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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• PM2.5 and its components may individ
ually disrupt thyroid function in 
pregnancy.

• PM2.5 components have mixed effects on 
thyroid function of pregnant women.

• PM2.5 and components exposure in 1st 
trimester of pregnancy has the greatest 
effect.
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A B S T R A C T

The relationships between exposure to PM2.5 and its constituents and thyroid hormone (TH) levels in pregnant 
women are still uncertain, particularly regarding the impact of mixed exposure to PM2.5 constituents on thyroid 
function during pregnancy. This study aimed to investigate the individual and mixed effect of PM2.5 and its 
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Pregnant women
Mixture analysis

constituents on TH levels during pregnancy. Fluorescence and chemiluminescence immunoassays were utilized 
to measure serum concentrations of free thyroxine (FT4) and thyroid-stimulating hormone (TSH) in pregnant 
women participating in the Fujian Birth Cohort Study (FJBCS). PM2.5 and its constituents were obtained from the 
ChinaHighAirPollutants dataset. Generalized linear regression model and mixture analysis were applied to 
explore the individual and mixed effect of PM2.5 and its constituents on TH levels. 13711 participants from the 
FJBCS were taken into the final analysis. In the context of separate exposure, an increase of one interquartile 
range (IQR) in PM2.5 exposure during the 1st trimester, 2nd trimester, and entire pregnancy was associated with 
a decrease of − 0.042 (− 0.050, − 0.034), − 0.017 (− 0.026, − 0.009), and − 0.011 (− 0.017, − 0.004) in FT4 level, 
respectively. As well, significant negative associations were observed between FT4 level and PM2.5 constituents. 
Additionally, PM2.5 and its constituents were in relation to an increased risk of hypothyroxinemia in pregnant 
women. It is noteworthy that, in the context of mixed exposure, the weighted quantile sum regression (WQS) 
indices were significantly associated with both FT4 level (1st trimester: − 0.031 (− 0.036, − 0.026); 2nd trimester: 
− 0.026 (− 0.030, − 0.023); whole pregnancy: − 0.024 (− 0.028, − 0.020)) and hypothyroxinemia risk (1st 
trimester: 1.552 (1.312, 1.821); 2nd trimester: 1.453 (1.194, 1.691); whole pregnancy: 1.402 (1.152, 1.713)). 
PM2.5 and its chemical constituents may affect thyroid function in pregnant women individually and in com
bination, with the effect observed during early gestational exposure being most pronounced.

1. Introduction

Air pollution poses a significant risk to public health, ranking as one 
of the most pressing environmental concerns. Extensive publications 
have established that exposure to ambient particle with aerodynamic 
diameter of 2.5 μm (PM2.5) serves as one of the primary contributors to 
the global burden of disease (Ghosh et al., 2021; Yin et al., 2020; Yu 
et al., 2023). It should be emphasized that PM2.5 is a complex mixture 
composed of various chemical constituents, with major components 
including sulfate (SO4

2− ), nitrate (NO3
− ), ammonium (NH4

+), chloride 
(Cl− ), black carbon (BC), and organic matter (OM) etc. (Li et al., 2017; 
van Donkelaar et al., 2019). The components of PM2.5 can detach from 
particulate matter deposited in the lungs, traverse the epithelial layer, 
enter the bloodstream, and ultimately exert diverse types and varying 
degrees of health threatens on the human body through different path
ways (Liu et al., 2023a; Yang et al., 2019). Therefore, it is imperative to 
extensively identify the health effect of PM2.5 components.

It is widely recognized that thyroid hormones (TH) during pregnancy 
play a crucial role in embryogenesis, as well as the normal growth, 
development, and maturation of the fetus during pregnancy (Burrow 
et al., 1994; Derakhshan et al., 2020). The inadequate levels of TH in 
pregnant women, even if they are subclinical, are linked to impaired 
neurological development in children (Modesto et al., 2015). The bal
ance of thyroid function, regulated by the 
hypothalamic-pituitary-thyroid axis, is highly susceptible to environ
mental disruptors. Animal models have revealed that exposure to PM2.5 
leads to elevated oxidative stress in rats, which in turn disrupts the 
biosynthesis of TH (Dong et al., 2021). Epidemiological studies from 
both the general population and pregnant women have revealed asso
ciations between exposure to particulate matters and alterations in TH 
levels, along with the occurrence of abnormal hormone states such as 
hypothyroxinemia (Liu et al., 2023b; Zhang et al., 2022a; Zhao et al., 
2019). However, at present, only two small-sample studies have 
explored the impact of PM2.5 components during the 1st trimester on 
thyroid function in Chinese pregnant women, with one study primarily 
focusing on the effect of inorganic metal ions (Wang et al., 2019; Zhou 
et al., 2022). Further evidence is needed to ascertain whether exposure 
to specificity of PM2.5 chemical constituents during different time win
dows of pregnancy disrupts thyroid function. More important, humans 
inhabit a complex exposure environment and are exposed to intricate 
mixtures comprising various particle constituents. To date, no study has 
been designed to figure out the underlying mixed effect among PM2.5 
constituents on thyroid function during pregnancy.

