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Abstract
Neuroblastoma is the most common extra-cranial solid tumor in children. Despite advances in the
treatment of childhood cancer, outcomes for children with advanced-stage neuroblastoma remain
poor. Here we reported that 2-methoxyestradiol (2-ME) inhibited the proliferation and induced
apoptosis in human neuroblastoma SK-N-SH and SH-SY5Y cells. 2-ME treatment also resulted in
the generation of ROS and the loss of mitochondrial membrane potential in SK-N-SH and SH-
SY5Y, indicating that 2-ME-induced apoptosis is mediated by ROS. This is supported by the
results that have shown that co-treatment with antioxidants, VC, L-GSH and MitoQ10, decreased
2-ME-induced generation of ROS and the loss of the mitochondrial membrane potential, increased
the Bcl-2/Bax ratio, decreased 2-ME-induced activation of caspase-9 and caspase-3 and the up-
regulation of apoptosis-inducing factor (AIF), and prevented 2-ME-induced apoptosis in SK-N-SH
and SH-SY5Y cells. These results suggested that oxidative stress plays an important role in 2-ME-
induced apoptotic death of human neuroblastoma cells.
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1. Introduction
Neuroblastoma is the most common extra-cranial solid tumor in children and exhibits very
complex biological and clinical heterogeneities [1]. While the benign form of the disease
can achieve spontaneous and complete recession, the morbidity and mortality rates of the
malignant form is very high [2, 3]. Despite dramatic increases in the intensity of therapy
provided, the cure rates among children with high-risk neuroblastoma have shown only
modest improvement [4–7]. Therefore, extensive efforts have been directed toward the
development of new drugs to treat high-risk neuroblastoma.
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2-Methoxyestradiol (2-ME) is a natural metabolite of 17β-estradiol. Unlike its parent
compounds and their other metabolites, 2-ME has minimal estrogenic activity due to its low
affinity for estrogen receptors (ERs) [8]. However, 2-ME has been shown, in a variety of in
vitro and in vivo models, to possess therapeutic effects against angiogenesis and tumor
growth [9–13]. Because of its low toxicity and broad-spectrum anti-cancer activity, 2-ME
has been considered as a promising anticancer drug candidate. It is in phase I and II clinical
trials for the treatment of a variety of cancers, including multiple myeloma; breast;
glioblastoma multiforme carcinoid, and prostate tumors [14]. However, the molecular
mechanism of 2-ME is not fully understood [15].

Growing evidence suggests that oncogenic stimulation, increased metabolic activity, and
mitochondrial malfunction can result in increased intrinsic ROS stress in cancer cells. The
increased ROS generation in cancer cells can lead to the stimulation of cellular proliferation,
promotion of mutations and genetic instability, and alterations in drug sensitivity [16–18].
Despite these negative impacts of ROS generation in cancer cells, excessive production of
ROS may inflict damage to various cellular components, including DNA, protein and lipid
members, which trigger apoptosis in cancer cells [19], suggesting that it is possible to
develop novel therapeutic strategies to kill cancer cells through ROS-mediated mechanisms.
Therefore, ROS-generating compounds and/or antioxidant inhibitors are proposed as new
therapeutic agents for cancers [16].

The increase in ROS levels makes cancer cells highly dependent on antioxidants to cope
with the ROS stress. It has been suggested that impairment of antioxidant system in cancer
cells underlies anticancer effects of some anticancer agents. Huang et al. proposed that 2-
ME inhibits tumor growth by superoxide dismutase (SOD) inhibition [20]. However, studies
from other investigators have suggested that while 2-ME does increase intracellular
superoxide levels in tumor cells, it does not inhibit SOD but rather interferes with the SOD
assay [21]. In addition, the effects of 2-ME on cellular superoxide levels appear to be cell
type specific. For instance, the ability of 2-ME to inhibit proliferation in a murine pre-B cell
line transfected with Bcr-Abl was found to be independent of elevations in cellular
superoxide [22]. Although 2-ME has been proved to be effective in the treatment of neural
cancers [23–26], the role of ROS in anticancer activity of 2-ME against neuroblastoma is
unknown.

