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The commonly used inhalation anesthetic, isoflurane, can permeate rapidly through the placental barrier and
thus cause toxicity to the central nervous system of the developing fetus. In this study, we treated pregnant mice
with clinically relevant concentration of isoflurane early on in development (days 3.5–6.5), and then found that the
fetus growth was inhibited by isoflurane. We further used the mouse embryonic stem cell (mES cell) to be the
early development model to investigate the mechanism of the embryotoxicity of isoflurane and found that
isoflurane inhibited self-renewal of mES cells. In addition, neuronal differentiation from the mES cells treated
with isoflurane was also inhibited. Overexpression of E-cadherin attenuated the effects of isoflurane on self-
renewal and the subsequent neuronal differentiation. We also found that miR-9 can be upregulated by isoflurane.
Overexpression of miR-9 inhibited the self-renewal and subsequent neuronal differentiation. E-cadherin was
directly targeted by miR-9. Overexpression of E-cadherin can abolish the function of miR-9 or isoflurane on self-
renewal and subsequent neuronal differentiation. These data suggested that isoflurane inhibits self-renewal and
neuronal differentiation of mES cells, possibly by regulating the miR-9-E-cadherin signaling. The result of the
current study may provide a novel idea for preventing the toxicity of inhalation anesthetics in the developing fetal
brain in clinical practice when pregnant women accept nonobstetric surgery under inhalation general anesthesia.

Introduction

Nowadays, between 0.75% and 2% of pregnant women
require nonobstetric surgery [1]. In the United States,

about 75,000 pregnant women undergo nonobstetric surgery
each year [2]. Isoflurane, a commonly used inhalation anes-
thetic that could readily cross the placental barrier, could
decrease the self-renewal of neuron stem cells at clinically
relevant concentrations and inhibit the survival, proliferation,
and differentiation of human neural progenitor cells [3–5]. A
previous study found that isoflurane significantly inhibited
fetal growth in pregnant mice [6]. A recent study found that a
rat exposed to isoflurane in utero during early gestation is
behaviorally abnormal as an adult [7]. These studies suggest
that isoflurane may have potential toxicity effects of iso-
flurane on embryonic development. Therefore, the embryo-
toxicity in embryonic development of the fetus of pregnant
women who receive general anesthesia with isoflurane at the
early stage of the pregnancy has become a major health issue
for both the medical community and the public.

Embryonic stem (ES) cells are derived from the inner cell
mass of blastocysts and are characterized by self-renewal and
pluripotency [8]. E-cadherin is a critical molecule that regulates

mouse embryonic stem cell (mES cell) self-renewal and pluri-
potent potential [9,10]. E-cadherin-mediated cell–cell contact is
also critical for the generation of induced pluripotent stem
cells [11]. A previous study showed that E-cadherin maintains
the self-renewal and pluripotency of mES cells by enhancing
the expression of Nanog and Oct4 through activating the Lif
(leukemia inhibitory factor)-stat3 signaling [12]. The mES cells
cultured on E-cadherin-coated plates show a higher prolif-
erative capacity and lower dependence on leukemia inhibi-
tory factor [13]. These observations suggest that E-cadherin
plays an important role in the self-renewal of stem cells.

Mature microRNAs (miRNAs) are single-stranded RNA
molecules, 20–23 nucleotides (nt) in length, that control
gene expression post-transcriptionally in many cellular
processes. These molecules typically reduce the stability of
mRNAs [14]. MiR-9 is expressed in mES cells committed
to differentiation to neurons and not at earlier stages [15].
E-cadherin is highly expressed during early embryonic de-
velopment and downregulated upon neuronal differentia-
tion [16]. However, the relationship between the miR-9 and
E-cadherin in mES cells is still unknown.

In the current study, we found that anesthesia with 1.4%
isoflurane for 2 h daily for 3 days reduced fetal growth and
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development. To explore the underlying mechanism, we
next treated mES cells with isoflurane to examine the po-
tential effects of isoflurane on the self-renewal of mES cells.
Moreover, we also investigated the subsequent neuronal
differentiation of these isoflurane-treated mES cells. In a
preliminary bioinformatics analysis using TargetScan,
miRanda, and miRBase [17–19], we predicted that miR-9
could bind to 3¢ untranslated region (UTR) of E-cadherin.
In subsequent experiments, we found that isoflurane could
inhibit self-renewal of mES cells. The neural differentiation
of these isoflurane-treated mES cells is inhibited. MiR-9
inhibited the expression of E-cadherin by targeting the
mRNA 3¢UTR. Isoflurane repressed self-renewal of mES
cells by the miR-9-E-cadherin pathway and led to inhibition
of the neural differentiation of isoflurane-treated mES cells.

