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Abstract. The aim of the present study was to observe the 
effects of a general extract of Lycium bararum polysaccha-
rides (LBPs) on methylmercury (MeHg)‑induced damage in 
hippocampus neural stem cells (hNSCs). The hippocampal 
tissues of embryonic day  16 Sprague‑Dawley rats were 
extracted for the isolation, purification and cloning of hNSCs. 
Following passage and proliferation for 10 days, the cells were 
allocated at random into the following groups: Control, LBPs, 
MeHg and MeHg + LBPs. MTT and microtubule‑associated 
protein  2 (MAP‑2)/glial fibrillary acidic protein/Hoechst 
immunofluorescence tests were performed to detect the 
differentiation and growth of hNSCs in the various groups. 
The differentiation rate of MeHg‑treated hNSCs and the 
perimeter of MAP‑2‑positive neurons were 3.632±0.63% and 
62.36±5.58 µm, respectively, significantly lower compared 
with the control group values of 6.500±0.81% and 166±8.16 µm 
(P<0.05). Furthermore, the differentiation rate and the perim-
eter of MAP‑2‑positive neurons in LBPs groups cells was 
7.75±0.59% and 253.3±11.21 µm, respectively, significantly 
higher compared with the control group (P<0.05). The same 
parameters in the MeHg + LBPs group were 5.92±0.98% 
and 111.9±6.07 µm, respectively, significantly higher than 
the MeHg group (P<0.05). The astrocyte differentiation rates 
in the MeHg and MeHg + LBPs group were 41.19±2.14 and 
34.58±1.70, respectively (P<0.05). These results suggest that 
LBPs may promote the generation and development of new 

neurons and inhibit the MeHg‑induced abnormal differen-
tiation of astrocytes. Thus, LBPs may be considered to be a 
potential new treatment for MeHg‑induced neurotoxicity in 
hNSCs.

Introduction

The selective progressive reduction and deficit of neurons 
in the hippocampus region is closely associated with the 
progressive loss of event‑related memory, and the major 
feature of Alzheimer's disease (AD) in the early stage of 
onset. The deficit of early hippocampal neuronal neurogenesis 
is the pathological basis that directly results in the loss of 
hippocampal functional neurons (1,2). The pathogenic factors 
underlying hippocampal neuronal loss are complex, including 
such factors as heredity, environment and others  (3,4). In 
recent years, with the accelerated process of industrialization, 
the levels of mercury pollution have markedly increased (5‑7). 
Due to the environmental accumulation of pollutants that 
are potentially harmful to human health, free mercury may 
be converted into the highly toxic compound methylmercury 
chloride (MeHg), as a result of microbial methylation in water 
and soil (8,9). MeHg may be absorbed from the diet, enter the 
blood and become distributed into all tissues, including the 
brain (10). Studies have shown that in humans and animals, 
MeHg may interfere with the neurogenesis and the survival of 
nerve cells (11‑14).

Hippocampal neural stem cells (hNSCs) are able to differ-
entiate into a number of cell types (15,16). During normal nerve 
development, cellular differentiation is regulated by internal 
and external cellular factors, and the majority of cells differ-
entiate into neurons (17). However, during a pathological state, 
endogenous cerebral stem cells proliferate and predominantly 
differentiate into glial cells, which rarely differentiate into the 
neurons (18,19). The abnormal proliferation of NSCs, deficient 
neurogenesis and lack of new neurons are the primary causes 
underlying the reduction of cerebral hippocampal neurons and 
memory loss (20). Previous studies increasingly investigated 
the directed differentiation of NSCs (18,19,21). The mecha-
nism underlying the differentiation of stem cell division and 
processes that are regulated by interactions between extrinsic 
factors and intrinsic transcriptional cascades that may impact 
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of these processes are of increasing interest (22). Our previous 
study (23) demonstrated that chronic exposure to MeHg may 
enhance the proliferation of hippocampal nerves; however, 
as these cells typically differentiate into the glial cells, the 
abnormal differentiation of neural stem cells may be crucially 
involved in the resulting neurogenesis deficiency, delayed 
neuron replenishment, reduction of cerebral hippocampal 
neuron mass and memory loss.

