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Abstract: Cadmium (Cd) is a widespread environmental pollutant with several adverse effects on
the general population. While Cd is a well-established risk factor for some cancers, such as lung
cancer, its impact on prostate cancer (PCa) is not well understood. PCa mortality is associated with its
progression to metastatic spread. This underscores the importance of studying the environmental/or
molecular factors that govern the progression from organ-confined tumors to widely metastatic
disease. To date, most studies addressing the effects of Cd on PCa are focused on the incidence
rather than the progression/outcome. Furthermore, most of these epidemiological studies are limited
by the small number of samples and the fact that most of these studies measured Cd levels in the
air, blood, or urine, which is less applicable for addressing associations in environmental exposure
than the measurement of Cd concentrations in the prostate microenvironment. It is still unknown
whether Cd is a driver or a consequence of PCa aggressiveness. Addressing the plausibility of
causality requires using proper in vitro and in vivo models for sub-micromolar Cd doses that mimic
environmental exposure. Most in vitro studies addressing the functional and molecular effects of Cd
are limited by the exclusive use of aggressive PCa cell models and very high micromolar unbound
Cd concentrations, which are irrelevant for environmental exposure. Significantly, few studies have
addressed the effects of sub-micromolar Cd concentrations. Hence, we suggest using nanomolar
concentration that resembles real-life exposure, using less aggressive in vitro models such as RWPE-2,
employing 3D organoid culture systems, and adopting high throughput-omics techniques, including
metallomics, and using transgenic animal models might represent a more effective model. Here, we
focus on reports on the impact of Cd on the progression and aggressiveness of already-established
PCa instead of on the initial steps of carcinogenesis. We suggest potential future directions for
substantiating the plausible link between Cd exposure and PCa aggressiveness.
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1. Introduction

Cadmium (Cd) is a ubiquitous environmental contaminant [1-3]. The general popula-
tion is exposed to Cd predominantly through dietary routes [3,4]. The low bioavailability of
Cd, <10%, renders the relative dietary intake of 62 ug/day per 70 Kg person not toxic [4,5].
Certain areas in the world are exceptions to this rule, such as the Jinzu and Kakehashi River
basins in Japan, where the soil has very high levels of Cd, which resulted in an increased
incidence of Itai-Itai disease [6—8]. Another common exposure route for the general popula-
tion is inhalation via cigarette smoking. The amount of cadmium absorbed from smoking
one pack of cigarettes ranges from 1-3 pg/day, and smokers have urine Cd levels that
are twice that of non-smokers [9,10]. Prostate cancer (PCa) is the second leading cause of

Environments 2024, 11, 181. https:/ /doi.org/10.3390/environments11080181

https:/ /www.mdpi.com/journal /environments


https://doi.org/10.3390/environments11080181
https://doi.org/10.3390/environments11080181
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0000-0003-0349-7262
https://doi.org/10.3390/environments11080181
https://www.mdpi.com/journal/environments
https://www.mdpi.com/article/10.3390/environments11080181?type=check_update&version=1

Environments 2024, 11, 181

20f11

cancer death in men in the US [11]. In 2024, it is expected that 35,250 men in the US will die
from PCa [11]. PCa mortality is associated with its progression [12]. While PCa is mostly
indolent without extraprostatic invasion or metastasis [12], the progression of PCa can
be caused by several agents, including androgens [13,14] and environmental agents [15].
Therefore, understanding the environmental/or molecular factors that contribute to PCa
progression is of high translational relevance.

While the connection between Cd and PCa has been addressed extensively, the under-
standing of the role of Cd in PCa progression and mortality remains limited. By compari-
son, most of the studies investigated the link between Cd and PCa initiation rather than
progression [16-19]. Furthermore, some studies that interrogated the effect of Cd on PCa
outcome examined Cd levels in urine [8,20,21], which are not as informative about cancer
cell Cd exposure as Cd levels in the prostate tissue [22-24]. Similarly, many functional and
mechanistic studies on Cd’s role in PCa focused on transformation as an early event of
carcinogenesis rather than progression [16-19]. In addition, almost all in vitro studies used
very high micromolar Cd concentration or cell models originally derived with very high
micromolar Cd concentration, which may not represent environmental exposure levels in
the prostate.