In the present study, human neuroblastoma cell lines, SK-N-SH and SH-SY5Y, were used to
examine whether 2-ME can inhibit proliferation and induce apoptosis in human
neuroblastoma cells. The roles of ROS in 2-ME-induced apoptosis and in anticancer activity
of 2-ME against neuroblastoma are also determined by directly measuring the ROS
generation and the changes in mitochondria membrane potential and by examining whether
antioxidants can attenuate the pro-apoptotic effects of 2-ME. The results from this study
demonstrated that 2-ME can inhibit the proliferation and induce apoptosis in human
neuroblastoma SK-N-SH and SH-SY5Y cells and that oxidative stress plays an important
role in 2-ME-induced apoptotic death of human neuroblastoma cells.

2. Materials and methods
2.1. Cell culture and reagents

Human neuroblastoma SK-N-SH and SH-SY5Y cells were kindly provided by Dr. Ying
Peng at Peking Union Medical College and Dr. Lin-lin Yi at Xuanwu Hospital of Capital
Medical University, China, respectively. SK-N-SH and SH-SY5Y cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) or DMEM/F12 (HyClone, Beijing, China),
respectively, supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin, and 10%
fetal bovine serum at 37 °C with a 5% CO2 atmosphere in a humidified incubator.
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2-ME was synthesized by Zheng Zhou University School of Pharmaceutical science
(Zhengzhou, China). The purity of the 2-ME used in this study is 99.5%, as determined by
HPLC. Trypan blue and sulphorhodamine (SRB) dye were purchased from Sigma (USA).
Vitamin C (Ascorbic Acid, VC) was obtained from Zhuofeng Biotechnology (Zhengzhou,
China). L-Glutathione (Reduced) (L-GSH) was purchased from Solarbio (Beijing, China).
MitoQ10 was provided by Dr. Murphy (Mitochondrial Biology Unit, UK). Cell Apoptosis
Rhodamine123 Detection Kit and an Apoptotic Cell Hoechst 33258 Detection Kit were
purchased from KeyGEN Biotech Ltd. (Nanjing, China). ROS Detection Kit was purchased
from Beyotime Institute of Biotechnology (Nanjing, China). BCA protein Detection Kit was
purchased from DingGuo Biotech Ltd (Beijing, China). The rabbit anti-caspase-3, anti-
caspase-9, anti-Bcl-2, and the anti-Bax antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-AIF antibody was purchased from Beyotime
Institute of Biotechnology (Nanjing, China). All other chemicals were purchased from
Sigma Chemical Co. (USA).

2.2. SRB assay
Cells (2.5×104 cells /mL) were plated in media containing 10% FBS and were allowed to
attach overnight before the drugs were added to the wells at indicated concentrations. Each
dose was tested in at least six replicate wells. At the end of the incubation period, the cells
were fixed with 10% trichloroacetic acid (TCA) (4°C) for 1 h, and then were washed five
times with tap water to remove TCA. Air-dried TCA-fixed cells were stained for 15 min
with 0.4% (w/v) SRB dissolved in 1% acetic acid. At the end of staining period, SRB was
removed and cultures were rinsed with 1% acetic acid to remove unbound dye. The cultures
were air dried and bound dye was dissolved with 10 mM Tris base (pH 10.5). The plates
were shaken for 5 min until the dye was uniformly distributed and then were measured using
an Emax Precision Plate Reader at 515 nm.

2.3. Trypan Blue assay
Exponentially growing cells (1×104 cells/well) were seeded onto 12- well plates. After
overnight incubation, cells were exposed to 5 μM 2-ME at 37°C for 1–8 days. Cells were
harvested at the indicated times and were centrifuged for 5 min at 1000 rpm. After the pellet
was washed with PBS, centrifuged and resuspended in complete culture media, a small
aliquot of the cell suspension was mixed with 0.4% Trypan blue solution. The live (bright)
and dead (blue) cells were counted using a hemocytometer. Cell viability was expressed as
the percentage of surviving cells compared to the total number of cells. The experiment was
performed in triplicate.