Mercury exposure may lead to inhibited neurogenesis 
in the hippocampal region, and the associated abnormal 
differentiation may be a key cause of memory loss (11‑14,24). 
However, although these previous studies have investigated 
the neurotoxic effects of mercury on memory, further studies 
are required to identify approaches to prevent the neurotoxic 
damage of nerve regeneration, improve the NSC living environ-
ment, restore normal cellular proliferation and differentiation 
and to reduce apoptosis in hippocampal NSCs.

Lycium bararum polysaccharides (LBPs) are a general 
extract of the primary active ingredients of the traditional 
Chinese medicinal plant L. bararum  (25‑27). Previous 
studies have shown that LBPs exert a variety of physiological 
effects, such as antioxidation, immunomodulation and 
anti‑aging (25‑27). Furthermore, LBPs have been shown to 
significantly protect the nerves, and may enhance the nerve 
regeneration (28).

The aim of the present study was to determine the impact 
of MeHg on the differentiation of hNSCs into neurons using 
in vitro experimental methods, and to evaluate the protective 
effects of LBPs towards hNSCs and neurons. The study also 
aimed to elucidate drugs that may prevent or treat the damage 
to neurogenesis caused by environmental MeHg.

Materials and methods

Ethical approval. The present study was conducted in strict 
accordance with the recommendations in the Guide for 
the Care and Use of Laboratory Animals of the National 
Institutes of Health. The animal use protocol was reviewed 
and approved by the Institutional Animal Care and Use 
Committee of Wuhan University. All efforts were made to 
minimize the number and suffering of the animals used in 
this study.

Isolation, cloning, detection and amplif ication of 
rat‑embryonic hNSCs. Specific pathogen‑free grade 
Sprague‑Dawley (SD) rats were provided by the Experimental 
Animal Center of Wuhan University (certificate no. SYXK 
(Su) 2007‑0021; Wuhan, China). Rats were sacrificed via 
an overdose of 10% chloral hydrate (0.3 ml/100 g; v/v) via 
intraperitoneal injection. According to previously reported 
methods (29,30), the embryonic day 16 SD rat hippocampal 
tissues were extracted under the sterile conditions, then 
digested with 0.25% trypsin (SH30042.01; HyClone; GE 
Healthcare Life Sciences, Logan, UT, USA) for 20 min and 
uniformly pipetted. The cell suspension was filtered through 
a 200‑mesh stainless steel mesh (Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China), and centrifuged at 
1,000 x g for 3 min at 20‑22˚C to eliminate the supernatant 
prior to mixing with 2% B27‑containing Dulbecco's modi-
fied Eagle's medium (DMEM)/F12 (1:1) serum free medium 

(SH30023.01B; HyClone. A rat‑embryonic hNSC single cell 
suspension was obtained and seeded into a sterile 50‑ml flask 
(4x105 cells/ml). A total of 20 ng/ml epidermal growth factor 
(EGF) and 10 ng/ml basic fibroblast growth factor (bFGF; 
Sigma‑Aldrich, St.  Louis, MO, USA) were added to the 
medium, making the final concentrations of the two factors 
up to 20 µg/l. The flasks were then cultured at 37˚C in 5% 
CO2 and saturated humidity for 5‑6 days. After primary cells 
were cloned, the subcellular clone of hNSCs were passaged 
and proliferated and were identified by BrdU labeling and 
immunofluorescence detection with BrdU and nestin.

Briefly, the cells were fixed with 4% paraformaldehyde 
at room temperature for 5 min and washed three times with 
0.01  mol/l  phosphate‑buffered saline (PBS). Cells were 
permeabilized using 0.1% Triton X‑100 for 10 min and were 
subsequently washed with PBS prior to incubation with 5% 
bovine serum albumin and 5% normal goat serum for 30 min. 
Following this, the cells were incubated overnight at 4˚C with 
primary monoclonal antibodies, including mouse anti‑BrdU 
(MAB4072; 1:100) and mouse anti‑nestin (MAB353; both 
1:100; EMD Millipore). Excess primary antibody was removed 
by five washes with PBS and the cells were subsequently 
incubated with secondary antibodies for Cy3‑conjugated 
goat anti‑mouse IgG (AP124C) and FITC‑conjugated goat 
anti‑mouse IgG (AP181F; both 1:200; EMD Millipore) 
at 37˚C for 1 h, and washed with PBS. Fluorescence was 
detected using an Olympus BX51 fluorescence microscope 
(Olympus Corporation, Tokyo, Japan). In control experiments, 
the primary antibodies were omitted to confirm the specificity 
of the antibodies.

