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SUMMARY

This review provides a historical perspective for the development
of indole-3-carbinol (I-3-C) as a chemopreventive or therapeutic
agent. Early experiments in animal models clearly showed that feeding
cruciferous vegetables reduced the incidence of chemical carcino-
genesis. Excitement was generated by the finding that these vegetables
contained a high content of indole-containing compounds, and I-3-C
could by itself inhibit neoplasia. The mechanism of action was linked
primarily to the ability of I-3-C and derived substances to induce
mixed-function oxidases and phase II antioxidant enzymes by binding
and activating the aryl hydrocarbon receptor. Most of the literature on
chemoprotection by dietary indole compounds relates to this mecha-
nism of action. Other mechanisms, however, are notable for this class
of compounds, including their ability to act as radical and electrophile
scavengers; the various ascorbate conjugates of [-3-C (ascorbigens)
may be important in this regard. Exciting recent findings have
demonstrated that [-3-C and its reaction products can affect cellular
signaling pathways, regulate the cell cycle, and decrease tumor cell
properties related to metastasis. It does not appear that I-3-C per se is
the primary active compound in chemoprotection or chemoprevention.
Rather, [-3-C and ascorbate provide the parent compounds for the
formation of a myriad of nonenzymatic reaction products that have
strong biological potency. We conclude with our thoughts regarding
the current status and future directions for the use of I-3-C and related
compounds.

KEY WORDS

aryl hydrocarbon receptor, ascorbigen, biotransformation, cancer,
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Abbreviations: AHR = aromatic hydrocarbon receptor; CTr = 5,6,11,12,17,18-
hexahydrocyclonona[1,2-5:4,5-5":7,8-b""Jtriindole, cyclic triindole; DIM = 3,3"-di-
indolylmethane, di(indol-3-yl)methane; I-3-C = indole-3-carbinol, 3-hydroxymethyl-
indole, indole-3-methanol; ICZ = §,11-dihydroindolo[3,2-b]carbazole; LTr-1 = 2-
(indol-3-ylmethyl)-3,3 "-diindolylmethane, linear triindole-1.
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1. INTRODUCTION

This review provides a historical perspective, as well as insights
into the current status and future directions, of the development and
utilization of indole-3-carbinol (I-3-C) as a chemopreventive or
therapeutic agent in humans. It is not intended to be a comprehensive
review of the literature. In 1988, McDannell and co-workers published
a succinct, yet comprehensive, review of the chemical and
physiological properties of glucobrassicins (indole-containing glucos-
inolates) and their breakdown and condensation products /1/. A
number of exhaustive reviews have recently appeared that cover
several aspects of research in the area. The chemistry of gluco-
brassicins was discussed in detail in two reviews by Preobrazhenskaya
and co-workers /2,3/. Verhoeven et al. /4/ carefully tabulated and
evaluated the literature up to 1997 on the anticarcinogenic components
of Brassica vegetables. In 1998, Broadbent and Broadbent /5/ wrote a
chronologically-ordered review that was highlighted by the excellent
summary descriptions of key papers in all research disciplines related
to 1-3-C chemistry and toxicology. In that same year, Zhu and Conney
published a comprehensive review on the physiological and toxico-
logical implications of estrogen metabolism in target cells /6/.
Although the review by Zhu and Conney did not focus on I-3-C or
Brassica vegetables, it did provide the framework for a brief review
published in the following year by Bradlow et al. /7/, which focused
primarily on I-3-C modulation of estrogen metabolism and its relation-
ship to cancer prevention.

The more recent literature, summarized in this review, is presented
as Table 1, which focuses on 1990 to the present.

2. METABOLIC ACTIVATION OF CHEMICALS

Early research in the field of micronutrient research occurred in an
age of optimism, that all complex systems could be broken down into
their simplest components. The essential components could then be
reformulated into a system that would function as the original
complex system. This approach, termed resolution and reconstitution,
was extremely successful for determining the structure and function of
such complex systems as the mitochondrial respiratory chain and
oxidative phosphorylation, as well as mixed-function oxidase
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activities related to cytochromes P450. The concept of bioactivation
(the process of metabolic activation of compounds to proximate toxi-
cants and carcinogens) became firmly established in the 1960s. Many
such activation events were linked to carcinogen activation by
cytochromes P450-mediated mixed-function oxidase activities.

