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Associations between plasma and
urinary heavy metal concentrations
and the risk of prostate cancer
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Prostate cancer is a leading cause of morbidity and mortality worldwide, with incidence rates projected
to double between 2020 and 2040. This growing health challenge highlights the need for improved
diagnostic strategies and risk assessment tools to better understand disease etiology and progression.
Among environmental factors, heavy metals have been implicated in inflammation and carcinogenesis,
yet their specific role in prostate disease remains insufficiently explored. This novel study analyses

the relationship between heavy metal concentrations in plasma and urine of patients with benign
prostatic hyperplasia, precancerous lesions and prostate cancer. In addition to evaluating key clinical
parameters, including age, total PSA levels, hemoglobin concentrations and monocyte/lymphocyte
ratio, it aims to determine whether specific heavy metals contribute to the progression of prostate
disease and whether they can serve as potential biomarkers for early diagnosis. Our findings reveal
significant differences in vanadium and antimony concentrations in plasma, suggesting a potential role
in prostate disease pathophysiology. Notably, lower plasma antimony concentrations are associated
with an increased risk of PC, while plasma vanadium concentrations are significantly higher in the PL
group. Regression analysis further supports the association between heavy metal concentrations and
the risk of PL and PC, highlighting the potential of vanadium and copper as biomarkers or therapeutic
targets for prostate health. The study also explores the impact of lead exposure on prostate cancer
risk, revealing a significant association between urine lead concentration and PC. These findings
underscore the complex interaction between heavy metal concentrations and prostate disease risk,
emphasizing the need for further research to elucidate underlying mechanisms and explore therapeutic
interventions.
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Prostate cancer (PC) is the second most common cancer in men, with over a million cases diagnosed globally in
2018, representing 15% of all cancers' . The Lancet Commission has recently published projections indicating a
significant increase in PC cases from 1.4 million in 2020 to 2.9 million by 2040, particularly in low and middle-
income countries*. This increase cannot be prevented with lifestyle changes or public health interventions only,
highlighting the need for alternative strategies™°. The Commission also emphasizes the importance of improving
early diagnosis and developing more effective treatments’~".

The burden of PC is mainly attributed to several factors, including family history, hormones, ethnicity,
aging, and inflammatory states!®"!*. Chronic inflammation plays a critical role in the development of PC.
Exposure to heavy metals may favour chronic inflammation!*!°. Heavy metals are not univocally defined, as
their classification can be also based on their physical-chemical properties'®. Broadly speaking, they include
the d- and f-block transition elements, together with p-block metals and some non-metals like selenium and
arsenic!”. Their biological role can vary from essential to toxic. Essential trace elements, like iron, copper, cobalt,
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manganese, zinc and chromium, are crucial for enzyme activity, immune regulation, protection from oxidative
damage, genomic stability, apoptosis, and cell signalling. Other metals such as cadmium'®, mercury and lead are
toxic' (included in Group 1 substances carcinogenic to humans, or suspected to be). However, even essential
metals can be toxic if present in high concentrations?®. These elements can accumulate in the body through
exposure to industrial, environmental, or food substances?!. The accumulation of heavy metals can lead to
oxidative damage, which has been associated with a range of diseases, including cancer?2.

Besides inflammation and oxidative damage, epidemiological studies have shown that exposure to
heavy metals can influence the endocrine system, which regulates growth, development, metabolism, and
reproduction?®~%°. This can impact the progression of cancer, including PC. Literature reports a number of
studies carried out to identify and quantify heavy elements in biological samples of cancer patients (blood,
urine, hair, nail, biopsies, etc.) in order to clarify the relationship between the presence of these pollutants in the
organism and the risk of developing the disease. We have recently examined these studies and reunited them in
a review!® that shows how the results obtained are not always univocal, as the possibility of sound conclusions is
limited by the heterogeneity of the data collected in terms of biological samples examined, methodologies, and
cohorts of patients selected. Therefore, we decided to add further evidence to these findings by carrying out our
own research on this topic.

Our review of the literature on prostate cancer and heavy metals revealed a limited number of articles, with
biological samples varying from serum to tissue, hair and nails, blood and urine. In the latter case, the focus was
on patients with abnormal PSA values but without a diagnosis of prostate cancer. Generally, only a few metals
were examined in each study. In contrast, our research aimed to quantify the concentrations of fourteen heavy
metals in blood and urine samples from individuals undergoing diagnostic assessments for prostate pathology.
Specifically, we investigated the associations between these metal concentrations and various types of prostate
disease, including benign prostatic hyperplasia (BPH), precancerous lesions (PL), and of course prostate cancer
(PC). To the best of our knowledge, this is the first study of this kind. Our research, conducted with patients
from the Urology Clinic at the University Hospital of Sassari (Italy), aims to provide critical insights into the
potential role of heavy metal exposure in the aetiology and progression of prostate disorders, thereby advancing
our understanding of its implications for prostate health and disease management.

Materials and methods

Male subjects with prostate cancer, precancerous lesions, or benign prostatic hypertrophy were recruited from
the Urology Department of the University Hospital of Sassari. A total of 93 cases (PC and PL) and 78 controls
(BPH) were initially recruited, meeting the calculated sample size required for sufficient statistical power.

The power calculation was based on an expected mean difference (AA) of 5 ug/L (difference in metal levels
between cases and controls) and a standard deviation (00) of 10 ug/L, as derived from preliminary data and
literature. Using these parameters, the study achieved>80% power to detect a medium effect size (Cohen’s
d=0.5) at a significance level of a=0.05/3, adjusted for Bonferroni correction for the three tested metals.

