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Abstract

mium, lead, mercury) and pregnancy loss.

Objective Previous research suggests that heavy metal exposure may lead to pregnancy loss, but findings have
varied. This study focuses on examining the relationship between heavy metal exposure (manganese, selenium, cad-

Methods Utilizing data from the 2011-2016 National Health and Nutrition Examination Survey (NHANES), this study
included women between 20-80 years with complete pregnancy history, heavy metal exposure data, and covariate
information. Pregnancy loss was self-reported by participants. Blood levels of manganese, selenium, cadmium, lead,
and mercury were measured using mass spectrometry. Logistic regression, smooth curve fitting, and weighted quan-
tile sum (WQS) regression were employed to investigate the association between heavy metal exposure and preg-
nancy loss. Subgroup analyses were conducted to verify the heterogeneity of the results.

Results A total of 3623 eligible women were included, with 1607 reporting pregnancy loss. Blood mercury levels
were positively correlated with a higher risk of pregnancy loss (odds ratio 1.06, 95% confidence interval 1.03-1.09,
P<0.001), which remained significant in the two adjusted models. A nonlinear association between mercury levels
and pregnancy loss was identified. The heterogeneity in this association was influenced by race, education level, body
mass index, and age at menarche. No significant links were detected between pregnancy loss and cadmium, lead,
manganese, and selenium. WQS regression highlighted the critical role of mercury in pregnancy loss.

Conclusion Mercury exposure may contribute to a higher risk of pregnancy loss. Reducing heavy metal pollution
and minimizing mercury exposure could potentially help improve pregnancy outcomes.
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Introduction

Pregnancy loss refers to fetal death at any stage during
pregnancy and primarily includes miscarriage, stillbirth,
ectopic pregnancy, and pregnancy termination [1]. It is
estimated that approximately 15% of pregnancies globally
end in miscarriage [2], and about 2.7 million stillbirths
occur annually [3]. This not only has a profound impact
on individual mental health and family harmony but also
imposes significant economic burdens on society [2]. The
causes of pregnancy loss are complex and diverse, includ-
ing genetic, anatomical, endocrine, infectious, and envi-
ronmental factors [4].
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Environmental factors, particularly heavy metal pol-
lution, have gained increasing attention in the investi-
gation of pregnancy loss causes. With rapid economic
development and intensified industrialization, heavy
metal pollution has become a major public health con-
cern worldwide. Natural and human activities have sig-
nificantly increased the release of heavy metals into the
air, soil, and water, leading to their accumulation in living
organisms through the food chain due to their resistance
to biodegradation [5, 6]. In developing countries, people
are more likely to be exposed to heavy metals, posing
serious health threats [7].

Heavy metals can be categorized as either essential
(manganese, selenium) or non-essential (cadmium, lead,
mercury). Manganese acts as an enzymatic cofactor, par-
ticipating in diverse metabolic processes [8]. Selenium is
a key component of selenoproteins, crucial for maintain-
ing redox homeostasis [9]. However, excessive intake of
these metals can also lead to health effects. Studies have
reported that overexposure to selenium or manganese
may increase risks of pregnancy complications and infant
morbidity [10-12]. In contrast, non-essential heavy met-
als have no physiological functions but exert toxic effects.
First, they strongly bind to sulfur- or oxygen-containing
functional groups [13], competing with essential met-
als for active sites in metalloenzymes, thereby impair-
ing enzymatic activity and disrupting normal metabolic
functions [14—17]. Second, these metals induce oxidative
stress by depleting glutathione and generating reactive
oxygen species, which synergistically impair mitochon-
drial function and cellular stress responses [18]. This oxi-
dative damage not only disrupts the energy supply but
also promotes inflammation and cell death [19]. Third,
non-essential heavy metals act as endocrine disrupters
by mimicking or antagonizing endogenous hormones
through nuclear receptor binding, inhibiting steroido-
genic enzymes, and altering hypothalamic-pituitary-
gonadal axis signaling via inflammatory cytokine release
[20]. This endocrine interference contributes to increased
follicular atresia and decreased secondary follicles and
corpora lutea [21], severely impairing female reproduc-
tive health [22, 23]. Fourth, emerging evidence also impli-
cates that exposure to non-essential heavy metals can
induce epigenetic modifications, leading to aberrant gene
expression patterns that undermine cellular homeostasis
[24]. Collectively, these toxic mechanisms contribute to a
wide range of health issues, including neurotoxicity [25],
nephrotoxicity [26], hepatotoxicity [27], cardiovascular
diseases [28], and reproductive dysfunction [29].

Several previous observational studies have demon-
strated the link between elevated concentrations of lead,
cadmium, mercury, manganese, and selenium in blood
and placenta and the increased risk of pregnancy loss
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[30-35]. However, some studies have reported inconsist-
ent findings using blood and urine samples [36—39]. The
heterogeneity of these results may be due to differences
in sample selection, small sample sizes (ranging from 64
to 501 participants), and failure to account for confound-
ing factors. Given these limitations, we aimed to clarify
the relationship between blood levels of these metals and
pregnancy loss by leveraging the extensive dataset from
the National Health and Nutrition Examination Survey
(NHANES).

