www.nature.com/scientificreports

scientific reports

W) Check for updates

OPEN A U-shaped association between

blood selenium levels and prostate
cancer: findings of a case-control
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The ability of selenium to both prevent and induce cancer at varying biological concentrations has
been reported in previous studies. We studied the associations between selenium exposure and
prostate diseases such as prostate cancer (PCa) and benign prostatic hyperplasia (BPH), and estimated
the optimal range of selenium concentrations that may be needed to prevent these diseases among
Nigerian men. Blood and urine samples from men with histologically diagnosed PCa (n=90), BPH
(n=97), and controls (n=98) were analyzed for trace elements, including selenium. The associations
between selenium concentrations and prostate diseases were estimated using logistic regression
and restricted cubic splines. Men in the lowest and highest blood selenium tertiles had increased
odds of PCa {AOR (95% Cl): 2.90 (1.13, 7.46) and 4.42 (1.68, 11.59), respectively}. Compared with the
first tertile of blood selenium, men in the highest tertile had significantly higher odds of BPH (AOR:
3.92; 95% ClI: 1.68, 9.11). We found that a putative range of blood selenium concentration associated
with minimum odds of PCa may lie between 125.55 and 134.86 pg/L. No significant association was
observed between urinary selenium levels and PCa. The narrow-ranged U-type relationship between
blood selenium concentration and PCa needs to be confirmed in larger longitudinal cohort studies.
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Selenium is an essential trace element that plays a vital role in several biological processes?. Of the many health
benefits attributed to selenium, its role in cancer prevention has received the most significant research attention?.
Data from mechanistic studies are highly suggestive of selenium’s protective effect against cancers: it is an integral
component of seleno-proteins such as glutathione peroxidases, which participate principally in the antioxidant
defense system®. Selenium may also inhibit cellular proliferation,® induce apoptosis, facilitate DNA repair™® and
disrupt androgen receptor signaling’.

Data from several studies support the protective role of selenium against cancers in prostate tissues®’. The
preferential accumulation of selenium in prostate tissues® as well as the enhanced local activity of seleno-proteins
in these tissues’ have been hypothesized as possible mechanisms through which selenium may protect prostate
tissues against carcinogenesis’. Despite the plausibility of an association between selenium exposure and PCa,
evidence from epidemiological studies has remained conflicting. The strongest evidence from human studies for
a protective effect of selenium against PCa comes from the Nutritional Prevention of Cancer (NPC) trial'® which
reported an overall 52% reduction in PCa incidence among men supplemented with 200 pg selenium per day,
during a mean follow-up of 7.9 years. However, further analysis of the data revealed that only participants in the
lowest two tertiles of baseline plasma selenium concentrations (< 121.6 ng/mL) had significant reductions in PCa
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incidence, and there was no evidence of benefit in the highest tertile!!. Subsequent trials in other populations,
including the large Selenium and Vitamin E Cancer Trial, (SELECT), did not confirm the beneficial effect of
selenium supplementation'?-!. Instead, a higher risk of high-grade PCa was observed among men with higher
baseline toenail selenium status (> 0.90 ug/g) in the SELECT study'®, suggesting that the association between
selenium and PCa may vary among different populations and may be largely dependent on the selenium status
of the population.

Despite its beneficial roles, selenium is toxic at excessive exposure levels, and there is a very narrow range
between adequate and toxic selenium levels'. At higher concentrations, selenium may induce oxidative stress
and therefore may play a role in the etiology and progression of cancers'”"!®. This underscores the need for
adequate intake and careful monitoring to prevent both toxicity and deficiency.

Selenium is widely distributed in nature'®, and diet is the main source of selenium exposure to humans.
Human exposure to selenium is dependent on its amount in food, which in turn depends on the selenium
content of the soil where they are grown?’. Reports on the selenium content of Nigerian food crops and soil
indicate widespread variations across different locations*"">2. A review of published studies found a very large
variation in the selenium status of the Nigerian population?*. The role of this variation in selenium exposure in
the prevalence of prostate diseases in this population has not been investigated. Therefore, the current paper was
designed to fill these gaps in knowledge as well as estimate possible optimal blood selenium level for low odds
of these diseases in this population.

Methods
Study population
This case-control study was designed to investigate the mediating effects of environmental and lifestyle factors
on PCa and BPH in men living in South-Eastern Nigeria. Description of the study population, questionnaire
survey, collection and analysis of trace elements in urine and blood samples are described in detail in our earlier
publication®*. Briefly, the study recruited male participants attending urology and other clinics at Nnamdi
Azikiwe University Teaching Hospital, Nnewi, Nigeria. Cases consisted of newly (incident) histologically
confirmed, treatment-naive PCa and BPH patients attending urology clinics. Control participants were patients
enrolled in the urology clinics, general outpatient department and other clinics of the same hospital for minor
health conditions, who had no prior diagnosis nor history of prostate or malignant disease of any site at the
time of recruitment. These individuals were screened for possible clinical BPH using the International Prostate
Symptoms Score (IPSS). Those who had a total IPSS score of less than 2 were further screened for PCa using
serum total prostate-specific antigen (PSA) test. Serum PSA levels were quantitatively measured, and only
individuals with total PSA values < 4 ng/mL were recruited as controls. We minimized potential selection bias
by clearly defining and using the same inclusion and exclusion criteria for both cases and controls. Individuals
with physician-diagnosed renal diseases, those with physical or mental inability, as well as those who reported
recent intake (within the last 3 months before recruitment) of antioxidants or any supplement or medication that
may interfere with their trace element status were excluded from the study. The controls were matched by age (+
2 years) with the PCa and the BPH groups. A total of 285 participants: PCa (n = 90), BPH patients (n = 97) and
Control participants (n = 98) were included in the study.