However, due to incomplete data or missing measurements for some metals, the final analysis included data
from 61 controls (BPH). Despite this limitation, the available data ensured sufficient power (>75%) to detect the
expected effect size, supporting the validity of this exploratory biomarker study.

The study was conducted in accordance with the Declaration of Helsinki and was approved by the
Independent Ethics Committee of the University Hospital of Cagliari (P.O. San Giovanni di Dio: via Ospedale
54, 09124 Cagliari) under Approval Code Prot. PG/2022/4985, dated March 30, 2022. Written informed consent
was obtained from all participants prior to their inclusion in the study.

Patient selection and study criteria

This study was conducted at the Urology Clinic of the University Hospital of Sassari between September 2021
and December 2022. Participants were enrolled if they were referred for initial diagnostic evaluation. All patients
underwent ultrasound-guided prostate biopsy, and classification into benign prostatic hyperplasia, precancerous
lesions, or prostate cancer groups was determined based on histopathological assessment.

Patients were eligible for inclusion if they met at least one of the following criteria: abnormal Digital Rectal
Examination (DRE) findings suggestive of prostate pathology or age-related elevated prostate-specific antigen
(PSA) levels, in accordance with established clinical guidelines. To minimise confounding factors and ensure
the accuracy of heavy metal concentration assessments, individuals with a prior diagnosis of any malignancy,
including prostate cancer, were excluded, as systemic cancer can influence metal metabolism and immune
responses. Renal and hepatic function are critical in the clearance and metabolism of heavy metals; therefore,
participants with significant renal or hepatic dysfunction were excluded from the study. Specifically, individuals
with stage III-V chronic kidney disease (CKD), liver failure, or a history of cirrhosis were deemed ineligible.
Additionally, acute or chronic inflammatory conditions, including urinary tract infections (UTIs), prostatitis, or
systemic infections, were exclusion criteria due to their potential impact on inflammatory markers and heavy
metal homeostasis. In order to collect comprehensive patient data, each participant completed a questionnaire
that covered demographic characteristics, medical history, family history of cancer, prior prostate cancer
screenings, urological health status, and lifestyle factors such as smoking history and physical activity levels.

Heavy metals serum analysis using ICP-MS

Total metals and metalloids in plasma (aluminium, antimony, arsenic, barium, beryllium, cadmium, chromium,
cobalt, copper, iron, lead, lithium, manganese, mercury, nickel, molybdenum, selenium, silver, thallium, tin,
vanadium and zinc) and urine (antimony, arsenic, barium, cadmium, cobalt, copper, iron, lead, manganese,
mercury, molybdenum, selenium, vanadium and zinc) were determined by inductively coupled plasma mass
spectrometry (ICP-MS) in accordance with the US EPA 6020B method®. Biological fluids were analysed directly
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after dilution of 0.5 mL of sample in 5 mL with 2% nitric acid (J.T. Baker, Phillipsburg, NJ, USA) solution.
The analysis was performed with an inductively coupled plasma mass spectrometer ICP-MS/MS (Agilent 8800
QQQ, Santa Clara, CA, USA) equipped with a collision cell and two quadrupole mass analyzers. In comparison
to a single quadrupole ICP-MS system, the triple quadrupole system significantly increases the accuracy of mass
separation. To compensate for the matrix effect and signal drift, a solution of internal standards was used. The
calibration curve was verified at the start of each analytical batch using the initial calibration verification (ICV)
with a different lot standard, while the instrumental sensitivity was verified using the continuous calibration
verification (CCV) at or near midrange. The LOQs testing was 0.001 ng/mL for all elements analysed. The quality
control of the data was verified and controlled using Certified Reference Materials ClinChek® Urine Control, and
ClinChek® Plasma Control for Trace Elements, (RECIPE Chemicals, Miinchen). Laboratory was intercalibrated
through successful participation in internationally organized proficiency tests (OELM). The method is accredited
according to UNI EN ISO 17025/20172728,

Statistical analysis
Differences in subject characteristics, including age, ethnicity, education, marital status, family cancer history,
were compared between PC cases and BPH or PL using the chi-squared test. To ensure that there was no
selection bias when samples for the assay were chosen, the chi-squared test was used to compare background
characteristics of the corresponding subjects between groups. The Shapiro—Will test of normality was used to test
the statistical distribution of each variable. Data are presented as mean and standard deviation (SD) or median
and interquartile range (IQR), and T or U test were used accordingly to test for the presence of any difference
between two parametric or non-parametric distributions. The Kruskall-Wallis test was used to assess differences
of more than two non-parametric distributed variables. Probit regression models to estimate odds ratio (OR)
with 95% confidence intervals (CI) for univariate linear regression analysis of each heavy metal concentration
in plasma and urine, and its association with pre-cancerous lesion or prostate cancer. The models were also
adjusted in bivariate linear regression analyses for age, total PSA, and the following haematological parameters:
WBC, RBC, HBG, neutrophils, lymphocytes, monocytes, and LUC). Statistical analyses were performed using
Stata 14 (STATA Corp., College Station, TX, USA). The R heatmap package was used to create the heatmaps.
The inclusion of haematological parameters (WBC, RBC, HBG, neutrophils, lymphocytes, monocytes, and
LUC) as confounders in the regression models was driven by their established relevance in the pathophysiology
of prostate diseases. Chronic inflammation plays a central role in prostate carcinogenesis, and WBC levels, as
a marker of systemic inflammation, can influence tumour progression and the tumour microenvironment.
Similarly, RBC and HBG are indicative of anaemia or disruptions in erythropoiesis, which are frequently
observed in cancer patients and can affect the systemic transport and bioavailability of heavy metals. Parameters
such as neutrophils and lymphocytes, key components of the immune response, are closely tied to the
inflammatory milieu and immune modulation in cancer. By adjusting for these variables, the analysis aimed to
reduce confounding effects and isolate the specific associations between heavy metal concentrations and prostate
pathology. These adjustments improve the robustness of the findings by accounting for potential interactions
between systemic inflammation, haematological status, and metal bioaccumulation.

