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ABSTRACT: The induction of detoxification enzymes by benzyl isothiocyanate (BITC) and its synthetic N-acetyl-L-cys-
teine (NAC) conjugate (NAC-BITC) was examined in Hepa1c1c7 murine hepatoma cells. BITC and NAC-BITC inhibited 
Hepa1c1c7 cell growth in a dose-dependent manner. Cell growth was 4.5∼57.2% lower in Hepa1c1c7 cells treated with 
0.1∼10 M BITC than in control-treated Hepa1c1c7 cells. The NAC-BITC treatment had a similar inhibitory pattern on 
Hepa1c1c7 cell growth; 0.5 M and 10 M NAC-BITC decreased cell growth by 13.6% and 47.4%, respectively. Treat-
ment of Hepa1c1c7 cells with 0.1∼2.0 M BITC also elicited a dose-response effect on the induction of quinone reduc-
tase quinone reductase (QR) activity and QR mRNA expression. Treatment with 1 M and 2 M BITC caused 1.8- and 
2.8-fold inductions of QR mRNA, respectively. By comparison, treatment with 1 M and 2 M NAC-BITC caused 1.6- 
and 1.9-fold inductions of QR mRNA, respectively. Cytochrome P450 (CYP) 1A1 and CYP2E1 induction were lower in 
0.1∼2 M BITC-treated cells than in control-treated cells. CYP2E1 activity was 1.2-fold greater in 0.1 M NAC-BITC- 
treated cells than in control-treated cells. However, the CYP2E1 activity of cells treated with higher concentrations (i.e., 1
∼2 M) of NAC-BITC was similar to the activity of control-treated cells. Considering the potential of isothiocyanatesto 
prevent cancer, these results provide support for the use of BITC and NAC-BITC conjugates as chemopreventive agents.
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INTRODUCTION

Cruciferous vegetables such as broccoli, cabbage, and 
cauliflower contain unique secondary metabolites called 
glucosinolates. Glucosinolates have no biological activity 
themselves, but they are hydrolyzed by plant myrosinase 
(thioglucoside glucohydrolase; EC 3.2.3.1) when plant 
cells are cut, ground, or chewed. Glucosinolates release 
biologically active isothiocyanates (ITCs) (1,2). A major 
metabolic endpoint of ITCs in rodents and humans is 
glutathione (GSH) conjugation (3,4). More than half of 
the ITCs consumed by humans are excreted within 12 h 
as N-acetyl-L-cysteine (NAC) conjugates in the urine 
(3). NAC and L-cysteine (L-Cys) conjugates are degrada-
tion products of ITC via the mercapturic acid pathway.

Glucotropaeolin, one of the major glucosinolates of 
cruciferous vegetables, undergoes myrosinase-dependent 
hydrolysis to yield benzyl isothiocyanate (BITC) and sev-
eral minor products (5). Once absorbed, the primary 
metabolic pathway of BITC is conjugation with GSH, fol-

lowed by conversion via the mercapturic acid pathway to 
an NAC conjugate, which is excreted into the urine (6). 
Thus, the presence of the NAC-BITC conjugate in the 
urine indicates BITC uptake and metabolism (7-9).

ITCs play important roles in modulating the activation 
and detoxification of carcinogens (10,11). ITCs have 
been studied for their chemopreventive potential, which 
is primarily attributed to their activity as inducers of 
phase II enzymes involved in the detoxification and eli-
mination of carcinogens (12,13).

Quinone reductase (QR), a cytosolic flavoprotein, is 
best known for protecting cells against the toxicities of 
quinones and their metabolic precursors by catalyzing 
the obligatory two-electron reduction of these com-
pounds (14,15). Many studies have shown that elevation 
of QR activity correlates with protection against chem-
ical-induced carcinogenesis in animal models (16,17). 

Cytochrome P450 (CYP) superfamily gene products 
convert procarcinogenes into DNA-reactive electrophilic 
forms by phase I reactions (18). CYP enzyme variants 
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are involved in the metabolism of many different poten-
tial carcinogens and drugs. The CYP1 family of enzymes 
is highly expressed in myeloblastic and lymphoid cell 
lines. In addition, the CYP1A1 and CYP2E1 enzymes are 
responsible for the bioactivation of some chemicals [e.g., 
polycyclic aromatic hydrocarbons (PAHs), ethanol] in 
peripheral blood lymphocytes (18,19). 

The present study compared the effects of BITC and 
its NAC compound, a major metabolite of BITC, on cell 
growth and the induction of protein and mRNA expre-
ssion of QR, CYP1A1, and CYP2E1 in Hepa1c1c7 mur-
ine hepatoma cells.

