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a b s t r a c t

The liver tumor-promoting effects of indole-3-carbinol (I3C), a cytochrome P450 (CYP) 1A inducer found
in cruciferous vegetables, were investigated using a medium-term hepatocarcinogenesis model in rats.
Six-week-old male F344 rats received an intraperitoneal injection of N-diethylnitrosamine (DEN) and
were fed a diet containing 0 (DEN-alone), 0.25, 0.50 or 1.0% of I3C for 8 weeks from 2 weeks after DEN-
initiation. The number and area of liver cell foci positive for glutathione S-transferase placental form (GST-
P) significantly increased in the livers of rats given 0.5% I3C or more, compared to those in the DEN-alone
group. The number of GST-P positive foci also increased in the 0.25% I3C group. The number of liver cells
positive for proliferating cell nuclear antigen (PCNA) significantly increased in all I3C groups compared
to that in the DEN-alone group. Real-time RT-PCR analysis showed that I3C increased transcript levels
of not only Cyp1a1 but also aryl hydrocarbon receptor (AhR) and/or nuclear factor (erythroid-derived
2)-like 2 (Nrf2) gene batteries, such as Cyp1a2, Cyp1b1, Ugt1a6, Nrf2, Nqo1, Gsta5, Gstm2, Ggt1and Gpx2.
Reactive oxygen species (ROS) in the microsomal fraction significantly increased in all I3C-treated groups

compared to the DEN-alone group, and thiobarbituric acid-reactive substances (TBARS) levels and 8-
hydroxy-2′-deoxyguanosine (8-OHdG) content significantly increased in all of the I3C-treated groups and
1.0% I3C group, respectively. These results suggest that I3C is an AhR activator and enhances microsomal
ROS production resulting in the upregulation of Nrf2 gene batteries, but the oxidative stress generated
overcomes the antioxidant effect of Nrf2-related genes. Such ‘a redox imbalance’ subsequently induces
liver tumor-promoting effects by enhancing cellular proliferation in rats.
. Introduction
Indole-3-carbinol (I3C) is an alkaloid found in cruciferous veg-
tables such as broccoli, brussel sprouts, cabbage, and cauliflower
Higdon et al., 2007). In plant bodies, I3C exists as a hydrolyzed
roduct of the enzyme myrosinase made from glucobrassicin,

Abbreviations: 8-OHdG, 8-hydroxy-2′-deoxyguanosine; AhR, aryl hydro-
arbon receptor; BNF, �-naphthoflavone; DEN, N-diethylnitrosamine; DIM,
,3′-diindolylmethane; GST-P, glutathione S-transferase placental form; I3C, indole-
-carbinol; Nrf2, NF-E2-related factor 2; PCB, polychlorinated biphenyl; PCNA,
roliferating cell nuclear antigen; ROS, reactive oxygen species; TBARS, thiobar-
ituric acid-reactive substances; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.
∗ Corresponding author. Tel.: +81 42 367 5874; fax: +81 42 367 5771.

E-mail address: mitsumor@cc.tuat.ac.jp (K. Mitsumori).

300-483X/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.tox.2011.03.003
© 2011 Elsevier Ireland Ltd. All rights reserved.

which is a glucosinolate-containing sulfur group (Zhang, 2004). In
general, I3C is expected to be a chemopreventive agent, because
low-dose I3C treatment to rodents suppressed liver, colon or mam-
mary gland tumors in two-stage carcinogenesis models (Kim et al.,
1994; Guo et al., 1995; Tanaka et al., 1990). Its mechanism of inhibit-
ing tumor induction was suggested to be related to altering the
estrogen metabolic pathways (Verhoeven et al., 1997). On the other
hand, I3C is known to enhance liver and colon tumors in rats (Pence
et al., 1986; Ito et al., 1988). Pence et al. (1986) also showed that
a 0.1% I3C diet to rats before, during and after dimethylhydrazine

initiation enhanced colon tumors in rats. Moreover, a 0.2% I3C diet
after aflatoxin B1-initiation enhanced liver tumor-promoting activ-
ity in rainbow trout (Dashwood et al., 1991). Kim et al. (1997) also
showed that feeding 0.25% I3C for 20 weeks in a rat medium-term
multi-organ carcinogenesis model enhanced neoplastic develop-

dx.doi.org/10.1016/j.tox.2011.03.003
http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:mitsumor@cc.tuat.ac.jp
dx.doi.org/10.1016/j.tox.2011.03.003
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ent of liver and thyroid glands. These data suggest that I3C exerts
liver tumor-promoting activity at higher doses; however, the
echanism for promotion is still unknown.
Interestingly, I3C is known to induce cytochrome P450

