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Rising evidence provides credible support towards the potential role of bioactive products derived from cruciferous vegetables
such as broccoli, cauliflower, kale, cabbage, brussels sprouts, turnips, kohlrabi, bok choy, and radishes. Many epidemiological
studies point out that Brassica vegetable protects humans against cancer since they are rich sources of glucosinolates in addition to
possessing a high content of flavonoids, vitamins, andmineral nutrients. Indole-3-carbinol (I3C) belongs to the class of compounds
called indole glucosinolate, obtained from cruciferous vegetables, and is well-known for tits anticancer properties. In particular,
I3C and its dimeric product, 3,3󸀠-diindolylmethane (DIM), have been generally investigated for their value against a number of
human cancers in vitro as well as in vivo. This paper reviews an in-depth study of the anticancer activity and the miscellaneous
mechanisms underlying the anticarcinogenicity thereby broadening its therapeutic marvel.

1. Introduction

Plant materials present in the human diet contain a large
number of naturally occurring compounds thatmay be useful
to protect the body against cancer development. Recently,
many candidates have been assayed to identify the presence
of anticarcinogens in their diet [1]. Recognition of diet as a
primary causative factor to overcome cancer risk has directed
much research attention towards the chemoprotective role of
certain compounds in foods [2]. Technological progress in
manipulating plant metabolism and metabolites, combined
with the explosive growth of the “functional food” industry,
has led to many attempts to enhance the concentration of
these health-promoting compounds in specific plant-based
foods [2].

The anticancer properties of cruciferous vegetables are
primarily documented by the Roman statesman, Cato and
Elder (234-149 BC), who in his study of drug wrote “if a can-
cerous ulcer appears on the breasts, apply a crushed cabbage
leaf and it will make it well [3].” It is now well set up that

cruciferous vegetables contain a forerunner phytochemical
openly glucosinolate that undergoes hydrolysis by the plant
enzyme myrosinase, yielding a bioactive compound known
as I3C [3]. It is rapidly converted to many condensation
products as it is chemically unbalanced in aqueous and
gastric acidic environment. The dietary indoles, I3C and
DIM, occur naturally as glucosinolate conjugates in Brassica
vegetables and are released upon hydrolysis [3]. The cancer-
protecting properties of Brassica (i.e., broccoli, cauliflower,
kale, cabbage, brussels sprouts, bok choy, radishes, turnips,
and kohlrabi) utilization are most likely mediated through
“bioactive compounds” that induce a variety of physiological
process including direct or indirect antioxidant action, detox-
ifying enzymes, inducing apoptosis, and cell cycle regulation
[4].

DIM is readily detected in the livers and feces of rodents
fed I3C, whereas the parent I3C compound has not been
detected in tissues of these rodents [5]. Thus, the natural
effects of I3C are attributable to DIM, which show evidence
of antitumorigenic activities in vivo and in vitro by reducing
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the growth of prostate, colon, and breast cancer cells [6, 7].
I3C and its derivatives also suppress cell propagation and
induce apoptosis in colon cancer cells [8], as well as in other
types of cancer cells including prostate [9], breast [7], bladder
[10], pancreas [11], and hepatoma [12]. This review mainly
focuses on the role of I3C and DIM against various types of
malignancy and underlying mechanisms.

2. Cruciferous Vegetables and
Their Derivatives

Glucosinolates are a class of organic compounds that give
pungent smell and piquant taste in the cruciferous vegetables
and some condiments, such as wasabi andmustard.Themain
function of glucosinolates in plants is that it acts as natural
pesticides and accelerates the resistance against herbivores
[13].