In the early 1970s Wattenberg and co-workers performed their
pioneering work in establishing that Brassica vegetables of the family
Cruciferae (cruciferous vegetables) were capable of reducing the risk
of tumor development in experimental animals /8-15/. Work by other
investigators, notably Stoewsand, Babich and co-workers, supported
and extended these findings /16-20/. These studies also established
that dietary cruciferous vegetables could induce the activities of aryl
hydrocarbon hydroxylase and other mixed-function oxidase activities
that were associated with metabolic activation of carcinogens of the
breast liver, lung and intestinal tract organs. Phase II conjugation
enzymes were also induced by feeding cruciferous vegetables to
experimental animals /21-23/.

The component of cruciferous vegetables responsible for enzyme
induction was soon identified as glucobrassicin (indolylmethylglucos-
inolate), the structure of which had been identified by the Virtanen
laboratory in 1961 /24/. This family of compounds is metabolized both
enzymatically and nonenzymatically to produce a large number of
diverse reaction products. Among these products, Loub er al /15/
identified three mixed-function oxidase-inducing indoles, namely
indole-3-carbinol (I-3-C), indole-3-acetonitrile and diindolylmethane
(DIM). [-3-C appeared to be the major reaction product and became
the primary focus indolic compound in chemoprevention research.

During the 1970s and early 1980s, evidence accumulated on the
ability of I-3-C to induce mixed-function oxidase enzyme activities
associated with metabolism, and especially activation, of carcinogens
and toxicants /15,16,25-27/. Many of these activities became
associated with cytochromes P450 1A1 (CYP1Al) and P450 1A2
(CYP1A2), enzymes that are encoded by genes under the control of
the aryl hydrocarbon receptor (AHR) /28,29/. This cytosolic ligand-
activated AHR sheds its chaperone proteins, translocates to the
nucleus and binds aryl hydrocarbon receptor nuclear translocase
(ARNT), to form a heterodimeric transcription factor that binds the
aryl hydrocarbon response element. A number of genes are controlled
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by the AHR, including genes of the Ah battery (CYP1A1, CYP1A2,
CYP1BI, and four phase II genes) /30/.

An intriguing finding in some early studies related to AHR-
mediated induction by 1-3-C was that the efficacy of induction was
greatest when the compound was administered p.o. (gavage) /25,31/.
Such studies suggested that modification of 1-3-C in the digestive tract
generated products that were the true inducing compounds in vivo.
Such enzyme-inducing acid condensation products (Fig. 1) were
described about a decade ago /32-35/, and have since been shown to
be responsible for many of the biological responses that had
previously been ascribed to [-3-C. In a carefully-performed pharmaco-
kinetics study, Stresser et al. /36/ showed that following oral
administration of high dosages of 1-3-C to male rats, the concen-
trations of the three major putative AHR-inducing acid condensation
products (DIM, LTr-1 and ICZ [see Fig. 1]) did not individually reach
sufficient hepatic concentrations to account for the observed induction
of CYP1AL. If this finding were extrapolated to other animal models,
it could suggest that activation of the AHR occurs by the synergistic
action of many I-3-C-derived products. Alternatively, it might suggest
that other acid condensation products are formed from 1-3-C that were
not considered in the study. The latter possibility was strengthened by
the identification of additional indole-containing acid reaction
products derived from glucobrassicin (or I-3-C) and ascorbic acid. The
structure of the parent compound ascorbigen (3-skatyl ascorbate) was
elucidated in 1966 /37/, and the group of compounds includes a
number of acid and alkaline reaction products, as well as N-alkoxy
(especially N-methoxy) derivatives (Fig. 1) /2,3/.

3. BIOTRANSFORMATION OF GLUCOBRASSICIN

Recent reviews have described the complex behavior of the
myrosinase reaction products of glucobrassicin metabolism /2,3/. The
electronic charge-directing properties of the indolic nitrogen, and the
aromaticity of the fused ring system, make the 3-position carbon
particularly reactive, with lesser reactivity at the 5-carbon and 2-
carbon of the indole ring. These reactive centers, especially under
acidic conditions and in the presence of ascorbic acid, produce a
myriad of nonenzymatic derivatives, with the major acid condensation
reaction products shown in Figure 1. The reaction products that have
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Fig. I: The major indole reaction pathways from glucobrassicins [GB].