Methods

Data source and participants

All data were obtained from the NHANES public data-
base (https://wwwn.cdc.gov/nchs/nhanes/Default.aspx).
We analyzed data from three survey cycles: 2011-2012,
2013-2014, and 2015-2016. This study was approved by
the National Center for Health Statistics Research Eth-
ics Review Board, and informed consent was obtained
from all participants (Protocol #2011-17). Initially,
29,902 participants aged 20 to 80 years were considered
for this study. We excluded males (n=14,751), individu-
als younger than 20 years (1=6348), currently pregnant
women (n=136), those with missing pregnancy data
(n=2865), and those with missing heavy metal exposure
data (n=2179). Ultimately, 3623 participants with com-
plete data were involved. Figure S1 illustrates the study
population selection procedure.

Exposure variables

Blood levels of cadmium, lead, manganese, mercury, and
selenium were used as exposure variables. Blood samples
were collected at mobile examination centers (MECs)
and analyzed using mass spectrometry. A small portion
of blood was extracted from a larger blood sample using
anticoagulant tubes. Multiple aliquots were taken to
obtain a homogeneous mixture. Samples containing clots
or microclots were discarded to maintain consistency in
testing. During analysis, the mixed sample was ionized
using an electrospray ionization source and then trans-
formed into argon gas. The first and second quadrupole
mass filters were then used to detect the gas sequentially,
and the mass-to-charge ratios of the heavy metals were
measured and transformed into blood concentrations.
Detailed testing procedures can be found at https://
wwwn.cdc.gov/nchs/data/nhanes/public/2011/labme
thods/pbcd_g_met_blood-metals.pdf.

Outcome variables

Pregnancy loss is defined as the cessation of pregnancy
at any stage, encompassing miscarriage, stillbirth, and
elective pregnancy termination. It was evaluated through
self-reported reproductive health outcomes obtained
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during computer-assisted personal interviews at MECs.
Participants responded to two key questions: (1) How
many times have you been pregnant? This includes cur-
rent pregnancies, live births, miscarriages, stillbirths,
ectopic pregnancies, and other pregnancies. (2) How
many of these pregnancies resulted in live births? Preg-
nancy loss was confirmed if the reported number of preg-
nancies exceeded the number of live births by at least one
in non-pregnant individuals. For further analysis, partici-
pants were categorized into two groups: pregnancy loss
and non-pregnancy loss.

Covariates

According to the NHANES data available, this study
included the following covariates: (1) demographic infor-
mation, encompassing age, race, education level, marital
status, and the ratio of family income to poverty (PIR); (2)
pregnancy-related information, including age at first live
birth, age at last live birth, number of pregnancies, num-
ber of live births, number of vaginal deliveries, number of
cesarean sections, age at menarche, and history of female
hormone use; (3) lifestyle behaviors, including drinking
status and smoking status; and (4) clinical characteristics,
including body mass index (BMI), hypertension history,
and diabetes history.

Statistical analysis

Categorical baseline characteristics were compared using
the Chi-square test. For continuous variables, the mean
and standard deviation (SD) were reported if the data
followed a normal distribution, while the median and
interquartile range (IQR) were reported for skewed dis-
tributions. Differences between groups of continuous
variables were compared using either the t-test or the
Kruskal-Wallis H test, depending on the distribution.

To investigate potential co-exposure trends among
blood heavy metals, Pearson correlation analysis was
conducted, with results presented in the form of a heat-
map. Logistic regression analysis was utilized to assess
the independent associations between blood levels of
cadmium, lead, manganese, mercury, and selenium, and
the risk of pregnancy loss. Results were presented as odds
ratios (OR) with 95% confidence intervals (CI). To adjust
for confounding variables, two multivariable-adjusted
models were constructed. Model I adjusted for age, while
Model II adjusted for age, age at last live birth, race, edu-
cation level, marital status, age at menarche, drinking
status, and smoking status. Heavy metals significantly
associated with pregnancy loss in the logistic regression
models were further stratified into tertiles to explore
their relationship with pregnancy loss. A smoothed fit-
ted curve was then plotted to examine the potential lin-
ear or nonlinear associations between heavy metals and
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pregnancy. If a nonlinear relationship was observed,
a likelihood ratio test was employed to determine any
threshold effect. Additionally, a weighted quantile sum
(WQS) regression analysis was utilized to evaluate the
overall co-exposure effect of the five blood heavy met-
als on pregnancy loss risk and the contribution weights
of each heavy metal component. Finally, subgroup analy-
ses were performed based on age, race, education level,
marital status, PIR, BMI, drinking status, smoking status,
age at menarche, history of female hormone use, hyper-
tension history, and diabetes history.

Multiple imputations were adopted to address missing
covariate data. The sample size for this study was deter-
mined based on the data provided by NHANES, without
prior statistical estimation. All statistical analyses were
carried out using R software (v4.3.2) and EmpowerStats
(v4.2), with a two-sided P value < 0.05 considered statisti-
cal significance.

