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Abstract Experimental studies demonstrate that inhaled
anesthetics can cause neurodegeneration and neurobehav-
ioral dysfunctions. Evidence suggests changes in cerebral
metabolism following inhaled anesthetics treatment can
perturb cerebral homeostasis, which may be associated with
their induced neurotoxicity. Seven-day-old rat pups were
divided into two groups: control group (Group C) and
sevoflurane group (Group S, 3 % sevoflurane exposure for
6 h). Gas chromatography—mass spectrometry (GC-MS)
was used for analyzed differential metabolites of cerebral
cortex in both groups, Also western blot, flow cytometry,
enzymatic methods and electron microscopy were per-
formed in various biochemical and anatomical assays.
Sevoflurane exposure significantly elevated caspase-3 acti-
vation and ROS levels, decreased mitochondrial cardiolipin

Bin Liu and Yuechao Gu have contributed equally to this work.

B. Liu - H. Xiao - X. Lei - W. Liang - J. Zhang (D<)
Department of Anesthesiology, Huashan Hospital, Fudan
University, No. 12 Wulumuqi Middle Road, Jin’an District,
Shanghai 200040, People’s Republic of China

e-mail: snapzhang@aliyun.com

B. Liu
e-mail: Ibzaixuzhou@126.com

H. Xiao
e-mail: hongyanxiao@yahoo.cn

X. Lei
e-mail: anesthesia2006xi@ 163.com

W. Liang
e-mail: chiefliang@yahoo.com.cn

Y. Gu

Department of Anesthesiology, Shanghai Cancer Hospital,
Fudan University, Shanghai 200032, People’s Republic of China
e-mail: yuechaogu@126.com

@ Springer

contents, and changed cellular ultrastructure in the cerebral
cortex. Correspondingly, these results corroborated the GC—
MS findings which showed altered metabolic pathways of
glucose, amino acids, and lipids, as well as intracellular an-
tioxidants and osmolyte systems in neonatal brain following
prolonged exposure to high sevoflurane concentration. Our
data indicate that sevoflurane anesthesia causes significant
oxidative stress, neuroapoptosis, and cellular ultrastructure
damage which is associated with altered brain metabotype in
the neonatal rat. Our study also confirmed that GC-MS is a
strategic and complementary platform for the metabolomic
characterization of sevoflurane-induced neurotoxicity in the
developing brain.

Keywords Metabolome - Sevoflurane - Developing
brain - Gas chromatography - Neurotoxicity

Introduction

Mounting experimental studies demonstrate that commonly
used general anesthetics, especially inhaled anesthetics,
could trigger widespread apoptotic neurodegeneration in
the developing brain, and cause long-term neurobehavioral
abnormalities in rodents [1-5] and nonhuman primates [6,
7]. However, the cellular mechanisms of general anes-
thetics-induced neurotoxicity are not fully clarified.
General anesthesia can greatly influence cerebral meta-
bolism in many ways [8—10]: cerebral blood flow-meta-
bolism uncoupling, reduction in regional cerebral
metabolic oxygen rate, glucose utilization, and oxidative
adenosine triphosphate (ATP) production rate in animals
and humans in a dose-dependent manner. Given their in-
fluence on brain metabolism, anesthetics may perturb
cerebral homeostasis, and thus may be associated with
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inhaled anesthetic-induced neurotoxicity. Therefore, it is
vitally important to understand the effects of inhaled
anesthetics on cerebral metabolism in the developing brain.

Although anesthesia disrupts many metabolic processes,
like those mentioned above, the effects of other metabolic
pathways in the brain remain unknown. Metabolomics re-
cently has been introduced to study the small-molecule
metabolite profiles of biological organisms [11]. This method
can be applied to elucidate changes of metabolites in the brain
of animals exposed to neurotoxins and provide information to
identify early and differential markers for disease [12].

By using proton magnetic resonance spectroscopy (-
HMRS), Makaryus et al. [13] analyzed cerebral metabolites in
rats and children [14] during general anesthesia and found that
inhaled and intravenous anesthetics produce distinct meta-
bolomic profiles in some brain regions such as parietal cortex
and hippocampus. Here we hypothesize the alternation in
cerebral metabolism underlie potential changes in anatomical/
biochemical characteristics after inhaled anesthetics treat-
ment, and these neurochemical sequelae may be involved in
inhaled anesthetic-induced neurotoxicity [15]. To test our
hypothesis, we applied gas chromatography—mass spec-
trometry (GC-MS) analysis to assay brain metabolites in
neonatal rats, intended to identify the early metabolic phe-
notypes following prolonged exposure to high sevoflurane
concentration. Sevoflurane, a commonly used inhaled anes-
thetic in clinical paediatric anesthesia, has been reported to
have neurotoxic property on developing brain. Further, we
examined apoptotic markers, oxidative status, and ultra-
structural properties in a neonatal rat model to gain a better
insight into the pathogenesis of sevoflurane-induced
neurotoxicity.

