
Abstract. Background/Aim: Some lung cancer patients treated
with gefitinib develop resistance to this drug resulting in
unsatisfactory treatment outcomes. Phenethyl isothiocyanate
(PEITC), present in our common cruciferous vegetables,
exhibits anticancer activities in many human cancer cell lines.
Currently, there is no available information on the possible
modification of gefitinib resistance of lung cancer in vitro by
PEITC. Thus, the effects of PEITC on gefitinib resistant lung
cancer NCI-H460 cells were investigated in vitro. Materials and
Methods: The total cell viability, apoptotic cell death,
production of reactive oxygen species (ROS) and Ca2+, levels

of mitochondria membrane potential (ΔΨm) and caspase-3, -8
and -9 activities were measured by flow cytometry assay. PEITC
induced chromatin condensation was examined by DAPI
staining. Results: PEITC-induced cell morphological changes,
decreased total viable cell number and induced apoptotic cell
death in NCI-H460 and NCI-H460/G cells. PEITC decreased
ROS production in NCI-H460 cells, but increased production in
NCI-H460/G cells. PEITC increased Ca2+ production,
decreased the levels of ΔΨm and increased caspase-3, -8 and -
9 activities in both NCI-H460 and NCI-H460/G cells. Western
blotting was used to examine the effect of apoptotic cell death
associated protein expression in NCI-H460 NCI-H460/G cells
after exposure to PEITC. Results showed that PEITC increased
expression of cleaved caspase-3, PARP, GADD153, Endo G and
pro-apoptotic protein Bax in NCI-H460/G cells. Conclusion:
Based on these results, we suggest that PEITC induces
apoptotic cell death via the caspase- and mitochondria-
dependent pathway in NCI-H460/G cells.  

Lung cancer is the leading cause of cancer-associated death
in the human population worldwide (1). About 80-85% of
lung cancers are non-small cell lung cancers (NSCLC) (2,
3). Worldwide, an estimated 1,098,700 men and 491,200
women died from lung cancer in 2012, corresponding to
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24% and 14% of all cancer deaths in males and females,
respectively (4). In Taiwan, lung cancer is currently the first
most common cancer, regardless of gender, and about 39.9
individuals per 100,000 die annually from lung cancer (5)
(report from the Ministry of Health and Welfare, Taiwan,
R.O.C. in 2016). The primary treatments for lung cancer
include surgery, radiotherapy and chemotherapy (5). In
recent years, treatment, detection of lung cancer and the 
5-year survival rate have improved, but the development of
drug resistance remains a serious clinical problem. Gefitinib
(IRESSA®, AstraZeneca) (inhibitor of the epidermal growth
factor receptor) (6), has been used for NSCLC patients with
EGFR mutations (7) but some patients develop resistance
(8). Thus, many studies have focused on finding new
compounds from natural products for lung cancer patients. 

Phenethyl isothiocyanate (PEITC), a member of
isothiocyanates (ITCs), induce cancer cell apoptosis in many
human cancer cell lines (9, 10) including non-small cell lung
cancer cells (11). PEITC inhibited metastasis of highly
metastatic lung cancer L9981 cells by inducing apoptosis and
cell cycle arrest, via targeting the MAPK/AP-1 pathway (11)
and inducing disassembly of actin stress fibers and
degradation of tubulin which contribute to the induction of
cell death (12). The anti-proliferative effects of PEITC result
from the upregulation of death receptor 4 (DR4) and DR5 of
the tumor necrotic factor-related apoptosis-inducing ligand
(TRAIL)-mediated apoptotic pathway in human HeLa cancer
cells (13). PEITC inhibited the growth of human glioma
LN229 cells by inducing oxidative stress (14). PEITC
induced apoptosis in human prostate cancer LNCaP cells
potentially by reactivating Ras-association domain family 1
isoform A (RASSF1A) via epigenetic mechanisms (15).
Recently, we found that PEITC inhibited murine melanoma
B16F10 cell migration and invasion in vitro (16).

