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Bisphenol A (BPA), an endocrine-disrupting chemical, is increasingly linked to the pathogenesis of 
autism spectrum disorder (ASD). This study investigates the effects of prenatal BPA exposure on neural 
stem cells (NSCs) from the hippocampi of rat offspring, a brain region critical for neurodevelopment 
and implicated in ASD. Pregnant rats were administered with BPA or vehicle control once daily via oral 
gavage from gestational day 1 until parturition. NSCs were isolated from the offspring’s hippocampi 
on postnatal day 1, and RNA sequencing was performed to examine transcriptomic alterations. 
Differentially expressed genes (DEGs) were identified through RNA-seq and further analyzed using 
Ingenuity Pathway Analysis (IPA) to explore disrupted pathways. In addition, in vitro proliferation 
assays were conducted, utilizing immunofluorescence staining for Sox2, a stem cell marker, and BrdU 
to quantify proliferating NSCs. Our results revealed that prenatal BPA exposure induced sex-specific 
alterations in NSC gene expression, with ASD-related genes such as Atp1a3, Nefl, and Grin1 being 
particularly dysregulated in male offspring. Moreover, sex-specific changes in NSC proliferation were 
observed. The study underscores BPA’s potential as an environmental risk factor for ASD, emphasizing 
the need for further research into its role in sex-specific neurodevelopmental effects.
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Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by challenges in social 
communication and the presence of restrictive and repetitive behaviors. It is crucial to recognize that the 
spectrum signifies a wide range of challenges and strengths, resulting in a diverse spectrum of individuals with 
ASD1. The term spectrum does not imply a linear scale from less autistic to more autistic but rather encompasses 
variation in areas such as executive function, sensory processing, repetitive behaviors, motor skills, perseverative 
thinking, social awareness, and verbal/nonverbal communication. In recent years, ASD has gained significant 

1The Ph.D. Program in Clinical Biochemistry and Molecular Medicine, Department of Clinical Chemistry, Faculty 
of Allied Health Sciences, Chulalongkorn University, Bangkok 10330, Thailand. 2Department of Biotechnology and 
Biomedicine (DTU Bioengineering), Technical University of Denmark, 2800 Kgs. Lyngby, Denmark. 3Chulalongkorn 
Autism Research and Innovation Center of Excellence (Chula ACE), Department of Clinical Chemistry, Faculty 
of Allied Health Sciences, Chulalongkorn University, 154 Soi Chula 12, Rama 1 Road, Wangmai, Pathumwan, 
Bangkok 10330, Thailand. 4Department of Anatomy, Faculty of Medicine, Chulalongkorn University, Bangkok 
10330, Thailand. 5Department of Biochemistry and Molecular Medicine, School of Medicine and Health Sciences, 
The George Washington University, Washington, DC 20052, USA. 6Department of Developmental Neuroscience, 
United Centers for Advanced Research and Translational Medicine (ART), Tohoku University Graduate School of 
Medicine, Sendai, Miyagi 980-8577, Japan. email: tewarit.sa@chula.ac.th

OPEN

Scientific Reports |         (2025) 15:2882 1| https://doi.org/10.1038/s41598-025-86392-2

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-86392-2&domain=pdf&date_stamp=2025-1-22


attention due to its increasing prevalence and impact on individuals and society. As our understanding of ASD 
grows, it is clear that we need a multidimensional approach to fully comprehend its complexities. The prevalence 
of ASD has risen steadily, with current estimates indicating that approximately 1 in 36 children at age 8 years 
old in the United States are diagnosed with ASD2,3. Moreover, ASD is strongly male-biased, affecting 4 times 
as many males as females, on average4,5. This trend emphasizes the urgent need for extensive research and 
effective interventions to support individuals with ASD and their families. In understanding ASD, researchers 
investigate the complex interplay of genetic and environmental factors. While studies reveal a strong genetic 
component, the intricacies of these genetic factors remain unclear6. Recent research has unveiled an association 
between ASD and epigenetic regulatory mechanisms7,8, which can modulate gene expression without altering 
DNA sequences and may be responsive to environmental influences9–15. ASD development is thought to result 
from a combination of genetic and environmental factors, with estimates indicating a near 50–50% contribution 
from each16. Environmental factors, notably prenatal exposure to endocrine-disrupting chemicals (EDCs), have 
been implicated in ASD risk. EDCs, such as bisphenol A (BPA), structurally mimic hormones, disrupting the 
endocrine system and competitively binding to receptors, thereby impeding natural hormonal actions. This 
class of chemicals has been particularly scrutinized in relation to ASD due to critical effects during specific 
developmental windows17. The examination of EDCs, including BPA, in prenatal and early postnatal exposures 
aims to discern their distinct impact on neurodevelopment and unravel specific mechanisms contributing 
to ASD risk18,19,20. BPA, widely used in daily-life products, has raised health concerns due to its ability to 
disrupt the endocrine system. The accessibility and consumption of BPA heightens apprehensions, given its 
recognized neurotoxicity21–23. In response to these concerns, regulatory bodies such as the U.S. Food and Drug 
Administration (USFDA) and the European Food Safety Authority (EFSA) have established No Observed 
Adverse Effect Level (NOAEL) and Tolerable Daily Intake (TDI) values for BPA at approximately 5,000 µg/kg 
BW/day and 0.2 ng/kg BW/day, respectively, reflecting a growing awareness of BPA’s potential health impacts 
across diverse age groups24–26. BPA raises concern due to its systemic distribution within the human body, 
facilitated by its ability to traverse both the placental barrier and the blood–brain barrier27,28. Human exposure 
to BPA is widespread, as evidenced by detectable levels in various biological matrices such as urine29, fetal sera30, 
amniotic fluid31, placenta32, umbilical cords33, colostrum34, and breast milk35. Elevated BPA concentrations 
have been documented in the blood and urine of individuals diagnosed with ASD, particularly in children. 
Accumulating evidence, particularly from animal models, suggests potential neurotoxic effects of BPA during 
early developmental stages, exerting adverse influences on neural development, behavior, cognition, neural 
function, and hormonal signaling pathways22,23,36. According to a prior investigation conducted by Miyakoda 
et al. (1999), the transplacental transfer of BPA in pregnant rats revealed detectable concentrations of 7.7 ng/g 
at 24 h post-administration following an oral dose of 10 mg/kg body weight to pregnant Wistar rats37. This 
observation aligns with another study wherein analysis of blood samples from pregnant mothers identified BPA 
concentrations ranging from 0.2 to 9.2 ng/mL (median = 2.3 ng/mL) in fetal plasma32. Recently, BPA exposure 
raised significant concerns, particularly during prenatal and early childhood stages, as research suggests it 
might impact neurodevelopment38–41. Numerous studies have hinted at a possible connection between BPA 
exposure and altered brain development, prompting questions about its role in ASD23,42–44. Understanding ASD 
remains challenging due to its complex neurodevelopmental nature and the absence of precise causative factors. 
Despite extensive research, the exact origins of the disorder remain elusive. In our study, we hypothesize that 
BPA might trigger early brain malfunction, suggesting a potential link to ASD. This underscores the importance 
of employing neural stem/progenitor cells (NSCs) as a model in our investigation. By studying the responses of 
these cells to BPA, we aim to elucidate the specific cellular characteristics affected. NSCs, being the source of brain 
cells, serve as an ideal representation for developmental studies, enabling us to potentially trace each cell within 
the neural lineage. Recent studies from our team have linked gestational exposure to BPA with ASD. Our recent 
investigations have revealed that maternal exposure to BPA during pregnancy disrupts the transcriptome and 
interactome profiles of genes in the hippocampus and prefrontal cortex of offspring, exhibiting sex-dependent 
effects38,39. The identified BPA-responsive genes are linked to ASD and related neurological functions, specifically 
impacting processes such as neuronal cell proliferation, neurogenesis, neuritogenesis, synaptogenesis, and overall 
brain development39,40,42. Concurrent research has demonstrated BPA’s influence on neocortical development by 
expediting neuronal differentiation and migration45,20. Furthermore, BPA exhibits neurotoxicity and inhibitory 
effects on postnatal neurogenesis in the hippocampal dentate gyrus44,46. Despite the increasing clarity on BPA-
induced alterations in gene expression and neurological functions associated with ASD in a sex-dependent 
manner, the specific sex differences in the prenatal exposure effects on the transcriptome-interactome profiles of 
NSCs in the offspring’s brain remain to be elucidated.

