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Abstract

The redox environment of the cell is currently thought to be extremely important to control either apoptosis or autophagy.
This study reported that reactive oxygen species (ROS) and nitric oxide (NO) generations were induced by evodiamine
time-dependently; while they acted in synergy to trigger mitochondria-dependent apoptosis by induction of mitochondrial
membrane permeabilization (MMP) through increasing the Bax/Bcl-2 or Bcl-xy ratio. Autophagy was also stimulated by
evodiamine, as demonstrated by the positive autophagosome-specific dye monodansylcadaverine (MDC) staining as well as
the expressions of autophagy-related proteins, Beclin 1 and LC3. Pre-treatment with 3-MA, the specific inhibitor for
autophagy, dose-dependently decreased cell viability, indicating a survival function of autophagy. Importantly, autophagy
was found to be promoted or inhibited by ROS/NO in response to the severity of oxidative stress. These findings could help
shed light on the complex regulation of intracellular redox status on the balance of autophagy and apoptosis in anti-cancer
therapies.
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Introduction causes the dissipation of mitochondrial transmem-

Apoptosis, or programmed cell death, is a genetically
regulated cell suicide process, which plays an essential
role in the development and homeostasis of higher
organisms [1]. Disruption of the apoptotic pathway
leads to autoimmunity, neurodegenerative disorders,
acquired immune deficiency syndrome and all types of
cancer [2]. Mitochondria are acknowledged as the
central coordinators of apoptotic events to determine
the intrinsic pathway of apoptosis. Several intracellular
signals converge on mitochondria to induce mitochon-
drial membrane permeabilization (MMP), which

brane potential (A¥Ym) and the release of proapoptotic
factors. Release of cytochrome ¢, the apoptogenic
factor which is regulated by the anti- and pro-
apoptotic members of the Bcl-2 family, from mito-
chondria, leads to the activation of caspases and
subsequent cell death [3]. Thus, many parameters of
mitochondrial physiology, including the loss of AYm
and the release of cytochrome ¢, have been shown to be
hallmarks of mitochondria-dependent apoptosis [4].
Autophagy sometimes occurs with apoptosis in the
process of programmed cell death. It plays a critical
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role in removing damaged or surplus organelles in
order to maintain cellular homeostasis. There are
three main types of autophagy: macroautophagy,
microautophagy and chaperone-mediated autophagy
[5]. Macroautophagy (hereafter referred to as autop-
hagy) is the most prevalent form of autophagy and is
characterized by the formation of a double-mem-
brane bound vacuole called autophagosome. The
autophagic process is executed with the sequestration
of cytoplasmic material within autophagosomes,
which then fuse with lysosomes to create autolyso-
somes, resulting in the digestion and ultimate recy-
cling of the sequestered contents [6]. Different
autophagy proteins (Atg) have specific functions
from initiation to elongation to termination of the
process. Among which, LC3 (microtubule-associated
protein 1 light chain 3), the mammalian homologue
of yeast Atg8, is associated with the elongation of the
phagophore and the formation of the autophago-
some. Beclinl, the mammalian homologue of yeast
Atg6, is also a positive regulator of the autophagic
vacuole formation [7].

The redox environment of the cell is currently
thought to be extremely important to control either
apoptosis or autophagy as many redox-sensitive
proteins characterize these networks. There are two
major forms of free radicals, reactive oxygen species
(ROS) and nitric oxide (NO), which are formed from
oxygen and nitrogen. Under normal conditions, ROS
are cleared by antioxidant enzymes including catalase
(CAT), superoxide dismutase (SOD); upon stress
stimuli, an imbalance of the redox milieu develops
and leads to the accumulation of ROS, which results
in oxidative stress [8]. Another gaseous free radical,
NO, has been identified as a fundamental molecule
that interplays with ROS in a variety of ways, either as
a crucial partner in regulating the redox status of the
cell, determining cell fate or in signalling in response
to a number of physiological and stress-related
conditions [9]. The particular outcome varies de-
pending on cell types as well as the redox status.

