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HIF-0/PKM2 and PI3K-AKT pathways involved in the protection
by dexmedetomidine against isoflurane or bupivacaine-induced
apoptosis in hippocampal neuronal HT22 cells
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Abstract. The present study investigated the mechanism
underlying the protective effect of dexmedetomidine (Dex)
on hippocampal neuronal HT22 cell apoptosis induced by
the anesthetics isoflurane and bupivacaine. The cellular
morphology was observed using a phase contrast micro-
scope. The effects of anesthetics on cell proliferation were
assayed using a Cell Counting Kit-8 (CCK-8). The levels of
apoptosis were examined by flow cytometry utilizing Annexin
V-fluorescein isothiocyanate/propidium iodide double
staining, and the protein expression levels of cleaved caspase-3,
phosphorylated phosphoinositide 3'-kinase (p-PI3K), p-protein
kinase B (p-AKT), hypoxia inducible factor (HIF-a), pyruvate
kinase M2 (PKM2), B-cell lymphoma (Bcl-2)-associated
X protein (Bax), Bcl-2 and cytochrome ¢ were detected by
western blot analysis. In vitro treatment with anesthetics was
identified to decrease cell proliferation (P<0.01), the effect of
which was then markedly inhibited by treatment with Dex
(P<0.01) or a PI3K/AKT agonist. Exposure to anesthetics
induced apoptosis in HT22 cells (75.4%), which was signifi-
cantly attenuated by co-treatment with Dex (26.2%) or the
PI3K/AKT agonist (28.1%). Analysis of the protein expression
levels revealed that exposure to anesthetics resulted in the
activation of cleaved caspase-3, Bax, cytochrome ¢, HIF-a
and PKM?2 and decreased the expression levels of Bcl-2,
p-PI3K and p-AKT. However, these changes were inhibited by
treatment with Dex or the PI3K/AKT agonist. Dex protected
hippocampal neuronal HT22 cells from anesthetic-induced
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apoptosis through the promotion of the PI3K/AKT pathway
and inhibition of the HIF-0/PKM2 axis.

Introduction

Anesthetic agents are used to overcome intraoperative and
postoperative pain for adult and pediatric surgeries (1).
Among them, isoflurane is the typical inhalation anesthetic
primarily used in general anesthesia and bupivacaine is an
amide, and used as a local anesthetic (2,3). However, a number
of previous studies have suggested that anesthetics, including
isoflurane and bupivacaine, may unavoidably induce neuron
injury, particularly in older populations, even at normal
clinical doses (3,4). Isoflurane was demonstrated to induce
neuroapoptosis and inhibit protein kinase B (AKT) activity in
the hippocampus of neonatal rats (4). Bupivacaine treatment
resulted in significant levels of apoptosis in human proximal
tubular HK-2 cells (5,6).

Apoptosis is the process of programmed cell death, accom-
panied by nuclear fragmentation, cell shrinkage, chromatin
condensation, membrane blebbing and the formation of apoptotic
bodies (7). Neuron apoptosis is the primary cause of neurotox-
icity (8), and the mechanisms of anesthesia-induced apoptosis
have not been well studied. Increased expression levels of the
proapoptotic protein B-cell lymphoma 2 (Bcl-2)-associated
X protein (Bax) results in mitochondrial membrane breakage
and activation of caspases, which results in cell apoptosis (8).
Previously, a number of studies suggested that neuronal apop-
tosis made mice and human susceptible to a series of acute and
chronic diseases. including Alzheimer's disease (AD), amyo-
trophic lateral sclerosis (ALS) and Parkinson's disease (PD) (9).
Raynaud and Marcilhac (10) suggested that progressively
decreasing numbers of neurons accounted for the irreversible
pathogenesis of AD in adult brain tissue. Increased numbers of
apoptotic neuronal cells and expression of caspase 3 and Bax
were identified in the PD nigra compared with age-matched
controls (11). PD was originally attributed to neuronal loss
within the substantia nigra pars compacta and a concomitant
loss of dopamine. Therefore, there may be a close association
between neuronal apoptosis and human disease.

