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Abstract

Glucosinolates are a group of sulfur-containing glycosides found in many plant species, including 

cruciferous vegetables such as broccoli, cabbage, brussels sprouts, and cauliflower. Accumulating 

evidence increasingly supports the beneficial effects of dietary glucosinolates on overall health, 

including as potential anti-cancer agents, because of their role in the prevention of the initiation of 

carcinogenesis via the induction of cellular defense detoxifying/antioxidant enzymes and their 

epigenetic mechanisms, including modification of the CpG methylation of cancer-related genes, 

histone modification regulation and changes in the expression of miRNAs. In this context, the 

defense mechanism mediated by Nrf2-antioxidative stress and anti-inflammatory signaling 

pathways can contribute to cellular protection against oxidative stress and reactive metabolites of 

carcinogens. In this review, we summarize the cancer chemopreventive role of naturally occurring 

glucosinolate derivatives as inhibitors of carcinogenesis, with particular emphasis on specific 

molecular targets and epigenetic alterations in in vitro and in vivo human cancer animal models.
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Introduction

Cancer chemoprevention is a major cancer preventive strategy that utilizes naturally 

occurring dietary phytochemicals or therapeutic drugs with relatively low toxicity to inhibit 

the malignant transformation of initiated cells at the promotion or progression stages [1, 2]. 
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Thus, chemoprevention can involve preventing carcinogens from reaching target sites, 

undergoing metabolic activation, or subsequently interacting with crucial cellular 

macromolecules (e.g., DNA, RNA, and proteins) at the initiation stage [3, 4]. Interestingly, 

prevention and/or protection from chemical carcinogens by phytochemicals present in 

glucosinolate-containing cruciferous vegetables is of great interest because they may 

provide a safe and cost-effective strategy for combating cancer [5, 6**]. In this context, 

numerous epidemiological and pharmacological studies have revealed that the consumption 

of cruciferous vegetables has substantial potential for human cancer chemoprevention [7].

Isothiocyanates (ITCs) and indoles are biologically active molecules formed from 

glucosinolate precursors present in a large number of edible species existing in sixteen 

families of dicotyledonous angiosperms [8]. It has been described more than 200 different 

naturally-occurring glucosinolates isolated from plants, with a relatively high content in 

cruciferous vegetables such as broccoli, cabbage, cauliflower, turnip, horseradish, 

watercress, and brussels sprouts [9, 10]. Some naturally occurring glucosinolates and their 

breakdown products have received considerable attention as chemopreventive agents, 

including the ITCs 4-methylsulphinylbutyl isothiocyanate (sulforaphane, SFN) and 

phenethyl isothiocyanate (PEITC); and the indoles indole-3-carbinol (I3C) and 3.3′-

diindolylmethane (DIM) [7, 11**, 12]. The glucosinolates have undergone several human 

clinical trials for treatment evaluation for various diseases, including cancer 

(www.clinicaltrials.gov). Thus, the protective role of dietary glucosinolates has been 

extensively studied using in vitro and in vivo approaches in cancer and cardiovascular and 

neurological diseases using rodent and human models [13, 14]. These studies have shown 

that glucosinolates and their derivatives may modulate many relevant processes, such as the 

induction of cytoprotective enzymes, inhibition of inflammatory processes, modulation of 

cancer signaling pathways including cellular proliferation, angiogenesis, the epithelial– 

mesenchymal transition, cancer stem cell self-renewal and suppressing diverse oncogenic 

signaling pathways, including nuclear factor-κB, hormone receptor, and signal transducer 

and activator of transcription [15-17]. More recently, increasing evidence has also shown 

that glucosinolate derivatives have the potential to modulate epigenetic alterations, such as 

DNA methylation, histone modifications, non-coding microRNAs (miRNAs), regulation of 

polycomb group proteins and epigenetic cofactor modifiers, which all may contribute to 

carcinogenesis [18, 15]. Here, we review the cancer chemopreventive role of naturally 

occurring glucosinolate derivatives as inhibitors of carcinogenesis, particularly emphasizing 

specific molecular and epigenetic alterations in in vitro and in vivo animal models of human 

cancers.

Biosynthesis and metabolism of glucosinolates

Glucosinolates are a group of sulfur-containing glycosides found in the plant order 

Brassicales, which includes the Brassica or Cruciferous vegetables such as broccoli, 

cabbage, brussels, and cauliflower [19]. These plants have been used for food or medicinal 

purposes, with the latter partially due to their relatively high content of glucosinolates, 

which distinguish them from other plant species [20]. Thus far, nearly 200 different 

glucosinolates with different substituents have been reported, which can be classified into 

three groups based on the structure of different amino acid precursors: aliphatic 
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glucosinolates, indole glucosinolates, and aromatic glucosinolates [10] (Figure 1A). The 

content of glucosinolate in plants depends on many factors, such as plant variety, growing 

conditions, climate and the tissue-specific distribution in a plant [21]. For example, in 

Brassica vegetables, 0.5-28 μmol aliphatic/aromatic glucosinolates per gram of dry weight 

and 0.7–8 μmol indole glucosinolates per gram of dry weight have been reported [20]. 

