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A B S T R A C T

The repurposing of existing FDA-approved non-cancer drugs is a potential source of new treatment options for
cancer patients. An anti-inflammatory drug, 5-aminosalicylic acid (5-ASA), has been clinically used to treat
inflammatory bowel disease. Hyperthermia (HT) is widely applicable addendum therapy with the existing
cancer treatment modalities. Here, we addressed how 5-ASA combined with HT induces lethal effects in human
oral squamous cell carcinoma (OSCC) HSC-3 cells. We found that 5-ASA/HT combination significantly inhibited
the viability of HSC-3 cells, while cytotoxic effects in primary human dermal fibroblast cells were minor.
Apoptotic endpoints were significantly increased by the 5-ASA/HT combined treatment, as evidenced by pre-
sence of Annexin V-FITC/PI positive cells, loss of MMP, Bcl-2/Bax ratio alteration, and increased Fas, cleaved
Bid, and caspase expression. Interestingly, the enhancement of apoptosis was reversed in the presence of ON/
ONOO− scavengers. These findings indicate that the combination treatment enhances apoptosis via ON/ONOO−

mediated ER stress-Ca2+-mitochondria signaling and caspase-dependent apoptotic pathways. Our findings
provide novel evidence that the combination of 5-ASA and HT is a promising approach for the enhancement of
apoptosis; it may serve as an effective strategy for treating human OSCC.

1. Introduction

Oral squamous cell carcinoma (OSCC) is the most frequently diag-
nosed human malignant neoplasm in the oral cavity; it constitutes more
than 90% of all oral cancers [1,2]. Despite the advancement of main-
stay treatment strategies, the prognosis of OSCC, including survival
rates, remains poor [3,4]. Thus, there is an urgent need to explore a
more effective strategy that aids the prognostic prediction of patients
with OSCC.

The anti-inflammatory drug 5-ASA is known to reduce the incidence
of colitis-associated colorectal cancer (CRC) in patients with ulcerative
colitis [5]. Previous studies have revealed that 5-ASA is degraded to
quinone and ammonia (NH3) during its electrochemical oxidation in
aqueous solutions [6]. It is known that quinone can induce apoptosis by
generating intracellular reactive oxygen species (ROS) [7]. On the other
hand, ammonia (NH3) is oxidized by heating with oxygen and catalyzed

to form nitric oxide (NO) and water [8]. These biochemical properties
of 5-ASA can be exploited for therapeutic benefits with regards to
cancer treatment. Although 5-ASA induces apoptosis in a wide variety
of CRC cell lines in vitro, the chemopreventive potential of 5-ASA alone
has been shown to vary in different cancer cell types [9,10].

Hyperthermia (HT), i.e., raising the temperature of a tumor to
40–45 °C via the application of an exogenous heat source, has long been
used for cancer treatment, either alone or in combination with existing
tumor treatment modalities [11,12]. Research has shown that these
high temperatures can damage and kill several types of cancer cells
(either by directly damaging proteins and structure within cells or
improving the thermal-sensitivity of tumor cells to anticancer agents
via the increase of microvascular permeability and blood flow), usually
with minimal injury to normal tissues. This fact makes HT an inter-
esting topic in oncology [13,14]. Previous reports have demonstrated
that HT exerted its cytotoxic effects via the generation of reactive
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oxygen and nitrogen species (ROS/RNS) including superoxide anions
(•O2

−), hydrogen peroxide (H2O2), and nitric oxide (NO), resulting in
the initiation of oxidative stress and subsequent apoptosis in various
cell types [15,16]. Although HT has been proven to be effective for the
treatment of many tumor types alone or in combination with radio and/
or chemotherapy, this approach has been limited because the efficiency
of HT treatment is directly related to the temperature achieved during
the heating, the exposure time, tumor cell characteristics, and tumor
volume [12]. As a result, in many circumstances, the cytotoxic effect of
HT is often insufficient for quantitative cancer cell death due to the
biological and technical problems. In order to overcome these chal-
lenges, chemical thermosensitizers that are non-toxic at normal tem-
peratures but could be cytotoxic at hyperthermic temperatures may be
beneficial. Therefore, it is conceivable that non-toxic doses of 5-ASA
may possess the ability to synergize with HT, thereby inducing cancer
cell death. Nonetheless, no study investigating the anti-tumor effects of
the 5-ASA/HT combination therapy have been conducted thus far.
Here, we, report that 5-ASA became a thermosensitizer when combined
with HT, and the 5-ASA/HT combination synergistically enhances
apoptotic cell death by increasing ROS/RNS generation, ER stress, mi-
tochondrial dysfunction, and the expression of the death receptor Fas,
and the subsequent activation of caspase-dependent apoptotic path-
ways. The results of the present study may provide guidance for the
future clinical application of 5-ASA as an adjunctive therapy to HT for
treating cancers such as OSCC.

2. Material and methods

2.1. Reagents

5-Aminosalicylic acid (5-ASA), dimethyl sulfoxide (DMSO), and
Uric acid were purchased from Wako Pure Chemical Industries, Ltd
(Osaka, Japan). 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-
oxyl 3-oxide (c-PTIO) was purchased from Dojindo Molecular
Technologies, Inc. (Kumamoto, Japan). The experiments were carried
under protection from light.