MeHg induction and LBPs intervention. In order to adjust the 
concentration of the third‑passage hNSCs to 5 cells/100 µl. 
the neurospheres were collected and centrifuged at 800 x g 
for 5  min. Cell pellets were washed once with Hank's 
balanced salt solution (HBBS) and treated with 0.5% trypsin 
at 37˚C. DMEM/F12 supplemented with 10% fetal bovine 
serum was added to terminate enzymatic digestion. Digested 
neurospheres were centrifuged at 800 x g for 5 min and the 
dissociated cells were resuspended in DMEM/F12. An aliquot 
of dissociated cells was diluted with HBSS and counted 
using a hemocytometer (TC10; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) to estimate the number of cells. 

Following this, 5 cells/100 µl were seeded into two 24‑well 
cell culture plates, which were pre‑placed poly‑L‑lysine 
(PLL)‑coated slides, respectively. Cells were divided into 
four groups, with 12 wells in each group, containing 1.5 ml 
each: i) Blank control group: DMEM/F12 (1:1) serum‑free 
medium (HyClone); ii) LBPs group: DMEM/F12 serum‑free 
medium supplemented with 100  mg/l  LBPs solution 
(Ningxia Wolfberry Biogical Food Company, Ningxia, 
China); iii) MeHg group: DMEM/F12 serum‑free culture 
medium supplemented with 10  nmol/l  MeHgCl solution 
(C1540000; Dr Ehrenstorfer GmbH, Augsburg, Germany); 
and iv)  MeHg  +  LBPs group:  DMEM/F12 serum‑free 
medium supplemented with 10  nmol/l  MeHgCl solution 
and 100 mg/l LBPs solution. Culture plates were incubated 
at 37˚C in 5% CO2 and saturated humidity, and half of the 
culture medium was replaced every 3  days. Meanwhile, 
the differentiation status of the NSCs in each well was 
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regularly observed under a Leica  DM  IRM inverted 
microscope (Leica Microsystems GmbH, Wetzlar, Germany).

Microtubule‑ associa ted protein  2 (M A P‑2) /gl ia l 
 fibrillary acidic protein (GFAP)/Hoechst immunofluorescence 
detection. The culture medium of each well was discarded 
when differentiation was induced in the hNSCs for 10 days; 
which were washed with PBS (pH 7.2) three times, then fixed 
in 1 ml methanol at ‑20˚C. Following five washes with PBS, 
differentiated hNSCs were fixed with 4% (v/v) paraformalde-
hyde (pH 7.2) at 4˚C for 30 min and washed again. Next, 10% 
goat serum (HyClone; pH 7.2) was added, and blocked with 
goat serum in PBS/0.3% Triton X‑100 at 4˚C for 2 h. Each well 
was then incubated with rabbit anti‑MAP‑2 polyclonal anti-
body (1:1,000; AB2290) and anti‑mouse GFAP monoclonal 
antibody (1:500; MAB5628; both EMD Millipore), with a 
total of 200 µl, and agitated at room temperature for 1 h, then 
incubated overnight at 4˚C. Next, the plates were agitated with 
200 µl FITC‑labeled goat anti‑rabbit IgG antibody (1:1,000; 
F2761; Molecular Probes; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) and Alexa 568‑labeled goat anti‑mouse 
IgG antibody (1:600; A11031; Invitrogen; Thermo Fisher 
Scientific, Inc.) at room temperature in the dark for 2‑3 h. 
After sufficient washing, the coverslips were mounted onto 
slides iwth 200 µl Hoechst 33342 fluorescent dye (1:2,000; 
Calbiochem; EMD Millipore). Using an Olympus FV1000 
Laser Confocal microscope and Olympus Fluoview software 
(Olympus Corporation), the differentiation of hNSCs into 
MAP‑2‑positive neurons and GFAP‑positive astrocytes was 
then observed at a 495‑nm excitation wavelength and 520‑nm 
absorption wavelength, and 346 nm excitation wavelength 
and 460 nm absorption wavelength, respectively. Hoechst 