In this study, we therefore sought to investigate the sex-specific effects of prenatal BPA exposure on the 
transcriptome-interactome profiles of NSCs residing in the developing hippocampus of the offspring. First, we 
performed an RNA-seq transcriptome profiling analysis of NSCs isolated from the hippocampus of neonatal rat 
pups prenatally exposed to BPA or vehicle control. Genes that were differentially expressed in the BPA treatment 
group compared to the control group were determined. The lists of differentially expressed genes (DEGs) in the 
BPA group when both sexes of pups were combined into one group and when male and female pups were analyzed 
separately were compared with ASD candidate genes from two independent ASD databases to determine whether 
BPA-responsive genes were significantly associated with ASD candidate genes. Biological functions, pathways, 
and interactome networks associated with BPA-responsive genes were also predicted using Ingenuity Pathway 
Analysis (IPA) software. Moreover, we obtained published RNA-seq data of fibroblasts, induced pluripotent stem 
cells (iPSCs), iPSC-derived neural progenitor cells, and iPSC-derived neurons from ASD cases and typically 
developing people and reanalyzed them to determine DEGs in these cells. Hypergeometric distribution analysis 
was then performed to assess the association between the lists of BPA-responsive genes from our study and 
DEGs in these ASD cells. Significant BPA-responsive genes that are ASD candidate genes were selected for 
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further confirmation by qRT-PCR analysis. Neurosphere assays were performed using NSCs from the BPA 
treatment and the control groups. In conjunction with the neurosphere assay, we conducted an additional in 
vitro proliferation assay to evaluate the influence of prenatal BPA exposure on NSC proliferation. The correlation 
between the expression of selected ASD candidate genes and the size of neurospheres was then conducted to 
determine whether these genes may be involved in the proliferation of NSCs.

Results
Prenatal BPA exposure alters the transcriptome profiles of NSCs
To identify the effects of prenatal BPA exposure on the transcriptome profiles of NSCs, a transcriptome profiling 
analysis was performed using total RNA from the in vitro culture neurosphere isolated from the neonatal rats, 
both male and female, prenatally exposed, in utero, to the vehicle control or to 5,000 µg/kg·maternal BW of BPA. 
In vitro cultured neurospheres were immunofluorescent stained with anti-SOX2 antibody, NSC specific marker, 
to assure that there is a population of stem cells in neurospheres (Fig.  1). According to the Food and Drug 
Administration (USFDA) and the European Food Safety Authority (EFSA), the dose of BPA that we used to 
treat rats in this study (5,000 µg/kg·maternal BW/day) is equal to the no-observed-adverse-effect level (NOAEL) 
for systemic toxicity in humans24–26. We conducted RNA sequencing using the total RNA of NSCs, and the 
results showed the number of DEGs in the NSCs in response to prenatal BPA exposure. In both sexes groups, a 
combination of the male and female neonatal rats under the same treatment conditions into one group, as many 
as 648 genes were significantly differentially expressed in the NSCs of the neonatal rats prenatally exposed to 
BPA compared with those in the NSCs of the neonatal rats treated with vehicle controls. Additionally, when 
identifying DEGs in each sex, we found that as many as 71 genes and 27 genes were significantly differentially 
expressed in the NSCs of the male and female neonatal rats prenatally exposed to BPA, respectively, compared 
with those in the NSCs of the neonatal rats treated with vehicle controls. (P-value < 0.05 and Q-value < 0.05; 
Supplementary Table S2, S3). It is claimed by the discovery of altered gene expression upon BPA exposure, as 
we identify DEGs in the NSCs in response to prenatal BPA exposure, that prenatal exposure, in utero, to BPA, 
differentially altered the transcriptome profiles of NSCs, both in males and females.

BPA-responsive DEGs in NSCs are associated with ASD
To examine whether these DEGs in response to prenatal exposure to BPA are associated with ASD, we overlapped 
the list of BPA-responsive DEGs from RNA sequencing analysis with the lists of ASD candidate genes from each 
of two ASD databases, including the AutismKB and SFARI databases. As many as 169 and 79 genes among 
BPA-responsive DEGs have been reported as ASD candidate genes in the AutismKB and SFARI databases, 
respectively (Fig. 2a). When separately identifying the overlapping data in each sex, we discovered that 16 genes 
from the BPA-responsive DEGs in males and 13 genes, along with 5 genes from the BPA-responsive DEGs in 
females and 2 genes, were identified as ASD candidate genes in the AutismKB and SFARI databases, respectively 
(Fig. 2b,c). The total number of DEGs includes genes without assigned gene symbols (e.g., LOC and RNA family 
identifiers), which are counted in the DEG totals but not displayed in Fig. 2A–C. The lists of BPA-responsive 
genes associated with ASD, which overlap with the two ASD-related databases referenced in the study, are 
shown in Supplementary Tables S4–S6. To investigate the correlation between BPA-responsive genes and ASD 
candidate genes, we conducted hypergeometric distribution analyses. First, we compared the lists of DEGs from 
both sexes, combining data from male and female neonatal rats with the ASD candidate gene lists. Additionally, 
we carried out separate analyses for males and females. In these individual analyses, we compared the DEG 
lists from male and female neonatal rats with the ASD candidate gene lists. The hypergeometric distribution 
method was employed in all these assessments. Analysis of association P-values, as presented in Supplementary 
Table S7 (P-value < 0.05), revealed significant enrichment of ASD-related genes within the lists of DEGs in 
both sexes and in male neonatal rats. This enrichment was observed in data sourced from two ASD databases, 
namely, AutismKB and SFARI. However, when female pups were analyzed independently, the list of DEGs did 

Fig. 1. Characterization of NSCs within the cultured neurospheres. (a) A bright field microscopy image 
of neurosphere DIV14. (b) The immunofluorescence staining of DIV14 neurospheres. Neurospheres were 
immunofluorescence stained with anti-Sox2 antibody to further identify neural progenitor cells. ((a) Scale 
bar = 10 µm; (b) Scale bar = 100 µm).
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Fig. 2. Venn diagram of BPA-responsive DEGs and ASD candidate genes. (a) The list of BPA-responsive genes 
in the group with both sexes overlapped with the list of ASD candidate genes from each ASD database (the 
SFARI and AutismKB databases). (b) The list of BPA-responsive genes in the male group overlapped with the 
list of ASD candidate genes from each ASD database (the SFARI and AutismKB databases). (c) The list of BPA-
responsive genes in the female group overlapped with the list of ASD candidate genes from each ASD database 
(the SFARI and AutismKB databases).
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not demonstrate a significant association with ASD genes. These findings suggest that BPA-responsive DEGs in 
NSCs are linked to ASD genes. Moreover, DEGs in male NSCs exhibited a more pronounced association with 
ASD compared to those in female NSCs.

