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metals and prostate-specific 
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Objective: This study aims to investigate the impact of depression and urinary 
metals on Prostate-Specific Antigen (PSA).

Methods: Analysis was conducted on 1901 samples collected from the National 
Health and Nutrition Examination Survey (NHANES) database between 2001 and 
2010. Analytical methods included stepwise multiple linear regression (MLR) 
analysis of the overall population’s urinary metals and PSA relationship, analysis 
of urinary metals and PSA relationship in older adults and BMI subgroups, 
analysis of urinary metals and PSA relationship in the depressed population, 
and restricted cubic spline (RCS) analysis. A significance level of p  <  0.05 was 
considered statistically significant.

Results: In the stepwise multiple linear regression, beryllium (Be) showed a 
dose–response association with PSA (third quartile: β  =  0.05, 95%CI (0.02, 0.09); 
fourth quartile: β  =  0.07, 95%CI (0.02, 0.12), p trend  =  0.048). Subgroup analysis 
indicated that in individuals aged >60, Be  at Q4 level [β  =  0.09, 95%CI (0.05, 
0.21)] exhibited a dose–response correlation with PSA. In the population with 
25  ≤  BMI  <  30, Be might more significantly elevate PSA, with Q4 level having a 
pronounced impact on PSA levels [β  =  0.03, 95%CI (0.02, 1.27)]. In the depressed 
population, urinary cadmium (Cd) levels showed a significant positive dose–
response relationship, with Q4 level of Cd having the maximum impact on PSA 
[β  =  0.3, 95%CI (0.09, 0.49)].

Conclusion: Individuals exposed to beryllium (Be), especially the older adults 
and overweight, should monitor their PSA levels. In depressed patients, cadmium 
(Cd) levels may further elevate PSA levels, necessitating increased monitoring of 
PSA levels among males.
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Introduction

According to the Global Burden of Disease (GBD) study, prostate cancer (PCa) remains 
a significant global health burden, with increasing incidence, mortality, and death rates over 
the past three decades (1, 2). These trends may continue with population aging. Globally, from 
1990 to 2019, the incidence, death cases, and death rates of prostate cancer increased by 116.11, 
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108.94, and 98.25%, respectively. Prostate-specific antigen (PSA) is a 
serine protease that plays a crucial role in seminal fluid liquefaction in 
the prostate epithelium and serves as a key tumor marker, especially 
considering the lack of alternative markers for PCa (3–5). Although 
serum PSA levels are not a strong indicator of PCa presence, with only 
a 24% positive predictive value, the academic community still 
recommends using serum PSA as a standard for PCa screening and 
monitoring, contributing positively to early detection and prevention 
of the disease (6–9).

In the field of environmental and occupational medicine, exposure 
to toxic and carcinogenic metals can be traced back to 2,400 years ago 
(10). Metals become persistent environmental pollutants due to their 
resistance to microbial degradation, unlike organic pollutants (11–13). 
After ingestion through food, water, and air, the human body 
metabolizes and eliminates heavy metals in various ways, primarily 
through urine. The concentration of heavy metals in urine provides 
an indication of the body’s metal levels after metabolism (14, 15). The 
International Association for Research on Cancer (IARC) has 
classified beryllium and beryllium-containing compounds as Group 1 
carcinogens. Many studies using rat models have resulted in tumor 
formation after exposure to beryllium compounds. Some of these 
studies have relied on intraperitoneal, intrapleural, or intramuscular 
injections of Be solutions (16, 17). In recent years, the impact of heavy 
metal exposure on mental disorders has gained widespread attention, 
but its effects are underestimated (18–20). Heavy metal exposure can 
cause neuroinflammation, oxidative stress, hormonal fluctuations, and 
disruption of neurotransmitters such as dopamine and serotonin, all 
potential pathogenic mechanisms for depression (21, 22).

Currently, there is limited analysis of the impact of co-exposure 
to mental disorders and heavy metals on disease. Therefore, analyzing 
the correlation between PSA and urine metals in the population with 
depression is of significant importance. Previous research on this topic 
is scarce and lacks studies with large samples and long durations. Thus, 
we utilized data from the National Health and Nutrition Examination 
Survey (NHANES) dataset comprising 1901 samples to explore the 
direct correlation between PSA and urine metals in the population 
with depression.

Methods

Dataset

The data used in this study come from five consecutive National 
Health and Nutrition Examination Survey (NHANES) cycles 
conducted between 2001 and 2010. NHANES is a population-based 
survey representative of the entire United States, aiming to assess the 
health and nutritional status of adults and children1 (16, 23, 24). 
Initially, 27,584 samples were extracted from a ten-year period.

To ensure relevance to prostate cancer, data from females 
(n = 14,327) were excluded. Subsequently, samples lacking PSA or 
confounding variable information were removed, further excluding 
11,356 entries. Therefore, the final sample size of eligible adult males 
used in this study was n = 1,901. Detailed information on study design, 

1 https://www.cdc.gov/nchs/nhanes

sampling methods, inclusion, and exclusion criteria is available in 
Figure  1. Demographic data, physical exams, lab tests, and 
questionnaires were collected.

It was worth noting that this study specifically used publicly 
available data from NHANES, and ethical approval for this analysis 
was considered unnecessary (25).

Assessment of urine metals

This study used urine metals as an indicator for exposure 
assessment, reflecting the accumulation of metals in the kidneys and 
other tissues. Analysis was performed using inductively coupled 
plasma mass spectrometry (ICP-MS), a multi-element technique. In 
this process, liquid samples were introduced into the ICP through a 
nebulizer and spray chamber, carried by flowing argon gas (26, 27). 
The resulting plasma was composed mainly of positive argon ions and 
electrons, which atomize and ionize the sample in the high-
temperature region (6,000–8,000 K). The ions and argon gas were then 
introduced into the mass spectrometer, where the ICP operating at 
atmospheric pressure was separated from the mass spectrometer 
operating at 10–6 Torr. The mass spectrometer rapidly detected ions 
to determine the isotopic composition of elements. The electrical 
signals generated by ion detection were processed into digital 
information, representing ion intensity and subsequent element 
concentrations (16, 23). ICP-MS was used to determine the 
concentrations of seven elements in urine: barium (Ba), beryllium 
(Be), cobalt (Co), cesium (Cs), molybdenum (Mo), lead (Pb), 
antimony (Sb), and thallium (Tl). Urine samples were diluted 1 + 9 
with 2% volume/volume double-distilled nitric acid (GFS Chemicals, 
Columbus, Ohio), which contained iridium and rhodium as multiple 
internal standards. Additionally, correction of urine cadmium (Cd) 
levels was performed using a formula to eliminate interference from 
molybdenum oxide: Corrected Cd level = Original Cd value − 
[(0.00175 * molybdenum) − 0.0136].

