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Abstract
Background and Objective: Sulforaphane (SFN) is a potent chemopreventive agent obtained from cruciferous vegetables. A series of
trials have demonstrated that SFN can induce cell apoptosis in a variety of tumor cells. However, the actual mechanism underlying how
SFN induces apoptotic effects in tumor cells remains unclear. Current study aimed to investigate the effects of SFN on growth and
apoptosis of acute leukemia cells and its molecular cascades involving in preventing tumor growth. Materials and Methods: In this study,
the cell counting Kit-8 assay was used to investigate the consequences of SFN treatment on proliferation of KG1a and K562 cells to
determine the appropriate drug concentration. Furthermore, the apoptosis rate of KG1a and K562 cells was assessed by FACS. The
expression of Bax, Bcl-2 and caspase-3 in both cells which were affected by sulforaphane was analyzed by quantitative reverse
transcription-polymerase (PCR) and Western-blotting, respectively. Results: SFN could inhibit the proliferation of KG1a and K562 cells
in a dose and time dependent manner. The numbers of apoptotic cells in SFN treated groups were more than those in control group. In
addition, SFN could also increase protein and mRNA expressions of Bax and caspase-3 in a dose dependent manner, but decrease Bcl-2
expression as compared to control group. Conclusion: This study indicated that SFN inhibited tumor cell proliferation and promoted
apoptosis in KG1a and K562 cells through modulation of Bax, Bcl-2 and caspase-3. Current work also shed light on SFN as a promising
therapeutic agent for the treatment of leukemia.
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INTRODUCTION

Acute myeloid leukemia (AML) is a malignant clonal
disease of hematopoietic stem cells resulting from genetic
alterations that lead to deregulation of proliferation,
differentiation and cell death in hematopoietic progenitors1,2.
Among all kinds of adult leukemia, the incidence of acute
myeloid leukemia was the highest and the remission rate of
chemotherapy was low3. Therefore, looking for a more
effective drug for the treatment against leukemia is still the
goal in clinical settings.

Epidemiological studies have suggested that a frequent
intake of vegetables of cruciferous family could reduce the
cancer risk and lead to a weaker metastasis of tumors, such as
lung cancer, pancreatic cancer, prostate cancer and so on4,5.
Sulforaphane (SFN) is an isothiocyanate (ITC) obtained from
cruciferous vegetables and is particularly high in broccoli,
brussels sprouts and cabbages6 and has been shown to inhibit
the malignant growth in cancer cells of various origins with
little or no toxicity toward normal cells7-9. SFN is a potent
anticancer agent, however, the mechanism and molecular
target of SFN remain unclear.

Apoptosis is a type of programmed cell death that is ideal
for cancer treatment10,11. Plenty of chemotherapeutic drugs
induce apoptosis of cancer cells. It has been shown that SFN
has the pro-apoptotic effects on  many  human cancers such
as colon cancer, liver cancer and cervical cancer and so on12-14.
Shang et al.15 reported that SFN induced apoptosis of human
leukemia HL-60 cells. The execution of apoptosis depends on
the  balance  between   pro-apoptotic   protein   Bax  and anti-
apoptotic Bcl-2 family members16. Caspases are also integral
parts of the apoptotic pathway. Among them, caspase-3 is
believed to be one of the most common members involving
in the execution of apoptosis in various cell lineages17. These
proteins control the mitochondrial outer membrane
permeabilization (MOMP) and the release of mitochondrial
inter-membrane proteins such as cytochrome c18.

The   purpose   of   study   is   based   on   the   hypothesis
that  SFN  induces  apoptosis  of  the  leukemia  cells  through
the modulation of Bax, Bcl-2 and caspase-3. In the present
study, the potential molecular mechanisms of leukemia cell’s
apoptosis by SFN were examined in vitro. The results
confirmed SFN as a potent drug preventing tumor cell growth
through activating BAX and caspase-3 apoptotic pathway.

MATERIALS AND METHODS

This study was carried out in 2014-2016. in the labs of
School of Laboratory Medicine, Xinxiang Medical University,
Xinxiang, China.

