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Abstract Anesthesia-induced neurotoxicity in immature ani-
mals has raised concerns about similar effects occurring in
young children. Our study investigated two commonly used
anesthetics—sevoflurane and propofol—for neurotoxicity in
young children. Forty-seven children (aged 12–36 months) un-
dergoing hypospadias repair surgerywere randomized to receive
sevoflurane (SG, n = 24) or propofol (PG, n = 23) general
anesthesia. Venous blood was collected at three different
times—immediately after induction, 2 h, and 3 days after sur-
gery. The cellular portion was assessed for antioxidant defense
and DNA damage, using enzyme assay kits and qRT-PCR, re-
spectively, while serum was used to treat cultured neural stem
cells (NSCs). MTTassay and TUNEL staining were performed,
and the mRNA levels of antioxidant enzymes and apoptosis
indicators were evaluated by qRT-PCR. Antioxidant defense
and apoptosis status in the SG group were significantly higher
than in the PG group at 2 h after surgery. Additionally, exposure

of NSCs to postoperative serum of the SG group resulted in
decreased cell density and viability, increased TUNEL-positive
cells, elevated mRNA levels of antioxidant enzymes, and
cleaved caspase-3 expression. Our data shows for the first time
that in young children, administration of sevoflurane, but not
propofol, leads to temporally increased antioxidant defense
and apoptosis status as well as damage of NSCs.

Keywords Anesthetics .Developingbrain .Oxidativestress .

Apoptosis . Neural stem cells

Introduction

Preclinical studies have demonstrated that exposure to various
anesthetics during crucial brain development stages causes neu-
rodegeneration and permanent neurocognitive defects later in
life (Fredriksson et al. 2007; Sun 2010; Takaenoki et al. 2014;
Xiong et al. 2014). However, epidemiological studies analyzing
long-term neurodevelopmental effects of anesthesia in children
have been equivocal, with some showing a likely association
between anesthetic exposure and cognitive impairments
(DiMaggio et al. 2011; Flick et al. 2011; Ing et al. 2012;
Wilder et al. 2009), and others concluding that alternative rea-
sons for this observation need to be ruled out (Davidson et al.
2016; Sprung et al. 2009; Sun et al. 2016).

Sevoflurane and propofol are the most common agents
used in clinical anesthesia. Preclinical evidence shows that
while sevoflurane has neurotoxic effects on the developing
brain (Feng et al. 2012; Makaryus et al. 2015), propofol (a
short-acting intravenous anesthetic agent widely used in sur-
gery), despite reports of neurotoxicity in neonatal rats
(Creeley et al. 2013), has demonstrated neuroprotective ef-
fects in various neuronal injury models (Fan et al. 2015;
Xiong et al. 2014). The aim of this study was to understand
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the effects of sevoflurane and propofol on the developing
human brain and their potential mechanisms. The immature
brain is vulnerable to oxidative stress (Tataranno et al. 2015),
which has been linked to cell death and neurodegenerative
conditions (Radi et al. 2014). So we used antioxidant enzyme
assays for glutathione peroxidase (GPx), superoxide dismut-
ase (SOD), and catalase (CAT) to evaluate for oxidative stress,
and we measured caspase-3 mRNA levels to show apoptosis
status. We further evaluated whether biochemical changes in
the serum of children after anesthetic exposure induce neuro-
toxicity in primary cultured neural stem cells (NSCs).

Methods

Patient Selection

This prospective, single-center trial (NCT02711280) was con-
ducted after approval from the Ethics Committee of the First
Affiliated Hospital of Sun Yat-sen University and obtaining writ-
ten informed consent from the guardians of the children enrolled.
In total, 47 patients with theAmerican Society of Anesthesiology
(ASA) I-II, aged 12–36months, undergoing selective surgery for
hypospadias repair were included in this trial. Exclusion criteria
included a history of developmental delay or mental retardation,
a history of central nervous system diseases, a known or
suspected coagulopathy, a known allergy to any of the study
drugs, abnormalities of the sacrum, and any signs of infection
at the site of the proposed caudal block. The subjects enrolled in
this randomized, single-blind controlled clinical trial, received
either sevoflurane general anesthesia (SG, n = 24 boys) or
propofol general anesthesia (PG, n = 23 boys).

