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Abstract

Previous studies have shown that evodiamine could trigger apoptosis in human malignant melanoma A375-S2 cells within
24 h. To further investigate the biochemical basis of this activity, the roles of reactive oxygen species (ROS) and
mitochondrial permeability transition (MPT) were evaluated. Exposure to evodiamine led to a rapid increase in intracellular
ROS followed by an onset of mitochondrial depolarization. ROS scavenger rescued the AWm dissipation and cell death
induced by evodiamine, whilst MPT inhibitor blocked the second-time ROS formation as well as cell death. Expressions of
key proteins in Fas- and mitochondria-mediated pathways were furthermore examined. Both pathways were activated and
regulated by ROS and MPT and were converged to a final common pathway involving the activation of caspase-3. These
data suggested that a phenomenon termed ROS-induced ROS release (RIRR) was involved in evodiamine-treated A375-S2
cells and greatly contributed to the apoptotic process through both extrinsic and intrinsic pathways.

Keywords: Reactive oxygen species (ROS), mitochondrial permeability transition (MPT), evodiamine, apoptosis, ROS-
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Introduction targets mitochondria [3,4]. Both pathways subse-
quently activate proteolytic enzymes called caspases
including caspase-8 or caspase-9 and then unite in
the effector casapse-3 that mediates the rapid dis-
mantling of cellular organelles and architecture [5].
The involvement of ROS in induction of apoptosis
of various cancer cells has been widely reported [6—8].
Often, the ability of a therapeutic agent to induce
apoptosis of cancer cells depends upon the ability of
cancer cells to generate ROS [9]. ROS including
hydroxyl radicals, superoxide anions, singlet oxygen

Apoptosis is the programmed process utilized by
metazoans to eliminate redundant or potentially
deleterious cells. Morphologic characteristics of
apoptosis include cell membrane blebbing, cell
shrinkage, chromatin condensation and nucleosomal
fragmentation [1,2]. Apoptosis induction is arguably
the most potent defense against cancer, making it a
desirable end point for cancer therapy. At least two
principal pathways for apoptosis have been described:

one requires the activation of cell surface receptors -
such as Fas (APO-1/CD95), whilst the other directly and hydrogen peroxide, are generated as by-products
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of cellular metabolism, primarily in the mitochondria.
Cellular antioxidant systems including antioxidant
molecules such as glutathione (GSH) and antioxidant
enzymes such as superoxide dismutase (SOD) act in
concert to detoxify these species. When the balance is
disrupted, a condition referred to as oxidative stress
occurs. If oxidative stress persists, oxidative damage to
critical biomolecules accumulates and eventually
results in several biological effects ranging from
alterations in signal transduction and gene expression
to mitogenesis, transformation, mutagenesis and cell
death [10-12].

The mitochondrial permeability transition (MPT)
pore, as described nearly 28 years ago by Haworth
and Hunter [13], is an assembly of pre-existing
proteins of the inner and outer mitochondrial mem-
branes into a large conductance channel permeable to
solutes of < 1500 Da. Although debate still sur-
rounds the composition of the MPT pore, it is widely
considered that the MPT pore is composed of the
voltage dependent anion channel (VDAC), located in
the outer mitochondrial membrane, the adenine
nucleotide translocase (ANT), located in the inner
mitochondrial membrane (IMM), and cyclophilin D
in the mitochondrial matrix [14]. MPT can result in a
loss in mitochondrial membrane potential (AWm),
mitochondrial swelling and rupture of the outer
membrane [15].

Evodiamine (Figure 1), a bioactive component
isolated from the dried, unripe fruit of Ewvodia
rutaecarpa (Goshuyu in Japanese), was found to
present catecholamine secretory, vasorelaxant, bron-
chial contractive, thermoregulatory, anti-nociceptive
and anti-tumour effects [16—21]. Our previous study
showed that evodiamine could induce A375-S2 cell
apoptosis within 24 h of incubation [22]. This study
was conducted to determine whether ROS and MPT
were involved in the regulation of apoptotic pathways
in evodiamine-treated A375-S2 cells. ROS scavengers
N-acetyl-cysteine (NAC) and SOD as well as MPT
inhibitor cyclosporine A (CsA) were used to inhibit
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Figure 1. Chemical structure of evodiamine.

the potential roles of ROS and MPT. AYm and ROS
levels in the treated cells were detected by specific
fluorescence probes. Key proteins in regulation of
mitochondria- and Fas-mediated pathway were
further analysed after evodiamine administration
with or without ROS scavenger or MPT blocker in
A375-S2 cells.