Reagents: R-Sulforaphane (SFN) was purchased from LKT
Laboratories, Inc. (st. Paul, MN). The Cell Counting Kit-8 (CCK-8)
was obtained from Dojindo Molecular Technologies Inc.
(Kumamoto, Japan). The FITC Annexin V Apoptosis Detection
Kit was provided by BD Pharmingen (San Diego, USA). RNA
extraction kit, reverse transcription PCR reagent kit and SYBR
Premix Ex Taq kit were purchased from Takara Company
(Dalian, China) and from Shanghai Tiangen Company.
Antibodies against Bax, Bcl-2, caspase-3 and GAPDH were
obtained from Abcam Company (Cambridge, UK) and
horseradish peroxidase (HRP)-conjugated secondary
antibodies (Goat Anti-Rabbit IgG) were purchased from CW
Biotech Company (Beijing, China).

Cells: The human acute myeloid leukemia KG1a and K562 cells
were provided from the Cancer Institute of Southern Medical
University (Guangzhou, China), maintained in RPMI-1640
medium,  supplemented  with  10%  fetal   bovine  serum,
100 U mLG1 penicillin and 100 µg mLG1 streptomycin in a
humidified atmosphere of 5% CO2 at 37EC.

Cell proliferation assay: Cell viability was determined with a
cell counting Kit-8 (CCK-8). KG1a and K562 cells (3000/well)
were  seeded  into  96-well  plates  and  cultured in the
medium with different concentrations of SFN (0, 2, 4, 6, 8, 10,
12 µmol LG1) for different times (24, 48 and 72 h) and
subsequently10 µL CCK-8 reagent was added to each well for
additional 4 h. Then, the absorbance of every well was
measured at 450 nm wavelength with a microplate reader and
the cell survival ratio was expressed as a percentage vs.
control. Three triplicates were experimented to determine
each data point.

Apoptosis   assay:    Cell   apoptosis   were   determined  with
an  Annexin  V-FITC/PI  Apoptosis  Detection  Kit.  KG1a cells
and K562 cells (4×105/well) were plated into 6-well plates.
After incubation with SFN (0, 4, 8, 12 µmol LG1) for 48 h, the
cells were  washed  with  PBS  twice  and  stained with an
Annexin V-FITC/PI  Apoptosis  Detection   Kit   according  to
the  manufacturer’s instructions. The apoptotic rate of KG1a
and K562 cells were measured by FACS. Finally, the apoptotic
rate was analyzed by the Cell Quest Analysis software.

Reverse  transcription  and qPCR  analysis:  Following
treatments of KG1a and K562 cells with 0, 4, 8 and 12 µmol LG1

SFN for 48 h, RNA was isolated  from  both  kinds  of  cells  with
TRIzol   reagent.  cDNA  was  synthesized  with  1  µg  of  mRNA
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using a high capacity cDNA reverse transcription kit according
to  the  manufacturer’s  instructions.  Subsequently,  cDNA was
amplified by real-time quantitative PCR (qPCR) with a SYBR
premix  Ex  Taq  kit  (Takara,  Dalian,  China)  using  an  ABI
7300  Sequence Detection System. The primers used in qPCR
were listed as follows:

Bax : 5’-TTTGCTTCAGGGTTTCATCC-3' 5'-CAGTTGAAGTTGCCGTCAGA-3'
Bcl-2 : 5'- GGATGCCTTTGTGGAACTGT-3' 5'-AGCCTGCAGCTTTGTTTCAT-3'
Caspase-3 : 5'-TGTTTGTGTGCTTCTGAGCC-3' 5'-CACGCCATGTCATCATCAAC-3'
$-actin : 5'-AGAGCTACGAGCTGCCTGAC-3' 5'-AGCACTGTGTTGGCGTACAG-3'

PCR conditions were as follows: one cycle at 95EC for 3 min,
followed by 40 cycles at 95EC for 30s, 55EC for 30s and 72EC
for 1 min. The specificity of the PCR products was test by
dissociation curves. Each reaction was performed in triplicate.
For each individual analysis, one of the samples was
designated as the calibrator and given a relative value of 1.0.
All quantities were expressed as n-fold relative to the
calibrator.

