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INTRODUCTION

Neurodevelopmental Disabilities (NDD), such as learning 
disabilities, developmental delay, cerebral palsy, and cognitive 
dysfunction, are one of the main diseases that seriously affect 
the quality of the birth population and endanger the physical 
and mental health of children and adolescents.1 At present, it is 
generally believed that genetic factors alone cannot fully explain 
the occurrence of NDD, and the developmental neurotoxicity 
(DNT) caused by a large number of industrial chemicals such as 
pesticides, heavy metals, and organic solvents in the environment 
is an important cause of the quiet spread of NDDs worldwide.2,3 
In the early stages of these nervous system developments, for 
example in the embryonic, fetal and neonatal stages, due to 
imperfect development of the placental barrier and the blood-
brain barrier, the activity of metabolic enzymes in the body is low 
or deficient. At this point, it is very sensitive to toxic chemicals, 

especially some toxic metal ions such as lead and chromium, 
and exposure to very low doses can cause permanent irreversible 
damage.4,5

Neural stem cells (NSCs) exist in the nervous system which 
can self-renew and differentiate into neurons, astrocytes, and 
oligodendrocytes.6 A moderate scale of NSCs is essential for 
the normal development of the nervous system. The abnormal 
proliferation or development of NSCs can cause severe 
neurological developmental defects.7,8 Some factors can interfere 
with the differentiation and proliferation of nerves by affecting 
the normal proliferation or differentiation of NSCs, resulting 
in neurodevelopmental toxicity expressed by severe NDDs.9  
0.4-0.9 μM Pb2+ exposure changed the DNA methylation level in 
hNSCs, which changed the signal pathway of neural development 
and affected the differentiation of neurons.10 Recent studies 
have confirmed that exposure of neural precursor cells to Pb2+ 
can cause intracellular transcriptome disorders and abnormal 
RNA splicing, which can lead to neurological diseases.11 Human 
umbilical cord blood derived NSCs (HUCB-NSC) in the early 
stage of differentiation were very sensitive to methylmercury 
chloride (MeHgCl), and their potential to differentiate into 
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astrocytes was inhibited.12 Mn2+ can also affect the formation of 
nerves and become a potentially toxic metal ion.13 These data all 
suggested that no matter how environmental chemicals enter the 
body or metabolize them, they may eventually interfere with the 
process of neural induction or generation by affecting the normal 
proliferation or differentiation of neural stem cells, resulting in 
neurodevelopmental toxicity. 

However, the current research on the neurodevelopmental 
toxicity of toxic metal ions mainly focuses on offspring behavior, 
cell survival, apoptosis and other phenotypic effect indicators, 
and there are few systematic studies on the process of neural 
induction or generation.

Therefore, this project intends to select MeHg (organic heavy 
metals), Pb2+ (inorganic heavy metals) and Mn2+ that may have 
neurodevelopmental toxicity as the research objects, and explore 
their respective toxic mechanisms for the proliferation and 
differentiation of neural stem cells.

MATERIALS AND METHODS
Cell culture

Human NSCs were provided by Dr. Dan Lou (Shanghai Municipal 
Center for Disease Control and Prevention). Human NSCs were 
cultured in ReNcell NSC Maintenance Medium (SCM005) in a 
humidified atmosphere of 5% CO2 at 37°C.

Effects of Pb2+, Mn2+ and methylmercury (MeHg) on 
NSC morphology and proliferation

Human neural stem cells were inoculated into a 6-well cell culture 
plate at 1 × 105 cells/ml and cultured to 80% healing. Previous 
study have proved that low-dose MeHg has an adverse effect on 
rat neurogenesis,14 so we set up 0.25nM, 0.5nM, 1nM and 2nM 
and a control group (0nm) to explore human neural stem cells 
in vitro. The amount of Pb2+ is based on Chan’s results,15 that the 
Pb2+ concentration of 50μM significantly inhibited the growth 
of adult rat hippocampal neural stem cells and had no effect on 
differentiation, but 10μM Pb2+ had no significant influence on 
the proliferation and differentiation of adult rat hippocampal 
neural stem cells. Because of the differences in the cells used, 
based on this result, we determined to set the low-concentration 
group 5μM, 10μM and the high-concentration group 20μM, 
40μM to compare and observe with the control group (0μM). The 
condition of Mn2+ addition also was based on previous study,16 
neural stem cells were still dead under the condition of 50μM, so 
our initial experimental concentration was 20μM, but the cells 
still died quickly under this condition, so we finally determined 
to add 2.5μM, 5μM, 10μM and 20μM respectively compared with 
the control group.