Results

Subject characteristics

From September 2021 to December 2022, a total of 154 participants, all from Sardinia (Italy), were enrolled. The
cohort included 61 subjects with BPH, 15 with PL, and 78 with confirmed PC. Age and total PSA, according to
the guidelines®®, were significantly different across the three groups, with PC patients being older (BPH median
age=68; PL=69; PC=74; p=0.002) and having higher total PSA concentrations than the other two groups
(BPH median total PSA=5.9 ng/mL; PL=4.4 ng/mL; PC=7.5 ng/mL; p=0.0002). Hemoglobin concentrations
were also significantly lower in PL and PC patients (BPH median RBC=15 g/dL; PL=14 g/dL; PC=14 g/dL;
p=0.019), while other CBC parameters did not differ across the study groups. Among the CBC inflammatory
indices, only the monocytes-to-lymphocytes ratio (MLR) was increased in PL and PC patients (BPH mean
MLR =0.22; PL. mean MLR =0.3; PC mean MLR =0.25; Table 1).

Statistically significant differences were observed in plasma concentrations of manganese and antimony
across the three groups (p=0.049 and 0.034, respectively), while no between-group differences were observed
in urinary concentrations of any heavy metal. These findings were also illustrated in heat maps depicting heavy
metal concentrations in plasma and urine (Table 2, Figs. 1 and 2).

Additionally, urinary iron, copper, zinc, selenium, arsenic, molybdenum, cadmium, and antimony
concentrations were significantly lower than plasma concentrations in all three groups. By contrast, barium
urinary concentrations were significantly lower than plasmatic ones only in the BPH group, as reflected in
Table 2. No significant differences were observed for manganese concentrations between plasma and urine
across the groups (Table 2).

Adjusted probit regression analysis of metal concentrations in plasma and urine and their
associations with prostate pathologies
Probit regression analyses were conducted to evaluate the odds ratio (OR) and 95% confidence interval (CI)
for the association between plasma or urinary concentrations of individual heavy metals and the presence
of precancerous lesions or prostate cancer, with the benign prostatic hyperplasia group serving as a control
(Tables 3 and 4).

Elevated plasma vanadium concentrations were significantly associated with PL (OR 11.67; 95% CI 0.72-
22.63; p=0.04), with a non-significant trend for a similar association in PC patients (OR 7.92; 95% CI —1.04 to
16.87; p=0.08). In contrast, lower plasma antimony concentrations were significantly associated with PC (OR
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Variable BPH (n=61) PL (n=15) PC (n=78) P

Age 68 (64-75) 69 (65-72) 74 (69-77) 0.002
Total PSA (ng/mL) 5.9 (3.3-9.4) 4.4 (1.2-6) 7.5 (5.4-14) 0.0002
WBC (10%/uL) 7.1+1.7 7.5+£2.7 7.1+19 0.95
RBC (10%/uL) 52+0.63 5.3+0.77 5+0.7 0.29
HGB (g/dL) 15 (14-16) 14 (14-15) 14 (13-15) 0.019
Neutrophils (10%/pL) |4.2+1.3 44+19 43+15 0.87
Lymphocytes (10°/pL) | 2.1 (1.6-2.7) 1.9(1.6-2.3) | 1.9(1.5-2.3) 0.47

Monocytes (10%/uL) | 0.5 (0.4-0.5) 0.5(0.4-0.6) | 0.4 (0.4-0.5) 0.31
LUC counts (10%/uL) | 0.1 (0.1-0.2) 0.1(0.1-0.2) | 0.1(0.1-0.2) 0.17

PLT (10%/pL) 225+52 218+50 218+60 0.78
MPV (fL) 8.8+0.71 8.8+0.83 8.8 (8.2-9.2) 0.99
PCT (%) 1.9 (1.6-2.3) 2+0.48 1.9+0.53 0.89
MPR 0.04 (0.03-0.05) | 0.042+0.011 | 0.04 (0.03-0.05) | 0.98
NLR 2(1.6-2.5) 24+1.1 2.3+0.85 0.38
MLR 0.22+0.07 0.3+0.1 0.25+0.079 0.03
SIRI 0.94 (0.68-1.1) | 1.1(0.83-1.8) | 0.92(0.75-1.4) | 0.27

Table 1. Demographics and CBC parameters for BPH, PL, and PC subjects. PSA prostate specific antigen,
WBC white blood cells, RBC red blood cells, HGB haemoglobin, LUC large unidentified cells, PLT platelets,
MPYV mean platelet volume, PCT plateletcrit, MPR mean platelet volume to platelet count ratio, NLR
neutrophils to lymphocytes ratio, MLR monocytes to lymphocytes ratio, SIRI systemic inflammation response
index.