Western   blotting:   Total    proteins    were   extracted  from
2-5×106 cells with an ice-cold SDS protein lysis buffer. Protein
concentration was measured with the Micro BCA Protein Assay
Reagent kit. Proteins were separated by 10% SDS-PAGE
electrophoresis and transferred onto polyvinylidene difluoride
(PVDF) membranes. The membranes were blocked with 5%
non-fat milk in TBST buffer for 1 h and subsequently incubated
with primary antibodies against caspase-3 (1:1,000), Bax
(1:1,000), Bcl-2 (1:1,000), or GAPDH (1:10,000) overnight at 4EC.
Following washing with TBST 3 times, membranes were
incubated with the secondary antibodies conjugated with
peroxidase at (1:5,000) for 1 h at room temperature.
Afterwards, the membranes were washed with TBST 3 times.
The antigen-antibody complexes were visualized using the
ECL detection system. At last, protein bands were analyzed
with the Image J soft-ware. Each sample was repeated in
triplicate.

Statistical analysis: Statistical analysis was performed using
statistical product and service solutions (SPSS) software
(version  16.0,  IBM  Inc.,  New  York)  data  presented  were
Mean±SD from three different experiments. Statistical
significance between different groups was determined using
Students’ t-test. A value of p<0.05 was considered statistically
significant.

RESULTS

SFN  inhibited  proliferation  in KG1a and K562 cells: The
CCK-8  assay  showed  that  SFN  could  inhibit  the   growth  of

leukemia cells, which was indicated by a declined cell viability
trend in a dose and time dependent manner following
treatments with different concentrations of SFN (Fig. 1a, b).
Microscopic observation also showed that a significant
decrease in the numbers of A549 and H460 cells following
treatments with various concentrations of SFN for 48 h as
compared to control group (Fig. 1c).

SFN induced apoptosis in KG1a and K562 cells: To further
explore whether SFN could cause apoptosis of acute leukemia
cells, KG1a and K562 cells were stained with Annexin V-FITC
and PI and the apoptotic rate was analyzed by flow cytometry.
The  result  showed  that  apoptotic  rates  of KG1a cells were
0, 3.12, 13.33 and 28.18% following treatments with SFN at 0,
4, 8 and 12 µmol LG1  for 48 h. Consistently, the apoptotic rates
of K562 cells were 0, 2.81, 10.63 and 30.27% following
treatments with 0, 4, 8 and 12 µmol LG1  SFN for 48 h (Fig. 2).
These experiments indicated that the apoptotic rates of KG1a
and K562 cells were gradually increased with the increase of
SFN concentrations.

SFN regulated the expression of Bcl-2, Bax and caspase-3 in
KG1a and K562 cells: The mRNA level of Bax was remarkably
increased  in  KG1a  and  K562  cells when treated with SFN
(Fig. 3a, b), while the mRNA expression of Bcl-2 was slightly
inhibited  by  SFN  in  K562  cells,  but   not   in   KG1a   cells
(Fig. 3b, e). Additionally, it was also measured caspase-3
expression in KG1a and K562 cells following treatments with
SFN.  The  mRNA  expression  level   of   caspase-3   was
inhibited  by  SFN  in  both  cells   in   a   dose-dependent
manner (Fig. 3c, f).

To further determine the apoptotic effects of SFN in the
leukemia cell. The protein level of Bax, Bcl-2 and caspase-3 in
KG1a and K562 cells was examined by Western blotting
following   treatments   with   SFN.   Interestingly,   it   was
found  that  SFN could markedly inhibit Bcl-2 protein
expression and enhance Bax and caspase-3 protein
expressions in a dose dependent manner in both kinds of
cells, which did not completely correlate the mRNA expression
data (Fig. 4).

Together, these results indicate that SFN can induce
leukemia  cells  apoptosis,  which  may involve its effects on
up-regulating of Bax and caspase-3 level expression and
down-regulating Bcl-2 expression level.

