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ABSTRACT
In view of the inadequacy of neuroblastoma treatment, five hydroxystilbenes
and resveratrol (Resv) were screened for their cytotoxic property against human
neuroblastoma cell lines. The mechanism of cytotoxic action of the most potent
compound, trans-4,4’-dihydroxystilbene (DHS) was investigated in vitro using human
neuroblastoma cell lines. DHS was also tested in a mouse xenograft model of human
neuroblastoma tumor. The MTT, sub-G1, annexin V and clonogenic assays as well as
microscopy established higher cytotoxicity of DHS than Resv to the IMR32 cell line.
DHS (20 μM) induced mitochondrial membrane permeabilization (MMP) in the cells,
as revealed from JC-1 staining, cytochrome c and ApaF1 release and caspases-9/3
activation. DHS also induced lysosomal membrane permeabilization (LMP) to release
cathepsins B, L and D, and the cathepsins inhibitors partially reduced MMP/caspase-3
activation. The ROS, produced by DHS activated the p38 and JNK MAPKs to augment
the BAX activity and BID-cleavage, and induce LMP and MMP in the cells. DHS (100
mg/kg) also inhibited human neuroblastoma tumor growth in SCID mice by 51%.
Hence, DHS may be a potential chemotherapeutic option against neuroblastoma. The
involvement of an independent LMP as well as a partially LMP-dependent MMP by DHS
is attractive as it provides options to target both mitochondria and lysosome.

chemotherapy) or after surgery (adjuvant chemotherapy).
In case of metastasis, chemotherapy with a combination
of drugs is adopted [3]. Despite these, the prognosis of
patients with advanced neuroblastoma is very poor, while
majority of the chemotherapeutic agents have side effects
and/ or are expensive. Hence, there is an urgent need for
appropriate drug formulations for the treatment of paediatric
malignancies, and the natural polyphenols may be an
attractive options for this [4]. Based on epidemiological
studies, consumption of vegetables and fruit-rich diets

INTRODUCTION
Neuroblastoma is the most common solid tumor
in children, and a major cause of death from childhood
neoplasia. Amplification of the MYCN gene occurs in
40-50% of the high risk neuroblastoma. Patients with
high risk neuroblastoma along with MYCN amplification
typically show high resistance and poor therapeutic benefits
[1,2]. The treatment options against neuroblastoma
include chemotherapy either before surgery (neoadjuvant
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is considered to have positive impact against cancer that
correlates well with their constituent polyphenolics [5,6].
The naturally occurring hydroxystilbene, resveratrol
(3,4’,5-trihydroxystilbene, Resv), present in grape
skins, red wines and grape juices is widely accepted as a
wonder molecule because of its diverse pharmacological
attributes including anticancer property [7]. Resv alone
or in combination with other therapeutic drugs is reported
to induce death in various human cancer cells and prevent
growth factor-induced cancer progression by modulating
the signalling pathways that mediate invasion, metastasis
and angiogenesis [8, 9]. Regardless of these health benefits,
Resv also shows different contraindicative properties [10–
12]. Further, Resv can induce apoptosis in different cancer
cell lines only at a significantly higher concentration [13],
where its contraindicative properties are prominent. Earlier
we have shown that subtle changes in the oxygenation
pattern of the hydroxystilbene structure not only alleviates
their toxicity but also potentiates their chemopreventive
property against a host of human cancer cell lines [14, 15].
The resveratrol analog, trans-4,4’-dihydroxystilbene (DHS)
shows remarkably higher cytotoxicity than Resv against
human promyelocytic leukemia (HL-60) [16] and mouse
fibroblasts, and on the proliferation and invasion of human
breast cancer MCF-7 cells [17–19]. Very recently, it was
found to inhibit lung cancer metastatic lesions in mice liver as
well as dissemination, invasion and metastasis of lung cancer
cell in a zebrafish tumor model [20]. However, nothing is
known about its effect against human neuroblastoma cells.
Apoptosis induction is a preferred mode of killing the
cancer cells due to less side effects and immune reactions.
Many classical antitumor agents trigger caspase-mediated
apoptotic cell death. Apoptosis induction typically proceeds via
the intrinsic (mitochondria-caspases 9/3) and/ or the extrinsic
(Fas-caspases 8/3) pathways. However, its evasion represents
one of the major obstacles in anti-cancer drug development
[21]. Besides mitochondria, the severely altered lysosomal
volume and its trafficking as well as the levels of lysosomal
hydrolases in the transformed cells can be targeted to prevent
invasive growth and neoangiogenesis, and even multidrug
resistance. Recently, lysosomal membrane permeabilization
(LMP) of cancer cells through suitable agents has emerged as
an effective strategy in cancer management [22–24].
Given the poor prognosis and lack of adequate
treatment modality of human neuroblastoma, the present
investigation was aimed to assess the potential of a series
of hydroxystilbenes (compounds 1-5) and Resv in targeting
neuroblastoma, and establish the molecular mechanism
of action. The chemical structures of the test compounds
are shown in Figure 1A. Initially the anti-cancer property
of the above hydroxystilbenes and Resv on the human
neuroblastoma cell lines IMR32 and SHSY-5Y was evaluated
by examining their effects on cell viability. Our results showed
that DHS (compound 1) was the most promising candidate
amongst the chosen hydroxystilbenes, and the IMR32 cells
were more sensitive to it. Hence, DHS and IMR32 cells were
www.impactjournals.com/oncotarget

chosen for the mechanistic studies. The possible involvement
of redox signalling, in particular, mitogen activated protein
kinases (MAPKs) activation and mitochondrial damage in the
IMR32 cells was addressed by studying the time-dependent
effect of DHS in reactive oxygen species (ROS) generation,
activation of the caspases, cytochrome (cyt.) c release,
alteration in the BAX/BCL2 ratio, mitochondrial membrane
permeabilization (MMP) and phosphorylation of specific
MAPKs. To seek other alternative pathway, the ability of the
DHS in inducing LMP, release of the cathepsins and BID
cleavage as well as t-BID translocation was also examined.
Our results clearly showed higher cytotoxicity of DHS over
Resv and established that DHS induced ROS-mediated MMP
as well as LMP via two parallel pathways, mediated by p38
and JNK MAPKs activation that also governed BAX and
BID activation. Moreover, the DHS-induced LMP appeared
to control MMP and apoptosis in the IMR32 cells, at least
partially. Animal studies with the human IMR32 xenograft
also showed effective inhibition of tumor growth by DHS.

RESULTS
DHS is more cytoxic than other hydroxystilbenes
including Resv
Initially we studied the cytotoxic properties of
the hydroxystilbenes 1-5 and Resv at three different
concentrations (25, 50 and 75 μM) against the IMR32
(MYCN-amplified) and SHSY-5Y (non-MYCN amplified)
cell lines by the MTT assay after 48 h of treatment. All
the hydroxystilbenes induced significant reduction in
the fractions of metabolically active cells of the tested
cell lines, but were more effective against the IMR32
cell line than the SHSY-5Y cell line. In view of this, the
results (Table 1) with the IMR32 cell line are shown at
25 and 50 μM of the test compounds, while that with the
SHSY-5Y cell line are presented at the concentrations
of 50 and 75 μM. DHS was the most active amongst the
chosen compounds. The elaborate dose-dependent MTT
assays, carried out with DHS revealed its IC50 values
(at 48 h) as 21.6 ± 2.6 and 43.9 ± 3.4 μM respectively
against the IMR32 and SHSY-5Y cell lines (Figure 1B).
Under identical conditions, the IC50 values of the positive
control, Resv against the above cell lines were 47.8
± 3.3 and 78.3 ± 6.2 μM respectively (Figure 1B). A
similar trend in MTT assay results was also obtained
after 24 hof treatment (Supplementary Figure 1A). DHS
(up to 200 μM) did not show any significant toxicity to
human normal intestinal (INT-407) and kidney (HEK293) cell lines (Supplementary Figure 1B). The vehicle
(0.1% DMSO) was also nontoxic to all the cell lines.
Next, we carried out the clonogenic assay to assess the
effect of DHS and Resv on the above neuroblastoma cell
lines. Compared to the control cells, both DHS and Resv
inhibited the colony formation concentration dependently
on the 12th day, reflecting loss of proliferation of the cells
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(Figure 1C and 1D). Almost complete loss of clonogenic
survival of both the cell types was observed with DHS (5
μM) and Resv (15 μM), establishing that DHS was much
more cytotoxic than Resv. Besides, all the above results
showed higher efficacy of DHS against MYCN amplifiedIMR32 cells compared to non-MYCN amplified SHSY5Y neuroblastoma cells. Based on these results, DHS
was chosen for further studies to establish its molecular
mechanism of action in MYCN-amplified IMR32 cells, a
therapeutic resistant neuroblastoma cancer.

dependently. The increased accumulation of the DHStreated cells in the sub-G1 phase ranged between 13.542.5% at 24 h (Supplementary Figure 2A) and 17.0-56.6%
at 48 h (Figure 2A), compared to the respective controls.
Resv treatment was less effective (Figures 2B and
Supplementary Figure 2B). Under identical conditions, the
positive control, cis-platin (5 μM) induced 20.5 ± 2.3%
sub-G1 cell population at 48 h (data not shown).
The
annexin
V/PI
protocol
measures
phosphatidylserine (PS) translocation from the inner to the
outer leaflet of the plasma membrane, one of the earliest
features of apoptosis. Simultaneous staining of annexin
V and the non-vital dye, PI in cells allows detection and
quantification of live (annexin V- PI-), apoptotic (annexin
V+ PI-) and necrotic (annexin V+ PI+) cells. Our results
revealed that incubation of the IMR32 cells with DHS (20
μM) time-dependently (0-12 h) increased the annexin V+
PI- cells. The increase was ~11-17% at 6-12 h, compared
to the vehicle control (Figure 2C). But, DHS induced only
~0.5-5% annexin V+ PI+ cells during 3-12 h, indicating
that apoptosis might be the preferred mode of cell death
by DHS (Figure 2C). The chromatin condensation and

