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Objective: To investigate the mechanisms of vanilloid cytotoxicity and anti-tumor effects in oral squa-
mous cell carcinoma (OSCC).
Materials and methods: Immunohistochemistry and qPCR analyses demonstrated expression of the TRP
vanilloid type 1 (TRPV1) receptor in OSCC. Using cell proliferation assays, calcium imaging, and three
mouse xenograft models, prototypical vanilloid agonist (capsaicin) and antagonist (capsazepine) were
evaluated for cytotoxic and anti-tumor effects in OSCC.
Results: OSCC cell lines treated with capsaicin displayed significantly reduced cell viability. Pre-treat-
ment with capsazepine failed to reverse these effects. Moreover, capsazepine alone was significantly
cytotoxic to tumor cells, suggesting the mechanism-of-action is independent of TRPV1 activation. This
was further confirmed by calcium imaging indicating that TRPV1 channels are not functional in the cell
lines tested. We then examined whether the observed vanilloid cytotoxicity was due to the generation of
reactive oxygen species (ROS) and subsequent apoptosis. Induction of ROS was confirmed by flow cytom-
etry and reversed by co-treatment with the antioxidant N-acetyl-cysteine (NAC). NAC also significantly
reversed vanilloid cytotoxicity in cell proliferation assays. Dose-dependent induction of apoptosis with
capsazepine treatment was demonstrated by FACS analyses and c-PARP expression in treated cells.
Our in vivo xenograft studies showed that intra-tumoral injections of capsazepine exhibited high effec-
tiveness in suppressing tumor growth with no identifiable toxicities.
Conclusions: These findings confirm TRPV1 channel expression in OSCC. However anti-tumor effects of
vanilloids are independent of TRPV1 activation and are most likely due to ROS induction and subsequent
apoptosis. Importantly, these studies demonstrate capsazepine is a potential therapeutic candidate for
OSCC.

� 2013 Elsevier Ltd. All rights reserved.
Introduction

Oral squamous cell carcinoma (OSCC) is the 8th most common
cancer in the United States with 40,000 new cases and 7,850
deaths reported annually [1]. While the overall survival for early
disease (stages 1 and 2) has improved, the death rate has not chan-
ged in nearly 40 years [1]. This is due primarily to late-stage dis-
ease (stages 3 and 4) that infiltrates adjacent lymph nodes and
impinges upon critical structures thereby complicating disease
management. Sadly, 60% of OSCC patients have late-stage disease
at their initial diagnosis and their five-year survival rate is as low
as 30% [1]. Hence there is a great need to develop new therapies
aimed at eliminating this insidious disease.

Transient receptor potential (TRP) channels are expressed pri-
marily on pain sensing neurons (nociceptors) and play a major role
in transducing sensory stimuli related to pain, temperature, and
chemical mediators [2]. TRP channels are predominantly gated
by soluble ligands or physical stimuli and act as non-selective cat-
ion channels allowing passage of Na+, Mg2+, and especially Ca2+

into cells [2–4]. While TRP channels are characterized extensively
in neurons, comparatively little is known about their expression
and function in non-neuronal tissues and malignant transforma-
tion. Changes in expression of TRP channel subtypes are reported
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in multiple tumor types and are deemed potential therapeutic tar-
gets for treating cancers [5–22]. It is hypothesized that tumor
treatment with TRP channel agonists, specific to their subtype,
would result in a large calcium influx thereby inducing apoptosis
[5].

Of interest, the vanilloid subtype 1 channel, TRPV1, shows in-
creased expression in prostate, colon and pancreatic cancers with
decreased expression in bladder cancer [14–17]. In neurons, TRPV1
responds to noxious stimuli including capsaicin, heat, and low pH
[3,4,23]. Both capsaicin and capsazepine are structurally classified
as vanilloids as they exert their effects on the TRPV1 channel [24].
Capsaicin, the pungent ingredient in red hot chili peppers, is the
natural TRPV1 agonist [3]. Capsazepine is a synthetic TRPV1 antag-
onist that competitively binds to the channel preventing cation in-
flux and response to noxious stimuli [25].

