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Sulforaphane (SFN) is a natural glucosinolate found in cruciferous vegetables that acts as a chemopreventive agent, but
its mechanism of action is not clear. Due to antioxidative mechanisms being thought central in preventing cancer
progression, SFN could play a role in oxidative processes. Since redox imbalance with increased levels of reactive
oxygen species (ROS) is involved in the initiation and progression of bladder cancer, this mechanism might be involved
when chemoresistance occurs.
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| 1. Introduction

The phytochemical drug, sulforaphane (SFN), can be used to treat bladder cancer. The precursor of SFN, glucoraphanin,
is highly enriched in cruciferous vegetables from the Brassicaceae family, including broccoli, cauliflower and cabbage. The
mean content of glucoraphanin per gram uncooked broccoli has been calculated at 0.38 pmol, and levels of
glucoraphanin evaluated in over 75 different genotypes of field-grown hybrid broccoli average between 0.88 pmol and
1.10 umol glucoraphanin per gram fresh weight . Importantly, glucoraphanin itself is not bioactive. Rather, enzymatic
hydrolysis by myrosinase, present in the plant tissue or in the mammalian microbiome, is necessary to form the active
component, SFN.

Ten years ago, a redox regulating function of SFN was identified 2, Disrupting the redox balance by increasing free
radicals, predominantly reactive oxygen species (ROS), has been shown to be closely associated with carcinogenesis
and metastatic progression &l. The degree and direction of disruption may be crucial since a moderate increase of ROS
has been associated with enhanced cancer progression, while a strong and massive increase of ROS may act as a
cancer suppressor by inducing apoptosis 4. Based on in vitro, in vivo and patient studies, SFN has been shown to exert
both chemopreventive and tumor-suppressive properties through multifaceted mechanisms 2.

| 2. SFN in Bladder Cancer

2.1. Preclinical and Clinical Studies

SFN's role as a natural HDAC-inhibitor is highly relevant, since 90% of all cancers can be attributed to epigenetic
modification €], Several US Food and Drug Administration (FDA) approved HDAC-inhibitors are currently in clinical use.
Unfortunately, drugs such as Vorinostat, Belinostat, Panobinostat and Romidepsin are all associated with adverse
reactions and resistance development [8l. These disadvantages could possibly be avoided by adding SFN to therapy <.
Since SFN can easily be extracted from cruciferous vegetables and produced in large quantities, it could serve as a
convenient and economic strategy for bladder cancer chemoprevention.

Cell proliferation inhibition, cell-cycle arrest, apoptosis induction, invasion and metastasis blockade all take place after
bladder cancer cells are exposed to SFN 9. SFEN exerts stronger anti-proliferative effects on bladder cancer cell lines
under hypoxia, compared to normoxic conditions L. This is important since hypoxia facilitates cancer progression,
suggesting that SFN may be highly efficient in high grade, rapidly growing tumors where ROS is on the increase.

2.2. SFN’s Influence on ROS

Evidence shows that SFN upregulates the ROS level in T24 bladder cancer cells to induce apoptosis 12, SFN treatment
has been associated with loss of the mitochondrial membrane potential, with cytochrome c release and alteration of the
Bcl-2/Bax ratio. In addition, SFN increases the activity of caspase-9 and -3, but not of caspase-8, and mediates the
cleavage of poly ADP-ribose polymerase (PARP). These findings have been interpreted such that SFN triggered ROS
generation modifies the intrinsic apoptotic pathway 12. Other investigators have shown that SFN-induced apoptosis of
5637 cells via a ROS-dependent pathway is linked to both caspase-8 and -9 activation, indicating an influence of both



intrinsic and extrinsic apoptotic pathways 3l Therefore, it seems that ROS exerts its effects on apoptosis via different
mechanisms, depending on the cell line. This means that depending on the cancer type, SFN may initiate apoptotic
events in bladder cancer patients over different mechanisms and to a differing extent. It would be of interest to explore
whether high and low responders to SFN can be differentiated.