PSA assessment

Total PSA results were obtained using the Hybritech method 
through Beckman Access. In this method, the second sample is 
introduced into an antibody container containing mouse monoclonal 
anti-PSA alkaline phosphatase conjugate and magnetic particles with 
a second mouse monoclonal anti-PSA antibody (24, 25). PSA in the 
sample binds to the immobilized monoclonal anti-PSA on the solid 
phase, while the anti-PSA conjugate reacts at a different antigenic site 
with PSA in the sample. The light produced in this reaction is 
proportional to the concentration of PSA in the sample.

Assessment of depression

We used the Patient Health Questionnaire (PHQ-9), a depression 
screening tool consisting of ten items based on the Diagnostic and 
Statistical Manual of Mental Disorders IV (DSM-IV) criteria for 
depression diagnosis. It assesses the frequency of depressive symptoms 
over the past 2 weeks. Scores ranging from 0 to 3 for each symptom 
question represent “not at all,” “several days,” “more than half the 
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days,” and “nearly every day,” respectively (23). The total score, 
calculated based on each participant’s answers to these 10 questions, 
serves as the standard score. Individuals with a total score equal to or 
exceeding 10 points were classified as patients with depression.

Covariates

In-person interviews were conducted to collect data on various 
demographic factors, including age, gender, educational attainment, 
racial and ethnic classifications (Mexican American, Other Hispanic, 
Non-Hispanic White, Non-Hispanic Black, and others), family 
income-poverty ratios (PIR), smoking behaviors, and alcohol 
consumption. Physical examinations were used to determine the Body 
Mass Index (BMI), calculated by dividing weight (in kilograms) by the 
square of height (in meters).

The PIR was calculated by dividing family (or individual) 
income by the specific poverty guidelines for the survey year, 
accounting for household size and geographical location. A lower 
PIR indicated a higher level of poverty, while a ratio of one denoted 
equivalent income and poverty levels. Individuals were classified 
current smokers/past smokers/never smoke, and those who had 
consumed one or more alcoholic beverages in the past year were 
labeled as current drinkers.

Mobile centers were used for medical examinations, with body 
mass index (BMI) categorized as normal weight (<25), overweight (25 
to <30), and obesity (≥30). Diabetes was defined as a fasting glucose 
level of ≥126 mg/dL or a reported prior diagnosis. Hypertension was 
defined as a persistent resting blood pressure (BP) of 140/90 mmHg 
or a reported prior diagnosis.

Statistical analysis

Correlation analysis of PSA and urine metals
To investigate the correlation between PSA and nine urine metals 

comprehensively, we  conducted a comprehensive analysis. First, 
we described demographic and medical history data, analyzing the 
geometric mean (GM), detection limit (LOD), and quartiles of the 
nine urine metals. Subsequently, we used analysis of variance and 
chi-square tests to assess differences in demographic data. Before 
regression, we conducted correlation matrix using Spearman method. 
Since our data was not normal distribution and there was no linear 
correlation, we chose Spearman correlation not Pearson correlation, 
which showed that variates were independent and suitable for 
multivariable linear regression (MLR).

Multivariable linear regression
In the second step, we performed MLR, gradually adjusting for 

demographic and medical history variables to determine the 
association between the natural logarithm-transformed PSA and 
quartiles of urine metals. MLR was conducted using the “survey” and 
“svydesign” commands in the R software package, considering 
weighting variables “WTSHM2YR” (cycles 2001–2002) and 
“WTSA2YR” (cycles 2003–2010), as well as stratum variable 
“SDMVSTRA”. Additionally, subgroup multivariable linear regression 
was conducted for PSA and significant urine metals.

Restricted cubic spline analysis
In the third step, we  explored the dose–response relationship 

between PSA and significant urine metals using restricted cubic spline 
(RCS) analysis (22). All analyses were conducted using R software 

FIGURE 1

Flowchart of dataset selection.
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version 4.1.2 (R Foundation for Statistical Computing, Austria), with 
statistical significance set at two-sided p < 0.05.

Results

Participant characteristics

Quartiles of PSA were used to enumerate demographic and 
lifestyle characteristics (Table  1). With increasing PSA, age 
gradually increased (p = 0.001), PIR remained similar across 
different PSA levels (p = 0.755), the majority of the population 
was obese, and BMI varied across different PSA levels (p = 0.005). 
Non-Hispanic White individuals constituted the majority, and 
there were racial differences across different PSA levels 
(p = 0.007). Education level remained unchanged across different 
PSA levels (p = 0.221), the majority were married, and marital 
status varied across different PSA levels (p = 0.221). Non-alcohol 
drinkers were most common, with differences across different 
PSA levels (p = 0.395), and most individuals were current 
smokers, with differences across different PSA levels (p = 0.035); 
the majority did not have hypertension, with differences across 
different PSA levels (p = 0.643); and most individuals did not 
have diabetes, with differences across different PSA levels 
(p = 0.001). Depression did not differ significantly across different 
PSA levels (p = 0.178). Table 2 displays the geometric mean and 
four quartiles for the nine urine metals in our study. The records 
for all nine urine metals are reported in ng/mL. The correlation 
matrix showed that each covariate had no correlation with PSA, 
which demonstrated that included covariates were independent 
(Supplementary Figure S3).

Association of urine metal metabolites with 
PSA

Table 3 shows the percentage differences in urine metals with 
PSA, using the first quartile as the reference. Be′s third and fourth 
quartiles [β = 0.05, 95%CI(0.02, 0.09); β = 0.07, 95%CI(0.02, 0.12), 
respectively] exhibited a trend of positive correlation with increasing 
PSA (trend p = 0.048). The fourth quartile associated with Cd was 
positively correlated with PSA increase [β = 0.2, 95%CI(0.01, 0.19)]. 
The fourth quartile associated with Co was also positively correlated 
with PSA increase [β = 0.05, 95%CI(0.01, 0.09)]. At the same time, 
urine Be had a dose–response association with PSA (Figure 2).

Age and BMI subgroup analysis

Subgroup analyses based on age and BMI were conducted for 
Be  and PSA among depression patients. Clearly, Be  significantly 
influenced PSA in the older adults subgroup (Supplementary Table S1). 
A dose–response relationship was observed between Be and PSA, with 
the highest effect in the Q4 level for individuals aged ≥60 [β = 0.09, 
95%CI(0.05, 0.21)]. In the BMI group of 25 ≤ BMI < 30, the Q4 level 
significantly affected PSA levels [β = 0.03, 95%CI(0.02,1.27)], 
especially in individuals aged ≥60. In the 25 ≤ BMI < 30 group, Be may 
also more significantly increase PSA levels.

