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Abstract. Prolonged exposure to volatile anesthetics causes 
neurodegeneration in developing animal brains. However, their 
underlying mechanisms of action remain unclear. The current 
study investigated the expression of proteins associated with 
the mitogen-activated protein kinases (MAPK) and protein 
kinase B (Akt)/glycogen synthase kinase-3β (GSK-3β)/collapsin 
response mediator protein 2 (CRMP-2) signaling pathways in 
the cortices of neonatal mice following exposure to sevoflurane. 
Seven-day-old (P7) neonatal C57BL/6 mice were randomly 
divided into 2 groups and either exposed to 2.6% sevoflurane 
or air for 6 h. Terminal deoxyribonucleotide transferase medi-
ated dUTP nick end labeling (TUNEL) staining, as well as 
the expression of activated caspase-3 and α-fodrin, was used 
to detect neuronal apoptosis in the cortices of mice. MAPK 
signaling pathways were investigated by detecting the expres-
sion of phosphorylated (p-) extracellular signal-regulated 
kinase 1/2 (ERK1/2), p-cyclic adenosine monophosphate 
response element-binding protein (CREB), p-p38, p-nuclear 
factor (NF-κB) and p-c-Jun N-terminal kinase (p-JNK). 
Akt/GSK-3β/CRMP-2 signaling pathways were assessed by 
detecting the expression of p-Akt, p-GSK-3β and p-CRMP-2 
in the cortices of P7 mice 2 h following exposure to sevoflu-
rane. The results demonstrated that sevoflurane significantly 

increased the apoptosis of cells in the retrosplenial cortex 
(RS), frontal cortex (FC) and parietal association cortex (PtA), 
increased the expression of cleaved caspase-3 expression and 
promoted the formation of 145 kDa and 120 kDa fragments 
from α‑fodrin. Sevoflurane inhibited the phosphorylation of 
ERK1/2 and CREB, stimulated the phosphorylation of p38 and 
NF-κB, but did not significantly affect the phosphorylation of 
JNK. Furthermore, sevoflurane inhibited the phosphorylation 
of Akt, decreased the phosphorylation of GSK-3β at ser9 and 
increased the phosphorylation of CRMP2 at Thr514. These 
results suggest that multiple signaling pathways, including 
ERK1/2, P38 and Akt/GSK-3β/CRMP-2 may be involved in 
sevoflurane‑induced neuroapoptosis in the developing brain.

Introduction

Exposure to general anesthetics during brain development may 
induce widespread apoptotic neurodegeneration in various 
mammalian species (1-4). Sevoflurane is an inhaled anesthetic 
commonly used in the clinic, particularly in pediatric medicine, 
due to its minimal airway reactivity and low blood/gas partition 
coefficient (5). Previous studies have indicated that sevoflurane 
causes biochemical changes, including apoptosis, amyloid-β 
accumulation and neuroinflammation in the hippocampus or 
cortex, and induces hippocampus-dependent and -independent 
cognitive dysfunction in developing mice (4,6,7). However, its 
underlying mechanisms of action remain unknown.

Mitogen-activated protein kinases (MAPKs) are a family 
of serine-threonine protein kinases that consist of three major 
members: Extracellular signal-regulated kinase 1/2 (ERK1/2), 
p38 MAPK and c-Jun N-terminal kinases (JNK) (8). MAPK 
signaling cascades serve crucial cellular roles under normal 
and pathological conditions, including nervous system develop-
ment and neurodegeneration (9,10). Activation of the JNK and 
p38 pathways may contribute to apoptosis whereas the activa-
tion of ERK1/2 induces cell survival following central nervous 
system injury (11). ERK1/2-dependent phosphorylation of the 
cyclic adenosine monophosphate response element-binding 
protein (CREB) may lead to the transcriptional upregulation 
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of the anti-apoptotic proteins Bcl-2 and brain-derived neuro-
trophic factor, which promote the survival and differentiation 
of neurons (12,13). It has been demonstrated that the transient 
suppression of ERK phosphorylation in neonatal mice causes 
marked apoptosis of brain cells and has profound long-term 
effects on brain function, including a reduction in long-term 
potentiation and memory impairments, and exhibiting no pref-
erence for interacting with animate vs. inanimate objects (14). 
Previous studies demonstrated that the inhaled anesthetic 
isoflurane suppresses ERK phosphorylation and increases 
the phosphorylation of p38, MAPK and JNK in the hippo-
campus of neonatal rats. Additionally, isoflurane increases 
neuronal apoptosis by activating the JNK and p38 MAPK 
pathways (15,16). However, it remains unclear exactly how 
sevoflurane affects the MAPK pathway.