-0.25; 95% CI —0.43 to —0.08; p<0.001). No significant associations were observed between urinary heavy
metal concentrations and PL, but there was a trend for an association between urinary copper and PC (OR 0.03;
95% CI 0.00-0.07; p=0.06) and a significant association for urinary lead and PC (OR 0.28; 95% CI 0.02-0.54;
p=0.03).

Significant or trend-level associations observed in single-metal regression models were further evaluated
in bivariate probit regression analyses adjusted for potential confounders, including age, total PSA, and CBC
parameters.

Plasma vanadium and PL

After adjustment, elevated plasma vanadium concentrations remained significantly associated with PL when
corrected for RBC (OR 13.10; 95% CI 1.39-24.81; p=0.03), HGB (OR 11.93; 95% CI 0.69-23.17; p=0.04),
lymphocytes (OR 11.87; 95% CI 0.58-23.16; p=0.04), and age (OR 12.35; 95% CI 0.99-23.70; p=0.03; Table S1).
No significant associations were observed after adjustments for systemic inflammatory indices such as MLR or
SIRI (p>0.10). These results suggest a robust relationship between plasma vanadium and PL.

Plasma vanadium and PC

In contrast, no significant associations were observed between plasma vanadium and PC after adjustment for
confounders (Table S2). Adjustment for age (OR 5.40; 95% CI —3.85 to 14.65; p=0.25), PSA (OR 6.96; 95% CI
—3.27 t0 17.19; p=0.18), and hematological parameters such as RBC (OR 7.75; 95% CI —2.05 to 17.54; p=0.12)
did not yield significant results.

Plasma antimony and PC

Plasma antimony concentrations were consistently and significantly associated with PC across all adjusted
models (Table S3). The association remained significant after adjustment for age (OR —0.28; 95% CI —0.46 to
-0.09; p<0.001), PSA (OR —0.26; 95% CI —0.45 to —0.06; p=0.01), and combined age and PSA (OR —0.26; 95%
CI -0.47 to —0.06; p=0.01). The association persisted after adjustments for inflammatory markers such as MLR
(OR -0.22;95% CI - 0.40 to —0.04; p=0.02) and SIRI (OR —0.24; 95% CI —0.42 to —0.06; p=0.01).

Urinary copper and PC

Urinary copper concentrations showed weak trends toward significance across all adjusted models (Table S4).
Adjustments for age (OR 0.04; 95% CI 0.00-0.08; p=0.07), PSA (OR 0.03; 95% CI —0.01 to 0.07; p=0.11), and
combined age and PSA (OR 0.03; 95% CI —0.01 to 0.07; p=0.17) did not yield significant associations.

Urinary lead and PC

Urinary lead concentrations remained significantly associated with PC after adjustment for demographic
factors (Table S4). Adjustment for age yielded an OR of 0.31 (95% CI 0.04-0.57; p=0.03), while PSA adjustment
resulted in an OR of 0.31 (95% CI 0.03-0.58; p=0.03). Combined adjustment for age and PSA strengthened
the association (OR 0.33; 95% CI 0.04-0.61; p=0.02). Borderline significance was observed for adjustments
involving hematological parameters and inflammatory indices, with p values ranging from 0.06 to 0.08.
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Patient | Plasma (ug/L) KW test | Urine (ug/L) KW test | T or U test (plasma vs. urine)
BPH 3.1(1.7-3.5) 3(2-4.3) 0.26
Manganese PL 2.4+0.97 0.049 3x1 0.919 0.143
PC 3.3(2-3.8) 31+1.3 0.845
BPH 0.24 (0.23-0.26) 0.27 (0.19-0.46) 0.163
Cobalt PL 0.25+0.051 0.522 0.34+0.17 0.971 0.07
PC 0.25(0.23-0.28) 0.29 (0.2-0.46) 0.502
BPH 0.047£0.024 0.06 (0.04-0.11) 0.041
Vanadium PL 0.072+0.054 0.179 0.06 (0.04-0.12) | 0.971 0.979
PC 0.06 (0.04-0.07) 0.06 (0.04-0.098) 0.826
BPH 1227 (880-1631) 20 (12-33) <0.0001
Iron PL 1095 +387 0.519 25+20 0.991 <0.0001
PC 1236 (812-1615) 19 (13-32) <0.0001
BPH | 839 (762-911) 10 (7.3-13) <0.0001
Copper PL 843+121 0.88 12+4.7 0.398 <0.0001
PC 862 (730-988) 11 (8.8-16) <0.0001
BPH 1695 (1325-2665) 518 (357-695) <0.0001
Zinc PL 2141790 0.384 511+280 0.84 <0.0001
PC 1639 (1286-2444) 508 +£260 <0.0001
BPH 112+26 30 (19-44) <0.0001
Selenium PL 105+28 0.524 32+21 0.811 <0.0001
PC 115+30 32 (22-42) <0.0001
BPH | 1.9(0.54-3.8) 48 (17-143) <0.0001
Arsenic PL 0.93 (0.4-3.3) 0.697 40 (17-151) 0.211 <0.0001
PC 0.99 (0.52-3.6) 22 (9.3-102) <0.0001
BPH 0.94 (0.7-1.2) 42 (27-78) <0.0001
Molybdenum | PL 0.91 (0.63-1.2) 0.423 32 (21-57) 0.383 <0.0001
PC 0.98 (0.76-1.4) 46 (27-64) <0.0001
BPH 0.01 (0.01-0.02) 0.41 (0.24-0.61) <0.0001
Cadmium PL 0.01 (0.01-0.025) | 0.506 0.42+0.29 0.835 <0.0001
PC 0.01 (0.01-0.02) 0.39 (0.27-0.57) <0.0001
BPH 7.8+14 0.04 (0.03-0.078) <0.0001
Antimony PL 74+1.8 0.034 0.045 (0.03-0.1) 0.9 <0.0001
PC 7113 0.04 (0.03-0.06) <0.0001
BPH 1.1 (0.8-1.7) 1.3 (0.68-2.7) 0.019
Barium PL 1.4+0.54 0.398 1.9 (1.2-4) 0.443 0.099
PC 1(0.77-1.6) 1.5 (0.77-2.6) 0.055
BPH 0.64 (0.43-1) 1(0.33-2) 0.264
Mercury PL 0.52 (0.32-1.1) 0.75 0.93 (0.49-1.6) 0.579 0.227
PC 0.65 (0.36-1.1) 0.72 (0.37-1.3) 0.36
BPH 1.1 (0.22-1.5) 0.97 (0.63-2) 0.18
Lead PL 0.82(0.17-1.8) 0.871 1.4+0.63 0.263 0.303
PC 1.1 (0.2-2.2) 1.4 (0.83-2) 0.235