The central carbon of all glucosinolates is bound 6 to a
thioglucose group to a sulfate group via the nitrogenmolecule
[22]. The central carbon of each glucosinolate is bound
to a side group and this makes each glucosinolate unique
[22]. Glucosinolates are classified as aliphatic (e.g., alkenyl,
alkyl, hydroxyalkenyl, or w-methylthioalkyl), aromatic (e.g.,
benzyl, substituted benzyl), or heterocyclic with the R-group
of the aliphatic glucosinolates being derived from alanine,
methionine, leucine, or valine and those of aromatic and
heterocyclic glucosinolates being derived from phenylala-
nine or tyrosine or tryptophan [14] (Figure 1(a)). Although
glucosinolates are related to inhibition of carcinogenesis,
it is actually their hydrolysis products, not the glucosino-
lates themselves that are biologically active. Hydrolysis of
glucosinolates is catalyzed by the enzyme myrosinase, also
known as 𝛽-thioglucoside glucohydrolase [13]. In a low pH
environment, I3C is converted into polymeric products and
DIM is the main one. DIM is a major in vivo acid catalyzed
condensation product of I3C [23] (Figures 1(b) and 1(c)).They
are no more natural products from DIM. Maciejewska et al.
synthesized a series ofDIMderivatives bearing fluoro, bromo,
iodo, and nitro substituents in indole or benzene rings and
tested for cytotoxicity against human melanoma cell lines
after characterizing their structure [23]. These derivatives
were found to cause 50% inhibition of the viability of ME18
and ME18/R cell lines at concentrations ranging between
9.7 and 17.3mM [23]. These finding clearly suggested that
synthetic analog of DIM has potential role in cancer therapy
in the near future once their systemic toxicity studies have
been determined [23].

3. Bioavailability of I3C and DIM

Reed et al. [24] in his extensive article of pharmacokinetic
studies reported that women received oral doses of 400, 600,
800, 1,000, and 1,200mg I3C and these serial plasma samples
were analyzed by high-performance liquid chromatography-
mass spectrometrymethod for the detection and quantitation
of the I3C and DIM. I3C itself is not detectable in plasma
[24]. The only detectable I3C-derived product is DIM. High
initial value, plasma DIM for all subjects, decreased to near
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Figure 1: Structures of (a) glucosinolates, (b) I3C, and (c) DIM.

or below the limit of quantitation within the 12 h sampling
period [24]. Physiologically based pharmacokinetic (PBPK)
model is developed using plasma and tissue (brain, heart,
liver, kidneys, and lungs) concentration data for DIM to
compare the pharmacokinetic properties and biodistribution
of pure crystalline and a novel formulation (BioResponse-
DIM (BR-DIM)) of DIM after oral administration to mice
[25]. I3C is hard to develop as a drug because it is highly
unstable and can transform into many other derivatives
such as DIM, 5,6,11,12,17,18-hexahydrocyclonona[1,2-b:4,5-
b󸀠:7,8-b󸀠󸀠] triindole (CTr), indolo [3,2-b] carbazole (ICZ), N-
methoxyindole-3-carbinol (NI3C), two tetramers, one linear
(LTET) and one cyclic (CTET), and 1-(3-hydroxymethyl)
indolylmethane (HI-IM). Anderton et al. reported oral doses
of I3C to female CD-1 mice, and studied the disposition of
I3C and its acid condensation productsDIM, ICZ, LTr(1), and
HI-IM in blood, liver, kidney, lung, heart, and brain. I3C was
rapidly absorbed, distributed, and eliminated from plasma
and tissues, falling below the limit of detection by 1 h [5]. The
major acid condensation product of I3C, DIM, has proven
very stable in acidic conditions during prolonged exposure
to high temperature and humidity [4]. Another report BR-
DIM has proven very stable and it is not converted into other
forms [4]. Based on these outcomes authors suggested that
one could exploit further development of DIM as a potential
therapeutic agent.

4. Metabolism and Distribution

Under the acidic conditions of the gastric tract, I3C under-
goes condensation to form several oligomeric products,
particularly DIM [23].The tissue distribution of I3C has been
determined in mice by radio-labelled I3C [26]. Both I3C
and DIM have been detected in kidneys, lungs, heart, liver,
plasma, and brain samples of mice treated with 250mg/kg of
I3C as early as 15mins after administration [26].These results
suggest that I3C is rapidly absorbed and spread to a number
of well-perfused tissues, where it is transformed to DIM to
perform its anticancer actions [26].
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5. Epidemiological Studies

For more than 25 years, the interdependence between nutri-
tion and the development and progression of cancer have
been recognized [27]. The key challenge is to identify the
specific components responsible for contributing to this
relationship [27]. In the United States, cancers of the lungs,
colon, rectum, breast, and prostate account for almost half of
the total cancer incidence [27]. Cohen et al. [28] examined the
association of fruit and vegetable intake and prostate cancer
risk among newly diagnosedmen residing in the Seattle,WA,
area. With each 10 g of cruciferous vegetables consumed per
day, one could expect an 8% decrease in risk for colorectal
cancer.