Materials and Methods
Chemicals and Reagents for Metabolomic Analysis

Methanol (pesticide residue grade), bis-(trimethylsilyl)-tri-
fluoroacetamide (BSTFA) plus 1 % trimethylchlorosilane
(TMCS) (REGIS Technologies Inc. Morton Grove, IL, USA),
and amino acid standard solution were purchased from Sigma-
Aldrich (St. Louis, MO, USA). L-2-chlorophenylalanine (in-
ternal standard) was obtained from Shanghai Hengbai Biotech
Co. Ltd. (Shanghai, China). All other chemicals and reagents
were purchased from Anpel Company (Shanghai, China).
Distilled water was prepared using the Milli-Q Reagent-Water
System (Millipore, MA, USA).

Animals and Anesthesia

Sprague-Dawley (SD) rats used in the present study were
obtained from the Animal Care Center of Fudan

University. The study protocol was reviewed and approved
by the Institutional Animal Care and Use Committee, Fu-
dan University. According to the flow chart of the ex-
perimental protocol (Fig. 1), the rat pups (body weight:
12.1 £ 0.1 g) at postnatal day 7 (P7) were divided into two
groups: control (Group C) and sevoflurane-treated (Group
S).

P7 rats in group S were placed in a sealed chamber
ventilated with 3 % sevoflurane in 100 % oxygen for 6 h
and sevoflurane concentration was continuously measured
through a gas sample line by using a monitor (Datex
Ohmeda S/5, Helsinki, Finland) whereas those in group C
were placed in a similar chamber for 6 h under identical
experimental conditions without sevoflurane exposure. The
temperature in the sealed chamber was maintained at
33-35 °C with a heating pad. The total survival percentage
of P7 rats in group S after 6-h anesthesia was 90 %. After
treatment, the rat pups were returned to their dams for
lactation. The rats in the same litter were used for each
experiment and they were sacrificed by rapid decapitation
at 12 h after sevoflurane exposure. The frontal cortex was
harvested and stored at —80 °C until use. The preparations
of the brain samples and the number of animals used were
described in their methods, respectively.

Blood Gas Analysis

P7 rats (n = 4 each group) were used to assess the effect of
sevoflurane treatment on arterial blood gases. Arterial
blood sampling from the left cardiac ventricle was per-
formed immediately after the end of sevoflurane anesthesia
according to the previous described method [16].We
measured partial pressures of carbon dioxide (PaCO,) and
oxygen (PaO,), pH, and blood lactate and glucose levels
with a Radiometer ABL 800 blood gas analyzer (Ra-
diometer, Copenhagen, Denmark).

GC-MS Analysis

Prior to metabolic profiling, frontal cortex (n = 6/group)
were homogenized with 50 pL L-2-chlorophenylalanine in
a 2-mL centrifuge tube. Then, 0.4 mL methanol-chloro-
form (3:1, V:V) as extraction liquid was added to each
homogenate. After 2 min of vortex-mixing, the samples
were centrifuged at 12,000 rpm for 10 min at 4 °C and
400 pL of supernatant from each sample was transferred
into a new 2-mL glass tube. The supernatants of cortical
samples were concentrated to complete dryness at a tem-
perature of 50 °C for approximately 30 min using the
TurboVap nitrogen evaporator (Caliper Life Science,
Hopkinton, MA). Afterward, 100 puL of anhydrous toluene
(stored with sodium sulfate) was added to each of the dried
tissues. Following 1 min of vortex-mixing, the samples
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Fig. 1 Flow chart of experimental protocol

were evaporated to dryness using the evaporator to ensure
the complete elimination of any traces of water which
might interfere with the subsequent GC-MS analysis.
Then, 80 pL. MOX reagent was added to the dried samples,
vortex-mixed for 2 min, and incubated at 37 °C for at least
2 h as a methoximation step. Derivatization reaction aimed
to increase the volatility of polar metabolites was then
initiated by adding 100 pL of BSTFA (with 1 % TMCS) to
each sample, vortex-mixed for 2 min, and incubated at
70 °C for 60 min. Following the incubation, each sample
was vortex-mixed for 2 min and carefully transferred to the
autosampler vials for subsequent GC-MS analysis [17].
GC-MS analysis was performed on an Agilent 7890A
gas chromatography system coupled with an Agilent
5975C mass spectrometer (Agilent, USA). The system
utilized a DB-5MS capillary column coated with 5 %
diphenyl cross-linked with 95 % dimethylpolysiloxane
(30 pm x 250-pm inner diameter, 0.25-pm film thickness;
J&W Scientific, Folsom, CA, USA). A 1-pL aliquot of the
analyte was injected in splitless mode. Helium was used as
the carrier gas, the front inlet purge flow was 3 mL/min,
and the gas flow rate through the column was 1 mL/min.
The initial temperature was kept at 80 °C for 2 min, then
raised to 240 °C at a rate of 5 °C/min, and finally to 290 °C
at a rate of 10 °C/min for 11 min. The injection, transfer
line, and ion source temperatures were 280, 270, and
220 °C, respectively. The energy was —70 eV in electron
impact mode. The mass spectrometry data were acquired in
full-scan mode with the m/z range of 20-600 at a rate of
100 spectra per second after a solvent delay of 492 s.
Chroma TOF4.3X software of LECO Corporation were
used to acquire mass spectrometric data [18]. Mass spectra
of all detected compounds were compared with spectra in
the National Institute of Standards and Technology (NIST,
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http://www.nist.gov/index.html) and Fiehn databases. The
peaks with similarity index of more than 70 % were se-
lected and named the putative metabolite identities.

