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Abstract

Prostate cancer (PCA) is the most commonly diagnosed cancer in men in the United States with
growing worldwide incidence. Despite intensive investment in improving early detection, PCA
often escapes timely detection and mortality remains high; this malignancy being the second
highest cancer-associated mortality in American men. Collectively, health care costs of PCA
results in an immense financial burden that is only expected to grow. Additionally, even in cases
of successful treatment, PCA is associated with long-term and pervasive effects on patients. A
proactive alternative to treating PCA is to prevent its occurrence and progression prior to
symptomatic malignancy. This may serve to address the issue of burgeoning healthcare costs and
increasing number of sufferers. One potential regimen in service of this alternative is PCA
chemoprevention. Here, chemical compounds with cancer preventive efficacy are identified on the
basis of their potential in a host of categories: their historical medicinal use, correlation with
reduced risk in population studies, non-toxicity, their unique chemical properties, or their role in
biological systems. PCA chemopreventive agents are drawn from multiple broad classes of
chemicals, themselves further subdivided based on source or potential effect, with most derived
from natural products. Many such compounds have shown efficacy, varying from inhibiting
deregulated PCA cell signaling, proliferation, epithelial to mesenchymal transition (EMT),
invasion, metastasis, tumor growth and angiogenesis and inducing apoptosis. Overall, these
chemopreventive agents show great promise in PCA pre-clinical models, though additional work
remains to be done in effectively translating these findings into clinical use.
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Prostate Cancer

Prostate cancer (PCA) is the most commonly diagnosed cancer of American men, with an
estimated 238,590 new cases of PCA along with 29,720 deaths in 2013 alone [1]. Studies
have revealed that these numbers, as large as they are, may not be comprehensive despite
intensive efforts to improve early detection of PCA. In an autopsy study, histological
analysis of prostates revealed that prostatic intraepithelial neoplasia (PIN) was found in 9%
of men still in their 20’s and carcinoma was found in 27% of the prostates from men in their
30’s [2]. In the PCA Prevention Trial, 2,950 men were found to have normal results in both
annual prostate specific antigen (PSA) tests as well as digital rectal examinations, yet of
these men, 449 (15.2%) were diagnosed with PCA [3]. Undiagnosed PCA is problematic, as
PCA that has progressed to an advanced and metastatic stage is associated with high
mortality, with 3/4™ of patients dying within 5 years [1]. Even successful early detection and
treatment of PCA is not without its burdens. In 2010, an estimated 11.85 billion dollars were
spent in the United States on the direct health care costs of PCA alone [4]. This number is
only expected to grow in the absence of alternative prevention and treatment modalities as a
function of several factors. Diagnoses of PCA are expected to get better with time due to
improved detection techniques and an increased life expectancy. New treatments have
already served to increase the cost of treating PCA by more than 350 million dollars from
2002 to 2005 [5]. Thus the development of novel, but higher priced, interventions in
combination with a predicted higher number of diagnosed cases may serve to greatly
increase the financial costs of PCA. Furthermore, this does not include the personal burden
of PCA, even successful treatment carrying with it years of urinary incontinence, bowel
dysfunction, and sexual impotence. In a study following patients who claimed normal
function prior to undergoing radical prostatectomy, it was found even 3 years later that 58%
of them reported urinary incontinence, 27% reported bowel distress, and 94% reported
minor to serious sexual dysfunction [6]. In another study following the effects of radical
prostatectomy 2 years following surgery, patients reported urinary distress in 49% of cases
and sexual disorders in 60% [7]. Radiation therapy carries similar risks even 3 years after
treatment, with urinary issues being less of a concern, reported in only 17% of cases, but
with a marked increase in the rate of cases of bowel dysfunction, rising to 66%, and again a
high rate of sexual dysfunction, being reported by patients in 74% of cases [6]. In fact, the
cost and consequences of screening and treatment are such that the United States Preventive
Services Task Forces has recommended against regular PSA screening in asymptomatic men
as it might contribute to unneeded and aggressive treatment that may not significantly
protect the patient population [8, 9] though this conclusion is not universally accepted [10].
As a result of these factors, there is growing interest in developing novel prevention and
treatment regimens intended to reduce the risk of PCA or even reverse its progression in a
treated population without regard to symptomatic presentation.

Cancer Chemoprevention

Cancer chemoprevention has been conceived as one possible alternative/additional regimen,
whereby well-tolerated and ideally inexpensive agents are taken to reduce cancer risk. This
overarching philosophy for addressing cancer risk can be further categorized as primary,
secondary, and tertiary cancer chemoprevention [11-13]. Primary chemoprevention
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addresses the cancer initiation or earliest dysfunction in initiated cells to reduce the risk of
cancer development [13, 14]. Failing this, secondary chemoprevention is focused on the
eradication or induction of stasis in premalignant lesions preventing the development of
malignancy [13]. Finally, tertiary chemoprevention is intended to prevent the recurrence or
second primary cancers in individuals who have earlier undergone successful intervention
[13]. As chemopreventive compounds may be expected to be used long-term or even
indefinitely as a counter to the lengthy multistage process by which cancers develop, these
agents should ideally be nontoxic [15, 16] and thus there have been many chemoprevention
studies focused on agents found in natural products.