2.2. Cell culture and treatment

The human oral squamous cell carcinoma cell line HSC-3, T lym-
phoblast cell line Molt-4, and the colon carcinoma cell line HCT-116
were obtained from the Human Sciences Research Resource Bank
(Japan Human Sciences Foundation, Tokyo, Japan). The primary
human dermal fibroblasts (HDF) were a kind gift from Dr. T. Shimizu,
Department of Dermatology, University of Toyama. The HSC-3, Molt-4,

HCT-116, and HDF were grown in Eagle's minimal essential medium
(EMEM), RPMI 1640 culture medium, McCoy's 5a medium, and
Dulbecco's modified Eagle's medium (DMEM), respectively. All media
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) were supple-
mented with 10% heat-inactivated fetal bovine serum (FBS). The cell
cultures were maintained at 37 °C in humidified air with 5% CO2. 5-
ASA was dissolved in DMSO and further added to the culture medium to
prepare the desired concentration for experimental use. Cells were
plated at a density of 1.25× 105 cells/well overnight and treated with
5-ASA for 1 h; then, they were exposed to HT. For HT treatment, plastic
vessels containing the attached cells were sealed with paraffin film and
then immersed in a water bath at 44 °C for 60min, followed by in-
cubation for 0–24 h at 37 °C. For Molt-4 cells, at 1 h after 5-ASA treat-
ment, the cells were transferred to plastic tubes and then exposed to HT
at 44 °C for 10min by immersing the tubes containing the cell sus-
pensions into a precision-controlled water bath; the cells were then
incubated for followed by 12 h.

2.3. Apoptosis assay by flow cytometry

Apoptotic cells were analyzed using the Annexin V-FITC/PI apop-
tosis detection kit (Immunotech, Marseille, France). In brief, after the
combination treatment, the cells were incubated at 37 °C for 12 h and
24 h, and then collected, washed with PBS, and centrifuged at 1200 rpm
for 3min. The resulting pellet was mixed with the binding buffer of the
Annexin V-FITC kit. Annexin V-FITC (5 μl) and PI (5 μl) were added to
490 μl of each cell suspensions, followed by gentle mixing. After in-
cubation at 4 °C for 30min in the dark, the cells were analyzed by flow
cytometry (Epics XL, Beckman-Coulter, Miami, FL, USA).

2.4. DNA fragmentation assay

For the detection of apoptosis, a quantitative DNA fragmentation
assay was performed according to the method described by Sellins and
Cohen [17]. In brief, at 24 h after the combination treatment, HSC-
3 cells were collected and lysed using a lysis buffer (10mM Tris, 1 mM
EDTA and 0.2% Triton X-100, pH 7.5) and then centrifuged at
13,000×g for 10min. Subsequently, each DNA sample in the super-
natant and the resulting pellet was precipitated in 25% trichloroacetic
acid (TCA) at 4 °C and quantified using the diphenylamine reagent after
hydrolysis in 5% TCA at 90 °C for 20min. The percentage of DNA
fragmentation refers to the ratio of DNA in the supernatant (‘‘frag-
mented’’) to the total DNA recovered in both the supernatant and pellet
(‘‘fragmented plus intact’’).

Abbreviations

5-ASA 5-aminosalicylic acid
HT Hyperthermia
DMSO Dimethyl sulfoxide
OSCC Human oral squamous cell carcinoma
HDF Primary human dermal fibroblast
CRC colorectal cancer
ROS Reactive oxygen species
ROS/RNS Reactive oxygen and nitrogen species
GSH Glutathione
HE Hydroethidine
DAF-2 DADiaminofluorescein-2 diacetate
APF Aminophenyl-fluorescein
HPF Hydroxyphenyl fluorescein
•O2

− Superoxide anion
NO Nitric Oxide
ONOO Peroxynitrite

OH Hydroxyl radical
OCl Hypochlorite
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oxyl 3-oxide
PBS Phosphate-buffered saline
CCK-8 Cell counting kit-8
[Ca2+]i Intracellular Ca2+ concentration
Mit Mitochondria
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MMP Mitochondrial membrane potential
TMRM Tetramethylrhodamine methyl ester
TCA Trichloroacetic acid
h Hours
min Minutes
sec Seconds
Fig Figure
NS Not significant
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2.5. Morphological detection of apoptosis

The morphological changes in the HSC-3 cells were examined using
a microscope. In brief, the cells were incubated with or without 5-ASA
for 1 h, and then exposed to HT, followed by incubation for 24 h at
37 °C. After the 24 h incubation, the cell morphology was photographed
under a light microscope.

2.6. Cell viability assay

Cell survival was determined using the colorimetric cell counting
kit-8 assay (CCK-8; Dojindo Laboratories Co., Ltd., Kumamoto, Japan).
Cells were seeded into 96-well plates in 100 μl of medium for overnight.
Next, the HSC-3 cells were incubated in the absence or presence of 5-
ASA for 1 h, and then exposed to HT. At 24 h after the combination
treatment, the medium was replaced with fresh medium containing
10% CCK-8. After 2 h of incubation at 37 °C, the absorbance of the
samples was measured at 450 nm using a Microplate Reader (Bio-Rad
Laboratories, Inc., Hercules, CA). The trypan blue exclusion test was
performed by mixing 50 μl of each cell suspension with an equal
amount of 0.3% trypan blue solution (Sigma, St. Louis, MO, USA) in
PBS. After 3min of incubation at room temperature, the stained and
unstained cells were counted using a Burker Turk hemocytometer to
estimate the number of intact non-viable cells and viable cells, re-
spectively, at 12, 24, 48, and 72 h post-treatment.