fluorescence for the nuclei were observed at 578 nm excitation 
wavelength and 608 nm absorption wavelength. In each group 
two wells were randomly selected as negative controls, with 
the anti‑goat serum replacing the primary antibody, and all 
other steps performed as described above.

Image treatment. In each group an MAP‑2/GFAP immuno-
fluorescence slide had randomly selected regions undergo 
photography using fluorescence microscopy (magnifica-
tion,  x200). Bright‑field images of the same field were 
also captured, and these were transferred into a computer. 
MAP‑2/GFAP‑positive cells were visualized under a fluo-
rescent microscope (magnification, x200). Ten random fields 
of view were taken for each coverslip, and the number of 
nuclei and MAP‑2/GFAP‑incorporated cells were recorded. 
Corresponding Hoechst‑stained total cell numbers were 
combined to calculate the MAP‑2/GFAP‑positive cell differen-
tiation rate. All experiments were performed in triplicate. After 
counting and calculating the differentiation of MAP‑2‑positive 
neurons/GFAP‑positive astrocytes and Hoechst total stained 
cells, the Leica QWin Plus 6.0 morphological analysis soft-
ware (Leica Microsystems GmbH) was applied to analyze the 
perimeter of MAP‑2‑positive neurons for the indirect detec-
tion of the maturity of cellular differentiation. 

Statistical analysis. All the data are presented as the 
mean ± standard deviation and the data underwent analysis 
of variance and inter‑group comparison using STATA 9.0 
statistical software (StataCorp LP, College Station, TX, 
USA). Significance of differences among mean values was 
determined using one‑way analysis of variance. P<0.05 was 
considered to indicate a statistically significant difference.

Figure 2. MAP‑2‑positive neurons in different culture environments (stain, MAP‑2/Hoechst immunofluorescence). (A) Control group, (B) LBPs group, 
(C) MeHg group and (D) MeHg + LBPs group. MAP‑2, microtubule‑associated protein‑2; LBPs, Lycium bararum polysaccharides; MeHg, methylmercury.

Figure 1. Hippocampus neural stem cells in primary culture and identification. (A) Isolated primary hippocampal tissue cells cultured for 2 h, showing a single 
cell suspension growth. (B) Cells were cultured for 5 days, cellular proliferation and growth into small nerve cells of the sphere. (C) BrdU immunofluorescence 
staining, hippocampal neuron sphere was BrdU‑positive. (D) Nestin immunofluorescence staining, hippocampal nerve cell spheres were Nestin‑positive.
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Results

Culture and identification of rat‑embryonic primary and 
passaged hNSCs. After 2 h of culture, the primary hNSCs 
were growing singly‑suspended (Fig. 1A). After 5 or 6 days, 
numerous suspended growing nerve spheres were observed, 
with smooth and clean edges, and different sizes (Fig. 1B). 
The primary nerve spheres could form the new nerve spheres 
following trypsin digestion and passaging. BrdU labeling 
was performed at 24 h, and the nerve spheres were BrdU and 
nestin‑positive, indicating that they were of embryonic origin 
and possessed proliferative ability, and were therefore likely to 
be NSCs (Fig. 1C and D).

