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Abstract. Phenethyl isothiocyanate (PEITC), a potential 
cancer chemopreventive constituent of cruciferous vegetables, 
including watercress, has been reported to inhibit cancer cell 
growth by arresting the cell cycle and inducing apoptosis in 
various human cancer cell models. However, the role of PEITC 
in the inhibition of human chronic myeloid leukemia (CML) 
K562 cell growth and its underlying mechanisms have yet to 
be elucidated. In the present study, PEITC was found to induce 
cell death through the induction of reactive oxygen species 
(ROS) stress and oxidative damage. Heme oxygenase‑1 
(HO‑1), which participates in the development of numerous 
tumors and the sensitivity of these tumors to chemotherapeutic 
drugs, plays a protective role by modulating oxidative injury. 
Therefore, the present study assessed the inhibitory effect of 
PEITC on K562 cells and whether HO‑1 facilitated cell apop-
tosis and ROS generation. PEITC was found to suppress cell 
growth and cause apoptosis by promoting Fas and Fas ligand 
expression, increasing ROS generation and by the successive 
release of cytochrome c as well as the activation of caspase‑9 
and caspase‑3. PEITC was also combined with the HO‑1 
inhibitor zinc protoporphyrin IX and the inducer hemin to 
assess whether HO‑1 determines cell survival and ROS gener-
ation. The results of the present study suggest that PEITC may 
be a potential anti‑tumor compound for CML therapy, and that 
HO‑1 has a critical function in PEITC‑induced apoptosis and 
ROS generation.

Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative 
disorder that is characterized by the unregulated growth of 
myeloid leukemia cells in the bone marrow and their accumu-
lation in the blood. Epidemiologic data suggest that the rate of 
CML incidence is one to two per 100,000 individuals, and that 
15‑20% of adult leukemia cases are CML (1). Conventionally, 
CML is treated using interferon‑α and cytotoxic agents; 
however, these have limited use in the clinic due to adverse 
side effects. Despite improved therapeutic effects, targeted 
agents are limited by the development of drug resistance.

An increased dietary intake of cruciferous vegetables is 
associated with a reduced incidence of cancer (2). Phenethyl 
isothiocyanate (PEITC) is an important compound obtained 
from cruciferous vegetables that is effective in numerous types 
of cancer, including prostate, breast, ovarian, oral and lung 
cancer (3‑7). Several mechanisms, including the inhibition of 
cytochrome p450 enzymes, the induction of phase II detoxi-
fication enzymes (8) and the activation of death receptors 4 
and 5 (9), are involved in the anti‑tumor effects of PEITC. 
PEITC has also been shown to decrease the expression and 
function of the estrogen receptor  (10). In addition, PEITC 
induces reactive oxygen species (ROS)‑mediated cancer cell 
death by inhibiting oxidative phosphorylation (11). Therefore, 
PEITC induces cell death by causing ROS stress, which leads to 
oxidative damage. This can be prevented by antioxidants (12). 
However, the mechanism underlying the PEITC‑induced 
apoptosis of human CML cells is yet to be elucidated.

Heat shock proteins (HSPs) are molecular chaperones that 
regulate protein function by participating in protein synthesis, 
accumulation, transport and degradation. The HSP heme 
oxygenase‑1 (HO‑1) is the rate‑limiting enzyme in the heme 
degradation pathway (13) induced by inflammatory cytokines, 
oxidation, ischemia, hypoxia and endotoxins (14). HO‑1 is a 
highly conserved stress protein that has been shown to act in 
a non‑selective manner to confer protection to normal and 
cancerous organs, tissues and cells against harmful stimuli 
and pathological processes (15). The lack of selectivity of the 
protective function associated with HO‑1 may result in tumor 
resistance to chemotherapeutic drugs (16). In a previous study, 
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we demonstrated that HO‑1 can protect CML cells from apop-
tosis, and that an association exists between HO‑1 and CML 
cell growth  (17). The present study aimed to extend these 
findings and investigate the role of HO‑1 in the regulation of 
PEITC‑mediated apoptotic cell death. These molecules have 
been found to be critical regulators of apoptosis induced by 
various stimuli.