Previous studies evaluating the effects of vanilloids on cancer
cells demonstrate cytotoxicity of capsaicin [5,26,27]. However
capsazepine consistently and unexpectedly failed to reverse these
effects. Moreover, pre-treatment with TRPV1 antagonists had
additive cytotoxic effects and in some studies capsazepine alone
was equally if not more cytotoxic than capsaicin [17,26,27]. Some
investigators propose that additional members of the TRP chan-
nel superfamily may mediate these responses by forming hetero-
geneous complexes that are activated by capsaicin but not
inhibited by capsazepine [27]. Conversely, we hypothesize that
vanilloid cytotoxicity on cancer cells results from novel mecha-
nisms that are independent of TRPV1 activation. In the present
study we report anti-tumor efficacy of vanilloids via ROS
generation and subsequent apoptosis in OSCC cell lines and
xenografts.
Materials and methods

Human OSCC Cell Lines

OSCC cell lines, SCC4, SCC25, and HSC3 were derived from hu-
man primary tongue OSCC. SCC4 and SCC25 cells were obtained
from ATCC (Rockville, MD). HSC3 cells were kindly provided by
Dr. Brian Schmidt (NYU) [28]. Cells were maintained in DMEM
(Gibco, Carlsbad, CA) containing 10% FBS at 37 �C in 5% CO2.
Immortalized keratinocytes (OKF6-TERT2; Harvard Medical School
Cell Culture Core Collection, Cambridge, MA) were used as control
epithelial cells.

Immunohistochemical staining

Formalin fixed paraffin-embedded (FFPE) specimens of OSCC
and normal oral mucosa (n = 3 per group) were obtained from
the STRL Core Pathology Laboratory, UTHSCSA. Specimens were
deparaffinized, rehydrated, and blocked with 3% normal goat ser-
um. Immunohistochemistry was performed using the Vectastain
Elite ABC Kit (Vector Laboratories, Burlingame, CA) according to
manufacturer’s protocol and TRPV1 (1:100) primary antibody
(VR1-748; Affinity BioReagents, Golden, CO). Substrate interac-
tions were visualized with DAB (Vector Laboratories, Burlingame,
CA). Negative controls were incubated in pre-immune serum
alone.

Reagents

Capsaicin and capsazepine were obtained from Sigma–Aldrich
(St. Louis, MO). Stock solutions of capsaicin (50 mg/ml) and
capsazepine (5 mg/ml) in 100% EtoH were used in vitro. Ani-
mal studies used capsazepine stock diluted 20 lg/ll in 100%
DMSO.
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In vitro capsaicin and capsazepine treatments

OSCC cells (2 � 104) were subcultured into 96-well culture
plates for 12 h at 37 �C. Cells were washed with PBS and treated
with 150 lM capsaicin and/or with 30 lM capsazepine for 24 h.

Cell viability assays

Cytotoxicity was assessed using the Cell Titer 96� Aqueous
Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI)
according to manufacturer’s protocol. Absorbance values of test
groups were normalized against controls (n = 4).

Quantitative PCR (qPCR)

Total RNA was isolated using TriReagent (Life Technologies, Her-
cules, CA) according to the manufacturer’s protocol. cDNA synthesis
from 500 ng RNA using random primers and Taqman� Reverse Tran-
scription Reagents (Life Technologies, Hercules, CA) was performed
according to manufacturer’s protocol. QPCR was performed, in trip-
licate, using Taqman� Gene Expression Assays (Life Technologies,
Hercules, CA) for TRPV1 and the housekeeping gene cyclophilin A
according to the manufacturer’s protocol. Relative changes in TRPV1
mRNA expression were determined using the 2�DDC

T method [29].

Immunocytochemistry

OSCC cells were cultured on coverslips (1� 105), fixed with 4%
paraformaldehyde and stained as previously described [30] with
Vanilloid Receptor 1 antibody (PA1-748, Thermo Scientific, Rockford,
IL), Alexa-Fluor secondary antibody (Molecular Probes, Eugene, OR,)
and TO-PRO-3 iodide (TOPRO; Invitrogen, Carlsbad, CA) as a nuclear
stain. Images were acquired with a Nikon D-Eclipse microscope and
a C1si laser scanning confocal imaging system with a 20�/0.75N
objective lens and processed for illustration purposes with Corel
DRAW X6 (Corel Corporation, Ottawa, Canada).

