Environmental Science and Pollution Research (2023) 30:69628-69638
https://doi.org/10.1007/s11356-023-27384-5

RESEARCH ARTICLE q

Check for
updates

Association of blood metals with serum sex hormones in adults:
A cross-sectional study

Qiongshan Liu' - Shijian Hu? - Fufang Fan' - Zhixiang Zheng' - Xinye Zhou? - Yuanfeng Zhang*

Received: 16 January 2023 / Accepted: 28 April 2023 / Published online: 4 May 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Heavy metals such as lead, mercury, and cadmium have been identified to have negative impacts on human health. Although
the individual effects of these metals have been extensively researched, the present study aims to explore their combined
effects and their association with serum sex hormones among adults. Data for this study were obtained from the general adult
population of the 2013-2016 National Health and Nutrition Survey (NHANES) and included five metal (mercury, cadmium,
manganese, lead, and selenium) exposures and three sex hormones (total testosterone [TT], estradiol [E2], and sex hormone-
binding globulin [SHBG]) levels. The free androgen index (FAI) and TT/E2 ratio were also calculated. The relationships
between blood metals and serum sex hormones were analysed using linear regression and restricted cubic spline regression.
The effect of blood metal mixtures on sex hormone levels was examined using the quantile g-computation (qgcomp) model.
There were 3,499 participants in this study, including 1,940 males and 1,559 females. In males, positive relationships between
blood cadmium and serum SHBG ($=0.049 [0.006, 0.093]), lead and SHBG ($=0.040 [0.002, 0.079]), manganese and FAI
(B=0.080[0.016, 0.144]), and selenium and FAI (p=0.278 [0.054, 0.502]) were observed. In contrast, manganese and SHBG
(B=-0.137 [-0.237, -0.037]), selenium and SHBG (f=-0.281 [-0.533, -0.028]), and manganese and TT/E2 ratio (f=-0.094
[-0.158, -0.029]) were negative associations. In females, blood cadmium and serum TT ($=0.082 [0.023, 0.141]), manganese
and E2 (=0.282 [0.072, 0.493]), cadmium and SHBG ($=0.146 [0.089, 0.203]), lead and SHBG (p=0.163 [0.095, 0.231]),
and lead and TT/E2 ratio (f=0.174 [0.056, 0.292]) were positive relationships, while lead and E2 (=-0.168 [-0.315, -0.021])
and FAI (p=-0.157 [-0.228, -0.086]) were negative associations. This correlation was stronger among elderly women (>50
years old). The qgcomp analysis revealed that the positive effect of mixed metals on SHBG was mainly driven by cadmium,
while the negative effect of mixed metals on FAI was mainly driven by lead. Our findings indicate that exposure to heavy
metals may disrupt hormonal homeostasis in adults, particularly in older women.
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Introduction
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Heavy metals are ubiquitous environmental pollutants found
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should be considered co-first authors. to heavy metals has been linked to several human diseases,
50 Yuanfeng Zhang such as cardiovascular disease, renal insufficiency, diabe-

stone_405@163.com tes, and cancer (Rehman et al. 2018). Furthermore, heavy

metals are known endocrine-disrupting chemicals, which
can interfere with the normal functioning of the endocrine
system (lavicoli et al. 2009). However, the relationship
between metal exposure and sex hormone levels remains
poorly understood (Rami et al. 2022). Tao et al. addressed
this knowledge gap by investigating the association between
fourteen urinary heavy metals and three serum sex ster-
oid hormones (Tao et al. 2021). They employed a subject
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component analysis-weighted quantile and regression (PCA-
WQSR) model and found that the mixture of industrial metal
pollutants was negatively associated with oestradiol (E2) in
females, while the mixture of water metal pollutants was
negatively related to sex hormone binding globulin (SHBG)
in males.

Sex steroid hormones, including androgens and estro-
gens, are crucial components of the hypothalamic-pituitary-
gonadal (HPG) axis and have a significant impact on human
health (Heck & Handa 2019, Pillerova et al. 2021). Total
testosterone (TT) plays a crucial role in testicular endocri-
nology and spermatogenesis (Finkelstein et al. 2013). E2 is
closely related to human sexual development and reproduc-
tive function (Kumar et al. 2018). SHBG is a plasma glyco-
protein that regulates plasma-free sex hormone levels (Bond
& Davis 1987). In addition, sex hormones play a vital role in
bone metabolism (Riggs 2000), muscle strength (Cigarran
et al. 2013) and metabolism (Kelly & Jones 2013). However,
disruption of sex steroid hormones can have adverse effects
on the human body, such as diabetes (Gianatti & Grossmann
2020), metabolic syndrome (Banos et al. 2011), cardiovascu-
lar disease (Cunningham 2015) and cancer (Flores-Ramirez
et al. 2019).