Several recent case-control studies in the US, Sweden,
and China found that measures of cruciferous vegetable
intake are significantly lower inwomen diagnosedwith breast
cancer than in cancer-free control groups [29]. High intake
of cruciferous vegetables has been associated with lower
risk of lung and colorectal cancer in some epidemiological
studies, but there is evidence that genetic polymorphisms
may influence the effectiveness of cruciferous vegetables on
human cancer risk [30]. Epidemiological studies show that
consumption of large quantities of fruits and vegetables, par-
ticularly cruciferous vegetables, is associated with a reduced
occurrence of cancer [30].

6. Experimental Studies

Studies in various experimental models have shown that
I3C can alter the metabolism of carcinogens and provide
protection against chemically induced carcinogenesis [31].
When administered before or at the same time as the car-
cinogen, oral I3C has been originated to inhibit the spreading
out of cancer in a variety of animal models and tissues,
including cancers of the mammary gland (breast) [7], colon
[8], stomach [31], lung [26], and liver [32]). However, a
number of studies have found that I3C actually promoted
or enhanced the development of cancer when administered
chronically after the carcinogen [32].

The cancer promoting effects of I3C is first reported in
a trout model of liver cancer [32]. However, I3C also has
been found to promote cancer of the thyroid, liver, colon,
and uterus in rats [33]. Although the long-term effects of I3C
supplementation on cancer risk in humans are not known,
but the contradictory results of animal studies have led
some to caution against the widespread use of I3C and DIM
supplements in humans until their potential risks and benefits
are better understood [33].

7. Therapeutic Action of Indole Glucosinolates

7.1. Apoptosis. Apoptosis or programmed cell death is a
highly regulated process that involves activation of a series of
molecular events, leading to cell death that is characterized
by cellular morphological change, chromatin condensation,
and apoptotic bodieswhich are associatedwithDNAcleavage
into ladders [34]. The nuclear factor kappa B (NF-𝜅B)
signaling plays critical roles in regulating cell proliferation,

survival, tumor invasion, metastasis, drug resistance, and
stress response [35]. We confirmed that NF-𝜅B activity
is significantly upregulated by docetaxel, gemcitabine or
oxaliplatin treatment and that the NF-𝜅B inducing activity
of these agents was completely abrogated in cells pretreated
with DIM [36]. We found that DIM, or the formulated
BR-DIM treatment, could restrict its nuclear localization
and inactivate NF-𝜅B DNA-binding activity in prostate [14],
breast [15], and pancreatic cancer cells [36], resulting in
the inhibition of transcriptional downregulation of several
NF-𝜅B downstream genes causing inhibition of cell growth
and inducing apoptotic cell death. Collectively, these results
clearly suggest that DIM pretreatment, which inactivates NF-
𝜅B activity, along with other cellular effects of DIM, may
contribute to enhanced cell growth inhibition and apoptosis
with suboptimal doses of cytotoxic chemotherapeutic agents
with minimal side effects (Figure 2).

I3C trigger the stress-induced MAP-kinases p38 and C-
jun N-terminal kinase (JNK) in prostate cancer cells and to
inhibit constitutively active STAT3, a transcription factor, in
pancreatic cancer cells [18]. Irrespective of the cell type I3C
suppressed NF-𝜅B activation induced by various agents [18].
NF-𝜅B inhibition correlated with suppression of inhibitor of
kappa B kinase (IKK) and I𝜅B𝛼 phosphorylation, ubiquitina-
tion, degradation with p65 phosphorylation, nuclear translo-
cation, and acetylation [20]. I3C also downregulated NF-𝜅B
𝛼 regulated reporter gene transcription and gene products
involved in cell proliferation, antiapoptosis, and invasion
[20]. This led to the potentiation of apoptosis induced by
cytokines and chemotherapeutic agents [20]. Collectively, the
concerted effects on those proapoptotic components underlie
the ability of I3C/DIM to induce mitochondrial dependent
apoptosis in tumor cells [20].

7.2. Regulation of Redox Status. Reactive oxygen species
(ROS) including H

2
O
2
can cause different combinations of

apoptosis, necrosis, and autophagy in a cell line dependent
and stimulus-dependent manner [37]. The capacity of I3C
to form adducts with electrophiles or free radicals appears
too autonomous on their chemical reactivity hence the
scavenging ability of I3C is compatible with the adduct
formation [38]. Arnao et al. [38] investigate the ability of I3C
to trap a metastable synthetic-free radical and inhibition of
carcinogenesis. This induction may be produced by I3C itself
and/or I3C derived polymerization products such as DIM
and others [39].

