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Background: Radiotherapy is one of the primary treatments for esophageal squamous cell carcinoma (ESCC). Identification
of novel radio-sensitizing agents will improve the therapeutic outcome of radiotherapy. This study aimed to
determine the radio-sensitizing effect of the antipsychotic agent thioridazine in ESCC and explored the under-
lying mechanisms.

Material/Methods: ECA-109 and TE-1 ESCC cells were treated with thioridazine and radiotherapy alone and in combination. Cell
survival was measured by MTT assay. Cell cycle and apoptosis were monitored by flow cytometry. Western
blot analysis was used to analyze the expression of phospho-PI3K, phosphor-AKT, phospho-mTOR, Caspase-3,
Caspase-9, Bax, Bcl-2, Bal-x|, Bak, and p53. The xenograft mouse model was used to study the in vivo antican-
cer effect of thioridazine and irradiation.

Results: Combined treatment with thioridazine and irradiation significantly reduced viability of ESCC cells compared
with thioridazine or irradiation treatment alone. Thioridazine and irradiation treatment induced GO/G1 phases
cell cycle arrest through down-regulation of CDK4 and cyclinD1. In addition, thioridazine and irradiation treat-
ment induced apoptosis through up-regulation of cleaved capase-3 and 9, as well as an increase in the expres-
sion of Bax and Bak and a decrease in the expression of Bcl-2 and Bcl-xl. Furthermore, thioridazine and irradi-
ation treatment inhibited the PI3K-AKT-mTOR pathway and up-regulated the expression of p53. In xenograft
mice, thioridazine and irradiation reduced ESCC tumor growth.

Conclusions: Thioridazine sensitizes ESCC cells to radiotherapy. Thioridazine may play a role in ESCC radiation therapy as a
promising radiosensitizer.
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Background

Esophageal cancer is the eighth most common cancer and the
sixth most common cause of cancer deaths worldwide [1].
Esophageal squamous cell carcinoma (ESCC) is the major his-
topathological subtype of esophageal cancer [2]. Radiotherapy
is an important form of nonsurgical management of ESCC [3,4].
Unfortunately, systemic radiotherapy alone is ineffective in
patients with unresectable, recurrent, or metastatic ESCC [5].
Radiation-induced apoptosis is the major cell death mecha-
nism involved in cancer radiotherapy. The evasion of apopto-
sis is a prominent hallmark of cancer, and induces resistance
to radiotherapy [6]. Therefore, agents that inhibit apoptosis
may be a novel strategy for antagonizing cancer resistance
to radiotherapy.

Thioridazine (10-[2-(1-methyl-2-piperidyl) ethyl]-2-(methylthio)
phenothiazine) is a first-generation antipsychotic drug that
has been used to treat psychotic disorders such as psychosis
and schizophrenia [7]. Thioridazine has antimicrobial activity,
and is thus used to treat antibiotic-resistant organisms such
as Mycobacterium tuberculosis [8]. In addition, thioridazine has
anticancer effects via its anti-proliferation and anti-survival ac-
tivities [9]. Thioridazine also induces cell apoptosis in cervical
cancer, endometrial cancer [10], ovarian cancer [11], activated
B-cell subtype of diffuse B-cell lymphoma [12], neuroblastoma
and glioma [13], gastric cancer [14], leukemia [15], and mela-
noma cells [16]. It has been reported that thioridazine induc-
es apoptosis by targeting the PI3K-Akt-mTOR pathway [17].
Activation of the PI3K-Akt-mTOR pathway has been report-
ed to contribute to resistance of esophageal cancer to sever-
al commonly used classes of chemotherapeutic agents [18].
Therefore, thioridazine is currently considered as a potential
anticancer drug in chemotherapy or radiotherapy.

Since high concentrations of thioridazine cause adverse ef-
fects such as dysrhythmia and sudden death, low concentra-
tions of thioridazine may be favorable for thioridazine-based
combination cancer therapy by reducing the occurrence of ad-
verse effects and improving the anticancer effects. However,
the role and mechanisms of thioridazine in radiation-induced
apoptosis in ESCC remains unknown. In the current study, we
explored the anticancer and radio-sensitizing effects of thio-
ridazine in ESCC in vitro and in vivo and investigated the un-
derlying molecular mechanisms.