Impact of heavy metals on PSA in 
depressed patients

In the population with depression, we observed an interesting 
phenomenon where urine cadmium (Cd) levels exhibited a clear 
positive dose–response relationship with PSA 
(Supplementary Figure S1). In model 3, the Q4 level of Cd had the 
greatest impact on PSA [β = 0.3, 95%CI(0.09, 0.49)], while beryllium 
(Be) showed no correlation in this population (Table  4). In the 
non-depressed population, the Q3 level of urine cobalt (Co) might 
increase PSA levels (Supplementary Table S2) [β = 0.29, 95%CI(0.16, 
0.44)], without dose–response relationship (Supplementary Figure S2).

Discussion

In this study, we conducted an in-depth analysis of the correlation 
between nine urine metals and PSA levels, finding a significant 
association, primarily with Be in males. Specifically, Be was found to 
potentially increase PSA levels. Beryllium is a natural element in the 
Earth’s crust and a byproduct in various manufacturing and energy 
production industries. Its sources include natural processes, such as rock 
weathering leading to its presence in water and soil, as well as 
anthropogenic activities involving its use in various manufacturing 
industries. Studies suggest that after exposure to Be, particularly due to 
the ionization of soluble effects of Be salts in aqueous solutions rather than 
the uptake of metal particles, there may be differential responses in renal 
tubular cells sensitive to Be, related to differences in PSA levels (28–30). 
Animal experiments have shown that Be can increase PSA production by 
directly affecting prostate cells (31–33). Be may also indirectly affect PSA 
levels by inhibiting PSA clearance. Metabolites of Be can be detected in 
urine, and this may serve as a biomarker for Be exposure.

Through dose–response relationship analysis, we  found a 
significant dose–response relationship between Be and PSA, especially 
in the age group >60. This suggests that the impact of Be on PSA levels 
may vary with age, possibly due to increased sensitivity of older 
individuals to metals or cumulative effects of Be exposure in the older 
adults. In the group with 25 ≤ BMI < 30, increased sensitivity to metals 
may also be more likely, leading to an increase in PSA levels.

In recent years, mental health has become a noteworthy issue after 
a major epidemic event, and individuals with depression may be at a 
higher risk of developing health problems (34, 35). Numerous studies 
currently indicate that heavy metals, especially cadmium, can cause 
various abnormalities in aspects such as emotions, cognition, and 
behavior. Cadmium is not an essential metal element for the human 
body. After entering the body, cadmium has strong toxicity, accumulates 
continuously in the body, and causes damage to multiple organs (36–40). 
The slow metabolism and long half-life of cadmium in the body are the 
main reasons for chronic poisoning, leading to symptoms such as renal 
dysfunction, renal failure, liver and kidney damage, osteoporosis, and 
osteomalacia, as well as mental illnesses (41–44).

Our results show that an increase in urine cadmium levels 
enhances the increase in PSA levels in depressed patients. This indicates 
that depression and Cd may synergistically lead to an increase in 
PSA. Similar to the liver and kidneys, the prostate is considered a target 
organ for cadmium deposition. International Agency for Research on 
Cancer and epidemiological studies suggest that cadmium exposure 
may be a risk factor for prostate and kidney cancer (45–47). An in vitro 
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TABLE 1 Baseline information in PSA quartiles of the NHANES 2001–2010.

PSA Q1 (N =  475) Q2 (N =  474) Q3 (N =  470) Q4 (N =  482) F or Chi-squared 
value

Age 0.001*

56.1 (11.7) 54.7 (11.6) 60.0 (12.4) 67.2 (11.5)

PIR 0.755

2.84 (1.64) 2.84 (1.61) 2.75 (1.60) 2.78 (1.58)

BMI 0.005*

Normal (25<) 88 (18.53%) 111 (23.42%) 127 (27.02%) 131 (27.18%)

Overweight (25 ≤ BMI < 30) 185 (38.95%) 175 (36.92%) 146 (31.06%) 144 (29.88%)

obesity(≥30) 202 (42.53%) 188 (39.66%) 197 (41.91%) 207 (42.95%)

Race 0.007*

Mexican American 77 (16.21%) 108 (22.78%) 103 (21.91%) 61 (12.66%)

Other Hispanic 31 (6.53%) 31 (6.54%) 26 (5.53%) 24 (4.98%)

Non-Hispanic White 277 (58.32%) 253 (53.38%) 245 (52.13%) 289 (59.96%)

Non-Hispanic Black 76 (16%) 72 (15.19%) 81 (17.23%) 93 (19.29%)

Other Race 14 (2.95%) 9 (1.9%) 15 (3.19%) 15 (3.11%)

Education 0.221

Less than 9th grade 68 (14.32%) 67 (14.14%) 86 (18.3%) 88 (18.26%)

9–11th grade 82 (17.26%) 77 (16.24%) 71 (15.11%) 61 (12.66%)

High School 120 (25.26%) 112 (23.63%) 106 (22.55%) 115 (23.86%)

Some College 113 (23.79%) 136 (28.69%) 106 (22.55%) 119 (24.69%)

College Graduate or above 93 (19.58%) 82 (17.3%) 101 (21.49%) 99 (20.54%)

Marital status 0.001*

Married 330 (69.47%) 327 (68.99%) 327 (69.57%) 328 (68.05%)

Widowed 20 (4.21%) 22 (4.64%) 36 (7.66%) 55 (11.41%)

Divorced 55 (11.58%) 44 (9.28%) 43 (9.15%) 49 (10.17%)

Separated 10 (2.11%) 15 (3.16%) 13 (2.77%) 13 (2.7%)

Never married 32 (6.74%) 30 (6.33%) 33 (7.02%) 21 (4.36%)

Living with partner 29 (6.11%) 36 (7.59%) 18 (3.83%) 15 (3.11%)

Refused 0 (0%) 0 (0%) 0 (0%) 1 (0.21%)

Alcohol 0.395

Yes 138 (29.05%) 124 (26.16%) 130 (27.66%) 116 (24.07%)

No 338 (71.16%) 350 (73.84%) 340 (72.34%) 366 (75.93%)

Smoking 0.035*

Current smokers 210 (44.21%) 203 (42.83%) 222 (47.23%) 226 (46.89%)

Past smokers 130 (27.37%) 123 (25.95%) 126 (26.81%) 119 (24.69%)

Never smoke 135 (28.42%) 148 (31.22%) 122 (25.96%) 137 (28.42%)

Hypertension 0.643

Yes 23 (4.84%) 16 (3.38%) 20 (4.26%) 23 (4.77%)

No 453 (95.37%) 458 (96.62%) 150 (31.91%) 459 (95.23%)

Diabetes

Yes 78 (16.42%) 46 (9.7%) 77 (16.38%) 63 (13.07%) 0.001*

No 386 (81.26%) 419 (88.4%) 378 (80.43%) 406 (84.23%)

Borderline 12 (2.53%) 9 (1.9%) 15 (3.19%) 13 (2.7%)

Depression 0.038*

Yes 26 (5.47%) 32 (6.75%) 38 (8.09%) 42 (8.71%)

No 449 (94.53%) 442 (93.25%) 432 (91.91%) 440 (91.29%)

* p < 0.05; PSA, prostate-specific antigen; PIR, poverty income ratio; BMI, body mass index.
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TABLE 2 Urine metals (ng/mL) in of NHANES 2001–2010.

