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lncRNA Xist regulates sevoflurane-induced
social and emotional impairment by modulating
miR-98-5p/EDEM1 signaling axis in neonatal mice
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Long non-coding RNA (lncRNA) X-inactive specific transcript
(Xist) is involved in apoptosis and inflammatory injury. This
study aimed to assess the role of lncRNA Xist in sevoflurane-
induced social and emotional impairment and neuronal
apoptosis in neonatal mice and hippocampal neuronal cells.
The performance in social and emotional tests and the expres-
sion levels of lncRNA Xist and microRNA (miR)-98-5p after
sevoflurane exposure were measured. Moreover, the effects of
suppression of lncRNA Xist on neuronal apoptosis and endo-
plasmic reticulum (ER) stress were determined. Subsequently,
the association among lncRNA Xist, miR-98-5p, and ER degra-
dation-enhancing a-mannosidase-like 1 protein (EDEM1) was
explored. Our results showed that lncRNAXist increased, miR-
98-5p decreased, and social and emotional impairment ap-
peared after sevoflurane exposure. Furthermore, suppression
of lncRNA Xist improved sevoflurane-induced social and
emotional impairment and reduced sevoflurane-induced
neuronal apoptosis and ER stress in vivo and in vitro. More-
over, lncRNA Xist negatively regulated miR-98-5p expression,
and it contributed to sevoflurane-induced neuronal apoptosis
and ER stress by sponging miR-98-5p. Additionally, EDEM1
was identified as a target of miR-98-5p. Our findings revealed
that the knockdown of lncRNA Xist ameliorates sevoflurane-
induced social and emotional impairment through inhibiting
neuronal apoptosis and ER stress by targeting the miR-98-5p/
EDEM1 axis.
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INTRODUCTION
Mounting evidence demonstrates that early long/repeated exposures
to sevoflurane can cause neurobehavioral disorders, including spatial,
non-spatial, and fear-conditioning learning deficits; anxiety-related
behaviors; and motor reflex deficits. Moreover, it can impact the so-
cio-emotional development in rodents and nonhuman primates.1,2

Recently, the possible underlying molecular and cellular mechanisms
have been unveiled; these include neuronal apoptosis, neurogenesis
alterations, disruption of axon guidance, increase or decrease in
dendrite outgrowth, alteration of synaptic functions, and aberrant
synaptogenesis and neural circuit formation.3,4 However, the precise
mechanisms underlying these alterations have not been fully
elucidated.
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A recent report has shown that long non-coding RNAs (lncRNAs)
have important effects on some neurological diseases, such as spinal
cord injury (SCI).5 lncRNA X-inactive specific transcript (Xist) has
been postulated to be a cancer-related gene involved in the pathogen-
esis of SCI.6 This study found that silencing lncRNA Xist contributed
to ameliorating apoptosis and inflammatory injury in SCI models
in vivo and in vitro through regulating microRNA (miR)-27a/Smurf1
signaling. Moreover, Gu et al.5 suggested that the inhibition of
lncRNA Xist could prevent neuronal apoptosis following SCI in
mice, indicating that lncRNA Xist could be a promising molecular
target for SCI therapy. miR-98-5p is a regulator of oxidative stress,
apoptosis, and cell survival in numerous biological processes and
cell types. Sun et al.7 demonstrated that miR-98-5p decreases oxy-
gen-glucose deprivation/reoxygenation (OGD/R)-induced neuronal
injury through the activation of the Nrf2/ARE axis in vitro, high-
lighting that miR-98-5p has potential effects on cerebral ischemia/re-
perfusion injury and could become a new therapeutic target for
neuroprotection.

Sevoflurane-mediated endoplasmic reticulum (ER) stress produces
different effects on the distinct areas of the developmental hippo-
campus. Furthermore, inhibition of ER stress provides a potential
preventive and therapeutic target for sevoflurane-induced long-
term learning and memory deficits.8 Related to ER stress, ER degra-
dation-enhancing a-mannosidase-like 1 protein (EDEM1) is
involved in the routing of misfolded glycoproteins for degradation
in the cytoplasm and leaves the ER via non-COPII vesicles
becoming degraded by basal autophagy.9 Interestingly, Lin et al.10

showed that naringenin alleviates hepatic apoptosis and ER stress
and decreases DNA damage genes (C/EBP-homologous protein
[CHOP], gadd45aa, and EDEM1) in larvae. Moreover, EDEM1
has been proven to play critical roles in protein misfolding, and it
could become the future research focus and therapeutic target for
Parkinson’s disease (PD).11
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Figure 1. Sevoflurane (SEVO)-induced neuronal

apoptosis in neonatal mice and HT22 cells

Neonatal mice were divided into two groups of six mice

each. The SEVO group was exposed to 3.4% SEVO for 5 h,

and the control group was exposed to air for 5 h. (A and B)

TUNEL staining in the hippocampus of a mouse; repre-

sentative images (A) and quantification (B). (C and D) An-

nexin V-FITC/PI staining and flow cytometry analysis;

representative images (C) and quantification (D). (E)

Representative images of western blot for Bax, Bcl-2, and

cleaved caspase-3 in the hippocampus of a mouse and in

cultured neurons. (F) Quantitative real-time PCR for lncRNA

Xist in the hippocampus of a mouse and in cultured neu-

rons. *p < 0.05, **p < 0.01. N = 6.
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The role of lncRNAXist in sevoflurane-induced neurotoxicity and the
association of lncRNA Xist with miR-98-5p and EDEM1 in hippo-
campal neurons remain largely unknown. In the present study, we
aimed to examine the role and the molecular mechanism of lncRNA
Xist in sevoflurane-induced social and emotional impairment and
neuronal apoptosis in neonatal mice.

