Food &
Function
View Article Online

Published on 11 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 3:03:20 PM.

PAPER

Cite this: DOI: 10.1039/c8fo00865e

View Journal

Sensory acceptable equivalent doses of
β-phenylethyl isothiocyanate (PEITC) induce cell
cycle arrest and retard the growth of p53 mutated
oral cancer in vitro and in vivo†
Aroonwan Lam-ubol, a Alison Lea Fitzgerald,b Arnat Ritdej, c Tawaree Phonyiam,d
Hui Zhang,e,f,g Jeﬀrey N. Myers,b Peng Huangh and Dunyaporn Trachootham *d
High doses of β-phenylethyl isothiocyanate (PEITC), a phytochemical in cruciferous vegetables, are not
feasible for consumption due to a strong mouth-tingling eﬀect. This study investigated the anti-cancer
eﬀect of PEITC at sensory acceptable doses. In vitro, PEITC was selectively toxic to oral cancer cells
(CAL-27, FaDu, SCC4, SCC 9, SCC15, SCC25 and TU138), compared to oral keratinocytes (OKF6/TERT2
and NOK/Si). In vivo, 5 and 10 mg kg−1 PEITC, equivalent to human organoleptically acceptable doses,
retarded tumor growth and prolonged the survival of mice bearing p53-mutated oral cancer cells –
TU138 xenograft. Mechanistically, PEITC induced ROS accumulation, nuclear translocation of p53 and p21
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and G1/S cell cycle arrest in vitro; increased p53 and 8-oxo-dG levels; and decreased Ki-67 intense/mild
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staining ratios without TUNEL changes in vivo. These ﬁndings suggested that the sensory acceptable
doses of PEITC selectively induced ROS-mediated cell cycle arrest leading to delayed tumor progression
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and extended survival. PEITC could be a functional ingredient for oral cancer prevention.

Introduction
Oral cancer is the sixth most common cancer worldwide and is
especially common in Asia.1,2 Due to the critical role of oral
organs in eating, oral cancer patients usually suﬀer from
chewing and swallowing diﬃculties. Furthermore, the multiple
side eﬀects from surgery, radiotherapy and chemotherapy
worsen the eating problems leading to malnutrition and poor
quality of life.3 Even with advanced technologies of treatment,
the five-year survival rate of oral cancer patients is still less
than 50%.4,5 Moreover, many cancer survivors remain
a
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untreated due to inoperable tumors or intolerable side eﬀects
of the treatment.6 Therefore, interventions which improve
their life’s qualities and prolong their survival are crucial.
Since the oral cavity is in direct contact with food, food components can be easily accessible to oral cancer cells.7 Thus,
identifying food compounds which can prevent or delay oral
cancer progression could be useful for tertiary chemoprevention. Recent evidences suggested that phytochemicals could be
potential candidates owing to their broad-spectrum targets
and low toxicities.8,9
β-Phenylethyl isothiocyanate (PEITC) is a bioactive compound found in cruciferous vegetables, especially in watercress.10 PEITC exhibits cancer preventive and therapeutic
eﬀects in several types of cancers, including lung, bone, ovary,
prostate, breast, esophagus, colorectal, pancreas, brain and
oral cancers.9–12 However, high amounts of PEITC can lead to
unfavorable organoleptic events. PEITC has been reported to
give a strong radish-like, fresh watercress aroma and a tingly
sensation (needle pricking-like) to the mouth.13,14 In consideration of food product development, it is crucial to identify the
health eﬀects of PEITC at organoleptically acceptable levels to
satisfy consumers. Previous studies showed that the amount of
PEITC which was sensory acceptable in humans was only up to
40 mg per serving.16,17 When this human dose was converted
using the diﬀerence in body surface area between humans and
mice,18,19 the equivalent dose in mice was only up to 10 mg
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per kg body weight. Unfortunately, previous studies often
investigated the eﬀect of PEITC at a high dose. For example,
Yeh and colleagues showed that 200 mg kg−1 PEITC sensitized
TRAIL-induced apoptosis in nude mice bearing an oral cancer
xenograft.15 Heretofore, the eﬀect of PEITC at sensory acceptable doses has yet to be elucidated.
Ninety percent of oral cancers are squamous cell carcinoma
(OSCC)2 arising from the accumulation of various genomic
alterations. Most OSCC cells have mutations in the p53 gene
and exhibit high oxidative stress.20–23 Targeting oxidative
stress in cancer cells has been proposed as a novel strategy to
selectively kill cancer cells.24 Cancer cells under oxidative
stress are more vulnerable to the inhibition of cellular antioxidants.24 For example, inhibiting the glutathione antioxidant
systems with compounds such as PEITC preferentially
increased cellular reactive oxygen species (ROS) leading to cell
death in a variety of cancer cells.25–28 In vitro studies demonstrated that PEITC induced growth arrest or apoptosis in oral
cancer cells by various mechanisms depending on cell lines
and dosage.15,29,30 Interestingly, PEITC was shown to selectively deplete mutated p53 but not wild-type p53 proteins.31
Nevertheless, the comparative eﬀect of PEITC on oral cancer
cells and non-tumorigenic oral keratinocytes, and the in vivo
eﬀects of PEITC on oral cancer harboring p53 mutation have
not previously been evaluated.
This study investigated the in vitro selective cytotoxicity of
PEITC and the in vivo eﬀects of the sensory-acceptable equivalent doses of PEITC on p53 mutated oral cancer. In vitro, the
selective cytotoxicity of PEITC in six oral cancer cell lines was
compared to that of non-tumorigenic oral keratinocytes.
In vivo, the eﬀect of PEITC at doses equivalent to human organoleptically acceptable doses was studied in mice bearing the
p53 mutant TU138 cancer xenograft. Several assays were conducted to elucidate the potential anti-cancer mechanisms of
PEITC.