Overall (N =  2,420) Geometric mean Q1 Q2 Q3 Q4

Barium 1.27 ≤0.08 0.08–0.64 0.64–1.33 ≥2.52

Beryllium 0.06 ≤0.05 0.05–0.051 0.051–0.051 ≥0.08

Cadmium 0.36 ≤0.013 0.013–0.201 0.201–0.371 ≥0.67

Cobalt 0.33 ≤0.029 0.029–0.219 0.219–0.336 ≥0.482

Cesium 4.79 ≤0.191 0.191–3.26 3.26–5.08 ≥7.48

Molybdenum 43.13 ≤0.65 0.65–25.9 25.9–45.7 ≥76.2

Lead 0.83 ≤0.07 0.07–0.5 0.5–0.85 ≥1.4

Antimony 0.08 ≤0.023 0.023–0.049 0.049–0.075 ≥0.13

Thallium 0.16 ≤0.01 0.01–0.099 0.099–0.16 ≥0.24

TABLE 3 Association between prostate-specific antigen and urine metals of NHANES 2001–2010.

Model 1 β (95%CI) Model 2 β (95%CI) Model 3 β (95%CI)

Urinary barium Reference Reference Reference

Q2 0.02 (−0.05, 0.09) 0.03 (−0.04, 0.09) 0.02 (−0.04, 0.08)

Q3 −0.01 (−0.08, 0.07) 0.03 (−0.04, 0.1) 0.02 (−0.05, 0.09)

Q4 −0.01 (−0.09, 0.06) 0.01 (−0.05, 0.08) 0.02 (−0.05, 0.08)

p trend 0.54 0.75 0.70

Urinary beryllium Reference Reference Reference

Q2 0.38 (0.27, 0.49)* 0.29 (0.18, 0.39)* 0.04 (0.02, 0.08)*

Q3 0.37 (0.26, 0.48)* 0.28 (0.17, 0.41)* 0.05 (0.02, 0.09)*

Q4 0.39 (0.21, 0.49)* 0.31 (0.12, 0.43)* 0.07 (0.03, 0.12)*

p trend 0.035* 0.045* 0.048*

Urinary cadmium Reference Reference Reference

Q2 0.01 (−0.06, 0.08) −0.04 (−0.1, 0.04) −0.04 (−0.1, 0.03)

Q3 0.07 (0, 0.16)* −0.01 (−0.09, 0.07) −0.02 (−0.1, 0.06)

Q4 0.2 (0.01, 0.19)* −0.04 (−0.11, 0.05) −0.05 (−0.13, 0.04)

p trend 0.00* 0.51 0.39

Urinary cobalt Reference Reference Reference

Q2 0.02 (−0.06, 0.08) 0.03 (−0.04, 0.09) −0.01 (−0.08, 0.06)

Q3 0.04 (−0.04, 0.11) 0.03 (−0.04, 0.11) 0.02 (−0.05, 0.09)

Q4 0.06 (−0.03, 0.13) 0.05 (0.01, 0.09)* −0.01 (−0.08, 0.07)

p trend 0.15 0.93 0.98

Urinary cesium Reference Reference Reference

Q2 0.07 (0, 0.15) 0.04 (−0.03, 0.1) 0.03 (−0.03, 0.1)

Q3 0.07 (−0.01, 0.15) 0.06 (−0.02, 0.13) 0.04 (−0.03, 0.11)

Q4 −0.01 (−0.09, 0.07) −0.02 (−0.1, 0.06) −0.04 (−0.12, 0.04)

p trend 0.63 0.57 0.32

Urinary molybdenum Reference Reference Reference

Q2 0.07 (−0.01, 0.14) −2.92 (−25.75, 26.92) −6.99 (−29.66, 22.99)

Q3 0.02 (−0.05, 0.09) −6.59 (−29.67, 24.07) −11.16 (−33.26, 18.25)

Q4 0.05 (−0.03, 0.14) −18.62 (−39.29, 9.1) −24.5 (−44.84, 3.33)

p trend 0.39 0.93 0.87

Urinary lead Reference Reference Reference

(Continued)
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study also suggests that cadmium can induce malignant prostate 
tumors (2, 8, 29). Chronic inflammation caused by beryllium is 
considered a possible contributor to the carcinogenicity of beryllium 

to humans (24, 48). Currently, there is no research analyzing the 
synergistic effects of Cd and depression on PSA, and in an era where 

TABLE 3 (Continued)

Model 1 β (95%CI) Model 2 β (95%CI) Model 3 β (95%CI)

Q2 0.03 (−0.04, 0.1) 0.01 (−0.05, 0.08) 0 (−0.06, 0.07)

Q3 0 (−0.08, 0.08) −0.04 (−0.1, 0.03) −0.04 (−0.11, 0.03)

Q4 0.03 (−0.05, 0.11) −0.06 (−0.13, 0.02) −0.06 (−0.14, 0.02)

p trend 0.73 0.07 0.06

Urinary antimony Reference Reference Reference

Q2 0 (−0.07, 0.08) −0.01 (−0.08, 0.05) −0.01 (−0.07, 0.05)

Q3 −0.02 (−0.09, 0.06) −0.02 (−0.09, 0.05) −0.01 (−0.08, 0.06)

Q4 −0.08 (−0.16, 0) −0.06 (−0.13, 0.01) −0.06 (−0.13, 0.01)

p trend 0.04 0.09 0.10

Urinary thallium Reference Reference Reference

Q2 0.02 (−0.06, 0.1) 0.01 (−0.05, 0.08) 0.01 (−0.06, 0.07)

Q3 −0.01 (−0.09, 0.08) 0 (−0.07, 0.08) −0.01 (−0.08, 0.07)

Q4 −0.06 (−0.15, 0.02) 0 (−0.08, 0.08) −0.02 (−0.1, 0.06)

p trend 0.09 0.93 0.58

* p < 0.05. Model 1 = adjusted for urine creatinine; Model 2 = as Model 1 plus adjusted for sex, age (years, continuous), age squared, education (less than high school, high school graduate, some 
college and above), race (non-Hispanic white, non-Hispanic black, Mexican American, other), self-reported alcohol status (Yes and No) and self-reported smoking status (Current, Past and 
Never); Model 3 = Model 2 plus adjusted for BMI, self-reported hypertension (Yes and No) and self-reported diabetes (Yes and No).