An important factor known to regulate cell apoptosis
is hypoxia-inducible factor 1 (HIF-1). The HIF-1la subunit
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of HIF-1 is the master regulator of the cellular response to
hypoxia (12). HIF-1 contains an oxygen-regulated a subunit
and a constitutive HIF-1p subunit, which regulates the tran-
scription of a number of genes involved in cell proliferation,
angiogenesis and glycolysis (13). Pyruvate kinase M2 (PKM2),
as a HIF-1 target gene, transcribes an important metabolic
enzyme that is also a regulatory protein of HIF-1 activity (13).

Previous studies have identified that the phosphati-
dylinositol 3-kinase (PI3K)/AKT signaling pathway serves a
major role in regulating the homeostasis between cell survival
and apoptosis (14-16). AKT-associated serine-threonine
kinases regulate cell survival and serve an important role in
the pathogenesis of degenerative diseases and in cancer (15).
Increasing evidence has suggested that a number of chemical
drugs activate apoptosis in cells by inhibiting the PI3K/AKT
pathway (16). However, it remains unknown whether dexme-
detomidine (Dex) affects the PI3K/AKT pathway during
apoptosis in neuronal cells, particularly in hippocampal
neuronal HT22 cells.

Dex, as a typical a2 adrenergic receptor agonist, attenuates
isoflurane- and bupivacaine-induced neuronal apoptosis (6,17).
However, the exact mechanisms underlying its anti-apoptotic
activity are largely unknown. In the present study, it was
identified that the Dex protected hippocampal neuronal
HT?22 cells from isoflurane or bupivacaine-induced apoptosis
primarily through suppressing HIF-0/PKM?2 and activating
the PI3K-AKT pathway.

Materials and methods

Cells and cell culture. The mouse HT22 cell line was obtained
from the American Type Culture Collection (Manassas,
VA, USA). The cells were cultured in Dulbecco's modified
Eagle's medium (HyClone; GE Healthcare Life Sciences,
Logan, UT, USA) supplemented with 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
100 U/ml streptomycin and 100 U/ml penicillin (Beijing
Xias Biotechnology Co., Ltd., Beijing, China), and main-
tained at 37°C with 5% CO, in a humidified atmosphere. All
experiments were performed on logarithmically growing cells.

In order to conduct the following assays, cells were seeded
into plates and divided into seven groups: The HT22 cell
control group; the Isoflurane (1.12 mM) group; the Isoflurane
(1.12 mM) + Dex (200 pM) group; the Isoflurane (1.12 mM)
+ IGF-1 (100 nM) group; the Bupivacaine (900 M) group;
the Bupivacaine (900 pM) + Dex (200 yM) group; and the
Bupivacaine (900 M) + IGF-1 (100 nM) group.

Reagents. Primary antibodies against PKM2 (cat.
no. sc-365684), HIF-a (cat. no. sc-13515), cleaved caspase-3
(cat. no. sc-271759), AKT (cat. no. sc-8312), phosphorylated
(p)-AKT (cat. no. sc-271964), Bax (cat. no. sc-20067), Bcl-2
(cat. no. sc-23960) and cytochrome c (cat. no. sc-13156) were
purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Trypsin was purchased from Beijing Solarbio Science
& Technology Co., Ltd., (Beijing, China). A Cell Counting
Kit-8 (CCK-8) was obtained from Beyotime Institute of
Biotechnology (Haimen, China). An annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) double staining
apoptosis kit was purchased from Nanjing KeyGen Biotech

Co., Ltd., (Nanjing, China). Dex was purchased from sigma
(Sigma Aldrich; Merck KGaA, Darmstadt, Germany;
cat. no. SML0956). IGF 1 was purchased from Shanghai
GenePharma Co., Ltd. (Shanghai, China).

Senescence-associated (3-galactosidase (SA -gal) staining.
Hippocampal neuronal HT22 cells exposed to sub-cytotoxic
oxidative stress undergo stress-induced premature senescence,
which may be identified using SA f-gal staining (18). HT22
cells were exposed to 100 mM tert Butyl hydroperoxide
(t-BHP) for 2 h at 37°C.