Thus, based on the Fujian Birth Cohort Study (FJBCS), the first 
objective of this study was to investigate the associations of PM2.5 and its 
chemical components exposure with thyroid function in pregnancy. We 
used the status of serum-free thyroxine (FT4) and thyrotropin (TSH) to 
reflect the thyroid function in pregnant women, as they were widely 

utilized indicators for assessing thyroid homeostasis in population 
studies (Zhao et al., 2019; Wang et al., 2019). Furthermore, we also 
assessed the potential mixed effect of PM2.5 components on thyroid 
function during pregnancy through mixture analysis. Considering that 
the majority of current studies have focused only on a single gestational 
exposure window, it is important to recognize that women in the early to 
mid-stages of pregnancy are regarded as being in a heightened state of 
susceptibility to toxic environmental pollutants (Ghassabian et al., 2019; 
Howe et al., 2018; Janssen et al., 2017). Therefore, this study conducted 
analyses during different exposure windows in pregnancy to fill the 
research gap.

2. Method

2.1. Study design and population

The FJBCS has been in progress since January 2019 at the Maternal 
and Child Health Hospital in Fujian Province, China. Its primary 
objective was to examine how prenatal exposure affects both maternal 
health and children’s development. This program invited women aged 
18 years or older, who were within 14 weeks of pregnancy, had a 
singleton pregnancy, and underwent their initial antenatal appointment 
at the Fujian Provincial Maternal and Child Health Hospital to partici
pate. The FJBCS excluded women with severe medical conditions (i.e., 
cerebrovascular diseases, kidney disease, intellectual disability, mental 
illness, and other related conditions et al.). Throughout the study period, 
trained nurses communicated with each participant to gather informa
tion on their sociodemographic characteristics, physical measurements, 
and gynecological history. The postpartum charts provided clinical in
formation for each participant. Additional detailed information can be 
found within the existing papers (Zhu et al., 2023; Li et al., 2022a, 
2022b). This program was approved by the Research Ethics Committee 
of the Fujian Provincial Maternal and Child Health Hospital (approval 
number: 2017 KR-030).

2.2. Exposure assessments

The daily ambient PM2.5 and its chemical constituents data were 
collected from the ChinaHighAirPollutants (CHAP) dataset, which can 
be accessed at https://weijing-rs.github.io/product.html. The CHAP 
dataset utilized a combination of satellite remote sensing, ground-based 
measurements, atmospheric reanalysis, and model simulations to access 
high-resolution data (1-km spatial resolution) of ground-level PM2.5 
concentration in China. A more powerful spatiotemporal deep forest 
model was used to apportion the chemical constituents from total PM2.5 
(Wei et al., 2022). These constituents include SO4

2− , NO3
− , NH4

+, Cl− , BC, 
and OM. More detailed information can be found in previous literature 
(Wei et al., 2021, 2023). The validation of each constituent was carried 
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out using a 10-fold cross-validation coefficient of determination (CV-R). 
The analysis demonstrated excellent model performance and a strong 
predictive ability. The CV-R values, indicating the correlation between 
estimated and measured PM2.5 constituents, were determined to be 0.86, 
0.84, 0.87, 0.81, and 0.88 for SO4

2− , NO3
− , NH4

+, Cl− , and BC, respectively 
(Wei et al., 2023). In this study, we estimated the daily exposure to air 
pollution for each participant according to their residential address and 
summed these daily exposures to produce an average exposure for three 
exposure windows: 1st trimester, 2nd trimester, and entire pregnancy 
(Ma et al., 2024; Zhu et al., 2024). The trimesters of pregnant women 
were determined by their last menstrual period.

