
Research Article
Resveratrol Derivative, Trans-3, 5, 4′-Trimethoxystilbene
Sensitizes Osteosarcoma Cells to Apoptosis via
ROS-Induced Caspases Activation

Yu Feng,1,2 Jacob Clayton,3 Wildman Yake,3 Jinke Li,3 Weijia Wang ,4 Lauren Winne ,3

and Ming Hong 5,6

1Department of Traumatology, General Hospital of Ningxia Medical University, 804 Shengli South Road, Yinchuan,
Ningxia Hui Autonomous Region 750004, China
2Department of Orthopaedics and Traumatology, The University of Hong Kong, 21 Sassoon Road, Hong Kong SAR 999077, China
3Department of Pharmacology & Toxicology, University of Kansas, 126 Strong Hall, Lawrence, KS 66045, USA
4Zhongshan People’s Hospital, 2 Sun Wen East Road, Zhongshan, Guangdong 528400, China
5Institute of Advanced Diagnostic and Clinical Medicine, Zhongshan People’s Hospital, Guangzhou University & Zhongshan People’s
Hospital Joint Biomedical Institute, 2 Sun Wen East Road, Zhongshan, Guangdong 528400, China
6Dongguan & Guangzhou University of Chinese Medicine Cooperative Academy of Mathematical Engineering for Chinese Medicine,
Building 16, Songke Garden, Songshan Lake Science and Technology Industrial Park, Dongguan 523000, China

Correspondence should be addressed to Weijia Wang; 530837226@qq.com, Lauren Winne; winnie_lsh@ku.edu,
and Ming Hong; hongming530@126.com

Received 23 September 2020; Revised 20 January 2021; Accepted 10 March 2021; Published 26 March 2021

Academic Editor: Li Yang

Copyright © 2021 Yu Feng et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Numerous studies have shown that resveratrol can induce apoptosis in cancer cells. Trans-3, 5, 4′-trimethoxystilbene (TMS), a
novel derivative of resveratrol, is a more potent anticancer compound than resveratrol and can induce apoptosis in cancer
cells. Herein, we examined the mechanisms involved in TMS-mediated sensitization of human osteosarcoma (143B) cells to
TNF-related apoptosis-inducing ligand- (TRAIL-) induced apoptosis. Our results showed that cotreatment with TSM and
TRAIL activated caspases and increased PARP-1 cleavage in 143B cells. Decreasing cellular ROS levels using NAC reversed
TSM- and TRAIL-induced apoptosis in 143B cells. NAC abolished the upregulated expression of PUMA and p53 induced by
treatment with TRAIL and TSM. Silencing the expression of p53 or PUMA using RNA interference attenuated TSM-mediated
sensitization of 143B cells to TRAIL-induced apoptosis. Knockdown of Bax also reversed TSM-induced sensitization of 143B
cell to TRAIL-mediated apoptotic cell death. These results indicate that cotreatment with TRAIL and TSM evaluated
intracellular ROS level, promoted DNA damage, and activated the Bax/PUMA/p53 pathway, leading to activation of both
mitochondrial and caspase-mediated apoptosis in 143B cells. Orthotopic implantation of 143B cells in mice also demonstrated
that cotreatment with TRAIL and TSM reversed resistance to apoptosis in cells without obvious adverse effects in normal cells.

1. Introduction

Resveratrol, a natural polyphenolic compound that is abun-
dant in blueberries, grapes, and peanuts, possesses numerous
pharmacological activities. Previous studies have shown that
resveratrol can induce apoptosis in various human tumor
cells via ROS-dependent endoplasmic reticulum (ER) stress

[1, 2]. Although resveratrol has shown remarkable anticancer
effects in numerous preclinical studies, its poor pharmacoki-
netic parameters have restricted its clinical application. Add-
ing methoxy or hydroxyl groups to the stilbene backbone of
resveratrol generates modified resveratrol derivatives that
possess improved bioavailability and stability, resulting in
increased transport of these agents into cells [3]. Unlike
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resveratrol, TMS can bind membrane proteins with high
binding affinity. Furthermore, upon uptake, TMS can enter
cells unaltered, which increases its stability within cells [4–6].

In recent decades, several studies have shown that TMS
can exert antitumor effects in several malignant human
tumors, including lung malignancies, cholangiocarcinoma,
prostate adenocarcinoma, and osteosarcoma [7–9]. Annick
et al. have demonstrated that TMS exhibits stronger antican-
cer activity than that of resveratrol and can induce apoptosis
in malignant MCF-7 cells [10, 11]. Additionally, TMS can
decrease cellular viability and induce apoptosis in prostate
adenocarcinoma cells. This TMS-mediated inhibition of
cellular viability can be enhanced by combining TMS with
TRAIL, thereby activating the reactive oxygen species-
(ROS-) induced caspase cascade [12]. Indeed, 20μM TSM
increases intracellular ROS levels and induces apoptosis by
phosphorylating JNK, p38, and MAPK [13, 14]. Another
study has shown that 10μm TSM sensitizes osteosarcoma
cells to apoptosis by activating Bax, p53, and caspase-3
[15]. Additionally, 10μm TMS suppresses the proliferation
of human hepatocellular carcinoma MHCC-97H cells by
inducing PUMA-dependent cellular apoptosis in vitro and
in vivo, suggesting that TMS may sensitize cancer cells to
apoptosis [16]. Although TMS possesses reduced cytotoxicity
compared with that of resveratrol, 10μm TMS may show
some cytotoxicity in normal cells and tissues [17]. Therefore,
in our current study, we treated osteosarcoma cells with
TRAIL and low-dose TMS (2.5, 5μm) to evaluate whether
TMS could sensitize these cells to TRAIL-mediated apoptotic
cell death.

ROS induce apoptosis by destroying the basic structure of
DNA, which increases the expressions of PUMA and Bax
[11, 12]. As a proapoptotic protein, Bax can promote cyto-
chrome C release from the mitochondria and induces subse-
quent caspase cascade. Excessive levels of intracellular ROS
and DNA damage may activate the expression of p53 and
upregulate that of PUMA, subsequently inducing cellular
apoptosis [13]. Previous studies have shown that TMS
(10μm) may inhibit cancer progression by promoting
PUMA-dependent apoptosis [9]. Hence, we hypothesized
that in osteosarcoma cells, treatment with TMS likely triggers
Bax/PUMA/P53 signaling that contributes to intrinsic
apoptosis, while cotreatment with TRAIL and TMS likely
induces extrinsic apoptosis. To test this hypothesis, we
treated osteosarcoma cells with TRAIL and low-dose TMS
to evaluate whether TMS could sensitize these cells to
TRAIL-mediated apoptosis.