Several metals, such as lead, arsenic, mercury, and cad-
mium, are known to be toxic even at low concentrations
(Singh et al. 2011). These metals frequently co-occur in the
natural environment, and their interactions can be synergis-
tic or antagonistic. Moreover, the individual effects of each
metal cannot fully explain the onset and progression of dis-
eases associated with metal exposure. In light of these fac-
tors, the present study aimed to investigate the relationship
between exposure to a mixture of blood metals and serum
sex hormone levels using data from the US National Health
and Nutrition Examination Survey (NHANES) of adults.
Specifically, we examined the association of five blood met-
als, namely mercury, manganese, lead, cadmium, and sele-
nium, and their mixtures to better understand the potential
impact of metal exposure on serum sex hormone levels.

Materials and methods
Study population

The NHANES aimed to assess the health and nutritional
status of adults and children in the United States. This
study included extensive interviews, physical examina-
tions, and laboratory tests. All data can be downloaded
from the official website (https://www.cdc.gov/nchs/
nhanes). The Centers for Disease Control and Prevention
(CDC) Research Ethics Review Board approved the pro-
ject, and all participants gave informed consent.

The representative data from NHANES 2013-2016 were
analyzed in this study. We enrolled eligible participants aged
>18 who had complete data on blood metals and serum sex
hormones. Women who had their ovaries removed, were
pregnant, or were breastfeeding were also not eligible for
this study. Participants who used sex hormones were like-
wise excluded, both for male and female.

Assessment of blood metals

The CDC mainly used inductively coupled plasma dynamic
reaction cell mass spectrometry (ICP-DRC-MS) to analyse
the metal levels of the participants (Duan et al. 2020). Mer-
cury, cadmium, manganese, lead, and selenium were among
the five heavy metals that were the focus of our research.
We determined the level of concentration as well as the dis-
tribution of these heavy metals throughout the blood. The
lower limit of detection (LOD) of blood mercury, cadmium,
manganese, lead, and selenium was 0.28 pg/L, 0.10 pg/L,
0.99 pg/L, 0.07 pg/L, and 24.48 pg/L, respectively. All con-
centrations below the LODmax were substituted with a value
of LODmax divided by a square root of two.

Assessment of serum sex hormones

Serum samples were collected in a Mobile Examination
Centre (MEC) and stored at -20°C until analysis to avoid
degradation of the specimen. Three typical sex hormones,
including TT, E2 and SHBG, were quantified in the serum
samples. TT and E2 levels in serum were measured using
isotope dilution liquid chromatography-tandem mass spec-
trometry (ID-LC-MS/MS). SHBG levels in serum were
measured using an immunoassay. The LOD of TT, E2 and
SHBG was 0.75 ng/ml, 2.99 pg/ml and 0.80 nmol/L, respec-
tively. The free androgen index (FAI) was calculated as
[(TT/SHBG) x 100], representing the serum-free testoster-
one level that can act in combination with the receptor (Wei
et al. 2020). The TT/E2 ratio was calculated as total testos-
terone/total oestrogen and represented aromatase activity.

Covariates

Information on baseline data through the NHANES was col-
lected, including age (<50 or >50 years old), race/ethnicity
(Mexican American, other Hispanic, non-Hispanic White,
non-Hispanic Black, or other race), education level (below
high school, high school, or above high school). Body mass
index (BMI) status was divided into normal or underweight
(<25.0 kg/mz), overweight (25.0-29.9 kg/mz), and obese
(>29.9 kg/m?). Poverty was assessed using the poverty
income ratio (PIR) and defined according to a cutoff PIR of
<1 for a given family (Hu et al. 2021). Never smokers were
classified as those who reported smoking <100 cigarettes

@ Springer


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

69630

Environmental Science and Pollution Research (2023) 30:69628-69638

during their lifetime. Those who smoked >100 cigarettes
in their lifetime were considered as current smokers, and
those who smoked >100 cigarettes and had quit smoking
were considered as former smokers (Qiu et al. 2022). Drink-
ing status was classified as nondrinker, low-to-moderate
drinker (<2 drinks/day in men and <1 drink/day in women),
or heavy drinker (>2 drinks/day in men and >1 drinks/day
in women) (Qiu et al. 2022). To control for circadian and
seasonal effects on hormone secretion, we included a six-
month time period (November 1 through April 30, or May
1 through October 31), and time of blood draw (morning,
afternoon, or evening) as covariates.

