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A B S T R A C T

Background: The associations between prenatal antibiotics exposure and attention-deficit/hyperactivity disorder 
(ADHD) in preschoolers, and the role of maternal vitamin D in these associations, remain to be explored.
Objectives: To evaluate the relationships between multiple maternal urinary antibiotics levels and preschoolers’ 
ADHD symptoms, and to identify the potential modifying effects of maternal vitamin D.
Methods: Based on a prospective birth cohort, the present study included 2033 mother–child pairs. Maternal 
urine and serum samples were collected during all three trimesters to measure the urinary concentrations of 43 
antibiotics (including two metabolites) and the serum vitamin D levels. The ADHD symptoms of preschoolers 
were assessed using the Diagnostic and Statistical Manual–oriented ADHD problems scale in the Achenbach Child 
Behavior Checklist. Multiple informant models in the form of logistic regression were conducted to investigate 
the associations between prenatal antibiotics exposure and preschooler ADHD symptoms, and these associations 
were stratified by child sex and maternal vitamin D status.
Results: Compared with the lowest tertile concentrations, maternal exposure to the middle tertile concentrations 
of doxycycline and human antibiotics/preferred as human antibiotics (HAs/PHAs), and the highest tertile con-
centrations of doxycycline during the first trimester were associated with an increased risk of ADHD symptoms in 
children. An increased risk of ADHD symptoms was observed in girls exposed to the highest tertile levels of 
sulfamethazine during the second trimester. Furthermore, pregnant women with vitamin D deficiency have a 
greater risk of ADHD symptoms in their offspring after exposure to doxycycline in the first trimester.
Conclusions: Maternal exposure to doxycycline and HAs/PHAs during the first trimester increases the risk of 
ADHD symptoms in preschoolers. Mid-pregnancy sulfamethazine exposure increases the risk of ADHD symptoms 
in girls. Maternal vitamin D deficiency during pregnancy may exacerbate the adverse effects of doxycycline 
exposure on ADHD symptoms.
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1. Introduction

Attention deficit hyperactivity disorder (ADHD), whose typical 
symptoms include hyperactivity, impulsivity and inattentiveness, is one 
of the most common childhood neurodevelopmental disorders world-
wide (Sayal et al., 2018). Currently, the prevalence of ADHD in children 
is between 2 % and 7 % worldwide (Sayal et al., 2018; Thomas et al., 
2015). In China, approximately 5.4 % of children are diagnosed with 
ADHD (Li et al., 2022). ADHD not only is a risk factor for other mental 
and behavioral problems (e.g., emotional problems, disruptive behav-
iors, antisocial behavior, and self-harm) but can also lead to a wider 
range of negative outcomes (e.g., educational underachievement, diffi-
culties with employment, and criminality), which results in a significant 
burden for the individual, their family, and wider society (Posner et al., 
2020; Sayal et al., 2018). Data from the Global Burden of Disease Study 
2019 revealed that ADHD was the 84th leading cause of 
disability-adjusted life years in 2019 at the disorder level among the 
0–14-year age group (GBD 2019 Mental Disorders Collaborators, 2022). 
Given the relatively high prevalence of ADHD in children and significant 
adverse health and personal development effects in the short term and 
subsequent life stages, identifying potential risk factors and developing 
early prevention and intervention strategies for ADHD have become 
multidisciplinary priority issues, including in the disciplines of pediat-
rics and public health.

The full etiology of ADHD is not fully understood. The current 
mainstream view is that the onset and development of ADHD are the 
result of complex interactions between multiple environmental and 
genetic factors (Faraone et al., 2015). Emerging compelling evidence has 
demonstrated that prenatal antibiotic exposure is associated with ADHD 
in children. A previous systematic review and meta-analysis revealed 
that pregnant women who ingested antibiotics during pregnancy 
delivered children with a 14 % increased risk of developing ADHD in 
childhood (Ai et al., 2021). A large birth cohort study suggested that 
pregnant women exposed to either clinically used broad-spectrum or 
narrow-spectrum antibiotics during pregnancy significantly increased 
the risk of ADHD in their offspring during childhood (Lavebratt et al., 
2019). However, because pregnant women are often exposed to 
different antibiotics (e.g., human and veterinary antibiotics, or preferred 
as human and veterinary antibiotics) through multiple pathways (e.g., 
clinical practice, inhalation ingestion, and dietary intake) in the real 
world (Hu et al., 2022b; Wang et al., 2017; Zeng et al., 2020), the po-
tential adverse effects of prenatal exposure to multiple types of antibi-
otics on the development of ADHD in offspring urgently need to be 
explored.