BPA-responsive DEGs in NSCs are involved in biological diseases, especially neurological 
diseases associated with ASD
To predict biological functions, pathways, and interactome networks associated with BPA-responsive DEGs 
in the hippocampal NSCs, the lists of DEGs from RNA sequencing analysis were analyzed using Ingenuity 
Pathway Analysis (IPA) software. The interactome/regulatory network of DEGs in NSCs generated by IPA 
software showed a relationship to several neurological diseases/disorders and functions that are impacted in 
ASD, such as cognitive impairment, memory deficits, neurodevelopmental disorder with poor language and loss 
of hand skills, motor dysfunction, memory, and etc. (Fig. 3). After analyzing the lists of BPA-responsive DEGs 
through the use of IPA software, the program unveiled associations between biological diseases and disorders 
and these lists, both when considering both sexes together and separately for males and females. Notably affected 
diseases and functions following prenatal BPA exposure included "neurological diseases," "psychological 
disorders," "organismal injury and abnormalities," "cancer," "dermatological diseases and conditions," "skeletal 
and muscular disorders," "metabolic disease," and “infectious disease” (Supplementary Table S8). Particularly 
intriguing, within this group, “neurological diseases” and "psychological disorders," which are presented in 
top diseases and bio functions and linked to ASD, displayed significant alterations as determined by Fisher’s 
exact test (P-value < 0.05). Furthermore, upon analysis of the BPA-responsive differentially expressed coding 
sequences (CDS), neurological diseases and psychological disorders exhibited significant changes, consistent 
with the predictions derived from the DEG lists (P-value < 0.05, Supplementary Table S9). Moreover, we also 
predicted the molecular and cellular functions using the lists of DEGs and the lists of differentially expressed 
CDS (Supplementary Table S10, Supplementary Table S11). Interestingly, after we used IPA software to predict 
the neurological diseases/disorders using the lists of BPA-responsive DEGs from the NSCs, it revealed that 
several neurological diseases were associated with these DEGs, such as autism, cognitive impairment, mental 
retardation, movement disorder, and pervasive developmental disorder (Supplementary Table S12). It is very 
interesting that these lists of neurological diseases/functions were significantly (P-value < 0.05) associated in 
the sex difference manner by significantly associated in both sexes, and in males rather than in females. We 
also used IPA software to predict the canonical pathway associated with DEGs from the RNA-seq and as shown 
in Supplementary Table S13, "GABA receptor signaling," "glutamate receptor signaling," "synaptic long-term 
potentiation," and "nNOS signaling pathway," all of which have been reported to be associate with ASD47–49, 
were found to be significantly associated with DEGs in NSCs with the P-value < 0.05. Among the canonical 
pathways predicted by IPA software, GABA receptor signaling was present in both sexes and male and female 
NSCs; glutamate receptor signaling and neuronal nitric oxide (nNOS) signaling in neurons were present in both 
sexes and male NSCs.

DEGs from multiple transcriptomic studies revealed an association with ASD candidate 
genes based on the integration of data from multiple studies
To determine whether genes that were differentially expressed in iPSC-derived ASD patients and identified 
by independent studies were also associated with BPA-responsive genes from RNA-seq data, transcriptome 
profiling data from iPSC-derived cells from control and ASD patients were obtained from three independent 
transcriptomic studies; the data were previously deposited in the NCBI Gene Expression Omnibus (GEO) 
DataSets database (https://www.ncbi.nlm.nih.gov/gds/). The microarray data from each GEO repository 
were uploaded to the Multiple Experiment Viewer program (MeV) for statistical analysis. The GEO accession 
numbers used in this study were [GEO: GSE65106], [GEO: GSE67528], and [GEO: GSE124308]. The details of 
each study, including the title, sample size, and sample type, are shown in Supplementary Table S14. We then 
overlapped these DEG lists from each study with the ASD candidate genes from two different ASD databases: 
SFARI (https://gene.sfari.org/) and AutismKB (http://autismkb.cbi.pku.edu.cn/). We further performed 
hypergeometric distribution analyses to determine whether the lists of DEGs from each study were associated 
with the BPA-responsive genes from our study. These results showed that DEGs in iPSC-derived cells from ASD 
patients were significantly (P-value < 0.05) associated with the ASD candidate genes, especially in both sexes and 
in male NSCs. The association analyses between the DEGs from our study and the DEGs in ASD are shown in 
Supplementary Table S15.

Quantitative RT-PCR analysis of selected BPA-responsive DEGs in NSCs
To further examine whether prenatal BPA exposure causes the dysregulation of genes in NSCs, five DEGs (i.e., 
Atp1a3, Nefl, L1cam, Grin1, and Gabrb1) identified by RNA-seq analysis and reported as ASD candidate genes, 
were selected for further confirmation by qRT-PCR analysis in another set of NSC samples (Fig. 4). ATPase 
Na + /K + transporting subunit alpha-3 (Atp1a3), neurofilament light (Nefl), L1 cell adhesion molecule (L1cam), 
glutamate ionotropic receptor NMDA type subunit 1 (Grin1), and GABA(A) receptor subunit beta-1 (Gabrb1), 
were predicted to be linked to neurological disorders and developmental disorders, particularly autism, and 
have been identified as ASD candidate genes. We found that Atp1a3, Grin1, and Gabrb1 were significantly 
upregulated in the NSCs of rats prenatally exposed to BPA when both males and females were combined 
(P-value < 0.05, Fig. 4a). When separately analyzed in males, the expression levels of all genes except L1cam were 
significantly increased (P-value < 0.05, Fig. 4b). However, in females, the expression level of all selected genes 
tended to increase after being prenatally exposed to BPA, although the difference was not statistically significant 
(P-value < 0.05, Fig. 4c). These results indicate that prenatal BPA exposure causes the dysregulation of genes 
associated with ASD in hippocampal NSCs in the sex-dependent manner.
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Fig. 3. The regulatory network of DEGs in NSCs is related to neurological diseases/disorders and functions 
that are impacted in ASDs. The gene regulatory network of both sexes (a) males (b) and females (c) was 
predicted by IPA software using the list of DEGs from RNA-seq, and the IPA showed that these genes are 
related to neurological diseases and functions that are impacted in ASD.
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Correlation between BPA-responsive DEGs and size of neurospheres
To examine the effects of prenatal BPA exposure on NSC characteristics, we were interested in the cell proliferation 
of NSCs, and hence, the neurosphere assay was performed by culturing NSCs in vitro for 1–2 weeks. The analysis 
was conducted in accordance with a script written in ImageJ macro, which was slightly modified from Ivanov et 
al. (2014)50,2 (n = 709 spheres) and DIV14 was 18,746.14 μm2 (n = 620 spheres) and the mean area of neurospheres 
in the BPA treated group at DIV7 was 14,072.53 μm2 (n = 1,003 spheres) and DIV14 was 29,042.66 μm2 (n = 935 
spheres). In males, the mean area of neurospheres in the control group at DIV7 was 9,709.90 µm2 (n = 291 
spheres) and DIV14 was 11,554.54 μm2 (n = 231 spheres), and the mean area of neurospheres in the BPA treated 
group at DIV7 was 12,867.85 μm2 (n = 354 spheres) and DIV14 was 24,768.97 μm2 (n = 259 spheres). In females, 
the mean area of neurospheres in the control group at DIV7 was 9,441.55 µm2 (n = 418 spheres) and DIV14 was 
23,016.74 μm2 (n = 389 spheres) and the mean area of neurospheres in the BPA treated group at DIV7 was 14, 
729.62 μm2 (n = 649 spheres) and DIV14 was 30,680.07 μm2 (n = 676 spheres). Analysis of variance (ANOVA) 
using Tukey’s post hoc showed that the mean area of neurospheres in the BPA-treated group was significantly 
larger than the mean area of the neurospheres in the control group on both DIV7 and DIV14 (P-value < 0.001), 
as shown in (Fig. 5).

To further examine that the changes in the expression levels of genes in response to BPA, which we selected 
to confirm by performing qRT-PCR, were possibly associated with the cell proliferation properties, we then 
performed a correlation analysis to show a correspondence between the expression levels of selected BPA-
responsive DEGs and the area of the neurospheres. Here we selected 5 DEGs, which we confirmed expression 
level by qRT-PCR, to perform correlation analysis. A correlation between these 5 DEGs (Gabrb1, Grin1, L1cam, 
Nefl, and Atp1a3) and the area of neurospheres in both sexes group showed a moderate positive correlation in 
both sexes group with R coefficient = 0.31, 0.34, 0.35, 0.37, and 0.35, respectively. Interestingly, among the five 
differentially expressed genes (all genes except Gabrb1), four exhibited a stronger positive correlation with the 
area when specifically analyzed in males, in comparison to the combined data from both sexes. (RGabrb1 = 0.38, 
RGrin1 = 0.54, RL1cam = 0.58, RNefl = 0.54, RAtp1a3 = 0.53). In females, all DEGs showed a low correlation with the 
area (RGabrb1 = 0.15, RGrin1 = 0.14, RL1cam = 0.16, RNefl = 0.07, RAtp1a3 = 0.1). As shown in Fig. 6, changes in the 
expression levels of selected BPA-responsive DEGs exhibited a sex-difference pattern with a higher correlation 
in males than in females.