MAP‑2/Hoechst immunofluorescence detection. After 
the cells were cultured for 10 days, they were subjected to 
MAP‑2/GFAP/Hoechst immunofluorescence staining to 
detect the neuron‑differentiation and growth status of the 
hNSCs. The corresponding total numbers of Hoechst‑stained 
cells were combined to calculate the neuronal differentiation 
rate. The MAP‑2‑positive neuronal differentiation rate of 
each group was as follows (n=10 per group): Control group, 
6.500±0.8116%; LBPs group, 7.749±0.5947; MeHg group, 
3.632±0.6274%; and MeHg + LBPs group, 5.923±0.9868%. 
In the control group, the MAP‑2‑positive neuron rate was 
reduced and the cell body was smaller and less mature 
compared with the LBPs group, the MAP‑2 neuronal process 
length was shorter than the LBPs group, while compared with 
the other two groups, the cell body was bigger and the process 
was longer (Figs. 2A, 3 and 4A). The LBPs group exhibited the 
highest number of MAP‑2‑positive neurons, as compared with 
the other three groups. The neurons in this group contained 
large and spheric cell bodies with numerous long processes, 
which also intertwined among the cells, and exhibited more 
typical mature forms of neuron (Fig. 2B). Statistical analysis 
revealed that the differentiation rate of MAP‑2‑positive 
neurons in this group was the highest (P<0.05, Fig.  4A). 
The number of MAP‑2‑positive neurons and the neuronal 
differentiation rate in the LBPs group were both increased, as 
compared with the control group (P<0.05). The MeHg group 
exhibited the lowest number of MAP‑2‑positive neurons, and 

the majority of neurons in this group exhibited condensed cell 
bodies with unclear neuronal processes and irregular nuclei 
(Figs. 2C and 4A), indicating that MeHg exerted an inhibi-
tory effect on hNSC differentiation into neurons, and also 
damaged hNSCs‑derived neurons. In the MeHg + LBPs group, 
the number of MAP‑2‑positive neurons was increased and the 
cell body of neurons was bigger than the MeHg group, and 
the forms of partial neurons were considerably intact, with its 
processes significantly increased (P<0.05, Figs. 2D and 4A), 
indicating that LBPs was able to mitigate the suppression and 
damage induced by MeHg towards the NSCs differentiated 
into neurons.

GFAP/Hoechst immunofluorescence detection. The cells 
of the aforementioned groups additionally underwent a 
GFAP/Hoechst immunofluorescence assay (Fig.  5). The 
differentiation rate of GFAP‑positive astrocytes in each of 
the groups was as follows (n=10 per group): Control group, 
27.74±1.985%; LBPs group, 30.18±1.333%; MeHg group, 
41.19±2.143%; and MeHg  +  LBPs group, 34.58±1.699%. 
The control group exhibited the lowest proportion of 
GFAP‑positive astrocytes and the MeHg group exhibited 
the highest proportion, while the MeHg + LBPs group was 
between the control and MeHg groups (Figs. 4B and 5). These 
results indicated that when MeHg inhibited the differentiation 
of NSCs into neurons, it additionally caused the differentia-
tion of GFAP‑positive astrocytes to increase. In addition, the 
proportion of GFAP‑positive astrocytes in the MeHg + LBPs 
group was decreased compared with the MeHg group, 

Figure 4. Differentiation rate of MAP‑2 and glial fibrillary acidic protein 
(GFAP)‑positive cells in each group. (A) Differentiation rate of MAP‑2‑positive 
neurons in each group. (B)  Differentiation rate of GFAP‑positive glia 
cells in each group. Data are presented as the mean ± standard deviation. 
*P<0.05 vs. control; #P<0.05 vs. MeHg, as determined by Student's t‑test. 
MAP‑2, microtubule‑associated protein 2; LBPs, Lycium bararum polysac-
charides; MeHg, methylmercury.

Figure 3. Perimeter of MAP‑2‑positive neurons in each group (observed 
multiples, x200). Data are presented as the mean ±  standard deviation. 
*P<0.05 vs. control; #P<0.05 vs. MeHg, as determined by Student's t‑test. 
MAP‑2, microtubule‑associated protein 2; LBPs, Lycium bararum polysac-
charides; MeHg, methylmercury.
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indicating that LBPs were able to inhibit the MeHg‑induced 
differentiation of NSCs into astrocytes.