Table 2. Blood and urine heavy metal concentrations (unit). BPH benign prostatic hyperplasia, PL pre-
cancerous lesion, PC prostate cancer, KW Kruskal-Wallis test.

Comparative analysis of metal concentrations in prostate disorders: insights into biomarkers

and disease progression

The statistical analysis of metal concentrations in benign prostatic hyperplasia, precancerous lesions, and
prostate cancer groups was conducted using the Mann-Whitney U test, a non-parametric method appropriate
for comparing independent groups where data may not follow a normal distribution. The test allowed pairwise
comparisons between BPH vs. PL, BPH vs. PC, and PL vs. PC, identifying statistically significant differences in
metal concentrations across the groups. The box plots illustrate the distribution of these metal concentrations
in serum, Fig. 3, with medians, interquartile ranges (IQR), and whiskers representing the full range of data. A
gray zone indicating the mean + standard deviation (SD) for each group further facilitated comparison across the
clinical conditions. The results revealed that plasma manganese concentrations showed a marginally significant
difference (p=0.049) in the PC group compared to BPH and PL, suggesting a potential, but inconclusive role
in prostate cancer progression. No significant differences were observed in urinary manganese concentrations
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Fig. 1. Heatmap of plasmatic heavy metal concentrations. Each row represents an individual subject (grouped
as BPH, PL, and PC, and annotated in green, yellow, and red, respectively) and heavy metal concentration
values are scaled from — 10 to 10 (blue to red). The data matrix uses a range of colors to represent values, with
darker or more intense colors indicating higher values and lighter or less intense colors indicating lower values.

(p=0.919). In contrast, antimony levels were significantly lower in the PC group, aligning with previous findings
that associate reduced antimony concentrations with prostate cancer risk. Elevated vanadium levels in the PL
group indicate its potential role in precancerous processes, possibly serving as a diagnostic biomarker for early
disease stages. For urine samples, manganese concentrations were consistent across groups, while vanadium
and copper concentrations were elevated in the PL group. Furthermore, lead concentrations were significantly
higher in the PC group, suggesting a link between lead exposure and prostate cancer risk. Importantly, the
reference values used for comparison were taken from Tables 11 and 12 of the ISTISAN Report 17/33%, which
provides diagnostic reference levels for heavy metals in biological samples. These diagnostic reference levels offer
a benchmark for evaluating the observed metal concentrations within the context of prostate health and disease.
The results underscore the potential of metals such as vanadium and lead as biomarkers for prostate disease
progression and highlight the value of using established diagnostic reference levels in interpreting clinical
biochemistry data, Fig. 4.

Discussion
The role of environmental factors, including heavy metal exposure, in the genesis and progression of prostate
disease has been widely debated?!. Systematic reviews and meta-analyses have indicated that elevated levels
of heavy metals in biological samples, such as cadmium, arsenic and lead, are associated with an increased
risk of PC, although the underlying mechanisms remain poorly understood®?. Our findings align with this
evidence, demonstrating that specific heavy metals may influence prostate disease progression. In particular,
we observed significantly lower plasma levels of antimony in PC patients and elevated vanadium levels in those
with precancerous lesions, suggesting a potential role in early disease development. Furthermore, urinary lead
concentrations were significantly associated with PC. These results are consistent with previous studies indicating
that certain metals may influence carcinogenesis through oxidative stress, immune dysregulation, and epigenetic
modifications*-%¢. Additionally, we observed an increase in the monocyte-to-lymphocyte ratio (MLR) in PL and
PC patients, reinforcing the link between chronic inflammation and prostate disease progression®”.

Overall, the results of our study provide valuable insights into the relationship between heavy metal
concentrations in plasma and urine and key components of the clinical continuum linking benign states with
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Fig. 2. Heatmap of urinary heavy metal concentrations. Each row represents an individual subject (grouped as
BPH, PL, and PC, and annotated in green, yellow, and red, respectively) and heavy metal concentration values
are scaled from — 10 to 10 (blue to red). The data matrix uses a range of colors to represent values, with darker
or more intense colors indicating higher values and lighter or less intense colors indicating lower values.

precancerous and cancerous prostate pathologies. This continuum was further supported by the observed
differences in median age and total PSA concentrations across the three groups. Additionally, the reduction
in haemoglobin concentrations and the increase in the monocyte-to-lymphocyte ratio (MLR) in PL and
PC patients can be interpreted as indicators of potential immunological alterations in these groups, as well
as anaemia associated with preneoplastic or neoplastic states. The MLR is a measure of the balance between
the body’s innate immune response (monocytes) and adaptive immune response (lymphocytes). An increased
MLR may indicate, in the context of cancer, a shift from adaptive immunity (which relies on specific immune
responses to pathogens) to innate immunity (which provides rapid and nonspecific defence against pathogens)?.
Additionally, a high MLR may also reflect an ongoing inflammatory response, which is common in cancer and
precancerous conditions®. While these changes provide insights into the body’s defense mechanisms, they also
highlight the complexity of the immune response in cancer patients.