Anesthetic Technique

The subjects were premedicated with scopolamine
(0.01 mg kg−1, maximum 0.3 mg) and lumina (2–4 mg kg−1,
maximum 0.1 g) by intramuscular injection 30 min prior to
surgery. On arrival to the operation room, peripheral venous
access was established; standard monitors (Detex-Ohmeda,
Louisville, USA) were attached, and baseline parameters were
recorded. For patients in the SG group, anesthesia was induced
with 8% sevoflurane with 8 L min−1 oxygen. For patients in the
PG group, anesthesia was induced with propofol 4 mg kg−1.
After induction, maintenance of the airway was through a laryn-
geal mask airway (LMA, LMAUnique, Singapore) with patients
breathing spontaneously. In the SG group, anesthesia was main-
tained with 1–3% sevoflurane in oxygen/air mixture. In the PG
group, anesthesia was maintained with propofol 7–
12 mg kg−1 h−1. The concentration of anesthetics was adjusted
based on intraoperative hemodynamics. After LMA insertion,
caudal block was performed by a consultant anesthetist to pro-
vide intraoperative analgesia with 2 mg kg−1 of 0.2% ropicaine.

At the end of the surgery, all patients received rectal paracetamol.
The children were weaned from ventilatory support as soon as
they were normothermic and had achieved adequate level of
consciousness, after which they were sent to the postanesthesia
care unit (PACU). In PACU, postoperative pain, which is an
important indicator for determining the effect of caudal block,
was assessed by an independent investigator using FLACC
shown in Table 1. FLACC includes the facial expression, limb
movement, activity, cry, and consolability. Each of the domains
receives a score between 0 and 2 for a total score of between 0
and 10. When leaving the PACU, scores less than 3 were con-
sidered as successful caudal block and pain management.
Noninvasive monitoring of systolic blood pressure (SBP), heart
rate (HR), and breath rate (BR) were collected at the beginning
of operation (t1), 30 min (t2), 60 min (t3), the end of operation
(t4), and 90 min (t5).

Blood Samples

A total of 10 ml venous blood was collected from all the
subjects immediately after induction (T1), at 2 h after the
surgery (T2), and at 3 days (T3) after the surgery. After sepa-
ration of the whole blood, erythrocytes were used for the as-
sessment of GPx, SOD, and CATactivities, lymphocytes were

Table 1 FLACC pain assessment tool for children

Categories Criteria

Face

0 No particular expression or smile

1 Occasional grimace or frown, withdraw, disinterested

2 Frequent to constant quivering chin, clenched jaw

Legs

0 Normal position or relaxed

1 Uneasy, restless, tense

2 Kicking or legs drawn up

Activity

0 Lying quietly, normal position, moves easily

1 Squirming, shifting back and forth, tense

2 Arched, rigid, or jerking

Cry

0 No cry (awake or asleep)

1 Moans or whimpers, occasional complaint

2 Crying steadily, screams or sobs, frequent complaints

Consolability

0 Content, relaxed

1 Reassured by occasional touching, hugging, or being
talked to distractable

2 Difficult to console or comfort

Each of the five categories (F) Face; (L) Legs; (A) Activity; (C) Cry; and
(C) Consolability is scored from 0 to 2, which results in a total score
between zero and ten
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used for apoptosis assay, and serum was used for cultured
NSCs. All samples were coded.