Prostate Cancer Chemopreventive Agents

Fruits & Vegetables

High intake of fruits and vegetables in general has not been correlated with a reduction in
PCA risk, but agents contained in various fruits and vegetables have been shown to possess
PCA chemopreventive potential [17, 18]. One agent, the flavone apigenin (Figure 1A), is
found in many fruits and vegetables. In the prostate cell line, PC3-M, it was found that
exposure to apigenin disrupted cytoskeletal alterations necessary for motility, resulting in
morphological changes within the cell [19]. This appeared to be a result of a reduction in
focal adhesion kinase (FAK)/Src signaling. Live cell imaging revealed that apigenin
exposure reduced cell motion speed and directionality. In the PCA cell line 22Rv1, exposure
to apigenin resulted in phosphorylation of p53, induction of p21/WAF-1, increase in Bax
levels, and ROS generation, while inhibiting NF-xB/p65 transcriptional activity and down-
regulating MDMZ2, Bel-xL, and Bcl-2 [20]. These molecular alterations by apigenin together
translated to a suppression of 22Rv1 growth and induction of apoptosis both in vitro as well
as in an invivo model [20]. Quercetin (Figure 1A) is a flavonoid found in a broad range of
plant products and was found to enhance apoptosis and inhibit proliferative signaling,
invasion, and metastasis in PCA cells [21, 22]. Resveratrol (Figure 1A) is a phytoalexin
found in the skin of red grapes, wine, and peanuts. It was found to inhibit Akt and PI3K
signaling in multiple PCA cell lines and in a mouse xenograft model [23, 24]. This
translated to inhibition of PCA growth, metastasis, and induction of apoptosis. In addition,
resveratrol was found to act as an anti-inflammatory agent through mitogen-activated
protein kinase phosphatase-5 [25]. Pomegranates (Punica granatum) contain a complex
mixture of antioxidant, polyphenolic compounds shown to inhibit androgen synthesizing
genes [26]. Consumption by PCA patients was shown to delay disease progression [27].
Pomegranate extract enriched in naturally occurring polyphenolic ellagitannins, was found
to inhibit LNCaP proliferation as well as markers of angiogenesis in vitro, and reduced PCA
xenograft size and vessel density in a mouse model [28]. Tomatoes (Solanum lycopersicum)
are rich in the carotenoid, lycopene (Figure 1A), a strong antioxidant. It has been shown that
elevated lycopene consumption is strongly associated with decreased PCA risk as found in a
study of 47,894 subjects [29, 30], though some evidence exists that other compounds within
tomato may contribute to this effect as well [31].

Cruciferous vegetables are of the family Brassicaceae, some examples being bok choy,
broccoli, cabbage, mustard, and radish. In a multiethnic case-control study of 1619 men,

Mutat Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ting et al.

Page 4

intake of cruciferous vegetables correlated with reduced risk of prostate cancer [18], and
consumption of cruciferous vegetables has been linked with reduced risk of PCA in several
other epidemiological studies [32]. Thus compounds contained in them have been
extensively investigated for recruitment as chemopreventive agents and Allyl isothiocyanate
(Figure 1A) is a glucosinolate found in cruciferous vegetables that is responsible for the
characteristic taste and effect of horseradish, mustard, and similar foods. Allyl
isothiocyanate treatment significantly inhibited LNCaP and PC3 cell growth as a
consequence of G,/M cell cycle arrest and induction of apoptosis [33]. These effects were
associated with a decrease in cell cycle molecules Cdk1, Cdc25B, and Cdc25 as well as in
the apoptosis regulatory molecules Bcl-2 and Bcl-xL. This reduction of cell cycle molecules
was confirmed in vivo in a PC3 xenograft model where mice were i.p. injected with allyl
isothiocyanate [34]. Treatments served to reduce tumor volume which was associated with
an increase in apoptosis and reduction in mitosis by histological analysis. Importantly for the
purposes of a chemopreventive agent, allyl isothiocyanate treatments were well tolerated by
a normal prostate epithelial cell line [33]. Another isothiocyanate contained in cruciferous
vegetables that has been investigated for chemopreventive potential is benzyl isothiocyanate
(Figure 1A). In both 22Rv1 as well as PC3 PCA cell lines, benzyl isothiocyanate treatment
was found to not only induce apoptosis but autophagy as well, as detected by aggregation of
the autophagosomal marker, microtubule-associated protein 1 light chain 3 (LC3) and the
formation of acidic organelles [35]. This last phenomenon was related to the dose-dependent
inhibition of mammalian target of rapamycin (mTOR) kinase activity by benzyl
isothiocyanate. Another compound found to affect mMTOR activity is brassinin (Figure 1A), a
phytoalexin found in many cruciferous vegetables and first identified in cabbage [36].
Consumption of cabbage was identified with lower risk of cancer and on this basis brassinin
has been investigated as a potential chemopreventive agent [37]. Brassinin treatment
inhibited constitutive activation of the PI3K/Akt/mTOR signaling pathway in PC3 cells
[36]. This translated to increased apoptosis in treated cells as detected by positive annexin V
binding, TUNEL staining, and disruption of mitochondrial membrane potential. This
induction of apoptosis was associated with inhibition of Bcl-2, Bcl-xL, and survivin,
activation of caspase, and cleavage of PARP. Indole-3-carbinol (Figure 1A) is the product of
the degradation of glucobrassicin, a glucosinolate found at high levels in most cruciferous
vegetables and thus a focus of interest regarding any chemopreventive potential found in
these plants. Indole-3-carbinol treatment of LNCaP and PC3 cells was found to inhibit
telomerase activity [38]. This translated to dose-dependent inhibition of PC3 proliferation
[39] and induction of apoptosis [40]. Indole-3-carbinol-induced apoptosis in PC3 was
associated with inhibition of Akt and PI3K and signaling through epidermal growth factor
(EGF). Furthermore, expression of Bcl-xL and BAD was reduced by indole-3-carbinol
treatment [40]. Sulforaphane (Figure 1A), an isothiocyanate, is the product of myrosinase
activity on glucoraphanin in damaged cruciferous vegetables. Sulforaphane was found to
dose-dependently inhibit proliferation [39] as well as protein synthesis [41] in treated PC3
cells. This effect was also found in vivo where broccoli sprout feeding of TRAMP mice
reduced prostate tumor growth which was associated with decreased expression and
activation of Akt and several downstream effectors [42]. Disruption of protein synthesis, as
detected by incorporation of tritium labeled leucine, resulted in decreased PC3 viability as a
consequence of the short half-life of the vital anti-apoptotic protein, survivin [41]. In
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addition, sulforaphane activated p38 MAPK and c-Jun N-terminal kinase (JNK) and reduced
histone deacetylase (HDAC) activity in PC3 cells [43, 44]. In LNCaP cells, sulforaphane
treatment reduced histone deacetylase activity and DNA methyltransferase (DNMT)
expression [44, 45]. A potential mechanism for the anticancer properties of sulforaphane
may be the release of H,S found to be induced when sulforaphane was placed into cell
culture media or when placed in contact with mouse liver homogenates [43]. Importantly,
the addition of two H,S scavengers, methemoglobin or oxidized glutathione, abrogated
sulforaphane mediated inhibition of PC3 cells.