Numerous studies have shown that PEITC induces
apoptotic cell death in many human cancer cell lines; however,
there is no report on NCI-H460 gefitinib-resistant cells in
vitro. Therefore, we aimed to study the effects of PEITC on
NCI-H460 gefitinib-resistant human lung cancer cells. Results
showed that PEITC decreased the total viable cell number via
the induction of apoptotic cell death through mitochondria and
the production of reactive oxygen species. 

Materials and Methods

Chemicals and reagents. Phenethyl isothiocyanate (PEITC),
propidium iodide (PI), Tris-HCl, trypsin, trypan blue and dimethyl
sulfoxide (DMSO, as a carrier solvent) were obtained from Sigma
Chemical Co. (St. Louis, Missouri, USA). PEITC was dissolved in
DMSO as a stock for further experiments. Cell culture medium
(RPMI-1640), fetal bovine serum and penicillin-streptomycin were
purchased from Invitrogen (Carlsbad, California, USA). 
Cell culture. The NCI-H460 human lung cancer cell line was
obtained from the Food Industry Research and Development

Institute (Hsinchu, Taiwan) and cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 0.1 mg/ml
streptomycin, and 100 units/ml penicillin at 37˚C in an atmosphere
of 5% CO2 (17).

Establishment of gefitinib-resistant NCI-H460 human lung cancer
cells. Gefitinib-resistant NCI-H460 cells were generated with the
exposure of increasing concentrations of gefitinib. Firstly, NCI-H460
cells were cultured in RPMI-1640 medium containing gefitinib at the
concentration of 1/2 of the 50% growth inhibition (IC50). Secondly,
cells were sub-cultured in RPMI-1640 medium with 25% increased
concentrations of gefitinib every 2 weeks. After treatment, the
resultant cells that grew exponentially in high concentration of
gefitinib were recognized to be the gefitinib-resistant human lung
cancer cell line (NCI-H460/G) as described previously (17). The fold
resistance was calculated using the following equation: 

Fold Resistance=IC50 of Resistant Cell Line/IC50 of Parental Cell
Line (18, 19). 

Cell morphological changes and viability assay. NCI-H460 cells
(1×105 cells/well) were treated with gefitinib (40 μM) or PEITC 
(0, 10, 25, 50 and 100 μM). NCI-H460/G cells (1×105 cells/well)
were treated with PEITC (0, 7, 10, 13 and 16 μM) for 48 h. After
incubation, cells were examined and photographed under contrast-
phase microscopy. Cells were harvested and stained with PI 
(5 μg/ml) for cell viability by flow cytometry (Becton-Dickinson,
San Jose, California, USA) as described previously (20).

Apoptotic cell death assay. NCI-H460 or NCI-H460/G cells (1×105
cells/well) were incubated with or without 40 μM of gefitinib for
48 h or with PEITC (25 μM or 10 μM, respectively) for 6, 12, 24
and 48 h. Cells were harvested and stained with Annexin V/PI
double staining for total apoptotic cell death analysis by flow
cytometry as described previously (20).

DAPI assay. NCI-H460 or NCI-H460/G cells (1×105 cells/well)
were incubated with or without 40 μM of gefitinib for 48 h or with
PEITC (25 μM or 10 μM, respectively) for 6, 12, 24 and 48 h. After
incubation, cells were fixed in 3% paraformaldehyde in PBS at
room temperature for 20 min. After washed with PBS, cells were
stained with DAPI solution (2 μg/ml) for examining DNA
condensation and photographed using a fluorescence microscope as
described previously (20).

Measurements of reactive oxygen species (ROS), intracellular Ca2+
and mitochondrial membrane potential (ΔΨm). Flow cytometric
assay was used for measuring the production of ROS and Ca2+ and
levels of ΔΨm. NCI-H460 or NCI-H460/G cells (1×105 cells/well)
were treated with or without gefitinib (40 μM) or PEITC (25 μM or
10 μM, respectively) for 6, 12, 24 and 48 h. After incubation, cells
were harvested and re-suspended in 500 μl of DCFH-DA (10 μM),
500 μl of Fluo-3/AM (2.5 μg/ml), and 500 μl of DiOC6 (4 μmol/l)
for 30 min to measure the changes of ROS (H2O2), intracellular
Ca2+ level, and ΔΨm levels, respectively. All samples were analyzed
by flow cytometry as described previously (20-22). All samples
were analyzed in triplicate.