Glycogen synthase kinase-3β (GSK-3β) functions in a 
wide range of cellular processes, including cell proliferation, 
differentiation, motility and apoptosis (17-19). It is one of the 
most important downstream targets of the protein kinase B 
(Akt) signaling pathway. Akt phosphorylating serine at posi-
tion 9 in GSK-3β inhibits GSK-3β activity (20). In neurons, 
GSK-3β is involved in neuronal microtubule dynamics and 
determines axon/dendrite polarity by phosphorylating the 
downstream targets of GSK-3β, such as collapsin response 
mediator protein 2 (CRMP-2) (17,21,22). CRMP2 is involved 
in neuronal differentiation and axon growth via the binding 
of CRMP-2 and tubulin, which promotes microtubule 
assembly (23). In cultured neurons, CRMP2 has been demon-
strated to be critical in axon specification, elongation and 
branching, thereby establishing and maintaining neuronal 
polarity (23). CRMP-2 has also been proved to co-localize 
with Numb and regulate Numb-mediated endocytosis, which 
is associated with axon growth (24). The binding of CRMP-2 
to tubulin is inhibited following the phosphorylation of 
CRMP-2 by GSK-3β (21). Furthermore, it has been demon-
strated that the Akt/GSK-3β/CRMP-2 signaling pathway 
serves important roles in the establishment of axonal-dendritic 
polarity in vitro (21) and in mediating axonal injury in the 
neonatal rat brain following hypoxia-ischemia in vivo (22). 
The inhibition of Akt signaling serves a critical role in 
isoflurane-induced neuroapoptosis in developing rats (25). 
Tao et al (26) also demonstrated that sevoflurane anesthesia 
stimulates Tau phosphorylation and activates GSK-3β in the 
hippocampus of young mice, causing cognitive impairment. 
However, it remains unknown how sevoflurane affects the 
Akt/GSK-3β/CRMP-2 pathway.

To determine the molecular mechanisms of neurotoxicity 
induced by anesthesia with sevoflurane, the current study 
investigated changes in the expression of proteins in the 
MAPK and Akt/GSK-3β/CRMP-2 signaling pathways in the 
cortices of 7-day-old neonatal mice.

Materials and methods

Animals. The current study was approved by the Animal Care 
Committee at Sun Yat-sen University (Guangzhou, China) 
and performed in accordance with the National Institutes 
of Health Guide for the Use of Laboratory Animals (27). A 
total of 24 C57BL/6 male mouse pups, aged 7 days (P7) and 
weighing 3.5-4.5 g were obtained from Guangdong Medical 

Laboratory Animal Center (Guangdong, China; permission 
no. SCXK2011-0029). The pups were housed in the same cage 
as their mothers and were kept under temperature-controlled 
environmental conditions (26˚C) on a 14:10 constant light‑dark 
cycle until P7. The mother mice had free access to food and 
water. The mouse pups at P7 were exposed to 2.6% sevo-
flurane (Jiangsu Hengrui Medicine Co., Ltd., Lianyungang, 
China) for 6 h [~1.0 minimal alveolar concentration (MAC) in 
P7 mice] in 50% oxygen in a temperature-controlled chamber, 
following a previously described protocol (n=12) (17). The 
control mice were exposed to normal air for 6 h under the same 
condition (n=12). The concentrations of anesthetic gas, oxygen 
and carbon dioxide in the chamber were measured using a 
gas analyzer (Datex-Ohmeda; GE Healthcare, Chicago, IL, 
USA). All animals were sacrificed 2 h following termination 
of sevoflurane/oxygen exposure and their cortices were used 
for western blotting (sevoflurane group, n=6; control group, 
n=6) or TdT-mediated dUTP nick end labeling (TUNEL) with 
fluorescent dye (sevoflurane group, n=6; control group, n=6).

