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Abstract. We previously demonstrated that evodimine isolated from Evodia rutaecarpa
(Goshuyu in Japan) induced apoptosis in human malignant melanoma A375-S2 cells within 24 h.
In this study, TUNEL assay also indicated that one cause of A375-S2 cell death induced by
evodiamine was apoptosis. After treatment with evodiamine for the indicated time periods, anti-
apoptotic protein SIRT1 expression was decreased; pS3 expression and its phosphorylation were
both enhanced, whereas transient induction of downstream p21 was not enough to promote cell
cycle arrest. Inhibition of the phosphoinositide 3-OH kinase (PI3-K)/protein kinase C (PKC)
survival pathway as well as subsequent inhibition of the ERK cascade might contribute to
evodiamine-induced cell death. In addition, p53 activation in response to evodiamine admin-
istration was correlated with the activation of the PI3-K/PKC pro-apoptotic pathway, but did
not require ERK participation. The inhibition of the PI3-K/PKC survival pathway might be
responsible for SIRT1 inactivation and increased Bax/Bcl-2 expression ratio in evodiamine-
induced cell death.
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Introduction vation of p53 protein leads to either growth arrest or
apoptosis (10, 11), and phosphorylation of p53 at serine

Evodiamine (Fig. 1), a constituent isolated from the 20 enhances induction of its downstream p21 (12, 13).
dried, unripe fruit of Evodia rutaecarpa (Goshuyu in The Bcl-2 family was known to play an essential role in
Japanese) has been reported to present bronchial con- DNA damage-induced apoptosis, and the balance

tractive (1), catecholamine secretory (2), vasodilatory
(3, 4), anti-nociceptive (5), and antitumor effects (6).
It was also reported that evodiamine had an inhibitory
effect on tumor cell migration in vitro (7). Our previous
study has shown that in evodiamine-induced A375-S2
cell death, down-regulation of Bcl-2 and up-regulation
of Bax amplified the activation of the caspase cascade.
Additionally, simultaneous activation of p38 MAPK and
inhibition of ERK activity contributed to this cell death
(8, 9). In this study, it is further demonstrated that P13-K
and PKC exhibit important regulatory effects on func-
tions of SIRT1, p53, ERK, and Bcl-2 family proteins in
evodiamine-induced A375-S2 cell death.

It has been shown that DNA damage-induced acti- 16 18

*Corresponding author. FAX: +86-24-2384-4463
E-mail: ikejimat@vip.sina.com Fig. 1. Structure of evodiamine.
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between proapoptotic proteins (Bax, Bad) and anti-
apoptotic proteins (Bcl-2, Bel-x1) determine the fate of
cells (14, 15). Bax relocalizes to the outer mitochondrial
membrane to initiate the release of cytochrome ¢, with
downstream events including caspase activation and
cleavage of their substrates (16). In addition, Bax can be
directly activated by p53 in triggering apoptosis (17, 18).

SIRT1 is a key regulator involved in cell aging and the
response to DNA damage (19). SIRT1 is a member of
the sirtuin family of nicotinamide adenine dinucleotide
(NAD")-dependent deacetylase and known to inhibit
stress-induced apoptosis (19, 20). It not only regulates
p53 function via deacetylation with a specificity for
p53 C-terminal Lys382 residue, modification of which
has been implicated in the activation of p53 as a tran-
scription factor (20), but also inhibits stress-induced
apoptotic cell death by deacetylating the DNA repair
factor Ku70 that is tightly associated with Bax, causing
it to sequester Bax away from mitochondria (21).

It is now clear that activation of the phosphoinositide
3-OH kinase (PI3-K) pathway was capable of conferring
protection from p53-mediated apoptosis (11, 22) and the
p53 induction activated the Ras/Raf/MAPK cascade
(23). Among the MAPK family, ERK signaling in the
regulation of cell growth and differentiation is contro-
versial. It can be activated by growth factors, resulting in
protection against cell death (24). Moreover, it has also
been reported that ERK promoted apoptosis in response
to certain chemotherapeutic agents (25).

PKC is a group of serine/threonine kinases that plays
an important role in tumor cell proliferation and invasion
(26, 27). Constitutively activated cell surface receptors
such as the EGF (epidermal growth factor) receptor or
the PDGF (platelet-derived growth factor) receptor that
release signal through PI3-K (28) may cause hyper-
activation of PKC as well as subsequent MAPK/ERK
cascade (29). Another downstream signaling target of
PKC is the antiapoptotic protein Bcl-2 (30, 31).

