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ARTICLE INFO ABSTRACT

Edited by Professor Bing Yan During the fetal development stage, the Central Nervous System (CNS) is particularly sensitive to methylmercury

(MeHg). However, the mechanism underlying the antagonistic effect of selenium (Se) on MeHg toxicity is still not

Keywords: fully understood. In this study, female rat models with MeHg and Se co-exposure were developed. Pathological
Meth}.llmercury changes in the cerebellum and differential mRNA expression profiles in offspring rats were studied. In the MeHg-
:‘;lfmum exposed group, a large number of Purkinje cells showed pathological changes and mitochondria were signifi-
Histopathology cantly swollen; co-exposure with Se significantly improved the structure and organization of the cerebellum. In
MRNA total, 378 differentially expressed genes (DEGs) (including 284 up-regulated genes and 94 down-regulated genes)

in the cerebellum of the MeHg-exposed group and 210 DEGs (including 84 up-regulated genes and 126 down-
regulated genes) in the cerebellum of the MeHg+Se co-exposed group were identified. The genes involved in
neurotransmitter synthesis and release and calcium ion balance in the cerebellum were significantly up-regulated
in the MeHg-exposed group. These genes in the MeHg+Se co-exposed group were not changed or down-
regulated. These findings demonstrate that the neurotoxicity caused by MeHg exposure is related to the up-
regulation of multiple genes in the nerve signal transduction and calcium ion signal pathways, which are
closely related to impairments in cell apoptosis and learning and memory. Supplementation with Se can mitigate
the changes to related genes and protect neurons in the mammalian brain (especially the developing cerebellum)
from MeHg toxicity. Se provides a potential intervention strategy for MeHg toxicity.

1. Introduction kidneys (Sun et al., 2019) and even DNA (Grotto et al., 2009)through the
blood-brain barrier and placental barrier. MeHg accumulates mainly in
the central nervous system (CNS), with the cerebellum being one of the

most severely affected areas. Previous studies have observed that the

Mercury (Hg) is one of the most hazardous chemical elements in the
environment. Hg pollution comes from a wide range of sources, and the

process of Hg migration and transformation in the environment is
complex. Hg pollution lasts for a long time and it is difficult to eliminate
(Mergler et al., 2007). Methylmercury (MeHg) is lipophilic, which can
be circulated and enriched through the biological chain, and exhibited
increased toxicity. Since humans are the terminal of the food chain,
MeHg eventually enters the human body and poses a threat to human
health (Wells et al., 2016). Minamata disease in Japan in the 1950s was
caused by MeHg exposure, and increased attention has been directed
towards MeHg toxicity (Driscoll et al., 2013).

MeHg has a high affinity to thiol-containing enzymes and proteins,
and can damage the nervous system (Pamphlett et al., 2019), immune
system (Osuna et al., 2014), cardiovascular system (Genchi et al., 2017),

* Corresponding authors.

effects of MeHg on neurotransmitter systems (Kaur et al., 2007), Ca®t
ion homeostasis (Johansson et al., 2007), and free radical-induced
oxidative damage produced by C-Hg bond cleavage are the main
mechanisms underlying MeHg neurotoxicity (Franco et al., 2007). In
particular, the developing fetal brain, which has an underdeveloped
blood-brain barrier and exhibits rapid growth, proliferation, and dif-
ferentiation (Sakamoto et al., 2018), is more sensitive to MeHg than the
adult brain.

Early studies have found that the presence of Se can protect marine
mammals from the toxic damage of MeHg (Koeman et al., 1973). Since
then, Se has received the most attention as a potential protective agent
against MeHg toxicity. The physicochemical properties of Se are similar
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to those of sulfur, because Se can replace the sulfur atom in sulfide to
form a stronger Hg-Se complex with Hg, which inhibits the oxidation
process in the body and reduces the toxicity of MeHg (Karita et al., 2016;
Ralston and Raymond, 2010). Supplementation with organic Se can
alleviate lipid peroxidation and DNA damage caused by Hg exposure in
humans (Li et al., 2012). Further, selenium methionine (SeMet) protects
against neuronal degeneration caused by MeHg exposure in
seven-day-old Sprague Dawley (SD) rats (Sakamoto et al., 2013).