Calcium imaging

Calcium imaging was performed using the Fluo-4 Direct Cal-
cium Assay Kit (Life Technologies, Hercules, CA) according to man-
ufacturer’s protocol. Cells were incubated with 3 lm Fluo-4 at RT
for 30 min then treated with capsaicin alone (20 lM or 150 lM)
or pre-treated with capsazepine (10 lM or 30 lM) followed by
respective capsaicin treatments; n = 3 per group. As a positive con-
trol, cells were treated with 3 lM ionomycin, a non-selective cat-
ion channel activator. Images were acquired on Sweptfield
confocal with a Nikon Ti inverted microscope and a 40� oil immer-
sion/NA1.30 objective for 10 min recordings. Loading and imaging
were carried out in recording media (12.78 g/liter DMEM, 5% FBS,
25 lM HEPES, pH 7.2, no phenol red) at 37 �C. Images were ana-
lyzed with ImageJ software. Background corrected fluorescence
was normalized prior to treatments. Photo-bleaching effect was
corrected against vehicle only images collected at the exact set-
tings and focus maintained by the system’s Perfect Focus Device.

Flow cytometry

OSCC cell lines were cultured to 50% confluency and treated
with 0 lm, 30 lM, 60 lM, and 90 lM capsazepine for 24 h. Cells
were harvested, fixed in 70% EtoH, treated with RNase A, and
stained with propidium iodide. FACS analysis of DNA profiles in
terms of sub-G1, G1, S+G2/M phase of cell cycle was performed.

Immunoblotting

OSCC cell lines treated with vehicle, 30 lM, or 60 lM capsaze-
pine for 24 h were harvested and lysed in 1% Triton-PBS. Cell
cer apoptosis independent of TRPV1. Oral Oncol (2014), http://dx.doi.org/
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lysates (100units/A280) were used for protein electrophoresis in
10% SDS–PAGE. SDS–PAGE separated proteins were transferred to
PVDF membrane and the membrane blocked in 5% milk. Anti-
cPARP rabbit polyclonal antibody (Cell Signaling, #5625S, Danvers,
MA) and anti-b-actin mouse monoclonal antibody (Sigma–Aldrich,
#A1978, St. Louis, MO) were diluted 1:1250 in a total of 5 ml dilu-
ent (1% milk in PBS-0.1% Tw-20) and incubated overnight at 4 �C.
The membrane was washed 3� with PBS-Tw-20, incubated with
ECL Plus detection solution (GE Healthcare, South San Francisco,
CA) for 1 min and signal detected by exposure to radiograph film
for 30 s. Protein lysates from HeLa cells treated with 1 uM paclit-
axel for 24 h were used as positive control [31].
Reactive oxygen species (ROS) assays

ROS levels in OSCC cell lines were examined by flow cytometry
using 2,7-dichlorodihydrofluorescein diacetate (DCF-DA; Sigma–
Aldrich, St. Louis, MO). Cells (3 � 105) were plated in 12-well plates
and incubated for 30 min with DCF-DA at 37 �C then treated with
Figure 1. TRPV1 expression in OSCC and normal oral epithelium. Panel A: representative p
and OSCC (4X). Epithelium (E), connective tissue (C), OSCC-1 outlined by box. Panel B: RT
(NOK). Panel C: QPCR analysis of TRPV1 mRNA expression in OSCC cell lines relative to
microscopy shows TRPV1 expression in OSCC cell lines. TRPV1-red, TOPRO DNA staining
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30 lM capsazepine using phenol free media with and without
10 mM NAC. Treated cells were incubated for 1 h at 37 �C, har-
vested, washed twice, and analyzed by FACS.

Animals

All studies were approved by the UTHSCSA Institutional Animal
Care and Use Committee. Six week-old female athymic nude mice
(Harlan, Indianapolis, IN) were used in a laminar air-flow cabinet
under pathogen-free conditions. They were provided with a 12 h
light/dark schedule at controlled temperature and humidity with
food and water ad libitum. Mice were acclimated for one week
prior to study initiation.

