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A B S T R A C T   

Aluminum (Al) has been classified as a cumulative environmental pollutant that endangers human health. There 
is increasing evidence to suggest the toxic effects of Al, but the specific action on human brain development 
remains unclear. Al hydroxide (Al(OH)3), the most common vaccine adjuvant, is the major source of Al and poses 
risks to the environment and early childhood neurodevelopment. In this study, we explored the neurotoxic effect 
of 5 μg/ml or 25 μg/ml Al(OH)3 for six days on neurogenesis by utilizing human cerebral organoids from human 
embryonic stem cells (hESCs). We found that early Al(OH)3 exposure in organoids caused a reduction in the size, 
deficits in basal neural progenitor cell (NPC) proliferation, and premature neuron differentiation in a time and 
dose-dependent manner. Transcriptomes analysis revealed a markedly altered Hippo-YAP1 signaling pathway in 
Al(OH)3 exposed cerebral organoid, uncovering a novel mechanism for Al(OH)3-induced detrimental to neuro-
genesis during human cortical development. We further identified that Al(OH)3 exposure at day 90 mainly 
decreased the production of outer radial glia-like cells(oRGs) but promoted NPC toward astrocyte differentiation. 
Taken together, we established a tractable experimental model to facilitate a better understanding of the impact 
and mechanism of Al(OH)3 exposure on human brain development.   

1. Introduction 

Aluminum (Al) is one of the most abundant metals on earth and is 
widely used in medicine, pharmacy, food technology, and cosmetics 
(Alasfar and Isaifan, 2021; Exley, 2003). Al exposure occurs mainly 
through the environment, occupational, and dietary factors for humans 
(Exley, 2013), such as deodorants, cosmetics, dyes, processed foods, 
antacids, medicinal pills, drinking water, flame retardant, anti-acid 
medication, and vaccine adjuvant (Lindblad, 2004; Walton, 2007; 
Yokel et al., 2008). Previous studies have shown that Al can accumulate 

in specific brain regions for a long time (Couette et al., 2009). There is a 
lot of evidence implicating that Al leads to neurotoxicity in the central 
nervous system (CNS) (Shaw and Tomljenovic, 2013), including deficits 
in neurotransmission and synaptic activity (Zhang, 2018), disruption of 
the blood-brain barrier (Wang, 2018), brain inflammation (Bondy, 
2010), impaired brain-specific gene transcription (Pogue and Lukiw, 
2016), and amyloidosis (Mold et al., 2020). Furthermore, analysis of 
human biological samples revealed that mothers and their newborns 
had almost identical blood Al levels (Aziz et al., 2017), and preterm 
infants suffering from prolonged intravenous feeding with solutions 
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contaminated with Al have impaired brain development (Bishop et al., 
1997). 

Of note, the source of Al at a very young age is vaccine adjuvant 
aiming to stimulate an immune response (Lindblad, 2004). Although a 
single vaccine may contain only a small amount of Al (usually less than 
0.5 mg of the adjuvant compound, not elemental Al), multiple vaccines 
with Al adjuvants can contribute significantly to the overall Al burden 
on the body. Pediatric vaccine schedules in many countries indicate 
children will receive 23–32 vaccines, many with Al adjuvants. The 
administration of 20 or more vaccines containing 0.5 mg of the Al 
compound as adjuvants would add up to an extra 10 mg of Al compound 
to the body burden, equivalent to a normal dietary intake of Al of over 
4000 mg/day (Shaw, 2018). There are various kinds of Al adjuvant 
preparations, but Al hydroxide (Al(OH)3) is the more widely used 
adjuvant (Brunner et al., 2010). Previous studies have reported that the 
long-term persistence of Al(OH)3 in innate immune cells leads to specific 
lesions at immune sites, called Macrophagic myofasciitis (MMF) 
(Gherardi et al., 2015), which may be detected up to > 12 years after the 
last vaccine injection in patients with a clinical condition now desig-
nated as Autoimmune/inflammatory syndrome(ASIA) (Lujan et al., 
2013) induced by adjuvants. Experimental studies also have shown a 
range of behavioral abnormalities (Sheth et al., 2018) and associated 
motor neuron death in young mice following postnatal exposure to 
vaccine adjuvants at 100μgAl/kg (Petrik et al., 2007). Similarly, neu-
roinflammatory/degenerative syndromes have been reported in sheep 
following repeated injections of Al-containing vaccines (Lujan et al., 
2013). It has been indicated the correlation between Al in vaccines and 
the rising prevalence of autism spectrum disorder (ASD) (Angrand et al., 
2022; Boretti, 2021; Tomljenovic and Shaw, 2011). The adverse effects 
of Al adjuvants on the developing human CNS need to be concerned 
(Principi and Esposito, 2018), in view of that children are regularly 
exposed to significant amounts of Al from vaccines. However, due to 
strict ethical restrictions and practical issues, the harmful effects of Al 
(OH)3 exposure on human nervous system development are not well 
understood. 

Cerebral organoid, an ideal complex and multicellular organotypic in 
vitro model which is derived from human embryonic stem cells (hESCs) 
or human induced pluripotent stem cells (hiPSCs), recapitulates most of 
the molecular, cellular, and anatomical features of human early brain 
development (Lancaster and Knoblich, 2014). Recent advanced tech-
nologies for culturing cerebral organoids emerged as a promising in 
vitro experimental model for investigating human brain developmental 
diseases and neurotoxicity induced by a variety of drugs or environ-
mental pollutants (Fan et al., 2022; Li et al., 2022). More importantly, 
the formation of cortical-like structures in cultured cerebral organoids 
recapitulates the development of the human cortex by generating pro-
genitor layers similar to the outer subventricular zone (oSVZ), including 
the outer radial glia (oRG) cells (Li et al., 2022). Here the cerebral 
organoids model derived from hESCs was used to mimic human early 
brain development and to explore the potential adverse effects of Al 
(OH)3 on brain development in a dynamic neurodevelopmental context. 

2. Materials and methods 

2.1. Chemicals 

Al(OH)3 solid particle in size from 3 to 10 µm was kindly provided by 
the CAS Key Laboratory for Biomedical Effects of Nanomaterials and 
Nanosafety and CAS Center for Excellence in Nanoscience. Scanning 
electron microscope (SEM) images of Al(OH)3 were shown in Fig. S1. Al 
(OH)3 was dispersed in dimethyl sulfoxide (DMSO) at a stock concen-
tration of 100 mg/ml and stored in dark at 4 ◦C. The solutions were 
sonicated for 10 min and mixed completely before treatment. 