Each concentration of the experimental group was set up in 
triplicate. After 12, 24, 48, 72, and 96 hr of exposure, the cell 
morphology was observed under a microscope, and the cell 

proliferation was measured by the Cell Counting Kit-8 (CCK-8) 
assay.

Apoptosis assay

After 48 hr post-treatment with MeHg (0.25nM, 0.5nM, 1nM 
and 2nM), Pb2+ (5μM, 10μM, 5μM and 10μM) and Mn2+ (2.5μM, 
5μM, 10μM and 20μM), respectively, the hNSC culture medium 
was removed. Pre-cooled PBS was used to wash the hNSCs for 
three times and 0.25% Trypsin-EDTA solution was used for 
digestion and collection of cells. Cells were centrifuged in the 
15mL centrifuge tube and removed the supernatant. And then 
cells were resuspended in 1× binding buffer at a density of  
1×106 cells/mL. Then, Annexin V-PE and 7-AAD (Keygen, 
KGA1015) were used to stain cells for 15 min at room temperature 
in the dark. Cells were analyzed for apoptosis using CytoFlex flow 
cytometer and software.

QuantSeq 3’ mRNA sequencing and data analysis

Total RNAs were isolated from samples of different groups using 
PureLink RNA Mini Kit (Invitrogen) and submitted the isolated 
RNA to Beyotime Biotechnology. The subsequent QuantSeq 3’ 
mRNA sequencing and data analysis was performed according 
to Lee et al.17,18 

Statistical Analyses

All experiments were performed independently at least three 
times. Data were expressed as the mean of three repeats 
±Standard Deviation (SD). Data from NSC proliferation, GO 
analysis and KEGG pathway analysis were analyzed using one-
way analysis of variance, followed by a student test. A value of 
p < 0.05 was considered statistically significant. All statistical 
analyses were performed with the GraphPad Prism 6.0 program 
(www.graphpad.com).

RESULTS
MeHg, Mn2+ and Pb2+ affected proliferation and 
morphology of hNSCs

MeHg, Mn2+ and Pb2+ have been reported to affect proliferation 
or apoptosis of cells. We found that hNSC proliferation was 
increased when MeHg concentration increased from 0 to 0.5 nM. 
However, when the MeHg concentration exceeded 5 μM, NSC 
proliferation decreased. The proliferation of NSCs was found to 
increase with increasing concentration of Pb2+ from 0 to 10 μM. 
However, when the concentration of Pb2+ was 10 μM or more, 
the proliferation of NSCs decreased. In the phenomenon of Mn2+, 
we discovered that though the proliferation of NSCs increased as 
the concentration of Mn2+ increases from 0 to 5 μM, and when 
the concentration of Mn2+ was above 5 μM, the proliferation of 
NSCs decreased, but when the concentration of Mn2+ reached 
20 μM, NSCs will rapidly apoptotic, which was a phenomenon 
that we have not observed in the first two (Figure 1). In addition, 
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18,919 were down-regulated. Comparing NSCs treated with Mn2+ 
with the NSCs of the control group, there were a total of 194437 
differential genes, of which up-regulated 78,835, down-regulated 
155602. Pb2+ treated neural stem cells compared with the control 
group, a total of 71,250 differential genes, of which 19,518 were 
up-regulated and 51,732 were down-regulated.