Evodiamine is a quinozole alkaloid isolated from
the dried, unripe fruit of Evodia rutaecarpa Bentham
(Rutaceae) and was found to present anti-tumour
growth, anti-obesity, anti-anoxic, anti-nociceptive
and vasorelaxant effects [10-14]. It has been shown
that ROS and NO were both triggered by evodiamine
to induce human melanoma A375-S2 cell apoptosis
in our previous studies [15,16]. In this study, we
provided a detailed look at the effect of evodiamine
treatment on human cervix carcinoma HeLa cells.
The possible involvements and the related mechan-
isms of ROS and NO in regulating apoptosis and
autophagy following evodiamine administration
would be discussed.

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-dimetrylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT), 3,3-
diaminobenzidine tetrahydrochloride (DAB), catalase
(CAT), NG—nitro—L—arginine methyl ester (L-
NAME), acridine orange (AO), 2’,7’-dichlorofluor-
escein diacetate (DCF-DA), 4,5-diaminofluorescein
diacetate (DAF-2DA), lipopolysaccharide (LPS),
rhodamine-123, monodansylcadaverine (MDC), 3-
methyladenine (3-MA), PMSF, aprotinin and leu-
peptin were purchased from Sigma Chemical (St.
Louis, MO). Polyclonal antibodies against iNOS, /-
actin, caspase-3, ICAD, Bax, Bcl-2, Bcl-xp, cyto-
chrome ¢, Beclin 1, LC3 and horseradish peroxidase-
conjugated secondary antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture

Hela, human cervix carcinoma cells, were obtained
from American Type Culture Collection (ATCC,
#CCL-2, 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.

Assessment of cell viabiliry

HeLa cells were dispensed in 96-well flat bottom
microtiter plates (NUNC, Roskilde, Denmark) at a
density of 1 x 10> cells/ml. After 12 h incubation, the
cells were treated with or without CAT, L-NAME or
3-MA at given concentrations 1 h prior to the
administration of evodiamine for the indicated time
periods. Cell viability was measured using the MTT
assay as described elsewhere [17] with a plate reader
(Bio-Rad, Hercules, CA).The percentage of cell
viability was calculated as follows:

Cell viability (%) = (A490, sample-A490, blank)/
(A490, control-A490, blank) x 100
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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 [18]. 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)
x100

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

Observation of morphologic changes

HelLa cells were dispensed in 6-well culture plates at a
density of 1 x 10° cells/ml. After 12 h incubation, the
cells were treated with or without 4 mm 3-MA 1 h
prior to the administration of 21 pm evodiamine for
24 h incubation. The cellular morphology was then
observed using phase contrast 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
examined under fluorescent microscopy (Green fluo-
rescence for DNA, red fluorescence for RNA) [19].
After treatment with or without 21 umMm evodiamine
for 24 h, the cells were stained with 20 pg/ml AO for
15 min and then the nuclear morphology was
observed under fluorescence microscopy (Olympus,
Tokyo).

Measurement of intracellular ROS generation

After treatment with 21 pum evodiamine for the
indicated time periods in the presence or absence of
1000 U/ml CAT, the cells were incubated with 10 um
2’,7-dichlorofluorescein diacetate (DCF-DA) at
37°C for 15 min to assess ROS-mediated oxidation
of DCF-DA to the fluorescent compound 2',7'-
dichlorofluorescein (DCF). Then the cells were
harvested and the pellets were suspended in 1 ml
PBS. Samples were analysed at an excitation wave-
length of 480 nm and an emission wavelength of 525
nm by a FACScan flowcytometry (Becton Dickinson,
Franklin Lakes, NJ) [20].

Measurement of intracellular NO generation

The intracellular NO was detected using DAF-2DA
as described by Habel and Jung [21] with some
modifications. DAF-2DA, a nitric oxide fluorescent
probe, can react with NO within viable cells to
produce a fluorescent compound DAF-2T. After
drug treatment, the cells were collected and resus-
pended in PBS and then incubated with 10 um DAF-
2DA at 37°C for 45 min. Samples were then analysed
at an excitation wavelength of 485 nm and an
emission wavelength of 515 nm by FACScan flowcy-
tometry (Becton Dickinson, Franklin Lakes, NJ).

