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A B S T R A C T   

Humans are ubiquitously exposed to arsenic from multiple sources, and chronic arsenic exposure may be 
associated with male reproductive health. Although association regarding arsenic exposure and sex hormone 
secretion in blood has been reported, sex hormone excretion in urine studies is lacking. Urinary sex hormone 
excretion has emerged as a complementary strategy to evaluate gonadal function. Herein, we determined the 
associations between environmental exposure to arsenic and urinary sex hormone elimination and in vitro Leydig 
cell steroidogenesis. Concentrations of arsenic and testosterone (T), estradiol (E2) and progesterone (P) in 
repeated urine samples were determined among 451 reproductive-age males. Moreover, an in vitro Leydig cell 
MLTC-1 steroidogenesis experiment was designed to simulate real-world scenarios of low human exposure. 
Multivariable linear regression models were used to assess the associations of urinary arsenic levels with urinary 
hormones. Urinary arsenic concentrations were positively associated with urinary sex hormone (T, E2, and P) 
levels. An in vitro test further demonstrated that a population-based environmental exposure range (0.01–5 μM) 
of arsenic induced Leydig cell steroidogenesis potency. Our results indicate that low-dose arsenic exposure ex-
hibits an endocrine disrupting effect by stimulating Leydig cell steroidogenesis and accelerating urinary steroid 
excretion, which extends previous knowledge of the inverse association of high-dose arsenic exposure with 
sexual steroid production that is assumed to be anti-androgen.   

1. Introduction 

Arsenic is a metalloid element found ubiquitously in the environ-
ment in either an organic or inorganic state. Water with arsenic above 
the World Health Organization guideline of 10 ppb has been discovered 
in many countries, especially in Asia, including China (Hubaux et al., 
2013; Rodríguez-Lado et al., 2013). Meanwhile, arsenic can naturally 
accumulate in rice and seaweed (Molin et al., 2017) and is one of 
important toxicants in PM2.5 air pollution (Huang et al., 2014); there-
fore, general populations are widely exposed to arsenic via digestion and 
inhalation. Usually, arsenic methylation occurs predominantly in the 

liver, which enhances its clearance from the human body (Drobná et al., 
2010). Multidrug resistance proteins (MRPs) are responsible for the 
transport of hepatic arsenic metabolites into sinusoidal blood, ulti-
mately for urinary elimination (Banerjee et al., 2014). Consequently, 
arsenic is monitored in most of the general population, and urinary 
arsenic metabolites are extensively used as exposure biomarkers (Zor-
imar, 2009). 

Environmental arsenic exposure is associated with multiple adverse 
health outcomes, including male reproductive toxicity (Renu et al., 
2018). Accumulated epidemiological and animal toxicological data have 
demonstrated that arsenic exposure can directly disrupt male 
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steroidogenesis and ultimately impact testicular organ development and 
impair spermatogenesis (Zubair et al., 2017; Renu et al., 2018). 
Increasing evidence indicates that exposure to arsenic can result in 
inhibited blood sex hormones by changing steroidogenesis-related pro-
teins and genes (Zeng et al., 2013, 2018; Hsieh et al., 2008; Ommati 
et al., 2020). In contrast to the decline in blood hormones, a previous 
Polish population study indicated that low-level exposure to arsenic was 
positively associated with urinary androgen hormone excretion in both 
males and females (Kozłowska et al., 2019). In line with this observa-
tion, our previous urinary metabolomics results also revealed that 
environmentally relevant arsenic exposure was associated with 
increased urinary testosterone in a Chinese male population (Zhang 
et al., 2014). Regarding these inconsistent observations, the difference 
in sex hormone secretion in blood and excretion in urine in response to 
arsenic exposure needs to be clarified. One of most plausible explana-
tions for the inconsistent results is that sex hormones have distinct 
metabolic pathways in blood and urine (Schiffer et al., 2019). 

Testosterone is the major sex hormone for male reproduction that 
regulates the processes underlying sexual behavior. Testicular Leydig 
cells are the primary synthesis organ in males. Testicular steroidogenesis 
utilizes cholesterol as a biosynthesis precursor and is governed by two 
enzyme, 3β-HSD and 17β-HSD (Sanderson, 2006), which are subse-
quently converted into intermediates of 17-α-hydroxypregnenolone 
(17-OHP) and androstenedione (ASD) before production of the 
end-product of testosterone (Bochud et al., 2018). Usually, in human 
blood, most androgens, including testosterone, are bound to the plasma 
proteins sex hormone binding globulin (SHBG) and albumin, and only a 
small fraction (1–2%) of androgens are free and accessible to target 
tissues and exert biological activity (Schiffer et al., 2019). Before urinary 
excretion, blood androgen is initially subjected to glucuronidation phase 
II conjugation metabolism by UDP-glucuronosyltransferase superfamily 
(UGTs) enzymes in the liver (Bélanger et al., 2003). Multidrug resistance 
proteins (MRPs) are involved in conjugated androgen efflux, eliminating 
conjugated androgen from hepatocytes to urine (Järvinen et al., 2020). 
Interestingly, exposure to arsenic was accompanied by increased UGT 
mRNA expression in mouse and human islets (Carmean et al., 2019). 
Meanwhile, MRPs mediate the detoxification and elimination of arsenic 
(Banerjee et al., 2016). Given that arsenic detoxification and elimination 
processes may interact with sex hormone production and metabolism, 
the relationships between blood sex hormones and arsenic exposure 
have been intensively investigated, but their impact on sex hormone 
urinary excretion has been insufficiently addressed. Due to relatively 
high hormone concentrations in urine and greater accessibility of urine 
compared with blood, measurements of urinary steroid excretion have 
emerged as methods to evaluate gonadal function (Singh et al., 2015). 
Clarifying the urinary hormone excretion response to arsenic exposure 
will offer optional approaches for arsenic reproductive toxicity 
assessment. 