DISCUSSION

In the present study, it is the first time to present evidence
that SFN could inhibit proliferation of the acute myeloid
leukemia  KG1a  and  K562  cells   in   vitro.    Most   importantly
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Fig. 1: Inhibition effects of SFN (Sulforaphane) on cell viability were detected by CCK-8 assay on (a) KG1a, (B) K562 and (c)
Inhibition effects of SFN on cell density were examined by optical microscope
Data shown are the Means±SD from 3 independent experiments.*p<0.05 compared to the control

Fig. 2: Apoptosis of KG1a and K562 cells treated with SFN for 48 h (by FACS)
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Fig. 3: qPCR analysis of Bax, Bcl-2 and Caspase-3 expression in KG1a and K562 cells 
Data shown are the Means±SD from three independent experiments.*p<0.05 compared to the control

present study showed that SFN regulated apoptosis of
leukemia cells in a time and dose dependent manner.
Sulforaphane is an isothiocyanate (ITC) obtained from
cruciferous vegetables. A series of clinical trials have
demonstrated that SFN can induce cell differentiation, lead to
cell cycle arrest and promote cell apoptosis in a variety of
human cancer types19,20.This study could give guidance for
SFN as a new potential agent against leukemia.

Apoptosis    is     regulated     by     anti-apoptotic   and
pro-apoptotic effectors including Bcl-2 family. Bcl-2 and Bax
are two representative members of Bcl-2 family. It is known
that Bax promotes and Bcl-2 prevents cell apoptosis21,22. The
expression  of  Bax  and  Bcl-2  in  cell  remains  a homeostasis,

which forms an apoptosis regulation system that controls cell
proliferation and apoptosis. When Bax is over-expressed, it will
form homodimer and induce cell apoptosis. In another way,
the Bcl-2 expression increase causes Bax homodimer to
dissociate and form heterodimers with Bcl-2, which is more
stable than Bax homodimer, inducing suppression on cell
apoptosis. Therefore, the ratio of Bax to Bcl-2 determines the
occurrence of cell apoptosis, which is also the key factor of the
prognosis of malignant tumor23.

In order to examine how SFN induced apoptosis in
leukemia cell, the expression of Bax and Bcl-2 in KG1a and
K562 cells following treatments with different concentrations
of  SFN was examined.  Western  blotting  date  confirmed that
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Fig. 4: Western blotting analysis of Bax, Bcl-2 and Caspase-3 expression in KG1a and K562 cells

the Bax protein expression was markedly increased and Bcl-2
protein expression was decreased in the SFN treated KG1a and
K562 cells, while the expression of Bcl-2 mRNA was slightly
inhibited in K562 cells but was not changed in KG1a cells
following treatments with SFN. There was a slightly reduced
Bcl-2 mRNA level in SFN treated K562 cells, however, there was
no change of Bcl-2 transcription level in SFN treated KG1a cell
lines. This discrepancy of Bcl-2 protein decrease with its
unchanged mRNA levels in these cell lines need to be further
studied in terms of protein synthesis and degradation.
However, such phenomenon that the protein expression does
not always correlate with gene transcription was documented
in other studies as well24.

Caspases is a family of protease enzymes playing essential
roles in programmed cell death25. In this study attention was
focused on caspase-3, one of the most important factors in
apoptosis in various cell types in which it cleaves most
caspase-related substrates that are induced in the process of
apoptosis26-28. Here, it was found that caspase-3 was increased
in KG1a and K562 cells at both mRNA and protein levels in a
dose-dependent manner following treatments with SFN.

In  summary,  this  study   showed   that   SFN  inhibited
cell   proliferation    and    revealed   that   SFN   up-regulated
Bax and caspase-3 and down-regulated Bcl-2, which led to
intrinsic  apoptosis  in  KG1a  and  K562   human  leukemia
cells. Such results provided evidence that SFN could be a
potent   anticancer   agent    in    myeloid    leukemia    cells.   In

addition,  it  was  confirmed  that  SFN   could  induce
apoptosis  and  inhibit  proliferation  in  KG1a  and  K562  cells.

CONCLUSION

These results revealed that SFN could cause apoptosis in
2 kinds of leukemia KG1a and K562 cells, which correlated with
upregulation of Bax and caspase-3 and down-regulation of
Bcl-2. These findings suggested that SFN could be used as a
potential anticancer agent against acute myeloid leukemia
based on its effective pro-apoptosis activities.

SIGNIFICANCE STATEMENT

This study discovered that SFN a chemo-preventive agent
could induce apoptosis of acute human leukemia cells
through modulation of Bax, Bcl-2 and caspase-3, which could
help uncover the mechanisms of inhibitive role of SFN in
proliferation of leukemia cells. This data showed that SFN
could be potentially used as a new drug for the treatment of
leukemia in clinical setting.
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