Glucosinolates are relatively biologically inert glucosides; however, their hydrolysis by 

myrosinase (b-thioglucosidase) enzymes after chopping vegetables, chewing of raw 

vegetables or insect attack leads to the conversion of biologically active compounds, such as 

ITCs, thiocyanates, nitriles and epithionitriles, depending on glucosinolate substrate, pH, 

temperature, presence of ferrous ions, and level and activity of specific protein factors, 

including thiocyanate-forming protein (TFP) and epithiospecifier protein (ESP) [21, 19] 

(Figure 1B). Nevertheless, when the plant myrosinase enzyme is inactivated by heat during 

the cooking process, the action of myrosinase originated from gastrointestinal tract bacteria 

allows the formation and absorption of dietary ITCs and indoles in mammals [22].

Several epidemiological and pharmacological studies have demonstrated that dietary 

glucosinolates and their breakdown products, isothiocyanates, may reduce the risk of 

carcinogenesis and particular human diseases [14]. Isothiocyanates from dietary vegetables 

currently investigated for use as chemopreventive agents include SFN from broccoli, 

cauliflower, and kale, PEITC from watercress, radish and turnip, allyl isothiocyanate (AITC) 

from cabbage, mustard, and horseradish, benzyl isothiocyanate (BITC) from lepidium cress, 

3-methylsulfinylpropyl (iberin) from broccoli, brussels sprouts and cabbage, 4-

methylthiobutyl from arugula, and 3-methylthiopropyl from cabbage [13]. Similarly, the 

indole I3C, which upon exposure to gastric acid undergoes self-condensation to form DIM, 

is also present in cruciferous vegetables, including broccoli, cabbage, cauliflower, brussels 

sprouts, collard greens and kale and is used as a chemopreventive agent [23].

After ingestion, isothiocyanates are absorbed from the gastrointestinal tract by passive 

diffusion into the capillary blood network, reversibly binding to free plasma protein thiols 

(protein thiocarbamoylation) and crossing the plasma membrane into the cells of tissues 

[20]. Thus, isothiocyanates are metabolized by the mercapturic acid pathway and initially 

conjugated to glutathione by glutathione S-transferases (GSTs) and successively cleaved by 

γ-glutamyltranspeptidase (γ-GT), cysteinylglycinase (CGase), and N-acetyltransferase (AT), 

creating N-acetylcysteine conjugates (mercapturic acids), which are transported into the 

kidney and actively secreted in urine for elimination from the body [14] (Figure 1C).

Dietary glucosinolate derivatives and modulation of phase I and phase II 

biotransformation enzymes

The generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) is an 

essential metabolic process for maintaining cellular chemical homeostasis; however, their 

production at low to moderate concentrations is essential for normal physiological processes 

[24]. Consequently, the oxidative stress produced by high levels of ROS/RNS during normal 

cell metabolism leads to potential damage, causing oxidative damage to large biomolecules, 

such as lipids, proteins, and DNA, which may eventually lead to mutations and ultimately, 

cancer development [25]. Similarly, oxidative stress also has a significant association with 
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many other chronic diseases, such as neurodegenerative diseases (e.g., Alzheimer's disease, 

Parkinson's disease, and amyotrophic lateral sclerosis), cardiovascular disease, diabetes, and 

inflammatory diseases [26-28]. In this context, the major chemoprevention mechanisms 

mediated by dietary glucosinolate derivatives include modulation of phase I drug metabolic 

enzymes (e.g., cytochrome P450 family, CYP), which prevent procarcinogenic molecule 

formation and the induction of phase II/detoxifying enzymes (e.g., GST; UDPglucuronosyl 

transferases, and UGT), which catalyze conjugation reactions to inactivate or detoxify 

exogenous (e.g., carcinogens and other xenobiotics) and endogenous compounds (e.g., sex 

steroid hormones) related to cancer development [29-31].

Most evidence suggests that dietary glucosinolate derivatives upregulate phase II/

detoxifying enzymes through interaction with the cytoplasmic-anchoring protein Kelch-like 

ECH-associated protein 1 (Keap 1), which represses the transcription factor NF-E2-related 

factor 2 (Nrf2), a basic-region leucine zipper (bZIP) transcription factor that binds in 

combination with small Maf proteins to antioxidant response elements (AREs) in the 

promoter regions of many antioxidant and phase II biotransformation enzymes, including 

GST, UGT, heme oxygenase-1 (HO-1), NADP(H):quinone oxidoreductase 1 (NQO1), 

glutamate cysteine ligase (GCL) and gamma glutamylcysteine synthetase (γGCS) (Figure 2) 

[32, 33]. Thus, the effects of dietary glucosinolate derivatives upregulating phase II enzymes 

have been extensively reported using different in vivo and in vitro approaches [34, 13]. For 

example, sulfur-containing dietary glucosinolate derivatives, such as SFN and PEITC, are 

potent phase II gene inducers, and these inductions are Nrf2-dependent [35, 13]. SFN 

attenuates Nrf2 degradation by modifying the Keap1-Nrf2 interaction, which results in the 

translocation of Nrf2. SFN can react with thiols within Keap1 by forming thionoacyl 

adducts, thereby releasing Nrf2 from Keap1 binding [36]. Similarly, PEITC can induce the 

phosphorylation of extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase 

(JNK) and subsequently, phosphorylate Nrf2 and induce its nuclear translocation [37, 38]. 