2.2. hESC culturing and generation of cerebral organoid 

The hESC line (H9) was kindly provided by the Stem Cell Bank, 
Chinese Academy of Sciences (CAS). The cell line was cultured without 
feeders using Essential 8™ Culture Medium (A1517001, Gibco) with 10 
µm Y-27632 rock inhibition. The induction of cerebral organoids fol-
lowed Lancaster’s protocol (Giandomenico et al., 2021; Lancaster and 
Knoblich, 2014). In brief, when hESCs colonies grown in a 6-well plate 
reached about 70%–80% confluency, they were digested into single-cell 
suspensions with Tryple (12604013, Gibco) and added into ultra-low 
attachment 96-well plates with 9000 cells per well to generate 
embryoid bodies (EBs) at day 0. EBs were formed with smooth edges and 
cultured in the 96-well plate for six days, then were transferred to neural 
induction media containing N2 for another six days. On day 12, the EBs 
with smooth edges were embedded in Matrigel droplets to promote the 
expansion of the neuroepithelial buds for four days with a differentiation 
medium. On day 16, cerebral organoids were transferred on an orbital 
shaker (17504044, Invitrogen, USA) with a maturation medium. On day 
20, most of the Matrigel around each organoid was carefully removed 
using two syringe needles and maintained in medium culture. 

2.3. Al(OH)3 exposure 

The hESC cells were exposed to Essential 8 culture media containing 
a series of concentrations of Al(OH)3 ranging from 0, 0.1, 0.5, 1,2, 3, 4, 
5, 25, 50, to 100 μg/ml (0 μg/ml as the control group) for 24 h and 48 h, 
respectively. Cerebral organoids at days 22 or 90 were treated with Al 
(OH)3 for six days to evaluate their neurotoxicity. On day 22, the cere-
bral organoids exposed to mature culture media containing Al(OH)3 at a 
concentration of 0, 5, 25 μg/ml for six days were used for general 
investigation and collected on days 28 and 56. Outer radial glia (oRG) 
and astrocytes were analyzed in day 96 organoids following 25 μg/ml Al 
(OH)3 exposure for six days. The organoids in control groups were 
cultured in a maturation medium. 

2.4. Immunofluorescence staining 

The hESC cells were fixed with 4% paraformaldehyde (PFA) at room 
temperature for 20 min. The cerebral organoids were fixed with 4% PFA 
overnight at 4 ◦C and then transferred to 30% sucrose solution at 4 ◦C 
until the samples were completely dehydrated. After embedding in 
optimal cutting temperature compound（OCT）, the cerebral organoids 
were cut into 20-μm-thick sections and placed on adhesive slides at −
20 ◦C. For immunofluorescence staining, sections were washed in PBS to 
clear the OCT and treated with 0.03% Triton-x for 30 min at 37 ◦C. 
Sections were incubated with the primary antibodies at 37 ◦C for 2 h and 
then at room temperature overnight, then were washed thoroughly and 
incubated with secondary antibodies at 37 ◦C for 2 h. After counter-
staining with DAPI, the sections were examined and photographed using 
the ZEISS microscope. The antibodies used in this study were listed in 
table S1. 

2.5. Real-time PCR 

The total RNA was extracted with Trizol (Gibco) and reverse tran-
scribed into cDNA with RevertAid MM (Thermo Scientific, M1631) 
following the manufacturer’s instruction. The qPCR was conducted by 
SYBR Green Master kit (Gibco, 4309155) using the primers in Table S2. 
All data were normalized to GAPDH to analyze the relative gene 
expression by the 2-ΔΔCT method. Data from three parallel groups were 
presented as mean±SEM. 

2.6. Cell viability assays 

Cell Counting Kit-8 (Dojindo, CK04) assays were accessed the 
viability of hESC cells after Al(OH)3 treatment(5 μg/ml, 25 μg/ml, 50 
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μg/ml, 100 μg/ml). Approximately 5 × 104 single cells in 100 μl 
Essential 8TM medium were seeded in 96-well plates for 24 h, then 
different concentrations of Al(OH)3 were added to plates for another 24 
h. Subsequently, 10 μl CCK8 working solution was added into each well 
and incubated in the dark at 37 ◦C for 2–4 h. The absorbance value was 
determined with a microplate reader at 450 nm. Data of parallel groups 
were presented as mean±SEM. 

2.7. TUNEL assays (terminal deoxynucleotidyl transferase mediated 
dUTP nick-end labeling) 

Apoptosis of hESCs and cerebral organoids in three parallel groups 
after treatment was detected using the TUNEL assay kit. Briefly, the 
TUNEL reaction mixture preparation: end-labeling enzyme and labeling 
liquid were mixed at a ratio of 1:9 and then diluted with 0.1 M PBS, and 
sections were incubated with the reaction resolution at 37 ◦C for 30 min 
in the dark, followed by immuno-staining. 

2.8. Western blot 

The human cerebral organoids samples were collected and processed 
as previously described(Liu et al., 2019). The protein (30 μg) was loaded 
on 10% SDS-PAGE and separated by electrophoresis, and then trans-
ferred to the PVDF membrane (Bio-Rad). The membranes were incu-
bated with diluted antibodies (listed in table S1). The immunoreactive 
bands were visualized by chemiluminescent HRP substrate (Millipore). 
The intensities of the immunoreactive bands were determined with 
Image Lab (Bio-Rad Laboratories, United States). The protein level was 
analyzed using the semi-quantitative method by comparing it with 
GAPDH. 

2.9. RNA-sequencing 

The cerebral organoids in the Al(OH)3 treatment group with different 
concentrations were collected on day 28 for the mRNA sequencing 
assay. Total RNA was isolated using a Trizol reagent kit (Gibco, 
15596018) based on the manual instructions. Subsequently, The Agilent 
2100 Bioanalyzer detected RNA concentration, RIN value, 28 S/18 S, 
and fragment size to determine RNA integrity. To generate sequencing 
libraries, the following steps were followed. Firstly, We used magnetic 
beads containing Oligo(dT) to enrich mRNA. A fragmentation buffer was 
added to break the mRNA into short fragments. The first strand of cDNA 
was synthesized from mRNA using random hexamers, followed by the 
buffer, dNTPs, and RNaseH. A second strand of cDNA was synthesized 
using DNA polymerase, and the double-stranded cDNA was purified 
with a kit. After purifying the double-stranded cDNA, the ends were 
repaired, the A-tails were attached, ligated with a sequencing adapter, 
and then the PCR was performed. The sequencing library was used for 
sequencing. After constructing the library, the range of the inserted 
fragments in the library was detected using the Agilent 2100 Bio-
analyzer, and the library concentration was analyzed using the ABI 
StepOnePlus Real-Time PCR system. In this study, the Illumina HiSeq 
sequencer was used to sequence. Software on the sequencing platform is 
visualized, and the original data in FASTQ format (Raw Data) is ob-
tained. To analyze the sequencing data for further analysis, we use the 
Cutadapt (v1.15) software to filter out connectors and low-quality reads. 
The differential expression genes (DEGs) between the control group and 
Al(OH)3 treatment groups were further analyzed with DEG-seq2 
methods. P-value< 0.05 and fold change> 1.5 identified DEGs. A 
ClusterProfiler package in R studio was used to conduct enrichment 
analysis for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG). According to the interaction network of the top 10 
HUB genes counted by the EPC method, the interactive relationship files 
were imported into Cytoscape 3.5.0 software and drawn into a network 
diagram of gene path interaction. 