GO analysis

To classify and characterize the DEG functions and pathways, we 
performed a gene ontology (GO) classification and a functional 
annotation of molecular biological functions (MFs), cellular 
components (CCs), and biological processes (BPs) (Figure 4). 
Compared with the control group, the gene expression of the 
1731 group of neural stem cells in the methylmercury group 
was significantly changed (p<0.05). Among them, 217 groups 
belonged to MF, 194 groups belonged to CC, and the remaining 
1322 groups belonged to BP. A total of 12010 groups of genes in 
the Mn2+ group changed significantly. Among them, 2074 groups 
belonged to MF, 1070 groups belonged to CC, and the remaining 
8866 groups belonged to BP. In the Pb2+ group, there were a total 
of 7274 groups of gene expression significantly changed, of which 

we also found that these three substances had no effect on the 
morphology of neural stem cells. (Figure 2).

Effect of MeHg, Mn2+ and Pb2+ on hNSCs apoptosis

Flow cytometry was conducted to analyze the apoptosis rate 
of hNSCs after treatment with MeHg, Mn2+ and Pb2+ for 24 hr, 
respectively. As shown in Figure 3B, when the MeHg concentration 
exceeded 1 nM, apoptosis if hNSCs increased. There was a 
significantly increased hNSC apoptosis when the concentration 
of Mn2+ was above 5 μM (Figure 3C) and concentration of Pb2+ 
was 10 μM or more (Figure 3D).

Differentially expressed genes under MeHg, Mn2+ and 
Pb2+ stress

Comparing control groups with MeHg-treated NSCs, there were 
35,797 differential genes, of which 16,877 were up-regulated and 

Figure 1: Effects of mental on NSC proliferation.
A: Changes in the proliferation number of neural stem cells in the 96-hr 
methylmercury exposure group; B: Changes in the proliferation number 
of neural stem cells in the 96-hr Mn2+ exposure group; C: Changes in the 
proliferation number of neural stem cells in the 96-hr Pb2+exposure group.

Figure 3: Apoptosis analysis of hNSCs.
A: The untreated control group; B: 0.25 nM, 0.5 nM, 1 nM and 2 nM MeHg 
treatment group; C: 2.5 μM, 5 μM, 10 μM and 20 μM Mn2+ treatment group;  
D: 5 μM, 10 μM, 20 μM and 40 μM Pb2+ treatment group.

Figure 4: GO analysis of the differentially expressed genes.
A: 0.5 nM methylmercury enhances cell development and cell differentiation. 
B: 5 μM Mn2+ enhances cellular process. C: 10 μM Pb2+ enhances translation.

Figure 2: Morphology and differentiation of NSCs.
A: The untreated control group. B: 0.5 nM methylmercury treatment group.  
C: 5 μM Mn2+ treatment group D: 10 μM Pb2+ treatment group.
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1144 groups belonged to MF, 730 groups belonged to CC, and the 
remaining 5400 groups belonged to BP.

Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis

To visualize the effects of  MeHg,  Mn2+, and Pb2+ on  gene expression 
changes associated with specific cell signaling pathways, and to 
screen for potentially involved biological pathways, we performed 
KEGG pathway analysis. The results (Figure 5), including the 
significantly enriched KEGG signaling pathway (p<=0.05), the 
differential genes in the MeHg group are mainly involved in 29 
types of metabolic pathways, the differential genes in the Mn2+ 
group are mainly involved in 46 types of metabolic pathways, and 
the differential genes in the Pb2+ group are mainly involved in 22 
types of metabolic pathways.