Results

Baseline characteristics

Table 1 presents the characteristics of the participants.
We finally included 3623 female participants aged
between 20 to 80 years, of whom 1607 had experienced
pregnancy loss, accounting for 44.36% of the total sam-
ple. Women with pregnancy loss had higher age at last
live birth, number of pregnancies, number of vaginal
deliveries, and number of cesarean sections than those
without pregnancy loss. Statistically significant differ-
ences were found between the pregnancy loss group and
the non-pregnancy loss group regarding age, race, educa-
tion level, marital status, age at last live birth, number of
pregnancies, age at menarche, drinking status, and smok-
ing status (P<0.05). Notably, blood levels of cadmium
and mercury showed significant variation between the
two groups (P<0.05), suggesting differential exposure to
heavy metals.

Correlation analysis of blood heavy metals

To investigate potential co-exposure patterns among the
five heavy metals in the blood, Pearson correlation analy-
sis was conducted. The Pearson correlation coefficient
between cadmium and lead was 0.18 (Fig. 1).

Association between blood heavy metal levels

and pregnancy loss

The results in Table 2 show that in the unadjusted model,
blood mercury levels were positively associated with
pregnancy loss (OR 1.06, 95%CI 1.03-1.09, P<0.001).
This association remained strong after adjusting for
age in adjusted model I (OR 1.06, 95%CI 1.03-1.10,
P<0.001). In adjusted model II, each unit rise in blood
mercury levels corresponded to a 5% increase in the risk
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Table 1 Baseline characteristics of participants

Variables Total Non-pregnancy loss Pregnancy loss P value
(n=3623) (n=2016) (n=1607)

Demographic information

Age (years) 5324+16.19 53.95+16.91 5236+15.21 0.003

Race <0.001
Mexican American 502 (13.86) 308 (15.28) 194 (12.07)

Other Hispanic 429 (11.84) 223 (11.06) 206 (12.82)
Non-Hispanic White 1396 (38.53) 829 (41.12) 567 (35.28)
Non-Hispanic Black 845 (23.32) 419 (20.78) 426 (26.51)
Other Race 451 (12.45) 237 (11.76) 214 (13.32)

Education level 0.002
Less than 9th grade 384 (10.60) 232(11.51) 152 (9.46)
9-11th grade 504 (13.97) 291 (14.43) 213 (13.25)

High school graduate/GED or equivalent 797 (22.00) 471 (23.36) 326 (20.29)
Some college or AA degree 1159 (31.99) 597 (29.61) 562 (34.97)
College graduate or above 779 (21.50) 425 (21.08) 354 (22.03)

Marital status 0.021
Married/living with partner 2067 (57.05) 1175 (58.28) 892 (55.51)
Widowed/divorced/separated 1208 (33.34) 671 (33.28) 537 (33.42)

Never married 348 (9.61) 170 (8.43) 178 (11.08)

PIR 0.150
Low-income (PIR< 1) 908 (25.06) 484 (24.01) 424 (26.38)

Middle-income (1 <PIR<4) 1899 (52.42) 1084 (53.77) 815 (50.72)
High-income (PIR>4) 816 (22.52) 448 (22.22) 368 (22.90)
Pregnancy information

Age at first live birth (years) 2243+503 2244+482 2241+529 0.881

Age at last live birth (years) 29.09+5.89 28.70+5.74 29.58+6.05 <0.001

Number of pregnancies 349+197 2.72+1.59 447+£198 <0.001

Number of live births 272+157 272+1.59 2.72+1.55 0917

Number of vaginal deliveries 2.36+1.83 232+1.79 241+£1.87 0.172

Number of cesarean deliveries 045+0.86 043+0.83 0.48+0.90 0.240

Age at menarche <0.001
<10 140 (3.86) 56 (2.78) 84 (5.23)
10<age<15 2917 (80.51) 1640 (81.35) 1277 (79.46)
>15 566 (15.62) 320(15.87) 246 (15.31)

Ever use female hormones? 0.104
No 2896 (79.93) 1592 (78.97) 1304 (81.14)

Yes 727 (20.07) 424 (21.03) 303 (18.86)
Lifestyle behaviors

Drinking status <0.001
No 1524 (42.06) 913 (45.29) 611 (38.02)

Yes 2099 (57.94) 1103 (54.71) 996 (61.98)

Smoking status <0.001
No 2326 (64.20) 1355 (67.21) 971 (60.42)

Yes 1297 (35.80) 661 (32.79) 636 (39.58)
Clinical characteristics

BMI 0.084
Normal or low weight (< 25) 977 (26.97) 553(27.43) 424 (26.38)

Overweight (25 <BMI<30) 1025 (28.29) 593 (29.41) 432 (26.88)
Obesity (=30) 1621 (44.74) 870 (43.15) 751 (46.73)