2.10. Quantification of layer thickness and immunofluorescence staining 

The thickness of the ventricular zone (VZ) and cortical plate (CP) of 
the forebrain organoids were measured following the literature (Mariani 
et al., 2015). Briefly, the VZ was determined by SOX2 staining and the 
shape of the neural tube; the subventricular zone (SVZ) was outlined 
from the outer edge of the VZ to the beginning of the CP by SOX2 and 
TBR2 co-staining. The CP region was outlined outside the VZ to the 
nearest pial surface and determined by CTIP2 and NeuN staining. The 
average length of VZ and CP layers was measured at a 45◦angle using the 
Zeiss Axiovision 4.0 system. 

The percentage of SOX2+, EdU+, TUNEL+, and Ki67+ cells to DAPI+
cells in the VZ of day 28 organoids, TBR2+ to DAPI+ cells, and ki67+ to 
DAPI+ cells in the VZ of day 56 organoids, SOX2+ and HOPX+ cells to 
DAPI+ cells in the outer SVZ (oSVZ) of day 96 organoids were analyzed 
by ImageJ. Quantifications of the average MAP2 and S100β fluorescent 
densities were performed using three sections per organoid, and images 
were acquired to cover the entire extent of the organoid. MAP2 and 
S100β fluorescent densities were estimated using Fiji software. 

2.11. Inductively coupled plasma-mass spectrometry analyses (ICP-MS) 

Al concentrations of the day28 old cerebral organoids were deter-
mined by Inductively coupled plasma-mass spectrometry (ICP-MS). We 
added 8 ml mixed acid (concentrated nitric acid: hydrofluoric acid: 
perchloric acid=3:3:1) into 0.1–0.15 g cerebral organoids samples and 
then heated at 250 ℃ until the perchloric acid was exhausted (at this 
time, the sample has been completely evaporated). When the tempera-
ture drops to about 180 ℃, added 8 ml aqua regia and 10 ml of the 
internal standard mixture while it is hot, mixed them well, and placed 
them overnight. The next day, 5 ml of 3% nitric acid solution was added 
into 250ul of digestion solution and mixed well for Inductively coupled 
plasma-mass spectrometry (ICP-MS, Thermo-X7, Thermo.Co). The per-
formance of the analysis relative to a certified standard was confirmed 
before testing samples. The result was shown in the supplement 
material. 

2.12. Access of data 

All raw sequences were deposited in the NCBI Sequence Read 
Archive (SRA) under the accession number PRJNA904903. 

2.13. Statistical analysis 

SPSS 20.0 software was performed for the statistical analysis of all 
data. The differences in the three groups were analyzed using one-way 
ANOVA followed Tukey’s post-hoc test. The differences between the 
two groups were analyzed by unpaired t-test. The data were presented as 
mean±SEM. The significance level was set at P < 0.05, and the column 
figures were processed by GraphPad Prism 9.0.0. 

3. Results 

Our findings show the first evidence that Al(OH)3 exposure at a 
specific concentration could induce neurotoxicity and also provide a 
novel perspective into prevention and alleviation strategies for related 
diseases caused by Al(OH)3 exposure and also provides a reference for 
the clinical doses in children safety. 

3.1. Al(OH)3 exposure induced cytotoxicity in human ESCs 

The impacts of Al(OH)3 treatment on human ESCs cell viability were 
assessed by CCK8 assays. As Fig. 1C and S5 shows, the cell viability was 
observed to be significantly affected by 5–100 μg/ml of Al(OH)3 after 
24-h treatment compared with the control group (cell viability, 5 μg/ 
ml:90.33% ± 0.03802, 25 μg/ml:84.59% ± 0.01808, 50 μg/ml: 82.23% 
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± 0.01679; 5 μg/ml VS. control, P < 0.05; 25 μg/ml VS. control, P <
0.001; 50 μg/ml VS. control, P < 0.0001, respectively), and no signifi-
cant effect on cell viability was found at low concentrations below 5 μg/ 
ml (Fig. S5A), and Al(OH)3 above 5 μg/ml could induce cytotoxicity 
(Fig. S5B). Next, we performed EdU staining to assess cell proliferation. 
The rate of EdU+ cells showed a decreasing trend with increasing Al 

(OH)3 concentration in the 24 h and 48 h exposure groups (Fig. 1A), 
with a significant difference after 48 h exposure at a concentration of 25 
μg/ml (percentage of EdU+ cells among DAPI cells, 50.71% ± 0.01626, 
P < 0.05) compared to the control group (Fig. 1D, 57.65% ± 0.01587). 
Meanwhile, TUNEL staining was used to assess cell apoptosis in hESC 
following Al(OH)3 treatment. The cells were exposed at 0, 5, and 25 μg/ 

Fig. 1. Al(OH)3 treatment reduced proliferation and cell viability and promoted apoptosis of the human embryonic stem cells. A: Immunostaining images of EdU in 
hESC of control and Al(OH)3-treatment with 5 and 25 μg/ml concentrations for 24 h and 48 h. Scale bars, 50 µm. B: Immunostaining images of TUNEL in hESC of 
control and Al(OH)3-treatment with 5 and 25 μg/ml concentrations for 24 h and 48 h. Scale bars, 50 µm. C: CCK-8 assay was performed to determine cell prolif-
eration of hESC after 24 h treated with different concentrations of Al(OH)3. (Values present as the mean±SEM. n = 6, ordinary one-way ANOVA, followed by Tukey 
post-hoc test. * P < 0.05; *** P < 0.001; **** P < 0.0001). D, E: The ratio of EdU+ and TUNEL+ cells among DAPI+ cells in hESC clone. (Values present as the mean 
±SEM. n ≧ 6, ordinary one-way ANOVA, followed by Tukey post-hoc test. * P < 0.05; ** P < 0.01). 
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ml Al(OH)3 for 24 h and 48 h. The number of TUNEL+ cells showed an 
increasing trend with increasing Al(OH)3 concentration in both the 24 h 
and 48 h exposure groups (Fig. 1B), with a significant increase in 
TUNEL+ cells after 24 h exposure at a concentration of 25 μg/ml(per-
centage of TUNEL+ cells among DAPI cells 10.51% ± 0.00926, P < 0.05) 
compared to the control group (Fig. 1E, 6.16% ± 0.00711), and a sig-
nificant difference in the 48 h exposure group at a concentration of 25 
ug/ml (percentage of TUNEL+ cells among DAPI cells, 11.29% ±
0.00853, P < 0.05) compared to the control group (Fig. 1E, 6.78% ±
0.01066). Based on the above results of Al(OH)3 exposure, we subse-
quently focused on the effects of two concentrations of 5, 25 μg/ml Al 
(OH)3 on cerebral organoids. 