OSCC mouse xenograft models

Mice were injected subcutaneously in the right flank with
2 � 106 HSC3, SCC4, or SCC25 cells in 0.1 ml of sterile PBS. Four
weeks post-inoculation, tumors grew to an average volume of
hotomicrograph of immunohistochemical staining for TRPV1 in normal oral mucosa
-PCR amplification of TRPV1 mRNA in OSCC cell lines and normal oral keratinocytes

normal oral keratinocytes (NOK) (n = 3); �p < 0.05, ���p < 0.001. Panel D: confocal
-blue, no primary antibody control.

cer apoptosis independent of TRPV1. Oral Oncol (2014), http://dx.doi.org/
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Figure 2. Cell viability assays reported as% vehicle control (n = 3). Panel A: OSCC cell
lines treated with capsaicin (CAP) and/or capsazepine (CPZ) for 24 h compared to
vehicle control. Panel B: immortalized oral keratinocytes OKF6-Tert2 cells treated
with CAP and/or CPZ for 24 h compared to vehicle control; ��p < 0.01, ���p < 0.001.
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110 mm3. Mice were stratified into two experimental groups (n = 5
per group), which received the following treatments as intra-tu-
moral injections: group A, vehicle control; group B, capsazepine
treatment. Treatments were repeated every other day for a total
of 12 days (HSC3), 18 days (SCC4), or 16 days (SCC25).

In vivo efficacy analysis of capsazepine in OSCC xenograft models

Capsazepine stock solution (20 lg/ll, 100% DMSO) was diluted
to 5% DMSO in sterile saline generating a final concentration of
1 lg/ll. HSC3 and SCC4 xenografts were injected intra-tumorally
with 40 lg every other day, while SCC25 were injected intra-
tumorally with 20 lg due to reduced size and increased density
of SCC25 xenografts. Control xenografts were injected intra-tumor-
ally with vehicle control (5% DMSO). Mice were monitored daily for
tumor growth (using digital calipers), cachexia, and weight loss.
Body temperature was monitored for 24 h following treatments.
Tumor volumes were calculated by the elliptical formula: 1/
2(Length �Width2) [32]. At experimental conclusion, blood was
collected, and serum stored (�80 �C) for biochemical serum analy-
sis performed by the Mouse Metabolic Phenotyping Center (Yale
School of Medicine, New Haven, CT). Tumors were fixed and pro-
cessed for histological analysis. Hematoxylin and eosin (H&E)
staining and terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) to detect apoptotic figures were performed
by the UTHSCSA Cancer Therapy and Research Center (CTRC) core
pathology laboratory.

Statistical analysis

Statistical analysis was performed using GraphPad Prism4 (San
Diego, California). Experiments were performed in triplicate and
results are represented as means ± SD except when indicated.
QPCR of TRPV1 expression was analyzed using one-way analysis
of variance (ANOVA) with Tukey’s post hoc test (n = 3). Cytotoxicity
assays of cell viability were analyzed by one-way ANOVA and Bon-
ferroni’s post hoc test (n = 3). Calcium imaging of OSCC cell lines
were analyzed by two-way ANOVA with Bonferroni’s post hoc test
(n = 3). Statistical analyses of tumor growth were made using anal-
ysis of variance with repeated measures with Bonferroni’s post hoc
test (n = 5). Student’s t-test was used to evaluate TUNEL staining of
apoptotic figures (n = 3; six fields per section) in treated vs. control
xenografts. A p value less than 0.05 was considered statistically
significant.

Results

TRPV1 channels are differentially expressed in OSCC

Immunohistochemical analysis confirmed the presence of
TRPV1 protein in all layers of normal oral epithelium and in OSCC
tumors including expression in cells invading deeper connective
tissues (Fig. 1A). Analysis of TRPV1 expression in OSCC cell lines
and normal oral keratinocytes (NOK) was evaluated using RT-
PCR, qPCR and immunofluorescence. Differential expression of
TRPV1 mRNA was seen in OSCC cell lines (Fig. 1B) with HSC3 cells
expressing relatively equal levels of TRPV1 mRNA compared to
NOK, however both SCC4 and SCC25 cells had increased relative
expression (�40% and 200% respectively) (Fig. 1C). Immunofluo-
rescence confirmed TRPV1 protein in HSC3, SCC4, and SCC25 cells
(Fig. 1D).