The study was approved by the Ethics Committee of NAUTH (NAUTH/CS/66/VOL.11/116/2018/056)
and the University of Alberta, Edmonton, Canada (Pro00097779) and was carried out in accordance with the
Declaration of Helsinki. Each participant gave written informed consent before recruitment.

Sample size determination, sample collection and handling
The minimum sample size for the study was determined using the Schlesselman® formula for matched case-
control studies:

|:(Za/2+ZB)U ]2 (m+1>
N =
A m

This was based on the quantitative variable (difference in means of selenium concentrations). Z ,, = standard
normal deviate corresponding to the two-sided significance level of 5% (P < 0.05) = 1.96, Z, = standard normal
deviate corresponding to 80% power = 0.84, A = expected mean difference between cases and controls, m
= ratio of controls to cases (1 for an equal number of cases and controls); o = Population standard deviation
calculated from the pooled standard deviation of a previous study. There was no previous Nigerian study that
measured selenium in whole blood or urine of patients with prostate disorders. The sample size calculation was
therefore based on the information (mean and standard deviations) of the study groups in a German study?,
which measured selenium in whole blood obtained from German patients with prostate disorders and healthy
controls. Inputting all values into the equation, a minimum total sample size of 96 participants (32 PCa cases,
32 BPH cases and 32 controls) was obtained. However, more participants were recruited to improve the power
of the study.

Sociodemographig, lifestyle and health information, including age, educational attainment, major occupation,
marital status, smoking history, alcohol habits, history of diabetes, and family history of prostate disease, were
collected via a questionnaire. Weight and height were measured using standard techniques and body mass
index (BMI) was calculated by dividing weight by height squared. Whole blood and spot urine samples were
collected from each participant using standard procedures. The samples were stored frozen at —20 °C until
shipped to SWAMP Laboratory at the University of Alberta, Canada, for trace element analysis. On reaching
their destination, the samples were stored at —20 °C until analysis.
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Measurement of trace element concentrations in whole blood and urine

Selenium concentrations in whole blood and urine samples were measured using an ICP-MS (iCAP-RQ,
Thermo-Fisher Scientific). Briefly, about 6 mL of twice sub-boiled HNO3 (65%, trace grade) and 1 mL of
hydrogen peroxide were added to about 0.5 mL of homogeneously mixed blood sample in an acid-cleaned
PolyTetraFluoroEthylene (PTFE) vessel. The samples were digested overnight in a high-pressure microwave
digestion system (Ultraclave, MLS, Leutkirch, Germany) as described by Shotyk et al.?’. Samples were removed
from the microwave, cooled at room temperature and made up to 20 mL with high-purity deionized water
(Milli-Q water type 1, 18.2 MQ cm at 25 °C; Millipore, Bedford, MA, USA) in acid-washed polypropylene
centrifuge tubes (Eppendorf).

About 0.5 mL of each homogeneously mixed urine sample was dispensed into an acid-cleaned 15 mL
polypropylene centrifuge tubes. This was diluted (1:20) with 9.5 mL of the diluent solution (containing 1.0% (v/v)
nitric acid (HNO3, 65%), 0.02% (w/v) Triton X-100 in Milli-Q Water Type 1). The diluted urine samples were
kept refrigerated until analysis. Certified Reference Materials (CRMs): ClinChek (levels I and II), NIST1643f
and SPS-SW2 for urine and ClinChek (whole blood levels III) and NIST 1577 (Bovine liver) for whole blood
were used for quality assurance. The CRMs were also prepared alongside the samples. To compensate for
matrix effects and instrument drift, internal standard solutions of scandium and indium (**Sc and '°In) were
introduced through a separate line along with the samples. All measurements were made in triplicate, and the
average of the three readings was used as the concentration of each trace element in the samples. The limits of
detection (LOD) and quantification (LOQ), method detection limit (MDL) and the recovery rates of the CRMs
are presented in Supplementary Table S1.

Measurement of urinary creatinine concentration

Urinary creatinine was determined by spectrophotometric method using creatinine assay kits (Randox
Laboratories Ltd, Crumlin, UK), following the manufacturer’s instructions. Creatinine adjustments were
performed by dividing urinary selenium concentrations (ug/L) by creatinine concentrations (g/L).

Statistical analysis

All measured urine and blood samples had values above the limits of detection for the five trace elements
(selenium, zinc, iron, copper and manganese) used in this study. Given the skewed nature of the data, the few
missing values were replaced by median values of the individual trace elements. Blood and urine selenium
concentrations were summarized by median (interquartile range). Kruskal-Wallis H tests with Bonferroni
adjustments were used to compare the distributions of selenium concentrations among groups. Categorical
variables were reported as counts and percentages, and comparisons among the groups were performed using
the Chi-square (x2) test. Two case-control comparisons were made (PCa versus controls and BPH versus
controls). The associations of selenium with PCa and BPH were determined using logistic regression. Linear
associations of selenium concentrations with PCa and BPH were explored by entering blood and urinary
selenium concentrations as In-transformed continuous variables in the logistic regression models. Selenium
concentrations were further categorized into tertiles based on the distribution among controls, with the lowest
tertiles serving as the reference group. In a subsequent analysis, the middle tertile was compared with the lowest
and highest tertiles. Corrections for multiple comparisons were made using the Bonferroni correction. Based
on previous knowledge of their associations with prostate diseases, we included age, BMI, family history of
PCa (yes/no), smoking history (never/ever), and major occupation (civil servants, priests and related jobs/
farmers, industrialists and related jobs/ automobile repairers, metal workers, commercial drivers) as covariates
in the regression models. Possible effect of other trace elements associated with oxidative stress (copper, zinc,
manganese and iron) was evaluated by including these elements as In-transformed variables in Model B of the
logistic regression. Before their inclusion in the model, multicollinearity was assessed among these elements
using variance inflation factors (VIF). The calculated VIF values ranged from 1.35 to 1.84 for the blood trace
elements and 1.65 to 2.81 for the creatinine-adjusted urine trace elements, and were within the acceptable VIF
threshold of < 5%, indicating low correlation among these variables. These variables were therefore included
jointly in regression model B. Further adjustment was made for diabetes status, given its significance at the
bivariate level (Model C). Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC)
model® selection was used to select the best-fitted model among the linear model and a set of spline models
with knots at different locations. The model with the lowest AIC/BIC value was considered the best-fitted model.