Tissue preparation. Half of the mice in each group were 
used for western blotting and half of the mice for TUNEL 
studies. For western blotting, mouse pups were anaesthetized 
by inhaling 3% of sevoflurane until loss of the righting reflex 
(LORR), which indicated the mice had lost consciousness. 
Then the mice were sacrificed by decapitation. Cortices were 
isolated immediately on ice and then stored at ‑80˚C until use. 
For TUNEL studies, mouse pups were sacrificed by inhaling 
3% of sevoflurane until LORR and perfused transcardially 
with ice-cold normal saline followed by 4% paraformaldehyde 
in 0.1 M phosphate buffer for 10 min at 4˚C. Their brains 
were post‑fixed in the same fixative for 48 h at 4˚C, and then 
paraffin embedded and sectioned into 6‑µm‑thick sections. 
As described in previous studies (15,16,25), at least three 
sections in the same plane of the hippocampus for each animal 
were selected to detect cells that exhibited positive TUNEL 
staining; all sections used in TUNEL were 100 µm apart and 
the sections were according to Figures 129-131 in the Atlas of 
the Developing Mouse Brain (28).

Western blotting. Western blotting was performed as previ-
ously described (15,16,25). Briefly, the protein concentration 
in each sample was determined using a BCA protein assay 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). Sample 
proteins (40 µg/lane) were separated on 10% SDS-PAGE and 
then transferred onto polyvinylidene difluoride membranes. 
Membranes were blocked with 5% bovine serum albumin 
(Beyotime Institute of Biotechnology, Shanghai, China) in 
Tris-buffered saline with Tween-20 (TBST) at room tempera-
ture for 1 h. Membranes were subsequently incubated at 4˚C 
overnight with the following primary antibodies: Anti-cleaved 
caspase-3 (cat no. 9664) at 1:2,000 dilution, anti-α-fodrin 
(which contain SBDP145 and SBDP120 fragments; cat 
no. 2122) at 1:2,000 dilution, anti-phosphorylated-(p)-JNK 
(cat no. 4668) at 1:2,000 dilution, anti-JNK (cat no. 9252) at 
1:2,000 dilution, anti-p-ERK1/2 (cat no. 4376) at 1:1,000 dilu-
tion, anti-ERK1/2 (cat no. 4695) at 1:1,000 dilution, anti-p-P38 
(cat no. 4631) at 1:1,000 dilution, anti-P38 (cat no. 9212) at 
1:1,000 dilution, anti-p-CREB (cat no. 9198) at 1:1,000 dilu-
tion, anti-p-nuclear factor-κB (NF-κB) (cat no. 3033) at 1:1,000 
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dilution, anti-p-Akt (Ser 473) (cat no. 4060) at 1:2,000 dilu-
tion, anti-Akt (cat no. 4685) at 1:5,000 dilution, anti-p-GSK-3β 
(Ser 9) (cat no. 5558) at 1:2,000 dilution, anti-GSK-3β (cat 
no. 9315) at 1:2,000 dilution, anti-p-CRMP-2 (Thr 514) (cat 
no. 9397) at 1:2,000 dilution, anti-CRMP-2 (cat no. 9393) at 
1:2,000 dilution and anti-β-actin (cat no. 3700) at 1:2,000 
dilution (all Cell Signaling Technology, Inc., Danvers, MA, 
USA) and anti-p-GSK-3β (Ty 216) (cat no. ab75745; Abcam, 
Cambridge, USA) at 1:2,000 dilution. The membranes were 
washed with TBST three times and incubated with the 
appropriate horseradish peroxidase-conjugated secondary 
antibodies (goat anti-mouse IgG, cat no. A0216; goat 
anti-rabbit IgG, cat no. A0208; 1:2,000; Beyotime Institute of 
Biotechnology) at room temperature for 1 h. The membranes 
were washed with TBST three times and visualized using an 
enhanced chemiluminescence detection system (cat no. 34580; 
Thermo Fisher Scientific, Inc.). Images were scanned using an 
Image Master II scanner (GE Healthcare) and were analyzed 
using Image Quant TL software (v2003.03, GE Healthcare). 
The band signals of p-ERK1/2, p-JNK, p-p38, p-Akt, p-GSK-3 
and p-CRMP-2 were normalized to the bands of total ERK1/2, 
JNK, p38, Akt, GSK-3β and CRMP-2 from the same samples. 
The band signals of the other proteins were normalized to 
those of β-actin and the results in each group were normalized 
to that of the corresponding control group.