Material and Methods

Cell culture

The ECA-109 and TE-1 ESCC cell lines were purchased from the
Type Culture Collection of the Chinese Academy of Sciences
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(Shanghai, China). Cells were cultured in RPMI-1640 medium
(Gibco, USA) supplemented with 10% fetal bovine serum (FBS)
(Gibco, USA) and 100 mg/mL of penicillin and streptomycin
(Invitrogen, USA) in 5% CO, at 37°C.

MTT assay

MTT assay was performed to determine cell survival. Cells were
seeded in 96-well plates at a density of 3000 cells per well.
After culturing for 24 h, cells were treated with 0, 1, 5, 10, 15,
20, 25, and 30 pM thioridazine for 12 h. To investigate the ef-
fect of thioridazine and irradiation on cell proliferation, cells
received X-ray irradiation for 12 h at a single dose of 2, 6, and
8 Gy after thioridazine treatment. Control dishes were sham-
irradiated under the same conditions. MTT (3-(4,5-dimethyl-
thiazoyl-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma, USA)
was added to each well at a final concentration of 0.5 mg per
milliliter, and incubated for 4 h at 37°C. The supernatant was
then removed and formazan precipitates were dissolved us-
ing 150 pl dimethyl sulfoxide. Absorbance was read at 570 nm
wavelength. All experiments were repeated 3 times.

Flow cytometry

Cell cycle analysis and quantification of cell apoptosis was per-
formed by flow cytometry, as previously reported [19]. Briefly,
cells were seeded in 96well plates at a density of 3000 cells
per well and treated with 15 pM thioridazine, followed by
4-Gy irradiation. Cells were fixed in 2% paraformaldehyde, and
then stained with an Annexin V-FITC Apoptosis Kit (Keygene
Biotechnology). Data were acquired on a FACSCalibur flow cy-
tometer (BD, USA) using Cell-Quest software (BD, Bioscience).
For each experiment, 10 000 events per sample were record-
ed. All experiments were repeated 3 times.

Western blot

Cells were lysed with RIPA lysis buffer. Protein lysates (10 pL)
were subjected to electrophoresis on 6-15% SDS-polyacrylamide
gel (Beyotime Biotechnology) and transferred to Polyvinylidene
fluoride Membranes (Millipore, Billerica, USA). The membranes
were blocked in the solution containing 5% BSA and 1xPBS-
0.1% Tween20. The membranes were incubated with primary
antibodies overnight at 4°C followed by incubation with sec-
ondary antibodies at room temperature for 2 h. Primary anti-
bodies used in this study were antibodies against Caspase-3,
Caspase-9, Bax, Bcl-2, Bcl-x|, Bak, phospho-PI3K, phospho-
AKT, phospho-mTOR, P53 (Cell Signaling Technology), or B-ac-
tin (Sigma-Aldrich, USA). Goat polyclonal anti-mouse 1gG-
horseradish peroxidase (HRP) or goat polyclonal anti-rabbit
IgG-HRP were used as secondary antibodies. Bands were vi-
sualized by chemiluminescence detection kit (Pierce, USA). All
experiments were repeated 3 times.
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Mouse xenograft model

Animal experiments were approved by the Ethics Committee
of Anhui Medical University. BALB/c-nu/nu mice (female, 5-6
weeks old) were subcutaneously inoculated with 0.1 milliliter of
ECA109 cells (1x107 cells per mL) at the right flank of the abdo-
men. When the tumors reached a volume of 100 mm? after in-
oculation on day 10, the animals were randomly assigned into
4 groups (n=12 per group): the control group, the thioridazine
group (THZ group), the irradiation (IR) group, and the THZ + IR
group treated with THZ and IR. The mice in the control group
were treated with PBS orally, whereas the mice in the THZ and
THZ+IR groups were treated with oral administration of 25 mg
per kg thioridazine every 3 days for 27 days. For mice in the IR
and THZ+IR group, tumors were irradiated with an RS-2000 bi-
ological irradiator using X-rays at a single dose of 4 Gys at 2
Gee/min on day 11. Six mice were randomly selected from each
group and used for measuring tumor volume. Tumors were mea-
sured using a caliper, and tumor volume (in mm?) was calculat-
ed using the following formula: tumor volume (mm?)=(AxB?)/2,
where A is the larger diameter and Bis the smaller diameter of
the tumor. The other 6 mice were used to observe the survival
period. Tumors were then excised, frozen, and stored.

