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The effect of indole-3-carbinol on the expression of CYP1A1, CYP1B1 
and AhR genes and proliferation of MCF-7 cells
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The influence of an antiestrogen, indole-3-carbinol (I3C) on the expression of CYP1A1, CYP1B1 
and AhR genes was investigated in an attempt to establish whether I3C could increase the ex-
pression of genes involved in estrone metabolism. Another purpose was to examine the prolif-
eration of an estrogen-dependent breast cancer cell (MCF-7 line) under the influence of I3C and 
both I3C and DDT. In MCF-7 cells incubated with I3C or I3C and DDT combined, quantitative 
RT-PCR analysis revealed a significant increase in the level of CYP1A1, AhR, and CYP1B1 tran-
scripts. The proliferation rate of MCF-7 cells was increased by treatment with DDT or estradiol 
(E2), whereas I3C did not affect the proliferation of MCF-7 cells but greatly reduced the stimula-
tory effect of DDT, and abolished the effect of E2. The level of p21 transcript, encoding p21 pro-
tein involved in the cell cycle, was increased several-fold by I3C comparing to its level in cells 
incubated with estradiol or DDT. The results suggest that the proliferation of MCF-7 cells is ac-
companied not only by expression of genes encoding cytochromes involved in estrogen metabo-
lism, but also by changes in the expression of other genes including that encoding p21 protein 

involved in the cell cycle.
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INTRODUCTION

Cytochromes P450, the protein products of 
CYP genes are components of estrone hydroxylase 
enzyme system. Cytochromes P450 1A1 and P450 
1A2 are responsible for 2-hydroxylation, which is 
the main route of estrogen elimination and provides 
a mechanism protecting the cells against cancer (Jef-
coate et al., 2000). On the other hand, the action of 
cytochrome P450 1B1 involved in 4-hydroxylation 
results in the synthesis of potentially carcinogenic 
catechol estrogens. The expression of CYP1A and 
CYP1B gene families is mediated by aryl hydrocar-
bon receptor (AhR) (Safe, 2001).

Indole-3-carbinol (I3C) is a natural anti-estro-
gen isolated from cruciferous species (Michnovicz & 
Bradlow, 1990). Its affinity for estrogen receptor is 
weak and the anti-estrogenic properties are due to 

an increase of CYP1A1 transcription and a decrease 
of the expression of proteins activating the cell cycle 
(Tiwari et al., 1994).

The main purpose of the present study was 
to examine the expression of CYP1A and CYP1B1, as 
well as AhR, in order to determine whether low dos-
es of the natural anti-estrogen, I3C influence the ex-
pression of these genes in estrogen-dependent breast 
cancer cells (MCF-7 line). Studies on CYP1A1 and 
CYP1B1 expression have been reported (Brockdorff 
et al., 2000; Coumoul et al., 2001). However, the dos-
es of xenoestrogens used in those experiments were 
very high and exceeded those found in the polluted 
environment. Another purpose of this study was 
to examine the effect of I3C, shown to protect cells 
against cancer (Bradlow et al., 1999), on estradiol 
(E2)-induced proliferation of MCF-7 cells, as well as 
the effect of this compound on cell proliferation in-
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duced by 1,1-bis-(4-chlorphenyl)-2,2,2-trichloroethane 
(DDT), considered as a breast cancer risk factor (Jaga 
& Brosius, 1999).

MATERIALS AND METHODS

Cell culture and incubation with test sub-
stances. The estrogen-dependent MCF-7 cell line 
was kindly donated by Dr. S. Szala (Institute of On-
cology, Gliwice, Poland). Cells were cultured at 37oC 
in 5% CO2/95% air in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal calf 
serum (FCS) and antibiotic-antimycotic (Sigma, UK) 
to reach approx. 80% confluency. 

Test substances. I3C, DDT and estradiol 
(Sigma, UK) were dissolved in ethanol and kept at 
–20oC. Working solutions were diluted with the me-
dium just before experiments to a final concentra-
tions of: 10–8 M I3C, 10–6 M DDT and 10–12 M estra-
diol (E2). The final concentration of ethanol in the 
incubation medium did not exceed 0.01%.

