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Abstract
As prostate cancer and aberrant changes in reactive oxygen species (ROS) become more common
with aging, ROS signaling may play an important role in the development and progression of this
malignancy. Increased ROS, otherwise known as oxidative stress, is a result of either increased ROS
generation or a loss of antioxidant defense mechanisms. Oxidative stress is associated with several
pathological conditions including inflammation and infection. ROS are products of normal cellular
metabolism and play vital roles in stimulation of signaling pathways in response to changing intra-
and extracellular environmental conditions. Chronic increases in ROS over time are known to induce
somatic mutations and neoplastic transformation. In this review we summarize the causes for
increased ROS generation and its potential role in etiology and progression of prostate cancer.
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1. Introduction
Prostate cancer is the most frequently diagnosed non-cutaneous malignancy in males, statistics
from the American Cancer Society project 186,000 new cases and 28,000 deaths in US for the
year 2008 [1]. This is a multi-focal, filed-type disease which forms solid tumors of glandular
origin. Androgens play an important role in the differentiation, development and normal
functioning of the prostate and therefore likely have a role in developing prostate
carcinogenesis. Conventional therapies produce a high rate of cure for patients with localized
prostate cancer, but there is no cure once the disease has spread beyond the prostate.
Traditionally, treatment of prostate cancer was based on the deprivation of androgens to the
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developing tumor [2]. Though initially successful, this form of therapy fails in advanced stages
of the disease, as the cells develop the ability to sustain growth and proliferation even in the
absence of androgens, thus acquiring androgen independence [3]. Although several molecular
alterations are known to be involved in the acquisition of androgen independence, the precise
mechanism of this phenomenon is poorly understood. Molecular genetic changes in androgen
independent prostate cancer cells result in a shift from paracrine to autocrine regulation driven
by growth factors and cytokines [4–6].

Prostate cancer cells that proliferate in the absence of androgens typically have an aggressive
phenotype. Though multiple factors and signaling pathways have been implicated in the
development of aggressive prostate cancer [7,8], the trigger for initiation of malignancy is still
a topic of debate. Prostate cancer is mainly a disease of aging, with most cases occurring in
men over the age of 55. Therefore, progressive inherent or acquired changes in cellular
metabolism occurring over the years may play a very important role in the development of this
disease. Many factors like diet, environmental carcinogens, and other inflammatory diseases
have been linked to an increased risk of prostate cancer.

Hydroxyl radicals, peroxides and superoxides are ROS that are generated during everyday
metabolic processes in a normal cell. ROS, generated either endogenously (mitochondria,
metabolic process, inflammation etc.) or from external sources [9], play a vital role in regulating
several biologic phenomena. While increased ROS generation has traditionally been associated
with tissue injury or DNA damage which are general manifestations of pathological conditions
associated with infection, aging, mitochondrial DNA mutations and cellular proliferation; new
and exciting information points to an essential role for increased ROS generation in several
cellular processes associated with neoplastic transformation and aberrant growth and
proliferation [10,11]. Processes associated with proliferation, apoptosis, and senescence may
be a result of the activation of signaling pathways in response to intracellular changes in ROS
levels [12]. Thus, excessive production of ROS or inadequacy in a normal cell’s antioxidant
defense system (or both) can cause the cell to experience oxidative stress and the increased
ROS may play a broader role in cellular processes associated with initiation and development
of many cancers including Prostate Cancer.

Over the last decade association between prostate cancer risk and oxidative stress has been
recognized, and epidemiological, experimental and clinical studies have unequivocally proven
a role for oxidative stress in the development and progression of this disease. Differences in
prostate cancer incidence among various races, environment, diet, life style, genetic
constitution and hormone of an individual/community are some of the contributing risk factors
for occurrence of prostate cancer [13–15]. Though recent studies have indicated that oxidative
stress is higher in the epithelium of prostate cancer patients than men without the disease, the
association of ROS mediated oxidative stress and prostate cancer risk remains to be elucidated.
Theories abound regarding their role in initiation of prostate cancer, and include but are not
limited to, failure of antioxidant defense mechanism (due to persistent oxidative stress that
leads to inherited and acquired defects in the defense system), mtDNA mutations, chronic
inflammation, defective DNA repair mechanism and apoptosis etc., finally leading to the
development of prostate cancer. Thus, many of the factors that are associated with prostate
cancer like aging, imbalance of androgens, antioxidant system, dietary fat, and pre malignant
conditions like high grade prostate intraepithelial neoplasia etc. may be linked to oxidative
stress. In recent years several anti-oxidant trails have been conducted against prostate cancer,
but the usefulness of such therapies needs extensive research before put into practice [16].

