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Sulforaphane Induces Cell-Cycle Arrest and Apoptosis in Cultured Human Lung
Adenocarcinoma LTEP-A2 Cells and Retards Growth of LTEP-A2 Xenografts in Vivo
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Sulforaphane (1), a glucosinolate-derived isothiocyanate found in the cruciferous vegetable broccoli, is considered an
anticarcinogenic component. In the present study, the proliferation and apoptosis induction in human lung adenocarcinoma
LTEP-A2 cells by 1 was investigated. Compound 1 caused G2/M-phase arrest (p < 0.05) and increase of apoptotic cell
fraction (p < 0.05) in a time- and dose-dependent manner. Intraperitoneal injection of 1 significantly inhibited growth
of LTEP-A2 xenografts in nude mice, and 9 days after tumor cell implantation with 100 mg/kg intraperitoneal injection
of 1, the average tumor weights in 1-treated mice was >70% lower than that of the control mice.

Cruciferous vegetables contain compounds associated with
protection against cancer. It has been shown that the cancer
chemopreventive effects of cruciferous vegetables are related to
their unique content of glucosinolates.1 When vegetables are ground
or chopped, the enzyme myrosinase (thioglucoside glucohydrolase,
EC3.2.3.1) and glucosinolates come into contact. Myrosinase breaks
the �-thioglucoside bond of these glycoside molecules, producing
glucose, sulfate, and a diverse group of aglycon products. The
resultant aglycons then undergo nonenzymetic, intramolecular
rearrangement to yield isothiocyanates, thiocyanates, or nitriles.
Glucosinolates are not bioactive until they have been enzymatically
hydrolyzed to a chemically related isothiocyanate.2

Sulforaphane (4-methylsulfinybutyl isothiocyanate, 1), an isothio-
cyanate derived from glucoraphanin (4-methylsulfinylbutyl glu-
cosinolate), has received much attention over the past decade.
Initially studied as an inducer of phase II enzymes, 1 has been
shown subsequently to possess anticarcinogenic activities.3-5

Several different potential mechanisms of action have been proposed
for the role of 1 in cancer chemoprevention.5-9 Sulforaphane may
modulate carcinogen metabolism by induction of phase II detoxi-
fication enzymes and inhibition of cytochrome P-450-dependent
monooxygenase and histone deacetylase.6-9 Compound 1 also
induces cell-cycle arrest and apoptosis in human colon cancer and
breast cancer cell lines and inhibits tumor formation.10-13 It was
also found that the induction of cytoprotective enzymes by
sulforaphane in animal systems occurs at lower concentrations,
followed by an anti-inflammatory reaction at higher concentrations14

and then by the induction of apoptosis and cell-cycle arrest at even
higher concentrations. Thus, this substance appears to be an
important chemoprotective agent.15

Previous studies have shown that phenethyl isothiocyanate and
sulforaphane (1) and their N-acetylcysteine conjugates inhibit lung
adenoma formation induced by tobacco carcinogens in A/J mice
at the post-initiation stage.16 Moreover, phenethyl isothiocyanate
(2) and 1 can induce apoptosis in human non-small lung cancer
A549 cells by a mechanism of direct covalent binding to cellular
proteins.17 It has also been found that caspase-3 is a key regulator

of apoptosis in response to combined sulforaphane and tumor
necrosis factor-related apoptosis-inducing ligand in human lung
adenocarcinoma A549 cells through down-regulation of ERK and
Akt.18 Furthermore, it has been reported that 1 was most effective
in the inhibition of lung metastasis induced by B16F-10 melanoma
cells.19

In the present study, the inhibitory effects of sulforaphane (1)
and phenethyl isothiocyanate (2) were evaluated on human lung
adenocarcinoma LTEP-A2 cells. Then, the effects of 1 were studied
on cell-cycle progression and apoptosis induction in LTEP-A2 cells.
Finally, compound 1 was investigated for its effects on the growth
of nude mice bearing LTEP-A2 xenografts.