Expression assay. MCF-7 cells were incu-
bated with the test substances in Dulbecco’s modi-
fied Eagle’s medium (DMEM) without phenol red, 
supplemented with ITS 100 × Supplement Medium 
(1.0 mg/ml of insulin, 0.55 mg/ml of transferrin and 
0.5 μg/ml of sodium selenite) (Sigma, UK). After 2 
to 48 h of incubation the cells were counted and 
total RNA was isolated (Chomczynski, 1993) using 
TRI Reagent (Sigma, UK). Poly A+ RNA was reverse-
transcribed with the use of Superscript II RNase H 
Reverse Transcriptase (Invitrogen, USA) according 
to the producer’s instructions, and cDNA fragments 
were amplified with the use of specific primers 
(Table 1). In order to quantify the concentration of 
specific mRNAs, real-time PCR was conducted us-
ing the LightCycler System (Roche Scientific, USA) 
and QuantiTect SybrGreen PCR kit (Qiagen, USA). 
The number of transcript copies was normalized to 
the number of cells (Bustin, 2002). Amplification of 
p21 cDNA was conducted in a total volume of 20 μl 
containing: 1 μl of template, 5 pmol of each primer, 
200 μM of each dNTP, 2 μl of reaction buffer and 1 
unit of RedTAQ Polymerase (Sigma, UK). Twenty-
five PCR cycles, each consisting of: 5 s denatura-
tion at 94oC, 20 s annealing at 64oC followed by 20 
s elongation at 72oC. The amplified fragments were 
separated by electrophoresis in 2.5% agarose gel, an-
alyzed by densitometry and quantified with the use 
of BandLeader software.

Proliferation assay. Cells were cultured for 
48 h in DMEM without phenol red (Sigma, UK) 
supplemented with 10% fetal bovine serum devoid 
of steroids (Sonnenschein et al., 1995). When 30% 
confluence was reached, test substances were add-
ed to the final concentrations of: 10–8 M I3C, 10–6 M 

DDT and 10–12 M E2 and the cell proliferation moni-
tored. At different time intervals, 5% MTT [1-(4,5-
dimethylthiazol-2-yl)-3,5-diphenylformazan] (Sigma, 
UK) was added. After 2 h of incubation the medium 
was removed and the cells were treated with DMSO 
(dimethylsulfoxide) (Sigma, UK) in order to visual-
ize the metabolized MTT (Carmichael et al., 1987). 
Proliferation rate was expressed as the number of 
cells after 48 h of incubation with xenoestrogens 
compared to the untreated control.

Statistics. The results of expression and prolif-
eration studies (each experiment was repeated three 
times) were subjected to ANOVA, while the results 
of p21 expression were analyzed by Student’s t-test. 
The significance of the differences was tested at the 
level of P < 0.05.

RESULTS

In MCF-7 cells incubated with I3C, the levels 
of CYP1A1 and CYP1B1 mRNA were significantly in-
creased the latter being over 3-times higher than the 
former. The highest level of CYP1A1 transcripts was 
detected after 4 h, while that of the CYP1B1 tran-
scripts after 2 h of treatment. A significant increase 
in AhR transcript appeared as early as 2 h of incuba-
tion with I3C and was maintained until 12 h. There 
was no change in the transcript levels upon incuba-
tion with estradiol, while DDT caused an expected 
increase in the expression of the three genes, with 
the highest levels being detected after 4 h (Fig. 1).

As expected, estradiol and DDT significantly 
enhanced proliferation of MCF-7 cells, I3C alone did 
not have any effect, but abolished the stimulatory 
effect of estradiol, and slightly, but significantly re-
duced the effect of DDT on cell proliferation (Fig. 2).

Semi-quantitative RT-PCR analysis revealed 
that the level of mRNA encoding an estrogen-depen-
dent cell cycle protein, p21 was increased several-
fold by I3C, while the effects of DDT and estradiol 
were negligible (Fig. 3).