Measurements of caspase-3, -8 and -9 activities. NCI-H460 or NCI-
H460/G cells (1×105 cells/well) were incubated with gefitinib 
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(40 μM) or PEITC (25 μM or 10 μM, respectively) for 6, 12, 24 and
48 h. Cells were collected and re-suspended in 25 μl of 20 μM
substrate solutions (PhiPhiLux-G1D2, CaspaLux8-L1D2 and
CaspaLux 9-M1D2, respectively) of caspase-3, -8 and -9 for
measuring the activity of the individual caspase using flow cytometry
as previously described (20, 23).

Western blotting analysis. NCI-H460 or NCI-H460/G cells (1×106
cells/dish) were incubated with gefitinib (40 μM) or PEITC (25 μM
or 10 μM, respectively) for 6, 12, 24 and 48 h. Cells were collected
and gently re-suspended in lysis buffer for sonication and
centrifuged as described previously (16, 17) and supernatant was
used for measuring total protein by the Bio-Rad protein assay kit
(Bio-Rad, Hercules, CA, USA) with bovine serum albumin (BSA)
as the standard (17, 20). Total cellular protein was electrophoresed
on SDS polyacrylamide gels and then electrotransfered onto PVDF
membrane (Millipore, Bedford, MA, USA), washed and incubated
with primary antibodies (anti-AIF, -cleaved caspase-3, -caspase-9,
-p65, -XIAP, -cytochrome c, -Bid, -Bax, -Endo G, -PARP, -
GADD153, -Calpain 1, -caspase-7, -GRP78, -IRE-1α, -ATF-6α, and
-β-actin). After washed, the membranes were incubated with HRP
conjugated anti-rabbit IgG. Immunoreactive proteins were

visualized and detected by Immobilon™ Western Chemiluminescent
HRP Substrate (Millipore, Billerica, MA, USA) (17, 20).

Statistical analysis. All data are expressed as the mean±standard
deviation (SD) from at least 3 experiments. Differences between
groups were analyzed by one-way analysis of variance and Dunnett
test for multiple comparisons (SigmaPlot for Windows version 12.0;
Systat Software, Inc., San Jose, CA, USA). Comparisons were made
between groups of gefitinib or PEITC-treated group and control group.
Differences with p<0.05 (*) were considered statistically significant.

Results
PEITC induced cell morphological changes and decreased
cell viability in NCI-H460 and NCI-H460/G cells. NCI-
H460 or NCI-H460/G cells were treated with gefitinib or
with various concentrations of PEITC for 48 h, the cell
morphological changes were photographed and total
viability was measured and are presented in Figure 1A and
B, respectively. Results indicated that 40 μM of gefitinib
decreased over 50% of viable NCI-H460 cells (Figure 1A)
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Figure 1. Gefitinib and PEITC induced cell morphological changes and decreased cell viability of NCI-H460 or NCI-H460/G cells. Cells (1×105
cells/well) were treated with gefitinib and various concentrations of PEITC for 48 h. Cells were examined and photographed for morphological
changes and were harvested for total viable cell viability, as described in Materials and Methods. A: NCI-H460 cells. B: NCI-H460/G cells. *p<0.05,
significant difference between of gefitinib or PEITC-treated group with control group as analyzed by Dunnett test.



and PEITC induced cell morphological changes indicative
of shrinkage and decreased viability of NCI-H460 (Figure
1A) or NCI-H460/G (Figure 1B) cells in a dose-dependent
manner. 

