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Abstract

Chronic inflammation and its role in driving cellular plasticity have recently been documented as a significant risk
factor for prostate cancer. The progression of prostate cancer has been linked to stages of inflammation-driven
changes, ranging from simple atrophy to prostatic intraepithelial neoplasia and eventually to low- and high-grade
neoplastic forms. Long-term oxidative stress and the genetic damage caused by chronic inflammation are among
the well-characterized risk factors in the development of prostate cancer. Both uncontrollable and controllable
factors contribute to this transition process. Non-modifiable risk factors for prostate cancer include age, race,
ethnicity, family history of obesity, and certain genetic predispositions. Modifiable risk factors, such as a sedentary
lifestyle, poor diet, obesogenic habits, and microbial dysbiosis, may further elevate the risk of neoplastic
transformation. Additionally, environmental pollutants, like chlordecone and nitrates, can interact with biological
factors, potentially influencing cellular plasticity. These factors collectively contribute to an increased risk of
prostate cancer and may facilitate neoplastic progression. Certain molecular markers have also been implicated in
promoting chronic inflammation, enhancing cellular proliferation, and inhibiting apoptosis, thereby aiding in this
transition. This review provides a comprehensive summary of the known modifiable and non-modifiable risk factors
that contribute to the neoplastic transition in the prostate and elevate the risk of prostate cancer.

Keywords: Prostate cancer, chronic inflammation, risk factors, gut microbiome, obesity, pollutants, race,
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INTRODUCTION

Prostate cancer remains the second leading cause of cancer-related death among men. In 2024,
approximately 300,000 new cases are expected to be diagnosed in the United States, with an estimated
35,250 deaths anticipated from the disease!"!. The recent rise in prostate cancer mortality is largely attributed
to an increase in high-grade tumor detection, following the reduced recommendation for serum PSA
testing'". Major non-modifiable risk factors for prostate cancer include age, race, family history, and genetic
predisposition. African-American men are disproportionately affected, facing nearly double mortality risk
compared to other racial groups”. This disparity is thought to stem from a combination of risk factors
including race, obesity, socioeconomic factors, environmental exposures, and genetic variations.
Additionally, populations adopting a Westernized diet and sedentary lifestyle face a heightened risk of
developing the disease. Environmental exposures, such as pollutants and contaminated water in lower-
income areas, further elevate risk”. Both lifestyle and environmental factors can contribute to increased
prostate cancer risk and are recognized as modifiable risk factors. Familial obesity and related heritable
traits have also been linked to a higher risk of the disease. Socioeconomic challenges, including limited
access to healthcare and healthy foods, exacerbate obesity and subsequently prostate cancer risk.
Furthermore, low socioeconomic status increases exposure to environmental pollutants that may promote
chronic intraprostatic inflammation and neoplastic development. A list of modifiable and non-modifiable
risk factors is summarized in Figure 1.

Increasing scientific evidence indicates that both modifiable and non-modifiable risk factors contribute to
elevated oxidative stress in the prostate gland. This stress results from an imbalance between the
overproduction of reactive oxygen species (ROS) and the body’s diminished ability to neutralize these
reactive intermediates. This imbalance can cause tissue damage by altering DNA, proteins, and other
macromolecules, leading to a cascade of inflammatory responses”. The link between inflammation and
cancer is not a new area of study. In 1863, Virchow proposed that cancer often originates in areas of chronic
inflammation'”. Today, chronic inflammation is recognized as a contributing factor to several types of
cancer, including liver, colon, lung, bladder, stomach, and pancreatic cancers"”*. Multiple studies, including
research from our group, have demonstrated an association between chronic inflammation and prostate
cancer®"",

ROLE OF INFLAMMATION IN PROSTATE CANCER DEVELOPMENT

Chronic intraprostatic inflammation, also known as prostatitis, is a painful condition characterized by an
inflamed, swollen, and tender prostate. Despite the use of antibiotics, it can be challenging to treat.
Inflammation in the prostate can be classified as acute or chronic and may be triggered by bacterial or non-
bacterial agents. Acute inflammation is typically caused by bacterial, viral, fungal, or parasitic infections,
which result in the recruitment and activation of polymorphonuclear leukocytes"”. However, chronic low-
grade inflammation may arise from non-bacterial factors, such as an imbalanced diet, exposure to
environmental pollutants, hormonal changes, or genetic predispositions"*?. The microbiome has been
shown to influence prostate inflammation in various prostatic diseases, including prostatitis, benign
prostatic hyperplasia, and prostate cancer”. Studies have revealed a positive correlation between a clinical
history of prostatitis and an increased risk of prostate cancer”. A retrospective needle biopsy study further
demonstrated that chronic inflammation contributes to neoplastic development". Additionally, other
research has observed an increase in polymorphonuclear leukocyte aggregation and elevated PSA levels due
to prostate inflammation. Interestingly, the use of non-steroidal anti-inflammatory drugs (NSAIDs) has
been linked to reduced serum PSA levels and decreased immune infiltration in prostate biopsies, indicating
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Figure 1. Modifiable and non-modifiable risk factors in prostate cancer. Non-modifiable risk factors are intrinsic to individuals’ genetics,
biology, or natural environment that cannot change. Modifiable risk factors are lifestyle or environmental factors that can potentially be
changed to reduce the risk of developing prostate cancer. While modifiable risk factors have less direct evidence than non-modifiable
ones, there is still some association between these factors and prostate cancer risk.

a potential reduction in prostate cancer risk"”. Therefore, it is reasonable to propose that unresolved
chronic prostate inflammation could eventually lead to neoplastic transformation and, subsequently, the
development of prostate cancer!..