In the present study, the cytotoxic effect of PEITC on K562 
cells was investigated in vitro. Furthermore, the effects of 
HO‑1 on K562 cell survival and ROS generation were assessed 
using an HO‑1 inhibitor, zinc protoporphyrin IX (ZnPPIX), 
and inducer, hemin. PEITC was found to induce cell death 
through the Fas/Fas ligand (FasL) pathway, ROS generation 
and caspase activation, and HO‑1 was found to have a crucial 
role in PEITC‑induced apoptosis and ROS generation.

Materials and methods

Cell culture. Human leukemia K562 cells were obtained 
from the Affiliated Hospital of Guiyang Medical University 
(Guiyang, China). Cells were maintained in RPMI‑1640 
medium containing 10% fetal bovine serum, 100  U/ml 
penicillin and 100 g/ml streptomycin at 37˚C in an incubator 
containing 5% CO2 and humidified air. The study was approved 
by the ethics committee of Hospital affiliated to Guiyang 
medical college (Guiyang, China).

Cytotoxicity assays. Two different methods were used 
to evaluate the cytotoxic effects of PEITC under various 
experimental conditions. Cell viability was determined 
using the MTT assay. Briefly, cells were seeded at a density 
of 20,000 cells/well on 96‑well plates, treated with various 
concentrations of PEITC and then cultured for 24, 48 and 
72 h at 37˚C with 5% CO2. Following culture, the medium 
was replaced with 200 µl fresh medium containing MTT at 
a final concentration of 250 µg/ml. Subsequent to incubation 
at 37˚C for 4 h, the reaction was terminated with the addi-
tion of 150 µl dimethyl sulfoxide (DMSO)/well. The solution 
was then agitated for 10 min to dissolve the crystals. The 
absorbance of each sample well was read at 492 nm using an 
automated 96‑well plate reader. All assays were performed in 
triplicate. The inhibition ratio (I%) was calculated using the 
following formula:

Cell death was determined using f low cytometric 
analysis, subsequent to the cells being double‑stained with 
Annexin‑V‑fluorescein isothiocyanate (FITC) and propidium 
iodide (PI). Cells were incubated for 48 h following the addi-
tion of 5, 10, 15 and 20 mol/l PEITC. The cells (105/sample) 
were then washed twice with cold phosphate‑buffered saline 
(PBS) and suspended in 500 µl 1X binding buffer (PBS solu-
tion included 10 mM HEPES, 140 mM NaCl and 2.5 mM 
CaCl2, pH 7.4). A total of 5 µl PI was then added subsequent 
to the addition of 5 µl Annexin‑V‑FITC. The reagents were 
mixed gently and the samples were incubated in the dark for 
15 min at room temperature. The samples were then analyzed 

by flow cytometry using the BD FACSCalibur™ flow cytom-
eter with BD CellQuest™ software (Becton, Dickinson and 
Company, Franklin Lakes, NJ USA).

Quantitative polymerase chain reaction (qPCR). Total 
RNA was extracted using TRIzol® Reagent (Invitrogen Life 
Technologies, Carlsbad, CA, USA). RNA was reverse tran-
scribed into cDNA using a reverse transcription kit (Promega 
Corp., Madison, WI, USA), which was stored at ‑20˚C. The 
primers (Takara Bio Inc., Dalian, China), shown in Table I, 
were designed using Primer Express 3.0 Software (Applied 
Biosystems, Foster City, CA, USA). qPCR was performed 
using a real‑time PCR thermocycler (Applied Biosystems) 
and quantified using SYBR® Green PCR Master Mix (Applied 
Biosystems) using 1 µl cDNA in a final reaction volume of 
20 µl. The reactions were cycled 40 times subsequent to an 
initial denaturation step of 95˚C for 10 min. The PCR cycle 
conditions were as follows: Denaturation, 95˚C for 15 sec; 
annealing, 60˚C for 10 sec and extension, 72˚C for 10 sec. 
Following the PCR, the temperature was increased from 60 to 
95˚C at a rate of 2˚C/min, and the fluorescence was measured 
every 15 sec to construct the melting curve. GAPDH was 
used as an internal control. SDS  2.2.1 software (Applied 
Biosystems) was used to perform relative quantification of the 
target genes using the ΔΔCt method.