DHS induces caspases-9- and -3-, but not
caspase-8-mediated apoptosis in IMR32 cells.
To confirm that the cell death induced by DHS
was apoptotic, we looked for several apoptosis-specific
parameters viz. (i) sub-G1 cell population, (ii) annexin
V/PI staining, and (iii) nuclear DNA condensation and
fragmentation in the DHS-treated cells. Treatment of
the cells with different concentrations (10-75 μM) of
DHSfordifferent periods (24 and 48 h) increased the
sub-G1 population of the cells, both dose- and time-

Figure 1: DHS is more potent than Resv in inducing death in human neuroblastoma cells. (A) Chemical structures of the

test hydroxystilbenes. (B) Dose-dependent cytotoxic activity of DHS and Resv against IMR32 and SHSY-5Y cell lines. The cells were
incubated with vehicle (0.1% DMSO) or increasing concentrations of DHS or Resv. Cell viability at 48 h was assessed by the MTT assay.
(C) and (D) Clonogenic assay. The IMR32 and SHSY-5Y cells, pre-treated with vehicle or different concentrations of DHS or Resv were
grown in petri-plates for 12 days, stained with 0.5% crystal violet, and the colonies of viable cells were scanned and counted. The viable
colonies were determined considering that of the untreated cells as 100 after correcting the plating efficiency. All determinations were made
in five replicates in 3-4 different experiments and the values are mean ± S. E. M. *p<0.05, **p<0.01, ***p<0.001 compared to vehicle control.
www.impactjournals.com/oncotarget
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Table 1: Comparative cytotoxicities of the hydroxystilbenes against the human neuroblastoma cell linesa
Compound

% Viability loss – IMR32 cells
25 μM

% Viability loss – SHSY-5Y cells

50 μM

50 μM

75 μM

1

44.5 ± 4.2

60.0 ± 4.6

41.3 ± 3.4

55.9 ±3.9**

2

18.2 ± 2.6

23.7 ± 2.2*

13.2 ± 1.6

22.8 ± 1.9*

3

35.0 ± 2.3*

45.4 ± 4.1*

38.2 ± 4.1*

41.2 ± 3.6*

4

37.8 ± 3.9*

16.2 ± 2.8

27.7 ± 1.9*

40.9 ± 5.1*

5

23.7 ±1.6*

27.2 ± 2.8*

17.8 ± 1.4

23.0 ± 2.2*

Resv

27.2 ± 1.8*

42.8 ± 4.7*

30.0 ± 3.6*

47.6 ± 5.1**

*

**

*

The cells were incubated with vehicle alone or in the presence of the hydroxystilbenes under complete growth conditions.
The cell viability at 48 h was assayed by the MTT method. The percentages of reduction in viable cells were calculated
considering the percentage of viable cells of the vehicle-treated control as 100. All determinations were made in five
replicates in 3-4 different experiments and the values are mean ± S.E.M. *p<0.05, **p<0.01 compared to vehicle control.
a

Figure 2: DHS induces caspase-9/caspase-3-mediated apoptosis in IMR32 cells. (A) and (B) Sub-G1 population analyses. The

cells were incubated with different concentrations of DHS (A) or Resv (B) for 48 h, and the sub-G1 populations analyzed by flow cytometry.
(C) Annexin V/PI assay. The cells were incubated with DHS (20 μM) for 0-12 h, co-stained with PI and Annexin-V FITC and analyzed by
flow cytometry. (D) Nuclear chromatin condensation. The cells were incubated with DHS (0, 20 and 40 μM) for 48 h, stained with Hoechst
33342, and observed under an Axioskop II Mot plus (Zeiss) microscope (40 × optics). The scale bar represents 10 μm, while white arrows
indicate fragmented and condensed nuclei. (E) Expressions of the caspases. The caspases expressions in the whole cell extracts of the cells,
incubated with DHS (0 and 20 μM) for different time-points were assessed by immunoblots. The protein bands were detected using a Kodak
Gel-doc software and the intensity ratios of the individual bands to that of vehicle control, taken as 1 (arbitrary unit) were quantified after
normalizing with respective loading controls. (F) Effect of the caspases inhibitors on apoptosis induction. The cells were treated with vehicle
(0.1% DMSO) or pan-caspase or caspase-9/caspase-8/caspase-3-specific inhibitors (10 μM) for 1 h followed by incubation with DHS (20
μM) for 48 h, and the sub-G1 cell populations analyzed by flow cytometry. All determinations were made in duplicates for immunoblots and
microscopy, and five replicates in flow cytometry analyses in 3-4 different experiments. The values are mean ± S. E. M. *p<0.05, **p<0.01
compared to vehicle control; $p<0.05, #p<0.01 compared to only DHS treatment. Representative dot plots, histograms and images are shown.
www.impactjournals.com/oncotarget
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IMR32 cells in response to DHS treatment. The ρo-IMR32
cells were characterized from the reduced expression of
the mitochondria-DNA encoded protein, cytochrome
oxidase I (20%, Figure 3C), an essential component of
the mitochondrial respiratory chain, and reduced levels
of mitochondrial DNA (30%, Supplementary Figure 3).
Flow cytometry analysis revealed that the IMR32-ρo cells
were more resistant to DHS at all the test concentrations,
compared to the IMR32-ρ+ cells (Figure 3D). However,
DHS was still effective against the IMR32-ρo cells,
suggesting the involvement of some mitochondriaindependent apoptosis.

fragmentation in the cells reflects the late stages of
apoptosis. Presently, fluorescence microscopy of the
Hoechst 33342 stained cells showed that DHS (20 and 40
μM) dose-dependently increased the number of condensed
and fragmented nuclei at48 h (Figure 2D).
Next, we investigated whether caspase activation
is required for the DHS-induced apoptosis. Our
immunoblots showed reduced levels of pro-forms of
caspase-3 and caspase-9, but almost unaltered procaspase-8 level after DHS (20 μM) treatment. The
capase-9 pro-form was reduced by 70% and 90% at 24
h and 48 h respectively, compared to the control cells.
Caspase-3 was also activated time dependently with 70%
reduction of the pro-form, compared to the untreated cells
at 48 h (Figure 2E, left panel). In corroboration with the
above results, significantly increased levels of cleaved
caspases-3 and -9, but not of caspase-8 were observed
in the DHS-treated cells (Figure 2E, right panel). To
further confirm, the IMR32 cells were pre-incubated
with the specific caspase-9 (Z-LEHD-FMK), caspase-8
(Z-IETD-FMK) and caspase-3 (Z-DEVD-FMK)
inhibitors (each 10 μM) for 1 h, followed by DHS (20
μM) treatment, andthe sub-G1 cell population analyzed
at 48 h. Pre-incubation with the specific caspase-9 and
caspase-3 inhibitors reduced the DHS-induced sub-G1
cell population significantly. As expected, the caspase-8
inhibitor did not show any significant effect. The pan
caspase inhibitor (Z-VAD-FMK, 10 μM) also abrogated
the DHS-induced apoptosis by 63.2%, but not completely
(Figure 2F).

LMP and release of cathepsins are also involved
in DHS-induced cell death
Since controlled LMP has emerged as a signiﬁcant
inducer of MMP and apoptosis [22, 25], we also examined
if DHS treatment affects lysososmal function/integrity and
induces LMP in the IMR32 cells. For this, we investigated
its effect on lysosomes using the lysosomotropic
fluorochrome, acridine orange (AO) and the acidophilic
dye, LysoTracker Red (LTR). Treatment of the cells with
DHS resulted in a substantial time-dependent decrease
(Figure 4A and 4B) in acidic vesicular organelles as
determined from the percentage of cells with reduced
red fluorescence of AO (12-24 h) and LTR (4-16 h).
Subsequently, LMP induction by DHS was confirmed
from release of the lysosomal cathepsins, by immunoblots.
Translocation of cathepsin proteases and other hydrolytic
enzymes to the cytosol is a direct consequence of LMP.
The whole cell extract of the untreated cells exhibited
very low levels of the mature forms of cathepsin B (CB),
cathepsin L (CL) and cathepsin D (CD). But DHS (20 μM)
treatment led to a time-dependent increase in the CB and
CL levels (8-48 h) and CD level (16-48 h) (Figure 4C).
We observed insignificant changes in the levels of active
cathepsins in the whole cell extracts (WCEs) of the DHStreated vis-à-vis control cells at the initial time points (0-6
h, data not shown).
Next, we examined the expressions of CB, CL and
CD in the cytosolic and lysosomal fractions of the cells,
treated with DHS for 12-48 h. There was a progressive
increase of CB, CL and CD levels in the cytosol along
with decrease in their lysosomal levels at 12-48 h after
DHS treatment, confirming their translocation from the
lysosome to the cytosol (Figure 4D). The involvement of
these three cathepsins in the DHS-induced apoptosis in
the IMR32 cells was confirmed using suitable inhibitors.
Pre-treatment of cells with a mixture of inhibitors viz.,
pepstatin A (Pep A, specific for the aspartic type proteases
like CD) and leupeptin (Leu, specific for cysteine type
proteases such as CB and CL) significantly reduced the
DHS-induced sub-G1 population (Figure 4E). However,
none of these inhibitors individually showed much effect
(Supplementary Figure 4).