Restricted cubic splines in fully adjusted logistic regression models were used to evaluate the non-linear
association between blood selenium concentrations and PCa, as well as determine the optimal cut-point for
blood selenium concentrations for the lowest odds of PCa*’. Given the small sample size, a three-knot model was
used to provide an adequate balance of flexibility and parsimony. Knot locations were placed at the 10th, 50th
and 90th percentiles of the blood and urine distributions among the study population.

Sensitivity analyses were conducted to evaluate the robustness of the estimated relationship between selenium
and prostate disorders. Given that acute kidney impairment is a common finding among patients with prostate
disorders, which may alter their creatinine excretion and make creatinine normalization less reliable, separate
analyses were conducted using absolute urine selenium concentrations. Based on previous knowledge of their
associations with prostate diseases, subgroup analyses were conducted by age (<70; >70), smoking history
(never; ever) and family history of prostate diseases (yes/no). Because the shape of the dose-response curve may
be affected by the location of the knots, we also considered placements of knots in alternative locations at 5th,
50th and 95th percentiles. Statistical analyses were conducted using Statistical Package for Social Sciences (SPSS)
version 27 (SPSS Inc., Chicago, IL, USA) and R (version 4.5.1; https://www.R-project.org/). The significance level
of 0.05 was used in all analyses.
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Results

The general characteristics of the study participants are presented in Table 1. There were no significant differences
in median age (interquartile ranges) among the study groups. Compared with the control group, participants
with PCa had lower BMI {median (IQR): 23.7 kg/m? (21.7, 25.5) vs. 24.8 kg/m? (22.6, 27.7); p = 0.003}, were more
likely to be smokers and less likely to have diabetes. Socio-demographic, lifestyle and clinical characteristics,
including age, education level, marital status, smoking history, family history of prostate diseases and BMI,
did not differ between the BPH and control groups. However, compared with the control group, participants
with BPH and PCa were less likely to have diabetes (Table 1). Differences in the distribution of blood selenium
concentrations between the PCa and control groups were not statistically significant. Compared with the control
group, the BPH group had significantly higher concentration of blood selenium (Median (interquartile range):
125.00 pg/L (110.75-145.00) versus 155.50 ug/L (128.75-203.75), respectively). There were no statistically
significant differences in creatinine-adjusted urine selenium concentrations between the control and the two
case groups (Table 1).

Table 2 presents the results of the regression analysis for the association between blood and urine selenium
concentrations and PCa. There was no significant linear association between blood selenium concentrations (as
an In-transformed continuous variable) and PCa (Adjusted odds ratio (AOR): 1.52;95% CI: 0.42, 5.52). However,
there was evidence of non-linear association between blood selenium concentrations and PCa: compared with
men in the first tertile of blood selenium, men in the second tertile had lower odds of PCa (AOR: 0.35; 95% CI:
0.13, 0.89). Using the middle tertile as the reference group (Table 3), an increased odds of PCa was observed
among men in the lowest tertile (AOR: 2.90; 95% CI: 1.13, 7.46), as well as those in the highest tertile of blood
selenium (AOR: 4.42; 95% CI: 1.68, 11.59). With further adjustment for diabetes status, a slight reduction in the
effect size in the lowest tertile (AOR: 2.33; 95% CI: 0.89, 6.07) and a slight increase in effect size in the highest
tertile of blood selenium (AOR: 4.69; 95% CI: 1.75, 12.52) were observed (Table 3, Model C).

As shown in Table 4, all the spline models outperformed the linear model for the association between blood
selenium and PCa. Spline model B (adjusted for the parameters in model B; with knots at 10th, 50th and 90th
percentile of blood selenium; AIC=232.82; BIC=268.42) and Spline model C (adjusted for the parameters
in model B+ diabetes status; with knots at 10th, 50th and 90th percentile of blood selenium; AIC=226.71
BIC=265.55) were the best-fitted models and were reported here. In the sensitivity analyses, using alternative
knot locations in spline model D (adjusted for the parameters in model B; with knots at 5th, 50th and 95th
percentiles of blood selenium) gave higher AIC and BIC values. The results of the restricted cubic splines revealed

a non-linear relationship between blood selenium concentrations and PCa (p, ., _p:..or = 0-003; Fig. 1A). Lowest