Given that single measurements of urinary arsenic potentially vary 
over time in a population study, which may result in a moderate degree 
of exposure misclassification (Wang et al., 2016a), and that toxicological 
in vitro arsenic exposure doses beyond environmentally relevant levels 
may lead to uncertainty when extrapolating data from in vitro to humans 
(Hughes et al., 2007), we explored the association between arsenic 
exposure and urinary hormone excretion among 451 reproductive-age 
men with repeated collection samples to overcome single measure-
ment arsenic variations over time. We also applied an in vitro Leydig cell 
steroidogenesis experiment with low-dose arsenic exposure to simulate 
real-world scenarios of human exposure. 

2. Methods 

2.1. Study population 

The men included in this study were a subset of participants in a 
larger study who came to the Wuhan Reproductive Medicine Center for 

fertility assessment without prior knowledge of infertility status (Wang 
et al., 2016b). This work has received approval for research ethics from 
Tongji Medical College (Wuhan, China) and proof of approval is avail-
able upon request, was undertaken from April to June 2013. After 
signing informed consent, participants were requested to have a blood 
sample drawn and provide two spot-urine specimens (at least 2 h apart). 
A face-to-face interview was also conducted to collect information on 
demographic characteristics [age, body mass index (BMI)], lifestyle 
factors (smoking status and drinking habit), medical history, and occu-
pational exposures. We excluded participants who had self-reported 
urogenital or metabolic disease (testis injury, orchitis, vasectomy, 
epididymitis, diabetes and adrenal disorder) and occupational exposure. 
Finally, a total of 1040 participants were recruited for the entire study. 
Of them, 511 were measured for blood reproductive hormones in a 
previous study (Wang et al., 2016c). We further excluded 60 subjects for 
inadequate sample volumes, leaving 451 participants in our current 
investigation. 

2.2. Urinary arsenic measures 

Repeated spot-urine samples from each participant were collected in 
trace element-free polyethylene specimen tubes and stored at − 40 ◦C 
immediately until analysis was carried out. The determination of uri-
nary arsenic concentrations has been described in our previous study 
(Wang et al., 2016c). In brief, a 3.0 mL aliquot of urine was acidified 
with 15 μL of 67% (v/v) HNO3. After acidification in a refrigerator at 4 
◦C for at least 24 h, the urine samples were brought to room tempera-
ture, and 1.0 mL of each sample was diluted to 5.0 mL with 1.2% (v/v) 
HNO3, which was then detected using an Agilent 7700x inductively 
coupled plasma mass spectrometer with an octopole-based collision/-
reaction cell (Agilent Technologies, Waldbronn, USA). Quality control 
samples, spiked pooled urine samples, blank urine negative samples 
(containing deionized water) and two sets of standards were analyzed 
together with the unknown samples in each analytical batch. The limit 
of quantification (LOQ) of arsenic was 0.013 μg/L. The spike recoveries 
for arsenic ranged from 82% to 117%. To correct for urinary dilution, 
urinary creatinine (Cr) concentrations were measured using an auto-
mated clinical chemistry analyzer (Wang et al., 2016d). 

2.3. Hormonal analysis 

All urine samples were transported on dry ice to the analytical lab-
oratory in Zhoushan Hospital (Zhoushan, China) after collection. E2, T, 
and progesterone (P) concentrations were determined by an automatic 
immunoassay system (BECKMAN COULTER UniCel™ DxI 800, Access®, 
USA) according to the manufacturer’s instructions (Wang et al., 2017). 
To eliminate intra-individual fluctuations in hormone excretion, 
repeated urine samples were pooled with equal volumes before deter-
mination. The LODs of E2, T, and P were 20 pg/mL, 0.1 ng/mL and 0.1 
ng/mL, respectively. A value equal to half the LOD was set for the 
samples with concentrations below the LOD. The QC procedure for E2, T, 
and P measurement was in accordance with the guidelines of Zhoushan 
Hospital, and the coefficient of variance was < 10%. Serum T, E2, follicle 
stimulating hormone (FSH), luteinizing hormone (LH), and sex 
hormone-binding globulin (SHBG) levels were published in our previous 
study (Wang et al., 2016d). In brief, serum hormones were measured 
within 1 h of blood collection by direct chemiluminescence assay using 
available commercial test kits (Siemens Healthcare Diagnostics Inc.) in 
the Reproductive Center of Tongji Hospital. 