DISCUSSION

Studies have shown that methylmercury exposure may be a 
potential risk factor for mental illness and neurodegenerative 
diseases.14 In previous studies, it was found that human umbilical 
cord blood derived neural stem cells (Human umbilical cord 
blood derived neural stem cells, HUCB-NSC) in the early 
stages of differentiation were very sensitive to MeHgCl, and the 
potential of cell differentiation is inhibited.12 In this study, we 
found that when the MeHg concentration increased from 0 to 
0.5 nM, the proliferation of neural stem cells increased. However, 
when the MeHg concentration exceeded 0.5 nM, we found 
that the proliferation rate of neural stem cells decreased, and 
adding 0.5 nM MeHg did not affected the morphology of nerve 
cells. The previous study found that the 0.5 nM MeHg group 
influenced cell differentiation and development. Exposure to 
0.25 nM MeHg significantly increased the percentage of newborn 
neurons produced by mouse E12 cortical precursors labeled 
with βIII tubulin, that was, very low doses of MeHg can enhance 
premature neuronal differentiation,19 the above observations 
were consistent with our conclusion that methylmercury can 

promote cell differentiation and development. Our findings of 
increased premature differentiation of neural stem cells at a dose 
of 0.5 nM MeHg may be the result of increased production of 
thyroid hormones (such as thyroid hormone T3) due to activation 
of the thyroid hormone signaling pathway. Although it was 
not clear whether MeHg can increase the activity of thyroid 
hormones, it has been shown that thyroid hormones are the main 
physiological regulators of mammalian brain development,20 and 
there were literatures that T3 promotes osteogenic differentiation 
at least partly through the activation of AMPK/p38 signaling 
pathway.21 T3 in vivo treatment of animals has proved its key 
role in the participation of progenitor cells in lineage-specific 
differentiation,22 MeHg exposure can affect the thyroid hormone 
signaling pathway in CGNs.23 Therefore, the activation of the 
thyroid hormone signaling pathway may be a biological response 
induced by very low doses of MeHg. Premature proliferation of 
nerves can lead to depletion of the neural stem cell pool, resulting 
in reduced adult neurogenesis and impaired nerve function. 
Under the condition of 0.5 nM MeHg exposure, we speculated 
that the calcium reabsorption regulated by endocrine and other 
factors increased, the Ca2+ channel was reported to be a MeHg 
target because it was located on the plasma membrane and was 
tightly regulated for various intracellular mediators.24 This review 
by Orrenius S25 stated that Ca2+ plays a key role in central nervous 
system cell apoptosis, and It has been shown that Ca2+ overload 
can cause necrosis, apoptotic or cell death. After exposure to 
MeHg, continuously increasing levels of Ca2+ were found in 
various cells, and it has been reported that Ca2+ channel blockers 
have protective effects in vivo and in vitro.24,26,27 Importantly, low 
molar concentration of MeHg will cause a continuous increase 
in the intracellular cytoplasmic Ca2+ concentration,26,28 the 
above results are consistent with our speculation that MeHg 
can make intracellular Ca2+ levels. In addition, Ca2+ can be 
absorbed by mitochondria, thereby stimulating the production 
of ROS.29 And there were literatures that the generation of ROS 
may be a mechanism that triggers the increase of Ca2+ in MeHg 
neurotoxicity.30 Therefore, this study can provide evidence for the 
other research that increased Ca2+ may be one of the factors that 
MeHg causes neurological deficits.

There were documents showing that Mn2+ interferes with cell 
copper regulation in the brain subventricular zone (SVZ) and 
rostral migratory stream (RMS), causing significant damage to 
adult neurogenesis.13 In this study, we found some phenomena 
that when the Mn2+ concentration increased to 5 μM, the 
proliferation number of neural stem cells will increased, but when 
the Mn2+ concentration exceeded 5 μM, the proliferation number 
of neural stem cells will decrease. 5 μM Mn2+ did not change the 
morphology of nerve cells. The previous study found that the  
5 μM Mn2+ group had an effect on the NF-κB signaling pathway 
in neural stem cells. Excessive Mn2+ can cause the expression of 
NF-κB and TNF-α, which were related to brain inflammation in 
chickens in vivo and in vitro (p <0.05), and cause changes and 

Figure 5: KEGG pathway analysis.
0.5 nM methylmercury activates thyroid hormone signaling pathway and 
endocrine and other factor−regulated calcium reabsorption. B: 5 μM Mn2+ 
activates NF-kappaB signaling pathway. C: 10 μM Pb2+ activates ribosome.
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a significant impact, even though they produce this the way of 
influence was different. Therefore, based on the obtained data, 
we have speculated on the mechanism that caused the abnormal 
proliferation and differentiation of neural stem cells, which can 
provide ideas for further research in the future.
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SUMMARY