Multivariate Data Analysis

The resulting GC-MS data were first processed by nor-
malizing peak area of each analyte based on total integral
area calculation performed using an in-house script (Mi-
crosoft Office Excel). All processed data were then mean-
centered and unit-variance scaled before they were sub-
jected to principal component analysis (PCA) (version
11.5, SIMCA-P software, Umetrics, Umea, Sweden) to
identify clustering trend, as well as detect and exclude
outliers. Quality control (QC) samples for cortical tissues
were prepared by randomly pooling 5 pL from each of the
five samples belonging to the test groups. QC samples were
analyzed at constant intervals to ensure that the data ac-
quisition for GC/MS metabolic profiling was reproducible
for all samples. Variable importance in the projection (VIP)
cutoff value was defined as 1.00.

Western Blot Analysis

The frontal cortical tissues were homogenized in RIPA
buffer (Millipore, Temecula, CA, USA) containing com-
plete protease inhibitor cocktail and 2 mM phenylmethyl-
sulfonyl fluoride. The lysates were collected and
centrifuged at 12,000 rpm for 30 min at 4 °C. After the
protein samples were quantified using a BCA Protein As-
say Kit (Pierce Biotechnology, Rockford, IL, USA), the
cleaved caspase-3 expression was detected by western blot
analysis according to our previous method [4]. Data were
expressed as mean £ SD. The changes were presented as a
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percentage of those of the control group. One-hundred-
percent of caspase-3 activation refers to control level for
the purpose of comparison to that in Group S.

Measurement of ROS Levels

The frontal cortex was cleaned in PBS and dissociated in
trypsin solution, and stopped using DMEM solution. A
single-cell suspension was obtained by using a 70-um
mesh. The chemiluminescent probe with flow cytometry
technique was used for detection of intracellular ROS level
according to a previously described method [19]. Briefly,
2/, 7'-dichlorofluorescin diacetate (DCFH-DA) probe was
added to the cell suspensions at a final concentration of
10 pumol/L and incubated at 37 °C, protected from light for
1 h, followed by flow cytometry (FACSCanto, BD Bio-
sciences, San Jose, CA, USA) measurement. The formation
of the oxidized fluorescent derivative 2',7’-dichlo-
rofluorescein (DCF) was monitored with excitation light at
488 nm and emission light at 525 nm, and normalized by
protein concentration. By quantifying fluorescence inten-
sity of DCF, the ROS levels in both groups were
calculated.

Mitochondrial Cardiolipin Assay

Extraction of mitochondria was performed using the mi-
tochondria isolation kit (Shanghai Genmed Scientifics Inc.,
China). Briefly, the frontal cortex was lysed in precooled
centrifuge tubes and disrupted by 80 passes in the ho-
mogenizer with a tight fitting Dounce homogenizer. The
homogenate was then centrifuged for 10 min at 1,500g at
4 °C. The mitochondria-rich supernatant was then col-
lected and centrifuged for 10 min at 10,000g at 4 °C. The
mitochondrial pellets were then washed with 2 mL of
preservation medium (25 mmol/L potassium phosphate;
5 mmol/L MgCl,, pH 7.2) and centrifuged for 5 min at
10,000g at 4 °C. Purified mitochondrial samples were
freeze-thawed three times and suspended to 5.5 mg/mL in
PBS before use. The mitochondrial cardilopin contents
were quantified by the microplate reader method using the
high affinity 10-N-nonyl acridine orange (NAO) for car-
diolipin of freshly isolated mitochondria [20]. Briefly,
reagents (90 pL) from cardilopin assay kits (Shanghai
GenMed Scientifics Inc., Shanghai, China) was added into
mitochondrial sample (10 pL) on the microplate. The mi-
croplate was gently shaken and incubated in a dark room
for 20 min at room temperature. Then fluorescence inten-
sity was measured with excitation light at 580 nm and
emission light at 630 nm. The cardilopin contents were
expressed as relative fluorescence unit (RFU) and nor-
malized by protein concentration.