2.4. MLTC-1 cell culture and arsenic exposure 

To investigate the steroidogenic effects of arsenic at the exposure 
range (0.1–315 ng/mL) in the present study population, related low- 
dose (0.01 µM, 0.5 µM and 5 µM indicating human minimum, median 
and maximum human exposure levels, respectively) arsenic exposure 
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mouse testicular Leydig MLTC-1 cell experiments were conducted. 
Because arsenite is the main arsenic species that exerts reproductive 
toxicity compared with other arsenic chemical species, sodium arsenite 
was selected for in vitro cell exposure experiments. The MLTC-1 cell line 
was obtained from the Cell Institute of Shanghai (Shanghai, China) and 
cultured in RPMI-1640 medium (Gibco BRL, Grand Island, NY) supple-
mented with 100 unit/mL penicillin, 100 unit/mL streptomycin and 
10% (v/v) fetal bovine serum (HyClone, USA). The cells were grown at 
37 ◦C with 5% CO2 in a humidified incubator (SANYO, Japan). MLTC-1 
cells were seeded in 6-cm petri dishes and cultured for 24 h prior to 
treatment. Cells were exposed to 0 μM, 0.01 μM, 0.5 μM or 5 μM sodium 
arsenite for 48 h, and three replicates for each dose of arsenic exposure 
were performed. After arsenic exposure, the cells were washed with PBS 
and serum-free medium. Subsequently, cells were stimulated for 4 h 
with hCG in serum-free medium supplemented with 0.1% BSA. The 
medium was collected for sex hormone determination and cells for gene 
expression analysis. 

2.5. Cell culture medium hormone analysis 

The steroid hormones androstenedione (ASD), 17-α-hydroxypreg-
nenolone (17-OHP) and testosterone were detected in the cell culture 
medium by LC-ESI-MS/MS, as previously described (Tian et al., 2018). 
In brief, an aliquot of 1 mL of medium was diluted with 3 mL of 
ammonium acetate buffer (1 mol/L) and spiked with 20 μL of 100 ng/mL 
D3-testosterone and D3–17-OHP as internal standards (ASD was semi-
quantified). Then, the diluted samples were extracted three times with 3 
mL of ethyl acetate. The three extracts were combined and washed with 
5 mL of water, and then the combined extracts were evaporated under a 
gentle stream of nitrogen gas at 40 ◦C. The residue was reconstituted 
with 200 μL of methanol/water (50:50, v:v) by vortexing vigorously for 
15 s and then transferred into an HPLC vial for LC-MS-MS analysis. Two 
quality control samples and two sets of standards were analyzed 
together with unknown samples in each analytical batch. The LODs of 
17-OHP, ASD, and T were 0.05 ng/mL, 0.05 ng/mL and 0.05 ng/mL, 
respectively. The recoveries for 17-OHP, ASD, and T at the three spiked 
levels (i.e., 0.5, 1.0, and 10.0 ng/mL) ranged from 74.7% to 112%. 

2.6. RNA extraction and real-time RT-PCR analysis 

To investigate mRNA expression alterations, a quantitative real-time 
PCR assay was performed, as reported in our previously published study 
(Tian et al., 2019). Total RNA was extracted from cells using an RNA 
extraction kit (Promega, USA) following the manufacturer’s protocol. 
Extracted RNA samples were stored at − 80 ◦C for subsequent analysis. A 
NanoDrop spectrophotometer (NanoDrop Technologies Inc., USA) was 
used to measure RNA concentration and purity. Reverse transcription of 
cDNA synthesis was performed using oligo dT primer, in which 1 μg of 
total RNA was applied using PrimeScript® RT Reagent Kit together with 
gDNA Eraser cDNA Synthesis Kits (Takara, Japan). Real-time PCR was 
carried out in a final volume of 20 μL and performed in triplicate using 
SYBR Green Master Mix reagents (Roche, USA) in an LC 480 system 
(Roche Applied Science, Germany) according to the manufacturer’s 
protocol. The primer sets and product sizes used for amplification PCR 
analysis are shown in Table S1 (see SI). The conditions for quantitative 
PCR were as follows: 95 ◦C for 10 min followed by 40 cycles at 95 ◦C for 
15 s and 60 ◦C for 30 s. Gene expression levels were normalized to 
GAPDH expression levels. Three replicates of quantitative PCR were 
performed for each sample. Three replicates for each dose of sodium 
arsenite exposure were performed. The fold-changes of the tested genes 
were analyzed by the 2-ΔΔCt method, where ΔΔCt = (Ct Target gene – Ct 
GAPDH) arsenic exposure – (Ct Target gene– Ct GAPDH) blank control. 

2.7. Data analysis 

Distributional plots and descriptive statistics were evaluated for 

population characteristics and for the distribution of arsenic levels and 
hormone concentrations. The average creatinine-adjusted arsenic levels 
in the repeated sample were modeled both as natural log-transformed 
continuous variables and categorized quartile variables. To achieve 
variance in homogeneity and normality in the distributions of the re-
siduals, the concentrations of serum total T, free T, bioavailable T, E2, 
LH, FSH, SHBG, and creatinine-adjusted urinary P, T and E2 were also 
modeled as natural log-transformed values. Correlations between urine 
and serum hormones were estimated by Spearman’s rank correlation. 