DHS treatment elicits mitochondrial
dysfunctions.
TheDHS-induced activation of caspase-9 and
caspase-3 suggested the probable involvement of
mitochondria-mediated intrinsic apoptotic pathway.
To unravel this, we examined DHS-induced changes
in mitochondria transmembrane potential (MTP; Ψm)
and translocation of some pro-apoptotic proteins from
mitochondria into cytosol. DHS treatment induced
ΔΨm loss (~48-62%) in the IMR32 cells during 3-9
h, as revealed by flow cytometry after JC-1 staining
(Figure 3A). During 9-24 h, the ΔΨm loss remained
unaltered (data not shown). This was associated with a
time-dependent translocation of cyt. c and ApaF1 from
mitochondria into the cytosol in the DHS (20 μM)-treated
cells (Figure 3B). The release of cyt. c from mitochondria
to cytosol started at 16 h (1.5 fold) and maximum release
occurred at 48 h (9.3 fold) in response to DHS treatment.
However, ApaF1 release started at 4 h (1.3 fold), reached
its peak (~6.0 fold) at 16-24 h, and thereafter reduced a
little to remain steady (~4.0 fold) at 36-48 h.
To further demonstrate the critical role of
mitochondria, we analyzed the apoptosis induction in the
mitochondria proficient (ρ+) and mitochondria depleted (ρo)
www.impactjournals.com/oncotarget
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DHS modulates BCL-2 family of proteins to
induce apoptosis in IMR32 cells

More importantly, DHS treatment induced an early
(4 h) translocation of BAX, but delayed (24 h) t-BID
translocation to the mitochondria (Figure 5B). Thereafter,
the levels of both the proteins in mitochondria increased
time-dependently. In corroboration with the lysosomal
and mitochondrial translocation results, corresponding
depletions of the cytosolic BAX (4 h onwards) and BID
expressions (8 h onwards) were observed in the DHStreated cells (Figure 5B).
To probe the roles of BAX, BCL2 and BID in
the DHS-mediated apoptosis, we generated IMR32
cells, depleted with BAX (70% depletion), BID (90%
depletion), BAX-BID together (~85% depletion) and
BCL2 (90% depletion) (Figure 6A). The cells transfected
with siRNA/shRNA, possessing scrambled sequence
served as the respective SCR controls. The gene-specific
siRNA/shRNA transfected cells were named as BAX-KD
(BAX-knock down), BID-KD (BID-knock down), BAX-

The BCL-2 family members, especially BAX,
BCL2, BAD and BID are crucial for the MMP- and LMPinduced apoptosis [26–27]. Hence, we checked the cellular
and sub-cellular (cytosolic, mitochondrial and lysosomal)
expressions and translocation of some of these proteins in
the DHS-treated cells. DHS treatment drastically increased
the BAX expression by 1.1 to 3.1 fold, but reduced that of
BCL2 (80-90%) and BID (~60%) in the WCE, compared
to the control during 24-48 h (Figure 5A). The effect
on BAX, BCL2 and BID was initiated during 12-24 h.
This was associated with a significant time-dependent
lysosomal accumulation of BAX viz. 2.0-fold, 2.0fold and 3.7-fold, and t-BID viz. 4.4-fold, 9.3-fold and
14.2-fold at 12, 24 and 36 h, following DHS treatment
(Figure 5B), but not at early time points (data not shown).

Figure 3: DHS permeabilizes mitochondrial membrane of IMR32 cells to induce apoptosis. (A) Flow cytometry analyses of

ΔΨm. The cells were incubated for different periods with DHS (0 and 20 μM), stained with JC-1 for 15 min, and ΔΨm loss quantified by flow
cytometry from the increased green fluorescense. (B) ApaF1and cyt. c translocation. The cytoplasmic and mitochondrial cell extracts were
respectively subjected to immunoblotting, using suitable antibodies against ApaF1 and cytochrome c. (C) Mitochondria depletion in cells.
The IMR32-ρo cells were prepared and the mitochondrial DNA deficiency was assessed from the COX I expressions in the ρ+ and ρo cells.
The protein bands in the immunoblots were detected using a Kodak Gel-doc software and the intensity ratios of the individual bands to that
of IMR32-ρo control, taken as 1 (arbitrary unit) were quantified after normalizing with respective loading controls. (D) Increased sensitivity
of the IMR32-ρo cells to DHS treatment. The ρ+ and ρo cells were incubated with different concentrations of DHS (0-40 μM) for 48 h, and
the sub-G1 cell populations analyzed by flow cytometry. All determinations were made in duplicates for immunoblots and five replicates
for flow cytometry analyses in 3-4 different experiments. The values are mean ± S. E. M. *p<0.05, **p<0.01 compared to respective vehicle
controls; #p<0.01 compared to ρ+ cells. Representative dot plots, histograms and images are shown.
www.impactjournals.com/oncotarget
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BID-DKD (BAX-BID-double knock down) respectively.
Next, we assessed the response of all these cells to DHS
treatment. Our results showed that DHS treatment
(20 μM, 48 h) induced ~30, 13, 14 and 9% apoptotic
sub-G1 population in SCR, BAX-KD, BID-KD and
BAX-BID-DKD cells respectively (Figure 6B). A similar
effect was also observed with DHS (40 μM). On the other
hand, the BCL2-KD cells were more sensitive to DHS
(20 μM) than the SCR cells, showing increased sub-G1
population at 48 h (~29% in SCR vs 40% in BCL2-KD,
Figure 6C). Similar effects were also observed with DHS
(10 and 40 μM).

through the activation of the MAPK signaling pathways
[28, 29]. Hence, we used the H2DCF-DA assay to see
if ROS is a potential factor in the DHS-induced toxicity
to the IMR32 cells. Treatment of the cells with DHS (20
μM) time-dependently increased the ROS generation
(Figure 7A and 7B). DHS treatment increased the ROS
levels by 9.7-30.6% at 2-6 h, compared to the control
cells. Under similar conditions, the positive control,
H2O2 (200 μM) increased the ROS level by 39.4% at 2
h. Subsequently, the role of ROS in the DHS-induced
cytotoxicity was probed by carrying out the MTT assay
of the cells, pre-incubated with the cell permeable
antioxidant, N-acetyl cystine (NAC) (5 mM) for 1 h,
followed by DHS treatment. Compared to the only DHStreated cells, those pre-incubated with NAC showed
increased cell viability, at all the test concentrations of
DHS. The results were similar when the MTT assays
were carried out at 24 h and 48 h after the DHS treatment
(Supplementary Figures 5 and 7C respectively).

DHS triggers ROS generation to induce
apoptosis via MAPKs activation
Many chemotherapeutic agents have profound
effects on the cellular redox status, and generation of
excess ROS acts as a signal for apoptosis induction

Figure 4: DHS induces LMP in IMR32 cells to release cathepsins that cause apoptosis. (A) and (B) Flow cytometry analyses

of LMP. The cells were incubated with DHS (20 μM) for 0-24 h, stained with AO or LTR and analyzed by flow cytometry. The % of cells
showing reduced red fluorescence (FL3 channel) was used to quantify LMP. (C) and (D) Expressionsof cathepsins B, L and D and their
translocations into cytosol. The cells were incubated for 0-48 h with DHS (0 and 20 μM) and the whole cell, cytoplasmic and lysosomal
extracts were subjected to immunoblotting, using suitable antibodies against the mature forms of CB, CL and CD. The protein bands were
detected using a Kodak Gel-doc software and the intensity ratios of the individual bands to that of vehicle control, taken as 1 (arbitrary
unit) were quantified after normalizing with respective loading controls. (E) Effect of cathepsins inhibitors on apoptosis. The cells were
treated with vehicle (0.1% DMSO) or Pep A-Leu mixture for 1 h followed by incubation with DHS (0 and 20 μM) for 48 h, and the sub-G1
cell populations analyzed. All determinations were made in duplicates for immunoblots and five replicates for flow cytometry analyses in
3-4 different experiments. The values are mean ± S. E. M. *p<0.05, **p<0.01 compared to vehicle control; $p<0.01 compared to only DHS
treatment. Representative histograms and images are shown.
www.impactjournals.com/oncotarget
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To probe the role of MAP kinase pathway in the
DHS-mediated cytotoxicity to the IMR32 cells, we
examined the effect of DHS on the phosphorylation of
p38, ERK 1/2, and JNK MAPKs in the cells. As shown in
Figure 8A, DHS (20 μM) treatment significantly increased
the phosphorylation of p38 and JNK MAPKs within 4 h.
The activation of p38 and JNK MAPKs were sustained up
to 36 h and 48 h respectively. The p-ERK 1/2 level was,
however, reduced at 16 h, after a small rise at 4 h. DHS
did not alter the expression levels of non-phosphorylated
forms of the MAPKs. To further confirm the signaling
pathway, specific inhibitors of MAPKs such as SB203580
(p38 inhibitor; p38i), U0126 (ERK 1/2 inhibitor; ERKi),
and SP600125 (JNK inhibitor; JNKi) were also employed.
As expected, amongst the inhibitors, p38i (10 and 15 μM)
and JNKi (2.5 and 5 μM), but not ERKi (10 and 15 μM)
reduced the sub-G1 population of the DHS (20 μM)treated cells (Figures 8B, i-iii). On its own, NAC (5 mM)
increased the basal levels of phosphorylation in the tested
MAPKs. However, it significantly reduced the p-p38 and
p-JNK levels of the DHS-treated cells at all the chosen
time points (Figure 8C). Next, we examined the up-stream
role of the activated p38 and JNK MAPKs in BAX and
BID activation by DHS. Pretreatment with p38i (15 μM)

and JNKi (5 μM) individually, prevented the DHS-induced
BID cleavage and BAX expression (Figure 8D).

BAX and BID activation is important for DHSmediated LMP that partly regulates MMP
induction
To establish a direct correlation between BAX and
BID activation and LMP by DHS, we measured the LMP
(by AO assay) in the untreated and DHS (20 μM)-treated
SCR, BAX-KD, BID-KD and BAX-BID-DKD cells, by
flow cytometry. The untreated KD cells did not show
any change in LMP compared to the control SCR cells.
However, DHS induced significantly high level of LMP in
the SCR cells at 24 h. This was significantly lesser in the
BAX-KD, BID-KD and BAX-BID-DKD cells (Figure 9A
and 9B). To ascertain any inter-dependence between MMP
and LMP, we examined the effects of DHS (20 μM) in
inducing (1) LMP in the mitochondria deficient (ρoIMR32) and mitochondria proficient (ρ+-IMR32) cells,
and (2) MMP in IMR32 cells in the presence of cathepsin
inhibitors. As shown in Figure 9C, mitochondrial
deficiency did not significantly alter the DHS-mediated
LMP at 16 h and 24 h. However, the cathepsin inhibitors

Figure 5: DHS increases BAX/BCL2 ratio and induces BID cleavage in IMR32 cells. (A) Upregulation of BAX expression and

BID cleavage and downregulation of BCL2 in the whole cell extract. (B) Translocation of BAX and t-BID into lysosome and mitochondria.
The cells were incubated for different periods with DHS (0 and 20 μM) and the whole cell, cytoplasmic, lysosomal and mitochondrial
extracts were subjected to immunobloting, using suitable antibodies against the above proteins. The protein bands were detected using a
Kodak Gel-doc software and the intensity ratios of the individual bands to that of vehicle control, taken as 1 (arbitrary unit) were quantified
after normalizing with respective loading controls. All determinations were made in duplicates in 3-4 different experiments, and the values
are mean ± S. E. M. *p<0.05 compared to the corresponding vehicle controls. Representative images are shown.
www.impactjournals.com/oncotarget
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(Pep A + Leu combination) significantly abrogated
the DHS-induced mitochondrial accumulation of
t-BID at 36 h and 48 h in the IMR32 cells (Figure 9D).
Expectedly, presence of Pep A + Leu combination also
reduced the DHS-induced mitochondrial release of cyt.
c and caspase-3 activation significantly at the same time
points (Figure 9D). We chose the time points based on
appreciable LMP induction (16-24 h) (Figure 4A) as well
as t-BID accumulation and cyt. c release (36-48 h) from
mitochondria in response to DHS treatment (Figure 3B
and 5B).