The effect of sulforaphane (1) on the proliferation of LTEP-A2
cells was determined by a trypan blue dye exclusion assay, and
the results are shown in Figure 1. The results revealed a concentra-
tion-dependent inhibition in survival of LTEP-A2 cells upon
exposure to different concentrations (6.25, 12.5, 25, or 50 µM) of
1 at the time determined. The IC50, as measured by the number of
viable cells in cultures 24 h after the addition of 1, was seen at a
concentration of 6.25 µM. When the cells were treated with
concentrations of 1 for different times (3, 24, 48, or 72 h), a time-
dependent inhibition in survival could be observed. Thus, treatment
with 1 caused a time- and dose-dependent reduction in LTEP-A2
cell number. Figure 1 shows the survival curve of LTEP-A2 cells
at different time points and after treatment with different concentra-
tions of phenethyl isothiocyanate (2). When the harvested cells were
counted, the numbers of treated cells decreased only in a dose-
dependent manner, and the number of viable cells following a 24 h
exposure to 12.5 and 25 µM 2 was reduced by 12% and 81%, with
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the IC50 being about 20 µM. Compound 1 was significantly more
effective as an inhibitor of lung tumor cell growth than 2. The data
presented herein indicate that 1 was highly effective in suppressing
the proliferation of human LTEP-A2 lung adenocarcinoma cells in
culture. Compared with reported results, marked differences in the
resistance of the cell lines to 1 and 2 were observed. The IC50 values
for 1 were 3.8, 10.0, and 95.0 µM in lymphoblastoid cells,20 prostate
cancer cells,21 and human colon adenocarcinoma cells,22 respec-
tively. By contrast, the IC50 values for 2 were 5.1, 7.0, and 23.2
µM in chronic lymphocytic leukemia cells,23 human colon adeno-
carcinoma cells,22 and ovarian cells,24 respectively. These results
indicate that side-chain changes in the structure of isothiocyanates
could have a significant impact on their anticancer activity.

To elucidate the rate at which 1 altered cell-cycle progressions,
this was determined at several time points. Table 1 summarizes
the effects of sulforaphane on the cell-cycle distribution of LTEP-
A2 cells. These effects were particularly apparent following
treatment with 1 at 6.25 and 50 µM. The immediate effects (3 h),
observed at drug concentrations of 6.25 and 50 µM, appeared
primarily as an slight increase in the proportion of cells in the G2/M
phase of the cell cycle (from 15.3 to 18.1%) accompanied by a
slight compensatory decrease in G1 phase cells (from 59.3 to
55.6%). Longer exposure (48 h) to concentrations of 6.25 and 50
µM led to a significant decrease in the proportion of G2/M cells,
while the percentage of cells in the S phase increased from 25.2 to
42.5%. Prolonged (72 h) exposure of LTEP-A2 cells to 1 appeared
as a decrease in G1-phase cells (from 45.7 to 26.5%), a loss of
G2/M-phase cells (from 24.0 to 8.8%), and a significant increase
in the proportion of S-phase cells (from 29.4 to 64.7%). Moreover,
these observations imply that the effects of 1 were time- and dose-
dependent. Apoptosis was also observed at a 50 µM concentration
of 1 and at later stages during the treatment (at 48 and 72 h). This
was manifested by the appearance of cells with a decreased DNA
content, identified as cells with DNA values below that of G1 cells

(“sub-G1 cells”). Thus, as an example, after 3 h of treatment with
50 µM 1, only 0.88% of apoptotic cells were found. This fraction
increased significantly to 6.13 and 31.9% after 24 and 48 h of
treatment, respectively (Table 1). These data indicate that target
cells start to die as late as 24 h after treatment with 1 by an
apoptosis-related mechanism. Sulforaphane induced apoptosis in a
time- and dose-dependent fashion. The results of the present study
indicate that the antiproliferative activity of 1 against LTEP-A2
cells is due to its ability to induce apoptosis.

