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Neuroprotective effects of caffeic acid phenethyl ester against
sevoflurane-induced neuronal degeneration in the hippocampus of
neonatal rats involve MAPK and PI3K/Akt signaling pathways

LI-YAN WANG!, ZHI-JUN TANG? and YU-ZENG HAN?

Departments of IPediatric Surgery, 2Orthopedics in Repair and Reconstruction and 3Pediatric Internal Medicine,
Linyi People's Hospital, Linyi, Shandong 276003, P.R. China

Received May 30, 2015; Accepted June 24, 2016

DOI: 10.3892/mmr.2016.5586

Abstract. Millions of infants and children are exposed to
anesthesia every year during medical care. Sevoflurane is a
volatile anesthetic that is frequently used for pediatric anes-
thesia. However, previous reports have suggested that the
administration of sevoflurane promotes neurodegeneration,
raising concerns regarding the safety of its usage. The present
study aimed to investigate caffeic acid phenethyl ester (CAPE)
and its protective effect against sevoflurane-induced neurotox-
icity in neonatal rats. Rat pups were administered with CAPE
at 10, 20 or 40 mg/kg body weight from postnatal day 1 (P1)
to P15. The P7 rats were exposed to sevoflurane (2.9%) for 6 h.
Control group rats received no sevoflurane or CAPE. Neuronal
apoptosis was determined by terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling assay. The expression levels
of caspases (caspase-3, -8 and -9), apoptotic pathway proteins
[Bcl-2-associated X protein (Bax), B cell CCL/lymphoma 2
(Bcl-2), Bel-2-like 1 (Bcl-xL), Bel-2-associated agonist of cell
death (Bad) and phosphorylated (p)-Bad], mitogen-activated
protein kinases (MAPK) signaling pathway proteins [c-Jun
N-terminal kinase (JNK), p-JNK, extracellular signal-regu-
lated kinase (ERK)1/2, p-ERK1/2, p38, p-p38 and p-c-Jun]
and the phosphoinositide 3-kinase (PI3K)/Akt cascade
were evaluated by western blotting following sevoflurane
and CAPE treatment. In addition, the expression of cleaved
caspase-3 was analyzed by immunohistochemistry. CAPE
significantly reduced sevoflurane-induced apoptosis, down-
regulated the expression levels of caspases and pro-apoptotic
proteins (Bax and Bad) and elevated the expression levels of
Bcl-2 and Bcel-xL. when compared with sevoflurane treatment.

Correspondence to: Dr Yu-Zeng Han, Department of Pediatric
Internal Medicine, Linyi People's Hospital, 27 Jiefang Road, Linyi,
Shandong 276003, P.R. China

E-mail: hanyuzheng@hotmail.com

Key words: apoptosis, caffeic acid phenethyl ester, mitogen-activated
protein kinases, phosphoinositide 3-kinase/Akt, neuroprotective,
sevoflurane

Furthermore, CAPE appeared to modify the expression levels
of MAPKSs and activate the PI3K/Akt signaling pathway. Thus,
the present study demonstrated that CAPE effectively inhib-
ited sevoflurane-induced neuroapoptosis by modulating the
expression and phosphorylation of apoptotic pathway proteins
and MAPKSs, and by regulating the PI3K/Akt pathway.

Introduction

Volatile anesthetics are frequently used during pediatric
surgery (1). Sevoflurane [2,2,2-trifluoro-1-(trifluorome
thyl) ethyl fluoro methyl ether] is widely administered as a
general anesthetic in pediatric patients, due to its fast induc-
tion and recovery times, and it causes less irritation to the
airways compared with other inhaled anesthetics (2). Accu-
mulating evidence indicates that volatile anesthetics induce
neuronal apoptosis (3-6) and affect neurogenesis in vitro and
in vivo (7,8). Furthermore, long-term neurocognitive function
was observed to be altered in 7 day-old rats (9).

Children aged <4 years that were exposed to general anes-
thesia more than once have an increased risk of developing
learning disabilities (10,11). Although sevoflurane is not as
cytotoxic as isoflurane and desflurane, sevoflurane exposure
increases the risk of neurodevelopmental impairments and
cognitive dysfunction in neonatal animal models (12-14).