Data analysis and statistics

Dose-response curves, combination indices, and dose reduction
indices were generated using CompuSyn 1.0 software (Paramus,
USA). Concentrations and corresponding effect levels for all data
points were input to generate a complete report of analytic re-
sults. The effect of a treatment was expressed as a decimal be-
tween 0 (no effect) and 1 (100% effect). The combination in-
dex (Cl) was used to determine whether the interaction of 2 or
more drugs is synergistic, additive, or antagonistic as follows:
Cl=1, additive; Cl<1, synergistic; and CI>1, antagonistic. The Cl
was calculated using the following equation: Cl=((D1/Dx1)+(D2/
Dx2)), D1 and D2 were the dose of drug 1 and drug 2 in combi-
nation treatment, respectively, and Dx1 and Dx2 were the dose
of drug 1 and drug 2 used alone, respectively.

Statistical analysis was performed using SSPS 13.0 software
(SPSS Inc.) and Prism 5.0 software (GraphPad Prism). Data
are presented as mean +SD. Statistical comparisons between
groups were performed using Student’s t-tests, and a P val-
ue of <0.05 was considered to indicate statistical significance.

Results

Thioridazine enhances radio-sensitivity of ESCC cells

MTT assay was used to evaluate the effects of thioridazine
and irradiation on cell survival in ECA-109 and TE-1 cells.
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Thioridazine treatment inhibited cell viability of ECA-109 and
TE-1 cells in a dose-dependent manner (Figure 1A) (P<0.01).
Irradiation alone inhibited cell viability of ECA-109 and TE-1
cells in a dose-dependent manner (Figure 1B). Combination
treatment with both thioridazine and irradiation further re-
duced the percentage of cell viability of both cells (Figure 1B,
1C). The Cl of thioridazine (15uM) and irradiation (4 Gy) were
0.71 in ECA-109 cells and 0.91 in TE-1 cells (CI<1), respective-
ly (Figure 1D, 1E), indicating that thioridazine and irradiation
synergistically inhibited cell viability in ECA-109 and TE-1 cells.

Thioridazine and irradiation induces cell cycle arrest at the
GO/G1 phases in ECA-109 and TE-1 cells

We further investigated the effect of thioridazine and irradia-
tion on cell cycle progression in ECA-109 and TE-1 cells using
flow cytometry. The percentage of ECA-109 cells and TE-1 cells
at the GO/G1 phases was reduced after the treatment with
thioridazine and irradiation alone compared with the control
group (Figure 2A-2D). Combination treatment with thiorida-
zine and irradiation significantly increased the percentage of
cells at the GO/G1 phases compared with thioridazine and ir-
radiation treatment alone (Figure 2A-2D). Western blot anal-
ysis showed that thioridazine and irradiation treatment alone
significantly reduced the expression of CDK4 and cyclinD1 in
ECA-109 and TE-1 cells. Combination treatment with thiorid-
azine and irradiation significantly decreased the expression
of CDK4 and cyclinD1 compared with thioridazine and irradi-
ation treatment alone (Figure 2E, 2F).

Thioridazine and irradiation induces apoptosis in ECA-109
and TE-1 cells

We investigated the effect of thioridazine and irradiation on
cell apoptosis in ECA-109 and TE-1 cells using flow cytome-
try. Thioridazine and irradiation treatment alone significant-
ly increased the percentage of apoptotic cells in ECA-109 and
TE-1 cells compared with the control group (Figure 3A-3D).
Combination treatment with thioridazine and irradiation sig-
nificantly increased the percentage of apoptotic cells in ECA-
109 and TE-1 cells compared with thioridazine and irradia-
tion treatment alone (Figure 3A-3D). In addition, combination
treatment with thioridazine and irradiation increased the ex-
pression of cleaved capase-3 and -9 in ECA-109 and TE-1 cells
(Figure 3E). Furthermore, combination treatment with thiorid-
azine and irradiation increased the expression of Bax and Bak,
the pro-apoptotic proteins, and decreased the expression of
Bcl-2 and Bcl-xl, the anti-apoptotic proteins, in ECA-109 and
TE-1 cells (Figure 3F).
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Figure 1. Effects of thioridazine and irradiation on survival of ECA-109 and TE-1 cells. (A) Thioridazine inhibited cell survival of ECA-
109 and TE-1 cells in a dose-dependent manner. ECA-109 and TE-1 cells were treated with various doses of thioridazine
(0, 1,5, 10, 15, 20, 25, and 30 uM) for 12 h. MTT assay was used to determine cell viability. (B, C) Combination treatment with
thioridazine and irradiation inhibited cell survival in ECA-109 cells (B) and TE-1 cells (C). ECA-109 and TE-1 cells were treated
with various doses of thioridazine (0, 5, 15, and 25 mM) for 12 h, followed by treatment with 0, 2, 4, 6, or 8 Gy irradiation for
12 h. MTT assay was used to determine cell viability. Data are represented as the means+SD. n=3. ** P<0.01, *** P<0.001 vs.
THZ alone. (D, E) Cls as a function of effect levels of thioridazine and irradiation combination treatment in ECA-109 (D) and
TE-1 (E) cells.