In conclusion, isoflurane inhibited self-renewal and sub-
sequent neuronal differentiation of mES cells, possibly
by upregulating miR-9, and subsequent downregulation of
E-cadherin. The miR-9-E-cadherin pathway may be a target
for preventing the toxicity of inhalation anesthetics in the
developing fetal brain in clinical practice when pregnant
women accept nonobstetric surgery under inhalation general
anesthesia.

Materials and Methods

Animals

All animal experiments were approved by the Animal
Care Committee of the Shanghai Ninth People’s Hospital,
Shanghai Jiao Tong University School of Medicine. Two-
month-old C57BL6/J mice (SLAC laboratory animal) with
one-quarter males and three-quarters females were housed in
clean cages and the room temperature was maintained at
24�C – 1�C, with a 12-h light–12-h dark cycle and free rodent
diet and water. The male and female mice were mixed at the
ratio of 1:3 to mate overnight, and mating was confirmed by
the presence of a vaginal plug the following morning. The
date of plug positivity was designated as day 0.5 (E0.5), and
pregnant mice were treated with 1.4% isoflurane for 2 h daily
for 3 days from day 3.5 (E3.5) to day 6.5 (E6.5). At day 18
(E18), pregnant mice were executed by cervical vertebra
luxation and the fetal mice were harvested by cesarean sec-
tion. The fetuses were then weighed and observed.

Cell culture

E14 ES cells, purchased from the Institute of Biochemistry
and Cell Biology in Shanghai, China (SCSP-204), were seeded
in a plate precoated by 0.1% gelatin in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) containing 15% ES-fetal
bovine serum (FBS; Gibco), glutamine (1:100; Invitrogen), non-
essential amino acid (1:100; Invitrogen), 2-mercaptoethanol
(1:550; Invitrogen), and Lif (1:10,000; Invitrogen) at a den-
sity of 2 · 105 cells per well in six-well plates and cultured at
37�C in a humidified atmosphere containing 5% CO2.
NIH3T3 cells were cultured in DMEM containing 10% FBS.

Cell treatment

The isoflurane group was exposed to 2% isoflurane, 5%
CO2 plus 21% O2, and the control group conditions included
5% CO2 plus 21% O2 for 2, 4, and 6 h, as previously de-

scribed [20]. We chose this concentration of isoflurane
treatment directly because it is clinically relevant and has
been shown to induce apoptotic cell death, Ab accumulation,
neuroinflammation in H4 human neuroglioma cells, and
neurons in Xie’s studies [20,21]. A Drager Vamos gas ana-
lyzer (Drager) was used to monitor the concentration of CO2,
O2, and isoflurane. In some experiments, cells were trans-
fected with a pre-miR-9 (50 nM), miR-9 inhibitor (100 nM),
or both at 12 h before isoflurane exposure. For conditional
expression of E-cadherin in mES cells (ptight-tet-on/rtTA-E-
cadherin), E-cadherin expression was turned on by DOX
exposure (5mg/mL) at 12 h before isoflurane treatment.

Neural differentiation of mES cells

Cultured E14 mES cells were dissociated to single cells
with 0.05% trypsin 2, 4, and 6 h after being treated with iso-
flurane for 3 min at 37�C, and then neutralized with DMEM
containing 10% FBS. After being counted, mES cells were
washed with DMEM/F12 and resuspended in a Petri dish at
a density of 25,000–50,000/mL with neural differentiation
medium (NDM): 50% DMEM/F12 (Invitrogen), 50% neural
basal (Invitrogen), N2 supplement (1:100; Invitrogen), l-
glutamax (1:100; Invitrogen), CD lipid concentrate (1:100;
Invitrogen), 3.7 mM N-acetylcysteine (Sigma-Aldrich), and
0.1 mM 2-mercaptoethanol (Amresco). The medium was
changed every 2 days. At day 12, embryoid bodies (EBs) were
digested with Accutase (Innovative Cell Technologies) for
3 min, and washed twice with DMEM/F12, then plated onto
polyornithine (Sigma-Aldrich)/laminin (Invitrogen)-coated
coverslips for staining at day 14 or plated onto a laminin
(Invitrogen)-coated six-well plate for RNA analysis at day 14
with NDM medium supplemented with B27 (Invitrogen).

Construction of luciferase reporter gene

Fragments of the 3¢UTR of E-cadherin were amplified
from the DNA of mES cells by polymerase chain reaction
(PCR), with the following primers: forward: 5¢-GGCGAG
CTCGGACCACTATGCATGCTGC-3¢, with the sacI re-
striction site; reverse: 5¢-GGCCTCGAGGTCTCACCGCCT
GTGTACC-3¢ with an xbaI restriction site. The product
was inserted into the luciferase reporter vector, pGL3cm
(Promega).