Statistical analysis

The categorical variables were presented as numbers (per-
centages) and compared using the chi-square test. Taking
into account the considerable disparities between male and
female sex hormone levels, participants were divided by
gender. The blood metals and serum sex hormones were
In-transformed to normalize their distributions. The concen-
trations and the distributions of blood metals and serum sex
hormones were analysed. Spearman correlation was used to
calculate the correlation coefficients among blood metals
and serum sex hormones.

The linear regression model was used to calculate
adjusted p-coefficients and 95% confidence intervals (Cls)
to assess the serum sex hormones associated with blood
metals. We also grouped the participants with blood metals
based on tertiles, and the reference category was considered
the lowest tertile. Restricted cubic spline (RCS) was used to
investigate potential dose-response relationships with three
knots (10th, 50th, and 90th). Because sex hormone levels
differed between young and older women, we stratified the
female participants according to age (<50 or >50 years old).

The quantile g-computation model combines the inferen-
tial simplicity of weighted quantile sum (WQS) regression
with the flexibility of g-computation and allows inference
on unbiased mixture effects with appropriate CI coverage
(Scinicariello & Buser 2016). The quantile g-computation
model allows the weights to move in either direction, sug-
gesting that some exposures may be beneficial and some may
be harmful (Schmidt 2020). The parameter q, which stands for
the supplied quantile, was set to 10. We used 1000 bootstrap
iterations to compute the confidence intervals (ClIs). The R
package "qgcomp" was utilized to obtain each mixture com-
ponent's positive and negative weight coefficients.

All models were adjusted for age (<50 or >50), race/
ethnicity (Mexican American, other Hispanic, non-Hispanic
White, non-Hispanic Black, or other race), education level
(below high school, high school, or above high school),
family poverty income ratio (<1.0 or >1.0), smoking status
(never smoker, former smoker, or current smoker), drinking
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status (nondrinker, low-to-moderate drinker, or heavy
drinker), BMI (<25.0, 25.0-29.9, or >29.9), six-month time
period (November 1 through April 30, or May 1 through
October 31), time of blood draw (morning, afternoon, or
evening). All statistical analyses were performed using R
software (version 4.2.0), and two-sided P<0.05 was consid-
ered statistically significant.

Results
Baseline characteristics of participants

There was a total of 20,146 participants from NHANES
2013-2016. Among them, those with missing data on serum
sex hormones and five blood metals (n=12,696), age < 18
(n=2,516), ovary removed (n=246), sex hormone usage
(n=171), pregnant women (n=20), breastfeeding women
(n=30), and missing data on any covariate (n=968) were
excluded (Figure S1).

A total of 3,449 adults were included in this study, and
their baseline characteristics are shown in Table 1. 53.87%
of participants were <50 years old. Non-Hispanic White
accounted for 39.5% of the total study group. 54.76% of
participants completed more than high school education.
78.14% of participants reported a family poverty income
ratio >1.0. 56.13% of participants never reported smoking
and 71.16% reported low-to-moderate drinking. 39.01% of
participants were obese (>29.9 kg/m?). The participants
included 1,940 males and 1,559 females. The distribution
of the two groups did not differ among age, race, education
level, six-month time period, and time of blood draw. The
male population had higher rates of poverty, non-smoking,
non-drinking and obesity (P<0.001).

Distribution of blood metals and serum sex
hormones

The frequency of detection was above 70% for all blood
metals (Table S1), including mercury (74.4%), cadmium
(72.7%), manganese (100%), lead (100%), and selenium
(100%). The geometric mean (GM) of blood mercury, cad-
mium, manganese, lead, and selenium in males was 0.81
pg/L, 0.25 pg/L, 8.66 pg/L, 1.06 pg/L, and 198.03 pg/L,
respectively. The GM of blood mercury, cadmium, manga-
nese, lead, and selenium in females was 0.79 pg/L, 0.34
pg/L, 10.03 pg/L, 0.82 pg/L, and 192.45 pg/L, respectively
(Table S2). No strong correlation was found among the
blood metals (Figure S2), except that a relatively weak cor-
relation was observed between lead and cadmium (r = 0.36).