Garlic (Allium sativum) has been used for thousands of years as a staple food stuff, a potent
seasoning, as well as a medicinal agent for a host of ailments [46]. It is associated with a
pungent aroma and strong flavor as a result of the release and metabolism of reactive sulfur
containing compounds. Alliin is an odorless sulfoxide derived from cysteine that is stored in
vacuoles. It is rapidly converted into allicin (Figure 1A) when the cells of raw, fresh garlic
are damaged. It is this compound that gives garlic its characteristic odor and flavor. Allicin
in turn is metabolized into a host of compounds many of which have been investigated for
efficacy in PCA chemoprevention. Among these, organosulfides diallyl sulfide (DAS),
diallyl disulfide (DADS), and diallyl trisulfide (DATS) (Figure 1A) have shown varying
potency against several PCA cell lines (LNCaP, DU-145, and PC3). These compounds were
found to inhibit PCA cell growth, induce Go/M cell cycle arrest, and Akt-Bad mediated
apoptosis [47-49]. Additionally, DATS inhibited the growth of PC3 xenografts in vivo [50].
Aged garlic contains S-allyl cysteine (SAC) (Figure 1A), that in treated PC3 cells, was
found to suppress their proliferation and induce both Gy/G, cell cycle arrest and apoptosis,
the latter associated with decreased Bcl-2 and increased Bax and caspase 8 [51]. Inanin
vivo model, SAC inhibited the growth of a human PCA xenograft, CWR22R. This
correlated with a reduction in PSA levels, proliferation, and invasion, along with an increase
in apoptosis and E-cadherin and y-catenin expression [52]. Turmeric (Curcuma longa) is a
plant of the ginger family that when processed into a powder exhibits a distinctive orange-
yellow color [53]. As such, turmeric has been used as a spice, a medicinal agent, and a dye
in South Asia and the Middle East for thousands of years. Turmeric’s color is partially a
result of the phenolic active ingredient, curcumin (Figure 1B). Similar to other colored plant
phenols, curcumin has been investigated as a cancer chemopreventive agent. Curcumin was
found to modulate the Wnt/B-catenin pathway in LNCaP and C4-2 cells [54, 55], the NF-xB
pathway in PC3 cells [56], and AR expression in LNCaP cells [55]. Curcumin treatment of
PCA cells inhibited their capacity for proliferation, colony forming potential, and motility,
while enhancing cellular contacts and apoptosis [54, 56] and in prostatic epithelial cells, it
exhibited an anti-inflammatory activity [25]. In different mouse models of PCA, curcumin
treatment inhibited xenograft growth [54], and lung metastases [56].

Pharmacological Agents

Several classes of agents have been brought forth as potential chemopreventive agents.
Selective estrogen receptor modulators (SERMSs) are compounds that have the capacity to be
selective in their activity, serving to specifically target the estrogen receptor in selected
tissues, and on this basis, their ability to alter the progression of PCA has been investigated.
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A critical issue with the long-term chemopreventive usage of SERMs is the various adverse
effects, though many are less of a concern in male patients. The SERM raloxifene (Figure
1B), normally used to treat osteoporosis, was shown to induce apoptosis in LNCaP cells
which was associated with caspase 9 activity [57]. Tamoxifen (Figure 1B), normally used in
the treatment of breast cancer, was also found to induce apoptosis in LNCaP cells associated
with DNA fragmentation and a reduction in Bcl-2 [58]. Growth inhibition of DU-145, PC3,
and PC3-M by tamoxifen was also reportedly associated with inhibition of PKC. This
corresponded to G1/S phase cell cycle arrest, induction of p21 and inactivation of Rb [59]. In
a randomized, double-blind clinical study, toremifene (Figure 1B), used for the treatment of
metastatic breast cancer, was found to decrease risk of PCA in men with high grade PIN
with no significant difference in adverse events [60].

Statins are a set of drugs used to lower high levels of cholesterol in patients by inhibiting the
activity of the HMG-CoA reductase enzyme. Statin use is generally well-tolerated though
there are adverse effects that have been reported with their use, one being rhabdomyolysis.
In a meta-analysis of 135 studies, statin use was found to be associated with a 9% increase
in incidence of diabetes and concomitant increase in liver enzyme levels [61]. Since high
cholesterol level has been linked with PCA risk, statins have been investigated for their
potential to inhibit PCA by lowering cholesterol. Lovastatin (Figure 1B), found in several
molds, was found to induce senescence, G4 cell cycle arrest, and apoptosis in LNCaP,
DU-145, and PC3 cells. Induction of senescence was associated with inhibition of RhoA, G
cell cycle arrest with reductions in Rb, phosphorylated Rb, c-myc, cyclin D1, cyclin A,
cyclin B1, Cdc 2, and E2F-1, and apoptosis with activation of caspases [62-65]. Other
statins have also been investigated for potential PCA chemopreventive activity. The statins
fluvastatin and simvastatin (a synthetic derived from Aspergillus terreus) (Figure 1B) have
been reported to induce similar inhibition of PCA cell signaling and proliferation in treated
LNCaP and PC3 cells as lovastatin, though fluvastatin exhibited much less potency,
requiring two orders higher concentrations to induce a similar response [66]. Simvastatin
treatment of LNCaP cells was also found to lower lipid raft cholesterol content while
inhibiting Akt activation, serving to induce apoptosis [67]. Atorvastatin (Figure 1B)
treatment of PC3 cells resulted in extensive loss of cell viability, apoptosis, and increased
expression of LC3-11 as detected by immunoblot and immunofluorescent analyses [68, 69].
Mevastatin (Figure 1C), first identified from Penicillium citrinum, was found to elevate p21
levels while inhibiting Cdk2 activity in PC3 cells [70]. Treatment with pravastatin (Figure
1C), first identified from Nocardia autotrophica, elicited a modest inhibition of PC3 cell
growth associated with clustering of cofilin and loss of p-caveolin [71]. In an assay where
small molecules were examined for their potential to inhibit zebrafish angiogenesis, the
statin rosuvastatin was identified as a potential anti-angiogenic compound. Rosuvastatin
(Figure 1C) decreased microvessel density, induced tumor cell apoptosis, and suppressed
growth of PPC-1 prostate tumor xenografts in non-obese diabetic severe combined
immunodeficiency (NODSCID) mice [72]. In contrast to these experimental findings, the
results of observational studies have been somewhat mixed. A meta-analysis of 27 (15
cohort and 12 case-control) studies revealed a significant decrease in both total as well as
advanced PCA incidence [73]. This statin-mediated reduction in advanced PCA risk was
found in several prospective cohort studies [74, 75] though perhaps as a result of long term
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use (>5 years) [75]. However, another population based study failed to identify any
reduction in PCA risk with statin use, and in fact extended use in obese men was associated
with increased PCA risk [76].