Construction of luciferase reporter of mutant UTR

E-cadherin 3¢UTR mutation was generated by replacing
the miRNA-binding site sequence with miRNA seed se-
quences and insertion of the mutant sequence into luciferase
reporter vector (pGL3cm).

Establishment of inducible E-cadherin
overexpression in mES cell lines

The mES cells were dissociated with 0.05% trypsin and
transfected at a density of 5,000/mL with rtTA lentivirus
(106 transducing units/mL) supplemented with 8mg/mL
polybrene. Forty-eight hours later, cells were selected using
G418 (50mg/mL). A stably transfected cell line was selected
and infected with pTight-E-cadherin overexpression lenti-
virus for 48 h in 8mg/mL polybrene before selection with
puromycin (5mg/mL). The medium was changed every day
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for 7 days until the identification of the single-cell clone
under a microscope. Clones were picked up and dissociated
with trypsin and plated onto gelatin-coated 24-well plates.
The expression of E-cadherin was examined using a western
blot after adding Dox.

Reverse transcription PCR and real-time quantity
PCR for miRNA

Total RNA was extracted using Trizol reagent (Sigma-
Aldrich) and reverse transcribed using M-MLV reverse
transcriptase (Promega) using primers published in a previous
study [12]. The real-time quantitative PCR included 40 cycles
of amplification. Expression of target genes (2DDCt) was
normalized against endogenous glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Real-time quantity PCR (qRT-
PCR) was carried out using an Mx3000P system (Stratagene).

Reverse transcription PCR and real-time quantity
PCR for miRNA

miRNA was reverse transcribed to cDNA using a stem–
loop reverse transcription primer (RiboBio Co). Quantitative
RT-PCR was carried out using the Mx3000P system (Strata-
gene). Small nuclear RNA U6 was used as an internal control.
Target gene expression (2DDCt) was normalized against en-
dogenous U6 RNA. The miRNA qRT-PCR primers were syn-
thesized by RiboBio.

Transfection of pre-miRNA or miRNA inhibitor

mES cells were transfected with a chemically synthesized
pre-miRNA or miRNA inhibitor (Biolend) with Lipofecta-
mine 2000.

Luciferase assay

NIH3T3 cells (1 · 105) were transfected with 200 ng UTR
or mutant UTR reporter, 10 ng Renilla vector, and 50 nM
chemically synthesized pre-miR-9 (Biolend) with Lipo-
fectamine 2000. Cells lysates were harvested 24 h after
transfection for the dual-luciferase assay (Promega).

Western blotting analysis

Cell lysate was resuspended using 5· loading lysis buffer
(250 mM Tris–HCl (pH6.8) 5% DTT, 10% sodium dodecyl
sulfate (SDS), 0.5% bromophenol blue 0.025 g, 50% glyc-
erine). The membrane was then incubated with a primary
antibody against E-cadherin (BD Biosciences) or GAPDH
(Cell Signaling Technology). Signals were visualized by
enhanced chemiluminescence (ECL; Thermo).

Alkaline phosphatase detection staining

Alkaline phosphatase (AP) is a universal pluripotent
marker for all types of pluripotent stem cells, including ES
cells, embryonic germ cells, and induced pluripotent stem
cells. The pluripotent status of stem cells can be character-
ized by a high level of AP expression. Detection of AP-
positive activity can show the self-renewal of mES cells.

AP detection staining was done by using the FastRed
alkaline phosphatase kit (Sigma-Aldrich) to detect AP ac-
tivity, according to the manufacturer’s protocol. The cells

were fixed for 2 min with phosphate-buffered saline (PBS)
containing 4% paraformaldehyde (PFA) at room tempera-
ture. After washing with PBS, the reagent of the kit was
added into the dish to react for 15 min.

Immunostaining

For immunostaining, cells were fixed for 20 min with PBS
containing 4% PFA at room temperature. After extensive
washing with PBS, cells were treated with PBS containing
0.2% Triton X-100 for 8 min at room temperature. After
treatment by Triton X-100, PBS containing 10% FBS
(Gibco) was added into the cells for 1 h. Then, the antibodies
can be added. The primary antibodies included anti-Oct4
(Cell Signaling Technology), anti-Nanog (Santa Cruz Bio-
technology), anti-SSEA1 (Santa Cruz Biotechnology), and
anti-Tuj1 (Abcam).

Statistical analyses

Results are presented as mean – standard deviation from
three independent experiments. We used GraphPad Prism 5
software (GraphPad Software, Inc.) for all statistical ana-
lyses. Statistical significance was determined using Stu-
dent’s t-test or one-way analysis of variance (ANOVA) to
compare differences with the control group, followed by the
Bonferroni correction where appropriate. *P < 0.05, **P < 0.01,
***P < 0.001.