Thioridazine and irradiation treatment resulted in pathway and the expression of P53 in ECA-109 and TE-1 cells
inhibition of the PI3K-AKT-mTOR pathway and up- (Figure 4A-4D). Compared with the control, the expression of
regulation of P53 expression in ECA-109 and TE-1 cells phosphorylated PI3K, AKT and mTOR was significantly lower

in ECA-109 and TE-1 cells treated with thioridazine (Figure 4).
Western blot analysis was used to evaluate the effect of thi- Irradiation did not significantly alter the expression of phos-

oridazine and irradiation on activation of the PI3K-AKT-mTOR phorylated PI3K, AKT, and mTOR (Figure 4). Combination
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Figure 2. Thioridazine and irradiation treatment induced cell cycle arrest at the GO/G1 phases in ECA-109 and TE-1 cells. (A, C)
Representative flow cytometry showed the cell cycle distribution in ECA-109 cells (A) and TE-1 cells (C) in the control group,
thioridazine group, irradiation group, and combination group. (B, D) The percentages of ECA-109 cells (B) and TE-1 cells
at the GO/G1 phases. * P<0.05 vs. thioridazine group or irradiation group. (E) Representative Western blot showing the
expression ofCyclinD1 and CDK4 in ECA-109 and TE-1 cells in the control group, thioridazine group, irradiation group, and
combination group. (F) Quantification of the expression of CyclinD1 and CDK4. B-actin was used as a control. n=3. * P<0.05
and ** P<0.01 vs. thioridazine group or radiation group, respectively.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]  [Index Copernicus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




LiH. etal.:

Thioridazine sensitizes esophageal carcinoma cell lines... LA B/ I N V I T RO R E S EA RC H

© Med Sci Monit, 2016; 22: 2624-2634

A B
Thiorizadine (15 pM)
- +
10* {50 eawn]| 10 P A 100 — KKK
100 10° i t, 80— *%%
5 g 7 _
o = o 40—
T = & ©
S z g | [ |
s $20—T
E =Z 1.5
. 10—
0.5—
_ 0.0
i S5 o L Sl Control THZ R THZ+IR
00100 100 100 106 100 107 107 100 100
Annexin V
C Thiorizadine (15 M) D
- +
10° o Ton] 10* [ =
N s *¥%¥
10 10 100 —-
102 102 =
% : 80—
10' g 10' ; g? 60—
10 |2 2 10 = g
Tox| 0w w0 S z 407
10 [ =] 0 B & 207
1w 2 g20—
10° ' 215
10' = 1.0
; S el ] o e 83_
1077707 10710 10 R
e Control THZ R THZ+IR
nnexinV
E Control THZ IR THZ+IR
- - - (leaved Caspase 3
(=3
S
-‘ ‘ Cleaved Caspase 9
x
- (leaved Caspase 3
e
P —— “ (leaved Caspase 9

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




Li H. etal.:

LA B/ I N V I T RO R E S EA RC H Thioridazine sensitizes esophageal carcinoma cell lines...