Indole glucosinolate hydrolysis products, such as I3C and DIM, also induce both phase I 

drug metabolic and phase II/detoxifying enzymes by direct interaction with aryl-

hydrocarbon receptor (AhR) or increasing the binding affinity of AhR to xenobiotic 

response elements (XREs) in target genes [31]. Upon binding chemical ligands, cytosolic 

AhR translocates into the nucleus and dimerizes with its nuclear protein partner Ah receptor 

nuclear translocator (ArnT), and then, the AhR complex binds to specific DNA sequences 

and activates transcription [32] (Figure 2).

The activation of phase II gene expression and enzyme activity by dietary glucosinolate 

derivatives has been well documented in in vitro and in vivo studies. For example, different 

studies have reported that SFN significantly induces phase II enzyme expression and activity 

in human and mouse cells lines, including LNCaP, PC-3, TSU-Pr1, MDA PCa 2a, MDA 

PCa 2b, MDAMB-231, TRAMP C1, HeLa, HT-29, Caco2, HepG2, Hepa1c1c7 and MCF-7 

[39-43]. In contrast, we found that SFN is capable of inhibiting 7,12-

dimethylbenz(a)anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate (TPA)-induced 

skin tumorigenesis in C57BL/6 mice mediated by Nrf2 [44]. More recently, we also 

demonstrated that re-expression of Nrf2 and the subsequent induction of Nrf2 downstream 

target genes are involved in the cellular protection mediated by SFN during TPA-induced 
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tumor transformation in mouse skin epidermal JB6 (JB6 P+) cells, suggesting the anti-

cancer effects of SFN against the TPA-induced neoplastic transformation of mouse skin 

[45]. Similarly, we also demonstrated that PEITC enhances the expression of various genes, 

including drug detoxifying enzymes, through the Nrf2 signaling pathway in in vivo and ex 

vivo studies [46, 47]. Furthermore, PEITC has been demonstrated to stimulate tissue 

differences in the modulation of rat cytochrome P450 and phase II conjugation systems, 

showing increased hepatic GST activity, although not in the lung or kidney [48]. Similarly, 

the expression of the antioxidant enzyme HO-1 has also been shown to be strongly increased 

by PEITC treatment in PC-3 cells [38]. Interestingly, differences in the basal expression 

level of Nrf2 and resultant changes in GSH levels in human breast cancer cell lines may be 

an important determinant of sensitivity to PEITC-induced apoptosis [49]. Indole-containing 

compounds, such as I3C and DIM, have also been described to possess potent cancer 

chemopreventive effects, potentially through multi-targets [50], including the induction of 

endogenous Nrf2, phase II genes (e.g., GSTm2, UGT1A1 and NQO1) and antioxidant genes 

(e.g., HO-1 and SOD1), as reported in a human liver hepatoma cell line (HepG2-C8) [51].

Dietary glucosinolate derivatives and inflammation modulation

Sustained generation of ROS/RNS has been shown to contribute to the pathological 

consequences of chronic inflammation, which is believed to be the cause of many human 

diseases, including cancer [52]. If this crosstalk between inflammation and oxidative stress 

is prolonged, excessive cellular ROS/RNS will be produced, resulting in genetic changes 

and/or epigenetic alterations, which lead to the deregulation of oncogenes and tumor 

suppressor genes [53, 6**]. Cytokines, chemokines, nuclear factor (NF)- κB, nitric oxide 

synthase-2 (NOS2), cyclooxygenase-2 (COX2), hypoxia inducible factor-1α (HIF1-α), 

signal transducer and activator of transcription 3 (STAT3), Nrf2 and nuclear factor of 

activated T cells (NFAT) are key molecular players linking inflammation to cancer [54]. In 

this context, Nrf2 is a crucial regulator that has been shown to modulate the innate immune 

response and survival during experimental sepsis using Nrf2-deficient mice and Nrf2-

deficient mouse embryonic fibroblasts [55]. Some findings have suggested that there is 

crosstalk between Nrf2 and inflammation [56]. Interestingly, the Nrf2 pathway has been 

connected to the inflammatory response in studies using the TRAMP mouse model of 

prostate carcinogenesis [57]. Similarly, lower induction of phase II antioxidant and 

detoxification enzymes, such as HO-1, NQO1, UGT1A1, and GSTM1, and higher induction 

of proinflammatory biomarkers, such as interleukin IL-1β, IL-6, tumor necrosis factor alpha 

(TNF-α), inducible nitric oxide synthase (iNOS), and COX2, were observed in Nrf2-KO 

mice [58].

NF-κB is a transcription factor and a key molecular link between inflammation and cancer 

that regulates several genes whose products inhibit apoptosis and enhance cell cycle 

progression, angiogenesis and metastasis [59, 52]. Additionally, a considerable number of 

NF-κB target genes encode mediators of the innate immune response and inflammation, 

which include cytokines, chemokines, proteases, NOS2 and COX2 [60, 52]. In this context, 

dietary glucosinolate derivatives have been shown to inhibit NF-κB-mediated processes in 

vitro and in vivo, playing an important role because NF-κB is involved in the expression of 

over 500 genes involved in human diseases, including cancer [15, 61]. Thus, glucosinolate 
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derivatives are capable of inhibiting NF-κB regulated pathways triggered by these activators 

by blocking pro-inflammatory signals at various levels; however, the molecular mechanisms 

by which these interactions are exerted are complex and poorly understood [15, 61].