Chronic inflammation and neoplastic development in the prostate

In prostate carcinogenesis, there is growing evidence that regenerative "risk factor lesions", known as
proliferative inflammatory atrophy (PIA), emerge as a result of various insults that can damage the
prostate"®. PIA is an atrophic lesion with a morphology resembling simple atrophy but is proliferative in
nature. It is associated with inflammation and is considered a possible precursor to prostatic intraepithelial
neoplasia (PIN) and prostate cancer. PIA lesions appear to result from the proliferation of prostate epithelial
cells in response to inflammatory insults. These lesions may represent a precursor to prostate cancer by
providing a productive environment for genomic aberrations and uncontrolled cellular growth. This cellular
proliferation can lead to numerous somatic mutations, gene deletions, amplifications, chromosomal
rearrangements, changes in DNA methylation, and molecular stress signals - all of which create a favorable
environment for tumor development"”. Focal prostatic epithelial atrophy has long been recognized as a
common finding in the peripheral zone of the prostate in aging men"****". Many of these atrophic regions
are linked to either acute or chronic inflammation and are characterized by proliferative epithelial cells.
These lesions are mainly located in the peripheral zone of the prostate, which is the area where prostate
cancer typically occurs. Moreover, these regions are often adjacent to high-grade prostatic intraepithelial
neoplasia (PIN) lesions or small-volume cancers, particularly in older men. Accumulating evidence
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supports the potential role of PIA as a precursor lesion to prostate cancer. Studies in rodent models have
shown that focal areas of epithelial atrophy, accompanied by inflammation, may play a role in cancer
development"””. Furthermore, genetic changes, such as gains in the centromeric region of chromosome 8,
have been observed in human PIA, PIN, and prostate cancer™.

Mutations in the p53 gene, a common feature in many cancers, have been detected in approximately 5% of
post-atrophic hyperplasia lesions, a variant of PIA. This mutation rate is similar to that observed in high-
grade PIN™.. A study by Palapattu et al. proposed a model in which PIA arises as a response to
microenvironmental stressors such as local ischemia, infections, and toxin exposure affecting normal
prostate epithelial cells®”. According to this model, regions of PIA experiencing oxidative genome damage
and unable to adapt may progress to PIN or prostate cancer. Additionally, PIA lesions have been found to
share some genetic features with prostate cancer. PIN refers to the neoplastic growth of epithelial cells
within preexisting prostatic acini or ducts, with high-grade PIN (HGPIN) being recognized as a precursor
to prostate cancer™*. In the model described earlier, it is hypothesized that HGPIN may arise after a period
of atrophy, during which atrophic lesions are linked to inflammation and subsequent development of
HGPIN, eventually transitioning into cancer. It has also been suggested that PIA might progress directly to
carcinoma without passing through a HGPIN phase®”. Some cancers may originate from PIN lesions
without accompanying atrophy, while others can develop without any precursor lesions at all. Lastly, it has
been suggested that low-grade carcinomas in the transition zone may arise from adenosis or atypical
adenomatous hyperplasia®™’.

In 2006, a study conducted by our group examined 177 prostate needle biopsies to assess chronic
inflammation and other pathological findings mentioned earlier™. Of the 177 biopsies, 144 showed
evidence of chronic inflammation. Follow-up biopsies conducted five years later revealed occurrences of
prostate cancer with Gleason scores ranging from 6 to 9, or the development of high-grade prostatic
intraepithelial neoplasia (HGPIN). These findings indicate a strong correlation between chronic
intraprostatic inflammation and both premalignant and malignant changes in the prostate epithelium"?. In
another study by Glover et al., the potential link between chronic inflammation and neoplastic progression
was evaluated through an analysis of 36 prostate needle biopsies”. A subsequent follow-up study reassessed
the presence, absence, and extent of chronic inflammation, along with other relevant pathological findings,
in prostate needle biopsies obtained from patients with clinical signs of suspected malignancy®’. Over three
years, a review was conducted on 1,006 prostate needle biopsy cases, which included 202 cases featuring
chronic inflammation and 42 cases without inflammation, drawn from an initial pool of 244 patients who
did not have prostate cancer. Among the cases with chronic inflammation, 21 were found to have HGPIN,
compared to only one case without inflammation. Additionally, pathological findings such as post-atrophic
hyperplasia and proliferative inflammatory atrophy were exclusively observed in patients with a history of
chronic inflammation. Out of the 202 cases with prior chronic inflammation, 70 patients were diagnosed
with prostate adenocarcinoma. In contrast, initial biopsies with benign or no inflammation largely lacked
high-grade prostate cancer. Biopsies showing encroaching inflammation were associated with higher-grade
prostate cancers, with Gleason scores of 2 or above™.