© Med Sci Monit, 2016; 22: 2624-2634

F Control THZ IR THZ+IR

|—~- -.lmm

|-- - - --IBax

2 | s -
[— a———— ] -

I - —— ’ 18id
—— e — —

- -— A W |

Sl XK K sk
B ol e - |

*% %
‘ 157 *% *%
|
1.0
0.5
) 0.0— ;
BCL-2 Bax BCL-XL t-Bid BCL-2 Bax BCL-XL t-Bid

Figure 3. Thioridazine and irradiation induced apoptosis in ECA-109 and TE-1 cells. (A, €) Flow cytometry showed the percentage of
apoptotic cells in ECA-109 (A) and TE-1 (C) cells in the control group, thioridazine group, irradiation group, and combination
group. Cells were treated with 0 or 15 uM of thioridazine for 12 h, followed by 0 or 8 Gy irradiation. Quantitative analysis
of apoptotic ECA-109 (B) and TE-1 (D) cells. *** P<0.05 vs. thioridazine group or irradiation group. (E) Western blot analysis
showed the expression caspase-3, Cleaved caspase-3, caspase-9, and Cleaved caspase-9 in ECA-109 and TE-1 cells in the
control group, thioridazine group, irradiation group, and combination group. (F) Western blot analysis showed the expression
of Bax, Bcl-2, Bcl-xl, and Bak in the control group, thioridazine group, irradiation group, and combination group.

treatment with thioridazine and irradiation significantly inhib- with thioridazine or irradiation (Figure 4). Combination treat-
ited the expression of phosphorylated PI3K, AKT, and mTOR ment with thioridazine and irradiation significantly increased
compared with the treatment with thioridazine or irradiation the expression of p53 compared with the treatment with thi-
alone (Figure 4). In addition, compared with the control, the oridazine or irradiation alone (Figure 4).

expression of P53 was significantly increased in cells treated
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Figure 4. Thioridazine and irradiation inhibited the PI3K-AKT-mTOR pathway and up-regulation of P53 expression in ECA-109 and TE-1
cells. (A, €) Representative Western blot analysis showed the expression of phosphorylatedPI3K, AKT and mTOR and p53 in
ECA-109 (A) and TE-1 (C) cells in the control group, thioridazine group, irradiation group, and combination group. B-actin was
used as a loading control. (B, D) Quantitative analysis of the expression of phosphorylated PI3K, AKT, and mTOR and p53 in
ECA-109 (A) and TE-1 (C) cells. n=3. * P<0.05, ** P<0.01, vs. thioridazine group or irradiation group.

Thioridazine and irradiation reduced ESCC tumor growth in
xenograft mice

We further studied the effect of thioridazine and irradiation on
tumor growth in nude mice transplanted with ECA-109 cells.
The tumor volume was significantly less in the THZ and RT
group than in the control group. The tumor volume was signif-
icantly less in the THZ + RT group than in the THZ group and
the RT group (Figure 5A). More mice survived in the THZ and
RT groups than in the control group. More mice survived in
the THZ + RT group than in the THZ or RT groups (Figure 5B).

Discussion

Currently, although chemo-radiotherapy has significantly im-
proved the treatment effects for unresectable esophageal

cancer, radio-resistance limits the utilization of radiothera-
py [20,21]. This unfavorable therapeutic outcomes is due to
radio-resistance related to various biological factors, while
increasing radiation may induce the increasing occurrence
of adverse events, including bleeding, perforation, radiation
esophagitis and pneumonitis, and other adverse effects [22].
Complicated molecular mechanisms could include high ac-
tivity of Akt, overexpression of Bcl-2 and Bcl-xL, and defects
in the release of mitochondrial proteins, and unclear mech-
anisms are involved in radio-resistance in various cancer cell
types [23-25]. Therefore, a novel radiosensitizer interrupting
the tumor signal pathway followed by synchronous radiother-
apy is urgently required to improve the curative effect of ra-
diotherapy, with minimal adverse effects.

Thioridazine is an antipsychotic drug widely used to treat
schizophrenia and psychosis. Recently, it has been reported
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Figure 5. Thioridazine enhances radio-sensitivity inhibits tumor growth in vivo. (A) ECA-109 tumor cells were injected subcutaneously.
Mice were divided into 4 groups: control, thioridazine, irradiation, and combination groups. Data represent the mean tumor
volume of 6 mice. (B) Six mice were used to observed the survival period in all 4 groups. The percent of surviving mice in the
combination group was significant different from that in the individual radiation group and individual thioridazine group,

* P<0.05, ** P<0.01, *** P<0.01.

that thioridazine suppresses cancer cell growth by inhibiting
proliferation, inducing apoptosis, and regulating the activity
of the anti-apoptosis signaling pathway [10-14]. Thioridazine
can significantly enhance the anti-proliferative activity of
doxorubicin in treating breast cancer cells and cancer stem
cell-like cells, which shows that thioridazine has significant
chemo-sensitizing ability [26,27]. Moreover, thioridazine can
increase the TRAIL-mediated apoptosis via the ROS mediated
inhibition of Akt signaling and down-regulation of Mcl-1 and
c-FLIP(L) [28]. Based on these studies, we propose that thio-
ridazine should be developed as an effective radiosensitizer
and used for cancer radiotherapy.