There is a large body of published literature on the mutual attenu-
ation of Hg and Se toxicity in experimental animals. However, these
studies have focused on changes to the forms of Hg and Se in organisms;
moreover, Hg-Se complexes have only been demonstrated experimen-
tally. Few studies have reported on the molecular mechanisms under-
lying Hg-Se interactions. It is not clear whether the interaction between
Hg and Se in the body is a multi-cell or multi-gene complex network
mediation pathway. This study was designed to evaluate the protective
effects of SeMet supplement on the offspring of female rats exposed to
MeHg. High-throughput sequencing technology was used to study the
mRNA expression profiles in the cerebellum of the pups, and the dif-
ferences in gene function and signaling pathways were analyzed. The
results of this study can provide new insight into the potential value of
Se in MeHg-induced neurotoxicity and the possible mechanism.

2. Materials and method
2.1. Animal models

The number of rats used in this experiment was designed according
to the 3Rs principle proposed by Tain et al. (2017). SD rats (12 females
and 12 males) aged four weeks were obtained from the Experimental
Animal Center, Guizhou Medical University, China. Ethical approval for
this study was granted by the Bioethical Committee of the Institute of
Animal Care Committee, Guizhou Medical University, China (Permit No.
SYXKA(Q)2012-0001), and the study was performed in accordance with
the National Institute’s guidelines for animal care and use. All efforts
were made to minimize the number of animals used and their suffering.
Rats were maintained under a 12 h light/dark cycle and were housed for
seven days prior to receiving experimental treatment. Male rats were
removed on day 1 of gestation (GD) and 12 females were randomly
divided into four groups (n = 3 per group): Control (0.9% NaCl solu-
tion), Se-exposed (0.2 mg Se/kg/day), MeHg-exposed (1.2 mg
MeHg/kg/day), and MeHg+Se co-exposed (1.2 mg MeHg/kg/day + 0.2
mg Se/kg/day), and corresponding chemicals were taken by gavage. The
dosage level of MeHg was adopted from the literature, since the oral
LDsg of rat was 58 mg/kg methyl chloride (Chang, 1996). A 1/50 LDs,
(1.2 mg MeHg/kg/day) adopted for this experiment, which is a neuro-
toxic dose of MeHg used for model rats (Beyrouty and Chan, 2006;
Sakamoto et al., 2013). The maximum tolerated dose (MTD) of SeMet in
adult rats is 2 mg Se/kg/day (Tsunoda et al., 2000), and the relatively
safe dose of 1/10 MTD (0.2 mg Se/kg/day) was selected as the experi-
mental dose. Parent female rats were continuously exposed to the cor-
responding doses of MeHg and Se for 8 weeks before mating, during
pregnancy and lactation, until the end of weaning exposure at 21 days
after birth. During this period, each group rats were housed individually
in a cage to monitor mother’s daily diet and water intake.

2.2. Sample collection

On postnatal day 21 (PND21), offspring rats were anesthetized with
2% sodium pentobarbital, and brain tissues were quickly removed and
placed on ice to isolate the cerebellum. The cerebellum tissues of
offspring rats were taken from different litters from each group and
placed in RNA protection solution. Specimens were then placed in a
refrigerator at 4 °C overnight. After this, the tissues were completely
infiltrated with RNA protection solution. The tissues were then stored at
— 80 °C before total RNA extraction. The cerebellum tissue was fixed in
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10% neutral formalin solution for HE staining. In each group, the cer-
ebellum tissue was fixed in 2.5% glutaraldehyde, and stored at 4 °C for
the experiments of transmission electron microscope. The remained
cerebellar tissues ware stored in a refrigerator at — 80 °C for further use.