The pathways depicted in the figure were adapted from references /2,3,10,33/. With the
exception of the initial myrosinase reaction, all of the reactions occur nonenzymatically. In
order to depict the representative structures shown in the figure, we performed molecular
modeling for each compound. The lowest energy molecular conformations were calculated
with HyperChem Molecular Modeling software (Hypercube, Inc.), using the Austin Model 1
(AM-1) with Polak-Ribiere conjugate gradient algorithm and UHF spin pairing with a 0.01
convergence limit in vacuo. The figure, using the energy-optimized configurations, was
created using ISIS Draw (MDL Information Systems, Inc.). Unstable intermediates are
enclosed in large brackets, and the compound identities are enclosed in small brackets.
Abbreviations: CTr = 5,6,11,12,17,18-hexahydrocyclonona[l,2-5:4,5-b":7,8-b""]triindole,
cyclic triindole; DIM = 3,3'-diindolylmethane, di(indol-3-yl)methane; I-3-C = indole-3-
carbinol, 3-hydroxymethylindole, indole-3-methanol; ICZ = §,11-dihydroindolo|3,2-b]carb-
azole; LTr-1 = 2-(indol-3-ylmethyl)-3,3"-diindolylmethane, linear triindole-1, skatole, 3-
methylindole.
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received the most attention, due to their cytochrome P450 inducing
capabilities, are 3,3’-diindolylmethane (DIM), 5,6,11,12,17,18-hexa-
hydrocyclonona[1,2-5:4,5-b":7,8-b""Jtriindole (CTr), and 5,11-dihydro-
indolo[3,2-b]carbazole (ICZ). ICZ is a particularly noteworthy I-3-C
metabolite, since it has an exceptionally high binding affinity for the
AHR, comparable to 2,3,7,8-tetrahydrodibenzo-p-dioxin (TCDD,
dioxin) /38/.

Although they are similar, the pattern of indole-containing acid
condensation products derived from cruciferous vegetable and those
derived from I-3-C are not identical. Significant differences may exist
between the indole-containing acid condensation products derived
from cruciferous vegetables, and those derived from I-3-C. Such
differences may be attributed, in part, to differing availabilities of L-
ascorbic acid to condense with glucobrassicin and 1-3-C reaction
products. Additionally, other indolic species are present in plants. For
example, the N-alkoxy indole (tertiary amine) metabolites are present
at about 10% of the levels of the secondary amine forms, and have
received little attention in toxicological research. N-Methoxyindole-3-
carbinol is a relatively more potent AHR agonist and inducer of
CYP1A1 than [-3-C in cultured mouse hepatoma cells, but less
effective than 1-3-C in vivo /39/. Other N-alkoxy ascorbigens and
indole acid condensation products should be examined for biological
responses.

Important differences may also exist in the pharmacokinetics of the
products formed from plants, versus those formed from pure I-3-C.
For example, 1-3-C as a bolus may have untoward biological activity
associated with its rate of metabolism and absorption, that is not
associated with vegetable consumption. Thus, I-3-C-mediated tumor
promotion, that is observed in animal models under very restrictive
conditions, may not be associated with eating vegetables under any
condition. The biological responses relating to the formulation of
indole-containing compounds in the diet, or as dietary supplements,
clearly requires additional research.

4. OTHER BIOCHEMICAL PROPERTIES OF 1-3-C
RELATED TO CHEMOPROTECTION

In addition to enzyme induction, I-3-C was found to have a number
of interesting biochemical properties that were associated with its
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chemoprotective efficacy. One such property. is an increase in
nucleophilicity of liver tissue extracts following treatment of mice
with [-3-C /40/. The nucleophilicity was not due to the parent
compound, but presumably due to metabolite(s) derived from I-3-C.
Nevertheless, increased tissue nucleophilicity was strongly associated
with protection of mice from N-nitrosodimethylamine-mediated cyto-
toxicity and genotoxicity. Another interesting property of 1-3-C is its
ability to reduce membrane fragility and stabilize biological memb-
ranes from osmotic damage /41/. This property is closely correlated
with the ability of I-3-C to inhibit cytotoxicity produced by methyl-
methanesulfonate and N-methyl-N'-nitro-N-nitrosoguanidine. A
mechanistic relationship between chemoprotection and membrane
stability may be related to the destabilizing effects of many cytotoxic
compounds, leading to loss of cellular compartmentation.