The various mechanisms that underlie anesthetic-mediated
neuronal apoptosis in the evolving brain are yet to be fully
determined and numerous potential mechanisms have been
proposed, including: i) Disruption of intracellular calcium
homeostasis (15-17); ii) regulation of the cell cycle (18);
iii) inhibition of N-methyl-D-aspartate receptors and activa-
tion of gamma-aminobutyric acid receptors; and iv) associated
impairment of synaptogenesis (19-22).

Mitogen-activated protein kinases (MAPKs) are a group
of serine-threonine protein kinases that are important during
neurogenesis (23), neurodegeneration (24) and brain inflam-
mation (25). The major members of the MAPK family are
c-Jun N-terminal kinase (JNK), extracellular signal-regulated
kinase (ERK) and p38 MAPK. Previous studies have demon-
strated an association between MAPK signaling pathways
and neurotoxicity induced by anesthetics. Wang et al (26)
reported that N-stearoyl-l-tyrosine protects the developing
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brain against sevoflurane-induced neurotoxicity by regulating
the ERK1/2 signaling pathway. Furthermore, dexmedeto-
midine was demonstrated to regulate the phosphorylation
levels of ERK1/2 in the neonatal rat brain (27) and provided
neuroprotection against isoflurane-induced neurodegenera-
tion in the hippocampus of neonatal rats by modulating the
phosphoinositide 3-kinase (PI3K)/Akt signaling pathway (28).
Zhao et al (29) reported that isoflurane causes neurodegen-
eration via apoptosis through excessive activation of inositol
1.4,5-trisphosphate receptors (InsP;Rs).

Strategies to potentially reduce the anesthetic-induced
neurotoxicity require further research. Previous investigations
focused on using plant-derived compounds for the therapy
of various medical conditions. Resveratrol, a phenolic anti-
oxidant present in grapes and berries, was demonstrated to
protect neuronal cells from isoflurane-induced cytotoxicity
by regulating the Akt signaling cascade (30). Caffeic acid
phenethyl ester (CAPE) is a phenolic chemical compound
present in numerous plants and is extracted from honeybee
hive propolis (31). It is a strong antioxidant (32), and also
exhibits anti-proliferative (33) and anti-inflammatory
effects (32,34). Furthermore, the neuroprotective effects of
CAPE in in vivo and in vitro experimental models have been
demonstrated (35-37).

Thus, considering the biological effects of CAPE, the
present study aimed to investigate whether CAPE protects
against sevoflurane-induced neurotoxicity in a neonatal rat
model.

Materials and methods

Study animals. The present study was approved by the
animal care and ethical committee of Linyi People's Hospital
(Linyi, China) and was performed in accordance with the
National Institutes of Health Guide for the Use of Labora-
tory Animals. A total of 30 pregnant female Sprague-Dawley
rats from Guangdong Medical Laboratory Animal Center
(Foshan, China), were used in the present study. The animals
were housed in individual cages at ~22+1°C, and had access
to water and food ad libitum. The rats were observed closely
for the day of birth [postnatal day O (P0)]. The rat pups had
access to water ad libitum and were maintained under a 12-h
light/dark cycle at ~22+1°C. The treatment group rat pups
received CAPE (10, 20 or 40 mg/kg body weight) orally each
day along with standard diet from P1 to P15.

Chemicals and antibodies. Sevoflurane and CAPE were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Fluoro-Jade C (0.001%) was obtained from EMD Millipore
(Billerica, MA, USA). Primary antibodies against acti-
vated caspase-3 (cat. no. sc-7149), -8 (cat. no. sc-56070), -9
(cat. no. sc-7885), B cell CCL/lymphoma 2 (Bcl-2;
cat. no. 509), Bcl-2-associated agonist of cell death (Bad;
cat. no. sc-8044), Bcl-2-like 1 (Bcl-xL; cat. no. sc-7195),
Bcl-2-associated X protein (Bax; cat. no. sc-493), phosphory-
lated (p)-Bad (cat. no. sc-101640), f-actin (cat. no. sc-69879;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), Akt
(cat. no. 2920), p-Akt (cat. no. 4060), glycogen synthase
kinase 3P (GSK3; cat. no. 9315), p-GSK3f (cat. no. 9323),
phosphatase and tensin homolog (PTEN; cat. no. 9556), JINK
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(cat. no. 9252), p-JNK (cat. no. 9255), p-c-Jun (cat. no. 2361),
ERK1/2 (cat. no. 4615), p-ERK1/2 (cat. no. 4377), p38
(cat. no. 9228) and p-p38 (cat. no. 9215; Cell Signaling Tech-
nology, Inc., Danvers, MA, USA) were used in the current
study. All chemicals used in this study were of analytical
grade and procured from Sigma-Aldrich unless specified.