2.3. Thyroid function assessment

Peripheral venous blood of pregnant women was collected during 
the follow-up and centrifuged at 3500 rpm for 15 min to obtain serum. 
Serum concentrations of TH (FT4, TSH, and thyroid peroxidase antibody 
(TPOAb)) were quantified using chemiluminescence immunoassays 
using ADVIA CentaurXP instruments and kits (Siemens, Munich, Ger
many) to assess thyroid homeostasis. The laboratory reference ranges of 
FT4, TSH, and TPOAb for the pregnant women were 0.89–1.76 ng/dL, 
0.550–4.780 mIU/L, and 0.00–60.00 IU/mL, respectively. Pregnant 
women were categorized as TPOAb negative (≤60 IU/mL) or positive 
(>60 IU/mL). The diagnostic standards for hypothyroxinemia in preg
nancy were FT4 below the reference level (<0.89 ng/dL) with normal 
TSH levels.

2.4. Covariates ascertainment

We incorporated a series of covariates into our study: age (years), 
employment (current employment or non-current employment), edu
cation (university level or non-university level), alcohol consumption 
status (never drinking, former drinking, or current drinking), smoking 
status (never smoking, former smoking, or current smoking), passive 
smoking (yes or no, a proxy of indoor air pollution (Cheng et al., 2022; 
Siegel et al., 2023)), folic acid intake during pregnancy (yes or no), BMI 
(underweight (<18.5 kg/m2), normal weight (18.5–24 kg/m2), over
weight (24–28 kg/m2), or obese (≥28 kg/m2)), living areas (urban, 
town, or rural; living areas of participants were defined according to the 
urban/rural division codes that issued by the Chinese Bureau of Statis
tics, https://www.stats.gov.cn/sj/tjbz/qhdm/), gestational age (weeks), 
season of conception (spring, summer, fall, and winter), maternal 
TPOAb status (positive or negative), and ambient temperature (◦C). 
Temperature data for Fujian, China over the study period were derived 
from the China Meteorological Data Sharing Service System (http 
://data.cma.gov.cn/). We calculated the temperature corresponding to 
the exposure windows.

2.5. Analytical cohort

Of 17047 participants enrolled in the FJBCS from the beginning of 
2019 until 2021, we excluded participants with following conditions: 
(1) Participants with missing residential address (n = 683); (2) Partici
pants with missing air pollutants exposure (n = 76); (3) Participants 
with missing outcome (n = 2577). After the exclusion process, a total of 
13711 participants were incorporated in the final analyses.

2.6. Statistical analysis

For the included participants, continuous variables were expressed 
as means (± standard deviation) and categorical variables as frequencies 
(percentages). Covariates with missing data (<5%) were handled as a 
separate category. Levels of FT4 and TSH were transformed using the 
natural logarithm function to approximate a normal distribution.

Multivariate linear regression model was fitted to explore the re
lationships between FT4 and TSH levels and the PM2.5 and its 

components (in continuous format or categorized by tertiles) during 
different exposure windows. As well, multivariate logistic regression 
model was built to examine the associations between the risk of hypo
thyroxinemia and exposures of interest across different exposure win
dows. The weighted quantile regression (WQS) model was performed to 
evaluate the mixed effect of components of PM2.5 on the outcomes of 
interest by constructing weighted combinatorial quantiles and ac
counting for covariates in the analysis (Ma et al., 2022; Keil et al., 2020). 
Depending on the characteristics of the outcomes, both linear and logit 
links were utilized in the process of model fitting. The analyzing dataset 
was randomly divided into a training set, which comprised 40% of the 
samples, while the remaining 60% were allocated to a validation set. 
Mixture variables in the WQS model were ranked in quartiles (q = 4). To 
maximize the likelihood function of the model, the training set under
went 1000 bootstrap iterations. The WQS cutoff value (1/number of 
exposures) was used to determine which exposure require more atten
tion in the context of mixture exposure (Carrico et al., 2015). Models 
incorporated several potential confounders: maternal age, employment, 
education, alcohol consumption status, smoking status, passive smok
ing, folic acid intake during pregnancy, BMI, living areas, season of 
conception, gestational age, maternal TPOAb status, and ambient tem
perature. Results were presented as β or odds ratios (ORs) accompanied 
by their respective 95% confidence intervals (CIs).