2. Materials and Methods

2.1. Cell Lines and Chemicals. Osteosarcoma cells 143B and
Saos-2 were provided by Dr. Christopher Johnson (Medical
center, University of Kansas); the MG-63 cells with specific
genes knock-down were purchased form GeneTech corpora-
tion (San Francisco, CA, USA). Normal human osteoblast
hFOB1.19 cells were provided by Dr. Ryan Taylor (Medical
center, University of Kansas). hFOB1.19 cell was cultured
in complete DMEM/F12, with 1% streptomycin-penicillin
(Gibco), 0.5% Nonessential amino acids (HyClone), and

10% fetal bovine serum (FBS; HyClone). 143B and Saos-2
cells were cultured in DMEM with 1% penicillin-streptomy-
cin, 10% FBS, and 1% L-glutathione (Gibco). All the cell lines
were incubated under 5% CO2 atmosphere at 37°C, unless
otherwise indicated. All the chemical agents were provided
by Sino-pharm Chemical Reagent Company (Beijing,
China), unless otherwise indicated. Recombinant human
TRAIL was provided by Thermofisher Corp (Waltham,
MA, USA) and reserved in PBS+0.01% BSA at -20°C.

2.2. Dosage Information. The TMS concentration used in this
study (2.5, 5, 10μM) for in vitro experiment was referred to
previous studies. For control group, 1% DMSO were used
as a vehicle [18, 19]. The TMS concentration used for
in vivo experiment on mice was calculated according to the
previous publications, which was 11 times as much as that
for human beings [20]. This dosage is accomplishable for
humans by available supplements via taking orally. Mice
were pretreated with TMS (10mg/kg) by intragastrical
gavage every two days; 1% Dimethyl sulfoxide (DMSO) were
used as a vehicle in control group. To evaluate the potential
toxicity of TMS (10mg/kg) in vivo, the results on kidney
and liver function and the blood cell counts in mice were
detected by commercial kits.

2.3. Cell Viability. Cell viability was analyzed using trypan
blue staining assay kit (Sigma, USA) and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltertrazolium bromide tetrazolium
(MTT) assay (Sigma, USA). For trypan blue staining assay,
2 × 105 cells were cultured into 48-well plates after treatment
for 24 hour. The cell viability was assessed after mixing
200μL of cell suspension and 200μL of 0.5% trypan blue
solutions (Sigma, USA), and the cell counting was performed
with a Neubauer chamber. The average of three readings for
each group was counted, and the cell count was calculated
based on the following equation: number of cells/mL =
average cells count × 2 × 105. For MTT assay, 10μL MTT
solution was added into the medium (2 × 104 cells/well)
and incubated at 37°C for 3.5 h. Then, the MTT mixture
was discarded, and 100μL DMSO was added. After agitating
for 20min, the absorbance of each sample at 570nm was
detected by a microplate reader (Bio-Rad, USA).

2.4. Western Blot Assay. Cells were extracted with lysis buffer
for obtaining total proteins. The proteins were transferred to
PVDF membrane after separating on 4% SDS-PAGE. After
blocking with 4% de-fat milk for 1.5 hour at 25°C, the mem-
brane was washed with TBST for 2 times and following with
the primary antibody incubation at 5°C for 12hour. Then,
the membrane was washed with TBST for 2 times and further
incubated with secondary antibodies for 1.5 hour at 25°C.
The protein blots were visualized by using an ECL system
and quantified with ImageJ software (National Institutes of
Health, USA). Actin was used as a loading control for
normalizing the bands density. The information of primary
antibodies used in this study are shown below. Caspase-8
(ab 20421), caspase-3 (ab13847) at dilutions 1 : 500,
caspase-9 (ab2154) at dilutions 1 : 500, p53 (ab131162) at
dilutions 1 : 1000, H2A.X (ab141768) at dilutions 1 : 200,
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phospho-H2A.X (ab 51272) at dilutions 1 : 200, and PARP-1
(ab12633) at dilutions 1 : 1000 were purchased from Abcam
(Cambridge, USA). The primary antibody for actin
(CS4970) at dilutions 1 : 200 was purchased from Cell
Signaling Technology (Trask Lane Danvers, USA); PUMA
(sc-41606) and Bax (sc-43716) were provided by Santa Cruz
Biotechnology (Santa Cruz, USA) that were used at dilutions
1 : 500 and 1 : 1000.

2.5. Apoptosis Assessment by DAPI Staining and TUNEL
Assay. Osteosarcoma cells were cultured in a 40-dish at
5 × 104 cells/mL, stabilized for 12 hours, processed with
TMS at different concentrations, then, cultured in an incuba-
tor for 12 hours. Nuclear fragmentation and condensation
were examined by 4,6-diamidino-2-phenylindole (DAPI)
staining. After incubation with TMS, the cells were harvested,
washed, and resuspended in PBS, stained with 1μg/mL DAPI
and placed at 4°C with a cover slip, protected from light for
25min. Then, the samples were washed three times with
PBS and examined by fluorescence microscopy.(Thermo
Scientific, USA). For TUNEL assay, paraffin-embedded
cancer tissues were examined by TUNEL commercial kit
(Invitrogen, USA). Briefly, cells were fixed with 4% parafor-
maldehyde for 10min at 25°C and then washed with PBS
twice. Paraffin tissue sections were processed with 20μg/mL
proteinase K for 5min. Then, the samples were treated with
the 3% H2O2 for 15min and incubated with 10μL TdT
enzyme reaction buffer for 1 hr at 37°C. The digoxigenine-
dUTP end-labeled DNA was examined by antidigoxigenin
peroxidase antibodies (1 : 200; ROCHE, Swiss) following the
manufactures instructions. In vivo fluorescence imaging
quantification was analyzed on images captured using confo-
cal microscopy (Olympus, Japan).