In summary, we have observed experimentally that very small 
amounts of MeHg, Mn2+, and Pb2+ exposures influence the 
proliferation and morphological changes of neural stem cells, and 
through data analysis, we found that even if the three interfering 
factors have different ways of affecting neural stem cells, they all 
have a significant effect on the expression of genes associated with 
neural stem cell proliferation and differentiation. Therefore, based 
on the data obtained, we speculate on the mechanisms associated 
with their leading to abnormal proliferation and differentiation 
of neural stem cells.

Ethical considerations

Ethical issues (Including plagiarism, informed consent, 
misconduct, data fabrication and/or falsification, double 
publication and/or submission, redundancy, etc.) have been 
completely observed by the authors.

destruction of brain tissue morphology and structure,31 when 
exposed to Mn2+ during larval development, Mn2+ enhanced the 
inflammatory response in astrocytes through NF-κB signaling,32 
and there were studies showing that astrocytes becomed the key 
mediator of Mn2+ neurotoxicity by enhancing the expression of 
inflammatory cytokines and chemokines,33 therefore, extremely 
low doses of Mn2+ induced biological reactions may activate the 
NF-κB signaling pathway. NF-κB was a key regulator of NSC 
proliferation, and the activation of the standardized NF-κB 
pathway can greatly increase the proliferation of NSC,34 This may 
be one of the reasons why the 5μM Mn2+ group can enhance cell 
proliferation and differentiation, and from this it is inferred that 
the activation of the NF-κB signaling pathway may be related to 
Mn2+ exposure that can damage nerve function.

Pb2+ can damage neurons and cause abnormal RNA splicing, 
which can lead to neurological diseases.11 In this study, we 
found some phenomena, that was, when the Pb2+ concentration 
increases to 10 μM, the proliferation of neural stem cells 
increases, but when the Pb2+ concentration exceeds 10 μM, 
the proliferation of neural stem cells will decrease, and the 
addition of 10 μM Pb2+ did not change the morphology of the 
nerve stem cells. 10 μM Pb2+ exposure was strongly associated 
with Parkinson’s and Alzheimer’s disease (p<0.05), studies also 
showed that Pb2+ may be involved in the pathogenesis of certain 
forms of Parkinson’s disease in some way,35 and Pb2+ has a variety 
of effects on the release of dopamine from synaptic bodies,36 
the observation results mentioned above are consistent with 
our speculation that Pb2+ was related to Parkinson’s disease and 
Alzheimer’s disease. Interestingly, the differential genes induced 
by 10 μM were significantly enriched in the ribosomal pathway. 
As we all know, ribosomes play an important role in intracellular 
protein translation, and more and more documents prove that 
protein translation plays an important role in the pathogenesis of 
Parkinson’s disease (PD),37 and studies have shown that ribosomal 
proteins (RPs) can also play an important role in ribosomal 
functions in vitro, while the function of ribosomal proteins is 
not related to protein biosynthesis, not just DNA replication, 
transcription, cell growth and proliferation, cancer, and aging 
development regulation.38,39 Therefore, we suspected that one of 
the reasons for Pb2+ to cause neurodegenerative diseases such as 
Parkinson’s disease may be the accumulation of disease-related 
proteins (such as α-synuclein (SNCA), β-amyloid, etc.) due to 
excessive activation of the ribosomal pathway.

CONCLUSION

In short, we believed that metal exposure in daily life was indeed 
closely related to NDD. Because we have found through analysis 
that the exposure of MeHg, Mn2+, and Pb2+ in the experiment 
has an effect on the proliferation and morphological changes of 
neural stem cells, and found that the expression of genes related 
to the proliferation and differentiation of neural stem cells has 



Ying, et al.: MeHg, Mn and Pb Influence hNSC Differentiation

160 Indian Journal of Pharmaceutical Education and Research, Vol 57, Issue 1, Jan-Mar, 2023

REFERENCES
1. Dong P, Ye G, Tu X, Luo Y, Cui W, Ma Y, et al. Roles of ERRα and TGF-β signaling in 

stemness enhancement induced by 1 µM bisphenol A exposure via human neural 
stem cells. Experimental and Therapeutic Medicine. 2022;  23(2): 1-10. doi: 10.3892/
etm.2021.11087, PMID 8753968.