In this article, we reviewed literature pertaining to the role of ROS generation in prostate cancer,
and the cellular effects of oxidative stress (Fig. 1). In addition, we will also discuss the
relationship between prostate cancer susceptibility and oxidative stress in relation to

Khandrika et al. Page 2

Cancer Lett. Author manuscript; available in PMC 2010 September 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antioxidant defense system, metabolic switch, mtDNA mutation, inflammation and regulation
of androgens. This review is aimed at providing an overview about the role of ROS in promoting
Prostate Cancer.

2. Antioxidant therapy in prostate cancer: Where are we?
In 1981, a landmark study by Doll and Peto estimated that a higher percentage of cancer deaths
in USA could be attributed to dietary factors, and proposed that antioxidant present in diet
could deactivate formation of free radicals inside the cell [17]. After this discovery, a set of
projects on cancer prevention were funded by NCI on a large scale, including clinical trials to
test the role of dietary antioxidants in cancer prevention. Among the available antioxidant
vitamins, Vitamin E was of the greatest interest to researchers. But collective data from all the
different clinical trials, like Alpha-Tocopherol, Beta-carotene prevention (ATBC), Heart
Outcome Prevention Evaluation-The ongoing outcomes (HOPE-TOO), Prostate, Lung,
Colorectal and ovarian (PLCO), and Selenium and Vitamin E Cancer Prevention Trial
(SELECT) was a complete disappointment due to the conclusion that the overall risk for
prostate cancer were unaffected by supplemental dietary antioxidants. These studies did not
provide strong support for population-wide implementation of high dose antioxidant
supplementation for the prevention of prostate cancer [18–20]. However, the data obtained
from these studies were beneficial to some subgroups-such as smokers, as 50mg of vitamin E
daily had a statistically significant 32% lower prostate cancer incidence and a statistically
significant 41% lower prostate cancer mortality than those assigned to receive placebo [21].
In this context, our study with prostate cancer cell lines indicated that ROS production rather
than accumulation, plays an important role in prostate cancer phenotypic behavior and
therefore, the use of an antioxidant may not be of a higher benefit as antioxidants can only
neutralize the accumulated ROS inside the cells [22]. Thus, treatment stratergies aimed at
reducing ROS production, rather than ROS neutralization, might offer an effective means
against prostate cancer in particular and in other malignancies in general.