FIGURE 2

Restricted cubic spline for association between Be concentration with PSA. Adjusted age, gender, race, educational levels, BMI, family income-poverty 
ratio level, married status, smoking status, drinking status, diabetes and hypertension.
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TABLE 4 Association between prostate-specific antigen and urine metals among depression participants.

Model 1 β (95%CI) Model 2 β (95%CI) Model 3 β (95%CI)

Urinary barium Reference Reference Reference

Q2 0.11 (−0.07, 0.29) 0.03 (−0.13, 0.18) 0.03 (−0.12, 0.18)

Q3 −0.06 (−0.21, 0.09) −0.03 (−0.17, 0.12) −0.02 (−0.17, 0.12)

Q4 0.08 (−0.09, 0.26) 0.04 (−0.13, 0.22) 0.05 (−0.13, 0.22)

p trend 0.70 0.74 0.74

Urinary beryllium Reference Reference Reference

Q2 0.07 (−0.07, 0.21) 0.08 (−0.04, 0.21) 0.03 (−0.12, 0.18)

Q3 0 (0, 0) 0 (0, 0) −0.02 (−0.17, 0.12)

Q4 0 (0, 0) 0 (0, 0) 0.05 (−0.13, 0.22)

p trend 0.36 0.18 0.22

Urinary cadmium Reference Reference Reference

Q2 −0.1 (−0.29, 0.1) 0.14 (−0.32, 0.05) 0.2 (0.02, 0.39)*

Q3 −0.01 (−0.22, 0.2) 0.21 (0.01, 0.41)* 0.29 (0.07, 0.52)*

Q4 0.01 (−0.17, 0.2) 0.18 (0.1, 0.37)* 0.3 (0.09, 0.49)*

p trend 0.56 0.04* 0.01*

Urinary cobalt Reference Reference Reference

Q2 −0.11 (−0.29, 0.07) 0.08 (−0.04, 0.21) −0.1 (−0.27, 0.07)

Q3 0.07 (−0.14, 0.28) 0 (0, 0) 0.06 (−0.14, 0.26)

Q4 0.02 (−0.16, 0.21) 0 (0, 0) −0.06 (−0.24, 0.11)

p trend 0.30 0.90 0.96

Urinary cesium Reference Reference Reference

Q2 0.1 (−0.1, 0.31) −0.02 (−0.2, 0.16) −0.03 (−0.22, 0.16)

Q3 0.03 (−0.2, 0.25) −0.05 (−0.26, 0.15) −0.06 (−0.26, 0.15)

Q4 0.1 (−0.11, 0.32) 0.05 (−0.14, 0.25) 0.03 (−0.16, 0.23)

p trend 0.49 0.64 0.79

Urinary molybdenum Reference Reference Reference

Q2 −0.14 (−0.34, 0.06) −0.27 (−0.46, −0.08) −0.27 (−0.46, −0.08)

Q3 −0.13 (−0.29, 0.03) −0.2 (−0.36, −0.03) −0.2 (−0.36, −0.04)

Q4 0.01 (−0.21, 0.24) −0.01 (−0.21, 0.19) −0.01 (−0.21, 0.18)

p trend 0.80 0.76 0.80

Urinary lead Reference Reference Reference

Q2 0.05 (−0.14, 0.24) 0.01 (−0.17, 0.18) 0 (−0.18, 0.18)

Q3 −0.05 (−0.26, 0.17) −0.09 (−0.28, 0.11) −0.08 (−0.28, 0.12)

Q4 0.06 (−0.13, 0.25) −0.02 (−0.19, 0.15) −0.01 (−0.18, 0.16)

p trend 0.84 0.55 0.68

Urinary antimony Reference Reference Reference

Q2 0.1 (−0.09, 0.29) 0.04 (−0.13, 0.21) 0.03 (−0.15, 0.21)

Q3 0.16 (−0.03, 0.34) 0.09 (−0.11, 0.28) 0.08 (−0.11, 0.28)

Q4 0.03 (−0.15, 0.21) 0.04 (−0.13, 0.21) 0.04 (−0.13, 0.21)

p trend 0.72 0.60 0.56

Urinary thallium Reference Reference Reference

Q2 −0.05 (−0.25, 0.15) −0.09 (−0.28, 0.09) −0.1 (−0.28, 0.09)

Q3 −0.08 (−0.3, 0.14) −0.07 (−0.27, 0.13) −0.06 (−0.27, 0.14)

Q4 −0.16 (−0.38, 0.05) −0.12 (−0.33, 0.09) −0.13 (−0.35, 0.09)

p trend 0.12 0.31 0.31

* p < 0.05. Model 1 = adjusted for urine creatinine; Model 2 = as Model 1 plus adjusted for sex, age (years, continuous), age squared, education (less than high school, high school graduate, some 
college and above), race (non-Hispanic white, non-Hispanic black, Mexican American, other), self-reported alcohol status (Yes and No) and self-reported smoking status (Current, Past and 
Never); Model 3 = Model 2 plus adjusted for BMI, self-reported hypertension (Yes and No) and self-reported diabetes (Yes and No).
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mental health has a significant impact, further research on the 
mechanisms and preventive measures is warranted (12, 14, 42).

The findings of this study have important clinical and 
epidemiological significance. First, we provide new insights into the 
association between urine metals and PSA, particularly the impact of 
Be. Second, we  found that the older adults population is more 
susceptible to the correlation between Be  and PSA. Finally, in 
depression, Cd and depression may be synergistic risk factors for the 
increase in PSA. However, these findings still need further validation 
and a deeper understanding of the biological mechanisms between 
depression, urine metals, and prostate cancer.

This study has several limitations. Firstly, it exclusively involves 
American males, potentially reducing the study’s generalizability. 
Secondly, the data rely on participant recall, introducing the possibility 
of selection bias. Thirdly, the study employs a cross-sectional design 
rather than a cohort study, constraining causal analysis. Fourthly, the 
Spearman correlation insignificance might be influenced by noise or 
bias, while the further MLR had significant results.