Anesthesia exposure. At P7, groups of rat pups were exposed
to sevoflurane (2.9%). The pups were retained in a humid
chamber with total gas flow 2 1/min, using 25% O, as the
carrier. Anesthetic agent fractions and O, were measured
using a Capnomac Ultima gas analysis system (GE Health-
care Life Sciences, Chalfont, UK). During anesthetic
exposure, the pups were placed on a warm mat at 38+1°C.
Neonatal rats were assigned to receive 2.9% sevoflurane for
6 h in 30% O, (38). On P7 the rats were administered with
CAPE (10, 20 or 40 mg/kg body weight) 1 h prior to sevoflu-
rane exposure. The control group received no anesthesia or
CAPE. The anesthetic control group received only anesthesia
and were not treated with CAPE. At the end of the study
period, the animals (n=6 per group) were anesthetized with
sodium thiopenthal (100 mg/kg; Sigma-Aldrich) and were
sacrificed after 25-30 min of thiopental injection. Samples
of hippocampal tissue were excised for analysis of apoptosis
by terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay, and protein expression by western
blotting.

Measurement of plasma S100 calcium binding protein 3
(S100p) by enzyme-linked immunosorbent assay (ELISA). The
S100 family of dimeric cytosolic calcium binding proteins are
expressed in astroglial and Schwann cells. The § isomer of
S100 is released into the extracellular space upon tissue injury
and enters the serum through the blood brain barrier following
mild brain injury, trauma, ischemia, hypoxia and exposure
to neurotoxins (39). The levels of plasma S100f3 in neonatal
rats were evaluated using a Sangtec 100 ELISA kit (DiaSorin
S.P.A., Gerenzano, Italy) according to the manufacturer's
instructions. Briefly, 50 pl plasma from each pup was added
to a well of the 96-well plate and mixed with 150 ul tracer
from the kit, and incubated for ~2 h. Following incubation,
3,3'5,5'tetramethylbenzidine substrate and stop solution were
added and the solution was mixed well. The optical density
was measured at 450 nm using a Bio-Rad iMark microplate
absorbance reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) (40).

Measurement of apoptosis by TUNEL assay. TUNEL assay
was performed to assess neuronal apoptosis, as described
previously by Li ef al (6). Briefly, P7 rat pups exposed to sevo-
flurane were sacrificed and the brain tissues were excised.
The sections were immersed in 10% buffered formalin for
15 min at room temperature. Tissues were post-fixed for 48 h
at 4°C, embedded in paraffin and sections (5 ym) were used
for the assay. A TUNEL fluorescent assay was performed
using the fluorometric TUNEL system kit (Promega Corpo-
ration, Madision, WI, USA). The brain tissue slides were
protected from direct light and the nuclei were stained using
2 ug/ml Hoechst for 10 min. TUNEL-positive cells in the
hippocampal dentate gyrus (DG), CAl and CA3 regions
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were analyzed in 10 fields using the NIS-Elements BR image
processing and analysis software (Nikon Corporation, Tokyo,
Japan).

Immunohistochemical analysis of cleaved caspase-3.
Apoptosis was analyzed by immunohistochemical analysis
of cleaved caspase-3 levels, as previously described by
Li et al (41). Briefly, the brain tissue sections were incubated
with anti-cleaved caspase-3 primary antibody at 4°C overnight,
followed by biotin-conjugated secondary antibody treatment
(1:200; cat. no. sc-2040; Santa Cruz Biotechnology, Inc.) for
~40 min at room temperature. The sections were subsequently
incubated with avidin-biotinylated peroxidase complex
(Vectastain ABC kit; Vector Laboratories, Inc., Burlingame,
CA, USA) for 40 min then stained with 3,3'-diaminobenzidine
(Vector Laboratories, Inc.). The sections were observed using
an IX70 microscope (Olympus Corporation, Tokyo, Japan)
with 6 randomly chosen fields imaged per slide.

