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Abstract

Indole-3-carbinol (I3C) is a bioactive phytochemical abundant in crucifer-
ous vegetables. One of its main in vivo metabolites is 3,3’-diindolylmethane
(DIM), formed by the condensation of two molecules of I3C. Both I3C
and DIM alter multiple signaling pathways and related molecules control-
ling diverse cellular events, including oxidation, inflammation, proliferation,
differentiation, apoptosis, angiogenesis, and immunity. There is a growing
body of evidence from both in vitro and in vivo models that these com-
pounds possess strong potential to prevent several forms of chronic disease
such as inflammation, obesity, diabetes, cardiovascular disease, cancer, hyper-
tension, neurodegenerative diseases, and osteoporosis. This article reviews
current knowledge of the occurrence of I3C in nature and foods, along with
the beneficial effects of I3C and DIM concerning prevention and treat-
ment of human chronic diseases, focusing on preclinical studies and their
mechanisms of action at cellular and molecular levels.
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1. INTRODUCTION

Several epidemiological studies have investigated associations between consumption of crucifer-
ous vegetables and diverse health outcomes. Notably, consumption of a high-glucosinolate diet
is linked with a reduced incidence of chronic diseases, although large-scale placebo-controlled
human trials including standardized glucosinolate supplements are needed (Connolly et al. 2021).
Glucosinolates are natural components of many pungent plants; in particular, glucobrassicin can
be found in almost all cruciferous plants, including cabbages, broccoli, and mustards. Hydroly-
sis of glucobrassicin by plant or bacterial myrosinase produces multiple indoles, predominantly
indole-3-carbinol (I3C). Findings from preclinical models indicate that both I3C and its ma-
jor in vivo product, 3,3'-diindolylmethane (DIM), are effective protective agents against many
life-threatening human chronic diseases, and these compounds showed promise in clinical trials
(Williams 2021).

A recent study examining causes of death and age-adjusted mortality rates in the United States
identified the top ten causes of death, including six diet-related chronic diseases, heart disease,
cancer, cerebrovascular disease, Alzheimer’s disease, diabetes mellitus, and nephritis (Rana et al.
2021). Together, these six conditions are responsible for approximately 70-80% of deaths in older
(=65 years) adults.

Recent reviews have collated the diverse health-beneficial activities of I3C, including its anti-
inflammatory (Ampofo et al. 2018) and anti-cancer (Williams 2021) activities. Most recently, the
health-promoting effect of I3C has come under extensive investigation. However, despite interest
in its diverse beneficial effects, there is no comprehensive collection of findings from preclinical
and clinical studies investigating the use of I3C in the treatment of human diseases.

This review article describes the health-beneficial activity of I3C and its main in vivo metabo-
lite, DIM, with a focus on prevention of the most commonly occurring human chronic diseases,
including inflammation, obesity, diabetes, cardiovascular disease, cancer, hypertension, kidney
disease, neurodegenerative diseases, and osteoporosis.

2. OCCURRENCE OF INDOLE-3-CARBINOL
2.1. Glucosinolates: The Precursors to Indole-3-Carbinol

Glucosinolates are commonly known as precursors to I3C that bring potential health benefits
to humans. Glucosinolate biosynthesis starts with precursor amino acids to form the glucosino-
late core structure and the side chain. The following describes the biosynthesis and presence of
glucosinolates in plants.

2.1.1. Occurrence of glucosinolates in plants. Glucosinolates are a group of sulfur- and
nitrogen-containing secondary metabolites found abundantly in cruciferous plants and are syn-
thesized by all species in Brassicaceae; they are also moderately abundant in a significant number
of noncruciferous species. Compounds in this group were first isolated in the nineteenth century
from black and white mustard seeds (Brassica nigra and Sinapis alba) (Fahey et al. 2001, Holst
& Williamson 2004). Among cruciferous plants, Brassica oleracea cultivars such as cauliflower,
broccoli, brussels sprouts, and cabbage are well-known glucosinolate-rich food crops. Other
Brassicaceae food crops rich in glucosinolates include root vegetables such as radish (Raphanus
raphanistrum) and turnip (Brassica rapa). Meanwhile, most of the glucosinolate-rich noncruciferous
plant species belong to Capparaceae and Caricaceae; a few species containing glucosinolates are
found in more than ten other families, including Resedaceae, Moringaceae, and Euphorbiaceae.
For centuries, glucosinolate-containing plants have been used by many cultures not just as foods
but also as condiments, medicine, and feed because of their nutritional effects and biologically
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Glucosinolate

Figure 1

Generic chemical structure of glucosinolates showing the glucosinolate skeleton structure along with the
modifiable side chain (R1).

active compounds. Examples of such plants include capers (Capparis spinosa), wasabi (Wasabia
Jjaponica), arugula (Eruca sativa), mustard (Brassica spp.), Abyssinian kale (Crambe abyssinica), and
rapeseed (Brassica napus) (Barrett et al. 1998, Fahey et al. 2001).

2.1.2. Chemistry and biosynthesis of glucosinolates. From a chemical perspective, glucosi-
nolates are primarily derivatives of glucose and amino acids. Figure 1 depicts the generic chemical
structure of glucosinolates. More than 200 glucosinolate compounds have been identified in cru-
ciferous and noncruciferous plants (Fahey et al. 2001, Halkier & Gershenzon 2006, Hanschen
et al. 2014, Wittstock & Halkier 2002). Glucosinolate biosynthesis occurs in three main steps:
(@) chain elongation of selected precursor amino acids, (b)) formation of the glucosinolate skele-
ton structure, and (c) modification of the side chain (R!). The side chain is derived from one of
the following amino acids: alanine, leucine, isoleucine, methionine, valine, phenylalanine, tyro-
sine, or tryptophan. Based on the chemical structure of R!, glucosinolates are classified into the
following classes: (#) sulfur-containing; (b) aliphatic straight chains; (¢) aliphatic branched chains;
(d) straight and branched chains; (¢) aliphatic straight and branched chain alcohols; (f) aliphatic
straight chain ketones; (g) aromatics, including aryl, benzoate, and indole groups; and (b) multigly-
cosylated. Of all these structures, the most widely observed are those having aliphatic straight or
branched chains.