RESULTS
Sevoflurane does not alter arterial blood pressure and arterial

blood gas levels

After exposing the mice to 3.4% sevoflurane in air or to only air (to
control mice) for 5 h, there were no signs of cardiorespiratory
dysfunction. There were no significant differences in arterial oxygen
pressure (PaO2), blood oxygen saturation (SaO2), power of hydrogen
(PH), carbon dioxide partial pressure (PaCO2), and mean arterial
pressure (MAP) between the groups (Table S1). The data indicate
that sevoflurane treatment has no harmful effects on the physiological
parameters of the mice.

Sevoflurane increases lncRNA Xist and apoptosis in neonatal

mice and HT22 cells

To investigate whether sevoflurane induced apoptosis, TUNEL stain-
ing was performed in the hippocampus of the mice after sevoflurane
exposure. Increases in TUNEL-positive neurons could be observed
both in representative images (Figure 1A) and by quantification
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(Figure 1B). To confirm sevoflurane-induced
apoptosis in neurons, Annexin V-fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI) stain-
ing and flow cytometry analysis were performed.
The results showed significant increases in the
rate of apoptosis, including early and late
apoptosis, after sevoflurane exposure (Figures
1C and 1D). Additionally, the levels of cleaved
caspase-3, Bax, and Bcl-2 (markers for apoptosis)
were assessed by western blot in hippocampal
cells, showing increases in cleaved caspase-3
and Bax levels and decreases in Bcl-2 levels after
sevoflurane exposure (Figure 1E). Finally, the
expression of lncRNA Xist was determined by
quantitative real-time polymerase chain reaction (PCR), showing
that lncRNA Xist significantly increased after sevoflurane exposure
(Figure S1). Our evidence indicates that sevoflurane treatment in-
duces neuronal apoptosis and upregulates lncRNA Xist in the neu-
rons of neonatal mice, which may contribute to sevoflurane-induced
neurotoxicity.

Silencing lncRNA Xist attenuates sevoflurane-induced

apoptosis in neonatal mice and HT22 cells

To ensure an effect of Xist small interfering (si)RNA on lncRNA Xist,
the expression of lncRNA Xist was determined in neurons by quan-
titative real-time PCR, showing that lncRNA Xist expression signifi-
cantly decreased after exposure to Xist siRNA (Figure 2A). To fully
assess the role of lncRNA Xist on sevoflurane-induced neurotoxicity,
we explored whether inhibition of lncRNA Xist downregulates the
apoptosis caused by sevoflurane in neurons. Annexin V-FITC/PI
staining and flow cytometry analysis revealed significant decreases
in the rate of apoptosis, including early and late apoptosis, after co-
exposure to sevoflurane and Xist siRNA (Figures 2B and 2C).

To evaluate the effects of lncRNA Xist on sevoflurane-induced neuro-
toxicity, small hairpin (sh)RNA Xist or shRNA negative control (NC;
Ruibo Biotechnology, Guangzhou, China) was intracranially injected
into the bilateral hippocampi of the mice (each side, 5 nmol every
2 days, a total of 4 injections). 1 day after the final injection, the mice



Figure 2. lncRNA Xist knockdown decreases SEVO-induced apoptosis in neonatal mice and in HT22 cells

Neonatal mice and cultured neurons were divided into two groups with six each. The SEVO group was exposed to 3.4%SEVO, and the control groupwas exposed to air for 5

h. The neonatal mice received stereotaxic intracranial injections with shRNA Xist or shRNA NC in the bilateral hippocampi (n = 6 in each group). 1 day after injection, SEVO

treatment was conducted on these mice. (A) Quantitative real-time PCR for lncRNA Xist in neurons. (B and C) Annexin V-FITC/PI staining and flow cytometry analysis;

representative images (B) and quantification (C). (E) Quantitative real-time PCR for lncRNA Xist to verify the efficiency of shRNA Xist in the hippocampus of a mouse. (F and G)

TUNEL staining in the hippocampus of a mouse; representative images (E) and quantification (F). (D and H) Representative images of western blot for Bax, Bcl-2, and cleaved

caspase-3 in neurons and in the hippocampus of a mouse. *p < 0.05, **p < 0.01. N = 6.
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were exposed to sevoflurane. TUNEL staining revealed decreases in
TUNEL-positive neurons in the hippocampi of mice after co-exposure
to sevoflurane and shRNA Xist, as seen in representative images (Fig-
ure 2F) and by quantification (Figure 2G). Moreover, the exposure to
sevoflurane significantly upregulated the expression of Bax and cleaved
caspase-3, whereas significantly downregulating the expression of Bcl-
2. Importantly, the expression of all of these proteins was decreased
compared to the control group after co-exposure to Xist siRNA and
sevoflurane in neurons (Figure 2D) and after co-exposure to shRNA
Xist and sevoflurane in the hippocampus of the mice (Figure 2G).
Our findings reveal that the silencing of lncRNA Xist reduces the
apoptosis induced by sevoflurane in neonatal mice and in HT22 cells.