Furthermore, to ensure that our NSC transcriptome remained stable following in vitro culture, we conducted 
a correlation analysis comparing our NSC transcriptome with transcriptome profiles at various stages of neural 
development, including in vivo neural stem cells (NSCs), basal progenitors (BPs), and newborn neurons (NBN), 
as obtained from GSE134688. The results consistently demonstrated a high correlation between our NSC 
transcriptome and the transcriptome profiles of postnatal (PN) NSCs, both when considering both sexes and 
when analyzing males and females separately in both the control and BPA-treated groups. This observation 
strongly suggests that our NSC transcriptome remained unchanged following in vitro culture (Fig. 7).

In vitro proliferation
In conjunction with the neurosphere assay, we conducted an additional in vitro proliferation assay to evaluate 
the influence of prenatal BPA exposure on NSC proliferation. This assay involved immunofluorescent 
staining of cultured neurospheres using primary antibodies, including anti-Sox2 and anti-BrdU, followed by 
counterstaining with Hoechst33342 (Fig. 8). The results demonstrated a significant increase in the total number of 
cells (Hoechst+), accompanied by a notable reduction in the total number of proliferating NSCs (Sox2+ BrdU+) 
in both sexes following prenatal BPA exposure. Subsequent analysis of each sex revealed a marked elevation 
in the proportion of proliferating NSCs relative to the total NSC population  (Sox2+ Hoechst+) in males. In 
females, there was a significant increase in area, total cell count, and total NSCs; however, a concurrent decrease 
was observed in the density of proliferating NSCs and the percentage of proliferating NSCs per total cell. The 

Fig. 4. The box plot of ASD-related gene expression in NSCs. The expression levels of Atp1a3, Nefl, L1cam, 
Grin1, and Gabrb1 were determined in both sexes and separately in males and females. The qRT-PCR analyses 
revealed that Atp1a3, Grin1, and Gabrb1 were significantly upregulated in the NSCs of both sexes that were 
prenatally exposed to BPA. All genes except L1cam were significantly upregulated in the NSCs in the male 
group. The expression level of every gene tended to increase in the NSCs in the female group but was not 
statistically significant. * P-value < 0.05, paired t-test.
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Fig. 5. Neurosphere assays. (a) NSCs of control and BPA treatment pups, both males and females, were 
cultured in vitro for 7 days and 14 days to form neurospheres. (b) Quantitative analysis of the mean size of 
neurospheres, both sexes, derived from control or BPA treatment. The mean size of neurospheres derived from 
BPA treatment was significantly greater than that of the control group. (c) Quantitative analysis of the mean 
size of neurospheres, separately male and female, derived from control or BPA treatment. The mean size of 
neurospheres derived from BPA treatment was significantly greater than that from the control group, both in 
males and females. ((a) Scale bar = 100µm)
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results indicate a significant reduction in total proliferating NSCs in both sexes after prenatal BPA exposure. Sex-
specific alterations in the proportion of proliferating NSCs were observed (P-value < 0.05, Fig. 9). These findings, 
the in vitro proliferation assay conducted in conjunction with the neurosphere assay, underscore the sex-specific 
responses of NSCs to prenatal BPA exposure, providing valuable insights into the intricate dynamics of NSC 
proliferation influenced by prenatal exposure to BPA.

Discussion
According to the accumulating evidence both in animal models and in humans, BPA has been reported to 
accumulate in exposed pregnant mothers and can also transfer across the placental barrier to the fetuses. Here, we 
report on RNA-seq, Ingenuity Pathway Analysis, hypergeometric distribution analysis, qRT-PCR, neurosphere 
assay, correlation analysis, and in vitro proliferation assay using hippocampal NSCs from neonatal rat pups 
prenatally exposed to BPA. RNA-seq data showed the number of DEGs, and differentially expressed CDS. This 
tends to show sex differences in response to prenatal BPA exposure and is consistent with our previous report that 
prenatal BPA exposure disrupts the transcriptome profile in neonatal hippocampi39,40. Additionally, the trend 
of the result in this study, male bias towards ASD, was also consistent with the results of many studies38–40,51,52.

Fig. 6. A correlation between the expression levels of selected BPA-responsive DEGs and the area of the 
neurospheres.
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Upon overlapping the lists of DEGs and differentially expressed CDS in response to BPA exposure with 
ASD candidate genes, we observed an enrichment of genes previously associated with ASD. This pattern was 
consistent in rat hippocampi, with both DEGs and CDS exhibiting stronger associations with ASD genes in 
males than females. These findings suggest that prenatal BPA exposure may elevate the risk of ASD. Further 
analysis using IPA revealed canonical pathways associated with DEGs in both sexes, such as "GABA receptor 
signaling," "glutamate receptor signaling," "synaptic long-term potentiation," and "nNOS signaling pathway," all 

Fig. 7. A heatmap of the correlation between our NSC transcriptome and in vivo NSC, BP, and NBN 
transcriptome was obtained from GSE134688.
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have been reported to be linked to ASD. Given ASD’s neurodevelopmental nature, dysregulation of neurogenesis 
emerges as a potential key factor in its development, as nonfunctional neurons are produced. Notably, GABA 
and glutamate receptor signaling pathways have implications in neuronal development, as supported by prior 
studies. Gascon et al. (2006) demonstrated GABA’s role in dendritic development, particularly in postnatally 
generated olfactory interneurons. Additionally, the nNOS signaling pathway, implicated in various developmental 
processes, including neuronal development, precursor proliferation, and differentiation, has been associated 
with negative impacts on neurogenesis in the dentate gyrus in some studies53,54.

In addition to canonical pathways, neurological disorders reflected a consistent trend in DEGs across both 
sexes, with males exhibiting stronger associations with ASD. "Autism," "Mental retardation," "PDD-NOS," 
"Speech and language disorders," and "X-linked mental retardation" were significantly associated with DEGs 
specifically in males, whereas "cognitive impairment," "movement disorders," and "pervasive developmental 
disorder" were linked to both males and females. Notably, cognitive and movement disorders are prominent 
features of ASD. Previous research indicating BPA’s impact on cognition in adult mice55, with a more pronounced 
effect in males, aligns with this sex-dependent response. Interactome analysis using IPA revealed interactions 

Fig. 8. Proliferating neural stem cells in the cultured neurosphere. The arrowheads label Sox2 + BrdU + cells. 
The inset demonstrates a Sox2 + BrdU + cell. ((a) Scale bar = 50 µm).
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between DEGs and ASD-associated neurological functions. DEGs were predicted to interact with functions such 
as cognitive impairment, memory, anxiety, motor dysfunction, and neurogenesis of the dentate gyrus, mirroring 
conditions often found in autistic patients. This suggests that prenatal BPA exposure induces gene expression 

Fig. 9. In vitro neurosphere assay (Day in vitro 14). Quantification of area (a), total cells (b), total neural 
stem cells (c), total proliferating neural stem cells (d), cell density (e), neural stem cell density (f), proliferating 
neural stem cells density (g), % proliferating neural stem cells/total neural stem cell (h), % total neural stem 
cells/total cells (i), and % proliferating neural stem cells /total cells (j) in the cultured neurosphere.
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changes associated with ASD, emphasizing the relevance of these findings to neurological function and ASD 
pathogenesis.