2.4. Nuclear staining with Hoechst 33258
For detecting the apoptosis with Hoechst 33258, cells were seeded in 6-well plates. After
treatment with 2-ME for 48 or 72 h, cells were fixed with 4% paraformaldehyde for 10 min
at 4°C, and then washed twice with Buffer A. Hoechst 33258, a DNA fluorochrome, was
added to the fixed cells, and the cells were stained for 10 min at room temperature. After
washing with double distilled water, the cells were observed and analyzed by Nikon 80i
fluorescent microscope with excitation at 340 nm. Cells that exhibited reduced nuclear size,
chromatin condensation, intense fluorescence, and nuclear fragmentation were considered as
apoptotic cells. The percentage of apoptotic cells was calculated as the ratio of apoptotic
cells to total cells. At least 300 cells were counted from five random microscopic fields by
two observers.
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2.5. Measurement of reactive oxygen species levels
ROS generation was measured using a 2′,7′-dichlorodihydrofluorescein diacetate (DCHF-
DA) assay. Control and treated cells were washed twice with PBS, and then incubated with
10 μM DCFH-DA for 20 min at 37°C. Cells were washed three times with free serum
DMEM to remove extracellular DCFH-DA. The fluorescence intensity was measured under
an excitation at 488 nm and emission at 525 nm using a fluorophotometer (RF-5301PC,
Japan). ROS levels were expressed as fold change over control.

2.6. Detection of mitochondrial membrane potential (Δ Ψm)
To determine the effects of 2-ME on mitochondrial membrane potential, control and treated
cells were washed twice with PBS, and then incubated with 10 μg/mL rhodamine-123
(Molecular Probes) for 10 min. After the cells were washed three times, the cells were added
to the six well plates and cultured for 60 min. The fluorescence intensity was measured
under an excitation at 488 nm and emission at 530 nm using a fluorophotometer
(RF-5301PC, Japan). The mitochondrial membrane potential was expressed as fold change
over control.

2.7. Western blot analyses
After treatment of SK-N-SH cells with 2-ME, the collected cells were washed twice with
cold PBS, incubated in RIPA buffer and protease inhibitor PMSF mixtures for 30 min on
ice. Insoluble debris was precipitated by centrifugation at 12,300 × g for 15 min at 4°C, and
the supernatants were collected and assayed for protein concentration using the BCA reagent
kit. Western blots were performed by standard protocols. The levels of Bcl-2, Bax,
caspase-9, caspase-3, and AIF proteins were analyzed with the following antibodies: rabbit
anti-Bcl-2 (1:200), rabbit anti-Bax (1:200), rabbit anti-caspase-3 (1:200), rabbit anti-
caspase-9 (1:200), and anti- AIF (1:1,000), respectively, followed by detection with ECL
Western-blotting detection reagents.

2.8. Statistical analysis
All data are presented as mean ± SE. Statistical comparisons between groups were analyzed
by the analysis of variance (ANOVA)-single factor model. Multiple comparison post-tests
between groups were conducted using Turkey’s test. Differences between groups were
considered significant at P < 0.05.

3. Results
3.1. Inhibition of SK-N-SH and SH-SY5Y cell proliferation by 2-ME

To determine whether 2-ME can inhibit the proliferation of SK-N-SH cells, cells were
treated with 2-ME at different concentrations for 48 or 72 h, or 5 μM 2-ME for 1 to 8 days,
respectively. As shown in Fig. 1A, 2-ME significantly inhibited the proliferation of SK-N-
SH cells. We found that the maximum inhibition of proliferation was observed in the cells
treated with 4 μM 2-ME. This result was further confirmed by the results from the
experiments using another neuroblastoma cell line, SH-SY5Y, which have shown that 2-ME
can also significantly decreased the proliferation of SH-SY5Y cells (Fig.1B). In addition,
over 90% of SK-N-SH cells were found to be dead after treatment with 5 μM 2-ME for 4
days (Fig. 1C). These results indicate that 2-ME is a potent inhibitor of SK-N-SH and SH-
SY5Y cell proliferation.

3.2. 2-ME treatment induced apoptosis in SK-N-SH and SH-SY5Y cells—To
determine the mechanism of growth inhibition by 2-ME in SK-N-SH and SH-SY5Y cells,
we examined the effect of 2-ME on apoptosis. As shown in Fig. 2, 2-ME treatment induced
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apoptosis in SK-N-SH cells (Fig. 2, A–E). DNA fragmentation and chromatin condensation
were observed in the cells treated with 4 μM 2-ME for 72 h, indicating that 2-ME can induce
apoptosis in SK-N-SH cells (Fig. 2, A–D). We also found that 2-ME increased apoptosis in
SH-SY5Y cells (Fig. 2, F) and that 2-ME -induced apoptosis in both SK-N-SH and SH-
SY5Y cells is dose-dependent. For example, after treatment with 1, 2.5, or 4 μM 2-ME, the
apoptotic rates of SK-N-SH cells were increased from 6.88% to 21.63%, 28.64% and
63.83%; respectively in the cells treated with 2-ME for 48 h, and from 10.38 % to 28.39%,
47.32% and 71.56 % in the cells treated with 2-ME for 72 h (Fig. 2, E, F).