TUNEL assay. TUNEL was performed following a previ-
ously described protocol (15,16). A Dead End™ fluorometric 
TUNEL system (Promega Corporation, Madison, WI, USA) 
was used and staining following the manufacturer's protocol. 
Briefly, TUNEL labeling was conducted with a mix of 45 µl 
equilibration buffer, 5 µl nucleotide mix and 1 µl recombi-
nant terminal deoxynucleotidyl transferase (rTdT) enzyme 
in a humidified, lucifugal chamber for 1 h at 37˚C, and then 
Hoechst 33258 (H-33258; Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) was used to stain nuclei for 10 min at 
room temperature. The sections were protected by anti-Fade 

solution and mounted on glass coverslips with clear nail 
polish sealing the edges. Slides were protected from direct 
light during the experiment. The images of TUNEL positive 
cells in the retrosplenial cortex (RS), frontal cortex (FC) and 
parietal association cortex (PtA) areas were acquired by Ti-S 
inverted fluorescence microscope (Nikon Corporation, Tokyo, 
Japan) and analyzed using NIS-Elements Basic Research 
imaging processing and analysis software (version 3.0; Nikon 
Corporation). The density of TUNEL positive cells in the 
three cortical regions was calculated by dividing the number 
of TUNEL positive cells by the area of that brain region.

Statistical analysis. Sample size was calculated using 
PASS 11 software (NCSS, LLC, Kaysville, UT, USA) to 
achieve 80% power at a significance level of P<0.05. All 
data were determined to be normally distributed using the 
Shapiro‑Wilk test and had no significant heterogeneity of 
variance as detected by Levene's test. GraphPad Prism 6.0 
software (GraphPad Software Inc., La Jolla, CA, USA) 
was used to conduct all statistical analyses. Data were 
presented as mean ± standard deviation and were analyzed 
by Student's t‑test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Sevoflurane induces neuroapoptosis by activating caspase‑3 
and calpain in the cortices of developing mice. The results of 
preliminary experiments for arterial blood gas monitoring in 
the current study demonstrated that neonatal mice exhibited 
no hypoglycemia and acidosis during sevoflurane exposure. 
Neuronal apoptosis in the cortical RS, FC and PtA regions 
of P7 mice were detected by TUNEL (Fig. 1). Sevoflurane 
increased the number of apoptotic cells by 338.37% in 
RS, 409.78% in FC and 360.94% in PtA compared with 
controls (all P<0.001). In addition, changes in the expres-
sion of cleaved caspase-3 and α-fodrin (α-II-Spectrin) in the 

Figure 1. Sevoflurane increased the number of TUNEL positive cells in the cortices of P7 mice. Representative images of TUNEL staining in the (A) RS and 
FC regions of the cortices. Green staining indicated TUNEL‑positive cells, blue staining indicated nuclear staining (magnification, x100). The white arrows 
indicate the TUNEL‑positive cells. (B) Quantification of TUNEL positive cells in the RS, FC and PtA regions of the cortices. All results are presented as the 
mean ± standard deviation of the mean (n=6). ***P<0.001 vs. CON. TUNEL, Terminal deoxyribonucleotide transferase mediated dUTP nick end labeling; Con, 
control group; Sevo, sevoflurane group; RS, retrosplenial cortex; FC, frontal cortex; PtA, parietal association cortex; P7, 7‑day‑old neonatal mice.
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cortices of mice were assessed by western blotting (Fig. 2). 
Sevoflurane anesthesia significantly increased the expression 
of cleaved caspase‑3 protein expression by 11.66‑fold. (P<0.01; 

Fig. 2A and C). To examine whether sevoflurane anesthesia 
influences calpain activity, the expression of α-fodrin in the 
cortex was measured. Cleavage of the 320 kDa full-length 

Figure 2. Sevoflurane increased the expression of cleaved caspase‑3, SBDP145 and SBDP120 fragments of α-fodrin in the cortices of P7 mice. Representative 
western blots of (A) cleaved caspase-3 and (B) α-fodrin. Quantitative analysis of (C) cleaved caspase-3, (D) SBDP145 and (E) SBDP120 expression. All results 
are presented as the mean ± standard deviation of the mean (n=6). **P<0.01 and ***P<0.001, vs. Con. CON, control group; Sevo, sevoflurane group; P7, 7‑day‑old 
neonatal mice.