Materials and methods
Chemicals, cells and mice
β-Phenylethyl isothiocyanate (PEITC), dimethylsulfoxide
(DMSO), N-acetylcysteine (NAC), and 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained
from Sigma-Aldrich (St Louis, MO, USA). MTT was diluted in
distilled water to 3 mg ml−1 and filtered through a 0.2 µm
membrane. A stock of 0.3 M NAC was prepared in phosphate
buﬀer saline and the pH was adjusted to 7 by using 1 M
sodium hydroxide (NaOH). 5-(And-6)-carboxy-20,70-dichlorofluorescein (CMH2-DCFDA) and propidium iodide (PI) were
obtained from Invitrogen (Carlsbad, CA, USA). Antibodies to
human Ki-67 (clone MIB-1), human P53 (clone DO-7), the
isotype-matched control antibodies, and the Dako Envision
Flex system for immunohistochemical detection were purchased from Agilent Technologies (Dako) (Santa Clara, CA,
USA). The antibody to P21 (clone F5) was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). The antibody to
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8-oxo-dG (clone 2Q2311), Alexa fluor 488- and Texas red-conjugated secondary antibodies, and Fluoroshield mounting
medium with DAPI were obtained from Abcam (Cambridge,
UK). An in situ cell death detection kit (TUNEL) was purchased
from Roche (Basel, Switzerland). A 40 µm cell strainer was
obtained from Thermo-Fisher Scientific (Gibco) (Waltham,
MA, USA).
Multiple oral cancer cell lines with varying p53 mutations
were used including CAL-27, FaDu, TU138, SCC-9, SCC-4,
SCC-15 and SCC-25.23,32–36 CAL-27, FaDu, SCC-9, SCC-4,
SCC-15 and SCC-25 were obtained from American Type
Culture Collection (ATCC) (Manassas, VA, USA). The TU138 cell
line was provided by Dr Jeﬀrey N. Myers. All cancer cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)-F12,
supplemented with 10% heat-inactivated fetal bovine serum,
penicillin and streptomycin, at 37 °C under a humidified
atmosphere of 5% CO2. All cell culture materials were products
of Thermo-Fisher Scientific (Gibco) (Waltham, MA, USA).
Non-tumorigenic oral epithelial cells including OKF6/
TERT2 and NOK/Si were used.37,38 These spontaneously
immortalized oral keratinocyte cell lines can be cultured for
more passages than primary cells and were proven to be nontumorigenic in the colony formation assay and mouse
models.39,40 OKF6/TERT2 was established by Dr Rheinwald
and colleagues.40 NOK/Si was established by Gutkind and colleagues.39 OKF6/TERT2 was maintained in a serum-free keratinocyte medium supplemented with 0.2 ng ml−1 human recombinant epidermal growth factor, 25 µg ml−1 bovine pituitary
extract, penicillin and streptomycin, under a humidified atmosphere of 5% CO2. NOK/Si cells were cultured in DMEM containing 10% fetal bovine serum and 1% penicillin and streptomycin at 37 °C, in a 5% CO2 incubator.
Male athymic nude mice, aged 8–12 weeks, were purchased
from Envigo (Indianapolis, IN, USA). The mice were housed
and maintained in laminar flow cabinets under specific pathogen-free conditions. The facilities were approved by the
Association for Assessment and Accreditation of Laboratory
Animal Care International (AALAC) in accordance with current
regulations and standards of the U.S. Department of
Agriculture, the U.S. Department of Health and Human
Services, and the National Institutes of Health. The mice were
used in accordance with the Animal Care and Use Guidelines
of The University of Texas MD Anderson Cancer Center under
a protocol approved by the Institutional Animal Care and Use
Committee (IACUC).
Cytotoxicity assays
To determine the eﬀect of PEITC on short-term proliferation,
MTT assays were performed as previously described.32 Briefly,
the cells were seeded at 5000 cells per well of a 96-well culture
plate and grown at 37 °C in a 5% CO2 incubator. After
24 hours of incubation, the cells were treated with 0–30 μM
PEITC in dimethyl sulfoxide (DMSO) for 72 hours. The cells
were incubated with the MTT reagent (final concentration of
0.6 mg ml−1) for 3 hours. The viable cells with active mitochondria converted MTT to formazan crystals. The cells were
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lysed with DMSO and the absorbance of the formazan products was measured at 570 nm by using a microplate reader.
Percent viability was calculated by dividing the number of
viable cells in PEITC-treated groups with that of the control
group. The half maximal inhibitory concentration (IC50) was
then calculated and considered as the concentration causing
fifty percent viability.
Because the non-tumorigenic immortalized cells could not
form colonies, we used the 10-day MTT assay as an alternative
to the colony formation assay to determine the eﬀect of PEITC
on long-term cell proliferation.26 The IC50 values obtained by
this assay were shown to be comparable to that of the colony
formation assay.26 Briefly, cells were seeded in 24-well plates
with the number defined by growth curve analysis. The
number of seeded cells increased upon increasing the PEITC
concentration (in this case, 1× for the control and the first log,
3× (3-fold of the control) for the second log and 10× (10-fold of
the control) for the third log scale of PEITC concentration).
After 10 days of PEITC exposure, 0.5 mg ml−1 MTT was added
for 3 hours. Then, the insoluble product was solubilized with
DMSO. The colored lysates were transferred to a 96-well plate
and the absorbance was determined using a microplate
reader. Percent viability was calculated after adjusting for the
initial cell seeding numbers.
Cell death was determined by flow cytometry after the cells
were double stained with annexin V-FITC and propidium
iodide (PI), using an assay kit from BD PharMingen (San
Diego, CA) as described.41 Briefly, the cells were treated with
PEITC for specified conditions and then detached with 0.5%
trypsin. Both floating cells and detached cells were washed
with a binding buﬀer and incubated with annexin V-FITC for
15 minutes. After another wash with the binding buﬀer, the
cells were stained with PI for one minute. Fluorescence
measurements were then conducted using a BD
FACSCalibur™ system from BD Biosciences (New Jersey, USA)
equipped with the Cell Quest Pro software. Percent cell death
was calculated as the number of cells with positive staining for
either annexin-V or PI divided by the total number of cells.
Reactive oxygen species (ROS) measurement
ROS levels were measured as described previously26 using 5(and-6)-carboxy-20,70-dichlorofluorescein
(CMH2-DCFDA)
(Invitrogen, Grand Island, NY). Briefly, cells were treated with
5 μM PEITC for 0, 1 and 3 hours. ROS levels were measured by
exposing the cells to 3 μM CMH2-DCFDA for 45 minutes at
37 °C in a 5% CO2 incubator. Then, the cells were detached
with 0.5% trypsin, washed and resuspended in 5 ml tubes with
PBS. Fluorescence measurements were then conducted using a
BD Acuri™ C6 Plus flow cytometer from BD Biosciences (New
Jersey, USA) and the data were analyzed by its built-in software.
Cell cycle analysis
Cell cycle analysis was performed as described previously.29,30
Briefly, the cells were treated with 1 μM PEITC for 5 hours in
the presence or absence of 3 mM NAC pre-treatment. Then,
only the attached cells were harvested and fixed in ice-cold
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70% ethanol for 30 minutes. After two washes with PBS, the
cells were stained with 5 µg ml−1 propidium iodide in PBS containing 0.5% Triton X-100. After 30 min of incubation, the
cells were filtered through a 40 µm cell strainer. Fluorescence
measurements of 104 cells per sample were then performed
using a BD Acuri™ C6 Plus flow cytometer from BD
Biosciences (New Jersey, USA) and the data were analyzed by
its built-in software.
Flow cytometric analysis of nuclear p53
Nuclear p53 expression was measured using dual staining of
p53-Alexa fluor 488 and propidium iodide (PI) as described42
with some modifications. Briefly, the cells were treated with
5 μM PEITC for 30 minutes and 1 hour. Then, 1 × 106 cells
were harvested and fixed in ice-cold 70% ethanol for
15 minutes. After that, the cell pellets were treated with 0.5%
Triton X-100 to permeabilize the nuclear membrane for
10 min. Then, the cells were incubated with 1:50 diluted
mouse monoclonal antibody against human p53 (clone DO-7)
or isotype control antibody for 30 minutes. After the washing
steps, anti-mouse Alexa fluor 488-conjugated antibody was
added and incubated for 30 minutes. The cells were washed
with PBS and stained with 5 µg ml−1 PI in PBS containing
0.5% Triton X-100. After 30 min of incubation, the cells were
filtered through a 40 µm cell strainer. Fluorescence measurements of double-positive cells were then performed using a BD
Acuri™ C6 Plus flow cytometer from BD Biosciences (New
Jersey, USA). 104 cells per sample were collected and the data
were analyzed by its built-in software. The upper right (UR)
quadrant of p53 Alexa fluor 488–PI dot plot was gated. Then,
the mean fluorescence intensity of p53 Alexa fluor 488 in the
gated population was measured to quantify the relative level of
nuclear p53 expression.
Immunocytochemistry and immunofluorescence
9 × 104 cells of CAL-27 or FaDu were seeded on cover slips
placed in six-well plates (one slip for each well). The cells were
grown at 37 °C in a 5% CO2 incubator for two days to reach
70% confluence. After that, the media were replaced with fresh
media for two hours, and then the cells were exposed to NAC
and PEITC under specified conditions. For 8-oxo-dG staining,
immunocytochemical staining was performed according to a
standard staining protocol. Briefly, the cells were fixed with
10% formalin for 20 minutes. Then, they were washed with a
wash buﬀer and permeabilized using 0.1% Triton X-100 in
PBS. After washing and non-specific protein blocking, the cells
were incubated with 8-oxo-dG antibody (clone 2Q2311, Abcam,