DISCUSSION

The influence of I3C on the expression of CYP1A1, 
CYP1B1 and AhR

An increased expression of CYP1A1 under 
the influence of I3C in breast cancer cell lines and 
in mammary gland was described before (Horn et 
al., 2002), and an increase of CYP1A1 protein was 
observed after 12 h (Tiwari et al., 1994). Our results 
revealed the highest CYP1A1 transcript level after 
4 h of incubation with I3C, indicating that it pre-
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ceded CYP1A1 protein accumulation. The increase 
in CYP1A1 transcript level, in turn, was preceded 
by accumulation of AhR transcripts. This suggested 
that AhR mediated the effect of I3C on CYP1A1 ex-
pression. Our results confirmed earlier observations 
that I3C and its metabolites in µM concentration in-
duced the accumulation of AhR mRNA, followed by 
increased CYP1A1 expression (Jellinck et al., 1993; 
Chen et al., 1998). However, the concentration of I3C 
used in those studies was five orders of magnitude 
higher than in the present report, and no kinetic 
data were presented. Therefore our observation on 

a rapid accumulation of AhR transcripts under low 
doses (10 nM) of I3C should be considered as being 
novel and of physiological significance.

CYP1B1 expression has been detected in both 
mammary gland and breast cancer cells (Hellmold et 
al., 1998; Iscan et al., 2001). CYP1B1 expression was 
also demonstrated in human adrenocortical carci-
noma cells treated with the I3C metabolite diindole-
methane (Sanderson et al., 2001). However, in mam-
mary gland of the rat (Horn et al., 2002), as well as 
in human prostate cells (Leibelt et al., 2003; Li et al., 
2003), no I3C-induced CYP1B1 expression could be 
demonstrated. On the other hand, in MCF-7 cells 
CYP1B1 expression was induced by a typical agonist 
of AhR, TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), 
which exhibits a much higher affinity for AhR than 
I3C (Spink et al., 1998; Angus et al., 1999; Coumoul 

Figure 1. Effects of I3C, DDT and estradiol on CYP1A1, 
CYP1B1 and AhR expression.
MCF-7 cells were incubated for the time indicated with 
10–8 M I3C, 10–6 M DDT or 10–12 M estradiol in a defined 
medium (DMEM) devoid of phenol red. Following incuba-
tion, cells were counted, total RNA was extracted, poly A+ 
RNA reverse transcribed and P450 1A1, P450 1B1 as well 
as AhR cDNAs were amplified and quantified by real-
time PCR as described in Materials and Methods. Results 
were normalized to the cell number. Open bars, untreated 
control; hatched bars, E2; filled bars, I3C; double hatched 
bars, DDT. *P < 0.05,**P < 0.001 (Newman-Keul test).

Figure 2. Effect of I3C on estradiol- or DDT-induced pro-
liferation of MCF-7 cells.
MCF-7 cells in culture at 30% confluency were incubated 
for 48 h with I3C (10–8 M), estradiol (10–12 M) or DDT 
(10–6 M) in DMEM containing 10% FBS, devoid of phenol 
red and steroids. Cell number was estimated by the MTT 
test as described in Materials and Methods. Results are 
the mean of three experiments, four dishes each. *P < 0.05 
(Newman-Keul test), **P < 0.001 (Newman-Keul test).

Figure 3. Effect of xenoestrogens on p21 mRNA content 
in MCF-7 cells.
MCF-7 cells were grown to 50% confluency and were 
subsequently incubated for 24 h with I3C (10–8 M), and/
or DDT (10–6 M) in DMEM containing 10% FBS, devoid 
of phenol red and steroids. After incubation total RNA 
was extracted and reverse transcribed. A fragment of p21 
cDNA (499 bp) was amplified by polymerase chain reac-
tion (PCR) and the PCR product was analyzed by elec-
trophoresis on 1.5% agarose gel. The experiment was re-
peated three times and typical gel is shown. (A) Ethidium 
bromide staining of agarose gel. (B) Densitometric analysis 
of the gel.
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et al., 2001). Our results demonstrate that in MCF-
7 cells the CYP1B1 expression induced by I3C was 
preceded by increased expression of AhR. Therefore 
it seems that I3C, thought to enhance the expression 
of the protective CYP1A1, also increases the expres-
sion of CYP1B1. In MCF-7 cells constitutive and in-
duced expression of CYP1B1 and only induced ex-
pression of CYP1A1 was observed.