3.3. Treatment with 2-ME resulted in significant increases in ROS generation and the loss
of the mitochondrial membrane potential in SK-N-SH and SH-SY5Y cells

To examine whether ROS and ROS-induced mitochondrial injury are involved in the 2-ME-
induced anti-proliferation and apoptosis, the effects of 2-ME on ROS generation and the
mitochondrial membrane potential were determined in SK-N-SH and SH-SY5Y cells. We
found that 2-ME treatment significantly increased the ROS generation and the loss of the
mitochondrial membrane potential in a dose-dependent manner (Figs. 3, 4). While 1 μM 2-
ME moderately increased the ROS generation in SK-N-SH cells, 2-ME at this concentration
did not significantly increase the mitochondrial membrane potential. However, 2.5 and 4 μM
2-ME significantly increased both the ROS generation and the mitochondrial membrane
potential in SK-N-SH cells. In SH-SY5Y cells, 2-ME at all doses tested significantly
increased the ROS generation and the loss of the mitochondrial membrane potential. These
results suggest that ROS and ROS-induced mitochondrial injury are involved in 2-ME-
induced apoptosis in SK-N-SH and SH-SY5Y cells.

3.4. Antioxidants attenuated anti-proliferation and apoptotic effects of 2-ME on SK-N-SH
and SH-SY5Y cells

To further test whether ROS are involved in 2-ME-induced anti-proliferation and apoptotic
effects, antioxidants, VC, L-GSH and a mitochondria-targeted antioxidant MitoQ10 were
used to test whether inhibition of oxidative stress can attenuate the anti-proliferation and
apoptotic effects of 2-ME. Co-treatment with VC significantly decreased the inhibition rate
of proliferation in 2-ME exposed SK-N-SH and SH-SY5Y cells. Co-treatment with L-GSH
and MitoQ10 also significantly decreased anti-proliferation effects of 2-ME in SK-N-SH and
SH-SY5Y cells (Fig. 5). In addition, treatment with VC, L-GSH and MitoQ10 significantly
decreased 2-ME-induced apoptosis in SK-N-SH and SH-SY5Y cells (Fig. 6).

3.5. Antioxidants diminished 2-ME-induced ROS generation and the loss of mitochondrial
membrane potential in 2-ME treated SK-N-SH and SH-SY5Y cells

To investigate whether the attenuation of effects of 2-ME on proliferation and apoptosis by
antioxidants are mediated by the prevention of ROS generation and mitochondrial injury, the
effects of antioxidants, VC, L-GSH and MitoQ10, on 2-ME-induced ROS generation and the
loss of mitochondrial membrane potential were determined. We found that all antioxidants
tested significantly diminished the 2-ME-induced elevation of ROS and the loss of
mitochondrial membrane potential in the cells exposed to 2-ME (Fig. 7).

3.6. MitoQ10 significantly increased the Bcl-2/Bax ratio, decreased the activation of
caspase-9 and caspase-3, and the up-regulation of AIF in 2-ME exposed SK-N-SH cells

To further confirm the role of ROS in 2-ME-induced apoptosis, the effects of MitoQ10 on
the expression of anti-apoptotic and pro-apoptotic proteins were determined in SK-N-SH
cells. Western blot analysis showed that MitoQ10 significantly increased the Bcl-2/Bax ratio
and decreased the activation of caspase-3 and 9 in 2-ME exposed SK-N-SH cells (Fig. 8, A-
C), indicating that MitoQ10 can reverse the down-regulation of anti-apoptotic protein Bcl-2
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and up-regulation of pro-apoptotic protein Bax as well as the activation of caspase-9 and
caspase-3 induced by 2-ME. In addition, the expression of AIF was also analyzed in SK-N-
SH cells to determine whether AIF is involved in 2-ME-induced apoptosis. We found that
treatment with 2-ME resulted in a significant increase in AIF expression and that MitoQ10
can significantly reduce 2-ME-induced increase in AIF expression (Fig. 8, D).