Fluctuations in maternal vitamin D levels during pregnancy are well 
known to be closely related to the correct neurological development of 
the fetus (García-Serna and Morales, 2020). The appropriate vitamin D 
concentrations during pregnancy promote fetal neurodevelopment, 
whereas maternal vitamin D deficiency/insufficiency may increase the 
risk of childhood neurodevelopmental disorders in offspring 
(Upadhyaya et al., 2022). Evidence from a nationwide epidemiological 
study indicated that relatively low maternal vitamin D concentrations 
were related to an elevated risk of ADHD in children (Sucksdorff et al., 
2021). A randomized clinical trial revealed that higher maternal serum 
vitamin D concentrations were associated with a lower risk of ADHD in 
offspring (Aagaard et al., 2024). Previous population-based birth cohort 
studies have reported that maternal vitamin D status can moderate the 
adverse effects of prenatal environmental pollutant exposure on 
offspring neurodevelopment (Gao et al., 2024b; Lu et al., 2024), sug-
gesting that maternal vitamin D can serve as the main basis for formu-
lating intervention strategies for the toxic effects of environmental 
pollutants in the early life stage. As a potentially modifiable intervening 
factor, the ability of maternal vitamin D status to modulate the rela-
tionship between prenatal antibiotic exposure and childhood ADHD 
needs to be further explored.

Using data from the Ma’anshan birth cohort (MABC), we aimed to 

achieve two objectives: (1) to determine the association between pre-
natal antibiotics exposure and the risk of ADHD symptoms in preschool 
children; (2) to explore whether different maternal vitamin D levels 
during pregnancy could modify these associations.

2. Methods

2.1. Study population

Mother–child pairs were identified in the MABC (No. 20131195). In 
brief, 3474 pregnant women were recruited from Ma’anshan city, China 
(2013− 2014). Urine and serum samples from pregnant women were 
collected at three time points (first trimester, 10.39 ± 2.11 weeks; sec-
ond trimester, 25.99 ± 1.02 weeks; third trimester, 34.39 ± 1.09 
weeks), and detailed information is provided in our published articles 
(Zhou et al., 2023; Zhu et al., 2020). Overall, after excluding 201 
pregnant women who did not have normal labor or had multiple preg-
nancies, 86 pregnant women who did not provide urine samples, 416 
pregnant women who lacked data on vitamin D during pregnancy, and 
738 preschoolers who lacked information on ADHD symptoms, 2033 
mother–child pairs were ultimately included (Fig. 1).

2.2. Instrumental analysis

Maternal urine and serum samples were obtained in all three tri-
mesters and stored in our laboratory (− 80 ◦C). A multiple stable isotope 
dilution assay was developed to determine the urinary concentrations of 
forty-three antibiotics (41 antibiotics and 2 metabolites), as previously 
published (Geng et al., 2020; Liu et al., 2020). Briefly, the intraday and 
interday precisions ranged from 1.9 % to 10.3 % and from 1.0 % to 
12.1 %, respectively. The recoveries of the antibiotics ranged from 
76.3 % to 112.5 %. The limit of detection (LOD) for the targeted 
chemicals was in the range of 0.016–1.481 ng/mL (Table S1), and uri-
nary antibiotic levels greater than or equal to the LOD were used to 
calculate creatinine-adjusted concentrations (Geng et al., 2024). Anti-
biotics with positive detection rates ≥ 10 % throughout pregnancy were 
used for further analysis (Table S2) (Geng et al., 2024; Hu et al., 2022a).