A (CYP1A) (Larsen-Su and Williams, 1996). Some CYP1A
nducers are known to exert hepatocellular tumor-promoting
ctivities in rodents, such as �-naphthoflavone (BNF), 2,3,7,8-
etrachlordibenzo-p-dioxin (TCDD) and polychlorinated biphenyl
PCB) (Shoda et al., 2000; Kociba et al., 1978; Preston et al., 1981).
t is generally accepted that microsomal electron system includ-
ng CYP450s and nicotinamide adenine dinucleotide phosphate
NADPH)-CYP450 reductase generates reactive oxygen species
ROS) via a metabolism. Also, PCB increases CYP1A1-dependent

icrosomal ROS production (Schlezinger et al., 2006). This ROS
eneration is suspected to enhance the tumor promotion by alter-
ng the cellular physiological functions, such as oxidative proteins,
ipid peroxidation, DNA damage and cell signaling. Indeed, we
reviously reported that six-week BNF treatment to rats after ini-
iation with N-diethylnitrosamine (DEN) increased the positive
oci for glutathione S-transferase placental form (GST-P), which is

preneoplastic marker (Dewa et al., 2008). Also, BNF enhances
xidative stress response (e.g., generation of microsomal ROS,
roduction of thiobarbituric acid-reactive substance [TBARS] and
-hydroxy-2′-deoxyguanosine [8-OHdG]), and increased prolifer-
ting cell nuclear antigen [PCNA] positive cells, concomitantly with
YP1A inductions (Dewa et al., 2008). Treatment with BNF for
6 weeks after initiation with DEN also enhanced hepatocellular
ltered foci and adenomas (Dewa et al., 2009). Considering the
esult of BNF’s tumor promotion, the oxidative stress by the ROS
eneration is considered to have a pivotal role in tumor promo-
ion activity. Our previous short-term study using the two-stage
iver carcinogenesis model in rats performed to investigate the liver
umor-promoting potentials of I3C and mRNA inductions of Cyp1a
n the liver and to compare with those in the strong CYP1A inducer,
NF, demonstrated that 0.5% I3C had the potential of hepatocellular
umor promotion in parallel with that of CYP1A induction in rats
Shimamoto et al., in press). However, the possible mechanism of
iver tumor promotion of I3C could not be clarified.

In this paper, a short-term carcinogenicity study was carried out
n rats using a two-stage liver carcinogenesis model to clarify the
ossible mechanism of liver tumor promoting effects of I3C, with a
articular focus on the gene expression and biochemical events of
OS generation, 8-OHdG and TBARS production in the liver.

. Materials and methods

.1. Chemicals

Indole-3-carbinol (I3C; CAS No. 700-06-1) was purchased from Wako Pure
hemical Industries (Osaka, Japan); N-diethylnitrosamine (DEN: CAS No.55-18-5)
as from Tokyo Kasei Kogyo (Tokyo, Japan). Other reagents were of analytical grade

nd were obtained commercially.

.2. Animals and experimental design

Five-week-old male F344/N rats were purchased from Japan SLC Inc. (Shizuoka,
apan), housed in stainless steel cages with 3 or 4 rats per cage, and were main-
ained under conventional conditions (12 h light/dark cycle, 30–70% humidity, and
0–26 ◦C temperature). A pellet basal diet (MF; Oriental Yeast Industries Co., Ltd.,
okyo, Japan) and tap water were available ad libitum. Animals received humane
are in accordance with the Guide for Animal Experimentation of Tokyo University
f Agriculture and Technology.

After a 1 week acclimatization period, a two-stage liver carcinogenesis bioas-
ay was performed according to the method of Ito et al. (2003). Briefly, all animals
ere initiated with an intraperitoneal injection of DEN (200 mg/kg body weight,

issolved in saline) and fed a diet containing 0 (basal diet), 0.25, 0.50 or 1.0% I3C for
weeks, starting from 2 weeks after DEN initiation. The minimum dosage (0.25%)
as determined based on the previous report that feeding of 0.25% I3C for 20 weeks

nhanced the tumor-promotion in a rat medium-term multi-organ carcinogene-
is model (Kim et al., 1997). The maximum dosage (1.0%) was determined by the
ndings that decreased food consumption and inhibition of body weight gain were
gy 283 (2011) 109–117

observed in rats given 2.0% I3C or more in our preliminary study (data not shown). To
enhance hepatocellular proliferation, animals were subjected to a two-thirds par-
tial hepatectomy 3 weeks after DEN initiation. Body weight and food consumption
were measured once per week. At the end of the experiment, rats were killed by
exsanguination under ether anesthesia and the livers were excised and weighed.
Parts of the sliced liver samples were fixed in 10% phosphate-buffered formalin for
histopathological and immunohistochemical evaluations. Remaining pieces of the
livers were frozen in liquid nitrogen and stored at −80 ◦C until further analysis, such
as real-time RT-PCR.

2.3. Histopathology and immunohistochemistry

After formalin fixation, the tissues were dehydrated in graded ethanol and
embedded in paraffin. Serial sections were mounted onto glass slides and stained
with hematoxylin and eosin (H&E). In addition, immunohistochemical stainings for
glutathione S-transferase placental form (GST-P), proliferating cell nuclear antigen
(PCNA) and cyclin-dependent kinase inhibitor 1A (p21) were performed by the fol-
lowing procedure. Briefly, the sections were deparaffinized, hydrated, quenched for
endogenous peroxidase with 0.3% hydrogen peroxide in methanol at room temper-
ature for 30 min and then blocked with normal serum. The sections for PCNA or
p21 immuno-stainings were heated by microwave at 90 ◦C for 10 min or autoclave
at 121 ◦C for 20 min, respectively, in 10 mM citrate buffer (pH 6.0) before quench-
ing the endogenous peroxidase activity. Then sections were incubated overnight
at 4 ◦C with rabbit anti-GST-P antibody (1:1000 dilution; Medical and Biological
Laboratories Co., Ltd., Aichi, Japan), mouse anti-PCNA antibody (1:500 dilution;
Dako, Glostrup, Denmark) or mouse anti-p21 (1:200 dilution; Abcam, Cambridge,
UK). They were detected using the Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA) and 3,3′-diaminobenzidine as the chromogen. After staining,
slides were lightly counterstained with hematoxylin. The number and area of the
GST-P positive foci (>200 �m in diameter) and the total area of each liver section
were quantified using WinRoof software (ver. 5.7.2; Mitani Corp., Fukui, Japan). The
number of nuclei that were strongly positive for PCNA was counted for total 20 fields
(approximately 300–400 hepatocytes in each field) per animal, and their % values
were shown as the PCNA positive ratio.

