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Abstract. The preventive effects of dietary exposure to 
a wasabi derivative 6-methylsulfinylhexyl isothiocyanate 
(6-MSITC) during the initiation and post-initiation phases on 
the development of 1,2-dimethylhydrazine (DMH)-induced 
colonic aberrant crypt foci (ACF), and β-catenin-accumulated 
crypts (BCAC) were investigated in male F344 rats. To induce 
ACF and BCAC, rats were given four weekly subcutaneous 
injections of DMH (40 mg/kg body weight). The rats also 
received diets containing 200 or 400 ppm 6-MSITC during 
the initiation or post-initiation phases. The experiment was 
terminated 12 weeks after the start. DMH exposure produced 
a substantial number of ACF (323.8±69.7/colon) and BCAC 
(3.80±1.05/cm2) at the end of the study. Dietary administration 
of 6-MSITC at a dose of 400 ppm during the initiation phase 
caused a significant reduction in the total number of ACF (52% 
reduction, P<0.0001), larger ACF (4 or more crypt ACF) (58% 
reduction, P<0.001) and BCAC (76% reduction, P<0.00001). 
The dietary exposure to 6-MSITC significantly reduced 
the size (crypt multiplicity) of BCAC during both initiation 
and post-initiation treatment when compared to group 1 
treated with DMH alone. Immunohistochemically, 6-MSITC 
administration lowered the proliferating cell nuclear antigen 
labeling index in ACF and BCAC. In addition, protein levels 
of hepatic cytochrome P-450 isozymes at 24 h after 6-MSITC 
exposure were significantly suppressed (P<0.01). The results 
indicated that 6-MSITC exerted chemopreventive effects in 
the present short-term colon carcinogenesis bioassay, through 

alterations in cell proliferation activity and drug metabolizing 
enzyme levels.

Introduction

Colorectal cancer is one of the leading causes of cancer-
related death worldwide and is therefore a major public health 
concern (1). Although the causes are not completely under-
stood, dietary factors appear to be important (2). In a large 
number of epidemiological studies, increased consumption of 
vegetables and fruits have been consistently associated with a 
low risk of colorectal cancer (3-5).

For example, it was reported that cruciferous vegetables, 
and particularly broccoli consumption, are linked to a lowered 
risk of colon cancer, and the protective effects are particularly 
evident in individuals with the glutathione transferase M1 
null genotype (6). Much attention has been focused on which 
dietary constituents play critical roles in cancer preven-
tive actions, and with cruciferous vegetables the beneficial 
effects may be attributed, at least in part, to the high content 
of isothiocyanates (ITCs). ITCs are abundant in cruciferous 
vegetables such as broccoli, horseradish, mustard, watercress, 
cabbage or cauliflower. Interestingly, some of the purified 
products have been shown to possess potent anticarcinogenic 
properties in cell culture models as well as in experimental 
animal models. Inhibitory influence has been documented for 
rat lung, esophagus, mammary gland, liver, small intestine, 
colon and bladder tumorigenesis (7,8). Although the ultimate 
causes of the preventive effects have yet to be defined in detail, 
enhanced detoxification of carcinogens (phase II enzyme 
activation) as well as blocking carcinogen activation (phase I 
enzyme inhibition) are presumably involved (9).

Various ITCs have been shown to inhibit cytochrome 
P450 (CYP) and increase the carcinogen excretion or detoxi-
fication by phase II detoxification enzymes such as glutathione 
S-transferase (GST) and NAD(P)H: quinone reductase (QR) 
(10-13). A typical Japanese condiment, wasabi (Wasabia 
japonica) was considered as a possible source of antimuta-
genic and anticancer agents (14,15). An extract was found to 
reduce the growth of the human monoblastic leukemia cells by 
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inducing apoptosis (16). One particular ingredient, 6-methyl-
sulfinylhexyl isothiocyanate (6-MSITC), was found to inhibit 
cell proliferation in human breast cancer and melanoma cell 
lines (17). Morimitsu et al reported that 6-MSITC activates the 
ARE/Nrf2-dependent detoxification pathway, and oral admin-
istration resulted in the induction of hepatic GST and QR in 
mouse liver (18). Nrf-2 also regulated the detoxification enzyme, 
UDP-glucuronyltransferase (UDPGT), in the mouse (19).