Measurement of A¥Ym

A¥m was measured by the incorporation of a cationic
fluorescent dye rhodamine 123 as described [22].
After incubation with 21 pm evodiamine for the
indicated time periods, the cells were stained with
1 pg/ml rhodamine 123 and incubated at 37°C for 15
min. The fluorescence intensity of cells i situ was
observed under fluorescence microscopy. Quantita-
tive 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 incu-
bated at 37°C for 15 min. The fluorescence intensity
of cells was analysed within 15 min by FACScan
flowcytometry (Becton Dickinson, Franklin Lakes,
ND.

Isolation of cytosolic and mitochondrial fractions

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 mMm 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
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 mitochondria fraction [23].

Isolation of cytosolic and nuclear fractions

Extracts were prepared essentially according to the
method by Zanna et al. [24]. Cells were washed twice
with ice-cold Hanks’ balanced salt solution before
resuspension in 10 mm HEPES pH 7.9, 10 mm KCl,
1.5 mm MgCl,, 0.1% v/v Nonidet P40 (Nonidet P-
40), 0.5 mm phenylmethylsulphonyl fluoride
(PMSF) and 1 mmMm dithiothreitol (DTT). After
incubation on ice for 2 min, nuclei were separated
by centrifugation at 1000 x g for 10 min. Super-
natants (cytoplasmic extracts) were retained.
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Western blot analysis

HelL.a cells were treated with 21 um evodiamine for 0,
6, 12 or 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 [25] 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 orthovanadate,
100 mm sodium fluoride, 1 mm edetic acid, 1 mm
PMSF (Sigma), 10 pg/mlL aprotinin, 10 pg/mL
leupeptin and lysed on ice for 60 min. After centri-
fugation 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, Hercules, CA). 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.

Flowcytomerric analysis of autophagy

HelL.a cells were treated with 1000 U/ml CAT, 20 mm
L-NAME or 4mm 3-MA 1 h before 21 um evodia-
mine administration. After the indicated time peri-
ods, the cells were harvested by trypsin and rinsed
with PBS twice by centrifugation at 1500 x g. For
measuring autophagy, the cell pellet was suspended
with 0.05 mm MDC solution at 37°C for 60 min as
described [26].

Statistical analysis

The results are presented as Mean+ SD. Compar-
isons between groups were made using Student’s z-
test. A p-value less than 0.05 was considered to
represent a statistically significant difference.

Results

The predominant mechanism responsible for evodiamine-
induced cell death was apoptosis

As shown in Figure 1A, treatment of HelLa cells with
increasing concentrations of evodiamine for 6, 12, 24
and 36 h resulted in a concentration- and time-
dependent decrease of cell viability, as measured by
MTT assay. Evodiamine from 2.5 to 80 um exerted a
significant induction of cell loss and treatment with
21 pum evodiamine for 24 h resulted in almost 50%
inhibition. To examine whether apoptosis was trig-
gered by evodiamine, we observed the morphologic
changes in the cells. When the cells were cultured
with 21 pm evodiamine for 24 h, small apoptotic
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Figure 1. Evodiamine induced apoptosis in HeLa cells. (A) The
cells were treated with various doses of evodiamine for 6, 12, 24 or
36 h. The viability of cell was measured by MTT assay (n=3,
Mean+SD, #p <0.01 compared to the control groups). (B) The
cellular morphologic changes were observed after cells incubated
with medium or 21 um evodiamine for 24 h under a phase contrast
microscope (arrow indicates apoptotic body; x 200 magnification)
or under a fluorescence microscope by AO staining (arrow
indicates fragmented nuclear DNA; X200 magnification). (C)
The cell death rate was measured by LDH activity-based assay after
cells incubated with 21 pm evodiamine for 0, 6, 12, 24 or 36 h.
Values are expressed as mean +SD.

bodies were observed (Figure 1B). In addition,
apoptosis were also observed followed by AO stain-
ing. In the control group, the nuclei in which DNA
resides were round and homogeneously stained,
whereas the evodiamine-treated cells showed marked
fragmented nuclei (Figure 1B). These phenomena all
suggested that apoptotic cell death was induced by
evodiamine in HelLa cells. To further investigate the
characteristics of cell death induced by evodiamine,
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ratios of apoptosis and necrosis were analysed by
LDH activity-based assay. Incubation with 21 pm
evodiamine for increasing time periods, the number
of apoptotic cells was increased significantly to 24.5%
at 6 h, 33.2% at 12 h, 42.9% at 24 h or 55.5% at
36 h, respectively; while the number of necrotic cells
remained below 7.7% in 36 h treatment with a slight
time-dependent increase (Figure 1C). Therefore,
apoptosis was the predominant mechanism respon-
sible for evodiamine-induced cell death.