To examine the possible influence of autoimmune damage, we 
stratified the study population based on TPOAb status and evaluated the 
relationships between PM2.5 exposure and thyroid function separately in 
women who tested positive and negative for TPOAb. For the effect 
modification of TPOAb status, we calculated the P for interaction by 
including an interaction term in the model.

We conducted multiple sensitivity tests to assess the robustness of the 
results: (1) A constituent-PM2.5 joint model was built to control the 
confounding effect of the total PM2.5 mass; (2) A single-constituent re
sidual model was fitted to control the potential collinearity between 
PM2.5 and each constituent; (3) To mitigate the confounding effect of 
other constituents, we replaced the constituent with its residual. This 
was achieved by establishing a simple linear regression between PM2.5 
and the component, and utilizing the residuals in the model (Shen et al., 
2022; Yu et al., 2020); (4) We further adjusted pre-existing hypertension 
and diabetes in the model; (5) We further incorporated pregnancy 
complications, such as gestational diabetes and gestational hypertension 
(defined as women over 20 weeks of gestational age with a systolic 
blood pressure of 140 mm Hg or higher, or a diastolic blood pressure of 
90 mm Hg or higher), into the model. (6) We estimated the inhalation 
concentrations of PM2.5 and its chemical components based on a prior 
study and re-conducted the analysis (Xue et al., 2016). All statistical 
analyses were carried out using the R programming language (version: 
4.2.2).

3. Results

This study comprised 13711 pregnant women from the FJBCS 
(Table 1). The average age of participants was 30.38 (±3.99) years, with 
78.76% holding a university degree and 72.37% currently employed. 
Moreover, approximately 85.47% of women reported no alcohol con
sumption, while 97.64% and 59.60% reported no smoking or passive 
smoking. More than half of pregnant women (62.06%) had regular 
intake of folic acid. Thyroid function screening was conducted for all 
participants during the follow-up period. The average (SD) levels of TSH 
and FT4 were 0.98 (0.74) mIU/L and 1.19 (0.21) ng/dL, individually. 
Based on the laboratory’s reference range and diagnostic criteria, 1791 
(13.06%) participants were found to have tested positive for TPOAb, 
while 562 (4.10%) participants were identified to have 
hypothyroxinemia.

Table S1 provides a summary of the distribution of PM2.5 and its 
components in the different time windows during pregnancy. The mean 
(standard deviation) PM2.5 exposure for the 1st, 2nd trimester, and the 
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whole pregnancy were 22.051 (4.458) μg/m3, 20.533 (4.880) μg/m3, 
and 21.074 (1.941) μg/m3, respectively. The Pairwise correlations be
tween PM2.5 and its constituents are presented in Fig. S1.

Table 2 displays an overview of the relationships between maternal 
PM2.5 exposure and the thyroid function of pregnant women. An IQR 
increase in PM2.5 exposure in the 1st, 2nd trimester, and the whole 
pregnancy was associated with a − 0.042 (− 0.050, − 0.034), − 0.017 
(− 0.026, − 0.009), and − 0.011 (− 0.017, − 0.004) change in FT4 level, 
respectively. Similarly, when PM2.5 categories were defined by tertiles, 
we found that PM2.5 exposure, both in intermediate and high levels, was 
linked to a decreased FT4 level in the 1st trimester, with a trend showing 
statistical significance (P < 0.05). Notably, we also found that PM2.5 
exposure (per IQR increase) increased the risk of hypothyroidism in 
pregnant women by 45.3% (24.9%, 69.3%), 48.0% (28.8%, 70.1%), and 
40.9% (21.6%, 63.4%), respectively, in the different exposure windows. 
The results regarding the relationship between high level of PM2.5 
exposure and the risk of hypothyroidism in pregnancy remained sig
nificant, with P for trend <0.05. However, we failed to observe a sta
tistically significant association between PM2.5 exposure and TSH 
concentration. Associations between chemical constituents of PM2.5 and 
thyroid functions of pregnant women during different exposure win
dows are shown in Fig. 1. The majority of PM2.5 constituents (SO4

2− , 
NO3

− , NH4
+, Cl− , and BC) exhibited negative associations with FT4 levels. 