2.6. ROS Generation Assessment. Intracellular ROS in osteo-
sarcoma cell was detected using CM-H2DCDFA, which is
an uncharged and nonfluorescent ROS indicator. Briefly,
100μg of CM-H2DCDFA (Life Technologies, USA) was
added into each sample. The cells were harvested 25 minutes
after CM-H2DCDFA incubation and kept in -80°C. Then,
the cells were fixed with 5% PFA/PBS at 4°C for 10min. After
washed by PBS for twice, cells were detected under a fluores-
cent microscope (400x magnification). Both captured fluo-
rescence and gray images were evaluated by DP controller
3.0 (Leica, Germany). Gray images for analyzing fluorescence
intensity were processed by Image J 2.0.

2.7. DNA Comet Assay. To detect single- and double-
stranded DNA breaks, DNA comet assay was performed in
our study. The pretreated osteosarcoma cells were immersed
in fresh lysing solutions in dark place at 4°C for 2 hours and
then rinsed with neutralization buffer (200mM Na2EDTA,
10mM Tris-HCl, 3M NaCl, 1% Triton X-100, and 9%
DMSO) to eliminate salts and detergents. The samples were
set in horizontal electrophoresis system at 5°C with alkaline
buffer for 25 minutes (20V, 250mA), which promotes the
damaged DNA to deviate from the nucleus. Then, the aga-
rose gel was stained with ethidium bromide (20μg/mL)
(Vista Green, USA) for 15 minutes in dark. The slides were

visualized using an epifluorescence microscope (ZEISS
AXIOS A1, Germany) with a magnification of 400x, using a
580 nm filter. Tail moment was evaluated via calculation of
percentage of tail length × tail DNA.

2.8. siRNA Transfection. siRNA targeting p53 or PUMA were
transfected into 143B cells based on the manufacturer’s
manual. Generally, siRNA (20nM) against p53 or PUMA
(Table 1) was transfected with RNAiMAX transfection
reagent (Invitrogen, USA) into 143B cells for 36 hours at
36°C. Cells were then washed with PBS, and the efficiency
of transfection was validated by Western blotting.

2.9. Orthotopic Transplantation Tumor Model of
Osteosarcoma. The female BALB/c-nu/nu nude mice (4-
week-old) were purchased from the Experimental Animal
Centre in University of Kansas (Kansas, USA), and the mice
were treated according to the ethics committee’s guidelines
and regulations under the project license No. K8139B5G.
The mouse was fed with standard diet. Before the surgical
procedure, anesthesia was induced with 2.5% isoflurane
and O2 at 2–4%. Osteosarcoma 143B cells were diluted in
PBS (1 × 106 cells/mL) and 200μL of cell suspension were
injected to the tibial plateau of mouse. Then, nude mice were
randomly divided into four groups (n = 5): TMS (1μg/g),
TRAIL (100 ng/g), TRAIL (100 ng/g) +TMS(1μg/g), and
control group (0.1% DMSO +PBS). Tumor volume and
body weight were measured every 7 days. At the end of the
experiment, the mice were sacrificed with carbon dioxide,
and the tumors were dissected for further analysis. The
blood was collected from the tail vein to assess kidney and
hepatic function.

2.10. Immunohistochemistry. The mice’ osteosarcoma tissue
sections (5μm thick) were dewaxed in xylene for 10min;
then, the samples were rehydrated with alcohol and wished
by distilled water. 20mM citrate buffer was used to process
the tissue sections at 96°C for 15min; fixative was applied
to fix the samples. Next, the slides were blocked with 5%
BSA for 45min. Then, the slides were incubated with PUMA
(1 : 2000, Abcam) and p53 (1 : 500, Abcam) antibodies at 4°C
for 12 h, followed by incubation with secondary antibodies
24°C for 2 h. After washing by PBS, the samples were stained
with hematoxylin and DAB. Finally, the slides were exam-
ined with a fluorescence microscope, and the brown color
indicated the positive cells.

2.11. Statistics. One-sample t-test was applied for quantifica-
tion of the band intensity of Western blotting, the two-

Table 1: Sequences for siRNA transfection.

Gene bank
ID

Gene
name

siRNA sequences

AG072923 PUMA
F: 5′-CUCCAAACUGCGAUGACUU-3′
R: 5′-UAUCUCACAACGGCACGAC-3′

AK356651 P53
F: 5′-GUGCACCGGCUCUACAAUA-3′
R: 5′-ACUUACGGCAGCUCAGACC-3′
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sample t-test was used for analyzing the means of two
groups, and one-way ANOVA with Dunnett’s multiple com-
parison was used to compare the means among more than
two groups. Data are expressed as the mean ± standard
deviation (SD). The data is considered as significant differ-
ence when P < 0:05.

3. Results

3.1. TRAIL Resistance in Osteosarcoma 143B Cells. To exam-
ine TRAIL resistance in osteosarcoma cell lines, 143B and
Saos-2 cells were treated with 0-200ng/mL TRAIL for 12h.
Our results indicate that 50-200 ng/mL TRAIL suppressed
the viability of Saos-2 cells in a dose-dependent manner
(Figures 1(a) and 1(b)). However, the viability of 143B cell
was not significantly changed after TRAIL treatment; the
survival of 143B cells was about 92% when pretreated
with TRAIL (200 ng/mL). Cleaved poly (ADP-ribose)
polymerase-1 (PARP-1), an indicator of apoptosis, was
detected in Saos-2 cells only (Figures 1(a) and 1(b)). We
then used DAPI staining and TUNEL labeling to determine
whether apoptosis occurred after the cell was pretreated by
100ng/mL TRAIL. DAPI staining results show chromo-
some condensation in Saos-2 cell after TRAIL treatment
(100 ng/mL), while no significant subcellular morphological
changes were detected in 143B cells pretreated with
100ng/mL TRAIL (Figure 1(c)). The results of TUNEL
assay were consistent with those obtained using DAPI
staining. These results suggest that TRAIL-treated Saos-2
cells were sensitive, while TRAIL-treated 143B cells were
resistant, to apoptosis.