Evodiamine-induced intracellular ROS generation in
HelLa cells

To determine whether ROS was triggered in evodia-
mine-treated Hel.a cells, the intracellular ROS level
was measured by flow cytometry after being labelled
with DCF-DA, a specific ROS-detecting fluorescent
dye. Exposure of HeLa cells to 21 pm evodiamine for
6, 24 or 36 h led to a marked increase in DCF
fluorescence compared with the control group. The
ratio of DCF positive cells was increased from 2.3%
in untreated cells to 16.8%, 67.4% or 74.3% in 6, 24
or 36 h-treated cells, respectively (Figure 2). When
pre-treated with the antioxidant enzyme CAT, which
could provide a protective role against the destructive
effects of ROS, the corresponding burst of DCF
fluorescence was largely reduced to 3.0%, 21.8% or

25.2% at 6 h, 24 h or 36 h incubation with
evodiamine (Figure 2). Therefore, ROS generation
was stimulated by evodiamine in HeLa cells.

Evodiamine induced intracellular NO generarion in HeLa
cells

To investigate whether NO was produced in evodia-
mine-treated cells, the intracellular NO level was
examined by using DAF-2DA, a membrane-perme-
able derivative of the NO sensitive fluorophore DAF-
2. The reaction of NO with DAF-2 yields the green
fluorescent triazole derivative DAF-2T [27]. Expo-
sure of HeLa cells to 21 um evodiamine for 6, 24 or
36 h led to a remarkable time-dependent enhance-
ment in DAF-2T staining compared with the control
group. The ratio of DAF-2T positive cells was
increased from 1.9% in untreated cells to 10.4%,
45.3% or 56.3% in 6, 24 or 36 h-treated cells,
respectively (Figure 3A). When pre-treated with the
inducible NO synthase (iNOS) inhibitor L-NAME, a
methyl ester derivate of the NOS substrate L-argi-
nine, the burst of DAF-2T fluorescence was markedly
reduced to 2.9%, 17.5% or 19.2% at 6 h,24hor36 h
treatment with evodiamine (Figure 3A). Moreover,
the expression of iINOS enzyme was detected by
Western blot analysis. As shown in Figure 3B,
treatment of Hel.a cells with evodiamine caused a
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Figure 2.

ROS was triggered by evodiamine and could be blocked by CAT. The cells were cultured in the presence of 21 pm evodiamine for

0, 6, 24 or 36 h or coincubated with 1000 U/ml CAT (C) and 21 um evodiamine for 0, 6, 24 or 36 h. Then the cells were loaded with DCF-
DA and examined by flow cytometry. The corresponding linear diagram of the FACScan histograms is expressed at the bottom. Data from a

representative experiment (z =3) are shown.
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Figure 3.

Intracellular NO generation was induced by evodiamine and could be inhibited by L-NAME. (A) The cells were cultured in the

presence of 21 pum evodiamine for 0, 6, 24, 36 h or coincubated with 20 mm L-NAME (N) and 21 pm evodiamine for 0, 6, 24, 36 h. DAF-
2T, the fluorescent dye product of DAF-2 in reaction with NO, was measured fluorometrically at 1 h post-treatment. The corresponding
linear diagram of the FACScan histograms was expressed at the bottom. Data from a representative experiment (z =3) are shown. (B) The
cells were treated with 21 um evodiamine or 10 pg/ml LPS for the indicated time periods, followed by Western blot analysis for detection of

iNOS expression.

dramatic induction of iNOS expression after 12 h. In
addition, the protein levels of INOS expression
between evodiamine and endotoxin LPS, a potent
inducer of iNOS expression, treated groups were
compared at 24 h incubation period; the result
showed a strong inductive effect of evodiamine on
iINOS expression, with less potent as LPS. Taken
together, iNOS expression was induced by evodia-
mine and contributed to the increased augmentation
of NO production in evodiamine-treated Hela cells.

