
Abstract. Background/Aim: Isothiocyanates (ITCs) are
phytochemicals with potential cancer-preventative properties
derived from the breakdown of glucosinolates that exist in
cruciferous vegetables. Studies, to date, have demonstrated
that various ITCs possess the ability to act as anticancer
agents in different cancer types. This study investigated the
anticancer properties of dietary ITCs (allyl-ITC, benzyl-ITC,
phenylethyl-ITC) and synthetic (phenylbutyl-ITC and
phenylhexyl-ITC) on liver and prostate carcinoma cells in
vitro. Materials and Methods: The effects of ITCs on cellular
viability, migration, invasion, clonogenicity, apoptosis
induction and reactive oxygen species generation were
assessed in HepG2, DU145 and 22Rv1 cells. Results: All ITCs
reduced metabolic activity in each cell line with the most
significant being phenylethyl-ITC. Both dietary and synthetic
ITCs suppressed the migratory and invasive potential of all
cell lines, inhibited colony-forming capability and induced
apoptosis. Phenylethyl-ITC exposure resulted in the significant
generation of reactive oxygen species. Conclusion: These data
highlight the potential advantages of utilizing ITCs to delay
the carcinogenic process and the potential for dietary and
synthetic ITCs to act as anticancer agents. 

“Cancer is a complex manifestation of genomic instability in
cells caused by environmental or genetic factors” (1). This
instability results in an alteration of essential biological
operations, such as cell division, leading to cancer. Initial
alterations such as mutations and deletions occurring at the
genomic level can become translated into structural changes
within cells and tissues and further uncontrolled proliferation

of the altered cells may result in tissue modifications (2), e.g.
the transformation of a normal cell into a malignant cell (3).
Cancer development encompasses the three stages of
carcinogenesis: initiation, progression and promotion (4). On
average, there are 40,000 new cancer diagnoses each year in
Ireland and it is believed that by 2020, half of the population
will develop cancer during their lifetime. Cancer-related
deaths account for 30% of all deaths annually, making it the
biggest killer of the Irish population (5).

Cancer of the liver, also known as hepatocellular
carcinoma (HCC) is one of the most common causes of
death worldwide. The most recent cancer projections for
Ireland (2010 to 2040) indicate that cases of liver, biliary
tract and gallbladder cancer will increase by 127-148% in
women and by 113-155% in men (6). Prostate cancer is the
second most common cancer in Ireland, with statistics
highlighting that one in every eight men are diagnosed with
this form of cancer during their lifespan (7).

Studies have shown direct correlations between an increase
in cruciferous vegetable intake and the reduced risk of cancer
(8) and that an increase in the consumption of these vegetables
may have a cancer chemoprotective effect (9). The cancer
chemoprevention concept involves the use of natural or
synthetic chemicals to inhibit, reverse or slow down the cancer
process to prevent invasive cancer (2). This is greatly believed
to be as a result of dietary components such as glucosinolates
(10). Glucosinolates are thioglucoside compounds that occur
naturally in a range of cruciferous vegetables such as brussel
sprouts, cabbage and broccoli (11). Myrosinase, an enzyme
that co-exists with each isothiocyanate precursor in plant cells,
catalytically mediates the generation of isothiocyanates (ITCs)
from their corresponding glucosinolate precursor after
cruciferous plant damage, allowing its release (12).

Numerous studies, to date, have demonstrated the
anticancer effect of crucifers in both in vitro and in vivo
experiments and it is believed that sub-toxic concentrations of
glucosinolate metabolites (i.e. ITCs) are responsible for
carcinogenic inhibition observed after exposure (13).
Additionally ITCs have been demonstrated to retard or prevent
the growth of tumour cells in vitro and in vivo (14). There are
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various ITCs, some of which include allyl-ITC (AITC), found
in cabbage, benzyl-ITC (BITC) and phenylhexyl-ITC
(PHITC) found in watercress, and sulforphane in broccoli and
cauliflower (4). ITCs have strong bioactivity and their
therapeutic potential is consistently being examined (15).

The present study was designed to determine the
anticancer potential of both short-(naturally occurring) and
long-(synthetically manufactured) chain ITCs against liver
and prostate cancer. To date, it has been shown that ITC
activity varies with ITC chain length, with some studies
demonstrating an increased potency with a longer chain
length, while other studies showing a reduced effect (16, 17).
Other studies have demonstrated that the chemopreventative
efficacy of an ITC is influenced by its number of carbons
(18, 19). Lui et al. noted that slight structural differences
between ITCs can dramatically affect their anticancer
potential (20).

Therefore, in this study five ITCs with different alkyl chain
lengths were selected for anticancer analysis against both
liver and prostate cancer cells in vitro. The studies were
carried out with three short-chain ITCs that are found in
vegetables: AITC, BITC and phenylethyl-ITC (PEITC).
Investigative studies into the anticancer potential of synthetic
long-chain ITCs involved two man-made ITCs, phenylbutyl-
ITC (PBITC) and phenylhexyl-ITC (PHITC). All ITCs were
assessed for anticancer potential against HepG2 liver cancer
cell line, and two prostate cancer cell lines, androgen-
dependent 22Rv1 and androgen-independent DU145, in vitro. 