Here, we offer a comprehensive literature review of the current understanding of the
role of Cd in PCa progression. We also highlight the gaps in the field and questions that
need to be addressed in future studies.

1.1. Methodology, Literature Review, and Study Selection Criteria

In this review, we searched the literature using the PubMed database following search
terms: ((cadmium [TIAB] OR Cd [TIAB]) AND (exposure [TIAB]) AND (progression [TIAB])
AND (“epithelial-mesenchymal transition” [TIAB] OR EMT [TIAB])) AND (“prostatic
neoplasms” [TIAB] OR “prostate cancer” [TIAB]). We included all articles that were written
in or translated into the English language from 1965 to 2024 and studied the effects of Cd
exposure on already-established PCa. Below, we present the findings in epidemiological
and experimental studies separately.

1.2. Epidemiological Studies

Some studies attempted to address the role of Cd exposure in PCa outcomes. However,
the findings were inconsistent and confounded by factors such as the retrospective design
and smoking status. These studies were either population or meta-analysis studies.

A. Population Studies:

While several studies demonstrated an association between Cd exposure and PCa
outcome, other studies showed either no association or a non-statistically significant associ-
ation. This rendered the connection between Cd and PCa outcome unclear. Figure 1 shows
a timeline of when these studies were published. We summarize these studies below:

1.  Studies that found an association between Cd exposure and PCa outcome:

i The earliest evidence for the link between Cd and PCa outcome was docu-
mented in occupational populations in 1965 when Potts noticed three out of
eight deaths among battery plant workers were due to PCa [25]. This finding
set the foundation for epidemiological studies addressing the link between Cd
exposure and PCa mortality in battery plant workers.

ii. A study demonstrated that death from PCa was borderline higher in
men who had Cd exposure in male residents of Japan’s contaminated
Jinzu River basin [8].

iii. Our recent study addressing the role of environmental Cd exposure and PCa
progression showed that air Cd exposure was associated with higher PCa
pathological grade and metastasis at the time of diagnosis in nonmetropolitan,
urban areas in the United States [26]. In this article, we pointed out that
signs of tumor aggressiveness at the time of diagnosis are more reliable tumor
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aggressiveness measures than mortality because mortality may depend more
on comorbidities attributable to high Cd, disparities in treatment modalities,
and access to medical care.

iv. In 2022, another study showed that cumulative 3- and 5-year average concen-
trations of air Cd are linked to lower PCa survival in a 78,914 PCa population
from Pennsylvania [27].

V. Cheung et al. in 2014 attempted to evaluate the NHAHES III dataset for
the association between urinary cadmium (U-Cd) and PCa mortality [20].
While the univariate analysis demonstrated an association between U-Cd and
PCa mortality, the multivariate analysis lacked statistical significance. They
attributed this discrepancy to confounding factors and the few cancer deaths
in the population studied.

Vi. Brys et al. demonstrated an association between increased tissue Cd lev-
els in PCa and benign prostatic hyperplasia (BPH) compared to normal
tissues [22]. Notably, they reported a decrease in zinc levels in PCa as compared
to normal tissues.

vii.  Feustel et al. demonstrated a similar pattern in Cd and zinc levels in benign
and tumor prostate tissues [28].

viii.  To address this question, our group addressed the association between Cd
levels in normal-appearing prostate tissue adjacent to cancer and biochemical
recurrence after prostatectomy. The data showed that patients in the highest
quartile of Cd levels in the normal-appearing area of the prostate have a higher
risk of biochemical recurrence [23], favoring the hypothesis that Cd overburden
preceded PCa.

ix. In 2023, Tyagi et al. published a study that showed increased cadmium levels
in prostate cancer tissues as compared to normal adjacent tissues [24].