In view of the close biochemical relations in the
signaling pathways described above, we speculated that
reduced SIRT1 expression and activated p53 might
participate in evodiamine-induced A375-S2 cell death,
and both the PI3-K inhibitor wortmannin and PKC
inhibitor staurosporine downregulated SIRT1 and p53
expressions, resulting in reduction of ERK activity and
decreased expression of Bcl-2. Bax expression was
enhanced by PI3-K inhibition, but was independent of
the PKC pathway.

Materials and Methods

Reagents
Evodiamine was obtained from Beijing Institute of

Biological Products (Lot: 0802-9702, Beijing, China);
and its purity was determined to be about 98% by HPLC
measurement. Evodiamine was dissolved in dimethyl
sulfoxide (DMSO) to make a stock solution and diluted
by RPMI-1640 (Gibco, Grand Island, NY, USA) before
the experiments. DMSO concentration in all cell culture
was kept below 0.01%, which had no detectable effect
on cell growth or death.

The TACS™2 TdT-DAB In Situ Apoptosis Detection
Kit was purchased from Trevigen (Gaithersburg, MD,
USA). The PI3-K family inhibitor wortmannin and
protein kinase C inhibitor staurosporine were purchased
from Sigma (St. Louis, MO, USA), The ERK inhibitor
(PD98059) was from Calbiochem (La Jolla, CA, USA).
Rabbit polyclonal antibodies against SIRT1, phospho-
p53, ERK, Bax, mouse polyclonal antibody against p53,
phospho-ERK, Bcl-2, and horseradish peroxidase-
conjugated secondary antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture

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

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL) Assay

The TUNEL Assay was used for detection of DNA
strand breaks. The detection was carried out according
to the instructions of the TACS™2 TdT-DAB In Situ
Apoptosis Detection Kit. Briefly, the cells were rinsed
once with PBS and fixed in 3.7% buffered formaldehyde
at room temperature for 10 min. The fixed sections
were pretreated with 10% H»O,, and end-labeling was
performed with TdT labeling reaction mix for 37°C
for 1h. Nuclei exhibiting DNA fragmentation were
visualized by incubation in 3',3-diamino benzidine
(DAB) for 7 min. Finally, the sections were counter-
stained with methyl green and observed by light
microscopy. The nuclei of apoptotic cells were stained
dark brown, and TUNEL-positive A375-S2 cells were
determined by randomly counting 100 cells.

Cytotoxicity assay
A375-S2 cells were dispensed in 96-well flat bottom
microtiter plates (NUNC, Roskilde, Denmark) at a
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density of 5 x 10* cells per well. After 12-h incubation,
they were treated with or without PI3-K, PKC, ERK
inhibitors, 1h prior to the administration of 15 uM
evodiamine. Then the cells were cultured for a further
24 h, and 15 L. MTT solution (5.0 mg/L) was added to
each well followed by 4-h coincubation; the resulting
crystals were dissolved in DMSO. Absorbance was
measured with a plate reader (Bio-Rad, Hercules, CA,
USA). The percentage of cell growth inhibition was
calculated as follows:
Cell death (%)
= [A570(control) - A570] / A57o(c0ntrol) x 100

Western blot analysis

A375-S2 cells were treated with 15 M evodiamine
for 0, 6, 12, 24, and 48 h or pre-incubated with or
without the given inhibitors for 1 h, followed by treat-
ment with evodiamine for another 24 h. Both adherent
and floating cells were collected. Then Western blot
analysis was carried out with some modifications (32).
Briefly, the cell pellets were resuspended in lysis
buffer, including 50 mM Hepes, pH 7.4, 1% Triton-
X100, 2 mM sodium orthovanadate, 100 mM sodium
fluoride, 1 mM edetic acid, | mM PMSF (Sigma), 10 ug
/mL aprotinin (Sigma), 10 zg/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 supernatant was determined by Bio-Rad
protein assay reagent (Bio-Rad). The protein lysates
were separated by electrophoresis in 12% SDS polyacryl-
amide gel electrophoresis and blotted onto a nitro-
cellulose membrane (Amersham Biosciences, Piscat-
away, NJ, USA). After blocking with Tween 20-Tris-
buffer saline [50 mM Tris-HCI (pH 7.5), 150 mM NaCl,
and 0.02% Tween 20] containing 5% nonfat milk at
room temperature, the membrane was incubated with the
indicated antibodies in blotting buffer. Primary anti-
bodies and diluted concentrations used were: SIRT1
(1:500), p53 and phospho-p53 (1:200), ERK and
phospho-ERK (1:1000), and Bax and Bcl-2 (1:200). The
secondary antibodies used for these proteins were goat
anti-rabbit IgG (1:500), goat anti-mouse IgG (1:500)
conjugated with horseradish peroxidase (HRP), respec-
tively, and 3,3-diaminobenzidine tetrahydrochloride as
the substrate of HRP.