Enzymatic Activities

The blood sample for analyzing SOD and CATwas drawn into
vacuum tubes (Becton Dickinson) with the addition of
ethylenediamine tetraacetic acid (K3-EDTA) as an anticoagu-
lant. For analyzingGPx, vacuum tubes (BectonDickinson)were
used with the addition of lithium heparin. The enzyme activity
was measured at a temperature of 37 °C within 1 h of collection,
in adherence to the manufacturer’s protocol. GPx activity was
determined using the Glutathione Peroxidase Assay Kit which
utilizes its catalysis of the oxidation of reduced glutathione
(GSH) by H2O2, then quantified using spectrophotometry, at a
wavelength of 340 nm. The activity of the SOD was measured
using the SOD Assay Kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), and quantified by spectrophotometry
at a wavelength of 550 nm (BeckMan Coulter DU730). The
activity of CAT was assessed using the Catalase Assay Kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China),
which measures the degradation rate of H2O2 to water and mo-
lecular oxygen, and was quantified using spectrophotometry at a
wavelength of 240 nm. All the results were expressed as U.g−1

hemoglobin (Hb).

Reverse Transcription and Quantitative Real-Time PCR
(qRT-PCR)

Lymphocytes and cells after being treated were used for RT-
PCR. RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA). For cDNA synthesis, 1 μg of total RNAwas
reverse transcribed using RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific). For RT-PCR, KAPA
SYBR FAST Universal 2X qPCR Master Mix (Kapa
Biosystems) was added to appropriate cDNA samples and
primers. Quantitative analysis of gene expression was per-
formed for expression of ACTIN RNA (Human) or GAPDH
(Mouse) in corresponding samples. The experiments for each
group were conducted separately, in triplicate wells. Primers
used are listed in Table 2.

Isolation and In Vitro Culture of the Primary Neural Stem
Cell

All animal experiments were performed in compliance with
the procedures approved by the Animal Center of Sun Yat-sen
University (Guangzhou, China) and according to the guide-
lines of the Sun Yat-sen University Institutional Animal Care
and Use Committee.

NSCs were obtained as described previously (Tropepe et al.
1999). Briefly, C57BL/6 mouse fetuses on embryonic day 14.5
were isolated, and cortical tissues were collected to obtain a

single cell suspension. The dissociated cells were seeded in
NSC medium that was DMEM/F12 (Hyclone) supplemented
with epidermal growth factor (EGF) and basic fibroblast growth
factor (bFGF) (both at 20 ng ml−1, Pceprotech, Rocky Hill,
USA), B27 (2%, Gibco), N2 (1%, Gibco), and 1% penicillin
and streptomycin to form primary neurospheres. NSCs were
grown in 5% CO2 in air, at 37 °C. To expand, the primary
neurospheres were passaged every 3–4 days. NSCs at passage
3 and passage 4–6 were used in following experiments. The
treated NSCs have been cultured for approximately 10–18 days
since primary seeded, concerning the different passages of
NSCs. The purity of NSCs was identified at passage 3 using
immunofluorescence staining of NSC marker, Nestin.

Immunofluorescence Staining

For immunofluorescence, cells were fixed in 4% PFA. The
cells were blocked with normal goat serum for 40 min and
then incubated with primary antibodies overnight at 4 °C,
followed by incubation with secondary antibodies (1:500 di-
lution) protected from light at room temperature for 1 h. The
following primary antibodies were used: anti-Nestin (1:500,
Millipore). The following secondary antibodies were used:
Alexa Flour 488 donkey anti-mouse (Invitrogen). All images
were obtained using a fluorescent microscope (Leica DMi8)
and were analyzed using the Image J software.

Cell Treatment Protocols

Venous blood samples from the subjects for cell treatment
were drawn into coagulation-promoting tubes (Becton
Dickinson) and centrifuged at 3000r m−1 for 4 min to separate
serum. To evaluate the effect of serum onNSCs, we had NSCs
conditioned with differentiation medium (NSC medium with
2% serum, without EGF or bFGF). Cells were assigned into
three groups: control (Con), cultured in conditioned medium
with 2% FBS (Gibco); PG, cultured in conditioned medium
with 2% serum of patients in the above discussed group PG;
SG, cultured in conditioned medium with 2% serum of pa-
tients in the above discussed group SG. Cells were treated for
24 h before the following experiments.