2.7. Cell counting assay

The cells were counted to determine the increase in cell number
after the combination treatment. In brief, the cells were incubated with
or without 5-ASA for 1 h, and then exposed to HT. Samples subjected to
each treatment were collected, and the number of cells in each was
counted using a Burker Turk hemocytometer.

2.8. Measurement of intracellular ROS/RNS production

Fluorescent probes, which are differentially sensitive to different
ROS/RNS, were employed to detect the extent of change in intracellular

oxidative stress in HSC-3 cells following their exposure to the 5-ASA/
HT combination treatment. The cells were preloaded with a probe in
phosphate-buffered saline (PBS) for 15min at 37 °C. The probes in-
cluded were: HE (5 μM) for superoxide anion (•O2

−); DAF-2 DA (10 μM)
for nitric oxide (NO); APF (2.5 μM) for hydroxyl radical (•OH), perox-
ynitrite (ONOO−), and hypochlorite (OCl−); and HPF (2.5 μM) for
hydroxyl radical (•OH) and peroxynitrite (ONOO−). The fraction of
fluorescence positive cells was measured by flow cytometry as the
proportion of cells with intracellular ROS/RNS.

2.9. Assessment of intracellular glutathione (GSH)

Intracellular GSH was measured using an intracellular GSH kit
(Abcam; ab112132) according to the manufacturer's protocol. In brief,
HSC-3 cells were incubated in the absence or presence of 5-ASA for 1 h,
and then exposed to HT. After that, the cells were collected and washed
with PBS, then loaded with green dye (50 nmol/l) for 30min. The
fluorescence intensity of the green dye was detected with a flow cyt-
ometer using the FL1 channel.

2.10. Determination of mitochondrial membrane potential (MMP)

The HSC-3 cells were incubated in the absence or presence of 5-ASA
for 1 h, and then exposed to HT. After incubation for 24 h, the cells were
collected and treated with 10 nM tetramethylrhodamine methyl ester
perchlorate (TMRM) (Molecular Probes, Eugene, OR, USA) in 1ml of
1% fetal bovine serum in PBS, for 15min at 37 °C. As TMRM is a ca-
tionic fluorophore, which is widely used for staining cellular mi-
tochondria and the mitochondrial matrix, the percentage of cells with
mitochondrial membrane potential (MMP) loss was analyzed by flow
cytometry gated on red TMRM fluorescence (excitation at 488 nm;
emission at 575 nm).

2.11. Measurement of intracellular free calcium ions [Ca2+]i

The intracellular free Ca2+ concentration was measured using the
calcium probe Fluo-3/AM (Dojindo Laboratories Co., Ltd., Kumamoto,
Japan). In brief, HSC-3 cells were incubated with or without 5-ASA for

Fig. 1. The effects of the 5-ASA/HT combination
treatment on the induction of cell death in HSC-3
and HDF cells. (A) The chemical structure of 5-
amino-2-hydroxybenzoic acid (5-Aminosalicylic
acid, 5-ASA). (B) Cytotoxic effect of 5-ASA in HSC-3
and HDF cells as determined by the CCK-8 assay at
24 h. (C) HSC-3 and HDF cells were incubated with
or without 5-ASA for 1 h, and then exposed to HT.
After incubation for 24 h, cell survival was examined
by the CCK-8 assay. The data are represented the
mean ± SD of three independent replicates, as de-
termined by one-way ANOVA with Bonferroni mul-
tiple comparison test. ***P < 0.0001 vs HT with
combination treatment (2 mM + HT).
###P < 0.0001 vs HT with combination treatment
(2.5 mM + HT).
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1 h, and then exposed to HT. The cells were harvested after incubation
for 24 h, followed by treatment with 5 μM Fluo-3/AM for 30min at
37 °C. Excess Fluo-3/AM was removed by washing the cells thrice with
PBS. The fluorescence intensity, which represents the free Ca2+ levels,
was measured by flow cytometry.

2.12. Western blot analysis

After harvest and washing with PBS, cells were lysed in a RIPA
buffer [50mM Tris-HCl, 150mM NaCl, 1% Nonidet P-40 (v/v), 1%
sodium deoxycholate, 0.05% SDS, 1 μg of each aprotinin, pepstatin, and
leupeptin, and 1mM phenylmethylsulfonyl fluoride] for 20min.
Following sonication for a brief period, the lysates were centrifuged at
12,000 ⅹ g for 10min at 4 °C, and the protein content in the supernatant
was measured using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA,
USA). The protein lysates were mixed with 2 μl SDS-loading buffers and
denatured at 96 °C for 5min. They, were then loaded onto an SDS-
polyacrylamide gel for electrophoresis, and the protein bands were
transferred onto a nitrocellulose membrane. Western blot analysis was
performed to detect the expression of cleaved caspase-3 and -8, trun-
cated-Bid (t-Bid), Bax, Bcl-2, Bcl-xl, Chop, Bip, Fas, HSP70, JNK,
phosphor-JNK (p-JNK), Erk1/2, phosphor-Erk1/2 (p-Erk1/2), and β-
actin using specific antibodies. All antibodies were obtained from Cell
Signaling Technology (Danvers, MA, USA). The blots were then probed
with either secondary horseradish peroxide (HRP) -conjugated anti-
rabbit or antimouse IgG antibodies. Band signals were visualized on a
luminescent image analyzer (LAS 4000, Fujifilm Co., Tokyo, Japan) by
using chemiluminescence ECL detection reagents (Amersham
Biosciences, Buckinghamshire, UK).