Maternal serum total 25-hydroxyvitamin D [25(OH)D] was deter-
mined by well-trained experimenters using a kit from Diasorin (DiaSorin 
Inc, Stillwater, MN, USA) (Gao et al., 2022). The intra- and 
inter-coefficients were <10 %, and the 25(OH)D concentrations in all 
the samples exceeded the limit of detection (1.5 ng/mL). The average 
serum 25(OH)D concentrations of the three trimesters were calculated 
to reflect maternal vitamin D levels throughout the entire pregnancy. 
Maternal vitamin D status was divided into two groups: “deficiency (<
20 ng/mL)” and “non-deficiency (≥ 20 ng/mL)” (Lisi et al., 2020; Lu 
et al., 2024).

2.3. Preschoolers’ ADHD symptoms

The ADHD symptoms of children in the MABC were assessed at the 
age of 4 years via the Diagnostic and Statistical Manual (DSM)–oriented 
ADHD problems scale in the Achenbach Child Behavior Checklist (Geng 
et al., 2024; Hansen et al., 2021). The DSM–oriented ADHD problems 
scale has been validated as an effective predictor of DSM-diagnosed 
ADHD problems in children (Bellina et al., 2013; Teng et al., 2022). It 
contains six items (i.e. concentrate, can’t sit still, can’t wait, demanding, 
get into things, shifts quickly), and each item was scored 0 for ‘‘never’’, 1 
for ‘‘sometimes’’, and 2 for “often”. The normalized T score of the 
DSM–oriented ADHD problems scale was calculated based on the raw 
scores of the six items (sum of individual raw scores minus the sum of the 
total population mean raw score, subsequently divided by the standard 
deviation). In the present study, children with DSM–oriented ADHD 
problem scale T scores ≥ 60 were defined as exhibiting ADHD symptoms 
(Liu et al., 2014).

M. Geng et al.                                                                                                                                                                                                                                   Ecotoxicology and Environmental Safety 285 (2024) 117037 

2 



2.4. Covariates

The demographic characteristics of mothers and their children were 
collected from structured questionnaires or medical records during the 
follow-up periods. Potential covariates were identified via a directed 
acyclic graph (Fig. S1), which included maternal age and education level 
(less than high school, high school, or more than high school), maternal 
smoking and drinking during pregnancy (yes or no), delivery mode 
(vaginal delivery or cesarean section), prepregnancy body mass index 
(BMI), family monthly income per capita (≤2500 CNY, 2500− 4000 
CNY, or >4000 CNY), residence (urban or rural), and gestational age. In 
addition, several factors related to ADHD symptoms in children were 

also selected as covariates, including child sex (boys, girls), breast-
feeding duration (less than 1 month, 1− 4 months, or greater than 4 
months), antibiotic use in infants and toddlers (used at least once or 
never), average screen time and outdoor activities time per day when 
children were 4 years old.

2.5. Statistical analysis

The characteristics of the included and excluded participants are 
presented via descriptive analyses and were compared via Student’s t 
test, the Mann–Whitney U test, or the chi-square test. The selected 
percentiles were used to describe the maternal urinary antibiotics 

Fig. 1. Flow diagram of study participants.
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exposure levels. Urinary antibiotics creatinine-adjusted concentrations 
below the LOD values were categorized into the “Tertile 1” group, 
whereas the “Tertile 2” (LODs to median concentrations) and “Tertile 3” 
(greater than median concentration) groups were divided according to 
the median concentration of the positive detection fraction (Geng et al., 
2024).