Cell Viability Assay

NSCs were plated at a density of 1 × 104 cells/well in poly-L-
Lysine-coated 96-well plates, and the cell viability was deter-
mined using the MTT assay (Sigma-Aldrich, St. Louis, MO).
Briefly, at the end of the experiments, the culture mediumwas
replaced, and the cells were treated with 5 mg ml−1 MTT and
cultured for 4 h at 37 °C. The reaction product formazan was
dissolved in DMSO (200 ul/well), and the absorbance at
490 nm was measured using Biohit BP800 (Multiskan
MK3, Thermo Scientific) plate reader. The experiments were
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performed separately in triplicate wells, for each group.
DMSO was only used at the end of the experiments in all
groups to resolve the reaction product formazan, when the
MTT reaction has been completed. The results were presented
as a percentage of the control.

TUNEL Assay

TUNEL staining was performed using an In Situ Cell Death
Detection kit, TMR red (Roche Diagnostics GmbH,
Germany), as per the manufacturer’s instruction. Briefly,
NSCs were cultured on poly-L-Lysine pre-coated glass cov-
erslips in 24-well plates. Cells were then rinsed and fixed with
4% paraformaldehyde, and DNA fragmentation was assessed.
DAPI was used to stain the nuclei, and the cells were imaged
using the Zeiss LSM-780 Confocal Microscope (Carl Zeiss,
Germany). Apoptosis/necrosis was quantified by the ratio of
TUNEL-positive nuclei to total cell nuclei. Each experiment
was performed in triplicate wells for each group.

Statistical Analysis

Values were presented as mean ± SEM. The SPSS 17.0 soft-
ware (SPSS, Chicago, IL, USA) was used for statistical anal-
ysis. Comparisons of means between two groups were per-
formed using Student’s t test or the WilcoxonW test. p < 0.05
was considered to be statistically significant.

Results

Sevoflurane Increases Oxidative Stress and Apoptosis
Level in Postoperative Blood Samples

As indicated in Table 3, there was no significant difference
between the sevoflurane-exposed subjects (SG) and propofol-
exposed subjects (PG) with respect to age, weight, duration of
surgery and anesthesia, and physical condition (ASA classifi-
cation). For FLACC assessment, all the subjects were less

than 3 points which indicated successful caudal block and
pain management, and there was no significant difference be-
tween two groups (p > 0.05) shown in Table 3. Moreover,
there was no significant difference in the vital signs between
two groups (p > 0.05) shown in Table 4. Remarkably, at 2 h
after surgery (T2), venous blood samples showed significant
differences in antioxidant enzyme activity—particularly a
higher SOD activity in the SG group compared to the PG
group (p < 0.0001). Similarly, the activity of GPx from the
SG group was significantly higher than that from the PG
group (p = 0.0133) (Fig. 1a, b). These changes returned to
normal level several days after surgery. No difference was
found in CAT activity between the two groups at all time
points tested (Fig. 1c).

There was also a significant difference in apoptosis level in
lymphocytes between the two groups. Specifically, caspase-3
mRNA level was significantly higher in the SG group at 2 h
after surgery in the SG group than that in the PG group
(p < 0.0001) (Fig. 1d).

Reduction in Cell Density and Cell Viability of NSCs
in Postoperative Serum of SG Group

We next evaluated whether biochemical changes in the serum
of children after sevoflurane or propofol exposure induces
neurotoxicity in primary cultured NSCs. The NSCs grew as
suspended stem cell colonies. Characterization of NSCs was
assessed by immunofluorescence staining of NSC marker.
More than 95% of the DAPI+ cells expressed the NSCmarker,
Nestin (Fig. 2). The in vivo evaluation showed no difference
of oxidative stress and apoptosis level 3 days after surgery.
Therefore, we only investigated the preoperative and postop-
erative serum in the following in vitro study.