Figure 3. Sevoflurane inhibited the phosphorylation of ERK1/2 and CREB, increased the phosphorylation of p38 and NF‑κB, and did not alter JNK activa-
tion in the cortex of P7 mice. Representative Western blots of (A) ERK1/2, p-ERK1/2 and p-CREB, (D) p-p38, P-38 and p-NF-κB and (G) JNK and p-JNK. 
Quantitative analysis of (B) p-ERK1/2 (44 and 42 kDa), (C) p-CREB, (E) p-p38, (F) p-NF-κB (F) and (H) p-JNK. The results are presented as the mean ± stan-
dard deviation of the mean (n=6). *P<0.05, **P<0.01, ***P<0.001 vs. CON. CON, control; SEVO, sevoflurane; NF‑κB, nuclear factor κB; p-, phosphorylated; 
CREB, cyclic adenosine monophosphate response element-binding protein; JNK, c-Jun N-terminal kinase; ERK1/2, extracellular signal-regulated kinase 1/2.
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α-fodrin by calpain leads to the formation of the 145 kDa frag-
ment (known as Spectrin breakdown product 145; SBPD145), 
which served as a relative measure of calpain activity, whereas 
the appearance of an additional 120 kDa fragment (also 
known as Spectrin breakdown product 120; SBPD120) served 
as an indicator of caspase-3 activity (29). The amount of the 
145 kDa and 120 kDa protein fragment significantly increased 
by 140.1% (P<0.01; Fig. 2B and D) and 324.3% (P<0.001; 
Fig. 2B and E), respectively, immediately following termina-
tion of sevoflurane anesthesia.

The effect of sevoflurane on MAPK signaling pathways. 
Sevoflurane significantly decreased the expression of 
p-ERK1/2 at 44 kD by 73.9% and p-ERK1/2 at 42 kD by 
47.0% (P<0.001; Fig. 3A and B). To further analyze ERK1/2 
activity, the phosphorylation of CREB, one of the substrates 
of ERK1/2, was examined. A 22.6% decrease (P<0.05; 
Fig. 3A and C) in p-CREB expression was observed in the 

cortex following anesthesia with sevoflurane. By contrast, 
sevoflurane significantly increased the expression of p‑p38 by 
204.5% (P<0.001; Fig. 3D and E) and its downstream substrate 
p-NF-κB by 58.9% (P<0.01; Fig. 3D and F). The expression of 
p-JNK remained unchanged in the cortices following exposure 
to sevoflurane (P=0.0665; Fig. 3G and H). Furthermore, the 
expression of ERK1/2, JNK and p38 exhibited no significant 
differences between sevoflurane and control rats (data not 
shown).

The effects of sevoflurane on the Akt/GSK‑3β/CRMP‑2 
pathway. To determine whether the Akt/GSK-3β/CRMP-2 
signaling pathway is involved in sevoflurane‑induced neuroap-
otosis, the expression of Akt, GSK-3β and CRMP-2, and their 
phosphorylation were assessed in the cortex following anes-
thesia with sevoflurane. Western blot analysis demonstrated 
that sevoflurane inhibits Akt activity as, following sevoflurane 
treatment; the expression of p‑Akt was significantly reduced 

Figure 4. Sevoflurane inhibited the activity of the Akt/GSK‑3β/CRMP2 pathway. Sevoflurane reduced the phosphorylation of Akt and GSK‑3β (Ser 9) and 
increased phosphorylation of GSK-3β (Ty216) and CRMP2 (Thr 514) in the cortex of P7 mice. (A) Representative western blots of p-Akt, p-GSK-3β (Ser 9), 
p-GSK-3β (Ty216) and p-CRMP2 (Thr 514); Quantitative analysis of (B) p-Akt, (C) p-GSK-3β (Ser 9), (D) p-GSK-3β (Ty216) and (E) p-CRMP2 (Thr 514). 
Results are presented as the mean ± standard deviation of the mean (n=6). **P<0.01 vs. Con. P7, 7‑day‑old neonatal mice; Con, control group; Sevo, sevoflurane 
group; p-, phosphorylated; GSK-3β, glycogen synthase kinase-3β; Akt, protein kinase B; CRMP2, collapsin response mediator protein 2.
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by 58.9% compared with the control (P<0.01; Fig. 4A and B). 
Sevoflurane activated GSK-3β by significantly reducing 
the expression of p-GSK-3β at Ser 9 by 21.45% (P<0.01; 
Fig. 4A and C) and significantly increasing the expression 
of p-GSK-3β at Ty216 by 28.02% (P<0.01; Fig. 4A and D). 
Furthermore, the expression of p-CRMP2 at Thr 514, which 
reflects GSK-3β activity, was significantly increased by 
198.42% following sevoflurane anesthesia compared with 
the control (P<0.01; Fig. 4A and E). The expression of Akt, 
GSK-3β and CRMP‑2 did not differ significantly between rats 
in the sevoflurane and control groups (data not shown).