3. Antioxidant-prooxidant paradox in prostate cancer
Prostate cancer is commonly associated with a shift in the antioxidant-prooxidant balance
towards increased oxidative stress. Previous studies highlighted the altered prooxidant-
antioxidant status in prostatic tissue of man, rat and also in cell lines, where the imbalance
between these antagonist played a major role in the initiation of prostate carcinogenesis [23].
However, there is very little idea about the cause of this imbalance. Androgens are considered
to be the most powerful candidates that regulate ROS balance in the prostate, though the
mechanistic relation between androgen status and redox homeostasis in the prostate is not
proven [24]. Tam et al. [25] in this context indicated that replacement of androgens reduced
the oxidative stress level by down-regulating NADPH Oxidase (Nox) expression, thereby
bringing the antioxidant level to normalcy. Besides androgen, the transcription factor erythroid
2p45 (NF-E2)-related factor 2 (Nrf2) mediates the expression of key protective enzymes
through the antioxidant-response element (ARE) in prostate cancer [26,27]. Recent studies
suggested that Nrf2 and several of its target genes are significantly downregulated in human
prostate cancer and as a result (Fig. 1), cells were continually exposed to increased oxidative
stress and may have resulted in their progression to metastatic disease [28]. Another major
component involved in the maintenance of redox balance in the cell is the Glutathione
oxidation-reduction system. Somatic mutations, causing inactivation of the Glutathione S-
Transferase gene (GSTP1) have been identified in almost all the prostate cancer cases examined
by Nelson and colleagues [29]. Therefore, the sensitive balance between the oxidant and anti-
oxidant components of the cells and their regulatory mechanisms seem to play a major role in
developing a malignant state in prostate tissue.
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4. Metabolic switch and mitochondrial DNA mutations in prostate cancer
Mitochondrial DNA mutations are very frequent in cancer, and the accompanying
mitochondrial dysfunction and altered metabolism may contribute to tumor pathogenesis and
metastasis [30–32]. In the case of a normal prostate, higher concentration of zinc present in
the tissue causes a block in Krebs cycle and accumulation of citrate in the prostatic fluid. Thus,
normal prostate glandular epithelial cells have low respiration causing low terminal oxidation,
energy inefficient and presumably generate less ROS [33,34]. Unlike in the normal prostate,
malignant transformation is associated with an early metabolic switch leading to decreased
zinc accumulation, and increased citrate oxidation [35]. Thus malignant prostate is energy
efficient, capable of higher rate of respiration and therefore, generates more ROS (Fig. 2).

4.1 Mitochondrial mutations and Oxidative Stress
The role of mitochondria in prostate cancer progression has attracted much attention in the last
decade when several reports highlighted a possible link between metabolic alteration and
mitochondrial DNA (mtDNA) mutation in prostate cancer [30,36,37]. Given the fact that the
mitochondria are a major source of ROS generation, it would not be surprising for altered
mitochondria bioenergetics and mutations to the mtDNA to underlie the development of
prostate cancer. Studies by many investigators showed significant changes in the nuclear
encoded mitochondrial subunit IV of malignant prostate compared to the normal prostate and
not much difference in the mitochondrial encoded subunit I and II [37,38]. Jessie and colleagues
in 2001 were the first to conclude that more deletions occur in the mtDNA of older malignant
prostates compared to younger malignant prostates, and suggested that the increase in oxidative
stress with time caused an increase in accumulation of mutations in mtDNA [36]. With the
advancement of research involving mitochondrial, Chen et al. in 2002 and 2003 [38,39]
reported that homoplasmic point mutations and mtDNA instability occurred at a high frequency
in prostate cancer, and the process of mitochondrial hyper mutagenesis is mediated by cellular
oxidative stress causing a burst of multiple mtDNA mutations in prostate tumor. Above all,
the studies of Petros and colleagues in 2005 [37] reported that prostate cancer has a significantly
higher frequency of functionally important Cytochrome Oxidase subunit I mutations, and have
minimal effect on the genetic fitness of the mutant mtDNA. Thus, mtDNA appears to have a
great role in pathogenecity of prostate cancer.

4.2 Relationship between mitochondrial mutations and changes in cellular metabolism
Is there is a link between metabolic shift, mtDNA mutation and oxidative stress? With
increasing age, occurrence of mtDNA mutations and metabolic alteration has been
demonstrated, but their relationship remains unclear. Based on previous studies, we can
hypothesize that malignant transformation of the prostate gland is initiated by ROS mediated
mtDNA mutations, which might result in genetic or epigenetic alterations in the nucleus. This
mutation further affects regulatory pathways which may ultimately lead to down-regulation of
genes such as Zip1 (Zinc uptake transporter) and cause the metabolic switch [30,40]. It might
also be possible that mtDNA mutation could lead to impairment of electron transport chain,
resulting in decreased citrate production, which in consequence generates more ROS in prostate
cancer cells(Fig. 2).