MATERIALS AND METHODS

Materials 
BITC, NAC, pyridine, bovine serum albumin (BSA), 
-naphthoflavone (BNF), -nicotinamide adenine dinu-
cleotide phosphate, and flavin adenine dinucleotide 
(FAD) were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). All other chemicals were reagent grade 
and obtained from commercial sources. The organic sol-
vents used for NAC-BITC synthesis were reagent grade.

Synthesis of the NAC conjugate of BITC
The NAC conjugate of BITC was synthesized using pub-
lished methods (9) and was confirmed by mass spec-
trometry-fast atom bombardment analysis (MS-FAB).

Cell culture
Hepa1c1c7 mouse hepatoma cells were obtained from 
the Korean Cell Line Bank (Seoul, Korea). The cells were 
grown in RPMI medium supplemented with 10% heat- 
inactivated fetal bovine serum (FBS), 100 units/mL pen-
icillin, and 100 g/mL streptomycin (Synovis Life Tech-
nologies, St. Paul, MN, USA) for 24 h. The cells were 
then treated with medium containing BITC or NAC- 
BITC dissolved in dimethyl sulfoxide (DMSO; 0.1% v/v 
final concentration) or DMSO alone for an additional 24 
h. Next, the cells were trypsinized, centrifuged at 4,000 
rpm, washed with phosphate-buffered saline (PBS), cen-
trifuged at 4,000 rpm, lysed in 0.05% deoxycholate sol-
ution, and stored at −80oC until QR and protein analysis.

Cell proliferation
Cell proliferation was measured by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
Cells (1,000 cells/well) were cultured for 24 h at 37oC in 
96-well plates containing fresh FBS-free medium with 
various amounts of each sample. Each well was then in-
cubated with MTT for 4 h. The liquid was removed and 
DMSO was added to dissolve the solid residue. A micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA) 

was used to determine the optical density of each well at 
570 nm.

Quinone reductase activity
Hepa1c1c7 cells were seeded into 96-well plates (10,000 
cells/well) with -minimum essential medium supple-
mented with 10% FBS, 100 units/mL penicillin, and 100 
g/mL streptomycin and incubated for 24 h. Then, the 
medium was replaced with medium containing BITC or 
NAC-BITC, and the cells were incubated for an addi-
tional 24 h. The medium was decanted, and the cells 
were incubated in a 0.8% digitonin and 2 mM EDTA sol-
ution (pH 7.8) at 37oC for 10 min. The plates were then 
agitated on an orbital shaker (100 rpm) at room temper-
ature for 10 min, and 200 L of reaction mixture (BSA, 
MTT, 25 mM Tris-HCl, 0.01% Tween 20, 5 M FAD, 1 
mM glucose-6-phosphate, 30 M nicotinamide adenine 
dinucleotide phosphate, glucose-6-phosphate dehydro-
genase, and 50 M menadione) was added to each well. 
After 5 min, the plates were scanned at 595 nm. Specific 
QR activity was determined by measuring NADPH-de-
pendent menadiol-mediated reduction of MTT to blue 
formazan. QR activity induction was calculated by com-
paring the specific QR activity of sample-treated cells 
with that of solvent-treated cells. Cells grown with 1 M 
BNF were used as a positive control for each experiment. 

Isolation of total RNA
Hepa1c1c7 cells were plated in 100-mm culture dishes 
at a density of 3×106 cells per 100 mL medium. After 
pre-incubation for 24 h, each plate was filled with fresh 
FBS-free medium that contained various concentrations 
of BITC or NAC-BITC. The cells were then incubated for 
an additional 24 h at 37oC. Total RNA was isolated with 
TRIzolⓇ reagent (Life Technologies, Boone, NC, USA). 
The homogenized samples were incubated at room tem-
perature for 5 min to permit the complete dissociation 
of nucleoprotein complexes. After the addition of 0.2 
volumes of chloroform, samples were shaken vigorously 
for 15 s, incubated for 2∼3 min, and centrifuged at 
12,000 g for 15 min at 4oC. The total RNA remaining in 
the upper aqueous phase was precipitated by mixing 
with an equal volume of isopropanol. The mixture was 
incubated for 10 min at 4oC and centrifuged at 12,000 g 
for 10 min at 4oC. The total RNA pellet was washed 
with 70% ethanol, dried, and dissolved in RNase-free 
water. The concentration and purity of total RNA were 
calculated by measuring the absorbance of the final sol-
ution at 260 and 280 nm.