Likewise, exposure to SO4
2− , NO3

− , NH4
+, Cl− , and BC was found to elevate 

the risk of hypothyroidism, with the highest ORs observed in the 1st 
trimester. Similar results were discovered when categorizing PM2.5 
constituents into tertiles (Tables S2–S7). In the stratified analyses 
(Table S8), the adverse effect of PM2.5 exposure on the risk of hypo
thyroxinemia during pregnancy appeared to be stronger in TPOAb 
positive women across different exposure windows. However, a signif
icant interaction between PM2.5 exposure and TPOAb status was only 
observed in the 1st trimester (P for interaction = 0.018).

Table 3 presents the results of WQS model adjusting for various 
covariates. There was a negative relationship between the WQS indices 
and FT4 level (1st trimester: − 0.031 (− 0.036, − 0.026); 2nd trimester: 
− 0.026 (− 0.030, − 0.023); whole pregnancy: − 0.024 (− 0.028, 
− 0.020)). Additionally, a positive relationship between the WQS indices 
and hypothyroidism was also discovered. The respective effect estimates 
were 1.552 (1.312, 1.821) in the 1st trimester, 1.453 (1.194, 1.691) in 
the 2nd trimester, and 1.402 (1.152, 1.713) during the whole preg
nancy. For the mixed effect of components of PM2.5 on the thyroid 
function of pregnant women, the weights of the various chemical con
stituents in the WQS indices are displayed in Figs. S2–S4. Furthermore, 
the mixed effect of PM2.5 chemical constituents on the FT4 level (SO4

2− , 
NO3

− , NH4
+, and Cl− ) and hypothyroidism risk (OM, NO3

− , Cl− , and BC) 

Table 1 
Characteristics of the included participants.

Characteristics Total participants (n = 13711)

Maternal age (years) 30.38 (3.99)
Educational levels (%)

Non-university level 2893 (21.10)
University level 10799 (78.76)
Missing 19 (0.14)

Employment status (%)
Current employment 9922 (72.37)
Non-current employment 3770 (27.50)
Missing 19 (0.14)

Alcohol status (%)
Never drinking 11719 (85.47)
Former drinking 1451 (10.58)
Current drinking 514 (3.75)
Missing 27 (0.20)

Smoking status (%)
Never smoking 13388 (97.64)
Former smoking 292 (2.13)
Current smoking 14 (0.10)
Missing 17 (0.12)

Maternal folic acid status (%)
No 5172 (37.72)
Yes 8509 (62.06)
Missing 30 (0.22)

Season of conception (%)
Spring 4571 (33.34)
Summer 2829 (20.63)
Fall 2292 (16.72)
Winter 4019 (29.31)

Passive smoking (%)
No 8175 (59.60)
Yes 5536 (40.40)

Living area (%)
Urban 8450 (61.63)
Town 2535 (18.49)
Rural 2726 (19.88)

BMI (%)
Underweight (<18.5 kg/m2) 2696 (19.66)
Normal weight (18.5–24 kg/m2) 8256 (60.21)
Overweight (24–28 kg/m2) 2548 (18.58)
Obese (≥28 kg/m2) 87 (0.63)
Missing 124 (0.90)

Gestational age (weeks) 39.18 (1.44)
Ambient temperature (◦C) 21.16 (0.71)
Thyroid-stimulating hormone (uIU/mL) 0.98 (0.74)
Free thyroxine (ng/dL) 1.19 (0.21)
Maternal TPOAb status (%)

Positive 1791 (13.06)
Negative 11920 (86.94)

Prevalence of hypothyroxinemia (%) 562 (4.10)

Table 2 
Associations between PM2.5 and thyroid functions of pregnant women during different exposure windows.

PM2.5 TSH during pregnancy FT4 during pregnancy Hypothyroxinemia during pregnancy