Hypertension history 0.930
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Table 1 (continued)
Variables Total Non-pregnancy loss Pregnancy loss Pvalue
(n=3623) (n=2016) (n=1607)
No 2078 (57.36) 1155 (57.29) 923 (57.44)
Yes 1545 (42.64) 861 (42.71) 684 (42.56)
Diabetes history 0.833
No 3104 (85.67) 1725 (85.57) 1379 (85.81)
Yes 519 (14.33) 291 (14.43) 228 (14.19)
Heavy metals
Lead (ug/dL) 1.23+1.06 1234106 1.23+1.06 0.854
Cadmium (ug/L) 0.55+0.58 0.53+0.54 0.59+0.62 0.001
Mercury (ug/L) 1.46+£2.37 133+£224 1.63£2.51 <0.001
Manganese (ug/L) 10.59+4.37 10.52+4.20 10.69+4.57 0.240
Selenium (ug/L) 192.22+26.90 191.96+28.02 192.55+2543 0513

Abbreviations: GED general educational development, AA associate of arts, PIR ratio of family income to poverty, BMI body mass index status

Pearson Correlation Matrix

Lead Cadmium

Lead

Cadmium

Mercury

Selenium

Manganese

Fig. 1 Heatmap of Pearson correlation model

of pregnancy loss (OR 1.05, 95%CI 1.02-1.09, P=0.001).
Sensitivity analysis using tertiles of blood mercury levels
as a categorical variable also showed significant results
(OR 1.38, 95%CI: 1.16—-1.65, P<0.001). In adjusted model
II, women in the highest tertile (T3) of blood mercury
levels had a 38% greater risk of pregnancy loss compared
to those in the lowest tertile (T1) (P<0.05) (Table 3).

Mercury

Selenium

Manganese

0.8

0.6

r0.4

r0.2

Smoothed fit curve and threshold effect analysis
The results of the smoothed fit curve indicated that the
risk of pregnancy loss increased with rising blood mer-
cury levels, with the increase slowing after saturation
(Fig. 2). This suggests a substantive association between
higher blood mercury levels and increased pregnancy
loss risk.

After adjusting for covariates, the threshold effect anal-
ysis revealed a turning point at 3.40 pg/L (Table 4). On
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Table 2 The association between heavy metal exposure and pregnancy loss

Exposure Unadjusted model P value Adjusted model | Pvalue Adjusted model Il Pvalue

OR (95%Cl) OR (95%Cl) OR (95%Cl)

Lead (ug/dL) 0.99 (0.93, 1.06) 0.854 .03(0.96, 1.10) 0426 1.00 (0.93, 1.07) 0.992

Cadmium (ug/L) 1.21(1.08, 1.35) 0.001 21(1.08,1 36) 0.001 1.10 (O 97,1 26) 0.135

Mercury (ug/L) 1.06 (1.03, 1.09) <0.001 .06 (1.03,1.10) <0.001 1.05 (1.02, 1.09) 0.001

Selenium (ug/L) 1.00 (1.00, 1.00) 0513 .00 (1.00, 1.00) 0.522 1.00 (1.00, 1.00) 0.390

Manganese (ug/L) 01(0.99,1.02) 0.241 .01(0.99,1.02) 0.495 01 (1.00, 1.03) 0.160

Adjusted model | was adjusted for age

Adjusted model Il was adjusted for age, age at last live birth, race, education level, marital status, age at menarche, drinking status, and smoking status

Abbreviations: OR odds ratio, Cl confidence interval

Table 3 The association between mercury exposure and pregnancy loss

Exposure Unadjusted Model Pvalue Adjusted Model | P value Adjusted Model Il Pvalue
OR (95%Cl) OR (95%Cl) OR (95%Cl)

Mercury (ug/L) 1.06 (1.03, 1.09) <0.001 1.06 (1.03, 1.10) <0.001 1.05(1.02, 1.09) 0.001

T1(0.11,0.52) Ref Ref Ref

T2(0.53,1.22) 1.17(1.00, 1.38) 0.056 1.20(1.02,1.41) 0.029 1.11(0.94,1.32) 0.207

T3 (1.23,40.60) 148 (1.26,1.74) <0.001 1.54(1.31,1.81) <0.001 1.38(1.16,1.65) <0.001

P for trend <0.001 <0.001 <0.001

Adjusted model | was adjusted for age

Adjusted model Il was adjusted for age, age at last live birth, race, education level, marital status, age at menarche, drinking status, and smoking status

Abbreviations: OR odds ratio, C/ confidence interval

the left side of this threshold, blood mercury levels were
significantly positively associated with pregnancy loss,
while this association was not significant on the right
side.

WQS regression analysis of the association between blood
heavy metal levels and pregnancy loss

After fully adjusting for covariates, a significant positive
correlation was found between the WQS index and preg-
nancy loss risk (Fig. 3). Each unit increase in the WQS
index resulted in a 22% heightened risk of pregnancy
loss (OR 1.22, 95%CI 1.06—1.41, P=0.006). Mercury was
identified as the most important component, contribut-
ing 45.67% to the WQS index, highlighting its critical role
in pregnancy loss risk.

Subgroup analysis

Subgroup analyses were conducted to determine the rela-
tionship between blood mercury levels and pregnancy
loss risk across different population characteristics. The
results indicated significant interactions of race, educa-
tion level, BMI, and age at menarche on the association
between blood mercury levels and pregnancy loss risk
(P for interaction<0.05) (Figure S2). No notable inter-
actions were found in the remaining subgroups (P for
interaction > 0.05).