Based on the generalized estimating equations, multiple informant 
models in the form of logistic regression were fitted to investigate the 
associations between prenatal antibiotics exposure and preschooler 
ADHD symptoms (Sánchez et al., 2011). This model is applicable to 
repeated measurement data and can test the differences in estimations 
across multiple periods via the Type 3 test (Sun et al., 2020). The 
strength of the association between each exposure variable and the 
outcome variable is presented as odds ratios (ORs) and 95 % confidence 
intervals (CIs). Additionally, sex-stratified analyses were conducted to 
test potential sex-specific associations. To examine the effect modifica-
tion of maternal vitamin D during pregnancy, stratified analyses were 
performed to examine the influence of maternal vitamin D status 
(deficiency and non-deficiency group) on the association between pre-
natal antibiotics exposure and preschooler ADHD symptoms. P values of 
the multiplicative interaction term between each individual or category 
of antibiotics and preschooler sex or maternal vitamin D status were 
calculated to test differences between groups. The false discovery rate 
(FDR) was used to correct for multiple testing (Benjamini and Hochberg, 
1995).

Three sensitivity analyses were performed. First, because preterm 
birth is a potential risk factor for ADHD symptoms in preschoolers (Ask 
et al., 2018), we excluded children with a gestational age of less than 37 
weeks. Second, previous studies have reported that screen time (Qu 
et al., 2023) and outdoor activities (Taylor and Kuo, 2009) may be 
associated with ADHD symptoms in children. Thus, these variables were 
included for further adjustment. Third, we calculated E-values to assess 
potential residual confounding from unmeasured confounders 
(VanderWeele and Ding, 2017).

We analyzed the data via R (4.3.2) and SPSS (23.0). P values < 0.05, 
whereas FDR p-values (Lei et al., 2022), Type 3 p-values (Sun et al., 
2020) and p-values for interaction < 0.10 (Geng et al., 2024) were 
considered significant.

3. Results

The demographic characteristics of the mother–child pairs in the 
included and excluded groups are shown in Table 1. Among the included 
participants, the mean maternal age, pre-pregnancy BMI, gestational 
age and child birth weight were 26.68 years, 20.58 kg/m2, 39.12 weeks 
and 3379.39 g, respectively. More than half of the pregnant women had 
a high school education or above (58.3 %), never smoked or drank 
alcohol during pregnancy (90.9 %), lived in urban areas (79.7 %), and 
had average serum vitamin D levels less than 20 ng/mL (53.0 %). Forty- 
two and a half percent of the participants had a family monthly income 
per capita in the range of 2500–4000 CNY. Half of the children were 
born vaginally, and half were born by Caesarean section, with a greater 
number of boys than girls. The proportion of children who had been 
breastfed for > 4 months and who had used antibiotics at least once 
during infancy and early childhood exceeded 50 %. The median average 
screen and outdoor activities time per day were 1.50 and 1.79 hours, 
respectively. The prevalence of ADHD symptoms in preschool children 
was 10.6 %. In addition, no difference in characteristics was observed 
between the source and study populations (Table S3).

Fig. 2 and Table S4 present the exposure levels of multiple antibiotics 
in maternal urine samples during different trimesters of pregnancy. 
Fig. 2 shows the composition profiles of antibiotics in maternal urine 
samples across the three trimesters. The detection frequencies for nine 
individual antibiotics were greater than 10 % in all three trimesters. The 
95th percentile creatinine-adjusted concentration ranges for the nine 
individual antibiotics were 0.19− 2.93 µg/g, 0.23− 4.12 µg/g, and 

0.16− 3.76 µg/g in the first, second, and third trimesters, respectively. 
PVAs (81.0− 88.2 %) had the highest detection frequency in all three 
trimesters, followed by VAs (56.4− 68.5 %) and HAs/PHAs 
(24.8− 50.2 %). The 95th percentile creatinine-adjusted concentration 
ranges for the PVAs, VAs and HAs/PHAs were 13.48− 20.17 µg/g, 
3.21− 6.05 µg/g, and 12.26− 19.64 µg/g, respectively (Table S4).

Fig. 3 and Table S5 show the relationships between maternal anti-
biotics exposure during each trimester and ADHD symptoms in pre-
school children. Pregnant women exposure to doxycycline at the middle 
(OR = 1.66, 95 % CI: 1.14, 2.43, P-FDR = 0.059) and highest (OR = 2.11, 

Table 1 
Demographic characteristics [mean ± SD or n (%) or median (IQR)] of the 
participants.