3.2. The Effect of TMS on TRAIL-Resistant Osteosarcoma
Cells. Next, we examined whether a noncytotoxic dose of
TMS could induce apoptosis in 143B cells. For this, 143B cells
were exposed to 0–10μm TMS for 6 h, and then, cellular
viability was examined using the Trypan blue dye exclusion
method. Our results demonstrate that treatment with
2.5μm TMS alone did not inhibit the survival of 143B
cells (Figure 2(a)). However, cotreatment using TRAIL
(50ng/mL) and TMS (2.5μm) for 6 hours did inhibit the
survival of 143B cells (Figure 2(b)). Western blotting showed
that the levels of PARP-1 cleavage were not increased in 143B
cells after treating by 1–5μm TMS or TRAIL (50 ng/mL).
However, cotreatment with 2.5μm TMS and 50ng/mL
TRAIL increased the expression of cleaved PARP-1 in 143B
cells (Figure 2(c)). Interestingly, combination therapy by
2.5μm TMS and 50ng/mL TRAIL did not induce PARP-
1 cleavage in normal human hFOB1.19 osteoblasts
(Figure 2(d)). Furthermore, DAPI and TUNEL labeling
confirmed that combined treatment using TRAIL and
TMS did induce apoptosis in 143B cells (Figure 2(e)).

3.3. Cotreatment with TMS and TRAIL Activates Caspases
Signaling. To explore the mechanisms underlying TMS-
and TRAIL-induced apoptosis in 143B cells, we assessed
the expression of cleaved PARP-1 and several caspases in
143B cells treated with TMS and/or TRAIL. No significant
changes in the expressions of cleaved PARP-1 or caspases

were observed in 143B cells treated with TMS or TRAIL
alone (Figure 3(a)). However, cotreatment using TMS
(2.5μm) and TRAIL (50ng/mL) induced PARP-1 and caspase
cleavage in a time-dependent manner (Figure 3(a)). Caspase
cleavage was enhanced by TMS in a dose-dependent manner
(Figure 3(b)). Next, we used different caspase inhibitors,
including zlEHDfmk, zlETDfmk, and zDEVDfmk, to evalu-
ate the possible roles of caspase cleavage in the survival of
143B cell cotreated with TMS and TRAIL. Our results show
that PARP1 cleavage and apoptosis in 143B cells were inhib-
ited by treatment with caspase inhibitors (Figure 3(c)).
Together, these data suggest that cotreatment with TRAIL
and TMS activated caspases and induced apoptosis in
143B cells.

3.4. TMS Increases Intracellular ROS Levels in 143B Cells.
Reactive oxygen species (ROS) and mitochondria play
important roles in the induction of apoptosis under condi-
tions of physiologic and pathologic stress. Thus, we evaluated
intracellular redox status in 143B cells after treatment with
TMS and TRAIL. A CARBOYX-H2DCFAD fluorescence
probe was used to detect intracellular ROS levels in treated
143B cells. Our results show that 143B cells treated with
positive control (H2O2) or 2.5μm TMS emitted stronger
fluorescent signal compared with that of the control group
(Figure 4(a)). Results obtained using spectrofluorometry
indicate that relative fluorescence intensity was increased in
143B cells after treatment with TMS, suggesting that TMS
may have increased ROS levels in a dose-dependent manner
(Figure 4(b)). Relative fluorescence intensity reached peak
level 20 minutes after the cells received the recommended
dose of TMS (2.5, 5μm). Sixty minutes after reaching its
peak level, relative fluorescence intensity rapidly decreased
to its minimal value. Interestingly, 4 h after reaching its
minimal value, relative fluorescence intensity increased
again (Figure 4(c)). These results indicate that TMS may
regulate intracellular ROS generation in 143B cells in
biphasic pattern. For further exploring the possible roles of
ROS in TRAIL- and TMS-mediated apoptosis of 143B cells,
NAC (which is an ROS inhibitor) was used to treat 143B cells
after treatment with TRAIL and/or TMS. Our results show
that TRAIL (50 ng/mL) had no effect on intracellular ROS
levels, while NAC (4mM) reduced ROS level induced by
TMS (Figure 4(d)). Additionally, NAC reversed the cellular
apoptosis that had been induced by cotreatment with TMS
and TRAIL in human 143B cells (Figure 4(e)). These results
indicated that when ROS was inhibited by NAC, the proa-
poptotic effect of TMS and TRAIL could be attenuated. The
P53 protein exerts dual effects under conditions of intracellu-
lar oxidative stress, providing cytoprotection at basal ROS
levels and inducing senescence/apoptosis at high ROS levels
[21]. Previous studies have shown that TMS-mediated cellu-
lar apoptosis is associated with increased expression of p53
and PUMA in osteosarcoma cells [22]. Thus, we used immu-
noblotting to detect the expression of cleaved PARP-1, p53,
and PUMA in 143B cells cotreated with TMS and TRAIL.
Our results show that combined treatment with TMS and
TRAIL upregulated the expressions of cleaved PARP1,
PUMA, and p53 in 143B cell. Interestingly, NAC (4mM)
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reversed the effects of TMS and TRAIL on protein expression
of cleaved PARP1, p53, and PUMA (Figure 4(f)). These find-
ings indicate that combined treatment with TRAIL and TMS

induced ROS generation in 143B cells and promoted intrinsic
apoptotic signaling by upregulating the expression of p53
and PUMA.
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Figure 1: TRAIL suppresses viability and promotes apoptotic cell death in Saos-2 cells. MTT assay (a) and Trypan blue staining (20x objective
lens) (b) were used to examine the survival of 143B and Saos-2 cells after treatment with 0–200 ng/mL TRAIL for 12 h. Equal volume of
vehicle (0.01% BSA+PBS) was used to treat the control groups, ∗P < 0:05; ∗∗P < 0:01. (c) Western blotting was used to detect PRAP-1
cleavage in 143B and Saos-2 cells treated with 0–200 ng/mL TRAIL for 6 hour. (c) DAPI and TUNEL labeling were used to examine
apoptosis in 143B and Saos-2 cells treated with 100 ng/mL TRAIL for 6 hours. White arrows indicate chromatin condensation in 143B
and Saos-2 cells; spots of green fluorescence indicate morphological changes in 143B and Saos-2 cells (magnification ×200); additional
higher-magnification images are also provided (magnification ×400).
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3.5. TMS Induces DNA Damage in 143B Cells. ROS-induced
oxidation of DNA is one of the major causes of gene muta-
tion, resulting in various types of DNA damage such as
double-strand breaks in the chromosome. DNA damage
may result in apoptosis [23]. To examine the DNA damage
potentially caused by exposure to TMS, we performed a
comet assay to detect double-strand breaks in the chromo-
somes of TMS-treated 143B cells. Results of the comet assay
indicate that the length of DNA migration (tail length),
which reflects the extent of DNA damage, was increased in
143B cells treated with TMS (2.5μM) (Figure 5(a)). These
results show that TMS may have induced DNA damage
and consequent apoptosis in 143B cells. H2AX is phosphor-