Discussion

This study demonstrated a significant positive relation-
ship between blood mercury levels and pregnancy loss,
which was further validated in adjusted models. A non-
linear relationship was observed in this association. Sub-
group analyses indicated significant interactions were
observed between race, education level, BMI, and age
at menarche regarding the relationship between blood
mercury levels and pregnancy loss. No significant asso-
ciations were found between cadmium, manganese, lead,
selenium, and pregnancy loss.

Mercury is a naturally occurring metal found in the
environment in three distinct forms: elemental, inor-
ganic, and organic mercury. Each form is highly toxic
[40]. Elemental mercury is the most prevalent form of
mercury pollution, persisting as vapor in the atmosphere
for long periods and spreading globally. Inorganic and
organic mercury accumulate in soil and water, producing
substantial bioaccumulation in the food chain [41]. The
primary toxic mechanism of mercury is its high affin-
ity for sulfhydryl groups in amino acids, proteins, and
enzymes, which allows it to bind irreversibly to sulfur-
containing molecules [42]. This binding disrupts the nor-
mal function of protein and enzymes, impairing cellular
function and tissue health [43]. Sulfhydryl groups are
also present in antioxidant enzymes, such as glutathione
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Table 4 Results of the threshold effect analysis

Model Pregnancy loss P value
OR (95%Cl)
Model |
One line effect 1.05 (1.02,1.09) 0.001
Model I
Inflection point (K) 340
<K 1.18(1.10,1.28) <0.001
>K 1.01 (0.97,1.05) 0.710

Log-likelihood ratio 0.001

Adjusted model | was adjusted for age

Adjusted model Il was adjusted for age, age at last live birth, race, education
level, marital status, age at menarche, drinking status, and smoking status

peroxidase (GSH-Px), superoxide dismutase (SOD), and
catalase, which explains why mercury toxicity often leads
to oxidative stress [44, 45], mitochondrial dysfunction
[46], and apoptosis [47].

Once bound to biological molecules, mercury ions
are rapidly transported to multiple organs, includ-
ing the intestines, kidneys, liver, brain, and placenta

[42]. Previous research has shown that mercury levels
detected in the placenta and umbilical cord blood are
higher than those in maternal blood [48, 49], contribut-
ing to fetal congenital defects or abnormalities. Addi-
tionally, pregnant women exposed to mercury exhibit
significantly lower GSH-Px and SOD activity in their
blood compared to unexposed women [50], suggesting
that mercury exposure impairs the antioxidant defense
system. During pregnancy, physiological and metabolic
changes in the mother increase oxidative stress; however,
the body’s antioxidant system typically adjusts to main-
tain a balance between oxidative and antioxidant activity
[51]. Mercury-induced reductions in antioxidant activ-
ity disrupt this balance, potentially increasing the risk
of miscarriage, stillbirth, preterm birth, and low birth
weight [52, 53].

El-Badry et al. tracked the obstetric outcomes of den-
tal professionals with long-term mercury exposure
(n=64) and recruited unexposed pregnant women as
controls (n=60). The exposed group had significantly
higher urinary mercury levels throughout pregnancy
and experienced miscarriage more frequently [50]. Simi-
larly, Lindbohm et al. reported increased miscarriage
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Fig. 3 The WQS regression model estimated the weights of each blood heavy metal associated with pregnancy loss. This model was adjusted
for age, age at last live birth, race, education level, marital status, age at menarche, drinking status, and smoking status

risk among dental workers with moderate to high levels
of mercury exposure, although mercury exposure was
estimated based on the frequency of handling mercury-
amalgam dental materials at work [54]. In a study of
pregnancy outcomes among women involved in artisanal
and small-scale gold mining (#=788) and non-mining
women (n=173), Nyanza et al. observed a positive rela-
tionship between elevated blood and urinary mercury
levels and the occurrence of stillbirths and visible con-
genital abnormalities [55]. However, several other studies
did not find a significant link between mercury expo-
sure and miscarriage or stillbirth [36, 56]. In our study,
a positive relationship between blood mercury levels and
pregnancy loss risk was observed, supporting previous
findings that mercury exposure may increase pregnancy
loss occurrence.

The strength of this study is its comprehensive and rep-
resentative sample, drawn from NHANES data, which
allowed for the examination of the associations between
exposure to heavy metals and pregnancy loss. Adjusting
for potential confounding factors strengthened the reli-
ability of our findings. Moreover, the combined effects of
mercury on pregnancy loss were further elucidated using
WQS regression. Subgroup analyses were also conducted
to explore the robustness of the link between mercury

exposure and pregnancy loss across different popula-
tions. However, several limitations should be noted. First,
as a cross-sectional study, causality cannot be established.
Second, the diagnosis of pregnancy loss was determined
through self-reported questionnaires, which introduces
the possibility of selection bias. Third, despite adjust-
ing for lifestyle and clinical confounding factors, not all
potential confounders could be addressed, and we cannot
rule out the possibility of other causes of pregnancy loss.
Therefore, further studies of different types are needed to
confirm the association between heavy metal exposure
and pregnancy loss.