The concentration and form of glucosinolates in a given plant can vary depending on both
endogenous and exogenous factors. The key endogenous factors are mainly the type of tissue
and the age of the plant. For example, late vegetative or reproductive tissues of broccoli contain
4% or less of the glucosinolate concentration observed in younger broccoli tissues (1-4 pmol/g
versus 70-100 pmol/g of fresh weight). Similarly, young broccoli tissues contain a low concen-
tration of indole glucosinolates and high concentration of aliphatic glucosinolates, whereas late
vegetative broccoli tissues contain almost equivalent concentrations of the two forms. Regard-
ing differences between tissue types, higher glucosinolate concentrations are observed in roots
and seeds [e.g., 30,000 ppm in horseradish (Armoracia rusticana) root and 60,000 ppm in mustard
seed], whereas moderate concentrations are observed in foliage (e.g., 1,000-3,000 ppm in Brussels
sprouts) (Agerbirk & Olsen 2012). Exogenous factors known to affect differences in glucosinolate
concentrations and forms (such as aliphatic glucosinolates, S-containing glucosinolates, etc.) are
environmental temperature, radiation, soil fertility, water availability, pathogens, plant growth reg-
ulators, tissue damage, and subsequent stresses (Agerbirk & Olsen 2012, Bodnaryk & Yoshihara
1995, Fahey et al. 1997, Velasco et al. 2007). Sulfur and nitrogen levels in soil impact a plant’s
glucosinolate profile when either of the two nutrients becomes a limiting factor. High sulfur
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content can increase concentrations of methionine-derived glucosinolates, whereas high nitrogen
content can increase indole glucosinolates (Hanschen et al. 2014). In addition, limited water avail-
ability in soil can increase levels of aliphatic glucosinolates (Mewis et al. 2012). Combined changes
in temperature and radiation can also alter glucosinolate profiles; for example, decreasing tem-
perature and increasing radiation can increment levels of sulfur-containing alkyl glucosinolates
(Hanschen et al. 2014).

Inside a plant cell, glucosinolates occur as chemically stable, water-soluble compounds stored
in vesicles; however, tissue damage during herbivory, harvest, or postharvest operations and sub-
sequent cell rupture expose glucosinolates to an endogenous hydrolyzing enzyme and associated
proteins. Consequently, the glucosinolates are hydrolyzed to form the metabolites discussed below
(Fahey et al. 2001, Katz et al. 2018).

2.2. Glucosinolate Breakdown

Tissue damage followed by subsequent reactions triggers glucosinolates to be enzymatically bro-
ken down into I3C and other associated metabolites. The following describes the glucosinolate
breakdown reaction in detail.

2.2.1. Generic reaction. When plant tissues containing glucosinolates are intact, glucosino-
lates and the enzyme that hydrolyzes them are stored separately from each other. When those
tissues are ruptured (due to chewing, insect attack, or heating), the glucosinolate hydrolyzing
enzyme—a B-thioglucosidase (also called myrosinase)—reacts with the glucosinolates and initi-
ates their degradation. First, myrosinase degrades a glucosinolate molecule into two products:
(@) B-D-glucose and (b) an aglucone, thiohydroximate-O-sulfonate, which is unstable. In the
next step, thiohydroximate-O-sulfonate is converted to different chemical forms depending on
the pH and other associated proteins. At a neutral pH, the aglucone is spontaneously rear-
ranged to isothiocyanate. Alternately, epithiospecifier proteins (ESPs), nitrile specifier proteins,
and thiocyanate-forming proteins (TFPs) can interact with the aglucone and form nitriles in a
reaction induced by ferrous ions (Fe?*). In addition, ESPs can convert aglucone into epithio-
nitriles, and TFPs can convert it into thiocyanates (Burow et al. 2009, Williams et al. 2010). Con-
versely, epithionitrile and thiocyanate formation is hindered by the activity of epithiospecifier
modifier proteins, which favor production of isothiocyanate (Zhang et al. 2006).

2.2.2. Formation of indole-3-carbinol in plants. Of the glucosinolates identified in Brassi-
caceae and non-Brassicaceae plants, indole glucosinolates are a major category and are abundant
in Brassica and Arabidopsis spp. (Brown et al. 2003, Fahey et al. 2001, Petersen et al. 2002). These
have side chains derived from the amino acid tryptophan. One predominant form in Brassica and
Arabidopsis plants is indol-3-ylmethylglucosinolate (IMG), commonly known as glucobrassicin.
In addition to IMG, its hydroxy and methoxy derivatives (e.g., 1-methoxyIMG, 4-methoxyIMG,
4-hydroxyIMG) are also commonly found in Brassicaceae plants, with higher quantities occur-
ring in vegetative parts (Buskov et al. 2000, Fahey et al. 2001); moreover, Brassica leaves contain
a higher concentration of IMG, whereas roots contain higher levels of 4-hydroxyIMG and
IMG (Bennett et al. 2004, Cartea et al. 2008, Windsor et al. 2005). Just as in the generic glu-
cosinolate reaction, IMG or its derivatives are hydrolyzed to a highly unstable aglucone (i.e.,
indol-3-ylacetothiohydroximate-O-sulfonate) upon tissue damage and subsequent exposure to
myrosinase. The aglucone is then transformed into either the corresponding nitrile [i.e., indole-3-
acetonitrile (IAN)] or an isothiocyanate (i.e., 3-indolylmethylisothiocyanate). These reactions are
dependent on Fe?*, pH, and ESP—the same factors that are known to intervene in the generic
glucosinolate breakdown reaction. It is especially notable that the hydrolysis of IMG does not
yield thiocyanates or epithionitriles (Agerbirk et al. 2009).
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Indole-3-acetonitrile and isothiocyanates may undergo specific reactions. The former is hy-
drolyzed by nitrilases to produce indole-3-acetic acid (IAA), a plant hormone commonly known
as auxin; the latter is highly reactive and spontaneously degrades into I3C in the presence of wa-
ter. I3C then reacts with itself or other reactants to produce a range of plant metabolites, such
as ascorbigen, DIM, indole-3-tryptophan, indole-3-cysteine, and indole-3-ylmethyl-glutathione.
These metabolites are considered to have potential roles as signaling molecules in plant defense
mechanisms and also with health benefits to humans, which are discussed below (Agerbirk et al.
2009, Fahey et al. 2001, Katz et al. 2018).

2.2.3. Indole-3-carbinol. Isotopic labeling in turnip roots has shown that IMG can be con-
verted to its corresponding carboxaldehyde and carboxylate products. It is hypothesized that IMG
is first converted to I3C, which is subsequently oxidized (Pedras et al. 2002). At neutral pH, I3C
is the predominant species produced from hydrolysis of IMG. It is then slowly transformed into
DIM (Agerbirk et al. 2009).