Suppression of lncRNA Xist expression attenuates sevoflurane-

induced social and emotional impairment in neonatal mice

To evaluate the effects of lncRNA Xist on social and emotional behav-
iors of mice after sevoflurane exposure, the mice were subjected to the
elevated plus maze, the open field test, and the social behavioral test af-
ter sevoflurane exposure. The elevated plus maze showed that, after
sevoflurane exposure, neonatal mice that had received shRNAXist dis-
played more entries into open arms and less time spent in the open
arms compared to the shRNA NC group, whereas there was no differ-
ence in total distance traveled between the two groups (Figures 3A and
3B). The open field test results revealed that, after sevoflurane exposure,
neonatal mice that had received shRNA Xist spent more time in the
center of the open field and traveled longer total distances during the
5 min of open field exploration compared to the shRNA NC group
(Figures 3C�3E). Moreover, shRNA Xist improved sevoflurane-
induced social interaction impairments in neonatal mice as shown by
the three-chamber social interaction test. We performed two social
behavioral tests—the social preference and the social novelty tests—us-
ing the three-chamber sociability paradigm (Figure 3F). Neonatal sev-
oflurane-exposed mice had a deficiency in social interaction behaviors.
Regarding social preference, mice that had received shRNA Xist spent
markedly more time in the chamber with the novel mouse and inter-
acting with the novel mouse compared to the shRNA NC group,
whereas there was no difference in the time spent in the center chamber
and in the chamber containing the novel object and interacting with the
novel object between the two groups (Figures 3G and 3H). Regarding
social novelty,mice that had received shRNAXist spentmarkedlymore
time in the chamber with the second novel mouse and interacting with
the second novel mouse compared to the shRNA NC group, whereas
there was no difference in the time spent in the center chamber and
in the chamber containing the novel mouse and interacting with the
novel mouse between the two groups (Figures 3I and 3J). Our findings
confirm that social and emotional performances are impaired in
neonatal mice exposed to sevoflurane, and this can be reverted by
lncRNA Xist suppression.

miR-98-5p is a target of lncRNA Xist in HT22 cells

To explore the downstream modulatory mechanism of lncRNA Xist,
possible targets of lncRNA Xist were assessed by Starbase software.
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Figure 3. lncRNA Xist knockdown reverses SEVO-induced social and emotional impairment in neonatal mice

(A and B) Elevated plus maze 8 weeks after SEVO exposure. (A) Percentage of entries into open arms and percentage of time spent in the open arms. (B) Total distance run

during the trial (locomotion index). (C�E) Open field test 8 weeks after SEVO exposure. (C) Time spent in the center of the open field during 5 min of open field exploration. (D)

Total distance run during 5 min of open field exploration. (E) Movement tracks showing 5 min of open field exploration. (F) Three-chamber test 8 weeks after SEVO exposure.

Three-chamber sociability paradigm. (G) Time spent in the center chamber, the chamber containing the novel mouse (novel mouse 1), or the novel object. (H) Time spent

interacting with the novel mouse (novel mouse 1) or the novel object. (I) Time spent in the center chamber, the chamber containing the novel mouse, or the chamber

containing the second novel mouse (novel mouse 2). (J) Time spent interacting with the novel mouse or the second novel mouse (novel mouse 2). *p < 0.05, **p < 0.01. N = 6.
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We found that miR-98-5p is a target of lncRNA Xist in HT22 cells
(Figures 4A and 4B). A quantitative real-time PCR was performed
to confirm changes in miR-98-5p levels in these cells. The levels of
miR-98-5p were significantly altered after modification of lncRNA
Xist levels (Figure 4C). To further verify the interaction between
lncRNA Xist and miR-98-5p, a dual-luciferase reporter assay was per-
formed. The luciferase activity of lncRNA Xist wild type (WT) was
markedly suppressed in miR-98-5p-overexpressing cells, but no
obvious change in the luciferase activity of lncRNA Xist mutant
(Mut) was observed (Figure 4D). Anti-AGO2 RNA immunoprecipi-
tation (RIP) was also performed in HT22 cells. A quantitative
real-time PCR confirmed that the levels of both lncRNA Xist and
942 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
miR-98-5p significantly increased, indicating that lncRNA Xist,
miR-98-5p, and AGO2 formed a complex in miR-98-5p-transfected
HT22 cells (Figure 4E). Together, these data suggest that lncRNA
Xist targets miR-98-5p to inhibit its translation in HT22 cells.

Overexpression of miR-98 decreases sevoflurane-induced

apoptosis through CHOP and Tribbles-related protein 3 (Trib3)

ER stress signaling pathways

Our previous results indicated that sevoflurane exposure downregu-
lated miR-98-5p in neonatal mice and HT22 cells (Figures 5A and
5B). To further determine whether lncRNA Xist regulated apoptosis
in HT22 cells after sevoflurane exposure by targeting miR-98, miR-98
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was overexpressed by transfection of miR-98 mimic in HT22 cells.
Annexin V-FITC/PI staining and flow cytometry analysis indicated
a significant decrease in the rate of apoptosis, including early and
late apoptosis, after co-exposure to sevoflurane and miR-98 mimic
(Figures 5D and 5E). We also observed that sevoflurane significantly
enhanced the expression of cleaved caspase-3 and Bax, whereas
significantly downregulating the expression of Bcl-2. The expression
of these proteins was the opposite to the control group after co-expo-
sure to sevoflurane and miR-98 mimic (Figure 5F).