We also analyzed the distribution of serum sex hor-
mones in all participants (Table S2). The GM of TT, E2,
SHBG, FAI, and TT/E2 ratio in males was 384.35 ng/dl,
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Table 1_ Baselir}e characteristics Characteristics Total (n=3449) Male (n=1940) Female (n=1559) P value
of participants in NHANES
2013-2016 Age, n (%) 0.300
<50 years 1885 (53.87) 865 (56.61) 1020 (58.55)
>50 years 1614 (46.13) 694 (43.39) 920 (41.45)
Race/ethnicity, n (%) 0.140
Mexican American 558 (15.95) 276 (9.48) 282 (8.93)
Other Hispanic 390 (11.15) 192 (6.04) 198 (5.95)
Non-Hispanic White 1382 (39.5) 582 (64.54) 800 (66.92)
Non-Hispanic Black 673 (19.23) 300 (12.12) 373 (9.64)
Other race 496 (14.18) 209 (7.81) 287 (8.56)
Education level, n (%) 0.750
Below high school 769 (21.98) 349 (14.48) 420 (13.99)
High school 814 (23.26) 345 (21.61) 469 (22.86)
Above high school 1916 (54.76) 865 (63.92) 1051 (63.15)
Poverty, n (%) <0.001
No 2734 (78.14) 1184 (83.24) 1550 (87.25)
Yes 765 (21.86) 375 (16.76) 390 (12.75)
Smoking status, n (%) <0.001
Never smoker 1964 (56.13) 1038 (61.69) 926 (50.87)
Former smoker 854 (24.41) 267 (21.61) 587 (29.89)
Current smoker 681 (19.46) 254 (16.70) 427 (19.24)
Drinking status, n (%) <0.001
Nondrinker 736 (21.03) 463 (22.50) 273 (11.13)
Low-to-moderate drinker 2490 (71.16) 991 (67.35) 1499 (78.52)
Heavy drinker 273 (7.8) 105 (10.15) 168 (10.35)
Body mass index, n (%) <0.001
<25.0 kg/m2 970 (27.72) 438 (27.87) 532 (25.15)
25.0-29.9 kg/m2 1164 (33.27) 419 (28.85) 745 (38.76)
>29.9 kg/m2 1365 (39.01) 702 (43.28) 663 (36.08)
Time of blood draw, n (%) 0.430
Morning 1662 (47.5) 754 (48.98) 908 (47.32)
Afternoon 1278 (36.52) 550 (34.00) 728 (36.37)
Evening 559 (15.98) 255 (17.02) 304 (16.31)
Six month time period when exam- 0.160
ined, n (%)
November 1 through April 30 1738 (49.67) 751 (43.07) 987 (45.90)
May 1 through October 31 1761 (50.33) 808 (56.93) 953 (54.10)

Categorical variables are presented as numbers (percentages). N reflect the study sample while percent-
ages reflect the survey-weighted. Chi-square test was used to test the distributions of categorical variables

between male and female groups

23.04 pg/ml, 37.58 nmol/L, 1022.64, and 16.68, respec-
tively. The mean concentration of TT, E2, SHBG, FAI,
and TT/E2 ratio in females was 20.35 ng/dl, 23.81 pg/ml,
58.31 nmol/L, 34.91, and 0.86, respectively. The Spear-
man correlation of serum sex hormones is shown in Figure
S2. We observed a strong correlation between TT and FAI
(r=0.84) and a significant correlation between TT and TT/
E2 (r=0.83). There was a negative correlation between
SHBG and FAI (r=-0.58), and a significant positive cor-
relation between FAI and TT/E2 (r=0.73).

Associations between blood metals and serum sex
hormones

Table 2 shows the results of the linear regression analysis of
blood metals with serum sex hormones. In males, we found
that blood cadmium and serum SHBG ($=0.049 [0.006,
0.093]; P=0.028), lead and SHBG ($=0.040 [0.002, 0.079];
P=0.043), manganese and FAI ($=0.080 [0.016, 0.144];
P=0.018), and selenium and FAI ($=0.278 [0.054, 0.502];
P=0.008) were positive relationships, whereas manganese
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Table 2 Adjusted associations
between blood metals (ug/dL)

Males (n=1940)

Females (n=1559)