PEITC induced apoptotic cell death in NCI-H460 and NCI-
H460/G cells. NCI-H460 or NCI-H460/G cells were treated
with gefitinib (40 μM) or PEITC (25 μM or 10 μM,
respectively) for various time periods (0, 6, 12, 24, and 
48 h) and apoptotic cell death was determined and presented
in Figures 2A and B. Results indicated that 40 μM of
gefitinib induced apoptotic cell death in NCI-H460 cells and
PEITC induced apoptotic cell death in both NCI-H460 and
NCI-H460/G cells in a time-dependent manner. However,
there was more PEITC-induced apoptotic cell death in NCI-
H460 cells than in NCI-H460/G cells after 48 h treatment. 
PEITC induced chromatin condensation in NCI-H460 and
NCI-H460/G cells. NCI-H460 or NCI-H460/G cells exposed

to gefitinib (40 μM) or PEITC (25 μM or 10 μM,
respectively) for 6, 12, 24 and 48 h, cells were stained with
DAPI, and visualized using fluorescence microscopy. Results
are shown in Figures 3A and B. A brighter fluorescence
intensity was observed in NCI-H460 and NCI-H460/G cells
after a 48 h treatment of PEITC (25 μM or 10 μM,
respectively) (Figure 3A and B). The bright fluorescence is
based on nicked DNA and chromatin condensation.  

PEITC induced reactive oxygen species (ROS) and
intracellular Ca2+ production and decreased the levels of
mitochondrial membrane potential (ΔΨm) in NCI-H460 and
NCI-H460/G cells. NCI-H460 and NCI-H460/G cells
exposed to gefitinib (40 μM) or PEITC (25 μM and 10 μM,
respectively) for 6, 12, 24 and 48 h and cells were harvested
in order to measure the production of ROS and Ca2+ and the
levels of ΔΨm using flow cytometric assay (Figures 4). As
shown in Figure 4A, 6-48 h treatment led to decreased ROS
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Figure 2. Gefitinib and PEITC induce apoptotic cell death in NCI-H460 and NCI-H460/G cells. Cells were treated with gefitinib (40 μM) or PEITC
(25 μM or 10 μM) for 6, 12, 24 and 48 h and measured for apoptotic cell death using Annexin-V/PI double staining as described in Materials and
Methods. A: NCI-H460 cells. B: NCI-H460/G cells. *p<0.05, significant difference between of gefitinib or PEITC-treated group with control group
as analyzed by Dunnett’s test.



production in NCI-H460 cells. However, PEITC increased
ROS production after 6-48 h treatment in NCI-H460/G cells
(Figure 4B). PEITC increased Ca2+ release after 48 h
treatment in NCI-H460 cells (Figure 4C) and also increased
Ca2+ release after 24-48 h treatment in NCI-H460/G cells
(Figure 4D). PEITC decreased the levels of ΔΨm after 24-
48 h treatment in NCI-H460 cells (Figure 4E) but only
decreased the levels of ΔΨm after 48 h treatment in NCI-
H460/G cells (Figure 4F), however, gefitinib significantly
decreased the level of ΔΨm in NCI-H460 cells and increased
the levels of ΔΨm in NCI-H460/G cells.  

PEITC induced caspase-3, -8 and -9 activities in NCI-H460
and NCI-H460/G cells. Cells were treated with gefitinib (40
μM) or PEITC (25 μM or 10 μM, respectively) for 6, 12, 24
and 48 h, harvested for measuring the activities of caspase-3,
-8 and -9. Results indicated that PEITC increased the
activities of caspase-3 (Figure 5A and B) and caspase-8

(Figure 5C and D) in NCI-H460 and NCI-H460/G cells.
Furthermore, PEITC increased caspase-9 activity after 12-48
h treatment in NCI-H460 cells (Figure 5E); however, in NCI-
H460/G cells, PEITC led to a decrease in caspase-9 activity
after 6-24 h treatment and an increase after 48 h treatment
(Figure 5F). 

PEITC altered apoptosis-associated protein expression in
NCI-H460 and NCI-H460/G cells. In order to further
analyze the molecular mechanisms of PEITC-induced
apoptotic cell death in NCI-H460 and NCI-H460/G cells,
apoptosis-associated protein expressions from PEITC
treated cells were examined by western blotting as shown
in Figure 6. Results indicated that PEITC increased
expression of cleaved caspase-3, caspase-9, p65, XIAP, and
cytochrome c, but decreased AIF in NCI-H460 cells (Figure
6A), however, PEITC only increased cleaved caspase-3,
p65 and XIAP in NCI-H460/G cells (Figure 6B). Results in
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Figure 3. Gefitinib and PEITC induced chromatin condensation in NCI-H460 and NCI-H460/G cells. NCI-H460 and NCI-H460/G cells were treated
with gefitinib (40 μM) or PEITC (25 μM or 10 μM) for 6, 12, 24 and 48 h and were stained with DAPI, visualized using fluorescence microscopy
and photographed as described in Materials and Methods. A: NCI-H460 cells. B: NCI-H460/G cells. *p<0.05, significant difference between of
gefitinib or PEITC-treated group with control group as analyzed by Dunnett’s test.