Furthermore, CHOP, a vital part of the ER stress reactive machinery,
favors ER stress-induced apoptosis via inhibition of autophagy
in vitro. TRIB3 is a critical factor in various cellular processes; upregu-
lation of TRIB3 triggers apoptosis and thereby promotes the suppres-
sion of cell growth. To additionally determine whether sevoflurane
caused ER stress, a western blot analysis was performed in the hippo-
campus of the mice and in neurons, revealing increases in CHOP and
Trib3 levels after sevoflurane exposure, as seen in representative images
(Figures 5G and 5H). Accordingly, we concluded that miR-98 overex-
pression decreased the apoptosis induced by sevoflurane in HT22 cells.
The silencing of lncRNA Xist significantly decreased the expression of
the ER stress markers CHOP and Trib3 and the cell apoptosis markers
cleaved caspase-3 and Bax and significantly upregulated the expression
of Bcl-2, whereas inhibiting lncRNA Xist concurrently to suppressing
miR-98 inversed these protein expression levels in neurons (Figures
5I and 5J). We confirmed that lncRNA Xist regulates apoptosis in neu-
ral cells by spongingmiR-98-5p and that lncRNAXist might play a key
role in sevoflurane-induced neurotoxicity via regulating miR-98.

miR-98-5p targets EDEM1 by suppressing translation in HT22

cells

To explore the downstreammodulatory mechanism of miR-98-5p, the
possible targets of miR-98-5p were assessed by TargetScan software.
We found that EDEM1 was a potential target of miR-98-5p (Figures
6A and 6B). To further verify the interaction between miR-98 and
EDEM1, a dual-luciferase reporter assay was performed. We found
that the luciferase activity of EDEM1 WT was markedly suppressed
in miR-98-overexpressing cells, but no obvious change in the luciferase
activity of EDEM1 Mut was observed (Figure 6C). Additionally, a
quantitative real-time PCR was performed to determine EDEM1
expression in HT22 cells after transfection with NC mimic or miR-
98 mimic. The overexpression of miR-98 significantly inhibited
EDEM1 expression, whereas the suppression of miR-98 markedly
increased EDEM1 expression (Figure 6D). Furthermore, the western
blot analysis indicated that the protein expression of EDEM1 displayed
consistent changes in HT22 cells after transfection with miR-98 mimic
and NCmimic (Figure 6E). The above facts show that EDEM1 is a po-
tential target of miR-98 and is negatively modulated by miR-98.

Sevoflurane increases EDEM1 expression in neonatal mice and

HT22 cells, and miR-98 is involved in apoptosis through

regulating EDEM1 in HT22 cells

As a mannosidase-like protein, EDEM1 conscripts misfolded glyco-
proteins from the calnexin/calreticulin-folding circulation to down-
stream ER-associated degradation signaling. We assessed the interac-
tion among lncRNA Xist, miR-98-5p, and EDEM1 and observed that
the silencing of lncRNA Xist significantly decreased EDEM1 expres-
sion, whereas the inhibition of lncRNA Xist concurrently with the
suppression of miR-98 inversed EDEM1 expression levels in neurons
(Figure S2). To explore the role of EDEM1 in sevoflurane-induced
neuronal apoptosis, the expression of EDEM1 was determined in
mouse brain and in neurons by quantitative real-time PCR and west-
ern blot analysis, showing that EDEM1 expression significantly
increased after sevoflurane exposure (Figures 6G�6J). Immunofluo-
rescence staining results also showed that EDEM1 expression
increased in neurons after sevoflurane exposure, as seen in represen-
tative images and by quantification (Figure 6K). These results suggest
that sevoflurane upregulates EDEM1 expression and induces ER
stress in neonatal mice and in neurons. The effects of the simulta-
neous suppression of Xist and overexpression of EDEM1 on ER stress
in neurons were explored. The results showed that the effects of Xist
inhibition alone on the ER stress markers CHOP and Trib3 and the
cell apoptosis markers cleaved caspase-3, Bax, and Bcl-2 in neurons
were reversed after the suppression of Xist concurrently to the over-
expression of EDEM1 (Figures 6L and 6M). Collectively, our evidence
indicated that sevoflurane treatment upregulates EDEM1 expression
and induces ER stress in neonatal mice and in neurons, which may
contribute to sevoflurane-induced neuronal apoptosis. We also
confirmed that lncRNA Xist regulates ER stress in neural cells
through modulating EDEM1 and that lncRNA Xist might play a
key role in sevoflurane-induced neurotoxicity via regulating
EDEM1 (Figures 6N and 6O).

DISCUSSION
In the present study, the effects and mechanisms of lncRNA Xist on
sevoflurane-induced neurotoxicity were investigated using neonatal
mice and hippocampal cells. Our results showed that sevoflurane
exposure led to poor performance of neonatal mice in the elevated
plus maze, the open field test, and the three-chamber social interac-
tion test and that it increased lncRNA Xist and EDEM1 expression
in hippocampal neurons. Silencing of lncRNA Xist significantly
improved the performance of the mice in these social and emotional
behavioral tests and reduced sevoflurane-induced apoptosis and ER
stress in vitro and in vivo. Further in vitro studies showed that
lncRNA Xist negatively regulated miR-98-5p expression and that
lncRNA Xist regulated sevoflurane-induced apoptosis and ER stress
in hippocampal neurons by sponging miR-98-5p. These findings sug-
gest a key role of lncRNA Xist in sevoflurane-induced neurotoxicity.

Anesthesia can induce neurotoxicity and neurocognitive impair-
ments in young mice.12,13 Previous data have shown that exposure
to sevoflurane induces both learning deficits and abnormal social be-
haviors resembling autism spectrum disorders in neonatal mice.14,15

Recent studies concluded that early exposure to anesthesia could
have lasting effects on emotional and social development, and rodent
behavioral models were an excellent instrument to investigate long-
term socio-emotional general anesthesia-caused disorders in hu-
mans.16,17 In our investigation, we further confirmed that exposure
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Figure 4. Binding between lncRNA Xist and miR-98-

5p

(A) lncRNA Xist predicted to bind miR-98-5p by Starbase

software. (B) Bioinformatics analysis predicts binding of

miR-98-5p to the 30 UTR of lncRNA Xist in mice. (C)

Knockdown of lncRNA Xist by siRNA in HT22 neurons.