Conclusion

Our findings suggest that higher blood mercury levels
may result in a higher risk of pregnancy loss. This empha-
sizes the importance of managing heavy metal pollu-
tion and protecting the environment, which may help
reduce the risk of pregnancy loss and improve pregnancy
outcomes.

Abbreviations

NHANES  National Health and Nutrition Examination Survey
MEC Mobile examination center

PIR Ratio of family income to poverty

BMI Body mass index

SD Standard deviation
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IQR Interquartile range

OR Odds ratios

@] Confidence intervals
WQSs Weighted quantile sum
GSH-Px Glutathione peroxidase
SOD Superoxide dismutase

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512958-025-01373-4.

[ Supplementary Material 1. }

Acknowledgements
Not applicable.

Authors’ contributions

Chiyang Yu: Conceptualization, Validation, and Writing — original draft. Qingxia
You: Data curation, Formal analysis. Xue Bai: Visualization. Fangxiang Mu:
Conceptualization, Writing — review and editing. All authors have read and
approved this final version.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Data availability
The data analyzed in this study are involved in the main text.

Declarations

Ethics approval and consent to participate

This research received approval from the National Center for Health Statistics
Research Ethics Review Board, and participants signed informed consent
forms (Protocol #2011-17). The procedures used in this study in accordance
with the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 17 December 2024 Accepted: 23 February 2025
Published online: 06 June 2025

References

1. Duffy JMN, Bhattacharya S, Bhattacharya S, Bofill M, Collura B, Curtis C,
et al. Standardizing definitions and reporting guidelines for the infertility
core outcome set: an international consensus development study. Hum
Reprod. 2020;35(12):2735-45.

2. Quenby S, Gallos ID, Dhillon-Smith RK, Podesek M, Stephenson MD,
Fisher J, et al. Miscarriage matters: the epidemiological, physical,
psychological, and economic costs of early pregnancy loss. Lancet.
2021;397(10285):1658-67.

3. Lawn JE, Blencowe H, Waiswa P, Amouzou A, Mathers C, Hogan D, et al.
Stillbirths: rates, risk factors, and acceleration towards 2030. Lancet.
2016;387(10018):587-603.

4. Tong F,Wang Y, Gao Q, Zhao Y, Zhang X, Li B, et al. The epidemiology of
pregnancy loss: global burden, variable risk factors, and predictions. Hum
Reprod. 2024;39(4):834-48.

5. QinY,Tao Y. Pollution status of heavy metals and metalloids in Chinese
lakes: distribution, bioaccumulation and risk assessment. Ecotoxicol
Environ Saf. 2022;248:114293.

20.

21

22.

23.

24.

25.

26.

27.

29.

Page 9 of 10

Akbar WA, Rahim HU, Irfan M, Sehrish AK, Mudassir M. Assessment of
heavy metal distribution and bioaccumulation in soil and plants near
coal mining areas: implications for environmental pollution and health
risks. Environ Monit Assess. 2023;196(1):97.

Anyanwu BO, Ezejiofor AN, Igweze ZN, Orisakwe OE. Heavy metal
mixture exposure and effects in developing nations: an update. Toxics.
2018;6(4):65.

Obeng SK, Kulhanek M, Balik J, Cerny J, SedlaF O. Manganese: from soil to
human health-a comprehensive overview of its biological and environ-
mental significance. Nutrients. 2024;16(20):3455.

Tsuji PA, Santesmasses D, Lee BJ, Gladyshev VN, Hatfield DL. Historical
roles of selenium and selenoproteins in health and development: the
good, the bad and the ugly. Int J Mol Sci. 2021;23(1):5.

. Zachara BA. Selenium in complicated pregnancy. A review. Adv Clin

Chem. 2018;86:157-78.

. Igbal S, Ali I, Rust P, Kundi M, Ekmekcioglu C. Selenium, zinc, and man-

ganese status in pregnant women and its relation to maternal and child
complications. Nutrients. 2020;12(3):725.

. Andrews FV, Branscum A, Hystad P, Smit E, Afroz S, Golam M, et al. A pro-

spective study of arsenic and manganese exposures and maternal blood
pressure during gestation. Environ Res. 2022;214(Pt 1):113845.

. Rusyniak DE, Arroyo A, Acciani J, Froberg B, Kao L, Furbee B. Heavy

metal poisoning: management of intoxication and antidotes. EXS.
2010;100:365-96.

. Genchi G, Sinicropi MS, Lauria G, Carocci A, Catalano A. The effects of

cadmium toxicity. Int J Environ Res Public Health. 2020;17(11):3782.

. Wu X, Cobbina SJ, Mao G, Xu H, Zhang Z, Yang L. A review of toxicity and

mechanisms of individual and mixtures of heavy metals in the environ-
ment. Environ Sci Pollut Res Int. 2016;23(9):8244-59.