Several cellular targets of glucosinolate derivatives have been investigated for modulating 

the NF-κB signaling pathway. For example, SFN is capable of suppressing the TLR4 

signaling cascade by affecting the downstream effectors MyD88, p38 mitogen-activated 

protein kinase (MAPK) and JNK by interacting with glutathione or other redox regulators, 

such as thioredoxin or Ref-1, which are indirectly capable of impairing NF-κB DNA 

binding ability and directly binding the essential thiol groups of p50, affecting NF-κB DNA 

binding with the potential involvement of Akt regulation [62, 15, 63]. In addition, DIM, 

PEITC and SFN have been described to repress IKK/IkB phosphorylation and p65 NF-κB 

nuclear translocation, inhibiting the transcriptional activity of NF-κB and affecting 

important mediators, such as IL-6, iNOS, TNF-α and COX-2 [64, 15, 65]. Similarly, PEITC 

is also capable of decreasing the iNOS and COX-2 protein expression levels, leading to 

reduced expression of both pro-inflammatory mediators, and has also been reported to 

suppress the phosphorylation of interferon regulatory factor 3 (IRF3) induced by stimulation 

of the Toll-like receptor that decreases the activation of type I interferons (IFNs) and IFN-

inducible genes [13, 66].

Recent evidence suggests an important crosstalk between NF-κB and Nrf2 signaling, and the 

strong mechanism by which glucosinolate derivatives affect NF-κB may be partially 

mediated by their ability to activate the Nrf2-ARE signaling cascade (Figure 2). For 

example, Nrf2 knockout mice subjected to pro-inflammatory stimuli simultaneously 

demonstrated decreased levels of anti-oxidant/phase 2 enzymes and upregulation of NF-κB 

pro-inflammatory mediators, such as COX-2, iNOS, IL-1, IL-6, cPLA2 and TNF-α [67-69, 

58]. Modulation of Nrf2 and NF-κB crosstalk is not well characterized, but it appears to 

occur through a common MAPK network because common regulatory sequences in the 

transactivation domains of Nrf2 and NF-κB have been described [15]. In addition, NF-κB 

can antagonize Nrf2 activity at the transcriptional level by interacting with the co-activator 

CREB-binding protein (CBP), which is required for translocation, and concomitant 

recruitment of histone deacetylase (HDAC). In contrast, ARE-mediated gene activation by 

Nrf2 can inactivate NF-κB by different mechanisms. For example, upregulation of HO-1, 

one of the key target genes of the Nrf2 signaling pathway, has been suggested to inhibit NF-

κB nuclear translocation [70]. Additionally, GSH/Grx-1-dependent S-glutathionylation of 

p65 NF-κB produces NF-κB inactivation [71]. Accordingly, C57BL/6 mice pre-treated with 

SFN in the presence of dextran sodium sulfate (DSS) demonstrated significantly reduced 

expression of inflammatory markers, such as IL-6 and interferon γ, with increased 

expression of Nrf2-dependent genes [72]. Similarly, SFN treatment of WT but not Nrf2 KO 

mice restored the number of sunburn cells to their basal level post-UVB irradiation, 

demonstrating decreased inflammatory biomarker activity in SFN-treated WT compared 

with Nrf2 KO mice, revealing a protective role for Nrf2 when activated by SFN against 

UVB-induced skin inflammation [73]. Moreover, SFN has also been reported to induce 

significant downregulation of pro-inflammatory microRNA-155 by epigenetic mechanisms 

that together with the regulation of other target NFκB coactivators, such as CCAAT-
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enhancer binding proteins, cAMP response element binding protein, and activator protein-1 

(AP-1), open new frontiers in the complex activities exerted by glucosinolate derivatives 

[74, 13].

Dietary glucosinolate derivatives and epigenetic mechanisms modulating 

carcinogenesis, inflammation and reactive oxygen species

Epigenetic regulation comprises DNA modifications without changes in sequence that result 

in changes in gene expression or phenotype [31]. Recently, a large amount of evidence has 

demonstrated that epigenetic alterations, such as DNA methylation, histone modifications 

and non-coding miRNAs, consistently contribute to carcinogenesis, and constituents in the 

diet, including dietary glucosinolate derivatives, have the potential to alter a number of these 

epigenetic events [18, 15, 26]. Although most research on the cellular effects of dietary 

glucosinolate derivatives has primarily focused on detoxifying enzyme effects, increasing 

evidence has demonstrated the chemopreventive effects of dietary glucosinolate derivatives 

on the regulation of silenced genes in cancer.

DNA methylation was the first epigenetic alteration to be observed in cancer cells, and it 

represents the most common molecular alteration in the origin of many cancers [75, 76]. 

DNA methylation occurs at the 5′ position of cytosine residues within CpG dinucleotides 

through addition of a methyl group by DNA methyltransferases (DNMTs), which include 

DNMT1, DNMT3A and DNMT3B, leading to transcriptional silencing of tumor suppressors 

and other genes with important biological functions. Conversely, global hypomethylation 

causes genome instability and inappropriate activation of oncogenes and transposable 

elements [77, 78, 26]. In this context, dietary glucosinolate derivatives, such as SFN, PEITC 

and DIM, have been shown to inhibit the carcinogenic process, enhance xenobiotic 

metabolism, induce cell cycle arrest and apoptosis and affect the cancer epigenome in 

various human cancers and cancer mouse models, demonstrating relevance as 

chemopreventive agents [79, 13, 23]. In different studies, the treatment of human and mouse 

cells with different dietary glucosinolate derivatives has resulted in the downregulation of 

DNMT activity, with concomitant promoter demethylation and re-expression of genes such 

as GSTP1 (glutathione S-transferase pi 1), Nrf2, hTERT (telomerase reverse transcriptase), 

TGFBR1 (transforming growth factor, beta receptor I) and CYR61 (Cysteine-rich 

angiogenic inducer 61) (Table 1) [40, 45, 80, 81, 23, 82, 83, 11**].