Materials and methods
Reagents

Evodiamine was obtained from Beijing Institute of
Biological Products (Beijing, China); and its purity
was determined to be ~ 98% by HPLC measure-
ment. Evodiamine was dissolved in dimethyl sulph-
oxide (DMSO) to make a stock solution and diluted by
RPMI-1640 (Gibco, Grand Island, NY) before the
experiments. DMSO concentration in all cell cultures
was kept below 0.001%, which had no detectable
effect on cell growth or death. 3-(4,5-dimetrylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
3,3-diaminobenzidine tetrahydrochloride (DAB), N-
acetyl-cysteine (NAC), acridine orange (AO), 2',7'-
dichlorofluorescein diacetate (DCF-DA) and rhoda-
mine-123 were purchased from Sigma Chemical
(St. Louis, MO). Cyclosporin A (CsA) and superoxide
dismutase (SOD) were obtained from Calbiochem (LLa
Jalla, CA). Rabbit polyclonal antibodies against Bax,
Bcl-2, SIRT1, caspase-3, Fas-associating protein with
death domain (FADD), caspase-8, mouse polyclonal
antibody against cytochrome ¢ and horseradish perox-
idase-conjugated secondary antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture

A375-S2, human melanoma cells, were obtained
from American Type Culture Collection (ATCC,
#CRL, 1872, Manassas, VA) and were cultured in
RPMI-1640 medium supplemented with 10% heat
inactivated (56°C, 30 min) foetal calf serum (Beijing
Yuanheng Shengma Research Institution of Biotech-
nology, Beijing, China), 2 mm L-glutamine (Gibco,
Grand Island, NY), 100 kU/L penicillin and 100 g/L
streptomycin (Gibco) at 37°C in 5% CO,. Cells in
the exponential phase of growth were used in the
experiments.

Chyrotoxicity assay

A375-S2 cells were dispensed in 96-well flat bottom
microtiter plates (NUNC, Roskilde, Denmark) at a
density of 5 x 10* cells/ml. After 12 h incubation,
they were treated with or without NAC, SOD or CsA
at given concentrations 1 h prior to the administra-
tion of 15 pm evodiamine for the indicated time
periods. The cytotoxic effect was measured using the
MTT assay as described elsewhere [23] with a plate
reader (Bio-Rad, Hercules, CA).
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The percentage of cell growth inhibition was
calculated as follows:

Cell growth inhibition (%)
_ (A490, control — A490,sample) "
(A490, control — A490, blank)

100

LDH activity-based cytotoxicity assay

LDH (lactate dehydrogenase) activity was assessed
using a standardized kinetic determination kit
(Zhongsheng LLDH kit, Beijing, China). LDH activity
was measured in both floating dead cells and viable
adherent cells [24]. The floating cells were collected
from culture medium by centrifugation (240 x g) at
4°C for 5 min and the LDH content from the pellets
was used as an index of apoptotic cell death (LDHp).
The LDH released in the culture medium (extra-
cellular LDH or LDHe) was used as an index of
necrotic death and the LDH present in the adherent
viable cells as intracellular LDH (LDHi). The
percentage of apoptotic and necrotic cell death was
calculated as follows:

Apoptosis%
= LDHp/(LDHp + LDHi + LDHe) x 100

Necrosis%
= LDHe/(LDHp + LDHi + LDHe) x 100

Observation of morphologic changes

The A375-S2 cells were divided into two groups and
placed on culture plates for 24 h incubation. One
group was treated with the control medium, the other
group was treated with 15 puMm evodiamine and the
cellular morphology was observed using phase con-
trast microscopy (Leica, Wetzlar, Germany).