Steroid hydroxylases, related to cytochromes 
P450 1A1 and P450 1B1, catalyze 2-OH-E2 and 4-
OH-E2 synthesis, respectively (Lee et al., 2003). While 
stimulation of the formation of the 2-OH derivative 
formation protects the cells against potent estrogen 
accumulation, the 4-OH derivative accumulation 
is considered a breast cancer risk factor (Jefcoate et 
al., 2000). Our results indicate that the protective ef-
fect of I3C is due to an enhanced CYP1A1/CYP1B1 
expression ratio rather than being caused by an in-
crease in CYP1A1 expression alone. 

The influence of indole-3-carbinol on proliferation 
of MCF-7 cells

Our results were consistent with earlier re-
ports (Liu et al., 1994; Tiwari et al., 1994; Diel et al., 
2002) and showed that both I3C and DDT affected 
the proliferation of the estrogen-dependent MCF-7 
cells, but the inhibition by I3C of DDT-induced pro-
liferation was never shown before. This effect of I3C 
might be due to changes in CYP1A1/CYP1B1 expres-
sion ratio, and was AhR-mediated. DDT in concen-
trations used in our experiments was 100-times less 
effective in binding to the estrogen receptor (ER) 
than estradiol in a physiological concentration (Zava 
et al., 1997). Consequently, I3C affects the metabo-
lism of estrogens by changing the CYP1A1/CYP1B1 
expression ratio rather than by blocking the ER 
(Chen et al., 1998).

Our results were supported by the exami-
nation of p21 gene expression in MCF-7 cells. p21 
(p21CIP1) is a member of the CIP/KIP family of cy-
clin-dependent kinase inhibitors, suppressed by es-
trogens in a mechanism involving proteolysis and 
protein sequestration (Foster et al., 2001). Similar to 
earlier studies, the concentration of p21 gene tran-
script in MCF-7 cells under the influence of estradiol 
was low (Cariou et al., 2000; Lai et al., 2001). Sand-
ers (1998) showed that I3C affected the expression 
of cell cycle proteins, but rather at the level of cy-
clin-dependent kinase 6 (CDK6) than kinase inhibi-
tors. In our experiment I3C markedly enhanced the 
expression of p21, which was earlier demonstrated 
by Firestone and Bjeldanes (2003) and Cover et al. 
(1998) and indicated a protective role of I3C. The 
concentration of p21 gene transcripts under the in-
fluence of DDT was as low as under the influence 
of estradiol, suggesting that the effects of xenoestro-

gens and natural estrogens on cell cycle protein ex-
pression in MCF-7 cells are similar.

The results of our study showed that I3C in-
fluences the expression of CYP1A1 as well as CYP1B1 
and inhibits the proliferation of breast cancer MCF-7 
cells induced by E2 and DDT. The protective affect 
of I3C might therefore be due not only to changes 
of the expression of CYP genes involved in estrogen 
metabolism, but also other factors including cell cy-
cle proteins.

Acknowledgements

Supported by the University of Medical Sci-
ences in Poznań grant No. 502-1-08-10.

REFERENCES

Angus WG, Larsen MC, Jefcoate CR (1999) Expression of 
CYP1A1 and CYP1B1 depends on cell-specific factors 
in human breast cancer cell lines: role of estrogen re-
ceptor status. Carcinogenesis 20: 947–955.

Bradlow HL, Sepkovic DW, Telang NT, Osborne MP 
(1999) Multifunctional aspects of the action of indole-3-
carbinol as an antitumor agent. Ann N Y Acad Sci 889: 
204–213.