The present bioassay, using rats, was conducted to 
determine whether dietary 6-MSITC can modulate carcino-
gen-induced colon carcinogenesis. Thus, the incidences of 
two different mucosal lesions, aberrant crypt foci (ACF) and 
β-catenin-accumulated crypts (BCAC) as surrogate endpoints 
in the place of tumors were evaluated. In addition, to assess 
whether 6-MSITC affects cell proliferation activity in colonic 
preneoplastic lesions, the proliferating cell nuclear antigen 
(PCNA) index was evaluated. Protein levels of CYP enzymes 
and the activity of UDPGT in the liver were also measured.

Materials and methods

Animals, chemicals and diets. All animal studies were carried 
out under the Regulations for Animal Experiments at Gifu 
University. Male F344 rats (Shizuoka Laboratory Animal 
Center, Shizuoka, Japan) aged 4 weeks were housed in wire 
cages (three or four rats per cage). The rats had free access 
to drinking water and diets, under controlled conditions 
of humidity (50±10%), lighting (12-h light/dark cycle) and 
temperature (23±2˚C). The rats were quarantined for 7 days 
and then randomized into experimental and control groups. 
Powdered CE-2 (Clea Japan, Tokyo, Japan) diet was used as 
the basal diet throughout the study. 6-MSITC (purity >99%) 
was kindly donated by Kinjirushi Co., Ltd. (Nagoya, Japan) 
and incorporated into the experimental diet at concentrations 
of 200 and 400 ppm. The diets were stored in a cold room 
(4˚C) until use. 1,2-Dimethylhydrazine (DMH) was obtained 
from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan) and admin-
istered by subcutaneous (s.c.) injection (40 mg/kg) between 
10:00 and 11:00 am to induce colorectal preneoplastic lesions.

Experiment 1. A total of 66 male F344 rats were divided 
into seven groups. Groups 1-5 were initiated with DMH by 
four weekly s.c. injections (40 mg/kg body weight). Rats in 
groups 2 and 3 were fed the diet containing 200 and 400 ppm 
of 6-MSITC, respectively, for 5 weeks, starting 1 week before 
the first dosing of DMH until the end of week 5. The rats 
were then switched to and maintained on the basal diet until 
the termination. Starting 1 week after the cessation of DMH 
treatment, rats in groups 4 and 5 were fed the diet mixed 
with 200 and 400 ppm 6-MSITC, respectively, and this was 
continued until the termination. Rats in group 6 were fed the 
diet containing 400 ppm 6-MSITC throughout the experiment 
and group 7 served as the untreated control. At termination, all 
animals were sacrificed to assess the incidences of ACF and 
BCAC in the large bowel. Tissues were embedded in paraffin 
blocks and processed for routine histological observation with 
hematoxylin and eosin (H&E) staining.

Identification of ACF. After fixation of resected colons in 
10% buffered formalin for at least 24 h at room temperature, 
the colons were stained using 0.5% methylene blue (in saline) 

for 1-3 min. After staining, ACF were counted and recorded 
according to the procedure described by Bird (20). The size 
of the lesions was scored as crypt multiplicity (ACF/lesion). 
In this study, we divided the colon into three portions after 
excision of the caecum (proximal, middle and distal) and used 
all of the segments for the analysis (21).

Identification of BCAC. After ACF counting, colon tissues 
were embedded in paraffin and processed for immunohis-
tochemistry of BCAC. Briefly, serial sections (4-µm thick) were 
prepared to include the middle portion between the surface and 
the bottom of the crypt. Some of these sections were used for 
immunohistochemistry of β-catenin and routine H&E staining. 
Immunohistochemistry was performed after exposure to 3% 
H2O2 for 20 min to block the endogenous peroxidase activity 
using a primary antibody to the β-catenin protein (1:1000 dilu-
tion; Transduction Laboratories, Lexington, KY, USA) at room 
temperature for 60 min. Then, the sections were stained with 
an LSAB kit (Dako, Glostrup, Denmark).