(Figure 10A and 10B). Despite this, no tumor rupture
or intraperitoneal bleeding was observed. The effect of
DHS (50 and 100 mg/kg) was apparent on the 18th day
of treatment, when the tumor volumes started receding,
compared to the control group (Figure 10B). At the
end of the experiment (38th day), DHS (50 and 100 mg/
kg) reduced the mean tumor volumes by 30% and 51%
respectively, compared to the control group (Figure
10B). DHS (25 mg/kg) was largely ineffective, reducing
the mean tumor volume marginally (~10%), compared
to the control group. DHS also dose-dependently
reduced the tumor weights, measured on the 38th day
(Figures 10C, 10D and Supplementary Figure 6A). In
a separate experiment, we observed that DHS and Resv
(100 mg/kg each) treatment reduced average tumor
volumes by ~51 and 29% respectively on the 38th day of
the experiment (Supplementary Figure 6B). No obvious
toxicity, in terms of survival, activity and body weight

DHS reduces neuroblastoma tumor burden in
SCID mice
The IMR32 tumor volumes doubled in
approximately 8 days and peaked up to ~6 fold in the
untreated control on the 30th day from randomization

Figure 6: The BCL-2 family proteins are crucial for the DHS-induced apoptosis in IMR32 cells. (A) Silencing the BCL-

2 family proteins. (B) and (C) Effect of BCL-2 family proteins on the DHS-induced apoptosis. apoptosis. The SCR and KD cells were
generated by siRNA/shRNA techniques and the levels of the target proteins assessed by immunoblotting the respective whole cell extracts,
using suitable antibodies against the above proteins. The protein bands were detected using a Kodak Gel-doc software and the intensity
ratios of the individual bands to that of respective vehicle control, taken as 1 (arbitrary unit) were quantified after normalizing with
respective loading controls. The respective SCR and KD cells were incubated with different concentrations (0-40 μM)of DHS for 48 h, and
the sub-G1 populations analyzed by flow cytometry. The protein bands were detected using a Kodak Gel-doc software and the intensity
ratios of the individual bands to that of respective vehicle control, taken as 1 (arbitrary unit) were quantified after normalizing with
respective loading controls. All determinations were made in duplicates for immunoblots and five replicates for flow cytometry analyses in
3-4 different experiments. The values are mean ± S. E. M. *p<0.05 compared to vehicle control; $p<0.05, #p<0.01 compared to respective
SCR cells. Representative images and histograms are shown.
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was observed in the treatment groups, except for an initial
slight (5%) weight loss following administration of DHS
(100 mg/kg). No treatment-related diarrhoea or vomiting
was observed, and the major organs did not show any
abnormality on autopsy. The histological sections of liver,
kidney and heart showed no gross changes in cellular
architectures and morphology in DHS-treated vis-à-vis the
vehicle- treated groups of mice (Figure 10E).

studies, we disclose for the first time that amongst the
tested hydroxystilbenes, DHS(compound 1) was most
effective, and showed better cytotoxic activity to both the
neuroblastoma cell lines than Resv as reflected from the
MTT and clonogenic assay results (Figures 1B–1D).
Apoptosis induction is an important cellular event,
known to be mediated through (i) death receptors, e.
g., Fas followed by activation of caspase-8, wherein
mitochondria is involved only later; (ii) depolarization of
MTP (Ψm) leading to MMP mediated release of proteins
such as cytochrome c, apoptosis inducing factor (AIF, a
nuclease activator) and ApaF1 and subsequent activation
of caspase-dependent or -independent pathways [8].
In the present study, the involvement of apoptosis
(Figures 2A, 2C and 2D) and mediations of caspase
initiator (caspase-9) and executor (caspase-3), but not
of caspase-8 in the DHS-treated IMR32 cells (Figure
2E and 2F) was confirmed. Recently, several reports
showed the mode of apoptosis induction by the stilbenes.
Time dependent activation of caspases-8, -9 and -3 by
Resv and pterostilbene was observed in many cancer
cell lines [30, 31]. Compared to these results, the ability
of DHS to induce caspase-8 independent apoptosis in

DHS is non-toxic to rats
The chronic toxicity of DHS was evaluated from
the behavioral changes, observed for 1 month as well as
plasma biochemistry of the DHS (300 mg/kg)-fed rats. The
animals had normal food and water intake as well as stool
during the experimental period. The comparative plasma
biochemistry profile (Table 2) of the normal rats and those
treated with DHS revealed no hepatic and/or renal toxicity.

DISCUSSION
Although various hydroxystilbenes have shown
encouraging anti-cancer property in pre-clinical/clinical

Figure 7: Intracellular ROS is involved in the DHS-induced cytotoxicity in IMR32 cells. (A) and (B) ROS generation by

DHS as revealed by flow cytometry. Cells were treated with DHS (0 and 20 μM) for different time periods and the ROS levels measured
by the H2DCF-DA assay. (C) Effect of NAC on cell viability after DHS treatment. The cells were pretreated with NAC (5 mM) or sham
medium for 1 h, further incubated for 48 h with DHS and the cell viability assayed by MTT reduction method. All determinations were
made in five replicates in 3-4 different experiments. The values are mean ± S. E. M. *p<0.05, **p<0.01 compared to vehicle control; $p<0.05
compared to only DHS treatment. Representative histograms are shown.
www.impactjournals.com/oncotarget
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the IMR32 cells may have clinical implications, given
that loss of caspase-8 expression was reported in many
patients, bearing malignant neuroblastomas [32,33].
Further, our results suggested that the intrinsic caspasedependent mitochondrial apoptotic pathway may play
a crucial role in the IMR32 cells in response to DHS
(Figure 3A and 3B). Like the present results, earlier Resv
induced mitochondria-mediated apoptosis in rat B103
neuroblastoma cells [34]. Nevertheless, mitochondria
depletion could not completely abolish the DHS-induced
apoptosis (Figure 3D), suggesting possible involvement of
some non-mitochondrial pathway. Hence, we investigated
the role of LMP as an alternative mechanism [22–24].

In addition, the possible inter-dependence of lysosomal
destabilization and MMP was also investigated.
LMP mediated release of cathepsins can trigger
the classical MMP-caspase pathway as well as MMPdependent, but caspase-independent apoptosis [23]. Our
data showed a DHS-mediated loss of lysosomal membrane
integrity associated with cytosolic release of the active
forms of CB, CD and CL (Figures 4A-4D), and inhibition
of the cathepsins partially abrogated DHS-induced
apoptosis and mitochondrial release of cyt. c in the IMR32
cells (Figure 4E and 9D). Previously, Resv induced death in
cervical and colorectal cancer cells through lysosomal CD
and CL respectively [35, 36]. However, in our experiments,

Figure 8: DHS-induced ROS activates p38 and JNK to modulate the BAX and BID levels and cause apoptosis in
IMR32 cells. (A) Activation of p38 and JNK by DHS. (B) Effects of specific MAPK inhibitors on apoptosis induction by DHS. (C)

Effect of NAC on p38 and JNK activation by DHS. (D) Effect of p38 and JNK inhibitors on BAX expression and BIDcleavageby DHS.
The cells were treated with DHS (0 and 20 μM) for different time periods and the MAPKs expressions analyzed by immunoblots. Similar
experiments were also carried out by incubation with NAC (5 mM) for 1 h followed by treatment with DHS (0 and 20 μM) for different
periods. The MAPKs phosphorylations and expressions in the cells treated with DHS (0 and 20 μM), NAC alone or in combination
were analyzed by immunoblots. The sub-G1 populations of the cells treated with DHS (0 and 20 μM), the MAPKs inhibitors alone or
in combination were analyzed by flow cytometry at 48 h, and the BAX and BID expressions analyzed by immunoblots. The whole cell
extracts were used for all the immunoblots. The protein bands were detected using a Kodak Gel-doc software and the intensity ratios of the
individual bands to that of vehicle control, taken as 1 (arbitrary unit) were quantified after normalizing with respective loading controls. All
the determinations were made in duplicates for immunoblots and five replicates for flow cytometry analyses in 3-4 different experiments.
The values are mean ± S. E. M. *p<0.05 compared to vehicle control; $p<0.05 compared to respective DHS treatments. Representative
images and histograms are shown.
www.impactjournals.com/oncotarget
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inhibition of individual cathepsin types did not significantly
alter the apoptosis (Supplementary Figure 4). All these data
indicated that DHS-induced death might occur through
LMP-mediated induction of MMP-caspase pathway or
LMP-mediated caspase independent pathway.
Many BH3-only proteins from the BCL2/BAX
family, when present locally in the mitochondrial
membranes induce MMP. Upon apoptosis induction,
cytosolic BAX moves into mitochondrial membranes
and causes their permeabilization [8]. Likewise, cleavage
of BID by the cathepsins [37] or caspase-3 [38] to the
mitochondrially active, t-BID can induce the proapoptotic
functionality of BAK and BAX, leading to cyt. c release.
A previous report indicated that CB-dependent cleavage
of the prominent MMP inducer protein, BID may emerge
as a key connection between LMP and MMP [23]. In

this context, DHS caused remarkable increase in BAX
expression and BID cleavage, their translocation to
mitochondria and lysosome along with decrease in the
levels of BCL2 (Figure 5). These would increase the
BAX/BCL2 ratio to favor apoptosis. Earlier, staurosporine
treatment led to accumulation of BAX in human fibroblast
lysosomes, leading to CD release into cytosol [39]. In a
related study, t-BID was found to induce LMP in rat liver
lysosomes and mouse embryonic fibroblasts without any
involvement of BAX [40]. From these perspectives, the
DHS-mediated lysosomal accumulation of both t-BID
and BAX is an important finding of the present study,
because the BAX-BID-silenced cells showed lesser LMP
(Figure 9A and 9B) and reduced apoptosis (Figure 6B) visà-vis the SCR cells, on DHS treatment. The accumulated
t-BID in the mitochondria and lysosome may assist