3.2. Al(OH)3 treatment reduced NPC proliferation and promoted cell 
apoptosis in day 28 cerebral organoids 

To better recapitulate the features of the developing human cerebral 
cortex in vitro and investigate the neurotoxicity of Al(OH)3 exposure, 
human dorsal forebrain organoids were derived from hESCs following 
Lancaster’s differentiation protocol (Giandomenico et al., 2021). Ac-
cording to the developmental pattern, we started Al(OH)3 exposure from 
day 22 of cerebral organoid development and found that 25 μg/ml 
concentration caused a significant area difference in cerebral organoids 
at day 28, while 5 μg/ml concentration did not cause a significant dif-
ference (Fig. 2C, D). Based on this result we chose Al(OH)3 exposure for 
6 days. The experimental procedure was shown in Fig. 2A. EBs were 
developed into a neuroectoderm on day 6 and a neuroepithelial lineage 
on day 14. Expanded neuroepithelial structure and forebrain organoid 
were formed and observed in phase-contrast images (Fig. 2B). NPCs 
markers PAX6 and SOX2 are predominantly expressing in the rosette 
(Fig. S2A, B), and DCX and Tuj1-labeled neurons well localized near the 
ventricle-like structures (Fig. S2C, D) by immunofluorescence staining 
of day28 cerebral organoid sections. The cerebral organoids showed 
intermediate progenitor (IP) cell marker TBR2 in the SVZ on day 28 
(Fig. S2E) and 56 (Fig. S2G), scattered NeuN+ labeled neurons in the CP 
on day 28 (Fig. S2F), stratified deep-layer marker CTIP2 on day 56 
(Fig. S2G). We found upper-layer marker SATB2 with CTIP2 emerged in 
the CP layer on day 96 (Fig. S2H). The gross morphological features of 
the organoids were photographed to evaluate the effects of Al(OH)3 
exposure on the growth of organoids (Fig. 2C). No significant differences 
in the surface area (Fig. 2D) were found in the organoid with Al(OH)3 
exposure at 5 μg/ml(surface area, 2.8105 ± 0.14373 mm2) compared 
with control organoids(surface area, 3.2138 ± 0.15719 mm2) on day 
28. However, the organoids after 25 μg/ml treatment showed an 
apparent smaller surface area (Fig. 2D, 2.6707 ± 0.15207 mm2, 
P < 0.05) than control organoids until day 28, suggesting a reduction in 
the organoid size reduced by Al(OH)3 treatment is dose-dependent. To 
clarify whether Al enters the tissues, we examined the Al content inside 
the organoid after 6 days of Al(OH)3 exposure using the ICP-MS method, 
and we could find that the tissue Al content increased with increasing Al 
(OH)3 concentration (Fig. S6). Histological analysis revealed the 
cultured cerebral organoids showing unique characteristics of the 
developing cerebral cortex involving ventricle-like structure. The rela-
tive thickness of the VZ layer was quantified by SOX2, which is a marker 
for NPC (Fig. 2E). We observed well-defined VZ-like structures with 
padding SOX2+ NPCs near the lumen at day 28 organoids (Fig. 2E). 
Consistent with reduced organoid size, 25 μg/ml Al(OH)3 exposure 
treatment caused a massive reduction in the VZ thickness(96.6511 
± 7.66048 µm, P < 0.05) and the proportion of SOX2+ cells in the 
VZ-like areas of day 28 organoids (P < 0.001). However, 5 μg/ml Al 
(OH)3 exposure treatment caused a substantial reduction in the pro-
portion of SOX2+ cells in the VZ-like areas(P < 0.05) and had decreased 
trend but no significance in the VZ thickness(114.9920 ± 8.71129 µm, 
P > 0.05) compared to the control organoid (Fig. 2E, G). 

To determine the causes of the reduced NPC pool in Al(OH)3 treated 
organoids, EdU and Ki67 were performed to detect the proliferation of 

NPCs. Ki67 immunostaining revealed that 25 μg/ml Al(OH)3 treated 
organoids displayed a decrease in the percentage of Ki67+ cells in the VZ 
(P < 0.01), whereas 5 μg/ml Al(OH)3 exposure did not markedly alter 
the ratio of Ki67+ cells in the VZ (Fig. 2F, H). Similarly, The ratio of 
EDU+ cells was decreased markedly with exposure of 25 μg/ml Al 
(OH)3(P < 0.05) but did not change in 5 μg/ml Al(OH)3 group 
compared to the control group (Fig. 2F, I). TUNEL assay was performed 
to examine the apoptosis status of the cells. We further found a signifi-
cant increase of TUNEL+ cells in the VZ-like regions of 5 μg/ml and 
25 μg/ml Al(OH)3 treated organoids (Fig. 2F, J). Therefore, these results 
suggested that 5 μg/ml(P < 0.01) and 25 μg/ml(P < 0.001) Al(OH)3 
treatment decreased the NPC pool as it inhibited the proliferation and 
promoted apoptosis. Notably, 5 μg/ml Al(OH)3 treatment typically 
promoted its apoptosis and did not alter NPC proliferation. 

3.3. Al(OH)3 exposure changes gene expression in cerebral organoids 

The bulk RNA-seq was conducted to investigate the DEGs on day 28 
cerebral organoids to uncover the underlying mechanisms of Al(OH)3- 
treatment-induced neurotoxicity. Using hierarchical clustering, the gene 
expression profiles between the control and 5 μg/ml Al(OH)3 were 
shown on the heatmap (Fig. 3A) and the control and 25 μg/ml Al(OH)3 
(Fig. 3B). We identified 535 and 934 DEGs in the organoids treated with 
5 and 25 μg/ml Al(OH)3, respectively. Volcano plots showed 245 
upregulated and 290 downregulated DEGs in the 5 μg/ml group 
(Fig. 3B), but 226 upregulated and 708 downregulated DEGs in the 
25 μg/ml group (Fig. 3D). These two sets of DEGs were further used in 
the subsequent analyses. GO enrichment was conducted on 535 DEGs in 
the 5 μg/ml group, which showed that these genes could be significantly 
enriched in multiple biological processes, such as embryonic organ 
development, forebrain development, neural tube patterning, cell fate 
commitment, and cell fate specification (Fig. 3E). To explore the core 
genes underlying the effects, we constructed an interaction network map 
between genes and go terms (Fig. 3F). As the map of the gene-concept 
network showed, PTCH1 was in the center of the network, which was 
critical in cell proliferation(Shikata et al., 2011). Increased PTCH1 in the 
cerebral organoid exposed to 5 μg/ml Al(OH)3 might explain reduced 
SOX2+ NPC in the VZ. 