PCNA immunohistochemistry. To assess the proliferative 
activity of cells in ACF and BCAC, immunohistochemical 
staining for PCNA was performed by using anti-PCNA (1:200 
dilution) antibody and an LSAB kit (both from Dako). The 
nuclei that densely immunoreacted with PCNA were regarded 
as PCNA-positive. PCNA labeling indices were determined 
by counting the number of positive cells among at least 200 
epithelial cells in ACF and BCAC, and were indicated as 
percentages.

Experiment 2. Nine male F344 rats were divided into three 
groups. At 6 weeks of age, rats in group 1 were given corn oil 
through an intragastric tube and served as a control. Animals 
in groups 2 and 3 were given 6-MSITC at a dose of 20 and 40 
mg/kg body weight in corn oil using a gastric tube, respec-
tively (equivalent to daily consumption of 6-MSITC at 200 or 
400 ppm). The animals were decapitated 24 h after the last 
dose of the vehicle or 6-MSITC. Livers were perfused in situ 
with ice-cold sterile 1.15% KCl, and 25% homogenates in 
1.15% KCl were prepared. Microsomal fractions from these 
tissues were prepared using established procedures (22).

Western blot analysis. Gel electrophoresis and blot analysis 
were carried out as described in detail previously, according 
to the established methods of Laemmli (23) and Towbin 
et  al (24), respectively. Separated proteins were transferred 
by semi-dry electroblotting from sodium dodecylsulfate-
polyacrylamide gels to polyvinylidene difluoride membranes 
(Immobilon-P; Millipore, Bedford, MA, USA) in 25 mM 
Tris buffer (pH 8.3) containing 0.19 M glycine and 20% (v/v) 
methanol. The membranes were blocked by incubation with 
phosphate-buffered saline containing 5% skim milk for 1 h 
before incubation with goat anti-rat polyclonal antibodies 
for CYP1A1/2, CYP2B1/2, CYP2E1 and CYP3A2 (Daiichi 
Pure Chemicals, Tokyo, Japan), and then stained using bioti-
nylated anti-goat immunoglobulin G (Vector Laboratories, 
Burlingame, CA, USA) using a Wako ABC-POD kit (Wako 
Pure Chemicals, Osaka, Japan).

Assay of UDPGT activity. UDPGT activity towards bili-
rubin and 4-nitrophenol in liver microsomes was assayed 
according to the methods of Heirwegh et al (25) and 
Isselbacher  et al (26), respectively, and towards testosterone 
with UDP-[14C(U)]glucuronic acid, as described by Matern et al 
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(27). Each test was carried out with liver microsomes pooled 
from three rats. Experiments were performed six to eight 
times, and then the average value was calculated.

Statistical analysis. Data are expressed as the mean ± SD. The 
statistical significance of the difference in mean values was 
analyzed using one-way analysis of variance (ANOVA) and the 
unpaired t-test. Significance was defined as P<0.05.

Results

General observation. The rats tolerated s.c. injection of DMH 
and/or 6-MSITC feeding well. During the study, no clinical 

signs of toxicity were present in any group. The mean body, 
liver and kidney weights did not significantly differ among the 
groups (Table I). Histologically, there were no pathological 
alterations indicative of toxicity of 6-MSITC in the major 
organs, such as the liver or kidney.

Inhibitory effects of 6-MSITC on ACF and BCAC. The rats in 
groups 1-5 developed ACF and BCAC in the colonic mucosa. 
No such lesions were noted in any of the rats in groups 6 and 7. 
In group 1, the frequency of ACF and BCAC were 323.8±69.7/
colon and 3.80±1.05/cm2 colonic mucosa, respectively. The 
number of ACF/colon was significantly lower in group 3 
DMH-treated rats fed a 400 ppm 6-MSITC diet during the 

Table I. Body, liver and kidney weights.