4. Discussion
Cancer is a disease characterized by proliferation disorder and apoptosis obstacle, and as
such, the inhibition of proliferation and induction of apoptosis have been considered to be
one of the most efficient methods of cancer therapy. Some anticancer agents inhibit
proliferation through interfering with the processes of cell cycle, and others induce cell
death by apoptosis. In this study, the results of cell viability assay indicated that 2-ME
significantly inhibited SK-N-SH and SH-SY5Y cell proliferation. In addition, 2-ME
significantly increased apoptosis in SK-N-SH and SH-SY5Y cells. These results support that
2-ME can effectively reduce the malignancy and suppressed the regeneration potential of
neuroblastoma cells.

Because cancer cells generate high levels of ROS from their active metabolism associated
with the dysregulation of various cellular events and thus are under the intrinsic oxidative
stress, it has been suggested that anticancer agents can kill cancer cells by either inducing
further ROS generation or impairing antioxidant systems [17, 27, 28]. A numbers of
anticancer agents currently used for cancer treatment have been shown to induce an increase
in ROS generation [29–32]. However, 2-ME was the first agent which has been shown to
increase ROS by inhibiting SOD, one of the most important antioxidant enzymes in cells
[20]. While the effects on 2-ME on SOD activity are controversial [21] and may be cell type
specific, 2-ME-induced increases in intracellular ROS in cancer cells were confirmed by
many groups [33–36]. Studies have shown that 2-ME exerted a minimal cytotoxic effect in
normal lymphocytes, which exhibited lower levels of endogenous ROS generation and
tolerate treatment with 2-ME [37]. Moreover, the degree of 2-ME-induced apoptosis in
primary leukemia cells from CLL patients is significantly correlated with both the basal
level of cellular superoxide and the extent of drug-induced increase in superoxide [38]. In
addition, studies have shown that the 2-Me-induced increases in peroxide and superoxide
anions were correlated with G(2)/M-cycle arrest [39] and that the tubulin filaments in
cytoplasm remain intact in 2-ME-treated HK-1 cells pretreated with superoxide dismutase
mimetic TEMPO [40]. However, it has also been reported that while targeting of
microtubules is the major mechanism of action of 2-ME, induction of cellular ROS may not
be critical for 2-ME’s action in epithelial cancer cells [41]. In the present study, 2-ME dose-
dependently increased ROS and the loss of mitochondrial membrane potential in SK-N-SH
and SH-SY5Y cells, indicating that 2-ME can increase oxidative stress and damage the
mitochondria membrane. These findings are consistent with a number of other studies that
have demonstrated that 2-ME potently induced ROS generation and apoptosis in human
leukemia cells [20, 42], Ewing sarcoma-derived cells [43] and gastric carcinoma cells [39].

In this study, we have also shown that 2-ME inhibited Bcl-2 expression and increased Bax
expression, leading to the decrease in the Bcl-2/Bax ratio. 2-ME treatment also increased the
activation of caspase-9 and caspase-3 in SK-N-SH cells. It is well known that mitochondria
is the major source of ROS in the cells and play an important role in apoptosis [44–46].
Bcl-2 family of proteins, including anti-apoptotic protein Bcl-2 and pro-apoptotic protein
Bax plays an important role in mitochondrial dependent caspase activation [47–49]. The
results from this study strongly suggest that 2-ME-induced ROS can down regulate Bcl-2
and up regulate Bax, which induces the outer mitochondrial membrane permeabilization and
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the loss of mitochondrial potential, and eventually activates caspase-9 and caspase-3 and
results in apoptotic death of human neuroblastoma cells.

While a numbers of studies have demonstrated that caspase activation is involved in 2-ME-
induced apoptosis [39, 43], a study using the pan caspase inhibitor Z-VAD-FMK has shown
that 2-ME-induced apoptosis in rat DS-sarcoma cells is independent of caspase activation
[50]. In the present study, we have shown that antioxidant MitoQ10 decreased both 2-ME-
induced caspase-3 and 9 activation and apoptosis, thus providing evidence for a role of
caspase activation in 2-ME-induced apoptosis in SK-N-SH cells. In addition, the fact that
MitoQ10 can also significantly diminished 2-ME-induced up-regulation of AIF suggests that
both caspase-dependent and caspase-independent mechanisms contribute to the pro-
apoptotic effects of 2-ME.

