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Abstract Cancer is a multi-stage process resulting from ab-
errant signaling pathways driving uncontrolled proliferation
of transformed cells. The development and progression of
cancer from a premalignant lesion towards a metastatic tumor
requires accumulation of mutations in many regulatory genes
of the cell. Different chemopreventative approaches have been
sought to interfere with initiation and control malignant pro-
gression. Herewe present research on dietary compounds with
evidence of cancer prevention activity that highlights the po-
tential beneficial effect of a diet rich in cruciferous vegetables.
The Brassica family of cruciferous vegetables such as broccoli
is a rich source of glucosinolates, which are metabolized to
isothiocyanate compounds. Amongst a number of related var-
iants of isothiocyanates, sulforaphane (SFN) has surfaced as a
particularly potent chemopreventive agent based on its ability
to target multiple mechanisms within the cell to control carci-
nogenesis. Anti-inflammatory, pro-apoptotic and modulation
of histones are some of the more important and known

mechanisms by which SFN exerts chemoprevention. The ef-
fect of SFN on cancer stem cells is another area of interest that
has been explored in recent years and may contribute to its
chemopreventive properties. In this paper, we briefly review
structure, pharmacology and preclinical studies highlighting
chemopreventive effects of SFN.
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Introduction

Chemopreventive agents tend to limit the incidence and growth
of cancer by reversing or suppressing carcinogenesis (Sheth et al.
2015). BGreen chemoprevention^ is defined as consumption of
whole plant foods or their pure extracts to prevent cancer (Fahey
et al. 2012). An emerging importance of research on plant foods
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and cancer prevention suggests the potential beneficial effect of a
diet rich in cruciferous vegetables (AICR 2007). The Brassica
family of cruciferous vegetables, including broccoli, is a rich
source of glucosinolates. Isothiocyanates are the hydrolytic prod-
uct of the glucosinolates. Amongst a number of closely related
variants of isothiocyanates, sulforaphane (SFN) is the most po-
tent chemopreventive agent that has been shown to target multi-
ple mechanisms within the cell (Zhang et al. 1992).
Glucoraphanin [4-methylsulfinylbutyl glucosinolate] is the glu-
cosinolate prevalent in broccoli, which is the precursor of SFN
(Cramer and Jeffery 2011).

Chemical structure and properties

SFN is a molecule within the isothiocyanate group of
organosulfur compounds. Isothiocyanates are the hydrolytic prod-
ucts of anionic glucosinolate compounds produced by the endog-
enous thioglucosidase enzyme also known as myrosinase.
Glutathione and myrosinase are physically separated in intact
plant cells (Dinkova-Kostova et al. 2006). Upon physical damage
to the plant, these two compounds come in contact with each
other and myrosinase removes the β-thioglucose moiety from
glucosinolate, leading to the formation of a variety of unstable
compounds. Depending on the R group and the reaction condi-
tion, a mixture of final products are formed, including
epithionitriles, nitriles, isothiocyanates, thiocyanates, and
oxazolidine-2-thiones (Fig. 1). In broccoli, the primary glucosin-
olate is glucoraphanin (4-(methylsulfonyl) butyl glucosinolate)
which yields SFN, isothiocyanate-(4R)-(methylsulfonyl) butane
and SFN nitril, (4-(methylsulfonyl) butyl (Matusheski and Jeffery
2001). When purified glucosinolates and myrosinase are incubat-
ed together at neutral pH, isothiocyanates are the only products of
this reaction (Srivastava and Hill 1974). Nevertheless, only SFN,
and not SFN nitrile, was shown to possess chemoprotective prop-
erties through induction of phase II detoxification enzymes.
Musheski et al. administered SFN and SFN nitrile to male
Fischer rats with daily doses of 200, 500 or 1000 μmol/kg for
five days. They showed that high dose SFN, but not SFN nitrile,
induced hepatic, colonic, mucosal and pancreatic quinone reduc-
tase and GST activities (Matusheski and Jeffery 2001).

SFN molecule consists of an isothiocyanate functional
group (−N = C = S) and a methylsulfonyl side chain (R-(S-
O)-R) (Fig. 1). Zhang et al. synthesized different racemic an-
alogs of SFN differing in the oxidation state of sulfinyl group
and the number of methylene groups. The potencies of each
molecule in the induction of phase II detoxification enzymes
were measured. Compared to the sulfide and sulfone analogs,
SFN had the greatest potency at inducing phase II enzymes
(Zhang et al. 1992). Also, due to its electrophilic structure and
lack of aromatic groups, SFN is water-soluble, and its phar-
macological activity is better at the neutral pH of the intestine
(Xu et al. 2012).