Non-steroidal anti-inflammatory drugs (NSAIDs) are generally known for their analgesic
and anti-inflammatory properties. On the basis of their anti-inflammatory effects and the
role of inflammation in the progression of PCA [77, 78], the potential of NSAID’s as
chemopreventive agents has been investigated. Aspirin (Figure 1C) is an irreversible
inhibitor of the cyclooxygenase enzymes generally used as an analgesic and in lower doses,
as long-term protection against thrombotic events highlighting its suitability for sustained
usage in older populations. Multiple epidemiological studies purport a reduction in PCA risk
with aspirin usage though the evidence is not uniform. In a study involving 5,955 men
treated for localized adenocarcinoma, aspirin use following treatment was associated with a
significant decrease in PCA mortality [79]. In a much larger study of 70,144 men it was
found current usage of aspirin was not correlated with reduction of PCA risk, but long-term
usage was associated with inhibition of PCA [80]. In a large, diverse study involving 90,100
men followed up to 32 years, it was found that up to 6 aspirin a day were required to elicit a
modest PCA protective effect [81]. In yet another study involving 47,882 patients, aspirin
usage was not found to reduce total PCA incidence, but potentially reduced the occurrence
of metastatic disease [82]. This may be related to the findings of another study of 74 men
from families with the BRCA mutation where it was found that daily aspirin use conferred
some protection against PCA [83]. Another study of 29,450 men also found PCA protective
benefits of daily aspirin usage [84]. However, in a population-based case-control study of
1,001 PCA patients, while aspirin usage significantly reduced PCA risk, it was not related to
disease aggressiveness [85]. Furthermore, a study involving 9,007 men failed to identify any
protective benefits of aspirin intake [86]. Importantly, while aspirin treatment of LNCaP,
DU-145, and PC3 cells markedly inhibited their proliferation, it was found to strongly
induce P-glycoprotein expression in LNCaP cells [87] suggesting an increase in drug-
resistance in PCA cells. This might be related to another study where high levels of aspirin
failed to induce strong apoptosis in LNCaP cells [88]. Sulindac (Figure 1C) is an NSAID
administered as a pro-drug that is metabolized into the active form, and derivatives of this
drug have been investigated for PCA chemopreventive effect. Sulindac sulfide was found to
induce apoptosis in multiple PCA cell lines as a result of up-regulating death receptor 5 [89]
as well as inhibiting the growth of BPH-1, LNCaP, and PC3 cells [90]. Another sulindac
derivative, sulindac sulfone exhibited similar growth inhibition and induction of apoptosis in
BPH-1, LNCaP, and PC3 cells [90]. In addition, this inhibitory effect was confirmed in a
mouse xenograft model of PCA using LNCaP cells. This response was associated with
increased apoptosis as detected by TUNEL assay [91]. Ibuprofen (Figure 1C), derived from
propanoic acid, has also been investigated for chemopreventive properties. Ibuprofen
treatment of both LNCaP and DU-145 cells significantly impaired their cell viabilities.
LNCaP cells exhibited cell cycle arrest as well with ibuprofen treatment [88]. In a study of
9,007 men, usage of ibuprofen was associated with a modest reduction of PCA risk [86].
However, in another study of 29,450 men, ibuprofen failed to confer a significant protective
effect from PCA risk [84]. The NSAID, naproxen (Figure 1C) was found to inhibit cell
viability of treated LNCaP cells [88]. In addition, usage of naproxen was found in a study of
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9,007 men to be associated with a modest reduction of PCA risk [86]. Celecoxib (Figure 1C)
is a selective COX-2 inhibitor and it was found to inhibit LNCaP and PC3 cell growth
through G cell cycle arrest associated with reduction of cyclin D1 [92]. This result was
verified in a PC3 xenograft model where celecoxib treatment reduced tumor size, cell
proliferation, microvessel density, and cyclin D1 expression [92]. In a study focusing on
PSA doubling time, there appeared to be significant decrease in PSA velocity induced by
celecoxib treatment in a study of 78 men [93]. However, an international, open-Ilabel,
randomized trial, STAMPEDE, of 2043 patients, found a lack of any benefit with celecoxib
treatment and the trial involving celecoxib treatment was canceled [94].

Another class of agents being investigated for prostate cancer chemoprevention is 5-a-
reductase inhibitors (5-ARI), currently used in the treatment of BPH and male pattern
baldness [95, 96]. The 5-a-reductases, among other activities, convert testosterone into
dihydrotestosterone. As dihydrotestosterone is a much higher affinity ligand for the
androgen receptor (AR) [97], 5-ARI serve to indirectly inhibit AR signaling, a critical
pathway for PCA [98]. One clinically used 5-ARl, finasteride (Figure 1C), which acts as a
competitive inhibitor of testosterone metabolism has been investigated for chemopreventive
efficacy [99]. In the PCPT trial of 18,882 men, finasteride treatment was found to reduce
overall incidence of PCA, but was paradoxically associated with an increase in incidence of
high grade cancers [100]. This was at first considered a possible mark against the use of
finasteride. However, further analyses may possibly explain these findings. This paradox
might be related to finasteride’s use in the treatment of BPH, in which it reduces prostate
size [101]. This activity might in turn result in improvements in PCA detection rather than
any unintended induction of high grade cancers [102]. In any case, further analysis remains
to be done. Another 5-ARI, dutasteride (Figure 1C), in contrast to finasteride acts on two
isoforms of 5-a-reductase, and partially on this basis, it has also been investigated for use as
a possible cancer chemopreventive agent [99]. In the REDUCE trial of over 8,000 men,
dutasteride treatment was also found to reduce incidence of prostate cancer, and similar to
finasteride, also as a function of a reduction in lower grade prostate cancer. Unlike
finasteride, there was no significant change in the incidence of higher grade prostate cancer
[103, 104]; however, two-year follow-up revealed a higher number of low to mid-grade
tumors in the dutasteride-treated group as compared to placebo [105]. Important to note in
regards to any long-term usage of 5aR inhibitors is the potential for adverse effects, among
these being reduced libido, impotence, cardiac events, and depression [106, 107].