. Briffa J, Sinagra E, Blundell R. Heavy metal pollution in the environment

and their toxicological effects on humans. Heliyon. 2020;6(9):e04691.

. Witkowska D, Stowik J, Chilicka K. Heavy metals and human health: pos-

sible exposure pathways and the competition for protein binding sites.
Molecules. 2021;26(19):6060.

. Paithankar JG, Saini S, Dwivedi S, Sharma A, Chowdhuri DK. Heavy metal

associated health hazards: an interplay of oxidative stress and signal
transduction. Chemosphere. 2021;262:128350.

. Cao X, Fu M, Bi R, Zheng X, Fu B, Tian S, et al. Cadmium induced BEAS-2B

cells apoptosis and mitochondria damage via MAPK signaling pathway.
Chemosphere. 2021;263:128346.

Hassan S, Thacharodi A, Priya A, Meenatchi R, Hegde TA, Thangamani R,
et al. Endocrine disruptors: unravelling the link between chemical expo-
sure and women's reproductive health. Environ Res. 2024,241:117385.
Saedi S, Shirazi MRJ, Zamiri MJ, Totonchi M, Dadpasand M, Sedaghati F.
Impaired follicular development and endocrine disorders in female rats
by prepubertal exposure to toxic doses of cadmium. Toxicol Ind Health.
2020;36(2):63-75.

Dutta S, Gorain B, Choudhury H, Roychoudhury S, Sengupta P. Environ-
mental and occupational exposure of metals and female reproductive
health. Environ Sci Pollut Res Int. 2022;29(41):62067-92.

Amadi CN, Igweze ZN, Orisakwe OE. Heavy metals in miscar-

riages and stillbirths in developing nations. Middle East Fertil Soc J.
2017,22(2):91-100.

Yu G, Wu L, SuQ, Ji X, Zhou J,Wu S, et al. Neurotoxic effects of heavy
metal pollutants in the environment: focusing on epigenetic mecha-
nisms. Environ Pollut. 2024;345:123563.

ljomone OM, Ifenatuoha CW, Aluko OM, ljomone OK, Aschner M. The
aging brain: impact of heavy metal neurotoxicity. Crit Rev Toxicol.
2020;50(9):801-14.

Bautista CJ, Arango N, Plata C, Mitre-Aguilar IB, Trujillo J, Ramirez V. Mech-
anism of cadmium-induced nephrotoxicity. Toxicology. 2024;502:153726.
Renu K, Chakraborty R, Myakala H, Koti R, Famurewa AC, Madhyastha H,
et al. Molecular mechanism of heavy metals (lead, chromium, arsenic,
mercury, nickel and cadmium) - induced hepatotoxicity - a review. Chem-
osphere. 2021,271:129735.

. Pan Z, Gong T, Liang P. Heavy metal exposure and cardiovascular disease.

Circ Res. 2024;134(9):1160-78.

Goutam Mukherjee A, Ramesh Wanjari U, Renu K, Vellingiri B, Valsala
GA. Heavy metal and metalloid - induced reproductive toxicity. Environ
Toxicol Pharmacol. 2022;92:103859.


https://doi.org/10.1186/s12958-025-01373-4
https://doi.org/10.1186/s12958-025-01373-4

Yu et al. Reproductive Biology and Endocrinology

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

(2025) 23:87

Ou J, Peng P, Qiu L, Teng L, Li C, Han J, et al. Effect of Lead Exposure on
Spontaneous Abortion: a Case-Control Study. Clin Lab. 2020;66(5):835-9.
Ajayi OO, Charles-Davies MA, Arinola OG. Progesterone, selected heavy
metals and micronutrients in pregnant Nigerian women with a history of
recurrent spontaneous abortion. Afr Health Sci. 2012;12(2):153-9.

Adam KM, Abdaltam SA, Noreldeen AME, Alseed WA. Relationship
between maternal blood lead, cadmium, and zinc levels and spontane-
ous abortion in Sudanese women. Public Health Res. 2015;5:171-6.
Otebhi O, Osadolor H. Select toxic metals status of pregnant women with
history of pregnancy complications in Benin City, South-South Nigeria. J
Appl Sci Environ Manage. 2016;20(1):5-10.

Baser E, Kirmizi DA, Turksoy VA, Onat T, Caltekin MD, Kara M, et al. Environ-
mental exposures in the etiology of abortion: placental toxic and trace
element levels. Z Geburtshilfe Neonatol. 2020;224(6):339-47.

Ren M, Wang L, Wen L, Chen J, Quan S, Shi X. Association between female
circulating heavy metal concentration and abortion: a systematic review
and meta-analysis. Front Endocrinol. 2023;14:1216507.

Buck Louis GM, Smarr MM, Sundaram R, Steuerwald AJ, Sapra KJ, Lu Z,

et al. Low-level environmental metals and metalloids and incident preg-
nancy loss. Reprod Toxicol. 2017,69:68-74.

Skalnaya MG, Tinkov AA, Lobanova YN, Chang JS, Skalny AV. Serum levels
of copper, iron, and manganese in women with pregnancy, miscarriage,
and primary infertility. J Trace Elem Med Biol. 2019;56:124-30.

