the Caspase-3 in each group. The data are
presented as percentages relative to the control group. The data are presented as the means + the SDs (n=3).
##P<0.001 compared to the control group; **P<0.01 compared to the CORT group. B-actin was used as the
loading control in all experiments included in the vehicle, CORT and CSA treatments. CSA: cajaninstilbene
acid, CORT: corticosterone, ICAD: Inhibitor of Caspase Activated Dnase.

results are consistent with the western blot assay, which showed that various concentrations
of CSA significantly inhibited the expression of cleaved caspase-3 (Fig. 6E, 6F). These results
indicate that CSA reduces mitochondrial apoptosis via the caspase-3 pathway by degrading
ICAD, which inhibits the activation of caspase-activated deoxyribonuclease (CAD), resulting
in DNA fragmentation.

Discussion

This study examined the neuroprotective effects of CSA on the cytotoxicity induced
by CORT in PC12 cells, yielding novel findings regarding the pharmacological properties
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of CSA. CSA exerted neuroprotective effects Fig. 7. Proposed model for CSA-mediated apoptosis
partially through (1) the antagonism of induced by CORT inPC12 cells.

[Ca®*], overloading and (2) the inhibition of
mitochondrial-dependent apoptosis in PC12
cells. Although the cellular and molecular
mechanisms underlying the action of CSA
have not been fully elucidated to date, our
results suggest that several mechanisms,
either working separately or together, may
play roles in the neuroprotective effects of
CSA.

The precise cellular mechanisms un-
derlying corticosteroid-induced neuronal
damage have not been fully described. Sub-
stantial evidence indicates that CORT is also (f
involved the deregulation of Ca** homeosta- ‘J’:‘i"‘_f“i“‘f”_"ff‘i.»i/
sis [25, 26]. CORT-induced apoptosis in PC12
cells involves the production of reactive oxygen species (ROS) and the up-regulation of nerve
growth factor (NGF) expression [27]. Recently, it has been reported that CORT induces apop-
tosis in cultured hippocampal neurons through the blockade of p38 MAPK activation and the
induction of mitochondrial dysfunction, including increasing AWYm and inhibiting caspase-3
activation [28]. Furthermore, CORT was shown to be involved in the fragmentation of DNA,
the induction of Bax/Bcl-2, Ca?* deregulation, the abnormal opening of mPTPs and the dis-
ruption of AWm in PC12 cells [29]. Here, we describe a protective effect by which naturally
occurring CSA ameliorates CORT-induced neurotoxicity in PC12 cells.

It is widely accepted that neuronal degeneration after CORT administration is
associated with the accumulation of Ca?* in neurons. This increase in intracellular Ca** can
induce mitochondrial dysfunction via the activation of mPTPs, which results in a cascade
of reactions that lead to cell death [30-32]. Moreover, the observed A¥m is thought to
be mediated by the opening of mPTPs [31-33], and reductions in AWm that accompany
early apoptosis have been reported under different conditions [31, 32, 34]. We found that
intracellular Ca** concentrations were significantly higher in cells treated with CORT, which
also caused pathological and abnormal opening of mPTPs and disruptions of A¥Ym in PC12
cells (Figs. 4 and 5). These results are in agreement with previous findings that mostly focused
on Ca?* and mitochondrial function [25, 29, 35, 36]. Perhaps the most significant finding in
the present study was that both an increase in cytosolic Ca?* concentration and disruption
of mitochondrial function following exposure to CORT were blocked by subsequent CSA
treatment, suggesting that CSA may exert a neuroprotective effect through the blockade of
[Ca®*], overload and mitochondrial dysfunction (Fig. 7).

Increasing evidence suggests that CORT-induced apoptosis plays a key role in the
induction of hippocampal neuronal damage in vivo and in vitro [37-39]. Permeability
changes in mitochondria lead to the release of pro-apoptotic molecules, such as cytochrome
¢, from the mitochondria into the cytosol, which results in the induction of caspase-
dependent cytotoxicity and downstream apoptotic signalling [40, 41]. In the present study,
using Hoechst 33342 staining, we observed morphological changes in PC12 cells following
CORT treatment; these cells displayed apparent morphological features typical of apoptosis,
including considerable cell loss, neurite injury and cell body shrinkage (Fig. 3A). Moreover,
CORT administration led to an increase in cytoplasmic cytochrome c and an increase in
caspase-3 activity, consistent with previous reports [42]. In the final phase of apoptosis,
caspases induce DNA fragmentation via CAD activation [43, 44]. In growing cells, CAD
remains inactive and forms an inactive cytoplasmic heterodimer with ICAD [45]; however,
during apoptosis, caspase-3 cleaves ICAD and releases it from CAD. CAD then forms an active
homodimeric endonuclease in the nucleus that causes DNA fragmentation [46]. Our data
suggest that CSA inhibits the CORT-induced expression of cytoplasmic cytochrome c. In
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addition, the CSA-induced decreases in ICAD and caspase-3 activities are in agreement with
the above notions. The present in vitro results demonstrated that the neuroprotective action
of CSA against CORT can be at least partially attributed to a reduction in apoptosis, as CSA
decreased CORT-induced caspase-3 activation (Fig. 6).

Previous studies have shown that CSA has stronger antioxidant properties than
resveratrol [47], which can be attributed to its structural characteristics, such as the
conjugation between rings A and B via a planar C2 unsaturated structure [48], the presence
of a 5-hydroxyl group in the A ring [49] and methoxy groups at the 3-position [50]. As
many studies have evaluated the relationship between antioxidants and the mitochondrial
apoptosis pathway [51-53], we hypothesised that CSA-mediated neuroprotection may result
from its strong antioxidant effects, which inhibit mitochondrial apoptosis. In summary, our
data support a mechanism for the CSA-mediated suppression of CORT-induced apoptosis,
which is illustrated in Fig. 7. The present study provides novel evidence showing that CSA
protects PC12 cells in vitro, likely through both the antagonism of [Ca*'], overload and
the inhibition of cellular pathways in association with cytochrome c, caspase-3 and ICAD.
Further studies may provide important evidence to support the notion that the inhibition
of mitochondrial pathways directly contributes to the anti-apoptotic effects of CSA through
the downstream apoptosis signalling cascade or as a result of reactions upstream of the
apoptosis cascade.

This study indicates that CSA-mediated cytoprotection may be one of the mechanisms
of its antidepressant-like effects. Based on clinical and animal observations as well as our
results, further studies with CSA are warranted and may lead to the development of novel
antidepressants.
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