Nuclear damage observed by acridine orange (AO)
staining

The changes in nuclear morphology of apoptotic cells
were investigated by labelling cells with the fluores-
cent, selective DNA and RNA-binding dye AO and
examining them under fluorescent microscopy
(Green fluorescence for DNA, red fluorescence for
RNA) [25]. After being treated with or without
15 um evodiamine for 24 h, the cells were stained
with 20 pug/ml AO (Sigma) for 15 min and then the
nuclear morphology was observed under fluorescence
microscopy (Olympus, Tokyo).

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential was measured by
the incorporation of a cationic fluorescent dye
rhodamine 123 as described [26]. After incubation
with 15 um evodiamine for the indicated time
periods, the cells were stained with 1 pg/ml rhoda-
mine 123 and incubated for 15 min at 37°C. The

fluorescence intensity of cells i situ was observed
under fluorescence microscopy. Quantitative assay
was performed by a similar staining procedure as
above. After treatment with evodiamine, the cells
were instead collected and suspended in 1 ml PBS
containing 1 pg/ml rhodamine 123 and incubated for
15 min at 37°C. The fluorescence intensity of cells
was analysed within 15 min by a FACScan flowcyto-
metry (Becton Dickinson, Franklin Lakes, NJ).

Measurement of itracellular ROS generation

After treatment with 15 pM evodiamine for the
indicated time periods, the cells were incubated
with 10 pum  2’,7'-dichlorofluorescein  diacetate
(DCF-DA) for 15min at 37°C to assess ROS-
mediated oxidation of DCF-DA to the fluorescent
compound 2’,7’-dichlorofluorescein (DCF). Then
cells were harvested and the pellets were suspended
in 1 ml PBS. Samples were analysed at an excitation
wavelength of 480 nm and an emission wavelength of
525 nm by FACScan flowcytometry (Becton
Dickinson, Franklin Lakes, NJ) [27].

Western blot analysis

A375-S2 cells were treated with 15 uMm evodiamine
for 0, 6, 12, and 24 h or co-incubated with the given
inhibitors for 24 h. Both adherent and floating cells
were collected and then Western blot analysis was
carried out as previously described [28] with some
modification. Briefly, the cell pellets were resus-
pended in lysis buffer, including 50 mm Hepes (pH
7.4), 1% Triton—X 100, 2 mM sodium orthovana-
date, 100 mM sodium fluoride, 1 mm edetic acid,
1 mm PMSF (Sigma), 10 pg/mL aprotinin (Sigma),
10 pg/mL leupeptin (Sigma) and lysed on ice for
60 min. After centrifugation of the cell suspension at
13 000 x g for 15 min, the protein content of super-
natant was determined by Bio-Rad protein assay
reagent (Bio-Rad). The protein lysates were sepa-
rated by electrophoresis in 12% SDS-polyacrylamide
gel electrophoresis and blotted onto nitrocellulose
membrane (Amersham Biosciences, Piscataway, NJ).
Proteins were detected using polyclonal antibody and
visualized using anti-rabbit, anti-mouse or anti-goat
IgG conjugated with horseradish peroxidase (HRP)
and 3,3-diaminobenzidine tetrahydrochloride (DAB)
as the substrate of HRP.

Preparation of mitochondrial and cytosolic extracts

The tested cell groups were collected by centrifuga-
tion at 200 x g at 4°C for 5 min and then washed
twice with ice-cold PBS. The cell pellets were
resuspended in ice-cold homogenizing buffer, includ-
ing 250 nM sucrose, 20 mMm HEPES, 10 mm KCI,
1 mm EDTA, 1 mm EGTA, 1.5 mm MgCl,, 1 mm
DTT, 1 mm PMSF, 1 pg/mL aprotinin and 1 pg/mL
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leupeptin. After homogenization (40 strokes), the
homogenates were centrifuged at 4200 x g at 4°C
for 30 min. The supernatant was used as the cytosol
fraction and the pellet was resolved in lysis buffer as
the membrane fraction [29].