Interestingly, Wong et al. described the genome-wide effects of SFN and DIM on promoter 

methylation in normal prostate epithelial cells and prostate cancer cells [11**]. Accordingly, 

both SFN and DIM treatment decreased the expression of DNMTs in normal prostate 

epithelial cells (PrEC) and androgen-dependent (LnCAP) and androgen-independent (PC3) 

prostate cancer cells. Specifically, SFN and DIM altered promoter methylation in different 

sets of genes in normal prostate epithelial cells and prostate cancer cells; however, they 

shared similar gene targets in a single cell line, reversing many of the cancer-associated 

methylation alterations, including aberrantly methylated genes that are dysregulated during 

cancer progression (e.g., cell migration, cell adhesion, cell-cell signaling, and transcriptional 

regulation).
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Histone modifications have been broadly recognized as critically important triggers of gene 

silencing via post-translational modifications of histones at amino-terminal tails [26]. For 

example, the open chromatin state and gene activation is mediated by histone 

acetyltransferases (HATs), which transfer acetyl groups to the ε-amino group of lysine 

residues in histone tails, whereas the condensed chromatin state and the respective gene 

silencing is commonly regulated by HDAC enzymes, which remove histone acetyl groups 

by catalyzing their transfer to coenzyme A (CoA) [84, 26]. Similarly, the histone 

methylation of lysine and arginine residues mediated by histone methyltransferases (HMTs) 

and demethylases (HDMs) has also been described as a mechanism activating or repressing 

the gene expression in various forms of cancer [85, 15]. For example, methylation of H3K4, 

H3K36 and H3K79 has been associated with transcriptionally active chromatin, whereas 

methylation of H3K9, H3K27 and H4K20 has been associated with transcriptionally 

repressed chromatin, constituting two of the important silencing mechanisms in mammalian 

cells [86, 26].

Thus far, several studies have demonstrated the effects of dietary glucosinolate derivatives 

on histone modification mechanisms in in vitro and in vivo animal cancer models [18, 6**]. 

Thus, the HDAC inhibitory activity of different dietary glucosinolate derivatives has been 

widely reported to alter the tumorigenesis processes, with a concomitant increase in the 

expression of tumor suppressor, pro-apoptotic, anti-oxidant and anti-inflammatory genes 

[45, 87-89]. Dietary glucosinolate derivatives, such as SFN, PEITC and DIM, have been 

specifically associated with HDAC inhibitory activity in the peripheral blood mononuclear 

cells of human patients who consumed broccoli sprouts, different cancer cell lines (kidney, 

colon, prostate, leukemia and breast) and in vivo and in vitro cancer mouse models, such as 

APCmin/+ and TRAMPC1 mice and the JB6P+ skin cell line (Table 1) [45, 40, 87, 90]. 

Specifically, SFN and PEITC treatments in human breast and prostate cancer cell lines have 

been shown to increase H3Ac, H3K9Ac and H4Ac acetylation and H3K4 methylation and 

decrease the methylation of H3K9 and H3K27 [23, 82, 88]. Similarly, DIM treatments in the 

androgen-dependent LnCAP prostate cancer cell line have also been demonstrated to 

increase H3K4me3 in the promoter regions of the TGFBR1 and CYR61 genes, as revealed 

by ChIP assays [11**]. Interestingly, analysis of the impact of SFN on the level and function 

of polycomb group (PcG) proteins in SCC-13 skin cancer cells revealed that SFN treatment 

causes a concentration-dependent reduction in PcG protein (Bmi-1, Ezh2) expression and 

reduced histone H3 lysine 27 trimethylation, which is correlated with the accumulation of 

cells in G2/M phase, reduced levels of cyclin B1, cyclin A, cyclin dependent kinases 1 and 

2, and increased p21Cip1 expression [91].

These results were also observed in other skin-derived immortalized cells and transformed 

cell lines. In contrast, DIM has been reported to significantly decrease HDAC2 protein 

expression but not HDAC1, HDAC3, HDAC4, HDAC6 or HDAC8 protein expression in 

androgen-insensitive PC-3 and androgen-sensitive LNCaP prostate cancer cell lines [92]. 