Brockdorff BL, Skouv J, Reiter BE, Lykkesfeldt AE (2000) 
Increased expression of cytochrome p450 1A1 and 1B1 
genes in anti-estrogen-resistant human breast cancer 
cell lines. Int J Cancer 88: 902–906.

Bustin SA (2002) Quantification of mRNA using real-time 
reverse transcription PCR (RT-PCR): trends and prob-
lems. J Mol Endocrinol 29: 23–39.

Cariou S, Donovan JC, Flanagan WM, Milic A, Bhat-
tacharya N, Slingerland JM (2000) Down-regulation 
of p21WAF1/CIP1 or p27Kip1 abrogates antiestrogen-
mediated cell cycle arrest in human breast cancer cells. 
Proc Natl Acad Sci USA 97: 9042–9046.

Carmichael J, DeGraff WG, Gazdar AF, Minna JD, Mitchell 
JB (1987) Evaluation of a tetrazolium-based semiauto-
mated colorimetric assay: assessment of chemosensitiv-
ity testing. Cancer Res 47: 936–942.

Chen I, McDougal A, Wang F, Safe S (1998) Aryl hydro-
carbon receptor-mediated antiestrogenic and antitu-
morigenic activity of diindolylmethane. Carcinogenesis 
19: 1631–1639.

Chomczynski P (1993) A reagent for the single-step simul-
taneous isolation of RNA, DNA and proteins from cell 
and tissue samples. Biotechniques 15: 532–534, 536–537.

Coumoul X, Diry M, Robillot C, Barouki R (2001) Differ-
ential regulation of cytochrome P450 1A1 and 1B1 by 
a combination of dioxin and pesticides in the breast tu-
mor cell line MCF-7. Cancer Res 61: 3942–3948.

Cover CM, Hsieh SJ, Tran SH, Hallden G, Kim GS, Bjel-
danes LF, Firestone GL (1998) Indole-3-carbinol inhib-
its the expression of cyclin-dependent kinase-6 and 
induces a G1 cell cycle arrest of human breast cancer 
cells independent of estrogen receptor signaling. J Biol 
Chem 273: 3838–3847.

Diel P, Olff S, Schmidt S, Michna H (2002) Effects of the 
environmental estrogens bisphenol A, o,p’-DDT, p-tert-
octylphenol and coumestrol on apoptosis induction, 
cell proliferation and the expression of estrogen sensi-



Vol. 54       117I3C affects CYP expression

tive molecular parameters in the human breast cancer 
cell line MCF-7. J Steroid Biochem Mol Biol 80: 61–70.

Firestone GL, Bjeldanes LF (2003) Indole-3-carbinol and 
3-3’-diindolylmethane antiproliferative signaling path-
ways control cell-cycle gene transcription in human 
breast cancer cells by regulating promoter–Sp1 tran-
scription factor interactions. J Nutr 133 (Suppl): 2448S–
2455S.

Foster JS, Henley DC, Ahamed S, Wimalasena J (2001) 
Estrogens and cell-cycle regulation in breast cancer. 
Trends Endocrinol Metab 12: 320–327.

Hellmold H, Rylander T, Magnusson M, Reihner E, War-
ner M, Gustafsson JA (1998) Characterization of cy-
tochrome P450 enzymes in human breast tissue from 
reduction mammaplasties. J Clin Endocrinol Metab 83: 
886–895.

Horn TL, Reichert MA, Bliss RL, Malejka-Giganti D (2002) 
Modulations of P450 mRNA in liver and mammary 
gland and P450 activities and metabolism of estrogen 
in liver by treatment of rats with indole-3-carbinol. Bio-
chem Pharmacol 64: 393–404.

Iscan M, Klaavuniemi T, Coban T, Kapucuoglu N, Pel-
konen O, Raunio H (2001) The expression of cyto-
chrome P450 enzymes in human breast tumours and 
normal breast tissue. Breast Cancer Res Treat 70: 47–54.

Jaga K, Brosius D (1999) Pesticide exposure: human can-
cers on the horizon. Rev Environ Health 14: 39–50.