ylated on serine 139 and is then designated as γH2AX in a
reaction involving DNA double-strand breaks [24, 25].
Therefore, the expression of H2AX and phosphorylation of
H2AX-Ser139 were examined to confirm that treatment with
TMS induced DNA damage in 143B cells. Our results
indicate that TMS facilitated H2AX-Ser139 phosphorylation
in 143B cells in a dose- and time-dependent manner
(Figures 5(b) and 5(c)). Above data suggest that TMS may
activate P53 and trigger apoptosis by increasing ROS levels
and inducing DNA damage in 143B cells.

3.6. TMS Activates p53 and PUMA Expression in
Osteosarcoma Cells. Previous studies have confirmed that
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Figure 2: TMS reverses TRAIL-resistance in 143B cells. (a) After treatment with different doses of TMS for 6 h, the survival rate of 143B cells
was examined using the Trypan blue dye exclusion method (20x objective lens). (b) Survival of 143B cells, treated with 0–10μm TMS and/or
50 ng/mL TRAIL, was assessed using the Trypan blue dye exclusion method. (c) Human osteosarcoma 143B cells and (d) normal human
hFOB1.19 osteoblasts were pretreated with 50 ng/mL TRAIL and 2.5 μm TMS for 10 hours. Western blotting was used to detect the levels
of cleaved PARP1. (e) DAPI and TUNEL labeling were used to evaluate the apoptosis of 143B osteosarcoma cells and normal hFOB1.19
osteoblasts after treatment with TMS and/or TRAIL for 6 h (magnification ×400).
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p53 phosphorylation may affect its stabilization in cells [26].
In our study, we found that TMS could activate P53 by phos-
phorylation of P53 on Ser15, Ser46, and Ser392; this activity
was crucial for p53 accumulation and stabilization in 143B
cells (Figure 6(a)). As a downstream target gene of p53,
PUMA is upregulated by p53 activation and can induce apo-

ptosis in cells exposed to TMS [22]. In this study, we further
examined the roles of p53 and PUMA in the apoptosis of
143B cells after cotreatment with TMS and TRAIL.
Figure 6(b) shows that TMS dose-dependently upregulated
the expression p53 and PUMA. After cotreatment with
TMS (1–5μM) and TRAIL (50ng/mL), the expression of

TMS 2.5 𝜇M

PARP-1

Caspase 9

Caspase 8

Caspase 3

Actin

TRAIL 50 ng/mL
Time (h)

116
85

46
34

57
43
41

32

17
14

43

–
–
24

–
+
24

+
–
24

+
+
4

+
+
8

+
+
16

+
+
24

(a)

Caspase 9

Caspase 8

Caspase 3

Actin

57
43
41

18

46
34

32
20
17
14

43

TMS 2.5 𝜇M
TRAIL 50 ng/mL

–
–

–
+

0.5
+

1
+

2.5
+

(b)

143B

0

20

40

60

80

100

Su
rv

iv
al

 (%
)

TMS 2.5 𝜇M

TRAIL 50 ng/mL

Caspase-8 inhibitor- zlETD-fmk 25 𝜇M

Caspase-9 inhibitor- zLEHD-fmk 25 𝜇M

Caspase-3 inhibitor- zDEHD-fmk 25 𝜇M

–

–

–

–

–

–

+

–

–

–

+

–

–

–

–

+

+

–

–

–

+

+

+

–

–

+

+

–

+

–

+

+

–

–

+

PARP-1

Actin

116
85

43

⁎⁎

(c)

Figure 3: Cotreatment with TRAIL and TMS can activate caspases in 143B cells. (a) Western blotting was used to detect the expression of
PARP-1 and caspase cleavage in 143B cells treated with TMS and/or TRAIL for different lengths of time. The control group was treated
with an equal volume of 1% DMSO + PBS+0.01% BSA. (b) Caspase cleavage was examined by Western blotting in 143B cells after
treatment with 50 ng/mL TRAIL and TMS (0.5–2.5 μM) for 10 hours. (c) Caspase inhibitory agents, including zlEHDfmk, zlETDfmk, and
zDEVDfmk, were used to block the caspase pathway in 143B cells. After the cells were pretreated with TMS and/or TRAIL for 10 hours,
the Trypan blue dye exclusion method was used to evaluate cell survival (20x objective lens), and Western blotting was utilized to detect
the expression of cleaved PARP1. ∗∗P < 0:05.
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Figure 4: Continued.
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PUMA and p53 was significantly increased in 143B cells
(Figure 6(c)). RNA interference assay was used for down-
regulating the expressions of PUMA and P53 in order to
confirm the critical roles of PUMA and p53 in TMS-
mediated sensitization of 143B cells to TRAIL stimulus.
Our results indicate that 48 h after transfection with PUMA
or p53 siRNA, cleaved PARP-1 expression was significantly