Photographs of adherent NSCs after serum treatment
showed a significant decrease in cell density of NSCs treated
with the postoperative serum of the SG group, but not in those
treated with the preoperative serum (Fig. 3a). The MTT assay
showed a significant reduction inMTTuptake in NSCs treated
with the postoperative serum of the SG group. This data

Table 2 Primers used for the
amplification of transcripts by
real-time quantitative PCR

Genes Forward sequence Reverse sequence

H-ACTIN 5′-CACCCAGCACAATGAAGATC
AAGAT-3′

5′-CCAGTTTTTAAATCCTGAGT
CAAGC-3′

H-CASP3 5′-TGGAAGCGAATCAATGGACTCT-3′ 5′-TGAATGTTTCCCTGAGGTTTGC-3′

M-GAPDH 5′-ACCACAGTCCATGCCATCAC-3′ 5′-TCCACCACCCTGTTGCTGTA-3′

M-CASP3 5′-GGAGTCTGACTGGAAAGCCGAA-3′ 5′-CTTCTGGCAAGCCATCTCCTCA-3′

M-CAT 5′-CGGCACATGAATGGCTATGGATC-3′ 5′-AAGCCTTCCTGCCTCTCCAACA-3′

M-SOD1 5′-GGTGAACCAGTTGTGTTGTCAGG-3′ 5′-ATGAGGTCCTGCACTGGTACAG-3′

M-GPx1 5′-CGCTCTTTACCTTCCTGCGGAA-3′ 5′-AGTTCCAGGCAATGTCGTTGCG-3′

Qualitative PCR cycling protocol was 95 °C for 5 min, (95 °C for 15 s, 60 °C for 15 s, and 72 °C for 15 s) × 40,
95 °C for 15 s, 60 °C for 60 s
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suggests that sevoflurane exposure might have an adverse
outcome to the viability of NSCs (Fig. 3b).

Antioxidant Enzyme Levels Are Higher in NSCs Treated
with Postoperative Serum of SG Group than Those of PG
Group

To further investigate the effects of postoperative serum on
NSCs oxidative stress status, we compared the mRNA levels
of antioxidant enzymes of NSCs using qRT-PCR analysis.
Consistent with the above results except the CAT activity
(Fig. 1a–c), the mRNA expression levels of SOD1, GPx1,
and CAT of NSCs treated with postoperative serum of the
SG group were significantly higher than those treated with
postoperative serum of the PG group (Fig. 4a–c).

Apoptosis of NSCs Induced by Postoperative Serum of SG
Group

As our results indicated a higher oxidative stress in the SG
group (Fig. 4), knowing its vital role in apoptosis (Kannan and

Jain 2000), we sought to determine whether the apoptosis
level in the SG group would also be higher. Indeed,
Caspase-3 mRNA level, measured by qRT-PCR, was higher
in NSCs exposed to postoperative serum of the SG group
compared to that of the PG group (Fig. 4d). Further
confirming this difference, the TUNEL assay revealed a sig-
nificantly higher percentage of TUNEL-positive cells with
typical nuclear fragmentation and condensation in NSCs ex-
posed to the SG group postoperative serumwhen compared to
the PG group (Fig. 5).