USA) at 4 °C overnight. The cells were then linked and visualized using the Dako Envision Flex system. TUNEL immunocytochemical staining was performed by using an in situ cell
death detection kit (Roche) according to the manufacturer’s
recommendation. Briefly, the cells were fixed with 4% paraformaldehyde for 1 hour. Then endogenous blocking and permeabilization were performed by using 3% H2O2 in methanol
and 0.1% Triton X-100 in 0.1% sodium citrate, respectively.
The cells were then incubated in the TUNEL reaction mixture
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for 1 hour at 37 °C, and visualized using converter horseradish
peroxidase (POD) and the 3,3′-diaminobenzidine (DAB) substrate. The stained sections were scanned using Olympus
Virtual Slide System Dot Slide. The quantification was performed as previously described43 with some modifications.
The Olivia program was used to obtain the photomicrographs
of three random fields per slide. TUNEL and 8-oxo-dG-positive
and negative cells were counted by using the ImageJ program
version 1.47. Percent positive cells were calculated from three
independent experiments.
For immunofluorescence, the cells were washed three times
with PBS and permeabilized using 0.1% Triton X-100 in PBS.
The cells were blocked with 1% BSA in 0.1% tween in phosphate buﬀer saline (PBS-T). Then, the cells were incubated
with primary antibodies (1 : 200 of mouse monoclonal antibody against human p53 (clone DO-7) or human p21 (clone
F5) in PBS-T) for 1 hour. After they were washed with PBS-T
three times, the cells were incubated with secondary antibodies (1 : 200 of Alexa fluor 488-conjugated antibody against
mouse for p53 stained samples or Texas red-conjugated antibody against mouse for p21 stained samples) in a dark
environment for 1 hour. Then, all samples were washed three
times with PBS-T. The cover slips were removed from 6-well
plates using forceps and mounted on glass slides using a
Fluoroshield mounting medium containing DAPI. Thus, the
nuclei were concomitantly stained. Nail polish was applied to
seal each cover slip. The nuclear and total cellular expressions
of p53 and p21 were studied by fluorescence microscopy
(Eclipse Ti2 inverted microscope system, Nikon Corporation,
Tokyo, Japan). Fluorescence intensities of p53 in the whole cell
and in the nucleus were quantitated using the NIS-Elements
software. The fluorescence intensity of nuclear p53 was
measured in the area co-localized with the DAPI positive
stained area. Percent nuclear/total p53 intensity of each cell
was calculated by dividing nuclear p53 intensity with total p53
intensity of each cell and multiplying with 100.
Animal experiment
Using a flank mouse tumor xenograft model, the PEITC treatment was performed at the M.D. Anderson Cancer Center. The
animal experimentation was approved by the Institutional
Animal Care and Use Committee (IACUC) of The University of
Texas M.D. Anderson Cancer Center. TU138 cells were used
since the cells were shown to have an aggressive behavior in an
oral xenograft model.34 Briefly, 1 × 106 TU138 OSCC cells were
injected subcutaneously into the flank of nude mice. A total of
22 mice were randomly assigned to the control and treatment
groups. After the tumor became measurable, 5 or 10 mg kg−1
PEITC was administered subcutaneously at the base of the
tumor 5 times per week (weekdays only). The control mice
were given 100 µL of phosphate buﬀered saline (PBS) 5 times
per week. Body weight and tumor volume were examined twice
per week. Tumor dimensions were measured with a caliper
and the volume was calculated as (A)(B2)π/6, where A is the
longest dimension of the tumor and B is the dimension of the
tumor perpendicular to A.34 Mice were euthanized if more
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than 20% of their pre-injection body weight was lost, or if the
ulceration of their tumor reached a level in which the veterinary staﬀ recommended sacrifice. At the end of the experiment,
twenty-two necropsy tumor specimens were obtained from
TU138 xenograft-bearing mice receiving a subcutaneous
administration of PEITC at 5 mg kg−1 (N = 7) and 10 mg kg−1
(N = 8) and the control (N = 7). Tumors were fixed in formalin
and embedded in paraﬃn for further hematoxylin and eosin
(H&E) and immunohistochemical staining.
Hematoxylin and eosin (H&E) staining and morphological
analysis
H&E staining was performed according to the manufacturer’s
recommendation. Briefly, 5 µm sections were de-paraﬃnized
and rehydrated. Nuclear and cytoplasmic staining was performed by using hematoxylin and eosin stains, respectively.
Histopathological evaluation was performed by an American
Board of Oral and Maxillofacial Pathology certified pathologist.
H&E-stained sections were scanned using Olympus Virtual
Slide System Dot Slide. The Olivia program was used to obtain
the photomicrographs. Area measurement, including only
tumor areas, was performed by using the ImageJ program
version 1.47.
Immunohistochemical staining
Due to the complete resolution of one tumor in the 5 mg kg−1
PEITC-treated group, twenty-one specimens were analyzed.
Immunohistochemical staining for Ki-67, p53 and 8-oxo-dG
expression was performed according to the manufacturer’s recommendation. Briefly, 4 µm sections were de-paraﬃnized and
rehydrated. Heat-induced epitope retrieval was performed
using citrate buﬀer, pH 6 (for Ki-67) or Tris EDTA, pH 9 (for
p53). After endogenous and non-specific blocking, the sections
were then incubated with monoclonal mouse anti-human Ki67, p53 or 8-oxo-dG antibodies. Control sections were incubated with the isotype-matched control antibody. The slides
were then cross-linked and visualized using a Dako Envision
Flex system. The stained sections were scanned using Olympus
Virtual Slide System Dot Slide. The Olivia program was used to
obtain the photomicrographs for quantification as described
below.
Terminal deoxynucleotidyl transferase mediated deoxyuridine
triphosphate (dUTP) nick-end labeling (TUNEL) assay
Twenty-one specimens were analyzed for TUNEL due to the
complete resolution of one tumor in the 5 mg kg−1 PEITCtreated group. The detection of apoptosis (DNA strand breaks)
was performed by using an in situ cell death detection kit
(Roche) according to the manufacturer’s recommendation.
Briefly, 4 µm sections were de-paraﬃnized and rehydrated
with double distilled water. Then the sections were treated
with 20 µg ml−1 proteinase K for 20 minutes at room temperature and a TUNEL reaction mixture for 1 hour at 37 °C. The
slides were then visualized using converter horseradish peroxidase (POD) and the 3,3′-diaminobenzidine (DAB) substrate.
The stained sections were scanned using Olympus Virtual
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Slide System Dot Slide. The Olivia program was used to obtain
the photomicrographs for quantification as described below.
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Quantification of immunohistochemical-stained slides for Ki67 and TUNEL
The quantification was performed by an oral and maxillofacial
pathologist who was blinded from the experimental conditions
of each mouse. At least 1000 tumor cells were counted and
only nuclear stained cells were considered positive for both Ki67 and TUNEL. Ki-67-positive cells were counted and classified
into intense (S, G2 phases) and mild staining (G1 phase). Ki-67
labeling indices were calculated by using a ratio of positivestained cells and total cell counts. In addition, the intense/
mild Ki-67 staining ratios were calculated. TUNEL-positive
cells were counted and the percent positive cells were
analyzed.
Quantification of immunohistochemical-stained slides for p53
and 8-oxo-dG
The quantification was performed by an oral and maxillofacial
pathologist who was blinded from the experimental conditions
of each mouse. Due to the uneven distribution of p53 and
8dG-oxo-positive cells among the cases, the positivity was
scored semi-quantitatively based on the intensity and extent of
staining. Briefly, the intensity and extent of staining were
graded from 0 to 3 (intensity: 0 = negative, 1 = weak, 2 = moderate, 3 = strong; extent: 0 = less than 5%, 1 = 5–25%, 2 =
25–50%, 3 = more than 50% of tumor cells).
Statistical analyses
Statistical analyses were performed by using GraphPad Prism
V.7. For cell viability, the line plot of percent viable cells and
concentration of PEITC was created for each cell. Regression
was used to determine IC50s. An F-test was used to test the
diﬀerence between the regression lines of cancerous and noncancerous cells. For the flow cytometric analysis of ROS and
nuclear p53, the mean ± SD of mean fluorescence intensity
was compared between the groups using one-way ANOVA followed by the Bonferroni test. For the cell cycle data, the percentage of cells at the G1, S and G2/M stage was compared
between the groups using two-way ANOVA, followed by Tukey’s
multiple comparison. For the immunofluorescence data, the
mean ± SD of percent nuclear/total p53 fluorescence intensities was compared between several time points using one-way
ANOVA followed by the Bonferroni test. Tumor volume and
body weight of PEITC-treated groups at diﬀerent time points
were compared with those of the control group using two-way
ANOVA followed by the Bonferroni test. The Kaplan–Myer survival curves of mice in each group were generated. The logrank (Mantel–Cox) test was used to compare the survival
between the groups. For histological studies, Ki-67 intense/
mild ratios, TUNEL positive/total ratios and histological tumor
area were compared between the groups using the Kruskal–
Wallis test. For p53 and 8-oxo-dG staining, the categorical data
of each grading for intensity and extent were analyzed.
Comparison between the groups was made using a chi-square
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test. The diﬀerence between the groups was considered to be
statistically significant when P < 0.05.