Immunoblotting. Hippocampi were isolated from the rat pups
immediately following exposure to sevoflurane then used for
western blotting as described previously (5,6). The protein
concentrations within the samples were determined using
bicinchoninic acid protein assay (Bio-Rad Laboratories, Inc.).
Protein samples (60 ug) were separated by SDS-PAGE and
electrotransferred to nitrocellulose membranes, then incu-
bated with primary antibodies (1:1,000). The positive reactive
bands were detected by Amersham ECL enhanced chemi-
luminescence western blotting detection kit (GE Healthcare
Life Sciences). The blots were scanned using Image Master 11
scanner (GE Healthcare Life Sciences) and densities analyzed
using Image Quant TL software (version 2003.03; GE Health-
care Life Sciences). The band densities were normalized to
those of B-actin using anti-B-actin antibody. Western blotting
was repeated six times for quantification.

Statistical analysis. The experimental data are presented as
the mean =+ standard deviation, obtained from three or six
individual experiments. The values were subjected to one-way
analysis of variance followed by post-hoc Duncan's multiple
range test using SPSS software (version 21.0; IBM SPSS,
Armonk, NY, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

CAPE inhibits plasma S100f levels. Previous studies have
demonstrated that neuroapoptosis of the neonatal brain
increases following exposure to inhaled or intravenous
anesthetic agents (7,42,43). S100p, the f isomer of S100, has
previously been identified as a valuable biomarker for detecting
anesthetic-induced neurodegeneration (40,44). In the present
study sevoflurane (2.9%) caused ~4-fold increase in S100
levels, however administration of CAPE caused a significant
decrease in the plasma levels of S100p (Fig. 1). Supplementa-
tion with 40 mg CAPE exerted a more potent effect on the
plasma S100p levels than the lower doses (P<0.05).

CAPE effectively inhibits sevoflurane-induced neurodegen-
eration. Anesthetics have been shown to induce significant
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neuronal apoptosis in the developing brain (4,7). In the current
study, a 6 h exposure to sevoflurane increased the number
of TUNEL-positive cells in the hippocampi of P7 rat pups;
the increase was greatest in CAl, followed by DG then CA3
(P<0.05; Fig. 2). Furthermore, CAPE administration signifi-
cantly decreased the number of TUNEL-positive cells in the
hippocampi of the rat pups (P<0.05). The CAl region of the
hippocampus exhibited a higher number of apoptotic cells
when compared with the DG and CA3 regions (P<0.05).

Activated caspase-3 is commonly used as a biomarker for
anesthesia-induced apoptosis (7,45). Zheng et al (46) demon-
strated significant neural degeneration in the hippocampus
following exposure to 1% sevoflurane. Thus, the present study
examined the number of caspase-positive cells following
sevoflurane and CAPE exposure. Consistent with the S100p
level results, sevoflurane exposure significantly increased the
number of caspase-3-positive cells in the hippocampal regions
of the neonatal rats compared with the control. Administration
of CAPE (10, 20 or 40 mg) resulted in a significant decrease
in the number of caspase-positive cells in a dose-dependent
manner (P<0.05; Fig. 3).

Furthermore, after 6 h exposure to inhaled sevoflurane
(2.9%), the expression levels of the pro-apoptotic proteins,
caspase-3, -8 and -9, were significantly upregulated compared
with control levels (P<0.05; Fig. 4), as demonstrated by
western blot analysis. Compared with those of the control, the
expression levels of Bad and Bax were significantly increased
by sevoflurane (P<0.05). Sevoflurane reduced the expression
levels of anti-apoptotic proteins, Bcl-2 and Bcl-xL, when
compared with control levels (P<0.05; Fig. 4). CAPE treatment
significantly downregulated the expression of caspases, and
Bax and Bad compared with sevoflurane treatment (P<0.05),
whereas the expression levels of Bcl-xL and Bcl-2 were
increased (P<0.05). This indicated that CAPE may exert its
anti-apoptotic effects by modulating the expression of caspases
and apoptotic pathway proteins.