Figure 9: DHS-induced BAX and BID activation leads to LMP that partially controls MMP in IMR32 cells. (A) and

(B) LMP induction by DHS in the SCR, and BAX/BID/ BAX-BID-silenced cells and its quantification. (C) Effect of mitochondrial
deficiency on DHS-induced LMP. (D) Effect of cathepsins inhibitors on mitochondrial accumulation of t-BID and cyt. c release and
caspase-3 activation by DHS. The SCR controls and KD cells as well as the ρ+ and ρo cells were incubated with DHS (20 μM), and the
induced LMP was quantified by flow cytometry after staining with AO. The t-BID and cyt. c levels in the mitochondrial extracts and active
caspase-3 expressions in the whole cell extracts of the untreated, DHS-, cathepsins inhibitors- and DHS + cathepsins inhibitors-treated cells
were analysed by western blotting. Cells were preincubated with cathepsin inhbitors for 1 h, prior to DHs treatment for these experiments.
The protein bands were detected using a Kodak Gel-doc software and the intensity ratios of the individual bands to that of vehicle control,
taken as 1 (arbitrary unit) were quantified after normalizing with respective loading controls. All determinations were made in duplicates for
immunoblots and five replicates for flow cytometry analyses in 3-4 different experiments. The values are mean ± S. E. M. *p<0.05, **p<0.01
compared to respective vehicle controls; $p<0.05 compared to DHS treatment; #p<0.05 compared to DHS-treated SCR-cells. Representative
images and histograms are shown.
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oligomerization of BAX, sensitizing MMP in the DHStreated cells. The significantly increased sensitivity of the
BCL2-KD cells towards DHS and the reduced efficacy
of DHS to the BAX-, BID- and BAX-BID-silenced cells
confirmed the regulatory role of the BH3-only proteins in
apoptosis (Figures 6A-6C).
Due to their higher metabolic rates, cancer cells
have constitutively up-regulated ROS level that is
targeted by many of the established chemotherapeutic
drugs and the natural phenolics [41]. ROS can induce
specific cellular responses through activation of the
MAPKs signaling pathways [42]. Previous reports
found that MAPKs are involved in the cytotoxicity of
pterostilbene and Resv to tumor cells [31, 43], but the
role of ROS and MAPKs in DHS-induced apoptosis of
neuroblastoma cells has not been investigated so far. In
this study, we observed generation of copious amounts

of ROS by DHS, and pre-treatment of the cells with
NAC abrogated the sensitivity of the cells to DHS
treatment (Figures 7A-7C). Further, DHS treatment led
to fast (within 4 h) activation of p38 and JNK MAPKs,
but reduced the phospho-ERK 1/2 levels after an initial
increase (Figure 8A). Also, the p38 and JNK inhibitors,
but not the ERK 1/2 inhibitor reduced the sensitivity
of the cells towards DHS treatment (Figures 8Bi-iii).
Moreover, NAC pre-treatment prevented the DHSinduced p38 and JNK activation (Figure 8C), while cells,
pre-treated with the p38 and JNK inhibitors did not show
significant increase in BAX expression and BID cleavage
(Figure 8D). Taken together, these results suggest that the
DHS-induced cytotoxicity to the IMR32 cells is mediated
through ROS-mediated activation of p38 and JNK, both
of which were responsible for increased BAX expression
and BID cleavage in the DHS-treated cells.

Figure 10: DHS inhibits neuroblastoma tumor xenograft growth in mice. (A) Experimental protocol for tumor development

and DHS treatment. (B) Average tumor volumes. (C) Tumor images of different treatment groups. (D) Average tumor weights. SCID
mice bearing IMR32 neuroblastoma tumors were orally administered with vehicle alone or DHS (25, 50 and 100 mg/kg, single dose/
day, alternate day during 8-38th day of experiments). The tumor volumes were measured on every alternate day, while the tumor weights
were measured on the 38th day. The photographs of the tumors were captured with a digital camera on the 38th day of the experiments, and
representative photographs are shown. (E) Organ histology. Heart, kidney and livers were removed on the 38th day of above experiments,
the organ sections were stained with hematoxylin-eosin and analyzed with a bright-field microscope. The experiments were repeated three
times with similar results, and the values are mean ± S. E. M. *p<0.05 compared to vehicle-treated mice.
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Table 2: Acute toxicity of DHS in ratsa
parameter

normal rats

DHS-treated rats

Creatinine (mg/dl)

0.60 ± 0.08

0.53 ± 0.09

SGPT (U/l)

55.3 ± 5.5

59.7 ± 6.8

ALP (U/l)

104.2 ± 11.0

96.3 ± 8.1

Each rat in the treatment group was given a single bolus dose of DHS (300 mg/kg) and the designated parameters in
them as well as in the normal rats were estimated after a month. Each group contained 10 animals and the values are
mean ± S. E. M.
a

Presently, both LMP and MMP appear to be equally
important in the cytotoxicity of DHS. Our JC-1 and LTR
data showed occurrence of compromised mitochondrial
and lysosomal membrane integrity at 3-4 h in the
DHS-treated cells (Figure 3A and 4B), suggesting that
DHS might have initiated LMP and MMP at the same
time. Nevertheless, we hypothesized that LMP may be
playing the central role on the following premises: (i)
mitochondria depletion could not completely abolish
the DHS-induced apoptosis; (ii) the observed protective
effects of the caspase inhibitors may also be because
of their ability block the lysosomal proteases at high
concentrations [44]; and (iii) Stoka et al. reported that the

leaked lysosomal proteases may cleave BID and induce
MMP [38]. True to our expectations, compared to the
SCR cells, DHS induced significantly less LMP in the
BAX-, BID-, and BAX-BID-silenced cells (Figure 9A
and 9B) that were also more resistant to DHS. Moreover,
mitochondrial functional deficiency did not reduce the
DHS-induced LMP in the cells at 16-24 h (Figure 9C).
However, cells pre-treated with cathepsins inhibitors
(an equimolar mixture of Pep A-Leu) showed reduced
mitochondrial t-BID accumulation, cyt. c release and
caspase-3 activation (Figure 9D).
It is worth mentioning that the LMP and MMP
initiation by DHS correlated reasonably well with BAX-

Figure 11: Schematic representation of the action of DHS.
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translocation, t-BID accumulation and BCL2 downregulation. DHS induced early translocations of BAX to
the mitochondria that may account for the initial MMP
in the cells. But, ROS generation, and BAX and t-BID
translocation in the lysosome may be responsible for the
observed LMP, caused by DHS. On the other hand, the
delayed (24 h) translocation of t-BID in the mitochondria
in response to DHS treatment (Figure 5B) may account for
the LMP-induced MMP in the cells. Based on these results,
it is tempting to propose that the lysosomal cathepsinsmediated alteration of BID cleavage (Figure 9D) sustains
the mitochondrial pathway to apoptosis in the DHS-treated
cells, at least partially. A schematic view of a proposed
signaling network induced by DHS in the IMR32 cells to
induce cell death is shown in Figure 11.
Finally we employed an ectopic implantation
model in SCID mice to demonstrate the efficacy of DHS
in reducing human neuroblastoma tumor burden. The
growth kinetics data showed that almost with the onset
of exponential tumor growth (28th day of experiment),
the inhibitory property of DHS (50 and 100 mg/kg) was
evident and became very prominent with increasing
treatment period (Figure 10B). Apparently the anti-tumor
efficacy of DHS was slightly inferior to that reported with
Resv using the NGP xenograft model [45]. However, this
may be due to the use of a different neuroblastoma cell
line, and also starting the drug treatment much earlier
without allowing tumors to grow sufficiently in the
previous study. This was also substantiated by the fact
that DHS treatment (100 mg/kg) showed better results
than Resv (100 mg/kg) in reducing IMR32 neuroblastoma
in mice (Supplementary Figure 6B).

potential than Resv. Previously, DHS showed better
pharmacokinetics than Resv in rats [46]. All these along
with its non-toxicity in two different pre-clinical models
(rat and mice) and ease of its synthesis in appreciable
quantities, make DHS a new promising chemotherapeutic
agent for human neuroblastoma.

MATERIALS AND METHODS
Chemicals and reagents
The hydroxystilbenes 1-5 as well as Resvwere
synthesized and fully characterized as per the previous
report [47]. Penicillin, streptomycin, phenylmethylsulfonyl
fluoride (PMSF), aprotinin, sodium orthovanadate
(NaVO4), cis-platin®, acridine orange (AO), Triton
X-100, propidium iodide (PI), leupeptin (Leu) and
pepstatin A (Pep A), RNAse A, 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium
bromide
(MTT),
uridine, sodium pyruvate, N-acetylcysteine (NAC),
ethidium bromide (EtBr), annexin-V kit, JC-1,
2’,7’-dichlorodihydrofluorescin diacetate (H2DCFDA),
LYSISO1 kit, and antibodies for pro-caspases-3, -8, -9
were procured from Sigma chemicals (St. Luois, MO).
Other chemicals used were: Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), Lysotracker
Red (Life Technologies, Carlsbad, CA), Hoechst 33342
(Molecular Probes, Inc., Eugene, OR), Z-LEHD-FMK,
Z-IETD-FMK, Z-DEVD-FMK, Z-VAD-FMK, U0126,
SB203580 and SP600125 (Calbiochem, Gibbstown, NJ),
antibodies for cytochrome c, cytochrome oxidase I (COX
I), cytochrome oxidase IV (COX IV) and β-actin (Abcam
Danvers, MA), for BAX, BCL-2, BID, t-BID, apoptosisactivating factor-1 (ApaF1), phosophorylated and nonphoshorylated -p38, -JNK, -ERK, cleaved caspases-3,
-8, and -9 (Cell Signaling Technology Inc., Danvers,
MA), for cathepsins-B, -L and -D (Novus Biologicals,
Littleton, CO) and for LAMP1 (Santa Cruz Biotechnology
Inc., Dallas, TX) and lipofectamine reagent (Invitrogen,
Carlsbad, CA). Lumi-LightPLUS western blotting kit and
cell death detectionPLUS kit (Roche Applied Science,
Baden-Wurttemberg, Mannheim) and nitrocellulose
membrane (BioTrace® NT) from Pall Life Sciences
(Easthills, NY) were also used. The antibodies used for
cathepsin-B, -L and-D recognize the mature forms of the
respective lysosomal enzymes.