Additionally, for the functional analysis of the 934 DEGs in the 
25 μg/ml Al(OH)3-treated group, the enriched GO terms mainly 
included regulation of nervous system development, regulation of cell 
growth, regulation of cell development, forebrain development, regu-
lation of neurogenesis, and central nervous system neuron differentia-
tion (Fig. 3G). At the same time, we also analyzed the interaction 
network in GO biological process category and further identified 
WNT3A as the bridge gene connected in these pathways and involved in 
NPC depletion in the 25 μg/ml Al(OH)3-treated cerebral organoid 
(Fig. 3H). 

3.4. Enrichment of Hippo signaling pathway involved in the reduction of 
NPC pool in the Al(OH)3 treated day28 organoids 

Significant enrichment in the KEGG pathway was further performed 
on 535 DEGs in the 5 μg/ml group and showed to be associated with 
ECM-receptor interaction, neuroactive ligand-receptor interaction, 
hippo signaling pathway, focal adhesion, and signaling pathways 
regulating pluripotency of stem cells (Fig. 4A). For the 934 DEGs in the 
25 μg/ml Al(OH)3 group, the top 20 KEGG pathways consist of the Wnt 
signaling pathway, neuroactive ligand-receptor interaction, and hippo 
pathway (Fig. 4B). Hippo signaling regulates cell proliferation, 
apoptosis, and stem cell self-renewal to control organ size in evolu-
tionarily conserved ways (Reuven et al., 2013). The hierarchical clus-
tering heatmap showed Hippo signaling pathway appeared in both 
groups (Fig. 4C). We selected the top 10 Hub genes in the Hippo 
signaling way by EPC method (Fig. 4D). Among these top 10 interacting 
genes, there were nine down-regulated hub genes, WNT1, WNT3A, 
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Fig. 2. Al(OH)3 exposure impaired the development of day28-old cerebral organoids. A: A schematic diagram of the experimental configuration. B: Representative 
images showing the organoid growth from day0 to day40. Scale bars, 100 µm.C: Representative bright-field view of three parallel groups before and after treatment 
with Al(OH)3 treatment at concentrations of control(0), 5, and 25 μg/ml for six days, respectively. Scale bars, 100 µm. D: Quantification of day22–28-old cerebral 
organoids size based on area. E: Qualification of VZ thickness based on SOX2 staining. F: Immunostaining for SOX2(red), Ki67(green), EdU(green), and TUNEL 
(green) in day28-old cerebral organoids. Scale bars, 50 µm. G-J: The statistical analysis of SOX2+ cell, Ki67+ cell, EdU+ cell, and TUNEL+ cell ratio of the DAPI cells in 
the VZ of organoids in three groups after six days of treatment with different Al(OH)3 concentrations. Data are shown as mean±SEM; (n ≧ 9 VZ-like structures from at 
least three organoids, ordinary one-way ANOVA, followed by Tukey post-hoc test. * P < 0.05; ** P < 0.01; *** P < 0.001). 

L. Wang et al.                                                                                                                                                                                                                                   



Ecotoxicology and Environmental Safety 256 (2023) 114863

7

Fig. 3. Transcriptomes comparison showed that 5 and 25 μg/ml Al(OH)3 treatment exerted different effects on cerebral organoids. A: Heatmap of DEG expression in 
the three groups. B: Volcano plot of the control group compared with 5 μg/ml Al(OH)3 treated group. C: Volcano plot of the control group compared with 25 μg/ml Al 
(OH)3 treated group. D: GO enrichment bubble plots of DEGs between the control group and 5 μg/ml Al(OH)3 treated group. E: The Gene-Concept Network of GO 
enrichment of DEGs between the control group and 5 μg/ml Al(OH)3 treated group. F: GO enrichment bubble plots of DEGs between the control group and 25 μg/ml 
Al(OH)3 treated group. G: The Gene-Concept Network of GO enrichment of DEGs between the control group and 25 μg/ml Al(OH)3 treated group. 
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Fig. 4. The KEGG enrichment analysis of Al(OH)3 induced DEGs-related pathways. A, B: The KEGG enrichment analyses were used to identify the top 20 pathways of 
DEGs in control vs 5 μg/ml(A) and control vs 25 μg/ml(B), separately. Red represents a high degree of enrichment, green is the opposite, and the bubble size 
represents the number of DEGs. Among all pathways in KEGG analysis, the hippo signaling pathway is more significant and appeared in both groups. C: The heat map 
shows Al(OH)3 changed DEGs related to the hippo signaling pathway. D: Top ten HUB gene network map obtained by EPC method. E: The mRNA levels of WNT1, 
WNT10B, WNT7B, WNT8B, FZD8, WNT9A, WNT3A, FZD10, WNT5A, and LRP6 of cerebral organoids with Al(OH)3 treatment were detected by RT-PCR. Data are 
shown as mean±SEM (n ≧ 3 for each group, ordinary one-way ANOVA, followed by Tukey posthoc test. ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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WNT9A, WNT7B, WNT8B, WNT10B, Bone Morphogenetic Protein 7 
(BMP7), Frizzled Class Receptor 10 (FZD10), and LDL Receptor Related 
Protein 6 (LRP6). The up-regulated hub gene FZD10 connected to 
different communities (Fig. 4E). These results suggested that 5 μg/ml 
and 25 μg/ml Al(OH)3 induced neurotoxicity by impairing the Hippo 
signaling pathway. 

Annotation of the KEGG pathway in Al(OH)3-exposed cerebral 
organoids showed DEGs could be categorized into five terms: organismal 
systems, metabolism, human diseases, environmental information pro-
cessing, and cellular processes (Fig. 5A, B; S4A, B). The environmental 
information processing term enriched with the highest proportion of 
genes (Fig. S3A, B). We made a protein interaction network using 
STRING for 92 genes related to seven environment-related pathways. 
The protein interaction between the Wnt signaling pathway and the 
Hippo signaling pathway is more evident in 25 μg/ml Al(OH)3 exposure 
(Fig. 5C). In the case of 5 μg/ml Al(OH)3 exposure, a protein interaction 
network using STRING for all 43 genes of six environment-related 
pathways showed the Hippo signaling pathway is essential in the 
network diagram (Fig. S4C). The Hippo signaling pathway was identi-
fied as a significant pathway involved in the environmental information 
process for the 5 μg/ml and 25 μg/ml Al(OH)3 treatments relative to 
controls. 