The evaluation of heavy metal concentrations revealed significant differences for antimony, with lower
plasma levels associated with PC, while manganese showed marginally significant differences in plasma across
groups, suggesting potential roles of these metals in the pathophysiology of prostate diseases.

According to the International Agency for Research on Cancer (IARC), antimony trioxide (Sb,O,) has been
classified as a possible carcinogenic to humans (Group 2B), while antimony trisulfide (Sb,S,) has not been
classified with respect to its carcinogenicity (Group 3)%. There are indications of neoplastic or preneoplastic
effects of antimony species in animal models across various tissues and organs. Two new studies suggested that
antimony acts as an endocrine disruptor through interactions with oestrogen and androgen receptors, potentially
promoting tumour growth in the reproductive system, although its relevance for in vivo carcinogenesis in rodents
and humans remains unclear’*2. Moreover, recent research demonstrated that low-dose antimony exposure
enhances the proliferation and invasion of prostate cancer cells by inhibiting ferroptosis via the Nrf2-SLC7A11-
GPX4 pathway®. This suggests that antimony may actively contribute to prostate carcinogenesis. Our finding of
lower plasma antimony levels in PC patients may not indicate a protective role but rather reflect altered metal
homeostasis in cancer progression. Further research is needed to confirm the mechanistic role of antimony in
prostate carcinogenesis and its potential implications as a biomarker of disease progression.

The observed marginal significance for plasma manganese levels in PC aligns with its known roles in
cellular metabolism and oxidative stress. However, further studies are needed to confirm its association with
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BPHvs. PL | Unadjusted | OR 95% CI 4

Plasma -0.24 | -0.59 |0.11 |0.18
Manganese

Urine -0.09 | -0.35 |0.18 |0.52

Plasma -14 [-649 |3.69 |0.59
Cobalt

Urine -042 | -1.54 |0.69 |0.46

Plasma 11.67 |0.72 22.63 | 0.04
Vanadium

Urine -0.79 | -342 |1.84 |0.56

Plasma 0 0 0 0.24
Iron

Urine 0 -0.03 [0.03 |0.96

Plasma 0 0 0 0.52
Copper

Urine 0.01 -0.06 |0.07 |0.8

Plasma 0 0 0 0.43
Zinc

Urine 0 0 0 091

Plasma -0.01 | -0.02 0.01 0.44
Selenium

Urine 0 -0.02 [0.02 |0.99

Plasma -0.02 | -0.09 |0.06 |0.68
Arsenic

Urine 0 0 0 0.25

Plasma -0.05 | -0.38 |0.27 |0.76
Molybdenum

Urine 0 -0.02 |0 0.17

Plasma 21.9 —14.72 | 58.54 | 0.24
Cadmium

Urine -024 | -132 |0.85 |0.67

Plasma -0.1 |-033 [0.13 |0.39
Antimony

Urine 0.25 -0.83 |1.33 |0.65

Plasma 0.25 -0.34 |0.85 |041
Barium

Urine 0.12 -0.07 |0.31 |0.23

Plasma -02 |-0.66 |026 |04
Mercury

Urine 0.07 -0.32 |0.19 |0.62

Plasma -0.05 | -0.3 0.2 0.7
Lead

Urine 0.09 -035 1052 |07

Table 3. Unadjusted individual metal probit regression models for the association of heavy metal
concentrations and PL. OR odds ratio.

prostate cancer risk and its potential as a biomarker. The absence of significant differences in urinary heavy
metal concentrations across the groups suggests that the potential impact of heavy metals on prostate health and
disease states is more closely related to systemic exposure rather than renal excretion patterns*.

Regression analysis provided additional evidence for the association between heavy metal concentrations
and the presence of PL and PC. Plasma vanadium concentrations were significantly higher in the PL group, with
a similar but non-significant trend observed in PC patients. This finding suggests that vanadium may play a role
in the early stages of prostate neoplasia. In the literature, the pro-tumor effect of vanadium refers to the potential
adverse effects of vanadium exposure on tumor progression and/or the promotion of cancerous conditions*>*°.

Although vanadium has been studied for its anti-tumor properties, the lack of a significant association
with PC in this study indicates that its role might be more relevant in precancerous states?’. The analysis also
revealed a trend toward a significant association between urinary copper concentration and PC. Variations in
copper concentrations or copper/zinc ratios (Cu/Zn) are associated with several tumors, including those of the
bladder, breast, colon-rectum, and prostate’®. However, in this study, copper showed only weak trends toward
significance, suggesting its limited utility as a biomarker in the current cohort.

Another interesting finding concerns the significant association between urinary lead concentration and
PC. Previous studies have suggested a potential link between environmental lead exposure and the risk of
developing prostate diseases. Higher blood lead concentrations have been reported in PC cases, suggesting
that environmental lead exposure may influence prostate pathology risk. The consistent association of urinary
lead with PC, even after adjustment for confounders, highlights its potential as a robust biomarker for prostate
cancer risk®®°!.