The associations between quartiles of urinary arsenic levels and 
urinary hormone levels were assessed using multivariate linear regres-
sion models. Tests for trends across quartiles in the regression models 
were conducted by using creatinine-adjusted arsenic quartiles as 
continuous and categorized variables using integer values (i.e., 1–4). 
Urinary arsenic levels (ln-transformed creatinine-adjusted arsenic) were 
also modeled as a continuous variable. The corresponding regression 
coefficients were back-transformed to obtain percent changes, which 
were calculated as [exp (β)− 1] × 100% for categorized variables and 
[(2)β-1] × 100% for continuous variables (β was the coefficient of 
arsenic in the linear regression models). Confounders were included in 
the multivariable model based on biological and statistical factors. In the 
final multivariable models, age and body mass index (BMI) were treated 
as continuous variables; alcohol use (yes vs. no) was included as a 
dichotomous variable; and smoking status (current and former smoker 
vs. never smoker) was retained as a dummy variable. 

The measured continuous variables of in vitro study gene expression 
and steroid hormone levels are presented as the means with their stan-
dard errors of the mean (means ± SEM). In vitro study data were sub-
jected to analysis by one-way ANOVA followed by Tukey’s multiple 
comparison testing to identify significant differences between groups 
when three or more groups were calculated. For all tests, p-values < 0.05 
were considered significant criteria. 

3. Results 

3.1. Characteristics of participants 

The characteristics of selected participants in our study are sum-
marized in Table 1. Subjects included in the present study (n = 451) 
were similar to the entire population (n = 1040) with respect to de-
mographic characteristics. The mean age and body mass index (BMI) 
were 32 ± 5.4 years old and 23.2 ± 3.1 kg/m2, respectively. The ma-
jority of subjects were of Han ethnic background. More than half of the 
participants had never fathered a pregnancy (60%), had education levels 
of high school and above (61%), and had household income of over 3000 
Yuan per month (56%). The rates of current smoking and alcohol con-
sumption were 48% and 42%, respectively. 

3.2. Distribution of arsenic and hormone levels in urine 

The distributions of arsenic and hormone levels are presented in  
Table 2. All subjects’ arsenic levels were beyond the LOD values. The 
average concentration ranges of arsenic and creatinine-adjusted arsenic 
in repeated urine samples were 2.8–308 ng/mL and 6.1–194 μg/g 
creatinine, respectively. The geometric mean concentrations of urinary 
T, P, and E2 were 4.2, 5.5 and 0.31 ng/mL, respectively, and creatinine- 
adjusted arsenic values were 4.0, 5.2 and 0.29 μg/g creatinine, respec-
tively. Urinary hormones were significantly correlated with each other 
(Spearman correlation coefficients = 0.68–0.81), while no obvious 
correlation was found between serum and urinary hormones (Fig. 1). 
Serum total T positively correlated with serum E2 and SHBG but nega-
tively correlated with the serum percentage of free T (Fig. 1). 

3.3. Associations between arsenic and hormones 

Multivariable linear regression models were used to assess the 
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associations between average urinary creatinine-adjusted arsenic and 
urinary hormones (Fig. 2 and Table 3). We found significant dose- 
dependent trends between urinary quartiles of arsenic and urinary 
hormones (T, P and E2) (all P trend < 0.05). After adjusting for con-
founding variables [age and body mass index (BMI), alcohol use and 
smoking status] in the model, dose-dependent trends remained signifi-
cant. Compared with men in the lowest quartile, men in the highest 
quartile of urinary arsenic had an increase in urinary levels of 38.7% (CI: 
24.4%, 54.7%), 39.1% (CI: 24.6%, 55.4%) and 44.6% (CI: 30.1%, 
60.8%) for T, E2 and P, respectively. Similarly, arsenic was positively 
associated with urinary hormones when urinary arsenic level was 
treated as a continuous variable (Fig. 2 and Table 3). Additionally, in the 

present study, urinary arsenic was associated with an increased ratio of 
urinary hormones T, to serum hormones T and E2, while no significance 
was found for the ratio of urinary T to E2 (Fig. 2 and Table 3). Consistent 
with the previous overlapping whole population, there was no signifi-
cant association between urinary arsenic and serum hormones in the 
subset population (data not shown). 

3.4. Arsenic exposure associated with steroidogenic effects in MLTC-1 
Leydig cells 

Steroidogenic results for arsenic-exposed mouse testicular Leydig 
MLTC-1 cells are illustrated in Fig. 3. For the 0.01 µM arsenic exposure 
group, 17-OHP, ASD, and T were not significantly altered compared 
with controls. The contents of ASD following 0.5 μM arsenic exposure 
were above control levels (1.17-fold of control), but no significant dif-
ference was found, whereas T was significantly induced (p = 0.001) to 
1.36-fold of the control level. Interestingly, 5 μM arsenic exposure 
significantly decreased 17-OHP production (0.76-fold of control, 
p = 0.003) and slightly decreased ASD secretion (0.89-fold of control, 
p = 0.19), whereas the induction of T production remained significant 
(1.24-fold of control, p = 0.01). 