Characteristics Included (n =
2033)

Excluded (n =
1240)

P 
value

Maternal and Family 
characteristics
Maternal age 26.68 ± 3.57 26.48 ± 3.75 0.125
Pre-pregnancy BMI 20.58 ± 2.78 20.64 ± 2.82 0.564
Maternal education levels 0.043

Less than high school 382 (18.8) 278 (22.4)
High school 465 (22.9) 270 (21.8)
More than high school 1186 (58.3) 692 (55.8)

Smoking and drinking during 
pregnancy

0.066

Yes 186 (9.1) 138 (11.1)
No 1847 (90.9) 1102 (88.9)

Delivery modea 0.391
Vaginal delivery 1017 (50.0) 598 (48.5)
Cesarean section 1015 (50.0) 635 (51.5)

Family monthly income per capita 
(CNY)

0.060

≤ 2500 566 (27.8) 301 (24.3)
2500− 4000 864 (42.5) 538 (43.4)
> 4000 603 (29.7) 401 (32.3)

Residence 0.916
Urban 1620 (79.7) 990 (79.8)
Rural 413 (20.3) 250 (20.2)

Maternal Vitamin D status
< 20 ng/mL 1077 (53.0)
≥ 20 ng/mL 956 (47.0)

Children’s characteristics
Gestational age (weeks)b 39.12 ± 1.24 38.87 ± 1.58 0.001
Birth weight (g)c 3379.39 ±

417.66
3342.37 ±
491.74

0.028

Sexd 0.270
Boys 1052 (51.7) 614 (49.8)
Girls 981 (48.3) 620 (50.2)

Breastfeeding duration (months) 0.009
< 1 583 (28.7) 415 (33.5)
1− 4 310 (15.2) 192 (15.5)
> 4 1140 (56.1) 633 (51.0)

Antibiotic use in infants and 
toddlers

0.070

Used at least once 1153 (56.7) 663 (53.5)
Never 880 (43.3) 577 (46.5)

Average screen time per day at 4 
years of age (hours)e

1.50 (1.76) 1.50 (1.80) 0.531

Average outdoor activities time per 
day at 4 years of age (hours)f

1.79 (1.29) 1.92 (1.57) 0.836

ADHD symptoms T scores 52.76 ± 4.53
Normal 1818 (89.4)

ADHD symptoms 215 (10.6)

Notes: SD, standard deviation; IQR, interquartile range; BMI, body mass index; 
ADHD, attention deficit hyperactivity disorder.

a Delivery mode data for 1 children and 7 children were unavailable in 
included and excluded group, respectively.

b Gestational age data for 3 children were unavailable in excluded group.
c Birth weight data for 7 children were unavailable in excluded group.
d Sex data for 6 children were unavailable in excluded group.
e Screen time data for 715 children were unavailable in excluded group.
f Outdoor activity time data for 715 children were unavailable in excluded 

group.
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95 % CI: 1.46, 3.04, P-FDR < 0.05) tertile group during the first trimester 
were significantly elevated the risk of ADHD symptoms in childhood 
(type 3 p-value = 0.010). In the first trimester, maternal urinary HAs/ 
PHAs (OR = 1.97, 95 % CI: 1.40, 2.78, P-FDR < 0.05) in the middle tertile 
increased the risk of ADHD symptoms in preschool children (type 3 p- 
value = 0.011). As shown in Figure S2 and Table S6, the results of sex- 
stratified analyses indicated that pregnant women with concentrations 
of sulfamethazine (OR = 2.99, 95 % CI: 1.36, 6.57, P-FDR = 0.078) in the 
highest tertile levels during the second trimester increased the risk of 
ADHD symptoms in girls (p-value for interaction = 0.026).