According to Benabadji et al. [40], they reported that
DIM and 6-methoxy-DIM in DPPH model, their IC

50
, were

50% and 40% smaller than that of vitamin E, due to their
hydrogen-donating ability with the presence of two N–H
groups as an H-donating group necessary to react with free
radical and slightly less potent than the standard phenolic
antioxidant BHA in 𝛽-carotene model with IC

50
4% and 9%

smaller for DIM and 6-methoxy-DIM.

7.3. Anti-Inflammatory Effect. The effect of DIM on inflam-
matory responses and itsmolecularmechanisms ofDIMhave
been examined using lipopolysaccharide (LPS) stimulated
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Figure 2: Sources of anticancer effect of indole glucosinolates (I3C and DIM) and its mode of action.

RAW264.7 murine macrophages [16]. DIM inhibits LPS-
induced increases in protein levels of inducible nitric oxide
synthase (iNOS), which are accompanied by decreased iNOS
mRNA levels and transcriptional activity [16]. In addition,
DIM suppresses LPS-induced NF-𝜅B transcriptional and
DNA-binding activity, translocation of p65 (RelA) to the
nucleus, and degradation of inhibitor of kappa B alpha
(I𝜅B𝛼) [16]. Also the results of RT-PCR analysis exposed that
LPS augmented the steady-state levels of proinflammatory
cytokines such as TNF-𝛼, IL-1𝛽, PLA2, and interleukin-6 (IL-
6) transcripts, which are substantially suppressed by DIM
treatment [16]. DIM pretreatment significantly repressed
LPS-induced phosphorylation of SAPK/JNK, whereas the
phosphorylation of other MAPK family proteins (p38 or
ERK-1/2) is unaltered by DIM pretreatment [41].

7.4. Cell Cycle Arrest. Cell cycle arrest is defined as the halt
of the cell cycle. I3C is reported to inhibit cyclin dependent
kinase 2 (CDK2) kinase activities in MCF-7 cells through
selective alterations in cyclin E composition, size distribution,
and subcellular localization of the CDK2 protein complex
[42]. Cell-cycle arrest involves the upregulation of the CDK
inhibitors p21 WAF1 and p27 KIP1 and the concurrent
downregulation of cyclin D1, cyclin E, and CDKs 2, 4, and
6 attributable to the effect of I3C and DIM on regulating
SP1-promoter binding activity [19]. Inhibition of CDK4/6
cyclin D1 and CDK2 cyclin E activities led to decreased Rb
phosphorylations, which cause the Rb protein to bind to the
E2F transcription factor [43]. This E2F sequestration blocks
the transcription of S phase genes resulting in G

1
arrest;

also the involvement of p53 and cell cycle arrest in the I3C-
mediated effect has been studied in various cancer cells [44].

Treatment of I3C betters the expression of p53 (Ser 15)
and CDKIs such as p21 and p27, while cyclin D1 expression
is suppressed and cyclin E is not altered [45]. Collectively, the
data for the cell cycle analysis, the Plk-1 assay, and the western

blot of p53 and CDKIs explain that I3C augments the
expression of p53 and CDKIs and that I3C induced cell cycle
arrest at G

0
/G
1
in A549 cells [45]. In addition, cotreatment

with I3C and wortmannin prevents both phosphorylation of
p53 at Ser 15 and p21 expression. Hence it is clear that A549
cell arrest by I3C is involved in the PI3 K and p53 signal
pathways [45].

7.5. Angiogenesis. Angiogenesis is the physiological process
through which new blood vessels form from preexisting
vessels. This is distinct from vasculogenesis, which is the
de novo formation of endothelial cells from mesoderm cell
precursors [46]. Dysregulated angiogenesis that consists of
the unbalanced production of pro- and antiangiogenic factors
is linked to a number of pathological situations [21]. For
example, the overexpression of angiogenic factors, including
vascular endothelial growth factor (VEGF), IL-6, and matrix
metalloproteinases (MMP-9) is closely associated with the
development of cancers and metastasis [21]. The effect of
I3C on LPS-activated macrophage-induced tube formation
and its associated factors in endothelial EAhy926 cells are
investigated [21]. LPS significantly enhanced the capillary-
like structure of endothelial cells (ECs) cocultured with
macrophages, but no such effect was observed in single-
cultured ECs [21]. I3C, on the other hand, suppressed such
enhancement in concert with decreased secretions of VEGF,
NO, IL-6, and MMPs [21]. The results obtained from culti-
vating ECs with conditioned medium (CM) collected from
macrophages suggested that both ECs andmacrophages were
inactivated by I3C [21].