Both capsaicin and capsazepine are cytotoxic to OSCC in vitro

Concentration response curves (data not shown) followed by
cytotoxicity assays, revealed that capsaicin is cytotoxic to all OSCC
Please cite this article in press as: Gonzales CB et al. Vanilloids induce oral can
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cell lines at high concentrations (150 lM) regardless of differential
TRPV1 expression (Fig. 2A). These findings are consistent with pre-
vious reports of capsaicin cytotoxicity in other, non-oral cancer cell
lines [26,27]. Pre-treatment of cells with capsazepine (30 lM) fol-
lowed by capsaicin (150 lM) failed to reverse capsaicin cytotoxic-
ity, and instead this combined treatment resulted in significant
additive effects with approximately 80% reduction in cell viability
(Fig. 2A). This implies that vanilloid cytotoxicity may be due to
mechanisms other than TRPV1 activation. Additionally, treatment
with equal concentrations of capsaicin (30 lM) vs. capsazepine
(30 lM) revealed that capsazepine is significantly cytotoxic to all
OSCC cell lines at this lower dose whereas capsaicin was not
(Fig. 2A). Treatment of immortalized keratinocytes (OKF6-TERT2)
demonstrated that these cells may respond to vanilloids via a
TRPV1-mechanism since capsaicin evokes cytotoxicity that is
blocked by pre-treatment with capsazepine (30 lM) (Fig. 2B). Fur-
thermore, capsazepine alone demonstrated no toxicity to OKF6-
TERT2 cells. These findings make capsazepine an attractive thera-
peutic compound because, unlike capsaicin, it demonstrates no
cytotoxic effects on non-malignant cells in vitro [33,34].
TRPV1 channels are not functional in OSCC cell lines

Although TRPV1 channels are present in these cell lines, calcium
imaging showed that all OSCC cell lines failed to respond to capsa-
icin activation at non-cytotoxic concentrations (20 lM) indicating
cer apoptosis independent of TRPV1. Oral Oncol (2014), http://dx.doi.org/
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Figure 3. Calcium imaging of OSCC cell lines. Panels A, C, and E: OSCC cells treated with 20 lM CAP alone or in combination with 10 lM CPZ or treated with 3 lM ionomycin
positive control (n = 3). Panels B, D, and F: OSCC cells treated with 150 lM CAP alone or in combination with 30 lM CPZ or treated with 3 lM ionomycin positive control
(n = 3). Arrow indicates time point when treatment was added.
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that TRPV1 is not functional under these conditions (Fig. 3A, C and
E). Moreover no significant difference in TRPV1 channel activation
was seen with capsaicin treatment alone or in combination with
capsazepine. There was, however, a significant calcium influx
(p < 0.001) in OSCC cells treated with the positive control, ionomy-
cin (3 lM); a non-selective cation channel agonist. Treatment with
cytotoxic concentrations (150 lM capsaicin and 30 lM capsaze-
pine) also failed to induce calcium influx rather a slow release of
Please cite this article in press as: Gonzales CB et al. Vanilloids induce oral can
10.1016/j.oraloncology.2013.12.023
calcium was demonstrated following treatment with capsaicin
alone or in combination with capsazepine (Fig. 3B, D and F).

Capsazepine induces apoptosis in OSCC cell lines

Based upon these findings, we evaluated the mechanism-of-
action of capsazepine in vitro. It is hypothesized that vanilloids
are analogues of Co-Q enzyme that effectively block electron
cer apoptosis independent of TRPV1. Oral Oncol (2014), http://dx.doi.org/
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Figure 5. Cell viability assay of OSCC cell lines treated with 30 lM CPZ alone or in
combination with 10 mM N-acetyl-cysteine (NAC) for 24 h (n = 4); ���p < 0.001.

6 C.B. Gonzales et al. / Oral Oncology xxx (2014) xxx–xxx
transport thereby generating ROS and inducing subsequent
apoptosis [35]. To test this hypothesis, capsazepine treated cells
were evaluated for ROS induction by DCF-DA staining and FACS
analysis. All OSCC cell lines demonstrated an increase in ROS
from their basal levels (Fig. 4A; solid line) that was reversed
92% in HSC3 cells, 65% in SCC4 cells and 59% in SCC25 cells
when co-treated with NAC (10 mM) (Fig. 4B; solid line). Cell pro-
liferation assays revealed that capsazepine (30 lM) cytotoxicity
is also reversed (p < 0.001) by co-treatment with NAC (Fig. 5).