In another study from our group, prostate biopsies were categorized into groups based on simple atrophy,
proliferative inflammatory atrophy (PIA), high-grade prostatic intraepithelial neoplasia (HGPIN), and
cancer, with protein expression levels of Bcl2 and proliferative cell nuclear antigen (PCNA) being
evaluated”’. It was hypothesized that, under chronic inflammation, proliferating epithelial cells attempt to
adapt to the altered microenvironment by promoting survival mechanisms. This was reflected by an initial
increase in the expression of the anti-apoptosis protein Bcl2 within the biopsy specimens”. However,
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prolonged exposure to oxidative stress may lead to genomic damage in a subset of cells, impairing their
normal regulation of cell death. These cells survive and continue to proliferate, favoring the development of
malignancy®. This transition is characterized by a decrease in Bcl2 expression and a concurrent increase in
PCNA expression.

Chronic inflammation also induces progressive changes in acinar or ductal epithelium, which may result in
the development of HGPIN'. Putzi et al. observed frequent morphologic transitions from PIN and focal
atrophy to carcinoma lesions in the surrounding tissue, further implicating inflammation in prostate cancer
development"!. In radical prostatectomies, HGPIN was found to merge with PIA, along with
morphological transitions from atrophy to PIN. Carcinoma lesions were also seen adjacent to these PIA
lesions, suggesting that such lesions may transition to carcinoma'*. Kryvenko et al., through a nested case-
control study, reported that the presence of HGPIN and simple atrophy increased the risk of prostate
cancer”. In this cohort, HGPIN was associated with a two-fold increase in prostate cancer risk, with 65% of
patients with HGPIN in their initial biopsies later diagnosed with prostate cancer?. The California Men’s
Health Study (CMHS), a large-scale, multiethnic longitudinal study, aimed to understand prostate cancer
development among American males””. The CMHS found an increased risk of prostate cancer in patients
with a history of prostatitis or chronic inflammation"". Similar studies, such as The Prostate, Lung,
Colorectal, and Ovarian (PLCO) Trial and the European Randomized Screening for Prostate Cancer
(ERSPC), also showed a correlation between elevated PSA levels due to inflammation and the development
of prostate cancer.

RISK FACTORS INFLUENCING PROSTATE CANCER

Several non-modifiable and modifiable risk factors for prostate cancer have been previously examined. The
influence of these risk factors on the interactions among various biological components may play a role in
prostate tumorigenesis.

Non-modifiable risk factors

Disparities in prostate cancer incidence and mortality are well-documented, particularly between African-
American (AA) and Caucasian-American (CA) populations”. While socioeconomic factors and
environmental exposures are significant contributors, biological factors also play a crucial role in this
disparity. For instance, androgen receptors and their ligands, such as testosterone, are known to facilitate
prostate cancer growth™. African-American men have been observed to have higher levels of free
testosterone and androgen receptor proteins, which may increase their risk of developing or progressing
prostate cancer. Additionally, somatic and germline hypermutations have been noted in AA men with
prostate cancer. Notably, AA men have a 2.8-fold higher frequency of mutations in the oncogenic gene
BRCA2 compared to CA men"". Disease-related loci in AA men with prostate cancer also show higher
levels of DNA hypermethylation. FOXA1, a transcription factor essential for androgen receptor binding
and proper prostate gland development, has been found to be more frequently mutated in AA men
compared to CA men"”. However, the specific implications of these mutations remain unclear”*”. These
biological factors, including mutations and ligand signaling associated with race, may contribute to a higher
risk of neoplastic growth and prostate cancer progression.

Prostate cancer risk is strongly associated with age, with the highest incidence occurring in men aged 65
years and older®. The average age at diagnosis is 66, indicating that the development of prostate cancer can
span several decades. Incidence rates of prostate cancer rise significantly with age, from 9.2 per 100,000 men
aged 40-44 to 984.9 per 100,000 men aged 70-74"”.. Over time, atrophic and simple lesions in the prostate
may evolve and undergo neoplastic transitions, leading to cancer development. Autopsy studies have



Page 317 Prakash et al. J Transl Genet Genom 2024;8:312-27 | https://dx.doi.org/10.20517/jtgg.2024.52

indicated that localized and minor prostatic lesions can remain undetected for many years before advancing

to carcinogenesis"’.

Familial obesity and its potential link to prostate cancer susceptibility remain underexplored. Although
hereditary obesity is known to elevate the risk of developing prostate cancer, the specific association
between inherited obesity and prostate cancer susceptibility has not been extensively studied. The increased
risk associated with obesity may contribute to prostate cancer development, potentially interacting with
prostate cancer gene expression, particularly at younger ages. Further research is required to investigate how
obesity influences the expression of prostate cancer susceptibility genes and to determine whether these
heritable conditions can co-develop. Understanding this interplay could provide insights into how genetic
predispositions to obesity may impact prostate cancer risk.

Familial cancers are characterized by specific genetic mutations and defined inheritance patterns. The
concept of familial aggregation refers to the increased incidence of prostate cancer within families, which
can be due to shared environmental factors, genetic predispositions, a combination of both, or chance,
given the high overall incidence of the disease. Familial prostate cancer accounts for approximately
10%-20% of all cases within the general population”. The "two-hit" hypothesis, also known as the
“Knudson hypothesis”, explains how genetic mutations contribute to cancer development. According to this
hypothesis, individuals may be born with a mutation in a proto-oncogene, referred to as the first "hit". This
genetic predisposition increases the likelihood of developing cancer if a second, unrelated genetic event, or
"second hit", occurs later in life. For example, in familial cancer syndromes involving tumor suppressor
genes, such as the p53 gene, the first hit is an inherited mutation. The second hit occurs when the remaining
functional copy of the gene is lost or mutated, disrupting growth control and leading to cancer
development"**?. These genetic "hits" can be influenced by numerous factors, including an imbalanced diet,
age, environmental exposures, and hormonal changes"”. As a result, individuals with inherited genetic
mutations may develop cancer at a younger age compared to those with sporadic cancers, and the impact of
these hits can affect multiple organs.