Cultured cancer cells are valuable tools for rapid screening of
potential anticancer agents as well as for the elucidation of the
mechanism of activity. Prior to clinical trials, however, it is essential
that the in vivo efficacy of potential anticancer agents is determined
in a suitable animal model.25 Therefore, a study was conducted to
determine whether administration of 1 affects the growth of LTEP-
A2 xenografts in nude mice. The effect of intraperitoneal injection
of 1 on the growth of LTEP-A2 xenografts is shown in Figure 2.
As can be seen from this figure, this caused a significant inhibition
of LTEP-A2 xenograft growth. At the lower doses, 1 also inhibited
the incidence of lung adenocarcinoma, but the decrease of average
tumor weights was not statistically significant. Nine days after
starting treatment with 50 mg/kg intraperitoneal injection of 1, the
average tumor weights in control and SFN-treated mice were 578
( 25 and 350 ( 27 mg, respectively, reflecting a 40% reduction
in tumor weight in the group treated with 1. Similarly, 9 days after
tumor cell implantation with 100 mg/kg 1, the average tumor weight
in 1-treated mice (138 ( 13 mg) was >70% lower than that of
control mice. Body weights of the control and treated mice were
recorded to determine if administration of 1 causes weight loss.
However, the average body weights of the control and 1-treated
mice did not differ significantly throughout the treatment protocol
in both experiments (data not shown). Oral administration of
sulforaphane (50 mg/kg, 3 times/week) significantly inhibited
growth of human prostate cancer PC-3 xenografts in nude mice,
reflecting a >50% reduction in tumor volume.25 Daily sulforaphane
injections (66 mg/kg/day for 3 weeks) in severe combined immu-
nodeficient mice with human pancreatic cancer PANC-1 tumors
resulted in a decrease of mean tumor volume by 40%.26 We now
show that growth of established LETP-A2 tumor xenografts was
suppressed at a similar sulforaphane dose.

Sulforaphane (1) is a naturally occurring cancer chemopreventive
isothiocyanate found as its glucosinolate precursor in the cruciferous
vegetable broccoli. The present cell culture and xenograft studies
suggest beneficial properties of 1, in inhibiting the growth of tumors,
arresting the cell cycle, and enhancing apoptosis. Our data indicate
that the LTEP-A2 human lung cancer cell line is highly sensitive
to growth inhibition by 1. The simultaneous appearance of G2/M
arrest and apoptosis clearly indicated that cell death is a primary
direct effect due to treatment with 1, and the growth inhibition of
LTEP-A2 cells produced by this compound resulted from a
combination of apoptosis and cell-cycle interference in which G2/M
arrest is a key event. More importantly, it has been demonstrated
that the growth of LTEP-A2 xenografts in nude mice was inhibited
significantly on intraperitoneal injection of 1. In conclusion, the
results of the present study strongly argue for systematic preclinical
and clinical evaluations of sulforaphane (1) for its activity against
human lung cancer.

Experimental Section

Chemicals. Sulforaphane (1) was obtained as described previously,
and its purity (>98%) was assessed by HPLC analysis, MS, and NMR
spectroscopy.27 Phenethyl isothiocyanate (2) (>99%) was purchased
from Sigma Chemical Co. (St. Louis, MO).

Cell Culture. Lung adenocarcinoma LTEP-A2 cells, obtained from
the Department of Cell Biology, Beijing Thoracic Tumor Research
Institute, were grown in suspension and propagated in RPMI 1640
medium supplemented with 20% heat-inactivated bovine serum,
streptomycin 100 µg/mL, and penicillin 100 U/mL (all obtained from