Neuroprotection by CAPE involves the JNK, ERK and p38
signaling pathways. To further investigate the molecular
mechanisms associated with neuroprotection by CAPE,
the expression of MAPK family proteins (JNK, ERK1/2
and p38 MAPK) were examined. Previous studies have
demonstrated that JNK, ERK1/2 and p38 are involved in
dexmedetomidine-induced neuroprotection (41,47,48). The
present study demonstrated that the levels of p-JNK and p-p38
kinases were significantly upregulated following sevoflurane
exposure compared with control (P<0.05; Fig. 5). However, the
sevoflurane-increased ERK1/2 levels were not as high as the
JNK levels. In addition to the enhanced expression of JNK,
the levels of p-c-Jun were increased compared with the control
(P<0.05). CAPE significantly downregulated the expression
of p-JNK, p-ERK and p-p38, and reduced the expression
of p-c-Jun compared with the sevoflurane group (P<0.05).
Furthermore, CAPE significantly downregulated the expres-
sion levels of total JNK, ERK1/2 and p38 when compared
with sevoflurane treatment. However, comparatively, CAPE
exhibited a less potent effect on ERK1/2 and p-ERK1/2 levels
compared with JNK and p38. These results indicated that
the MAPK signaling pathway is involved in CAPE-mediated
neuroprotection.
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Figure 1. Plasma S100f levels in mice at post-natal day 7 following exposure to sevoflurane. CAPE effectively reduced the plasma S100f levels. Values are
presented as the mean + standard deviation (n=6). "P<0.05 vs. control; “P<0.05 vs. sevoflurane; ®P<0.05 vs. 40 mg CAPE; as determined by one-way analysis
of variance followed by Duncan's multiple range test. SI00f, S100 calcium binding protein 3; CAPE, caffeic acid phenethyl ester.
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Figure 2. Effect of CAPE on sevoflurane-induced neuroapoptosis in rat pups on post-natal day 7. Sevoflurane induced robust neurodegeneration in the hip-
pocampi of the rat pups. CAPE significantly inhibited neuroapotosis induced by the anesthetic. Values are presented as the mean + standard deviation (n=6).
“P<0.05 vs. control as determined by one-way analysis of variance. TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; DG, dentate
gyrus; CAPE, caffeic acid phenethyl ester.
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Figure 3. CAPE reduces the intensive apoptotic neurodegeneration due to neonatal anesthesia. Exposure to sevoflurane for 6 h caused multi-fold increase in
the level of cleaved capase-3 expression. CAPE treatment significantly reduced caspase-3 positive cell counts. Values are presented as the mean + standard
deviation (n=6). "P<0.05 vs. control as determined by one-way analysis of variance. DG, dentate gyrus; CAPE, caffeic acid phenethyl ester.

PI3K/Akt signaling pathway is involved in neuroprotection  neonatal brains have been widely investigated. The current
of neonatal brain cells by CAPE. The mechanisms involved  study evaluated the affect of sevoflurane on PI3K/Akt
in inhalational anesthetic-induced neuronal apoptosis in  signaling pathway proteins. The PI3K/Akt/mechanistic target
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Figure 4. CAPE regulates the expression of apoptotic pathway proteins following sevoflurane anesthesia. (A) Sevoflurane significantly enhanced the expression
levels of caspases and the pro-apoptotic proteins, Bax and Bad. CAPE supplementation caused marked protein expression regulation. Lane 1, control; lane 2,
sevoflurane; lane 3, sevoflurane + 10 mg CAPE; lane 4, sevoflurane + 20 mg CAPE; lane 5, sevoflurane + 40 mg CAPE. (B) Relative expression levels of the
proteins. Values are presented as the mean + standard deviation (n=3). "P<0.05 vs. control; "P<0.05 vs. sevoflurane; “P<0.05 vs. 40 mg CAPE; as determined
by one-way analysis of variance followed by Duncan's multiple range test. Bcl-2, B cell CCL/lymphoma 2; Bcl-xL, Bel-2-like 1; p-Bad, phosphorylated
Bcl-2-associated agonist of cell death; Bax, Bcl-2-associated X protein; CAPE, caffeic acid phenethyl ester.