Dietary Supplements

Fish oil is a heterogeneous mixture of a host of compounds. Among these are omega-3 fatty
acids, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) (Figure 1D). Ina
mouse xenograft model of PCA, mice fed only fish oil exhibited slower tumor growth and
reduced mortality as compared to mice fed other fat sources [108]. This is consistent with a
meta-analysis of case-control and cohort studies finding that incidence of PCA was not
affected by consumption of fish, but mortality due to PCA was significantly reduced [109].
This association may be context dependent, as in a cohort of 2268 men in the AGES-
Reykjavik study, consumption of fish that has been preserved (through salting or smoking)
may increase PCA risk and fish oil may provide most benefit in elderly men [110]. Selenium
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is an essential micronutrient found in many plants, such as garlic and onions, as well as
assorted sea life. It serves a critical role as a cofactor in the reduction of antioxidant enzymes
and based on this biological activity it has been investigated as a cancer chemopreventive
agent. Sodium selenite inhibited the growth of and induced apoptosis in several PCA cell
lines (LNCaP, DU-145, and PC3) [111, 112]; in the case of LNCaP cells, this was associated
with mitochondrial damage [112], where it also reduced expression of DNA
methyltransferase | along with increased expression of tumor suppressor genes [113]. In
multiple multi-year double-blind cancer prevention trials, patients given selenium
supplements exhibited significantly reduced PCA incidence as compared to patients treated
with placebo [114, 115] with a reduction in total cancer mortality in one study [115].
Vitamin E (Figure 1D) is a set of lipid soluble antioxidants found in many plant derived oils.
The most investigated compound is a-tocopherol. Among several physiological roles, it
serves to protect cellular membranes from oxidation and scavenges free radicals. Vitamin E
succinate treatment of PC3 induced caspase-dependent apoptosis by disrupting Bcl-xL and
Bcl-2 association with Bak [116]. In a randomized multi-year double-blind cancer
chemoprevention trial involving Finnish smokers, a-tocopherol treatment resulted in fewer
cases of PCA [117]. In addition, in the Lady transgenic mouse model of prostate cancer,
feeding with a combination of lycopene, Vitamin E, and selenium resulted in a marked
reduction of prostate tumor incidence [118]. On the basis of these findings, and to address
the suitability of selenium and vitamin E as PCA chemopreventive agents, the phase 111
Selenium and Vitamin E Cancer Prevention Trial (SELECT) was initiated in 2001 [119]. It
was to be an extensive investigation involving more than 35,000 patients followed for up to
12 years [120]. Unfortunately, no significant protective effect was found with either agent or
in combination [120-122], though there remains the possibility that some aspect of dosing or
formulation remains to be elucidated. Zinc is an essential mineral which is highly enriched
in prostatic tissues. Zinc concentrations drop significantly in prostatic tumors with
concomitant loss of the zinc transporter ZIP1 [123]. It was found that patients with diets rich
in zinc exhibited reduced PCA mortality especially in patients with localized tumors [124].
Perhaps relatedly, exogenous zinc more potently inhibited the proliferation of benign
prostatic hyperplasia cells (BPH-1) as compared to PC3 cells [125].

Green Tea & Soy

Green tea brewed from the leaves of the Camellia sinensis plant has been consumed for
millennia throughout Asia. Green tea intake is inversely related to PCA risk and elevated
consumption of green tea is associated with a lower incidence and degree of advancement of
PCA [29, 126, 127]. Green tea is enriched in flavonoids, and of particular interest are the
polyphenolic catechins (Figure 1D) exhibiting potent antioxidant potential [126, 128]. In
vitro studies revealed that these catechins could variably induce apoptosis in several PCA
cells lines (LNCaP, DU-145, and PC3) with (-)-epigallocatechin-3-gallate (EGCG) (Figure
1D) being the most potent compound [129, 130]. EGCG was found to act as a competitive
inhibitor for DNA methyltransferase | in vitro, rescuing genes previously silenced as well as
reducing expression of HDAC’s [131, 132]. In vivo, green tea catechins markedly reduced
incidence of PCA in TRAMP mice [133]. Oral delivery of catechins were found to reduce
PSA levels, and in patients with preexisting high grade PIN, it greatly reduced incidence of
PCA [126, 134]. Soy, derived from soybeans (Glycine max), contains a mixture of
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isoflavones noted for their antioxidant properties. Soy is widely consumed as either fresh
bean, as a processed foodstuff, or as a fermentation product. Elevated soy intake has been
associated with decreased risk of PCA [135, 136]. According to USDA data, the isoflavones
genistein and daidzein (Figure 1D) represent 57% and 37% of the total isoflavones in
soybeans, respectively. Thus they have been the focus of studies regarding the cancer
chemopreventive properties of soy consumption which has been reported to alter AR, Akt,
NF-xB, MAPK, and Notch signaling [137, 138]. Genistein has been reported to inhibit PCA
motility, induce apoptosis, and at higher levels in patient plasma is associated with lower
risk of PCA [139-141]. It has also been reported to inhibit DNA methyltransferase activity
abrogating silencing of tumor suppressor genes [142, 143]. In addition, genistein treatment
of TRAMP mice resulted in a marked reduction in poorly differentiated tumors [144].
Confounding the suitability of genistein as a PCA chemopreventive agent are reports that in
high concentrations, genistein induces metastasis in mouse xenograft models [145, 146],
though the addition of diadzein (as in soybeans and various products) may prevent this
response [147]. Anthocyanins are flavonoids found in many plants, identified as distinctive
pigment molecules and like other related compounds are strong antioxidants. In a rat model
of benign prostatic hyperplasia (BPH), rats treated with black soybean anthocyanin
exhibited reduced prostate weight associated with increased apoptosis and reduced
proliferation of prostate cells [148].