Materials and Methods
Chemicals and cell culture. The HepG2 cell line was obtained from
the American Type Culture Collection (Manassas, VA, USA).
DU145 and 22Rv1 were obtained from Professor L. O’Driscoll,
Trinity College Dublin, Ireland. HepG2 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Dublin,
Ireland) supplemented with 10% foetal bovine serum (FBS; Gibco),
1% penicillin/streptomycin (Sigma–Aldrich, Wicklow, Ireland) and
1% L-glutamine (Sigma–Aldrich). DU145 and 22Rv1 cells were
maintained in Roswell Park Memorial Institute (RPMI-1640)
medium containing 10% FBS, 1% penicillin/streptomycin and 1%
L-glutamine (Sigma–Aldrich). All cell lines were cultured at 37˚C
with 5% CO2.

Isothiocyanates. BITC, AITC and PEITC were purchased from
Sigma–Aldrich. PBITC and PHITC were purchased from Abcam
(Cambridge, UK). 

Cell viability assay. Cells were seeded at a density of 1×105/100 μl
per well of a 96-well plate. After overnight cell adherence and
growth, cells were treated with increasing concentrations of ITCs (0,
2.5, 5, 10, 15 μM). The initial dilution of the ITCs was carried out
in dimethyl sulfoxide (DMSO) and subsequent dilutions were carried
out in growth media. The final concentrations of DMSO in the
culture media for ITC treatment was controlled to less than 0.1%.
Two incubation periods were carried out for ITC treatment of the

cancer cells, 24 h and 48 h. After the desired incubation duration,
ITC-containing media were removed, and cells were treated with
10% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) in DMEM for 3.5 h at 37˚C in a humidified incubator with
5% CO2. After 3.5 h, the MTT and media were removed and
discarded, and the converted blue formazan product was solubilized
from the cells through the addition of 100 μl of DMSO per well.
Solubilized product was quantitatively measured at 540 nm using an
enzyme-linked immunosorbent assay (ELISA) plate reader. Results
were expressed as percentage viability. 

Clonogenicity assay. Also known as the colony-forming assay, this
method was utilized to determine the ability of ITC-treated cells to
reproduce and form colonies after ITC exposure (21). Cells were
seeded at a very low density of 5×103 per well of a 6-well plate
with a final volume of 3 ml. Cells were left to adhere overnight at
37˚C before sublethal ITC treatment (0, 2.5, 5, 10 μM) for 24 h.
After 24 h ITC treatment, cells were washed and incubated with
fresh supplemented DMEM or RPMI-1640 (depending on cell line)
and the media were changed every 2 days before fixing, staining
and photographing the colonies formed on day 7 post-ITC
treatment. Glacial acetic acid (33%) was utilized to solubilize the
crystal violet from the colonies and the colony-forming was
quantitatively measured by reading at 570 nm using an ELISA
plate reader. 

Cell migration assay (wound-healing assay). Cells were seeded at
a high density and allowed to adhere at 37˚C until 100% confluence
had been reached. Cell monolayers were scored using a sterile p200
tip before treatment with 5 μM ITC for 24 h. Photographs were
taken at time zero and time 24 h after ITC treatment and the
migratory capacity of the cells was quantitatively analysed from the
results observed, and expressed as percentage wound closure.

Cell invasion. Cells were seeded at a density of 5×104 cells per 500 μl
complete media into 8 μm pore transwell inserts (Corning Incorporated,
Flintshire, UK) pre-coated with extracellular matrix (ECM) (Sigma–
Aldrich) in 24-well plates. Cells were allowed to adhere for 4 h. Each
well was filled with 500 μl complete media. After cell adherence, cells
were treated with 5 μM ITC prepared in 1% FBS, 1%
penicillin/streptomycin and 1% L-glutamine using 1% FBS growth
media containing 0.03% DMSO as the control. After 72 h ITC
treatment at 37˚C, ITC-containing media were removed and discarded
and cell inserts were gently washed using phosphate-buffered saline
(PBS)-soaked Q-tips before staining with 1% crystal violet (Sigma–
Aldrich, Wicklow, Ireland). Crystal violet was solubilized with 33%
glacial acetic acid and quantitatively read at 570 nm. Results were
expressed as percentage invasion.