Discussion

hNSCs are crucially involved in neurogenesis. hNSCs 
are immature nervous system cells with the capacity for 
self‑replication and multi‑directional differentiation (21,31). 
The hippocampal dentate gyrus is a specialized region in the 
mammalian brain, owing to the presence of NSCs, which retain 
the capacity to proliferate and generate new neurons (17). The 
present study observed two notable features associated with 
hNSCs: i) Highly self‑renewal capacity, the cells were able to 
repeat mitosis, thus generating a large number of sub‑cells; 
and ii) under certain conditions, the cells could be induced 
to differentiate into neurons, glial cells and oligodendrocytes. 
hNSCs are crucial for the development of the embryonic 
nervous system, in addition to adult self‑renewal and repair, 
learning and memory function enhancement, nerve damage 
processing, lost nerve cell replacement and the maintenance of 
the physiological functions of central nervous system.

Under normal circumstances following the loss of nerve 
cells lost, hNSCs are able to renew a certain number of lost 
neurons (32,33). However, as a result of aging, various in vivo 
and in vitro environmental factors may affect or interfere with 
the hippocampal dentate gyrus neurogenic activity, and thus 
the neurogenesis level may gradually decrease (34). As a result 
of adverse external environmental factors, the internal micro-
environment changes, becoming unsuitable for the survival 
and potential development (35,36). Thus, the proliferation and 
differentiation of endogenous hNSCs may exhibit the excep-
tion, and the processes of generation and compensation of new 
neurons might be affected, the glial cells would then increase, 
leading to inadequate neurogenesis (18,19).

A previous study showed that the absence of neurogenesis 
in the hippocampus was the primary cause of event‑related 
learning memory and emotional disorders (37).

MeHg is an environmental toxicant that poses a cognitive 
degeneration risk in humans, previous studies in humans and 
animals have shown that MeHg can interfere with the processes 
involved in neural development, including nerve regenera-
tion and cell survival (11‑14). Thus, inhibiting the hazards of 
organic mercury and promoting the nerve regeneration in the 
hippocampus had obtained the general concerns.

Currently, stem cell transplantation had been used as a 
repair treatment. Coordinating stem cell self‑renewal and 

directing differentiation are key factors for the treatment of 
numerous neurodegenerative diseases  (38). However, the 
mechanism remains unclear clear, and the challenge remains 
of guiding the directional proliferation and differentiation of 
pluripotent stem cells, thus replacing missing cells in vivo and 
recovering functions (39).

Lycium bararum (Gouqizi, Fructus Lycii, Wolfberry) is 
widely used in traditional Chinese herbal medicine, food 
therapy and health care and is well known for improving liver 
function and eyesight (40). The main functional components 
of L. bararum include zeaxanthin and carotene, polysac-
charides and small molecules such as betaine, cerebroside, 
beta‑sitosterol, p‑coumaric, and various vitamins. Previous 
in vivo and in vitro experiments have suggested that LBPs 
may have multiple targets and pharmacological effects, 
including neurological protection  (41), antioxidation and 
anti‑aging (42,43), increasing immunity (44), protecting liver 
cells  (45) and the protection of reproductive system func-
tions  (28). Currently, increasing numbers of international 
studies have demonstrated the ability of LBPs to repair 
damaged neurons (25‑27).

Previous studies have shown that LBPs is able to promote 
regeneration of the hippocampus and to protect hippocampal 
neurons  (28,46). Furthermore, LBPs is/are able reduce 
ischemia‑induced necrosis and apoptosis of the retinal nerve 
cells, inhibit the activation of glial cells, downregulate the 
expression of aquaporin  4, improve oxidative stress and 
protect the blood‑retinal barrier (41). Yu et al (47) observed 
that LBPs could prevent the neurotoxicity caused by the 
β‑amyloid peptides (Aβ). In addition, LBPs are able to reduce 
the secretion of lactate dehydrogenase and inhibit the activity 
of β‑amyloid‑like peptide protease, thus reducing the phos-
phorylation of c‑jun‑terminal kinase (JNK) and preventing 
the phosphorylation of neuronal protein kinase (PKR), 
resisting the Aβ‑induced increase of nerve cell‑endoplasmic 
reticulum stress levels (48). It has been reported that LBPs 
are able to regulate the activation of nerve microglia (brain 
macrophages), thus protecting retinal ganglion cells against 
damage cause by ocular hypertension, and exhibiting vision 
protective effects (49). Furthermore, LBPs are able to inhibit 
the cysteine‑induced range of neurological damage mecha-
nisms such as phosphorylation of tau protein, upregulation 
of p‑ERK and p‑JNK and activation of caspase‑3, thus 
antagonize the excitotoxicity of glutamate towards the brain 
cortex (50,51). LBPs have shown a wide range of neuroprotec-
tive effects in various neurodegenerative models.