CONCLUSIONS
In this work, we provided multiple evidences
to show that DHS may be a potential, non-toxic
chemotherapeutic option against neuroblastoma.
The pharmacological action of DHS in the human
neuroblastoma IMR32 cells was mediated through
destabilization of mitochondrial and lysosomal
membranes, associated with modulation of several
related pro- and anti-apoptotic cascades of proteins.
Several previous studies have shown that many of the
anti-cancer compounds including Resv induce MMP and/
or LMP sequentially to induce apoptosis in various cancer
cell lines [36, 37, 45]. To the best of our knowledge,
simultaneous MMP and LMP induction as well as LMPmediated MMP induction by DHS in the IMR32 cells is
absolutely novel. We believe that this is a key finding, as
it provides options to tackle the problem of apoptosisevasion, by targeting both mitochondria and lysosome. We
have also shown that DHS is more effective than Resv
against neuroblastoma cell lines. Our animal model study
further implicated that oral administration of DHS for
one month is well-tolerated, and has a greater therapeutic
www.impactjournals.com/oncotarget

Cell culture
The IMR32 (human CNS-derived neuroblastoma),
SHSY-5Y (human PNS-derived neuroblastoma), INT407
(human normal intestinal), and HEK293 (human normal
kidney) cell lines were procured from National Centre
for Cell Sciences, Pune, India. The cells were routinely
seeded at a density of 0.1-5 × 106 cells/ml and grown in
DMEM medium supplemented with 10% heat-inactivated
73919
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of the compounds 1-5 and Resv for 48 h were washed
once with PBS, MTT solution (0.5 mg/ml, 100 μl) added
to each well and kept at 37 °C for 6 h. The formazan
crystals in the viable cells were solubilized with 0.01 N
HCl (100 μl) containing 10% SDS and the absorbance
at 550 nm read using a spectrophotometric plate reader
(Bio-Tek, MQX 200, VT, USA). Additional MTT assays
were carried out after incubating the IMR32 and SHSY5Y cells with a wider range of concentrations of DHS and
Resv for 24 and 48 h to obtain their respective IC50 values.
Similar experiments were also carried out using IMR32
cells, pretreated with NAC (5 mM) for 1 h, followed by
incubation with DHS (0-50 μM) for 24 and 48 h. NAC
was present throughout the experiments.

FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/
ml streptomycin in a humidified 5% CO2 atmosphere at
37 °C. Cells were passaged every 2-4 days to maintain
80-90% confluency. The cell viability was determined
by the trypan blue dye exclusion assay. Subcultures
were obtained by trypsinization with 0.25% trypsin in
phosphate buffered saline (PBS).

Animals
Male Wistar rats (6-10 weeks,300-330 g), bred at the
BARC laboratory animal house facility, Mumbai, India,
were procured after obtaining clearance from the BARC
Animal Ethics Committee (BAEC/14/08 dt. 05/09/2009).
All animals were individually housed in polycarbonate
cages in an air-conditioned room (temperature: 23 ± 1°C,
relative humidity: 55 ± 5%, 12-h automatic lighting:
07:00-19:00 hrs) and given food pellets as per National
Institute of Nutrition (NIN), Hyderabad, India and tap
water ad libitum.
Severe combined immune-deficient (SCID) mice
were procured from VivoBioTech, Hyderabad, India
after obtaining clearance from the BARC Animal Ethics
Committee (BAEC) (Approval No. BAEC/20/15 dt.
14/09/2015). The mice (4-5 weeks old, 20–25 g) were
reared on a balanced laboratory diet as per National Institute
of Nutrition (Hyderabad, India), and given tap water ad
libitum. They were kept in well-ventilated cages at 20 ±
2 °C, 65–70% humidity, and day/night cycle (12 h/12 h).
All animals were handled following International Animal
Ethics Committee Guidelines, and the experiments were
permitted by BAEC. All the experiments were conducted
with strict adherence to the ethical guidelines laid down by
the European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific
Purposes. In addition, the ethical guidelines laid down by the
Committee for the Purpose of Control and Supervision of
Experiments on Animals, constituted by the Animal Welfare
Division, Government of India, on the use of animals in
scientific research were followed. The body weights, and
food and water intakes of the rats were measured daily at
9.00 AM during the entire experimental period.

Clonogenic survival assay
The cells (1 × 103/well) were seeded in 6-well plates
and incubated with vehicle (0.1% DMSO) or different
concentrations of DHS (0-5 μM) or Resv (0-15 μM) at 37
°C for 24 h. The medium was removed, the untreated and
treated cells were washed with PBS, and incubated at 37
°C for 12 d in the growth media, replacing the media every
3 day. The colonies were fixed with methanol and stained
with 0.5% crystal violet in 1:1 methanol-water. Colonies
were counted, and images of colonies were scanned. The
surviving fractions were determined from the colony
counts and corrected for the plating efficiency (78.3%) of
the non-treated controls.

Fluorescence microscopy
The IMR32 cells (5 × 105 cells/well), cultured on
cover slips in 6-well plates were incubated with DHS
(0, 20 and 40 μM) for 48 h. The cells were stained with
Hoechst 33342 (10 μM) for 15 min, washed once with
PBS, mounted with 70% glycerol, and analyzed under an
Axioskop II Mot plus (Carl Zeiss, Germany) microscope
(40 × optics). For each treatment, minimum 100 cells
were manually observed and the number of cells with
fragmented and condensed nuclei counted.

Flow cytometry

Sample preparation
Freshly prepared stock solutions of compounds 1-5 and
Resv (20 mM) in DMSO were diluted with DMEM to attain
the required concentrations, and used for the cell line studies.
For the mice experiments, DHS solutions were prepared in
Neobee M5 oil (Sigma) to attain the required concentrations.

All the flow cytometry analyses were carried out
with a Pertec CyFlow® Space flow cytometer using the
FlowJo software. Cellular debris was excluded from the
analyses by raising the forward scatter threshold. At least
2 × 104 cells of each sample were analyzed, and the data
were registered on a logarithmic scale.

MTT assay

Apoptosis analyses

The MTT reduction assay was carried out using a
reported protocol, with minor modifications [48]. Briefly,
the IMR32 and SHSY-5Y cells (5 × 103/well) grown in
96-well plates and treated with different concentrations

The hypodiploid DNA content (sub-G1) were
analyzed as a marker for apoptosis by flow cytometry.
Briefly, the IMR32 cells (5 × 105 cells/well), treated with
different concentrations of DHS or Resv for 24 and 48 h
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were collected, washed with cold PBS and incubated in
PBS containing Triton X-100 (0.1%), PI (50 μg/ml) and
RNAse A (100 μg/ml) for 30 min at 37 °C, and analyzed
by flow cytometry. The apoptotic nuclei appeared as
broad hypodiploid DNA peaks. Similar experiments were
also carried out using cells, pre-treated with inhibitors
of caspase-9, caspase-8, caspase-3, pan-caspase, p38,
ERK, JNK, cathepsins (Leu, Pep A, individually or in
combination) respectively for 1 h, followed by incubation
with DHS (20 μM). Additional sub-G1 assays were carried
out with BAX-KD, BCL2-KD, BID-KD, BAX- BID-DKD
and ρo IMR32 cells. The flipping of PS was assessed by
using the annexin V/PI apoptosis detection kit as per the
manufacturer’s instructions. Briefly, the untreated and
DHS (20 μM)-treated IMR32 cells (5 × 105/well) were
incubated for different periods, the cells were washed
twice with cold PBS, suspended in a binding buffer (100
μl), stained with annexin V (1 μl) and PI (5 μl). The
percentage of annexin V positive and PI negative cells in
the total cell population was analyzed.

with minor modifications. Briefly, the IMR32 cells were
maintained in a complete medium supplemented with 1
mM sodium pyruvate, 1 mM uridine and 50 ng/ml EtBr
(24 passages for 8 weeks). The cells, cultured in medium
without EtBr served as the control (wild-type ρ+-IMR32).
Mitochondria depletion in the ρo-IMR32 cells was
confirmed by analyzing the loss of mitochondria specific
protein, COX I and mitochondrial DNA as per the reported
protocol [53].

Western blotting
The IMR32 cells were incubated with DHS (0 and
20 μM) for different time periods and lysed in a lysis
buffer (20 mM pH 7.4 Tris, 250 mM NaCl, 2 mM pH 8.0
EDTA, 0.1% Triton X-100, 0.01 μg/ml aprotinin, 0.01 μg/
ml Leu, 0.4 mmol/l PMSF, and 4 mmol/l NaVO4) to obtain
whole cell extracts. The lysates were spun at 16500 × g
for 10 min, the supernatants collected and kept at -70 °C.
In separate experiments, the mitochondrial and cytosolic
extracts were prepared as described [54]. The lysosomal
extract was prepared using the LYSISO1 kit, following
manufacturer’s protocol. The whole cell extracts of the
cells pre-treated with NAC (5 mM) or different inhibitors
for 1 h, followed by incubation with DHS (0 and 20 μM)
for different times were also prepared.
The cellular and sub-cellular fractions were
individually separated by 10-15% SDS-polyacrylamide
gel electrophoresis, and electrotransferred to nitrocellulose
membrane. The membranes were blocked for 1 h at room
temperature in TBST buffer (20 mM Tris–HCl, pH 7.6,
137 mM NaCl, and 0.1% Tween-20) containing 5% (w/v)
nonfat milk, and then incubated overnight at 4 °C with
the required specific primary antibodies. After several
washes, suitable HRP-conjugated secondary antibodies
were added, the membranes incubated further for 2 h,
and the blots of various proteins were developed using
a Lumi-LightPLUS western blotting kit. In order to probe
phosphorylated and non-phosphorylated forms of the
MAPKs on the same blot membrane, standard stripping
protocol was used. The bands were detected using a Kodak
Gel-doc software and the intensity ratios of the individual
bands to that of normal control, taken as 1 (arbitrary unit)
were quantified after normalizing with respect to the
loading controls.