While some studies show evidence favoring an association between high Cd levels
and PCa progression and outcome [8,20,22,23,25-27], it was unclear whether Cd retention
is a consequence or a driver of tumor progression. There is a possibility that Cd retention
in PCa tissues is a consequence of altered transport systems in tumor cells (changes in
uptake or metabolism) or loss of differentiation in tumor cells. For example, benign prostate
epithelium retains zinc, but as cancer cells become less differentiated, zinc is lost, thus
favoring Cd accumulation [22,28,29]. To address this question, our group addressed the
association between Cd levels in normal-appearing prostate tissue adjacent to cancer
and biochemical recurrence after prostatectomy. The data showed that patients in the
highest quartile of Cd levels in the normal-appearing area of the prostate have a higher
risk of biochemical recurrence [23], thus favoring the hypothesis that Cd overburden
precedes PCa.

2. Studies that did not report an association between Cd exposure and PCa outcome:

i The Strong Heart Study in American Indians reported a non-significant inverse
association between U-Cd levels and PCa mortality [21]. This study had a
prospective design and long-term follow-up.

3. Studies that showed a trend for increased PCa mortality:

i Another study by Elinder et al. in 1985 showed a non-statistically significant
increase in mortality among workers in a Swedish Cd-Nickel battery factory
as defined by standardized mortality ratio (SMR) [30].

ii. In 1979, a study conducted on 269 Cd-Nickel factory workers and 94 Cd-Copper
factory workers found a non-statistically significant increase in PCa mortality [31].

4. Limitations and Strengths of Population/Epidemiological Studies:
Several limitations of these studies include (a) the lack of consistency among epi-
demiological evidence where not all studies found a statistically significant association

between Cd burden and PCa mortality or progression, (b) the relatively small numbers of
PCa deaths leading to the limited statistical power of several studies. (c) Some studies did
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not control tobacco use, a major source of Cd. (d) Most occupational studies are subject to
healthy worker bias, where the workforce is likelier to employ and retain healthy subjects.
(e) Incomplete follow-up is a significant limitation for occupational studies, especially
for diseases such as PCa that have a very long biological history. (f) The retrospective
nature of most of these studies. (g) Several studies relied on measuring Cd levels in the
air or the fact that soil is rich in Cd rather than measuring Cd levels in the blood, urine, or
prostatic tissues. (h) Lack of the ability to control population migration (in studies that use
geographic mapping of Cd levels in the environment).

Some of the strengths of these studies include (a) prospective design, such as NHANES
III, which allowed for complete follow-up and set within a well-documented cohort;
(b) large sample size, such as in the NHANES III; and (c) a long follow-up period, such as
in the NHANES III and the Strong Heart Study. (d) Studies such as the NHAHES III and
the Strong Heart Study relied on the measurement of U-Cd, which is a good indicator of
chronic exposure since it takes years for cessation after exposure [20,21,32]. Furthermore,
U-Cd indicates the absorbed dose. However, studies must be expanded since they relied on
a single spot urine sample to measure Cd concentrations. In addition, the lack of evidence
addressing the correlation between Cd levels in the urine and prostate renders U-Cd limited.
Thus, ideally, addressing PCa progression with Cd levels necessitates measuring Cd levels
in the tumor microenvironment.

B. Meta-analysis Studies:

More recently, a few meta-analysis studies attempted to address the evidence that
Cd exposure is associated with PCa mortality. One analysis addressing the link between
Cd exposure and mortality reiterated that very few cohort studies showed an association
between Cd and PCa mortality. In contrast, other studies did not find any association.
Upon stratification by outcome in this meta-analysis, the odds ratio (OR) for PCa mortality
and Cd exposure was 1.29 (95% CI 0.51-3.27) [33].