2. Landrigan PJ, Lambertini L, Birnbaum LS. A research strategy to discover the 
environmental causes of autism and neurodevelopmental disabilities. Environ 
Health Perspect. 2012;120(7):a258-60. doi: 10.1289/ehp.1104285, PMID 22543002.

3. Grandjean P, Landrigan PJ. Developmental neurotoxicity of industrial chemicals. 
Lancet. 2006;368(9553):2167-78. doi: 10.1016/S0140-6736(06)69665-7, PMID 
17174709.

4. Wagner PJ, Park HR, Wang Z, Kirchner R, Wei Y, Su L, et al. In vitro effects of lead on 
gene expression in neural stem cells and associations between up-regulated genes 
and cognitive scores in children. Environ Health Perspect. 2017;125(4):721-9. doi: 
10.1289/EHP265, PMID 27562236.

5. Huang R, Southall N, Cho MH, Xia M, Inglese J, Austin CP. Characterization of 
diversity in toxicity mechanism using in vitro cytotoxicity assays in quantitative high 
throughput screening. Chem Res Toxicol. 2008;21(3):659-67. doi: 10.1021/tx700365e, 
PMID 18281954.

6. Hirabayashi Y, Gotoh Y. Epigenetic control of neural precursor cell fate during 
development. Nat Rev Neurosci. 2010;11(6):377-88. doi: 10.1038/nrn2810, PMID 
20485363.

7. Sanosaka T, Namihira M, Nakashima K. Epigenetic mechanisms in sequential 
differentiation of neural stem cells. Epigenetics. 2009;4(2):89-92. doi: 10.4161/
epi.4.2.8233, PMID 19287212.

8. Temple S. The development of neural stem cells. Nature. 2001;414(6859):112-7. doi: 
10.1038/35102174, PMID 11689956.

9. Negri-Cesi P. Bisphenol A interaction with brain development and functions. Dose 
Response. 2015;13(2):1559325815590394. doi: 10.1177/1559325815590394, PMID 
26672480.

10. Senut MC, Sen A, Cingolani P, Shaik A, Land SJ, Ruden DM. Lead exposure disrupts 
global DNA methylation in human embryonic stem cells and alters their neuronal 
differentiation. Toxicol Sci. 2014;139(1):142-61. doi: 10.1093/toxsci/kfu028, PMID 
24519525.

11. Jiang P, Hou Z, Bolin JM, Thomson JA, Stewart R. RNA-Seq of human neural progenitor 
cells exposed to lead (Pb) reveals transcriptome dynamics, splicing alterations and 
disease risk associations. Toxicol Sci. 2017;159(1):251-65. doi: 10.1093/toxsci/kfx129, 
PMID 28903495.

12. Buzanska L, Sypecka J, Nerini-Molteni S, Compagnoni A, Hogberg HT,  
del Torchio R, et al. A human stem cell-based model for identifying adverse effects 
of organic and inorganic chemicals on the developing nervous system. Stem Cells. 
2009;27(10):2591-601. doi: 10.1002/stem.179, PMID 19609937.

13. Fu S, O’Neal S, Hong L, Jiang W, Zheng W. Elevated adult neurogenesis in brain 
subventricular zone following in vivo manganese exposure: Roles of copper and 
DMT1. Toxicol Sci. 2015;143(2):482-98. doi: 10.1093/toxsci/kfu249, PMID 25575534.