Nuclear staining assay. After treatment of HepG2, 22Rv1 and
DU145 cells on coverslips with increasing concentrations (0, 2.5,
5, 10, 15 μM) of ITCs, cells were washed with PBS and fixed
using 4% formaldehyde for 15 min at room temperature. Coverslips
with ITC-treated cells were then stained and mounted onto
microscope slides using fluoroshield-4’,6-diamidino-2-phenylindole
(DAPI) (Sigma–Aldrich). The hallmarks of apoptosis were
qualitatively observed through fluorescence microscopy and cells
scored for the presence of late apoptosis, nuclear condensation,
fragmentation and apoptotic bodies, prior to their apoptotic ratio
being analysed quantitatively.
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Measurement of reactive oxygen species (ROS). Intracellular ROS
generation was measured utilizing the OxiSelect™ in vitro
ROS/RNS Assay Kit (Cell Biolabs Inc., Cambridge, UK). Based on
the recommended cell line seeding density, cells were seeded in 12-
well plates and allowed to adhere overnight at 37˚C. For each ITC,
a low (5 μM) and high (15 μM) concentration, based on the ITC
viability assay, were investigated for ROS induction. After 24 h ITC
exposure, ITC was removed and ITC treated cells were gently
washed with sterile PBS. Cells were removed from the base of the
wells using a cell scraper and centrifuged at 400 × g for 5 min.
Resultant cell pellets were re-suspended in sterile PBS and a cell
count was performed. Each cell suspension was diluted with PBS
to 5×105 cells/ml and spun at 10,000 × g for 5 min for cell lysate
preparation. Cell lysates were analysed qualitatively for ROS
production as per assay kit manufacturer’s recommendations. All
samples were stored on ice for the duration of the assay. Results
were expressed as relative fluorescence units (RFUs).

Statistical analysis. Data are presented as the mean±standard error
of the mean (SEM) using GraphPad Prism 5.3 software (Graphpad
Software, Inc., La Jolla, CA, USA). Ordinary one-way ANOVA was
used to analyse the variance between groups with the Dunnett
multiple comparison test to determine the significant difference
between control and treatment groups. A p-value of less than 0.05
was considered statistically significant.

Results

Treatment with ITCs results in a dose-dependent reduction of
cell viability. In order to evaluate the effect of ITCs on both
liver and prostate cancer viability, cell cytotoxicity assays
were carried out with HepG2, DU145 and 22Rv1 cell lines.
Carcinoma cells were treated with increasing concentrations
(0-15 μM) of ITCs for a defined period of time (24/48 h). The
colorimetric MTT assay for the assessment of cell metabolic
activity was utilized to determine the ability of these ITCs to
reduce cellular viability. 

Treatment of all three cell lines for 24 h with PEITC (10
and 15 μM) resulted in a significant reduction in viability
(HepG2 and DU145: p<0.0001, 22Rv1: p<0.05) when
compared to vehicle alone (Figure 1). Similarly, a 48 h
exposure (10 and 15 μM) resulted in significant reduction in
viability of HepG2 and DU145 cells (both p<0.001).
Exposure of the 22Rv1 line to PEITC for 48 h resulted in a
significant reduction in viability at 2.5, 5, 10 and 15 μM
(p<0.0001) when compared to vehicle alone (Figure 1). 

Treatment with all ITCs caused a reduction of cellular
viability in all three cell lines. Exposure for 48 h to AITC (15
μM) resulted in significant (p<0.05) reduction in viability of
HepG2 cells compared to the control but not for 24 h
treatment. Twenty-four hours’ exposure to AITC resulted in
significant reduction in DU145 viability at 10 μM (p<0.05)
and 15 μM (p<0.05) (Figure 2A), while 48 h exposure
resulted in a more significant reduction in viability at 15 μM
(p<0.0001) (Figure 2B). Similarly, to DU145 cells, 24 h
exposure of 22Rv1 cells to AITC also resulted in a significant

reduction in viability at 10 μM (p<0.05) and 15 μM
(p<0.0001) (Figure 2A), while 48 h exposure resulted in a
more significant reduction in viability at these concentrations
(p<0.0001) compared to vehicle alone (Figure 2B). 

BITC treatment for 24 h had no significant effect on liver
carcinoma cells but a significant reduction of cell metabolic
activity was observed in prostate carcinoma cells (Figure 2A)
and increasing the exposure duration to 48 h in the 22Rv1
prostate cancer model and the HepG2 liver cancer model
resulted in a significant increase in cell death (Figure 2B).
There was no significant difference in viability following
treatment of HepG2 cells with 2.5 μM BITC for 24 h, while
48 h exposure resulted in significant reduction compared to
the control (Figure 2A). Treatment of cells with 5, 10 and 15
μM resulted in a more significant reduction in viability
(p<0.0001) (Figure 2B). Twenty-four hours exposure to BITC
resulted in significant reduction in viability of DU145 cells
at higher concentrations only (Figure 2A) with no reduction
in viability after 48 h treatment (Figure 2B). 22Rv1 cells were
more sensitive to BITC treatment than DU145, with
significant reduction in viability following 24 h exposure to
at all concentrations. This reduction was more significant
following 48 h exposure to 2.5, 5, 10 and 15 μM when
compared to vehicle alone. 

Exposure of HepG2 cells to increasing concentrations of
long-chain ITCs PBITC and PHITC for 24 h showed a non-
significant trend in cellular death but an increase of exposure
to 48 h demonstrated a significant diminishment of cellular
viability at 2.5 and 5 μM (p<0.05) and 10, 15 μM; (p<0.0001).
PBITC treatment for 48 h demonstrated a significant
diminishment of cellular viability at the highest concentrations
(p<0.0001) compared to the control (Figure 3B).