Discussion

The major findings of this study include postoperative elevat-
ed antioxidant defense and apoptosis status seen in blood
samples of sevoflurane-administered children. However, these
changes disappeared in 3 days’ postoperative blood.
Additionally, NSCs exposed to the serum of sevoflurane-
exposed subjects demonstrate decreased cell viability and in-
creased TUNEL-positive cells, along with elevated

Table 3 Characteristics of
patients PG group (n = 23) SG group (n = 24) p

Mean±SEM

Age (year) 2.50 ± 0.23 2.18 ± 0.31 0.4243

Weight (kg) 13.96 ± 1.09 14.50 ± 1.39 0.7739

Duration of surgery (min) 73.00 ± 7.84 80.83 ± 8.89 0.5339

Duration of anesthesia (min) 111.0 ± 10.54 117.5 ± 11.67 0.6946

N, %

Physical condition (ASA)

I

II

20, 87.0

3, 13.0

22, 91.7

2, 8.3

FLACC assessment 2 (0–3) 1 (0–3) 0.35

Data are presented as mean ± SEM. No significant difference was found between the sevoflurane-exposed
subjects (SG) and propofol-exposed subjects (PG) with respect to age, weight, duration of surgery and anesthesia,
and physical condition (ASA classification)

Table 4 Noninvasive vital signs
of patients t1 t2 t3 t4 t5

SBP (mmHg) PG 87 ± 5 85 ± 6 86 ± 8 91 ± 7 89 ± 10

SG 88 ± 8 87 ± 5 87 ± 7 87 ± 9 87 ± 6

p 0.92 0.84 0.96 0.65 0.76

HR PG 114 ± 21 108 ± 14 113 ± 15 113 ± 12 107 ± 18

SG 107 ± 16 110 ± 19 109 ± 18 109 ± 14 112 ± 14

p 0.77 0.85 0.86 0.87 0.65

BR PG 16 ± 4 15 ± 7 16 ± 8 17 ± 3 16 ± 6

SG 17 ± 5 17 ± 4 17 ± 6 16 ± 6 17 ± 6

p 0.87 0.71 0.77 0.79 0.92

Data are presented as mean ± SEM. No significant difference was found between the sevoflurane-exposed
subjects (SG) and propofol-exposed subjects (PG) at all different time points with respect to systolic blood
pressure (SBP), heart rate (HR), and breath rate (BR)
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antioxidant enzymes and caspase-3 mRNA expression levels.
From this, it can be concluded that in young children,
sevoflurane, but not propofol, leads to temporally increased
antioxidant defense and apoptosis status and might further
affect the NSCs.

A retrospective study indicated that children undergoing
surgery at an age younger than 3 years had a 60% greater risk
of being diagnosed with developmental and behavioral disor-
ders later in life (DiMaggio et al. 2011). However, these can
occur as a result of anesthesia, surgery, or even the illness
itself. To rule out interference factors like surgery, illness,
gender, or other intravenous analgesia drugs, we enrolled chil-
dren with the same illness, used LMA for airway control, and
caudal block to provide intraoperative analgesia during the
hypospadias repair surgery. To represent the time of growth
spurt in humans, which occurs from the time of birth to age 3,
we included only children aged 12–36 months in the study
(Huttenlocher and Dabholkar 1997). Here, we compared two
commonly used anesthetics, sevoflurane and propofol. In this

study, the doses of those two drugs provided to children are
based on clinical practice in order to imitate the real situation.
And the concentration of anesthetics was adjusted according
to intraoperative hemodynamics. Bispectral index (BIS) was
not used here. Because current researches have validated mon-
itoring tools, such as BIS, for the use in older children, but
does not provide strong support for use in younger children
(Davidson 2006). Children enrolled in our study were aged
12–36 months including toddlers and young children. It is
assumed that the monitor’s calibration for adult EEG brain
activity patterns during general anesthesia cannot be reliably
transferred to developing brains, potentially due to differences
in brain-state dynamics under general anesthesia (Sciusco
et al. 2017).