To explore the association between BPA, NSCs, and ASD, we identified DEGs using transcriptome profiles 
of genes from iPSCs-derived cells in typically developing individuals and ASD cases. Employing a t-test with 
standard Bonferroni correction, we reanalyzed the data to identify dysregulated genes. Subsequently, the lists of 
DEGs from rat NSCs identified through RNA-seq in this study overlapped with those from each transcriptomic 
study. Hypergeometric distribution analyses revealed an association between genes in NSCs differentially 

Figure 9. (continued)
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expressed upon prenatal BPA exposure and ASD, suggesting that BPA-responsive genes were enriched in iPSCs-
derived cells in ASD patients.

Quantitative RT-PCR analyses were conducted to delve deeper into the expression levels of five identified 
DEGs, namely Atp1a3, Nefl, L1cam, Grin1, and Gabrb1, selected from the overlap between RNA-seq analysis 
and ASD candidate genes.

Firstly, these five DEGs were chosen due to their overlap with ASD candidate genes . This overlap suggests 
that they may play significant roles in the molecular mechanisms linking prenatal BPA exposure to ASD-related 
phenotypes. Additionally, our Ingenuity Pathway Analysis (IPA) further validated these genes by comparing our 
RNA-seq results with curated databases of known ASD-related genes and pathways. IPA confirmed that these 
genes are involved in canonical pathways associated with neurodevelopmental disorders, particularly ASD.

Beyond their association with ASD, these genes were selected for their critical roles in neurodevelopment, 
including key processes in NSC function:

Atp1a3: Essential for maintaining ionic gradients crucial for neural progenitor cell homeostasis, and 
influences NSC proliferation, differentiation, and migration by regulating membrane potentials and intracellular 
signaling56.

Nefl: Known for its role in neuronal maturation and cytoskeletal integrity, Nefl also supports early stages of 
neurogenesis by providing structural support during neuronal differentiation and maturation57–63.

L1cam: Involved in cell adhesion, axonal guidance, and migration, which are vital not only for mature 
neurons but also during NSC proliferation, differentiation, and spatial organization of emerging neurons64,65.

Grin1: Encoding an NMDA receptor subunit, Grin1 is crucial for synaptic plasticity and early neurogenesis, 
influencing NSC proliferation and fate determination66–69.

Gabrb1: A component of the GABA receptor complex, Gabrb1 regulates inhibitory neurotransmission 
and plays a role in early NSC proliferation and differentiation, with GABAergic signaling modulating neural 
progenitor development70,71.

These genes reflect key aspects of both early-stage neural development and later neuronal functions, 
underscoring their relevance to studying the impact of prenatal BPA exposure on NSCs and neurogenesis. 
The convergence of evidence from our RNA-seq data, IPA analysis, and the established roles of these genes in 
neurodevelopment and ASD supports their selection as focal points for further analysis.

According to previous studies, Atp1a3, crucial for ion gradient maintenance, exhibited increased activity 
in the frontal cortex of autistic patients56. Nefl, a neurofilament light component, showed downregulation 
in the cortex and cerebellum57,58, with upregulation implicated in brain development and ASD-like models. 
L1cam, an adhesion molecule, plays diverse roles in neurodevelopment64,65, with increased expression linked 
to BPA exposure. Grin1, encoding NMDA receptors, exhibited upregulation in cerebellar samples from autistic 
individuals66,67. Gabrb1, an inhibitory GABA receptor, is generally downregulated in ASD-related brain regions70. 
In this study, all five DEGs were significantly elevated in NSCs of the BPA-exposed group in both sexes, with 
males exhibiting stronger significance. Notably, qRT-PCR results showed an increasing trend in females as well, 
though not statistically significant. This aligns with the interactomics data from IPA, supporting the notion 
that prenatal BPA exposure induces gene expression changes associated with ASD. Discrepancies between 
qRT-PCR and RNA-seq results may arise from cohort differences, underscoring the importance of considering 
methodological variations in interpreting findings. The pooled nature of RNA-seq analysis may introduce false 
positives or negatives, emphasizing the necessity of validating results through individual sample analyses.

To elucidate the impact of prenatal BPA exposure on NSC proliferation, a neurosphere assay was performed, a 
valuable in vitro technique for studying NSCs. The findings from the neurosphere assay align with the previously 
discussed transcriptomic and interactomic data, collectively contributing to a comprehensive understanding of 
the impact of prenatal BPA exposure on NSCs. The observed significant increase in the mean size of neurospheres 
in the BPA-exposed group, particularly in females, resonates with the sex-specific alterations in gene expression 
profiles identified through RNA-seq and interactomic analyses. Notably, the neurosphere growth rate was higher 
in BPA-exposed males, mirroring the sex-dependent trends observed in the molecular analyses. Furthermore, the 
neurosphere assay results align with the sex-dependent effects noted in the transcriptomic analyses, emphasizing 
the importance of considering gender-specific responses to environmental exposures. The larger neurosphere 
size in females, coupled with the distinct growth rates between males and females in the BPA-exposed group, 
suggests nuanced sex-dependent effects on NSC proliferation. To explore the potential correlation between gene 
expression changes in response to BPA and alterations in neurosphere size, a correlation analysis was performed 
on five selected DEGs (Atp1a3, Nefl, L1cam, Grin1, and Gabrb1). The heatmap in Fig. 6 illustrates a strong 
correlation between Grin1, L1cam, Nefl, and Atp1a3 with neurosphere area, while Gabrb1 shows a moderate 
positive correlation, specifically in males. These findings imply a connection between changes in neurosphere 
size and gene expression levels in response to BPA. Notably, qRT-PCR results confirmed significant upregulation 
of these DEGs in males, aligning with reported functions related to brain development, NSC proliferation, and 
neurogenesis, consistent with neurosphere assay outcomes. In females, although the correlation is lower, it 
corresponds to non-significant changes in qRT-PCR results. Additionally, to ensure the stability of our in vitro 
cultured NSC transcriptome, we conducted a correlation analysis comparing it to various developmental stages’ 
transcriptome profiles, including in vivo NSCs, basal progenitors (BP), and newborn neurons (NBN) from 
GSE134688. Results demonstrated a robust correlation, reinforcing the consistency of our NSC transcriptome 
after in vitro culture validating the reliability of our experimental approach.

In vitro proliferation assays provide additional insight into the mechanisms underlying BPA-induced 
changes in NSC behavior. As shown in Fig. 5, we observed a marked increase in neurosphere size at both DIV7 
and DIV14 in BPA-treated groups across both sexes. This initially suggests enhanced NSC proliferation or cell 
survival. However, a deeper analysis in Fig. 9 revealed that, despite the larger neurosphere size, the density of 
proliferating NSCs was actually reduced in both sexes. This reduction was particularly evident in females, where 
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a significant decrease in the proportion of proliferating cells relative to the total NSC population was observed. 
These findings suggest that while BPA exposure increases the overall neurosphere area—potentially through 
mechanisms that promote cell survival or differentiation—it does not necessarily enhance active proliferation 
within the neurospheres. Furthermore, the sex-specific patterns observed, with males showing an elevated 
proportion of proliferating NSCs and females exhibiting increased neurosphere size but decreased proliferative 
density, highlight differential BPA effects on NSC homeostasis. This complex response underscores the intricate 
ways in which prenatal BPA exposure can influence NSC dynamics and the developmental trajectory of neural 
tissues.

IPA analysis of DEGs in response to BPA exposure revealed differential expression of genes involved in 
neurogenesis, cellular stress response, and cell proliferation pathways, further elucidating the molecular 
mechanisms behind altered NSC behavior. Key genes such as Chrna7, Chrna4, Aqp4, and Rpa6ka1 are associated 
with neurogenesis and cell growth regulation, suggesting their potential roles in modulating NSC dynamics in 
the hippocampus72–74. In male offspring, additional sex-specific genes—including Myc, Mtor, Cebpb, and Il6—
were differentially expressed, indicating that BPA exposure may particularly affect cell proliferation pathways in 
males through these regulators.