2.3. Significance of Indole Glucosinolate-Associated Metabolites in Plants

Indole glucosinolates are known to be involved in plant defense mechanisms against insects,
pathogens, and associated extracellular metabolites. Studies have demonstrated the increment
of indole glucosinolate concentrations and occurrence of systemic responses in plants following
insect feeding (Agerbirk et al. 2009). Specifically, aphid feeding on Brassicaceae plants converts
IMG to 4-methoxyIMG, which along with 1-methoxyIMG plays a major role in inhibiting aphid
reproduction (Kim & Jander 2007). In addition, higher indole glucosinolate concentrations are
associated with exposure to fungal pathogens and extracellular metabolites from bacterial
pathogens. Interactions with plant hormones, especially those that act as plant defense sig-
naling molecules, can also increase the concentration of indole glucosinolate (Agerbirk et al.
2009).

Notably, hydrolysis of indole glucosinolates is involved in clubroot symptom formation in cru-
ciferous root vegetables. Infection of a root by the clubroot pathogen induces a series of reactions
that ultimately lead to biosynthesis of IAA. In this sequence, indole acetonitrile is first produced
through the hydrolysis of indole glucosinolates and then transformed into IAA (Ludwig-Miiller
etal. 1999).

2.4. Indole-3-Carbinol Metabolism in Humans

Chewing of fresh plant tissue exposes IMG to myrosinase, thereby initiating its hydrolysis into
aglucone, which then is transformed into isothiocyanates and ultimately to I3C as described above.
The acidity of the stomach triggers I3C molecules to aggregate with each other, resulting in a mix-
ture of polycyclic aromatic compounds, including DIM, 5,11-dihydroindolo-(3,2-b) carbazole,
and a cyclic triindole. Cooking inactivates the myrosinase enzyme and precludes the subsequent
steps, allowing intact glucosinolates to travel into the colon and be metabolized by intestinal
bacteria, releasing I3C to a lesser degree.

2.5. Food Processing Techniques and Indole-3-Carbinol

Unlike many other food matrix substances, glucosinolates and subsequent products of its hy-
drolysis are highly influenced by postharvest operations. These operations include domestic and
industrial food processing techniques such as chopping, storage, cooking, and fermentation. The
following subsections give a detailed summary of how food processing techniques affect indole
glucosinolate concentration and its hydrolysis.
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2.5.1. Cooking. Cruciferous vegetables are usually heat treated prior to consumption. The sim-
plest method of heat treatment is cooking, which may inactivate proteins associated with IMG
hydrolysis; however, it can also result in nonenzymatic degradation of IMG to I3C. Below is a sum-
mary of research efforts determining the effects of different cooking methods on concentrations
of the indole glucosinolate I3C and other associated metabolites in Brassicaceae plants.

Boiling cruciferous vegetables can allow glucosinolates to be leached into water, which can
be especially facilitated by the mechanical action of boiling water. According to studies by many
groups, boiling broccoli for 2-5 minutes results in around 59% loss of indole glucosinolates and
23% loss of IMG. Similarly, microwaving broccoli has been found to result in a significant loss
of IMG and other glucosinolates. Microwave treatment of foods increases the osmotic pressure
difference in cells, thereby disrupting cellular structure and enabling enzymatic hydrolysis of glu-
cosinolates by myrosinase (Vallejo et al. 2002, Yuan et al. 2009). Similarly, other domestic cooking
methods are ineffective at preserving indole glucosinolates. For example, stir-frying and stir-frying
associated with boiling, respectively, yielded a 67% and 64% reduction of indole glucosinolate
(Yuan et al. 2009). Interestingly, these studies (along with some others) found that steam cooking
resulted in lower levels of loss; accordingly, steaming has been suggested as a preferable heat treat-
ment prior to consuming broccoli (Rungapamestry et al. 2006, Song & Thornalley 2007, Vallejo
etal. 2002, Yuan et al. 2009). Other factors during cooking such as heating intensity and cooking
time have shown inverse relationships with glucosinolate retention.

2.5.2. Chopping and subsequent storage. Verkerk et al. (2001) studied the indole glucosi-
nolate concentration in white cabbage and broccoli after chopping the produce into small pieces
and storing it at room temperature for different time periods. Interestingly, increases in concen-
tration were observed for all four types of indole glucosinolates in white cabbage, namely IMG,
1-methoxyIMG, 4-methoxyIMG, and 4-hydroxyIMG, with total indole glucosinolate increasing
by threefold and fivefold after storage for 23 hours and 48 hours, respectively. Meanwhile, in
brocceoli, concentrations of 4-methoxyIMG and 4-hydroxyIMG increased by 2.5- and 3.5-fold,
respectively, after chopping and subsequent storage at room temperature for 48 hours. The re-
searchers explained that slicing cabbage limited cell damage and subsequent hydrolysis at the cut
surfaces; thus, the loss of indole glucosinolates was very minimal. Meanwhile, unlike cabbage,
broccoli is a perishable vegetable; its yellowing causes cellular damage and subsequent hydrolysis
of indole glucosinolates. Thus, the chopping-induced increase of indole glucosinolates in broccoli
is not as prominent as that in white cabbage (Verkerk et al. 2001).

2.5.3. Fermentation and hydrothermal treatment. Cabbage fermentation is widely prac-
ticed in certain parts of Europe where fermented cabbage—commonly known as sauerkraut—is
a popular food product. Studies have examined the concentrations of indole glucosinolate and
its degradation products in fermented cabbage. Interestingly, no trace of indole glucosinolates
was observed post fermentation in the fermented foods; instead, novel compounds had formed
from their hydrolysis. For example, hydrolysis of IMG yielded a relatively high concentration of
ascorbigen (8-14 pmol/100 g) and moderate to low concentrations of both I3C (1.5 pmol/100 g)
and TAN (0.1 pmol/100 g). Many factors could affect the concentrations of these products, in-
cluding the initial concentrations of indole glucosinolates, physicochemical properties of the
fermented cabbage, and microbiological stability (Ciska & Pathak 2004, Ciska et al. 2009). An-
other study by the same research group demonstrated that the relatively low pH conditions in
fermented cabbage trigger production of DIM from the condensation of I3C, although its final
concentration was fourfold lower than that of I3C (Ciska et al. 2009). In addition, the authors
investigated the effect of boiling on I3C degradation products in fermented cabbage. Prolonged
boiling caused thermal hydrolysis of ascorbigen content, with reductions of approximately 30%
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and 90% being observed after boiling for 10 and 60 minutes, respectively. Boiling of fermented
cabbage similarly hydrolyzed IAN but was found to increase the total concentrations of I3C and
DIM. Careful observation of these findings implies that ascorbigen can be broken down to I3C
and its dimers such as DIM; however, detailed research is needed to confirm such speculations
(Ciska et al. 2009).