The SA p-gal staining kit (Beyotime Institute of
Biotechnology) was used to detect senescent cells according
to the manufacturer's protocol. Briefly, cells were seeded into
96-well culture plates (Corning Incorporated, Corning, NY,
USA) at a density of 5x10° cells/well and cultured for 24 h.
Then, the cells were washed twice with PBS and fixed in 1 ml
3% formaldehyde at room temperature for 15 min. Following
fixation, cells were washed with PBS three times and stained
with 1 ml freshly prepared cell staining working solution
(containing 10 ul SA (-gal staining solution A, 10 1 SA -gal
staining solution B, 930 ul SA f-gal staining solution C and
50 pl X-Gal solution; obtained from Beyotime Institute of
Biotechnology) at 37°C for 12 h in the dark. Finally, a light
microscope (magnification, x200; Olympus Corporation,
Tokyo, Japan) was used to identify the blue-stained cells.

Cell proliferation assay. Cells were seeded into 96-well culture
plates (Corning Incorporated) at a density of 5x10° cells/well
and cultured for 24 h. Then, the cells were divided into seven
groups and cultured for 24 h at 37°C. Then, 10 ul/well CCK-8
solution was added into the cell culture supernatant at 37°C
for 2 h. Thereafter, the optical density was measured at
450 nm wavelength using a microplate reader (Sigma-Aldrich;
Merck KGaA).

Observation of morphological changes. HT22 cells were
seeded into 24-well culture plates (Corning Incorporated) at
a density of 2x10* cells/well and divided into seven groups.
Then, cellular morphology was observed using a phase contrast
microscope (magnification, x200; Leica Microsystems GmbH,
Wetzlar, Germany).

Flow cytometry analysis of annexin V-FITC/PI double
staining. The annexin V-FITC/PI double staining assay was
performed using quantitative flow cytometry. Cells were
harvested at 37°C for 24 h. Subsequently, harvested cells
were using 0.25% trypsin, centrifuged at 352 x g for 5 min
at 4°C and then washed twice with PBS. The supernatant was
discarded, and the pellet was resuspended with 300 y1 binding
buffer (Hepes 10 mM, NaCl 140 mM, CaCl2 2.5 mM, pH 7.4
in tri-distilled water). Cells were incubated at 37°C with 5 ul
FITC-conjugated Annexin V for 15 min and then incubated
with 10 ul PI for 15 min at room temperature in the dark. The
samples were analyzed by a flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). The fluorescent scatter plots
indicate three cell populations: Live (Annexin V-FITC/PI),
necrotic (Annexin V-FITC*/PI*), and apoptotic (Annexin
V-FITC*/PT). Quadrant analysis (BD FACSuite™ v 1.0; BD
Biosciences) was performed on the gated fluorescent scatter
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Figure 1. Dex protects against anesthetic-induced HT22 cell apoptosis. (A) HT22 cells were pretreated with 100 mM t-BHP for 2 h and subjected to senes-
cence-associated [3-galactosidase staining. (B) HT22 cells were treated with Dex and/or anesthetics for 24 h. The morphological changes were observed by
phase contrast microscopy. Magnification x200 (C) Cell proliferation were determined using a CCK-8 Kit. n=3; data are presented as mean + standard devia-
tion. “P<0.01 vs. HT22; “P<0.01 vs. Isoflurane; and "'P<0.01 vs. Bupivacaine. t-BHP, tert-Butyl hydroperoxide; Dex, dexmedetomidine; CCK-8, Cell Counting

Kit-8; OD, optical density; IGF-1, insulin-like growth factor 1.

plot to examine the percentage of live, necrotic and apoptotic
cell populations.