Microscopic analysis of OSCC cell lines treated with increasing
concentrations of capsazepine (0 lM, 30 lM, 60 lM and 90 lM)
for 24 h showed phenotypic changes characteristic of apoptosis
including cell rounding and membrane blebbing (arrows) (Fig. 6).
Higher capsazepine concentrations show large blebs and loss of
plasma membrane integrity. Flow sort analysis revealed that caps-
azepine-treated cells had dose-dependent accumulation of cell
populations in subG1 phase, consistent with apoptosis (Fig. 7A).
Furthermore, western blot analysis showed increasing levels of
Figure 4. Induction of ROS in OSCC cell lines. Panel A: ROS induction in OSCC cell lines following 1 h treatment with 30 lM CPZ (black line) compared to vehicle control. Panel
B: ROS induction in OSCC cell lines following 1 h treatment with 30 lM CPZ is reversed by NAC co-treatment (black line).
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Figure 6. Capsazepine induced apoptosis in OSCC cell lines. Photomicrographs (10�) of OSCC cell lines treated with 0–90 lM CPZ for 24 h. Reduced confluency and increases
in apoptotic figures are evident with increasing doses of CPZ (arrows).

OSCC Cell Line SubG1 G0/G1 S G2/M

HSC3
0 µM CPZ

30 µM CPZ

60 µM CPZ

90 µM CPZ

0.61

18.47
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0 µM CPZ
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2.01

27.99

33.72

67.54

70.77

15.61

21.03

14.54

15.08

24.83

21.04

17.03

12.14

31.57

24.21

SCC25
0 µM CPZ

30 µM CPZ

60 µM CPZ

90 µM CPZ

32.60

44.77

50.48

69.91

58.06

42.92

28.63

17.23

5.17

9.01

14.78

10.36

4.17

3.3

6.11

2.5

HSC3 HSC3

SCC4 SCC4

SCC25SCC25

B

A

µM µM

Figure 7. Panel A: Cell cycle distribution of OSCC cells (%) treated with 0–90 lM CPZ for 24 h with representative FACS for cells treated with 0 lM and 90 lM CPZ. All OSCC
cell lines tested showed increased accumulation of cell population in subG1 phase that correlated with increasing doses of CPZ. Panel B: western blot analysis demonstrating
induction of cleaved PARP (c-PARP) in OSCC cell lines treated with increasing doses of CPZ for 24 h; control is lysate from paclitaxel treated HeLa cells with known c-PARP
activity.
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cleaved PARP (c-PARP) in response to capsazepine treatments
(Fig. 7B). Note that slower growing cells, HSC3 and SCC25, respond
to capsazepine’s cytotoxic effects at lower concentrations (30 lM)
than fast-growing SCC4 cells, which require a higher capsazepine
concentration (60 lM) to induce the apoptotic pathway (Fig. 7A
and B). Consequently, a larger proportion of HSC3 and SCC25 cells
become apoptotic when treated with 30 lM capsazepine and show
greater induction of c-PARP compared to SCC4 cells at this concen-
tration. Furthermore, 60 lM capsazepine treatments of HSC3 and
SCC25 cells result in significant cell death and subsequent reduc-
tion in c-PARP. In contrast, SCC4 cells demonstrate a dose-depen-
A B

C D

E F

Figure 8. Anti-tumor effects of CPZ in OSCC xenograft models (n = 5). Panel A: HSC3 tumo
B: HSC3 xenograft treated with vehicle control (left panel) vs. 40 lg CPZ (right panel, arro
day for 18 days. Panel D: SCC4 xenograft treated with vehicle control (left panel) vs. 40 lg
CPZ every other day for 16 days. Panel F: SCC25 xenograft treated with vehicle control (
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dent increase in c-PARP expression when treated with 30 lM and
60 lM capsazepine.
Capsazepine has anti-tumor effects in OSCC xenografts