To investigate the modifying role of maternal vitamin D status in the 
prenatal antibiotics effect on offspring ADHD symptoms, maternal 
vitamin D status during pregnancy was dichotomized into deficiency 
and non-deficiency groups. Fig. 4 and Table S7 show the stratified and 
interaction analyses of prenatal antibiotics exposure and maternal 
vitamin D status on preschooler ADHD symptoms. After adjusting for 
covariates, in the vitamin D status deficiency group, maternal exposure 
to doxycycline at the middle (OR = 1.96, 95 % CI: 1.25, 3.09, P-FDR =

0.026) and highest (OR = 2.89, 95 % CI: 1.83, 4.55, P-FDR < 0.05) tertile 
concentrations during the first trimester significantly increased the risk 
of ADHD symptoms in children. Moreover, no significant associations 
between prenatal doxycycline exposure and ADHD symptoms were 
found in the non-deficiency groups (p-value for interaction = 0.018).

The results from the sensitivity analyses were generally consistent 
with those of the primary analyses when children with preterm birth 
were excluded (Table S8) or when additionally adjusted for pre-
schoolers’ average screen time and outdoor activities time per day 
(Table S9). The E-values suggest that the associations we observed are 
robust (Table S10).

4. Discussion

The results of the present study indicated that maternal doxycycline 
and HAs/PHAs exposure during the first trimester was related to an 

increased risk of ADHD symptoms in offspring. Compared with the non- 
deficiency group, pregnant women with vitamin D deficiency exposed to 
doxycycline during the first trimester had a greater risk of preschoolers’ 
ADHD symptoms. In addition, sex-stratified analyses indicated that 
maternal sulfamethazine exposure during the second trimester was 
associated with ADHD symptoms in girls.

In the current study, the overall positive detection rate for all anti-
biotics throughout pregnancy ranged from 90.3 % to 97.2 %. The anti-
biotic detection rates of pregnant women in Shanghai in 2012 (98.6 %) 
(Zeng et al., 2020) and 2020 (92.3 %) (Lin et al., 2022) were similar to 
those reported in the present study, whereas the total antibiotic detec-
tion rates in the urine samples of pregnant women in Jiangsu Province 
(31.0 %) (Zhou et al., 2021), the Xizang Autonomous Region (34.7 %) 
(Wang et al., 2023) and Eastern China (41.6 %) (Wang et al., 2017) were 
lower. Numerous potential factors contribute to differences in antibi-
otics exposure among pregnant women in different regions, such as di-
etary patterns, the educational level of the population, drug 
administration policies, regional economic development, the natural 
climate, the timing of urine sample collection, the type of antibiotic 
selected, and methods for determining exposure levels. Furthermore, 
VAs and PVAs were more commonly detected in the urine samples of 
pregnant women than HAs, whereas overall antibiotic concentrations 
were relatively low (95th percentile concentration: 51.25–62.32 µg/g), 
suggesting that dietary intake may be the main route of exposure to 
multiple antibiotics during pregnancy (Zeng et al., 2020).

In this prospective birth cohort, children born to mothers exposed to 
doxycycline had a greater risk of ADHD symptoms. Currently, studies on 
the association between prenatal doxycycline exposure and ADHD in 
offspring are lacking. A recent biomonitoring-based study reported that 
concentrations of tetracycline antibiotics (including doxycycline) in 
placental tissue were positively associated with the risk of offspring 
neural tube defects (Cheng et al., 2024). Our previous study revealed 
that maternal doxycycline exposure during pregnancy increased the risk 
of behavioral and mental problems in children (Geng et al., 2024). These 

Fig. 2. Composition profiles of urinary antibiotics (Fig. 1A:percentage, %; Fig. 1B: 95th percentile creatinine-adjusted concentrations, μg/g;) in pregnant women 
from the Ma’anshan birth cohort.
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Fig. 3. Association between maternal urinary antibiotics exposure during three trimesters and preschoolers’ ADHD symptoms. Analyses were adjusted for maternal 
age, pre-pregnancy BMI, maternal education levels, smoking and drinking during pregnancy, delivery mode, family monthly income per capita, residence, gestational 
age, children sex, breastfeeding duration, antibiotic use in infants and toddlers.