β and 95% CIs P for trend β and 95% CIs P for trend ORs and 95% CIs P for trend

1st trimester
Low tertile 0 (Ref.) 0.410 0 (Ref.) <0.001 1 (Ref.) <0.001
Intermediate tertile − 0.000 (− 0.071, 0.070) ¡0.024 (-0.033, -0.015) 0.998 (0.798, 1.248)
High tertile 0.036 (− 0.050, 0.121) ¡0.047 (-0.057, -0.036) 1.475 (1.200, 1.816)
PM2.5, per IQR increase 0.031 (− 0.033, 0.094) – ¡0.042 (-0.050, -0.034) – 1.453 (1.249, 1.693) –
2nd trimester
Low tertile 0 (Ref.) 0.936 0 (Ref.) <0.001 1 (Ref.) <0.001
Intermediate tertile 0.074 (0.014, 0.134) − 0.002 (− 0.010, 0.005) 1.499 (1.190, 1.892)
High tertile 0.015 (− 0.073, 0.104) ¡0.033 (-0.044, -0.022) 1.969 (1.584, 2.457)
PM2.5, per IQR increase − 0.013 (− 0.082, 0.055) – ¡0.017 (-0.026, -0.009) – 1.480 (1.288, 1.701) –
Whole pregnancy
Low tertile 0 (Ref.) 0.637 0 (Ref.) 0.002 1 (Ref.) <0.001
Intermediate tertile 0.032 (− 0.029, 0.093) − 0.006 (− 0.013, 0.002) 1.494 (1.196, 1.870)
High tertile − 0.020 (− 0.091, 0.051) ¡0.014 (-0.023, -0.005) 1.679 (1.351, 2.094)
PM2.5, per IQR increase − 0.004 (− 0.054, 0.047) – ¡0.011 (-0.017, -0.004) – 1.409 (1.216, 1.634) –

Models adjusted for age, educational level, employment status, alcohol status, smoking status, passive smoking, maternal folic acid status, living areas, BMI, gestational 
age, maternal TPOAb status, season of conception, and ambient temperature.
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should not be overlooked as their weights, during a certain exposure 
window in pregnancy, exceeded the calculated cutoff value.

After conducting a series of sensitivity tests, including fitting the 
constituent-PM2.5 joint model (Table S9), the single-constituent residual 
model (Table S10), and the residual model (Table S11), adjusting for 
pre-existing hypertension and diabetes (Table S12) or pregnancy com
plications (Table S13) in the primary model, and estimating the inha
lation concentrations of PM2.5 and its chemical components (Table S14), 

we observed that the associations between PM2.5 and its constituents 
and thyroid function among pregnant women remained largely 
unchanged.

4. Discussion

To our knowledge, our study is not only the largest but also the first 
one to comprehensively examine the associations of exposure to PM2.5 

Fig. 1. Associations between chemical constituents of PM2.5 (per IQR increase) and thyroid functions of pregnant women during different exposure windows. Models 
adjusted for age, educational level, employment status, alcohol status, smoking status, passive smoking, maternal folic acid status, living areas, BMI, gestational age, 
maternal TPOAb status, season of conception, and ambient temperature.
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and its chemical components with thyroid function in pregnant women 
across different exposure windows. This study revealed that exposure to 
PM2.5 and its constituents across different exposure windows in the 
gestational period were significantly associated with a reduction in FT4 
level, as well as an increased risk of hypothyroidism. Of note, in addition 
to the separate effect of PM2.5 and its constituents, a potential mixed 
effect of chemical constituents of PM2.5 was found to exert a detrimental 
effect on the thyroid function of pregnant women.

Prior epidemiological studies, conducted at 1st trimester or the 
whole pregnancy, consistently reported a significant association be
tween particulate matter and a decrease in FT4 level (Zhao et al., 2019; 
Ghassabian et al., 2019; Janssen et al., 2017). Moreover, a mendelian 
randomization study established a causative link between PM2.5 and the 
risk of hypothyroidism by identifying specific single nucleotide poly
morphisms that are associated with PM2.5 concentration (Zhang et al., 
2022b). Findings of our study were in line with these studies. Our study 
further revealed that women who tested positive for TPOAb were 
particularly susceptible to thyroid disruption triggered by PM2.5 expo
sure during pregnancy. This vulnerability might arise from their reduced 
ability to synthesize TH, making them unable to compensate for the 
detrimental impact of air pollution on FT4 level (McLachlan and 
Rapoport, 2007; Vanderpump et al., 1995). For the disruption of thyroid 
function by PM2.5 constituents, one cohort study, carried out among 433 
pregnant women in Nanjing, China, uncovered that maternal exposure 
to BC and NH4

+ during the early pregnancy was associated with a 
reduction of FT4 concentration. The effect estimates were − 0.14 (− 0.29, 
− 0.01) for BC (per unit increase) and − 0.19 (− 0.33, − 0.05) for NH4

+

(per unit increase) (Wang et al., 2019). However, it did not observe any 
significant associations between PM2.5 and its constituents with 
maternal TSH level, which is consistent with our findings. Another 
Chinese study found that exposure to inorganic metal ions of PM2.5 
constituents, such as Zn, K, and Mn, was associated with a decrease in 
FT4 level in 329 pregnant women (Zhou et al., 2022). Although the 
sample size, types of PM2.5 constituents, and methodologies employed 
for exposure estimation varied, these findings confirm our results and 
suggest that the 1st trimester of pregnancy is a critical period of 
vulnerability to exposure to PM2.5 and its constituents.