Conclusion

Overall, people exposed to beryllium (Be), particularly the older 
adults and those who are overweight, should regularly monitor their 
PSA levels. In individuals with depression, elevated cadmium (Cd) 
levels may also increase PSA levels, highlighting the importance of 
increased PSA monitoring in males.
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SUPPLEMENTARY FIGURE S1

Restricted cubic spline for association between Be concentration with PSA 
among depression people. Adjusted age, gender, race, educational levels, 
BMI, family income-poverty ratio level, married status, smoking status, 
drinking status, diabetes and hypertension.

SUPPLEMENTARY FIGURE S2

Restricted cubic spline for association between Be concentration with PSA 
among non-depression people. Adjusted age, gender, race, educational 
levels, BMI, family income-poverty ratio level, married status, smoking status, 
drinking status, diabetes and hypertension.

SUPPLEMENTARY FIGURE S3

Spearman correlation matrix between included covariates and PSA.

References
 1. Zhou S, Su M, Shen P, Yang Z, Chai P, Sun S, et al. Association between drinking 

water quality and mental health and the modifying role of diet: a prospective cohort 
study. BMC Med. (2024) 22:53. doi: 10.1186/s12916-024-03269-3

 2. Zhang H, He L, Li S, Zhai M, Ma S, Jin G, et al. Cerebral iron deficiency may induce 
depression through downregulation of the hippocampal glucocorticoid-glucocorticoid 
receptor signaling pathway. J Affect Disord. (2023) 332:125–35. doi: 10.1016/j.
jad.2023.03.085

 3. Zeng T, Li J, Xie L, Dong Z, Chen Q, Huang S, et al. Nrf2 regulates iron-dependent 
hippocampal synapses and functional connectivity damage in depression. J 
Neuroinflammation. (2023) 20:212. doi: 10.1186/s12974-023-02875-x

 4. Yuan F, Li Y, Hu R, Gong M, Chai M, Ma X, et al. Modeling disrupted synapse 
formation in wolfram syndrome using hESCs-derived neural cells and cerebral 
organoids identifies Riluzole as a therapeutic molecule. Mol Psychiatry. (2023) 
28:1557–70. doi: 10.1038/s41380-023-01987-3

 5. Xie L, Ng DQ, Heshmatipour M, Acharya M, Coluzzi P, Guerrero N, et al. 
Electroacupuncture for the management of symptom clusters in cancer patients and 

survivors (EAST). BMC Complement Med Ther. (2023) 23:92. doi: 10.1186/
s12906-023-03926-9

 6. Vaidya B, Gupta P, Laha JK, Roy I, Sharma SS. Amelioration of Parkinson's disease 
by pharmacological inhibition and knockdown of redox sensitive TRPC5 channels: 
focus on mitochondrial health. Life Sci. (2023) 328:121871. doi: 10.1016/j.lfs.2023.121871

 7. Phillips OR, Baguley DM, Pearson SE, Akeroyd MA. The long-term impacts of 
hearing loss, tinnitus and poor balance on the quality of life of people living with and 
beyond cancer after platinum-based chemotherapy: a literature review. J Cancer Surviv. 
(2023) 17:40–58. doi: 10.1007/s11764-022-01314-9

 8. Nelson K, Shirin S, Kalidasan D, Prior JC. Experiences of women living with 
polycystic ovary syndrome: a pilot case-control, single-cycle, daily menstrual cycle diary 
study during the SARS-CoV-2 pandemic. PLoS One. (2023) 18:e0296377. doi: 10.1371/
journal.pone.0296377

 9. Nelson BJB, Wilson J, Schultz MK, Andersson JD, Wuest F. High-yield cyclotron 
production of (203)Pb using a sealed (205)Tl solid target. Nucl Med Biol. (2023) 
116-117:108314. doi: 10.1016/j.nucmedbio.2023.108314

https://doi.org/10.3389/fpubh.2024.1401072
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1401072/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1401072/full#supplementary-material
https://doi.org/10.1186/s12916-024-03269-3
https://doi.org/10.1016/j.jad.2023.03.085
https://doi.org/10.1016/j.jad.2023.03.085
https://doi.org/10.1186/s12974-023-02875-x
https://doi.org/10.1038/s41380-023-01987-3
https://doi.org/10.1186/s12906-023-03926-9
https://doi.org/10.1186/s12906-023-03926-9
https://doi.org/10.1016/j.lfs.2023.121871
https://doi.org/10.1007/s11764-022-01314-9
https://doi.org/10.1371/journal.pone.0296377
https://doi.org/10.1371/journal.pone.0296377
https://doi.org/10.1016/j.nucmedbio.2023.108314


Ren et al. 10.3389/fpubh.2024.1401072

Frontiers in Public Health 10 frontiersin.org

 10. Eom SY, Lee B, Hong S, Hong YS, Choi KH, Kwon HJ, et al. Exposure to hazardous 
substances and their health effects among residents living near three industrial waste 
incinerators in Korea. J Korean Med Sci. (2023) 38:e289. doi: 10.3346/jkms.2023.38.e289

 11. Lee YH, Kothmann WW, Lin YP, Chuang AZ, Diamond JS, O'Brien J. Sources of 
calcium at Connexin 36 gap junctions in the retina. eNeuro. (2023) 
10:ENEURO.0493–22.2023. doi: 10.1523/ENEURO.0493-22.2023

 12. Kaur H, Minchella P, Alvarez-Carbonell D, Purandare N, Nagampalli VK, 
Blankenberg D, et al. Contemporary antiretroviral therapy dysregulates Iron transport 
and augments mitochondrial dysfunction in HIV-infected human microglia and neural-
lineage cells. Int J Mol Sci. (2023) 24:12242. doi: 10.3390/ijms241512242

 13. Jomova K, Raptova R, Alomar SY, Alwasel SH, Nepovimova E, Kuca K, et al. 
Reactive oxygen species, toxicity, oxidative stress, and antioxidants: chronic diseases and 
aging. Arch Toxicol. (2023) 97:2499–574. doi: 10.1007/s00204-023-03562-9

 14. Jiang J, Han F, Cai K, Shen Q, Yang C, Gao A, et al. Synthesis and biological 
evaluation of cholic acid-conjugated oxaliplatin as a new prodrug for liver cancer. J Inorg 
Biochem. (2023) 243:112200. doi: 10.1016/j.jinorgbio.2023.112200

 15. Jayaraman S, Rajarathinam T, Jang HG, Thirumalai D, Lee J, Paik HJ, et al. 
Ruthenium-anchored carbon sphere-customized sensor for the selective Amperometric 
detection of melatonin. Biosensors. (2023) 13:936. doi: 10.3390/bios13100936