2.13. Statistical analysis

The results are expressed as the mean ± standard deviation (SD).
The statistical significance was assessed either by using one way
ANOVA followed by the Bonferroni method for multiple comparison or
unpaired Student's t-test (two-tailed). P values < 0.05 were considered
statistically significant. All experiments were performed at least in tri-
plicate.

3. Results

3.1. The 5-ASA/HT combination treatment significantly suppressed the
survival of cancer cells

To investigate the potential of 5-ASA to inhibit the growth of human
OSCC cells, HSC-3 and HDF were incubated with different concentra-
tions of 5-ASA for 24 h, and the cell viability was then detected by the
CCK-8 assay. We found that above concentrations of 2.5mM, 5-ASA
notably inhibited the viability of the HSC-3 and HDF cells (Fig. 1B).
Based on these data, 2.5mM of 5-ASA was selected as the maximum 5-
ASA concentration to be used in this study. To investigate the effects of
HT, HSC-3 cells were incubated at different temperatures (39, 42, 43,
and 44 °C) for 60min, and then allowed to recover at 37 °C for 24 h.
Flow cytometry analysis indicated a slight enhancement of apoptosis at
44 °C (Supplementary Fig. 1). Next, HSC-3 and HDF cells were treated
with different concentrations of 5-ASA for 1 h and then exposed to HT
(44 °C for 60min), followed by incubation for 24 h. The results showed
that in combination with HT, 5-ASA (at concentrations of 2mM and
2.5mM) significantly suppressed the survival of HSC-3 cells, compared
to either treatment alone; in contrast, only a small percentage of cell
death was observed following the combination treatment in the HDF
cells (Fig. 1C). To confirm this effect, we employed two other cancer
cell lines Molt-4 and HCT-116. The trypan blue assay was used to detect
cell viability; the 5-ASA/HT combination treatment was found to sup-
press the viability of Molt-4 and HCT-116 cells (Supplementary Fig. 2A
and B). Importantly, the viability of HSC-3 cells showed a dramatic
time-dependent decrease following the 5-ASA/HT combination treat-
ment; this decrease was not observed when the cells received either the
5-ASA or the HT treatment alone (Supplementary Fig. 3A). We also
observed that the 5-ASA/HT combination treatment completely in-
hibited the cell growth, while no significant inhibition of the cell
growth was seen when the HT treatment was administered alone
(Supplementary Fig. 3B). Therefore, we selected the 2mM and 2.5mM
concentrations of 5-ASA, and HT (44 °C, 60min) for use in the following
experiments.

Fig. 2. The 5-ASA/HT combination treatment sy-
nergistically enhanced apoptosis in HSC-3 cells.
Apoptotic features of HSC-3 cells were monitored at
24 h after combination treatment by using various
indexes. The percentage of early apoptosis and sec-
ondary necrosis were measured by flow cytometry
using Annexin V-FITC/PI double staining (A) HSC-
3 cells and (B) HDF cells. (C) Enhancement of
apoptosis after the combination treatment was con-
firmed by the DNA fragmentation assay. (D) The cell
morphology of untreated cells and cells exposed to
the 5-ASA/HT combination treatment was imaged
under a light microscope (20x magnification) after
incubation of the cells for 24 h, Scale bar: 100 μm.
One representative photomicrograph from three in-
dependent experiments is shown here. The results
are presented as the mean ± SD (n = 3), as de-
termined by one-way ANOVA with Bonferroni mul-
tiple comparison test. ***P < 0.0001 vs 5-ASA, HT
with combination treatment (2 mM + HT).
###P < 0.0001 vs 5-ASA, HT with combination
treatment (2.5 mM + HT).
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3.2. Synergistic enhancement of cancer cell death following the 5-ASA/HT
combination treatment