Semi-quantitative RT-PCR
First-strand cDNA was synthesized with 1 g of total 
RNA and 1 M of oligo(dT15) primer using Omniscript 
Reverse Transcriptase (Qiagen, Valencia, CA, USA). The 
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Table 1. Sequences of primers used in this study

Target gene Primer Sequence (5’→3’)

CYP1A1

CYP2E1

QR

GAPDH

Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense

TCC CTA AGT ATC CTC CGT GA
GTA ATC GAA GCG TTT GTT GA
TGA CCT CCG TTA CCT GCC TA
GTG TCA AAC CCA GCT CCA AA
TCG GAG AAC TTT CAG TAC CC
TGC AGA GAG TAC ATG GAG CC
GAC CCC TTC ATT GAC CTC AAC
CAT ACC AGG AAA TGA GCT TG

Fig. 1. Mass spectrum of the synthetic N-acetylcysteine con-
jugate of BITC.

Fig. 2. Effects of BITC and NAC-BITC on Hepa1c1c7 cell pro-
liferation, as measured by the MTT assay.

primers used in this study are shown in Table 1. The 
PCR protocol consisted of denaturation at 94oC for 3 
min, 3-step cycling (30 cycles) at 94oC for 1 min, 60oC 
for 1 min, and 72oC for 1 min, and extension at 72oC for 
10 min. The amplified PCR products were loaded into a 
1.0% agarose gel, stained with ethidium bromide, illu-
minated with a UV transilluminator, and photographed 
with a Polaroid camera (Kodak, Needham, MA, USA). 
The densities of bands were measured by the ImageJ 
software program, version 1.34 (Bethesda, MD, USA).

Statistical analysis
Statistical analyses were performed using the Statistical 
Analysis System (SAS Institute, Cary, NC, USA). One-way 
analysis of variance was used to determine differences 
between treatments; P<0.05 was considered significant.

RESULTS AND DISCUSSION

Characterization of the synthetic NAC-BITC conjugate
The NAC conjugate of BITC was synthesized using our 
published method (9). MS-FAB revealed a mass spec-
trum with a strong molecular ion (M+) as the major 
peak at 313, which is the molecular weight of the NAC 
conjugate of BITC plus one (Fig. 1). The synthetic sam-

ple had a distinct M+Na+ peak at 335. The discrepancy 
between the major peaks is believed to have resulted 
from the addition of sodium chloride to the synthetic 
sample, which was added to enhance the molecular ion.

Cell proliferation assay
A series of MTT assays was used to determine the 
dose-response effect of NAC-BITC on the growth and 
proliferation of Hepa1c1c7 cells. Fig. 2 illustrates the ef-
fects of 0.1∼10 M BITC and NAC-BITC on the growth 
of Hepa1c1c7cells. Twenty-four hours of incubation 
with BITC inhibited the proliferation of Hepa1c1c7 cells 
in a dose-dependent fashion (n=4). Hepa1c1c7 cell 
numbers were significantly lower with the 0.1∼10 M 
BITC treatment than with the control treatment. A sim-
ilar inhibitory pattern was observed with the NAC-BITC 
treatment. The growth of Hepa1c1c7 cells treated with 
0.5 M and 10 M NAC-BITC was 13.6% and 47.4% 
lower than that of control-treated cells, respectively. 

Tan et al. (20) demonstrated that 48 h of exposure to 
0.5∼20 M BITC, phenethyl isothiocyanate (PEITC), 
and sulforaphane induced a dose-dependent inhibition 
of human bronchial epithelial cell proliferation. Zhang et 
al. (21) reported that the growth of several cancer cell 
lines, including the MCF-7 breast cancer cell line, the 
HepG2 liver cancer cell line, the HT-29 colon cancer cell 
line, and the HaCaT skin cancer cell line, was inhibited 
by 3 h and 72 h treatments with allyl isothiocyanate 
(AITC) BITC, and PEITC. Zhang et al. (21) also de-
termined the effects of the major in vivo metabolites of 
AITC and BITC (i.e., the GSH and Cys conjugates of 
AITC and BITC) in HL60/S blood cancer cells. They 
found that 3 h and 72 h treatments with the conjugates 
and their parent ITC compounds had similar inhibitory 
effects on cell growth. This indicates that ITC metabo-
lites may retain the anticancer activity of their parent 
compounds. 
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Fig. 4. QR, CYP1A1, and CYP2E1 mRNA expression in Hepa1c1c7 cells treated with varying concentrations of BITC and NAC-BITC for 
24 h. The RT-PCR experiments were repeated three times with similar results. (A) Electrophoresis gel photo of PCR products. (B) 
The ratio of the densitometry values of QR/GAPDH, CYP1A1/GAPDH, and CYP2E1/GAPDH in cells treated with different concentrations 
of BITC and NAC-BITC. Within each treatment, different letters (a-c) indicate significant differences. Values are mean±SD (n=3, P<0.05).