Fig. 4. Association of prenatal antibiotics exposure and preschoolers ADHD symptoms stratified by maternal vitamin D status. Analyses were adjusted for maternal 
age, pre-pregnancy BMI, maternal education levels, smoking and drinking during pregnancy, delivery mode, family monthly income per capita, residence, gestational 
age, children sex, breastfeeding duration, antibiotic use in infants and toddlers.
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findings suggest that prenatal doxycycline exposure is neurotoxic to 
offspring development. Although doxycycline has been banned in 
pregnant women (Smilack, 1999), it can still enter the human body 
through contaminated food and water (Zeng et al., 2020), suggesting 
that doxycycline exposure during pregnancy may be considered an 
environmental risk factor for ADHD development. In addition, epide-
miological studies from different studies have reported inconsistent as-
sociations between clinically used antibiotics during pregnancy and 
ADHD in offspring (Hamad et al., 2020; Lavebratt et al., 2019; Njotto 
et al., 2023). In the present study, prenatal exposure to HAs/PHAs 
increased the risk of ADHD symptoms in children. The direct determi-
nation of antibiotic concentrations in urine samples more accurately 
reflect real internal exposure levels in humans than accessing antibiotic 
prescription records.

Identifying the susceptible periods of prenatal environment exposure 
that affect the health outcomes of offspring can provide epidemiological 
clues for biological mechanism research while providing sufficient in-
formation for environmental policies that minimize negative impacts on 
public health and vulnerable populations. Based on the results of the 
Type 3 test in the multiple informant models, we identified the first 
trimester as a susceptible period of prenatal antibiotics exposure. In the 
early pregnancy stage, the onset of fetal neurological development 
(Adibi et al., 2023), affects the typical neurodevelopmental trajectory of 
the fetus (De Asis-Cruz et al., 2022), which may increase children’s 
susceptibility to ADHD after birth. Similar to our findings, previous 
convincing results have shown that antibiotics exposure during the first 
trimester can increase the risk of autism spectrum disorder and neural 
tube defects in children (Nitschke et al., 2023; Yu et al., 2020). Our prior 
work confirmed that the first trimester was a critical window for 
maternal antibiotics exposure to cause children internalizing and 
externalizing problems (Geng et al., 2024). In addition, sulfamethazine 
exposure during the second trimester more significantly affected girls 
than in boys. Our understanding of the potential mechanisms is limited, 
but maternal gut microbiota may play a pivotal role. Numerous studies 
have reported that gut microbiota can regulate local and systemic sex 
steroid hormone levels by producing related enzymes (Pace and Wat-
nick, 2020) and that sex differences in fetal neurodevelopment are 
related to prenatal sex steroid hormones (Baron-Cohen et al., 2020). 
Therefore, the altered maternal microbiota composition caused by pre-
natal antibiotics exposure may be the main driver of the sex dimorphic 
effect. In summary, we found that prenatal doxycycline, HAs/PHAs and 
sulfamethazine was associated with an increased risk of developing 
ADHD in offspring, and these results expand the etiologic horizon of 
ADHD.

Widespread exposure to antibiotics during pregnancy and the asso-
ciated potential maternal and child health risks have raised significant 
concerns. From a public health perspective, any intervention strategy 
that reduces the adverse health outcomes of antibiotics exposure during 
pregnancy is important. In our study, vitamin D deficiency during 
pregnancy exacerbated the adverse effects of doxycycline exposure on 
children’s ADHD symptoms. Consistent with our findings, the results of 
several previous compelling birth cohort studies have also demonstrated 
that maternal vitamin D status can modulate the effects of exposure to 
multiple environmental pollutants (e.g. phthalates, per- and poly-
fluoroalkyl substances, organophosphate esters) during pregnancy on 
offspring neurodevelopment (e.g. autistic traits, language, motor, in-
tellectual function) (Gao et al., 2024a, 2024b; Lu et al., 2024). Notably, 
given the ubiquitous exposure of pregnant populations to multiple an-
tibiotics, even weak effect sizes can result in significant health burdens 
at the public health dimension. Therefore, developing safe, 
cost-effective, and acceptable early nutritional screening and interven-
tion strategies, such as vitamin D testing and supplementation, is 
essential for pregnant populations at high risk of antibiotics exposure.