Another important biochemical property, shared by all compounds
containing the indole nucleus, is that of radical scavenging /41-45/.
The chemical center for antioxidant activity resides on the anilinic
nitrogen atom containing a lone pair of electrons. Antioxidant
potential for indolic compounds depends on electron delocalization
over the aromatic system, as well as the ease of oxidation (electron
abstraction to form the indolic cation radical). While I-3-C has an
efficacy for inhibition of lipid peroxidation about 16-fold less than
that of a-tocopherol, other indole-containing compounds, especially
indenoindoles, have efficacies 10-fold to 100-fold greater than a-
tocopherol /41,45-48/. The property of radical scavenging appears to
contribute to the chemoprotective properties of indole-containing
compounds toward chemical toxicity /26,27,41,42,49,50/, as well as
benzo[a]pyrene-induced skin tumors in mice /51/.

A potentially important target for chemoprevention by I-3-C is its
ability to inhibit ornithine decarboxylase (ODC). This enzyme is the
rate-limiting step in polyamine synthesis and is required for DNA
replication and cell proliferation. It was shown that long-term feeding
of 0.5% I-3-C to rats inhibited the activity of ODC, and this was
related to the observed protection against aflatoxin B, liver cancer
/52/. Similarly, another indole chemoprotective compound, 45,5,95,10-
tetrahydroindeno[1,2-blindole, protected against benzo[a]pyrene-
mediated skin cancer, and this correlated with an inhibition of ODC
/51/. While I-3-C itself inhibited ODC activity in cultured tumor cell
lines only at very high concentrations /53/, there is the likelihood that
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in vivo the effectors of ODC activity are acid condensation products
derived from I-3-C, rather than the parent compound. Additional work
is therefore needed in this area of research.

5. EMERGING AREAS OF RESEARCH

The research performed to date regarding chemoprevention and
chemoprotection by dietary indoles has focused primarily on the
ability of these compounds to modify the metabolism of environ-
mental chemical carcinogens. In recent years, attention has turned in
part to effects not directly related to environmental exposures, but
rather modification of endogenous metabolic and cell signaling path-
ways. In this regard, LeBlanc et al. /54/ demonstrated that I-3-C could
alter the hepatic metabolism of cholesterol and modify serum
cholesterol levels. Perhaps the greatest attention in recent years has
concerned the modification of endogenous estrogen metabolism and
the risk of developing tumors that are dependent on estrogen signaling
pathways.

The work of Fishman, Michnovicz, and others, and especially
Bradlow and co-workers /55-67/ has clearly shown that the meta-
bolism of B-estradiol is altered by I-3-C, or by I-3-C reaction products,
to increase 2-position hydroxylation, and concomitantly decrease the
formation of the genotoxic metabolites 16a-hydroxyestrone and 4-
hydroxyestrone (leading to 3,4-catechol estrogen). This alteration in
endogenous estrogen metabolism has been confirmed in human
studies, and has important implications in diagnosing and decreasing
the risk of developing estrogen-associated cancer of the breast /58,65/,
endometrium /64/, cervix /68,69/, and larynx /59,60,70/. These studies
have moved the use of I-3-C to clinical chemoprevention trials. The
question of whether I-3-C, or a reaction product generated from I-3-C,
would be a better chemoprotector remains an issue. In this regard,
Riby et al. /71/ has recently demonstrated that CTr, the major cyclic
acid condensation product of I-3-C, is a strong estrogen receptor
ligand that may act as an estrogen receptor antagonist in a manner
analogous to tamoxifen.

An exciting recent report by Cover et al. /72/ showed that growth
of cultured MCF-7 human breast cancer epithelial cells could be
arrested in G, phase by I-3-C. This effect appeared to be related to an
inhibition of the phosphorylation of cyclin-dependent kinase-6, a G-
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S-promoting cyclin in its phosphorylated form. I-3-C also inhibited
phosphorylation of the tumor suppressive retinoblastoma protein, an
E2F-binding protein in the hypophosphorylated state (associated with
G,-S cell cycle arrest). In a sequel, Cover et al. /73/ demonstrated that
[-3-C and tamoxifen, in combination, ablated the expression of
phosphorylated retinoblastoma protein, down-regulated the expression
of cyclin-dependent kinase-6, and inhibited the enzyme activity (but
not the gene expression) of cyclin-dependent kinase-2.

Meng et al. /74/ has very recently demonstrated that I-3-C had the
potential to act as an anti-carcinogen at the metastatic stages of cancer
development. At non-toxic concentrations, I-3-C inhibited fibronectin-
stimulated cell adhesion, migration and invasion in human breast
cancer epithelial cells. Inhibition occurred in both estrogen-responsive
MCF-7 cells, as well as in estrogen receptor-negative MDA-MB-468
cells. I-3-C also suppressed B-estradiol-stimulated migration and
invasion of MCF-7 cells, and increased E-cadherin, three major
catenins and BRCA1 expression. Thus, I-3-C has the potential to
suppress the invasion and the migration of human breast cancer cells,
and thereby diminish the metastatic potential of the primary invasive
tumor.