That the antioxidants, VC, L-GSH and MitoQ10 were shown to decrease 2-ME-induced
apoptosis in SK-N-SH and SH-SY5Y cells further supports a role of ROS in 2-ME-induced
apoptosis in neuroblastoma cells. L-GSH is an intracellular antioxidant and is the most
easily absorbed form of glutathione. GSH not only directly confers an antioxidant protection
against ROS but also contributes to the maintenance of the antioxidant activity of other
antioxidant enzymes. MitoQ10 is a recently developed mitochondria-targeted antioxidant,
which can be directly delivered to the mitochondria [51]. In mitochondria, MitoQ10 can be
reduced to its active ubiquinol form, which is an effective antioxidant that prevents lipid
peroxidation and mitochondrial damage [52,53]. MitoQ10 is also orally active, has been
found in rat tissues after administration in the drinking water and has been shown to be able
to protect against tissue damage [53, 54]. In the present study, we found that VC, L-GSH
and MitoQ10 diminished the 2-ME-induced elevation of ROS and decreased the loss of the
mitochondrial membrane potential in the cells exposed to 2-ME. MitoQ10 also significantly
increased the Bcl-2/Bax ratio and decreased the activation of caspase-9 and caspase-3 and
the up-regulation of AIF in 2-ME exposed SK-N-SH cells. In addition, VC, L-GSH and
MitoQ10 significantly attenuated the antiproliferation effects of 2-ME and prevented 2-ME-
induced apoptosis in SK-N-SH and SH-SY5Y cells. These data showed strong evidence that
ROS played an important role in 2-ME-induced apoptosis in neuroblastoma cells.

In summary, the results of this study demonstrate that 2-ME has a significant anticancer
effect and can induce proliferation inhibition and apoptosis in human neuroblastoma cells.
The findings from this study also suggest that ROS is involved in 2-ME-induced apoptosis
in SK-N-SH and SH-SY5Y cells. This hypothesis is further supported by the results that
have shown that co-treatment with antioxidants decreased the generation of ROS and the
loss of the mitochondrial membrane potential, increased the Bcl-2/Bax ratio, decreased 2-
ME-induced activation of caspase-9 and caspase-3, and the up-regulation of AIF, and
prevented 2-ME-induced apoptosis in neuroblastoma cells. The discovery of ROS as a novel
mechanism involved in 2-ME-induced apoptosis in SK-N-SH and SH-SY5Y cells provides a
novel framework for developing therapeutic treatments for human neuroblastoma.
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Research highlights

• 2-ME inhibited the proliferation and induced apoptosis in human neuroblastoma
cells.

• 2-ME treatment also resulted in the generation of ROS and mitochondrial injury.

• Co-treatment with antioxidants decreased 2-ME-induced ROS and
mitochondrial injury.

• Treatment with antioxidants prevented 2-ME-induced apoptosis in
neuroblastoma cells.
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Fig.1.
Treatment with 2-ME significantly inhibited the proliferation of SK-N-SH and SH-SY5Y
cells. SK-N-SH (A) and SH-SY5Y (B) cells were treated with 2-ME at indicated
concentrations for 48 or 72 h. Cell viability was tested by SRB assay as described in the
Methods. (C) SK-N-SH cells were treated with 5 μM 2-ME for 1–8 days. Cell viability was
detected by Trypan blue exclusion assay. The data are expressed as inhibition rate and
represent the mean ± SEM of three separate experiments. *P < 0.05 vs. control.
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Fig.2.
2-ME treatment induced apoptosis in SK-N-SH and SH-SY5Y cells. Morphological changes
(A, B) and Hoechst 33258 staining (C, D) of SK-N-SH cells were observed in the cells
cultured in absence (A, C) and presence (B, D) of 2-ME (4 μM) for 72 h. (E) Dose response
of apoptosis induction in SK-N-SH cells treated with 2-ME for 48 or 72 h. (F) Dose
response of apoptosis induction in SH-SY5Y cells treated with 2-ME for 48 or 72 h. The
data are expressed as percentage of apoptotic cells in the total cells and represent the mean ±
SEM of five separate experiments. *P < 0.05 vs. control.
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Fig. 3.
Treatment with 2-ME resulted in significant increases in ROS generation in SK-N-SH (A)
and SH-SY5Y (B) cells. Cells were treated with 2-ME at indicated concentrations for 72 h.
Analysis of ROS was performed using a fluorophotometer as described in Methods. The
data are expressed as fold change over control and represent the mean ± SEM of three
separate experiments. *P < 0.05 vs. control.
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Fig. 4.
Treatment with 2-ME resulted in significant increases in the loss of the mitochondrial
membrane potential in SK-N-SH (A) and SH-SY5Y (B) cells. Cells were treated with 2-ME
at indicated concentrations for 72 h. Analysis of the mitochondrial membrane potential was
performed using a fluorophotometer as described in Methods. The data are expressed as fold
change over control and represent the mean ± SEM of three separate experiments. *P < 0.05
vs. control.