Animal studies have shown that general anesthetics used
during a vulnerable period of brain development cause neuro-
toxicity with functional deficits (Hansen 2015). Whether
sevoflurane or propofol would cause neurotoxicity in devel-
oping brains is still under debate. Some preclinical studies

Fig. 1 Oxidative stress and
apoptosis parameters in plasma of
PG and SG group patients at
different time points. Increased
activity of SOD, GPx, and
Caspase-3 in SG group patients
postoperatively (T2) compared to
PG group. No significant
difference was found
preoperatively (T1) or 3 days after
surgery (T3). Data are presented
as the mean ± SEM. ◆p < 0.05,
◆◆◆◆p < 0.0001. CAT catalase,
GPx glutathione peroxidase, SOD
superoxide dismutase

Fig. 2 Characterization of isolated murine neural stem cells (NSCs).
Cells at the third passage were stained with anti-Nestin antibody. Nestin
positive (green). Nuclear staining by DAPI (blue). The percentage of

Nestin-positive cells over total cells in five different fields was
calculated, and > 95% of cells were detected to express Nestin. Scale
bar, 100 μm
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have demonstrated that sevoflurane has neurotoxic effects on
the immature brain (Feng et al. 2012; Makaryus et al. 2015),
while others indicate no deteriorative effect (Haseneder et al.
2013; Wei et al. 2005). Similarly, experimental studies dem-
onstrating effects of propofol on the developing nervous sys-
tem also yields diverse conclusions (Creeley et al. 2013; Fan
et al. 2015; Xiong et al. 2014). Recently, clinical trials
concerning this controversial topic showed no long-term neu-
rotoxicity effect of single exposure to sevoflurane in young
children (Davidson et al. 2016; Sun et al. 2016). However,
evidences of the molecular changes during this process in
human are still limited. In our study, we aimed to determine
the effects of sevoflurane and propofol on antioxidant and
apoptosis status in children.

We assessed the apoptosis of lymphocyte to show the
genotoxic effect of anesthetics in young children. The in-
creased apoptosis of lymphocyte indicates higher DNA dam-
age level and clastogenic effect, which might be harmful for
the developing brain. Also, elevated levels of oxidative stress

aggravate cell death and facilitate the progress of neurodegen-
erative disease (Radi et al. 2014). Our results show a higher
oxidative stress status along with an increased apoptosis index
of blood cells in children under sevoflurane anesthesia post-
operatively, and we assume these changes might participate in
the process of anesthetics’ effects on the developing brain. In
the current study, we used systemic antioxidant biomarkers
(SOD, GPx, and CAT) to investigate the general oxidative
stress status of children. H2O2, produced partly SOD, plays
a key role in the process of oxidative stress. It can be converted
into more damaging substances, which are involved in neuro-
toxicity in the developing brain (Lovell et al. 1995). Luckily, it
can be decomposed by GPx and CAT. Our results showed that
sevoflurane, not propofol, increased the SOD and GPx activ-
ity after surgery, while no significant change was found in
CAT activity. We assume that SOD and GPx level were in-
creased as a compensatory defense mechanism to deal with
the excessive formation of intracellular ROS formation. The
elevated GPx level in the sevoflurane group also protects the

Fig. 3 Neural stem cells (NSCs)
exposed to postoperative serum of
SG group shows a decreased cell
density and cell viability
compared to PG group. a
Photographs of cultured NSCs
after treated with serum in PG and
SG group. Decreased cell density
was observed in postoperative
serum of SG group. Scale bar,
200 μm. b Effects of serum on
cell viability of cultured NSCs
determined by MTT assay. Cell
viability in postoperative serum in
SG group was significantly lower
than that in PG group. No
significant difference was found
in preoperative serum. Data are
presented as mean (SEM).
◆◆◆p < 0.001
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cell from oxidative damage induced by H2O2 accumulation
resulting from increased SOD level (Cohen et al. 1994).
However, these changes only sustained temporally, and no
changewas found 3 days after surgery. It is possible that single
usage of sevoflurane had no long-term effect on oxidative
stress or apoptosis. But it did not mean that no deteriorate
effects happened during that process and have further harmful
effects which are unknown and warranted further study.