2.4. cDNA microarray analysis

The total RNA was extracted with RNeasy Mini Kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions. Using the 10 �g of total RNA in one ani-
mal each of the control and 1.0% I3C groups, double-stranded cDNA was synthesized
with the Invitrogen Superscript Double-Stranded cDNA Synthesis kit (Invitrogen
Corp., CA), according to the manufacturer’s protocol. After labeling with the Cy3, 6 �g
of each Cy3-labeled cDNA sample were loaded onto the Rattus norvegicus Roche Nim-
bleGen microarray for Gene Expression (Roche NimbleGen: Euk Expr 385K Catalog
Arr, 26,739 targets/microarray). Using Robust Multiple Average (RMA) normaliza-
tion method (Irizarry et al., 2003), differentially expressed genes were analyzed.
Gene information was retrieved from the National Center for Biotechnology Infor-
mation (http://www.ncbi.nlm.nih.gov) websites.

2.5. Real-time RT-PCR analysis

The total RNA was extracted with RNeasy Mini Kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions. Reverse transcription was car-
ried out with 2 �g RNA for cDNA synthesis using Thermoscript RT-PCR System
(Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturer’s protocol. Semi-
quantitative real-time RT-PCR with Power SYBR®Green PCR Master Mix (Applied
Biosystems Japan Ltd., Tokyo, Japan) was performed using a Step One Plus Sys-
tem (Applied Biosystems Japan Ltd.). The PCR primers were designed using Primer
Express (Applied Biosystems Japan Ltd.). The sequences of PCR primers are listed in
Supplementary data 1. The amount of target gene expression was normalized to an
endogenous reference (�-actin) and relative to control was obtained using 2−��Ct

method (Livak and Schmittgen, 2001).

2.6. Preparation of microsomal fraction

The microsomal fractions were obtained according to the method of Yoshihara
et al. (2001) with a slight modification. Briefly, the liver samples from each treatment
group were homogenized with three volumes of ice-cold buffer Tris–HCl (pH 7.4)
using a glass-Teflon homogenizer. The homogenate was centrifuged at 700 × g for
10 min, and the supernatant was centrifuged at 10,000 × g for 20 min. The resultant
was 105,000 × g for 90 min, and the pellet was resuspended with 20 mM Tris–HCl
(pH 7.4). The concentrations of the microsomal fractions were determined by a BCA
Protein assay Kit (Pierce, IL, USA).
2.7. Microsomal reactive oxygen species production

NADPH-dependent microsomal ROS production was determined by measuring
the oxidation of 2′7′-dichlorodihydrofluorescein diacetate (H2DCFDA) to its fluo-
rescent product 2′ ,7′-dichlorofluorescein (DCF) in liver microsomes according to
the method of Schlezinger et al. (1999) with a slight modification. Briefly, 0.2 mg of

http://www.ncbi.nlm.nih.gov/


xicology 283 (2011) 109–117 111

m
7
i
m
M
a
O
a
c

2

r
m
(
1
T
o
t
t
e
1

2

d
t
a
c
t
a
c
d
w
U

2

c
g
g
h
u

3

3
c

s
a
w
m
a
1
i
d

T
L

D

K. Shimamoto et al. / To

icrosomal protein was incubated with 5 �M H2DCFDA in 20 mM of Tris–HCl (pH
.4) at 37 ◦C for 15 min and then transferred to a 96-well plate. The reaction was

nitiated with 1.4 mM NADPH (Wako Pure Chemical Industries); fluorescence was
onitored every 5 min over a 90 min period using the Synergy HT Multi-Detection
icroplate reader (BioTek, VT, USA) at excitation and emission wavelengths of 485

nd 528 nm, respectively. In some cases, SKF-525A (Toronto Research Chemicals,
N, Canada), a well-known inhibitor of cytochrome P450, was added to the well
t a final concentration of 0.1 mM. Data was normalized to control values, and the
ontrol was expressed as a value of 100%.

.8. Lipid peroxidation levels

Oxidative lipid peroxidation in the livers was estimated as thiobarbituric acid-
eactive substances (TBARS). Hepatic TBARS levels were determined using the
ethod of Ohkawa et al. (1979). Briefly, 0.2 ml of liver homogenate in 1.15% KCl

1.8 mg/ml protein), 0.2 ml of 8.1% SDS and 3.0 ml of 0.4% thiobarbituric acid in
0% acetic acid (pH 3.5) were mixed, heated at 95 ◦C for 60 min and then cooled.
he reaction mixture was centrifuged at 4000 rpm for 10 min after adding 1.0 ml
f distilled water and 5.0 ml n-butanol and pyridine (15:1, v/v). Absorbance of
he resulting solution was determined spectrophotometrically at 532 nm using
he Synergy HT Multi-Detection Microplate Reader (BioTek). Levels of TBARS were
xpressed as the equivalents of malondialdehyde (MDA) amounts produced from
,1,3,3-tetramethoxypropane.