Results

Anesthesia with 1.4% isoflurane for 2 h daily
for 3 days reduced fetal growth and development

Previous studies suggested that inhaled anesthetics might
have a negative impact on fetal growth and development at
discrete times during pregnancy. This study was designed to
test the impact of isoflurane at a time in the beginning of
organogenesis during pregnancy. We set up the model, an-
esthesia with 1.4% isoflurane for 2 h daily for 3 days to
pregnant mice to simulate pregnant women undergoing
long-time nonobstetric surgery, as the previous study [6].
Interestingly, we found that anesthesia with 1.4% isoflurane
for 2 h daily for 3 days reduced fetal growth and develop-
ment (Fig. 1A). Isoflurane reduced fetal growth compared
with fetal weights · number of fetuses between the control
group and isoflurane group (Fig. 1B). We also found that the
placental growth was reduced by isoflurane. The size and
weight of the placenta were also smaller and lower than the
control (Supplementary Fig. S1A; Supplementary Data are
available online at www.liebertpub.com/scd). The placenta
weights · number were also lower than the control group
(Supplementary Fig. S1B). We detected the expression of
brain-related genes of the mouse and found that the level of
many genes was downregulated in the fetal mice, which were
from the pregnant mice treated with isoflurane (Fig. 1C).

Isoflurane represses the neural differentiation
by influencing the self-renewal of mES cells

To study the effects of isoflurane on embryonic devel-
opment, we performed neural differentiation from mES cells
as the model to mimic the neural development in vivo. To
find the effect of isoflurane on neural differentiation, we
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exposed the mES cells to 2% concentration of isoflurane for
2, 4, and 6 h. Then, we used these treated mES cells to
perform neural differentiation and found that the size of EBs
derived from isoflurane-treated mES cells was significantly
smaller than the control group at day 10 (Fig. 2A). Fur-
thermore, we found that the amounts of tuj1-positive cells
derived from the mES cells treated with isoflurane were
much lower than in the control group on day 14 (Fig. 2A).
Then, we detected the mRNA level of neural markers, tuj1,
mash1, and map2, between the control group and 6-h group
after treatment with isoflurane and found the down-
regulation of tuj1, mash1, and map2 in the isoflurane-treated
group (Fig. 2B). These phenomena of the effect of iso-
flurane on neural differentiation from mES cells made us
hypothesize that isoflurane may damage the self-renewal
of mES cells. We thus cultured the mES cells that have
been treated for 2, 4, and 6 h with isoflurane, respectively,
for another 48 h. AP detection staining showed that capa-
bility of self-renewal could be repressed by isoflurane with
the treatment time extension (Fig. 2C). The expression
level of stemness markers, Oct4, Sox2, Nanog, and Lin28,
was also downregulated (Fig. 2D). Furthermore, we used
immunostaining to detect the stemness markers, Nanog,
Oct4, and SSEA1, and found the downregulation of these
genes (Fig. 2E). We further detected the expression of
markers of the mesoderm and endoderm and found that the
level of these markers was higher than the control group on
day 14 of neural differentiation (Fig. 2F). We also found
that more cells, which had been treated with isoflurane for
6 h, underwent the apoptosis than the control group on day
14 of neural differentiation (Supplementary Fig. S2A, B).

These results showed that isoflurane made the mES cells
instable by repressing self-renewal and influencing the
neural differentiation.

Isoflurane represses the self-renewal of mES cells
by upregulating the level of miR-9

To find the mechanism of the effect of isoflurane on mES
cells, we treated the mES cells with 2% isoflurane for 6 h
and then detected that miR-9 was upregulated (Fig. 3A).
Then, we wanted to know whether miR-9 regulates the self-
renewal of mES cells. We thus transfected the pre-miR-9 or
miR-9 inhibitor into the mES cells (Fig. 3B). We found that
mES cells transfected with miR-9 did not maintain the ca-
pacity of self-renewal detected by AP detection staining and
began to differentiate in advance (Fig. 3C), but the miR-9
inhibitor did not influence the self-renewal of mES cells
(Fig. 3C). We transfected the miR-9 inhibitor into mES cells
and cultured the cells for another 72 h. We found that the
cells began to differentiate. We detected that the expression
of Mixl, T, and Snail, which are the markers of the meso-
derm, and the Gata1, Afp, Apoa1, which are the markers of
the endoderm, in the miR-9-transfected group is higher than
the control group (Fig. 3C). We also performed the real-time
quantity PCR (qRT-PCR) to detect the stemness markers of
mES cells, which were transfected with pre-miR-9 and miR-
9 inhibitor. We found that mES cells transfected with miR-9
downregulated the level of stemness markers, Oct4, Sox2,
Nanog, and Lin28, and the miR-9 inhibitor upregulated the
expression of these stemness markers (Fig. 3D). We also
used immunostaining to confirm the regulation of miR-9 on