The radiotherapy reaction of cancer cells may depend on the
phase in the cell cycle [29,30]. Tumor cells are least sensitive in
S phase. In the present study, we found that thioridazine com-
bined irradiation inhibited proliferation of ECA-109 and TE-1
cells by inducing a GO/G1 phase cell cycle arrest. Cyclin D1 and
cyclin-dependent kinase 4 (CDK4) have been reported to be in-
volved in the regulation of cell proliferation by mediating the G1
to S phase transition [31]. We found that combination treatment
decreased the expression of CDK4 and cyclinD1 in both esoph-
agus cancer cells compared with thioridazine and irradiation
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treatment alone, indicating that thioridazine can enhance the
irradiation-mediated cell suppression via cell cycle arrest.

Radiotherapy plays a paramount role in the treatment of sol-
id tumors, largely by inducing cell apoptosis, mainly through
the intrinsic pathway [32]. However, radiotherapy resistance in
various cancers present a huge challenge in clinical treatment.
Research has demonstrated that activation of PI3K-Akt-mTOR
and overexpression of Bcl-2 and Bcl-XL, important members of
Bcl-2 family involving in intrinsic apoptosis pathway and fre-
quently overexpressed in human tumors, are vital molecular
mechanisms in radiotherapy resistance [33,34]. The intrinsic
pathway of apoptosis starts with BH3-only protein activation,
which inhibits the pro-survival Bcl-2-like proteins, followed by
activation of pro-apoptotic proteins BAX and BAK. BAX and
BAK begin to form the oligomers, destroy the mitochondrial
outer membrane, and promote cytochrome c release, which
activate caspase-9 to cleaved caspase-9, depending on acti-
vated APAF1. Therefore, caspase-3 is activated and followed
by apoptosis [35,36]. Recent research suggests that in head
and neck squamous cell cancer (HNSCC) and small-cell lung
cancer(SCLC), the combination of radiation and inhibitor of
anti-apoptotic Bcl-2 family members Bcl-2 and Bcl-xL induced

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]



LiH. et al.:
Thioridazine sensitizes esophageal carcinoma cell lines...
© Med Sci Monit, 2016; 22: 2624-2634

more apoptosis than the summation of their separate effects,
which means down-regulation of Bcl-2 and Bcl-xL possess the
capacity to radio-sensitize cancer cells [24,37,38]. In the cur-
rent study, compared with thioridazine and radiation treat-
ment alone, the combined treatment with thioridazine and ir-
radiation dramatically induced the cleavage of caspase-9 and
caspase-3, which was consistent with the annexin V-FITC/PI
double-labeled flow cytometry analysis, suggesting that thio-
ridazine and radiation induce apoptosis via the mitochondri-
al-mediated intrinsic pathway. We found that thioridazine and
radiation co-treatment reduced the level of Bcl-2/Bcl-xL with
concomitantly elevated expression of pro-apoptotic Bax/Bak
in both TE-1 and ECA-109 cells, suggesting that cell apoptosis
induced by thioridazine and radiation may be partly facilitated
by regulating the proportion of Bax, Bcl-2, and Bcl-xL proteins.

The PI3K-Akt-mTOR pathway plays a pivotal role in cell growth,
proliferation, and metabolism, which is dysregulated in a vari-
ety of cancers [39,40]. Recent advances have also demonstrat-
ed that PI3K-Akt activity contributes to cancer radiotherapy
resistance, mainly through 3 mechanisms: intrinsic radio-resis-
tance, hypoxia, and tumor-cell proliferation [41,42]. PI3K-Akt-
mTOR inhibitors, including single and dual inhibitors, sensitize
various cancer types to radiotherapy, which is a promising ap-
proach for cancer treatments. LY294002 and wortmannin, well-
studied specific PI3K inhibitors, respectively sensitize cancer
cells to radiation through inactivation of PKB and lead to inhi-
bition of cellular DNA-PK. Palomid 529 (Akt inhibitor), RADOO1
(mTOR inhibitor), and BEZ235 (dual PI3K/mTOR inhibitor) lead
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