Discussion

In the current study, it was demonstrated that 6 h exposure to 
2.6% sevoflurane significantly increases neuronal apoptosis in 
the cortices of P7 mice. The activation of calpain and caspase-3 
contributed to this neuronal apoptosis. Sevoflurane suppressed 
the phosphorylation of ERK1/2 and CREB, and promoted 
the phosphorylation of p38 and NF-κB, but did not influence 
JNK phosphorylation following 6-h exposure. Furthermore, 
sevoflurane inhibited the activity of the Akt/GSK‑3β/CRMP-2 
pathway by reducing the phosphorylation of Akt and GSK-3β, 
and increasing the phosphorylation of CRMP-2.

It has been demonstrated that sevoflurane induces neuro-
apoptosis, which is dependent on the depth of the anesthesia 
and is time- and brain region-specific (7,30,31). Previous 
studies have indicated that isoflurane induces more neurotox-
icity than equivalent doses of sevoflurane (25,32). Exposure 
of P7 rats to 1% sevoflurane for 2 h did not result in severe 
neuroapoptosis, whereas increased concentrations of sevoflu-
rane caused neuroapoptosis or cognitive dysfunction in the 
developing brain (31,33). In the current study, it was demon-
strated that exposure of P7 rats to 2.6% sevoflurane (~1 MAC) 
activates capsase-3 dependent apoptosis, as indicated by the 
increase in cleaved 19/17-kDa caspase-3 subunits and genera-
tion of the α-fodrin 120 kDa fragments (31,33). Furthermore, 
the relative activity of calpain, manifested as changes in the 
level of proteolytic fragment in the 145 kDa of α-fodrin, was 
also increased following sevoflurane exposure in the cortices 
of P7 rats. Calpains are a family of cysteine proteases activated 
by calcium and autolytic processing. It has been demonstrated 
that the pathological activation of calpain leads to cytoskeletal 
protein breakdown, the loss of structural integrity, dysfunctions 
of axonal transport and eventually, neuronal cell death (34). 
Activated calpain may also bind to the apoptosis induced 
factor (AIF) and thus mediate the caspase-independent apop-
totic pathway (35). Indeed, our previous study determined that 
sevoflurane increases the expression of AIF in the cortex of 
P7 rats (36). Therefore, it is possible that sevoflurane induces 
neuroapoptosis by activating the caspase-dependent and -inde-
pendent pathways.

Sevoflurane induces abnormal social behaviors and cogni-
tive dysfunctions in developing animals. CREB activation by 
phosphorylation is essential in the process of memory forma-
tion and maintenance by inducing the expression of genes that 
are essential for learning (13). Hardingham et al (37) demon-
strated that depolarization-stimulated CREB phosphorylation 
is dependent on activation of the ERK and calcium-dependent 
protein kinase (CaMK) signaling pathways. The ERK pathway 

is responsible for the late phase of depolarization-stimulated 
CREB phosphorylation and the CaMK cascade regulates the 
early transient phase (38). The results of the current study 
demonstrate that sevoflurane decreases ERK phosphorylation 
and the phosphorylation of downstream CREB, indicating 
that sevoflurane may inhibit CREB activation by decreasing 
the phosphorylation of ERK. It has been demonstrated that 
the suppression of ERK phosphorylation is critically involved 
in the mechanism underlying sevoflurane‑induced toxicity in 
the developing brain and that lithium or N-stearoyl-L-tyrosine 
attenuates anesthetic-induced neuroapoptosis by upregulating 
the ERK pathway. The results of the present study indicate 
that the ERK-CREB pathway may be involved in sevoflu-
rane-induced neurotoxicity and cognitive dysfunctions.