.9. Oxidative DNA damage levels

Oxidative DNA damage in the liver was estimated as the levels of 8-hydroxy-2′-
eoxyguanosine (8-OHdG). The 8-OHdG levels in liver DNA were determined using
he method of Umemura et al. (2006). Briefly, nuclear DNA was isolated from 0.3 g of
wet weight sample, using a DNA Extractor WB Kit (Wako Pure Chemical Industries)
ontaining an antioxidant NaI solution to dissolve the cellular components. For fur-
her prevention of auto-oxidation in the cell-lysis step, deferoxamine mesylate was
dded to the lysis buffer (Helbock et al., 1998). The DNA was digested into deoxynu-
leotides with nuclease P1 and alkaline phosphatase. Levels of 8-OHdG (8-OHdG/105

eoxyguanosine) were then assessed by high-performance liquid chromatography
ith an electrochemical detection system (Coulochem II; ESA Biosciences, Inc., MA,
SA) according to the running condition reported previously (Umemura et al., 2006).

.10. Statistical analysis

All data are expressed as means with their standard deviations. The statisti-
al significance of the difference between the DEN alone and compound-treatment
roups was determined by the Dunnett’s multiple comparison test. To test the homo-
eneity of variance between groups, Bartlett’s test was used; when the data were
omogenous, Tukey’s test was used, and when heterogeneous, Steel-Dwass test was
sed. A P value of less than 0.05 was considered statistically significant.

. Results

.1. Body and liver weights, food consumption and estimated
ompound intakes

During the experimental period, neither death nor clinical
ymptoms that might be related to the treatment were observed in
ny I3C-dosed groups. Significant decreases in body weight gains
ere found in the 0.50 and 1.0% I3C groups during the tumor pro-

otion period, compared to the DEN-alone group (Fig. 1). As the

verage food intakes of the 0, 0.25, 0.50 and 1.0% I3C groups were
2.45, 12.04, 10.92 and 7.87 g/day, respectively (Table 1), decreases

n food intake in the higher dosage groups probably caused the
ecrease in body weight gains.

able 1
iver weight, food consumption and estimated I3C intakes of rats given I3C for 8 weeks a

Group
No. of rats

DEN – alone
11

Absolute liver weight (g) 6.20 ± 0.51
Relative liver weight (g/% body weight) 2.24 ± 0.08
Average food intake (g/day) 12.45 ± 1.10
Average compound intake (mg/kg/day) –

EN, N-diethylnitrosamine, I3C, indole-3-carbinol. Values are expressed as mean ± SD.
* P < 0.05 compared to DEN-alone group; Tukey’s test.

** P < 0.01 compared to DEN-alone group; Tukey’s test.
Fig. 1. Body weight changes in hepatectomized rats fed basal diet (DEN-alone; white
circles), 0.25% I3C (light gray squares), 0.50% I3C (dark gray triangles), or 1.0% I3C
(black squares) after DEN initiation. N: necropsy. **P < 0.01 compared to DEN-alone;
Tukey’s test.

At necropsy, the absolute and relative liver weights in all of
the I3C groups significantly increased compared to the DEN-alone
group. The estimated average compound intake of the 0.25, 0.50
and 1.0% I3C groups were 125.92, 262.35, and 481.43 mg/kg body
weight/day, respectively.

3.2. Induction of GST-P positive foci and PCNA positive cells in the
livers

Diffuse hepatocellular hypertrophy was histopathologically
observed in rats given 0.25% I3C or more, while there were no other
remarkable changes such as Kupffer cell proliferation and fibrosis in
H&E-stained liver sections (Fig. 2A). In immunohistochemical anal-
ysis, GST-P positive foci were induced in rats from the DEN alone
and DEN + I3C groups, and GST-P positive staining was found in the
cytoplasm and/or nuclei of their hepatocytes. In the 0.50 and 1.0%
I3C groups, the number and area of GST-P positive foci significantly
increased compared to the DEN alone group (Fig. 2B and Table 2).
The number of GST-P positive foci also increased in the 0.25% I3C
group. The number of PCNA positive cells also increased by the I3C
treatment in a dose-dependent manner (Table 2).
3.3. Gene expression analysis by cDNA microarray and real-time
RT-PCR

Among the hepatic gene expression changes that were screened
using cDNA microarray, 867 or 1519 genes showed more than two-

fter DEN initiation.

DEN + 0.25% I3C
14

DEN + 0.50% I3C
16

DEN + 1.0% I3C
14

8.80 ± 1.35** 8.66 ± 0.86** 8.87 ± 0.55**

3.26 ± 0.60** 3.67 ± 0.19** 4.87 ± 0.66**

12.04 ± 0.91 10.92 ± 0.97* 7.88 ± 1.52**

125.9 ± 23.25 262.35 ± 58.83 481.43 ± 62.03
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Fig. 2. Light microscopic photographs of livers of hepatectomized rats given I3C for 8 weeks after DEN initiation. (A) H&E staining. (A1) DEN-alone group, (A2) DEN + 1.0% I3C
group. Original magnification: 100×. (B) GST-P immunostaining. (B1) DEN-alone group, (B2) DEN + 1.0% I3C group. Area of GST-P positive foci is increased by I3C treatment.
Original magnification: 40×. (C and D) p21 immunostaining. (C1 and D1): DEN-alone group, (C2 and D2) DEN + 1.0% I3C group. Original magnification: 12.5× in C and 400×
in D. Anti-p21 positive staining are localized in periportal hepatocytes (C); cytoplasm and nuclei of hepatocytes are positive for p21 (D).
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Table 2
GST-P positive foci, PCNA positive hepatocytes and p21 positive area in livers of rats given I3C for 8 weeks after DEN initiation.