Zhang et al. Page 15

Cancer Lett. Author manuscript; available in PMC 2012 December 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Antioxidants attenuated anti-proliferation effects of 2-ME on SK-N-SH (A, C, E) and SH-
SY5Y (B, D, F) cells. SK-N-SH cells were treated with 2-ME at indicated concentrations in
combination with 100 μM VC for 72 h (A), or treated with 4 μM 2-ME alone, or in
combination with L-GSH or MitoQ10 at indicated concentrations for 72 h (C, E). SH-SY5Y
cells were treated with 2-ME at indicated concentrations in combination with 50 μM VC for
72 h (B), or treated with 2 μM 2-ME alone, or in combination with L-GSH or MitoQ10 at
indicated concentrations for 72 h (D, F). Cell viability was then tested by SRB assay as
described in Methods. The data are expressed as inhibition rate over control and represent
the mean ± SEM of six separate experiments. *P<0.05 vs. control.
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Fig. 6.
Antioxidants attenuated apoptotic effects of 2-ME on SK-N-SH (A) and SH-SY5Y (B) cells.
SK-N-SH cells were treated with 4 μM 2-ME alone, or in combination with 100 μM VC, 50
μM L-GSH or 100 nM MitoQ10 for 72 h. SH-SY5Y cells were treated with 2 μM 2-ME
alone, or in combination with 50 μM VC, 100 μM L-GSH or 400 nM MitoQ10 for 72 h. The
apoptosis was identified using Hoechst 33258 staining as described in Method. The data are
expressed as percentage of apoptotic cells in the total cells and represent the mean ± SEM of
five separate experiments. *P < 0.05 vs. control, # P < 0.05 vs. 2-ME treated group.
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Fig. 7.
Antioxidants diminished 2-ME-induced ROS generation (A, B) and decreased the loss of the
mitochondrial membrane potential (C, D) in 2-ME treated SK-N-SH (A, C) and SH-SY5Y
(B, D) cells. SK-N-SH cells were treated with 4 μM 2-ME alone, or in combination with 100
μM VC, 50 μM L-GSH or 100 nM MitoQ10 for 72 h. SH-SY5Y cells were treated with 2
μM 2-ME alone, or in combination with 50 μM VC, 100 μM L-GSH or 400 nM MitoQ10 for
72 h. Analysis of ROS and the mitochondrial membrane potential were performed using a
fluorophotometer as described in Methods. The data are expressed as fold change over
control and represent the mean ± SEM of three separate experiments. *P < 0.05 vs. control, #
P < 0.05 vs. 2-ME treated group.
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Fig. 8.
MitoQ10 significantly increased the Bcl-2/Bax ratio (A), decreased the activation of
caspase-9 (B) and caspase-3 (C), and decreased the expression of AIF (D) in 2-ME exposed
SK-N-SH cells. Cells were treated with 5 μM 2-ME alone or in combination with 100 nM
MitoQ10 for 48 h. Western blot was performed to analyze the levels of Bcl-2, Bax,
caspase-9, caspase-3 and AIF proteins. Western blots show cleavage fragments for
caspase-9 (36 KDa) (B) and caspase-3 (17 KDa)(C). The data are expressed as the Bcl-2/
Bax ratio (A), ratio of caspase-9/β-actin (B), ratio of caspase-3/β-actin (C), or ratio of AIF/
β-actin (D), respectively and represent the mean ± SEM of three separate experiments. *P <
0.05 vs. control, # P < 0.05 vs. 2-ME treated group.
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