Exposure of prostate carcinoma cells for 24 h to long-
chain ITCs (0-15 μM) had no significant effect on viability
(p>0.05) (Figure 3A) but increasing the exposure duration
to 48 h resulted in an increase of cell death (Figure 3B).
Exposure of DU145 cells to PHITC for 48 h caused
significant cell death at 15 μM (p<0.05), while in 22Rv1
cells, significant loss of viability began at the lower
concentration of 2.5 μM. Treatment of DU145 cells with
PBITC for 48 h resulted in significant cell death at 10 and
15 μM (p<0.0001), while similarly to PHITC treatment, in
22Rv1 cells a significant decrease in viability was observed
at lower concentration of 5 μM (p<0.05) when compared to
vehicle control.

ITC exposure of cancer cells causes a reduction of cell
motility. Playing a crucial role in the progression of many
diseases including cancer, cell migration is a complex
process that allows these diseases to develop. For cancer
treatment and the discovery of novel strategies in cancer
therapy, it is vital to determine the migratory capacity of
cancer cells. The wound-healing assay was utilized to
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determine the effect of natural and synthetic ITCs on the
migratory capacity of liver and prostate cancer cells in vitro. 

Treatment of the liver carcinoma cell line with a sub-lethal
concentration (5 μM) of natural ITCs resulted in a significant
reduction of cell motility compared to the control (p<0.0001
and p<0.05) (Figures 4 and 5). Treatment of HepG2 cells
with BITC for 24 h resulted in a greater than 4-fold
reduction of cellular migration compared to the control
(p<0.0001) (Figure 5). The extent of migration inhibition
induced by AITC and PEITC was less, although still
significant, with a motility inhibition of just over 2.8-fold
reduction compared to that of the control (Figures 3 and 5).
Long-chain PBITC treatment (5 μM) reduced cell motility
significantly (p<0.05). No significant effect was observed
when HepG2 cells were exposed to the same concentration
(5 μM) of PHITC (Figure 6). 

Treatment (5 μM) of androgen-independent DU145 cells
with natural ITCs showed no significant reduction of
migration when compared to the control, whereas BITC,
AITC (Figure 5) and PBITC (Figure 6) reduced the motility
of the androgen-dependent prostate cancer model (22Rv1)
(p<0.05) with a greater than twofold reduction compared to
the control. Overall, the long-chain ITC PHITC, did not
demonstrate an inhibitory effect on cellular migration in
either prostate cancer cell line (Figure 6).

Colony-forming ability of ITC-treated cells is reduced in
both liver and prostate cancer cells in vitro. The colony-
forming assay is an in vitro cell survival assay that examines
the ability of one single cell to develop into a colony of cells
and undergo unrestrained division, which is a hallmark of
carcinoma cells. A colony of cells is defined as 50 or more
cells (21).

PEITC treatment (2.5-10 μM) of DU145 cells resulted in
significant reduction in colony formation at the highest
concentrations 5 μM and 10 μM, while it non-significantly
reduced colony formation in 22Rv1 cells (Figure 7). Exposure
of all three cell lines to increasing concentrations of AITC had
no significant effect on colony-forming capability. Exposure of
HepG2 cells to increasing concentrations of BITC significantly
reduced colony formation (2.5 μM: p<0.05; 5 and 10 μM:
p<0.0001) when compared to the control. Exposure to BITC
resulted in significant reduction in DU145 colony formation at
5 and 10 μM. The androgen-dependent prostate cell line 22Rv1
was more responsive to BITC treatment and significant
reduction in colony formation occurred at the lower
concentration of 2.5 μM in addition to 5 and 10 μM (Figure 8). 

Both synthetic long-chain ITCs reduced colony-forming
capability to varying degrees in all three lines investigated.
PBITC significantly reduced colony formation in a dose-
dependent manner in HepG2 cells (2.5 μM: p<0.05) and (5
and 10 μM: p<0.0001) [Figure 9A (i) and B (i)]. In DU145
cells, PBITC significantly reduced colony formation at all

concentrations [Figure 9A (ii) and B (i)]. In 22Rv1 cells,
PBITC while reducing colony formation significantly at all
concentration [Figure 9A (iii) and B (i)] was less effective
than against DU145 cells. PHITC significantly reduced
colony formation by HepG2 cells in a dose-dependent
manner [Figure 9A (i) and B (ii)). It had similar action on
DU145 cells (5 μM: p<0.05; 10 μM: p<0.0001) (Figure 9 B
(i) and (ii)] and was not as effective against 22Rv1 cells,
with only the highest concentration of PHITC reducing
colony numbers significantly (10 μM: p<0.05) [Figure 9A
(iii) and B (ii)].

ITC treatment of both liver and prostate cancer cells reduced
cell invasion in vitro. These studies were utilized to
demonstrate the ability of ITC treatment for the prevention
of cancer cell migration and invasion through an artificial
extracellular matrix. For a cancer cell to invade, they must
first enzymatically degrade the ECM of the new location and
then become established there (22).
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Figure 1. Phenylethyl isothiocyanate (PEITC) treatment of carcinoma
cells resulted in a reduction of cellular viability in vitro. Increasing ITC
concentrations (2.5-15 μM) were utilized to assess the effects on
viability of HepG2 liver carcinoma, and DU145 and 22Rv1 prostate
carcinoma cells after 24 h (A) and 48 h (B) exposure. Results are
presented as the mean±SEM. Significantly different from the untreated
control at: *p<0.05 and **p<0.0001.