2.3. Hg and Se analysis

The cerebellum samples were digested using HNO3 at 95 °C for 3 h,
and the total Hg (THg) concentrations in the digested solutions were
measured using BrCl oxidation, SnCl;, reduction, and cold vapor atomic
fluorescence spectrometry (CVAFS) detection. The cerebellum tissues
were digested in HNOgz at 150 °C for 16 h, dried at 110 °C on a hot plate,
and reduced with 3 mL HCI (6 mol/L). The Se concentrations were
determined by hydride generation atomic fluorescence spectrometry
(AFS-230E, Haiguang, China)(Zhu et al., 2008).

2.4. Morphological analysis

The cerebellum samples were fixed in 10% formaldehyde for 48 h,
dehydrated by graded ethanol, and embedded in paraffin. Then, the
samples were cut into 4 pm sections and stained with hematoxylin and
eosin (H&E). Sections were observed under an optical microscope for
histopathological determination.

The cerebellums of offspring were removed completely and cut into
small pieces of 1 mm?>. The tissues were immersed in 2.5% glutaralde-
hyde fixing solution (containing 0.1 M phosphoric acid buffer solution
and 4% paraformaldehyde) for 2 h at 4 °C. They were then washed with
0.1 M phosphoric acid buffer solution, dehydrated by ethanol gradient,
replaced ethanol with oxypropane, and then soaked and embedded in
epoxy resin Epon812. The ultrathin sections (50-70 nm) were stained
and further observed and photographed under a JEM-100SX trans-
mission electron microscope.

2.5. Sequencing data analysis

2.5.1. Analysis of differentially expressed Gene (DEGs)

The DEGs of the four groups (four biological replicates per group)
were analyzed by edgeR (Robinson and Oshlack, 2010) and the P-values
were obtained. After multiple hypothesis tests were performed, the
threshold P-value was determined by controlling the false discovery rate
(FDR). At the same time, multiple differential expressions were calcu-
lated according to the FPKM (Fragments Per Kilobase of exon model per
Million mapped reads) value, that is, the fold-change. In order to explore
the DEGs, the expression level of each gene was calculated by intro-
ducing FPKM values, and the differential gene screening conditions were
defined: 1) fold-change> 2 and P-value< 0.05 was defined as signifi-
cantly up-regulation; 2) fold-change< —2 and P-value< 0.05 was
defined as significant down-regulation.

2.5.2. Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes
(KEGG)

The Genecluster 2.0 and Cluster 3.0 packages were used to perform
enrichment analysis of DEGs. The principle of KEGG enrichment analysis
is to map the selected DEGs to each term in the KEGG database, calculate
the gene number of each term, and then apply hypergeometric tests.
Relative to the whole genome background, KEGG terms that were
significantly enriched in DEGs were screened.

To evaluate the possible regulation mechanisms of dysregulated
mRNAs, as well as their relationships in the process of MeHg toxicity,
KEGG pathway analysis was performed. KEGG pathway analysis reflects
the location and expression trends of differential genes in known
signaling pathways, which reveals the interaction between differential
genes. Based on the KEGG database, the DEGs in each group were
analyzed by chi-square test. The signal pathways involved in the target
differential genes were analyzed. P-value< 0.05 was used to determine
the significance of the participation of differential genes in each group.
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2.6. Statistical analysis

The data are described as mean =+ standard deviation (SD) and were
analyzed using SPSS 20.0 for Windows. One-way analysis of variance
(ANOVA) was used to examine differences between different groups.
The results of the statistical tests were considered to be statistically
significant when p < 0.05.

3. Results and discussion
3.1. Animal model

Temporal changes in the body weights of parental female rats are
shown in Table S1. The MeHg-exposed group had a significantly (p <
0.05) lower average body weights than the control group during the pre-
mating, gestation, and lactation periods. In the MeHg-exposed group,
the parental female rats showed a decrease in dietary intake and delayed
pregnancy. No significant differences in the growth index and eating
habits of the parental female rats were observed between the MeHg-+Se
co-exposed group, Se-exposed group, and the control group. Increases in
body weights in the MeHg-exposed group were much slower than those
in the control group and the MeHg+Se co-exposed group.