To explore the effect of co-treatment of the 5-ASA/HT combination
treatment in vitro, HSC-3 and HDF cells were incubated with or without
5-ASA for 1 h and then subjected to HT, with subsequent recovery at
37 °C for 24 h. We examined the cell death (early apoptosis and sec-
ondary necrosis) using flow cytometry via annexin V-FITC/PI double
staining. The 5-ASA and HT treatments alone slightly induced apop-
tosis, yielding levels of 10 ± 2%; when the cells were treated with the
5-ASA/HT combination, the apoptosis level in HSC-3 cells was in-
creased to 31.9% and 47.4%, in case of treatment with 2mM and
2.5mM of 5-ASA, respectively (Fig. 2A). However, no significant
apoptosis was observed in normal HDF cells after the combination
treatment or after each treatment was administered alone (Fig. 2B).
Flow cytometry analysis also indicated a significant enhancement of
apoptosis in the other cancer cell lines (Molt-4 and HCT-116)
(Supplementary Fig. 4A and B). The 5-ASA/HT combination treatment
also significantly increased the number of apoptotic HSC-3 cells as
manifested by DNA fragmentation (Fig. 2C). Furthermore, significant
cell shrinkage and decreased cellular attachment were observed after
the combination treatment than either treatment alone (Fig. 2D). Our
results indicated that the 5-ASA/HT combination treatment can selec-
tively enhance cell death in cancerous cells such as HSC-3, Molt-4, and
HCT-116 cells, while crucial cytotoxic effects in non-cancerous cells are
minor.

3.3. The 5-ASA/HT combination treatment increases ROS/RNS
accumulation and the modulation of intracellular glutathione (GSH) in
HSC-3 cells

HT has been reported to induce apoptosis by increasing the gen-
eration of ROS/RNS [15,16]. Therefore, we were interested to evaluate
the role of ROS/RNS in the effects of the combination treatment. Im-
mediately after the treatment of cells with both HT and 5-ASA alone
and their combination, increased superoxide (•O2

−) formation was
observed, as detected by HE staining, compared to the untreated control
cells (Fig. 3A). It is interesting to note that the superoxide formation

induced by the 5-ASA and HT treatments alone subsided in a fraction of
cells after 1 h, but remained elevated in cells subjected to the combi-
nation treatment. In addition, the NO production also increased sy-
nergistically after the combination treatment, compared to the case
when either treatment was administered (Fig. 3B). Furthermore, the
APF and HPF fluorescence intensities increased slightly in response to
HT treatment alone, and increased significantly in the presence of 5-
ASA (Fig. 3C). Mounting evidence suggests that ROS/RNS can oxidize
cellular GSH (GSH is the most abundant intracellular antioxidant and
plays an important role in protection against ROS/RNS) or induce its
extracellular export, leading to the loss of intracellular redox home-
ostasis and the activation of the apoptotic signaling cascade [18,19].
HT treatment substantially increased the low intracellular GSH levels,
and this increase was significantly enhanced in the presence of 5-ASA
(Fig. 3D). These results suggest that the ROS/RNS-dependent in-
tracellular oxidative stress resulting from the combination treatment
induced apoptosis in cancer cells.

3.4. The 5-ASA/HT combination treatment increases ER stress and
mitochondrial dysfunction, which contributes to the induction of apoptosis
via the Ca2+-mitochondria-dependent pathway

An excess cellular level of ROS/RNS has been linked to ER stress and
the unfolded protein response (UPR) [20]. Thus, we examined the ex-
pression of ER stress-related proteins, such as CHOP and BIP, in the 5-
ASA/HT-treated HSC-3 cells. The 5-ASA/HT combination treatment
caused a significant up-regulation in the expression of CHOP and Bip,
compared to either treatment alone (Fig. 4A). Prolonged or irreparable
ER stress disturbs the Ca2+ homeostasis in the ER, which may, in turn,
exacerbate Ca2+ release from the ER, as well as enhance the in-
tracellular Ca2+ levels [21]. Our results showed that the combination
treatment significantly enhanced the intracellular [Ca2+]i levels,
compared to the case when either treatment was administered alone
(Fig. 4B). Increased ROS/RNS levels and Ca2+ concentrations co-
operatively induce mitochondrial dysfunction, followed by the initia-
tion of mitochondria-mediated apoptosis [22]. Thus, we next examined
the role of combination treatment-induced apoptosis by triggering mi-
tochondrial dysfunction. In our current study, MMP loss increased

Fig. 3. The 5-ASA/HT combination treatment
significantly enhanced intracellular ROS/RNS
generation followed by the depletion of in-
tracellular GSH levels. Elevated levels of ROS/RNS
were analyzed flow cytometrically using a number of
fluorescent probes with different affinities. (A) HE
staining immediately after combination treatment.
(B) HE and DAF-2 DA staining at 1 h after combi-
nation treatment. (C) APF and HPF staining at 1 h
following combination treatment. Low intracellular
GSH levels were measured by flow cytometry using
an intracellular GSH kit. (D) GSH synthesis was sig-
nificantly reduced following the combination treat-
ment, compared with either treatment alone. The
results are presented as mean ± SD (n = 3), as
determined by one-way ANOVA with Bonferroni
multiple comparison test. ***P < 0.0001 vs 5-ASA,
HT with combination treatment (2 mM + HT).
###P < 0.0001 vs 5-ASA, HT with combination
treatment (2.5 mM + HT).
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significantly when the cells were exposed to the combination treatment
(Fig. 4C and D). Collectively, these results indicated that ROS/RNS
production may be linked to the above process, and the 5-ASA/HT
combination treatment could enhance apoptosis through the induction
of ROS/RNS-mediated ER stress and Ca2+-dependent mitochondrial
pathway.