FIG. 1. Isoflurane reduced fetal
growth and development. (A) An-
esthesia with 1.4% isoflurane for 2 h
daily for 3 days reduced fetal growth
and development. Ctrl means the fetal
mouse from a pregnant mouse without
treatment. Isoflurane means fetal
mouse from a pregnant mouse treated
with 1.4% isoflurane. (B) Isoflurane
reduced fetal growth compared with
fetal weights · number of fetuses be-
tween the control group and isoflurane
group. Data shown are mean– SD
(n = 20). *P < 0.05. (C) Detection of
gene expression in the mouse brain by
qRT-PCR. Data shown are mean– SD
(n = 6). *P < 0.05, **P < 0.01, ***P <
0.001. SD, standard deviation; qRT-
PCR, reverse transcription-real time
PCR. Color images available online at
www.liebertpub.com/scd
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self-renewal of mES cells (Fig. 3E). Next, we performed the
rescue experiment. We found that the miR-9 inhibitor ab-
rogated the influence of isoflurane on mES cell self-renewal
and recovered the clone maintaining and stemness marker
expression (Fig. 3F, G, H). These results showed that iso-
flurane influences the mES cell self-renewal by regulating
the level of miR-9 in mES cells.

E-cadherin is the target of miR-9 and can be
regulated by isoflurane to regulate the mES
cell self-renewal

MiRNAs perform their function by targeting the down-
stream mRNA and inhibiting the translation of protein. So,
we wanted to find out the target gene of miR-9. Using the

FIG. 2. Isoflurane damages neuronal differentiation by repressing the self-renewal of mES cells. (A) Immunostaining of tuj1
showed the gradual serious inhibition of neural differentiation from the mES cells treated with isoflurane for 2, 4, and 6 h. Ctrl
means control groups with no isoflurane. The scale bar represents 25mm. (B) Detection of the mRNA level of neural markers,
tuj1, mash1, and map2, in the group treated with isoflurane compared with the control group by qRT-PCR. Ctrl means mES
cells treated without isoflurane. Isoflurane means cell treated with isoflurane for 6 h. Data shown are mean – SD (n = 3).
*P < 0.05, **P < 0.01. (C) AP detection staining showed the inhibition of mES cell self-renewal by isoflurane at 2, 4, and 6 h.
Ctrl means control groups treated without isoflurane. The scale bar represents 100mm. (D) Detection of the mRNA level of
stemness makers, Oct4, Sox2, Nanog, and Lin28, in mES cells treated with isoflurane for 6 h and the control group. Ctrl means
mES cells treated without isoflurane. Data shown are mean – SD (n = 3). **P < 0.01. (E) Immunostaining of stemness markers,
Oct4, Nanog, and SSEA1, in the mES cells treated with isoflurane for 6 h and the control group. Ctrl means mES cells treated
without isoflurane. The scale bar represents 100mm. (F) Detection of the mRNA level of the markers of the mesoderm,
endoderm, and glia on day 7 of neural induction. Data shown are mean – SD (n = 3). *P < 0.05. mES cells, mouse embryonic
stem cell; AP, alkaline phosphatase. Color images available online at www.liebertpub.com/scd
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FIG. 3. Isoflurane represses the self-renewal of mES cells by upregulating the level of miR-9. (A) Level of miRNA-9 detected
by qRT-PCR in mES cells treated with isoflurane for 6 h. Ctrl means mES cells with no isoflurane. Data shown are mean– SD
(n = 3). **P < 0.01. (B) Level of miRNA-9 in mES cells transfected with pre-miR-9 or miR-9 inhibitor and control groups. Ctrl
means mES cells transfected with miRNA control or miRNA inhibitor control. miR-9 means mES cells transfected with pre-miR-
9. Data shown are mean– SD (n = 3). *P < 0.05, **P < 0.01. (C) Representative pictures of AP detection staining of mES cells
transfected with pre-miR-9 or miR-9 inhibitor and control groups. (D) Stemness markers, Oct4, Sox2, Nanog, and Lin28, in mES
cells transfected by pre-miR-9 and miRNA control groups detected by qRT-PCR. Data shown are mean– SD (n = 3). **P < 0.01.
(E) Stemness markers in miR-9 inhibitor and miRNA inhibitor control groups detected by qRT-PCR. Data shown are mean– SD
(n = 3). *P < 0.05. (F) AP detection staining of mES cells treated with isoflurane or isoflurane plus miR-9 inhibitor compared with
control mES cells. Ctrl means the control group treated with no isoflurane and miRNA control. (G) Detection of stemness markers,
Oct4, Sox2, Nanog, and Lin28, in mES cells by qRT-PCR in (F). Data shown are mean– SD (n = 3). **P < 0.01. (H) Im-
munostaining of stemness markers, Nanog, Sox2, and SSEA1, of mES cells in (F). The scale bar represents 100mm. miRNA,
microRNA. Color images available online at www.liebertpub.com/scd
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TargetScan, miRanda, and miRBase, we predicted that
E-cadherin might be targeted by miR-9 (Fig. 4A). Then,
we detected that the expression of E-cadherin was down-
regulated in the mES cells treated for 6 h with isoflurane in
both mRNA and protein levels (Fig. 4A). Then, we performed
the luciferase assay to confirm that. We engineered luciferase
reporters that had the wild-type 3¢UTRs of E-cadherin or the
mutant UTRs to perform the luciferase assay to study the
relationship between E-cadherin and miR-9. In 3T3 cells, the
luciferase reporters were cotransfected with the miR-9 pre-
cursor (pre-miR-9), which was processed into mature miR-
NAs. A pre-miR control with no homology to the genome was
used to control the nonspecific effects of expression; the pre-
miR control did not affect the reporter activities. miR-29a was
another negative control, which had no predicted target site on
E-cadherin 3¢UTR. The pre-miR-9 significantly reduced the
luciferase activities of the wild-type E-cadherin compared
with the two negative controls. In contrast, mutant reporters
were not repressed by pre-miR-9 (Fig. 4B). A mutation in the
miR-9-binding seed region in E-cadherin 3¢UTR abrogated
the suppressive effect of miR-9 (Fig. 3B). Furthermore, we
detected that overexpression of miR-9 downregulated the
expression of E-cadherin in both mRNA and protein levels
(Fig. 4C). We overexpressed the E-cadherin in mES cells (Fig.
4D) and found that mES cells still maintained the clones and
the ability of self-renewal by AP detection staining (Fig. 4E).
We also found that the stemness markers were upregulated
slightly in E-cadherin-overexpressed mES cells (Fig. 4F).
We also found that downregulation of E-cadherin caused
the repression of self-renewal of mES cells (Fig. 4G–I).
We further found that mES cells transfected with pre-miR-
9 had lower expression of neuronal markers, tuj1, mash1,
and map2, and the capacity of neural differentiation was
also inhibited. Additionally, expression of markers of the
mesoderm and endoderm is much higher in the miR-9-
transfected group than the control, which is similar to the
isoflurane-treated group in Fig. 2. Overexpression of E-
cadherin restored the lower expression of neuronal mark-
ers and neural differentiation, which was inhibited in mES
cells tranfected with pre-miR-9 (Fig. 4J, K).