Study groups p-values®
Variables® PCa (n=90) BPH (n=99) Controls (n=98) PCavs. Controls | BPH vs. Controls
Age 71.00 (65.00, 76.25) 70.00 (62.50, 75.50) 68.50 (62.00, 75.00) 0.071 0.659
Marital status 0.072 0.613
Single 0(0) 1(1) 2(2)
Married 77 (85.6) 87 (89.7 90 (91.8)
Divorced 13 (14.4) 9(9.3) 6(6.1)
Education attainment 0.990 0.332
No formal education 7(7.8) 3(3.1) 8(8.2)
Primary education 47 (52.2) 55 (56.7) 49 (50)
Secondary education 24 (26.7) 23(23.7) 28 (28.6)
Tertiary education 12 (13.3) 16 (16.5) 13 (13.3)
BMI (Kg/MZ) 23.52 (21.30-25.35) 25.10 (23.23-27.32) 24.86 (22.64-27.65) 0.006 1.000
Smoking history 0.012 0.113
Non-smoker 35(38.9) 45 (46.4) 56 (57.1)
Smoker 55 (61.1) 52 (53.6) 42 (42.9)
Family history of PCa 0.777 0.764
No 74 (82.2) 80 (82.3) 79 (80.6)
Yes 16 (17.8) 17 (17.7) 19 (19.4)
Diabetes 0.005 0.001
No 80 (88.9) 89 (91.8) 71 (72.4)
Yes 10 (11.1) 8(8.2) 27 (27.6)
Blood selenium concentrations (pg/L) 124.50 (102.50-159.75) | 155.50 (128.75-203.75) | 125.00 (110.75-145.00) | 1.000 <0.001
Urine selenium concentrations (pg/L) 18.40 (9.85-26.88) 14.10 (9.50-25.25) 20.10 (12.48-33.78) 1.000 0.138
Creatinine-adjusted urine selenium concentrations (ug/gCr) | 22.44 (13.70-31.38) 16.93 (9.77-26.33) 16.66 (12.58-26.44) 0.249 0.745

Table 1. Characteristics of the study participants. BMI=Body mass index; BPH =Benign prostatic hyperplasia;
PCa = Prostate cancer; a = categorical variables are presented as number of counts (percentages); b=P-values
are based on Kruskal Walis H test (median) with Bonferroni adjustments for continuous variables and
Pearson’s Chi —square tests for categorical variables.
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Variables

Unadjusted model

Model A

Model B

Model C

Blood selenium (pg/L)

Ln-transformed blood selenium

1.29 (0.47, 3.53)

1.72 (0.59, 5.02)

1.52 (0.42, 5.52)

2.22(0.57, 8.56)

Tertile 1 (<116)

Reference

Reference

Reference

Reference

Tertile 2 (117-134)

0.31 (0.14, 0.70)*

0.33 (0.14, 0.79)*

0.35(0.13, 0.89)

0.43 (0.17, 1.12)

Tertile 3 (>135)

1.15 (0.60, 2.21)

1.45 (0.78, 1.67)

1.52 (0.67, 3.44)

2.01(0.88,4.77)

Urine selenium (ug/L)

Ln-transformed urine selenium

0.79 (0.55,1.13)

0.80 (0.55, 1.17)

0.55 (0.30, 1.00)

0.58 (0.31, 1.06)

Tertile 1 (<14.70)

Reference

Reference

Reference

Reference

Tertile 2 (14.71-28.30)

1.13 (0.57,2.21)

1.05 (0.51, 2.16)

0.88 (0.36, 2.14)

0.78 (0.32,1.93)

Tertile 3 (>28.31)

0.63 (0.30, 1.30)

0.60 (0.28, 1.32)

0.40 (0.13, 1.22)

0.42 (0.14, 1.33)

Creatinine-adjusted urine selenium (pg/g creatinine)

Ln-transformed urine selenium

1.25 (0.88, 1.79)

1.14 (0.78, 1.67)

0.62(0.32, 1.18)

0.63 (0.33,1.22)

Tertile 1 (<14.71)

Reference

Reference

Reference

Reference

Tertile 2 (14.72-23.22)

0.61(0.28, 1.31)

0.52(0.23,1.19)

0.36 (0.14, 0.95)

0.38 (0.14, 1.01)

Tertile 3 (>23.23)

1.52(0.77,2.97)

1.31 (0.64, 2.66)

0.78 (0.30, 2.05)

0.80 (0.30, 2.12)

Table 2. Odds ratios (95% confidence intervals) for associations between whole blood and urinary selenium
concentrations and prostate cancer among Nigerian men. ORs =dds ratios; *= significant association at
p<0.0163 (Bonferroni adjustment); Model A was adjusted for In-transformed age, In-transformed body mass
index, major occupation, smoking frequency and family history of prostate cancer. Model B was further
adjusted for In-transformed blood and urine zinc, copper, manganese and iron concentrations, respectively.

Blood Selenium tertiles (ug/L) | Unadjusted ORs | Model A Model B Model C

Tertile 1 (<116) 3.25(1.42,7.43 3.05(1.26, 7.38)* 2.90 (1.13, 7.46) 2.33(0.89, 6.07)
Tertile 2 (117-134) Reference Reference Reference Reference

Tertile 3 (> 135) 3.73 (1.63, 8.52)* | 4.44 (1.82, 10.80)* | 4.42 (1.68, 11.59)* | 4.69 (1.75, 12.52)*

Table 3. Odds ratios (95% confidence intervals) for associations between whole blood selenium
concentrations and prostate cancer among Nigerian men, using middle tertile as the reference category.

ORs =0dds ratios; *= significant association at p <0.0163 (Bonferroni adjustment); Model A was adjusted for
In-transformed age, In-transformed body mass index, major occupation, smoking history and family history
of prostate cancer. Model B was further adjusted for In-transformed blood zinc, copper, manganese and iron
concentrations. Model C was further adjusted for diabetes status.

Model Location of knots AIC | BIC Log-Likelihood | Number of parameters (df)
Linear model - 256.41 | 292.01 | -117.2052 11
Spline model B 3 knots at 10th, 50th and 90th percentiles | 232.82 | 268.42 | -105.4099 11
Spline model C 3 knots at 10th, 50th and 90th percentiles | 226.71 | 265.55 | -101.3550 12
Spline model D (sensitivity analysis) | 3 knots at 5th, 50th and 95th percentiles | 239.15 | 274.75 | -108.5737 11

Table 4. Comparison between Log-Likelihood, AIC and BIC of the linear and spline models.

odds of PCa were observed at blood selenium concentrations between 125.55 and 134.86 pg/L. With further
adjustment for diabetes status, the non-linear relationship was consistent (p, . .= 0.004). However, the
range between the two blood selenium values for the lowest odds of PCa became narrower (125.21-129.02 pg/L;
Fig. 1B). No statistically significant association was observed between urine selenium concentrations and PCa
(Table 2; Fig. 1C).