Long-chain ITC (PBITC and PHITC) treatment (5 μM) of
HepG2 carcinoma resulted in a significant reduction
(p<0.0001) of invasion through the ECM when compared to
vehicle alone (Figure 10). Under the same conditions, natural
ITCs did not reduce liver carcinoma cellular invasion to the
same degree (p>0.05). 

Although a reduction was observed, the difference was not
significant (p>0.05) after 72 h treatment with natural ITC
(AITC, BITC, PEITC) of the androgen-dependent prostate
carcinoma cell line 22Rv1. Conversely, natural ITC
treatment of DU145 prostate carcinoma cells caused a
greater than 40% reduction compared to the control (vehicle
alone), with AITC being the least effective (13.10%) at
suppressing invasion (Figure 11).

Synthetic ITC exposure of both prostate carcinoma models
(DU145 and 22Rv1) did not inhibit the invasive capacity of
these cells (p>0.05) (data not shown).

ITC treatment of liver and prostate carcinoma cells resulted
in apoptosis in a dose-dependent manner. In order to
ascertain whether the dietary and synthetic ITCs caused cell
death via apoptosis or necrosis, all cell lines were incubated
for 48 h with increasing concentrations of each ITC (2.5-15
μM) before staining with DAPI. Treatment of both liver and
prostate cancer cell lines, in vitro, with increasing
concentrations of ITCs induced apoptosis, which is
characterized by nuclear condensation, cell shrinkage and
apoptotic body formation, to name a few. All ITCs analysed
had the capacity to induce apoptosis in each cell model
utilized in this study (Figure 12). 

The apoptotic ratio was established for all treatments and
these results were then analysed. In HepG2 cells, AITC was
the least effective at inducing apoptosis (p>0.05). BITC and
PEITC induced apoptosis in a dose-dependent manner, with
the extent at 15 μM being significant (BITC: p<0.0001 and
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Figure 2. Natural isothiocyanates (AITC) and benzyl isothiocyanate (BITC) treatment of carcinoma cells results in reduction of cellular viability in
vitro. Increasing ITC concentrations (2.5-15 μM) were utilized to assess the effects on viability of various cancer cell models (HepG2, DU145 and
22Rv1) after 24 (A) and 48 (B) h exposure. Results are represented as mean±S.E.M. Significantly different from the untreated control at: *p<0.05
and **p<0.0001.



PEITC: p<0.05). Apoptosis of DU145 cells was also induced
in a dose-dependent manner by BITC and PEITC, with 15
μM significantly initiating apoptosis (p<0.0001). AITC,
while inducing apoptosis, did so non-significantly. There was
a dose-dependent increase in apoptosis due to all natural
ITCs in 22Rv1 cells. AITC significantly induced apoptosis
at the highest concentration 15 μM (p<0.05). BITC induced
apoptosis significantly at 10 μM (p<0.05) and 15 μM
(p<0.0001), and PEITC at 15 μM (p<0.0001). A significant
initiation of apoptosis was observed at the greater
concentrations of ITCs (10 and 15 μM) during the treatment
of HepG2, DU145 and 22Rv1 cells.

The synthetic ITCs (PBITC and PHITC) induced
apoptosis in a dose-dependent manner in all cell lines
analysed. In HepG2 and DU145 cells, significance
(p<0.0001) was observed at the higher concentrations of 10

and 15 μM PBITC. In 22Rv1 cells, significance (p<0.0001)
was noted at the highest concentration (15 μM). PHITC also
induced apoptosis in a dose-dependent fashion, with
significance occurring at the highest concentration (15 μM;
p<0.0001) for all three cell lines.

Treatment of liver and prostate cancer cell lines with natural
ITCs resulted in an increase of ROS in vitro. The generation
of ROS is a common biochemical alteration that occurs
within transformed cells. In cancer cells, it is assumed that
the generation of ROS is implicated in cell-cycle arrest and
apoptosis induction (23).

With an increase of concentration natural ITCs (5-15 μM),
there was a resulting increase in the detection of ROS after
treatment (Figure 13). For treatment of all cell lines with
AITC, there was a non-significant trend towards ROS
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Figure 3. Treatment of carcinoma cells with synthetic phenylbutyl isothiocyanate (PBITC) and phenylhexyl isothiocyanate (PHITC) resulted in a
reduction of cellular viability in vitro. Increasing ITC concentrations (2.5-15 μM) were utilized to assess the effects on viability of HepG2 liver
carcinoma, and DU145 and 22Rv1 prostate carcinoma cells after 24 h (A) and 48 h (B) exposure. Results are presented as the mean±SEM.
Significantly different from the untreated control at: *p<0.05 and **p<0.0001.
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Figure 4. Phenylethyl-isothiocyanate (PEITC) affected the wound closure of HepG2. (A), DU145 (B) and 22Rv1 (C) carcinoma cells in vitro. Cells
were maintained in 6-well plates for 24 h and were (i) wounded with a scratch, photographed and then incubated with PEITC (5 μM) for 24 h. The
relative wound closures were then photographed after 24 h. (ii) Percentage wound closure after HepG2 (A), DU145 (B) and 22Rv1 (C) cells were
exposed to PEITC (5 μM) or vehicle alone (Control). Cells were treated for 24 h at 37˚C (5% CO2). Results were obtained from three independent
experiments and are presented as the mean±SEM. *Significantly different from the untreated control at p<0.05.