3.5. The 5-ASA/HT combination treatment causes the induction of caspase-
dependent cell death

To assess the molecular insights involved in the 5-ASA/HT combi-
nation treatment-induced apoptotic cell death in HSC-3 cells, we em-
ployed western blotting to detect the expression levels of apoptosis-
related proteins including Bcl-2 family proteins, Caspase-3, and HSP70.
The 5-ASA/HT combination treatment dramatically suppressed the
expression levels of the antiapoptotic protein Bcl-2, whereas the proa-
poptotic protein Bax was highly expressed (Fig. 5A). In the presence of
any cell death-related stimuli, Bid transforms into its activated or
truncated form, t-Bid. As shown in Fig. 5B, the combination treatment
notably increased the expression of truncated Bid (tBid) in HSC-3 cells.
Caspases are the key executioners involved in the activation of the
caspase-dependent apoptosis pathway. However, the activation of
cleaved caspase-3 (an active form of caspase-3) increased significantly
in response to the 5-ASA/HT combination treatment than in 5-ASA and
HT treatment alone (Fig. 5C). Previous studies revealed that heat shock
is involved in the upregulation of heat shock proteins (HSPs) such as
HSP70; HSP70 knockdown led to significant decreases in the cell

survival and increased the thermo-sensitivity of cells in response to
stresses [23]. We found that the expression of HSP70 decreased slightly
after the combination treatment (Supplementary Fig. 5). These findings
revealed that the synergistic enhancement of apoptosis in HSC-3 cells
following 5-ASA/HT combination treatment was associated with the
activation of mitochondria-mediated caspase-dependent (intrinsic)
pathway of apoptotic cell death.

3.6. The 5-ASA/HT combination treatment induces death receptor-
mediated apoptotic signaling pathway

Fas (CD95/APO-1) is a death domain-containing receptor that ac-
tivates the extrinsic apoptotic pathway in response to extracellular
stress stimuli [24]. Therefore, we; evaluated whether Fas expression is
involved in the combination treatment-induced apoptosis of HSC-
3 cells. It was interesting to note that the cells treated with the 5-ASA/
HT combination showed Fas expression, but those treated with either 5-
ASA alone or HT alone did not (Fig. 5D). It is believed that caspase-8 is
required for the initiation of the Fas-induced apoptotic cascade [25].
After the 5-ASA/HT combination treatment, cleaved caspase-8 expres-
sion was markedly elevated (Fig. 5D). Fas has been reported to activate
members of the mitogen-activated protein (MAP) kinase family, in-
cluding Jun N-terminal kinase/stress-activated protein kinase (JNK/
SAPK), which is responsible for apoptosis induction; on the other hand,
the extracellular signal-regulated kinases Erk1/2 protect against apop-
tosis and promote cell proliferation [26]. Interestingly, the observations
of the current study are consistent with these findings; JNK was

Fig. 4. In the presence of 5-ASA, HT initiated ER–stress, followed by an increase in the intracellular Ca2+ levels and mitochondrial dysfunction in HSC-
3 cells. (A) The expression of ER–stress-associated proteins Chop and Bip was evaluated by western blot analysis. β-actin was used to normalize the expression levels
of proteins in each sample. (B) After routine treatment, cells were loaded with 5 μM calcium probe Fluo-3/AM for 30min and the increase in intracellular [Ca2+]i
concentrations was assessed by flow cytometry. (C) Increased fluorescence intensity with regards to MMP loss was measured using flow cytometry with TMRM
staining. (D) Representative flow cytometry histogram of MMP loss. The results are presented as mean ± SD (n = 3), as determined by one-way ANOVA with
Bonferroni multiple comparison test. ***P < 0.0001 vs 5-ASA, HT with combination treatment (2 mM + HT). ###P < 0.0001 vs 5-ASA, HT with combination
treatment (2.5 mM + HT).
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Fig. 5. Effect of the 5-ASA/HT combination treatment on the expression of intrinsic and extrinsic apoptotic pathways. Human oral squamous cell carcinoma
(OSCC) HSC-3 cells were incubated in the presence or absence of 5-ASA (2mM and 2.5mM) for 1 h and then exposed to HT at 44 °C for 60min, followed by
incubation for 24 h. Western blot analysis was performed to observe the changes in the expression of apoptosis-regulating proteins. (A) The expression levels of anti-
apoptotic (Bcl-2 and Bcl-xl) and pro-apoptotic (Bax) proteins. (B) Bid transforms into the activated or truncated form t-Bid. (C) Changes in the expression of cleaved
caspase-3. (D) The expression levels of extrinsic apoptotic pathway-associated proteins Fas and cleaved caspase-8. (E) The expression of the phosphorylated form of
JNK and Erk1/2. β-actin was used to normalize the expression levels of proteins in each sample.