Statistical analysis

The results are presented as Mean + SD. Significant
changes were assessed using Student’s :-test for
unpaired data, and p-values < 0.05 were considered
statistically significant.

Results
Evodiamine mduced inhibition of A375-S2 cell growth

Evodiamine inhibited A375-S2 cell growth in a
concentration- and time-dependent manner. Evodia-
mine from 3-48 pM exerted a potent cytotoxic effect
on A375-S2 cell growth and treatment with 15 um
evodiamine for 24 h resulted in almost 50% inhibi-
tion (Figure 2a).

To characterize the evodiamine-induced A375-S2
cell growth inhibition, we observed the morphologic
changes in the cells. When the cells were cultured
with 15 pm evodiamine for 24 h, marked apoptotic
morphologic alterations including membrane bleb-
bing and nuclear condensation were observed (Figure
2D). In addition, morphologic changes were further
confirmed by AO staining. In the control group, the
nuclei in which DNA resides were round and homo-
geneously stained (Figure 2c), whereas the evodia-
mine-treated cells showed marked fragmented DNA
in nuclei (Figure 2E). These suggested that evodia-
mine could induce apoptotic cell death in A375-S2
cells.

Inhibition of ROS rescued the loss of A¥Y'm in evodiamine-
treated cells

Since the disruption of the mitochondrial membrane
potential is a critical step occurring in cells undergoing
apoptosis, we evaluated whether treatment with
evodiamine had any effect on AWm. The integrity of
mitochondrial membranes of the cells was examined
by rhodamine 123 staining. The decrease in rhoda-
mine 123 fluorescence intensity reflected the loss of
A¥m. The fluorescent intensity of evodiamine-treated
cells for the indicated time periods was observed
under a fluorescence microscope or analysed by
FACScan. The cells incubated with evodiamine
observed a weak green fluorescence (Figure 3cC)
compared with bright green fluorescence (Figure 3A)
in untreated cells. The quantitative analysis revealed
that exposure of A375-S2 cells to evodiamine de-
creased the fluorescent intensity of rhodamine 123
staining from 99.05% in untreated cells to 56.23% in
24 h-treated cells (Figure 31), representing a fall in
A¥m before 24 h.
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Figure 2. Evodiamine induces growth inhibition. The cells were
treated with various doses of evodiamine for 12, 24, 36 or 48 h.
The inhibitory ratio was measured by MTT assay (a). n=3,
Mean+SD. The cellular morphologic changes were observed
after the cells were incubated with medium or 15 pm evodiamine
for 24 h under a phase contrast microscope (B, medium; D,
evodiamine; arrow indicates multiblebbing cell; x 200 magnifica-
tion) or under a fluorescence microscope by AO staining (c,
medium; E, evodiamine; arrow indicates fragmented nuclear
DNA; %200 magnification).

It has been reported that ROS generation could
lead to mitochondrial damage and membrane depo-
larization [30]. To evaluate whether ROS participated
in the AWm regulation, ROS scavenger NAC was
introduced to dismiss the effect of ROS. Results
showed that co-incubation with NAC notably
reversed the dissipation in AWm as illustrated by the
increased number of rhodamine positive cells from
56.23% for evodiamine alone to 89.97% in the
presence of NAC at 24 h (Figure 31). These
observations indicated that the collapse of A¥Wm
took place after 6 h incubation with evodiamine and
was mainly caused by ROS production.

Inhibition of MPT blocked the second-time ROS
generation in evodiamine-treated cells

To further confirm that ROS was stimulated in
evodiamine-treated cells, we measured intracellular
ROS level by using the ROS-detecting fluorescent
dye DCF-DA. A375-S2 cells were exposed to 15 um
evodiamine for the indicated time periods. Significant
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Figure 3. Significant drop in mitochondrial membrane potential
(A¥m) was induced by evodiamine and was rescued by NAC in
A375-8S2 cells. The cells were incubated with 15 um evodiamine for
0, 6, 24 h or coincubated with 15 um evodiamine and 1 mM NAC
for 24 h. Then cells were loaded with membrane-sensitive probe
rhodamine-123 1 pg/ml at 37°C for 30 min, washed and observed
using fluorescence microscopy or measured by a FACScan flow
cytometery after collection. The fluorescent images of treated cells
are shown (a: 0 h for EV; B: 6 h for EV; c: 24 h for EV; D: 24 h for
NAC+EV). The FACS histograms of treated cells are presented
(g: 0 h for EV; F: 6 h for EV; G: 24 h for EV; u: 24 h for NAC +
EV). The corresponding linear diagram of the FACScan histo-
grams is expressed in (1). Data represents the rhodamine-123
fluorescence intensity displaying a decreased AWYm. The values
shown are mean+standard errors (z=3 of individual experi-
ments).