Group	T reatment (no. of rats examined)	 Body weight (g)	L iver weight (g)	 Kidney weight (g)

  1	 DMH + basal diet (10)	 319.4±14.9	 10.55±0.87	 2.13±0.13
  2	 DMH + 200 ppm 6-MSITC (10)	 316.8±20.4	 11.04±1.13	 2.20±0.19
  3	 DMH + 400 ppm 6-MSITC (10)	 311.3±17.9	 11.24±0.81	 2.21±0.17
  4	 DMH→200 ppm 6-MSITC (10)	 309.4±17.8	 10.99±1.45	 2.13±0.13
  5	 DMH→400 ppm 6-MSITC (10)	 307.5±22.6	 11.37±1.19	 2.14±0.16
  6	 400 ppm 6-MSITC (8)	 299.5±14.7	 11.37±0.79	 2.16±0.18
  7	 Basal diet (8)	 315.7±24.4	 11.94±1.30	 2.26±0.11

Table II. Effect of 6-MSITC on DMH-induced ACF formation in male F344 rats.

Group	 Treatment	 No. of ACF/colon	 No. of ACF ≥4 crypts	 No. of crypts/ACF

  1	 DMH + basal diet	 323.8±69.7	 155.1±45.4	 3.67±0.23
  2	 DMH + 200 ppm 6-MSITC	 351.6±32.8	 162.1±18.7	 3.67±0.17
  3	 DMH + 400 ppm 6-MSITC	  153.9±62.4a	    65.4±36.6b	  3.38±0.24c

  4	 DMH→200 ppm 6-MSITC	 339.3±80.4	 164.1±45.7	 3.70±0.31
  5	 DMH→400 ppm 6-MSITC	 310.0±55.6	 140.3±18.6	 3.61±0.21
  6	 400 ppm 6-MSITC	 0	 0	 0
  7	 Basal diet	 0	 0	 0

aSignificantly different from group 1 (aP<0.0001, bP<0.001 and cP<0.05).

Table III. Effect of 6-MSITC on DMH-induced BCAC formation in male F344 rats.

Group	T reatment	N o. of BCAC/cm2	N o. of crypts/BCAC

  1	 DMH + basal diet	 3.80±1.05	 8.75±2.04
  2	 DMH + 200 ppm 6-MSITC	 3.47±1.34	  6.87±1.30a

  3	 DMH + 400 ppm 6-MSITC	  0.91±0.58b	  5.01±1.48c

  4	 DMH→200 ppm 6-MSITC	 3.56±1.00	 8.38±2.86
  5	 DMH→400 ppm 6-MSITC	 3.20±1.40	  6.43±1.34d

  6	 400 ppm 6-MSITC	 0	 0
  7	 Basal diet	 0	 0

Significantly different from group 1 (aP<0.05, bP<0.00001, cP<0.001 and dP<0.01).
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initiation phase than that in rats treated with DMH alone 
(group 1) (153.9±62.4, 52% reduction, P<0.0001; Table II). 
The reduction was also significant for the larger ACF with ≥4 
crypts: from 155.1 to 65.4 (58% reduction, P<0.001; Table II, 
group 3 vs. group 1). In group 3, 400 ppm 6-MSITC also 
caused a significant decrease in the mean number of BCAC/
cm2 colon when compared with the control rats in group 1 
(0.91±0.58, 76% reduction, P<0.00001; Table III). Thus, both 
ACF and BCAC were reduced to approximately the same 
extent. Regarding crypt multiplicity, a significant decrease 
in the number of crypts/lesion in group 3 was found in both 
ACF and BCAC when compared with that in group 1 (P<0.05 
and P<0.001, respectively). The number of crypts/BCAC in 
groups 2 (DMH + 200 ppm 6-MSITC) and 5 (DMH→400 ppm 
6-MSITC) were smaller than those in group 1, with a statis-
tical significance of P<0.05 and P<0.01, respectively.