Of particular interest is the difference in the spatial distribution of zinc and citrate in normal
and malignant prostate. In the normal prostate, high zinc and high citrate levels are associated
with the lateral lobe of the peripheral zone and regulated by testosterone, where as in the case
of a malignant prostate, low zinc and low citrate levels are associated with the central zone
[40]. Therefore, if any correlation exists between the occurrence of mtDNA mutations and
metabolic switch, then the pattern of mtDNA mutations found in the central zone of the prostate
tumor should differ from those found in the peripheral zone. Moreover, in general if the mtDNA
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mutation is associated with high ROS generation due to a defect in oxidative phosphorylation,
the cells would also oxidize less pyruvate and NADH as part of the respiratory chain, resulting
in excessive lactate production. Thus, if mitochondrial ROS production is essential for a solid
tumor like prostate, then anaerobic glycolysis should be the common feature, as was postulated
by Warburg more than 70 years ago [41] and could also explain why solid tumors have a higher
rate of glycolysis. Based on these discussions potential role of mtDNA mutations and oxidative
stress in the pathogenesis of prostate cancer requires greater attention.

5. NADPH Oxidase: an emerging candidate in prostate cancer
The NAD(P)H dependent reduction of molecular oxygen is responsible for the generation of
ROS in a cell, in the form of superoxide anion (O2

−), which is then dismutaed to form peroxide
(H2O2) [42]. Phagocytic cells generate higher amount of ROS using NADPH Oxidases (Nox,
Fig. 3) as part of their armory of microbicidal mechanisms. Recent reports also indicate their
presence in some of the non-phagocytic tissue like fetal kidney, thyroid, prostate, colon etc.
[43,44]. NAD(P)H oxidase is associated with the generation of a respiratory burst in phagocytes
and consists of gp91phox and p67phox (plasma membrane bound catalytic protein subunit)
and p22 phox (cytochrome b558). The active assembly complex also includes p67phox and
p47phox (two cytosolic protein components) and a small GTPase Rac [44,Fig. 3a].
Homologues of gp91phox have been identified and named as Nox (for NAD(P)H oxidase)
proteins in non-phagocytic cells [45], providing an explanation for non-phagocytic cell NAD
(P)H oxidase activity. To date the Nox family consists of five members (Nox 1–5). These
oxidases are believed to play a role in a variety of signaling events, including cell growth, cell
survival and death, however, the exact functional role of these oxidases has largely remained
unexplored.

Studies by others and by us [22,45] have shown that the aggressive growth, proliferation and
metastatic ability of prostate cancer cells may be a manifestation of high levels of intracellular
ROS generated in these cells. Prostate cancer cells generate substantial amount of ROS and
Nox enzymes which are not only an important source of ROS generation in the case of prostate
cancer, but are also very critical for growth and maintenance of malignant phenotype in these
cells [46,47]. Recent studies suggest that Nox1 triggers an angiogenic switch and converts
tumors from dormant to aggressive growth, while Nox4 has been indicated to be active in
melanoma and pancreatic cells [48]. Both Nox1 and Nox5 are reported in prostate cancer tissue/
cells, while our studies identified various isoform of Nox including Nox4, Nox2 and Nox5
(Fig. 3b) in prostate cancer lines which are absent in normal prostate cell lines. Ectopic
expression of Nox1 in prostate cancer cells enhances growth, tumorigenicity and angiogenicity
[49], whereas down regulation of Nox5 causes growth arrest and apoptosis [47]. Our findings
of the expression of various isoforms of NADPH oxidases and the apparent connection between
ROS generation by Nox system and tumorogenic potential suggested that this pathway might
play a critical role in tumor modulation [22]. In addition, a recent study showed that castration
resulted in dramatic increases of three ROS generating NAD(P)H oxidases including Nox1,
Nox2 and Nox4 [25]. Thus increased Nox expression driven ROS generation in prostate cancer
could lead to the generation of a malignant phenotype by modulating various signaling cascades
and may prove to be an effective target for therapeutic intervention.