Prostate cancer susceptibility genes, such as MIC1, RNASEL, and MSR1, have been linked to familial
prostate cancer”™. These genes typically encode proteins that play critical roles in the body’s response to
infection, inflammation, and oxidative stress [Table 1]. Mutations in these proteins can impair their ability
to prevent carcinogenesis through these pathways®”. A significant gene linked to prostate carcinogenesis is
BRCA1/2. While germline mutations in the breast cancer susceptibility genes BRCA1 and BRCA2 are
widely recognized for their involvement in breast and ovarian cancers, they also elevate the risk of other
cancers, including prostate cancer”. Research has demonstrated that germline mutations in BRCA1/2 genes
are linked to familial prostate cancer aggregation™’. Male carriers of BRCA1/2 mutations have been shown
to have a higher risk of prostate cancer compared to those without these mutations'*”.

The protein p63, which is homologous to the tumor suppressor gene p53, is involved in regulating the
growth and development of various epithelial tissues, including those in the prostate!"**,. Notably, p63 is
selectively expressed by basal cells in the normal prostate gland, which possess stem cell properties and
differentiate into secretory luminal cells'*"*?. Studies have shown that pé3 is persistently expressed in basal
cells of atrophic and benign prostate lesions but is absent in prostate cancer®”. Abnormalities on
chromosome 8 have been associated with lesions like proliferative inflammatory atrophy (PIA) and post-
atrophic hyperplasia (PAH), as well as with prostate cancer and high-grade prostatic intraepithelial
neoplasia (PIN)*). Alpha-methylacyl-coenzyme A racemase (AMACR) is a commonly used marker for
detecting neoplastic development in the prostate*”. While AMACR is generally a positive marker for
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Table 1. Prostate cancer susceptibility genes

Familial genes Reference Non-familial genes Reference

MIC1 De Nunzio et al.*® BRCAT Cavanagh et al ¥
RNASEL De Nunzio et al.”® BRCA2 Cavanagh et al®®
MSR1 De Nunzio et al.*®’ GSTP1 De Nunzio et al.®*’

prostate neoplasms, it has also been observed in some benign glands and may be negative in certain cases of
prostatic adenocarcinoma'®’. This results in a negative correlation when using p63 and AMACR together, as
p63 marks basal cells and AMACR indicates neoplastic progression*”. Man and Gardner investigated
focal basal cell layer disruptions (FBCLDs) in pre-invasive and invasive prostate tumors using various basal
cell biomarkers, including pé63. They found that FBCLDs were associated with an increase in the
proliferative marker Ki-67 and AMACR in luminal cells overlying the basal cells. Additionally, glands
adjacent to those with FBCLDs were often negative for AMACR. This study suggested that p63 expression
may be lost early in the progression of prostate cancer as a result of internal factors such as radiation,
carcinogens, or inflammation, which induce permanent DNA damage in primitive stem cells and contribute
to the development of FBCLDs!*!,

Inducible nitric oxide synthase (iNOS) is recognized as a significant contributor to nitric oxide (NO)
production during inflammatory reactions in tumor tissues and cell lines'”. However, the role of iNOS in
cancer is debated, with some studies showing lower iNOS expression in tumor tissues compared to normal
tissues, while others report increased iNOS expression in various forms of human cancer'***. Glover et al.
assessed the expression and staining intensity of several biomarkers, including p63, AMACR, COX-2, iNOS,
Bcl2, and GSTP1, using a scale from 0 (no staining) to 3 (high intensity)”. Their findings indicated that
areas preserving the basal cell layer with p63 expression at 72% also exhibited iNOS expression at 68%, with
a moderately high staining intensity. Conversely, glands showing more neoplastic characteristics had
reduced p63 expression and increased AMACR levels. Additionally, an increase in AMACR expression was
associated with a decrease in the staining intensity of iNOS in the transitional glands'.

The proinflammatory enzyme cyclooxygenase-2 (COX-2) plays a crucial role in converting arachidonic acid
to prostaglandins, which are involved in regulating cell proliferation and inflammation. Evidence indicates
that COX-2 is upregulated in various cancers, including prostate cancer™. Karaivanov et al. showed that
COX-2 can be induced by mitogens, tumor promoters, cytokines, growth factors, and hormones, leading to
the activation of IL-1, tumor necrosis factor-alpha, NF-«B, and other pathways"”. Prostaglandins, produced
from arachidonic acid via COX-2, are involved in modulating cell proliferation. In the context of prostate
cancer, inflammation and reactive oxygen species (ROS) production can alter the balance of
prostaglandins”***. Typically, ROS are managed by the superoxide dismutase enzyme system, but oxidative
stress can lead to increased production of arachidonic acid, which is then converted to prostaglandins by
COX-2. It has been suggested that COX-2 expression may increase in prostatic intraepithelial neoplasia
(PIN) but not in prostate cancer itself. Additionally, COX-2 expression has been found to decrease in
proliferative inflammatory atrophy (PIA) lesions that are negative for p63 expression*'l.