6. SYNOPSIS AND PERSPECTIVE

The basic tenet in the science of toxicology is that all things are
toxic in some concentration. All forms of nourishment contain poten-
tially deleterious components, yet we do not normally worry about
toxicity inherent in a normal diet. Similarly, the finding that a specific
component of the diet may prove beneficial under certain conditions
does not imply that it is generally beneficial under all conditions. We
may think of a micronutrient as a drug, with a dose-response
relationship for benefit and for toxicological risk. We need to evaluate
benefit-risk relationships for micronutrients in order to determine the
therapeutic window of dose that maximizes the benefit-risk ratio.
Moreover, we can view micronutrient chemoprevention as a poly-
genetic trait, whereby a complex phenotype is under the control of
combinations of many different genes, with each individual gene
being subdominant. In an analogous fashion, a single micronutrient
may have a small effect on mitigating a disease trait, but combinations
of micronutrients may show substantially greater effects.
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For more than a decade, dialog has existed regarding the most
promising reaction products derived from consumption, of cruciferous
vegetables, that could be used in clinical trials in populations at risk
for developing cancer. At the center of this discussion was the
observation that I-3-C per se is not produced upon ingestion of
chemoprotective cruciferous vegetables. This is because indole-
containing myrosinase-generated breakdown products of gluco-
brassicin condense rapidly following damage to the vegetable material
by mastication or crushing /2,3/. Such products are formed with and
without ascorbic acid (found in the ingested plant as well as in the
host), especially in the acid environment of the stomach. On the other
hand, I-3-C ingestion is sufficient to generate the reaction products
derived from cruciferous vegetables, providing ascorbic acid is present
in the stomach. A coherent discussion of these issues can be found in
the paper by Preobrazhenskaya and Korolev, with a response by
Michnovicz and Bradlow /75/.

In order to evaluate I-3-C, and I-3-C precursors and products,
as potentially beneficial micronutrients, additional information is
required. For example, we were unable to find any studies that
systematically compared the content of available I-3-C, or its reaction
products, in cruciferous vegetables grown in different regions or
countries, or under standardized growth conditions. Similarly, there
are no studies that evaluate human individual or racial variability in
digestive processing or the pharmacokinetics of glucosinolates in the
diet. Since enzymatic and nonenzymatic processing of glucobrassicin
generates indolic products that far exceed I-3-C in biological potency,
what are the dietary and host-specific modulators of glucobrassicin
biotransformation? How does ascorbate status (dietary intake, blood
and tissue levels) affect the spectrum of indolic products formed from
glucobrassicins?

Considering the complexity of indolic metabolism of gluco-
brassicins, how should proper dosage be established? The answer is
clearly related to the mechanism of action of the compound(s) in
question. Thus, the use of a glucobrassicin-rich diet, or even I-3-C
itself, for management of risk associated with diseases related to
estrogen-stimulated cell proliferation (i.e., breast cancer in high-risk
individuals or populations) should be based on an established
biomarker. In this case, for example, dosing could be based on
preliminary noninvasive testing, such as changes in urinary estrogen
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metabolites. If a governmental regulatory agency were to recommend
the use of I-3-C-containing diets for risk management, then it would
seem important to standardize the content of foods for biologically-
available indole content. One may argue that a good candidate for
standardization is total ascorbigen content of acidified, ascorbate-
fortified food homogenates. If I-3-C-supplemented diets were to be
recommended, then perhaps ascorbic acid should be part of the
formulation.

The emphasis of studies regarding the chemotherapeutic and
chemoprotective properties of [-3-C and other micronutrients has
shifted in recent years. Prior to 1990, most studies focused on the
manner by which [-3-C altered the biotransformation profiles of
putative environmental toxicants and carcinogens. Current studies
tend to emphasize alteration in the metabolism of endogenous
compounds (e.g., estrogen) and cellular signaling pathways (e.g., cell
cycle regulation). Such mechanism-based approaches to defining the
etiology of I-3-C activity will likely be combined with new genetic
approaches (e.g., quantitative trait loci analyses, DNA microarrays,
and transgenic animal models) that will provide the experimental basis
for translational research and the development of new clinical
approaches to risk management through the use of micronutrients such
as I-3-C and other forms of indole-containing diets.
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