Adjusting for potential confounding factors such as age, total PSA, and complete blood count (CBC) did not
alter the significant association between higher plasma vanadium concentrations and PL, reinforcing the possible
role of vanadium in prostate health. However, the trend toward an association between copper concentration
and PC did not persist after adjustment, suggesting that its role might be secondary or confounded by other
variables*2.

Globally, these results underscore the importance of exploring plasma antimony and vanadium as potential
biomarkers for prostate pathologies, while highlighting the need for further research to confirm the roles of
manganese, copper, and lead in prostate cancer progression®>4,
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BPHvs. PC | Unadjusted | OR 95% CI 4

Plasma 0.07 | -0.12 | 0.26 | 0.48
Manganese

Urine -0.05 | -0.21 0.12 | 0.58

Plasma 0.00 | —2.42 | 2.43|1.00
Cobalt

Urine -039 | -1.05| 027 |0.25

Plasma 7.92 | -1.04 | 16.87 | 0.08
Vanadium

Urine -048 | —1.84 | 0.88 | 0.49

Plasma 0.00 0.00 | 0.00 | 0.50
Iron

Urine 0.00 | -0.01 0.02 | 0.43

Plasma 0.00 0.00 | 0.00 | 0.92
Copper

Urine 0.03 0.00 | 0.07 | 0.06

Plasma 0.00 0.00 | 0.00 | 0.56
Zinc

Urine 0.00 0.00 | 0.00 | 0.78

Plasma 0.00 -0.01 0.01 | 0.64
Selenium

Urine 0.00 0.00 | 0.01 |0.57

Plasma 0.00 | —0.02 | 0.03 |0.83
Arsenic

Urine 0.00 0.00 0.00 | 0.80

Plasma 0.00 | -0.21 0.20 | 0.98
Molybdenum

Urine 0.00 | —0.01 0.00 | 0.26

Plasma 531 | —19.28 | 29.89 | 0.67
Cadmium

Urine 0.10 | -0.55| 0.74 | 0.77

Plasma -0.25 | —-0.43 | -0.08 | 0.00
Antimony

Urine -195| —-459 | 0.70 | 0.15

Plasma -0.05 | -041 0.32 | 0.80
Barium

Urine 0.05 | -0.06 | 0.17 | 0.36

Plasma -0.10 | =035 | 0.15|0.44
Mercury

Urine -0.12 | -0.29 | 0.04 | 0.15

Plasma 0.04 | -0.10 | 0.17 | 0.60
Lead

Urine 0.28 0.02 | 0.54 | 0.03

Table 4. Unadjusted individual metal probit regression models for the association of heavy metal
concentrations and PC. Significant values are in [italics].

Comparison with literature and the role of heavy metals in prostate
pathophysiology

A necessary remark should be dedicated to the comparison of our results to those present in the literature
for the same type of cancer!>32 In the previous studies examined, the heterogeneity in the type of biological
samples used for the determination of metal concentrations (serum, tissue, hair and nails, blood and urine) and
patients enrolled, unfortunately, does not allow us any sound comparison and conclusion. We can only report
that in general the metals showing altered concentrations in the case of PC are mainly zinc, selenium, arsenic,
cadmium, iron, lead, and to a lesser extent copper, manganese, mercury and antimony. Especially zinc seems
to have a protective role against development of PC, as confirmed in different studies where PC patients show
low levels of this essential metal. In ours, zinc does not correlate to any prostate pathology. Instead, we have
found strong evidence that vanadium is, while the involvement of this element was never reported before. This
indicates that further studies are needed to clarify such correlations, together with the need of a common and
shared methodology for a better comparison of the results.

The findings of our study highlight the complementary role of heavy metals as plasma and urinary biomarkers
in the assessment of prostate health®. Plasma and urine are the most commonly analyzed biofluids for
determining metal concentrations®®, but their interpretative value differs based on factors such as metabolism,
bioavailability, and excretion pathways®’. In particular, plasma concentrations provide insight into ongoing
pathophysiological mechanisms, while urinary levels reflect long-term exposure and the balance between
accumulation and elimination®®.

As for the possible mechanisms through which heavy metals can affect the prostate health, we should point
out that the contribution of these elements to the pathogenesis of prostate diseases can occur through multiple
biological pathways, including oxidative stress, immune dysregulation, endocrine dysfunction, and epigenetic
modifications™. It is well established that metals such as lead, cadmium, and vanadium are involved in the
generation of reactive oxygen species (ROS), which can induce oxidative stressand DNA damage®>%. Thisis closely
linked to cancer development, including PC, as it promotes genomic instability, mutations, and uncontrolled cell
proliferation®!. In particular, vanadium has been shown to interfere with cellular redox homeostasis, leading
to increased oxidative stress, which may contribute to early-stage neoplastic transformation®?. Moreover,
chronic inflammation is a recognized hallmark of prostate carcinogenesis. Heavy metals can disrupt immune
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Fig. 3. Statistical analysis of metal concentrations in serum in benign prostatic hyperplasia (BPH),
precancerous lesions (PL), and prostate cancer (PC).