Results
PEITC was preferentially cytotoxic to oral cancer cells, in
comparison with non-tumorigenic oral keratinocytes
To determine the cytotoxic eﬀects of PEITC, three assays were
used including the 3-day MTT assay, 10-day MTT assay and
propidium iodide assay. As shown in Fig. 1a, the slope of the
graph using the 3-day MTT assays in TU138 cancer cells was
significantly diﬀerent from that of non-tumorigenic OKF6/
TERT2 cells. Using the 3-day MTT assays, Table 1 shows that
PEITC concentrations causing 50% inhibition of proliferation
(IC50) in six oral cancer cell lines were significantly lower than
those of two non-tumorigenic oral keratinocyte lines (7.5 ±
1.38 µM compared to 21.5 ± 0.28 µM). Consistently, Fig. 1b
shows that PEITC treatment for 10 days decreased the percent
viability of oral cancer cells significantly more than that of
non-tumorigenic cells in dose-dependent manners. Using the
10-day MTT assays, Table 2 shows that the IC50 of PEITC in
four oral cancer cell lines were significantly lower than that of
non-tumorigenic oral keratinocytes (0.698 ± 0.16 µM compared
to 7.09 ± 0.98 µM). Using the propidium iodide assay, Fig. 1c
and d demonstrate that PEITC selectively induced cell death in
oral cancer cells in dose-dependent and time-dependent
manners. These results indicated that PEITC was preferentially
cytotoxic to oral cancer cells in comparison with non-tumorigenic oral keratinocytes.
The in vitro cytotoxicity of PEITC against oral cancer cells was
through the induction of oxidative stress
Previous studies in various cell systems showed that PEITC
induced cell death through oxidative stress. Therefore, we evaluated ROS accumulation in oral cancer cells after PEITC treatment. As shown in Fig. 2a, 5 µM PEITC led to significant ROS
accumulation in cancer cells, evidenced by increased DCF fluorescence intensity in a time-dependent manner. Consistent
with this finding, we also found an increase of the oxidative
DNA damage marker (8-oxo-dG) in response to PEITC treatment as shown by using immunocytochemistry (Fig. 2b and c).
Interestingly, pretreatment with an antioxidant NAC suppressed the PEITC-induced ROS accumulation and apoptotic
cell death as assessed by 8-oxo-dG and TUNEL, respectively
(Fig. 2b–d). These results suggested that the cytotoxicity of
PEITC was mediated by an ROS-mediated mechanism.
Low dose of PEITC resulted in G1/S-phase cell cycle arrest
preventable by antioxidants
Since ROS stress could induce either cell death or cell cycle
arrest depending on the dose,42 we further explored if low
doses of PEITC could aﬀect the cell cycle status of oral cancer
cells. As shown in Fig. 3a and b, exposure to 1 µM PEITC for
5 hours significantly increased the cell population in the
S-phase ( p < 0.0001). Pre-treatment with 3 mM NAC signifi-
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Table 1 Short-term cytotoxicity of PEITC against oral squamous cell
carcinoma, in comparison with that of immortalized non-tumorigenic
oral keratinocytes