generation of ROS was observed initially at 6 h after
evodiamine treatment evidenced by enhancement of
DCEF fluorescence. The ratio of DCF positive cells

1103

was increased from 4.97% in untreated cells to
43.21% in 6 h-treated and 85.21% in 24 h-treated
cells, respectively (Figure 4E).

Activation of MPT was proposed to contribute to
the generation of ROS [31]. To clarify the role of
MPT in ROS production, CsA, a MPT blocker
which blocks the formation of the MPT pore by
interacting with cyclophilin D from the mitochondrial
matrix and preventing its joining the pore was
administered. The result showed that CsA could
significantly suppress the later ROS production
from 85.21% to 55.77% at 24 h (Figure 4g). Thus,
induction of MPT might be involved in the intracel-
lular ROS production triggered by evodiamine in
A375-S2 cells.

Inhibition of ROS or MPT alleviated cell death in
evodiamine-treated cells

As the above results indicated that ROS and MPT
were both induced during evodiamine incubation, we
speculated the lethal roles of them in evodiamine-
treated cells. ROS non-enzymatic scavenger NAC
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Figure 4. Persistent ROS generation was induced by evodiamine
and was blocked by MPT in A375-S2 cells. The cells were cultured
in the presence of 15 pm evodiamine for 0 (a), 6 h (B), 24 h (c) or
coincubated with 0.2 pm CsA for 24 h (D). DCF, the fluorescent
dye product of peroxidized DCF-DA, was measured fluorometri-
cally at 1 h post-treatment. The corresponding linear diagram of
the FACScan histograms is expressed in (). Data from a
representative experiment (z =3) are shown.
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Figure 5. Protective effects of NAC, SOD and CsA on evodia-
mine-induced cell death. The cells were cultured in the presence or
absence of 1 mm NAC, 100 U/ml SOD or 0.2 um CsA for 1 h prior
to the addition of 15 pm evodiamine and then incubated for 24 h.
The inhibitory ratio was determined by MTT assay (z =3) (a). The
cells were pretreated with various doses of NAC, SOD or CsA for 1
h and then incubated with 15 um evodiamine for 24 h. The cell
death rate was measured by LDH activity-based assay (B). Values
are expressed as mean+SD. * p <0.05, ** p <0.01, *** p <0.001
vs the apoptosis percentage in groups treated with evodiamine
alone. # p <0.05, ## p <0.01, ### p <0.001 vs the necrosis
percentage in groups treated with evodiamine alone.

and enzymatic scavenger SOD, which also functions
as an antioxidant by catalysing the conversion of
superoxide radicals to hydrogen peroxide, were used
to inhibit the intracellular ROS generation. MTT
assay displayed that 1 mm NAC markedly reduced
the inhibitory ratio from 51.2% for evidiamine alone
to 33.0% in the presence of NAC (Figure 5a). Since
SOD is poorly cell permeable, although non-physio-
logical concentration at 100 U/ml was applied to
treated cells, exogenously delivered SOD could only
reduced the inhibitory ratio to 42.9% (Figure 5A).

Moreover, MPT inhibitor CsA was applied to block
MPT induction. Pre-incubation with 0.2 um CsA
effectively rescued cell death from 51.2% for
evodiamine alone to 38.3% in the presence of CsA
(Figure 5A).