Pharmacology

Metabolism

In addition to the myrosinase enzyme, which hydrolyzes the
glucoraphanin to SFN, glucoraphanin is also degraded by gut
microbiota and absorbed in the colon (Luang-In et al. 2014). In
current studies, particular emphasis is placed on the glutathione-
dependent pathway for the metabolism of SFN. First, because
there is a high millimolar concentration of glutathione (GSH) in
tissues, the conjugation with SFN is a common occurrence
(Dinkova-Kostova et al. 2006). GSHconjugation is amajor route
for elimination of isothiocyanates in mammals (Kassahun et al.
1997). GSH conjugation is catalyzed by glutathione transferase
(GSTs), which lowers the pKa value of the cysteine residues of
GSH such that it exists as a thiolate anion in physiological con-
dition; this enhances its nucleophilic properties to attach to other
electrophiles, including the central carbon of SFN (Dinkova-
Kostova et al. 2006). After conjugation, SFN-GSH is enzymat-
ically degraded to SFN-cysteinglycine. Further degradation
yields SFN-cysteine that is eventually acetylated to form SFN-
N-acetylcysteine or SFN-NAC. SFN-NAC is a bioactive com-
pound that reacts with thiol groups of amino acids residues of

Fig. 1 The production of the detoxifying enzyme glutathione by
activation of Sulforaphane: The figure demonstrates that the physical
damage to the plant and the activation of myrosinase lead to the
formation of some unstable compounds. The R group and the reaction
condition determine the final products
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different proteins (Kumar and Sabbioni 2010). The metabolites
are then excreted in urine and bile (Kassahun et al. 1997).

Bioavailability and biotransformation

There are several factors that affect the bioavailability of SFN.
When myrosinase acts on glucoraphanin to produce primary
unstable products, epithiospecifier protein (EPS) present in
the plant directs the hydrolysis of glucoraphanin towards
SFN nitrile formation, which does not have the anti-
carcinogenic properties of SFN. Matusheski et al. demonstrat-
ed that mild heating simultaneously decreased ESP activity
resulting in, an increased level of SFN relative to SFN nitrile.
He also argued that genetic manipulation, to eliminate the
expression of ESP, can also increase the conversion of gluco-
raphanin to SFN (Matusheski and Jeffery 2001).

Another factor that affects the bioavailability of SFN is the
reversible endogenous biotransformation of SFNmetabolites to
structurally related erucin metabolite. Erucin is also metabo-
lized through the same mercapturic acid pathway (Kassahun
et al. 1997). Kassahun and collogues investigated the metabolic
fate of SFN in rats. They administered single doses of 50 mg/kg
of SFN to rats and analyzed their bile and urine. The samples
were screened for GSH and NAC conjugates. In bile five thiol
conjugates were detected, including GSH conjugates of SFN
(delta SFN) and erucin which suggested oxidative metabolism
of SFN, andNAC conjugate of SFN and erucin (Kassahun et al.
1997). These findings suggest that it is crucial to include all the
biotransformed metabolites of SFN such as erucin for compre-
hensive analysis of health benefits and pharmacology of SFN.

Pharmacodynamics and mechanisms of action

SFN targets various pathways within the cell to attenuate,
reverse, or block the effect of carcinogens. SFN exerts primary
chemoprevention by inhibiting phase 1 metabolizing enzymes
(mostly cytochrome P450) (Langouet et al. 2000), inducing
activation of phase 2 detoxification enzymes and suppressing
pro-inflammatory responses within the cell. SFN promotes
secondary chemoprevention by modulating epigenetic chang-
es within the cell that promote transcription of apoptotic and
cell cycle arrest genes, such as p21 and cyclin D1. Finally,
SFN exerts tertiary prevention through abrogating tumorigen-
esis and metastatic progression by targeting cancer stem cells
in pancreatic and prostate cancer (Kallifatidis et al. 2011).

Induction of Nrf2-ARE mediated transcription

Keap1-Nrf2 is an intrinsic signaling pathway that provides
cytoprotective response towards the disruption of oxidative status
of the cell, normally elicited by intrinsic and extrinsic stress
(Kwak et al. 2004). The current model for the Keap1-Nrf2 inter-
action state under homeostatic conditions indicates that Nrf2 is

bound by Keap1, which allows for the ubiquitination of Nrf2,
marking it for proteasomal degradation. Interaction of SFN with
one of the protein co-factors of Keap1, Cul3, disrupts
ubiquitination of Nrf2, thus releasing Nrf2 to translocate to the
nucleus and bind the antioxidant response elements of many
functional phase 2 and anti-oxidant genes (Fig. 2a) (Kwak et al.
2004). These genes include NAD(P)H quinone reductase 1
(NQO1), glutathione S-transferases (GSTs), heme oxygenase 1,
thioredoxin reductase, and also-keto reductases (Fig. 2a) (Kwak
et al. 2004). In an in vivo study, a broccoli sprout-derived bever-
age of 600μmol glucoraphanin and 40μmol SFNwere provided
to 191 individuals highly exposed to air pollutants. Urinary ex-
cretion of the mercapturic acid derivatives of pollutants such as
benzene acrolein and crotonaldehyde were measured before and
during SFN intake. The results showed a significant increase in
the level of excretion of glutathione-derived conjugates of all
airborne metabolites, confirming that SFN enhances detoxifica-
tion of some airborne carcinogens (Egner et al. 2014).