Previous human and animal studies with different models
draw a similar conclusion to ours that sevoflurane can induce
local or systemic oxidative stress (Abou-Elenain 2010; Yue
et al. 2015). A recent study revealed that sevoflurane might
affect the intracerebral oxidative stress response and aggravate
the Abeta-induced cognitive deficit (Abou-Elenain 2010). On
the contrary, propofol has been reported to have antioxidant
properties (Yue et al. 2015). Another clinical trial compared
sevoflurane with propofol in oxidative stress, and found no
difference between them during surgical correction of congen-
ital heart defects in non-cyanotic children (Dumaresq et al.
2011). The difference in outcome from that of our study can
be possibly attributed to the age range of children—from
1 day to 14 years—and the type of the surgery which was
quite different from ours.

Neurogenesis inhibition contributes to the neurotoxicity
caused by anesthetics found in animal models (Lin et al.
2014). To further investigate whether the changes in oxidative
stress and apoptosis status would result in neurotoxic effects,

cultured NSCs were treated with serum of the patients in both
groups. Here, we chose NSCs from C57BL/6 instead of SD or
Wistar rats. Because 99% of mouse genes have human coun-
terparts, which means that the results come out frommice may
be more convincible for clinical circumstances. Meanwhile,
their physiology and genetics have been studied extensively,
and can be compared to human easily. Furthermore, C57BL/6
are often applied to build transgenic mice models and are used
as a background strain for the generation of congenics with
both spontaneous and induced mutations, which might make
our follow-up studies easier (Johnson 2016). Concerning our
previous culturing experience and experimental demand of
this study, we chose C57BL/6 for NSCs isolation to provide
better reference to clinical circumstances.

NSCs are a subtype of progenitor cells in the nervous sys-
temwhich are generally located in the subventricular zone and
hippocampus (Temple 2001). They continuously generate
new-born neurons and play an important role in cognitive
functions (Akers et al. 2014). Recently, strategies promoting
neurogenesis—including NSCs transplantation—have been
proved to be effective in neurodegenerative disease
(Miltiadous et al. 2013; Moghadam et al. 2009; Zhang et al.
2014), which reveals that the state of NSCs is closely related
to neurogenesis disorders. In this study, we found that NSCs
treated with the postoperative serum of sevoflurane-exposed
patients showed a significant decrease in cell viability as well
as elevated antioxidant levels and apoptosis status, thus

Fig. 4 Antioxidant enzyme
(SOD1, GPx1, CAT) and caspase-
3 mRNA expression level in
murine NSCs exposed to serum of
both groups evaluated by qRT-
PCR. NSCs exposed to
postoperative serum in SG group
shown significantly higher
mRNA expression level of the
four indicators. No significant
difference was found in
preoperative serum. Data are
presented as the mean ± SEM.
◆◆p < 0.01, ◆◆◆◆p < 0.0001
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revealing temporally potential neurotoxicity after sevoflurane
exposure. In accordance with our findings, a newly published
research reported that embryonic stem cell self-renewal and
neurogenesis is inhibited by sevoflurane (Yi et al. 2016).
Additionally, a previous report showed that the increased ox-
idative stress level of NSCs was involved in tissue injury after
ischemic stroke (Sakata et al. 2012).

In summary, the current study indicates that adminis-
tration of sevoflurane in children, instead of propofol,
leads to temporally increasing antioxidant defense and
apoptosis status. Potentially cytotoxic effect shortly after
single sevoflurane exposure found in our study may cause
adverse outcomes. However, reverted changes 3 days after

surgery indicated the safe single usage both in sevoflurane
and propofol. To our knowledge, this is the first study to
evaluate the effect of the serum of sevoflurane- and
propofol-exposed subjects in cellular parameters using
cultured NSCs. Given the implications for public health,
further investigations are needed to determine whether
multiple exposures would aggravate the changes shown
in our study, along with the cellular and molecular mech-
anisms by which sevoflurane affects neurogenesis in de-
veloping brains.
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