6. Aging, oxidative stress and prostate cancer
Aging is associated with many metabolic disorders and also increased incidence of various
cancers [50,51]. Prostate cancer is a major age related malignancy. Many theories have been
formulated to explain the molecular and biochemical aspect of aging, but Harman in 1956
proposed “free radical theory of aging” in which he suggested that accumulation of damage to
biomolecules caused by free radicals play a major role in human aging [52,53]. With the
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advancement of technology, many researchers supported the above theory and concluded that
accumulation of somatic mutations in mtDNA is a major contributor to human aging since
mitochondria are the major source of intracellular ROS generation and is therefore vulnerable
to oxidative damage leading to progressive decline in respiratory function over time [54,55].
We believe that cellular oxidative stress increases with age and the increase in mitochondrial
mutations can lead to further increase in ROS generation due to defective oxidative
phosphorylation and electron transport. Thus, it is possible that increase in ROS leads to a self
perpetuating cycle with an ever increasing oxidative challenge placed on the cells. Therefore,
mtDNA mutations/ deletions not only act as a marker for aging but may also explain increased
incidence of prostate cancer with advancing age.

6.1 Changes in Androgen Receptor Activity with Age
Most of the cells in the prostate tumor express the androgen receptor and respond to androgens
at an early stage, which facilitate their growth. Age related changes in the levels of androgens
and ratios of other androgenic hormones, and changes in the balance between auto/paracrine
growth stimulatory factors [56] like insulin growth factor (IGF), epidermal growth factor
(EGF), nerve growth factor (NGF) and growth inhibitory factors like transforming growth
factors β (TGFβ), IGF binding proteins (IGFBPs) are implicated for abnormal prostatic growth
[57–59]. Although, most of cells in the prostate tumor will eventually become hormone
refractory upon traditional treatment procedures involving hormonal withdrawal, they develop
other means of androgen receptor activation. Interestingly, physiological stimulation of
androgen receptor has been shown to increase ROS production [60,61]. Since aging is
associated with a decrease in intracellular antioxidant levels and activities of free radical
scavenging enzymes, and androgen stimulation in prostate cancer cells causes a shift in the
prooxidant-antioxidant balance, it can be speculated that the level of androgen stimulation
existing in prostate cancer cells is a by-product of mtDNA mutations and aging.

In addition to the accumulation of oxidative stress with advancing age, recent studies shed light
on changes in insulin-like growth factor 2 (Igf2) imprinting with age and its relevance to
Prostate Cancer [62]. This study did not identify any correlation between Igf2 and oxidative
stress, cautioning that aging as we know may be a result of not only persistent oxidative stress,
but it also due to a combination of multiple factors totally unrelated to oxidative stress.

7. Steroid Hormones in ROS Generation and Incidence of Prostate Cancer
Prostate development, maturation and normal function depends on the activity of the androgens
testosterone and its derivative dihydrotestosterone (DHT). DHT, synthesized from testosterone
in the prostate by 5α-reductase [63], has a more potent effect due to its higher affinity to the
Androgen Receptor (AR). The AR in turn, binds to Androgen Receptor Elements (ARE)
present in the promoter regions of many genes involved in cellular proliferation [64].
Traditionally, initial stages of prostate cancer were controlled by Androgen deprivation
therapy; however, aberrant AR activity, in prostate tumors finally leads to the development of
a highly malignant state of disease unresponsive to androgen control [65].

Many studies have dwelt on the increased oxidative damage in cells due to ROS as a result of
abnormal and increased androgen stimulation of androgen sensitive prostate cancer cells [66,
67]. Though studies have not pointed out a potential mechanism for the increased levels of
ROS after androgen stimulation, as discussed above, changes in the balance of pro-oxidant and
anti-oxidant molecules in a cell may play an important role. Intracellular redox balance is
largely a result of cyclic reduction and oxidation of Glutathione both in the cytoplasm and
mitochondria of a cell [68]. Glutathione, synthesized in the cytosol and imported into the
mitochondria, plays an important role in the protection of mitochondria from the deleterious
effects of ROS generated as a result of electron transport [69]. Studies by Ripple et al., [23]
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suggest that stimulation of prostate cells by addition of androgens increases the activity of γ-
Glutamyl transpeptidase, an enzyme responsible for Glutathione recycling in cells, by
metabolizing glutathione back to amino acids. Recent research has also thrown light on GSH
Peroxidase enzyme which catalyzes the neutralization of peroxide via Glutathione redox
system. Circulating levels of GSH Peroxidase in the plasma as well as in the prostate tissue
are markedly decreased in prostate cancer biopsy specimens from patients [70,71]. Therefore,
increased loss of glutathione may be a prime reason for the shift in intracellular environment
to a pro-oxidant state leading to multiple changes in gene expression [72] eventually evolving
into a malignant state.