14. Tian J, Luo Y, Chen W, Yang S, Wang H, Cui J, et al. MeHg suppressed neuronal 
potency of hippocampal NSCs contributing to the puberal spatial memory deficits. 
Biol Trace Elem Res. 2016;172(2):424-36. doi: 10.1007/s12011-015-0609-8, PMID 
26743863.

15. Chan YH, Gao M, Wu W. Are newborn rat-derived neural stem cells more sensitive 
to lead neurotoxicity? Neural Regen Res. 2013;8(7):581-92. doi: 10.3969/j.issn.1673-
5374.2013.07.001, PMID 25206702.

16. Tamm C, Sabri F, Ceccatelli S. Mitochondrial-mediated apoptosis in neural stem cells 
exposed to manganese. Toxicol Sci. 2008;101(2):310-20. doi: 10.1093/toxsci/kfm267, 
PMID 17977900.

17. Lee JW, Stone ML, Porrett PM, Thomas SK, Komar CA, Li JH, et al. Hepatocytes direct 
the formation of a pro-metastatic niche in the liver. Nature. 2019;567(7747):249-52. 
doi: 10.1038/s41586-019-1004-y, PMID 30842658.

18. Xu H, Luo Y, Tu X, Cui W, Dou Y, et al. Effect of the Forth and Fifth Zinc Finger 
Deletions of MTF-1 on the Expression of Metal Ion Metabolism Related Gene. 
Doklady Biochemistry and Biophysics. 2021;  500(1): 385-92. DOI: 10.1134/
S1607672921050082, PMID 34697747

19. Yuan X, Wang J, Chan HM. Sub-micromolar methylmercury exposure promotes 

premature differentiation of murine embryonic neural precursor at the expense of 
their proliferation. Toxics. 2018;6(4). doi: 10.3390/toxics6040061, PMID 30308979.

20. Bernal J, Nunez J. Thyroid hormones and brain development. Eur J Endocrinol. 
1995;133(4):390-8. doi: 10.1530/eje.0.1330390, PMID 7581959.

21. Chen X, Hu Y, Jiang T, Xia C, Wang Y, Gao Y. Triiodothyronine potentiates BMP9-
induced osteogenesis in mesenchymal stem cells through the activation of AMPK/
p38 signaling. Front Cell Dev Biol. 2020;8:725. doi: 10.3389/fcell.2020.00725, PMID 
32850840.

22. Godart M, Frau C, Farhat D, Giolito MV, Jamard C, Le Nevé C, et al. Murine intestinal 
stem cells are highly sensitive to modulation of the T3/TRalpha1-dependent 
pathway. Development. 2021;148(8). doi: 10.1242/dev.194357, PMID 33757992.

23. Shao Y, Wang L, Langlois P, Mironov G, Chan HM. Proteome changes in methylmercury-
exposed mouse primary cerebellar granule neurons and astrocytes. Toxicol in vitro. 
2019;57:96-104. doi: 10.1016/j.tiv.2019.02.013, PMID 30776503.

24. Sirois JE, Atchison WD. Methylmercury affects multiple subtypes of calcium channels 
in rat cerebellar granule cells. Toxicol Appl Pharmacol. 2000;167(1):1-11. doi: 10.1006/
taap.2000.8967, PMID 10936073.

25. Orrenius S, Zhivotovsky B, Nicotera P. Regulation of cell death: The calcium-apoptosis 
link. Nat Rev Mol Cell Biol. 2003;4(7):552-65. doi: 10.1038/nrm1150, PMID 12838338.

26. Marty MS, Atchison WD. Pathways mediating Ca2+ entry in rat cerebellar granule 
cells following in vitro exposure to methyl mercury. Toxicol Appl Pharmacol. 
1997;147(2):319-30. doi: 10.1006/taap.1997.8262, PMID 9439727.

27. Sakamoto M, Ikegami N, Nakano A. Protective effects of Ca2+ channel blockers 
against methyl mercury toxicity. Pharmacol Toxicol. 1996;78(3):193-9. doi: 10.1111/
j.1600-0773.1996.tb00203.x, PMID 8882354.