Although a definitive mechanism explaining the impact of particu
late matter on thyroid function disruption has not been fully elucidated, 
the existing evidence suggests several potentially plausible pathways. 
Animal experiments have demonstrated that PM2.5 exposure not only 
results in disruption of the hypothalamic-pituitary-thyroid axis but also 
reduces thyroid peroxidase levels during TH synthesis, consequently 

inhibiting iodine activation and further decreasing circulating TH levels 
(Dong et al., 2021). Furthermore, oxidative stress and inflammatory 
responses induced by PM2.5 exposure may also contribute to abnormal 
thyroid function (Kang et al., 2021; Gangwar et al., 2020; Mancini et al., 
2016). An example of this is observed in PM2.5-exposed rats, where 
elevated levels of reactive oxygen species and malondialdehyde hin
dered the iodination process and effective uptake of iodide ions in the 
thyroid gland, ultimately impacting the biosynthesis of TH (Dong et al., 
2021). Also, the activation of thyroxine can be blocked by specific in
flammatory factors such as IL-6, which in turn promotes the develop
ment of nonthyroidal illness syndrome (Wajner et al., 2011). PM2.5 
toxicity is also related to its sources and relative abundance. The most 
abundant ions in PM2.5 are SO4

2− (typically from fossil fuel burning), 
NO3

− (usually from vehicular emissions), and NH4
+ (mostly from resi

dential and agricultural sources) (Liang et al., 2022). Inhalation of these 
inorganic ions can disrupt thyroid function by generating high levels of 
reactive oxygen species and inflammatory pathways (Dong et al., 2021; 
Ying et al., 2014; Oberdörster et al., 2004). Carbonaceous aerosol (OM 
and BC) is another important component in PM2.5 in urban atmospheres. 
Previous studies conducted in Fujian Province have revealed that 
carbonaceous aerosols constitute 40% of the PM2.5 mass, and predom
inantly originate from incomplete combustion of biomass and fossil 
fuels, including emissions from vehicle tailpipes, industrial sources, and 
residential burning of biofuels (Zhang et al., 2011; Liang et al., 2016). At 
the population level, inhalation of OM and BC has been linked to sys
temic inflammation activation (by inhibiting DNA methylation), pro
duction of reactive oxygen species, and increased platelet activation 
biomarkers (including C-reactive protein, interleukin 1-6, and tumor 
necrosis factor) (Delfino et al., 2008; Lei et al., 2019). These biological 
changes interfere with the effective absorption of iodine ions by the 
thyroid gland and affect the synthesis of TH (Sun et al., 2009; Ogino 
et al., 2017).

To date, no study has evaluated the mixed effect and relative con
tributions of PM2.5 components on thyroid function impairment in 
pregnant women. However, an increasing number of studies have 
noticed that humans are exposed to mixtures of air pollutants rather 
than a single pollutant at a time. Using the WQS model, a Chinese study 
examined the combine effect of PM2.5 and its constituents in early life on 
obesity in adults (Yang et al., 2023). Likewise, a study conducted in the 
U.S. found that exposure to PM2.5 components had a composite effect on 
fetal neurodevelopment (Chiu et al., 2023). Similar to the aforemen
tioned studies, this study adopted the novel approach of mixture anal
ysis that took into account the combined effect of various PM2.5 
components across different exposure windows during pregnancy. Our 
findings demonstrated that, in the context of mixed exposure, the 
various chemical components of PM2.5 exerted different contributions to 
thyroid function impairment during the early to mid-pregnancy stage. 
This study has some reference value, as it reminds us that co-occurring 
pollutants may interact in complex ways to compound the hazardous 
effect on thyroid function in pregnant women. Nevertheless, slight dis
crepancies existed between the findings of single pollutant analysis and 
those of mixture analysis. For example, in single pollutant analysis, both 
NO3

− and NH4
+ exerted the most significant influence on maternal FT4 

level. Whereas, in mixed pollutant analysis, SO4
2− , NO3

− , NH4
+, and Cl− all 

emerged as crucial factors warranting attention (over the WQS cutoff 
value). One possible reason for this disparity is that the health effect 
resulting from pollutants exposure vary depending on the exposure 
context (single versus mixed exposure), which is in line with previous 
studies (Guo et al., 2023; Li et al., 2024). Additionally, differences in 
analytical approaches also constitute a significant factor. These findings 
suggested that environmental research should not only focus on the 
health effect resulting from single pollutant exposure but should also 
address the health effect arising from both single and multiple pollutant 
exposures. This is imperative as human populations inhabit environ
ments characterized by intricate mixtures of exposure.