Inhibition of the PCNA labeling index in ACF and BCAC. In 
group 3, treatment of rats with 400 ppm levels of 6-MSITC 
resulted in a significant decrease in the labeling index of 
PCNA in BCAC when compared to group 1 treated with 
DMH alone (P<0.01; Table IV). The mean PCNA labeling 
indices of groups 4 and 5 in ACF were lower than group 1, but 
the differences did not reach statistical significance.

Determination of CYP isoforms in the liver. Fig. 1 shows 
immunoblots and levels of liver microsomal CYP proteins 
in male F344 rats 24 h after 6-MSITC treatment. Neither 
hepatic CYP2B1 nor CYP1A1 were constitutively expressed. 
Treatment with 40 mg/kg b.w. 6-MSITC significantly 
decreased CYP1A2, -2B2, -2E1 and -3A2 proteins by 20, 
35, 44 and 20%, respectively, relative to the vehicle group. 
Exposure to 20 mg/kg b.w. 6-MSITC also significantly 

decreased hepatic CYP1A2, -2B2 and -2E1 protein levels 
when compared to group 1.

Hepatic UDPGT activity. Table V summarizes the effects 
of 6-MSITC treatment on hepatic UDPGT activity towards 

Table IV. PCNA-labeling index in ACF and BCAC.

Group	T reatment (no. of rats examined)	 ACF	 BCAC

  1	 DMH + basal diet (5)	 26.8±9.5	   50.6±10.1
  2	 DMH + 200 ppm 6-MSITC (5)	   21.4±15.3	   39.9±10.9
  3	 DMH + 400 ppm 6-MSITC (5)	   21.2±19.1	  28.4±8.4a

  4	 DMH→200 ppm 6-MSITC (5)	 11.8±8.6	 38.1±5.1
  5	 DMH→400 ppm 6-MSITC (5)	 11.6±9.6	   36.2±12.1

aSignificantly different from group 1 (P<0.01).

Table V. UDPGT activities in liver microsomes from male F344 rats.

	U DPGT activity (nmol/min/mg protein)
	 ----------------------------------------------------------------------------------------------------------------------------------
Group	T reatment	 4-Nitrophenol	 Bilirubin	T estosterone

  1	 Vehicle	 31.2±5.2	 0.18±0.01	 0.12±0.04
  2	 20 mg/kg 6-MSITC	 35.8±4.7	 0.17±0.02	 0.12±0.02
  3	 40 mg/kg 6-MSITC	 31.4±2.7	 0.17±0.01	 0.13±0.05

Figure 1. Immunoblots and densitometric determination of the expres-
sion of CYP protein in liver microsomes from rats treated with 6-MSITC. 
Lane 4 contains CYP standards from rats treated with 3-methylcholanthrene 
(CYP1A1/2), phenobarbital (CYP2B1/2 and -3A2) and acetone (CYP2E1). 
Liver microsomes were pooled from three rats and contained 0.4 and 0.1 µg 
microsomal proteins. The values represent the mean ± SD of pmol/mg 
microsomal protein obtained from six to eight experiments. *P<0.01; signifi-
cant differences obtained by comparison with the vehicle control group. n.d., 
not detected.
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4-nitrophenol, bilirubin and testosterone in liver microsomes. 
No significant differences were noted among the three 
groups.

Discussion

In this study, the modulating effects of 6-MSITC on colonic 
ACF and BCAC formation were proven by their exposure at 
the initiation and promotion phases in rats. ACF have been 
widely used as intermediate biomarkers of colon carcinogen-
esis in experimental animal models, and a positive correlation 
has been described between the effects of chemopreventive 
agents on ACF and tumor development (28). It is likely that 
larger ACF (≥4 crypts/lesion) are histogenetically close 
to dysplastic adenomas in order for adenomas to be more 
appropriate biomarkers (29,30). BCAC, another mucosal 
lesion, was evaluated in the present bioassay as a surrogate 
biomarker of colon carcinogenesis. Our previous results indi-
cated that BCAC are more sensitive and more reliable than 
ACF as intermediate biomarkers of colon carcinogenesis 
(31,32). Significantly, ACF and BCAC are considered to be 
independent and distinct, as they differ in biology, genetics 
and morphology (31,33,34). In this context, the present result 
that 6-MSITC inhibited the formation of two different lesions 
can be regarded as convincing. Furthermore, rats fed the 
diets containing 6-MSITC showed no adverse effects and no 
clinical signs of toxicity. Collectively, these findings suggest 
that 6-MSITC is a new chemopreventive agent against colon 
cancer development.