Another meta-analysis study accumulated 21 studies (12 cohort studies: 5 in the
general populations and 7 in occupational populations, 9 case-control studies: 3 in the
general populations and 6 in occupational populations). They found that the weighted
standardized mortality ratio in occupational populations was 98, with a 95% CI (75-126)
for the association between Cd exposure and PCa mortality. In addition, they also looked
at PCa mortality upon comparison between the highest and the lowest Cd exposures in the
general population, and they found that the weighted relative risk for PCa mortality and
Cd exposure was 0.83 (95% CI 0.35-1.98). Thus, in this study, Cd exposure is not linked to
PCa mortality [34].

While the meta-analyses had similar conclusions, the possibility that Cd exposure can
worsen the PCa outcome or increase its mortality should not be excluded since they were
based on studies with several limitations, such as retrospective design, measuring Cd in
the air, relying on death certificates to affirm the cause of death, etc.

C. Future directions for epidemiological studies:

Population studies have not provided coherent evidence that Cd is associated with
PCa progression and mortality, most likely due to the limitations and confounding factors
mentioned above. The lack of solid evidence for this association presents challenges to
understanding the role of Cd in PCa outcomes.

Several approaches can be employed to understand the effects of environmental Cd
exposure on PCa progression. These approaches include: (A) Conducting large-scale ad-
ditional prospective population studies. (B) Conducting studies to address whether Cd
levels in the urine are positively correlated linearly with prostatic Cd levels or measur-
ing Cd levels in prostatic tissues rather than in urine, which will reflect the Cd levels in
tumor microenvironments. (C) Employing a specific measure for PCa aggressiveness/or
progression, such as biochemical recurrence after prostatectomy or tumor stage and grade
at diagnosis. (D) Developing better bioinformatics and statistical tools for pooling the
data from epidemiological studies, and (E) Using cancer-specific measurements for PCa
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aggressiveness/or progression, such as post-prostatectomy tumor recurrence and tumor
progression during active surveillance. These experimental approaches could be more con-
clusive than relying on mortality certificates. New approaches are particularly needed for
Cd overburden, which is also associated with mortality due to other cancers, cardiovascular
diseases, osteoporosis, renal diseases, hypertension, and possibly obesity and diabetes.
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Figure 1. Timeline of epidemiological studies [8,20,22-27,29-31].

1.3. Experimental Evidence

Some studies attempted to test the effects of Cd on PCa progression with experimental
tools in vitro and animal studies to establish a more direct cause-and-effect relationship
between Cd and PCa. Given that the objective is to understand the role of environmental
exposure to Cd on PCa aggressiveness, progression, and/or outcome, the experimental
conditions for in vitro and in vivo studies addressing these questions should mimic the
same conditions. A major experimental consideration in Cd biology is the dosing system for
in vivo studies. While epidemiological studies can guide in vitro concentrations that mimic
environmental exposure, defining environmental exposure levels remains controversial.
The average Cd concentration in the serum is less than 5 parts per billion (ppb) [35], but
only a fraction of it is free Cd, while most of it is bound to metalloproteins, albumin,
and other proteins [36]. Here, we define that environmental exposure in vitro should
most likely not exceed 10 nM to 100 nM Cd chloride. While this may seem too high of a
concentration relative to the blood Cd concentration, we account for the short treatment
duration, which ranges from 24 h in 2D cultures to a month in 3D cultures. Advocates
of using much higher (micromolar level) exposure to CdCl, base their decision on the
concentration of Cd in contaminated air and water, as well as tissue concentrations of Cd.
The toxicity of bound, sequestered Cd is much reduced. For in vivo studies, the amount of
Cd exposure is also a complicated task. The Environmental Protection Agency (EPA) set the
safety limit of Cd in drinking water at 0.005 mg/L [10]. Cd concentrations in unpolluted
waters are mostly less than 1 pug/L [37]. A 2-10 mg CdCl,/L dosing range would be ideal
for environmental exposure. While these concentrations are well above environmental
exposure, investigators account for the small experimental duration. Previous publication
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by Thjiessen et al. demonstrated no detectable renal damage with these doses below 16
weeks of exposure [38].