Western blot analysis. Cells were washed three times with 
ice‑cold PBS and then lysed in Tris‑buffered saline (TBS; 
50 mmol/l Tris‑HCl, pH 8.0, 150 mmol/l NaCl, 100 µg/ml 
phenylmethylsulfonyl fluoride and 1% Triton X‑100) for 30 min 
on ice. Aliquots of cell lysates containing 20 µg protein were 
separated using 12% SDS‑PAGE and transferred to nitrocel-
lulose membranes. Subsequent to being blocked with 5% 
skimmed milk in TBS, membranes were incubated with poly-
clonal antibodies against HO‑1 (1:200), cytochrome c (1:200), 
caspase‑3 (1:100), caspase‑8 (1:500), caspase‑9 (1:500), Fas 
(1:1,000), FasL (1:1,000) and β‑actin (1:500) overnight. The 
membranes were then washed in 0.1% Tween  20 in TBS 
and incubated with secondary antibodies (Cell signaling 
technology, Boston, MA, USA) at room temperature for 1 h. 
Immunoreactive signals were visualized by exposing the 
membrane to Kodak X‑ray film (Carestream Health, Inc., 
Xiamen, China), and quantified using Image J 1.44p (National 
Institutes of Health, Bethesda, MD, USA).

Intracellular ROS measurement. The measurement of intra-
cellular ROS was based on the ROS‑mediated conversion of 
non‑fluorescent dichlorofluorescin diacetate (DCFH‑DA) into 
DCFH. Briefly, K562 cells were treated by PEITC for an addi-
tional 48 h. Cells were then centrifuged and resuspended in 
1X PBS containing a final concentration of 10 µM DCFH‑DA 
and incubated at 37˚C for 30 min. Cells were subsequently 
washed with 1X PBS and analyzed using the FITC channel in 
a flow cytometer.

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation. Analysis of variance was performed using 
SPSS 13.0 (SPSS, Inc., Chicago, IL USA). A value of P<0.05 
was considered to indicate a statistically significant differ-
ence.
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Results

Effect of PEITC on K562 cell proliferation and apoptosis. The 
effect of treatment with various concentrations of PEITC (0, 
2.5, 5, 10, 15 and 20 µmol/l) for various time intervals (24, 
48 and 72 h) on K562 cell growth was investigated. As shown 
in Fig. 1A, PEITC inhibited cell proliferation in a dose‑ and 
time‑dependent manner. Therefore, the inhibition of K562 cell 
proliferation using high concentrations of PEITC for a long 
duration may be cytotoxic. The apoptosis‑inducing effect of 
PEITC on K562 cells was determined using flow cytometry. 
Following treatment with 5, 10, 15 and 20 µmol/l PEITC 
for 48 h, apoptosis was induced in 21.45±1.68, 30.06±1.94, 
68.51±1.95 and 66.09±2.01% of K562 cells, respectively 
(Fig. 1B).

qPCR analysis. To investigate the effect of PEITC on the 
expression of apoptosis‑associated genes, K562 cells were 

exposed to 5, 10, 15 and 20 µmol/l PEITC for 48 h and gene 
expression levels were analyzed using qPCR. As shown in 
Fig. 2, exposure to PEITC significantly increased the mRNA 
expression of cytochrome c, the key enzyme responsible for 
caspase‑9 activation (P=0.024). The mRNA expression of the 
apoptosis‑related genes caspase‑3 and ‑8, Fas and FasL was 
also observed to be increased by PEITC.