Western blot analysis. HT22 cells were divided into seven
groups and cultured for 24 h at 37°C. Then, cells were harvested;
washed twice with PBS and then lysed in lysis buffer (50 mM
HEPES pH 7.4, 1% Triton X-100, 2 mM sodium orthovana-
date, 100 mM sodium fluoride, ] mM EDTA, 1 mM EGTA,
1 mM PMSF, 10 pug/ml aprotinin and 10 gxg/ml leupeptin) at
4°C for 60 min. Lysates were centrifuged at 15,000 x g for
10 min at 4°C, and the supernatants were used for western blot
analysis. Protein content of the supernatants was determined
using a Bio-Rad protein assay reagent (Bio Rad Laboratories,
Inc., Hercules, CA, USA). Equal amounts (50 pg) of the total
protein were separated by 10-11% gel electrophoresis and
electrophoretically transferred to nitrocellulose membranes
(NC membranes, 0.45 ym; Thermo Fisher Scientific, Inc.) at
4°C for 2 h. The NC membranes were then blocked with 5%
skimmed milk at room temperature for 1 h. Proteins were
detected with the primary antibodies (all 1:1,000) against
PKM?2, HIF-a, cleaved caspase-3, AKT, p-AKT, Bax, Bcl-2
and cytochrome ¢ overnight at 4°C, followed by a horse-
radish peroxidase (HRP)-conjugated secondary antibody
(cat. no. sc-2789; 1:5,000; Santa Cruz Biotechnology, Inc.)
for 1 h at room temperature. Protein bands were visualized
by using enhanced chemiluminescence (BeyoECL Plus;
Beyotime Institute of Biotechnology) as the HRP substrate.
Band density of the specific protein was analyzed with
Quantity one image software (Image Lab™ software version
5.1; Bio-Rad Laboratories, Inc.).

Statistical analysis. Data obtained by at least three inde-
pendent experiments were expressed as mean * standard
deviation. Comparison of multiple groups was performed
by one-way analysis of variance followed by Dunnett's test
using GraphPad Prism v7 (GraphPad Software, Inc., La Jolla,
CA, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

Dex inhibits anesthetic-induced apoptotic body formation
and attenuates the proliferation inhibition of HT22 cells.
HT?22 cell senescence was first induced by t-BHP, which was
then confirmed by the 3-gal staining (Fig. 1A). Next, to deter-
mine the features of HT22 cell growth, the morphological
changes were observed by phase contrast microscopy. Marked
membrane blebbing, cell shrinkage and formation of apoptotic
bodies were observed following treatment with isoflurane and
bupivacaine. However, the changes were less significant in
the presence of Dex or insulin-like growth factor 1 (IGF-1),
the PI3K/AKT agonist (Fig. 1B). To additionally evaluate the
potential effect of Dex on cell proliferation, a CCK-8 assay was
conducted. As demonstrated in Fig. 1B, the growth of HT22
cells was markedly inhibited by isoflurane or bupivacaine
compared with the control group (P<0.01). However, Dex
significantly decreased the isoflurane or bupivacaine-mediated
proliferation inhibition of HT22 cells (Fig. 1C).

Treatment with Dex rescues HT22 cells from anesthetic-
induced apoptosis. Annexin V and PI double staining
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Figure 2. Apoptosis of HT22 cells is assessed by Annexin V-FITC/PI staining. (A) Flow cytometry analysis of HT22 cell viability and apoptosis at 24 h after
indicated treatments. The Annexin V-FITC*/PI cells (viable apoptotic cells) and Annexin V-FITC*/PI* cells (non-viable apoptotic cells) were considered
apoptotic cells and counted. (B) The data are presented as the mean + standard deviation of the results from three independent experiments. “"P<0.01 vs.
HT22; "P<0.01 vs. Isoflurane; and “"P<0.01 vs. Bupivacaine. FITC, fluorescein isothiocyanate; PI, propidium iodine; IGF-1, insulin-like growth factor 1; Dex,

dexmedetomidine.

was used to examine HT22 cell apoptosis. As indicated in
Fig. 2A, isoflurane (1.12 mM) treatment for 24 h resulted in
75.4% apoptosis compared with the vehicle (1.4%). Similarly,
exposing HT22 cells to 900 xM bupivacaine for 24 h resulted
in 59.8% apoptosis. However, Dex treatment decreased isoflu-
rane- or bupivacaine-induced cell apoptosis to 26.2 and 29.5%,
respectively. Similarly, the percentage of isoflurane or bupi-
vacaine-induced apoptotic cells decreased to 28.1 and 28.6%,
respectively, following incubation with IGF-1 (Fig. 2B). In
conclusion, it was confirmed that treatment with Dex protected
HT?22 cells from anesthetic-induced apoptosis.