2.3. SFN Acts on Nrf2

SFN potently inhibits carcinogenesis via activation of the Nrf2 pathway 141, The daily administration of an aqueous extract
of broccoli sprouts to rats (equivalent to isothiocyanate doses of 40 pymol/kg and 160 pmol/kg body weight) inhibited N-
butyl-N-(4-hydroxybutyl) nitrosamine induced bladder cancer development and was associated with a significant induction
of glutathione S-transferase and NAD(P)H:quinone oxidoreductase 1 3. Induction of these enzymes was largely
mediated by Nrf2 18], Notably, Nrf2 activation by SFN in the bladder occurred primarily in the epithelium, which is the
principal site of bladder cancer development. Since Nrf2 is critical to stimulating a variety of cytoprotective genes and is
closely involved in inhibiting DNA damage, activating Nrf2 by SFN might be a key strategy to prevent bladder cancer
initiation 2. Still, the relevance of the Nrf2 pathway for bladder cancer progression is not completely understood. In fact,
Nrf2 induction has also been considered a secondary process, following an increased ROS level and endoplasmic
reticulum stress evoked by SFN 28 |n this case, Nrf2 could exert a prosurvival role by hindering ROS-induced apoptosis
(191 and the overexpression of Nrf2 target genes could support cell proliferation by increasing ribonucleotide synthesis,
serine biosynthesis and autophagy 2%, Recently, a hormetic action was found in an angiogenesis assay where 2.5 pM
SFN promoted endothelial tube formation but inhibited it at 10-20 pM 2, Whether the dose-dependency seen with SFN
contributes to the role of Nrf2 as an oncoprotein or a tumor suppressor remains open.

2.4. SFN and MAPK Signaling

Although the influence of SFN on the MAPK pathway has been documented, respective experiments on bladder cancer
cells are sparse. SFN upregulates the expression of two Nrf2-dependent enzymes, glutathione transferase (GSTA1-1)
and thioredoxin reductase (TR-1), and downregulates COX-2 in T24 cells, which is closely associated with p38 MAPK
activity 2. Abbaoui and coworkers observed apoptosis and tumor weight reduction in murine UMUC3 xenografts
exposed to SFN. The antitumor effect of SFN was associated with downregulation of both the epidermal growth factor
receptor (EGFR) and the human epidermal growth factor receptor 2 (HER2/neu) (23], This is remarkable, since inhibition of
either EGFR or HER2 signaling has been shown to correlate with enhanced p38 MAPK phosphorylation 24, Gemcitabine
or cisplatin treatment in human bladder cancer models has been shown to cause a dose-dependent release of ROS and
activate the p38 MAPK-signaling pathway [22. The similarity between gemcitabine/cisplatin and SFN triggered pathway
alterations in bladder cancer may open new therapeutic strategies, including a combined treatment regimen to cause
additive effects. SFN may also serve as an alternative drug candidate, once gemcitabine/cisplatin resistance has
occurred.

2.5. SFN and NF-kB Signaling

NF-kB signaling correlates with aggressive bladder cancer behavior and poor clinical outcome 28, Therefore, NF-kB
inhibitors have been proposed as efficacious targeted therapies 24. Concomitant NF-kB inhibition has been observed in
BIU87 bladder cells, as SFN inhibits cell proliferation, arrests the cell cycle at the G2/M phase and induces apoptosis 28],
Although the underlying mode of action has not been explored in detail, the authors suggest that the insulin-like growth
factor-binding protein-3 (IGFBP-3) is critically involved in suppressing NF-kB, either by blocking IGF1 signaling, by acting
on cell-cycle-regulating proteins or by interfering with the MAPK-signaling pathway. SFN has been shown to downregulate
COX-2 expression in T24 bladder cancer cells at both the transcriptional and translational level. This may be due to the
nuclear translocation of NF-kB and reduced binding to the COX-2 promotor, initiated by upregulation of MAPK 29, Further
publication concerning SFN's influence on the NF-kB pathway in bladder cancer is not available, so that the question of
whether NF-kB inhibition is responsible for SFN's chemopreventive and antitumor properties remains unanswered.

2.6. SFN and Akt/imTOR Modulation

The Akt-mTOR-pathway serves as a central regulator of cell growth and proliferation. In three bladder cancer cell lines
(RT112, UMUC3 and TCCSUP), SFN treatment significantly suppressed the amount of phosphorylated Akt and
phosphorylation of the mTOR subunit Rictor BY. Reduction of Akt and mTOR phosphorylation, along with diminished
p70S6k downstream signaling under SFN, has also been observed in HTB-9 cells B, pointing to a common mechanism
of SFN action. The relevance of SFN as a cell-cycle inhibitor has furthermore been proven in terms of diminished
expression of the cell-cycle-regulating proteins of the cyclin and CDK family. Accordingly, the CDK inhibitors, p19 and p21,
are elevated under SFN BUBL, The suppressive effect of SFN on Akt-mTOR signaling has also been seen with long-term
treatment, in contrast to resistance induction evoked under chronic use of the established mTOR-inhibitors, everolimus