Suppression of the inflammatory response

Initiation of the inflammatory response within cells requires
initiation of several signaling pathways that promote expres-
sion of various cytokines in response to endotoxins. Two im-
portant pathways related to the inflammatory response include
nuclear factor kappa B (NFkB) and mitogen-activated protein
kinases (MAPK) signaling pathways (Shibata et al. 2010,
Ben-Neriah and Karin 2011). NFkB signaling pathway in par-
ticular, is mechanistically part of the innate immunity response
and is conserved in all multicellular organisms, which further
demonstrates its importance in inflammatory reactions (Ben-
Neriah and Karin 2011). NFkB signaling pathway has a two-
fold role in cancer initiation and progression. Firstly, NFkB
activity prevents tumor initiation by removing cells that have
transformed through mutation or carcinogens through its in-
teractions with cytotoxic immune cells (Disis 2010). Ligand
binding to TLR4 leads to the activation of two parallel path-
ways, the MyD88 dependent and independent pathways that
together, lead to the activation of NF-kB (Fig. 2b).

Moreover, the second function of NFkB in cancer progres-
sion is that once tumor formation has already initiated, NFkB
becomes highly active and prolongs its progression by upreg-
ulating anti-apoptotic genes, or indirectly upregulating cellu-
lar proliferation (Jost and Ruland 2007). As a result, NFkB
signaling pathway plays an important role in cancer progres-
sion and subsequently has become a therapeutic target. Thus,
suppressing inflammation would theoretically inhibit carcino-
genesis and definitively tumor development.

SFN is depicted to have an anti-inflammatory role in con-
junction with its other cancer-preventive properties. SFN has
been shown to form adducts with cysteine residues in the ex-
tracellular domain of TLR4 thus inhibiting activation and pro-
motion of the downstream NFkB mediated signaling pathway
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(Fig. 2b) (Youn et al. 2010). Activation of NFkB in prostate and
colon cancer is associated with up-regulation of inflammatory

cytokines and anti-apoptotic genes. It was also demonstrated
that NFkB was constitutively active in patients with lymphoma
and solid cancers such as prostate, breast, oral cavity, liver,
colon, pancreas and ovary (Aggarwal and Gehlot 2009). SFN
has been shown to down-regulate NFkB in PC3 prostate cancer
cells (Choi et al. 2007). Heiss et al. demonstrated that SFN
reduced DNA binding of NFkB without interfering with lipo-
polysaccharide induced degradation of the inhibitor of NFkB
and nuclear translocation of NFkB (Heiss et al. 2001).

Epigenetic modification of histones

Epigenetic changes play a critical role in development and
differentiation phases; however, they can also arise in mature
humans (Jaenisch and Bird 2003). Compared to genetic alter-
ations, epigenetic changes can be modulated (Nian et al.
2009). Histone modifications and DNA methylation are the
mainmolecular mechanisms that constitute the epigenetic pro-
cess as modulated by HDAC and methyltransferases
(DNMT), respectively (Gal-Yam et al. 2008). Histone acety-
lation results in an open chromatin structure that facilitates the
access of transcription factors to specific gene loci while
HDAC performs an opposite action by removing the acetyl
group from the histones. Overexpression and/or over activity
of HDAC are common hallmarks of cancer (Fraga et al. 2005).
This can lead to a loss of transcription of regulatory genes
responsible for apoptosis and cell cycle arrest in cancer cells.

SFN can act as an HDAC inhibitor (Nian et al. 2009),
which may lead to its ability to induce cell cycle arrest and
apoptosis (Fig. 2c). Computer modeling predicts that SFN-
Cys is a good fit for the active site of the HDAC enzyme
(Nian et al. 2009). Zuryn et al. used image-based fluorescence
cytometry to show that in cells treated with SFN, cyclin D1
content was increased at 30 μmol SFN but was decreased at
60 μM and 90 μM SFN (Zuryn et al. 2016). The highest
increase in the number of p21 positive cells (apoptotic cells)
occurred at 60 μMSFN. Furthermore, they showed that trans-
fection of cells with cyclin D1-siRNA resulted in significant
change in the fraction of apoptotic cell population, highlight-
ing the importance of cyclin D1 in the therapeutic effect of
SFN (Zuryn et al. 2016).

In addition to epigenetic modification of histones, SFN has
been shown to modulate non-coding RNAs. MicroRNAs
(miRNAs), a subtype of non-coding RNAs, can both modu-
late and function as tumor suppressor or oncogenes (Tortorella
et al. 2015). Treatment of breast ductal carcinoma in situ stem-
like subpopulations with SFN increased exosomal miR-140
and decreased miR-21 and miR-29. In addition, SFN de-
creased colony formation and ALDH1 expression. Increased
miR-140 is associated with changes in the microenvironment
leading to cell signaling alterations (Tortorella et al. 2015).
Furthermore, miR-140 has been suggested to target stem cell
factors, SOX9 and ALDH1 (Tortorella et al. 2015).