Statistical analyses

The results are presented as Mean + S.D. Significant
changes were assessed using Student’s #-test for un-
paired data, and P-values <0.05 were considered statisti-
cally significant.

Results

Evodiamine induced A375-S2 cell apoptosis at early
stage

Evodiamine induced A375-S2 cell death in a time-
and dose-dependent manner (8), and 15 M evodiamine
induced about 50% cell death at 24 h (9). To further
determine the features of A375-S2 cell death, TUNEL
assay was carried out. In the control group, the ratio of
TUNEL-positive cells was 4.7 £ 0.6%. After treatment
with 15 M evodiamine for 12 and 24 h, apoptotic cell
numbers increased to 21.2+1.5% and 38.7 +2.8%,
respectively (Table 1). The percentage of TUNEL-posi-
tive cells at 24 h was more than that at 48 h. These
results indicated that the cause of A375-S2 cell death
induced by evodiamine was mainly apoptosis before
24 h.

In evodiamine-induced A375-S2 cell death, SIRTI
expression was down-regulated and p53 was activated
SIRT1 has been shown to be associated with apo-
ptosis, and expression of inactive SIRT1 protein can
potentiate p53- or Bax-mediated apoptosis (19, 20). To
confirm whether such a mechanism is involved in
evodiamine-induced cell death, Western blot analysis
was performed to detect the expression of SIRTI, p53,
and its downstream p2l. As shown in Fig.2, after
incubation with 15 4M evodiamine for 0, 6, 12, 24, and

Table 1. Quantitive analysis of TUNEL-positive A375-S2 cells

Time (h) Apoptotic cells (%) (TUNEL positive)
0 47+0.6
12 21.2£1.5%
24 38.7 £2.8%*
48 29.3+3.1*

The cells were treated with 15 4M evodiamine for 0, 12, 24, and
48 h. The results are representative of three independent experiments.
All data were presented as the mean £ S.D. and considered statisti-
cally significant at *P<0.1, **P<0.01 vs controls.

Oh 6h 12h 24h  48h
SIRTI \ -

‘ -120 kDa

B-actin | | -46kDa

Fig.2. SIRTI1 protein expression in evodiamine-treated A375-S2
cells. The cells were treated with 15 M evodiamine for 0, 6, 12, 24,
and 48 h; cell lysates were separated by 12% SDS-PAGE; and the
protein bands were detected by Western blot analysis. Triplicate
experiments gave similar results.
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Fig.3. Expression of p53, p21, and phosphorylation of p53
involved in evodiamine-induced cell death. The cells were treated
with 15 #M evodiamine for 0, 6, 12, 24, and 48 h; and then expres-
sions of p53, phospho-p53, and p21 were measured by Western blot
analysis. Triplicate experiments gave similar results.

48 h, SIRT1 protein expression began to decrease at
12 h. As expected, p53 and phosphorylated p53 were
both activated in a time-dependent manner (Fig.3).
However, up-regulation of p21 occurred at 6-h incuba-
tion with evodiamine and then disappeared (Fig.3),
suggesting that transient induction of p21 was not
enough to promote cell cycle arrest, which was consis-
tent with our previous result (8). We have reported that
mitochondrial Bax protein expression was up-regulated
after incubation with evodiamine (9). These observa-
tions suggested that the activation of p53 increased the
expression of Bax. Furthermore, SIRT1 inactivation
might be involved in p53- and Bax-dependent cell death
induced by evodiamine.

Effects of PI3-K and PKC on evodiamine-induced
inhibition of ERK in A375-S2 cell death

Previously reports have shown that PI3-K and PKC
exist upstream of the MAPK cascade, especially in
regulating the function of ERK (27, 28). Moreover,
protein expression and phosphorylation of ERK were

0 6 12 24 48 24 24
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Fig. 4. Effects of kinase inhibitors on evodiamine-induced A375-
S2 cell death. A375-S2 cells were treated with 15 M evodiamine for
24 h. 200 nM wortmannin, 20 nM staurosporine, or 10 M PD98059
was added 1 h prior to the treatment with evodiamine. n = 3. Mean +
S.D. *P<0.05, **P<0.01 vs evodiamine alone group.

down-regulated by evodiamine (9). Therefore, wort-
mannin (inhibitor of PI3-K) and staurosporine (inhibitor
of PKC) were applied to investigate the roles of PI3-K
and PKC pathways in evodiamine-induced cell death.
After 24-h incubation, similar to the effect of the
ERK inhibitor PD98059, both 200 nM wortmannin and
20 nM staurosporine augmented the cytotoxic effect of
evodiamine (Fig. 4). These results demonstrated inhibi-
tion of PI3-K/PKC as well as the subsequent ERK
cascade might contribute to evodiamine-induced cell
death.