The average number of litters size of parental female rats in the
control group, Se-exposed group, MeHg-exposed group, and MeHg+Se
co-exposed group were 14.7 + 0.6, 13.3 &+ 1.5, 10.7 £+ 0.6 and 12.3 +
0.6, respectively. The survival rates of offspring rats during lactation are
shown in Fig. S1. From postnatal day (PND) 1-7 and from PND7 to
PND21, the average survival rates of offspring rats in the MeHg exposed
group were 53.4% and 77.6%, respectively. No postnatal deaths were
observed in the control group, Se-exposed group, and MeHg+Se co-
exposed group.

Temporal changes in body weight in the offspring rats are shown in
Table 1. The MeHg-exposed group had significantly (p < 0.05) lower
average body weights than the control group at PND3, PND7, and
PND14. However, the MeHg+Se co-exposed group had significantly (p
< 0.05) higher average body weights than the MeHg-exposed group at
PND7 and PND14.

Se supplementation significantly increased the growth and survival
rate of the pups in the MeHg+Se co-exposed group compared with the
MeHg-exposed group. The results showed that supplemental Se could
mitigate the growth impairment resulting from MeHg toxicity. This is
consistent with the previous studies, which showed that the MeHg-
induced mortality and reduced fetal weight were mitigated by Se sup-
plementation (Sakamoto et al., 2013).

3.2. Hg and Se concentration

THg concentrations in the brains of the control group, Se-exposed
group, MeHg-exposed group, and MeHg+Se co-exposed group aver-
aged at 0.006 + 0.004 pg/g, 0.004 + 0.003 pg/g, 0.822 + 0.157 pg/g,
and 1.40 + 0.223 pg/g, respectively. The offspring of MeHg-exposed
group, and MeHg+Se co-exposed group were not directly exposed to
MeHg, but indirectly exposed to MeHg through the placenta and breast
milk of the parental female rats. The THg and Se concentrations in the

Table 1

Temporal changes in body weight in the offspring rats.
Group PND 3 (g) PND 7 (g) PND 14 (g) PND 21 (g)
Control 7.5+ 0.8 10.9 £1.2 242 +21 35.3+ 3.9
Se 7.0+ 0.4 10.5+ 1.3 22.7+1.8 34.0 £ 4.7
MeHg 6.7 + 0.4 9.4 + 0.8¢ 20.6 + 2.7* 322+ 4.7
MeHg-+Se 7.1+ 0.5 10.9 £ 0.6” 24.0 + 2.27 33.4 + 4.2

PND: postnatal day. Data are expressed as the mean + standard deviation.
" p < 0.05, compared with the control group.
# p < 0.05, compared with the MeHg exposed group.
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brains of offspring rat are shown in Fig. 1. The brain THg concentrations
in offspring of the MeHg-exposed group were significantly higher than
those of the control group (p < 0.05). The average of THg concentrations
in the brains of the MeHg+Se co-exposed group was significantly higher
(1.7 times) than that of the MeHg-exposed group (p < 0.05). No sig-
nificant difference of THg concentrations in the brains was found be-
tween the control group and the Se-exposed group (p > 0.05).

The Se concentrations in the brains of the control group, Se-exposed
group, MeHg-exposed group and MeHg+Se co-exposed group were
0.150 + 0.018 pg/g, 0.368 + 0.020 pg/g, 0.1876 + 0.005 pg/g, and
0.844 + 0.109 pg/g, respectively. The Se concentrations in the brains of
the Se-exposed group were significantly (p < 0.05) higher than those of
the control group. The average of Se concentrations in the brains of the
MeHg+Se co-exposed group was significantly higher (2.3 times) than
that of the Se exposed group (p < 0.05).