generation (p>0.05). The increase was significant at 5 μM
for PEITC in HepG2 cells and 22Rv1 cells (p<0.05), yet
while an increase was also observed in ROS in DU145 cells,
the increase was not significant. BITC did not significantly
increase ROS generation in HepG2 or 22Rv1 cells but did
lead to an increase in DU145 cells (p>0.05). At the greatest
ITC concentration (15 μM), a lethal threshold was hit where
the viability of the exposed cells was compromised, and
increased levels of ROS were not detected. 

Discussion

ITCs have attracted ample interest over the years for their
potential anticancer properties against many forms of

cancer, including human leukemia (24, 25) and melanoma
(26), to name only two. As part of an investigation on the
anticancer potential of both natural and synthetic ITCs, this
study demonstrates their chemopreventative capacity in
vitro. Herein, the effects of natural ITCs (AITC, BITC,
PEITC) and two long-chain synthetic ITCs (PBITC and
PHITC) on the viability, colony-forming ability, migratory
and invasive capacity, and apoptosis induction in HepG2
liver carcinoma cells, and DU145 and 22Rv1 prostate
carcinoma cells were investigated. This study demonstrated
that ITCs have the ability to act as anticancer agents in
various ways through prevention of many hallmarks of
cancer, including cell survival, migratory capacity, colony
formation and invasion in vitro.
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Figure 5. Natural isothiocyanate treatment affects the wound closure of HepG2, DU145 and 22Rv1 carcinoma cells in vitro. Cells were maintained
in 6-well plates for 24 h and were wounded with a scratch, photographed and then incubated with either allyl isothiocyanate (AITC) or benzyl
isothiocyanate (BITC) (5 μM) for 24 h. A: The relative wound closures were photographed at 24 h. B: Percentage wound closure of natural ITC-
treated carcinoma cells. Results are represented as mean±S.E.M., where significantly different from the untreated control at: *p<0.05 and
**p<0.0001.



Our results demonstrated that all ITCs, while attenuating
specific cancer ‘hallmarks’, also led to apoptosis induction.
Exposure to ITCs potently reduced the survival of all cell tines
in a dose-dependent manner. The viability of all three cell
lines was notably reduced by each ITC in a concentration and
time-dependent manner. This study showed that increasing the
exposure duration resulted in a more significant cytotoxic
effect on all cell lines examined. Dose-dependent cell survival
reduction has been observed in ITC-exposed HeLa cells, with

particular recognition that the carbon chain length of the ITC
affects its chemopreventative effectiveness (27).

The in vitro cytotoxicity results indicated that PEITC, the
longest natural ITC in this investigation, showed higher
cytotoxic activity against the androgen-independent prostate
cell line DU145 compared to the HepG2 and 22Rv1 cell
models. The viability of each cell line was significantly
reduced after exposure to increasing concentrations of
PEITC. Previous study to date, demonstrating the influence
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Figure 6. Synthetic isothiocyanate treatment affects the wound closure of HepG2, DU145 and 22Rv1 carcinoma cells in vitro. Cells were maintained
in 6-well plates for 24 h and were wounded with a scratch, photographed and then incubated with either phenylbutyl isothiocyanate (PBITC) or
phenylhexyl isothiocyanate (PHITC) (5 μM) for 24 h. A: The relative wound closures were photographed at 24 h. B: Percentage wound closure of
natural ITC-treated carcinoma cells. Results are represented as mean±S.E.M. *Significantly different from the untreated control at p<0.05.



of carbon chain length on tumorigenesis inhibition, showed
that the potential for inhibition increases with carbon chain
length, up to eight carbons, as they possess a longer half-life
in cells as a result of reduced conjugation with glutathione
and excretion from the cell (16). PEITC has also been shown
to be a more potent inhibitor of lung tumorigenesis in vivo
than the effects observed for BITC (28).

A greater reduction of cell viability was observed where
HepG2 cells were exposed to BITC, PEITC, PBITC or
PHITC (Figure 2) for 24 h. Xiao et al. discovered that AITC

causes significant inhibition of prostate cell proliferation in
a concentration-dependent manner via cell-cycle arrest and
apoptosis induction. It is believed that AITC and other
structurally related ITCs could be beneficial in preventing or
slowing down human prostate cancer. Isothiocyanate-
mediated inhibition of cell growth may be prostate cell-
specific (29).