3. HEALTH-BENEFICIAL PROPERTIES OF INDOLE-3-CARBINOL
AND ASSOCIATED CELLULAR/MOLECULAR MECHANISMS

3.1. Anti-Inflammatory Activity of Indole-3-Carbinol and 3,3’-Diindolylmethane

Inflammation is a significant intermediate condition for many human chronic diseases. In vitro
experiments have shown I3C and DIM to be effective in inhibiting an inflammatory response.
In human dermal microvascular endothelial cells exposed to hypoxia and reoxygenation, I3C
significantly reduced the transcriptional activity of a nuclear factor-kB (NF-«B) subunit and con-
sequently inhibited the expression of E-selectin and intercellular adhesion molecule-1 (Ampofo
et al. 2017). In lipopolysaccharide (LPS)-stimulated BV-2 microglia cells treated with I3C, the
expression of several proinflammatory genes, namely inducible nitric oxide synthase (i-NOS), inter-
leukin (IL)-18, NOD-, LRR-, and pyrin domain-containing protein 3, IL-6, and CC motif chemokine
ligand 2 (CCL2), was diminished (Khan & Langmann 2020). In addition, I3C also suppressed the
expression of IL-6, tumor necrosis factor alpha (TNF-a), and heat shock protein 70 in BV-2 cells
(Prado et al. 2022). Similar results were observed in NMC460 cells (a normal human colorectal
cell line), in which I3C significantly inhibited the expression of phosphorylated NF-«B, TNF-a,
IL-1B, IL-6, and IL-8 (Peng et al. 2021). Also, in the LPS-stimulated BV-2 cells, DIM downreg-
ulated the binding activity of NF-kB with DNA (Kim et al. 2014). However, that study did not
observe I3C to have any inhibitory activity on NF-«B binding affinity. In some cancer cell lines,
both I3C and DIM have been shown to significantly inhibit inflammatory responses, which po-
tentially indicates that both compounds can be used to treat cancers by relieving inflammation.
In LNCaP human prostate cancer cells, I3C and DIM significantly suppressed CCL2 protein
expression and THP-1 cell migration induced by dihydrotestosterone (Kim et al. 2013). Similarly,
I3C and DIM have demonstrated inhibitory activity on macrophage cells, which can be strongly
related to the improvement of a compromised immune system. In LPS-induced RAW 264.7 and
THP-1 cells, I3C has been shown to significantly suppress inflammatory response by inhibit-
ing several TIR-domain-containing adapter—inducing interferon-p-dependent signaling pathways
and therefore reducing the production of nitric oxide (NO), IL-1p, and IL-6 (Jiang et al. 2013).
Likewise, I3C reduces NO production, and TNF-a and IL-10 expression in LPS-stimulated RAW
264.7 macrophage cells (Tsai et al. 2010). Similar results have been reported in the same cells for
DIM, namely suppressing LPS-induced increases in production of NO, prostaglandin (PG)E2,
TNF-a, IL-6, and IL-18 and inhibiting the transcriptional activity of activator protein-1 induced
by LPS (Cho et al. 2008); I3C also inhibited the expression of IL-6 and /NOS and increased
activity of peroxisome proliferator-activated receptor (PPAR)-y in 3T3-L1 adipocyte cells co-
cultured with Raw 264.7 (Chang et al. 2011). In monocyte-derived macrophages from systemic
lupus erythematosus patients, I3C has been shown to target the aryl hydrocarbon receptor (AhR)
as an agonist, leading to downregulation of proinflammatory proteins, including IL-12, TNF-a,
IL-23, interferon gamma (IFN-y), and IL-6 and upregulation of an anti-inflammatory cytokine
such as IL-10 (Mohammadi et al. 2018). Finally, it has been observed that DIM significantly
inhibits the hypoxia-induced expression of IL-18, IL-6, and TNF-«a in H9¢2 cells, suggesting
that DIM can be used to treat heart disease by relieving inflammatory responses (Liang et al.
2017).
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Several in vivo experiments have evaluated the anti-inflammatory activity of I3C and DIM. In
mice with ischemia-reperfusion inflammation, I3 C was found to significantly suppress leukocyte—
endothelial cell interaction and leukocyte transmigration (Ampofo et al. 2017). In a study using
male mice, those fed both a high-fat diet and I3C exhibited similar numbers of macrophages in
epididymal adipose tissue as the control group, whereas the group fed a high-fat diet alone had
more macrophages (Chang et al. 2011). In male rats born from female rats provided with bisphe-
nol A (BPA), I3C was found to suppress the inflammatory response in the ventral prostate, as
evidenced by decreased incidence of multifocal inflammation and inflammatory reactive atypia
(Brandt et al. 2014). Similarly, in a mouse model of alcohol-induced liver injury, I3C significantly
inhibited expression of the proinflammatory cytokine IL-18 (Choi et al. 2018). In a mouse model
of colitis, I3C was reported to relieve symptoms by activating IL.-22 expression, which led to
production of anti-inflammatory butyrate by gut microbiota (Busbee et al. 2020). Likewise, I3C
suppressed Citrobacter rodentium infection—caused physiological changes and tissue damage in
mice. Infected mice fed with I3C maintained mRNA levels of the anti-inflammatory cytokine
IL-22 and exhibited decreased mRINA levels of the proinflammatory cytokines IL-17A, IL-6,
IL-18, TNF-a, and IFN-y in colonic tissue; they also showed inhibited serum levels of the cy-
tokines IL-17, TNF-a, IL-12p70, and granulocyte colony stimulating factor (Wu et al. 2020).
Ulcerative colitis has also been demonstrated to be attenuated by I3C; namely, feeding the DSS-
treated mice with I3C reduced the activation of NF-kB and mRNA levels of TNF-«a and IL-18
(Peng et al. 2021). DIM has also evidenced anti-inflammatory activity via several pathways. In
DSS-treated mice, DIM was found to suppress myeloperoxidase activity and the production of
NO and PGE2, and other inflammatory cytokines (TNF-«, IL-6, and IFN-y); it also inhibited ex-
pression of ZNOS and the activation of NF-kB (Y. H. Kim et al. 2009). Similarly, DIM attenuated
DSS-induced acute colitis in mice by suppressing the expression of IL-18, IL-6, and IFN-y (Jeon
et al. 2016). When provided to mice alongside 12-O-tetradecanoylphorbol-13-acetate, DIM at-
tenuated ear edema and inhibited the activities of cyclooxygenase-2 (COX-2), iNOS, CXC motif
chemokine ligand 5, and IL-6 possibly because of its suppression of NF-kB activation (Kim et al.
2010).