The average of THg concentration in the MeHg-+Se co-exposed group
was 1.7 times that of the MeHg-exposed group, and the average Se
concentration in the MeHg+Se co-exposed group was 2.3 times that of
the Se-exposed group. Combined exposure to MeHg and Se significantly
increased the accumulation of Hg and Se in the cerebellum of offspring
rats. These results are consistent with a previous study which investi-
gated the effect of Se on MeHg-induced brain degenerative changes in
seven-day-old rats. The Hg and Se levels in the brain tissue of the MeHg
and Se co-exposed group were higher than those of the MeHg (or Se)-
exposed group alone (Sakamoto et al., 2013). The physical and chemi-
cal properties of Se are similar with those of sulfur. The Se in food intake
may be directly metabolized into active Se or selenomethionine to
replace the sulfur-containing methionine in tissue protein; then, the
reactive Se forms a complex with MeHg in the liver (Schrauzer, 2000).
The reaction between MeHg and the Se amino acid to form dime-
thylmercury selenide may be the mechanism underlying MeHg deme-
thylation (Karita et al., 2016). Ralston et al. found that the MeHg and Se
complex form may be MeHg-selenocysteine, which is similar to
MeHg-cysteine and can easily enter the brain tissue (Ralston and Ray-
mond, 2010). The specific complex formed by the combination of MeHg
and Se requires clarification in future studies. Although the co-exposure
to MeHg and Se increased the accumulation of Hg and Se in the rat body,
the complex formed by MeHg and Se protected neurons from the dam-
age induced by MeHg.

3.3. Histomorphology

The light micrographs of the cerebellum sections are shown in Fig. 2.
No obvious neuronal damage was found in the cerebellums of the con-
trol group (Fig. 2A), Se-exposed group (Fig. 2B), and MeHg+Se co-
exposed group (Fig. 2D). However, in the MeHg-exposed group, more
Purkinje cells were irregularly arranged and enclosed by a wide vesic-
ular zone where necrotic cells penetrated the granular layer. The peri-
cellular spaces were significantly widened. The cytoplasm staining
deepened, and the cell structures were blurred. The nucleuses were
condensed and deep and even blurred or absent in some cases (Fig. 2C).

The results of ultrastructure of the cerebellum are shown in Fig. 3. No
significant alteration in the cerebellum was observed in the control
group and Se-exposed group (Fig. 3A and B). In the MeHg-exposed
group, endoplasmic reticulum with fragmentation or vesicular rough-
ness in the cytoplasm were observed and the chromatin in the nucleus
was slightly agglutinated; multiple swollen mitochondria were also seen
in the cytoplasm (Fig. 3C). However, in the MeHg+Se co-exposed group,
the structures and organizations of the cerebellum were significantly
improved (Fig. 3D).

In this study, there is no significant difference in size, shape and color
of the brain tissue of the offspring exposed to MeHg compared with the
control group by visual observation. HE staining of cerebellar slices,
observation under a 400 x optical microscope showed that Purkinje
cells in the MeHg exposure group had obvious pathological changes and
signs of death. This may be due to the increased accumulation of
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Fig. 1. THg and Se concentrations in the rat offspring brain of different groups. *p < 0.05, Compared with the control group; # p < 0.05, Compared with the

MeHg group.

C. MeHg

D. MeHg+Se

Fig. 2. Light micrographs of HE staining of the cerebellum of different groups (x400).

unfolded proteins leading to the development of oxidative stress and
calcium overload. This is reflected by impairments to cognition and
cerebellar function assessed by alterations in cerebellar 5-hydroxytryp-
tamine (5-HT), dopamine (DA), and gamma-aminobutyric acid
(GABA) signaling pathways. In addition, the observed mitochondrial
disruption may trigger the production of cytoplasmic and mitochondrial
free radicals, thereby disrupting nuclear chromatin.