Zhang Y, Yan X, Tan J,Tan J, Liu C, Yang P, et al. Exposure of reproductive-
aged women to multiple metals and its associations with unexplained
recurrent miscarriage. Toxics. 2023;11(10):830.

Al-Kunani AS, Knight R, Haswell SJ, Thompson JW, Lindow SW.The
selenium status of women with a history of recurrent miscarriage. BJOG.
2001;108(10):1094-7.

Yang L, Zhang Y, Wang F, Luo Z, Guo S, Stréhle U. Toxicity of mercury:
molecular evidence. Chemosphere. 2020;245:125586.

Pavithra KG, SundarRajan P, Kumar PS, Rangasamy G. Mercury sources,
contaminations, mercury cycle, detection and treatment techniques: a
review. Chemosphere. 2023;312(Pt 1):137314.

Bridges CC, Zalups RK. Mechanisms involved in the transport of mercuric
jons in target tissues. Arch Toxicol. 2017;91(1):63-81.

Bernhoft RA. Mercury toxicity and treatment: a review of the literature. J
Environ Public Health. 2012;2012:460508.

Zhao'Y, Zhou C, Guo X, Hu G, Li G, Zhuang Y, et al. Exposed to mercury-
induced oxidative stress, changes of intestinal microflora, and association
between them in mice. Biol Trace Elem Res. 2021;199(5):1900-7.
Dalkiran T, Carman KB, Unsal V, Belge Kurutas E, Kandur Y, Dilber C. Evalu-
ation of oxidative stress biomarkers in acute mercury intoxication. Folia
Med. 2021;63(5):704-9.

Han B, Lv Z, Han X, Li S, Han B, Yang Q, et al. Harmful effects of inorganic
mercury exposure on kidney cells: mitochondrial dynamics disorder and
excessive oxidative stress. Biol Trace Elem Res. 2022;200(4):1591-7.
Hossain KFB, Rahman MM, Sikder MT, Hosokawa T, Saito T, Kurasaki M.
Selenium modulates inorganic mercury induced cytotoxicity and intrinsic
apoptosis in PC12 cells. Ecotoxicol Environ Saf. 2021,207:111262.

Ask K, Akesson A, Berglund M, Vahter M. Inorganic mercury and meth-
ylmercury in placentas of Swedish women. Environ Health Perspect.
2002;110(5):523-6.

Gundacker C, Frohlich S, Graf-Rohrmeister K, Eibenberger B, Jessenig V,
Gicic D, et al. Perinatal lead and mercury exposure in Austria. Sci Total
Environ. 2010;408(23):5744-9.

El-Badry A, Rezk M, El-Sayed H. Mercury-induced oxidative stress may
adversely affect pregnancy outcome among dental staff: a cohort study.
Int J Occup Environ Med. 2018;9(3):113-9.

Joo EH, Kim YR, Kim N, Jung JE, Han SH, Cho HY. Effect of endogenic

and exogenic oxidative stress triggers on adverse pregnancy outcomes:
preeclampsia, fetal growth restriction, gestational diabetes mellitus and
preterm birth. Int J Mol Sci. 2021,22(18):10122.

Bjerklund G, Chirumbolo S, Dadar M, Pivina L, Lindh U, Butnariu M, et al.
Mercury exposure and its effects on fertility and pregnancy outcome.
Basic Clin Pharmacol Toxicol. 2019;125(4):317-27.

Issah |, Duah MS, Arko-Mensah J, Bawua SA, Agyekum TP, Fobil JN.
Exposure to metal mixtures and adverse pregnancy and birth outcomes:
a systematic review. Sci Total Environ. 2024;908:168380.

54.

55.

56.

Page 10 of 10

Lindbohm ML, Yl6stalo P, Sallmén M, Henriks-Eckerman ML, Nurminen T,
Forss H, et al. Occupational exposure in dentistry and miscarriage. Occup
Environ Med. 2007,64(2):127-33.

Nyanza EC, Dewey D, Manyama M, Martin JW, Hatfield J, Bernier FP.
Maternal exposure to arsenic and mercury and associated risk of adverse
birth outcomes in small-scale gold mining communities in Northern
Tanzania. Environ Int. 2020;137:105450.

Rodriguez-Villamizar LA, Jaimes DC, Manquian-Tejos A, Sanchez LH.
[Human mercury exposure and irregular menstrual cycles in relation to
artisanal gold mining in Colombial. Biomedica. 2015;35 Spec:38-45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Association between heavy metal exposure and pregnancy loss: evidence from NHANES 2011–2016
	Abstract 
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Data source and participants
	Exposure variables
	Outcome variables
	Covariates
	Statistical analysis

	Results
	Baseline characteristics
	Correlation analysis of blood heavy metals
	Association between blood heavy metal levels and pregnancy loss
	Smoothed fit curve and threshold effect analysis
	WQS regression analysis of the association between blood heavy metal levels and pregnancy loss
	Subgroup analysis

	Discussion
	Conclusion
	Acknowledgements
	References