and sex hormones by linear B (95%CI) P value B (95%CI) P value

regression
TT
Mercury 0.008 (-0.015, 0.032) 0.447 0.021 (-0.018, 0.061) 0.264
Cadmium 0.009 (-0.033, 0.051) 0.642 0.082 (0.023, 0.141) 0.010
Manganese -0.057 (-0.128, 0.015) 0.110 0.076 (-0.025, 0.178) 0.126
Lead 0.009 (-0.030, 0.048) 0.616 0.007 (-0.073, 0.086) 0.860
Selenium -0.003 (-0.174, 0.169) 0.974 -0.094 (-0.401, 0.214) 0.520
E2
Mercury -0.006 (-0.026, 0.014) 0.512 0.015 (-0.087, 0.117) 0.755
Cadmium 0.017 (-0.022, 0.056) 0.357 0.016 (-0.124, 0.155) 0.813
Manganese 0.037 (-0.044, 0.118) 0.335 0.282 (0.072, 0.493) 0.013
Lead 0.002 (-0.034, 0.039) 0.891 -0.168 (-0.315, -0.021) 0.029
Selenium 0.057 (-0.148, 0.263) 0.556 -0.370 (-1.016, 0.277) 0.236
SHBG
Mercury 0.019 (-0.012, 0.050) 0.200 0.009 (-0.032, 0.051) 0.635
Cadmium 0.049 (0.006, 0.093) 0.028 0.146 (0.089, 0.203) <0.001
Manganese -0.137 (-0.237, -0.037) 0.011 0.074 (-0.037, 0.186) 0.173
Lead 0.040 (0.002, 0.079) 0.043 0.163 (0.095, 0.231) <0.001
Selenium -0.281 (-0.533, -0.028) 0.032 -0.274 (-0.567, 0.018) 0.064
FAI
Mercury -0.011 (-0.040, 0.018) 0.432 0.012 (-0.033, 0.057) 0.568
Cadmium -0.040 (-0.081, 0.001) 0.051 -0.064 (-0.139, 0.011) 0.086
Manganese 0.080 (0.016, 0.144) 0.018 0.002 (-0.150, 0.154) 0.975
Lead -0.031 (-0.075, 0.014) 0.155 -0.157 (-0.228, -0.086) <0.001
Selenium 0.278 (0.054, 0.502) 0.019 0.181 (-0.153, 0.515) 0.261
TT/E2 ratio
Mercury 0.015 (-0.011, 0.041) 0.244 0.006 (-0.085, 0.098) 0.881
Cadmium -0.008 (-0.046, 0.030) 0.653 0.067 (-0.077, 0.210) 0.331
Manganese -0.094 (-0.158, -0.029) 0.008 -0.206 (-0.431, 0.019) 0.069
Lead 0.007 (-0.036, 0.050) 0.737 0.174 (0.056, 0.292) 0.007
Selenium -0.06 (-0.283, 0.163) 0.570 0.276 (-0.243, 0.795) 0.270

TT, total testosterone; E2, estradiol; SHBG, sex hormone binding globulin; FAI, free androgen index.
Models were adjusted for age (<50, or >50), race/ethnicity (Mexican American, other Hispanic, non-His-
panic White, non-Hispanic Black, or other race), education level (below high school, high school, or above
high school), family poverty income ratio (<1.0, or >1.0), smoking status (never smoker, former smoker,
or current smoker), drinking status (nondrinker, low-to-moderate drinker, or heavy drinker), BMI (<25.0,
25.0-29.9, or >29.9), six-month time period (November 1 through April 30, or May 1 through October 31),
time of blood draw (Morning, Afternoon, or Evening)

and SHBG (p=-0.137 [-0.237, -0.037]; P=0.011), selenium
and SHBG (p=-0.281 [-0.533, -0.028]; P=0.032), and
manganese and TT/E2 ratio (p=-0.094 [-0.158, -0.029];
P=0.008) were negative associations. In females, blood cad-
mium and serum TT (f=0.082 [0.023, 0.141]; P=0.010),
manganese and E2 ($=0.282 [0.072, 0.493]; P=0.013), cad-
mium and SHBG ($=0.146 [0.089, 0.203]; P<0.001), lead
and SHBG (p=0.163 [0.095, 0.231]; P<0.001), and lead
and TT/E2 ratio (p=0.174 [0.056, 0.292]; P=0.007) were
positive relationships, while lead and E2 (p=-0.168 [-0.315,
-0.021]; P=0.029) and FAI (p=-0.157 [-0.228, -0.086];
P<0.001) were negative associations. Similarly, consistent
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associations of blood metals with sex hormones were also
detected across tertiles of exposure (Table S3).

To explore the dose-response relationship between metal
exposure and serum sex hormones, the exposure-response
curves of each serum sex hormone stratified by sex were
shown graphically in Fig. 1. In males, RCS analysis showed
that blood cadmium and lead were linearly and positively
correlated with E2, and manganese was linearly and nega-
tively correlated with TT/E2 ratio. In addition, blood cad-
mium levels and serum E2 (P for nonlinearity [Py, ]=0.035),
blood manganese levels and serum SHBG (Py; = 0.008) and
FAI (Py; <0.001), blood selenium levels and serum SHBG
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TT, manganese and E2, lead and SHBG were linear and
positive associations, while lead was linearly and negatively
correlated with FAI. Furthermore, blood cadmium levels
and serum SHBG (Py; =0.029), blood manganese levels and
serum SHBG (Py; =0.030) and TT/E2 ratio (Py;=0.009),

3 7
Ln (Lead, pg/dL)