Meanwhile, the relevant steroidogenic pathway genes responding to 
arsenic exposure were also investigated. Steroidogenesis pathway genes, 
including SR-B1, StAR, CYP17α and 3β-HSD, were significantly inhibited 
(0.24–0.78-fold) in all arsenic treatment groups compared to the vehicle 
controls (Fig. 3, Table S2), while P450SCC (catalyzes cholesterol side- 
chain cleavage to pregnenolone) expression was upregulated 
(1.44–1.47-fold) significantly (p < 0.01) in the 0.01 µM and 0.5 µM 
arsenic-treated groups. Similarly, 17β-HSD (catalyzes androstenedione 
to testosterone) mRNA expression was significantly (p < 0.01) increased 
in 0.5 µM arsenic treatments (Fig. 3, Table S2). 

4. Discussion 

In the present study, we integrated epidemiological and in vitro 
toxicological studies to evaluate the association of arsenic exposure and 
sex hormone levels. Although there was no significant association be-
tween arsenic and serum hormones, we observed that environmental 
arsenic exposure was positively associated with urinary sex hormone 
excretion in the male population. Furthermore, the results of low-dose 
arsenic-induced steroidogenesis stimulation in a toxicological experi-
ment supported our epidemiological observations. Collectively, our re-
sults indicate that arsenic exposure tends to exhibit multiple endocrine 
disrupting modes in the context of male reproduction. 

Sex hormones have been demonstrated to play an essential role in 
spermatogenesis and male fertility (Schiffer et al., 2019). Arsenic is 
considered to be an endocrine disruptor that may affect steroidogenic 
pathway gene expression and subsequently cause steroidogenic 
dysfunction (Reddy et al., 2011). Nonetheless, previous epidemiological 
evidence of an association between arsenic exposure and hormone 
concentrations remains limited and inconclusive. A significantly posi-
tive relationship between the second trimester blood arsenic levels and 
serum testosterone was previously reported in 918 Chinese pregnant 
women cohort studies, with an approximately 9.14% increase in 
testosterone in the highest tertile (range: 5.84–27.3 μg/L) compared 
with the lowest tertile (range: 1.02–2.39 μg/L) (Luo et al., 2020). Within 
the nonoccupational general population, no significant association was 
found between urinary arsenic and serum sex hormones (T, E2, LH, FSH) 
in 133 male adolescents from Spain (Castiello et al., 2020). The arsenic 
levels reported in the aforementioned previous studies (median =
2.1 μg/L, range: 1.04–942 μg/L) are much lower than those in our study 
(median = 31.4 μg/L). A study in a Chinese male population involving 
118 men reported a negative association between urinary arsenic 
exposure and serum testosterone in the highest tertile, with an approx-
imately 99.32 ng/dL (95% CI: − 189.87, − 8.77) decrease in testosterone 
in the fourth quartile (range: 55.35–195.26 μg/L) compared with the 

Table 1 
The demographics of study participants (n = 451).  

Characteristic Included participants (n =
451)a 

Whole participants (n =
1040)b 

Age (years) 32 ± 5.4 32 ± 5.4 
BMI (kg/m2) 23.2 ± 3.1 23 ± 3.2 
Daily cigarette 

consumption 
7.0 ± 8.3 7.3 ± 8.4 

Race   
Han 438 (97%) 1013 (97%) 
Other 13 (3.0%) 27 (3%) 

Ever fathered a child   
Yes 179 (40%) 419 (40%) 
No 272 (60%) 615 (60%) 

Education level   
Less than high school 177 (39%) 390 (38%) 
High school and 
above 

274 (61%) 641 (62%) 

Smoking status   
Never-smoker 184 (41%) 406 (39%) 
Former 51 (11%) 113 (11%) 
Current 216 (48%) 521 (50%) 

Alcohol use   
Yes 188 (42%) 405 (39%) 
No 263 (58%) 635 (61%) 

Income, RMB yuan/ 
month   
< 3000 199 (44%) 456 (44%) 
3000–6000 177 (39%) 397 (38%) 
6000 74 (17%) 185 (18%)  

a One participant had missing information on household income. 
b A total of 2 men had missing information on age, 6 on ever fathered a 

pregnancy, 9 on education, and 2 on household income. 

Table 2 
Distribution of arsenic and sex hormone concentrations in urine and serum 
samples (n = 451).  

Analytes >

LOD 
GM Min 25th 50th 75th Max 

Unadjusted urinary hormone and arsenic levels (ng/mL) 
First sample As 100%  34  2.8  22  35  55  301 
Second sample 

As 
100%  29  0.10  18  30  55  315 

T –  4.2  0.33  3.0  4.5  6.5  16 
P –  5.5  0.22  3.9  6.0  8.4  23 
E2 –  0.31  0.02  0.23  0.31  0.43  1.9 
Urinary Creatinine levels (g/L)      
First sample 

Creatinine 
–  1.5  0.1  1.0  1.5  2.3  4.7 

Second sample 
Creatinine 

–  1.6  0.06  1.2  1.8  2.6  6.4 

Creatinine-adjusted urinary hormone levels (μg/g creatinine) 
First sample As 100%  30  6.1  22  30  40  182 
Second sample 