IC50 of PEITC for oral squamous
cell carcinoma cell lines
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CAL-27
FaDu
SCC4
SCC9
SCC15
SCC25
Mean ± SD

6 µM
9 µM
6 µM
7 µM
9 µM
8 µM
7.5 ± 1.38 µM

IC50 of PEITC for immortalized non-tumorigenic oral
keratinocyte cell lines
OKF6/TERT2
NOK/Si

21.3 µM
21.7 µM

21.5 ± 0.28 µM****

The table shows the inhibitory concentration (IC50), concentration of
PEITC causing 50% viability when compared to untreated cells,
detected by the 3-day MTT assay, of PEITC for oral squamous cell carcinoma cell lines and immortalized non-tumorigenic oral keratinocytes.
Unpaired t-test showed a statistically significant diﬀerence from oral
squamous cell carcinoma (****, p < 0.0001).

Table 2 Long-term cytotoxicity of PEITC against oral squamous cell
carcinoma, in comparison with that of immortalized non-tumorigenic
oral keratinocytes

IC50 of PEITC for oral squamous
cell carcinoma cell lines
CAL-27
FaDu
SCC9
SCC15
Mean ± SD

0.51 ± 0.013 µM
0.88 ± 0.014 µM
0.62 ± 0.004 µM
0.77 ± 0.021 µM
0.698 ± 0.16 µM

IC50 of PEITC for immortalized
non-tumorigenic oral keratinocyte cell lines
OKF6/TERT2

7.09 ± 0.98 µM

7.09 ± 0.98 µM****

The table shows the inhibitory concentration (IC50), concentration
causing 50% viability when compared to untreated cells detected by
the 10-day MTT assay, of PEITC for oral squamous cell carcinoma cell
lines and immortalized non-tumorigenic oral keratinocytes. Unpaired
t-test showed a statistically significant diﬀerence from oral squamous
cell carcinoma (****, p < 0.0001).

Fig. 1 Selective cytotoxicity of PEITC against oral cancer cells. (a) Line
plot shows the percent cell viability measured by the MTT assay after
exposure to 0–30 µM PEITC for 72 hours. Each point represents the
mean ± SD of three independent experiments of oral cancer cells
(TU138) or oral keratinocytes (OKF6/TERT2). The half maximal inhibitory
concentration (IC50) of each cell is shown. F-Test shows a statistically
signiﬁcant diﬀerence between two regression lines ( p = 0.0001). (b) Bar
graph shows the percent cell viability measured by the MTT assay after
exposure to 0–10 µM PEITC for 10 days. Each bar represents the mean
± SD of three independent experiments each from four cancer cell lines
(CAL-27, FaDu, SCC9, and SCC15) or one oral keratinocyte line (OKF6/
TERT2). Two-way ANOVA followed by Sidak’s multiple comparison test
shows a statistically signiﬁcant diﬀerence between cancer and nontumorigenic cells at each time point (**** means p < 0.0001). (c)–(d) Bar
graph shows the percent cell death measured by the annexin V-PI assay
after exposure to 5, 7 and 9 µM PEITC for 24 hours (c) or 5 µM PEITC for
0, 24 and 48 h (d). Each bar represents the mean ± SD of three independent experiments each from four cancer cell lines (CAL-27, FaDu, SCC4,
and SCC15) or two oral keratinocyte lines (OKF6/TERT2 and NOK/Si).
Two-way ANOVA followed by Sidak’s multiple comparison test shows a
statistically signiﬁcant diﬀerence between cancer and non-tumorigenic
cells at each time point (*** means p < 0.001; **** means p < 0.0001).
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cantly prevented the eﬀect of PEITC on G1/S-phase arrest.
These results suggested that a low dose of PEITC induced an
ROS-mediated cell cycle arrest of p53 mutated oral cancer
cells.
PEITC induced the nuclear translocation of p53 and p21 in
oral cancer cells
Oxidative stress is known to cause DNA damage followed by
cell cycle arrest or apoptosis through the activation of p53.44
However, the oral cancer cell lines tested in this study contained mutated p53. Interestingly, in this study we found that
PEITC can inhibit proliferation, induce cell death or cell cycle
arrest of the p53 mutated cancer cells. Therefore, we further
investigated whether PEITC may trigger p53 action. In fact,
Fig. 3c and d show that exposure to 5 μM PEITC for
30 minutes and 1 hour significantly increased the nuclear
mean fluorescence intensity of p53, detected by the flow cytometric analysis of propidium iodide – p53 Alexa Fluor dual
staining. Likewise, another assay using immunofluorescence
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Fig. 2 PEITC induced ROS accumulation and oxidative stress-mediated cell death. (a) Bar graph shows relative ROS levels measured by the ﬂow
cytometric analysis of DCF after exposure to 5 µM PEITC for 0–3 hours. Each bar represents the mean ± SD of three independent experiments each
from two cancer cell lines (CAL-27 and FaDu). One-way ANOVA followed by Bonferroni’s multiple comparison test shows a statistically signiﬁcant
diﬀerence between various time points (** means p < 0.01; **** means p < 0.0001). (b) The representative microscopic ﬁgures show changes in the
morphology, oxidative DNA damage and cell death after pretreatment with or without 3 mM NAC for 1 hour prior to the exposure to 5 µM PEITC for
5 hours, detected by H&E staining, immunocytochemical staining with 8-oxo-dG antibody and TUNEL staining, respectively. All images were
obtained at 200× magniﬁcation. (c)–(d) Bar graph shows the percentage of cells with positive staining for 8-oxo-dG (c) and TUNEL (d) measured by
immunocytochemistry and the TUNEL labeling assay after pretreatment with or without 3 mM NAC for 1 hour prior to the exposure to 5 µM PEITC
for 5 hours. Each bar represents the mean ± SD of three independent experiments in FaDu cells. One-way ANOVA followed by Bonferroni’s multiple
comparison test shows a statistically signiﬁcant diﬀerence between various treatments (*** means p < 0.001; **** means p < 0.0001).