Western blot analysis. Following treatment with the aforemen-
tioned concentrations of PEITC for 48 h, K562 cell extracts 
were collected for western blot analysis. As shown in Fig. 3, 
PEITC treatment was found to increase the protein expression 
of cytochrome c, caspase‑9, ‑3 and ‑8, Fas and FasL. These 
results are in accordance with those of the qPCR analysis.

PEITC elevates ROS production in K562 cells. To investi-
gate whether the PEITC‑induced cytotoxic effects in K562 
cells involved ROS, ROS levels were measured using flow 

Table I. Quantitative polymerase chain reaction primer sequences.

Gene	 Forward primer	 Reverse primer	 Product (bp)

Fas	 5'‑AGCTTGGTCTAGAGTGAAAA	 5'‑GAGGCAGAATCATGAGATAT	 180
Fas ligand	 5'‑CACTTTGGGATTCTTTCCAT	 5'‑GTGAGTTGAGAGCTACAGA	 160
Cytochrome c	 5'‑GGGCGAGAGCTATCTAATGCAAG	 5'‑TACAGCCAAAGCAGCAGCTCA	 132
Caspase‑3	 5'‑GACTCTGGAATATCCCTGGACAACA	 5'‑AGGTTTGCTGCATCGACATCTG	 140
Caspase‑8	 5'‑CAAGAGGAAATCTCCAAATGCAAC	 5'‑CAGGATGTCCAACTTTCCTTCTCC	 108
Caspase‑9	 5'‑GAGCAGTGGGCTCACTCTGAA	 5'‑GGAAATTAAAGCAACCAGGCATC	 106
GAPDH	 5'‑GAAGGTGAAGGTCGGATGC	 5'‑GAAGATGGTGATGGGATTTC	 226

Figure 1. (A) Growth inhibition and viability of K562 cells treated with PEITC for 24, 48 and 72 h at the indicated concentrations. Significant inhibitory 
effects with reduced viability were detected in the cells at the threshold of 10 µmol/l (P<0.05). Results are presented as the mean ± standard deviation from 
three independent experiments. (B) Subsequent to treatment with PEITC (5, 10, 15 and 20 µmol/l) for 48 h, cells were harvested and stained with Annexin 
V‑FITC/PI. The cell apoptosis rate was determined using flow cytometry. Representative flow cytometry scattergrams of Annexin V‑FITC/PI‑stained cells 
revealed four cell populations. Early apoptosis was shown by positive Annexin V‑FITC and negative PI staining of cells in the lower right section of the scat-
tergram. Late apoptosis was shown by positive Annexin V‑FITC and PI staining of cells in the upper right section. PEITC, phenethyl isothiocyanate; FITC, 
fluorescein isothiocyanate; PI, propidium iodide; Con, control.

  B

  A
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cytometry. As shown in Fig. 4, PEITC concentrations of 5, 10, 
15 and 20 µmol/l were found to promote ROS production in 
K562 cells.

HO‑1 protects K562 cells from PEITC‑induced apoptosis. In 
the present study, PEITC was observed to induce apoptosis 
and elevate ROS production in K562 cells; therefore, the 
impact of HO‑1 on cell survival was investigated. To assess 
the effect of HO‑1 expression on PEITC‑induced apoptosis, 
PEITC was combined with the HO‑1 inhibitor ZnPPIX and 
the HO‑1 inducer hemin in order to decrease and increase 
the expression of HO‑1 in K562 cells, respectively. Cells 
were cultured with 20 µmol/l hemin and 10 µmol/l ZnPPIX 
for 48 h, and the expression levels of the apoptosis‑related 
genes cytochrome c, caspase‑9, ‑3 and ‑8, Fas and FasL were 
detected and compared with those of the cells treated solely 
with PEITC (Figs. 5 and 6). HO‑1 was observed to protect 
K562 cells from PEITC‑induced apoptosis.