7.1 Role of Estrogens and Estrogenic Compounds in Increased ROS in Prostate
Even though Testosterone is the predominant hormone responsible for the regulation of
prostate gland growth and functioning, recent discovery of the presence of estrogen receptors
in the prostate has brought its role in prostate cancer progression to prominence [73,74].
Estradiol can be synthesized from testosterone in the prostate epithelial cells or taken up from
general circulation. Certain Isoflavonoids can also have weak estrogenic effects [75] and have
been observed to cause significant infiltration of Neutrophils and lymphocytes in the prostate
lobes of rats fed with dietary Isoflavonoids. Chronic administration of DHT and estradiol to
rats induces the expression of pro-inflammatory cytokines within the prostate [76]. These
inflammatory infiltrates have been identified to be a major source ROS production and the
incidental oxidative injury to the prostate epithelium has been suggested to be the cause for
the formation of Proliferative Inflammatory Atrophy (PIA) [77]. These lesions generally form
the basis for enhanced epithelial cell proliferation, regeneration and give rise to Prostatic
Intraepithelial Neoplasia (PIN), and progressively to prostate cancer. It is generally believed
that estrogen alone is not enough to cause malignancy, but abnormal estrogen receptor α
(ERα) signaling in conjunction with elevated levels of testosterone have been shown to induce
prostate hyperplasia and prostate cancer in mice [78].

8. Hypoxia and ROS
Extensive cell proliferation coupled with unorganized vasculature present in a tumor result in
a low oxygen environment (Hypoxia) forcing the cells to shift to anaerobic glycolysis for their
energy requirements [79,80]. Tumor cells have the ability to overcome low oxygen tension
due to concomitant activation and stabilization of Hypoxia Inducible factor (HIF-1). Studies
in many systems have shown an increase in intracellular ROS production when exposed to
hypoxic environment [81] and mostly originating from the mitochondria [82]. Studies by
Bourdeau-Heller and Oberley [83] suggests that long term exposure of prostate cancer cells to
hypoxia results in modulation of ROS levels and energy metabolism, to ensure cell survival
and growth. Other studies have shown that many signaling pathways are activated as a result
of increased ROS levels under hypoxia that finally result in the increased expression of HIF-1
and angiogenic factor VEGF in prostate cancer cells [84]. In addition to the synthesis of HIF-1,
the redox status of a cell has a direct impact on the maintenance of HIF-1 in a conformationally
active state [85] and probably in its final degradation through the ubiquitin pathway also
[86]. Studies in our laboratory (unpublished results) implicate p38 MAPK as an early factor
in hypoxic response of androgen dependent prostate cancer cells. Hypoxia-reoxygenation
eventually leads to androgen independent increased survival in these cells which may be
speculated as a result of higher levels of ROS found in these cells upon hypoxia exposure.

For more detailed information regarding the role of ROS in HIF-1 signaling, readers are
referred to a recent review by Galanis et al. [87].
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9. Chronic Prostatitis, Inflammatory Response and ROS
9.1 Bacterial and non-bacterial Prostatitis

Prostatitis is a manifestation characterized by painful inflammation of the prostate. Even
though the reason for the occurrence of Prostatitis is much in debate, two classes of Prostatitis
have been recognized, Bacterial and non-bacterial Prostatitis [88]. Prostatitis is often associated
with symptoms that range from voiding discomfort to adverse sexual function [89].
Epidemiological studies suggest that on an average about 11 to 16% of men in the United States
have been or are diagnosed with Prostatitis [90], out of which only a few (5 to 10% of total
cases) are of bacterial origin [91].