Transfection with NC mimic used as control. Quantitative

real-time PCR for miR-98-5p levels. (D) Wild-typemRNA (30

UTR) and mRNA with a mutation in the 30 UTR miR-98-5p-

binding site (30 UTR Mut) of lncRNA Xist. A dual-luciferase

reporter assay conducted by miR-98-5p-modifying plas-

mids and 30 UTR plasmids of lncRNA Xist. (E) Quantitative

real-time PCR for RNA levels of lncRNA Xist andmiR-98-5p

in miR-98-5p-transfected neurons using anti-AGO2 RIP.

*p < 0.05, **p < 0.01.
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to sevoflurane causes deficits in social and emotional behavior in
neonatal mice, as shown by the altered results in the elevated plus
maze, the open field test, and the three-chamber social interaction
test. Collectively, these findings indicate that exposure to sevoflurane
impairs social and emotional behaviors in neonatal mice and that this
may have lasting influences on emotional and social development.

An increasing number of studies have evidenced the critical role of
lncRNAs in the pathogenesis of numerous neurological processes. In
particular, lncXist is considered one of the most enhanced lncRNAs
and is associated with apoptosis. Yue et al.18 demonstrated that the
expression of lncRNA Xist was enhanced in vivo and in vitro in Alz-
heimer’s disease (AD) models. Suppression of lncRNA Xist positively
modulated BACE1 and negatively modulated miR-124 expression in
N2a cells. lncRNAXist could be a new potential focus for the treatment
of AD. Moreover, Gu et al.5 confirmed that inhibition of lncRNA Xist
suppresses neuronal apoptosis in a micemodel of SCI and that the pro-
tective effects of lncRNA Xist inhibition might be regulated by the
phosphorylation of AKT and miR-494. Our results showed that the
expression of lncRNA Xist is increased in vivo and in vitro after sevo-
flurane exposure and that the suppression of lncRNA Xist decreases
sevoflurane-induced apoptosis and ER stress. We, thus, speculate
that lncRNA Xist contributes to the development of sevoflurane-
induced neurotoxicity via regulating apoptosis and ER stress.
944 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
Growing evidence from animal model studies has
confirmed that as a stress-related microRNA
(miRNA), miR-98-5p plays a key role in modu-
lating oxidative stress, apoptosis, and cell survival
in numerous biological processes and cell types.
Sun et al.7 demonstrated that miR-98-5p attenu-
ates OGD/R-induced neuronal injury by the acti-
vation of the Nrf2/ARE pathway in vitro, indi-
cating that miR-98-5p could be a target for
cerebral ischemia/reperfusion injury treatment
and a therapeutic target for neuroprotection. In
this study, our bioinformatics analysis predicted
miR-98-5p to be a molecular target of lncRNA
Xist, which was verified by dual-luciferase re-
porter assay and anti-AGO2 RIP. We found that the overexpression
of miR-98 decreased the apoptosis induced by sevoflurane in HT22
neurons. That is, the inhibition of lncRNA Xist significantly downre-
gulated the cell apoptosis markers cleaved caspase-3 and Bax in HT22
cells, whereas this was reversed after inhibition of lncRNA Xist
concurrently with miR-98. Based on our results, we speculate that
lncRNA Xist negatively regulates miR-98-5p expression and that
lncRNA Xist exerts its effects on apoptosis by sponging miR-98-5p
in HT22 neurons.

As a protein quality control factor, EDEM1 was first known for its ca-
pacity to discern N-linked glycans in misfolded proteins by its man-
nosidase-like domain. Yang et al.19 indicated that paraquat-enhanced
EDEM, glucose-regulated protein 78, ER stress biomarker proteins,
and CHOP activate the IRE1/ASK1/JNK cascade associated with
apoptosis in SY5Y cells. Lin et al.11 highlighted the key roles of the
genes EDEM1, ATF4, and TRAF2 in the protein-misfolding process
of PD, which makes them potential therapeutic targets for PD. In
this study, our bioinformatics analysis predicted EDEM1 to be a mo-
lecular target of miR-98-5p, which was verified by the dual-luciferase
reporter assay. Additionally, we found that sevoflurane exposure
increased the expression of EDEM1 and of the ER stress markers
CHOP and Trib3 in neonatal mice and in HT22 neurons. The
silencing of lncRNA Xist decreased CHOP and Trib3 expression after



Figure 5. Effects of lncRNA Xist and miR-98-5p on SEVO-induced ER stress and apoptosis in HT22 cells

(A and B) Quantitative real-time PCR for miR-98-5p in the hippocampus of a mouse (A) and in neurons (B). (C) Quantitative real-time PCR for miR-98-5p to verify the efficiency

of miR-98 mimic and miR-98 inhibitor in neurons. (D and E) Annexin V-FITC/PI staining and flow cytometry analysis; representative images (D) and quantification (E). (F�J)

Western blot for Bax, Bcl-2, cleaved caspase-3, CHOP, and Trib3 in neurons and in the hippocampus of a mouse; representative images (F�I) and quantification (J). *p <

0.05, **p < 0.01.
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Figure 6. Binding between miR-98-5p and EDEM1 and its effects on SEVO-induced ER stress and apoptosis in HT22 cells

(A and B) Bioinformatics analysis predicts binding of miR-98-5p to the 30 UTR of EDEM1 in mice. (C) Wild-type mRNA (30 UTR) and mRNA with a mutation in the 30 UTRmiR-

