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a b s t r a c t

Prostate cancer is the most common cancer in men in many industrialized countries. A role for androgens
in prostate tumor progression is well recognized, while estrogens may cooperate with androgens in
prostate carcinogenesis. The incidence of prostate cancer is highly variable in the different countries,
suggesting an important role of environmental factors. Heavy metals are common environmental con-
taminants and some of them are confirmed or suspected human carcinogens. Some metals are endowed
with estrogenic and/or androgenic activities and may play a role as cancer risk factors through this
mechanism. Moreover, prostate cancer may present alterations in the intracellular balance of trace
metals, such as zinc and copper, which are involved in several regulatory proteins. Herein, we review the
possible role of environmental heavy metals and of metal-dyshomeostasis in prostate cancer develop-
ment and promotion as well as the potential use of some metals in the prevention and therapy of
prostate cancer.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Prostate cancer is the most common cancer in men, and the
second leading cause of cancer death among men in western
countries. The most frequent histotype, which accounts for about
80% of all prostate cancers, is prostate adenocarcinoma that arises
from the secretory epithelial cells of the peripheral zone. The
normal prostate gland can be divided in three parts: the peripheral
zone that represents the 70% of the gland, the central zone (about
25%) and the transition zone (5%). Prostatic fluid is mainly produced
from the cells of the peripheral zone. About 90% of prostate ma-
lignancy arises from this part of the gland, while about 10% origin
from the transition zone.

Prostate specific antigen (PSA) is a tumor marker used for
screening together with rectal exams. The detection of rising PSA
markedly increases prostate cancer survival, partly due to over-
diagnosis of early stage tumors (Neppl-Huber et al., 2012). The risk
for prostate cancer increases with age, familiarity, and is elevated in

African-Americans (Rishi et al., 2003). Prostate cancer has initially a
slow growth rate, and early stages are characterized by androgens
sensitivity and the ability to respond to androgen deprivation
(medical or surgical castration). However, later stages are charac-
terized by invasion of the adjacent organs and metastatic spread
prevalently to lymph nodes and bones, together with unrespon-
siveness to androgenic suppression (castration resistance) and
virtual resistance to the other available therapies (Attard et al.,
2016).

Although prostate cancer pathogenesis is not well understood,
several risk factors such as age, diet, ethnicity, and genetic/family
history have been identified (Guo et al., 2007). In this review we
will analyze the current knowledge regarding the role of heavy
metals as possible carcinogens for the prostate and their potential
role in prostate cancer prevention and therapy.

Several metals play a fundamental role in various biochemical
processes in the human body, and dysregulation of these elements
can affect health and may be involved in the development of
various diseases including cancer (Tan and Chen, 2011). Other
metals have no physiological role in the human body andmay exert
toxic effects mimicking or blocking the function of essential metals
(Waalkes, 2000) or mimicking the effect of endogenous hormones,
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thus disrupting the endocrine homeostasis. Some of these metals
are known or suspected carcinogens (Kim et al., 2015). Even though
themolecularmechanisms bywhich heavymetals can cause cancer
are not completely understood, studies concerning the carcinoge-
netic potential of non-essential metals but also of the dyshomeo-
stasis of essential metals are of great importance for future cancer
prevention and therapeutic strategies (Pasha et al., 2010).

2. Epidemiologic studies

Several epidemiological studies have investigated the possible
link between exposure to heavy metals and increased prostate
cancer incidence and mortality. These studies have employed
different study designs, have investigated exposure both directly
and indirectly and have considered exposure in occupational and
non-occupational settings.