1. Current Standing of in vitro studies:

In our literature search knowledge, only a few in vitro studies have addressed the role
of nanomolar Cd concentration in PCa aggressiveness (Figure 2). Most of the literature
addressing the effects of Cd in PCa either focused on cancer initiation and promotion or
utilized very high doses that do not mimic environmental exposure.

Cd enters the cells either through voltage-gated calcium channels [39], diffusion [40], or
sulfhydryl-sensitive routes [40]. The effects of Cd on the phosphorylation of several kinases
associated with increased cell growth have been assessed at nanomolar Cd concentrations.
For instance, Cd at nanomolar concentration was associated with increased phosphorylation
of MAPK p38, MEK, ERK, JNK, and AKT in 1LN PCa cells [41]. Yet, the mechanism by
which Cd mediates phosphorylation and crosstalk of different kinases in PCa remains
unclear. Therefore, more studies are warranted. One study demonstrated that Cd decreased
the expression of XIAP at post-transcriptional levels in both PC-3 and DU-145 PCa cells [42].
They showed that Cd elicited this effect via an NK-kB-independent proteasomal mechanism.
The study used a relatively high micromolar range of Cd concentrations [42]. Table 1 and
Figure 2 summarize the current studies relevant to the role of Cd in PCa progression.

Table 1. Summary of experimental studies relevant to the role of Cd in PCa progression with
1 denotes an increase in the expression level and | denotes a decrease in the expression level of the

corresponding marker.

Exposure Mode Cells Lines Cd Doses (uM) Effects Mechanisms References
T p-MEK1/2,
. . . 1 p-ERK1/2, 1 p-p38,
Acute 1LN prostate cells 0.5 uM-1 uM 1 Cell proliferation 1 p-MAPK, 1 p-JNK, [41]
T p-Akt, and T NFkB
T Sensitivity of
10 uM, 20 uM, and cells to
Acute PC-3 and DU-145 30 uM TNFo-mediated J XIAP [42]
apoptosis
1 EMT, T Smad3, 1 metal
. . metalloproteinase 2,
Chronic PC-3 and DU145 0.5and 2 uM T Cell r.rugra.tlon 1 E-cadherin, and [43]
(three months) and 1 invasion . .
1 vimentin, 1 ER stress,
and 1 ROS

A recent study showed that chronic Cd exposure resulted in epithelial-mesenchymal
transition (EMT) in PCa cells independent from TGF-3 [43]. They showed that Cd at 0.5 and
2 uM increased migration and invasion of PCa cells [43]. They attributed this to increased
levels of metal metalloproteinase 2 [43]. They also showed chronic exposure (three months)
of PCa cells to Cd-induced EMT, evidenced by a decrease in E-cadherin and an increase
in vimentin [43].
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Figure 2. Cartoon illustration emphasizes the significant role of Cd in promoting PCa progression
by activating various signaling pathways. Cd ions permeate the cell through calcium channels and
activate critical signaling pathways, including MEK (mitogen-activated protein kinase/extracellular
signal-regulated kinase) /ERK1/2 (extracellular signal-regulated kinases 1 and 2), P38 (P38 mitogen-
activated protein kinase), JNK (c-Jun N-terminal kinase), and AKT (protein kinase B), via phosphory-
lation, subsequently leading to increased cell proliferation. Cd also triggers the generation of ROS
(reactive oxygen species) in the mitochondria, which in turn induces ER (endoplasmic reticulum)
stress. Furthermore, ER stress facilitates the translocation of Smad3 (SMAD family member 3) to
the nucleus, resulting in the upregulation of EMT (epithelial-mesenchymal transition) markers such
as vimentin and Snail and the downregulation of E-cadherin. This collective action promotes EMT.
1 denotes an increase in the expression level and | denotes a decrease in the expression level of the

corresponding marker.