To confirm whether PI3-K and PKC can influence
ERK signaling, effects of inhibitors of PI3-K and PKC
on ERK expression and its phosphorylation were
examined. When A375-S2 cells were treated with
evodiamine for 24 h, inhibition of PI3-K and PKC

Time (h)

44 kDa
-42 kDa

-44 kDa
-42 kDa

-46 kDa Fig. 5. Effects of PI3-K and PKC inhibitors on

evodiamine-induced inhibition of ERK in A375-S2 cell
death. The cells were treated with 15 M evodiamine
for the indicated time in the presence or absence of
200 nM wortmannin and 20 nM staurosporine, followed
by Western blot analysis for detection of protein expres-
sions. Triplicate experiments gave similar results.
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further attenuated protein expression of ERK and its
phosphorylation (Fig. 5). In view of these data, down-
regulation of ERK induced by evodiamine in A375-S2
cell death might be related to the inactivation of the
PI3-K/PKC survival pathway.

SIRTI inactivation and p53 activation in response to
evodiamine is dependent on PI3-K and PKC, but did not
require ERK

A375-S2 cells were pretreated with wortmannin,
staurosporine, and PD98059 for 60 min and than
cultured with 15 #M evodiamine for another 24 h. The
results showed that in the presence of wortmannin and
staurosporine, SIRT1 expression reduced by evodiamine
was further attenuated (Fig. 6), and increased expres-
sions of p53 and phosphorylated p53 induced by evo-
diamine were also down-regulated (Fig. 7). However,
PD98059 did not have such effects (Figs. 6 and 7). These
results suggested that the PI3-K/PKC pathway but not
ERK were related to SIRT1 inactivation and p53 acti-
vation induced by evodiamine.

Oh 24h +wort  +ST +PD

s \ -120 kDa

SIRTI1 \....... P

B-actin ‘ ‘ -46 kDa

Fig. 6. Decreased expression of SIRT1 was dependent on inactiva-
tion of PI3-K and PKC, but did not require ERK. The cells were pre-
treated with 200 nM wortmannin, 20 nM staurosporine, and 10 #uM
PD98059 for 1 h, followed by the addition of 15 #uM evodiamine.
After 24 h, cell lysates were separated by 12% SDS-PAGE, and the
SIRT1 protein band was detected by Western blot analysis. Triplicate
experiments gave similar results.

The balance of Bax/Bcl-2 regulated by PI3-K and PKC
in A375-S2 cell death

As we have previously reported, increased expression
ratio of Bax/Bcl-2 were involved in evodiamine-
induced A375-S2 cell apoptosis (9) (Fig. 8). To further
investigate the roles of PI3-K/PKC on Bcl-2 family
proteins, the cells were incubated with evodiamine in the
presence of the PI3-K inhibitor wortmannin and PKC
inhibitor staurosporine for 24 h. Wortmannin partially
blocked Bcl-2 expression, while it enhanced the expres-
sive level of Bax; and staurosporine down-regulated
Bcl-2 expression without affecting the expression of
Bax (Fig. 8). The results suggested that in evdiamine-
induced cell death, increased expression ratio of
Bax/Bcl-2 was dependent on the inactivation of the
PI3-K/PKC survival pathway.

Discussion
A major aim of the current study was to define how

engagements of PI3-K and PKC pathways affect A375-
S2 cell death induced by evodiamine. It was possible

Oh 24h +wort  +ST +PD
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Fig. 7. PI3-K and PKC were required for evodiamine-induced p53
activation. The cells were treated with 15 #M evodiamine in the
presence or absence of 200 nM wortmannin, 20 nM staurosporine,
and 10 zM PD98059 for 24 h. Then the expression of total p53 and
phosphor-p53 were determined by Western blot analysis. Triplicate
experiments gave similar results.