Interestingly, the same study was observed that I3C treatment slightly inhibits HDAC 

activity in LNCaP cells with no HDAC inhibition in PC-3 cells. Similarly, DIM has been 

shown to suppress the expression of the HDAC2 and HDAC3 proteins in TRAMP-C1 cells, 

with a concomitant increase in apoptosis, decrease in cell proliferation and enhanced Nrf2 
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and Nrf2-target gene NQO1 expression in prostate tissues [83]. DIM can selectively induce 

the proteasome-mediated degradation of class I histone deacetylases (HDAC1, HDAC2, 

HDAC3, and HDAC8) without affecting class II HDAC proteins in human colon cancer 

cells in vitro and in vivo in tumor xenografts [93]. Thus, the HDAC depletion was associated 

with DNA damage induction, which triggered apoptosis.

miRNAs have become an important component of epigenetic gene regulation in mammals 

[6**]. Typically, miRNAs are a class of endogenous small non-coding RNA molecules 

20-25 nucleotides in length cleaved from approximately 70-100 nucleotide hairpin pre-

miRNA precursors that regulate gene expression by inhibiting translation and/or triggering 

the degradation of target messenger RNAs (mRNAs) [94, 95]. Different studies in cancer 

have shown that miRNAs interact with genes in many different cellular pathways, 

displaying a differential gene expression profile between normal and tumor tissues and 

between tumor types [78, 96]. For example, the overexpressed miR-17-92 oncogenic cluster 

may function as an oncogene and promote cancer development by negatively regulating 

tumor suppressor genes and/or genes that control differentiation or apoptosis, such as E2F1 

(a cell cycle and apoptosis regulator), BIM (a pro-apoptotic gene that counteracts BCL2) and 

PTEN (a negative regulator of the oncogenic pro-survival PI3K/AKT signaling pathway) 

[96]. In contrast, downregulation of the let-7 and miR-15/miR-16 miRNAs, which target the 

RAS and BCL2 oncogenes, respectively, has been previously described [78]. For example, 

altered expression of a number of miRNA molecules in the lung following the exposure of 

rats to environmental cigarette smoke (ECS) can be attenuated by dietary agents, such as 

PEITC and I3C [12]. Thus, the ECS-downregulated miRNAs affected by PEITC have a 

variety of functions, such as the stress response, TGF-β expression, NF-κB activation, Ras 

activation, cell proliferation, apoptosis, and angiogenesis. In addition, I3C-regulated 

miRNAs are involved in p53 function, TGF-β expression, Erbb2 activation, and 

angiogenesis (Table 1). Similarly, DIM treatment has been reported to cause alterations in 

the expression of several miRNAs, including miR200 and the let-7 family, which were 

increased in gemcitabine-resistant pancreatic cancer cells with a concomitant reversal of the 

mesenchymal phenotype to an epithelial phenotype [97].

Interestingly, I3C is also capable of reducing the effects of vinyl carbamate (a potent 

carcinogen causing lung tumors) in the lung by modulating the expression of several 

oncomiRs [98]. Other studies have shown that treatment of breast cancer cell lines with DIM 

increases the expression of miR-21, exhibiting dose-dependent inhibition of cell 

proliferation and the development of breast tumors in an in vivo MCF-7 xenograft model 

[99]. Similarly, in human prostate cancer, interventions including high bioavailability 

formulations of DIM for 2 to 4 weeks in patients prior to radical prostatectomy 

demonstrated an association between the re-expression of miR-34a and decreased androgen 

receptor (AR) signaling, prostate specific antigen (PSA) and Notch-1 [100]. Furthermore, in 

the same patient group, DIM supplementation increased the expression of let family 

miRNAs and decreased the expression of the histone methyltransferase EZH2 [101]. More 

recently, SFN has been shown to mediate the induction of miR-let-7a expression, which in 

turn inhibits K-ras expression and cancer stem cell (CSC) characteristics during pancreatic 

ductal adenocarcinoma (PDA) progression [102]. Moreover, SFN can also modulate the 
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expression of several miRNAs, including miR-140, miR-29a, and miR-21, in basal-like 

ductal carcinoma in situ (DCIS) stem-like cells, inducing significant changes in the 

exosomal secretion of miRNAs more closely resembling that of non-stem cancer cells, 

representing a promising chemopreventive strategy in the early stages of non-invasive breast 

cancer [103]. Taken together, the current studies using both in vitro and in vivo approaches 

suggest that dietary glucosinolate derivatives may function as miRNA regulators in a 

number of cancer types and target systems.

Dietary glucosinolate derivatives: in vivo studies

Naturally occurring glucosinolates and their breakdown products have been extensively used 

as chemopreventive agents in in vivo studies, including chemically induced rodent cancer 

models and oncogenedriven cancer development in transgenic mice [104]. Key studies 

documenting cancer chemoprevention by glucosinolates in chemically induced rodent 

cancer and transgenic mouse models are summarized in Table 2. For example, we have 

shown that topical application of SFN decreases the incidence of DMBA/TPA-induced skin 

tumors in Nrf2 (+/+) wild type (Nrf2 WT) mice but not in sulforaphane-treated Nrf2 KO 

mice, demonstrating that the chemopreventive effects of SFN in DMBA/TPA-induced skin 

tumors is mediated by Nrf2 [44]. Similarly, inhibition of skin tumorigenesis was also 

observed using SFN in chemically induced skin cancer in CD-1 mice during the promotion 

stage [105]. In contrast, we have also reported that SFN treatments in ApcMin/+ mice lead 

the regulation of different sets of genes involved in apoptosis, cell growth/maintenance and 

inflammation in small intestinal polyps, as revealed by gene expression profile analysis 

using Affymetrix microarrays [106].