Neuroinf lammation contributes to volatile anes-
thetic‑induced cognitive deficits and it has been demonstrated 
that isoflurane induces learning impairment by activating the 
NF-κB pathway and upregulating the expression of hippo-
campal interleukin-1β in rodents (39,40). Sevoflurane also 
increases levels of the pro‑inflammatory cytokine interleukin‑6 
and tumor necrosis factor-α in the developing mouse brain (7). 
Anti‑inflammatory therapy significantly attenuated the cogni-
tive impairments induced by sevoflurane in young and aged 
rats (7,41). Our previous study demonstrated that isoflurane 
induces neuroapoptosis by activating the p38-NF-κB signaling 
pathway in the brain of developing rats (16). In the present 
study, it was demonstrated that sevoflurane activates the p38 
pathway, as demonstrated by the increase in the phosphoryla-
tion of p38 and its downstream substrate NF-κB. However, 
further studies are required to identify whether the p38-NF-κB 
pathway is involved sevoflurane‑induced neuroapoptosis and 
neuroinflammation. Unlike isoflurane, sevoflurane does not 
promote the phosphorylation of JNK, which is consistent with 
the results of a study by Wang et al (42) demonstrating that 
inhibition of JNK does not attenuate sevoflurane-induced 
neuroapoptosis. Furthermore, sevoflurane induces astrocytic 
dysfunction by inactivating the JAK/STAT pathway in the 
hippocampus of neonatal rats (43). These results suggest that 
the inhibition of the JNK pathway may contribute to neurotox-
icity of sevoflurane.

The use of general anesthesia may increase the risk of 
Alzheimer's disease (AD). Isoflurane or sevoflurane promotes 
AD neuropathogenesis by inducing caspase activation, 
accumulation of β-amyloid (Aβ) and overt tau hyperphosphory-
lation (5,44,45). GSK-3 activation is a critical step in the cascade 
of detrimental events that occur during the development in AD, 
preceding the neurofibrillary tangles and neuronal death path-
ways (19). It has been demonstrated that sevoflurane induces Tau 
phosphorylation and GSK-3β activation in the hippocampus of 
developing mice (26). GSK-3β catalytic kinase activity is regu-
lated by the differential phosphorylation of serine/threonine 
residues, including Ser 21 and Ser 9, which have an inhibitory 
effect, and tyrosine residues such as Tyr 279 and Tyr 216, which 
have an activating effect. CRMP-2, a phospho-protein involved 
in axonal outgrowth and microtubule dynamics, is aberrantly 
phosphorylated at Thr514 by GSK-3β in the brain of patients 
with AD (46). In the current study, sevoflurane decreased the 
phosphorylation of Akt and its downstream protein GSK-3β 
at Ser9 and also enhanced the phosphorylation of GSK-3β at 
Ty216, suggesting that sevoflurane activates GSK-3β. This 
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effect was confirmed by the effect of sevoflurane on CRMP2 
phosphorylation at Thr514, which is one of the downstream sites 
of GSK-3β. Wang et al (47) suggested that the suppression of 
CRMP-2 hyperphosphorylation ameliorates β-amyloid-induced 
cognitive dysfunction and hippocampal axon degeneration. 
However, it remains unknown whether the suppression of 
CRMP-2 hyperphosphorylation ameliorates neurotoxicity of 
sevoflurane in the developing brain.

The current study had several limitations. Firstly, the 
changes in the expression of proteins were only evaluated 2 h 
following sevoflurane exposure and were not observed over a 
longer duration, which may improve understanding regarding 
the changes in the expression of these proteins. Additionally, 
specific inhibitors of p38 or GSK‑3β were not used. These may 
be useful in determining the exact mechanism of some signaling 
pathways following exposure to sevoflurane. Additionally, 
synaptic morphology and the behavior of animals following 
exposure to sevoflurane was not assessed in the current study. 
These evaluations may contribute to clarifying the effects of 
these pathways on sevoflurane‑induced long‑time cognitive 
impairment.

In conclusion, the results of the current study demonstrated 
that sevoflurane induces changes in the expression of proteins 
that serve an important role in the brain development of 
neonatal animals. The proteins identified suggest that sevo-
flurane may disturb neuronal migration, differentiation and 
energy metabolism in the brains of neonatal rats, which may 
contribute to its neurodegenerative effects.
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