Using the wound-healing assay for cell migration, short-
chain ITCs were shown to significantly suppress the
migration of HepG2 cells. Investigating the effects of long-
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Figure 7. Phenylethyl isothiocyanate (PEITC) treatment of liver and prostate cancer cells resulted in a reduction of colony formation. HepG2,
DU145 and 22Rv1 cells were exposed to increasing concentrations of PEITC (0, 2.5, 5 and 10 μM) for 24 h. Crystal violet staining highlighted the
reduction of colony formation with an increase of PEITC concentration. Results are presented as the mean±SEM from three independent experiments.
Significantly different from the untreated control at: *p<0.05 and **p<0.0001.



chain ITC treatment in the suppression of migration of
HepG2 cells showed a significant effect using PBITC while
there was no significant suppression by PHITC. Although a
reduction of cellular mobility was seen in DU145 cells
exposed to sub-toxic concentrations of ITC, there was no
significant suppression compared to the control. In 22Rv1
carcinoma cells, the migration of those exposed to BITC,

AITC or PBITC was significantly reduced compared to
control whereas PEITC and PHITC showed no significant
suppression. These results clearly indicate that cytotoxic
effects of ITCs depend on the cell line and ITC in question.

The in vitro cell survival assay, also known as the
clonogenicity assay, was used to examine ITC-treated cells
for their capacity to go through unrestrained division (21).
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Figure 8. A: Natural isothiocyanate treatment of liver and prostate cancer cells results in a reduction of colony formation. HepG2 (i), DU145 (ii)
and 22Rv1 (iii) cells were exposed to increasing concentrations of allyl isothiocyanate (AITC) or benzyl isothiocyante (BITC) (0, 2.5, 5 and 10 μM)
for 24 h. The colony formation ability of carcinoma cells was determined by staining using crystal violet (as described in the Materials and Methods
section) highlighting the reduction of colony formation with an increase of ITC concentration. B: Quantification of results shown in (A). Results
were obtained from three independent experiments and are represented as mean±S.E.M. Significantly different from the untreated control at: *p<0.05
and **p<0.0001.



This assay investigates the long-term proliferative capacity
of cells over a period of 7 days post-ITC exposure.

As shown in the Results section, the number of viable
colonies was reduced with an increase in PEITC
concentration in all cell models. For each ITC, an increase of
ITC concentration resulted in a proportionate decrease in the

ability of each cell line to form colonies in. Exposing all three
cell lines to increasing concentrations of each ITC
individually demonstrated that some ITCs have a greater
capacity to inhibit colony formation in one cell line more than
another. PEITC at 10 μM was shown to inhibit the control
from forming colonies in vitro, resulting in only 15% of cells
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Figure 9. A: Synthetic isothiocyanate treatment of liver and prostate cancer cells results in reduction of colony formation. HepG2 (i), DU145 (ii)
and 22Rv1 (iii) cells were exposed to increasing concentrations of phenylbutyl isothiocyanate (PBITC) or phenylhexyl isothiocyanate (PHITC) (0,
2.5, 5 and 10 μM) for 24 h. The colony formation ability of carcinoma cells determined by staining using crystal violet (as described in the Materials
and Methods section) highlighting the reduction of colony formation with an increase of ITC concentration. B: Quantification of results shown in
(A). Results were obtained from three independent experiments and are represented as mean±S.E.M. Significantly different from the untreated control
at: *p<0.05 and **p<0.0001.



seeded forming colonies after ITC exposure Overall, HepG2
cell colony formation as a result of ITC treatment was more
sensitive than both of the other cell lines examined. Data
provided by the colony-forming assay is not indicative of cell
death or survival but signifies cells that have lost the potential
to independently reproduce and develop into a colony of cells
in vitro. ITC-treated cells that have lost the ability to do so
are unlikely to relapse in cancer, but this does not indicate
that they have lost the potential to enter the cell cycle (30).

Many reports in the literature have indicated that
metastatic cancer is responsible for over 80% of cancer
deaths (31). Our results indicated that long-chain synthetic
ITCs (PBITC and PHITC) significantly reduced the cellular
invasion of HepG2 cells, while they did not in both prostate
cancer cell lines (DU145/22Rv1) in vitro. This indicates that
ITCs may be cell line-specific for invasion suppression. 

These chemopreventative agents are also capable of
inducing apoptosis, programmed cell death, in the two cancer
models utilized in this study, liver (HepG2) and prostate
carcinoma (22Rv1 and DU145).

The ability of PEITC to induce apoptosis in prostate
carcinoma resulting in a reduction of cellular viability in

vitro was demonstrated by Xiao et al. (32) in both androgen-
independent (PC-3) and androgen-dependent (LNCaP) cell
lines in vitro. Cells treated with vehicle alone and lower
concentrations of ITC (2.5 μM) maintained their plasma
membrane integrity when treated for a duration of 48 h in
vitro. Concentrations as low as 5 μM have shown the
potential to induce plasma membrane leakage in prostate and
liver cancer. HepG2 cells demonstrated significant apoptosis
induction treated with BITC and PBITC (10 and 15 μM).
The same behavior at a greater concentration of PEITC
(Figure 12) and PHITC (15 μM) was observed in HepG2
cells compared to vehicle alone with evident apoptotic
characteristics such as condensed nuclear material,
fragmentation and apoptotic body formation identified. 