Electron Microscopy

The rat brain was perfused with normal saline solution
followed by phosphate-buffered 2.5 % glutaraldehyde and
4 % paraformaldehyde 12 h after sevoflurane treatment,
then the frontal cortex was sliced into sections of ap-
proximately 1 mm?, and kept in the same glutaraldehyde
solution for 12 h at room temperature. Samples were
postfixed in 1 % osmium tetroxide for 2 h, dehydrated in a
series of alcohol solutions at 4 °C, immersed in propylene
oxide, and embedded in Araldite 502 resin at 60 °C. Ul-
trathin (0.5 pm) sections were placed on grids and stained
with uranyl acetate and lead citrate before examination
with a transmission electron microscope (Philips CM-120,
Eindhoven, The Netherlands). The organelles of neuronal
cells were observed and imaged at 10,000 x magnification.

Statistical Analysis

We performed one-way ANOVA to determine differences
in caspase-3 activation and cardiolipin contents, and in-
dependent Student’s 7 test to compare the difference in
arterial blood gas analysis and ROS levels. Independent
t tests with Welch’s correction were then used for statistical
comparison of discriminant metabolite levels between
Group C and Group S, which determined for sevoflurane-
induced alteration of metabolic profiling in neonatal rat
model. The significance level was set at p < 0.05.

Results
Blood Gas Analysis

The Table 1 showed the results of arterial blood gas ana-
lysis and biochemical parameters from neonate rats in both
groups immediately after sevoflurane treatment. Data from
arterial blood analysis revealed that 6 h sevoflurane anes-
thesia did not induce significant disturbances in

Table 1 Arterial blood gas and biochemical parameters in control
and anesthetized neonatal rats (n = 4/group)

Group C Group S
PH 741 £ 0.12 7.19 + 0.08%*
PaO, (mmHg) 398.7 £ 534 175.0 £ 10.8
PaCO, (mmHg) 38.8 +£5.2 81.9 £+ 8.4*
Blood glucose (mmol/L) 5.58 £ 1.56 6.33 £ 0.75
Blood lactate (mmol/L) 0.35 £ 0.04 0.42 £ 0.10

Data presented as Mean & SD. Statistic analysis with independent
student ¢ test, compared with Group C

*p <0.05
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oxygenation, blood glucose and lactate. However, com-
pared with Group C, exposure to 3 % sevoflurane for 6 h
caused significant hypercapnia and acidosis in neonatal
rats.

Sevoflurane Alters the Metabolomic Profiles
Data Processing and Pattern Recognition

The representative GC-MS chromatogram of a cortical
sample of a sevoflurane-treated P7 rat depicting the peaks
of discriminate metabolites is shown in Fig. 2 with the
major metabolites noted.

PCA of brain samples indicated that the cerebral cortex in
sevoflurane-treated and control neonatal rats formed two
distinct clusters on the scores plot. In order to obtain a higher
level of group separation and get a better understanding of
the variables responsible for classification, a supervised
partial least squares discriminant analysis (PLS-DA) was
employed, and spectral profiles were readily distinguished
between Group S and Group C (Fig. 3a). PLS-DA is com-
monly used for classification purposes and biomarker se-
lection in metabolomics studies. If a statistically significant
discrimination between two groups can be found, then the
model parameters can be interpreted for their discriminating
power and metabolic biomarkers can be found. The classi-
fication parameters from the software were R2X = 0.710,
R2Y = 0.975, and Q2 = 0.834, which were stable and good
to fitness and prediction. A sevenfold cross-validation was
used to estimate the robustness and the predictive ability of
our model. To further validate our model, we performed 200
permutations, and the R2 and the Q2 intercept values were
(0.0, 0.679) and (0.0, 0.091) for the cerebral cortex (Fig. 3b),
which indicates that the PLS-DA models in this study have
good or excellent fitness and predictive abilities. These

Fig. 2 The typical spectrum
from frontal cortex extract in a
neonatal rat. NAA N-acetyl-L-
aspartic acid

2.5e+007
2e+007
1.5e4+007 -
1e+007

sevoos | | | 2\§

results demonstrate that GC-MS-based metabolomic ana-
lysis is well-suited to detect sevoflurane-induced brain
metabolic alterations in neonatal rat.

Metabolic Profiling

GC-MS analysis provided the metabolic profiles of
neonatal brains in both groups. A set of discriminant brain
metabolites that was responsible for distinguishing
sevoflurane-treated rats from control ones in the PLS-DA
model was identified. The 26 metabolites were picked out
by PLS-DA (VIP > 1) and ¢ test (p value <0.05), and 16
metabolites were selected for their correlation with mole-
cular and structural aspects of sevoflurane-induced neuro-
toxicity, involving in energetic metabolism, neuronal
apoptosis, oxidative stress, and cell swelling. They were
used to make the heatmap (Fig. 4) and summarized in
Table 2 with their classifications. These metabolites were
related to metabolic pathways of glucose, amino acids and
lipids (phospholipids), as well as intracellular antioxidants
and osmolyte systems. Next, we determined whether the
changes we found in metabolism underlie potential chan-
ges in anatomical/biochemical features (neuroapoptosis,
oxidative stress, and cellular ultrastructure damage) after
sevoflurane treatment.