ROS and NO generation mediated evodiamine-induced
apoptosis

To determine the possible lethal roles of ROS and
NO induced by evodiamine in HeLa cells, cell
viability was measured after drug treatment. Inhibi-

tion of ROS or NO with increasing concentrations of
CAT or L-NAME could evidently protect cells from
evodiamine-induced cell loss as illustrated by the
increased cell viability from 49.34% for evodiamine
alone to 62.9% by 500 U/ml CAT, 74.0% by 1000 U/
ml CAT, 56.9% by 10 mm L-NAME and 65.5% by
20 mMm L-NAME (Figure 4A). Interestingly, when
pre-treating HeLa cells with 1000 U/ml CAT and
20 mmMm L-NAME together, the cell viability was
increased to 84.2% (Figure 4A), larger than either
CAT or L-NAME alone treatment, indicating that
synergistic effects of ROS and NO might be involved.
Consistent with the results in Figures 2 and 3, these
results confirmed that both ROS and NO production
played essential roles in mediating evodiamine-in-
duced HeLa cell death.
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Figure 4. Effects of CAT and L-NAME on evodiamine-induced
apoptosis. (A) The cells were cultured in the presence or absence of
different doses of CAT or L-NAME for 1 h prior to the addition of
21 pMm evodiamine and then incubated for 24 h. (CAT1: 500 U/ml;
CAT2: 1000 U/ml; NAMEL: 10 mm; NAME2: 20 mm.) The cell
viability was determined by MTT assay (n=3). Values are
expressed as mean+SD. **p <0.01, ***p <0.001 compared to
groups treated with evodiamine alone, as examined by Student’s -
test. (B) The cells were treated with 21 um evodiamine for the
indicated time periods in the presence or absence of 1000 U/ml
CAT or 20 mm L-NAME, followed by Western blot analysis for
detection of caspase-3 and ICAD expressions.

Since the activation of caspase-3 and the cleavage
of DNA fragmentation factor-45 (DFF45)/inhibitor
of caspase-3-activated DNase (ICAD) are essential
for apoptosis associated with DNA fragmentation
[28], to further elucidate the involvement of ROS and
NO in apoptosis regulation, we examined both the
expressions of caspase-3 and ICAD by Western blot
analysis after drug treatment. When caspase-3 is
activated by processing, it could cleave DFF45/
ICAD. In this study, a time-dependent cleavage of
the 32 kD caspase-3 proform into the 17 kD active-
form caspase-3 and a significant cleavage of ICAD
were both observed after incubation with evodiamine.
Pre-incubation with CAT or L-NAME could notably
inhibit these processes (Figure 4B). Together, these
findings suggested that the apoptosis induced by
evodiamine in Hela cells was regulated by the
generated ROS and NO.

Intracellular generated ROS and NO contributed to the
dissipation in A¥'m

To detect whether loss of AYm was involved in
evodiamine-induced Hel.a cell apoptosis, the integ-
rity of mitochondrial membranes of HeLla cells was
measured by rhodamine 123 staining. Exposure of
HeLa cells to evodiamine led to a time-dependent
decline in rhodamine positive cells from 95.4% in
untreated cells to 72.4% in 6 h- or 50.5% in 24 h-
treated cells; pre-incubation with L-NAME or CAT
largely enhanced the fluorescent intensity to 63.4% or
73.2%, respectively (Figure 5). Combined pre-treat-
ments with L-NAME and CAT, the rhodamine
positive cells were remarkably increased to 88.9%
(Figure 5), which was consistent with the result in
Figure 4A, indicating that synergistic effects of ROS
and NO might be involved. These data demonstrated
that notable AWm dissipation was triggered by
evodiamine in Hela cells, to which ROS and NO
contributed greatly.

ROS and NO participated in the Bax translocation, Bcl-
2 degradation, Bcl-x; suppression and cytochrome c
release

Since AWm was found to be deprived in the presence
of evodiamine, to examine whether the mitochondria-
mediated apoptotic pathway participated in evodia-
mine-induced apopotosis, the expressions of Bax,
Bcl-2, Bcel-xp, and cytochrome ¢ in cytosolic and
mitochondrial fractions were detected by Western
blot analysis. Results showed that Bax translocation
from cytosol to mitochondria, Bcl-2 degradation,
Bcl-x;, suppression and cytochrome ¢ release from
mitochondria to cytosol were gradually induced by
evodiamine treatment and could be reversed by either
CAT or L-NAME pre-incubation (Figure 6). Thus,
the mitochondria-mediated apoptotic pathway was
involved in evodiamine-incubated cells, in which
intracellular ROS and NO production played central
roles.