Fig. 2 The anti-inflammatory, chemoprotectant, and epigenetic
modulatory activities of SFN: a Sulforaphane (SFN) binds to the Cul3
cofactor of kealch-like ECH-associated protein 1 (Keap1), leading to the
release of nuclear factor erythroid 2-related factor 2 (Nrf2) and its
translocation to the nucleus to elicit transcription of various phase 2
detoxifying genes, which include but are not limited to NAD(P)H
quinone reductase 1 (NQO1), glutathione S-transferases (GSTs), and
heme oxygenase 1 (HO-1). b SFN prevents inflammatory activation by
preventing the transcription of inflammatory related genes, such as tumor
necrosis factor-alpha (TNF-alpha) and interleukins (ILs), through the
inhibition of toll like receptor 4 (TLR4) and its subsequent signaling
cascade. c SFN inhibits histone deacetylase, which eventually leads to
the increase of transcription of pro-apoptotic factors, such as Bax, Bad,
and p21, and subsequently apoptosis
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Apoptotic signaling pathway

Carcinogens can create distinct molecular changes in cellular
homeostasis that lead to uncontrollable cellular division,
highlighting the anti-apoptotic activity of cancer (Rudolf
et al. 2014). Targeting pro-apoptotic factors is one strategy
to induce apoptosis and therefore prevent tumor formation
from commencing. In one study, SFN was shown to induce
apoptosis involving p53 and p38, and to downregulate anti-
apoptotic factors Bcl-2, caspase 8 and Bid that are part of the
intrinsic signaling pathway in melanoma cells (Rudolf et al.
2014). SFN’s chemopreventative properties was also demon-
strated in another study, where through its HDACi activity,
SFN subsequently induced apoptosis in PC-3 human prostate
cancer cells. Specifically, SFN activated caspases 3, 8 and 9
and downregulated anti-apoptotic factor Bcl-2 (Singh et al.
2004). Additionally, SFN was also shown to induce apoptosis
in U251MG glioblastoma cells, and accordingly downregulat-
ed Bcl-2 and upregulated the expression of Bax, Bad, and
Bax/Bcl-2 ratio (Zhang et al. 2016a, b). As well, SFN was
also demonstrated to target and activate the MEK/ERK sig-
naling pathway, an important pathway involved in cell surviv-
al, proliferation, differentiation and apoptosis in malignant
glioma GB8401 cell line. As a result, activation of SFN led
to MEK/ERK-mediated apoptosis (Huang et al. 2012).

Sulforaphane and angiogenesis

Angiogenesis refers to the formation of new blood vessels
from pre-existing microvasculature and has a crucial role in
tumor malignant transformation and progression (Benazzi
et al. 2014). Inhibitory effects of SFN on angiogenesis have
been shown on HMEC-1, an immortalized human microvas-
cular endothelial cell line. In vitro treatment of HMEC-1 cells
with SFN significantly decreased the formation of new
microcapillaries (Bertl et al. 2006). SFN inhibits hypoxia-
inducible factor-1 α (HIF-1α) and c-Myc, two angiogenesis-
associated transcription factors. The inhibition of these tran-
scription factors results in the inhibition of key angiogenesis
factors, vascular endothelial growth factor (VEGF) and matrix
metalloproteinase-9 (MMP-9); thus, endothelial cell basal
membrane integrity is affected by SFN and subsequently,
angiogeneic and metastatic potential is reduced (Fig. 3a)
(Bertl et al. 2006). This mechanism is further supported in
another study in HCT116 human colon cancer cells, where
SFN significantly reduced the expression level of VEGF and
HIF-1α in addition to the migratory potential of HCT116 cells
(Kim et al. 2015).

Sulforaphane and autophagy

Autophagy is a catabolic process that degrades damaged pro-
teins and organelles, thereby maintaining the quality of cells.

It has been suggested that autophagy, through a cytoprotective
mechanism, can help cancer cells to survive. SFN has shown
to induce autophagy by increasing expression of LC3 as well
as upregulating its recruitment to the autophagasome (Fig. 3b)
(Antosiewicz et al. 2006). The effect of SFN on autophagy has
been studied in a few types of cancer. In PC-3 and LNCaP
human prostate cancer cell lines, treatment with SFN induced
autophagy, which appears to be a defense mechanism against
SFN-induced apoptosis. However, further treatment of cells
with 3-methyladenine, an inhibitor of autophagy, enhanced
cytosolic release of cytochrome c and apoptotic effects of
SFN (Antosiewicz et al. 2006). It has been further shown that
the combination of SFN with bafilomycin A1, as an inhibitor
of autophagy, enhances apoptotic effect of SFN in breast can-
cer cell line MDA-MB-231 (Kanematsu et al. 2010).