3.2. Anti-Obesity Activity of Indole-3-Carbinol and 3,3’-Diindolylmethane

In vitro experiments suggest that I3C and DIM could be effective in preventing and attenuat-
ing obesity. In the 3T3-L1 adipocyte cell line, I3C was observed to primarily target Sirtuin 1
(SIRT1I), suppressing expression of the adipogenic genes (CCAAT-enhancer-binding protein)
C/EBPa, PPAR-y2, fatty acid synthase, and adipocyte protein 2 (aP2). Meanwhile, a cell line with
SIRT1 knocked out did not show any differences in expression of those genes (Choi et al. 2013). In
addition, I3C has been shown to inhibit lipid accumulation in 3T3-L1 cells and repress adipocyte-
stimulated tube formation in human endothelium—derived EA hy926 cells (Wang et al. 2016). In
3T3-L1 cells, it significantly suppressed the expression of C/EBP«, PPARy 2, and aP2, which are
strongly connected to adipocyte differentiation (Choi et al. 2012). DIM has likewise been found to
contribute to attenuation of obesity. In 3-isobutyl-1-methylxanthine, dexamethasone, and insulin
(MDID)-induced 3T3-L1 cells, it significantly inhibited adipogenesis by suppressing expression of
PPAR-y and C/EBPa (Yang et al. 2017). However, in the same study, I3C did not show any in-
hibitory activity against adipogenesis (Yang et al. 2017). In a separate study of 3T3-L1 cells treated
with adipogenic inducers, DIM was found to upregulate glucose uptake by enhancing insulin sig-
naling pathways, including enhancing the activity of PPAR-y2 and C/EBPa (Choi & Yoo 2018).
Recently, we observed that DIM significantly reduced fat accumulation in 3T3-L1 adipocytes
and expression of PPAR-y and C/EBPa, fatty acid binding protein 4, and perilipin. In addition,
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DIM activated adenosine monophosphate (AMP)-activated protein kinase o (AMPKa) (Lee et al.
2017). These observations were further confirmed in Caenorbabditis elegans as DIM treatment sig-
nificantly reduced body fat accumulation, which was partly associated with aak-1, which is an
ortholog of AMPKa (Lee et al. 2017). These findings suggest that I3C and its derivatives can
potentially be used to reduce body fat and therefore play significant roles in weight loss.

Several in vivo studies have been conducted to identify the anti-obesity effect of I3C. Compared
to mice fed a high-fat diet only, those fed a high-fat diet containing I3C (0.1% wt/wt) showed a
smaller increase in body weight, visceral fat pad weight, and serum lipid levels. In addition, a high-
fat diet was found to negatively affect the expression of sirtuin 1, PPARx, and PPARy coactivator
« in visceral adipose tissues relevant to thermogenesis; this effect was normalized by adding I3C
(0.1% wt/wt) to a high-fat diet (Choi et al. 2012). Similarly, I3C significantly decreased body
weight increase, fat accumulation, and macrophage infiltration in the epididymal adipose tissue
of mice fed a high-fat diet; it also improved glucose tolerance and lowered blood glucose, insulin,
and lipid levels (Chang et al. 2011). In addition, DIM has been shown to significantly inhibit
high-fat-diet-induced body weight increase and the formation of adipose tissue (Yang et al. 2017).

Clinical research has additionally indicated an anti-obesity effect of I3C in humans. When
consumed by overweight premenopausal women, I3C significantly enhanced the ratio of urinary
estrogens 20HE]1 to E3, which is connected to increased estrogen 2-hydroxylation; values were
similar to those in normal-weight women. This suggests that I3C can be used to treat and prevent
obesity and obesity-related diseases in humans (Michnovicz 1998).

3.3. Anti-Diabetic and Anti-Atherosclerotic Activities of Indole-3-Carbinol
and 3,3’-Diindolylmethane

Several studies support the possibility that I3C can be effective in treating diabetes. In mice fed I3C
in addition to a high-fat diet, significantly lower blood glucose and insulin levels were observed
relative to the group fed the high-fat diet alone. Moreover, I3C inhibited levels of the homeo-
stasis model assessment of basal insulin resistance, indicating improved insulin sensitivity (Choi
et al. 2012). The antioxidant capacities of I3C and DIM have also been shown to significantly
attenuate diabetes-related symptoms in mice with symptoms similar to humans with the disease.
Compared to the control animals, the treatment groups exhibited decreased levels of glucose, in-
sulin, and glycated hemoglobin, along with increased hemoglobin levels. These effects are believed
to be strongly connected to reduced oxidative stress; the antioxidant capacities of I3C and DIM
were evident in the enhanced activity of related enzymes such as superoxide dismutase, catalase,
and glutathione peroxidase, along with increased levels of vitamin C, vitamin E, and glutathione
(Jayakumar et al. 2014). Similarly, I3C and DIM have been shown to significantly increase liver
glycogen and hemoglobin content, and decrease serum glucose, insulin, and glycated hemoglobin
in mice fed a high-fat diet, which induced expression of hexokinase and glucose-6-phosphate de-
hydrogenase and inhibited expression of glucose-6-phosphatase and fructose-1,6-biphosphatase
in both liver and kidneys (Poornima & Mirunalini 2014). Regarding antioxidative activity and
carbohydrate metabolism, DIM showed a greater degree of effect than did I3C.

Notably, the ability of I3C to inhibit lipid accumulation can be relevant to prevention of
cardiovascular diseases such as atherosclerosis. In zebrafish larvae fed a high-cholesterol diet,
provision of I3C resulted in autophagy-induced inhibition of lipid deposition, as evidenced by
enhanced expression of cleaved light chain 3, beclin-1, hVps34, and m-cathepsin D protein. In
addition, significant inhibition of protein expression was observed for the autophagy adaptor
p62 along with B-cell lymphoma 2 (Bcl-2), protein kinase B (Akt), p-Akt, mammalian target
of rapamycin (mTOR), and p-mTOR. These effects are believed to be strongly related to the
anti-atherosclerotic activity of I3C (Jiang et al. 2019).
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3.4. Anti-Cancer Activity of Indole-3-Carbinol and 3,3’-Diindolylmethane

Cancer is the second leading cause of death in the United States, with 1,898,160 new cancer
cases and 608,570 cancer deaths having been projected to occur in 2021 (Siegel et al. 2021). The
primary hallmarks of cancer include self-sufficiency regarding growth signals, insensitivity to anti-
growth signals, resistance to apoptosis and senescence, angiogenesis, and metastasis. Over the
past 50 years, the anti-cancer activity of I3C and DIM has been extensively reported through
hundreds of research articles, and many studies have demonstrated the utility of these compounds
as chemopreventive and/or therapeutic agents. In this section, the anti-cancer activity of I3C and
DIM in relation to hallmark-based mechanisms is reviewed.