Sevoflurane Increases Neuronal Apoptosis

Caspase-3 activation is an indicator of cellular apoptosis
[21]. Compared with Group C, 3 % sevoflurane treatment
for 6 h significantly increased cleaved caspase-3 levels in
cerebral cortex of Group S (Fig. 5). Our results suggest
prolonged exposure to high sevoflurane concentration
dramatically increased the incidence of apoptosis in the
cerebral cortex of neonatal rat.

1.Aspartic acid
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3.Sarcosine
4.Inosine
5.Succinic acid
6.NAA
7.Ascorbate
8.Proline
9.Dehydroascorbic Acid
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Fig. 3 Data processing and pattern recognition of metabolomic
analysis between the two groups. a Partial least squares projection to
latent structures and discriminant analysis (PLS-DA) scores plot of
cerebral cortex in neonatal rats. The statistical data analysis resulted

200 permutation 2 components

in a cluster formation at the two treatments. The replicates (n = 6/
each group) represent untreated controls (Group C) and high
concentration sevoflurane exposure (Group S). b Validation of the
model with a permutation test
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Fig. 4 Heatmap of differential metabolites between Group S and
Group C. Heatmap showing differential metabolites from cerebral
cortex in Group S paired with metabolites in Group C. Each row
represents one metabolite, and each column represents one tissue
sample. The relative metabolite level is depicted according to the
color scale. Red indicates upregulation; green indicates

Sevoflurane Increases Oxidative Stress

To test oxidative stress status, we measured total ROS
levels after sevoflurane treatment. We found that the total

tryptophan

oleic acid

glutamine

ascorbate

succinic acid

glutamic acid

total creatine
noradrenaline

sarcosine

proline
0-Phosphorylethanolamine
N-acetyl-L—aspartic acid
lactic acid
Dehydroascorbic Acid
taurine

inosine

Group S

downregulation. 3.0, 0, and —3.0 are fold changes in the correspond-
ing spectrum. CC1-CC6 represent tissues 1-6 from Group C, whereas
CHI1-CH6 represent tissues 1-6 from Group S. The different
metabolites clearly self-segregated into Group C and Group S
clusters. Independent 7 test with Welch’s correction (significance at
p < 0.05)

ROS level in cerebral cortex significantly increased after
3 % sevoflurane treatment for 6 h, compared with that in
Group C (Fig. 6). To further evaluate the effect of in-
creased generation of ROS after sevoflurane exposure, we
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Table 2 marker metabolites found in GC/MS analysis of brain samples of sevoflurane exposure and control neonatal rats

Metabolites RT (min) Chemical class Identified by % Change of p value Similarity VIP

Group S from

control
Lactic acid 6.35012 Organic acid Fiehn databases —23.0 0.016203 904 1.44735
Sarcosine 7.28777 Amino acid Fiehn databases —19.4 0.033741 985 3.2138
Noradrenaline 11.3467 neurotransmitter Fiehn databases =315 0.041111 937 4.29261
Proline 12.1510 Amino acid Fiehn databases -33.1 0.011095 935 2.18524
Succinic acid 12.6381 Dicarboxylic acid Fiehn databases —53.1 0.006009 904 3.14927
Total creatine 18.5306 Organic acid Fiehn databases —20.8 0.037678 800 1.0311
Glutamine 19.3965 Amino acid Fiehn databases —58.8 0.008508 828 1.53816
Glutamic acid 20.1758 Amino acid Fiehn databases —30.0 0.002963 839 1.26475
Taurine 20.6277 Organic acid Fiehn databases —35.6 0.008136 745 1.30407
N-acetyl-L-aspartic acid 21.0327 Amino acid Fiehn databases —33.2 0.002821 879 2.8725
O-Phosphorylethanolamine 23.7303 Sphingolipid NIST —24.2 0.004955 852 3.22187
Dehydroascorbic acid 24.9923 Hydroxy acid Fiehn databases —33.0 0.00668 889 1.94691
Ascorbate 27.0483 Hydroxy acid Fiehn databases —64.0 0.003216 724 2.22106
Tryptophan 31.8846 Amino acid Fiehn databases 60.0 0.017015 919 1.16551
Oleic acid 32.0865 Organic acid NIST 170.0 0.001782 792 1.00714
Inosine 37.1657 Nucleoside Fiehn databases —43.3 0.002179 861 3.1662

RT retention time, VIP variable importance in the projection

A C1 Cc2 c3 S1 S2 S3

Cleaved-caspase-3

beta-actin

Caspase3(%)