7.6. Detoxification. Detoxification is the physiological or
medicinal removal of toxic substances from living organisms
[47]. Both the Phase I and Phase II detoxification centers
in the liver and the intestinal epithelial cells can be accel-
erated by some minor exogenous agent like I3C [47]. Many
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Table 1: Modulation of genes involved in various mechanisms by the influence of I3C and DIM.

Mechanisms involved Upregulated genes (↑) modulated by I3C
and DIM

Downregulated genes (↓) modulated by
I3C and DIM References

Apoptosis JNK/SAPK and Bax Bcl-xl, Bcl-2, surviving, and NF-𝜅B [14–16]
Xenobiotic metabolism CYP, CYP 1A1, CYP 1A2, and CYP 1B1 — [17]
Antioxidant GSH and GST — [4]
Transcription factor Nrf2 and ATF3 NF-𝜅B and STAT3 [4, 18]
Cell cycle p21 WAF1, and p27 KIP1 Cyclin D1, E, CDK2, and CDK6 [19]
Inflammation NAG-1 NF-𝜅B and MMP-9 [16, 20]
Angiogenesis VEGF, IL-6, and MMP-9 — [21]

researchers indicate that the ability of cruciferous vegetables
to motivate Phase I and Phase II detoxification, particularly
their I3C content, is a primary factor in which these nutrients
are related to reduce cancer risk in humans [48]. Animals
are exposed to or injected with carcinogens; the animals
receiving the cruciferous vegetables or the I3C in their food
supply have a significantly lower tumor incidence than the
animals fed the same diet, but without cruciferous vegetables
or I3C fortification [48]. Table 1 showed the genes modulated
by I3C and DIM in the above mechanisms.

8. Anticancer Effects of I3C and DIM

DIM inhibits proliferation of human breast cancer cells
at concentrations achievable through oral supplementation
with I3C (10–50𝜇M) [49]. Recently a report by Fan et
al. [50] demonstrated that DIM protects cancer cells and
normal epithelial cells against ROS in a breast cancer type 1
susceptibility protein (BRCA1-)dependentmanner.Moreover
I3C inhibits DMBA initiated and TPA promoted mouse
skin tumour formation [51]. I3C also exhibits inhibitory and
preventive effects on prostate tumors inmice [9].Other inves-
tigators reported that this activity of I3C is associated with
its action as a nonspecific inducer of powerful cytochrome
enzymes responsible for “Phase I” detoxificationmetabolism,
the efficiency of I3C to inhibit prostate tumor growth [52].
The anticancer efficacy of I3C is well proven including
the reduction of cervical intraepithelial neoplasia (CIN)
and its progression to cervical cancer [53]. It is perceived
that the diminished phosphatase and tensin homolog pro-
tein (PTEN) expression is observed during the progression
from low-grade to high-grade cervical dysplasia in humans
and in a mouse model for cervical cancer, the K14HPV16
transgenic mice promoted with estrogen [53]. PTEN could
impede tumor progression by inhibiting proliferation and by
increasing tumor cell apoptosis [53]. This is supported by
the previous findings that I3C decreased proliferating cell
nuclear antigen- (PCNA-)positive cells and increased TdT-
mediated dUTPnick-end labeling- (TUNEL-)positive cells in
abnormal cervical epithelium of HPV16 mice [54].

9. Drug Resistance

While a number of therapeutic options are available for
the cure of various cancers, a major clinical problem

is the development of drug resistance [55]. Intrinsic and
acquired resistances are the two broad classifications of
resistance to anticancer drugs. Natural compounds, such as
indoles, which induce apoptosis in human cancer cells with-
out causing unwanted toxicity in normal cells, can be useful
in combination with conventional chemotherapeutic agents
for the treatment of human malignancies with diminished
toxicity and higher efficacy [55].

10. Conclusion

As seen throughout the review, cruciferous vegetables impart
several mechanisms of action to develop its outsized number
of function. The experimental studies as described above
suggest that I3C and DIM, the components of cruciferous
vegetables, have therapeutic potential both for prevention
and for treatment of cancer. Moreover the future research can
focus on the advantageous effect of I3C and DIM in various
clinical studies to overcome the cancer epidemic among the
population by the application of diverse technologies.
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