of rapamycin signaling pathway is important for regulating  Sevoflurane exposure significantly reduced the levels of Akt
the cell cycle, and previous reports have demonstrated that  and p-Akt (P<0.05; Fig. 6). Additionally, a significant decrease
InsP;Rs and variations in intracellular calcium homeostasis  in the expression levels of GSK3f and p-GSK3p levels were
are involved in anesthesia-induced neurodegeneration (29,49).  observed following 6 h of exposure to sevoflurane compared
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Figure 5. CAPE regulates the expression of mitogen-activated protein kinases. (A) Sevoflurane-induced significantly enhanced protein expression levels
were modulated by CAPE in a dose-dependent manner. Lane 1, control; lane 2, sevoflurane; lane 3, sevoflurane + 10 mg CAPE; lane 4, sevoflurane + 20 mg
CAPE; lane 5, sevoflurane + 40 mg CAPE. (B) Relative expression levels of the proteins. Values are presented as the mean + standard deviation (n=6). "P<0.05
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c-Jun N-terminal kinase; p, phosphorylated; ERK, extracellular signal-regulated kinase; CAPE, caffeic acid phenethyl ester.

with the control (P<0.05; Fig. 6). CAPE supplementation
downregulated the PI3K/Akt signaling pathway, as demon-
strated by a significant increase in Akt expression levels and
enhanced GSK3f expression (P<0.05). Additionally, PTEN
expression levels were observed to be enhanced by CAPE
treatment compared with groups exposed to sevoflurane only
(P<0.05), suggesting that activation of the PI3K/Akt pathway
is involved in neuroprotection.

Discussion

Growing experimental data have reported that widespread
neuroapoptosis occurs in developing brain cells following early
exposure to commonly used general anesthetics (10,11,50,51).
Volatile anesthetic, sevoflurane, has previously been demon-
strated to induce apoptotic neurodegeneration in the developing
rat brain and to cause persistent learning/memory deficits (12,52).

Cell death by apoptosis is a vital aspect of normal
brain maturation that leads to the elimination of 50-70% of

progenitor cells and neurons during development (53,54).
However, neuronal apoptosis exceeding this natural apoptotic
rate is triggered by various pathologic conditions, including
hypoxia, ischemia or prolonged anesthetic exposure (55,56).
Accordingly, the current study examined the level of neuronal
apoptosis in the hippocampi of P7 rats exposed to 6 h of sevo-
flurane anesthesia.

The expression of cleaved caspase-3 expression, a vali-
dated marker of cell death, was measured to detect apoptosis.
Caspase-3, an aspartate-specific cysteine protease, is an
important executioner protein of the apoptosis pathway (57).
In the present study, immunohistochemistry and western blot
analysis demonstrated that sevoflurane exposure leads to a
increase in the protein expression of cleaved caspase-3 in the
hippocampus. Neuronal apoptosis was more severe in the CA1
region than the CA3 and DG regions, as detected by immu-
nohistochemistry and TUNEL assay. These findings were
consistent with those of previous studies (12,13,38). Further-
more, the expression levels of initiator caspases (caspase-8
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ester.

and -9) were observed to be enhanced by sevoflurane expo-
sure. Previous studies have demonstrated an association
between anesthetic-induced apoptosis and elevated plasma
S100p levels, which could potentially be used as a neurode-
generative biomarker for brain damage following various
types of stress (40,44). In accordance with previous reports,
sevoflurane exposure caused a significant increase in plasma
S100p levels. Downregulation of the apoptotic cell counts and
the expression of caspases (caspase-3, -8 and -9) by CAPE,
suggests that CAPE suppresses sevoflurane-induced apoptosis.

The balance between the anti-apoptotic (Bcl-2 and Bel-xL)
and pro-apoptotic (Bad and Bax) Bcl-2 family proteins regu-
lates cell survival and death (58). Bad is activated through
phosphorylation (59) by proto-oncogene proteins c-Akt
that subsequently leads to the binding of Bad with 14-3-3, a
cytosolic protein, and causes the release of anti-apoptotic
protein, Bcl-xL. Bel-xL binds to Bax and consequently inhibits
apoptosis (60,61). Thus, Bcl-xL and Bcl-2 block Bax translo-
cation to the mitochondria and maintain the mitochondrial
membrane potential to prevent subsequent apoptosis (61). The