98-5p-binding site (30 UTR Mut) of EDEM1. A dual-luciferase reporter assay conducted by miR-98-5p-modifying plasmids and 30 UTR plasmids of EDEM1. (D) miR-98-5p

overexpressed by miR-98-5p mimic in HT22 cells. Transfection with NC mimic used as control. Quantitative real-time PCR for EDEM1 levels. (E) Western blot for EDEM1

levels in miR-98-modified HT22 cells; representative images and quantification. (F) Western blot for EDEM1 levels in HT22 cells; representative images and quantification. (G

and H) Quantitative real-time PCR for miR-98-5p in the hippocampus of a mouse and in neurons. (I and J) Western blot for EDEM1 in the hippocampus of a mouse and in

neurons; representative images and quantification. (K) Immunofluorescence staining of EDEM1 in neurons; representative images and quantification. (L and M) Western blot

for Bax, Bcl-2, cleaved caspase-3, CHOP, and Trib3 in neurons; representative images (L) and quantification (M). (N and O) Western blot for EDEM1, CHOP, and Trib3 in

neurons; representative images (N) and quantification (O). *p < 0.05, **p < 0.01. N = 6.
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sevoflurane exposure, which could be reversed by the inhibition of
lncRNA Xist simultaneously to the overexpression of EDEM1.
Collectively, these data confirm that EDEM1 is a downstream regula-
tory mechanism of lncRNA Xist/miR-98-5p, which regulates
apoptosis and ER stress after exposure to sevoflurane, and that the ef-
fects of lncRNA Xist on apoptosis and ER stress in HT22 neurons are
executed through the miR-98-5p/EDEM1 pathway. We also investi-
gated the interaction among lncRNA Xist, miR-98-5p, and EDEM1
and found that the silencing of lncRNA Xist significantly decreased
EDEM1 expression, whereas the inhibition of lncRNA Xist concur-
rently with the suppression of miR-98 inversed EDEM1 expression
levels in neurons. These provide further evidence on the capacity of
lncRNA Xist to sponge miR-98-5p as a competitive endogenous
RNA (ceRNA); lncRNA Xist is predicted to act as a ceRNA to modu-
late EDEM1 by competitively binding to miR-98-5p.

In conclusion, these findings have revealed that downregulation of
lncRNA Xist may contribute to mitigate sevoflurane-induced neuro-
toxicity in hippocampal neurons and social and emotional behavioral
deficits in neonatal mice via inhibiting apoptosis and ER stress. The
miR-98-5p/EDEM1 axis may be the downstream mechanism for
the role of lncRNA Xist in the development of sevoflurane-induced
neurotoxicity. Our results provide new evidence for the clinical con-
cerns regarding sevoflurane anesthesia and could represent a prom-
ising strategy to prevent sevoflurane-induced neurotoxicity. Further
studies are still required to verify our findings.

MATERIALS AND METHODS
Ethics statement

The study protocol was approved by the Zhejiang University Institu-
tional Review Board of Animal Studies (ZJU2019-16778). All exper-
imental procedures were performed in accordance with The Ministry
of Science and Technology of the People’s Republic of China’s Guid-
ance Suggestions for the Care and Use of Laboratory Animals.20

Animals and anesthesia treatment

Male C57BL/6 mice of 6 days of age (2.9�3.8 g) were purchased from
the Laboratory Animal Center of Zhejiang University
(2019000624485). Each experimental condition group had a balanced
number of littermate controls. All animals were housed in standard
animal cages under conventional housing conditions (12 h light-
dark cycle and 22 ± 1�C). The mice were randomly allocated to the
sevoflurane group (exposed to 3.4% sevoflurane [44071; Maruishi,
Japan] in air in an anesthesia agent evaporator chamber for 5 h) or
to the control group (exposed to air for 5 h; n = 6 per group). The
body weights of the mice were assessed 6 days postnatal and 8 weeks
after air or sevoflurane treatment.

Arterial blood gas and arterial blood pressure analysis

To perform arterial blood-gas analysis, arterial blood samples
(100 mL) were extracted from the left cardiac ventricle of the mice
before and after treatment with sevoflurane or air with a 24-gauge
catheter. Arterial PaCO2, PH, SaO2, and PaO2 were assessed with a
Nova Biomedical blood gas apparatus (ABL800; Radiometer, Copen-
hagen, Denmark). Moreover, BIOPAC MP150 and AcqKnowledge
software (Biopac Systems, Goleta, CA, USA) were used to calculate
the MAP.

Primary neuronal culture

Postnatal day 1 C57BL/6 mice were used for cell culture preparation
based on a protocol modified from Malgaroli and Tsien.21 Cerebral
hippocampi were separated and dissected in HEPES-buffered saline
(HBS) after removing the meninges. Tissue fragments were then
added to the separation medium (Neurobasal medium, 48 mL; 1%
horse serum, 0.5 mL; 2% B27 supplement, 1 mL; and 0.25% GluMAX,
0.5 mL) and subjected to mild trypsinization in 0.25% Trypsin-EDTA
at 37�C for 20 min and to repeated aspirations through a Pasteur
pipette for mechanical dissociation. The cell suspension was pelleted
by gentle centrifugation (2,000 rpm for 3 min at room temperature)
and then seeded in the dissociation medium in 3.5 cm culture dishes
with a specific gravity of 3� 105 cells per mL. The cells were placed in
an incubator with 5% CO2 at 37�C.

Cell culture

Mouse hippocampal neuronal cell lines (HT22) were bought from
Procell Life Science & Technology (Wuhan, China) and hatched in
Dulbecco’s modified Eagle’s medium (DMEM) containing 15% fetal
bovine serum (Invitrogen, Shanghai, China) in a 37�C incubator
with 5% CO2.