microscopy also showed a significant increase in percent
nuclear/total p53 after exposure to 5 μM PEITC for 30 minutes
and 1 hour (Fig. 4a and c). Consistently, Fig. 4b and d show
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that exposure to 5 μM PEITC for 1 hour significantly increased
the percentage of nuclear p21, inhibitor of cell cycle progression and downstream target of p53.45 These findings
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Fig. 3 Low dose of PEITC resulted in G1/S-phase cell cycle arrest preventable by antioxidants. (a) The representative histogram shows the changes
of the cell cycle status (G1, S, G2/M) after pretreatment with or without 3 mM NAC for 1 hour prior to the exposure to 1 µM PEITC for 0 and 5 hours,
detected by the ﬂow cytometric analysis of propidium iodide staining. (b) Bar graph shows the percentage of cells at each stage of the cell cycle (G1,
S and G2/M) measured by the ﬂow cytometric analysis of PI after exposure to 1 µM PEITC for 0 and 5 hours with or without the pretreatment of
NAC. Each bar represents the mean ± SD of three independent experiments each from CAL-27 cells. Two-way ANOVA followed by Tukey’s multiple
comparison test shows a statistically signiﬁcant diﬀerence (**** means p < 0.0001; ** means p < 0.01). (c) The representative histogram overlay from
ﬂow cytometry shows a shift of p53-Alexa ﬂuor 488 ﬂuorescence intensity in CAL-27 cells treated with 5 µM PEITC for 0, 30 min and 1 hour, compared to the control. The histograms are from the gated population in the upper right quadrant of the dot plot between p53-Alexa ﬂuor 488 and PI
(double positive stained), representing nuclear p53. (d) Bar graph shows the changes in the mean ﬂuorescence intensity of p53-Alexa ﬂuor 488 in
the gated population of dual positive P53 Alexa ﬂuor 488 and PI staining measured by ﬂow cytometry after exposure to 5 µM PEITC for 0, 30 and
60 minutes. Each bar represents the mean ± SD of three independent experiments each from CAL-27 cells. One-way ANOVA followed by
Bonferroni’s multiple comparison test shows a statistically signiﬁcant diﬀerence (**** means p < 0.0001; * means p < 0.05).
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Fig. 4 PEITC induced the nuclear translocation of p53 and p21 in oral cancer cells. The representative microscopic ﬁgures show changes in the
nuclear expression of p53 (a) or p21 (b) after exposure to 5 µM PEITC for 0, 30 and 60 minutes, detected by immunoﬂuorescence staining and DAPI
staining. The bar graph shows the quantitation of the immunoﬂuorescence data as percent nuclear to total cellular ﬂuorescence intensities of p53
(c) or p21 (d). Each bar represents the mean ± SD of percent nuclear intensities in ﬁfty cells from three independent experiments of CAL-27.
One-way ANOVA followed by Bonferroni’s multiple comparison test shows a statistically signiﬁcant diﬀerence between various time points
(**** means p < 0.0001).

suggested that PEITC increased the nuclear translocation of
p53 and p21.
The equivalent human acceptable doses of PEITC retarded
tumor growth and prolonged the survival of mice bearing
TU138 oral cancer xenografts
To investigate if the human acceptable dose of PEITC (up to
40 mg) could have any eﬀects on cancer growth, we converted
the human dose into an equivalent dose of up to 10 mg kg−1
in mice. As shown in Fig. 5a, in vivo studies using the TU138

This journal is © The Royal Society of Chemistry 2018

xenograft model showed that mice receiving 5 and 10 mg kg−1
PEITC had significantly lower tumor volumes than those of the
control group. The graph suggested that the PEITC-treated
mice had retarded tumor growth. Although the 10 mg kg−1
PEITC-treated group showed a slightly better result than the
5 mg kg−1 PEITC-treated group, the diﬀerence was not statistically significant. Fig. 5b shows that 5 mg kg−1 and 10 mg kg−1
PEITC treatment did not cause significant weight loss. No
adverse events were observed throughout the study. The
results suggested that 5 mg kg−1 and 10 mg kg−1 PEITC treat-
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Fig. 5 Retardation of a p53 mutated oral cancer xenograft by PEITC. (a)
Line plots show changes in the tumor volume (mm3) of the TU138 oral
cancer xenograft in nude mice after exposure to 0, 5 and 10 mg kg−1
PEITC for speciﬁed days after treatment. Each point represents the mean
± SEM of seven, seven and eight mice for the control, 5 and 10 mg kg−1
PEITC-treated groups, respectively. Two-way ANOVA followed by Sidak’s
multiple comparison test shows a statistically signiﬁcant diﬀerence from
the control group (***, p < 0.001). The signiﬁcant diﬀerence was
observed after 17 days. No signiﬁcant diﬀerences between 5 and 10 mg
kg−1 were observed. (b) Line plots show changes in body weight ( percentage of body weight at each time point compared to baseline body
weight). Each point represents the mean ± SEM of seven, seven and
eight mice for the control, 5 and 10 mg kg−1 PEITC-treated groups,
respectively. Two-way ANOVA shows no statistically signiﬁcant diﬀerence from the control group throughout the study.

Fig. 6 Prolonged survival of mice bearing an oral cancer xenograft by
PEITC. (a) Kaplan–Myer survival curve shows the percentage of surviving
animals at each time point after exposure to 0 (control), 5 and 10 mg
kg−1 PEITC ﬁve times per week. Log-rank test (Mantel–Cox test) shows
a statistically signiﬁcant diﬀerence between the 5 mg kg−1 PEITC-treated
group and the control group (**, p < 0.01). No signiﬁcant diﬀerence
between the 5 and 10 mg kg−1 PEITC-treated groups were observed.
Median survival time(s) of the control, 5 and 10 mg kg−1 PEITC-treated
groups were 17, 29 and 21 days, respectively. (b) The representative histopathological ﬁgures of tumor necropsy specimens show morphological changes of the tumor after exposure to 0, 5 and 10 mg kg−1 PEITC
ﬁve times per week, detected by hematoxylin–eosin (H&E) staining of
the tumor necropsy specimens. Tumor specimens from the control
group (0 mg kg−1 PEITC) exhibit tumor cells with hyperchromatic nuclei,
mitoses and keratin formation (white arrow), characteristics of welldiﬀerentiated squamous cell carcinoma. In contrast, tumor specimens
from 5 and 10 mg kg−1 PEITC-treated groups exhibit acute inﬂammatory
cells (black arrow), granulation tissue (red arrow) and tumor cell death
(blue arrow). All images were obtained at 200× magniﬁcation.

ments were safe. Consistent with the tumor volume, the survival times of mice in 5 mg kg−1 and 10 mg kg−1 PEITC-treated
groups were longer than those of the control group (Fig. 6a).
The median survival times of the control group, 5 mg kg−1 and
10 mg kg−1 PEITC-treated groups were 17, 29 and 21 days,
respectively. However, only the 5 mg kg−1 PEITC-treated group
demonstrated significantly longer survival times than the
control group ( p < 0.01). These results suggested that 5
mg kg−1 and 10 mg kg−1 PEITC treatment retarded the growth
of an oral cancer xenograft in nude mice and prolonged animal
survival. The absence of toxicities suggested that PEITC exhibited selectivity both in vitro and in vivo. As shown in Fig. 6b,
H&E-stained tumor specimens from all groups showed the features of well-diﬀerentiated squamous cell carcinoma, includ-