homeostasis by modulating the production of pro-inflammatory cytokines and altering immune cell function®?.
Our study found an increase in the monocyte-to-lymphocyte ratio in patients with PL and PC, supporting the
hypothesis that heavy metals may influence prostate disease progression through immune dysregulation®®. Lead
exposure has been associated with increased inflammatory markers, contributing to the establishment of an
inflammatory microenvironment that promotes tumour growth®*>. Certain heavy metals, including antimony
and cadmium, interfere with androgen and oestrogen receptor signalling®. The prostate is highly dependent
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on androgen regulation, and disruptions in these pathways can alter cellular proliferation and differentiation®’.
Antimony compounds have also been found to interact with sex hormone receptors, potentially affecting prostate
tissue homeostasis and increasing susceptibility to cancerous transformation®’. Scientific evidence suggests that
heavy metals may influence gene expression through DNA methylation, histone modifications, and microRNA
regulation. These alterations can lead to the activation of oncogenes or the silencing of tumour suppressor genes.
Additionally, the accumulation of heavy metals in plasma and urine suggests that they may be differentially
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eliminated or stored, generating systemic effects rather than being efficiently excreted. The association between
urinary lead concentration and PC highlights the potential role of long-term environmental exposure in prostate
pathology®®. Lead bioaccumulation may affect cellular metabolism, mitochondrial function, and apoptosis
regulation, ultimately contributing to prostate disease progression®®. Our findings, along with existing literature,
confirm the role of heavy metals in carcinogenesis through a combination of oxidative stress, inflammation,
endocrine disruption, and epigenetic changes. It is evident that further mechanistic studies are necessary to
elucidate the precise molecular pathways involved and to inform the management of prostate disease.

Advantages and limitations of the study

This study presents several strengths and limitations that should be considered when interpreting the findings.
One of the key strengths lies in the comprehensive assessment of heavy metal concentrations in both plasma
and urine, allowing for a dual perspective on systemic exposure and potential long-term accumulation’’.
The range of heavy metals analyzed is broader than in previous studies, providing a more detailed overview
of their potential role in prostate disease”!. Moreover, patient classification into benign prostatic hyperplasia,
precancerous lesions, and prostate cancer was based on histopathological confirmation, ensuring the reliability of
disease differentiation’2. Another strength of the study is its exploration of the relationship between heavy metal
exposure and inflammatory markers, particularly the monocyte-to-lymphocyte ratio, which offers insights into
the mechanisms underlying prostate disease progression’®. Additionally, the inclusion of only native Sardinian
participants minimized genetic variability, strengthening the internal validity of the findings. However, certain
limitations must be acknowledged. The cross-sectional design prevents establishing causality between heavy
metal exposure and prostate disease risk, limiting the ability to infer temporal relationships’. Additionally, while
the overall sample size was adequate, the small number of patients with precancerous lesions may have reduced
the statistical power for detecting significant associations in this subgroup. The use of Probit regression helped
stabilize estimates, but future studies with larger cohorts would enhance reliability”>7. Although individuals with
documented occupational exposure to heavy metals were excluded to minimize confounding, detailed dietary
data were not collected, potentially affecting the accuracy of exposure assessment”’. Given that dietary intake is
a major source of metal exposure, future studies should incorporate nutritional profiling to better account for
dietary contributions’®. Similarly, renal function variability among participants may have influenced urinary
metal concentrations, introducing a confounding factor in exposure assessment””. Another notable limitation
is the lack of direct measurements of heavy metal accumulation in prostate tissue, which would provide more
precise insights into localized effects. While plasma concentrations reflect recent systemic exposure and ongoing
metabolic interactions, they may not fully capture the bioaccumulation of metals in prostate tissue. Certain
metals, such as vanadium and antimony, demonstrated significant plasma-level variations depending on prostate
condition, suggesting a possible role in early-stage disease detection®’. Conversely, urinary excretion serves as
a marker of long-term exposure. The correlation between urinary lead concentration and PC highlights urine
analysis as a potential non-invasive tool for assessing chronic environmental exposure®!. This advantage makes
urine biomarkers particularly useful in large-scale epidemiological studies, facilitating risk assessment and
early screening strategies. However, urine analysis also has limitations, including high variability in individual
renal function, which complicates data interpretation, particularly in elderly patients or those with suboptimal
hydration®2. Additionally, not all metals are efficiently excreted in urine. Cadmium and lead, for example, tend
to accumulate in bones and soft tissues, which may reduce the correlation between urinary levels and total body
burden®. Another constraint is the short half-life of certain metals, such as arsenic and mercury, limiting their
reliability in evaluating chronic exposure and its association with disease risk. To overcome these limitations,
future studies should adopt an integrated approach using multiple biological matrices, including plasma, urine,
prostate tissue, and hair, to provide a more comprehensive understanding of the role of heavy metals in prostate
disease pathogenesis. This strategy would allow for a more accurate assessment of exposure, metabolism, and
biological effects, ultimately improving the identification of biomarkers for disease detection and progression
monitoring.

Conclusions

This study provides compelling evidence of the complex interaction between heavy metal concentrations and
the risk of developing prostate diseases. The significant associations between plasma vanadium concentrations
and the risk of PL and PC, as well as the inverse association of antimony with PC, highlight the need for
further research to clarify the underlying mechanisms and explore the potential of heavy metals as biomarkers
or therapeutic targets for prostate health. The results also emphasize the importance of considering systemic
exposure to heavy metals in the context of prevention and management strategies for prostate diseases.

Data availability

The datasets generated and analyzed during this study are available from the corresponding author upon reason-
able request. Researchers seeking access may be required to provide a brief proposal outlining the intended use
and agree to confiden-tiality terms as per institutional policies.
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