28. Oyama Y, Tomiyoshi F, Ueno S, Furukawa K, Chikahisa L. Methylmercury-induced 
augmentation of oxidative metabolism in cerebellar neurons dissociated from 
the rats: Its dependence on intracellular Ca2+. Brain Res. 1994;660(1):154-7. doi: 
10.1016/0006-8993(94)90849-4, PMID 7827992.

29. Reynolds IJ, Hastings TG. Glutamate induces the production of reactive oxygen 
species in cultured forebrain neurons following NMDA receptor activation. J 
Neurosci. 1995;15(5 Pt 1):3318-27. doi: 10.1523/JNEUROSCI.15-05-03318.1995, PMID 
7751912.

30. Gassó S, Cristòfol RM, Selema G, Rosa R, Rodríguez-Farré E, Sanfeliu C. Antioxidant 
compounds and Ca2+ pathway blockers differentially protect against methylmercury 
and mercuric chloride neurotoxicity. J Neurosci Res. 2001;66(1):135-45. doi: 10.1002/
jnr.1205, PMID 11599010.

31. Miao Z, Zhang K, Bao R, Li J, Tang Y, Teng X. Th1/Th2 imbalance and heat shock 
protein mediated inflammatory damage triggered by manganese via activating NF-
κB pathway in chicken nervous system in vivo and in vitro. Environ Sci Pollut Res Int. 
2021;28(32):44361-73. doi: 10.1007/s11356-021-13782-0, PMID 33847884.

32. Hammond SL, Bantle CM, Popichak KA, Wright KA, Thompson D, Forero C, et al. NF-κB 
signaling in astrocytes modulates brain inflammation and neuronal injury following 
sequential exposure to manganese and MPTP during development and aging. 
Toxicol Sci. 2020;177(2):506-20. doi: 10.1093/toxsci/kfaa115, PMID 32692843.

33. Popichak KA, Afzali MF, Kirkley KS, Tjalkens RB. Glial-neuronal signaling mechanisms 
underlying the neuroinflammatory effects of manganese. J Neuroinflammation. 
2018;15(1):324. doi: 10.1186/s12974-018-1349-4, PMID 30463564.

34. Widera D, Mikenberg I, Elvers M, Kaltschmidt C, Kaltschmidt B. Tumor necrosis factor 
alpha triggers proliferation of adult neural stem cells via IKK/NF-kappaB signaling. 
BMC Neurosci. 2006;7:64. doi: 10.1186/1471-2202-7-64, PMID 16987412.

35. Duckett S, Galle P, Kradin R. The relationship between Parkinson syndrome and 
vascular siderosis: An electron microprobe study. Ann Neurol. 1977;2(3):225-9. doi: 
10.1002/ana.410020308, PMID 617568.

36. Minnema DJ, Greenland RD, Michaelson IA. Effect of in vitro inorganic lead on 
dopamine release from superfused rat striatal synaptosomes. Toxicol Appl 
Pharmacol. 1986;84(2):400-11. doi: 10.1016/0041-008x(86)90148-1, PMID 3715885.

37. Koukouraki P, Doxakis E. Constitutive translation of human alpha-synuclein is 
mediated by the 5′-untranslated region. Open Biol. 2016;6(4):160022. doi: 10.1098/
rsob.160022, PMID 27248657.

38. Bhavsar RB, Makley LN, Tsonis PA. The other lives of ribosomal proteins. Hum 
Genomics. 2010;4(5):327-44. doi: 10.1186/1479-7364-4-5-327, PMID 20650820.

39. Lai MD, Xu J. Ribosomal proteins and colorectal cancer. Curr Genomics. 2007;8(1):43-9. 
doi: 10.2174/138920207780076938, PMID 18645623.

Cite this article: Ying W, Qi T, Shi D, Zhang J, Ye G, Tian X, Wang Q. Methylmercury, Mn2+ and Pb2+ Exposure Promotes Premature Proliferation/Differentiation 
of Human Neural Stem Cells in Different Ways. Ind. J. Pharm. Edu. Res. 2023;57(1):155-60.