Odds ratios for the association between selenium exposure markers and BPH are presented in Table 5. There
was a positive association between blood selenium concentrations and BPH among the study participants:
Compared to men in the lowest tertile of blood selenium, those in the highest tertile were at higher odds of
BPH (AOR: 3.92; 95% CI: 1.68, 9.11). As shown in Fig. 1D, there was no evidence of a non-linear association
between blood selenium concentrations and BPH (p, ... ~= 0.238). Urine selenium concentrations, as In-
transformed continuous variable, were associated with a reduction in odds of BPH (AOR: 0.44; 95% CI: 0.24,
0.81). Compared to men in the lowest tertile of urine selenium, those in the second tertile were at lower odds
of BPH (AOR: 0.35; 95% CI: 0.15, 0.84). The inverse association between urine selenium and BPH, although
suggestive, was not significant, comparing the highest with the lowest tertile of urine selenium (AOR: 0.48;
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Fig. 1. Restricted cubic splines for association between selenium status and prostate diseases.

Variables

‘ Unadjusted model

\ Model A

Model B

‘ Model C

Blood selenium (ug/L)

Log-transformed blood selenium

13.21 (4.70, 37.16)*

15.46 (5.23, 45.70)*

7.62 (2.15, 27.10)*

11.42 (2.99, 43.59)*

Tertile 1 (<116)

Reference

Reference

Reference

Reference

Tertile 2 (117-134)

0.71 (0.28, 1.80)

0.74 (0.28, 1.96)

0.68 (0.25, 1.85)

0.85(0.31, 2.36)

Tertile 3 (> 135)

5.10 (2.44, 10.65)*

5.85 (2.72, 12.55)*

3.92 (1.68, 9.11)*

5.50 (2.44, 13.49)*

Urine selenium (ug/L)

Ln-transformed urine seleniun

0.63 (0.44, 0.90)*

0.62 (0.43, 0.89)*

0.40 (0.23, 0.70)

0.42 (0.24, 0.75)

Tertile 1 (< 14.70)

Reference

Reference

Reference

Reference

Tertile 2 (14.71-28.30)

0.52(0.26, 1.03)

0.51(0.26, 1.03)

0.45 (0.20, 1.05)

0.41 (0.17, 0.96)

Tertile 3 (>28.31)

0.44 (0.22, 0.88)

0.40 (0.20, 0.83)

0.25 (0.09, 0.67)*

0.26 (0.09, 0.75)*

Creatinine-adjusted urine selenium (pg/g Creatinine)

Ln-transformed urine SeCr

0.85(0.59, 1.22)

0.82 (0.56, 1.20)

0.44 (0.24, 0.81)*

0.45 (0.28, 0.84)*

Tertile 1 (<14.71)

Reference

Reference

Reference

Reference

Tertile 2 (14.72-23.22)

0.55(0.27, 1.13)

0.50 (0.24, 1.04)

0.35 (0.15, 0.84)

0.33(0.14, 0.82)

Tertile 3 (>23.23)

0.97 (0.43,2.18)

0.80 (0.41, 1.58)

0.48 (0.19, 1.20)

0.45(0.18, 1.14)

Table 5. Odds ratios (95% confidence intervals) for associations between whole blood and urinary
selenium concentrations and benign prostatic hyperplasia among Nigerian men. ORs=0Odds ratios; *=
significant association at p <0.0163 (Bonferroni adjustment); Model A was adjusted for In-transformed

age, In-transformed body mass index, major occupation, smoking frequency and family history of prostate
cancer. Model B was further adjusted for In-transformed blood and urine zinc, copper, manganese and iron
concentrations, respectively.

95% CI: 0.19, 1.20). However, as shown in the restricted cubic spline, the non-linear relationship between urine
selenium concentrations and BPH was not statistically significant (p_ . . =0.093; Fig. 1E).

We used several sensitivity analyses to evaluate the robustness of the observed relationship between selenium
concentrations and prostate disorders. Use of absolute urine selenium values did not change the significance of
the differences in mean urine selenium concentrations between cases and control participants (Table 1) nor the
direction of associations with PCa and BPH (Tables 2 and 5, respectively). Subgroup analyses by age, smoking
history and family history of prostate disease with restricted cubic spline showed that the U-shaped association
between blood selenium and PCa was consistent in all subgroups (Supplementary figure S1; Table 6). Significant
interaction was observed between blood selenium concentration and smoking history (p-interaction=0.006).
Compared with the middle tertile, the odds of PCa for the lowest and highest tertiles of blood selenium were
strongly significant among never-smokers but not significant among ever-smokers (Table 6). In the RCS models,
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Prostate cancer Benign prostatic hyperplasia
Tertiles of blood selenium concentrations Tertiles of blood selenium concentrations
(ng/L) (ng/L)
Tertile 1 Tertile 2 Tertile 3 Tertile 1 Tertile 2 Tertile 3
Groups (<116) (117-134) | (>135) p- for interaction | (<116) (117-134) | (>135) p-for interaction
Age 0.802 0.197
[P/C=21/19] B [P/C=20/19] [B/C=38/19] B [B/IC=7/19]
<70 years 3.82 EP/ C=371 | 484 161 [1B/ C=5171 | 455
(0.81, 18.04) (1.08, 21.73) (0.32, 8.03 (1.11, 18.69
[P/C=20/13] _ [P/C=18/15] [B/C=34/13] _ [B/C=8/15]
>70 years 2.97 IPIC=8115] | 353 158 [BIC=5/151 17 50
(0.77, 11.40) (1.25, 21.95) (0.34,7.35) (1.69, 33.31)
Smoking History 0.006* 0.544
[P/C=20/17] B [P/C=14/16] [B/C=36/17] B [B/C=4/16]
Never-smokers | 23.41 EP/C =1/23] 41.85 1.03 [IB/C =5/23] 9.73
(2.55,214.96) (4.39, 398.81) (0.20, 5.42) (2.45, 38.69)
[P/C=21/15] _ [P/C=24/18] [B/C=36/15] _ [B/C=11/18]
Ever-smokers | 0.98 PIC=10/9] | 1 0o 167 (BIC=5/51 13,08
(0.24,3.97 (0.24, 4.18) (0.36, 7.81) (0.70, 13.55)
Family history of prostate disease 0.173 0.671
[P/C=30/26] _ [P/C=35/29] [B/C=58/26] _ [B/C=14/29]
No 3.38 EP/ C=91241 | 4 57 149 EB/ C=824] | 513
(1.11,10.23) (1.43, 14.61) (0.46, 4.79) (1.71, 15.41)
[P/C=11/6] B [P/C=3/5] [B/C=14/6] B [B/IC=1/5]
Yes 2.05 EP/C_Z/S] 6.50 0.93 [IB/C_Z/S] 7.86
(0.19, 22.15) (0.90, 47.04) (0.05,18.97) (0.88,70.07)