MeHg has significant impacts on the structure and function of
mitochondria, which reported decrease mitochondrial ATPase activity
and change mitochondrial ultrastructural variables with increasing of

MeHg dose (Dantzig, 2003) Under its lipophilic action, MeHg can
penetrate the synaptosome membrane and damage the mitochondrial
inner membrane, leading to the uncoupling of oxidative phosphoryla-
tion, reduction in ATP production, and inhibition of the synthesis of
synaptosome proteins (Dreiem and Seegal, 2007). The results obtained
by transmission electron microscopy revealed that Se supplementations
obviously benefit the swelling of membranous organelles which caused
by MeHg exposure, because Se and MeHg can form a complex to reduce
the toxicity of MeHg. Further, Se can up-regulate the activity of signal
transducer and activator of transcription 3 (STAT3) in cells. STAT3
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C. MeHg D. MeHg+Se

Fig. 3. Transmission electron microscope of the cerebellum of different groups. M, mitochondria; L, lysosome/ peroxisome; Go, golgi apparatus; N, nucleus; Er,
endoplasmic reticulum.

works together with mitochondrial respiratory chain complex I, which both at the cellular and ultrastructural level.
plays a very important role in maintaining the electron transport chain
complex and stabilizing intracellular ATP levels to maintain the pro-
tective function of normal mitochondria (Lee et al., 2014). In summary, 3.4. mRNA Expression
these findings suggest that Se protect against MeHg-induced damage
DEGs in different sets of sequencing samples are shown as volcanic

9 MeHg/Control | i 9] MeHg+Se / Control; !
7.2 1 7 R
5 5.4 S S 5.4 L
g HE q » © ' o
3 Y > S .
o B o o o o 1 .
=3 23 S reL
236 . ;-i T a6 Ry )
1.87 up: 284 1.81 down: 126 up: 84
0- T T o- T T
-9 -6 -3 0 3 6 9 -9 -6 -3 0 3 6 9

log2(FoldChange) log2(FoldChange)

Fig. 4. Volcano plots of the total gene expression profiles of cerebellum of offspring. Significantly upregulated and downregulated genes are shown as a red and blue
dot, respectively. The black dot represents no significant difference between the expressions of genes. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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distributions in Fig. 4. Compared with the control group, 378 DEGs were
observed in the MeHg exposed-group, including 284 up-regulated genes
and 94 down-regulated genes. Compared with the control group, 210
DEGs were observed in the MeHg+Se co-exposed group, including 84
up-regulated genes and 126 down-regulated genes. The number of dif-
ferential genes in the MeHg+Se co-exposed group was much lower than
that in the MeHg-exposed group. These results indicate that Se supple-
mentation may have a restorative effect on the changes in the mRNA
profile in the cerebellum caused by MeHg exposure.

Differential genes in each group were subjected to pathway analysis.
The top 30 pathways were ranked according to the P-value and
enrichment score, and then KEGG enrichment analysis of the DEGs was
performed to interpret the biological functions and molecular pathways
of the DEGs (Fig. SA and B). Among the 73 pathways in the MeHg-
exposed group, the top 10 were mainly the up-regulated DEGs: neuro-
active ligand-receptor interaction (Fig. S2), calcium signaling pathway
(Fig. S3), serotonergic synapse, morphine addiction, and tryptophan
metabolism, mature - onset diabetes of the young, gastric acid secretion,
nicotine addiction, taste transduction, and histidine metabolism
neuroactive (Table S2). Among the 58 pathways in the MeHg+Se co-
exposed group, the top 10 molecular pathways were mainly down-
regulated DEGs: autoimmune thyroid disease, antigen processing and
presentation, allograft rejection, viral myocarditis, graft-versus-host

Top 30 of Pathway Enrichment

Vitamin digestion and absorption - ]
A Viral myocarditis -
Tryptophan metabolism = (]
Thyroid hormone synthesis -
Thyroid cancer - .
Taste transduction = (]
Starch and sucrose metabolism = ®
Serotonergic synapse - 0

Salivary secretion-

Regulation of lipolysis in adipocytes = o

Porphyrin and chlorophyll metabolism = LA

p53 signaling pathway - . 20

Nicotine adcton- . [ K

Neuroactive ligand-receptor interaction - .