2. Limitations and Future Directions for Experimental Studies:

While several studies have addressed the role of Cd in PCa, most of these studies
remain translationally limited in understanding the role of Cd in the progression of already-
established PCa. The main limitations for applicability are (1) exceedingly high Cd doses,
which, as mentioned previously, do not represent environmental exposure. One approach
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to mitigate these limitations is to use nanomolar concentrations that resemble real-life
exposure; (2) exclusive use of highly aggressive cells for cell models. To tackle these
limitations, employ less aggressive models such as RWPE-2, which would be more transla-
tionally relevant to the question of whether Cd promotes PCa progression in men since
the tumor is indolent in most men; (3) 2D cell cultures, which fail to represent the tumor
microenvironment and its 3D architecture. While the 2D culture systems can help answer
many questions, they can present many challenges to recapitulate the in vivo system 3D
architecture and simulation of tumor heterogeneity. One way to address these limitations
is to employ 3D organoid culture systems, which will allow for testing the effects of Cd in
the presence of extracellular cues as represented by laminin and collagen IV. Another way
is through 3D co-culture systems between epithelial cells and fibroblasts. This can test for
the effects of Cd on proliferation as well as EMT to determine if Cd affects the crosstalk
between different cell types; (4) a reductionist approach in addressing the mechanistic
implications of Cd (one or a few molecules at a time) instead of a systems biology ap-
proach. One potential solution for these limitations is to adopt the high throughput-omics
approaches that can help understand the global effects of Cd and establish a network of
possible interactions, including metallomics, which enables us to quantify and understand
the role of metalloids, such as Cd, in both health and disease, as well as the interaction with
other biomolecules, such as metalloproteins and metallometabolites, taking into consid-
eration their expressional and genetic variation [44]. Studies examining the metallomics
in PCa and other types of cancer revealed high levels of Cd along with other metalloids,
further insinuating the role of Cd in PCa tumorigenesis and progression, thus warranting
more investigations in this area [45,46]. Several studies have investigated the role of the
metallome as a potential biomarker in different cancers, as well as a method for studying
the underlying mechanism of metallodrugs. In addition, integrating machine learning
models to aid metallomics profiling will pave the way for a deep understanding of the
role of Cd in cancer progression [47-51]; and (5) the lack of animal studies addressing
the role of Cd on PCa progression, where most studies focused on the role of Cd in PCa
induction [18,19].

While mimicking environmental exposure to Cd is not very difficult using mice models,
since adding Cd to the water is an ideal route, the choice of the perfect model remains a
challenge. While nude mice and severe combined immune-deficient (SCID) mice remain
valuable for the uptake of tumor cells, these systems are challenged to simulate human
immune systems. Other models available include the Lo-MYC and Hi-MYC mice models,
which represent orthotopic models, where Cd exposure can be controlled at specific tumor
stages. However, these models fail to represent the tumor heterogeneity implicated by inter-
individual and intra-individual tumor variations and mutations. Other models, such as the
transgenic adenocarcinoma of the mouse prostate (TRAMP), lung adenocarcinoma-derived
YAP (LADY), and Nkx3.1 models, represent more aggressive tumors.

2. Conclusions

While there is a growing body of evidence that environmental exposure to Cd is
associated with PCa progression, outcome, and/or mortality, there is a lack of a consistent
direct association, possibly owing to several limitations in population studies, meta-analysis
studies, and experimental work. Addressing these gaps will address the question of
whether men with higher exposure to environmental Cd are more likely to die from PCa or
not. Furthermore, this work may help investigators lay the foundation for future studies
addressing the effects of Cd chelation or blocking of effects on targets as a preventive
measure for PCa progression.
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