Group
No. of rats

DEN – alone
11

DEN + 0.25% I3C
14

DEN + 0.50% I3C
16

DEN + 1.0% I3C
14

GST-P positive foci
Numbers (No./cm2) 1.931 ± 0.529 3.967 ± 1.078** 4.007 ± 0.808** 6.862 ± 1.533**

Areas (mm2/cm2) 2.041 ± 0.657 3.601 ± 1.358 4.463 ± 0.739* 5.708 ± 1.546*

PCNA positive cells (%) 0.050 ± 0.028 0.127 ± 0.042* 0.151 ± 0.075* 0.179 ± 0.050**

p21 positive area (%) 42.254 ± 1.027 39.769 ± 3.489 31.963 ± 3.568* 33.988 ± 1.446*
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EN, N-diethylnitrosamine, I3C, indole-3-carbinol. The data represents mean ± S.D.
* P < 0.05 compared to DEN-alone group; Tukey’s test.

** P < 0.01 compared to DEN-alone group; Tukey’s test.

old increases or less than half-hold decreases, respectively, in their
xpression in one rat of the 1.0% I3C group as compared to that in
ne rat of the DEN-alone group (Supplementary data 2). Among
hese genes whose expressions were upregulated, we focused on
he metabolic enzyme genes; phase I enzymes (Cyp1a1, Cyp1b1,
yp1a2 and Nqo1) and phase II enzymes (Ugt1a6, Gsta5, Gstm2,
gt1 and Gpx2); these genes were also analyzed by the real-time
T-PCR. Also, DNA damage response elements (ATR, Chek1, XPA,
ad50 and Rad1) were upregulated in microarray analysis (by 2.64-,
.03-, 2.05-, 2.42- and 2.69-fold changes, respectively).

.4. Expression of the AhR and/or Nrf2 gene batteries

mRNAs of AhR and some of the AhR gene batteries, such as
yp1a1, Cyp1a2, Cyp1b1, Ugt1a6, Nrf2 and Nqo1, were examined
y real time RT-PCR analysis (Table 3). The mRNA expression for
yp1a1 significantly increased in a dose-dependent manner in the
roups given 0.25% I3C or more. AhR significantly increased in the
.0% I3C group. Cyp1a2 also increased in a dose-dependent manner
rom the 0.25% I3C group. Cyp1b1, Ugt1a6 and Nqo1 significantly
ncreased in the 1.0% I3C group, 0.50% I3C group or more, and 0.5%
3C group or more, respectively. Nrf2, which is a master regulator
f antioxidant enzymes and inducer of phase II enzymes, decreased
n the 0.25% I3C group, but increased in the 1.0% I3C group. Next,
o clarify the transcriptional upregulation of detoxifying and/or
ntioxidant genes against oxidative stress changes, expression of
enes selected in the microarray analysis or known to be in the

rf2 gene batteries were also examined in real time RT-PCR anal-
sis. The mRNA expression of Gsta5 (Yc2) and Gstm2 significantly
ncreased in a dose-dependent manner from the 0.25% I3C group.
ranscripts for Ggt1 and Gpx2 significantly increased in the 0.50%
3C group or more. As described above, Nqo1 which is known to

able 3
RNA expressions of AhR and Nrf2 gene batteries, and cell cycle-related genes in rats giv

Gene name Group

DEN – alone DEN + 0.25% I3

AhR 1.04 ± 0.38 1.31 ± 0.21
Cyp1a1 1.30 ± 0.95 41.14 ± 16.64
Cyp1b1 1.28 ± 1.09 0.92 ± 0.84
Cyp1a2 1.04 ± 0.34 3.39 ± 0.62**

Ugt1a6 1.01 ± 0.19 0.93 ± 0.15
Nfe2l2 (Nrf2) 1.01 ± 0.17 0.68 ± 0.15†

Nqo1 1.05 ± 0.36 1.59 ± 0.57
Gsta5 (Yc2) 1.08 ± 0.45 2.23 ± 0.66**

Gstm2 (Gsta4) 1.02 ± 0.25 2.55 ± 0.67**

Ggt1 1.13 ± 0.57 1.09 ± 0.43
Gpx2 1.13 ± 0.63 1.35 ± 0.22
Chek1 1.06 ± 0.45 0.92 ± 0.43
Mapkapk3 1.02 ± 0.18 0.94 ± 0.30
Cdkn1a (p21) 1.03 ± 0.24 1.36 ± 0.31

alues of mRNA expression levels (normalized by Actb) are expressed as mean ± SD of th
* P < 0.05 compared to DEN-alone group; Tukey’s test or Steel-Dwass test.

** P < 0.01 compared to DEN-alone group; Tukey’s test or Steel-Dwass test.
† P < 0.05 compared to DEN-alone group; Steel-Dwass test.
be in both AhR and Nrf2 gene batteries, increased in the 1.0% I3C
group.