These results are in agreement with other studies from our laboratory in which SFN 

treatments reduced the number of polyps by inhibiting phosphorylated c-Jun N-terminal 

kinase (p-JNK), phosphorylated extracellular signal-regulated kinase (p-ERK), 

phosphorylated-Akt (p-Akt), COX-2, and cyclin D1 protein expression in ApcMin/+ mice 

[107, 108]. In transgenic adenocarcinoma of mouse prostate (TRAMP), an oral gavage of 6 

μmol SFN three times per week for 17 to 19 weeks inhibited prostate intraepithelial 

neoplasia and pulmonary metastasis by reducing cell proliferation and augmenting NK cell 

lytic activity [109]. In this context, we have reported that TRAMP mice fed with 240 mg of 

broccoli sprouts/mouse/day for 16 weeks exhibit significant retardation of prostate tumor 

growth, with a concomitant increase in the expression level of the Nrf2, HO-1, cleaved-

caspase-3, cleaved-PARP and Bax proteins and a decrease in the Keap1 and Bcl-XL 

proteins. Furthermore, the phosphorylation and/or expression level of Akt and its 

downstream kinase and target proteins (e.g., mTOR, 4E-BP1 and cyclin D1) were also 

reduced [110]. These data correlate with our previous findings, in which oral administration 

of SFN was capable of inducing Nrf2-dependent detoxification phase I and II drug 

metabolizing enzymes and phase III transporters in livers of C57BL/6J and C57BL/6J/

Nrf2(-/-) mice using the Affymetrix 39K oligonucleotide microarray [111].

In contrast, ApcMin/+ mice fed with a diet supplemented with 0.05% PEITC for 3 weeks 

developed significantly less and smaller polyps than those fed with a basal diet (47). We 

have also reported that PEITC in an azoxymethane (AOM)-initiated and DSS-promoted 
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colon cancer mouse model is capable of lowering tumor incidence and colon tumor 

multiplicities with smaller polyps compared with mice fed on a basal diet [112]. Thus, in 

this study, PEITC was associated with an increase in apoptosis (increased cleaved caspase-3 

and caspase-7) and cell cycle arrest (increased p21). In the polyoma middle-T antigen 

transgenic breast cancer mouse model, dietary feeding with an 8 mmol PEITC/kg diet 

resulted in smaller mammary cancer lesions with a progressive loss of ERα and FOXA1 but 

persistence of GATA-3 expression (48). In contrast, in TRAMP mice, a diet supplemented 

with 0.05% PEITC for periods of 10 and 16 weeks decreased the incidence of prostate 

tumors and was associated with downregulation of the Akt signaling pathway, ultimately 

decreasing cell proliferation and retarding prostate tumor formation [113]. Similarly, in 

TRAMP mice, the administration of a 3 mmol PEITC/kg diet suppressed prostate cancer 

progression by inducing autophagic cell death and overexpressing E-cadherin. Interestingly, 

PEITC treatment was not associated with a decrease in cellular proliferation, apoptosis 

induction, or neoangiogenesis inhibition [114]. In studying the chemopreventive efficacy of 

I3C in TRAMP mice, we observed that I3C suppressed the incidence of palpable tumors and 

reduced the genitourinary weight [115]. In addition, in this study, I3C induced the 

expression of Nrf2 and NQO-1 and cell cycle- and apoptosis-related biomarkers in prostate 

tissue. More recently, the expression of Nrf2 was found to be controlled by epigenetic 

alterations, such as DNA methylation and histone modifications, and dietary 

phytochemicals, such as DIM, could decrease the incidence of tumorigenesis and metastasis 

and increase apoptosis, decrease cell proliferation and enhance the expression of Nrf2 and 

the Nrf2-target gene NQO1 in prostate tissues [83].

Although there has been extensive research on dietary phytochemicals contributing to the 

overall understanding of glucosinolate derivatives in terms of their chemical and biological 

functions and beneficial effects in human health, clinical studies of human participants on 

the biological effects of dietary glucosinolate are lacking and limited to determining the 

effects of raw cruciferous vegetables or their extracts under some biological parameters 

[104, 116]. For example, the inhibitory effects of watercress on the oxidative metabolism of 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in the peripheral blood cells of participants 

have been described [117]. Similarly, a randomized and placebo-controlled trial utilizing a 

beverage infused with broccoli sprouts exhibited an inverse association between the 

excretion of dithiocarbamates and urinary aflatoxin-DNA adducts [118]. Similarly, the 

consumption of broccoli sprouts decreased histone deacetylase activity in peripheral blood 

mononuclear cells in humans subjects [90].

Thus far, thirty-one clinical studies have been registered using SFN (www.clinicaltrials.gov; 

accessed Oct. 22, 2014). Of these studies, ten have been completed and reported data from 

patients treated with prostate and breast cancer, cardiovascular disease, immune diseases and 

autism. Similarly, PEITC, which has had fewer registered studies, comprises one of four 

studies completed for preventing lung cancer in individuals who smoke. Four studies of 

seven registered for 3IC treatments have been completed for patients with prostate and 

breast cancer and a specific study on the prevention of cancer in healthy participants. 

Finally, four studies of ten registered for DIM for patients treated with prostate and cervical 

cancer as well as specific studies of preventing cancer in healthy participants have been 
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completed. In summary, these findings suggest that dietary glucosinolate derivatives could 

be extensively utilized in further prospective epidemiological and chemopreventive studies.