Sulforaphane and metastasis

Tumor invasion and metastasis is a multi-stage process that is
associated with poor prognosis and high morbidity and mor-
tality. One crucial step of tumor invasion and migration in-
volves degradation of extracellular matrix (ECM). Matrix me-
talloproteinases (MMPs) are an important group of matrix
degrading enzymes responsible for tumor cell migration and
invasion. It has been observed that MMP-2 and MMP-9 are
particularly important in the process of tumor invasion, since

Fig. 3 The anti-angiogenesis, anti-metastasis and autophagy activities of
SFN: a Sulforaphane (SFN) inhibits transcription factors hypoxia-
inducible factor (HIF)-1alpha, nuclear factor-kappaB (NFkB), and
proto-oncogene myc (c-Myc), resulting in the downregulation of key
angiogenic and metastatic regulators, vascular endothelial growth factor
(VEGF) and matrix metallopeptidase 9 (MMP-9), and thus, the reduction
of angiogenic andmetastatic potential. b SFN induces the recruitment and
increases the expression of LC3 to autophagosomes, thus, increasing the
activation of the autophagy pathway
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they can degrade type IV collagen and ECM (Tsuchiya et al.
1994). Isothiocyanates including SFN have shown inhibitory
effect on MMP-9 expression and activity in C6 glioma cells.
In the same study, the wound-healing assay and Matrigel-
based Transwell invasion assay confirmed the inhibitory ef-
fect of SFN on C6 glioma cell invasion and migration at a
concentration of 10 μm (Lee et al. 2015). In another study
SFN inhibited lung metastasis of the highly metastatic
B16F-10 melanoma cells in C57BL/6mice by 95.5%. SFN
also improved the survival of animals with metastasis by
94.06%. These effects were attributed to inhibition of activa-
tion of MMPs (Fig. 3a) (Thejass et al. 2006). Similarly, SFN
inhibited the invasion and metastasis of oral carcinoma cell
line YD10B. Dose-dependent decrease in expression of
MMP-1 and MMP-2 was observed (Jee et al. 2011).

Therapeutic application and health benefits

Over the last few decades, an emerging emphasis on the im-
portance of dietary phytochemicals to fight cancer has been
spurred on by the limited efficacy and various side effects
associated with chemotherapy and radiotherapy (Singh et al.
2017). In addition, health benefits of dietary phytochemicals
including cruciferous vegetables has been observed in epide-
miological studies. It has been suggested that, compared to
other vegetables and fruits, cruciferous vegetables may be
more effective in cancer prevention. Most studies showed that
the consumption of 3–5 servings of cruciferous vegetables per
week has the strongest inverse relationship with cancer risk
(Jeffery and Keck 2008). In The Nurses’ Health Study 88,410
female registered nurses were followed for 14 years to inves-
tigate the association between fruit and vegetable intake and
the incidence of non-Hodgkin’s lymphoma. The results
showed that women who had >5 servings of cruciferous veg-
etables per week had a lower risk of non-Hodgkin’s lympho-
ma (multivariate Relative Risk: 0.67) (Zhang et al. 2009). In a
case-control study involving 1619 cases of confirmed prostate
cancer, intake of cruciferous vegetables was inversely related
to prostate cancer, especially in advanced cases (Kolonel et al.
2000). In another case-control study it was shown that higher
intake of cruciferous and dark green vegetables is associated
with lower risk of renal cell carcinoma (RCC). Importantly,
this study demonstrated a stronger association of RCC with
cruciferous vegetables than RCC with nutrients such as alpha-
carotene, beta-carotene, beta-cryptoxanthin and lutein, which
suggests presence of another effective compound in crucifer-
ous vegetable (i.e. isothiocyanates) that is responsible for re-
duced risk of cancer (Yuan et al. 1998). Although epidemio-
logical studies showed the health benefits of cruciferous veg-
etables, preclinical studies are required to reveal the underly-
ing mechanisms. Isothiocyanates including SFN have been
widely investigated in in vivo and in vitro studies. SFN has

shown to selectively exert cytotoxic effects in various human
cancer cells while having no cytotoxic effect on normal cells.
Clarke et al. evaluated the effect of SFN on normal, benign
hyperplasia and cancerous prostate epithelial cells. They ob-
served that 15 μmol SFN selectively inhibited HDAC activity
and induced p21 expression in benign hyperplasia and cancer-
ous cells, while it only caused a transient decrease in HDAC
activity and did not affect p21 expression in normal cells,
suggesting a differential effect on normal versus cancer cells
(Clarke et al. 2011a, b). Experimental studies supported by
epidemiological data suggest a chemoprotective association
between consumption of SFN, contained in broccoli sprouts,
and breast cancer. Estrogen is considered a risk factor in breast
carcinogenesis, which operates through two mechanisms, first
by the induction of estrogen-induced cell proliferation and
second, by the formation of active estrogen metabolites.
Oxidative metabolism of estrogens by CYP1B1 produces 4-
hydroxyestradiol, which generates free radicals that act as car-
cinogens (Licznerska et al. 2015). SFN induces NQO1 and
GST that detoxifies these metabolites, suppressing carcino-
genesis (Licznerska et al. 2015). SFN as a dietary supplement
demonstrated cancer chemoprevention efficacy in intestinal
polyposis in ApcMin/+ mouse model in a dose-dependent
manner. Supplementation with SFN (300 and 600 p.p.m.)
for 3 weeks significantly decreased the number and size of
intestinal polyps. In addition, these polyps showed higher ap-
optotic and lower proliferative indices (Hu et al. 2006).
Topical application of SFN-containing broccoli sprout extract
for 11 weeks reduced skin tumor burden, incidence and mul-
tiplicity by 50% in irradiated mice. However, this effect was
only observed in the group of animals that received a maxi-
mum dose of 1 μM SFN (Dinkova-Kostova et al. 2006).