ing dysplastic squamous cells and keratin production. In
addition, areas of cystic degeneration and central necrosis
were occasionally noted. Consistent with the reduced tumor
volumes and prolonged survival, the tumor specimen from the
PEITC-treated groups exhibited tumor cell death, inflammatory
cells and granulation tissue. Furthermore, histological tumor
areas were decreased in the PEITC-treated groups in comparison with those of the control groups (Fig. S1†). However, statistical significance was observed only in the 5 mg kg−1 PEITCtreated group. Interestingly, one specimen from the 5 mg kg−1
PEITC-treated group showed only inflammation and granulation tissue without viable tumor cells. The results suggested
that a moderate dose of PEITC could induce complete
regression of malignant disease in some animals.
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The in vivo anti-cancer eﬀect of the equivalent human
acceptable PEITC doses likely resulted from oxidative
stress-induced cell cycle arrest
To elucidate the mechanism by which the equivalent human
acceptable doses of PEITC retarded tumor growth, we first
looked at the profile of the proliferation marker – Ki-67 – in
the tumor specimens. Although the Ki-67 labeling indices in
the PEITC-treated groups were not statistically diﬀerent from
those of the control group (Fig. S2†), Fig. 7 and 8a show that
the Ki-67 intense-to-mild staining ratios of 5 and 10 mg kg−1
were significantly lower than those of the control group. These
results indicated a decrease of cell numbers in the dividing
phase and an increase of cell numbers in the resting phase of
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the cell cycle in the PEITC-treated groups. TUNEL labeling
showed no significant diﬀerences in apoptosis (Fig. 8b). These
findings together with the Ki-67 staining data suggested that
the equivalent human acceptable PEITC doses mainly caused
cell cycle arrest rather than cell death.
Since the oral cancer cell lines used in this study were
known to contain p53 mutation leading to uncontrolled cell
division and previous studies showed that PEITC could selectively inhibit the mutant p53, we speculated that the mechanism of PEITC-induced cell cycle arrest may be mediated
through p53. As shown in Fig. 8c and d, 5 mg kg−1 PEITC treatment significantly increased both the extent and intensity of
p53 staining, while 10 mg kg−1 PEITC treatment resulted in an
increased extent of p53 staining. Fig. 8e and f show that 5 and
10 mg kg−1 PEITC treatment significantly increased the intensity of 8-oxo-dG staining, while 10 mg kg−1 PEITC treatment
resulted in an increased extent of 8-oxo-dG staining. Since
8-oxo-dG is a marker of oxidative DNA damage, which can
induce cell cycle arrest, these results altogether suggested that
5 and 10 mg kg−1 PEITC treatment may induce oxidative stress
leading to DNA damage and cell cycle arrest of p53-mutated
oral cancer cells in vivo.

Discussion

Fig. 7 Changes in proliferation, oxidative stress markers and p53 in vivo
by PEITC. The representative histopathological ﬁgures of immunostained
tumor necropsy specimens show changes in proliferation, apoptosis,
p53 and oxidative DNA damage of tumor cells after exposure to 0, 5 and
10 mg kg−1 PEITC, detected by immunohistochemical staining of Ki-67,
TUNEL, p53 and 8-oxo-dG. The representative histological ﬁgures with
200× magniﬁcation show a decrease in the signals of Ki-67, no changes
in TUNEL, and a dose-dependent increase in the signals of p53 and
8-oxo-dG.

This journal is © The Royal Society of Chemistry 2018

Convincing evidence suggests that dietary selection plays a
critical role in improving cancer survivorship.46,47 However,
suitable dietary ingredients for cancer survivors have not been
well studied.46 Phytochemicals are attractive candidates for tertiary chemoprevention.8,9 Nevertheless, their use in food products often faces challenges due to organoleptic properties
such as bitter taste and pungent flavor.48,49 In this study, a
phytochemical – PEITC – at doses equivalent to human
sensory acceptable doses was found to arrest cancer cell division leading to delayed tumor growth and prolonged survival
in nude mice. We also found that PEITC was selectively toxic
to oral cancer cells, in comparison with non-tumorigenic oral
keratinocytes. Furthermore, the in vitro and in vivo results
suggested that the anti-cancer mechanism of PEITC at such
low doses included ROS-induced cell cycle arrest in
p53 mutated oral cancer cells. Since p53 mutation is robustly
found in oral cancer,22,23 the findings from this study imply
the potential use of PEITC as a functional ingredient for
oral cancer survivors and warrant further studies in clinical
settings.
Targeting oxidative stress in cancer cells has been proposed
as a novel strategy to selectively kill cancer cells.24 Previous
studies by our group demonstrated that disrupting the glutathione antioxidant system using a phytochemical such as
PEITC can preferentially remove cancer while sparing normal
cells.26,28 PEITC has been proven eﬀective in many cancer cell
types harboring increased oxidative stress.27 Consistently, this
study found that PEITC was selectively toxic to oral cancer cells
in both short-term and long-term proliferation assays. Short
exposure of PEITC induced ROS accumulation and increased

Food Funct.

View Article Online

Food & Function

Published on 11 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 3:03:20 PM.

Paper

Fig. 8 Increased oxidative stress, p53 and G0/G1 growth arrest in vivo by PEITC. Quantiﬁcation of the immunohistochemical data of Ki-67 intense/
mild staining ratios (a) and TUNEL positive to total cells ratios (b) was performed from at least 1000 tumor cells. Each bar represents the mean ± SEM
of seven, seven, and eight mice for the control, 5 and 10 mg kg−1 PEITC-treated groups, respectively. Kruskal–Wallis test shows a signiﬁcant diﬀerence from the control group (**, p < 0.01). For p53 and 8-oxo-dG, the positivity was scored semi-quantitatively based on the intensity and extent of
staining. For the intensity of staining for p53 (c) and 8-oxo-dG (d), each stacked bar represents the percentage of animals which had weak (white
bar), moderate (grey bar) and strong (black bar) staining. For the extent of staining of p53 (e) and 8-oxo-dG (f ), each stacked bar represents the percentage of animals with the positive stained area less than (<) 5%, between 5 to 25% and more than (>) 25% of the total area. Chi-square test shows a
signiﬁcant diﬀerence from the control group (****, p < 0.0001).