Table 6. Subgroup analysis of the association between blood selenium concentrations and prostate diseases.
ORs=0dds ratios; *= significant association at p <0.0163 (Bonferroni adjustment); all analyses were adjusted
for In-transformed age, In-transformed body mass index, major occupation, smoking history, family history
of prostate cancer, In-transformed blood zinc, copper, manganese and iron concentrations, except for the
covariate defining the subgroup, P/C=number of PCa/controls per teritile of blood selenium; B/C = number of
BPH/controls per teritile of blood selenium.

a change in the location of the knots affected the shape of the dose-response curve (Supplementary figure S2),
and did not reveal the non-linear association between blood selenium concentrations and prostate cancer.

Discussion

The results of this study show that men in both extremes of blood selenium status had higher odds of PCa. Higher
levels of blood selenium were associated with BPH. These associations were consistent even after adjustments for
several confounding variables, including other antioxidant trace elements, as well as in subgroup analyses. The
U-shaped association between blood selenium and PCa was significantly stronger among never-smokers than in
ever-smokers. In contrast, there was a suggestive inverse association between urinary selenium levels and BPH.

As in this study, U-shaped associations with selenium exposure have been reported for several health
outcomes, including cardiovascular diseases, all-cause cancer and cardiovascular mortality®>33, metabolic
syndrome™!. Waters et al.® in a canine model, demonstrated a U-shaped dose-response relationship between
toenail selenium status and the extent of DNA damage within prostatic tissues. A more recent hospital-based
case-control study in Vietnam has also reported a U-shaped association between selenium intake and several
cancers including stomach, colon, rectum, and lung cancers®. However, the study was based on a food frequency
questionnaire on dietary selenium intake and did not report for PCa3. Previous reports on the association
between selenium biomarkers and PCa have generally been inconsistent. While two meta-analyses comprising
of 17°7 and 25 studies® reported inverse associations between serum/plasma selenium and PCa, another meta-
analysis comprising a total of 4527 PCa patients and 6021 control subjects from 15 prospective studies of mostly
European men did not observe significant association between blood/plasma selenium levels and PCa®, but
noted inverse associations between toenail selenium levels and PCa overall and between blood/plasma selenium
and risk of aggressive disease®.

Previous studies have generally alluded to the fact that there is a small separation between the two arms of the
U-curve; that is, between over-exposure and under-exposure doses of selenium that are associated with adverse
health outcomes?®-*2. Reports from the large NPC trial'! revealed that participants in the lowest two tertiles of
baseline plasma selenium concentrations (< 121.6 ng/mL; equivalent to about 152 pg/L of whole blood Se**)
had significant reductions in PCa incidence following selenium supplementation, with no evidence of benefit
among individuals in the highest tertile. The SELECT study on the other hand, reported higher risk of high-
grade PCa among men with higher baseline toenail selenium status (> 0.90 pg/g)">. The finding of the present
study corroborates these previous findings in the US population, providing evidence of a U-shaped association
between selenium and PCa in a distinct African population. These findings suggest there is a narrow range of
blood selenium levels that may be protective against PCa, and that the effect of selenium exposure on PCa risk
may be largely dependent on baseline selenium status of a population. The observed inconsistency in reported
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findings from studies on the association between selenium and PCa may be attributed to differences in the
ranges of baseline selenium exposure in the different population groups studied.

This paper represents the first attempt to determine the specific thresholds in blood selenium concentration
below and above which an individual may likely be at risk of prostate cancer. The estimated cut-points for
blood selenium for the lowest odds of PCa, as determined by the RCS plot in this study, may lie between 125.55
and 134.86 pg/L (Fig. 1A). Given the case-control study design, the preliminary nature and the relatively small
sample size of this study, this range of blood selenium concentrations should be considered a putative threshold,
which requires validation in larger prospective cohort studies. However, the estimate is within the broad plasma
selenium concentrations of 39.5-197.4 ng/mL (equivalent to 49.4-246.8 ug/L of whole blood selenium) proposed
by Rocourt and Cheng*? as the optimum range. Based on data from the selenium-replete US population, it was
demonstrated that selenoprotein P (which is the main supplier of selenium to body tissues) reaches its optimal
activity at serum selenium concentrations of about 125 ng/mL*, equivalent to about 156.25 pg/L of whole blood
Se*0, which is not far removed from our value.