In addition, maternal vitamin D and prenatal antibiotics exposure 
may affect offspring neurodevelopment through similar pathways, and 
these effects may be potential mechanisms for vitamin D modification 

effects. For instance, prenatal antibiotics exposure can affect maternal 
thyroid function (Geng et al., 2022), induce maternal inflammatory 
responses (Ghazanfari et al., 2020), and modulate maternal gut micro-
biome metabolites (Vuong et al., 2020), all of which are strongly asso-
ciated with fetal neurodevelopment. Moreover, optimal maternal 
vitamin D levels also play a crucial role in supporting thyroid function 
during pregnancy (Wang et al., 2022), attenuating the intensity of the 
inflammatory response (Ao et al., 2021), and maintaining maternal gut 
microbiome homeostasis (Aparicio et al., 2023).

The present study is the first biomonitoring-based cohort study to 
examine the modifying role of maternal vitamin D status in the effects of 
multiple prenatal antibiotics on childhood ADHD symptoms. The pre-
sent study utilized a prospective cohort study design, which was able to 
more accurately elucidate the causal associations between prenatal an-
tibiotics exposure and childhood ADHD symptoms. In addition, deter-
mining the positive detection rate and concentration of multiple 
antibiotics in urine samples can depict the spectrum of antibiotic 
exposure in pregnant women in detail. Moreover, a repeated measure-
ment design can reduce misclassification of prenatal antibiotic exposure, 
more fully capture antibiotic exposure levels throughout pregnancy, and 
identify the susceptible periods of adverse health effects.

The current study is subject to several limitations. First, given the 
wide variety of antibiotics, an insufficiently comprehensive range of 
antibiotic classes may underestimate the true levels of antibiotics 
exposure among pregnant women in the real world. Future studies 
should expand the spectrum of antibiotic detection. Second, our study 
did not obtain information on postnatal exposure to multiple antibiotics, 
including VAs and PVAs. Next, we will determine the urinary antibiotics 
concentrations in MABC children. Third, although the use of parent- 
reported screening questionnaires can capture subclinical symptoms 
and undiagnosed ADHD, it can also introduce reporting bias, which in 
turn overestimates or underestimates the severity of symptoms. 
Combining parent-reported ADHD symptoms with clinically diagnosed 
ADHD can reduce reporting bias and obtain more accurate information 
about children’s ADHD. Fourth, similar to all observational epidemio-
logic studies, the results of the current study may still be affected by 
unmeasured confounders, despite adjusting for a large number of de-
mographic characteristics. Nevertheless, the E-values suggest that bias 
due to unmeasured confounders is unlikely to have contributed signifi-
cantly to our findings. Fifth, the participants in the MABC all lived in one 
city, which is regionally limited. Multicenter prospective cohort studies 
should be conducted in the future to make the findings more represen-
tative. Finally, we did not explore the potential effects of other maternal 
vitamins (e.g., vitamin A or vitamin B) or nutrients (e.g., folic acid or 
zinc). Future studies should expand the scope of research to develop 
more practical intervention strategies around the health effects of 
adverse environmental exposures in the early life stage.

5. Conclusion

Exposure to doxycycline and HAs/PHAs during the first trimester 
was associated with an increased risk of ADHD symptoms in preschool 
children. Maternal sulfamethazine exposure during the second trimester 
was associated with a high risk of ADHD symptoms in girls. The children 
of pregnant women with vitamin D deficiency exposed to doxycycline in 
the first trimester are at a greater risk of developing ADHD symptoms. 
The government and relevant organizations should actively carry out 
scientific popularization and publicity work around the health effects of 
antibiotic exposure during pregnancy to increase public health aware-
ness. Moreover, pregnant women should minimize the use of clinical 
antibiotics, drink filtered water, consume regular marketed food, and 
ensure that vitamin D is replenished in a timely manner to create a 
favorable intrauterine environment for fetal neurodevelopment and to 
improve the quality of births.
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