Fig. 3. Effects of 24 h of BITC and NAC-BITC treatment on the 
catalytic activity of quinone reductase in Hepa1c1c7 cells. 
Within each treatment, different letters (a-d) indicate sig-
nificant differences. Values are mean±SD (n=4, P<0.05).

Detoxification enzyme activity
The effect of BITC and NAC-BITC on the activation of 
QR was examined in this study. BITC and NAC-BITC 
significantly induced QR activity at all concentrations 
tested (Fig. 3). The QR activity was normalized to the 
protein content of each treatment. The QR activity of 
the positive control (i.e., 1 M BNF) was 281.4 nM 

2,6-dichlorophenolindophenol (DPIP)/min, which was 
about 1.8-fold greater than the QR activity of the neg-
ative control (154.2 nM DPIP/min). A dose-dependent 
induction of QR was observed from 1 M to 2 M BITC; 
QR activity was increased 1.7- and 3.1-fold at the 1 M 
and 2 M BITC doses, respectively. A similar induction 
of QR activity was observed with NAC-BITC; treatment 
with 1 M and 2 M NAC-BITC was associated with a 
1.9- and 3.1-fold induction of QR activity. The 0.1 M 
BITC and 0.1 M NAC-BITC treatments did not sig-
nificantly induce QR activity.

In our previous research (22), we studied the effect of 
AITC and its NAC conjugate on QR induction. We found 
that AITC and NAC-AITC caused dose-related cell growth 
inhibition and QR induction. Treatments with 1 M and 
2 M AITC resulted in 2.0- and 3.1-fold inductions of 
QR activity, respectively. Treatment with 1 M and 2 
M NAC-AITC was associated with a 2.9- and 3.7-fold 
induction of QR activity, respectively.

Fig. 4 depicts QR mRNA levels in Hepa1c1c7 cells af-
ter 24 h of exposure to BITC or NAC-BITC. QR mRNA 
levels were quantified by RT-PCR, and GAPDH was used 
as an endogenous standard. BITC had a dose-dependent 
effect on Hepa1c1c7 cell QR mRNA expression; the 1 M 
and 2 M BITC doses resulted in 1.8- and 2.8-fold in-
creases in QR mRNA expression, respectively. Spec-
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trophotometric and RT-PCR analyses yielded very sim-
ilar QR expression patterns. Treatment with NAC-BITC 
also resulted in a dose-dependent increase in QR ex-
pression; the 1 M and 2 M NAC-BITC treatments led 
to 1.6- and 1.9-fold inductions in QR mRNA expression, 
respectively. CYP1A1 and CYP2E1 induction were lower 
in cells treated with 0.1∼2 M BITC than in control- 
treated cells, indicating that BITC is an efficient CYP1A1 
and CYP2E1 inactivator. CYP2E1 activity was 1.2-fold 
lower in cells treated with a 0.1 M dose of NAC-BITC 
than in control-treated cells. However, the CYP2E1 ac-
tivity of cells treated with 1∼2 M NAC-BITC was sim-
ilar to that of controls. 

Goosen et al. (23) studied the effect of BITC on rat 
and human cytochrome P450 and showed that BITC was 
a mechanism-based inactivator of rat P450s 1A1, 1A2, 
2B1, and 2E1 and of human P450s 2B6 and 2D6. 
Silverman (24) reported that the reactive intermediate 
responsible for the inactivation of P450 1A2 may be re-
leased more readily from the active site of the enzyme, 
thereby increasing the rate of inactivation. 

Mechanisms for protecting cells from cancer initiation 
include decreasing the expression of metabolic enzymes 
responsible for generating reactive species (i.e., phase I 
enzymes) and increasing the expression of enzymes that 
can deactivate radicals and electrophiles known to inter-
cede in normal cellular processes (i.e., phase II en-
zymes). Reduction of electrophilic quinones by QR is an 
important detoxification pathway that converts quinones 
to hydroquinones and reduces oxidative cycling. 

Dietary ITCs have been studied for their ability to in-
hibit phase I metabolic activation of procarcinogens and 
enhance the phase II conjugation and elimination of car-
cinogens. They are prospective chemopreventive agents, 
although some concerns have recently been raised about 
their ability to promote carcinogenesis. The antiprolife-
rative and antitumor activities of dietary ITCs and their 
conjugates are being studied further. A vegetable-rich 
diet may reduce the incidence of cancer. The results of 
the present study are important because they indicate 
that ITC conjugates may be involved in the mechanism 
by which ITCs inhibit cancer and they raise the possi-
bility that conjugates themselves inhibit cancer. 
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