Conclusions and future perspectives

Naturally occurring glucosinolates have been extensively used in in vitro, in vivo, preclinical 

and clinical studies, supporting the idea that dietary glucosinolates and their derivatives have 

potential beneficial effects for cancer prevention. In extensive mechanistic studies, robust 

chemopreventive effects have been observed by glucosinolate derivatives, such as SFN, 

PEITC, 3IC and DIM, demonstrating that they can modulate oxidative stress and 

inflammatory damage caused by exposure to various toxicants, such as environmental 

pollutants, carcinogens, dietary mutagens, and solar radiation, which can result in genetic 

mutations and molecular alterations that cause the initiation of carcinogenesis in normal 

cells. In contrast, accumulating evidence has shown that cancer initiation and progression 

are driven not only by acquired genetic alterations or mutations but also epigenetic 

disruption of gene expression. Epigenetic alterations and modifications through dietary 

glucosinolate derivatives can largely restore the expression of many tumor suppressor genes. 

Although in vitro approaches have greatly contributed to understanding the regulation of the 

molecular pathways involved in different cancers, including the epigenetic network exerted 

by glucosinolate derivatives, in vivo data are lacking for most of these dietary compounds. 

Still, the health effects of dietary glucosinolates in humans are considered promising; 

however, there are several challenges and limitations to better understanding the molecular 

mechanisms underlying the chemopreventive effects of these dietary compounds, such as 

the safety profile of dosage regimens and potential interactions between different 

glucosinolates and other constituents in the diet. Notably, emerging technologies and 

research tools, such as RNA interference, microarrays, proteomics and genome-wide DNA 

methylation/histone modifications/miRNA profiling, have been addressing novel 

mechanisms through which glucosinolate derivatives may prevent cancer.
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Abbreviations

AP-1 Activator protein-1

AITC Allyl isothiocyanate

AR Androgen Receptor

AOM Azoxymethane

AREs Antioxidant response elements

AhR Aryl-hydrocarbon receptor

ArnT Ah receptor nuclear translocator

bZIP Basic-region leucine zipper

BITC Benzyl isothiocyanate

CSC Cancer stem cells

JNK c-Jun N-terminal kinase

CoA Coenzyme A

CBP CREB-binding protein

COX2 Cyclooxygenase-2

CYR61 Cysteine-rich angiogenic inducer 61

CGase Cysteinylglycinase

CYP Cytochrome P450 family

HDMs Demethylases

DSS Dextran sodium sulphate

DNMTs DNA methyltransferases

DCIS Ductal carcinoma In Situ

ECS Environmental cigarette smoke

ESP Epithiospecifier protein

ERK Extracellular signalregulated kinase

γGCS Gamma glutamylcysteine synthetase

GCL Glutamate cysteine ligase

GSTs Glutathione S-transferases

GSTP1 Glutathione S-transferase pi 1
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HO-1 Heme oxygenase-1

HATs Histone acetyltransferases

HDAC Histone deacetylase

HMTs Histone methyltransferases

hTERT telomerase reverse transcriptase

HIF1- α Hypoxia inducible factor-1α

I3C Indole-3-carbinol

iNOS Inducible nitric oxide synthase

IRF3 Interferon regulatory factor 3

ITCs Isothiocyanates

Keap 1 Kelch-like ECHassociated protein 1

mRNAs Messenger RNAs

miRNAs microRNAs

MAPK Mitogen-activated protein kinase

AT N-acetyltransferase

NQO1 NADP(H): quinone oxidoreductase 1

Nrf2 NF-E2-related factor 2

NOS2 Nitric oxide synthase-2

NF-κB Nuclear factor-kappa-B

NFAT Nuclear factor of activated T cells

PDA Pancreatic ductal adenocarcinoma

PEITC Phenethyl isothiocyanate

PcG Polycomb group

TNF- α Tumor necrosis factor alpha

RNS Reactive nitrogen species

ROS Reactive oxygen species

STAT3 Signal transducers and activators of transcription 3

TFP Thiocyanate-forming protein

TGFBR1 Transforming growth factor beta receptor I

TRAMP Transgenic adenocarcinoma of mouse prostate

IFNs Type I interferons

UGT UDP-glucuronosyl transferases
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XRE Xenobiotic response element

γ-GT γ-glutamyltranspeptidase

DIM 3.3′-diindolylmethane

Iberin 3-methylsulfinylpropyl

sulforaphane SFN 4-methylsulphinylbutyl isothiocyanate

DMBA 7,12-dimethylbenz(a)anthracene

TPA 12-O-tetradecanoylphorbol-13-acetate
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Figure 1. 
(A) Examples of aliphatic, indole and aromatic glucosinolates found in Brassicaceae 

vegetables. (B) General model of glucosinolate hydrolysis by myrosinase and specifier 

proteins indicated as TFP (thiocyanateforming protein) and ESP (epithiospecifier protein). 

(C) Metabolism of isothiocyanates by the mercapturic acid pathway. Isothiocyanates are 
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conjugated to glutathione by glutathione S-transferases (GSTs) and successively cleaved by 

γ-glutamyltranspeptidase (γ-GT), cysteinylglycinase (CGase), and N-acetyltransferase (AT) 

to create N-acetylcysteine conjugates (mercapturic acids).
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Figure 2. 
Chemopreventive effects of natural dietary glucosinolate derivatives in cancers induced by 

Nrf2-mediated antioxidative stress and anti-inflammatory signaling pathways.
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