Group C

Group S

Fig. 5 Neonatal exposure to sevoflurane increases neuroapoptosis.
a The cortical cleaved caspase-3 expression in neonatal brain was
examined with western blot. b Quantification of cleaved caspase-3
(one-way ANOVA, F = 0.607, p = 0.004), *p <0.05 Group C
(100.0 = 11.4 %, n = 3) versus Group S (687.2 £ 25.1 %, n = 3)

measured isolated mitochondrial cardiolipin contents of the
cerebral cortex. Cardiolipin, a unique mitochondrial phos-
pholipid involved in mitochondrial energy metabolism, is a
critical target of mitochondrially-generated ROS and reg-
ulates signaling events related to apoptosis [22]. We dis-
covered that cardiolipin contents in Group S were greatly
reduced when compared to Group C (Fig. 7). Combined

@ Springer

these two findings suggest that oxidative stress is increased
in the neonatal brain exposed to sevoflurane.

Ultrastructural Features in Cerebral Cortex After
Sevoflurane Exposure

In Group S, electron micrographs of the cerebral cortex
showed ultrastructural features of typical cellular swelling.
We observed hallmarks of cellular swelling in Group S,
including local swelling, is recognized by a pale and watery
cytoplasm under electron microscopic analysis, and swollen
organelles, including dilated rough endoplasmic reticulum
(RER) fragments (Fig. 8a), and increased vacuolated and
swollen mitochondria (Fig. 8b); these changes were ob-
served in both cell bodies and the neuropil of bilateral
frontal cortex in Group S, but not in Group C. Interestingly,
sevoflurane treatment also significantly decreased the num-
ber of synaptic vesicles at axon terminals (Fig. 8c).

Discussion

The present study aimed at investigating metabolic changes
occurring in the cortical region of neonatal rat brain after
prolonged exposure to high concentration sevoflurane us-
ing GC-MS analysis. P7 rat, a common animal mode used
for studying inhaled anesthetic-induced neurotoxicity, was
applied in this study. As we know, frontal cortex helps
mediate encoding in episodic memory and retrieval from
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Fig. 6 Neonatal exposure to sevoflurane increases ROS levels. The
cortical ROS levels in neonatal brain were examined with flow
cytometry. Left is formation of oxidized fluorescent derivative 2',7'-
dichlorofluorescein (DCF) monitored with flow cytometry. Right is
comparison of relative fluorescence intensity of DCF between Group
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Fig. 7 Neonatal exposure to sevoflurane reduces mitochondrial
cardiolipin contents. The mitochondrial cardiolipin contents in
neonatal brain were determined enzymatically in Group C
(100 £ 20.2 %, n = 4) and Group S (644 £ 6.9 %, n = 4). The
relative fluorescence unit represents relative mitochondrial cardiolipin
contents in cerebral cortex. *p < 0.05 Group C versus Group S(One-
way ANOVA, F = 8.45, p = 0.023)

episodic memory (working memory), and is involved in
many higher cognitive functions [23]. The neuronal
apoptosis and structure damage at early birth period in this
brain region could influence its later development and
subsequently neurocognitive function in adulthood.
Therefore, frontal cortex was selected as a target brain
region. Previous studies have showed that changes in
metabolic profiling during general anesthesia in human and
rodent brains [13, 14]. Because long-term neurobehaviour
impairment has been reported following inhaled anesthetic

C (1795.5 £ 114.1, n = 5) and Group S(2,153.7 + 103.8, n = 7).
The relative fluorescence intensity represents relative ROS levels in
cerebral cortex. *p < 0.05 Group C versus Group S (independent
student ¢ test, f value = 2.296, p = 0.045)

exposure [1, 3, 4], the effects of anesthesia on cerebral
metabolism is assumed also persist for a relative long time.
However, the characterization of cerebral metabolomics
during recovery from anesthesia remain unclear, the brain
samples harvested 12 h after sevoflurane anesthesia were
used for this purpose.

We found that alteration in metabolite levels in the
frontal cortex of neonatal rats in response to sevoflurane
exposure. These changes may underlie sevoflurane-induced
oxidative stress, cellular ultrastructure damage, and neu-
roapoptosis that we observed under the same anesthetic
exposure in the developing brain. Previous studies have
implicated that regional abnormalities of brain metabolites
were associated with some neurological disorders [24].
Here, we found GC-MS-based metabolomics analysis, to
the best of our knowledge, is first time used to characterize
effects of anesthetic agents on the developing rodent brain.
The PLS-DA model robustly differentiated the metabolic
profiles in the sevoflurane group from the control group.
The method was subsequently applied to elucidate char-
acteristic metabolites, which has the potential to map per-
turbations of neurochemical changes in the developing
brain [25]. This can prove to be a useful technique for
investigating brain metabolic changes on exposure to
general anesthetics. Remarkably, we found differential
metabolites identified with altered metabolism of glucose,
amino acids, and lipids, as well as intracellular antioxidants
and osmolyte systems. The changes in metabolomics pro-
vided potential evidences of sevoflurane-induced develop-
mental neurotoxicity including ultrastructural damage,
oxidative stress and neuroapoptosis.
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) endoplasmic reticulum » mitochondrion —> synaptic vesicles