3.4.1. Apoptosis. Apoptosis is a process of programmed cell death activated by either the
mitochondria-dependent intrinsic pathway or the death receptor-dependent extrinsic pathway.
The intrinsic pathway is triggered by internal factors such as DNA damage and cellular stress
and mediated by mitochondrial membrane proteins, namely the pro-apoptotic Bax and Buak
and anti-apoptotic Be/-2 and BelxL, with subsequent cytochrome c release. The death recep-
tor pathway is mediated by binding of pro-apoptotic ligands to corresponding death receptors.
Both pathways stimulate initiator caspases (such as caspase-8/-9/-10) and then executor caspases
(caspase-3/-6/-7).

In an in vivo study, supplementation of a transgenic mouse prostate adenocarcinoma model
(TRAMP) with 1% I3C resulted in significant decreases in palpable tumor formation and geni-
tourinary weight (Wu et al. 2012). Likewise, in vitro studies suggest I3C has pro-apoptotic activity
in diverse types of human cancer cell lines. In fact, I3C has been found to induce apoptosis by up-
regulating or downregulating apoptosis markers/proteins in key pathways. In colorectal cancer
cell lines, it was shown to upregulate CYP14I1 mRNA levels, act as an agonist for AhR activation,
mitigate cell viability, and induce apoptotic activity in a dose-dependent manner (Megna et al.
2016). In a lung cancer cell line, I3C increased cellular reactive oxygen species (ROS) levels and
expression of pro-apoptotic proteins (Bax and Bim) and downregulated both anti-apoptotic pro-
teins (Bcl-2 and Bcl-xL) and the associated increases of caspase-3, -7, and -9, forkhead box O3, and
cleaved poly(ADP-ribose) polymerase (PARP) (Lim et al. 2021). In pancreatic cancer cells, I3C
suppressed phosphorylation of signal transducer and activator of transcription 3 and apoptosis in
a concentration-dependent manner (Lian et al. 2004). In breast cancer cell lines, I3C was found
to affect estrogen metabolism through AhR-dependent upregulation of CYPI1A1/A2, ATF-3,
and NOXA (a stress response transcription factor) (Caruso et al. 2014). Similarly, treatment of
hepatocellular cancer cell lines with I3C resulted in a dose- and time-dependent increase of ap-
optosis, evidenced by increased DNA fragmentation, caspase-3/-7 cleavage, and PARP cleavage,
along with decreased expression of p-Akt, Bcl-xL, thioredoxin-1, and peroxiredoxin-1 (Lee et al.
2019). Upregulation of caspase-3/-7/-9 and cleaved PARP and downregulation of Bel-xL. were
likewise reported in osteosarcoma cells treated with I3C (Lee et al. 2018), and the upregulation
of Bax and downregulation of Bc/-2 were also observed in I3C-treated breast cancer cells (Sarkar
et al. 2003). Regarding the pro-apoptotic signaling pathway, treatment of laryngeal cancer cells
with I3C activated apoptosis by downregulating the PI3K/Akt signaling pathway, including p110a,
p110B, PI3K class III, and p-Akt (Wang et al. 2013).

Oral DIM administration in an in vivo mouse xenograft model has been shown to suppress
patient-derived colon tumor growth (Tian et al. 2019). Similarly, DIM suppressed the growth
of hepatocellular carcinoma by stimulating endoplasmic reticalum (ER) stress—mediated mi-
tochondrial apoptosis (Munakarmi et al. 2021) and stimulated PTEN/Akz signaling-mediated
activation of mitochondrial apoptosis in malignant melanoma cells (Wang et al. 2020). DIM
has also been reported to induce apoptosis in colon cancer cells via activation of caspase-8
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(Kim et al. 2007). Regarding a novel mechanism, we reported that activating transcription
factor 4 (ATF4)-mediated induction of ATF3 expression mediates DIM-induced apoptosis in
human colorectal cancer cells (Lee et al. 2013).

3.4.2. Cell cycle arrest. The decision-making machinery involved in cell cycle arrest is one
of the most significant targets for cancer prevention and therapy. This process is regulated by
many molecules, including cyclins, cyclin-dependent kinases (CDKs), and CDK inhibitors. Cy-
clins (types A, B, D, and E) are associated with CDKs (CDK1/2/4/6) and activate their catalytic
activities, which regulate the phospho-status of retinoblastoma (Rb) and subsequent activation of
the E2F transcription factor. Meanwhile, CDK inhibitors (including p16, p21, p27, and p57) are
molecules that inhibit the function of CDKs. All these cell cycle-regulating molecules constitute
significant molecular targets for preventing cell cycle progression and treating cancer.

The combination of I3C and DIM resulted in upregulation or downregulation of certain
miRNAs and directly reduced the expression of cell cycle—stimulating genes such as CDK4/6
and P27 (El-Daly et al. 2020). A study in breast cancer investigated the anti-cancer effects of
I3C derivatives, including N-alkoxy I3C (the most effective in preventing breast cancer cell
proliferation), N-ethoxy-I3C, N-propoxy-I3C, and N-butoxy I3C (Jump et al. 2008).

The anti-cancer effect of DIM has been found to be associated with G1 cell cycle arrest in
esophageal squamous cancer (Kim et al. 2012) and nasopharyngeal carcinoma cells (Xu et al. 2013).
In human ovarian cancer cells, DIM has been shown to suppress cell growth and division through
activating G2/M arrest via the checkpoint kinase 2-dependent pathway (Kandala & Srivastava
2010). Similarly, in HT-29 human colon cancer cells, DIM induced both G1 and G2/M cell cycle
arrests (Choi et al. 2009).