Anesthetics induce apoptosis via activating the HIF-a/PKM?2
pathway and inhibiting the PISK-AKT pathway in HT22
cells, which is reversed by Dex. Isoflurane or bupivacaine
significantly decreased the protein expression of p-PI3K and
p-AKT; while treatment with Dex or IGF-1 increased their
expression levels. Concomitantly, Dex or IGF-1 treatment
resulted in equivalent inhibitory effects on the isoflurane- or
bupivacaine-induced expression of these proteins (Fig. 3A).
Data from the western blot analysis indicated the same effects
(Fig. 3B-D).

Anesthetics-induced apoptosis may occur through a
mitochondria-dependent intrinsic apoptosis pathway.
Western blot analysis was performed to additionally examine
the mechanism of anesthetics-induced cell death. It has been
established that the release of cytochrome c into the cytoplasm
and an increase of the Bax:Bcl-2 ratio leads to apoptosis (4).
Bcl-2 is a potent inhibitor of apoptotic cell death, while Bax
accelerates apoptosis by contributing to the permeabilization
of the outer mitochondrial membrane (4). In the present study,
when considering the intrinsic apoptosis pathway, the translo-
cation of the anti-apoptotic protein Bcl-2 to the mitochondria
was markedly decreased, while the pro-apoptotic transloca-
tion of Bax to the mitochondria and the release of cytochrome
¢ into cytoplasm were increased in the anesthetics-treated

groups. However, treatment with Dex or IGF-1 inhibited these
effects in HT22 cells (Fig. 4A). The results indicated that the
intrinsic apoptosis pathway was upregulated by anesthetics in
the hippocampal neuronal HT22 cells. Data from the western
blot analysis indicated similar results (Fig. 4B-D).

Discussion

To assess the protective mechanism of Dex on the anesthetic-
induced damage in the elderly population, an aging model
with t-BHP-stimulated HT22 cells was designed in the
present study. Exposure of HT22 cells to 100 mM tert-Butyl
hydroperoxide (t-BHP) for 2 h decreased their proliferative
life span and increased the proportion of cells positive for
the SA p-gal activity (18). The results demonstrated that the
apoptosis of HT22 cells induced by anesthetic treatment
was caused by HIF-a/PKM2 activation and PI3K-AKT
pathway downregulation. Dex simultaneously inhibited the
HIF-0/PKM2 activation and PI3K-AKT downregulation in
anesthetic-treated HT22 cells, thereby attenuating the intrinsic
apoptosis pathway. These data provided novel insights into the
process of anesthetic injury in HT22 cells and the protective
potential of Dex on anesthetic-treated HT22 cells. Consistent
with previous data, isoflurane or bupivacaine treatment
increased the expression of cleaved caspase-3 and promoted
the expression of HIF-a. and PKM2.

There are a number of factors affecting neuronal cells
apoptosis. Oxidative stress in neuronal cells leads to apoptosis
through the release of cytochrome ¢ from the mitochondria
and caspase-3 activation (19). In addition, tumor necrosis
factor-a released by neuronal cells is associated with gluta-
mate-induced neuronal cell death (20). Lauritzen et al (21)
identified that rat mature cerebellar granule cells die through
apoptosis when cultured in a medium containing physiological
concentrations of K*. A number of studies have suggested
that anesthetics induce neurodegeneration in multiple brain
regions (22,23). However, the present study specially focused
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Figure 3. Dex regulates the proteins expression levels of HIF-a, PKM2, p-AKT and cleaved caspase-3 in vitro. (A) HIF-a, PKM2, p-AKT and cleaved

caspase-3 levels were detected by western blot analysis. $-actin was used as

a loading control. (B) The quantitative analysis of the ratio of p-Akt to Akt.