decreased in 143B cells, which suggests that TMS-induced
TRAIL sensitization was attenuated in p53- or PUMA-
silenced cells (Figure 6(d)). DAPI staining confirmed that
transfection with PUMA or p53 siRNA reversed apopto-
sis in 143B cells after cotreatment with TRAIL and TMS
(Figure 6(e)). These findings suggest that activation of
p53 and PUMA contributed to TMS-mediated TRAIL
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Figure 5: TMS induces DNA damage and facilitates phosphorylation of Ser-139 (H2AX) in 143B cells. (a) Comet assay was
performed to examine DNA damage induced by treatment with TMS or TRAIL for 15 minutes. Tail moment were applied for quantifying
double-strands break via calculating the tail length × percentage of tail DNA. ∗P < 0:05. (b) 143B cell was treated with 0–10μM TMS for
24 hours, and Western blotting was used to examine the expression of H2AX and phospho-H2AX-Ser139 in 143B cells; 0.01% DMSO was
used as vehicle control. (c) 143B cell was pretreated with TMS (2.5 μM) for 0-24 hours, and immunoblotting was used to examine the
expression of H2AX and phospho-H2AX-Ser139 expression in 143B cells; 0.01% DMSO was used as vehicle control.
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Figure 4: TMS increases ROS levels in 143B cells. (a) Intracellular ROS levels in 143B cells were detected using fluorescence microscopy. The
cell was pretreated with positive control (H2O2) or TMS for 50 minutes and labeled with CMH2DFCDA for 15 minutes. Considerably
higher fluorescence intensity was detected in cells treated with H2O2 or TMS compared with that of the 0.01% BSA+ PBS-treated control
group. (b) 143B cell was pretreated with different doses of TMS for various periods of time. ROS generation was measured using relative
fluorescence intensity in 143B cells. ∗∗P < 0:05. (c) After treatment with TMS (2.5, 5 μm) for various periods of time, 143B cell was
labeled with CMH2DFCDA. ROS levels were analyzed at different time points according to the value of relative fluorescence intensity.
(d) Pretreatment with NAC reduced ROS generation induced by TMS (2.5 μm) and (e) attenuated TMS- and TRAIL-induced apoptosis
in 143B cells. Trypan blue dye exclusion method was used to evaluate cell survival (20x objective lens). ∗P < 0:05; ∗∗P < 0:01. Cells in the
control group were treated with an equal volume of PBS+0.1% DMSO . (f) Immunoblotting were used for examining the expression of
cleaved PARP-1, p53, and PUMA in 143B cells after pretreatment with NAC and treatment with TRAIL and TMS.
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sensitization and apoptosis in 143B cells. Next, we used MG-
63 cells, another osteosarcoma cell line, for further verifying
the effect of p53 in TMS- and TRAIL-induced apoptosis of
osteosarcoma cells. Two strains of MG-63 cells, p53−/− and
p53+/+, were treated using 2.5μMTMS+TRAIL (50ng/mL)
for 0-24 h. Figures 7(a) and 7(b) show that TMS inhibited the
viability of MG-63 p53+/+ cells and increased the expression
of cleaved PARP-1. However, MG-63 p53−/− cells were not
sensitive to treatment with TMS. Two other MG-63 cell lines
(MG-63 PUMA+/+ and MG-63 PUMA−/−) were used to
assess the role of PUMA in TRAIL- and TMS-induced apo-
ptosis of osteosarcoma cells. Figures 7(c) and 7(d) show that
TMS may have induced sensitization to TRAIL-induced apo-
ptosis and increased the expression of cleaved PARP-1 in

MG-63 PUMA+/+ cells, while MG-63 PUMA−/− cells were
not sensitive to the combined treatment. These results
suggest that activation of PUMA or p53 was involved in
TMS-mediated sensitization of osteosarcoma cells to
TRAIL-induced apoptosis.

3.7. The Impact of BAX in TMS- and TRAIL-Mediated
Apoptosis. BAX is a key member of the antiapoptotic Bcl-2
family, which plays critical roles in the apoptosis of tumor
cells. The coordinated activity of Bax and its upstream activa-
tors (PUMA and p53) can promote mitochondrial activation
and apoptosis [27]. We next used 143B Bax+/− and 143B Bax
−/− cells to confirm the role of Bax in TMS- and TRAIL-
induced apoptosis. Our results show that TRAIL-mediated
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Figure 6: TMS activates PUMA and p53 expression in osteosarcoma cells. (a) TMS (2.5 μM) was used to treat 143B cells for 0–24 h, and
protein expression of phosphorylated p53 (on Ser392, Ser46, or Ser15) was examined by Western blotting; 0.01% DMSO was used as
vehicle control. (b) Different doses of TMS were used to treat 143B cells for 10 h, and Western blot assay was performed to detect the
expressions of P53 and PUMA. (c) Different doses of TMS and TRAIL were used to treat 143B cells for 10 h, and Western blot assay was
performed to detect the expressions of P53 and PUMA. (d) Gene expression of p53 and PUMA was silenced by siRNA in 143B cells, and
then, the cells were treated with TRAIL and TMS for 10 h. Western blotting was used to examine the expression of cleaved PARP1, P53,
and PUMA. (e) Apoptotic cells were examined by DAPI staining after treating p53- or PUMA-silenced 143B cells with TMS and TRAIL.
White arrows indicate condensed chromatin in 143B cells (magnification ×400).
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apoptosis and the expression of cleaved PARP1 were
enhanced after 2.5μm TMS treatment in 143B Bax+/− cells,
instead of 143B Bax−/− cells (Figures 8(a) and 8(b)). Com-
bined treatment with TRAIL and TMS significantly increased
the expression of PUMA and p53 in both cell types
(Figure 8(b)). Morphological assessment of apoptotic osteo-
sarcoma cells by DAPI staining showed nuclear changes
and apoptosis in 143B Bax+/− cells when treating by TMS
and TRAIL (Figure 8(c)).

3.8. TMS and TRAIL Impair Osteosarcoma Growth In Vivo.
A xenograft tumor model using 143B cell was set up in
BALB/c mice for evaluating the effects of TMS and TRAIL
on osteosarcoma progression. Our results show that tumor
weight and volume were reduced in the group treated with
TRAIL (100 ng/g) +TMS (1μg/g) compared with those of
the control group. Conversely, no differences in tumor vol-
ume or weight were observed between TRAIL (100 ng/g body
weight)-treated mice and control mice (Figures 9(a) and
9(b)). The body weights of nude mice in TMS and/or TRAIL
groups were similar to those of control-group mice during
our in vivo studies (Figure 9(b)). Serum levels of alanine
transaminase (ALT), aspartate aminotransferase (AST), and
those of several renal function markers (creatinine (Cr) and
blood urea nitrogen (BUN)) were analyzed in the cardiac
blood of nude mice in order to evaluate the potential kidney
and liver toxicity of cotreatment with TMS+TRAIL. Our