Cell death may be accomplished by at least two
distinct mechanisms, apoptosis and necrosis. To
further characterize the mechanisms of evodiamine-
induced A375-S2 cell death and to study the effec-
tiveness of inhibitors, the ratios of apoptosis and
necrosis in cells were analysed by LDH activity-based
assay with or without addition of different doses of
inhibitors in evodiamine-treated cells. In the presence
of 15 uMm evodiamine, the number of apoptotic or
necrotic cells was 39.93% or 11.25% at 24 h,
respectively, suggesting that necrosis was also
triggered by evodiamine in A375-S2 cells, whereas
apoptosis was the predominant mechanism respon-
sible for evodiamine-induced cell death within 24 h
(Figure 5B). Pre-incubation with 0.2-5 mm NAC,
100-500 U/ml SOD or 0.2-5 um CsA, the numbers
of apoptotic and necrotic cells were both reduced
significantly in a dose-dependent manner, among
which NAC was the most effective inhibitor (Figure
5B). These results, consistent with the results from
Figures 3 and 4, confirmed that ROS production and
MPT induction both played important roles in
evodiamine-induced A375-S2 cell death.

Evodiamine-stimulated FADD recruitment and
procaspase-8 cleavage were significantly blocked by
NAC or CsA treatment

The Fas receptor mediated apoptotic signalling is one
of the most important extrinsic apoptotic pathways in
cells. Binding of Fas to oligomerized FasL activates
apoptotic signalling through the death domain that
interacts with signalling adaptors including Fas-asso-
ciated protein with death domain (FADD) to activate
caspase-8 following a variety of cellular substrates
that lead to cell death [32]. To assess whether
Fas-mediated pathway was activated in evodiamine-
treated cells, the expressions of FADD and caspase-8
were determined by Western blot analysis. The
expression of FADD was markedly elevated and the
cleavage of procaspase-8 was obvious after evodia-
mine administration. Addition of NAC or CsA
remarkably inhibited the alterations in FADD and
caspase-8; however, SOD could only partially sup-
press the changes (Figure 6). Therefore, ROS and
MPT might be involved in the activation of Fas-
mediated apoptotic pathway induced by evodiamine.

Evodiamine-induced Bax translocation, Bcl-2
degradation and SIRT1 inactivation were influenced
by NAC or CsA addition

Bax translocation from cytosol to mitochondria was
reported to produce some typical manifestations
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Figure 6. Effects of NAC, SOD and CsA on evodiamine-induced
FADD augmentation and procaspase-8 cleaving. The cells were
treated with 15 pm evodiamine for the indicated time periods in the
presence or absence of 1 mm NAC, 100 U/ml SOD or 0.2 um CsA,
followed by Western blot analysis for detection of FADD and
procaspase-8 expressions. ff-actin was used as an equal loading
control.

of mitochondria-mediated apoptosis, namely release
of cytochrome ¢ and caspase activation [33]. To
investigate the effects of ROS and MPT on the
translocation of Bax, the expression of Bax in the
cytosol and mitochondria were examined by Western
blot analysis. The mitochondrial Bax was significantly
increased after evodiamine treatment, but this aug-
mentation was obviously blocked by NAC or CsA
employment and was partially suppressed by SOD
administration (Figure 7).

Since Bax translocation was down-regulated by
either anti-apoptotic protein Bcl-2 or nicotinamide
adenine dinucleotide-dependent deacetylase SIRT1,
then the levels of Bcl-2 and SIRT1 in evodiamine-
treated cells were detected by Western blot analysis.

EV
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Figure 7. Effects of NAC, SOD and CsA on evodiamine-induced
Bax translocation, Bcl-2 degradation and SIRT1 inactivation. The
cells were treated with 15 uMm evodiamine for the indicated time
periods in the presence or absence of 1 mm NAC, 100 U/ml SOD
or 0.2 um CsA, followed by Western blot analysis for detection of
Bax, Bcl-2 and SIRT1 expressions both in the cytosol and the
mitochondria. f-actin was used as an equal loading control.

Results showed that the expressions of Bcl-2 and
SIRT1 were reduced time-dependently by evodia-
mine treatment and these reductions were notably
prevented by NAC or SOD addition, whilst SOD
could partially influence them (Figure 7). These
events demonstrated that ROS and MPT might
participate in the regulation of Bax, Bcl-2 and
SIRT1 by evodiamine.