YAP, a major downstream effector of the Hippo pathway, is closely 
associated with the proliferation of progenitor cells. We found that 5 μg/ 
ml and 25 μg/ml Al(OH)3 sharply decreased the YAP1 expression in the 
SOX2+ aRGs (Fig. 6A). As expected, 25 μg/ml Al(OH)3 treated cerebral 
organoids displayed a marked reduction in the YAP1 mRNA level 
compared with control organoids (P < 0.05), but 5 μg/ml Al(OH)3 
treatment caused a decreased trend of YAP1 mRNA level in the cerebral 
organoid (Fig. 6C, P = 0.055). Similarly, western blotting showed that 
the expression of YAP1 protein was significantly different among the 
three groups, in which the 5 μg/ml and 25 μg/ml Al(OH)3 treated ce-
rebral organoids showed a markedly decreased YAP1 level compared 
with the control group (Fig. 6B, D, P < 0.01). LATS1/2, an upstream 
effector of YAP1, potentially restricts YAP1 to the cytoplasm and 
priming for degradation. We further identified that the expression of 
LATS1/2 protein was significantly different among the three groups, in 
which 5 μg/ml and 25 μg/ml Al(OH)3 treated cerebral organoids 
showed a markedly increased creased LATS1/2 level compared with the 
control group (Fig. 6B, E, P < 0.001). These results suggested that down- 
regulation of Hippo-YAP1 might contribute to decreased NPCs and 
higher apoptosis in Al(OH)3 treated cerebral organoids compared with 
the control. 

3.5. Early 25 μg/ml Al(OH)3 exposure inhibited NPC proliferation but 
promoted neuron differentiation in day 56 cerebral organoids 

As the biological analysis shows, Al(OH)3 exposure had the potential 
to affect neuron differentiation in cerebral organoids. To further un-
derstand the effect of Al(OH)3 exposure on neuron differentiation, the 
distributions of NPCs and neurons were analyzed in 56-day organoids 
(Fig. 7A). No significant differences in the surface area (Fig. 7B, 4.703 
± 0.38917 mm2, P > 0.05) and radius (Fig. 7C, 1.1624 ± 0.0755 mm， 
P > 0.05) were found in the organoid with Al(OH)3 exposure at 5 μg/ml 
compared with control organoids (5.0862 ± 0.2322 mm2, 1.2959 
± 0.03113 mm). However, the organoids with 25 μg/ml Al(OH)3 
treatment displayed markedly smaller surface area (4.0932 
± 0.24608 mm2, P < 0.05) and radius (1.2154 ± 0.02678 mm, 
P < 0.05) than the control organoids at day 56, indicating a dose- 
dependent reduction in organoid size induced by Al(OH)3 treatment. 
Consistent with reduced organoid size, 25 μg/ml Al(OH)3 treatment 
caused a significant reduction in the VZ thickness of day56 organoids 
(95.0067 ± 9.9993 µm, P < 0.05), but 5 μg/ml Al(OH)3 treated orga-
noids were not significantly changed in the VZ thickness (109.1842 
± 17.1037 µm, P > 0.05) (Fig. 7D, E). At this stage, TBR2 staining 
recognizing SVZ showed that SVZ thickness and the proportion of 

TBR2+ cells in the SVZ-like areas were comparable between the control 
group and Al(OH)3-exposed groups (Fig. 7D, F, G). Ki67 immunostain-
ing revealed that 25 μg/ml Al(OH)3 treatment caused a substantial 
reduction in the percentage of Ki67 positive cells in the VZ (Fig. 7D,H, 
P < 0.01), whereas 5 μg/ml Al(OH)3 did not markedly alter the ratio of 
Ki67 positive cells in the VZ (Fig. 7D, H, P > 0.05). 

Furthermore, the deep-layer neuron marker CTIP2 and the mature 
neuron marker NeuN in the CP-like regions of day 56 organoids were 
examined. We measured the thickness of the CP-like area with CTIP2 
stained neurons and found that 25 μg/ml Al(OH)3 exposure significantly 
increased the CP-like area thickness (142.1664 ± 12.36026 µm, 
P < 0.05) compared to the control group (93.5296 ± 7.14292 µm) 
(Fig. 7I, K). The CP-like area could also be distinguished by NeuN+ cells, 
and the NeuN staining showed that there was a thicker CP-like area in 
25 μg/ml Al(OH)3 group (104.6815 ± 8.5331 µm, P < 0.05) compared 
with the control group (75.0238 ± 4.06337 µm) (Fig. 7J, L). As ex-
pected, the mRNA levels of SOX2 and NESTIN (neuroepithelial stem cell 
marker) were markedly inhibited by 25 μg/ml Al(OH)3 exposure 
(P < 0.05, P < 0.01), and the mRNA level of CTIP2 was significantly 
increased in 25 μg/ml Al(OH)3 group compared to the control group 
(Fig. 7M, P < 0.05). TBR2 mRNA level showed an increasing trend in the 
Al(OH)3 groups. These results suggested that Al(OH)3 exposure could 
decrease NPC proliferation but promote premature neural 
differentiation. 

3.6. Al(OH)3 exposure at 25 μg/ml on day 96 decreased oRG cells and 
promoted astrocyte differentiation 

To further investigate the consequence of chronic 25 μg/ml Al(OH)3 
exposure at day 90, the distributions of oRGs in 96-day organoids were 
analyzed. The day96 cerebral organoids contained a distinct SOX2+/ 
HOPX+ oSVZ-like layer exhibiting unipolar morphology of oRGs with 
radially oriented basal processes toward the pial surface (Fig. 8A). We 
found the ratios of SOX2+ and HOPX+ to DAPI+ cells were decreased by 
25 μg/ml Al(OH)3 treatment, suggesting it inhibited the formation of 
oRGs in the oSVZ- like structures (Fig. 8C, D, P < 0.01, P < 0.001). 

Next, we performed the immunostaining of neuron marker MAP2 
and astrocyte marker S100β in day 96 cerebral organoid (Fig. 8B). We 
found that the mean fluorescent intensity of MAP2 was similar between 
the control and 25 μg/ml Al(OH)3-treated group (Fig. 8F), the mean 
fluorescent intensity of S100β was significantly increased in 25 μg/ml Al 
(OH)3 treated group compared to the control group (Fig. 8E, P < 0.05). 
These results illustrated that 25 μg/ml Al(OH)3 exposure in the late 
stage could inhibit the proliferation of oRGs, but trigger a higher rate of 
astrocyte differentiation (Li et al., 2021). 