Critical role of HO‑1 in K562 cancer cell ROS generation. 
HO‑1 is involved in regulating the redox equilibrium in human 
cells; therefore, K562 cells were incubated with PEITC, hemin 
and PEITC plus hemin for 48 h. As shown in Fig. 7, ROS 
production, which was facilitated by PEITC in a dose‑depen-
dent manner, was downregulated with high HO‑1 expression. 
Furthermore, fluorescence‑activated cell sorting analysis 

Figure 4. Figure 4. (A) PEITC affects ROS production in K562 cells treated 
with 5, 10, 15 and 20 µmol/l PEITC for 48 h. All samples were measured 
using flow cytometric analysis subsequent to being stained with DCFH‑DA 
and dried. (B) ROS generation in K562 cells. Data are presented as the 
mean ± standard deviation of three independent replicates. PEITC, phenethyl 
isothiocyanate; ROS, reactive oxygen species; DCFH‑DA, 2,7‑dichlorodihy-
drofluorescein diacetate; Con, control.

Figure 2. Cyto‑c, caspase‑3, ‑8 and ‑9, Fas and FasL mRNA expression in 
K562 cells treated with PEITC, analyzed using quantitative polymerase chain 
reaction. Data were analyzed according to the ΔCT method and are presented 
as the mean ± standard deviation of three independent experiments. PEITC, 
phenethyl isothiocyanate; FasL, Fas ligand; CT, cycle threshold; Cyto‑c, 
cytochrome c.

Figure 3. (A) K562 cells treated with PEITC (5, 10, 15 and 20 µM) for 48 h. 
Cell lysates were subjected to western blot analysis with antibodies against 
cyto‑c, caspase‑3, ‑9 and ‑8, Fas and FasL. β‑actin was used as a loading con-
trol. Results are representative of two independent experiments. (B) Relative 
mean protein expression of apoptosis‑associated genes normalized to β‑actin 
expression. PEITC, phenethyl isothiocyanate; FasL, Fas ligand; Cyto‑c, 
cytochrome c.

  A

  B
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  A
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Figure 6. (A) Protein expression of the apoptosis‑related genes cyto‑c, caspase‑3, ‑9 and ‑8, Fas and FasL in different treatment groups. Expression was highest 
in the PEITC + ZnPPIX treatment group and lowest in the PEITC + hemin group. (B) Mean protein expression of the apoptosis‑related genes normalized to 
that of β‑actin. Data are presented as the mean ± standard deviation of three independent experiments. PEITC, phenethyl isothiocyanate; FasL, Fas ligand; 
Cyto‑c, cytochrome‑c; HO‑1, heme oxygenase‑1; ZnPPIX, zinc protoporphyrin IX.

Figure 7. PEITC affects the levels of ROS production in K562 cells. (A) Fluorescence‑activated cell sorting revealed that PEITC treatment significantly 
elevated ROS production in K562 cells (P<0.05), and that this elevation was attenuated upon treatment with hemin. This suggests that heme oxygenase‑1 may 
be critical for ROS generation in K562 cells. (B) ROS generation in K562 cells. Data are presented as the mean ± standard deviation of three independent repli-
cates. PEITC, phenethyl isothiocyanate; ROS, reactive oxygen species; DCFH, 2,7‑dichlorodihydrofluorescein; Con, control; ZnPPIX, zinc protoporphyrin IX.

Figure 5. mRNA expression of the apoptosis‑related genes cyto‑c, caspase‑3, ‑9 and ‑8, Fas and FasL in the different treatment groups. Expression was highest 
in the PEITC + ZnPPIX treatment group and lowest in the PEITC + hemin treatment group. Data are presented as the mean ± standard deviation of three inde-
pendent experiments. PEITC, phenethyl isothiocyanate; FasL, Fas ligand; Cyto‑c, cytochrome‑c; HO‑1, heme oxygenase‑1; ZnppIX, zinc protoporphyrin IX.