Additionally, studies highlighting the ability of SFN to at-
tenuate stemness properties of cancer stem cells are emerging.
For instance, Vyas et al. demonstrated that SFN treatment
diminished prostate cancer stemness traits, including the en-
hanced activity of aldehyde dehydrogenase 1 (ALDH1), en-
richment of CD49f + fraction, and sphere forming efficiency.
As well, the expression of c-Myc, an oncogenic transcription
factor that is frequently deregulated in prostate cancer cells,
was markedly suppressed in vivo and in vitro (Vyas et al.
2016). Moreover, evidence of SFN’s anti-tumor effects is
demonstrated in a study done by Li et al., using the breast
cancer xenograft model of SUM159 cells in NOD/SCIDmice.
Xenografted mice that were injected with 50 mg/kg of SFN
displayed a 50% marked reduction in size compared to the
control, while also displaying a reduced ALDH-positive pop-
ulation, an indicator of a decreased cancer stem cell (CSC)
population (Li et al. 2010). In the same study, SFN was also
shown to reduce the self-renewal ability of breast cancer stem
cells, as indicated by the reduction in sphere-forming cells that
are characteristically known to have stemness properties (Li
et al. 2010). Furthermore, in a previous study, SFNwas able to
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additively enhance the therapeutic effects of TRAIL (Tumour
Necrosis Factor-Related Apoptosis-Induced Ligand) agent
and consequently decrease the tumor initiating cells (de
Conti et al. 2012) or the CSC population synergistically.
Mechanistically, it was demonstrated that CSCs were resistant
to the apoptotic inducing effects of TRAIL because of the
presence of the enhanced signaling of NFkB (TRAIL-
activated nuclear factor-kappaB). Moreover, SFN is
characteristically able to inhibit NFkB signaling and
therefore reduce TRAIL treatment resistance and reduce
viability of the CD44+/CD133+ CSC subpopulation
(Tortorella et al. 2015).

Table 1 summarizes the preclinical studies of SFN. In ad-
dition to pre-clinical experiments, SFN has demonstrated
promising results in clinical studies. Zhang et al. found an
inverse association between cruciferous vegetable intake and
Ki-67 protein expression in womenwith DCIS; however, sim-
ilar results were not observed in benign breast tissue or inva-
sive ductal carcinoma (Zhang et al. 2016a, b). A double-
blinded, randomized, placebo-controlled clinical trial that in-
volved 78 patients with biochemical recurrence of prostate
cancer after radical prostatectomy used a daily oral adminis-
tration of 60 mg of stabilized free SFN for 6 months followed
by 2 months without treatment. Median log PSA slopes were
calculated and showed a significant decrease in the treatment
group. In addition, men that received treatment with SFN had
a significant longer PSA doubling time compared with the
placebo group (28.9 vs. 15.5 months). In men with recurrent
prostate cancer treatment with 200 μmoles/day of SFN-rich

extracts for a maximum period of 20 weeks resulted in signif-
icant lengthening of the on-treatment PSA doubling time
(6.1 months pre-treatment vs. 9.6 months on-treatment).
Importantly, none of the study subjects experienced grade 3
adverse events. GI disorders were the most common adverse
events observed in this study (Alumkal et al. 2015). An addi-
tional health benefit of SFN is its ability to display protective
effects on the quality of life of cancer patients. Adjuvant che-
motherapy has shown to decrease the quality of life in some
cancer patients by inducing anxiety, depression and/or emo-
tional dysfunction (Reece et al. 2013). Interestingly, there are
studies demonstrating the anti-anxiety and anti-depressant ef-
fects of SFN. Wu et al. showed that SFN, due to its anti-
inflammatory effects, could inhibit inflammatory response to
stress and inhibit hypothalamic-pituitary-adrenal stress axis
(Wu et al. 2016). It is argued that due to SFN’s low molecular
weight, it can easily cross the blood brain barrier to produce
anti-depressant and anti-anxiety effects in animal studies.