B B3 B3
Ln (Selenium, pg/dL)

status (never smoker, former smoker, or current smoker),

drinking status (nondrinker, low-to-moderate drinker, or heavy
drinker), BMI (<25.0, 25.0-29.9, or >29.9), six-month time period
(November 1 through April 30, or May 1 through October 31), time
of blood draw (Morning, Afternoon, or Evening)

blood lead levels and serum E2 (Py;=0.041) and TT/E2
ratio (Pyn;=0.003), and blood selenium levels and TT/E2
ratio (Py; =0.015) were non-linear relationships, with inflec-
tion points of 0.38, 10.23, 10.23, 0.87, 0.87, and 193.06
pg/L, respectively.

As female reproductive function typically declines sig-
nificantly with age, we further investigated whether the
association between metal exposure and sex hormones
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differed by age group (Table 3). In both age groups, cad-
mium and lead were positively associated with SHBG
and lead was negatively associated with FAI. We also
found a positive association between cadmium and TT
(p=0.186 [0.083, 0.290]; P=0.002) and a negative asso-
ciation between lead and E2 (f=-0.242 [-0.374, -0.109];
P=0.002) in females >50 years old only. In addition, in
older women, cadmium was positively associated with
TT/E2 ratio (f=0.271 [0.073, 0.470]; P=0.011), and lead
was also positively associated with TT/E2 ratio (f=0.321
[0.180, 0.462]; P<0.001).

The adverse association of the mixture of blood
metals with serum sex hormones.

The associations between the mixed metal exposures and sex
hormones are presented in Table 4. In the ggcomp model,
we found that mixed metal exposure was positively associ-
ated with SHBG (f=0.044 [0.025, 0.063]; P<0.001) and
inversely associated with FAI (f=-0.027 [-0.053, -0.002];
P=0.034) in females. The estimated weights of the blood
metal-sex hormone associations for the male and female
groups were shown in Figure S3 and Figure S4. Cadmium

Table 3 Adjusted associations
between blood metals (ug/dL)

<50 years old (n = 865)

>50 years old (n = 694)

and sex hormones in females of B (95%CT) P value B (95%CT) P value

different age groups by linear

regression TT
Mercury 0.019 (-0.022, 0.059) 0.338 0.020 (-0.053, 0.094) 0.564
Cadmium 0.025 (-0.043, 0.094) 0.440 0.186 (0.083, 0.290) 0.002
Manganese -0.001 (-0.143, 0.141) 0.989 0.172 (-0.010, 0.355) 0.062
Lead -0.044 (-0.135, 0.046) 0.311 0.079 (-0.035, 0.194) 0.158
Selenium -0.081 (-0.355, 0.194) 0.537 -0.186 (-0.614, 0.241) 0.364
E2
Mercury -0.071 (-0.170, 0.027) 0.142 0.142 (-0.067, 0.352) 0.167
Cadmium 0.085 (-0.061, 0.232) 0.231 -0.085 (-0.266, 0.096) 0.329
Manganese 0.228 (-0.104, 0.560) 0.161 0.340 (-0.032,0.712) 0.070
Lead -0.092 (-0.291, 0.106) 0.334 -0.242 (-0.374, -0.109) 0.002
Selenium -0.805 (-1.759, 0.149) 0.091 0.088 (-1.011, 1.187) 0.865
SHBG
Mercury 0.004 (-0.039, 0.046) 0.845 0.010 (-0.058, 0.079) 0.752
Cadmium 0.123 (0.055, 0.191) 0.002 0.191 (0.077, 0.305) 0.003
Manganese 0.104 (-0.025, 0.233) 0.106 0.041 (-0.147, 0.229) 0.647
Lead 0.128 (0.056, 0.200) 0.002 0.212 (0.124, 0.300) <0.001
Selenium -0.205 (-0.529, 0.119) 0.194 -0.479 (-0.926, -0.031) 0.038
FAI
Mercury 0.015 (-0.033, 0.062) 0.517 0.010 (-0.059, 0.078) 0.760
Cadmium -0.098 (-0.177, -0.019) 0.019 -0.005 (-0.125, 0.115) 0.926
Manganese -0.105 (-0.285, 0.076) 0.232 0.131 (-0.126, 0.388) 0.289
Lead -0.173 (-0.270, -0.075) 0.002 -0.133 (-0.226, -0.040) 0.009
Selenium 0.125 (-0.317, 0.567) 0.552 0.292 (-0.131, 0.715) 0.159
TT/E2 ratio
Mercury 0.090 (-0.017, 0.196) 0.091 -0.122 (-0.300, 0.056) 0.162
Cadmium -0.060 (-0.205, 0.085) 0.386 0.271 (0.073, 0.470) 0.011
Manganese -0.229 (-0.548, 0.089) 0.144 -0.168 (-0.559, 0.223) 0.371
Lead 0.048 (-0.114, 0.210) 0.535 0.321 (0.180, 0.462) <0.001
Selenium 0.725 (-0.153, 1.602) 0.098 -0.274 (-1.197, 0.649) 0.532