Isoflurane influences neural differentiation
in mES cells through regulating
the miR-9-E-cadherin pathway

To find out whether the isoflurane influence on mES cell
self-renewal could be mediated by E-cadherin, we per-
formed the rescue experiment and found that overexpression
of E-cadherin abrogated the effect of isoflurane on mES
cell self-renewal by AP detection staining (Supplementary
Fig. S3A). Overexpression of E-cadherin also abrogated
the effect of isoflurane on stemness markers by qRT-PCR
(Supplementary Fig. S3B) and immunostaining (Supplemen-
tary Fig. S3C). Then, we performed the AP detection stain-
ing to show that overexpressing E-cadherin rescues the
inhibition of mES cell self-renewal caused by isoflurane.
Overexpression of miR-9 abrogated the function of E-cadherin
(Fig. 5A). Overexpressing E-cadherin also attenuated the
decrease of stemness genes of mES cells by isoflurane. Pre-
miR-9 abrogated the effect of overexpressing E-cadherin in
isoflurane-treated cells (Fig. 5B). Next, we established the
inducible E-cadherin overexpression plasmid, which ex-
pressed E-cadherin only after adding Dox. We overexpressed
E-cadherin in mES cells by adding Dox 6 h before being
exposed to isoflurane, and then induced them to neural
differentiation without Dox and found that the inhibition of
self-renewal of mES cells caused by isoflurane was attenu-
ated. In our study, we found that the ability of neural dif-
ferentiation of cells, which cotransfected with pre-miR-9 6 h
before being exposed to isoflurane, could abrogate the effect
of only overexpressing E-cadherin (Fig. 5C, D). These results
confirmed that isoflurane repressed self-renewal of mES cells
by the miR-9-E-cadherin pathway and the neural differentia-
tion of isoflurane-treated mES cells was inhibited.