2.1. Zinc

Zinc (Zn) is an essential trace element involved in important
biochemical, metabolic, immunological functions. Diet is the main
source of Zn and Zn levels in animal products depend on the soil
and water concentrations, where the animals are raised. The rec-
ommended daily intake for men ranges from 5.2 to 16.2 mg/day
(WHO Regional Office for Europe Air quality guidelines 2000;
Agency for Toxic substances and Disease Registry, 2003) The main
food sources are milk, flesh food, cereals, and vegetables. Serum Zn
concentration is considered the only biomarker of Zn status in
population, as recommended by WHO/UNICEF/IEA/IZiNCG, and it
reflects Zn dietary intake and predicts responses to Zn in-
terventions. Serum Zn levels in healthy individuals are maintained
by homeostatic mechanisms, within a narrow range (12e15 mmol/l,
78e98 mg/dL) (Gibson et al., 2008). However, serum Zn values may
vary day-to day, have a diurnal variation and may be affected by
concurrent infection (Lonnerdal, 2000; Hambidge et al., 2005;
International Zinc Nutrition Consultative, Brown, Rivera et al.,
2004). Toenail clipping has been considered another possible in-
dicator of Zn status as it may provide a more stable and integrated
measurement of Zn exposure over the past several months
(Garland et al., 1993). The use of hair Zn concentration as indicator
of Zn status has been controversial (Hambidge, 1982) also because

it could be affected by age, sex, season, hair growth rate, nutrition
status, hair cosmetic products; thereby all these factors should be
considered when interpreting the result of different studies.

Epidemiological studies have shown inconsistent results
regarding the association between dietary Zn levels and prostate
cancer risk. Possible beneficial effects, possible harmful or no effect
have been described (Costello et al., 2004a,b,c; Costello et al., 2005)
(Ho and Song, 2009; Andersson et al., 1996; Chan et al., 2005;
Chang et al., 2004; Key et al., 1997; Kolonel et al., 1988; Kristal
et al., 1999; Lee et al., 1998; Platz and Helzlsouer, 2001; Thomas,
1999; West et al., 1991).

Positive association between Zn dietary intake and prostate
carcinogenesis was found in a large multicenter hospital-based
case-control study conducted in Italy (Gallus et al., 2007). The
Odds Ratio (OR) for the highest quintile of Zn intake (>15.65 mg/
day), was 1.56 (95% CI ¼ 1.07e2.26) with a significant trend in risk.
For advanced and metastatic cancers the association was positively
significant with the OR being 2.02 (95% CI ¼ 1.14e3.59). These data
suggest that Zn from food source may exert unfavorable effect on
prostate carcinogenesis, although the study has been questioned
for many aspects including the estimations of dietary intake, Zn
levels and subgrouping of >2 mg/day. By contrast, Leitzmann MF
et al. found that Zn contained in food sources was not associated
with prostate cancer risk 2016 (Leitzmann et al., 2003).

Several studies have assessed the relationship between Zn
serum concentration and prostatic cancer but, similarly to the as-
sociation with dietary Zn intake, the current result are highly
contradictory (Aydin et al., 2006; Feustel et al., 1989; Park et al.,
2013; Rahman et al., 2012; Darago et al., 2011; Costello et al.,
2004a,b,c; Christudoss et al., 2011; Chen, 2015; Ji, 2007; Li, 2006,
2015; Xu, 2002; Yao, 1977; Zhou, 2009; Liu, 1993).

A recent meta-analysis (Zhao et al., 2016) analyzed ten studies
(Aydin et al., 2006; Feustel et al., 1989; Park et al., 2013; Darago
et al., 2011; Christudoss et al., 2011; Li et al., 2005) (Chen, 2015;
Li, 2006, 2015; Yao, 1977) investigating the correlation between
serum Zn levels and prostate cancer (794 cancer patients vs. 1.359
controls) and found that in seven studies (Aydin et al., 2006; Darago
et al., 2011; Christudoss et al., 2011; Chen, 2015; Ji, 2007; Li, 2006; Li
et al., 2005) the serum Zn levels of prostate patients was signifi-
cantly lower compared to control individuals Standard Mean Dif-
ference, SMD ¼ �0.94 (95% CI ¼ �1.57, �0.32). One study reported
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