Bacterial Prostatitis is thought to be caused by a retrograde transfer of infection from the lower
urinary tract to the prostate. This belief is strengthened by the isolation of gram negative enteric
bacteria commonly associated with Urinary Tract Infections from the affected prostate [90].
However, a wide spectrum of organisms have also identified to be involved in Prostatitis; from
Enterobacteria like Escherichia coli, Enterococcus fecalis, and Proteus mirabilis to
Chlamydia spp. and Ureaplasma spp. [92]. This has strengthened the belief of possible
contiguous spread from other sources including the bladder, bowels, blood or the lymph to
prostate [93]. Antimicrobial therapy targeted against specific infectious agents can cure acute
cases of bacterial Prostatitis. However, chronic cases can be distinguished by persistent
occurrence of bacteria (Chronic Prostatitis) in prostatic fluid even after therapy [94]. In addition
to bacterial infections, certain non-bacterial causes have also been identified in chronic
Prostatitis [95]. These include but are not limited to elevated prostate pressures as a result of
voiding dysfunction, bladder neck hypertrophy, and in some cases emotional disorders.

9.2 Prostatitis, Reactive Oxygen Species generation and Prostate Cancer
Chronic Prostatitis either bacterial or non-bacterial leads to stromal or epithelial cell damage
causing inflammation in a majority of cases [96]. Inflammatory cells, particularly macrophages
that are attracted to the site of inflammation can be found in the Expressed Prostatic Secretions
(EPS) characterizing Inflammatory Chronic Prostatitis. Non-specific immune defense,
mediated by inflammatory cells, activated as a result of Chronic Prostatitis has been labeled
as the primary cause for a rapid increase in the amount of Hydroxyl radicals, superoxides and
peroxides in prostate tissue [97]. The continual exposure of prostate tissue to the source of
inflammation can lead to a dramatic increase in ROS, causing changes in protein structure and
function, somatic genetic alterations and post translational DNA modifications [98]. These
changes can lead to further tissue damage resulting in enhanced epithelial cell proliferation to
compensate for the tissue damage and can therefore induce prostatic neoplasia [99]. Chronic
inflammation, therefore, can induce a tissue microenvironment comprising higher levels of
mutagenic ROS and this process has been implicated in the formation of many tumors including
breast adenocarcinomas [100]. Studies by Stanick et al., [101] identified an increase in PSA
levels in patients with chronic Prostatitis and epidemiological studies refer to a small increase
in the risk of prostate cancer in men with a history of Prostatitis [102].

10. Summary and Future Directions
Evidence from epidemiological, experimental and clinical studies suggest that prostate cancer
cells are exposed to increased oxidative stress. Environmental factors like diet, inflammation,
and changes in cellular functions pertaining to NAD(P)H Oxidase, androgen signaling, mtDNA
mutations, aging, and redox imbalance are possible mechanisms that contribute to increase
ROS generation (Fig. 1). This increased ROS may further stimulate cell proliferation, cause
somatic DNA mutations and promote genetic instability, cell cycle arrest, senescence, and in
cancer cells can cause increased angiogenesis, and motility. Studies in our laboratory have
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identified a potential role for increased ROS generation for the development of an aggressive
phenotype in Prostate Cancer cell lines. A lingering question that has not been addressed to
date is when is the exposure to elevated ROS result in increased predisposition to promotion
of a malignant phenotype and when does ROS result is cell damage, apoptosis and cell death.
Our central hypothesis is that chronic exposure to moderate to high levels of ROS promotes
malignant phenotype, while acute exposure to high levels of ROS promotes cell death and
irreversible damage. Based on this hypothesis we propose that conditions associated with
chronic exposure of elevated ROS in prostate (Fig 1) would promote prostate cancer in general.