Grape Seed Extract

Grapes (fruit of the genus Vitis), have been cultivated for many thousands of years, often in
wine, moderate consumption of which has been associated with various health benefits. As a
consequence, components of grapes have been investigated for medicinal use. One such
product, grape seed extract (GSE), has been found to be a potent antioxidant [149], with a
high concentration of flavonoids, vitamin E, and proanthocyanidins. Evidence for the anti-
PCA efficacy of GSE was provided in a large study with 35,239 men, the VITamins And
Lifestyle (VITAL) study, where it was found that any use of grape seed supplements
significantly lowered total risk of PCA [150]. In LNCaP cells, GSE treatment inhibited
growth and induced cell detachment which was associated with a potent reduction in FAK
levels, histone acetyltransferase activity (HAT), and AR-mediated transcription [151, 152].
In addition, GSE treatment mediated apoptosis in LNCaP cells which was associated with an
increase in activated caspases, cleaved PARP, and cytosolic cytochrome ¢ and apoptosis-
inducing factor as well as inducing Chk2, p53, and ataxia telangiectasia mutated (ATM)
kinase activity [151]. GSE treatment of DU-145 cells was found to inhibit EGFR and AP1
activation, Elk1 and IxBa phosphorylation, ERK1/2 and IKKa kinase activity, secretion of
vascular endothelial growth factor (VEGF) and disrupted both constitutive as well as TNF-a
induced NF-xB activity [153-155]. Additionally, GSE treatment induced phosphorylation of
ERK 1/2, INK1/2, and c-Jun and secretion of insulin-like growth factor binding protein
(IGFBP)-3 [153]. Collectively, GSE potently induced apoptosis in treated DU-145 cells that
was associated with multiple activated caspases and cleaved PARP and which appeared to
be dependent on JNK activation [153, 155, 156]. These results were confirmed in a mouse
xenograft model of PCA using DU-145 cells. Tumors in GSE fed mice exhibited significant
inhibition of proliferation and induction of apoptosis [154]. This corresponded with a
significant reduction in tumor size and microvessel formation and a modest inhibition of
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VEGF and induction of IGFBP-3 [154]. In PC3 cells, GSE treatment inhibited plasminogen
activator (UPA) and NF-kB activity which translated to a reduction in PC3 migratory
potential [157]. GSE feeding of TRAMP (transgenic adenocarcinoma of the mouse prostate)
mice arrested the disease mostly at the PIN stage with a reduction in adenocarcinoma. This
corresponded to a decrease in proliferating cells, and a marked increase in the presence of
apoptotic ones which was associated with a reduction in regulatory cyclins A, B1, and E,
CDK’s 2 and 6, and Cdc2 [158].

In light of these findings, and the fact that GSE is an incompletely defined mixture of many
compounds, identifying the specific agents that mediate GSE’s anticancer effects are of
great interest. A polyphenolic fraction of GSE enriched in antioxidant procyanidins was
found to significantly inhibit growth and induce G, cell cycle arrest and apoptosis in
DU-145 cells [159]. This was associated with a reduction of cyclin E, and CDK’s 2 and 4, as
well as phosphorylated ERK1/2 along with an increase in Cipl/p21. The capacity of this
polyphenolic fraction of GSE to inhibit PCA cell growth and disrupt cell viability was
further confirmed in the LNCaP cell line [159]. Further partitioning of GSE by reverse-
phase high-performance liquid chromatography (HPLC) identified multiple fractions
exhibiting potent PCA inhibitory capacity [160]. Contained in these fractions, along with
other compounds, was gallic acid (GA) (Figure 1D), a potent antioxidant. On this basis, it
has been investigated as a potential anti-cancer agent. GA was found to potently inhibit cell
growth and induce cell cycle arrest and apoptosis in treated DU-145 cells [160-162]. This
was associated with time dependent inhibition of regulatory cyclins and CDK’s,
phosphorylation of Cdc2, Cdc25A, Cdc25C, histone 2AX, ATM, and Chk2 [161], induction
of Cipl/p21, activation of caspases, and PARP cleavage [160]. Loss of cell viability by GA
treatment was further reported in the 22Rv1 cell line [162]. GA mediated inhibition of PCA
growth and viability was confirmed in vivo in both xenograft as well as TRAMP mouse
models. GA treatment of mice inhibited the growth of both DU-145 as well as 22Rv1
xenografts which were associated with inhibition of PCA cell proliferation and angiogenesis
as well as induction of apoptosis as detected by PCNA, CD31, and TUNEL immunostaining
respectively [162]. Similar to results obtained with GSE, GA fed TRAMP mice exhibited a
reduction in the rate of disease progression with a decrease in incidence of advanced
prostatic tumors [163]. Consistent with xenograft models, tumors in TRAMP mice fed GA
exhibited decreased proliferation and increased apoptosis, which were associated with a
decrease in cyclins B1 and E, CDK’s 2, 4, and 6, and Cdc2.