4. Discussion 

In the present study, we utilized dorsal forebrain organoids gener-
ated from hESCs to analyze the impact of Al(OH)3 exposure at early and 
later stages on cortical development. We found that Al(OH)3 exposure at 
an early stage inhibited proliferation and promoted apoptosis of SOX2+

NPCs, contributing to a corresponding reduction in gross organoid vol-
ume in higher concentrations of Al(OH)3 treated organoids. Impor-
tantly, we identified the impaired Hippo-YAP1 signaling as a possible 
mechanism for the depletion of the NPC pool induced by Al(OH)3 
exposure to early-stage forebrain organoids. We noticed that Al(OH)3 
exposure at an early stage dampened NPC proliferation and promoted 
neuron differentiation in day 56 organoids. Of note, we further showed 
that higher concentrations of Al(OH)3 exposure at a later stage caused 
reduced oRG output and increased astrocytes. Our studies highlight new 
insights into the pathogenesis of neurotoxicity induced by Al(OH)3 
exposure. As far as we know, this is the first study to report the neuro-
toxicity and molecular mechanism of Al(OH)3 exposure during human 
early cerebral cortex development. 

Several studies reported that Al(OH)3 exposure could be neurotoxic 
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under some conditions, and adjuvant utilization has been implicated in 
neurological disease (Mold et al., 2020; Niu, 2018; Principi and Espo-
sito, 2018). Different scales of Al(OH)3 may have distinct effects on brain 
development. Our research focuses on micron-level aluminum hydrox-
ide materials. According to reported studies, exposure to bulk Al(OH)3 
and nano Al(OH)3 adjuvants could both cause pathological lesions on 
the histology sections of the liver, lung, heart, and kidney tissue, but 
bulk Al(OH)3 adjuvant vaccine had a higher pathological response and a 
lower total DNA content than Al(OH)3 nanoparticles adjuvant vaccine. 
Thus, the nano Al(OH)3 may result in less pronounced toxicity, as well as 
systemic inflammation, compared to the bulk Al(OH)3 in neonatal mice 
(Hamza Fares et al., 2022). Meanwhile, it is reported in the literature 
that nano Al(OH)3 particles cause a less inflammatory reaction at the 
injection site than the traditional Al(OH)3 microparticle forms of 
1–20 µm (Li et al., 2014). An animal study has confirmed that Al 
exposure at 900 and ≥ 900 ppm via drinking water from day 6 of 
pregnancy to day 21 postpartum caused exhaustion of the NSC pool in 
mice (Inohana et al., 2018). Some studies also observed decreased cell 
proliferation and increased apoptosis in mouse embryonic NPCs after 
different concentrations (1, 10, and 50 mM) of Al ions exposure for 48 h. 
Al ions reduce the numbers and diameters of the neurosphere by 
inhibiting neurosphere growth (Reichert et al., 2019). In line with this 
study, in vitro model of dorsal forebrain organoid exposure to a higher 
concentration of Al(OH)3 from day 22 for six days displayed the reduced 
size of cerebral organoids. After 6 days of Al(OH)3 exposure, we exam-
ined the overall aluminum content of the organoid and could see that it 
is indeed aluminum that acts after being absorbed into the organoid 
interior and that there is a significant dose effect. We also noticed a 
significantly decreased ratio of SOX2+ NPCs in the VZ by 5 μg/ml and 
25 μg/ml Al(OH)3 exposure, while only 25 μg/ml Al(OH)3 exposure 
reduced the ratios of Ki67+ and EdU+ NPCs in the VZ-like area reflecting 
inhibition of NPC proliferation. Notably, 5 μg/ml and 25 μg/ml Al(OH)3 
exposure caused proapoptotic influence on NPCs. These observations 
suggest that 25 μg/ml Al(OH)3 treatment decreased the NPC pool by 
inhibiting the proliferation of NPC and promoting its apoptosis. How-
ever, 5 μg/ml Al(OH)3 reduced the NPC pool due to apoptosis in the 
NPC, suggesting that the effect of Al(OH)3 exposure on brain develop-
ment appears to be concentration dependent in this organoid model. 

Cortical organoids reproduce major structural features of the fetal 
brain (Lancaster et al., 2013). It is well confirmed that the cerebral 
cortex in the human brain is characterized by a distinctly stratified 
cortical structure (Reichert et al., 2019). Using 56-day dorsal cortical 
organoids, we measured the distribution of progenitor cells and 
deep-layer neurons. We found that only 25 μg/ml Al(OH)3 exposure 
dampened the NPC pool and increased the thickness of the CP-like area 
by staining CTIP2 and NeuN. Typically, both 5 μg/ml and 25 μg/ml Al 
(OH)3 exposure did not affect the production of IP cells. It seemed that 
25 μg/ml Al(OH)3 exposure might promote differentiation at the 
expense of NPC depletion, leading to a smaller size in the cerebral 
organoid. 

It is well documented that oSVZ-like progenitor layers formed by 
oRGs are the predominant NPC-producing upper-layer cortical neurons 
in the developing human cortex (Qian et al., 2019). The appearance of 
oRG cells at day 70 has been confirmed, and they are increased with 
cerebral organoid development over time (Bershteyn et al., 2017). To 
further explore Al(OH)3 exposure at a later stage, day 90 to day 96 was 
used in this study. The human cerebral cortex encompasses the 

expanded oSVZs with massive populations of oRGs and is responsible for 
generating upper-layer neurons during human cortex development (Li 
et al., 2017). Our analyses showed a well-developed oSVZ with oRGs at 
day 96 organoids. There was a drastic reduction in the thickness of the 
oSVZ-like structure accompanied by a reduced ratio of SOX2+ cells and 
HOPX+ cells in the organoids exposed to 25 μg/ml Al(OH)3. Studies 
have reported that Al-treated mice increased the proliferation of reactive 
astrocytes and microglial within the spinal cord and cortex. As expected, 
we found 25 μg/ml Al(OH)3 exposure could specifically inhibit the 
output of oRGs and increase the production of astrocytes. Importantly, 
premature neuronal differentiation was not observed, suggesting 
25 μg/ml Al(OH)3 exposure at different stages caused different effects. 

RNA-seq data analysis of cerebral organoids also revealed that DEGs 
were closely associated with neurodevelopmental dysfunction at early 
stages. GO biological process analysis revealed that Al(OH)3 exposure 
could affect the pattern specification process, embryonic organ devel-
opment, and forebrain development. KEGG enrichment analysis further 
found the Hippo signaling pathway contributes to impaired cerebral 
cortex development induced by Al(OH)3 exposure. The Hippo signaling 
pathway, as a highly conserved pathway, is involved in tissue devel-
opment and regeneration. It can control organ size by regulating cell 
proliferation and apoptosis (Dong et al., 2007; Huang et al., 2005; 
Ramos and Camargo, 2012). Evidence has documented that a high level 
of YAP, the major downstream effector of the Hippo pathway, is 
involved in the proliferation of basal progenitors derived from apical 
RGs (aRGs) (Lavado et al., 2021a; Lodge et al., 2019). Recent studies 
have indicated YAP1 is expressed in RGCs undergoing dynamic changes 
during cortex development (Jabali et al., 2022; Lavado et al., 2021b; 
Terry and Kim, 2022). YAP1 was highly expressed in the SOX2+ aRGs 
located on the apical side of the developing VZ (Zhao et al., 2022). We 
detected high expression of YAP1 in RGCs of day 28 cerebral organoids, 
which was decreased by Al(OH)3 exposure. Alterations in the Hippo 
signaling pathway induced by Al(OH)3 exposure have been confirmed at 
both mRNA and protein levels. Thus, the impaired Hippo signaling 
pathway explains the underlying mechanism of the consequence of Al 
(OH)3 exposure to a cerebral organoid. All these findings help to explain 
the toxic effects of higher concentration of Al(OH)3 exposure and reveal 
much detail about previously unreported aspects of abnormal neural 
development in humans. 