Jefcoate CR, Liehr JG, Santen RJ, Sutter TR, Yager JD, Yue 
W, Santner SJ, Tekmal R, Demers L, Pauley R, Nafto-
lin F, Mor G et al. (2000) Tissue-specific synthesis and 
oxidative metabolism of estrogens. J Natl Cancer Inst 
Monogr 27: 95–112.

Jellinck PH, Forkert PG, Okey AB, Michnovicz JJ, Bradlow 
HL (1993) Ah receptor binding properties of indole 
carbinols and induction of hepatic estradiol hydroxyl-
ation. Biochem Pharmacol 45: 1129–1136.

Lai A, Sarcevic B, Chu W, Jernstrom H, Narod SA (2001) 
Insulin/insulin-like growth factor-I and estrogen co-
operate to stimulate cyclin E-Cdk2 activation and cell 
cycle progression in MCF-7 breast cancer cells through 
differential regulation of cyclin E and p21(WAF1/Cip1). 
J Biol Chem 276: 25823–25833.

Lee AJ, Cai MX, Thomas PE, Conney AH, Zhu BT (2003) 
Characterization of the oxidative metabolites of 17β-es-
tradiol and estrone formed by 15 selectively expressed 

human cytochrome p450 isoforms. Endocrinology 144: 
3382–3398.

Leibelt DA, Hedstrom OR, Fischer KA, Pereira CB, Wil-
liams DE (2003) Evaluation of chronic dietary exposure 
to indole-3-carbinol and absorption-enhanced 3,3‘-diin-
dolylmethane in Sprague-Dawley rats. Toxicol Sci 74: 
10–21.

Li Y, Li X, Sarkar FH (2003) Gene expression profiles of 
I3C- and DIM-treated PC3 human prostate cancer cells 
determined by cDNA microarray analysis. J Nutr 133: 
1011–1019.

Liu H, Wormke M, Safe SH, Bjeldanes LF (1994) Indolo[3,2-
b]carbazole: a dietary-derived factor that exhibits both 
antiestrogenic and estrogenic activity. J Natl Cancer Inst 
86: 1758–1765.

Michnovicz JJ, Bradlow HL (1990) Induction of estradiol 
metabolism by dietary indole-3-carbinol in humans. J 
Natl Cancer Inst 82: 947–949.

Safe S (2001) Molecular biology of the Ah receptor and its 
role in carcinogenesis. Toxicol Lett 120: 1–7.

Sanders R (1998) Chalk up another for broccoli! Chemi-
cal in vegetable shown to halt growth of breast can-
cer. News Release: [www.berkeley.edu/news/media/
releases/98legacy/02_20_98a.html].

Sanderson JT, Slobbe L, Lansbergen GW, Safe S, van den 
Berg M (2001) 2,3,7,8-Tetrachlorodibenzo-p-dioxin and 
diindolylmethanes differentially induce cytochrome 
P450 1A1, 1B1, and 19 in H295R human adrenocortical 
carcinoma cells. Toxicol Sci 61: 40–48.

Sonnenschein C, Soto AM, Fernandez MF, Olea N, Olea–
Serrano MF, Ruiz-Lopez MD (1995) Development of a 
marker of estrogenic exposure in human serum. Clin 
Chem 41: 1888–1895.

Spink DC, Spink BC, Cao JQ, DePasquale JA, Pentecost BT, 
Fasco MJ, Li Y, Sutter TR (1998) Differential expression 
of CYP1A1 and CYP1B1 in human breast epithelial 
cells and breast tumor cells. Carcinogenesis 19: 291–298.

Tiwari R, Guo KL, Bradlow HL, Telang NT, Osborne MP 
(1994) Selective responsiveness of human breast cancer 
cells to indole-3-carbinol, a chemopreventive agent. J 
Natl Cancer Inst 86: 126–131.

Zava DT, Blen M, Duwe G (1997) Estrogenic activity of 
natural and synthetic estrogens in human breast cancer 
cells in culture. Environ Health Perspect 105 (Suppl 3): 
637–645.