As 
100%  29  0.13  21  29  39  197 

T –  4.0  1.1  3.0  4.0  5.0  16 
P –  5.2  0.96  3.9  5.1  6.8  20 
E2 –  0.29  0.03  0.22  0.28  0.39  1.8  
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first quartile (range: 2.52–17.45 μg/L), but there was a lack of dos-
e–response trends (Zeng et al., 2013). In the present study, urinary 
arsenic was associated with increased urinary hormone excretion in a 

linear dose-dependent manner, which is inconsistent with our previ-
ously published data on serum hormones as outcomes in an overlapping 
population (Wang et al., 2016c). The discrepancy between our studies 

Fig. 1. Spearman correlation coefficients between serum hormones and urinary hormones. The color intensity of the quadrangle indicates the magnitude of the 
correlation. Green indicates a negative correlation, and red indicates a positive correlation. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 2. Regression coefficients or percentage changes (95% CIs) in hormones associated with urinary arsenic exposure. aTests for trends creatinine-adjusted across 
quartiles in the regression models. bTests were adjusted for age, BMI, alcohol use and smoking status. 
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may be attributed to the differences in study design (general population 
vs. subfertility clinical population), sample size, population gender 
(male vs. female), critical exposure time window (adolescents vs. adults), 
population arsenic exposure range and exposure matrices (urine vs. 
blood) selected. More importantly, blood and urine reflected distinct 
hormone metabolic pathways, many steroid metabolomes were 

concentrated in urine, and urinary hormone excretion can offer com-
plementary strategies for the assessment of endocrine disrupting effects. 
In the present population, urinary hormone concentrations were higher 
than the corresponding serum levels. In particular, there was an order of 
magnitude difference between the median urinary E2 concentration 
(0.31 ng/mL) and serum E2 concentration (34 pg/mL). Meanwhile, the 

Table 3 
The associations between arsenic exposure and hormone levels (reported as percentage change with 95% CI).  

Arsenic Urine T (%)a Urine E2 (%) Urine P (%) Urine T/Serum T (%) Urine E2/Serum E2 (%) Urine T/E2 (%) 

Unadjusted models       
Ln transformed As 22.4 (15.1, 30.1) 20.8 (13.6, 28.5) 26.0 (18.5, 33.8) 14.2 (7.3, 21.7) 19.6 (12.4, 27.3) -0.9 (− 3.7, 1.9) 
< 25% Reference Reference Reference Reference Reference Reference 
25–50% 14.5 (2.6, 27.6) 10.8 (− 0.6, 23.7) 18.1 (6.1, 31.4) 11.9 (0, 25) 14.5 (2.5, 27.8) 0.2 (− 11.1, 11.4) 
50–75% 31.4 (17.8, 46.5) 20.1 (7.7, 34.0) 36.6 (22.8, 52.0) 22.4 (9.5, 36.9) 19.0 (6.7, 32.8) 8.5 (− 2.8, 19.8) 
> 75% 39.1 (24.7, 55.0) 38.5 (24.1, 54.5) 46.2 (31.4, 62.7) 24.2 (11.1, 38.8) 37.7 (23.4, 53.6) -6.6 (− 17.9, 4.7) 
p trend < 0.001 < 0.001 < 0.001 < 0.001 0.001 0.54 
Adjusted modelsb       

Ln transformed As 22.2 (14.8, 30.0) 21.3 (13.9, 29.1) 25.0 (17.7, 32.7) 15.0 (8.2, 22.4) 19.9 (12.7, 27.7) -1.0 (− 3.8, 1.7) 
< 25% Reference Reference Reference Reference Reference Reference 
25–50% 15.0 (1.1, 26.5) 10.4 (− 2.5, 22.4) 16.3 (4.6, 29.3) 14.8 (3.0, 27.9) 14.7 (2.7, 28.1) 1.7 (− 9.4, 12.8) 
50–75% 31.7 (17.9, 47.0) 20.0 (− 1.1, 13.2) 33.4 (20.0, 48.4) 26.5 (13.4, 41.1) 19.8 (7.3, 33.9) 9.6 (− 1.6, 20.8) 
> 75% 38.7 (24.4, 54.7) 39.1 (24.6, 55.4) 44.6 (30.1, 60.8) 25.6 (12.7, 40.1) 38.1 (23.7, 54.3) -6.9 (− 18.1, 4.2) 
p trend < 0.001 < 0.001 < 0.001 < 0.001 0.001 0.47  

a The corresponding regression coefficients were back-transformed to obtain percent changes. 
b Tests were adjusted for age, BMI, alcohol use and smoking status. 

Fig. 3. Arsenic affects steroid hormone biosynthetic pathways in MLTC-1 cells; sex hormone production (A-C), steroidogenesis gene pathway (D) and steroidogenesis 
gene expression (E). The experiments were repeated four times in duplicate. Data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test. 
*p < 0.05, **p < 0.01. 
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lack of an obvious correlation between urinary and serum hormones 
suggested that different biological matrices have distinct hormone 
metabolic profiles. 