TT, total testosterone; E2, estradiol; SHBG, sex hormone binding globulin; FAI, free androgen index.
Models were adjusted for race/ethnicity (Mexican American, other Hispanic, non-Hispanic White, non-
Hispanic Black, or other race), education level (below high school, high school, or above high school),
family poverty income ratio (<1.0, or >1.0), smoking status (never smoker, former smoker, or current
smoker), drinking status (nondrinker, low-to-moderate drinker, or heavy drinker), BMI (<25.0, 25.0-29.9,
or >29.9), six-month time period (November 1 through April 30, or May 1 through October 31), time of

blood draw (Morning, Afternoon, or Evening)
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Table 4 Qgcomp regression to Males (n=1940) Females (n=1559)

assess the adverse association

of the mixture of blood metals B (95%CI) P value B (95%CI) P value

with sex hormones
TT 0.004 (-0.011, 0.019) 0.574 0.016 (-0.005, 0.038) 0.137
E2 0.011 (-0.002, 0.023) 0.091 -0.018 (-0.057, 0.021) 0.357
SHBG 0.004 (-0.011, 0.020) 0.571 0.044 (0.025, 0.063) <0.001
FAI -0.001 (-0.015, 0.015) 0.976 -0.027 (-0.053, -0.002) 0.034
TT/E2 ratio -0.006 (-0.020, 0.007) 0.341 0.034 (-0.002, 0.071) 0.062

CI: confidence interval; Qgcomp, Quantile g-computation; TT, total testosterone; E2, estradiol; SHBG, sex
hormone binding globulin; FAI, free androgen index

Qgcomp regression model was adjusted as age (<50, or >50), race/ethnicity (Mexican American, other
Hispanic, non-Hispanic White, non-Hispanic Black, or other race), education level (below high school,
high school, or above high school), family poverty income ratio (<1.0, or >1.0), smoking status (never
smoker, former smoker, or current smoker), drinking status (nondrinker, low-to-moderate drinker, or heavy
drinker), BMI (<25.0, 25.0-29.9, or >29.9), six-month time period (November 1 through April 30, or May
1 through October 31), time of blood draw (Morning, Afternoon, or Evening)

was the primary metal associated with positive SHBG in
females (weight=0.506). At the same time, lead was the key
factor associated with lower FAI in females (weight=0.778),
which is consistent with the results of multivariate linear
regression analysis.

Discussion

This cross-sectional study of an adult population provides
evidence of a link between exposure to heavy metals and sex
hormones. Our study included 3,449 adults. Among males,
we observed positive associations between blood cadmium
and SHBG, lead and SHBG, manganese and FAI, and sele-
nium and FAI In contrast, we found negative associations
between manganese and SHBG, selenium and SHBG, and
manganese and TT/E2. Among females, we found positive
associations between blood cadmium and serum TT, man-
ganese and E2, cadmium and SHBG, lead and SHBG, and
lead and TT/E2. However, we found negative associations
between lead and E2, and between lead and FAI. These asso-
ciations were more pronounced in women over the age of
50. Our qgcomp analysis revealed that cadmium was the
primary contributor to the positive correlation between the
metal mixture and SHBG in females, while lead was the
primary contributor to the negative correlation between the
metal mixture and FAI

Testosterone plays a crucial role in human health, not
only in reproduction but also in cardiovascular, physical,
and cognitive function (Morgentaler et al. 2019). The major-
ity of testosterone in the bloodstream is bound to SHBG,
and only free testosterone can bind to androgen receptors
to exert biological effects (Goldman et al. 2017). Telisman
et al. investigated the relationship between metal exposure
and sex hormones in males and demonstrated that cadmium
and lead could synergistically increase serum testosterone

levels (Telisman et al. 2007). This observation was con-
sistent with that of Lewis and Meeker (Lewis & Meeker
2015). However, our study found only a positive association
between cadmium and TT in females. This finding is consist-
ent with that of Ali et al., who reported a similar positive
association in postmenopausal females from Sweden (Ali
et al. 2014). Rotter et al. suggested that cadmium and lead
have a negative impact on bioavailable testosterone levels in
males (Rotter et al. 2016). However, our study only found a
negative association between lead and FAI in females. Mag-
gio et al. observed a correlation between TT and manganese
in older males, and our study also found a positive correla-
tion between FAI and manganese in females (Maggio et al.
2011). Furthermore, a clinical trial showed that magnesium
supplementation increased TT and FAI levels in humans
(Cinar et al. 2011).