Other compounds contained within GSE have also been found to possess anti-PCA
potential. GSE fractions containing procyanidin trimers and esterified dimeric and trimeric
GA were found to significantly inhibit DU-145 cell growth and induce apoptosis [160].
Gallate esters B2-3,3’-di-O-gallate (B2-G,), B2-3-O-gallate (B2-3G), and B2-3’-O-gallate
(B2-3'G) (Figure 1E) were all found to reduce LNCaP viability, though GA did not and only
B2-G, was found to significantly reduce LNCaP cell growth [164]. This loss of viability
was associated with induction of apoptosis: activation of caspases, PARP cleavage, and
decreased Bcl-2, Bel-xL, and AR. Similarly, in DU-145 cells, B2-G, treatment potently
induced growth inhibition and apoptosis [165].
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The milk thistle (Slybum marianum) has been used for millennia as a panacea to a host of
ailments, especially of the liver, gall bladder, and kidney. It has shown efficacy in the
treatment of hepatic injury along several vectors: bile duct inflammation, cirrhosis, fatty
liver, mushroom poisoning, and viral hepatitis [166]. In contrast to its historical usage,
medicinal interest in milk thistle currently focuses on the derivative, silymarin, which is the
standardized extract of milk thistle seeds and is composed of many related flavonolignans
and other compounds. The flavonoid silibinin (Figure 1E) is the most abundant compound
and is the principal active ingredient of silymarin. Silibinin has demonstrated broad
spectrum efficacy against PCA as well as several other cancers as detailed elsewhere [167].
Silibinin was reported to disrupt a host of signaling pathways across multiple PCA cell lines.
Silibinin treatments disrupted EGFR signaling in LNCaP and DU-145 cells [168, 169]
which was associated with a decrease in secreted transforming growth factor-a (TGF-a) and
inhibition of both ERK1/2 and JNK1/2 phosphorylation [169]. In PC3 cells, silibinin
targeted insulin-like growth factor receptor (IGFR) signaling resulting in higher
concentrations of IGFBP-3 in PC3 conditioned media [170]. This effect was supported with
in vivo studies where silibinin fed mice were found to have elevated levels of both
circulating and tumor specific IGFBP-3, which was associated with improved differentiation
in tumor cells [171-174]. In LNCaP cells, silibinin disrupted AR signaling through multiple
modalities [175-177] and in DU-145 and PC3 cells, silibinin targeted the Wnt/p-catenin
pathway [178]. Furthermore, DU-145 cells lost their constitutively activated STAT-3 and
NF-kxB when treated with silibinin [179-181]. Silibinin has been shown in multiple studies
to inhibit the proliferative capacity of PCA cells both in vitro [182-185] as well as in vivo
[172-174, 186, 187] where silibinin fed mice exhibited decreased tumor volume. This is
partially a consequence of silibinin robustly inducing both G, cell-cycle arrest in PCA cells
[182] by modulating a myriad elements of the cyclin~-CDK-CDKI pathway [173, 182, 184,
188, 189] and transcription activating factors [184, 188] as well as Go-M arrest [184] by
modulating the Chk2— Cdc25C-Cdc2/cyclin B1 pathway [182, 190, 191]. Furthermore, the
antiproliferative effect exerted by silibinin was associated with an inhibition of telomerase in
LNCaP cells as well as DNA topoisomerase Ila in DU-145 cells [176, 192]. Beyond
inhibiting proliferation, silibinin has also been shown to decrease Bcl-2 and survivin levels,
activate caspases (caspases 3, 9, and 7), induce release of cytochrome ¢, and ultimately
initiating apoptosis in multiple PCA cell lines both in vitro as well as in vivo [172, 173, 179,
193, 194]. Silibinin has also been shown to disrupt the mesenchymal nature of PCA cell
lines, shifting them back into a more epithelial phenotype [181, 186, 187, 195]. Silibinin
treatment of the PCA cell lines, PC3, PC3MM2, and C4-2B was found to down-regulate
their levels of Slug, Snail, phospho-Akt (ser*’3), nuclear f-catenin, phospho-Src (tyr419) and
Hakai, which are all important regulators of EMT (epithelial to mesenchymal transition). In
turn, silibinin treatment upregulated E-cadherin levels which potently disrupted the capacity
of PC3, PC3MM2 and C4-2B for migration and invasion [195]. Silibinin-mediated
upregulation of E-cadherin was confirmed in the TRAMP mouse model wherein silibinin
treatment decreased matrix metalloproteinases (MMPs), Snail, fibronectin, and vimentin
levels which together served to inhibit metastasis [186, 187]. Similarly, in ARCaPy, cells,
silibinin treatment was found to depress levels of ZEB1, Slug, vimentin, and MMP-2 which
was associated with a reduction in motility, migration, and invasion [181, 196]. We recently

Mutat Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ting et al.

Page 13

reviewed in detail the anti-metastatic efficacy of silibinin including its effect on tumor
microenvironment components [197, 198]. Silibinin has also been reported to inhibit
MMP-9 expression in human prostate carcinoma cell lines [186, 187]. Furthermore, silibinin
treatment has been reported to inhibit angiogenesis, reducing tumor microvessel density
which was associated with decreased expression of platelet endothelial cell adhesion
molecule-1 (PECAM1)/CD-31, VEGF, VEGFR2, HIF-1a, and iNOS in prostate tumors of
mice fed silibinin in both xenograft and TRAMP models [172, 173, 186, 187], as well as
altering the metabolic profile of the tumor microenvironment [199]. HIF-1a inhibition by
silibinin treatment was also found in LNCaP and PC3 cell lines under both normoxic and
hypoxic conditions [200]. Collectively, in vivo work conducted in both xenograft as well as
TRAMP models reveals that mice fed silibinin exhibit significantly reduced prostate tumor
growth, mesenchymal phenotype, and angiogenesis, along with a concomitant increase in
apoptosis serving to inhibit prostate tumor development consistent with foundational in vitro
work. On the basis of these findings, and to further investigate the potential of silibinin as a
chemopreventive, human studies were undertaken. In these trials silybin-phytosome was the
test agent as it is a commercial formulation of silibinin and phosphatidylcholine intended to
improve bioavailability. In the first trial consisting of thirteen patients with advanced PCA,
silybin-phytosome was taken orally 3 times daily. The study was initiated at 2.5g of silybin-
phytosome ingested daily, gradually escalating to 20g, with each given dose maintained for
4 weeks prior to a change. Observed toxicity was relatively low, principally consisting of
grade 1-2 hyperbilirubinemia (9 of 13), with one instance of grade 3 toxicity. For future
studies, it was determined that 13g daily of silybin-phytosome divided into 3 doses a day,
were well tolerated [201]. Thus, in the next trial consisting of 12 patients with localized
PCA scheduled for prostatectomy, 6 were selected to be given 3 doses of silybin-phytosome
daily (in total 13g), and 6 were selected as controls. The length of treatment varied between
patients from 14-31 days with a mean of 20. Serum blood levels of silibinin reached a mean
value of 19.7 uM. Observed toxicity was similar to the previous trial, though one grade 4
thromboembolic event following surgery was found [202].