A significant strength of this study lies in exploring the separate and 

Table 3 
Associations between WQS model regression indices and thyroid functions of 
pregnant women during different exposure windows.

Thyroid functions during pregnancy β (ORs) and 95%CIs P values

TSH during pregnancy
1st trimester 0.018 (− 0.024, 0.061) 0.425
2nd trimester 0.014 (− 0.010, 0.045) 0.273
Whole pregnancy 0.012 (− 0.023, 0.052) 0.326
FT4 during pregnancy
1st trimester ¡0.031 (-0.036, -0.026) <0.001
2nd trimester ¡0.026 (-0.030, -0.023) <0.001
Whole pregnancy ¡0.024 (-0.028, -0.020) <0.001
Hypothyroxinemia during pregnancy
1st trimester 1.552 (1.312, 1.821) <0.001
2nd trimester 1.453 (1.194, 1.691) <0.001
Whole pregnancy 1.402 (1.152, 1.713) <0.001

β, ORs, and 95% CIs in bold represent significance at P < 0.05. β and ORs esti
mates represent mean differences in components of PM2.5 when the WQS indices 
were increased by quartile.
Models adjusted for age, educational level, employment status, alcohol status, 
smoking status, passive smoking, maternal folic acid status, living areas, BMI, 
gestational age, maternal TPOAb status, season of conception, and ambient 
temperature.
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mixture effect of PM2.5 and its constituents in different exposure win
dows during pregnancy on thyroid function. This is instrumental in 
identifying critical periods of vulnerability to mixture components and 
developing specific strategies to mitigate early-life air pollution expo
sure. Nevertheless, this study possesses certain constraints. First, despite 
our comprehensive consideration of various covariates that could 
potentially influence thyroid function during pregnancy, the presence of 
unmeasured confounders remains a possibility, potentially impacting 
the study outcomes. Second, information on relocation history during 
pregnancy was not collected in the FJBCS. Thus, individual PM2.5 
exposure was estimated based on participants’ address gathered at the 
time of enrollment in the FJBCS, which might lead to exposure 
misclassification bias. However, according to traditional Chinese cus
toms, pregnant women typically refrain from moving residences during 
pregnancy. Therefore, this study assumes that the residential addresses 
of pregnant women will remain unchanged throughout the study period. 
Third, no data regarding iodine intake levels were collected in the 
FJBCS, and overlooking this confounding factor may introduce a certain 
degree of bias. Fourth, although ambient PM2.5 is closely related to the 
indoor PM2.5 exposure (a lower proportion of outdoor PM2.5 concen
trations in the presence of indoor pollution sources and a higher pro
portion in the absence of indoor pollution sources) (Lunderberg et al., 
2023; Xie et al., 2022), the impact of indoor air pollution cannot be 
ignored completely. Fifth, this study primarily examined exposure to 
PM2.5 components from respiratory sources, without considering the 
effect of ions from the gastrointestinal tract (e.g., from food and drinking 
water) on pregnant women’s health. Given that the gastrointestinal tract 
is also a significant route for substance entry into the body, future 
research should focus on the effect of pollutants from the gastrointes
tinal tract on the health of pregnant women. Finally, as an observational 
study, the findings on the associations between exposure to PM2.5 and its 
constituents in pregnancy and the thyroid disruption cannot be inter
preted as a causal relation.

5. Conclusion

Exposure to PM2.5 and its constituents was linked to impaired thyroid 
function in pregnant women, whether in isolation or in combination. 
The detrimental impact was most notable during the 1st trimester of 
pregnancy. This study provided a novel perspective on the impact of 
PM2.5 constituents on health in pregnancy, emphasizing the necessity of 
investigating the relationship between particulate matter exposure and 
thyroid dysfunction in pregnant women across various exposure win
dows, as well as under the context of mixed exposure.
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