Fig. 6. Pre-treatment with NO/ONOO− sca-
vengers significantly decreased the 5-ASA/HT
combination treatment-induced. Cells were pre-
cultured in the absence or presence of the NO sca-
venger c-PTIO (5mM) and ONOO− scavenger uric
acid (1mM) for 1 h prior to the 5-ASA treatment and
apoptosis was evaluated using flow cytometry with
Annexin-V FITC and PI dual staining 24 h after HT
treatment (Fig. 6). Synergistic enhancement of
apoptosis induced by the combination treatment was
reversed in the presence of c-PTIO and uric acid. The
results are presented as mean ± SD (n = 3), as
determined by one-way ANOVA with Bonferroni
multiple comparison test. ***P < 0.0001 vs 5-ASA,
HT, c-PTIO, uric acid, (2 mM + c-PTIO),
(2 mM + uric acid) and with combination treatment
(2 mM + HT). ###P < 0.0001 vs 5-ASA, HT, c-
PTIO, uric acid, (2.5 mM + c-PTIO), (2.5 mM + uric
acid) and with combination treatment
(2.5 mM + HT).
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significantly phosphorylated, and Erk1/2 was dephosphorylated fol-
lowing combination therapy (Fig. 5E). These results indicate the in-
volvement of the extrinsic pathway in the synergistic enhancement of
apoptosis induced by the 5-ASA/HT combination treatment in OSCC
cells.

3.7. Effects of NO/ONOO− scavengers in the enhancement of combination
treatment-induced apoptosis in HSC-3 cells

The rapid reactions of NO with superoxide (•O2
−) form peroxyni-

trite (ONOO−). The significance of OONO− is that it has a high diffu-
sibility across cell membranes and reacts instantaneously with cellular
macromolecules like DNA, proteins, and lipids, as well as damages
nucleic acids, leading to the induction of lethal DNA damage and
subsequent apoptosis in a variety of cell types [27]. To verify the role of
NO/ONOO− generation in 5-ASA/HT combination treatment-induced
apoptosis, a specific NO scavenger c-PTIO, and ONOO− scavenger uric
acid, were utilized. The flow cytometry results showed that c-PTIO and
uric acid significantly suppressed the enhancement of apoptosis in-
duced by the combination treatment (Fig. 6). Collectively, the results
indicated that the generation of NO/ONOO− is an essential step for the
5-ASA/HT-mediated synergistic enhancement of apoptosis in OSCC
cells.

4. Discussion

Elimination of cancer by selectively targeting and destroying cancer
cells without affecting normal tissues is the main therapeutic strategy of
most cancer therapies. Clinically, it is very hard to treat cancer with a
single modality because of micro-environmental barriers; moreover, the
combination of two or more therapeutic treatments has shown a pro-
mising outlook to specifically achieve cancer cell death [28]. Thus,
recent research has focused on exploring multimodal treatments for
oncological therapy. HT is clinically used as a thermal sensitizer during
the existing cancer treatment modalities (e.g. chemotherapy and/or
radiotherapy) for various solid tumors [12]. During the heating period,
HT can enhance cell membrane permeability; this modification facil-
itates drug delivery and an influx of ROS radicals, resulting in an in-
crease of drug cytotoxicity [29,30]. Thermal enhancement of drug cy-
totoxicity in the tumor region is accompanied by cellular death such as
apoptosis, which is an effective way for the treatment of cancer [30,31].
Hence, chemical thermosensitizers may play a crucial role in enhancing
the HT-induced lethal effects on cancer cells. Particularly, it was of
interest to employ 5-ASA as an adjuvant therapy to HT; we aimed to
delineate how the combination treatment synergistically enhanced
apoptosis in HSC-3 cells. To the best of our knowledge, this is the first
study to have provided evidence that 5-ASA is an effective thermo-
sensitizer and when combined with HT treatment, it could represent a
promising anticancer strategy for the treatment of OSCC. We conducted
several approaches to establish the mechanistic basis for this thermo-
sensitization.

Compared with normal cells, cancer cells exhibit various differences
in their cellular biological activities, including metabolic changes, in-
creased levels of ROS/RNS, and increased inducetion of oxidative stress
due to an imbalanced redox status [19,32]. These biochemical prop-
erties of cancer cells can be exploited for therapeutic benefits because
elevated ROS/RNS levels render cancer cells more susceptible to agents
that further increase the ROS/RNS and oxidative stress levels; as a re-
sult, different types of cell death processes, including apoptosis, can be
initiated in cancer cells [33]. Electron paramagnetic resonance (EPR)
results have indicated that HT increased the ROS/RNS generation, and
the resultant oxidative stress may mediate, in part, heat-induced cel-
lular damage [16]. In this study, treatment with 5-ASA and HT alone
caused an early transient elevation of superoxide (•O2

−) generation, but
apoptosis induction was not observed because the •O2

− generation
lasted only for a short time period and was below the threshold to

activate the apoptotic machinery. This result is consistent with those of
previous reports indicating that the steady-state level of •O2

− is esti-
mated to be low, and its activity is spatially limited because the sus-
tained elevation of •O2

− levels is believed to be due to the activation of
superoxide-producing enzymes such as NADPH oxidase and xanthine
oxidase at elevated temperatures [34,35]. Importantly, sustained in-
crease in intracellular nitric oxide (NO) and peroxynitrite (ONOO−)
generation was observed in the cells of a prolonged period after the
combination treatment, compared to the case when either the 5-ASA or
HT treatments were administered. Consistent with our findings, recent
studies have shown that the overproduction of •O2