Glutathione S-transferase pi class (GSTP1) is a gene that encodes an antioxidant enzyme crucial for
detoxifying carcinogens and inflammatory oxidants in prostate cells”. Increased GSTP1 expression is often
a marker of cellular stress and is commonly observed in proliferative inflammatory atrophy (PIA) and cases
of chronic prostatic inflammation’. Nelson ef al. proposed that PIA cells upregulate GSTP1 in response to
oxidative stress and inflammatory oxidants, using it to protect against genomic damage"”. However, in
prostate cancer, GSTP1 and other tumor suppressor genes often undergo epigenetic modifications, such as
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DNA methylation and histone changes, leading to their loss*”. GSTP1 CpG island hypermethylation has
been notably observed in PIA lesions, often adjacent to high-grade prostatic intraepithelial neoplasia
(HGPIN) or early cancer®”. As chronic inflammation persists, it can lead to the emergence of PIA cells with
defective GSTP1 genes, impairing their ability to counteract oxidant damage. This genetic dysfunction is
believed to contribute to genomic instability, promoting the progression from PIA to PIN and eventually to
prostate cancer, with GSTP1 defects potentially facilitating malignant transformation'”).

Modifiable risk factors

A sedentary lifestyle, characterized by poor diet, insufficient exercise, and related conditions such as obesity,
is known to impact prostate cancer risk and progression”. Prolonged periods of inactivity have been linked
to various chronic diseases, including prostate cancer. Orsini et al. documented that men with sedentary
work habits faced a 27% increased risk of prostate cancer development™. While some studies show
conflicting results, the association between sedentary behavior and obesity, which in turn elevates prostate
cancer risk, is well-established. Engaging in regular physical activity has been shown to reduce prostate
cancer risk by 10% to 30%'¥". Exercise can lower systemic inflammation, hyperinsulinemia, insulin-like
growth factor 1 (IGF-1) levels, androgens, and proinflammatory molecules®. Additionally, physical activity
is associated with improved immune function and a healthier gut microbiome®.

Dietary choices significantly impact prostate cancer risk and progression. Numerous studies have linked
high-fat diets, especially those dense in animal fats and red meat, to an increased risk of prostate cancer®.

Men who consume significant amounts of red meat and dairy products are at a higher risk of developing
prostate cancer and frequently present with more aggressive forms of the disease”™. The consumption of
cooked red meat can lead to increased levels of 2- Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP),

a potent heterocyclic amine (HCA) and carcinogen'®

. Similarly, high dairy intake can lead to elevated levels
of phytanic acid, which, when metabolized, produces hydrogen peroxide - a reactive oxygen species that can
cause oxidative damage to prostatic epithelial cells"”. Diet also influences the gut microbiome, potentially
causing microbial imbalances that might affect the prostate. Diets high in fiber can enhance the production
of short-chain fatty acids in the gut microbiome, with varying effects on prostate health. Matsushita et al.
demonstrated that high-fat diets and obesity alter insulin-like growth factor 1 (IGF-1) expression. In
prostate cancer mice models, high-fat diets combined with antibiotic treatment affected IGF-1 levels and
oncogenic pathways such as MAPK and PI3K". Obesity is linked with higher IGF-1 expression due to
hyperinsulinemia, which can further contribute to prostate cancer development. Overall, a poor diet,
particularly one high in animal fats and red meat, combined with the obesity resulting from such dietary
habits, can facilitate the neoplastic transition from benign prostatic atrophy to carcinoma. This effect is
magnified when prostatic inflammation is present, highlighting the role of diet and lifestyle in prostate
cancer risk and progression.

Obesity, particularly the overgrowth of white adipose tissue, is strongly linked to chronic inflammation,
fibrosis, and dysfunction in adipose tissues, all of which contribute to cancer promotion and progression.
This association is evident in the peri-prostatic white adipose tissue, which surrounds the prostate and
affects its environment. Expansion of peri-prostatic white adipose tissue surrounding the prostate surface is
associated with increased expression of NPYIR, LEP, ANGPTI, and HSPBs genes'®. Expression of these
genes is associated with the regulation of lipolysis, apoptosis, and cellular proliferation. The expression of
FADS]1, a gene crucial for regulating immune inflammation, is reduced in obese individuals'®”. The rapid
expansion of adipose tissues disrupts the homeostasis of the immune system, leading to polarization and
proliferation of immune cells. Macrophages increase in proportion to adiposity and leukocytes are further
proliferative and polarized in white adipose tissue overgrowth. Increased levels of immune cells in this
region increase cytokines and other inflammatory molecules, leading to prostatic inflammation. Adipokines
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such as leptin and growth factors including IGF1 and TGFB secreted by adipose tissues from the peri-
prostatic white adipose tissue can further regulate prostate cancer aggressiveness'®. COX-2 is known to be
highly expressed in the adipose tissue of obese individuals and increased circulating levels of cytokines'.
Increased levels of COX-2 produced by the peri-prostatic white adipose tissue may increase inflammation in
the prostate and aid in neoplastic transition and carcinogenesis in the prostate®. Additional studies are
needed to understand if COX-2 produced from subcutaneous adipose tissue surrounding the prostate can
facilitate chronic prostatic inflammation in obese individuals. Table 2 provides an overview of the genes
implicated in obesity-driven neoplastic growth of the prostate.