Conclusions

In general, some practical strategies for reducing PCA risk might include reducing intake of
alcohol, red meat, saturated fats, and excessive carbohydrates (particularly of sugary drinks)
while increasing intake of fruits, vegetables and m-3 fatty acids along with exercise
[203-205], though further work investigating these correlations remains to be done. In
addition, numerous chemical agents with identified anti-PCA efficacy have been
investigated for their potential as PCA chemopreventive agents (Figure 1A-E). This may be
of particular use in secondary and tertiary chemoprevention where initiating events have
already occurred and anti-PCA properties may then be useful. These agents have been
selected based on their historical medicinal use, correlation with reduced risk in population
studies, their unique chemical properties, or their role in biological systems. They are often
derived from natural products, and ideally all of them must be well tolerated for long-term,
potentially indefinite usage. Many show promise, collectively inhibiting a host of
deregulated PCA cell signaling and regulation [206] cell proliferation, EMT, invasion and
metastasis, and angiogenesis, and inducing apoptosis (Figure 2). Dysfunctions in these
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cellular properties have been recognized as hallmark as well as critically necessary events
for the progression of cancer [207]. Thus, while the presentation of metastatic cancer
remains the line demarking poor prognosis [1], addressing any other targets may also be
expected to mitigate PCA-related mortality. Important to note in the context of
chemoprevention is the possibility of identifying genetic backgrounds that might be
susceptible to these dysfunctions and that may be more amenable to (and in greater need of)
these chemopreventive strategies. An extensive genomic analysis of 218 prostate tumors and
12 PCA cell lines revealed a preponderance of mutations in molecules involved in the Rb,
PI13K, and Ras/Raf pathways, particularly in metastatic prostate tumors [208], which along
with other mutations, were associated with genomic clusters that correlated with increased
relapse risk following prostatectomy. Another study identified single nucleotide
polymorphisms in five chromosomal regions that along with familial history strongly
correlated with risk of PCA, though not the progression of the disease [209]. These findings
may thus serve to identify individuals that could benefit most from chemopreventive
interventions.

The context by which many of these strategies are taken (as well as the agents discussed in
this work) may be critical for any possible protective effects. This might contribute to the
gap in efficacy between retroactive studies that have identified potentially chemopreventive
agents and randomized clinical trials investigating these agents. The context in how these
agents are consumed might be critical to any protective effects. As discussed earlier, the
protection induced by an elevated intake of fish might be predicated on avoiding
preservative techniques [110]. Alternatively, lycopene has been found to be more
bioavailable when tomato products are consumed with oil [210], and in tomato paste versus
the fresh fruit [211]. So recording and subsequently comparing the amount or frequency of
intake of an agent, but not the context in which it is consumed, may not be enough to
identify any protective properties of a chemopreventive agent. This is especially important
as in this review many identified agents were investigated on the basis of an inverse
correlation between PCA risk and elevated intake of a particular food. This food might
contain hundreds of other compounds which together provide some subtle contribution that
may need to be replicated to properly recapitulate any protective properties. In addition, high
intake of specific agents (as might be found in supplements and often used in clinical trials)
vs. the more modest levels found in dietary intake may obfuscate otherwise protective
properties. As previously mentioned, high levels of genistein was found to induce metastasis
in mice [145, 146]. Furthermore, a meta-analysis of 19 clinical studies involving Vitamin E
found a correlation between increased mortality in studies using high doses of Vitamin E
[212]. This might be related to a pro-oxidant effect as a result of high-dose Vitamin E
supplementation [213], which was further identified in other vitamin antioxidants [214].
These findings all together point to the need to remain cognizant of context while
investigating chemopreventive agents.

Additional work remains to be done in mechanistic studies, confirming these findings in
large scale observational studies, especially in the cases of agents where evidence remains
inconclusive, refining bioavailability, efficacy, and consistency of these agents for clinical
usage, while assessing drug-drug interaction. Collectively, the body of evidence provides a
framework of investigation for the potential of chemopreventive compounds to inhibit PCA
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progression at all stages of cancer development over the course of a lifetime to reduce PCA
incidence, and to thus systematically reduce the heavy burden, both financial and personal,
of this disease throughout the population.
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Figure 1.
(A-E) Structural formula of compounds with chemopreventive efficacy against prostate
cancer.

Mutat Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ting et al.

Epigenetic Modifications

HAT, DNMT’s,
H2AX, HDAC’s

Proliferation

Cell Signaling

Gl cell cycle arrest
(cyclins-CDKs-CDKIs)
G2-M cell cycle arrest
(Chk2-Cdc25B-Cdc2)
Rb, E2F-1, c-myc,
MDM2, p53,
ATM, Telomerase,
Topoisomerase Ilo.

AR, PI3K, ERG. EGF, IGF,
STAT, Wnt/B-catenin,
TGF-a.. ERK1/2, INK1/2,
NF«-B, p38, PKC,
Notch, AP, Elk1, c-Jun

PCA Chemopreventive
Agents

Fruits & Vegetables, Seasonings,
Pharmacological Agents,
Dietary Supplements, Green Tea & Soy,
Grape Seed Extract,
Milk Thistle

Page 31

Migration/Invasion
Apoptosis
FAK, E-cadherin, ZEBI1, Slug,
Snail, Akt, Src, Hakai, Bak, Bax, Bel-xL, Bel-2,
MMPs, Fibronectin, BAD, Survivin, Caspases,
Vimentin, nTOR, Cofilin Angiogenesis PARP

VEGF, PECAM-1, HIF 1a,
iNOS, uPA

Figure 2.

Schematic representation of the molecular mechanisms for prostate cancer chemoprevention

by natural and pharmacological agents.
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