Figure 5. GFAP‑positive neurons in different culture environments (GFAP/Hoechst immunofluorescence staining). (A) Control group; (B) LBPs group; 
(C) MeHg group; (D) MeHg + LBPs group. GFAP, glial fibrillary acidic protein; LBPs, Lycium bararum polysaccharide; MeHg, methylmercury.
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The present study used the embryonic rats to extract the 
primary hNSCs, and via in vitro culture observed the interven-
tion effects of LBPs on MeHg‑induced hNSCs damage. These 
results suggest that hNSCs are extremely sensitive towards the 
toxicity of MeHg. MeHg at a pM concentration may decrease 
cellular activity, and increase the differentiation rate of astro-
cytes. Few NSCs differentiated into neurons, and it exhibited 
reduced differentiation into new neurons and astrocytes. The 
cellular morphology was incomplete, and the cell cycle was 
shortened. Following the LBPs treatment, the numbers of 
hNSCs that differentiated into MAP‑2‑positive neurons was 
significantly increased, and neuronal cell body was larger than 
the MeHg group. The cellular morphology of the majority 
of the neurons was complete, and the processes were also 
significantly longer, the perimeter of newborn neurons was 
longer compared with the MeHg group. Notably, the single 
LBPs (without MeHg) treatment promoted the differentiation 
of hNSCs into neurons, the differentiation rate and perimeter 
of newly generated neurons were higher compared with the 
control, indicating that LBPs were able to inhibit abnormal 
differentiation and alleviate new neuronal damage caused by 
MeHg. Thus, the current results suggest a novel neuroprotec-
tive effect of LBPs against the reduced neurogenesis caused 
by MeHg.

Highly toxic MeHg has been found in polluted water, soil 
and water, which can be a significant route of human exposure 
to MeHg (52). Eating fish is a good source of nutrition and 
fish oil appears to be favorable for neural development (53). 
Therefore, it is of interest to develop compounds that are able 
to bind heavy metals with high affinity and without producing 
toxic effects by themselves, in order to prevent developmental 
neurotoxicity in populations exposed to organomercurials via 
polluted water (54‑56).

The present study showed that LBPs may be able to reduce 
the potential hazards associated with the mercury from fish 
consumption towards human health.

In addition, according to the ʻ3 Rsʼ principles of animal 
experiments (reduction, replacement, and refinement), the 
environmental chemicals that had the developmental neuro-
toxicity would seriously threaten human health (5,6). MeHg 
is able to reduce hNSC migration distance and inhibit differ-
entiation, reducing the number of neuronal‑like cells (23,56). 
hNSCs, which grow as neurospheres may imitate proliferation, 
differentiation, migration and undergo caspase‑dependent 
apoptosis in  vitro, are suitable for medium‑throughput 
screening (30) In the present study, a three‑dimensional stem 
cell developmental neurotoxicity testing system was used to 
study the processes affecting NSC development and possible 
mechanisms underlying neurotoxic modulation. This method 
limits unnecessary animal experiments, and involves faster and 
more economical alternative screening methods to achieve the 
scientific purposes (30). Therefore, this cell system represents 
a promising approach for developmental neurotoxicity hazard 
identification.

In summary, hippocampal neurogenesis exhibited 
self‑repairing potential towards the neuronal damage. The 
neurotoxicity of the environmental contaminant MeHg was 
associated with the inhibited regeneration of new cerebral 
neurons. The herbal extract LBPs was able to effectively 
mitigate the neurotoxic effects of MeHg, and promote the 

differentiation of hNSCs into neurons, which may provide 
a potential approach for the recovery of hippocampus‑event 
memory disorder.
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