The human microbiome, comprising a diverse array of microbial species in the oral cavity and
gastrointestinal tract, plays a pivotal role in supporting overall health. Alterations in the microbiome, a
condition known as dysbiosis, have been implicated in various cancers, including prostate cancer'**.

Elevated levels of pathogenic bacterial species have been found in the prostate and may contribute to
chronic inflammation that, in turn, facilitates prostate carcinogenesis. These include Fusobacterium
nucleatum, Alistipes, Escherichia coli, Lachnospira, and Sphingomonas'®. These pathogenic species may
contribute to chronic inflammation in the prostate, which is a known risk factor for cancer. Escherichia coli.
and other bacterial species are known to cause prostate inflammation. Sexually transmitted infections such
as Chlamydia trachomatis, Neisseria gonorrhoeae, and Trichomonas vaginalis have been linked to increased
PSA levels possibly signifying infection and prostatic inflammation'””. Bouts of prostate infection through
dysbiosis and subsequent immune responses may lead to chronic inflammation, promoting the transition to
cellular plasticity. Chronic inflammation produced by the dysbiosis of the microbiome may lead to the
formation of PIA lesions””. Cellular damage and oxidative stress produced by chronic infection and
inflammation may allow for pro-survival of epithelial cells by overexpression of Bcl-2. Prevention of
apoptotic cell death through overexpression of Bcl-2 protein and enhanced growth signal could drive neo-
plasticity by increasing the proliferation signal, leading to the formation of prostatic intra-epithelial
neoplasia. Liu et al. reported that Fusobacterium nucleatum inhibits apoptosis in cancer cells through the
indication of reduced Bax/Bcl-2 ratio®. The Bax/Bcl-2 ratio is used as a marker to determine the life or
death of cells"”. The abundance of F. nucleatum has been correlated with supporting or imparting an
aggressive tumor phenotype*”. F. nucleatum, an oral pathogen, has also been linked to prostate cancer.
Alluri et al. have demonstrated the presence of F. nucleatum in various prostate conditions, including
adenocarcinoma, chronic inflammation, and benign prostatic hyperplasia®. The presence of F. nucleatum
in the prostate may contribute to increased levels of Bcl-2 expression, as noted by Liu et al. Bcl-2 is an anti-
apoptotic protein that prevents programmed cell death and facilitates the formation of PIA or “risk factor
lesions””). Inhibition of apoptosis through F. nucleatum could support the proposed mechanism of prostate
carcinogenesis. Furthermore, F. nucleatum has been found to be a species of interest as a pathogenic
bacteria elevated in cases of colorectal and prostate cancer. In colorectal cancer, F. nucleatum is a producer
of short-chain fatty acids (SCFA) that may help induce carcinogenesis in the prostate. Butyrate is a SCFA
produced by F. nucleatum that may have implications in prostate cancer through the expression of the
insulin-like growth factor 1 (IGF-1)"l. SCFAs have been found to be elevated in prostate cancer patients
along with SCFA-producing bacteria. Matsushita et al. observed that the administration of antibiotics led to
a decrease in the levels of fecal SCFAs!*. Supplementation of SCFA was found to increase IGF-1 levels and
activate local mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K)
oncogenic pathways, promoting the proliferation in prostate cancer cells*’. The MAPK signaling pathway
controls cellular processes such as proliferation, differentiation, and apoptosis”™. Similarly, the PI3K
pathway plays a role in cell growth, survival, and metabolism. Activation of both pathways promotes the
progression of precursor lesions in the prostate. Inhibiting the PI3K and MAPK pathway leads to reduced
cell proliferation and increased cell death!”. Increased expression of Bcl-2 and the proliferation of prostate
cancer cells through MAPK or PI3K pathways exerted by F. nucleatum may play a role in the neoplastic
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Table 2. Alteration in gene expression due to obesity and implications in prostate cancer

Obesogenic altered gene

. Prostate cancer implications References

expression

NPY1R Increased expression of NPY1R promotes lipolysis, allowing prostate cancer cells to use free Saha et al."*?
fatty acids as substrate for growth

LEP Increased expression of LEP in obese individuals promotes cell growth and adipo/lipogenesis  Saha et al

ANGPTI anti-apoptotic and proliferation gene with increased expression in obese individuals Saha et al."*?!

HSPB8 anti-apoptotic and proliferation gene with increased expression in obese individuals Saha et al.”*”

FADST Decreased expression in obese individuals results in unsaturation of fatty acids providing Saha et al."*”
cancerous substrate

COX-2 Increased expression promotes inflammation and cell proliferation through prostaglandin Saha et al.”*”

transition of prostate tissue. SCFAs have been shown to upregulate toll-like receptors (TLRs), promoting
prostate cancer cell migration and activating the NF-xB pathway"””. The effects of F. nucleatum have been
associated with several oncogenic pathways, particularly in colorectal cancer. FomA, a surface protein
present on the extracellular vesicles of F. nucleatum, binds to TLR2 on intestinal epithelial cells. This
interaction modulates innate immunity and promotes local inflammation, which may contribute to the
development of neoplasia”. Intestinal epithelial cells exposed to these extracellular vesicles trigger NF-«xB
activation, a process dependent on TLR2"". NF-kB then stimulates the expression of proinflammatory
genes, including those for cytokines and chemokines, leading to an inflammatory response”. F. nucleatum
has been shown to activate the Wnt/p-catenin oncogenic pathway through its protein FadA". This pathway
can stimulate neoplastic progression by enhancing the overexpression of inflammatory genes. Additionally,
FadA can induce the expression of miR-21, which activates the MAPK/ERK and JAK pathways”*7®.