Fig. 8 Ultrastructural changes in cerebral cortex following 3 %
sevoflurane treatment for 6 h. Compared with control, neonatal
exposure to sevoflurane results in dilated RER fragments (a),

Cellular Swelling

A number of factors have been implicated in cellular
swelling [26]. One important factor is mitochondrial dys-
function, in particular the opening of the mitochondrial
permeability transition (mPT) pore [27], characterized by
an increase in permeability of the inner mitochondrial
membrane to small solutes (ions and molecules, reducing
equivalents) [28]. The mPT may lead to osmotic swelling
of the mitochondrial matrix [29], mitochondrial dysfunc-
tion, defective oxidative phosphorylation, impaired ATP
synthesis, and the generation of free radicals [30] which
can subsequently lead to cell swelling. Myo-inosine and
taurine are thought to regulate intracellular volume and
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increased vacuolated and swollen mitochondria (b) and reduction in
number of synaptic vesicles (¢) in neurons (magnification x10,000)

osmolarity [31]. Our GS-MS results showed a decrease in
concentration of both these intracellular osmolytes in
Group S, indicating alterations in intracellular osmolarity.
Osmotic changes, which are associated with an influx of
extracellular water into the intracellular compartment
leading to cell swelling and irreversible cell damage [32],
are thus likely caused by prolonged exposure to high
sevoflurane concentration. This was found by electron
micrographs of cerebral cortex that revealed swelling of the
RER and mitochondria, similar to results in the frontal
cortex following N,O (70 %) combined with isoflurane
(1 %) treatment for 8 h in nonhuman primates [6]. The
cellular edema could be deleterious to neuronal and glial
functioning.
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Oxidative Stress

ROS generation is part of the normal cellular metabolism
in brain. However, the imbalance between production of
ROS and the protective effect of the antioxidant system
responsible for their neutralization and removal result in
oxidative stress. Our metabolomic analysis revealed re-
duced intracellular levels of nonenzymatic antioxidants,
ascorbate and dehydroascorbic acid, in sevoflurane-ex-
posed neonatal brain, which may result from their con-
sumption against ROS overload. Previous studies found
that inhaled anesthetics induced neuroapoptosis through
overproduction of ROS [33, 34]. In this study, we found
prolonged exposure to high sevoflurane concentration sig-
nificantly increased ROS levels and reduced mitochondrial
cardiolipin contents, one of markers of oxidative stress in
the cerebral cortex of neonatal rat. Cardiolipin is a unique
tetra-acyl phospholipid that is found almost exclusively in
the inner mitochondrial membrane where it is required for
optimal mitochondrial function. It is particularly suscepti-
ble to ROS attack due to its high content of unsaturated
fatty acids, resulting in increased membrane lipid per-
oxidation and reduced efficiency in mitochondrial oxida-
tive phosphorylation [35]. There are considerable
evidences suggest that an imbalance between oxidants and
antioxidants play a role in the pathogenesis of several
neurological disorders, such as Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis et al. [36, 37]. Sev-
eral studies demonstrated that supplement of antioxidants,
for example, melatonin [38], and omega-3 fatty acids [4] or
ROS scavenger EUK-134 [39] could protect neuronal cells
from anesthetics-induced neurotoxicity. From the per-
spective of metabolomics, impaired intracellular an-
tioxidants system may play a role in reduced ability to
remove free radicals and subsequent occurrence of oxida-
tive stress.

Neuroapoptosis

In our metabolomic analysis, we found that sevoflurane
significantly reduced O-phosphorylethanolamine (75.8 %
of control), an ethanolamine derivative that is used to
construct sphingomyelins, and led to a compensatory in-
crease in oleic acid (2.7 fold of control). Also, decline of
N-acetyl-L-aspartic acid (NAA) levels, a marker of neu-
ronal viability, in Group S implies neuronal loss following
sevoflurane treatment. All these results seem to suggest that
prolonged exposure to high sevoflurane concentration
could increase neuroapoptosis or inhibit neuronal growth
[40]. Correspondingly, activation of caspase-3 in frontal
cortex in Group S suggests increase in neuronal apoptosis
after exposure to 3 % sevoflurane for 6 h, which is con-
sistent with results in previous findings. The number

reduction of neurons and inhibition of cell proliferation in
the neonatal period could lead to behavioral deficits in
adulthood.