Significantly, a diet of three to five servings per week is
sufficient to decrease the risk of cancer development by 30%–
40% (Jeffery and Keck 2008). Systematic reviews of the lit-
erature have also confirmed an association with weekly intake
of cruciferous vegetable and a decreased risk of cancer devel-
opment (Wu et al. 2013). It was found that subjects who con-
sumed at least one portion of cruciferous vegetables per
week as compared with those with no or occasional
consumption were associated with a significantly re-
duced risk of oral cavity, pharynx, esophageal, colorec-
tal, breast, and kidney cancer.

Table 1 Pre-clinical studies of SFN in various human cancer cells

Cell Lines Dose of SFN Key Observation Reference

Benign hyperplasia (BPH1) and cancerous
prostate epithelial cells (LnCap and PC3)

15 μM - HDAC activity inhibition
- p21 induction

(Clarke et al. 2011a,
b)

Breast cancer cell lines (MCF7 and
MDA-MB-231)
and non-tumorigenic MCF10A

5 μM and
20 μmol/L

- Cell viability induction
- Apoptosis induction
- CYP1A1 reduction
- CYP19 reduction (MCF-7)

(Licznerska et al.
2015)

Prostate cancer cell lines (LNCaP, C4–2
and PC-3)

1–20 μmol (20 for
myc, 2.5 and 5
for pCSC)

- Suppression in c myc
- pCSC inhibition
- ALDH1 reduction
- CD49f + reduction

(Antosiewicz et al.
2006)

Breast cancer cell lines (MCF7 and SUM159) (1–5 μmol/L) - Inhibition of proliferation
- Apoptosis induction
- ALDH reduction
- Size and number of primary mammospheres

reduction

(Kanematsu et al.
2010)

Prostate cancer cell lines (DU145 and PC3)
with enriched CSC features, and primary
patient-derived prostate CSCs

SFN and/or soluble
TRAIL

- CSC properties reduction compared
to TRAIL treated

- TRAIL-induced NF-κB binding; CXCR4,
Jagged1, Notch 1

(Labsch et al. 2014)

Breast CSCs in vivo, a xenograft model of
SUM159 cells in NOD/SCID mice

50 mg/kg/D - ALDH-positive population reduction by >50%
- Tumorigenic potential reduction SFN, 78 to 43%,

TRAIL to 38%, and the double treatment to 13%

(Li et al. 2010)
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Perspective on combination therapy

Cancer is a major global public health challenge. It has been
suggested that 30–40% of cancer is preventable over time if
appropriate food and nutrition is implemented in the diet
(AICR 2007). One particular approach that has displayed ef-
fective results in oncology research is the use of a combination
of therapeutics that synergistically target multiple pathways to
formulate enhanced anti-cancer efficacy. The use of natural
chemotherapeutic agents in combination therapy may serve
as an alternate therapeutic intervention in cancer treatment
and prevention. These agents partly deal with lessened finan-
cial and economic burden alluding to the fact that there is
generally a vast supply of natural plant resources for extrac-
tion purposes. Many natural products have demonstrated po-
tent anti-cancer properties and represent extensive chemical
diversity due to the vast number of species and plants present
on earth (Abhishek Bhanot and Noolvi 2011).

There has been extensive research on combination therapy
for cancer treatment; for instance, bevacizumab in combina-
tion with an absorbable curcumin resulted in a reduction in
tumor growth and inhibition of angiogenesis in HT29 colonic
cancer cells (Yue et al. 2016). In another study, the combina-
tion of HDACi, MS-275, and demethylating agent,
azacytidine, significantly induced apoptosis and inhibited tu-
mor growth in mice with lung adenocarcinomas (Belinsky
et al. 2011).

SFN has demonstrated chemopreventive properties with
selective cytotoxicity in several types of cancer (Fig. 2)
(Myzak and Dashwood 2006) that suggest SFN should be
considered as a very effective chemopreventive agent for can-
cer. Moreover, combination therapies that combine SFN with
other therapeutic agents favor a potential treatment modality
for cancer (Kallifatidis et al. 2011, Islam et al. 2016). As an
example, Kallifatidis et al. reported SFN to potentiate the anti-
cancer effects of cisplatin, gemcitabine, doxorubicin or 5-
flurouracil on prostate cancer cell line MIA-PaCa2 while also
increasing cytotoxicity of cancer stem cells (Kallifatidis et al.
2011). In some studies, it was shown that SFN can selectively
target cancer cells and sensitize them to the cytotoxic effects
of other anti-cancer drugs. For instance, administration of
SFN enhanced the pro-apoptotic effects of oxaliplatin, a che-
motherapeutic, on colorectal cancer cells because the com-
bined agents simultaneously targeted both the extrinsic and
intrinsic apoptotic pathways. This co-administration forced
the cancer cells to undergo necrosis in addition to reducing
apoptosis resistance (Kaminski et al. 2011).