Downregulation of miR-21 has been associated with increased cell migration in neoplastic diseases™.

F. nucleatum can induce M2 macrophage polarization through the TLR4/p-PAK1 pathway and the p-B-
catenin S675 cascade™. A similar mechanism of M2 macrophage polarization has been observed in the
prostate, where it is influenced by the modulation of SCFAs™. Modulation of the long non-coding RNA
Keratin7-antisense (KRT7-AS) and Keratin 7 (KRT7) has been linked to increased metastasis in colorectal
cancer cells. Chen et al. reported that infection with F. nucleatum activates the NF-«xB pathway, which
subsequently upregulates KRT7-AS/KRT7, promoting cell migration and metastasis’®. Furthermore,
F. nucleatum has been suggested to influence the distribution of other bacterial species, such as Bacteroides
and Lactobacillus™. It expresses adhesins that facilitate biofilm formation, allowing for the coaggregation of
bacteria. Yu et al. found that Lactobacillus inhibits apoptosis in SW480 cells through its metabolite, lactic
acid™!. In colorectal cancer, both lactic acid levels and Lactobacillus presence were found to be elevated.
Lactic acid was shown to increase Bcl-2 expression, which inhibits apoptosis and supports cell survival®.

This enhanced Bcl-2 expression, mediated by Lactobacillus, may contribute to the progression of cells
toward a neoplastic state’™. While studies have not yet established the presence of Lactobacillus in the
prostate microbiome, lactic acid production in other parts of the body could potentially have systemic
effects. Dadgar-Zankbar et al. found a significant association between Bacteroides fragilis and high
expression of Bcl-2 in Iranian colorectal cancer patients. B. fragilis and its bft-1 toxin were present in higher
abundance in tumor samples compared to healthy tissue™. The study also observed overexpression of the
Wnt/B-catenin pathway in tumor tissues. The authors suggested that the bft toxin might contribute to the
dysregulation of the Wnt/B-catenin pathway, affecting cellular proliferation, apoptosis, and
inflammation"™. Additionally, B. fragilis is elevated in prostate cancer, indicating that similar mechanisms
might be at play in the prostate™. Further research is required to elucidate the microbiome’s role in the
increased expression of Bcl-2 and its potential contribution to neoplastic transition in prostate tissue.
Replicating colorectal cancer studies in the context of prostate cancer could help clarify these mechanisms.
Table 3 presents a summary of the bacterial taxa linked to neoplastic cell transformation and progression.
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Table 3. Bacterial taxa associated with cancer cell proliferation

Elevated bacterial

taxa Method/pathway of apoptosis inhibition or cellular proliferation References
Fusobacterium - hydrogen sulfide production stimulates CRC cell proliferation
nucleatum - butyrate producer through amino acids can activate MAPK pathways Wang et al#¥
- F. nucleatum extracellular vesicles can activate FADD-RIPK1-caspase3 signaling pathway to
promote necrosis in intestinal epithelial cells
- FomA can bind to TLR2 on intestinal epithelial cells, thereby modulating innate immunity
- Activates the Wnt/B-catenin oncogenic pathway via FadA
- FadA induces miR-21to activate the MAPK/ERK and JAK oncogenic pathway
- Facilitates M2 polarization via TLR4/p-PAK1/p-B-catenin S675 cascade
- Modulates KRT7-AS/KRT7 to promote metastasis
Lactobacillus Lactic acid increased expression of anti-apoptotic Bcl-2 protein Yuetal®
Bacteroides fragilis - B. fragilis elevation associated with high expression of AXIN, Bcl-2, and CTNNB1 Dadgar-Zankbar et alBY
- bft toxin may upregulate MAPK and Wnt signaling pathways
Clostridiales Produced SCFAs regulate IGF1 production, which affects MAPK and PI3K pathways Matsushita et al.*®"
Rikenellaceae Produced SCFAs regulate IGF1 production, which affects MAPK and PI3K pathways Matsushita et al.””

Environmental factors beyond diet, such as exposure to pollutants, have been implicated in prostate
carcinogenesis. Vigneswaran et al. conducted a study to explore the link between the Environmental Quality
Index (EQI) and the stage of prostate cancer™. The EQI assesses exposure across five domains: air, water,
land, built environment, and socio-demographic factors. The study found a strong positive correlation
between declining environmental quality and the likelihood of metastatic prostate cancer at diagnosis,
particularly in the land, water, and socio-demographic domains®™’. Pollutants in these areas were observed
to have a dose-dependent relationship with prostate cancer risk. These pollutants are thought to act as
endocrine disruptors, disrupting hormonal balance and promoting prostate carcinogenesis.

Chlordecone, also known as Kepone, is an organochlorine insecticide with known carcinogenic effects
related to prostate cancer. Multigner et al. investigated chlordecone levels in the plasma of prostate cancer
patients and found a marked association between chlordecone exposure and a higher risk of prostate
cancer. The study also identified abdominal obesity as a factor that increased prostate cancer risk. The
study further proposed that obesity and chlordecone concentration might be inversely related, as peripheral
fat could sequester this lipophilic organochlorine compound. Prolonged exposure to chlordecone was
deemed necessary to induce prostate cancer, with the risk being particularly high in individuals with a
family history of prostate cancer”.