5. Conclusions 

In summary, the present study revealed the potential toxicity of Al 
(OH)3 to different stages of human brain development after early 
exposure via hESC-derived dorsal forebrain organoids. We demon-
strated that Al(OH)3 at a dose of 25 μg/ml may produce multifaceted 
developmental toxicity on the proliferation and differentiation of NPCs, 
which showed decreased NPC pool at the early and late stages and 
excessive differentiation at the late stage. Transcriptomic analysis 
indicated that Al(OH)3 exposure caused early and late-stage NPC 
reduction and premature neuron differentiation via the inhibited Hippo 
pathway. We highlight the Hippo-YAP1 involved in Al(OH)3-induced 
neurotoxicity. Collectively, these new findings elucidate a wide range of 
changes in biological events that occurred in the Al(OH)3 treated cere-
bral organoids and provide new insights into the mechanistic link be-
tween the elaborate mechanisms. 

Fig. 5. Analysis of key pathways of cerebral organoids exposed to 25 μg/ml Al(OH)3. A: The top 20 KEGG pathways classification table. B: Circle diagram of top 20 
enrichment pathways of cerebral organoids exposed to 25 μg/ml Al(OH)3. The first circle shows the number of enriched terms and associated genes, the second circle 
shows the number of genes in the genomic background and -log10(p-value) for enrichment, the third circle shows the number of DEGs, and the fourth circle shows 
the enrichment factor. C: All 92 DEGs interaction networks in the Environmental Information Processing classification of the KEGG enrichment top 20 pathways 
based on the STRING (11.5) database. Dark blue indicates DEGs associated with the Wnt signaling pathway, red indicates DEGs involved in the Hippo signaling 
pathway, light green indicates DEGs associated with the TGF-β signaling pathway, yellow indicates DEGs involved in ECM-receptor interaction, light blue indicates 
DEGs involved in Neuroactive ligand-receptor interaction, purple indicates DEGs involved in the mTOR signaling pathway, and dark green indicates DEGs involved in 
Cell adhesion molecules. 
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Fig. 6. Al(OH)3 exposure disrupts the Hippo-YAP1 signaling pathway in the day28-old cerebral organoids. A: Immunostaining for SOX2 and YAP in day28-old 
cerebral organoids after 6 days of treatment with Al(OH)3 (0, 5 μg/ml and 25 μg/ml). Scale bars, 50 µm. B: Representative immunoblots of LATS1/2, YAP1, and 
GAPDH in cerebral organoids of control, 5 μg/ml and 25 μg/ml Al(OH)3 groups. C: Qualification of relative expression of YAP1 mRNA in cerebral organoids. D, E: 
Qualification of relative expression of YAP1(D) and LATS1/2(E) in control, 5 μg/ml, and 25 μg/ml Al(OH)3 groups. Data are shown as mean±SEM (n = 3 for each 
group, ordinary one-way ANOVA, followed by Tukey post-hoc test. * P < 0.05, ** P < 0.01, *** P < 0.001). 
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Fig. 7. Effects of Al(OH)3 treatment on the NPC proliferation and differentiation of day56-old cerebral organoids. A: Schematic diagram of cerebral organoid culture 
and representative bright-field image of day56-old cerebral organoids. Scale bars, 100 µm. B, C: The growth of the cerebral organoid was assessed using surface area 
(B) and radius (C) at day 56. Data are shown as mean±SEM. (n ≧ 15, ordinary one-way ANOVA, followed by Tukey posthoc test. * P < 0.05). D: Immunostaining for 
SOX2(red), TBR2(green), and KI67(green) in the cerebral organoids after six days of treatment with Al(OH)3 (0, 5, and 25 μg/ml). Scale bars, 50 µm. E, F: 
Quantification of the VZ(E) and SVZ(F) thickness based on SOX2 and TBR2 staining. G, H: Quantification of TBR2+ cells(G) and KI67+ cells(H) to DAPI+ cells at the 
VZ area in cerebral organoids of control(0), 5 and, 25 μg/ml Al(OH)3 groups. Data are shown as mean±SEM. (n = 5, ordinary one-way ANOVA, followed by Tukey 
post-hoc test. ** P < 0.01). I: Representative images of 0, 5, and 25 μg/ml Al(OH)3 treated human cerebral organoids for SOX2 (green), Ctip2 (red), and DAPI(blue) 
at day 56. Scale bar, 50 µm. J: Representative images of 0, 5, and 25 μg/ml Al(OH)3 treated human cerebral organoids for SOX2(red), NeuN(green), and DAPI(blue) 
at day 56. Scale bar, 50 µm. K, L: Quantification of the CP thickness based on CTIP2 (K) and NeuN (L) staining. Data are shown as mean±SEM (n = 5, ordinary one- 
way ANOVA, followed by Tukey post-hoc test. ** P < 0.01). M: Schematic representation of marker expression for neural progenitors and cortical neurons by RT- 
PCR. Data are shown as mean±SEM (n ≧ 3 for each group, ordinary one-way ANOVA, followed by Tukey post-hoc test. * P < 0.05). 

Fig. 8. Effects of 25 μg/ml Al(OH)3 treatment on the oRG and astrocyte production in the day96-old cerebral organoids. A: Immunostaining for SOX2(red), oRG 
marker HOPX(green), and DAPI(blue) in the day96-old cerebral organoids after 6 days of treatment with Al(OH)3 (0 and 25 μg/ml). Scale bars, 50 µm. B: Immu-
nostaining for astrocyte marker S100β(green), neural marker MAP2(red), and DAPI(blue) in the day96-old cerebral organoids after six days of treatment with Al 
(OH)3 (0 and 25 μg/ml). Scale bars, 50 µm. C,D: Qualification of SOX2+ and HOPX+ cells to DAPI+ cells in the oSVZ of control and 25 μg/ml Al(OH)3 treated cerebral 
organoids. E, F: Quantification of the relative mean fluorescent intensity of S100β and MAP2 in the cerebral organoids of treatment with Al(OH)3 (0 and 25 μg/ml). 
Data are shown as mean±SEM. (n = 3, t test. ** P < 0.01). 
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