Anesthesia treatment

Primary hippocampal neurons and HT22 cells in culture dishes were
randomly exposed to 3.4% sevoflurane in fresh gas (5% CO2, 21% O2,
and balanced N2) for 5 h (group S) or only to fresh gas (group C) at
37�C in a chamber (RWD Life Science, Shenzhen, China). A steady
concentration of 3.4% sevoflurane was kept during the experiments
by a Capnomac gas monitor (Datex-Ohmeda, Helsinki, Finland).

Intracranial injections and transfection experiments

A stereotaxic apparatus (Kopf Instruments) was used to fix the
neonatal mice. We injected 10 mL of shRNA Xist or shRNA NC
(Ruibo Biotechnology, Guangzhou, China) at a rate of 0.25 mL/min
intracranially into the bilateral hippocampi of the mice with the
following stereotaxic coordinates: lateral, ±0.7 mm; ventral,
�1.3 mm; bregma, +1.9 mm.22 The mice were exposed to sevoflurane
1 day later. Meanwhile, HT22 cells were transfected with shRNA Xist,
miR-98 mimic, or miR-98 inhibitor (Biomics Biotechnologies, Nan-
tong, China) or were induced an overexpression of EDEM1 via
plasmid with Lipofectamine 2000 (Invitrogen; 11668-019) following
the manufacturer’s protocol. Subsequently, cells were gathered for
EDEM1, CHOP, Trib3, Bcl-2, Bax, and caspase-3 assay using western
blot analysis and quantitative real-time PCR after receiving either
fresh air or 3.4% sevoflurane for 5 h.

Western blot

Radioimmunoprecipitation assay (RIPA) lysis buffer (Boster Biotech-
nology, Wuhan, China) and phenylmethanesulfonyl fluoride (Boster
Biotechnology, Wuhan, China) were used to homogenize the
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hippocampus or cells. The protein concentration was tested by a BCA
kit (Beyotime Biotechnology, Haimen, China). Specific monoclonal
antibodies anti-EDEM1 (sc-377394), anti-CHOP (sc-7351), anti-
Trib3 (sc-365842; 1:1,000 dilution; Santa Cruz, USA), anti-cleaved
caspase-3 (9664S), anti-Bcl-2 (3498S), anti-Bax (2772S), and anti-
GAPDH (5174S; 1:1,000 dilution; Cell Signaling Technology, USA)
were applied to hatched blots overnight at 4�C. Subsequently, the
samples were hatched by horseradish peroxidase-labeled second anti-
body rabbit anti-mouse (5127) or mouse anti-rabbit antibody (93702;
1:5,000 dilution; Cell Signaling Technology, USA) for 2 h. The protein
band absorbance was visualized by the Super Signal West Pico
Chemiluminescent Substrates (Pierce Biotechnology, Rockford, IL,
USA) and quantified by GEL-PRO ANALYZER software (Bio-Rad
Laboratories, Hercules, CA, USA).

Quantitative real-time PCR

Total RNAwas obtained by TRIzol Reagent RNAiso Plus (Takara Bio,
Shiga, Japan). For lncRNA and mRNA, PrimeScript RT Reagent Kit
with Genomic DNA (gDNA) Eraser (Perfect Real Time; RR047A; Ta-
kara Bio, Shiga, Japan) was used to inverse transcribe cDNA following
the manufacturer’s instructions. For miRNA, the reverse transcrip-
tion was performed with Mir-X miRNA First-Strand Synthesis Kit
(638313; Takara Bio, Shiga, Japan). Quantitative real-time PCRs
were conducted in the Step One Plus Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA) and analyzed with
TB Green Premix Ex Taq (RR420A; Takara Bio, Shiga, Japan). The
reaction conditions were as follows: 95�C for 10 s, 40 cycles of 5 s
at 95�C, and 30 s at 60�C. The relative gene-expression levels were de-
tected based on the 2�DDCt method. The primer sequence of quanti-
tative real-time PCR is shown in Table S2. b-actin and U6 were used
as the internal control for Xist and miR-98-5p, respectively.

TUNEL analysis

5% formaldehyde in 0.1 M phosphate-buffered saline (PBS; Gibco;
18912-014) was used to fix the brains of the mice for 24 h at 4�C. Af-
terward, TUNEL staining was performed using a cell death detection
kit (Roche Diagnostics, Mannheim, Germany) following the manu-
facturer’s protocol after preparation of paraffin-embedded sections
(5 mm). The apoptotic cell nuclei turned brown in diaminobenzidine
chromogenic liquid (K5007; Dako, Denmark). Images were obtained
with a DFC295 digital camera and edited with a DM2500 bright-field
light microscope with Leica Application Suite 4.1.0 software at 200�
magnification and with Adobe Photoshop CS5 version 12.1.32. The
number of TUNEL-positive cells and the total number of cells in
each view were determined by Image-Pro Plus software, and the
apoptotic index was defined as the ratio of TUNEL-positive cells to
total cells in each view.

Apoptotic cell assay

Cells were stained with Annexin V-FITC and PI with an Annexin V-
FITC/PI Apoptosis Detection Kit (Becton Dickinson [BD], San Jose,
CA, USA) following themanufacturer’s instructions after having been
gathered and washed twice with cold PBS and suspended in 1� bind-
ing buffer. The apoptosis percentage was calculated through BD fluo-
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rescence-activated cell sorting Accuri C6 (BD, San Jose, CA, USA).
Data were analyzed using FlowJo software (Tree Star, Ashland, OR,
USA).