results show that hepatic and kidney function was normal
in all the groups of mice used in our study (Table 2). Leuko-
cyte, erythrocyte, and platelet count of the nude mice was
also normal, suggesting that cotreatment with TMS+TRAIL
exerted no significant hematological adverse effects within
the present dosage (Table 3). These results indicate that
cotreatment with TRAIL (100 ng/g) +TMS (1μg/g) inhibited
the development of osteosarcoma without significant toxicity
in nude mice. Furthermore, the results of immunohisto-
chemistry (IHC) show that the expressions of Bax, PUMA,
and p53 were markedly increased in osteosarcoma tissues
of TMS+TRAIL treated mice compared with those of the
vehicle-treated mice (P < 0:05 Figure 9(c)). These results sug-
gest that TMS likely triggers Bax/PUMA/P53 signaling that
contributes to intrinsic apoptosis while cotreatment with
TRAIL and TMS likely induces extrinsic apoptotic cell death
in osteosarcoma.

4. Discussions

The intrinsic and extrinsic apoptosis pathways are naturally
occurring or drug-induced processes by which cells are
directed toward programmed cell death. Intracellular cues,
such as cellular DNA damage, can induce apoptosis primar-
ily via the intrinsic pathway. The intrinsic apoptosis pathway,
which involves activation of conserved signaling proteins,
such as that of p53, is physically associated with [28]. The
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Figure 7: Treatment with TMS overcomes TRAIL resistance and promotes apoptotic cell death of MG-63 cell via activating p53 and PUMA.
(a) Wild-type MG-63 cell, (b) p53−/− MG-63 cell or (c) wild-type MG-63 cell, and (d) PUMA −/− MG-63 cell were pretreated by TRAIL
(50 ng/mL) and TMS (2.5 μm) for 10 h. Equal volume of PBS+0.1% DMSO 0.01%+BSA was used as vehicle control. Cell survival was
examined as indicated in the experimental method section. Immunoblotting was used to detect the expression of cleaved PARP1, p53, or
PUMA. ∗P < 0:01.
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extrinsic apoptosis pathway is activated by extracellular
ligands binding to cell-surface death receptors, which results
in the formation of a death-inducing signaling complex
(DISC). Caspases orchestrate both intrinsic and extrinsic
apoptotic cell death by activating the cleavage of target pro-
teins [29]. TRAIL, also called TNF superfamily 10, is a pleio-
tropic cytokine from the tumor necrosis factor superfamily.
TRAIL has been shown to selectively induce apoptosis in
various tumor cells by activating the extrinsic apoptosis
pathway. Treating tumor cells with small molecular inhibi-
tors may facilitate tumor-cell sensitivity to TRAIL-induced
apoptosis while exempting normal cells from this fate [30].
Treatments combining TRAIL with small molecular inhibi-
tors, such as the proteasome inhibitor [31], BCL-2 inhibitor
[32], mammalian target of rapamycin (mTOR) inhibitor
[33], and histone deacetylase (HDAC) inhibitor [34], are
being assessed for inhibition of specific signaling proteins
that can synergistically facilitate the TRAIL-mediated extrin-
sic apoptosis pathway. In the present study, our results dem-
onstrate that TMS (used at a noncytotoxic dosage) sensitized

143B cells to TRAIL-mediated apoptosis by increasing the
expression of PUMA, p53, and Bax via ROS-induced DNA
damage. Mitochondria-mediated caspase-9 activation may
have contributed to intrinsic apoptotic signaling induced by
TMS by upregulating the levels of intracellular ROS, while
death-receptor-mediated caspase 8 activation was likely
involved in extrinsic apoptotic signaling triggered by treat-
ment with TRAIL.

TRAIL can selectively induce apoptosis in various cancer
cells, as shown in previous studies [12, 35–37]. However, var-
ious tumor cells are either intrinsically TRAIL-resistant or
become resistant after exposure to TRAIL therapy [38]. Our
present results indicate that treatment with TRAIL induced
apoptosis in the osteosarcoma cell line Saos-2, while 143B
cells showed considerable resistance to TRAIL. These results
have consistently agreed with those of previous studies on
TRAIL-resistant or TRAIL-sensitive osteosarcoma cell lines
[32]. Our results also show that cotreatment using a noncyto-
toxic dose of TMS and TRAIL promoted apoptosis of 143B
cells in vitro. These results demonstrate that TRAIL and
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Figure 8: The role of BAX in TMS- and TRAIL-mediated apoptosis. (a, b) 143B Bax+/− and 143B Bax−/− cells were exposed to TMS and
TRAIL for 10 h. Equal volume of 0.01% BSA+PBS+0.1% DMSO was used as vehicle control. Cell survival rate was analyzed as
indicated in the experimental method section. Immunoblotting was used to examine the expression of cleaved PARP1, P53, Bax, and
PUMA. ∗P < 0:05. (c) DAPI was used as specific counterstain for apoptosis to evaluate the effects of cotreatment with TMS and
TRAIL in 143B Bax+/− and 143B Bax−/− cells. White arrows indicate chromatin condensation in 143B cells evaluated by fluorescence
microscopy (magnification ×400).
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Figure 9: Continued.
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TMS may act synergistically to promote apoptotic cell death
in osteosarcoma cell. The opening of the permeability transi-
tion pore complex in the membrane of mitochondria is
pivotal to cytochrome-C release, apoptosome formation,
and subsequent activation of the caspase cascade in intrinsic
apoptosis signaling. Caspases, which are intracellular prote-
ases, are responsible for the deliberate disassembly of cell into

apoptotic body during apoptotic cell death. Activation of
caspases during apoptotic cell death leads to cleavage of crit-
ical cellular substrates, such as lamins and poly(ADP-ribose)
polymerase, thereby precipitating the dramatic morphologi-
cal changes present in apoptotic cell death [39]. In our pres-
ent study, we found that TMS and TRAIL synergistically
increased the expression of caspases 9, 8, and 3, further
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Figure 9: Cotreatment with TMS and TRAIL suppresses the proliferation of cancer cells in nude mice transplanted with osteosarcoma.
(a) Sizes of osteosarcoma tumors in nude mice subjected to different treatment regimens. (b) Tumor volume and weight were
significantly decreased in TRAIL (100 ng/g) + TMS (1 μg/g)-treated group compared with those of the other groups. No obvious
changes in body weight were noted among mice subjected to different treatment regimens. ∗∗P < 0:01; ∗∗∗P < 0:001 versus control.
(c) The expression of Bax, PUMA, and P53 was evaluated using immunohistochemistry (IHC). The scored IHC results were analyzed by
multiplying the percentages of positive cells by the intensity score obtained using confocal microscopy. Signal intensity was analyzed and
scored by two independent pathologists. The score of 0 indicates lack of staining, 1 indicates mild staining, and 2 indicates obvious
staining. Osteosarcoma cells in five separate areas were chosen at random and analyzed according to the percentages of positively labeled
cells (∗∗P < 0:01).