Evodiamine-triggered cytochrome c release was suppressed
by NAC, SOD or CsA employment

Since the release of cytochrome ¢ from mitochondria
to cytosol is a central step of mitochondria regulated
apoptotic pathway [34], expressions of cytochrome ¢
in the mitochondria and cytosol were separately
detected by Western blot analysis. The expression of
cytosolic cytochrome ¢ was extremely enhanced at 12
h in evodiamine-treated cells; however, this increase
was significantly attenuated by co-incubation with
NAC or CsA and was partially decreased by SOD
addition (Figure 8), revealing that ROS and
MPT might contributed to the release of cytochrome
¢ induced by evodiamine.

Evodiamine-activated caspase-3 processing was inhibited
by NAC, SOD or CsA administration

Caspase-3 is an important protease, activated by
cleavage as a step in certain apoptosis-signalling
pathways [35]. In this study, the 32 kKD caspase-3
proform and the 17 kD active-form from the evodia-
mine-treated cells were examined by Western blot
analysis. A time-dependent cleaving of procaspase-3
was observed in evodiamine treated cells, whereas
this processing was notably inhibited by pre-treat-
ment with NAC or CsA and was partially blocked by
SOD administration (Figure 9), suggesting that
caspase-3 truncation might be enhanced by ROS
and MPT in evodiamine treated A375-S2 cells.

EV

+N +S +C
0 6 12 24 24 24 24 (h)
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Cyto. c(cyto.)| - & pr——— |-17 kDa
B-actin l_.. — . —— —— _l -46 kDa

Figure 8. Effects of NAC, SOD and CsA on evodiamine-induced
cytochrome ¢ release. The cells were treated with 15 pm evodia-
mine for the indicated time periods in the presence or absence of
1 mm NAC, 100 U/ml SOD or 0.2 um CsA, followed by Western
blot analysis for detection of cytochrome ¢ expression both in the
mitochondria and the cytosol. f-actin was used as an equal loading
control.
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Figure 9. Effects of NAC, SOD and CsA on evodiamine-induced
caspase-3 truncation. The cells were treated with 15 pm evodia-
mine for the indicated time periods in the presence or absence of
1 mm NAC, 100 U/ml SOD or 0.2 um CsA, followed by Western
blot analysis for detection of caspase-3 expression. f-actin was
used as an equal loading control.

Discussion

In recent years, it has become clear that mitochondria
have significant roles to play not only in routine
energy metabolism, but also in cell death. The roles
in apoptosis involve a phenomenon called the mito-
chondrial permeability (MPT), an increase in perme-
ability that seems to be linked to the opening of a
channel termed MPT pore which is thought to
underlie the loss of mitochondrial membrane poten-
tial (AWm). Activation of these MPT pores permits
the redistribution of molecules across the inner
mitochondrial membrane, thus disrupting the A¥Ym
of this organelle [36]. In this study, an obvious loss of
A¥m was found after 6 h treatment with evodiamine
and aggravated until 24 h, suggesting that MPT was
induced after incubation with evodiamine for 6 h.
The redox status of intracellular and extracellular
compartments is critical in the determination of
protein structure, regulation of enzyme activity and
control of transcription factor activity and binding
[37]. Oxidative stress can evoke many intracellular
events including apoptosis. Recent works by a num-
ber of groups have demonstrated that ROS can
directly modify signalling proteins through different
modifications, for example by nitrosylation, carbony-
lation, disulphide bond formation and glutathionyla-
tion. Redox modification of proteins allows for
further regulation of cell signalling pathways in
response to the cellular environment [38]. Evidences
that apoptosis can be induced by ROS are provided
by studies in which mediators of apoptosis induce
intracellular production of ROS or are inhibited by
the addition of antioxidants [39]. It has been further
reported that ROS can promote MPT by causing
oxidation of thiol groups on the adenine nucleotide
translocase (ANT), which is believed to form part of
the MPT pore [40]. In this study, a rapid increase in
intracellular ROS was observed before AYm loss and
this depolarization could be reversed by addition of
NAC, suggesting a plausible role of ROS in MPT
induction. Moreover, the second-time ROS forma-
tion at 24 h was found to be blocked by CsA,