ROS and NO were involved in the regulation of
autophagy mduced by evodiamine

To identify the probable direct induction of HeLa cell
autophagy, MDC labelling of autophagosome, the
formation of which is the initial step of the autophagic
process, was applied. As shown in Figure 7A, the
percentage of MDC positive cells in the evodiamine-
treated group was 14.7%, 9.2% or 11.0% at 6, 24 or
36 h, respectively, and was significantly higher than
that in the control group. However, when 3-MA was
introduced, the autophagic percentage was sharply
reduced to 2.4-3.3%, almost to the basal level. These
data indicates that autophagy was initially triggered
by evodiamine at an early stage and decreased later.
After pre-treatment with CAT or L-NAME, the
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Figure 5. Significant drop in mitochondrial transmembrane potential (A¥m) was induced by evodiamine and could be rescued by CAT
and L-NAME. The cells were incubated with 21 um evodiamine for 0, 6, 24 h or coincubated with 1000 U/ml CAT (or/and 20 mm L-
NAME) and 21 pm evodiamine for 24 h. Then the 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 FACScan flow cytometery after collection. The corresponding
linear diagram of the FACScan histograms was expressed at the bottom. Data from a representative experiment (n =3) are shown.

proportion of autophagic cells decreased from 14.7%
to 5.4% or 7.9% at 6 h, respectively, suggesting the
inductive effects of ROS and NO on autophagy.
Interestingly, the ratio of autophagic cells was in-
creased from 9.2% to 17.0% or 12.3% in the
presence of CAT or L-NAME at 24 h incubation
with evodiamine, respectively. Moreover, the autop-
hagic percentage was remarkably increased from
11.0% to 67.4% or 41.2% in the presence of CAT
or L-NAME at 36 h incubation with evodiamine,
respectively, indicating the inhibitory effects of sec-
ond stages of ROS and NO on autophagy.
Consistent with the results in Figure 7A, the
expression of Beclin 1 in evodiamine-treated cells
was observed to be decreased when pre-treated with
CAT or L-NAME at 6 h and to be enhanced by pre-
incubation with CAT or L-NAME at 36 h (Figure
7B). LC3 has been reported to be cleaved by
autophagin (Atg4) to produce the active cytosolic
form LC3-I (18 kDa) and then modified in the active
form LC3-II (membrane-bounded), which localizes

selectively to forming and newly formed autophago-
somes, making LC3-II a useful autophagosomal
marker [29]. The LC3 processing in evodiamine-
incubated cells was also observed obviously when
pre-treated with CAT or L-NAME at 36 h. These
significant different effects of CAT or L-NAME on
evodiamine-induced autophagy at different time
points further suggested that ROS or NO might
change their roles in the regulation of autophagy at
different culture stages with evodiamine.

Inhibition of autophagy augmented evodiamine-induced
cell death

To further determine whether an inductive or pre-
ventive effect of autophagy existed in evodiamine-
induced cell death, the specific autophagic inhibitor
3-MA was applied. When autophagy was suppressed
by 3-MA in evodiamine-treated Hela cells, the
number of apoptotic cells was larger in 3-MA and
evodiamine coincubated group and the apoptotic
features, including apoptotic bodies, membrane
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Figure 6. Bax translocation, Bcl-2 degradation, Bcl-x; suppres-
sion and cytochrome c release were all induced by evodiamine and
could be prevented by CAT and L-NAME. The cells were treated
with 21 pum evodiamine for the indicated time periods in the
presence or absence of 1000 U/ml CAT or 20 mm L-NAME,
followed by Western blot analysis for detection of Bax, Bcl-2, Bcl-
x1. and cytochrome ¢ expressions both in the cytosol (A) and the
mitochondria (B). f-actin was used as an equal loading control.

blebbing, cell becoming round and floating, were
more significant (Figure 8A). The cell viability was
significantly reduced in a dose-dependent manner at
6, 24 or 36 h, as measured by MTT analysis (Figure
8B). These results suggested that the induced
autophagy in evodiamine-treated HeLa cells exerted
a protective effect on cell damage for at least 36 h.