3.5. Microsomal ROS production by the I3C-treatment

We measured the ROS production derived from CYP activities
in microsomal fraction (Fig. 3A). As CYP’s monooxigenase activi-
ties need the reduction from NADPH, we compared ROS production
with or without NADPH. Without NADPH, the oxidised H2DCFDA
was not observed as an indicator of ROS production in all groups
(Fig. 3A, left panel). However, addition of NADPH into the microso-
mal fraction drastically increased ROS production (Fig. 3A, middle
panel). With the addition of NADPH, ROS production in the micro-
somal fraction was enhanced in the I3C-treated groups compared to
the DEN-alone group. Addition of SKF525A, a well-known inhibitor
of CYP, tended to decrease ROS production in the pooled fraction
from the I3C-treated groups (Fig. 3A, right panel).

3.6. Oxidative stress on cellular membrane and DNA

To evaluate cellular oxidative damage by ROS production
derived from CYP induction, TBARS formation and 8-OHdG con-
tent were determined in livers (Fig. 3B and C). The TBARS content
significantly increased in the I3C-treated groups, compared to
the DEN-alone group. Furthermore, 8-OHdG content significantly
increased in the 1.0% I3C group.
3.7. Cdkn1a (p21) mRNA and immunohistochemistry of p21
protein

Real time RT-PCR analysis indicated that Chek1, which is a
serine/threonine-protein kinase and functions in DNA damage

en I3C for 8 weeks after DEN initiation.

C DEN + 0.50% I3C DEN + 1.0% I3C

1.14 ± 0.43 1.93 ± 0.76**

** 42.13 ± 25.23** 267.73 ± 214.64**

1.28 ± 0.67 30.89 ± 34.54*

7.98 ± 1.58** 19.65 ± 3.85*

1.25 ± 0.08* 1.85 ± 0.43**

0.99 ± 0.11 1.58 ± 0.27**

1.87 ± 0.16** 5.50 ± 2.42*

4.29 ± 1.46** 17.18 ± 3.94**

5.43 ± 2.02** 12.31 ± 6.55*

2.14 ± 0.71* 5.63 ± 1.54**

2.29 ± 0.62* 4.27 ± 1.22**

0.98 ± 0.29 1.83 ± 0.84*

0.93 ± 0.21 1.64 ± 0.26*

0.64 ± 0.12** 0.42 ± 0.10**

e livers of six rats per group.
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Fig. 3. Contents of ROS production, thiobarbituric acid-reactive substances (TBARS) and 8-hydroxy-2′-deoxyguanosine (8-OHdG) in the liver of rats given 0% I3C (DEN-alone;
white), 0.25% I3C (light gray), 0.50% I3C (dark gray), or 1.0% I3C (black) for 8 weeks after DEN initiation. (A) NADPH-dependent microsomal ROS production studied by the
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C) 8-OHdG content; 8-OHdG content in the 1.0% I3C group is significantly higher t
*P < 0.01 compared to DEN-alone group; Tukey’s test.

esponse, increased in the 1.0% I3C group. The mRNA levels of map-
apk3, which is downstream of MAPK, also increased in the 1.0%
3C group (Table 3). In contrast, Cdkn1a (p21), which is a major
yclin-dependent kinase inhibitor, was downregulated in the 0.50
nd 1.0% I3C groups. In immunohistochemical analysis for p21, p21
ositive staining was localized at periportal hepatocytes (Fig. 2C),
nd observed in both the cytoplasm and nucleus of hepatocytes
Fig. 2D). Positive p21 areas significantly decreased in the 0.50 and
.0% I3C groups, compared to the DEN-alone group (Table 2).

. Discussion

It has been shown that feeding 0.25% I3C for 20 weeks in a
edium-term multi-organ carcinogenesis model enhanced neo-

lastic development of liver and thyroid glands in rats (Kim et al.,
997). In the present study, the number and the area of GST-P
ositive foci significantly increased in DEN-initiated partially hep-
tectomized rats given 0.5% I3C or more, and the number of GST-P
ositive foci significantly increased in the 0.25% I3C group. The
edium-term hepatocarcinogenesis bioassay we adopted is a well-

alidated model for the detection of carcinogenesis, both in terms
f its high effectiveness and its very low false-positive rates (Ito
t al., 2003). In addition, the number of PCNA positive hepatocytes
lso increased in the I3C-treated groups compared to the DEN-alone
roup. The PCNA protein has wider physiological functions such as
NA replication, DNA repair and chromatin assembly; maximum
xpression of PCNA is thought to occur in the S phase (Naryzhny,
008). Thus, strong positive cells, we counted, are regarded as pro-

iferating cells especially in S phase. Furthermore, the mRNA level
f mapkapk3 increased in the 1.0% I3C group, and the p21 positive
epatocytes of the periportal area decreased in rats given 0.50% I3C
r more. These results suggest that I3C has a proliferating potential
o hepatocytes and a tumor-promoting potential in the livers of rats.