3.4.3. Senescence. Another hallmark of cancer is its limitless replicative potential. All nor-
mal cells have constraints on their capacity for cell division and doubling and eventually undergo
senescence, which is associated with shortening and abrasion of telomeres. However, cancer cells
overcome these limitations through overexpressing telomerase, which plays a crucial role in cell
cycle progression. Accordingly, some anti-cancer agents downregulate the expression of S TERT
(a component of the telomerase ribonucleoprotein complex), which leads to a significant reduction
of cellular telomerase activity.

I3C has been shown to significantly inhibit telomerase activity and human telomerase reverse
transcriptase (PTERT) mRNA expression in LNCaP and PC3 cells (Adler et al. 2011). More-
over, it downregulates ATERT in breast cancer cells by disrupting the endogenous interaction
between ERa and Spl, which are the main transcription factors driving ATERT expression in
those cells (Marconett et al. 2011). DIM also reduces mRNA and protein expression of " TERT
in a concentration-dependent manner, with consequent shortening of telomeres (F. Li et al. 2015).

3.4.4. Angiogenesis. Angiogenesis is the formation of new blood vessels and a particularly
important process in cancer. As a tumor increases in size, cancer cells within it are subject to hy-
poxia, which is the main trigger of angiogenesis. In short, accumulation of the transcription factor
hypoxia-inducible factor-alpha (HIF-1a) activates the expression of vascular endothelial growth
factor (VEGF), which binds to the VEGF receptor (VEGFR) on the membranes of endothelial
cells and stimulates proliferation, migration, and sprouting of blood vessels.

Anti-angiogenic activity of I3C has been observed in endothelial cells. In a coculture sys-
tem involving endothelial cells and macrophages, I3C inhibited the LPS-induced formation of
capillary-like structures by endothelial cells, decreasing secretion of VEGFE, NO, IL-6, and matrix
metalloproteinases (MMPs); this indicates a potential role for I3C in preventing inflammation-
associated angiogenic diseases (Wang et al. 2012). Another study reported significant inhibition of
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angiogenesis by I3C in mice, along with reduced serum levels of VEGF-A and MMP-9 through
modulation of nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant responsive element
signaling pathway and increased expression of cytoprotective proteins such as heme oxygenase-1,
NADH quinone dehydrogenase 1 (NQOL1), and glutathione S-transferases (Hajra et al. 2018).

DIM has evidenced anti-angiogenic activity. In an in vivo matrigel plug angiogenesis assay
using female mice, subcutaneous injection of DIM (5 mg/kg body weight, five times per week) led
to 76% inhibition of neovascularization (Chang etal. 2005). DIM reduced HIF-a levels and HIF-1
activity in hypoxic-cultured human cancer cells (Riby et al. 2008) and suppressed angiogenesis in
PC3 prostate cancer cells, which is associated with the platelet-derived growth factor D and the
mTOR pathway (Kong et al. 2008).

3.4.5. Metastasis. Metastasis comprises invasion, extracellular matrix (ECM) degradation, and
migration of malignant cancer cells. Cell invasion is the first step and is associated with the break-
down of cell adhesion factors such as the E-cadherin/catenin adhesion complex and focal adhesion
mediated by integrins. ECM degradation is controlled by MMPs and tissue inhibitors of MMPs.
Cell migration is controlled by the Rbo, Rac, or Cde42 signaling pathway.

An in vitro study in MDA-MB-231 cells found I3C to significantly decrease migration via
increased stress fiber formation and induced localization of the focal adhesion component, en-
hancing focal adhesions and stimulating Rho kinase enzymatic activity and cofilin phosphorylation
(Brew etal. 2009). In estrogen-responsive breast cancer cells, I3C treatment resulted in significant
inhibition of in vitro cell adhesion, migration, and invasion along with in vivo lung metastasis for-
mation. These effects might be associated with the suppression of ER-stimulated migration and
invasion (Meng et al. 2000).

Anti-metastatic activity has also been reported for DIM. Oral administration of DIM inhibited
lung metastasis of 4T'1 murine mammary carcinoma cells in BALB/c mice (E.J. Kim et al. 2009)
and decreased the orthotopic liver tumor volume and suppressed lung metastasis in nude mice
(WX. Li et al. 2015). Similarly, DIM has been shown to suppress the growth of hepatocellular
carcinoma by regulating invasion and migration (Munakarmi et al. 2021). DIM also inhibited the
migration and invasion of human cancer cells through the combined suppression of extracellular
signal-regulated kinases and Akt pathways (Rajoria et al. 2011) and suppressed the metastasis of
squamous cell carcinoma through repressing epithelial-mesenchymal transition via the RhoA-
mediated prostaglandin pathway (Zhu et al. 2020).

3.5. Preventive Effect of Indole-3-Carbinol and 3,3’-Diindolylmethane
on Hypertension and Kidney Disease

Hypertension is a significant risk factor for cardiovascular diseases such as heart attack (myocar-
dial infarction) and stroke. Blood pressure is regulated by elements of the cardiovascular system,
including the heart and blood vessels, and the urinary system, including the kidneys. In particular,
the renin—angiotensin system (RAS) plays a significant role in blood pressure regulation. Briefly,
low blood pressure stimulates the central nervous system to trigger renin release from the kidneys,
which converts angiotensinogen to angiotensin I by cleavage and activates subsequent conversion
of angiotensin I to angiotensin II through cleavage by the angiotensin-converting enzyme. I3C
contributes to this process by activating renin gene expression in the kidney and increasing blood
pressure.

In rats, I3C treatment for two weeks resulted in dose-dependent increases in plasma renin
concentration and arterial pressure. In addition, rats receiving 0.125% (w/w) I3C via their diet
for 12 weeks exhibited significantly increased plasma prorenin concentration and mean arterial
pressure (Peters et al. 2008). Notably, a new animal model of hypertension using dietary I3C
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(Cyplal-Ren2 transgenic rats) has been developed that targets not only the onset of hyperten-
sion but also its magnitude (I3C dose dependency) (Leader et al. 2018). Dietary administration of
0.3% I3C to Cyplal-Ren2 rats generates angiotensin II-dependent malignant hypertension and
increased renal vascular resistance (Cunningham et al. 2013). However, a recent study reported
that treatment of the rats with 2,000 ppm/day of I3C prevented hypertensive remodeling, reduced
reperfusion arrhythmias, and decreased oxidative-inflammatory markers; this indicates that I3C
reduces the inflammatory—oxidative—proarrhythmic process of hypertension (Prado et al. 2022).
An in vitro study using BV-2 glial cells subjected to LPS-induced oxidative-inflammatory dam-
age likewise indicated a preventive effect of I3C against oxidative stress and inflammation (Prado
etal. 2022). Further studies are required to elucidate in more detail the mechanism by which I3C
induces renin production and consequent hypertension. Moreover, the effect of DIM on RAS acti-
vation has not yet been investigated, despite the conversion of dietary I3C to DIM after ingestion.