Discussion

The role of free radical-mediated reactions in human
cancer pathology continues to attract significant
interest. In general, it has been shown that different
disorders caused by different genetic or environmen-
tal insults may have one common molecular basis,
namely oxidative stress. Oxidative stress results from
exposure to excess levels of free radicals, including
ROS and NO, which are not detoxified by cellular
antioxidant agents [30]. Evidence has been accumu-
lating that free radical generation can lead to oxida-
tive damage of cell constituents, such as DNA,
proteins and lipids. It has been postulated that,
depending on the severity of damage, these phenom-
ena result in autophagy, apoptosis or necrosis [31].
Our current experiments further explained the pos-
sible roles of ROS and NO in regulating pathways of
apoptosis and autophagy.

The results in this study revealed that oxidative
stress was induced by evodiamine. The major source
of intracellular ROS was possibly H,O, owing to the
evident inhibitory effect of CAT, a well-conserved

enzyme which functions to detoxify H,O, and the
weakly reducible effect of SOD which functions to
detoxify superoxide radicals (data not shown) on
ROS production. The enzyme iNOS, which is
considered the primary perpetrator of autotoxicity
to produce sustained high levels of NO [32], was
shown to contribute to the synthesis of NO. Further-
more, a synergistic effect of ROS and NO was found
to be involved in evodiamine-induced cell death. This
effect is consistent with the reports that NO is
essential, together with ROS, for triggering cell death
[9]. It was suggested that NO and H,0O, could
chemically react to produce singlet oxygen or hy-
droxyl radicals and that these species caused cell
death [33]. Superoxide could react with NO to form
peroxynitrite, which is extremely reactive and might
damage lipid membranes, DNA molecules and pro-
teins, resulting in cell death [34]. Whether the
synergistic effect resulted from the interaction be-
tween NO and H,O, or superoxide or other mechan-
isms is currently unknown and needs to be further
investigated.

Several enzymes generate ROS including
NADP)H oxidase, xanthine oxidase, cytochrome
P450 and mitochondrial electron transport chain
complexes [35]. Mitochondria are the primary site
of ROS generation within the cell and are also
sensitive targets for ROS because of their phospho-
lipid-containing membranes and the vulnerable mi-
tochondrial DNA [36]. Many studies suggested that
ROS participated in the apoptotic process through
inducing MMP, which led to the release of cyto-
chrome ¢ into the cytosol and thus triggered the
apoptotic cascade [37]. The mechanism that can
regulate MMP involves the Bcl-2 family of proteins
such as Bax, Bcl-2 and Bcl-x; , which act on the outer
mitochondrial membrane to either promote or pre-
vent MMP. In this study, the mitochondrial apoptotic
signalling was found to be regulated by ROS/NO via
inducing MMP, which might be related to the
degradation of Bcl-x;, and Bcl-2, an antioxidant
protein considered to detoxify the intracellular ROS
[38]. Moreover, a caspase-dependent apoptosis was
also found to be regulated by ROS/NO, as demon-
strated by the obvious inductive effects of ROS/NO
on caspase-3 truncation. This role was probably
related to the reported sensitivity of caspase-3 to the
alterations of intracellular redox status [39].

Autophagy is a conserved lysosomal degradation
pathway that has been extensively studied in recent
years [40]. Our study found that autophagy was
induced to a maximum level when incubated with
evodiamine for a short time and it remained at a low
level afterwards. The redox status was proposed to be
related to the severity of evodiamine-stimulated
autophagy in HeLla cells. It was shown that ROS/
NO contributed to the activation of autophagy in a
short incubation period and they acted preventively
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Figure 7. Autophagy was induced by evodiamine and could be affected by pre-treatment with CAT or L-NAME. (A) The cells were
incubated with 21 pm evodiamine for 6, 24 or 36 h in the absence or presence of 1000 U/ml CAT, 20 mm L-NAME or 4 mm 3-MA. Then
the cells were labelled with MDC and the autophagic ratio was measured by flow cytometry. The corresponding linear diagram of the
FACScan histograms is expressed at the bottom. Data from a representative experiment (z =3) are shown. (B) The cells were treated with
21 pMm evodiamine for 6 or 36 h in the presence or absence of 1000 U/ml CAT, 20 mm L-NAME or 4 mm 3-MA, followed by Western blot
analysis for detection of Beclin 1 or LC3. f-actin was used as an equal loading control.