Metabolism Inhibition

As one of the most metabolically active organs, the brain
depends on a continuous supply of energy to stabilize ionic
homeostasis, energy consuming biochemical reactions, and
physiological processes [41]. Hence, even a slight impair-
ment in energy metabolism can have dramatic effects on
the brain. Due to difference in affected tissues, glucose
levels in ABG analysis seem not significantly change,
however, the metabolomic results showed intermediates
including lactate (77.0 % of control) and succinic acid
(46.9 % of control) levels in the glucose metabolic path-
way significantly decreased 12 h after sevoflurane anes-
thesia in Group S compared with Group C. As a result, the
total creatine pool, including creatine and high-energy
phosphocreatine, also reduced to 79.2 % of control. Its
depletion could increase cellular vulnerability to insuffi-
ciency of ATP synthesis, causing cellular dysfunction [42].
In addition to as an indicator of neuronal damage, NAA has
also been reported as a biomarker for mitochondrial status
[43], hence a decrease in NAA might also be linked to
mitochondrial dysfunction and altered neuronal energy
metabolism [44]. Correspondingly, electron microscopy
analysis suggested possible damaged mitochondria after
sevoflurane treatment, exhibiting increased vacuolation and
swelling. As the mitochondrion is often described as the
“cellular power plant”, its dysgenesis is one of the first
signs of neuronal dysfunction [45], and has widespread
consequences on many critical cellular events including
essential roles in ROS level upregulation and apoptosis.
As well, altered amino acid metabolism in the neonatal
brain may also play a role in sevoflurane-induced neuro-
toxicity. Prolonged exposure to high sevoflurane concen-
tration significantly reduced levels of glutamine (41.2 % of
control), glutamic acid (70.0 %), aspartic acid (75.7 %),
and proline (66.9 %). Given their intermediate roles in the
Krebs cycle [46], this decrease paralleled the reduction of
lactate and succinic acid levels. Since these amino acids are
also involved in the synthesis of proteins, peptides, and
fatty acids, reduction of their levels suggests neuronal
growth inhibition in developing brain. The changes in
glutamine—glutamate, noradrenaline, and tryptophan levels
suggest glutamatergic, noradrenergic, and serotoninergic
neurotransmission may be affected in Group S. Glutamate,
playing a decisive role in the consolidation of memory, is
primarily of neuronal origin [47]; therefore, decrease in
glutamate levels, which might be due to leakage of gluta-
mate from damaged neurons (may account for the reduced
number of synaptic vesicles we observed at the electron
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microscopy level), changed glutamate receptor function-
ing, altered synaptic activity, abnormal glutamine—gluta-
mate cycling or dysfunctional glutamate transport, might
result in altered learning and memory functions of the
brain. These findings suggest altered synaptic transmission
that may contribute to abnormal synaptic plasticity and
cognitive impairments observed in rats treated with inhaled
anesthetics during the neonatal period. Another non-
essential amino acid sarcosine, a glycine transporter I in-
hibitor, also decreased compared with Group C, which may
be involved in recognition and memory impairments [48].
Therefore our results also suggest pathways involved in
neuronal energy metabolism can be investigated as
therapeutic targets for inhaled anesthetic-induced acute
widespread neurodegeneration.

Study Limitations and Conclusion

There are some limitations to our study. First, blood gas
abnormalities including hypercarbia and oxygenation de-
pression were found during sevoflurane exposure. Previ-
ous report indicated inhaled anesthetic-induced brain cell
death may be partly caused by these effects [49], which
may also produce profound metabolic effects on the
neonatal brain. We cannot exclude this possibility, as we
did not include a carbon dioxide inhalation group. Second,
a time series of metabolomic analysis following anesthe-
sia could better help to understand a time-course for
sevoflurane-induced activation of the different metabolic
pathways in developing brain. And finally, we performed
the metabolomic analysis on the frontal cortex only.
Metabolic changes in other susceptible brain regions, for
example, other cerebral cortex or hippocampus, may also
be involved in sevoflurane-induced neurotoxicity. Also, as
anesthetic exposure differentially induces apoptotic cell
death in different brain regions [50],uncorroborated as-
sumption that sevoflurane affects metabolism equally in
all brain cells renders the association of the observed
metabolomic changes and caspase-3 expression may be
speculative in this study.

In conclusion, GC-MS-based metabolomic analysis can
be used for studying anesthetic effects on the developing
brain. The inhalational anesthetic sevoflurane treatment
produced a significant metabolic signature in neonatal
brains, altering metabolic pathways of glucose, lipids, and
amino acids, intracellular antioxidant and osmolyte sys-
tems. These metabolic interactions in the developing brain
may be of particular importance during its growth spurt
period since they are essential in neuronal survival, neu-
rogenesis, and even neurotransmission in the brain. Im-
portantly, GC-MS can be used to screen for metabolites
altered by anesthetics, which can complement anatomical
and functional approaches. Although we did not use these
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differential metabolites to predict biochemical/cellular
damages following sevoflurane treatment, metabolomic
analysis which incorporates other analysis, such as pro-
teomics, can better interpret our findings in this study.
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