Table 2: Effects of TMS+TRAIL on kidney and liver function in vivo.

Treatment Number of mice Cr (mmol/L) ALT (μ/L) AST (μ/L) BUN (mmol/L)

Control 5 21:13 ± 2:10 31:14 ± 2:01 97:86 ± 9:20 6:19 ± 1:10
TMS 5 21:23 ± 3:30 29:14 ± 3:32 99:14 ± 16:35 5:97 ± 1:01
TRAIL 5 22:42 ± 3:16 28:95 ± 3:35 98:63 ± 12:32 5:76 ± 0:49
TMS+TRAIL 5 22:51 ± 3:67 31:13 ± 3:10 100:34 ± 21:60 5:98 ± 1:86
Cr: creatinine; ALT: alanine aminotransferase; AST: aspartate transaminase; BUN: blood urea nitrogen.
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highlighting the critical role played by caspases in the apo-
ptosis of osteosarcoma cells. The opening of the mitochon-
drial permeability transition pore (MPTP), induced by the
generation of reactive oxygen species (ROS), is related to
the activation of Bax, a pore-destabilizing protein [11]. Our
results indicate that increased ROS generation in osteosar-
coma cells was detected after treatment with TMS. Further-
more, considerable levels of DNA double-strand breaks
were detected in 143B cells after treatment with TMS.
Cotreatment using noncytotoxic dosage of TMS and TRAIL
led to caspase activation and PARP1 cleavage in 143B cell,
which further enhanced ROS-mediated signaling involved
in intrinsic apoptosis. However, pretreating cells with the
antioxidant (NAC) significantly inhibited intracellular ROS
generation and PARP-1 cleavage, thereby reversing apoptosis
in osteosarcoma cells induced by cotreatment with TRAIL
and TMS. The expression of PUMA and p53 was also
decreased by treatment with NAC in 143B cells, which subse-
quently suppressed apoptosis in these osteosarcoma cells. As
a Bcl-2-binding component, PUMA is a proapoptotic protein
and can induce p53-dependent apoptosis by transducing a
death signal into the mitochondria and activating Bax. Bax
is a requisite gateway protein involved in mitochondrial dys-
function and caspase activation [29, 40]. Herein, we found

that combination therapy by TMS and TRAIL remarkably
elevated the expression of PUMA and Bax in osteosarcoma
cell lines 143B and Saos-2. However, siRNA-induced silenc-
ing of TP53 and PUMA expression, or deficiency in the
expression of Bax, attenuated TRAIL sensitization induced
by TMS in osteosarcoma cells. These results indicate that
treatment with TMS enhanced intracellular ROS generation,
induced DNA damages, and activated the p53/PUMA/Bax
signal pathway, resulting in the enhanced outer membrane
of mitochondria permeabilization and caspase activation, as
well as sensitizing osteosarcoma cell to TRAIL-mediated
apoptotic cell death (Figure 10). Despite various novel small
molecules and natural compounds have been identified and
shown to cause apoptosis by facilitating ROS generation,
the specific mechanisms involved in the production of ROS
remain unknown [41, 42]. Therefore, in our future studies,
we will focus on exploring the mechanisms underlying the
biological activity of TMS in the promotion of ROS genera-
tion in osteosarcoma cells.

Finally, we explored the potential beneficial effect of
cotreatment with TRAIL and TMS in nude mice subjected
to orthotopic implantation. Our results demonstrate that
cotreatment with TRAIL and TMS suppressed osteosarcoma
development with no obvious toxicity in nude mice. The

Table 3: Effects of TMS+TRAIL on blood cells count in vivo.

Treatment Number of mice Leukocyte (×108/L) Erythrocyte (×1010/L) Platelet (×108/L)
Control 5 5:17 ± 0:54 7:78 ± 1:04 803:28 ± 84:72
TMS 5 5:02 ± 1:01 7:82 ± 1:03 741:52 ± 107:70
TRAIL 5 4:57 ± 0:63 7:66 ± 0:49 786:76 ± 71:71
TMS+TRAIL 5 4:65 ± 0:72 8:36 ± 0:64 795:46 ± 93:11
No significant changes were detected in the blood cells count among different group of mice (P > 0:05).
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Figure 10: Schematic diagram of the mechanisms underlying TRAIL and TMS-mediated apoptosis in osteosarcoma.
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results of IHC, conducted to assess the expression of PUMA,
Bax, and p53 in osteosarcoma tissues collected from the
implanted nude mice, further validated the data obtained
using our previously described in vitro models. In conclu-
sion, our results demonstrate that combined therapy using
TRAIL and TMS facilitated intracellular ROS generation,
DNA damage, and p53-induced expression of PUMA and
Bax in osteosarcoma cells. Activation of p53-PUMA-Bax sig-
naling activated the caspase cascade and induced apoptosis in
143B cells while sparing normal human osteoblasts
hFOB1.19. Although our results indicate that TMS may be
a safe and effective TRAIL sensitizer and can be used to
induce apoptosis in osteosarcoma cells, certain factors
require further study. For example, the mechanisms involved
in TMS-mediated ROS generation and the efficacy and safety
of TMS in patients with osteosarcoma need to be investigated
and will be the subject of our future studies.

5. Conclusions

In conclusion, our results indicate that cotreatment with
TRAIL and TMS evaluated intracellular ROS level, promoted
DNA damage, and activated the Bax/PUMA/p53 pathway,
leading to activation of both mitochondrial and caspase-
mediated apoptosis in 143B cells.
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