 16. Li W, Chen D, Ruan W, Peng Y, Lu Z, Wang D. Association of polycyclic aromatic 
hydrocarbons exposure, systemic inflammation with hearing loss among adults and 
adolescents. Environ Pollut. (2022) 296:118772. doi: 10.1016/j.envpol.2021.118772

 17. Li W, Chen D, Tao Y, Lu Z, Wang D. Association between triglyceride-glucose 
index and carotid atherosclerosis detected by ultrasonography. Cardiovasc Diabetol. 
(2022) 21:137. doi: 10.1186/s12933-022-01570-0

 18. Costa MI, Sarmento-Ribeiro AB, Gonçalves AC. Zinc: from biological functions 
to therapeutic potential. Int J Mol Sci. (2023) 24:4822. doi: 10.3390/ijms24054822

 19. Anagnostis P, Livadas S, Goulis DG, Bretz S, Ceausu I, Durmusoglu F, et al. EMAS 
position statement: vitamin D and menopausal health. Maturitas. (2023) 169:2–9. doi: 
10.1016/j.maturitas.2022.12.006

 20. Zhao X, Xu J, Dai Z, Guo J, Xu H, Zhao J, et al. Target-modulated hydrophobic 
precipitation in photocatalytic Nanochannels for sensitive detection of alpha fetoprotein. 
Anal Chem. (2022) 94:11282–9. doi: 10.1021/acs.analchem.2c01937

 21. Huang Y, Cao D, Chen Z, Chen B, Li J, Wang R, et al. Iron intake and multiple 
health outcomes: umbrella review. Crit Rev Food Sci Nutr. (2023) 63:2910–27. doi: 
10.1080/10408398.2021.1982861

 22. Hassanein EHM, Althagafy HS, Baraka MA, Abd-Alhameed EK, Ibrahim IM. 
Pharmacological update of mirtazapine: a narrative literature review. Naunyn 
Schmiedeberg's Arch Pharmacol. (2023) 397:2603–19. doi: 10.1007/s00210-023-02818-6

 23. Wu J, Wang K, Tao F, Li Q, Luo X, Xia F. The association of blood metals with latent 
tuberculosis infection among adults and adolescents. Front Nutr. (2023) 10:1259902. doi: 
10.3389/fnut.2023.1259902

 24. Li W, Feng X, Zhang H, Wang YX, Zeng Q, Liu C, et al. Association of shift work 
with oxidative stress and alteration of fasting plasma glucose level in Chinese adults. 
Obesity (Silver Spring). (2023) 31:2505–14. doi: 10.1002/oby.23845

 25. Tao Q, Chang Y, Day AS, Wu J, Wang X. Association between serum 
25-hydroxyvitamin D level and myopia in children and adolescents: a cross-sectional 
study. Transl Pediatr. (2024) 13:310–7. doi: 10.21037/tp-23-617

 26. Zhang Y, Wang K, Zhu J, Wu J. A network suspected infectious disease model for 
the development of syphilis transmission from 2015 to 2021 in Hubei province, China. 
J Appl Microbiol. (2023) 134:lxad311. doi: 10.1093/jambio/lxad311

 27. Zheng X, Shi J, Wu J. Analysis of factors and corresponding interactions 
influencing clinical management assistant ability using competency model in China. 
Medicine (Baltimore). (2020) 99:e23516. doi: 10.1097/MD.0000000000023516

 28. Yasseen BA, Elkhodiry AA, El-Messiery RM, El-Sayed H, Elbenhawi MW, Kamel 
AG, et al. Platelets' morphology, metabolic profile, exocytosis, and heterotypic 
aggregation with leukocytes in relation to severity and mortality of COVID-19-patients. 
Front Immunol. (2022) 13:1022401. doi: 10.3389/fimmu.2022.1022401

 29. Takeuchi H, Shiota Y, Yaoi K, Taki Y, Nouchi R, Yokoyama R, et al. Mercury levels 
in hair are associated with reduced neurobehavioral performance and altered brain 
structures in young adults. Commun Biol. (2022) 5:529. doi: 10.1038/s42003-022-03464-z

 30. Świątek Ł, Sieniawska E, Sinan KI, Maciejewska-Turska M, Boguszewska A, Polz-
Dacewicz M, et al. LC-ESI-QTOF-MS/MS analysis, cytotoxic, antiviral, antioxidant, and 

enzyme inhibitory properties of four extracts of Geranium pyrenaicum Burm. F.: a good 
gift from the natural treasure. Int J Mol Sci. (2021) 22:7621. doi: 10.3390/ijms22147621

 31. Scaini G, Andrews T, Lima CNC, Benevenuto D, Streck EL, Quevedo J. 
Mitochondrial dysfunction as a critical event in the pathophysiology of bipolar disorder. 
Mitochondrion. (2021) 57:23–36. doi: 10.1016/j.mito.2020.12.002

 32. Possamai-Della T, Dal-Pont GC, Resende WR, Aguiar-Geraldo JM, Peper-
Nascimento J, Quevedo J, et al. Imipramine can be effective on depressive-like behaviors, 
but not on neurotrophic factor levels in an animal model for bipolar disorder induced 
by Ouabain. Mol Neurobiol. (2022) 59:7170–81. doi: 10.1007/s12035-022-03022-y

 33. Mesnil M, Defamie N, Naus C, Sarrouilhe D. Brain disorders and chemical 
pollutants: a gap junction link? Biomol Ther. (2020) 11:51. doi: 10.3390/biom11010051

 34. Mekies LN, Regev D, Eisen B, Fernandez-Gracia J, Baskin P, Ben Jehuda R, et al. 
Depressed β-adrenergic inotropic responsiveness and intracellular calcium handling 
abnormalities in Duchenne muscular dystrophy patients' induced pluripotent stem cell-
derived cardiomyocytes. J Cell Mol Med. (2021) 25:3922–34. doi: 10.1111/jcmm.16341

 35. Izsak J, Seth H, Iljin M, Theiss S, Ågren H, Funa K, et al. Differential acute impact 
of therapeutically effective and overdose concentrations of lithium on human neuronal 
single cell and network function. Transl Psychiatry. (2021) 11:281. doi: 10.1038/
s41398-021-01399-3

 36. Lorenzo CJ, Conte JI, Villasmil RJ, Abdelal QK, Pierce D, Wiese-Rometsch W, et al. 
Heart failure ejection fraction class conversions: impact of biomarkers, co-morbidities, 
and pharmacotherapy. ESC Heart Fail. (2022) 9:2538–47. doi: 10.1002/ehf2.13965

 37. Laitakari A, Liu L, Frimurer TM, Holst B. The zinc-sensing receptor GPR39 in 
physiology and as a pharmacological target. Int J Mol Sci. (2021) 22:3872. doi: 10.3390/
ijms22083872