Discussion

Many pregnant women are exposed to inhalation anes-
thetics for nonobstetric surgery [1]. Inhalation anesthetics
readily cross the placental barrier; however, the embryo-
toxicity is still largely unknown. In this study, we found that

FIG. 4. Isoflurane represses self-renewal of mES cells to inhibit neurogenesis by increasing miR-9 and subsequent
repressing of E-cadherin (E-cad). (A) Above picture: prediction of the E-cadherin 3¢UTR-binding site. Bottom panel means
mRNA and protein levels of E-cadherin in mES cells treated with isoflurane detected by qRT-PCR and western blot. Ctrl
means mES cells treated with no isoflurane. Data shown are mean – SD (n = 3). **P < 0.01. (B) Luciferase reporter assays
were performed with vectors containing DNA fragments corresponding to the putative wild-type or mutant target sites for
miR-9 in the 3¢UTRs of the E-cadherin mRNAs. Firefly luciferase activity was normalized to Renilla luciferase activity. E-
cad means luciferase reporter gene vector with wild-type E-cad 3¢UTR. MT means mutant luciferase reporter gene vector
with the mutant miRNA-233-binding site. Pre-miR-29a was used as a negative miRNA control in the assays. Data shown
are mean – SD (n = 3). **P < 0.01. (C) Pre-miR-9 decreases the expression of E-cadherin in mRNA and protein levels. Ctrl
means miRNA control. Data shown are mean – SD (n = 3). **P < 0.01. (D) Detection of mRNA and protein levels of E-
cadherin by qRT-PCR and western blot in mES cells. Ctrl means overexpression vector control. Data shown are mean – SD
(n = 3). **P < 0.01. (E) AP detection staining of mES cells that overexpressed E-cadherin and control group. Ctrl means
overexpression vector control. (F) Detection of mRNA of stemness markers, Oct4, Sox2, Nanog, and SSEA1, in mES cells.
Ctrl means shRNA vector control. Data shown are mean – SD (n = 3). *P < 0.05. (G) Knockdown of E-cadherin in mES cells
detected by qRT-PCR and western blot. Data shown are mean – SD (n = 3). *P < 0.05. (H) AP detection staining of mES
cells, knockdown of E-cadherin and control groups. E-cadherin KO means knockdown of E-cadherin in mES cells. (I)
Detection of stemness markers, Oct4, Sox2, Nanog, and SSEA1, of mES cells by qRT-PCR. Data shown are mean – SD
(n = 3). *P < 0.05, **P < 0.01. (J) Immunostaining of tuj1. Ctrl means control groups with no isoflurane. The scale bar
represents 25 mm. (K) Detection of the mRNA level of neural makers, tuj1, mash1, and map2. Bottom panel is the detection
of the expression level of markers of the mesoderm and endoderm. Data shown are mean – SD (n = 3). *P < 0.05. Color
images available online at www.liebertpub.com/scd
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anesthesia with 1.4% isoflurane (the clinical concentration)
for 2 h daily for 3 days inhibited fetal growth and devel-
opment of fetus during pregnancy. This finding showed a
very important clinical significance because many pregnant
women undergo nonobstetric surgery each year and iso-
flurane is a commonly used inhalation anesthetic in clinical
practice and has the ability to readily cross the placental
barrier [2]. Previous studies showed that isoflurane decreased

self-renewal of cultured rat neural stem cells and human neural
progenitor cells [3,4]. To know the underlying mechanism, we
treated mES cells with isoflurane to examine the potential re-
pression of isoflurane on self-renewal. We found that isoflurane
decreased the expression of stemness genes (Nanog, Oct4,
Sox2, and Lin28) and repressed the self-renewal of mES
cells and promoted it to differentiate in advance at a clini-
cally relevant concentration.
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E-cadherin is highly expressed during early embryonic
development and is essential for maintaining clonal for-
mation and self-renewal of mES cells in early embryonic
development [12]. E-cadherin also is required for STAT3
phosphorylation, resulting in the expression of stemness
genes, such as Nanog and Oct4, and ultimately facilitating
maintenance of pluripotency in mES cells [13]. In our ex-
periments, isoflurane downregulated E-cadherin expression in
both mRNA and protein levels in mES cells. Downregulation
of E-cadherin reduced the mES cell self-renewal, leading to
the downregulation of stemness genes. Interestingly, over-
expressing E-cadherin attenuated isoflurane-induced decrease
of self-renewal and the expression of stemness genes in mES
cells. These findings suggest that isoflurane could inhibit the
self-renewal of mES cells by downregulating E-cadherin
expression. We next found that isoflurane increased miR-9

in mES cells. A bioinformatics analysis using TargetScan,
miRanda, and miRBase suggested that miR-9 could bind to
the 3¢UTR of E-cadherin [17–19]. Pre-miR-9 produced similar
functions to isoflurane. The miR-9 inhibitor attenuated the
function of isoflurane or E-cadherin downregulation on self-
renewal in mES cells. These results indicated that inhibition of
isoflurane on the self-renewal of mES cells is mediated by
upregulating miR-9. Self-renewal of mES cells, which trans-
fected with pre-miR-9 before being exposed to isoflurane,
abrogated the effect of overexpressing E-cadherin or trans-
fecting with the miR-9 inhibitor. These results suggested that
isoflurane decreased the self-renewal of mES cells through
miR-9-E-cadherin signaling, which may be a potential target
therapy to prevent the embryotoxicity of isoflurane.