Morphine addiction = (] pvalue
Maturity onset diabetes of the young - (] I 0425
Long-term depression - 0 ™

Inflammatory mediator regulation of TRP channels- @

Histicine metabolism - . || 007
Graft-versus-host disease - R
0.025

Glycerolipid metabolism =
Gastric acid secretion- 0
Gapjunction- @
Fat digestion and absorption -
Drug metabolism - cytochrome P450 -
Cocaine addiction- (]
Cholinergic synapse= @
Cell adhesion molecules (CAMs)- @
Calcium signaling pathway = [ )

Autoimmune thyroid disease - (]
! ! ' | |

2 3 4 5 6
enrich factor

diff_gene_count
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disease, herpes simplex infection, phagosome, cell adhesion molecules
(CAMs), type I diabetes mellitus, and influenza A (Table S3).

Among the 34 genes associated with “neuroactive ligand-receptor
interaction” by GO analysis, we focused on the genes related to
neuronal information transmission. The signaling pathway of “neuro-
active ligand-receptor interaction” contains a total of 211 genes, and the
involved receptors can be divided into four categories: class A
(rhodopsin-like), class B (secretin-like), class C (pro-metabolic gluta-
mate/pheromone), and ion channels/other receptors. Class A biogenic
amines (Michalski et al., 2021) are important stimulating nerve tissue
molecules that bind to the corresponding receptors and control and
regulate many important biological functions such as circadian rhythm,
endocrine, cardiovascular control, mood, learning, and memory. In this
study, 34 DEGs in the neuroactive ligand-receptor interaction pathway
were found in the MeHg-exposed group, in which the expression of
multiple receptor genes in the class A biogenic amines were
up-regulated: Htrla, Chrm2, Chrm4, Chrm5, Drd2, and Drd4.

Htrla (5-hydroxytryptamine receptor la, a serotonin la receptor) is
a subtype of serotonin receptor that binds to the neurotransmitter se-
rotonin, it can cause G-protein coupled receptors to couple with Gi
proteins and mediate inhibitory neurotransmitters, mainly with nerves
regulation, endocrine, and autoreceptive effects (Liu et al., 2019).
5-HT1A receptors are present in many areas of the brain, including

Top 30 of Pathway Enrichment

Viral myocardis - ()
B Viral carcinogenesis - '
Type | diabetes melltus = .
Tryptophan metabolism - 0
Toxoplasmosis =

Systemic lupus erythematosus =~ @

Staphylococcus aureus infection - 0
Serotonergic synapse - vl
RIG-Hike receptor signaling pathway -
Renin secretion - l i
PPAR signaling pathway - ¢ e
Phagosome = . s
p53 signaling pathway - i
Neuroactive ligand-receptor interaction - . oot
Melanoma- ¢
Measles- @ .
Leishmaniasis- @ diff_gene_count
Intestinal immune network for IgA production - ' 825
Influenza A- . 050
Inflammatory bowel disease (IBD) - . 75
HTLV- infecton- @ (R
Herpes simplex infection = . . 15
Graft-versus-host disease - .
Drug metabolism - cytochrome P450- 0
Cell adhesion molecules (CAMs) - .
Autoimmune thyroid disease - .
Asthma- '
Antigen processing and presentation .
Allograft rejection = .
Aldosterone synthesis and secrefion - ®
é 1I0 1|5
enrich factor

Fig. 5. Top 30 KEGG pathway analysis of differentially expressed genes in the MeHg exposed (A) and MeHg+Se co-exposed (B) groups. The vertical axis indicates the
name of the KEGG pathway, and the horizontal axis indicates the enrichment factor of the KEGG pathway in the transcriptome; the circle size indicates the total
number of genes present in the transcriptome, and the color shade indicates the size of the P-value. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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presynaptic and postsynaptic localization in the cerebral cortex. At the
presynaptic level, activation of 5-HT1a receptors inhibits glutamate
release, which may contribute to many neurologic and neuropsychiatric
disorders (Buhot et al., 2000; Joseph and Thomsen, 2017; Yeh et al.,
2020).