revealing a positive feed-back role of MPT in ROS
production. Additionally, both NAC and CsA were
demonstrated to markedly alleviate apoptosis induced
by evodiamine. Therefore, two phases of ROS gen-
eration existed in treated cells: the first phase
corresponded to a combination of basal ROS produc-
tion and ROS generated as a result of evodiamine
induction; the second phase followed by the induc-
tion of MPT in mitochondria. This positive feed-back
loop of ROS release, or termed ROS induced ROS
release (RIRR) which was originally discovered by
Zorov [41] in cardiac myocytes, was found for the
first time in evodiamine-treated A375-S2 cells and
contributed largely to the apoptosis.

It is well known that there are two key pathways
which are intrinsic pathway and extrinsic pathway in
mediating apoptosis. Mitochondria are major sources
of intracellular ROS and are particularly vulnerable to
oxidative stress [42]. Bcl-2 family plays a central role
in controlling the mitochondrial pathway. It has been
suggested that Bcl-2 could prevent apoptosis by
regulating the cellular redox potential and act as an
antioxidant by increasing the glutathione (GSH) pool
and by redistributing GSH to various cellular com-
partments, thus preventing ROS production, GSH
depletion and cellular damage [43]. Bax translocation
from cytosol to mitochondria can facilitate cyto-
chrome ¢ release from mitochondria either by inter-
acting with the permeability transition pore complex
and/or by forming oligomers which act as channels
[44]. Bcl-2 can prevent the oligomerization of Bax in
the outer mitochondrial membrane, while SIRT1 can
deacetylate the DNA repair factor Ku70 to sequester
the pro-apoptotic factor Bax away from mitochondria
[45]. Our study demonstrated that the first wave of
ROS induced by evodiamine contributed largely to
the Bax translocation by down-regulation of Bcl-2
and SIRT1 which resulted in MPT induction and
final cytochrome ¢ release, and then the subsequent
onset of MPT facilitated the second wave of ROS
which targeted mitochondria again.

Fas is a prototypical ‘death receptor’ which belongs
to the family of tumour necrosis factor receptors
(TNFR). Binding of Fas ligand (FasL) to the Fas
receptor results in clustering of receptors which then
recruit FADD and procaspase-8 to the death-induced
signalling complex (DISC) on the cell surface [46]. In
this study, both two phases of ROS release induced
by evodiamine were observed to participate in the
activation of FADD recruitment and caspase-8 pro-
cessing. It has been reported that Fas possesses
abundant thiols in their extracellular domains, which
make it susceptible to redox modulation by pro-
oxidant agents and processes [47]. We postulated that
the ROS induced by evodiamine might influence the
downstream effectors by redox modulation of the Fas
receptor.
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Caspases are cysteine proteases involved in the
signalling cascades of programmed cell death in
which caspase-3 plays a central role as an ‘execu-
tioner’ enzyme. The intrinsic and extrinsic pathways
are known to merge at caspase-3 [48]. Upon activa-
tion, procaspase-3 is cleaved at Asp28-Ser29, thereby
generating 17 kD active form. From the obtained
results, we observed that both ROS and MPT
contributed to the caspase-3 truncation induced by
evodiamine. This is consistent with the results above
that ROS may modulate both mitochondrial and Fas
apoptotic pathways, which consequently lead to the
same effector caspase-3 to execute the death mission.

In summary, the results presented herein delineate
that ROS generation was first induced by evodiamine
and was amplified in a positive feed-back manner by
induction of MPT in mitochondria. This interesting
phenomenon termed RIRR resulted in the constantly
elevated ROS level and greatly contributed to the
activation of mitochondrial (intrinsic)- and Fas (ex-
trinsic)-signalling pathways in treated cells. ROS
facilitated by MPT might serve as second messengers
in the process of apoptosis induced by evodiamine in
A375-S2 cells.
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