Several mechanistic studies support the protective effect of selenium against PCa. Earlier studies reported
that selenium accumulates preferentially in the normal human prostate gland®**%>, The localization of seleno-
proteins such as glutathione peroxidase 1 (GPx1) in the nucleus and selenoprotein-15 (SELENOF) in the plasma
membrane of normal prostate epithelial cells have been reported*®*. In addition, healthy prostate tissues
express high levels of selenium binding protein-1%, which has been shown to negatively regulate oxidative
phosphorylation in healthy prostate cells?3. These reports indicate that seleno-proteins may play important
protective roles in healthy prostate tissues, preventing prostate carcinogenesis through their antioxidant
properties®. Other mechanisms by which selenium may mediate against carcinogenesis include induction of
apoptosis®**, inhibition of DNA damage, enhancement of oxidative DNA repair capacity® and disruption
of androgen receptor signaling’. Corcoran et al’! have reported that inorganic selenium (sodium selenate)
significantly retarded the growth of primary prostatic tumors and the development of retroperitoneal lymph
node metastases, which was associated with a decrease in angiogenesis. Also, the ability of selenium nanoparticles
(alone and in combination with other drugs) to effectively inhibit growth, migration and invasion of metastatic
PCa cells in a concentration-dependent manner was demonstrated*’. These mechanistic studies suggest that
suboptimal Se levels may contribute to DNA damage, which could help explain the associations observed in
this study.

On the other hand, prostate tissues can accumulate selenium and hence, are susceptible to its toxicity, as there
is a very narrow range between selenium adequacy and toxicity'®. Selenium, at higher concentrations, may induce
oxidative stress, thereby promoting cancer'”!8. There is a tight regulation of seleno-protein synthesis following
selenium exposure. At sub-optimal selenium levels, selenium is utilized in the biosynthesis of seleno-proteins,
leading to increased activity of these proteins®2. However, when seleno-proteins reach their optimal activity (at
optimum selenium concentration), additional selenium exposure results in increased selenium metabolism, but
not further increase in seleno-protein synthesis/activity. Many of the resulting intermediate selenium metabolites
(including selenite, selenocystine, methylseleninic acid, Se-methylselenocysteine) are highly redox-active®>>?,
oxidizing thiol groups of proteins and generating reactive oxygen species, which may lead to cellular damage
and carcinogenesis®>*+%°. Although this study measured other antioxidant trace elements, other antioxidants
(for example, GPx, SELENOP) and oxidative stress markers (for example, F2-isoprostanes) not measured in our
study may limit the full establishment of the underlying biological mechanisms of selenium’s effect on prostate
diseases. Future mechanistic studies with simultaneous measurement of these markers with blood selenium
levels would provide direct evidence linking the observed U-shaped association to molecular actions of selenium.

In line with the observed interaction between selenium and smoking history in this study, Le et al.>* have
reported a stronger association with never smokers than among smokers. Another cross-sectional study on the
effect of dietary selenium on PSA levels reported higher odds of having high PSA levels, among nonsmokers than
smokers®®. Although the exact mechanism is not yet identified, these studies suggest that smoking status may
modify the effect of selenium on PCa risk. Lower plasma selenium concentration and erythrocyte glutathione
peroxidase activities have been reported in tobacco smokers than in nonsmokers®”. Tobacco smoking may affect
selenium metabolism through its numerous oxidants which increase oxidative stress and the body’s demand for
antioxidant defenses, including selenium-dependent enzymes®. The observed interaction between selenium
exposure and smoking status remained significant even after adjustment for multiplicity. This suggests that the
effect of tobacco smoking may override the dose-dependent effect of selenium in non-smokers. More research is
indicated to elucidate the interaction between selenium exposure, smoking, and PCa. The consistent U-shaped
relationship observed in the different subgroups may suggest a genuine effect less likely due to random chance.
To ensure that the overall risk of a Type I error remains controlled at 5%, we corrected for multiple comparisons
using the Bonferroni correction. However, given the smaller sample sizes in the subgroups and the attendant
wide confidence intervals, which indicate limited statistical power and precision, there is a high tendency of
overfitting, and the generalizability of these results is limited. Larger studies are needed to further investigate
these relationships, confirm the findings and obtain more reliable effect size estimates.

Our bivariate analysis suggested that individuals with prostate diseases were less likely to have diabetes
mellitus compared with the control group. Higher levels of testosterone (as seen in PCa patients) have been
associated with a lower risk of developing type 2 diabetes, as this hormone plays a major role in the regulation
of insulin sensitivity”. On the other hand, lower testosterone levels increase insulin resistance and have been
reported among diabetic patients®. The insulin-like growth factor (IGF) system has been identified as a possible
bridge linking the inverse association between PCa and diabetes. IGF-I is known for its role in promoting cancer
cell growth, survival, angiogenesis and migration. Higher IGF-I levels have been consistently reported in PCa
risk®!, while low levels are reported in diabetic patients®. To test for the possible effect of diabetes status on the
observed relationship between blood selenium and PCa, further adjustment for diabetes status was made in our
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regression models. This further adjustment resulted in significant attenuation of the reported effect size, but
did not alter the direction of the effect nor the observed U-shaped relationship. This observation suggests that
diabetes status may be a significant confounding factor of the relationship between selenium status and PCa
and should be considered in studies investigating this relationship. Findings across several studies also suggest
a U-shaped relationship between selenium and diabetes®®. The SELECT study found no effect of selenium
supplementation on cancer prevention, but reported a non-significant higher incidence of type 2 diabetes among
long-term selenium supplemented individuals compared to those on placebo!®. Together with our findings,
these reports warrant more targeted research on the complex relationship between selenium, PCa and diabetes.