 38. Kadota H, Shimamoto R, Fukushima S, Ikemura K, Kamizono K, Hanada M, et al. 
Videofluorographic analysis of swallowing function after Total Glossolaryngectomy. 
Plast Reconstr Surg. (2022) 150:1057e–61e. doi: 10.1097/PRS.0000000000009639

 39. Jun S, Cowan AE, Bhadra A, Dodd KW, Dwyer JT, Eicher-Miller HA, et al. Older 
adults with obesity have higher risks of some micronutrient inadequacies and lower 
overall dietary quality compared to peers with a healthy weight, National Health and 
nutrition examination surveys (NHANES), 2011–2014. Public Health Nutr. (2020) 
23:2268–79. doi: 10.1017/S1368980020000257

 40. Jo S, Sun IC, Yun WS, Kim J, Lim DK, Ahn CH, et al. Thiol-responsive gold 
Nanodot swarm with glycol chitosan for Photothermal Cancer therapy. Molecules. 
(2021) 26:5980. doi: 10.3390/molecules26195980

 41. Jiménez-Avalos JA, Arrevillaga-Boni G, González-López L, García-Carvajal ZY, 
González-Avila M. Classical methods and perspectives for manipulating the human gut 
microbial ecosystem. Crit Rev Food Sci Nutr. (2021) 61:234–58. doi: 
10.1080/10408398.2020.1724075

 42. Haghani A, Johnson R, Safi N, Zhang H, Thorwald M, Mousavi A, et al. Toxicity 
of urban air pollution particulate matter in developing and adult mouse brain: 
comparison of total and filter-eluted nanoparticles. Environ Int. (2020) 136:105510. doi: 
10.1016/j.envint.2020.105510

 43. Du Laing G, Petrovic M, Lachat C, De Boevre M, Klingenberg GJ, Sun Q, et al. 
Course and survival of COVID-19 patients with comorbidities in relation to the trace 
element status at hospital admission. Nutrients. (2021) 13:3304. doi: 10.3390/
nu13103304

 44. Dollins DE, Xiong JP, Endo-Streeter S, Anderson DE, Bansal VS, Ponder JW, et al. 
A structural basis for lithium and substrate binding of an inositide phosphatase. J Biol 
Chem. (2021) 296:100059. doi: 10.1074/jbc.RA120.014057

 45. Chen Q, He Z, Zhuo Y, Li S, Yang W, Hu L, et al. Rubidium chloride modulated 
the fecal microbiota community in mice. BMC Microbiol. (2021) 21:46. doi: 10.1186/
s12866-021-02095-4

 46. Bagheri AR, Aramesh N, Haddad PR. Applications of covalent organic frameworks 
and their composites in the extraction of pesticides from different samples. J Chromatogr 
A. (2022) 1661:462612. doi: 10.1016/j.chroma.2021.462612

 47. Anmella G, Fico G, Lotfaliany M, Hidalgo-Mazzei D, Soto-Angona Ó, Giménez-
Palomo A, et al. Risk of cancer in bipolar disorder and the potential role of lithium: 
international collaborative systematic review and meta-analyses. Neurosci Biobehav Rev. 
(2021) 126:529–41. doi: 10.1016/j.neubiorev.2021.03.034

 48. Li W, Chen D, Peng Y, Lu Z, Wang D. Association of polycyclic aromatic 
hydrocarbons with systemic inflammation and metabolic syndrome and its components. 
Obesity (Silver Spring). (2023) 31:1392–401. doi: 10.1002/oby.23691

https://doi.org/10.3389/fpubh.2024.1401072
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.3346/jkms.2023.38.e289
https://doi.org/10.1523/ENEURO.0493-22.2023
https://doi.org/10.3390/ijms241512242
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1016/j.jinorgbio.2023.112200
https://doi.org/10.3390/bios13100936
https://doi.org/10.1016/j.envpol.2021.118772
https://doi.org/10.1186/s12933-022-01570-0
https://doi.org/10.3390/ijms24054822
https://doi.org/10.1016/j.maturitas.2022.12.006
https://doi.org/10.1021/acs.analchem.2c01937
https://doi.org/10.1080/10408398.2021.1982861
https://doi.org/10.1007/s00210-023-02818-6
https://doi.org/10.3389/fnut.2023.1259902
https://doi.org/10.1002/oby.23845
https://doi.org/10.21037/tp-23-617
https://doi.org/10.1093/jambio/lxad311
https://doi.org/10.1097/MD.0000000000023516
https://doi.org/10.3389/fimmu.2022.1022401
https://doi.org/10.1038/s42003-022-03464-z
https://doi.org/10.3390/ijms22147621
https://doi.org/10.1016/j.mito.2020.12.002
https://doi.org/10.1007/s12035-022-03022-y
https://doi.org/10.3390/biom11010051
https://doi.org/10.1111/jcmm.16341
https://doi.org/10.1038/s41398-021-01399-3
https://doi.org/10.1038/s41398-021-01399-3
https://doi.org/10.1002/ehf2.13965
https://doi.org/10.3390/ijms22083872
https://doi.org/10.3390/ijms22083872
https://doi.org/10.1097/PRS.0000000000009639
https://doi.org/10.1017/S1368980020000257
https://doi.org/10.3390/molecules26195980
https://doi.org/10.1080/10408398.2020.1724075
https://doi.org/10.1016/j.envint.2020.105510
https://doi.org/10.3390/nu13103304
https://doi.org/10.3390/nu13103304
https://doi.org/10.1074/jbc.RA120.014057
https://doi.org/10.1186/s12866-021-02095-4
https://doi.org/10.1186/s12866-021-02095-4
https://doi.org/10.1016/j.chroma.2021.462612
https://doi.org/10.1016/j.neubiorev.2021.03.034
https://doi.org/10.1002/oby.23691


Ren et al. 10.3389/fpubh.2024.1401072

Frontiers in Public Health 11 frontiersin.org

Glossary

PSC Prostate carcinoma

PSA Prostate specific antigen

NHANES National Health and Nutrition Examination Survey

MLR Multivariable linear regression

RCS Restricted cubic spline

BMI Body mass index

PIR Poverty income ratio

Ba Barium

Be Beryllium

Cd Cadmium

Co Cobalt

Cs Cesium

Mo Molybdenum

Pb Lead

Sb Antimony

Tl Thallium

CDC Centers for Disease Control and Prevention

PCR polymerase chain reaction

ICP-MS Inductively coupled plasma mass spectrometry

GM Geometric mean

CI Confidential interval

IARC International Association for research on cancer

OSHA Occupational Safety and Health Administration
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