0 6 12 24 48 24 24 Time (h)

Bax | - A, —sidiret ‘ 21 kDa

Bl [ i | 26kDa
B-actin ‘ e e ‘ -46 kDa Fig.8. The balance of Bax/Bcl-2 regulated by
PI3-K and PKC. The cells were treated with 15 M
o evodiamine for the indicated time in the presence or
Evodiamine + + + + + + absence of 200 nM wortmannin and 20 nM stauro-
. sporine, followed by Western blot analysis for detec-

Wortmannin — — — — - +

Staurosporine - - - - - -

tion of Bax and Bcl-2 protein expression. Triplicate
experiments gave similar results.
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that inactivation of SIRT1 and activation of p53 contri-
buted to apoptosis in response to the administration of
evodiamine. Importantly, wortmannin, staurosporine,
and PD98059 significantly augmented evodiamine-
induced cell death.

SIRT1 is known to inhibit stress-induced apoptosis
(19). SIRT1 prevents p53 and Bax from mediating
apoptosis by deacetylation of them (20, 21). In the
present study, evodiamine reduced SIRT1 expression
and induced corresponding activation of p53 and Bax.
In addition, wortmannin and staurosporine attenuated
SIRT1 expression by inhibiting PI13-K and PKC, respec-
tively. These results indicated that SIRT1 inactivation
was associated with p53- and Bax-mediated cell death
induced by evodiamine, and this inactivation might be
caused by the inhibition of the PI3-K/PKC survival
pathway. The tumor suppressor protein p53 acted on
Bax synthesis rather than induction of p21, indicating
that evodiamine was able to induce A375-S2 cell death
at each phase without affecting cell cycle distribution
(8).

It has been reported that activation of p53 is depen-
dent on phosphorylation by DNA-PK (DNA-dependent
protein kinase), a member of the PI3-K family (33, 34).
PI3-K is also required for the activation of the PKC
pathway (27), which promotes cell survival via induc-
tion of ERK (35) and Bcl-2 (27, 30). Since p53 lies
downstream of PI3-K, there must exist close links
among p53 and the signal from PI3-K to PKC and the
subsequent MAPK/ERK cascade. As expected, wort-
mannin as well as staurosporine partially blocked
expression of p53 and phosphorylation of p53 in the
presence of evodiamine for 24 h. Moreover, ERK
expression and its phosphorylation were further reduced
by wortmannin and staurosporine, but PD98059 did
not affect p53 content and its phosphorylation. Taken
together, the PI3-K/PKC pro-apoptotic pathway was
required for activation of p53 in evodiamine-induced
cell death. Whereas the constitutive activation of the
PI3-K/PKC survival pathway seemed to enhance the
activity of ERK, which protected A375-S2 cells from
apoptosis and necrosis induced by evodiamine (9).

The proapoptotic protein Bax and antiapoptotic
protein Bcl-2 are known to regulate stress-induced cell
death (36). Our present study showed that increased
expression of Bax and decreased expression of Bcl-2
were involved in evodiamine-induced cell death. Both
wortmannin and staurosporine reduced Bcl-2 expression
confirmed that PI3-K/PKC directly contributed to Bcl-2
increased expression, whereas this process was inhibited
by evodiamine. Staurosporine did not change Bax
protein expression, suggesting that inactivation of
SIRT1 may have counteracted the inhibition of p53 by

PKC; and increased Bax expression by wortmannin
might be associated with some negative regulation by
PI3-K, not only including SIRT1. Therefore, PI3-K
might function in another pathway that prevents cell
death, other than its proapoptotic pathway through
activation of p53.

In this study, we made a speculation about the roles of
PI3-K and PKC in modulating the signaling transduction
pathway that might be involved in evodiamine-induced
A375-S2 cell death. These events constitute a sequence
that proceeds from PI3-K/PKC through SIRT1, p53,
and ERK activation to regulation of Bax/Bcl-2 expres-
sion ratio. On one hand, PI3-K/PKC led to p53 acti-
vation resulting in cell death; and on the other hand, they
protected A375-S2 cells from evodiamine-induced cell
death through SIRT1, ERK activation, and decreased
Bax/Bcl-2 ratio.

Thus, it is conceivable that the potentiating effects of
wortmannin and staurosporine on evodiamine-induced
cell death reflect the inhibition of the PI3-K/PKC
survival pathway and the initiation of pro-apoptotic
PI3-K/PKC signaling because human melanoma A375-
S2 cells have high sensitivity to the proinflammatory
cytokine IL-1 and IL-1 was capable of inducing
apoptosis in A375-S2 cells (37). The future aim of our
study is to find out the cross pathways in natural
compound (evodiamine)- and IL-1-induced cell death.
Therefore, our present studies on the machinery of
evodiamine-induced cell death and cross-link between
evodiamine and the IL-1 signal transduction pathway
might be useful as immunopharmacological bases of
cancer therapy.
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