8-oxo-dG, a biomarker of oxidative DNA damage.50
Furthermore, while 5 µM PEITC induced cell death, lower concentrations of PEITC such as 1 µM induced G1/S cell cycle
arrest. Interestingly, both cell death and cell cycle arrest
induced by PEITC can be prevented by a glutathione precursor
and an antioxidant – N-acetylcysteine (NAC). Thus, it is likely
that ROS plays a crucial role in the dose-dependent mecha-
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nism of PEITC. In accordance with the in vitro data, increased
8-oxo-dG was observed in tumors from mice receiving 5 and
10 mg kg−1 PEITC. Furthermore, PEITC induced the nuclear
translocation of p53 and p21 in vitro and increased the
expression of p53 along with a decreased Ki-67 intense/mild
staining ratio in vivo. Our findings were consistent with several
compelling pieces of evidence showing that oxidative stress
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induced the nuclear translocation of p53 and p21 leading to
G1 cell cycle arrest.45,51,52 These altogether suggested that the
major mechanism of PEITC-induced injury to cancer cells
involves the induction of oxidative stress and the activation of
p53. At a sensory acceptable equivalent dose of PEITC, moderate ROS stress could lead to G1/S cell cycle arrest. However, at
a high dose of PEITC, severe ROS stress could lead to cell
death.
The IC50 (s) of PEITC in oral cancer cells was about three
times lower than that of non-tumorigenic oral cells. This
window provides an opportunity for the future use of PEITC as
an eﬀective and less toxic intervention. Interestingly, the IC50
(s) of PEITC in this in vitro study was comparable to that of previous studies in oral cancer cell lines15,29 and ovarian cancer
cells.26 The finding suggests a broad-spectrum application of
PEITC. Likewise, the in vivo study revealed no significant side
eﬀects of PEITC in nude mice throughout the study. Since
standard therapy such as radiation or chemotherapy often
causes multiple side eﬀects leading to poor quality of life,3
promising results of PEITC in this study shed the light on
using PEITC as an anticancer agent with minimal side eﬀects.
PEITC had been reported to have several anti-cancer mechanisms, including the induction of apoptosis, inhibition of proliferation, or both, depending on the cell types and experimental models. Ki-67, markers for proliferation, can be
expressed at several phases of the cell cycle.53 Cells in the G1
phase express a low level of Ki-67. The expression increases as
the cells progress from G1 to S and the highest expression is
observed in the G2 phase.54 While PEITC treatment did not
aﬀect the total Ki-67 labeling indices in vivo, the intense/mild
Ki-67 staining ratio of the 5 and 10 mg kg−1 PEITC-treated
groups were lower than those of the control group. The findings, therefore, suggested that tumor cells in the PEITC-treated
group had shifted towards the G1 phase while the control
group had more cells in the G2 phases. On the other hand,
TUNEL staining did not show any diﬀerences among the three
groups in vivo. Our results suggested that the anti-cancer
eﬀects of such doses of PEITC likely resulted from a shift of
cell cycle balance from the dividing phase to the resting phase
(G1). Consistently, our in vitro result showed that a low dose of
PEITC (such as 1 µM) induced G1/S phase arrest. The results
are in accordance with previous studies in oral cancer and
colon cancer models.30,55 However, there were also reports
showing G2/M growth arrest induced by PEITC in oral cancer,
prostate cancer, and leukemia cells.29,56–58 The findings
implied that the PEITC eﬀects on cancer cells may be cell-type
specific.
Our group previously showed that the TU138 cells harbor a
p53 gain of function mutation that led to a more aggressive behavior in a xenograft model.34 We, therefore, investigated the
eﬀects of PEITC on a TU138 xenograft model. To our knowledge, this was the first study that showed the in vivo eﬀects of
PEITC on the p53 mutated OSCC cell line. A previous study
showed that an oral gavage of 200 mg kg−1 PEITC can reduce
the tumor volume and prolong the survival of mice bearing
wild type p53 OSCC cells.15 Taken together, these findings
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suggested that PEITC can be an eﬀective anticancer agent
regardless of the p53 status.15,29,31 Interestingly, our immunohistochemical analysis showed that 5–10 mg kg−1 PEITC
increased the intensity and extent of p53 staining. The epitope
recognized by the p53 antibody in this study located between
the N-terminal amino acids (codon 1–45), while the mutant
p53 in the TU138 cells had a missense mutation in the DNA
binding domain at codon 151 (Pro → Ser).34 Therefore, the
observed p53 staining could be either wild type or mutant
p53.59,60 Since the mutant p53 can act as a dominant negative
to inhibit the activity of the wild type p53, strategies to remove
the mutant p53 may re-activate the wild-type p53 leading to
cell cycle arrest or cell death. Interestingly, previous studies
showed that PEITC could delete the mutant but not the wildtype p5331 and p53 mutated oral cancer cells were more sensitive to PEITC than the wild-type cells.29 Thus, the increased
expression and nuclear translocation of p53 observed in our
in vitro and in vivo studies may result from the removal of the
mutant p53 and the re-activation of the wild type p53 by
PEITC. Further studies are warranted to confirm such
hypothesis.
The cytotoxicity of oxidative stress could lead to either cell
cycle arrest or cell death depending on the dose and the biological response of specific cell types.44 In this study, the
in vitro data showed that PEITC could induce cell death when
reaching an appropriate dose and time of exposure, while at a
low dose, PEITC could induce cell cycle arrest. In vivo, PEITC,
at the low doses equivalent to the human acceptable level,
seemed not to kill but rather induce cell cycle arrest and retard
the growth of oral cancer cells. Such dose dependent eﬀect on
the cell fate of PEITC is consistent with a previous study using
amino-modified polystyrene nanoparticles.61 Kim et al. found
that lowering the dose of the nanoparticles could induce cell
cycle arrest rather than cell death.61 Owing to the cell arrest
eﬀect, such low doses of PEITC when converted for clinical
application may have preventive eﬀect against cancer progression. If PEITC is to be used for therapeutic purposes,
higher doses may be required and technologies such as microor nano-encapsulation62,63 may be needed to make it more
sensory acceptable for consumers. The results of this study justified future investigation for the clinical eﬃcacy of PEITC as a
functional food for cancer survivors. Based on the in vivo data,
it is possible that PEITC may prevent disease progression in
oral cancer patients and help maintain them in a stable
disease (SD) status and prevent them from progressive disease
(PD), according to the RECIST tumor response criteria.64
In this study, we demonstrated that the subcutaneous
administration of PEITC can significantly reduce the tumor
volume and improve the survival of mice. Even though the
tumor volumes of the two groups receiving 5 and 10 mg kg−1
PEITC were not statistically diﬀerent, the survival of mice
receiving 5 mg kg−1 PEITC was higher than that of mice receiving 10 mg kg−1. This was most likely because the high concentration of PEITC caused the ulceration of the skin, leading to
the need to euthanize the mice due to ethical concerns. This
finding suggested that PEITC at 5 mg kg−1 was the appropriate
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concentration that provided cancer control with minimized
side eﬀects and maximized survival.
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Conclusion
Our study showed that PEITC was able to selectively inhibit the
growth of oral cancer cells in vitro and in vivo with minimal
side eﬀects. PEITC at doses equivalent to sensory acceptable
levels retarded tumor growth and prolonged the survival of
mice bearing a p53 mutated oral cancer xenograft. The anticancer mechanisms of low doses of PEITC likely involved
increased oxidative stress and p53 activation leading to G1/S
cell cycle arrest. Since many oral cancer survivors remain
untreated, PEITC may be a candidate ingredient fortified into
their diet. Further clinical testing is warranted to investigate
the eﬀect of a PEITC-fortified diet to control cancer progression, improve life’s quality and prolong the survival of oral
cancer patients with diﬀerent p53 statuses.
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