Analysis of mitochondrial and lysosomal
membrane integrity
The loss of ΔΨm [49], lysosomal membrane integrity
and LMP [50] were assayed using well established
reported protocols, with minor modifications. Briefly,
the IMR32 cells (5 × 105 cells/well), cultured in 6-well
plates were incubated with DHS (0 and 20 μM) for 0-24
h, washed with PBS, and incubated with JC-1 (20 μM),
AO (10 μM) or LTR (100 nM) for 15 min at 37 °C. The
cells were collected, washed two times with cold PBS
and analyzed by flow cytometry. The ΔΨm loss was
quantified from the shift of JC-1 emission from red (~590
nm, channel Fl3) to green (~525 nm, channel Fl1), while
the lysosomal membrane integrity was quantified from
the percentage of cells (Fl3 subset) showing reduced red
florescence of AO or LTR.

Intracellular ROS level assay
The IMR32 cells were incubated with DHS (0 and 20
μM) for different time periods. After addition of H2DCFDA
(10 μM), the cells were incubated for 30 min at 37 °C,
collected by trypsinization, washed two times with PBS, and
resuspended in PBS. The ROS levels, expressed in arbitrary
units were analyzed from the increased green fluorescence
(excitation at 480 nm and emission at 530 nm) of oxidized
DCFDA by flow cytometry [51]. H2O2 (200 μM) was used
as the positive control and incubation was carried out for 2 h.

Transient and stable RNA interference in IMR32
cells
Following manufacturer’s protocol, the cells were
transfected with short interfering RNA (siRNA) purchased
from Santa Cruz Biotechnology, Inc. (CA, USA) encoding
siRNA specific for BAX, BID or the nonspecific control
by using lipofectamin RNAI MAX transfection reagent
to generate BAX-KD, BID-KD and BAX-BID-DKD or
respective control SCR cells. The nonspecific control

Generation of mitochondria-deficient IMR32-ρo
cells
The mitochondria-deficient IMR32-ρo cells were
generated and maintained as described previously [52]
www.impactjournals.com/oncotarget
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Toxicity studies in rat model

siRNA contained a scrambled sequence with no significant
homology to rat, mouse, and human gene sequences
and are designated as SCR cells. The transfected cells
were grown for 48 h in a transfection medium and
the expressions of BAX and BID were assessed by
immunoblots.
In another set of experiments, the cells were
transfected with plasmids (Imgenex, Sandiego, CA)
encoding scrambled short-hairpin RNA (shRNA) to
generate control SCR cells or shRNA against BCL2 to
generate BCL2-KD cells, using lipofectamine 2000.
The BCL2-KD, and the respective SCR cells were
grown for two weeks in a medium containing G418
(800 μg/ml). Several antibiotic-resistant clones were
expanded and screened for the BCL2 protein. The
clones with the lowest expression were selected for the
studies and maintained further in the presence of G418
(800 μg/ml).

A stock solution of DHS (100 mg/ml) in DMSO
was diluted with edible oil and an appropriate volume,
amounting to 300 mg/kg of DHS was given to the rats
by oral gavage (a single bolus dose). The serum samples
were collected after a month and the liver and kidney
function parameters analyzed with an auto analyzer (Rx
Daytona, Randox, crumlin county, Antrim, UK). The
normal untreated rats served as the control. Each group
contained 10 animals.

Statistical analysis
All determinations were made in five replicates
in 3-4 different experiments and the values are mean ±
S.E.M. The data were analyzed by paired t-test and oneway analysis of variance (ANOVA) followed by a Dunnett
multiple comparisons post-test. A probability value of
p<0.05 was considered significant. The vehicle-treated
cells were considered as the untreated control.

Ectopic tumor xenograft and toxicity studies in a
preclinical mice model

Author contributions

Male SCID mice were xenografted at the age of
6 weeks (mean body weight, 22.4 g). The IMR32 human
neuroblastoma cells were grown up to 70% confluency,
harvested by trypsinization, washed twice with ice-cold
DMEM. The cells were re-suspended in ice-cold DMEM
and kept on ice until xenotransplantation. Right flank
region of the male recipient SCID mice were cleansed
with 70% ethanol and subcutaneously injected with
IMR32 cells (1 × 107 cells/0.2 ml/mouse). After eight
days, mice with palpable tumors were randomized and
divided into four groups (8 mice/group). The treatment
groups received DHS (25, 50, 100 mg/kg, single dose/
day, alternate day during 8-38th day of experiments) by
oral gavage. The control group received vehicle (Neobee
M5 oil, 0.2 ml) only throughout the experimental period
(8-38th day of experiments). Additional experiments
were also carried out with Resv or DHS (each 100 mg/
kg), under the above experimental conditions. The tumor
growth was monitored three times a week by calipers and
the tumor volumes calculated according to the formula
0.5 × length × width2. Four h after the last dose of the
treatments on the 38th day of the experiments, the mice
were sacrificed after an overdose of thiopental, the tumor
xenografts were removed and their volumes measured.
The animals were dissected and macroscopic analysis was
also carried out to visualize major morphological changes
in the organs. The photographs tumor bearing mice and
excised tumors were captured with a digital camera (Nikon
D5500). These experiments were repeated three times. For
the histopathological study, liver, kidney and heart samples
were fixed in Bouin’s fixative, 5 μm thick paraffin sections
were prepared and stained with hematoxylin–eosin (H–E).
The stained slides were analysed under a bright-field light
microscope (Axioskop II Mot plus, Carl Zeiss, Germany).
www.impactjournals.com/oncotarget

B.S, B.S.P and SC conceived and designed
the experiments. M.K synthesized and characterized the
hydroxystillbenes 1-5; B.S., B.S.P. and GP performed the
experiments; B.S.P, B.S, and S.C contributed to data analysis;
All authors contributed to the preparation of the manuscript.

ACKNOWLEDGMENTS
B.S was supported by the INSPIRE Fellowship
(grant no. BB/F017502/1) of Department of Science &
Technology, Government of India.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to report.

FUNDING
The study was carried out with the support of
Bhabha Atomic Research Centre, without any other
external funding.

REFERENCES
1. Barone G, Anderson J, Pearson AD, Petrie K, Chesler L.
New strategies in neuroblastoma: therapeutic targeting of
MYCN and ALK. Clin Cancer Res. 2013; 19:5814–21.
2. Louis CU, Shohet JM. Neuroblastoma: molecular
pathogenesis and therapy. Annu Rev Med. 2015; 66:49–63.
3. Cohn SL, Pearson AD, London WB, Monclair T, Ambros
PF, Brodeur GM, Faldum A, Hero B, Iehara T, Machin
73922

Oncotarget

D, Mosseri V, Simon T, Garaventa A, et al, and INRG
Task Force. The International Neuroblastoma Risk Group
(INRG) classification system: an INRG Task Force report.
J Clin Oncol. 2009; 27:289–97.

in normal mouse fibroblasts and inhibits proliferation and
invasion of human breast cancer cells. Carcinogenesis.
2012; 33:2172–80.
18. Balan KV, Wang Y, Chen SW, Chen JC, Zheng LF, Yang
L, Liu ZL, Pantazis P, Wyche JH, Han Z. Proteasomeindependent down-regulation of estrogen receptor-alpha
(ERalpha) in breast cancer cells treated with 4,4′-dihydroxytrans-stilbene. Biochem Pharmacol. 2006; 72:573–81.

4. Asensi M, Ortega A, Mena S, Feddi F, Estrela JM. Natural
polyphenols in cancer therapy. Crit Rev Clin Lab Sci. 2011;
48:197–216.
5. Vainio H, Weiderpass E. Fruit and vegetables in cancer
prevention. Nutr Cancer. 2006; 54:111–42.

19. Kimura Y, Sumiyoshi M, Baba K. Antitumor activities
of synthetic and natural stilbenes through antiangiogenic
action. Cancer Sci. 2008; 99:2083–96.

6. Key TJ. Fruit and vegetables and cancer risk. Br J Cancer.
2011; 104:6–11.

20. Savio M, Ferraro D, Maccario C, Vaccarone R, Jensen
LD, Corana F, Mannucci B, Bianchi L, Cao Y, Stivala LA.
Resveratrol analogue 4,4′-dihydroxy-trans-stilbene potently
inhibits cancer invasion and metastasis. Sci Rep. 2016;
6:19973.

7. Fulda S. Resveratrol and derivatives for the prevention and
treatment of cancer. Drug Discov Today. 2010; 15:757–65.
8. Fulda S, Debatin KM. Sensitization for anticancer
drug-induced apoptosis by the chemopreventive agent
resveratrol. Oncogene. 2004; 23:6702–11.

21. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell.
2000; 100:57–70.

9. Vergara D, Valente CM, Tinelli A, Siciliano C, Lorusso V,
Acierno R, Giovinazzo G, Santino A, Storelli C, Maffia M.
Resveratrol inhibits the epidermal growth factor-induced
epithelial mesenchymal transition in MCF-7 cells. Cancer
Lett. 2011; 310:1–8.

22. Kroemer G, Jäättelä M. Lysosomes and autophagy in cell
death control. Nat Rev Cancer. 2005; 5:886–97.
23. Boya P, Kroemer G. Lysosomal membrane permeabilization
in cell death. Oncogene. 2008; 27:6434–51.

10. Brzozowski T, Konturek PC, Konturek SJ, Sliwowski Z,
Pajdo R, Drozdowicz D, Ptak A, Hahn EG. Classic NSAID
and selective cyclooxygenase (COX)-1 and COX-2
inhibitors in healing of chronic gastric ulcers. Microsc Res
Tech. 2001; 53:343–53.

24. Fehrenbacher N, Jäättelä M. Lysosomes as targets for
cancer therapy. Cancer Res. 2005; 65:2993–95.
25. Johansson AC, Appelqvist H, Nilsson C, Kågedal K,
Roberg K, Öllinger K. Regulation of apoptosis-associated
lysosomal membrane permeabilization. Apoptosis. 2010;
15:527–40.