  B  A

  A   B
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revealed that PEITC significantly elevated ROS production 
(P=0.017), and that this elevation was attenuated upon addi-
tion of hemin, indicating that the decreased ROS production 
originated from high HO‑1 expression.

Discussion

PEITC is a potential cancer chemopreventive constituent 
of edible cruciferous vegetables and has been shown to 
inhibit various models of cancer, including prostate, breast, 
ovarian, oral and lung cancer (3‑7). The present study aimed 
to characterize the anti‑leukemia effects of PEITC. The 
PEITC‑mediated inhibition of cancer development involves 
the induction of apoptosis; however, molecular regulators of 
this PEITC‑mediated proapoptotic response remain undefined. 
The present study found that PEITC exhibited anti‑tumor 
activity by suppressing K562 cell growth, inducing apoptosis 
and through mitochondria‑dependent ROS generation.

Anti‑cancer drugs are screened according to their cyto-
toxic effects on cell proliferation and viability. The results of 
the present study showed that PEITC reduced the percentage 
of viable K562 cells and induced apoptosis (Fig. 1). ROS are 
involved in cancer cell apoptosis (18). In the present study, flow 
cytometric analysis revealed that 5‑20 µmol/l PEITC promoted 
ROS generation in K562 cells (Fig. 4B). It has previously been 
shown that ROS have functions upstream of cytochrome c 
release and caspase‑3 activation, which are induced by 
certain apoptotic stimuli, such as hyperoxia (19). These find-
ings indicate that PEITC‑induced apoptosis may also rely on 
the mitochondria. In the present study, PEITC was found to 
significantly increase the expression of caspase‑3, ‑8 and ‑9 
(Figs. 2 and 3), suggesting that PEITC may induce apoptosis 
through a caspase‑dependent pathway. In summary, PEITC 
was found to promote apoptosis by activating caspase‑3, ‑8 
and ‑ 9 subsequent to inducing ROS production and cyto-
chrome c release through Fas and FasL.

PEITC has been suggested to induce several anti‑inflam-
matory and anti‑oxidative phase II/antioxidant enzymes (20), 
including HO‑1. HO‑1 is a highly conserved stress protein that 
has been shown to confer protection to organs, tissues and 
cells against harmful stimuli and pathological processes (21). 
However, the protective function associated with HO‑1 does 
not discriminate between cancerous and healthy cells; there-
fore, HO‑1 expression and activity may be associated with 
the growth, apoptosis, angiogenesis and metastasis of solid 
tumors (22). As a result, chemotherapy and radiotherapy may 
induce tumor resistance by promoting HO‑1 expression in 
tumor cells, which consequently protects the tumor tissue. 
In addition, the protective effects of HO‑1 on apoptosis are 
associated with the inhibition of the ROS generation (23); thus, 
in the present study, the interrelation between PEITC‑induced 
apoptosis and HO‑1 expression was investigated in K562 cells.

To verify that HO‑1 was essential for K562 cell survival 
and ROS generation, the expression of HO‑1 was regulated by 
treating the cells with hemin and ZnPPIX. Following stimula-
tion with 20 µmol/l hemin and 10 µmol/l ZnPPIX for 48 h, 
K562 cells were more prone to apoptosis, as suggested by the 
mRNA and protein analyses of cytochrome c, caspase‑3, ‑9 
and  ‑8, Fas and FasL. These apoptosis‑related genes were 
found to exhibit the highest expression in the PEITC plus 

ZnPPIX group of cells, and the lowest in the PEITC plus 
hemin group. Furthermore, combining PEITC and the HO‑1 
inhibitor ZnPPIX increased ROS generation in K562 cells.

In conclusion, PEITC may induce apoptosis by increasing 
caspase‑9, ‑8 and ‑3 expression following the cytochrome c 
release that occurs due to Fas‑ and FasL‑mediated eleva-
tions in ROS production. Furthermore, the role of HO‑1 in 
PEITC‑induced apoptosis may provide novel insight for the 
treatment of CML.
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