Potential role for ROS in the regulation of cellular process controlling malignant transformation
holds a lot of promise in understanding etiology and progression of cancer in general and
prostate cancer in particular, as this may open doors for the development of novel therapeutics
for cancer prevention and treatment. In the case of prostate, besides acting as a DNA damaging
agent, moderately elevated levels of ROS may act as secondary messengers and can control
various signaling pathways which are essential for the maintenance of oncogenic phenotype
by virtue of activating many transcription factors like HIF-1α, Snail, Ets etc. in prostate cancer.
Identification of pathway(s) that channels these signaling cascades to the transcription factors
may provide novel targets for treatment options. Studies in our laboratory are focused on the
role of Focal Adhesion Kinase (FAK) and Mitogen Activated Protein Kinase (MAPK)
signaling pathways [103] that may play an essential role in the development of aggressive
androgen independent prostate cancer through ROS mediated signaling. Another potential
avenue for future studies may be the sources of ROS generation in cancer cells, including
NADPH oxidase (Nox) enzyme(s) which appear to be an exciting player on the ROS mediated
biological scene in prostate cancer. Since prostate cancer cells are under inherent oxidative
stress, a strategy that can take advantage of this inherent higher oxidative stress may also
provide an advance in salvage therapy. ROS play an increasingly important role not only in
malignant transformation, but also in progression and aggressive phenotype of Prostate Cancer.
As such, strategies designed to utilize ROS-mediated signaling events may offer promise in
the prevention and potential treatment of Prostate Cancer.
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Fig. 1. Mechanisms of ROS production, and cellular response to ROS in prostate cells
Many factors both intrinsic to the cells and to external environment can lead to higher ROS
production in the prostate. Increased ROS levels can lead to prostate dysfunction which in turn
leads to more ROS production. An enzymatic or non-enzymatic antioxidant defense system
counteracts and regulates ROS level to maintain physiological homeostasis. Lowering ROS
level below the homeostatic point may interrupt proliferation and host defense system, while
accumulative ROS in prostate can alter normal functioning of the prostate leading to low
antioxidant level [by disrupting Nrf2-antioxidant response element axis(ARE)], increase
mtDNA mutation and aggressive phenotypes, and caused DNA damage.
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Fig. 2. Metabolic switch and mitochondrial DNA (mtDNA) mutation accelerate ROS generation in
prostate cancer
Alterations in metabolism from high citrate to low citrate production, and truncated oxidative
phosphorylation (OXPHOS) to complete OXPHOS status during the malignant transformation
of prostate lead to complete citrate oxidation, and more ROS generation in prostate cancer
cells. Similarly, homoplasmic mtDNA point mutations and mtDNA instability with time and
age cause mitochondrial hyper mutagenesis. This event causes enormous amount of ROS
generation, and we hypothesize that it might lead to impaired electron transport chain (ETC)
resulting in decreased citrate production, which in consequence generates more ROS in prostate
cancer cells. Once enhanced ROS generation is started, subsequent activation of signaling
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pathways and redox-sensitive transcription factors like HIF-1α, Ets, Snail has been shown to
play a major role in progression and metastasis of the cancer cells.
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Fig. 3. Activation of reactive oxygen species (ROS) generation by assembly of phox regulatory
protein
(a). Activation of Nox enzyme (equivalent to gp91phox component of phagocytes) system
results in assembly of cytosolic regulatory proteins (p40phox, p47phox and p67phox) with
flavocytochrome b558 (f.cyt b558; comprised of membrane associated catalytic subunit Nox
plus p22phox). These trigger nucleotide exchange protein that activates the GTPase RAC.
Protein kinases catalyse many phosphorylation events and allowing p47phox binding to lipid
along with p67 phox and p40phox. Activation of exchange factors triggers GTP binding,
resulting in conformational change in RAC that promote dissociation from RhoGDI, and
promote RAC-GTP binding to p67phox, helping to assemble the active complex. (b).
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schematic illustrating the role of NAD(P)H oxidase system in prostate cancer cells. In case
of prostate cancer cells, NAD(P)H oxidase1 (Nox1), Nox2, Nox3 and Nox4 are similar in size
to gp91phox, while Nox5 consists of an additional amino-terminal calcium binding domain,
and independent of p22phox requirement for their activity. We hypothesize that increased ROS
generation as a result of activation of NAD(P)H oxidase system(s) in prostate cancer cells
mediates several signaling pathways critical for growth and could potentially regulate various
phenotypic features of cancer cells. Dashed lines indicate possible mechanisms of action.
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