Chrm (cholinergic receptor muscarinic) is a gene encoding the
muscarinic acetylcholine receptor (M receptor), and includes five sub-
types of M1, M2, M3, M4, and M5. The corresponding coding genes are
Chrm1, Chrm2, Chrm3, Chrm4, and Chrm5 (Kruse et al., 2012).
Acetylcholine is the most important class of neurotransmitter in the
CNS, which can activate the cerebral cortex and promote learning. M1
and M4 are postsynaptic receptors which increase the release of
acetylcholine and positively regulate learning and memory. M2 is a
presynaptic receptor which negatively regulates the release of acetyl-
choline and impact learning and memory (Joseph and Thomsen, 2017).
Drd2 (dopamine receptor D2) and Drd4 (dopamine receptor D4) are
members of the G-protein coupled receptor superfamily. Drd2 and Drd4
are associated with cognitive performance and cognitive deficits
following traumatic brain injury. In general, Drd2 activation is associ-
ated with increased cognitive performance, while Drd4 is associated
with decreased performance (Lewis et al., 2019). In the MeHg+Se
co-exposed group, only the expressions of Chrm4 were found to be
up-regulated, which may be related to learning and memory impair-
ment. Se may play an important protective role in the long-term learning
and memory impairments caused by MeHg exposure.

The protein encoded by the differential gene Gnas in the calcium
signaling pathway is Ga, which is one of the constituent subunits of the
G-protein. As an important signal transduction protein, its main function
is to activate glands in the G-protein coupled receptor signal trans-
duction pathway. Cyclase catalyzes the conversion of ATP to cAMP, and
cell proliferation is inhibited when the cAMP content in the cell in-
creases. Increased cAMP concentrations induce protein kinase A acti-
vation, which activates voltage-dependent calcium channels in the cell
membrane, facilitating calcium uptake into the cellular and sarco-
plasmic reticulum, and ultimately, leading to calcium overload and
neuronal apoptosis. In the MeHg-exposed group, pathological changes
such as neuron coagulation, shrinkage, deep staining of the cytoplasm,
and mitochondrial swelling were observed, while the neuronal damages
in the MeHg+Se co-exposed group was significantly reduced. These al-
terations in the ultrastructure of the cerebellum caused by MeHg
exposure may be related to the significant changes in the calcium
signaling pathway, since no related differential genes were found in the
MeHg+Se co-exposed group.

Through screening of the DEGs with the high-throughput sequencing
technology, the highest levels of statistical significance were identified
for the “neuroactive ligand receptor interaction” and “calcium
signaling” pathways altered by MeHg exposure. In the MeHg-+Se co-
exposed group, the numbers of DEGs were significantly reduced, but
the DEGs were not directly related to nerve information transmission. In
addition, down-regulated DEGs were mainly immune-related, and the
functions and processes of these altered genes in the MeHg+Se co-
exposed group cannot be fully explained in this study. The altered
genes are rarely neurotransmitter-related, which suggests that Se has a
protective effect against the neurotoxic effects of MeHg. Our study were
consistent with previous findings, which found that short-term exposure
to MeHg in rats mainly affected information transmission in CNS as well
as the transmission and expression of genetic information (Jayashankar
et al., 2011) The DEGs in the MeHg-exposed group were primarily
involved in cell proliferation and the stress responses, while the DEGs in
the MeHg and SeMet co-exposed groups were primarily involved in cell
adhesion and synaptic and immune response signaling The findings in
this study indicated that combined exposure to MeHg and Se inhibits the
effect of MeHg on neuronal information transmission, which underlies
the protective effect of Se on rat offspring.
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4. Conclusions

MeHg exposure affects the body weight of rat offspring, reduces their
survival rate, and leads to pathological changes in the morphology and
ultrastructure of cerebellar neurons. The main signaling pathways
related to cerebellar damage caused by MeHg exposure are the neuro-
active ligand-receptor interaction and calcium signaling pathway, which
are closely related to learning and memory impairment and cell
apoptosis. Co-exposure to MeHg and Se alters the DEGs in related
signaling pathways caused by MeHg damage. These findings demon-
strated that Se alleviates neuronal damage caused by MeHg exposure by
altering gene expression profiles associated with neural signaling and
calcium signaling pathways. Overall, Se supplementation provides sig-
nificant protection against MeHg-induced learning and memory
impairment, especially in the developing cerebellum.
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