While the genes validated by qRT-PCR (Atp1a3, Nefl, L1cam, Grin1, and Gabrb1) are not direct regulators 
of cell cycle progression, they play critical roles in maintaining NSC niche structure, signaling, and cellular 
integrity. This may indirectly facilitate NSC proliferation, as reflected in the increased neurosphere size observed 
in BPA-exposed groups. This combination of neurodevelopmental and stress-response gene dysregulation likely 
creates an environment conducive to enhanced NSC proliferation following prenatal BPA exposure, aligning 
with our observed increase in neurosphere size.

Interestingly, the increased neurosphere size observed in females compared to males may reflect an additional 
layer of response, potentially driven by estrogen pathways75. Despite the stronger transcriptomic changes in 
males, females exhibited a functional increase in NSC proliferation, possibly through non-genomic mechanisms 
or pathways not captured by RNA-seq analysis76. This underscores the complex interplay of genetic, hormonal, 
and epigenetic factors influencing NSC behavior and, potentially, ASD risk.

In contrast, Singh et al. reported a decrease in neurosphere size following BPA exposure, which appears 
contradictory to our findings. This discrepancy may be explained by several key differences in experimental 
design: Singh et al. used a high, acute dose of BPA (100 μM) for a short duration (24 h) in vitro, whereas our 
study focused on in vivo prenatal exposure with NSCs derived from BPA-exposed rats, without additional BPA 
added during in vitro culturing. This distinction—prenatal exposure in vivo versus acute in vitro treatment—
likely contributes to the divergent outcomes in NSC behavior, as in vivo exposure may lead to more prolonged 
and systemic hormonal and developmental effects.

Epigenetic modifications offer another potential explanation for these differences. BPA, as an endocrine 
disruptor, influences gene expression through epigenetic changes, including DNA methylation, histone 
modification, and non-coding RNA regulation9,10,7,8. These modifications can have lasting effects on 
neurogenesis, especially during critical prenatal developmental windows. For example, BPA exposure has been 
shown to alter the methylation status of genes involved in neurodevelopment and NSC proliferation, potentially 
resulting in differential neurosphere growth patterns77. In females, the interaction between BPA and estrogen 
receptors might enhance epigenetic modifications that promote NSC proliferation, contributing to the larger 
neurosphere size observed in our study.

In this study, we used a relatively high dose of BPA (5 mg/kg/day), which corresponds to the systemic NOAEL 
in adult rats, to examine the effects of prenatal exposure on hippocampal NSCs and gene expression associated 
with ASD. This choice of dosage was based on previous studies showing neurodevelopmental effects at similar 
levels without causing overt toxicity. While the reproductive toxicity NOAEL for BPA is lower (around 50 µg/kg/
day), our focus was on assessing broader developmental and neural effects of BPA exposure rather than solely 
reproductive outcomes. The use of the systemic NOAEL dose allowed us to investigate the effects on neural 
and systemic endpoints, particularly because prenatal BPA exposure has been shown to affect multiple organ 
systems, including the developing nervous system, at doses exceeding the reproductive NOAEL78,79.

We acknowledge that lower, environmentally relevant doses of BPA might produce different or more subtle 
effects. Numerous studies have shown that even low-level BPA exposure can alter neurodevelopment80, though 
possibly through mechanisms distinct from those observed at higher doses. Our choice of a high dose enabled 
us to identify robust alterations in NSC proliferation, gene expression, and neurosphere growth. Nonetheless, 
our findings underscore the need for future studies to explore a range of BPA exposure levels, particularly those 
closer to typical environmental exposure, to better understand the dose–response relationship and determine 
whether the effects seen at higher doses translate to more common, low-dose scenarios.

Additionally, it is possible that lower doses of BPA may elicit non-monotonic dose responses, as reported 
in several endocrine-disrupting chemical (EDC) studies81. Such responses can result in qualitatively different 
effects at low doses compared to high doses. This phenomenon further underscores the importance of studying 
multiple doses in future experiments to better capture the spectrum of BPA’s effects on neurodevelopment. 
Including lower doses that mimic environmental exposure would also provide insights into how BPA may affect 
human health, especially during critical periods of brain development. In future research, we aim to address the 
limitation of dose selection by including additional dose groups that reflect common human exposure levels 
(e.g., 0.05 mg/kg/day, aligned with typical environmental exposure). This expanded dosing range will provide a 
more comprehensive perspective on how BPA may impact neural development across varied exposure scenarios.

The potential transposition of these results to humans is an important consideration. Although this study 
is based on rat models, many of the differentially expressed genes (DEGs) we identified, such as Atp1a382, 
Grin183,84, and Gabrb185, have human orthologs involved in similar neurodevelopmental pathways, supporting 
the relevance of our findings to human ASD. The sex-specific differences observed in our rat model may reflect 
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hormonal and epigenetic mechanisms that could also apply to humans, suggesting prenatal BPA exposure may 
affect male and female neurodevelopment differently. Future studies using human-derived stem cells or organoid 
models, along with protein-level validation of the DEGs, will be crucial to confirm the translational relevance of 
these findings and further explore how prenatal BPA exposure influences human neurodevelopment and ASD 
risk.

Our finding of increased neurosphere size in females, despite the higher prevalence of ASD-related gene 
expression in males, may reflect sex-specific neurodevelopmental differences, as highlighted in recent research 
on cortical structure in autism. A 2024 longitudinal study found that autistic females exhibit a thicker cortex 
at an early age and a faster cortical thinning trajectory across childhood, suggesting that female neurobiology 
involves unique structural adaptations not seen in males86. These findings may indicate that females with autism 
display compensatory or alternative growth responses, which could also manifest at the cellular level in NSCs, 
resulting in the larger neurospheres observed in our study.

In this study, we explored how prenatal BPA exposure affects hippocampal NSC function, revealing notable 
sex-specific differences in neurosphere characteristics. Our findings align with those of Thongkorn et al.39, who 
demonstrated that prenatal BPA exposure influences cellular density, neuronal density, and neuronal composition 
in the hippocampus of offspring in a sex-dependent manner. Thongkorn et al.39 observed that BPA exposure led 
to an increase in hippocampal size and a higher percentage of neuronal cells in several hippocampal regions in 
females, while males exhibited reduced neuronal density and a lower percentage of neuronal cells, particularly in 
the CA1, CA2/3, and DG regions40. These changes are consistent with the upregulation of genes such as Mief2 and 
Eif3h, which were observed specifically in males and may contribute to cellular stress responses that compromise 
neuronal viability. Combined with our findings on NSC behavior under BPA exposure, these results underscore 
the complex sex-dependent effects of BPA on hippocampal development, suggesting that female offspring 
may exhibit resilience through adaptive cellular responses, while male offspring may be more susceptible to 
neurodevelopmental disruptions. These cumulative insights, alongside our previous work showing that prenatal 
BPA exposure impacts hippocampal cell numbers in offspring, highlight the importance of considering sex as a 
biological variable in neurodevelopmental toxicology and underscore the need for further studies to elucidate 
the pathways behind these differential responses.

In summary, prenatal BPA exposure significantly alters the transcriptome of genes associated with ASD in 
hippocampal NSCs, affecting neurological functions and revealing sex-specific changes in NSC proliferation, 
with males showing a decrease and females an increase. These findings emphasize the importance of sex-
dependent influences on neurogenesis and neuronal differentiation in hippocampal development. While this 
study utilized a high dose of BPA to maximize the detection of neurodevelopmental changes, future research 
should explore lower, environmentally relevant doses to determine if the effects observed extend to typical 
exposure levels, offering a more comprehensive understanding of BPA’s impact on NSCs and ASD-related genes 
(Fig. 10).