The AhR protein is a cytosolic receptor for xenobiotic ligands and
transcription factor for Cyp1a1. Once the ligand binds to AhR, AhR
ctivates gene expression by binding to the xenobiotic response
lements (XRE) of target genes, including Cyp1a1, Cyp1a2, Cyp1b1,

gt1a6, Nrf2 and Nqo1 (Reyes et al., 1992). These target genes are
alled as the AhR gene batteries. In addition, since ROS generation
erived from CYP’s activity has a role in tumor promotion in some
YP1A inducers, such as TCDD, PCB and �-naphthoflavone (Shoda
t al., 2000; Kociba et al., 1978; Preston et al., 1981), we assessed the
t NADPH; middle panel: with NADPH; right panel: with NADPH and SKF525A (a
l I3C treatment groups are significantly higher than those in the DEN-alone group.
ose in the DEN-alone group. *P < 0.05 compared to DEN-alone group; Tukey’s test.

upregulation of AhR gene batteries, including mRNA of CYPs. Tran-
scripts for AhR and Cyp1b1 significantly increased in the 1.0% I3C
group, as did Cyp1a2, in a dose-dependent manner, from the 0.25%
I3C group, and Ugt1a6 and Nqo1 in the 0.50% I3C group or more.
Transcripts for Nrf2 increased in the 1.0% I3C group, but decreased in
the 0.25% I3C group. The upregulation in many transcripts indicate
that I3C feeding enhances the AhR-driven gene batteries.

The structure of I3C differs from other CYP1A inducers, in that
it has an indole group condensed from benzene and pyrrol groups;
AhR ligands are generally thought to have at least two aromatic
rings, such as TCDD, BNF and 3-methylcholanthrene (3MC) (Safe,
1995; Coe et al., 2006), but I3C forms 3,3′-diindolylmethane (DIM),
which is a dimer form of I3C, in acid conditions in the stomach
(Higdon et al., 2007). It has been reported that the affinity for AhR
of DIM is higher than that of I3C (Jellinck et al., 1993). Indeed there
is some debate as to whether I3C is a “pure” ligand for AhR, but I3C
is considered to be an activator of AhR based on the present study.

In this study, ROS production in the microsomal fraction was
enhanced in the I3C treatment groups. In addition, the TBARS
content, a marker of lipid peroxidation, significantly increased
in the I3C treated groups. It is generally accepted that microso-
mal CYP450s sequentially transfer two electrons to oxygen from
microsomal NADPH-cytochrome P450 reductase, with the subse-
quent formation of an oxygenated substrate and water (Poulos and
Raag, 1992). Although electron transfer is normally a well-coupled
process, superoxide and H2O2 may be released in the presence
of CYP1A inducers that are poorly metabolised. Furthermore, it
has been reported that glucoraphanin, the bioprecursor of sul-
foraphane, has the potential to induce not only phase II xenobiotic
enzymes, but also phase I enzymes, including CYP1A1/2, CYP3A1/2
and CYP2E1, and concomitantly generate large amounts of ROS in
rat livers (Perocco et al., 2006). Therefore, I3C can induce CYP1A1
enzymes by the activation of AhR and subsequently enhance micro-
somal ROS production. Moreover, Nrf2 gene batteries, such as
Gsta5 (Yc2), Gstm2, Ggt1 and Gpx2, that function as antioxidant
enzymes after translation from mRNA, were upregulated in the
higher dosage groups of I3C. Under normal condition, Nrf2 protein

is targeted as an ubiquitination by Keap1, which is one of the E3
ubiquitin ligase family in cytoplasm (Kobayashi et al., 2006). Under
the oxidative stress condition, conformational changes in Keap1
makes Nrf2 protein level increase and Nrf2 signaling pathway is
activated (Kobayashi et al., 2006). Therefore, Nrf2 gene batteries are
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nvolved in protection against oxidative stress (Kwak et al., 2003).
ndeed, AhR and Nrf2 gene batteries coordinate in order to detoxify
eactive metabolites and/or intracellular ROS caused by AhR ligands
Schrenk, 1998; Nebert et al., 2000). Moreover, Nrf2 is thought to
e a tumor suppressor gene (Martin-Montalvo et al., 2011). There-
ore, the results of our study suggest that I3C triggers oxidative
tress responses during the CYP’s metabolism, and subsequently
rf2 genes batteries are upregulated. However, as demonstrated by

he increased level of TBARS, it can be considered that the excess
OS generation overcomes the functions of Nrf2-related antiox-

dative enzymes, although we did not measure the protein levels
f these genes. Such an excess ROS production and increased levels
f TBARS strongly suggest the occurrence of “redox imbalance”.

The 8-OHdG is a well-known oxidative guanine and a marker of
xidative damage in the cellular components (Kasai et al., 1986).
n the present study, 8-OHdG levels significantly increased in the
.0% I3C group. There are more than 100 types of oxidative base
odification in mammalian DNA (Croteau and Bohr, 1997; Nyaga

t al., 2007), and 8-hydroxy-2′-deoxyguanosine (8-OHdG) is one of
he most abundant oxidative DNA damages (Cheng et al., 1992).
lthough 8-OHdG is thought to be repaired by the base excision
epair pathway related to MTH1, OGG1 or MutY, escaping from
hese repairs tends to induce the G:C to T:A transversion (van Loon
t al., 2010). Moreover, G:C to T:A transversion has been identified
s a predominant type of mutation in many human cancers such
s lung, breast, ovarian, gastric and colorectal cancers (Greenman
t al., 2007; Pleasance et al., 2010). In addition, it has been reported
hat oxidative stress concomitant with increased 8-OHdG may
ave an important role in the tumor-promoting action of pen-
achlorophenol in mice (Umemura et al., 1999, 2006). The results
f our study and the above references suggest that 8-OHdG pro-
uction resulting from the ROS generation may result in enhanced