− can cause it to react
with NO, to generate the highly reactive oxidant ONOO−, which
mediates the cytotoxic effects of NO [36,37]. The origin of NO has not
yet been identified and needs further investigation. However, ROS/RNS
are highly reactive molecules due to the presence of unpaired valence
shell electrons or non-static bonds and their rapid passage across
membranes via certain aquaporins or other specific proteins [38]. This
may result in a significant increase in the intracellular ROS/RNS con-
centrations, causing oxidative damage to cellular biomolecules in-
cluding lipids, proteins, and DNA, and finally resulting in the induction
of cancer cell death both in vitro and in vivo [39]. In the present study,
the assumption that the 5-ASA/HT combination synergistically en-
hanced apoptosis corresponds well with the observed intracellular
ROS/RNS generation levels. The possible mechanism underlying in this
synergistic enhancement involves the disruption of cytoskeleton struc-
tures like microtubules and microfilaments due to HT-induced heat
stress, leading to the alteration of membrane permeability towards
several compounds, as has been observed in case of many therapeutic
agents, including anti-cancer drugs [14]. Thus, it was speculated that
HT, in combination with 5-ASA, increases the generation of ROS/RNS,
mediating, in part, the cytotoxicity by facilitating the penetration of 5-
ASA into cells, causing the therapeutically appropriate response, i.e. the
induction of cell death.

Excess generation of ROS/RNS has been closely linked to ER–stress;
it also disrupts the protein folding mechanism in the ER [20]. However,
prolonged or irreparable ER stress can disturb the ER response, which
may, in turn, exacerbate Ca2+ release from the ER, and therefore, in-
crease the intracellular Ca2+ concentrations [21]. Intracellular ROS/
RNS and Ca2+ overload could eventually result in the induction of
mitochondrial depolarization, which is the hallmark of the initiation of
different types of cell death processes particularly the apoptotic
pathway [22,40]. The Bcl-2 protein family either has pro-apoptotic (i.e.
Bax, Bak, and Bid) or anti-apoptotic (i.e. Bcl-2 and Bcl-xL) proteins,
which activate and regulate the mitochondrial pathway of apoptosis by
governing the mitochondrial outer membrane permeabilization
(MOMP). The impairment of Bcl-2 family proteins results in the in-
crease of the Bax/Bcl-2 ratio, which elicits the activation of the caspase
cascade [41,42]. The caspases are the central components of the
apoptotic response; they are activated either through the ‘intrinsic’
pathway, triggered by stimuli from the mitochondria, or the ‘extrinsic’
apoptosis pathway, initiated by stimuli from the cell surface ‘death
receptors’ such as Fas [43–45]. Fas has been regarded as the most
abundant transmembrane receptor in the membrane raft domains [46].
Disruptions of membrane fluidity and lipid rafts have been linked to the
course of apoptosis. Previous reports have shown that heat treatment
can increase the membrane fluidity and alteration of lipid raft contents
by disrupting lipid the raft integrity leading to the activation of death
receptors and apoptotic cell death; however, in this study, we observed
Fas expression only after the combination treatment [47–49]. Based on
our data, it was assumed that HT treatment alone is not sufficient for
the cells to attain the Fas-inducing threshold, whereas, the 5-ASA/HT
combination treatment can force the induction of Fas expression due
the increased intracellular NO/ONOO− generation [50,51]. It is re-
ported that in the Fas-induced apoptosis pathway, caspase-8 activation
is required, which may lead to either the direct activation of execu-
tioner caspases (caspase-3), or their activation through the induction of
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the intrinsic apoptotic pathway via the cleavage of the BH3-interacting
domain death agonist (Bid) into truncated-Bid (t-Bid) [52,53]. There-
fore, Bid is considered as a bridging element between the two distinct
apoptotic pathways and both these pathways converge at the execu-
tioner caspases such as caspase-3 [54,55]. Importantly, scavengers of
ON and ONOO− significantly inhibited the enhancement of apoptosis
induced by the combination treatment, and indicating the involvement
of high ON/ONOO− generation. Therefore, we speculate the possibility
that HT enhances the delivery and efficacy of 5-ASA by increasing
vascular perfusion and permeability and causing intracellular NO/
ONOO− accumulation, resulting in increased combination treatment-
induced cytotoxicity; this could mediate, in part, the synergistic en-
hancement of apoptotic cell death in response to the 5-ASA/HT com-
bination treatment. In the present study, we found that the 5-ASA/HT
combination treatment caused caspase activation and a significant loss
of MMP, with an increase in intracellular NO/ONOO− generation, ER
stress marker levels, intracellular [Ca2+]i concentrations, Bax/Bcl-2
ratio, and expression of Fas, and truncated-Bid (t-Bid), and subsequent
synergistic enhancement of apoptotic cell death (Fig. 7). This study
provides the initial piece of evidence that the anti-inflammatory agent
5-ASA is a potent thermo-sensitizer and the 5-ASA/HT combination
may be a potential therapeutic strategy against OSCC.

In conclusion, the current study is the first to show that combining
5-ASA and HT synergistically enhances cell death via activation of the
intrinsic, extrinsic, and ER stress-Ca2+-mediated apoptotic signaling
pathways, resulting in massive apoptotic cell death in cells exposed to
the combination treatment. Our approach of combining 5-ASA and HT
as a therapeutic strategy for treating OSCC achieved satisfying results in
vitro. Our further research will be focused on the clinical applications of
such a combination therapy for treating cancer.
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