Methods
Animal husbandry and treatment
Wistar rats were purchased from the National Laboratory Animal Center (NLAC), Mahidol University, Thailand. 
All animals were housed at the Chulalongkorn University Laboratory Animal Center (CULAC) under standard 
temperature (20–26 °C) and humidity (30–70%) conditions in a 12-h light/dark cycle. Female rats were divided 
into 2 groups: the control group and the BPA treatment group. The weight of each rat was measured daily and 
was used to calculate the amount of BPA or vehicle control needed to treat each rat. Animal treatment was 
carried out and processed following the previously published studies39. Briefly, for BPA treatment, we prepared 
BPA stock solution at a concentration of 250 mg/ml by dissolving BPA (Sigma-Aldrich, USA) in molecular grade 
absolute ethanol (Merck Millipore, USA) and then further diluted the BPA stock solution with corn oil to a 
final concentration of 5,000 µg/kg·maternal BW to treat each rat. For the vehicle control treatment, we prepared 
the vehicle control by diluting only molecular grade absolute ethanol with corn oil in amounts equivalent 
to those used in the BPA preparation, which was 90% corn oil to 10% ethanol. After mating, either BPA or 
the vehicle control was administered to each female rat once daily from gestational day 1 until parturition by 
intragastric feeding method using oral gavage. Rats used in the experiments were individually raised in separate 
ventilated cages in specific pathogen-free (SPF) conditions. Also, the sets of stainless-steel oral gavage needles 
used for intragastric feeding were separated in order to prevent cross-contamination between conditions. All 
reusable materials were cleaned with 70% ethanol and rinsed with copious amounts of Milli-Q deionized water 
before use. All experimental procedures were approved by the Chulalongkorn University Animal Care and Use 
Committee (Animal Use Protocol No. 1673007 and No. 1773011) of Chulalongkorn University. We confirm that 
all experiments were performed in accordance with the relevant guidelines and regulations, and the study is 
reported in accordance with Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

NSC isolation and culture
According to the American Veterinary Medical Association (AVMA), postnatal day 1 neonatal rat pups 
were anesthetized with 150  mg/kg BW sodium pentobarbital, followed by hypothermia. To ensure death, 
decapitation, one of the AVMA-approved physical methods, was performed after cleaning neonatal rat pups 
with 70% ethanol. A prechilled 60-mm petri dish containing a dissecting medium to which the brain was 
rapidly removed and transferred was placed under a dissecting microscope (Nikon SMZ18 Stereo Microscope). 
Dissecting/dissociation medium was prepared following previously published protocol87,88. The meninges were 
completely removed, the brain was then dissected under a microscope (Nikon SMZ18 Stereo Microscope), and 
the hippocampal tissues were collected in a 15-ml tube filled with dissecting medium. Hippocampal NSC culture 
was carried out and processed following the previously published studies88. Briefly, the tissues were centrifuged 
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at 200 g for 1 min at room temperature, and then enzyme trypsin and DNase were added. Clumps of cells were 
broken up by performing trituration by gently and consistently pipetting up and down several times. The cells 
were washed with N2 medium to inactivate the enzyme. The isolated hippocampal NSCs were cultured in an 
initial proliferation medium (IPM) and formed neurospheres within 1–2 weeks88,89. To characterize NSCs within 
neurospheres, 14-day cultured neurospheres were fixed with 4% paraformaldehyde and processed as described 
in the previous study90. The embedded neurospheres were cryosection, washed with 1X Tris-buffered saline 
(TBST) 3 times, performing antigen retrieval 30 min at 90–95 °C, wash 3 times with 1X TBST, DNA hydrolysis 

Fig. 10. Graphical abstract. Created with BioRender.com.
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with 2N HCl 37  °C 10  min, neutralized with 0.1  M Sodium borate buffer pH8.5 10  min room temperature 
(RT), wash 3 times with 1X TBST, permeabilization using 0.25% Triton X-100 in 1X TBST, wash 3 times with 
1X TBST and blocked with 3% Bovine Serum Albumin (BSA) in 1X TBST RT 1 h. After blocking, the spheres 
were incubated with a mouse monoclonal primary antibody against Sox2 to characterize neural progenitor cells. 
The spheres were washed with 1X TBST and incubated with the secondary antibody. The spheres were observed 
using a fluorescence microscope (Fig. 1). Apart from immunofluorescence staining of neurospheres, cells were 
preserved in RNAlater and stored at -80 °C until use.

RNA isolation and transcriptome profiling analysis
The hippocampal NSCs (BPA male n = 3, BPA female n = 3, Control male n = 3, Control female n = 3; neonatal rats 
in the same treatment came from independent replicates) were isolated and were cultured for 1–2 weeks to form 
neurospheres as described in the previous studies88. Total RNA was purified from cultured neurospheres using 
the mirVana miRNA Isolation Kit (Ambion, USA) according to the manufacturer’s protocol. The RNA yield and 
integrity were assessed using a Qubit 3.0 fluorometric quantification system and an Agilent 2100 Bioanalyzer, 
respectively. To identify DEGs in the hippocampal NSCs in response to prenatal BPA exposure, a transcriptome 
profiling analysis of total RNA isolated from the hippocampal NSCs of neonatal rat pups prenatally exposed 
to BPA or the vehicle control was performed by Vishuo Biomedical (Thailand) LTD., using the Illumina HiSeq 
platform in a 2 × 150 bp paired-end (PE) configuration; 6.0 Gb of raw data were generated per sample. The raw 
sequencing reads were in FASTQ formatted files. The samples were sequenced in PE mode with a length of 150 
bases. The quality of the raw sequencing reads was assessed with FastQC v.0.11.5 software, and the surviving PE 
reads were aligned to the Rattus norvegicus reference genome (HISAT2 index: Ensembl Rnor_6.0 genome_tran). 
The alignment files were then analyzed individually with the Cufflinks v.2.1 software to detect and quantify 
previously known transcripts and to discover new transcripts or isoforms. Next, individual annotation files 
generated from the transcript assembly process were merged together to compare the expression levels among 
multiple samples or conditions. The expression fold change between each comparison group was calculated, 
and log transformed. Comparisons were performed with all male and female pups with the same treatment 
conditions combined into one group and then separated by sex.

Prediction of biological functions and interactome analysis
Ingenuity Pathway Analysis (IPA) software (version 22.0, Qiagen Inc., USA) is the powerful analysis and search 
tool that we used to predict biological functions, biological disorders, canonical pathways, and interactome 
networks, including key regulator identification and downstream effect prediction. The list of DEGs from RNA-
seq overlapped with the list of genes validated to be associated with each function, disorder, and canonical 
pathway in the Ingenuity’s Knowledge Base and created an interactome model/network. Statistical analysis was 
performed using Fisher’s exact test to calculate the P-values, and a P-value < 0.05 was considered statistically 
significant.

Transcriptome data collection
The transcriptome profiling data of cells from individuals with ASD and cognitively normal control individuals 
were obtained from the NCBI GEO DataSets database (http://www.ncbi.nlm.nih.gov/gds) using the keywords 
"autism," "neural stem cells," "proliferation," and the following criteria: the included studies must be ASD studies; 
the studies must include cell-based gene expression profiles from microarray experiments; the experimental 
models were stem cells, primary cells, or cell lines; and each treatment group consisted of more than three 
samples. All “Supplementary Information”, including series matrix files and related platforms, was freely available 
in the GEO DataSets database.

Hypergeometric distribution analysis
To determine whether the BPA-responsive genes in the hippocampal NSCs identified by RNA-seq were 
significantly associated with ASD candidate genes, we selected significant differentially expressed genes (DEGs) 
from RNA-seq results considering that DEGs should have a statistical value, both P-value and Q-value, less than 
0.05. The list of differentially expressed BPA-responsive genes overlapped with the list of ASD candidate genes 
from ASD databases (SFARI and AutismKB). To further determine the association between these two lists of 
genes, we performed a hypergeometric distribution analysis using the hypergeometric distribution calculator 
program provided by Keisan Online Calculator (https://keisan.casio.com/exec/system/1180573201).