enhanced expression of Bad and Bax following sevoflurane
exposure observed in the current study suggests that the apop-
tosis rate is elevated by sevoflurane, which correlates with
suppression of Bcl-xl and Bcl-2. Bel-xL, expressed extensively
in the central nervous system (CNS), enriches cell survival by
maintaining mitochondrial membrane integrity and reducing
cytochrome complex release (58). An anesthesia combina-
tion containing nitrous oxide, isoflurane and midazolam has
previously been reported to downregulate Bel-xL, leading to
neurotoxicity (62). In the present study, CAPE, at 10-, 20- and
40-mg doses, increased neuronal cell survival, which was
demonstrated by the upregulation of anti-apoptotic proteins
and significant inhibition of Bax and Bad expression levels.
The PI3K/Akt intracellular signaling pathway is associated
with cellular quiescence, proliferation, cell survival and cancer.
Activated PI3K phosphorylates and activates Akt, localizing
it to the plasma membrane (63). The PI3K/Akt signaling
pathway is crucial in the decision between cell proliferation
and renewal, as opposed to differentiation and quiescence.
The pathway is antagonized by various factors, including



3410

PTEN (64) GSK3f (63) and homeobox gene Hb9 (65). Upon
activation, Akt inhibits apoptosis via phosphorylation of Bad
and GSK3p (66,67). Previous reports suggest a potential link
between Akt and JNK signaling, and Akt signaling is reported
to be involved in the apoptotic effect of INK (68). Furthermore,
a selective JNK inhibitor, SP600125 (67) was demonstrated to
exhibit neuroprotective effects (69,70).

In the present study, sevoflurane exposure inhibited the acti-
vation of Akt and upregulated the expression levels of PTEN.
In addition, sevoflurane reduced the level of p-GSK3p and
p-Akt, which promote the apoptosis of neuronal cells. CAPE
potentially activates the PI3K/Akt signaling pathway by signifi-
cantly increasing the expression and phosphorylation of Akt
and GSK3p. Silencing the InsP;R was previously demonstrated
to inhibit isoflurane-induced neuroapoptosis (29), potentially
contributing to the inhibition of neuroapoptosis by this mecha-
nism. However, this hypothesis requires further validation.

Furthermore, PTEN levels were suppressed by CAPE,
contributing to the effect of CAPE on the PI3K/Akt signaling
cascade. PTEN inhibition has previously been reported to
promote neuroprotection following CNS injury (71). Thus,
inhibition of PTEN expression, which was demonstrated in
the current study, may also contribute to the neuroprotective
effects of CAPE.

JNK signaling is associated with neuronal apoptosis
activated by various stimuli that cause brain injury, including
ischemia/reperfusion and ethanol (72-74). Previous studies
have demonstrated that the JNK signaling pathway is activated
in isoflurane-induced neuronal apoptosis (6). SP600125, a INK
inhibitor, prevented the phosphorylation of c-Jun, a substrate of
JNK, and neuroapoptosis induced by isoflurane (6,75). In the
present study, sevoflurane increased the levels of p-JNK and
p-c-Jun in the hippocampi of P7 rats, suggesting that the INK
signaling pathway is activated in sevoflurane-induced neuronal
apoptosis. Expression of ERK1/2 and its phosphorylated
forms, was also enhanced marginally by sevoflurane. CAPE
downregulated the expression levels of JNK and ERK1/2 in a
dose-dependent manner, indicating that the effects of CAPE
may involve the JNK and ERK signaling pathways.

Previous reports have demonstrated that the p38 MAPK
signaling pathway is involved in anesthetic-induced neurode-
generation (76) and that p38 is enhanced in isoflurane-induced
neuronal apoptosis (75). In the current study, CAPE prevented
the sevoflurane-induced increase in p-p38 expression levels,
suggesting that the p38 signaling pathway is involved in the
neuroprotective effect of CAPE. Treatment with dexmedeto-
midine and p38 MAPK inhibitor, SB203580 was previously
demonstrated to decrease the expression level of p-p38,
suggesting that the p38 signaling pathway is also involved in
the neuroprotective effects of dexmedetomidine (75).

In conclusion, the observations of the current study
indicate that CAPE inhibits sevoflurane-induced neuronal
apoptosis in the neonatal rat brain via modulating the expres-
sion of caspases and regulating the critical pathways involved
in neuronal apoptosis, including the INK/ERK/p38 MAPK
and PI3K/Akt signaling pathways. Thus, CAPE may be a
potential candidate for reducing anesthetic-induced neurotox-
icity. However, further investigations using specific INK/ERK
and Akt, and studies on the apoptotic pathway inhibitors are
required to assess the neuroprotective effects of CAPE.
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