Inhalation anesthetics affecting the developing fetal brain
are a major health issue in clinical practice when pregnant

FIG. 5. Isoflurane inhibits neuronal differentiation of mES cells through miR-9/E-cadherin signaling. (A) AP detection
staining of mES cells. Overexpression of E-cadherin restored isoflurane or pre-miR-9 induced low self-renewal capacity of
mES cells. (B) Detection of mRNA of stemness markers, Oct4, Sox2, Nanog, and Lin 28, by qRT-PCR in mES cells treated
the same as in (A). *P < 0.05, **P < 0.01. (C) Immunostaining of neural marker, tuj1, in neural differentiation from mES
cells treated the same as in (A). The scale bar represents 25mm. (D) Detection of the mRNA level in mES cells treated the
same as in (C) by qRT-PCR. Error bars represent the SD of three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001, one-way ANOVA. ANOVA, analysis of variance. Color images available online at www.liebertpub.com/scd

1920 ZHANG ET AL.



women accept nonobstetric surgery under general anesthe-
sia. Most of the studies of influence of isoflurane on off-
spring were focused on the neurotoxicity in learning and
memory impairment and cognitive dysfunction [1–6]. A
previous study found inhalation anesthetic exposure in utero
during early gestation produced behaviorally abnormal
adults and it impairs the developing brain upon adminis-
tration to pregnant rodents during middle gestation [7,22].
Moreover, under normal conditions, mES cells express a
low level of miR-9. E-cadherin, in contrast, is highly ex-
pressed [23,24]. Upon differentiation to neurons, miR-9
increases, while E-cadherin decreases [24,25]. A previous
study showed that miR-9 plays an important role in neural
progenitor differentiation [15]. Additionally, miR-9 is up-
regulated during the later stage of neuron differentiation, but
is still lower in the early stage of differentiation, or even
lowest in ES cells [26]. For these reasons above, we per-
formed the subsequent neuronal differentiation of these
isoflurane-treated mES cells to observe the subsequent de-
velopment. In this study, we found that isoflurane repressed
self-renewal of mES cells by the miR-9-E-cadherin pathway
and led to inhibition of the neural differentiation of iso-
flurane-treated mES cells. There was cell apoptosis during
neural differentiation and the expression of mesoderm and
endoderm markers was higher than the control group. Be-
cause the cells of the mesoderm and endoderm cannot be
sustained in the induction system of neural differentiation,
we thought that the increase of apoptosis cells might be due
to the increase of cells differentiating to the mesoderm and
endoderm. We also hypothesized that isoflurane damaged
the self-renewal of mES cells and initiated the differentia-
tion toward the mesoderm and endoderm, leading to the
weak induction of neural differentiation.

In this study, pregnant mice were treated with isoflurane
at a time in the beginning of organogenesis to simulate
pregnant women undergoing long-time nonobstetric sur-
gery. We found that exposure to isoflurane at an earlier
gestational period could produce more severe damage to the
whole body development. Additionally, we also found that
the placental growth was reduced by isoflurane. The pla-
centa is the primary interface between the fetus and mother
and plays an important role in maintaining fetal development
and growth. The major substrates required for fetal growth
include oxygen, glucose, amino acids, and fatty acids and
their transport processes depend on morphological charac-
teristics of the placental blood flow [27]. The reduction of the
weight and size of the placenta suggests the lower placental
blood flow. Therefore, we thought that the reduction of fetal
growth may not only be relevant to the effect of isoflurane on
the placental growth but may also result from the effect of
isoflurane on the self-renewal of ES cells.

As the mechanism of development of different organs is
not the same, the mechanisms of influence by isoflurane
on organs are various. Moreover, there are also different
differentiation induction systems for different somatic
cells in vitro; the whole body develops into different parts
of different germ layers, and different organs even dif-
ferent somatic cells need to be investigated in a different
way in future. Since there is a limit, we only chose the
nervous system as our target; the mechanism of the effect
of isoflurane on other organs and the placenta needs fur-
ther studies.

In summary, isoflurane induced reduction of fetal growth
and development of the fetus during pregnancy in vivo. It
may result from the effect of isoflurane on self-renewal
of mES cells. The miR-9-E-cadherin signaling may be a
potential target therapy to prevent the embryotoxicity of
isoflurane.
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