Quantitative RT-PCR analysis
DEGs in the hippocampal NSCs identified by RNA-seq transcriptome analysis were selected for further 
confirmation by quantitative RT-PCR analysis as previously described39. Briefly, total RNA was isolated using 
the aforementioned method (BPA male n = 6, BPA female n = 6, control male n = 6, control male n = 6; neonatal 
rats in the same treatment came from independent replicates). RNA concentration was then measured using 
a Nanodrop™ 1000 Spectrophotometer (Thermo Fisher Scientific, USA). Total RNA was used for cDNA 
synthesis with the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) according to 
the manufacturer’s protocol. Briefly, reaction buffer was first prepared by mixing 4 µl 5X Reaction Buffer, which 
was comprised of Tris–HCl (pH 8.3), KCl, MgCl2, and DTT, with 1 µl (20 Unit) RiboLock RNase Inhibitor, 
2 µl (20 nmol) dNTP Mix and 1 µl (200 Unit) RevertAid M-MuLV RT in a microcentrifuge tube, and perform 
cDNA synthesis as described in detail in our previous reports39. Quantitative PCR analysis was conducted in 
triplicate using AccuPower® 2X GreenStar™ qPCR MasterMix (Bioneer, Korea) according to the manufacturer’s 
instructions. Briefly, 1 μl of the cDNA was mixed with 2X Greenstar Master Mix, forward primer, reverse primer, 
and nuclease-free water. The reaction was then incubated in a Bio-Rad CFX Connect Real-Time System (Bio-
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Rad, USA). The PCR amplification conditions and the expression level calculations were also described in detail 
in our previous reports39. The specific primers in the qPCR analyses were designed using the UCSC Genome 
Browser (https://genome.ucsc.edu/), Ensembl Genome Browser [104] species Rattus norvegicus  ( R n o r _ 6 . 0 ) (   h t 
t p s : / / m a y 2 021.archive. ensembl.org/ Rattus_norv egicus/Info/Index), and Primer3 software version 0.4.0 (http://
bioinfo.ut.ee/primer3-0.4.0/). The forward and reverse primers were designed for rat Atp1a3, Nefl, L1cam, Grin1, 
Gabrb1, and Rn18s. The sequences of the qPCR primers are shown in Supplementary Table S1.

Correlation analysis
Correlation analysis was performed to examine the possibility of the association between the gene expression 
level in response to BPA and the changes in the area of neurospheres. The expression value of selected DEGs 
obtained from qRT-PCR data and the mean area of neurospheres DIV0, DIV7, and DIV14 were used to plot the 
line. The slopes and the expression value were used to perform correlation analysis. R values of each correlation 
were determined and used to construct a heatmap in both sexes, males and females.

We also performed correlation analysis to examine the correspondence between the transcriptome profile of 
our in vitro NSCs and the transcriptome profile of in vivo NSC, basal progenitor, and newborn neurons from 
the database. Transcriptome dataset of in vivo NSC, basal progenitor, and newborn neuron was obtained from 
GSE134688. We thus combined the FPKM (Fragments Per Kilobase per Million mapped fragment) value of genes 
matched in both our RNA-seq data and GSE134688 dataset. The FPKM matrix was normalized using geometric 
mean normalization implemented in the DESeq package. The correlation of each in vivo transcriptome from 
individual cell types was correlated with our in vitro NSC transcriptome using Spearman’s correlation. Moreover, 
the expression value of DEGs obtained from RNA-seq data and the mean area of the neurosphere were used to 
perform Pavlidis Template Matching (PTM) analysis91. The list of DEGs, R values, and P-values was determined.

In vitro proliferation assay
NSC isolation and culture were performed as described earlier in this study. Briefly, the isolated hippocampal NSCs 
were cultured in an initial proliferation medium (IPM), a Neutrobasal medium minus phenol red (Invitrogen) 
supplemented with B27  serum-free supplement  (Invitrogen), GlutaMAX I supplement (Invitrogen),  Human 
FGF-Basic (PeproTech), Human EGF (PeproTech), and Antibiotic–antimycotic (Invitrogen), resulting in the 
formation of neurospheres within 1 to 2 weeks.  A 10 mM stock solution of BrdU (ab142567) was prepared 
as described in the manufacturer’s protocol. Briefly, a 10 mM BrdU stock solution was diluted 1000-fold with 
the cell culture medium (IPM) to make a 10 µM BrdU labeling solution. During culture, on the day in vitro 14 
(DIV14), the existing culture medium from the cells was removed and was replaced with the BrdU labeling 
solution,  followed by incubating the cells with the BrdU labeling solution for 24 h in the CO2  incubator at 
37°C. Cultured neurospheres were fixed with 4% paraformaldehyde and processed as described in the previous 
study. The embedded neurospheres were cryosectioned using a cryostat (Leica CM1950). A 10-µm thickness of 
neurosphere sections was washed with 1X TBST 3 times, followed by antigen retrieval, heat-induced epitope 
retrieval (HIER) using sodium citrate pH 6.0 as an antigen retrieval buffer, for 30 min at 90–95°C, wash 3 times 
with 1X TBST, DNA hydrolysis with 2N HCl 37°C 10 min, neutralized with 0.1M Sodium borate buffer pH8.5 10 
min RT, wash 3 times with 1X TBST, and blocked with 3% BSA in 1X TBST RT 1 h. After blocking, the spheres 
were incubated with a monoclonal primary:  anti-BrdU antibody (ab6326), which serves as a proliferation 
marker, and anti-Sox2 antibody (ab79351), a marker for neural stem/progenitor cells. Following incubation, the 
cryostat sections were washed three times for 5 min each with 1X TBST before incubated with the secondary 
antibodies labeled with Alexa Fluor-488 (ab150109) or Alexa Fluor-555 (ab150154) and counterstained with 
Hoechst33342.

Statistical analyses
Statistical analyses were conducted using SPSS version 22.0. The criterion for statistical significance was a 
P-value < 0.05. A t-test was used to determine the statistical significance of differences between the mean values 
of the two groups. Hypergeometric distribution analysis was performed to determine the association of DEGs 
with ASD candidate genes obtained from the SFARI (https://gene.sfari.org/) and AutismKB  (   h t t p : / / a u t i s m k b . c b 
i . p k u . e d u . c n /     ) databases and to determine the association of DEGs with other transcriptomic studies using the 
hypergeometric distribution calculator in the Keisan Online Calculator program  (   h t t p : / / k e i s a n . c a s i o . c o m / e x e c / 
s y s t e m / 1 1 8 0 5 7 3 2 0 1     ) . A P-value < 0.05 was considered statistically significant.

Conclusion
This study significantly enhances our understanding of the impact of prenatal bisphenol A (BPA) exposure on 
NSC dynamics and its potential role in the pathogenesis of ASD. Our findings demonstrate that BPA acts as a 
critical environmental risk factor, leading to the dysregulation of ASD-related gene transcriptomes in NSCs. 
Notably, we identified sex-specific effects, with a marked correlation between BPA-induced gene expression 
changes and neurosphere size in male offspring, shedding light on the possible mechanisms behind the male bias 
in ASD prevalence. In both sexes, prenatal BPA exposure caused a significant reduction in NSC proliferation, 
further underscoring the disruption of neurogenesis.

This study highlights key molecular pathways linking BPA exposure to ASD, particularly through the 
identification of upregulated ASD-related genes, which may serve as potential therapeutic targets. Our integrative 
approach, combining transcriptome profiling, pathway analysis, and in vitro proliferation assays, provides a 
comprehensive view of the biological perturbations induced by BPA. The correlation between BPA-responsive 
DEGs and neurosphere characteristics, coupled with the significant changes observed in in vitro proliferation 
assays, underscores the potential influence of BPA on NSC dynamics and neurodevelopment. This comprehensive 
investigation provides valuable insights into the molecular underpinnings of BPA-induced effects on NSCs and 
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underscores the need for continued exploration into the complex interplay between environmental exposures 
and neurodevelopmental disorders, offering avenues for targeted interventions and preventative strategies.

Data availability
The transcriptome profiling data used in this study have been published in the NCBI GEO DataSets database 
(GSE65106, GSE67528, and GSE124308). The RNA-seq data in this study is alsopublicly available in the NCBI 
GEO DataSets database.
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