Figure 6C and D indicate that PEITC increased Bax, Endo
G and PARP in NCI-H460 and NCI-H460/G cells but
decreased Bid expression in NCI-H460 cells (Figure 6C)
and increased Bid in NCI-H460/G cells (Figure 6D).
Furthermore, PEITC increased GADD153, caspase-7, and
calpain 1 in both cells (Figure 6E and F), however, it

decreased GRP78 and IRE-1α in NCI-H460 cells (Figure
6E) but increased GRP78 and decreased IRE-1α in NCI-
H460/G cells (Figure 6F). Based on these observations,
PEITC-induced apoptotic cell death may proceed via the
caspase- and mitochondria-dependent pathways in both cell
lines. 
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Figure 4. Gefitinib and PEITC affect reactive oxygen species (ROS), intracellular Ca2+ and mitochondrial membrane potential (ΔΨm) in NCI-H460
and NCI-H460/G cells. NCI-H460 and NCI-H460/G cells (1×105 cells/well) were incubated with gefitinib (40 μM) or PEITC (25 μM or 10 μM)
for 6, 12, 24 and 48 h and were measured for ROS (A: NCI-H460 cells; B: NCI-H460/G cells), Ca2+ (C: NCI-H460 cells; D: NCI-H460/G cells)
and ΔΨm (E: NCI-H460 cells; F: NCI-H460/G cells) as described in Materials and Methods. *p<0.05, significant difference between of gefitinib
or PEITC-treated group with control group as analyzed by Dunnett test.



Discussion

Gefitinib is clinically used in patients with lung cancer;
however, some patients become gefitinib-resistant (24, 25),
which reduces treatment efficacy. Thus, studies have

investigated the use of natural products in order to increase
the efficiency of treatment. Numerous studies have shown
that PEITC induced apoptotic cell death in human cancer cell
lines such as human prostate cancer cells, suppressed the
nuclear factor-ĸB (NF-ĸB)-regulated gene expression (26)
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Figure 5. Gefitinib and PEITC induced caspase-3, -8 and -9 activities in NCI-H460 and NCI-H460/G cells. NCI-H460 and NCI-H460/G cells were
treated with gefitinib (40 μM) or PEITC (25 μM or 10 μM, respectively) for 6, 12, 24 and 48 h and were measured for activities of caspase-3 (A:
NCI-H460 cells; B: NCI-H460/G cells), -8 (C: NCI-H460 cells; D: NCI-H460/G cells) and -9 (E: NCI-H460 cells; F: NCI-H460/G cells) using
flow cytometric assay as described in Materials and Methods. Dunnett’s test showed a significant difference between gefitinib or PEITC-treated
group with the control group. *p<0.05.



ANTICANCER RESEARCH 38: 2137-2147 (2018)

2144

Figure 6. Gefitinib and PEITC altered apoptosis associated protein expression in NCI-H460 and NCI-H460/G cells. Cells were treated with gefitinib
(40 μM) or PEITC (25 μM or 10 μM) for 6, 12, 24 and 48 h and proteins were extracted and analyzed by western blotting as described in Materials
and Methods. A: NCI-H460 cells; B: NCI-H460/G cells; C: NCI-H460 cells; D: NCI-H460/G cells; E: NCI-H460 cells; F: NCI-H460/G cells.