Exposure to various environmental agents, including pesticides, bisphenol A, polychlorinated biphenyls,
and nitrates, has been linked to a higher risk of prostate cancer™”’. A case-control study in Spain investigated
the relationship between waterborne nitrate consumption and prostate cancer, finding that ingestion above
13.8 mg per day was associated with a 1.17-fold increase in risk compared to the lowest third percentile
(below 5.5 mg per day)®. Additionally, a Canadian case-control study examined the impact of ambient air
pollution on prostate cancer risk, revealing a strong positive association. The study assessed levels of
particulate matter (PM 2.5) and nitrogen dioxide (NO2) over a 20-year period and suggested that air
pollution should be classified as a carcinogen due to its association with increased prostate cancer risk™".

Both individual environmental agents and broader ambient exposures were shown to elevate prostate
cancer risk. The interplay of dietary factors, environmental exposure, and obesity thus may contribute to
chronic inflammation, potentially facilitating a neoplastic transition within the prostate. Environmental

pollutants associated with the risk of prostate cancer are summarized in Table 4.
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Table 4. Environmental carcinogens and their association with prostate cancer risk

Environmental

Association to prostate cancer risk References
pollutant(s)
Chlordecone Strong association with increasing prostate cancer risk over long-term exposure  Multigner et al®”
Bisphenol A (BPA) Increased serum levels of BPA correlated with a higher risk of prostate cancer Salamanca-Fernandez et al.”!
Polychlorinated biphenyls Dietary PCB was associated with fatal and high-grade prostate cancer Aliet al®"
(PCB)
Nitrates Significant ingestion of waterborne nitrates associated with increased prostate Donat-Vargas et al %
cancer risk
PM 2.5 Strong association with increased prostate cancer risk Youogo et al 7
Nitrogen dioxide Strong association with increased prostate cancer risk Youogo et al®!

CONCLUSION AND FUTURE PERSPECTIVES

The potential role of chronic inflammation in the prostate has been observed in biopsies from men of all
ages. The proposed mechanism linking chronic inflammation to carcinogenesis involves repeated tissue
damage and regeneration, accompanied by the release of highly reactive oxygen and nitrogen species from
inflammatory cells. Research conducted by our group and others supports the hypothesis that chronic
inflammation plays a key role in the neoplastic transition to prostate cancer. This is evident from the
presence of chronic inflammation, which results in the release of reactive oxygen species (ROS), growth
factors, and mitogens, leading to damage to the glandular epithelium. Additional support for this hypothesis
comes from observations of loss of the basal cell marker p63, increased expression of AMACR, and
decreased levels of inflammatory markers. While chronic inflammation is linked to prostate cancer,
distinguishing between inflammation as a cause versus a consequence of cancer can be challenging.
Furthermore, individual responses to inflammation may vary widely, complicating the establishment of
direct causative relationships. Ongoing research is needed to clarify these relationships and identify specitic
interventions that may reduce the risk of prostate cancer.

Environmental factors significantly influence the development and progression of prostate cancer.
Prolonged exposure to environmental toxins, including heavy metals, pesticides, and industrial chemicals,
can elevate the risk of developing this disease. Additionally, factors such as infections and irritants may
cause chronic inflammation in the prostate, which has been associated with cancer development. The
relationship between these mechanisms and environmental influences in prostate cancer is complex and
multifaceted. A major limitation is the difficulty in establishing direct causative links between
environmental exposures and prostate cancer risk. More research is necessary to clarify these relationships
and create effective prevention and treatment strategies tailored to individual risk profiles. Gaining a better
understanding of these dynamics can ultimately enhance outcomes for patients at risk for prostate cancer.

The microbiome is an exciting research area for exploring the development and progression of prostate
cancer. Its involvement in promoting the transition to neoplastic states via chronic inflammation is
increasingly recognized. However, to gain a comprehensive understanding of how pathogenic bacterial
species contribute to prostate carcinogenesis, further investigation is necessary regarding the microbiome’s
influence on the transition to neoplastic states, particularly through chronic inflammation and various
signaling pathways.

Evidence suggests that NSAIDs and a diet rich in fruits and vegetables can help reduce prostate cancer risk.
Both NSAIDs and antioxidant-rich diets present promising preventive strategies against prostate cancer,
each with unique feasibility, limitations, and clinical applicability. While NSAIDs offer a targeted approach
to managing inflammation associated with cancer risk, antioxidant-rich diets provide a holistic lifestyle
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modification that can improve overall health. To maximize their potential benefits, personalized approaches
should be adopted, considering individual patient risk factors, preferences, and existing health conditions.
Ongoing research is essential to better understand the mechanisms underlying these preventive strategies,
refine recommendations, and ultimately improve patient outcomes in prostate cancer prevention.

Lastly, improving socioeconomic conditions and implementing policies to reduce exposure to
environmental pollutants can also decrease prostate cancer risk, particularly in disadvantaged communities.
Future studies are essential to deepen our understanding of how chronic inflammation affects prostate
carcinogenesis and to develop effective preventative strategies to reduce risk and slow the progression of
prostate neoplasia.
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