to autophagy through a long incubation period. Such
reports have demonstrated that ROS can exert an
inductive effect on autophagy, the mechanism of
which has been suggested to be related to its specific
regulation of the activity of Atg4 [41]. On the other
hand, free radicals may inhibit autophagy by directly
damaging the lysosomal membrane to an extent that
results in the leakage of lysosomal hydrolases out to
the cytosol during massive acute oxidative stress [42].
In this study, it was found that ROS/NO could

diversely regulate autophagy through modulating
Beclin 1, a Bcl-2 interacting protein, which controls
autophagy in a class III phosphoinositide 3-kinase
(PI3K)-dependent manner as reported [43], in re-
sponse to their severity. The massive ROS/NO could
also prevent autophagy through inhibiting the proces-
sing of LC3 to a membrane-bound form LC3-II,
which becomes membrane-associated and preferen-
tially associating with the developing and newly
formed autophagosomes. Consistent with the reports,
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Figure 8. 3-MA exerted an enhancive effect on evodiamine-
induced cell death. (A) The cellular morphologic changes were
observed after cells incubated with medium, 4 mm 3-MA, 21 um
evodiamine or 4 mm 3-MA plus 21 um evodiamine for 24 h under a
phase contrast microscope (x200 magnification). (B) The cells
were treated with 21 pm evodiamine for 6, 24 or 36 h in the
presence or absence of 1, 2 or 4 mm 3-MA, followed by MTT
analysis (n=3). *p <0.05, **p <0.01, ***p <0.001 compared to
groups treated with evodiamine alone at the corresponding time
points, as examined by Student’s z-test.

our findings reflected that the autophagic process
could be regulated differently in response to the
alteration of intracellular redox status.

The interplay between autophagy and apoptosis is
complex, with the accumulating data revealing cases
in which autophagy is an antagonistic, agonistic or
independent of canonical programmed cell death via
the apoptotic pathway [44]. By observation of the
inductive effect of 3-MA on evodiamine-induced
ROS/NO-dependent cell loss, autophagy was found
primarily to be a survival strategy in evodiamine-
treated HelLa cells. Upregulation of this system has
been reported to play a significant role in adaptation

to environments where oxidative stress is a major
selection pressure and where the process can rapidly
delete and recycle oxidatively damaged proteins
and organelles [45]. And it has been shown that 3-
MA has a potent inhibitory effect on PI3K activity in
vitro studies. The enzyme class III PI3K, which
synthesizes the phosphatidylinositol 3-phosphate
(PtdIns3P) from PtdlIns, is essential for the formation
of the autophagosome. The preventive effect of 3-MA
on intracellular trafficking of proteins from late
endosomes to lysosomes is also suggested to be
compatible with the requirement of PI3K at this
step [46]. Thus, class III PI3K might function in the
promotive effect of autophagy on cell viability as
elicited by the results from 3-MA administration.
Together with the above findings, it was revealed that
autophagy acted to provide defense against cell death
in response to mild oxidative stress; whereas it was
inhibited by severe oxidative stress, where the apop-
tosis prevailed. This study provides evidence that
autophagy serves as an adaptive mechanism facilitat-
ing cancer cell survival and resistance to therapy-
induced apoptosis and the inhibitor of autophagy can
enhance the efficacy of therapeutic strategies de-
signed to induce cancer cell apoptosis.

In summary, the present results indicated that the
productions of ROS and NO were both triggered by
evodiamine and they acted in synergy to promote a
mitochondria- and caspase-dependent apoptosis. Im-
portantly, autophagy was found to be stimulated by
evodiamine and regulated complexly by ROS/NO.
Moderate ROS/NO contributed to the activation of
autophagy in order to protect cells against damage
under a mild oxidative stress; whereas massive ROS/
NO played negative roles in the autophagic process
under a severe oxidative stress, where the irreversibly
damaged cells were removed by apoptosis.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.
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