Immunofluorescence analysis for EDEM1 in neurons

5% formaldehyde in 0.1 M PBS (Gibco; 18912-014) was used to immo-
bilize the HT22 cells at 4�C for 24 h. Then, the cells were washed with
PBS, fixed in 4% PBS-buffered paraformaldehyde, and permeabilized
by 0.2% Triton X-100. The cells were hatched in blocking solution
(10% goat serum, 1% BSA/PBS) with primary antibody, rabbit anti-
active EDEM1 (1:100, sc-377394) overnight at 4�C, which was followed
by dyeing with Alexa Green fluorescent and 4-6-diamidino-2-phenyl-
indole-dihydrochloride (DAPI; 1:500; Sigma; SLBR3299 V) for 2 h to
visualize the nuclei. A fluorescence microscope (Leica DM1600; Leica
Microsystems, Heidelberg, Germany) and a digital camera were used
to visualize the cells and record representative areas.

RIP

As mentioned in a previous study,23 the RIP assay was performed
following the manufacturer’s instructions of the EZ-Magna RIP Kit
(Millipore, Bedford, MA, USA). The HT22 cells were transfected
with miR-98-5p mimic or control for 48 h and then resuspended in
RIPA buffer and incubated on ice for 30 min. Mouse anti-Ago2 anti-
body (Millipore) was added into the lysate obtained by centrifugation
and incubated for 4 h at 4�C; normal mouse immunoglobulin G (IgG;
Santa Cruz, USA) was used as NC. Beads were suspended in RIPA
buffer and processed with 45 protease K for 45 min at 45�C. RIP sam-
ples were extracted by TRIzol and detected by quantitative real-time
PCR analysis.

Dual-luciferase reporter gene assay

As previously reported, the binding sites between miR-98-5p and Xist
or miR-98-5p and EDEM1 were predicted by TargetScan and Star-
base software, and their interaction was confirmed by the luciferase
reporter assay (Data S1).6 pGL3 (3577193; Promega, Madison, WI,
USA) cloned the target fragments called Xist WT and EDEM1 WT.
To create the Mut vectors of lncRNA Xist Mut type and EDEM1
Mut, site-specific mutagenesis was analyzed in the binding site of
miR-98-5p and lncRNA Xist. The pRL-TK vector was used as an in-
ternal control. HT22 cells were co-transfected with 500 ng pRL-TK
vector, 500 ng firefly luciferase expression vector pGL3-Xist, or
pGL3-EDEM1 (XIST WT, EDEM1 WT, XIST Mut, or EDEM1
Mut) and 50 nM miR-98-5p mimic or its NC by Lipofectamine
2000. The luciferase activity was assessed in the collected cells after
hatching for 48 h according to the protocols of the dual-luciferase re-
porter gene test kit (E1910) on the GloMax 20/20 fluorescence detec-
tor (Promega, Madison,WI, USA), and it was determined as the value
of firefly luciferase activity/value of Renilla luciferase activity.

Elevated plus maze

The elevated plus maze included two enclosed arms (50 cm � 10 cm
� 40 cm), a junction area (10 cm � 10 cm), and two open arms
(50 cm � 10 cm). First, each mouse was put in the middle area con-
fronting one open arm and was allowed to explore the maze for 5min.
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The total distance traveled during the experiment (locomotion in-
dex), the ratio of time spent in the open arms of the maze relative
to the closed arms, and the percentage of entries into the open
arms divided by the total number of entries were calculated by the
EthoVision video-tracking system (Noldus Information Technology,
Leesburg, VA, USA) and used as an operational definition of activity-
independent anxiety.

Open field test

The spontaneous motor activity and the exploratory behaviors of the
mice 8 weeks after exposure to sevoflurane were evaluated by the open
field test. The test was conducted according to the study of Nikiforuk
et al.24 First, the mice were gently put into the new trail surrounding
for 10 min to familiarize with it before the test began. Then, the mice
exercised in a round open arena (100 cm diameter, 50 cm high). The
arena was divided equally into 8 parts. The center of the arena was
illuminated by a bright lamp. Each mouse was placed in the center
of the field and surveyed for 5 min before starting. The activities of
the mouse traveling through the open field chamber for 5 min were
recorded by the Any-Maze animal tracking system software (Xinruan,
Shanghai, China). The total distance traveled and the time spent in
the center of the field were also registered by the software.

Three-chamber social interaction

Sociability deficits were assessed by the three-chamber social
approach task 8 weeks after sevoflurane exposure as previously
described.25 The instrument was a rectangular box with three cham-
bers of 20 cm (length) � 40.5 cm (width) � 22 cm (height). A small
hole of 10 cm width � 5 cm height in the dividing Plexiglas walls al-
lowed the mice to enter every chamber. The center chamber was the
starting point. A mineral water bottle on top of the chambers hin-
dered climbing. The time spent in each chamber and the number of
transitions were recorded by an automated photo beam on each
doorway. First, the test mice were habituated to the box for 10 min.
Then the mice were limited to the middle chamber by means of di-
viders, and a novel stimulus mouse and a novel object were put in
either of the two side chambers (social preference). Afterward, the di-
viders were removed, and the test mice were permitted to run for
10 min between the chambers with the novel stimulus mouse and
the novel object. Subsequently, the test mice were limited to the mid-
dle chamber once more, and the novel object was changed for a sec-
ond novel stimulus mouse (social novelty). The test mice were al-
lowed to run again from the middle chamber and to travel for
10 min between the chambers with the familiar and new stimulus
mice. The EthoVision (Noldus) was used to record the behavior ses-
sions and the time that each test mouse spent close to and/or interact-
ing with (sniffing and nose poking) the object or stimulus mice.

Statistical analysis

All data are present as mean ± standard deviation, and SPSS 24.0
(SPSS, Chicago, IL, USA) was used for all statistical analyses. Stu-
dent’s t test and two-way ANOVA, followed by post hoc tests with
Bonferroni correction, were used to analyze numerical data. p <
0.05 was considered statistically significant.
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