SCC4 xenografts were fast-growing and non-invasive, SCC25
xenografts were slow-growing and invasive, and HSC3 xenografts
were both fast-growing and invasive. Regardless of their unique
characteristics, all OSCC xenograft models showed dramatic re-
sponse to capsazepine resulting a significant reduction in tumor
1 cm 1 cm

1 cm 1 cm

1 cm

r growth (% change) when treated with 40 lg CPZ every other day for 12 days. Panel
w). Panel C: SCC4 tumor growth (% change) when treated with 40 lg CPZ every other
CPZ (right panel). Panel E: SCC25 tumor growth (% change) when treated with 20 lg

left panel) vs. 20 lg CPZ (right panel); �p < 0.05, ��p < 0.01, ���p < 0.001.
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volume (HSC3 & SCC25; p < 0.05) or a significant reduction in tu-
mor growth rate (SCC4; p < 0.05) (Fig. 8).

HSC3 xenografts initially displayed a highly vascularized exo-
phytic solid tumor mass. By day eight, control tumors grew signif-
icantly in size and were no longer a solid mass, rather they
presented as a palpable fluid-filled mass (Fig. 8A and B left panel).
Conversely, treated tumors did not enlarge and were not fluid filled
Figure 9. TUNEL staining of OSCC xenografts. Panel A: representative photomicro-
graph of TUNEL stain of HSC3 xenograft (10X) treated with vehicle control. Arrow
demonstrates apoptotic figure. Panel B: number of apoptotic figures per field in
vehicle and CPZ (40 lg) treated SCC4 xenografts. Panel C: number of apoptotic
figures per field in vehicle and CPZ (20 lg) treated SCC25 xenografts. Student’s t-
test of the average of six fields with n = 3; ���p < 0.001.
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and, in fact, dramatically shrank in size (Fig. 8A and B). Healing
looked complete in some tumor sites in HSC3 xenografts, with
remaining scars indicative of the initial tumor that was present
(Fig. 8B right panel; arrow). Upon sacrifice and dissection we con-
firmed that HSC3 xenografts were invasive fluid-filled tumors that
contained a large amount of tumor cells. The dramatic difference in
tumor volumes following twelve days of treatment is illustrated
(Fig. 8A and B left panel). TUNEL staining on treated tumors con-
firmed the presence of apoptotic figures (Fig. 9A; arrow) however
due to the invasive nature of untreated HSC3 tumors and the large
amount of fluid, FFPE specimens could not be prepared for TUNEL
analysis and quantification of apoptotic figures in HSC3 vehicle
controls.

SCC4 xenografts were fast-growing solid exophytic tumors that
failed to invade locally. By day ten, significant changes in tumor
were seen and by the conclusion of the experiment control tumors
grew nearly twofold greater than capsazepine treated tumors
(p < 0.01; Fig. 8C and D). Histological analysis of H&E staining re-
vealed a large necrotic core with viable tumor cells on the outer tu-
mor margin. Therefore TUNEL staining was performed and
apoptotic figures were quantified within the growing tumor front.
We found significant increases in apoptotic figures in treated tu-
mors (p < 0.001; Fig. 9B), which positively corresponds with our
cell culture studies.

SCC25 xenografts were slow-growing exophytic solid tumors
that failed to invade regional structures. These xenografts dis-
played a dramatic reduction in tumor volume following capsaze-
pine treatments (50.5%, p < 0.01), in contrast control xenografts
grew 170% during the experimental period (Fig. 8E and F). Histo-
logical analysis and TUNEL staining followed by quantification of
apoptotic figures within the growing tumor front confirmed trea-
ted tumors had a significant increase in TUNEL staining (p < 0.01;
Fig. 9C) reflecting the induction of apoptosis by capsazepine treat-
ment that is also seen in vitro.

No negative effects on liver and kidney function were detected
(Table 1). Furthermore, there were no adverse effects on healthy
surrounding tissues and no detectable toxicities at the time of
treatment. In accordance with the literature, animals displayed
no changes in body temperature in response to treatment [36,37].
Discussion

Capsaicin was previously shown to induce apoptosis in mouse
fibrosarcoma CSM5 cells, immortalized human bronchiolar epithe-
lial cells, human lung adenocarcinoma cells (A549) and human
hepatoma cells (HepG2), which underwent apoptosis when trea-
ted, in vitro, with the TRPV1 agonist, capsaicin [26,27]. Consistent
with our findings, pre-treatment with capsazepine failed to inhibit
capsaicin induced cytotoxicity even in TRPV1 over-expressing
cells. In fact, capsazepine appeared to be more effective at inducing
cell death than capsaicin [26,27]. This study confirms that vanil-
loids are cytotoxic to OSCC independent of TRPV1 activation.