The observed lower BMI among treatment-naive PCa participants compared with the controls in our bivariate
analyses may be explained by the fact that a significant number of PCa patients present to the clinics with
advanced diseases, when their weights may have been affected by the disease. Higher BMI has been associated
with increased risk of PCa in several longitudinal studies®’. The nature of association observed in this study may
reflect effect of cancer on BMI and not vise -versa.

There is limited evidence for the influence of selenium exposure on BPH. Eichholzer et al.®® reported an inverse
association between serum selenium levels and BPH in a sample of European men. The observed difference in the
association of whole blood and urinary selenium status with prostate disorders in this study may reflect the fact
that these two selenium markers assessed different windows of selenium exposure. Urinary (as well as plasma)
selenium reflects recent selenium intake while whole blood (or erythrocytes) selenium concentrations reflect
long-term selenium intake®®%’. However, as BPH and PCa are age-related, their associations with biomarkers
such as urinary selenium, with relatively short half-life, should be interpreted cautiously. Blood selenium has
longer life span of blood cells®**’ and therefore, may be a better indicator of cumulative exposure than plasma
or urinary selenium for assessment of association with chronic diseases such as BPH and PCa. This is evidenced
by the lack of significant correlation between the two markers (Supplementary Figure S3). Both biomarkers
were however, analyzed in this study to provides a more robust set of data for a better understanding of the
relationship between selenium and prostate health across these windows of exposure, as well as give insight
into possible reasons for inconsistencies seen in results from previous studies. The observed inverse association
between urinary selenium and BPH warrants further investigation in larger studies.

The observed U-shaped relationship in this study emphasizes the need to maintain a balance in selenium
status for prostate cancer prevention. However, the generalizability of the estimated optimal range of 125.55-
134.86 ug/L to other populations requires great caution due to significant variation in selenium levels across
diverse population groups'. Dietary selenium levels, the main source of selenium exposure to humans, are
highly dependent on local soil content, which in turn varies significantly across different locations?, ranging
from low selenium regions in Europe and China to high selenium areas in North America®. Individuals’ dietary
patterns also play a significant role in their selenium exposure, with consumers of seafood and nuts maintaining
adequate levels, while those who depend mostly on plant-based diets may suffer deficiency. Given these
variations, the threshold for risk may differ among populations depending on their background exposure levels.
This emphasizes the need for region-specific dietary recommendations for selenium. Furthermore, an individual
genetic polymorphism may likely modulate the response to varying levels of selenium exposure®. For example,
a study among the German population reported that carriers of one or two T alleles of the selenoprotein gene,
GPx1 Prol198Leu (rs1050450; C > T) may have significantly reduced odds of prostate cancer compared with the
homozygous C individuals’’. These underscore the need to integrate genetic testing with selenium status, which
may aid in optimizing selenium intake across diverse populations.

Important strengths of this study include the use of whole blood selenium, which is considered a biomarker
of long-term exposure to selenium, and the use of a highly sensitive ICP-MS instrument, with adequate quality
control measures that ensured accuracy of the data. Measurement and adjustment for the most relevant
confounding factors, including demographic variables and other antioxidant trace elements (zinc, copper,
iron and manganese), also constitute a strength of the study. Certain limitations of the study should however,
be considered in interpreting the current results. First, the case-control nature does not allow us to infer any
causality between selenium exposure and prostate diseases. Second, selection of an adequate (prostate disease-
free) control group was difficult. Although the control participants were screened with IPSS and PSA test, men
with subclinical prostate diseases may have been included in this group. Third, the possible effect of other
factors, such as socioeconomic and dietary factors, which were not measured in this study, may not be ruled
out. For example, intake of dietary antioxidant micronutrients such as lycopene, p-carotene, and a-tocopherol
is known to influence an individual’s selenium levels. Also, socioeconomic factors such as income levels could
influence selenium levels by affecting individual’s food choices as well as access to healthy diets and overall
nutritional intake. Although we controlled for several PCa risk factors and excluded individuals on antioxidant/
micronutrient supplements and those who had used these supplements in the last 3 months before recruitment,
the effects of diet and income level were not considered, which could affect the strength of the reported
associations. These limitations underscore the need for larger prospective studies to fully elucidate the role of
selenium exposure in prostate diseases in this population, as well as increase the generalizability of the results
to a wider population.

Conclusion

This study found that both very low and very high blood selenium levels are independently associated with
PCa. We found a narrow range between the two limbs of the U-type response curve, and hypothesize for the
first time, that a putative optimum range of blood selenium concentration associated with minimum odds
of PCa may lie between approximately 125.55 and 134.86 pg/L. Thus, the present paper highlights the need
for a tightly controlled selenium intake in this population. Given the wide variation in soil selenium content,
the resultant variation in selenium exposure, as well as the lack of dietary guidelines for selenium among the
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Nigerian population, a nationwide survey is warranted to establish a baseline selenium level and identify good
dietary sources of selenium in this environment. Such data would be useful in the development of region-specific
dietary guidelines for selenium aimed at minimizing selenium deficiency and preventing its toxicity among
this population. In addition, the government may play a role by providing advanced diagnostic equipment
for selenium biomarker analysis, which is mostly unavailable or expensive in this resource-poor setting. This
is critically needed for quantitative assessment of an individual’s baseline selenium status, as well as genetic
screening tests, allowing for personalized interventions. Targeted nutritional education on the benefits as well
as toxicity of selenium should incorporate promotions on the use of locally available selenium-rich foods while
guiding against the use of selenium-based supplements, which may expose an individual to a toxic dose of
selenium. These may help reduce the likelihood of exposure to toxic selenium levels, which have been linked to
prostate diseases in this and other studies.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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