Apart from epidemiological studies, accumulating in vitro and animal 
arsenic exposure reproductive toxicological experiments have been 
conducted. Zeng et al. observed that high-dose arsenic (5 and 50 ppm in 
drinking water) is able to decrease serum testosterone and concomitant 
steroidogenesis gene expression (Zeng et al., 2018). Our previous study 
also found that exposure to high-dose arsenic (rats exposed through 1, 5 
and 25 mg/L drinking water; MLTC-1 cells exposed with 1, 2 and 4 ppm 
dose) can cause inhibition of sex hormones and steroidogenesis gene 
expression levels both in rat and mouse Leydig cells (Alamdar et al., 
2017, 2019). Due to the selected exposure dose being relatively higher 
than the general population environmental exposure, the results usually 
showed that sex hormones and related biosynthesis gene expression 
were downregulated following arsenic treatment (Sarkar et al., 2003; 
Renu et al., 2018). To the best of our knowledge, data on reproductive 
outcomes of environmentally relevant arsenic exposure is still lacking. 
Hence, we selected 0.01–5 μM (approximately 0.75–375 ng/mL arsenic) 
to simulate real-world population exposure levels in the present MLTC-1 
exposure experiments. In contrast with the results from high-dose 
exposure, we found that low-dose arsenic exposure significantly 
induced testosterone synthesis along with 17β-HSD and P40SCC gene 
expression in this study. A similar phenomenon has been reported for 
the association of arsenic exposure with birth length and osteoblast 
growth; arsenic exerted distinct effects on birth length and osteoblast 
growth based on the exposure dosage (Xu et al., 2014; Shih et al., 2020). 
Moreover, nonmonotonic dose-response effects of arsenic on glucose 
metabolism have been published, and the results even suggested that 
arsenic has opposite glycemic effects at different dose thresholds (Gong 
et al., 2019). Therefore, various arsenic exposure doses may have 
different toxic effects. 

Similar to the abovementioned inconclusive, nonmonotonic, dose- 
response effects of arsenic exposure on sex hormone production, early 
studies have confirmed that certain environmental endocrine disrupting 
chemicals (EDCs), such as phthalate and BPA, can affect hormone gen-
eration in a biphasic dose-response manner in animal studies, i.e., low- 
dose exposure induces secretion, while high-dose exposure inhibits 
secretion (Ge et al., 2007; Zhang et al., 2016). Our previous study also 
indicated that phthalates and perfluorinated compounds have biphasic 
effects on androgen generation in mouse Leydig cells and 
low-dose-stimulated testosterone production, whereas these compounds 
are anti-androgenic at high doses (Tian et al., 2018, 2019). Meanwhile, 
heavy metals such as cadmium also exert biphasic effects on population 
hormone generation with different exposure levels. For cadmium 
exposure and male serum testosterone, a positive association has been 
observed in the lower dose exposure population, while a negative as-
sociation has been found in the higher level exposure population [serum 
cadmium median (IQR): 0.4 (0.2–0.7) μg/L for low exposure vs 1.90 
(0.60–3.80) μg/L for high exposure] (Kresovich et al., 2015; Chen et al., 
2016). Consistent with previous EDCs results, our in vitro study found 
that an environmentally relevant dose of arsenic seems to exert stimu-
lating effects on testosterone production. Interestingly, similar induction 
effects were also found in the present epidemiological study of urinary 
hormone excretion but not serum hormone secretion. Given that a series 
of enzymes are involved in Leydig cell mitochondrial steroidogenesis 
(Fig. 3), we also investigated the steroidogenic enzyme gene alteration 
response to arsenic exposure. In human and rodent steroidogenic tissues, 
SR-B1 and StAR are responsible for transporting cholesteryl esters into 
cells and mitochondria, which are subsequently converted into preg-
nenolone by P450SCC in the inner mitochondrial membrane and, 
further, into the intermediates progesterone and ASD via CYP17α and 
3β-HSD catalysis, finally producing the end-product testosterone (Azhar 
and Reaven, 2002). Exposure to high doses of arsenic can attenuate 
steroidogenic enzyme gene expression, which in turn can inhibit sex 
hormone production (Renu et al., 2018). In the present study, we 

observed that arsenic significantly inhibited SR-B1, StAR, CYP17α and 
3β-HSD but induced P450SCC and 17β-HSD. It is worth mentioning that 
the effects of arsenic potency on alterations in 17β-HSD gene expression 
are in good agreement with the testosterone synthesis results, with a 
2.44-fold change in the median-dose (0.5 μM) exposure group and a 
1.43-fold change in the high-dose (5 μM) group. Considering that 
17β-HSD is responsible for the conversion of ASD to testosterone and its 
upstream gene expression inhibition, we inferred that arsenic low-dose 
stimulation corresponds to a negative feedback compensation mecha-
nism that counterbalances the arsenic-induced inhibition of gene 
expression of steroidogenic enzymes to maintain constant sex hormone 
homeostasis. We recognize that this hypothesis needs to be confirmed in 
further studies. 