nduction of preneoplastic lesions in the liver of rats given I3C. Gen-
ration of ROS is thought to have a bilateral character; one being
o damage the cell component, and the other being to enhance the
roliferation of cells. In this study, Chek1 mRNA increased in the
.0% I3C group. Nishimura et al. (2007) also reported that Chek1
as induced as a result from ROS generation by the administra-

ion of fenofibrate, a member of the fibrate class of hypolipidemic
rugs, in a two-stage hepatocarcinogenesis model of rats, and sug-
ested that ROS generation enhanced tumor promotion. The Chek1
rotein is known to be activated by ATR (ataxia telangiectasia and
ad3 related) as a response to DNA damage (Liu et al., 2000). Since
OS is thought to induce single-strand and double-strand breaks
Ramana et al., 1998), the upregulation of chek1 mRNA might be
nduced by DNA damage derived from ROS generation.

As other characteristics of ROS, ROS is thought to be involved in
umor-promoting activity in rodents (Umemura et al., 1999). We
ave reported that oxidative stress enhanced cell proliferation of
epatocytes and promotes the development of liver preneoplas-
ic lesions in rats and mice given oxfendazole, �-naphthoflavone,
enofibrate, or piperonyl butoxide from the early stage of a two-
tage hepatocarcinogenesis model (Muguruma et al., 2007; Dewa
t al., 2008, 2009; Nishimura et al., 2007; Taniai et al., 2009; Kawai
t al., 2010). In the present study, the number of PCNA positive cells
nd expression level of Mapkapk3 mRNA increased in the groups
iven 0.25% I3C or more and 1.0% I3C group, respectively. Map-
apk3 has been shown to be activated by both growth inducers
nd stress response. Three MAP kinase pathways—ERK, p38 MAP
inase and JUN amino-terminal kinase—can phosphorylate map-
apk3 (Ludwig et al., 1996). Since ROS is thought to be involved

n activating the MAP kinase cascade (Pan et al., 2009), oxidative
tress derived from I3C treatment might induce upregulation of
apkapk3 resulting in enhanced cell proliferation. Interestingly,

he area of p21 positive cells that are located at periportal hepa-
ocytes significantly decreased in the 0.50 and 1.0% I3C groups. In
gy 283 (2011) 109–117 115

DNA damage response, p21 mRNA is known to be transcribed by
p53, and stabilized p21 mediates the cell cycle stop by inhibiting
the kinase activity of the cyclin-dependent kinase such as CDK2.
In addition, p21 inhibits the DNA synthesis by binding to PCNA
(Waga et al., 1994). Although the precise mechanism of p21 depres-
sion is unknown, this observation might indicate that depression
of p21 positivity at the periportal hepatocytes in the higher dosage
I3C groups contributes to cellular proliferation in the rat liver,
and suggests that fluctuations of these genes are involved in I3C
liver tumor-promoting action in rats. However, the relationship
between the depression of p21 positive cells and cellular prolif-
eration is still unclear; its clarification requires further study.

Recently, Ping et al. (2011) reported a very interesting report.
They showed that the expressions of �-smooth muscle actin in iso-
lated hepatic stellate cells (HSCs) treated with I3C (50, 100 and
200 �M) for 24 h significantly decreased at levels of protein and
mRNA. In addition, the type I collagen level, cyclin D1 and cyclin-
dependent kinase 4 mRNA expressions, intracellular nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase activity and ROS
generation were significantly inhibited by I3C. Therefore, they sug-
gested that I3C inhibits HSC proliferation by blocking the NADPH
oxidase/ROS/p38 pathway. However, we did not find any fluctua-
tions in these parameters in I3C treated groups of the present study.
In addition, I3C apparently enhanced the proliferation of GST-P pos-
itive foci which are composed of enzymatically altered hepatocytes,
and increase of TBARS contents observed in I3C treated rats of our
study should be recognized as excess ROS generation from the hep-
atocytes. Therefore, the results obtained in the present study are
totally different from those of in vitro study of Ping et al. (2011).
The reason why the results of our study was different from those
of Ping et al. is unclear, but such a difference might be attributable
to the fact that the study of Ping et al. was not performed in vivo
but in vitro.

Since I3C is used as supplement in human diet, we must pay
a special attention on the human risk of I3C. As a nutritional
supplement, I3C has been well tolerated by individuals with a
daily dose ranges between 400 and 800 mg/person that is equiv-
alent to 7 to14 mg/kg body weight/day (Reed et al., 2005). In the
present study, the average I3C intake in the 0.25% I3C group is
over 100 mg/kg body weight/ day. Therefore, the minimum dose
(0.25%) of liver tumor promoting effect in rats is just only 7 times
higher than the daily ingested dose of I3C in human (14 mg/kg body
weight). This means that human risk in the liver tumor promotion
will be increased when consumers ingest more than 14 mg/kg body
weight/day of I3C. In this respect, we must be very careful about the
ingestion of excess amount of I3C as a nutritional supplement.

In conclusion, we have demonstrated that (a) I3C activates
AhR and enhances microsomal ROS production, resulting in the
upregulation of Nrf2 gene batteries, and (b) such a redox imbal-
ance subsequently induces liver tumor-promoting effects by the
enhancement of cellular proliferation.
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