Several explanations for the inhibitory effects of 6-MSITC 
on ACF and BCAC formation by DMH were considered. Cell 
proliferation has long been suspected to play a significant role 
in the initiation step as well as the promotion of carcinogenesis 
(35). In the current study, we found that 6-MSITC inhibited 
proliferation of epithelial cells in ACF and BCAC. A previous 
study showed that 6-MSITC inhibited the growth of MCF-7 
human breast cancer and LOX-IMVI human melanoma cell 
lines (17). Thus, the inhibitory effect of 6-MSITC may be, in 
part, due to the modification of cell proliferation activity in 
cryptal cells.

Data on the incidence and crypt multiplicity of colonic 
preneoplastic lesions indicated that a 6-MSITC feeding 
together with or after DMH exposure was able to inhibit 
colonic tumorigenesis, the suppression of dietary 6-MSITC 
during the initiation phase being more effective. This is in 
accordance with the previous findings for a 6-MSITC inhi-
bition of chemically induced carcinogenesis (36), and the 
theory that the compound should be viewed as a ‘blocking’ 
agent against colon carcinogenesis (37). Regarding mecha-
nisms, ‘blocking’ compounds generally have a capacity to 
induce phase II detoxification enzymes and/or inhibit phase I 
enzymes that are required for the bioactivation of carcino-
gens (38). It has also been reported that ITCs function by 
blocking the initiation phase in part via inhibition of phase I 
enzymes and/or induction of phase II enzymes (10-13). This 
may be the case with 6-MSITC, since it decreased hepatic 
CYP1A2, -2B2, -2E1 and -3A2 by 7-44%, compared with 
the vehicle control. It is generally accepted that CYPs are 
known to play a prominent role in the biotransformation of 
carcinogenic xenobiotics. In the rat, hepatic CYP1A1/2, 

CYP2B1/2 and CYP3A2 were reported to contribute to the 
mutagenic activation of heterocyclic amines, benzo[a]pyrene 
and aflatoxins (39,40). CYP2B1/2 and -2E1 are also specifi-
cally involved in the metabolic activation of environmental 
N-nitrosamines to ultimate carcinogens (41,42). Furthermore, 
CYP2E1 is one of the enzymes catalyzing the conversion 
of azoxymethane and methylazoxymethanol, which are 
metabolites of DMH, to DNA alkylating species capable of 
causing initiation events (43,44). In this context, decreased 
levels of CYPs by 6-MSITC were expected to result in the 
reduction and/or slowing of the transformation of metabo-
lites of DMH to proximate or ultimate carcinogens. On the 
other hand, 6-MSITC did not significantly alter the UDPGT 
activity towards bilirubin, 4-nitrophenol and testosterone in 
hepatic microsomes. Glucuronidation is generally considered 
to be one of the detoxification reactions in the metabolism 
of various chemicals including carcinogens. UDPGT1A1 (for 
bilirubin), UDPGT1A6 (for 4-nitrophenol) and UDPGT2B1 
(for testosterone) are found as major enzymes in the liver, and 
are responsible for the glucuronidation reaction. In a previous 
study, we showed that certain carcinogenic compounds are 
substrates for the enzymes (45). However, the present find-
ings showed that hepatic UDPGT activity was not involved in 
6-MSITC modification.

In conclusion, the results described herein demonstrate 
that the dietary administration of 6-MSITC can significantly 
inhibit the induction of colonic ACF and BCAC by DMH, by 
reducing cell proliferative activity and the protein levels of 
phase I enzymes.
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