11. Guha P, Dey A, Chatterjee A, Chattopadhyay S,
Bandyopadhyay SK. Pro-ulcer effects of resveratrol in mice
with indomethacin-induced gastric ulcers are reversed by
L-arginine. Br J Pharmacol. 2010; 159:726–34.

26. Zinkel SS, Hurov KE, Ong C, Abtahi FM, Gross A,
Korsmeyer SJ. A role for proapoptotic BID in the DNAdamage response. Cell. 2005; 122:579–91.

12. Dey A, Guha P, Chattopadhyay S, Bandyopadhyay SK,
Bandyopadhyay SK. Biphasic activity of resveratrol on
indomethacin-induced gastric ulcers. Biochem Biophys Res
Commun. 2009; 381:90–95.

27. Shelton SN, Shawgo ME, Robertson JD. Cleavage of Bid by
executioner caspases mediates feed forward amplification
of mitochondrial outer membrane permeabilization during
genotoxic stress-induced apoptosis in Jurkat cells. J Biol
Chem. 2009; 284:11247–55.

13. Roberti M, Pizzirani D, Simoni D, Rondanin R, Baruchello
R, Bonora C, Buscemi F, Grimaudo S, Tolomeo M.
Synthesis and biological evaluation of resveratrol and
analogues as apoptosis-inducing agents. J Med Chem. 2003;
46:3546–54.

28. Sui X, Kong N, Ye L, Han W, Zhou J, Zhang Q, He C,
Pan H. Inhibition of p38 MAPK sensitizes tumour cells to
cisplatin-induced apoptosis mediated by reactive oxygen
species and JNK. Cancer Lett. 2014; 344:174–79.

14. Guha P, Dey A, Sarkar B, Dhyani MV, Chattopadhyay S,
Bandyopadhyay SK. Improved anti-ulcer and anticancer
properties of a trans-resveratrol analog in mice. J Exp
Pharmacol Ther. 2009; 328:1–10.

29. Pereira L, Igea A, Canovas B, Dolado I, Nebreda AR.
Inhibition of p38 MAPK sensitizes tumour cells to cisplatininduced apoptosis mediated by reactive oxygen species and
JNK. EMBO Mol Med. 2013; 5:1759–74.

15. Guha P, Dey A, Sen R, Chatterjee M, Chattopadhyay S,
Bandyopadhyay SK. Intracellular GSH efflux stimulated
mitochondrial Bax translocation in resveratrol treated
apoptotic cell. J Exp Pharmacol Ther. 2011; 336:206–14.

30. Zhang J, Ma K, Qi T, Wei X, Zhang Q, Li G, Chiu JF.
P62 regulates resveratrol-mediated Fas/Cav-1 complex
formation and transition from autophagy to apoptosis.
Oncotarget. 2015; 6:789–801. https://doi.org/10.18632/
oncotarget.2733.

16. Fan GJ, Liu XD, Qian YP, Shang YJ, Li XZ, Dai F, Fang JG,
Jin XL, Zhou B. 4,4′-Dihydroxy-trans-stilbene, a resveratrol
analogue, exhibited enhanced antioxidant activity and
cytotoxicity. Bioorg Med Chem. 2009; 17:2360–65.

31. Hsiao PC, Chou YE, Tan P, Lee WJ, Yang SF, Chow JM,
Chen HY, Lin CH, Lee LM, Chien MH. Pterostilbene
simultaneously induced G0/G1-phase arrest and MAPKmediated mitochondrial-derived apoptosis in human acute
myeloid leukemia cell lines. PLoS One. 2014; 9:e105342.

17. Maccario C, Savio M, Ferraro D, Bianchi L, Pizzala
R, Pretali L, Forti L, Stivala LA. The resveratrol analog
4,4′-dihydroxy-trans-stilbene suppresses transformation
www.impactjournals.com/oncotarget

73923

Oncotarget

cycle arrest of human T24 bladder cancer cells in vitro
and inhibits tumor growth in vivo. Cancer Sci. 2010;
101:488–93.

32. Goldsmith KC, Hogarty MD. Targeting programmed
cell death pathways with experimental therapeutics:
opportunities in high-risk neuroblastoma. Cancer Lett.
2005; 228:133–41.

44. Turk B, Stoka V. Protease signalling in cell death: caspases
versus cysteine cathepsins. FEBS Lett. 2007; 581:2761–67.

33. Kisenge RR, Toyoda H, Kang J, Tanaka S, Yamamoto H,
Azuma E, Komada Y. Expression of short-form caspase
8 correlates with decreased sensitivity to Fas-mediated
apoptosis in neuroblastoma cells. Cancer Sci. 2003;
94:598–605.

45. van Ginkel PR, Sareen D, Subramanian L, Walker Q,
Darjatmoko SR, Lindstrom MJ, Kulkarni A, Albert DM,
Polans AS. Resveratrol inhibits tumor growth of human
neuroblastoma and mediates apoptosis by directly targeting
mitochondria. Clin Cancer Res. 2007; 13:5162–69.

34. Rahman MA, Kim NH, Kim SH, Oh SM, Huh SO.
Antiproliferative and cytotoxic effects of resveratrol in
mitochondria-mediated apoptosis in rat b103 neuroblastoma
cells. Korean J Physiol Pharmacol. 2012; 16:321–26.

46. Chen W, Yeo SC, Elhennawy MG, Xiang X, Lin HS.
Determination of naturally occurring resveratrol analog
trans-4,4′-dihydroxystilbene in rat plasma by liquid
chromatography-tandem mass spectrometry: application
to a pharmacokinetic study. Anal Bioanal Chem. 2015;
407:5793–801.

35. Cirman T, Oresić K, Mazovec GD, Turk V, Reed JC,
Myers RM, Salvesen GS, Turk B. Selective disruption
of lysosomes in HeLa cells triggers apoptosis mediated
by cleavage of Bid by multiple papain-like lysosomal
cathepsins. J Biol Chem. 2004; 279:3578–87.

47. Subramanian M, Shadakshari U, Chattopadhyay S. A
mechanistic study on the nuclease activities of some
hydroxystilbenes. Bioorg Med Chem. 2004; 12:1231–37.

36. Trincheri NF, Nicotra G, Follo C, Castino R, Isidoro C.
Resveratrol induces cell death in colorectal cancer cells
by a novel pathway involving lysosomal cathepsin D.
Carcinogenesis. 2007; 28:922–31.

48. Mosmann T. Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity
assays. J Immunol Methods. 1983; 65:55–63.

37. Hsu KF, Wu CL, Huang SC, Wu CM, Hsiao JR, Yo YT,
Chen YH, Shiau AL, Chou CY. Cathepsin L mediates
resveratrol-induced autophagy and apoptotic cell death in
cervical cancer cells. Autophagy. 2009; 5:451–60.

49. Cossarizza A, Baccarani-Contri M, Kalashnikova G,
Franceschi C. A new method for the cytofluorimetric
analysis of mitochondrial membrane potential using the
J-aggregate forming lipophilic cation 5,5′,6,6′-tetrachloro1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide (JC-1).
Biochem Biophys Res Commun. 1993; 197:40–45.

38. Stoka V, Turk B, Schendel SL, Kim TH, Cirman T, Snipas
SJ, Ellerby LM, Bredesen D, Freeze H, Abrahamson
M, Brömme D, Krajewski S, Reed JC, et al. Lysosomal
protease pathways to apoptosis. Cleavage of bid, not procaspases, is the most likely route. J Biol Chem. 2001;
276:3149–57.

50. Nylandsted J, Gyrd-Hansen M, Danielewicz A,
Fehrenbacher N, Lademann U, Høyer-Hansen M, Weber E,
Multhoff G, Rohde M, Jäättelä M. Heat shock protein 70
promotes cell survival by inhibiting lysosomal membrane
permeabilization. J Exp Med. 2004; 200:425–35.

39. Kågedal K, Johansson AC, Johansson U, Heimlich G,
Roberg K, Wang NS, Jürgensmeier JM, Öllinger K.
Lysosomal membrane permeabilization during apoptosis—
involvement of Bax? Int J Exp Pathol. 2005; 86:309–21.

51. de Arriba SG, Krügel U, Regenthal R, Vissiennon Z,
Verdaguer E, Lewerenz A, García-Jordá E, Pallas M,
Camins A, Münch G, Nieber K, Allgaier C. Carbonyl stress
and NMDA receptor activation contribute to methylglyoxal
neurotoxicity. Free Radic Biol Med. 2006; 40:779–90.

40. Zhao K, Zhou H, Zhao X, Wolff DW, Tu Y, Liu H, Wei
T, Yang F. Phosphatidic acid mediates the targeting of
tBid to induce lysosomal membrane permeabilization and
apoptosis. J Lipid Res. 2012; 53:2102–14.

52. King MP, Attadi G. Mitochondria-mediated transformation
of human rho(0) cells. Methods Enzymol. 1996; 264:313–34.

41. Trachootham D, Alexandre J, Huang P. Targeting cancer
cells by ROS-mediated mechanisms: a radical therapeutic
approach? Nat Rev Drug Discov. 2009; 8:579–91.

53. Achanta G, Sasaki R, Feng L, Carew JS, Lu W, Pelicano
H, Keating MJ, Huang P. Novel role of p53 in maintaining
mitochondrial genetic stability through interaction with
DNA Pol γ. EMBO J. 2005; 24:3482–92.

42. Son Y, Cheong YK, Kim NH, Chung HT, Kang DG,
Pae HO. Mitogen-activated protein kinases and reactive
oxygen species: How can ROS activate MAPK pathways?
J Signal Transduct. 2011;2011:792639. https://doi.
org/10.1155/2011/792639.

54. Bossy-Wetzel E, Green DR. Caspases induce cytochrome c
release from mitochondria by activating cytosolic factors. J
Biol Chem. 1999; 274:17484–90.

43. Bai Y, Mao QQ, Qin J, Zheng XY, Wang YB, Yang K,
Shen HF, Xie LP. Resveratrol induces apoptosis and cell

www.impactjournals.com/oncotarget

73924

Oncotarget