There is mounting evidence that E2 plays a crucial role
in reproductive function, bone growth, glucose metabolism,
and vasodilation (Russell & Grossmann 2019). Our study
only found a positive association between E2 and manganese
and a negative association between E2 and lead in females.
Agusa et al. reported a positive association between blood
mercury and E2, which was not observed in our study
(Agusa et al. 2007). Furthermore, studies have suggested
that E2 dysregulation may be a risk factor for metabolic
diseases in postmenopausal females (Wang et al. 2021).
Urinary cadmium in postmenopausal females was signifi-
cantly negatively associated with E2, and similar results
were found in animal studies (Ali et al. 2014, Nasiadek et al.
2018). However, in our analysis, lead and manganese were
identified as disruptors of E2. Lead could regulate E2 in
female rats by altering the synthesis or secretion of serum
insulin-like growth factor-1 (IGF-1) (Dearth et al. 2002).
Additionally, lead could interfere with E2 synthesis in mice
by downregulating the expression of steroid acute regulatory
protein (StAR) (Srivastava et al. 2004). Moreover, our study
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found that lead was positively correlated with TT/E2 ratio
in females, while manganese was negatively correlated with
TT/E2 ratio in males. This suggests that lead and manganese
may alter serum E2 levels by affecting aromatase activity.

SHBG, a liver-secreted protein, is involved in the regula-
tion of sex steroid hormone bioavailability (Simo et al. 2015)
and plays a significant role in the metabolic clearance of
TT and E2 (Selby 1990). SHBG serum concentrations are
influenced by various factors and display substantial inter-
individual variability (Allen et al. 2002). Our study observed
positive correlations between SHBG and cadmium and lead
levels in males and females, respectively, and negative cor-
relations between SHBG and manganese and selenium levels
in males. Kresovich et al. also reported positive associations
between SHBG and lead and cadmium exposure in males
(Kresovich et al. 2015) , which aligns with our findings.
Exposure to cadmium and lead has been shown to interfere
with human endocrine function in several studies (Takiguchi
& Yoshihara 2006). However, a cross-sectional study of pre-
and postmenopausal women reported no association between
blood or urinary cadmium levels and serum SHBG concentra-
tions (Nagata et al. 2016). These discrepancies in outcomes
may be linked to racial differences.

The strengths of this study are the large and representa-
tive sample size, allowing us to generalize our results to the
non-institutionalized U.S. civilian population. Second, as
different age groups show different sensitivities to environ-
mental chemical toxicity and sex hormone levels in females
are strongly influenced by age, we also analysed the rela-
tionship between metal exposure and sex hormone levels in
different age groups of females, which will assist to identify
the population of females who are susceptible to heavy met-
als. Third, this study used a novel and sophisticated method
to estimate the effects of metal mixtures on sex hormones.
The qgcomp regression is a recently developed model for
analysing the health effects of chemical mixtures that iden-
tify the components that contribute most to the observed
associations. The ggcomp statistical method guarantees that
our results are not confused by exposure collinearity dif-
ficulties, allowing the statistical significance of a particular
metal to be independent of the effect of co-exposure to other
metals. Fourth, the robustness of the estimate of the link
between exposure and outcome was improved by adjusting
for potential biases attributable to varied seasons and times
of blood collecting.

This study has several limitations. First, we could not
demonstrate a causal association as a cross-sectional study.
Second, sex hormone levels were highly dependent on the
menstrual cycle of females, but the sample was collected
randomly and we could not identify the menstrual period.
However, in our study, TT and FAI were less affected by the
menstrual cycle and were found to be associated with metal
exposure in females. Third, our study did not describe other

@ Springer

markers of sex steroid hormone measurement, such as free
testosterone (FT) and bioavailable testosterone (BAT), which
may provide a more comprehensive endocrine profile. This
study, however, suggests that exposure to heavy metals may
pose a risk for altered sex hormone levels in adults, particu-
larly in older women. The positive effect of mixed metals
on SHBG was primarily attributable to cadmium, while the
negative effect of mixed metals on FAI was primarily attrib-
utable to lead.

Conclusion

In this population-based cross-sectional study, we found
metals linked to changes in human sex hormones, particu-
larly in older females. These findings provide important
insights into the potential impact of environmental expo-
sures on hormonal balance and suggest the need for further
research to investigate the long-term consequences of these
changes.
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