Figure 1. Effects of sulforaphane (1) and phenethyl isothiocyanate
(2) treatment on the proliferation of LTEP-A2 cells.
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Sigma, St Louis, MO). To maintain exponential growth, the cultures
were divided every third day by dilution to a concentration of 1 × 105

cells/mL.
Cell Treatment and Cytotoxicity Test. A 5 mL aliquot of the

complete cell-culture medium containing increasing concentrations of
1 or 2 (6.25, 12.5, 25, or 50 µM) was prepared. Exponentially growing
LTEP-A2 cells at a concentration of 400 000 cells/mL were subse-
quently added. For each experiment, treatment was performed in three
independent experiments and separate cultures were set up for each
treatment. Cell concentrations were measured as a function of time by
counting trypan blue-excluding cells on cell aliquots removed from
culture at the designated times (3, 24, 48, and 72 h). Results were
calculated as viable cells in 1- or 2-treated cultures relative to controls.
IC50 values, the drug concentration causing cell toxicity by 50%
following a 24 h exposure, were calculated by interpolation from
dose-response curves.28 All data were determined as means ( SD (n
) 3), and Fisher’s exact test was adopted for statistical evaluation of
the results.

Flow Cytometric Measurement of Cell Proliferation. Flow
cytometry was performed using a FACStar+ flow cytometer (Becton
Dickinson, Sunnyvale, CA) equipped with an argon laser (Innova
90, Coherent Radiation, Palo Alto, CA) operating at 488 nm (500
mW) for excitation of ethidium bromide. The preparation of samples
for measurement of the cell-cycle distribution of nuclei by DNA
content was performed according to a two-step method reported
elsewhere.29,30 Briefly, cultures were centrifuged for 5 min at 800g
and treated with 1 mL of solution I (584 mg/L NaCl, 1000 mg/L
Na citrate, 25 mg/L ethidium bromide, 10 mg/L RNase, and 0.3
mL/L Nonidet P-40). Then, after about 1 h, 1 mL of solution II (15
g/L citric acid, 0.25 M sucrose, and 40 mg/L ethidium bromide)
was added and the samples were briefly vortexed. Ethidium bromide
fluorescence and forward scatter and side scatter of nuclei in
suspension were recorded for cell nuclei in the list mode. For each
sample, 10 000 events were registered. The fraction of cells in the
different compartments of cell cycle was calculated as described
by Schreiber et al.31 All data are means ( SD (n ) 3), and Fisher’s
exact test was adopted for statistical evaluation of the results.

Determination of Apoptosis. Apoptosis induction in sulforaphane
(1)-treated LTEP-A2 cells was assessed by flow cytometric analysis
of cells with sub-G0/G1 DNA content following staining with pro-

pidium iodide. For analysis of cells with sub-G0/G1 DNA content, cells
(5 × 105 cells) were seeded into T75 flasks, and allowed to attach
overnight. The medium was replaced with fresh complete medium
containing 1. Following incubation for 3, 24, 48, or 72 h at 37 °C,
floating and attached cells were collected, washed with phosphate-
buffered saline, and fixed with 70% ethanol. Fixed cells were then
treated with 80 mg/mL RNase A and 50 mg/mL propidium iodide for
30 min and analyzed using a flow cytometer.32 All data are means (
SD (n ) 3), and Fisher’s exact test was adopted for statistical evaluation
of the results.

Xenograft Assay. Male or female athymic mice (6-week-old) were
purchased from the Institute of Materia Medica (Shanghai, Chinese
Academy of Sciences) and maintained in accordance with the Institu-
tional Animal Care Use Committee guidelines. LTEP-A2 cells were
mixed in a 1:1 ratio with Matrigel (Becton Dickinson, Bedford, MA),
and a 0.1 mL suspension containing 106 cells was injected subcutane-
ously in both the left and right flank of each mouse. Mice were
randomized into four groups of 8 mice/group (2 tumors/mouse).
Experimental animals were treated with intraperitoneal injection of
sulforaphane (1) (25, 50, or 100 mg/kg, 3 times/week) beginning the
day of tumor cell implantation. Control mice received an equal volume
of the vehicle. Statistical significance of difference in wet tumor weight
or body weight between control and treated mice was assessed by the
Student’s t test.
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