Work from our lab illustrates the usefulness of SFN in com-
bination with agents other than chemotherapeutics. Mokhtari
et al. reported on the inhibitory effect of the combination of
acetazolamide, a carbonic anhydrase inhibitor, and SFN on the
growth and viability of bronchial carcinoid cell lines; H727 and
H720 cell lines were used for in vitro and in vivo studies. SFN

and AZ combination induced enhanced growth inhibition in
lower dose concentration compared to either single agent. The
combination of AZ and SFN effectively reduced clonogenic
ability, 5-HT content, and the invasiveness of tumor cells
(Mokhtari et al. 2013). Similarly, Islam et al. showed that the
combination of acetazolamide and SFN inhibited tumor growth
and induced apoptosis in a dose-dependent manner by blocking
the PI3K/Akt pathway in bladder cancer cell lines HTB-9 and
RT112 (H) (Islam et al. 2016). The combination of AZ + SFN
displayed an additive role in the down-regulation of cell prolif-
eration marker Ki-67 (Islam et al. 2016). Additionally, AZ po-
tentiated SFN-induced apoptosis with higher efficacy compared
to AZ or SFN alone (Mokhtari et al. 2013). Combinations of
SFN with other carbonic anhydrase inhibitors or HDACi, such
as benzenesulfonamide and synthetic MS-275, may display
promising additive effects and therefore should be actively pur-
sued. It should be noted that MS-275 also downregulates NFkB,
thus potentially enhancing the anti-inflammatory response
(Srivastava et al. 2010).

Therapeutic value of sulforaphane

The actual value of SFN in cancer chemoprevention and as a
cancer therapeutic is still not fully elucidated. Theoretically,
dietary isothiocyanates with their chemopreventive properties
may prove valuable in the fight against cancer at all stages in
tumor development. However, careful consideration should
be taken when advising for the use of SFN with other chemo-
therapeutics because SFN has shown to reduce efficacy in
certain cases. For instance, SFN mechanistically upregulates
Nrf2 signaling. This mechanism may potentially reduce the
effectiveness of other chemotherapeutics because the upregu-
lation of Nrf2 results in the activation of phase 2 detoxifying
enzymes, resulting in anti-apoptotic effects (Turrini et al.
2014).

SFN has shown promising results in numerous preclinical
studies, however, more clinical studies are required to explore
the efficacy as a chemopreventive or anti-cancer therapeutic
agent in humans. In previous studies, SFN has shown to lack
genotoxicity and be highly tolerable and safe in humans
(Shapiro et al. 2006). It should be noted that different epide-
miological or pre-clinical studies have used various sources of
SFN, route, dose, duration and frequency. Therefore, a gener-
ally acceptable guideline for SFN administration is missing.
Dietary doses of SFN have shown to modulate to some de-
gree, xenobiotic-metabolizing enzyme systems and conse-
quently, chemopreventive activity (Yoxall et al. 2005).
However, a SFN concentration of 4.4 mg/kg per day was
shown to have inhibitory growth effects on human cancer
xenografts; corresponding to 308 mg of SFN administered
daily to a 70 kg individual (Herr and Buchler 2010).
Moreover, Cornblatt et al. reported that a single dose of orally
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administered broccoli sprout (200 μmol SFN) was well toler-
ated and was shown to exert chemoprotective efficacy in
breast epithelial cells (Cornblatt et al. 2007). However,
Atwell et al. found that twice-daily administration of SFN
results in higher plasma concentrations compared to single
dose administration, further supporting the need for a gener-
ally accepted guideline for SFN administration (Atwell et al.
2015).

Regarding the route and formulation of SFN administra-
tion, oral administration of fresh broccoli sprouts has shown to
increase the absorption and consequently, the bioavailability
of SFN in various studies (Atwell et al. 2015). An important
factor to consider that affects the recovery of SFN from vari-
ous preparations of cruciferous vegetables and dietary supple-
ments is the difference in myrosinase activity (Clarke et al.
2011a, b). For instance, Shapiro et al. reported that the
chewing of fresh broccoli sprouts increases the interaction of
glucosinolates with myrosinase and consequently, increases
the bioavailability of SFN in the body (Shapiro et al. 2001).

4NQO, 4-nitroquinoline-1-oxide; ALDH1, aldehyde dehy-
drogenase 1; ARE, antioxidant response elements; CSC, cancer
stem cell; DNMT, methyltransferases; ECM, extracellular ma-
trix; ESP, epithiospecifier protein; GSH, glutathione; GSTs, glu-
tathione S-transferases; HDAC, histone deacetylase; HIF-1α,
hypoxia-inducible factor-1α;MMPs,Matrixmetalloproteinases;
PEITC, Phenethyl isothiocyanate; RCC, renal cell carcinoma;
SFN, sulforaphane; TIC, tumor initiating cell; TPA, 12-O-
tetradecanoylphorbol-13-acetate; TRAIL, Tumour Necrosis
Factor-Related Apoptosis-Induced Ligand; VEGF, vascular en-
dothelial growth factor; WCRF, World Cancer Research Fund.
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