In addition to functioning as a selective TRPV1 agonist, capsai-
cin is also an inhibitory quinone analogue that inhibits the plasma
membrane-bound population of NADH oxidase in transformed
cells [33–35]. Based on structural similarities, we hypothesize that
the synthetic competitive TRPV1 antagonist, capsazepine, may also
function by this mechanism. Indeed we show that treatment with
capsazepine results in increased ROS, above basal levels, and
induction of apoptosis that is reversed by NAC thereby suggesting
that capsazepine may modulate cellular oxidative stress in OSCC. It
is well documented that cancer cells are under oxidative stress due
to their increased metabolic activity resulting in a delicate balance
between ROS levels and the anti-oxidant capabilities of the cell
[38,39]. Therefore increases in ROS, above basal level, disrupt this
cer apoptosis independent of TRPV1. Oral Oncol (2014), http://dx.doi.org/
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Table 1
Liver and kidney function tests for tumor bearing mice following treatment with vehicle control or CPZ.

Treatment AST IU/L
(r.v. = 107.4 ± 41.9)

ALT IU/L
(r.v. = 24.8 ± 10.1)

CREA MG/DL
(r.v. = 0.2 ± 0.1)

BUN MG/DL
(r.v. = 17.1 ± 3.7)

Liver/body weight
(g/100 g)

Kidney/body weight
(g/100 g)

Control 137.4 ± 59.38 47.59 ± 15.68 0.0766 ± 0.008 24.52 ± 3.289 4.583 ± 0.553 1.470 ± 0.075
CPZ 101.3 ± 35.95 35.14 ± 8.013 0.0798 ± 0.015 21.98 ± 3.798 4.787 ± 0.017 1.315 ± 0.065
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fine balance thereby triggering ROS induced apoptosis. This may
explain why greater concentrations of capsazepine were required
to inhibit fast-growing SCC4 cells.

Early studies evaluating capsaicin cytotoxicity in liver, ovarian,
and breast cancer demonstrate that capsaicin cytotoxicity is lim-
ited to malignant cells with no adverse effects on non-malignant
liver, ovarian, and breast cells in vitro [33,34]. However PC-3 pros-
tate cancer xenografts treated locally with capsaicin resulted in
pain and ulceration at the injection site [40]. Our study demon-
strates that capsazepine is more effective at inhibiting cell viability
than capsaicin at equal concentrations and the anti-tumor activity
of capsazepine has no adverse effects on non-malignant tissues
in vitro and in vivo.

Clinical trials assessing TRPV1 antagonists for the treatment of
pain were discontinued due to severe hyperthermia that results
from systemic administration of these drugs [41]. Like capsaze-
pine, TRPV1 antagonists that block activation by capsaicin but fail
to block activation by protons, such as AMG8562 and AMG7905,
also do not induce hyperthermia in rats [36]. While AMG8562 fails
to inhibit proton activation of TRPV1 in rats, it does inhibit all
modes of TRPV1 activation in humans and therefore is predicted
to induce hyperthermia in clinical trials [36,37]. Our study con-
firms that capsazepine does not induce hyperthermia in a rodent
model however it is yet to be tested in clinical trials. Should caps-
azepine prove to induce hyperthermia in humans, then this study
demonstrates the potential for local injection to circumvent hyper-
thermia while maintaining significant anti-tumor effects. This may
prove useful both in palliative care and in prolonging life for OSCC
patients.

In summary, these novel findings demonstrate that local deliv-
ery of capsazepine effectively slows, reverses, and even terminates
OSCC tumor growth without the potential adverse effects of capsa-
icin. Our data also suggest that capsazepine actions may be medi-
ated by inducing ROS and apoptosis in OSCC. Capsazepine may
therefore prove to be an efficacious, novel approach to treat OSCC.
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