When synthetic testosterone reaches the blood circulatory system, 
testosterone and other sex hormones are bound to binding proteins. In 
men, approximately 60% of testosterone is combined with SHBG, 
approximately 40% is bound to albumin, and only 2% presents as bio-
logically active free testosterone (Rabijewski and Zgliczyński, 2009). 
SHBG is involved in regulating sex hormone transport, distribution, 
metabolism, and bioavailability (Goldman et al., 2017). Heavy metals, 
including arsenic exposure, interact with SHBG, as reported in a previ-
ous study (Hsieh et al., 2008; Rotter et al., 2016). In the present popu-
lation study, we found a positive association between urinary 
creatinine-adjusted arsenic and serum SHBG but no association be-
tween urinary arsenic and serum bioavailable testosterone (data not 
shown). It is likely that arsenic exposure affects serum hormone binding, 
transport and elimination homeostasis. Regarding hormone binding in 
serum and elimination in urine, a related study indicated that physical 
exercise may have an influence on the elimination of androgenic hor-
mones, mainly relying on changes in their transport protein, SHBG 
(Maynar et al., 2010). In line with these results, arsenic exposure was 
associated with increased sex hormone urinary elimination and the ratio 
of urinary hormones to serum hormones in the present study. Given that 
MRPs are involved in eliminating conjugated arsenic metabolites and 
androgen from hepatocytes into urine (Järvinen et al., 2020), we cannot 
exclude the possibility that the arsenic urinary elimination process 
directly accelerates hormone urinary excretion. Meanwhile, arsenic was 
positively associated with urinary androgen hormone excretion, which 
has been confirmed in general Polish and Chinese population untargeted 
urinary metabolomics studies (Kozłowska et al., 2019; Zhang et al., 
2014). Once again, the arsenic exposure levels in previous Polish 
(arithmetic mean: 151.71 μg/L for high exposure vs 16.91 μg/L low 
exposure) and Chinese populations (range: 4.79–25.01 μg/g creatinine 
for first quintile exposure vs 46.18–99.42 μg/g creatinine for fifth 
quintile exposure) were similar to our present study [range: 6.1–21 μg/g 
creatinine with for lowest quartile exposure (arithmetic mean: 24 μg/g) 
vs 39–194 μg/g creatinine highest quartile exposure (arithmetic mean: 
70 μg/g)]. It is worth pointing out that in accordance with entire pop-
ulation results (Wang et al., 2016c), the present subset study concen-
trations of arsenic and creatinine-adjusted arsenic in repeated urine 
samples showed excellent reproducibility (ICCs = 0.78 and 0.85, 
respectively), indicating that urinary As was relatively stable within a 
given day. However, in another variability study that collected spot 
samples on 8 days over 3 months, the serial measurements of arsenic 
showed poor reproducibility over periods of weeks and months 
(ICC = 0.19). In other words, although the collection of repeated urine 
samples from each study participant improved the classification, expo-
sure misclassification is still likely due to the availability of only two 
spot urine samples for each subject and their high within-person vari-
ability over periods of weeks or months (Wang et al., 2016a). Based on 
the serum and urine hormone results, we hypothesized that environ-
mentally relevant arsenic exposure was able to stimulate testicular 
Leydig cell sex hormone biosynthesis via a negative feedback compen-
sation mechanism and further accelerate urinary sex hormone elimina-
tion through SHBG regulation to maintain constant sex hormone levels 
in the blood. 
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This study had several strengths. First, to the best of our knowledge, 
this was the first study integrating epidemiological and in vitro studies to 
evaluate the association of arsenic exposure and sex hormone levels. In 
vitro results might elucidate the potential causal associations. In addi-
tion, repeated measures of urinary arsenic more accurately reflect 
exposure levels. Moreover, urinary hormone excretion provides com-
plementary strategies for arsenic endocrine disruption assessment. 
Finally, the relatively large study size reduced the probability of falsely 
significant results. 

However, some limitations of our study should be considered. First, 
only in vitro MLTC-1 Leydig cell exposure experiments were conducted 
in this study, which lacked hypothalamic-pituitary-testis axis in-
teractions, limiting a comprehensive assessment of hormone responses 
to arsenic exposure. Animal arsenic exposure studies will help elucidate 
the underlying mechanism. In addition, we only detected the total 
arsenic concentration for exposure assessment, whereas inorganic and 
organic species vary in their toxicity. Therefore, due to the lack of 
speciation analysis for arsenic, we were unable to distinguish the pre-
dominantly toxic arsenic species in our study population. Moreover, 
although the overall intra-individual variability in sex hormone levels 
appears to be primarily attributable to individual specific environmental 
factors, sex hormones such as testosterone also vary in accordance with 
their diurnal rhythm (Diver et al., 2003). Repeated sampling measure-
ment of free testosterone over the course of a day may be necessary to 
establish reliable and robust overall hormone levels (Bird et al., 2016). 
In the present study, repeated urine samples were pooled equally for 
hormone determination to decrease variability to some extent. Howev-
er, we cannot exclude other factors contributing to urinary variability 
over long periods. Finally, our study participants were recruited from an 
infertility clinic. Such a study design may have resulted in the inclusion 
of more subfertile men; thus, it is unclear whether extrapolation of our 
findings to the general population can be made. 

5. Conclusion 

In conclusion, the present study showed that urinary arsenic con-
centrations were significantly associated with increased urinary sex 
hormone excretion in reproductive-aged men. In vitro Leydig cell 
exposure experiments confirmed that environmental low-dose arsenic 
exerted a stimulatory effect on steroidogenesis. These findings extend 
the previous knowledge of arsenic exposure inversely associated with 
sex hormones when these hormones are assumed to be the cause of anti- 
androgens. Moreover, compared with blood sex hormones, urinary 
hormone excretion is more sensitive to the response to environmentally 
relevant arsenic exposure, and urine matrices could be an ideal tool for 
noninvasive endocrine disruption assessment. 
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