and temsirolimus Y2 Further investigation into adding SFN to everolimus/temsirolimus treatment for reversion or
prevention of drug resistance might, therefore, be warranted. Although the Akt/mTOR pathway is connected to ROS
dependent signaling, the concerted action of SFN on Akt/mTOR-ROS has not been proven. The natural compound
luteolin with strong antioxidative properties has been shown to inhibit cell survival and induce G2/M cell-cycle arrest of
T24 cells. This was coupled to p21 upregulation and p70S6k downregulation 23!, A similar mode of action may hold true
for SFN as well. In fact, induction of apoptosis and senescence of esophageal squamous cell carcinoma cells by SFN was
triggered by a ROS-mediated mTOR inactivation 4],

| 3. Conclusions

The natural HDAC-inhibitor, SFN, acts in a multifaceted fashion on bladder cancer, leading to cell growth arrest,
proliferation blockade, apoptosis induction, along with suppression of tumor cell motility and invasion. SFN’s inhibitory
activity is not restricted to bladder cancer but is apparent in other tumor types as well. Apoptosis induction by SFN via
ROS is seen in hepatocellular carcinoma 22, lung cancer 28 and breast cancer cells B4, How SFN specifically targets
bladder cancer remains to be clarified. Several molecular pathways associated with bladder cancer could serve as
potential targets. These include CD44-related signaling 28], Notch and MAPK signaling B2, AkmTOR signaling ¥2 or
JAK/STAT and NF-kB/Snail signaling 41, SFN influences all of these signaling pathways, making it an interesting
candidate for supportive tumor therapy. Notably, negative side-effects and resistance-induction, as encountered with
established drugs, are not evoked by SFN, which could further strengthen its clinical usefulness. Still, the relevance of
ROS and ROS-related pathways for bladder cancer progression is not fully elucidated and both tumor-promoting and
tumor-suppressing activities have been documented.

Based on current knowledge, mild elevation of ROS activates pro-tumorigenic survival and tumor growth, whereas
excessive concentration of ROS leads to the induction of cell death. Thus, opposing strategies must be critically
evaluated. This includes either therapeutic downregulation of ROS to prevent oncogenic signaling or upregulation of ROS
above a sensitive threshold to cause oxidative damage (Figure 1).
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Figure 1. Influence of SFN on ROS-related
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pathways on bladder cancer. SFN blocks carcinogenesis by activating Nrf2 or the p38MAPK/Nrf2 axis and counteracting a
moderate ROS-increase. Based on an initially excessive ROS level, SFN further increases ROS, resulting in apoptosis
and proliferative inhibition. Nrf2 is thus considered a secondary product, followed by a ROS-increase involving anti-
apoptotic properties. SFN also acts on the AktmTOR and NF-kB pathways, whereby the relevance of ROS as a trigger
factor has not finally been validated; === indicates activation; === indicates inhibition; | indicates not clear.

Ongoing studies are required to precisely define the role of ROS on tumorigenesis and cancer progression. Accordingly,
the consequences of SFN-ROS communication in regard to tumor cell behavior should be explored in more detail. In
particular, SFN’s mode of action in tumor cells with a moderate versus substantial ROS level should be evaluated. Since
the response of tumor cells to radiotherapy or chemotherapy is promoted by increased ROS production, ROS inhibition
may at least be partially responsible for therapeutic resistance. In this context, treatment targeting the antioxidative stress
system is an important research direction to counteract radioresistance and chemoresistance. Intriguingly, SFN has
overcome cisplatin-based resistance via ROS-modulation. This is highly relevant in regard to second line treatment
options. Further investigation is essential to determine the degree to which ROS contributes to the development of
resistance processes triggered by undesired feedback loops and to what degree SFN counteracts tumor cell re-activation
in the course of chemotherapy. Finally, SFN’s considerable antitumor potential has been documented in vitro and in vivo
but not in tumor patients. Limited bioavailability of SFN remains a hurdle, necessitating further investigation into increasing
bioavailability. Genetically altered plants with significantly higher amounts of glucoraphanin have been developed, which
might overcome this problem. Nano-encapsulation and the synthesis of potent SFN analogues may also increase the
bioavailability of SFN. Therefore, many aspects regarding SFN application remain to be investigated before a final
conclusion can be drawn in respect to its use as an anticancer compound.
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