One of the main health complications of hypertension is chronic kidney disease, the incidence
of which is rapidly increasing and becoming a worldwide epidemic. In addition, nephrotoxicity
is a limiting problem associated with the clinical use of some drugs, such as cisplatin. EI-Naga &
Mahran (2016) investigated the potential protective effect of I3C against cisplatin-induced acute
nephrotoxicity in rats and found that pretreatment with 20 mg/kg I3C mitigated cisplatin-induced
acute nephrotoxicity; moreover, it significantly ameliorated the oxidative stress, inflammation, and
apoptotic effects induced by cisplatin.

Kidney damage (nephropathy) is also a major complication of diabetes. Treatment of
streptozotocin-induced diabetic mice with DIM enhanced insulin signaling and improved insulin-
dependent diabetes; it also improved diabetic nephropathy by inhibiting expression of PKC-a, the
marker of albuminuria, and TGF-B1, an indicator of renal hypertrophy. These data suggest that
DIM may ameliorate hyperglycemia and diabetic nephropathy through the inhibition of PKC-a
and TGF-B1 signaling (Choi & Yoo 2019).

3.6. Neuroprotective Effects of Indole-3-Carbinol and 3,3’-Diindolylmethane

Neurodegenerative diseases are a heterogeneous group of disorders characterized by progres-
sive degeneration of the structure and function of neurons in the brain and peripheral nervous
system. Microglial hyperactivation and neuroinflammation are implicated in the development and
progression of neurodegenerative diseases. Kim et al. (2014) observed that DIM suppressed LPS-
induced inflammation in brain cells (BV-2 microglia) by repressing expression of iNOS and COX-2
and attenuating both the DNA-binding activity of NF-kB and phosphorylation of inhibitory
proteins of kB; these findings suggest that DIM might inhibit microglial hyperactivation by atten-
uating inflammation. Similarly, in an in vivo mouse model of neuroinflammation, DIM suppressed
LPS-induced inflammation in the hippocampus, as determined by the number of Iba-1-positive
cells and mRNA expression of F4/80 (Kim et al. 2014).

The most common form of neurodegenerative disease is Alzheimer’s, the hallmarks of which
are p-amyloid plaques and neurofibrillary tangles. Interestingly, I3C has been shown to signif-
icantly increase the expression and enzyme activity of neprilysin, which is a major endogenous
catabolic enzyme of -amyloid (Qian et al. 2021).

The second most common progressive neurodegenerative disorder is Parkinson’s disease,
characterized by symptoms of motor dysfunction. Mohamad et al. (2022) investigated the
effect of I3C in a rotenone-induced animal model of Parkinson’s and found that it prevented
rotenone-mediated motor dysfunction and amended striatal dopamine decrease, weight loss,
neurodegeneration, tyrosine hydroxylase expression reduction, and «-synuclein expression in-
crease in both the midbrain and striatum, with the most effective response being observed in the
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group receiving the highest dose of I3C (100 mg/kg). These neuroprotective effects are partially
associated with the anti-inflammatory and anti-apoptotic effects of I3C, mediated through
activation of the sirtuin 1/AMPK pathway (Mohamad et al. 2022). Another study found that
chronic administration of I3C (12.5, 25, 50 mg/kg/day) for 21 days in intranigral LPS-treated
rats led to significant improvements in motor function, coordination, learning, and memory;
these outcomes were associated with decreased activity of inflammatory cytokines such as TNF-a
and IL-6. These results suggest a possible neuroprotective effect of I3C via amelioration of
LPS-induced behavioral alterations, oxidative damage, and neuroinflammation (Saini et al. 2020).

3.7. Protective Effect of Indole-3-Carbinol and 3,3’-Diindolylmethane
in Osteoporosis

Bone is the most dynamic organ in the human body. The synthesis of new bone, breakdown of old
bone, and overall bone homeostasis are tightly regulated by two types of cells: osteoblasts, small
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mononucleate cells that synthesize the bone matrix, and osteoclasts, large multinucleate cells that
resorb the bone matrix. Osteoporosis is characterized by low bone mass and deterioration of bone
structure. A major cause of osteoporosis, bone loss, and fractures is the glucocorticoid-induced
apoptosis of osteoblasts; another important contributor is oxidative stress.

I3C has been shown to suppress glucocorticoid-induced cytotoxicity and apoptotic cell death
in osteoblastic cells through reducing dexamethasone-stimulated sub-G1, activation of caspase-
3/-8/-9 and subsequent cleavage of PARP, ROS production, and expression of Nrf2, HOI, and
NQOI in a Nrf2-dependent manner (Lin et al. 2015).

DIM has also been shown to exert protective activity against osteoporosis. Intraperitoneal in-
jection of DIM (0.1 mg/g body weight, twice a week for four weeks) significantly increased bone
mass, as assessed by dual-energy X-ray absorptiometry and microcomputed tomography, and re-
duced bone resorption parameters, as indicated by histomorphometric analyses (Yu et al. 2015).
In an additional experiment using an ovariectomy (OVX)-induced osteoporotic mouse model, ad-
ministration of DIM prevented bone loss due to OVX-induced increase in bone resorption (Yu
et al. 2015). These data indicate that DIM increases bone mass by suppressing osteoclastic bone
resorption and has potential as a treatment for postmenopausal osteoporosis (Yu et al. 2015).

4. CONCLUSION

Glucosinolates are chemically diverse metabolites mainly concentrated in cruciferous plants. In-
dole glucosinolates constitute the most abundant form and exist as IMG or its derivatives. Upon
chewing of plant tissue, IMG is enzymatically hydrolyzed; a series of subsequent reactions leads to
the formation of I3C. Stomach acid aggregates I3C molecules and forms a mixture of polycyclic
aromatic compounds that includes DIM. The concentration of I3C and its degradation products
in foods is greatly affected by food processing and cooking methods. Emerging evidence from di-
verse experimental disease models supports I3C and its metabolites as having health benefits and
furthermore suggests that both I3C and DIM could have promise as preventive and therapeutic
agents for a variety of chronic human diseases; the proposed main mechanisms of their effects
are described in Figure 2. More comprehensive mechanistic human clinical studies justifying the
clinical and physiological relevance of these bioactive compounds are required to buttress the
prospect of using them to combat metabolic diseases.
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