In previous study, BITC was shown to cause apoptosis in
various forms of human carcinoma models including breast
and prostate cancer (33), while the synthetic ITC, PHITC has
been shown to induce apoptosis in the LNCaP prostate
carcinoma model (34). Each ITC investigated in this study
induced apoptosis in the androgen-independent cell line,
DU145. ITC concentrations as low as 5 μM proved adequate
to disrupt the cell membrane for the larger ITCs (BITC,
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Figure 10. A: Effect of long-chain isothiocyanates on HepG2 cell invasion
in vitro. Compared to the effect of vehicle alone on HepG2 cells (i and
ii), phenylbutyl- isothiocyanate (PBITC) (iii) and phenylhexyl-
isothiocyanate (PHITC) (iv) reduced invasion through the extracellular
matrix (ECM). B: Percentage invasion of long- chain ITC treated HepG2
cells through the ECM compared to the control. Representative images
of cells that had invaded through the ECM after an incubation period of
72 h are shown. Results are presented as the mean±SEM. **Significantly
different from the untreated control at p<0.0001.



PEITC, PBITC and PHITC), whereas the slightly higher
concentration of 10 μM AITC was needed to induce a similar
disruption showing signs of early apoptosis such as
condensation. Similarly to DU145, the androgen-dependent
cell line 22Rv1 demonstrated evident signs of apoptosis when
exposed to each ITC in question. For all cell lines, AITC was
the least effective ITC at inducing apoptosis compared to the
control with no significant effect observed on HepG2 and
DU145 cells, while the highest concentration used displayed
a significant effect on 22Rv1 cells in vitro. This suggests the
apoptosis-inducing potential of ITCs can vary between cell

types and seems to be largely inspired by the compounds
chemical structure as was previously reported (11).

Many studies carried out to date demonstrate that ROS
generation leads to programmed cell death as a result of ITC
exposure (23). Treatment of human melanoma cells with BITC
resulted in the increase of ROS levels in a time-dependent
manner resulting in early events of programmed cell death
within the cells (26). It was initially expected that increasing
concentrations of ITC treatment would result in a
corresponding increase of ROS generation in a time-dependent
manner. Data from this study demonstrate, in some cases, that
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Figure 11. Natural isothiocyanates allyl isothiocyanate (AITC), benzyl isothiocyanate (BITC) and phenylethyl isothiocyanate (PEITC) treatment of
carcinoma cells results in a reduced cellular invasion through the ECM. Invasive, crystal violet stained cells were photographed using a light
microscope and solubilized using glacial acetic acid for graphical representation. Results are presented as mean±S.E.M. **Significantly different
from the untreated control at p<0.0001.
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Figure 12. Isothiocyanates induced apoptosis of HepG2, DU145 and
22Rv1 carcinoma cells in vitro. Cells were treated with increasing
concentrations (0-15 μM) of allyl-isothiocyanate (AITC), benzyl-
isothiocyanate (BITC), phenylethyl- isothiocyanate (PEITC),
phenylbutyl-isothiocyanate (PBITC) and phenylhexyl- isothiocyanate
(PHITC) for 48 h. Cells were harvested for 4’,6-diamidino-2-
phenylindole staining and were then examined using a fluorescent
microscope for apoptotic characteristics. Results above show apoptosis
induction at the greatest concentration (15 μM) for each ITC.

Figure 13. The effect of benzyl-isothiocyanate (BITC), allyl-isothiocyanate (AITC) and phenylethyl-isothiocyanate (PEITC) on reactive oxygen
species production in HepG2 (A), DU145 (B) and 22Rv1 (C) carcinoma cells in vitro. Results are presented as the mean±SEM. *Significantly
different from the untreated control at p<0.05.



at a greater ITC concentration there was a reduction of ROS
detected (Figure 13). Tang et al. noted the ability of ITCs to
damage the cell surface membrane causing leakage of
intracellular components into the culture medium during ITC
treatment (35). This may be the explanation for the reduction
of ROS detected at greater ITC concentration. Literature on
various carcinoma cell models has outlined the ability of BITC
(12, 32) and other ITCs to induce ROS as a method of
intracellular signaling culminating in apoptosis (36).

Apoptosis induction via ROS generation in ITC-treated
carcinoma cells may possibly elucidate some of the
molecular mechanisms responsible for the anticancer
potential of ITCs in many forms of cancer including liver
and prostate cancer in vitro. ITC treatment causes ROS
production, triggering both intrinsic and extrinsic pathways
of apoptosis resulting in caspase-3 activation (26).

Taken together, the results reported here indicate that ITCs
have the ability to reduce cell viability, colony formation,
mobility and invasion of both liver and prostate carcinoma
in vitro while also inducing programmed cell death. In
conclusion, data from the present study demonstrate that
ITCs effectively reduce liver and prostate carcinoma
(androgen-dependent and-independent) viability, migratory
capacity and invasiveness while inducing these cancerous
cells to undergo apoptosis. Based on these results and
observations in various studies to date, it is rational to
assume that ITCs may be advantageous for delaying
initiation or progression of liver and prostate carcinoma.
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