and activated the Atg5-mediated autophagy (27). PEITC has
also shown antitumor activities in vitro and in vivo (28, 29).
However, there are no available data showing PEITC-
induced apoptotic cell death in gefitinib-resistant NCI-H460
human lung cancer cells (NCI-H460/G cells). Herein, we
used flow cytometry to show that PEITC decreased total cell
number (Figure 1) via apoptotic cell death which were
confirmed using Annexin V/PI staining (Figure 2) and DAPI
staining (Figure 3). Furthermore, PEITC increased
production of ROS and Ca2+, decreased the levels of ΔΨm
(Figure 4B, D and F), and increased caspase-3 and -8 and -
9 activities in NCI-H460/G cells (Figure 5B, D and F). We
also used western blotting to show that PEITC increased pro-
apoptotic protein Bax and PARP (Figure 6D) and decreased
AIF and cytochrome c expression (Figure 6B) in NCI-
H460/G cells. 

We used NCI-H460 cells to generate gefitinib-resistant
NCI-H460 (NCI-H460/G) cells, as described previously (17).
Overall, we found that PEITC decreased the total cell number
via the induction of apoptotic cell death in NCI-H460/G cells.
The results were confirmed by DAPI staining and Annexin
V/PI double staining (30). Evidence has shown that
anticancer drugs induce cancer cell apoptosis (31-33). Results
indicated that PEITC increased the production of ROS and
Ca2+ but decreased the levels of ΔΨm in NCI-H460/G cells
(Figure 4B, D and F). ROS are involved in apoptotic cell
death (34) and Ca2+ uptake into the mitochondrial matrix
plays a role in many cellular functions (35). Endoplasmic
reticulum (ER) stress is caused by oxidative stress and can
lead to the production of ROS. We suggest that PEITC-
induced apoptotic cell death may involve ER stress-related
pathways. Thus, we used western blotting assay to show that
PEITC increased the expression of hallmarks of ER stress
such as GRP78, in NCI-H460/G cells. 

Cell cycle arrest and oxidative stress are the main causes
of apoptosis (36, 37). The intrinsic signaling pathway
involves dysfunction of mitochondria and leads to the release
of cytochrome c or AIF and Endo G in order to induce
apoptosis (38, 39). Results indicated that PEITC increased
expression of cytochrome c and Endo G in NCI-H460 but
only increased Endo G in NCI-H460/G cells (Figure 6C and
D). These results also further confirmed that PEITC
decreased the levels of ΔΨm in both NCI-H460 and NCI-
H460/G cells (Figure 4E and F). 

Results from flow cytometry assays also showed that
PEITC increased caspase-3, -8 and -9 activities in both NCI-
H460 and NCI-H460/G cells (Figure 5). Thus, we suggest
that PEITC induced apoptotic cell death via caspase
activation. Western blotting also showed that PEITC
increased the expression of cleaved caspase-3, caspase-9,
NF-ĸB, XAIP, and cytochrome c in NCI-H460 cells (Figure
6A), but decreased caspase-9 and cytochrome c in NCI-
H460/G cells (Figure 6B). However, Bax expression was

increased in both cell lines after exposure to PEITC (Figure
6C and D). Bax belongs to the BCL family of proteins which
are associated with the mitochondria-dependent pathway and
death receptor dependent pathway (40, 41). These findings
indicated that PEITC-induced apoptotic cell death may
proceed through the mitochondria-dependent pathway. 

Flow cytometric assay showed that PEITC increased ROS
production in NCI-H460/G cells (Figure 4B), but decreased
ROS in NCI-H460 cells (Figure 4A) after 6-48 h treatment.
Western blotting indicated that PEITC increased GADD153
and caspase-7 in both examined cell lines. ATF-6α was
increased after 6-12 h treatment of PEITC in NCI-H460 cells
(Figure 6E), but only increased after 48 h treatment in NCI-
H460/G cells (Figure 6F). GADD153 and ATF-6α are
hallmarks of ER stress, which is another cause of tumor cell
apoptosis (42, 43). Thus, as mentioned above, we suggest that
PEITC-induced apoptotic cell death may involve ER stress.
Based on these observations, the possible molecular
mechanism of PEITC-induced apoptotic cell death may
involve ROS production accompanied with ER stress in NCI-
H460 and NCI-H460/G cells. Further studies should be
performed in the future to examine these observations in vivo.  
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