(C) Cleaved caspase-3, (D) HIF-a and (E) PKM2 levels were analyzed by one-way analysis of variance and Dunnett's post-hoc test. n=3; data are presented
as mean + standard deviation. “P<0.01 vs. HT22; #P<0.01 vs. Isoflurane; AP<0.05 and “‘P<0.01 vs. Bupivacaine. HIF-a, hypoxia-inducible factor a; PKM2,
pyruvate kinase M2; p, phosphorylated; AKT, protein kinase B; IGF-1, insulin-like growth factor 1; Dex, dexmedetomidine.

on hippocampal neuronal HT22 cells, as previous studies had
demonstrated that isoflurane induced a severe hippocampal
lesion in neonatal rats, accompanied by an abnormal response
to contextual fear conditioning (22).

Anesthetics including isoflurane and bupivacaine are the
most common clinical drugs used during surgical procedures
and are generally safe (23,24).Isoflurane has been demonstrated
to be neuroprotective and neurotoxic (25-28). Short-time expo-
sure of isoflurane provides neuroprotection via the moderate
activation of inositol triphosphate (IP3) receptors and activa-
tion of AKT-mediated neuroprotection. However, long-time

exposure of isoflurane induces neurotoxicity via overactiva-
tion of TIP3 receptors and activates excessive Ca** release from
the endoplasmic reticulum (25-28). Previously, increasing data
have indicated that anesthetics are neurotoxic even at normal
clinical doses (29,30). The primary neurotoxic effect is medi-
ated through the activation of apoptotic death (22). Previous
studies have suggested that isoflurane induced neurocognitive
impairment and neuroapoptosis in neonatal rats (22). It has
also been demonstrated that isoflurane induced neuroapoptosis
throughout the cortex, thalamus and hippocampus regions,
accompanying increased caspase-3 levels (22). Bupivacaine,
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Figure 4. Anesthetics induce cell death primarily through the intrinsic apoptosis pathway. (A) The expression of Bax, Bcl-2 and cyto ¢ were detected by western
blot analysis. B-actin was used as an equal loading control. The quantitative analysis of the levels of (B) Bax, (C) Bcl-2 and (D) cyto ¢ by one-way analysis
of variance and Dunnett's post-hoc test. n=3; data are presented as mean + standard deviation; “P<0.01 vs. HT22; #P<0.01 Isoflurane + Dex vs. Isoflurane;
"P<0.05 Isoflurane + IGF 1 vs. Isoflurane; ""P<0.01 Bupivacaine + Dex vs. Bupivacaine and "P<0.05 Bupivacaine + IGF 1 vs. Bupivacaine. cyto ¢, cytochrome c;
Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; IGF-1, insulin-like growth factor 1; Dex, dexmedetomidine.

as a local anesthetic, has been demonstrated to induce neural
dysfunction and cell apoptosis in vitro (31). Bupivacaine led
to the inhibition of mitochondrial respiratory complexes,
decreased mitochondrial membrane potential and overpro-
duction of reactive oxygen species (ROS), with cytochrome c
liberation and activation of the caspase-3-dependent apoptosis
pathway (32,33).

Dex is usually used as an antianxiety treatment, sedative
and analgesic. Dex may relieve stress and maintain the
stable function of the cardiovascular system (34). During
the anesthesia recovery phase, Dex maintained patients in a
continuous calm state with good respiratory function (35).
Dex is an a2-adrenergic agonist, and exhibited neuroprotec-
tive effects against ischemic cerebral injury through activating
the a2-adrenergic receptors and binding at imidazoline 1 and
2 receptors (4). Dex attenuated isoflurane-induced injury in
the developing brain, providing neurocognitive protection (4).
Dex attenuated bupivacaine-induced cytotoxicity in the mouse
neuroblastoma N2 cell line, primarily by decreasing the
release of ROS and the expression of caspase-3, and ultimately
inhibiting apoptosis in N2 cells (17). Consistent with the
aforementioned results, the present study identified that Dex

protected the hippocampal neuronal HT22 cells against isoflu-
rane-and bupivacaine-induced apoptosis. However, a previous
study suggested that Dex itself induced neuroapoptosis
in vivo and in vitro, respectively, and although Dex exhibited
neuroprotective effect at clinical doses, the high cumulative
doses and concentrations induced neuroapoptosis (36).
Apoptosis is activated by a series of caspases, namely the
cysteine aspartic-specific proteases. The apoptotic pathway
is activated by intracellular and extracellular signals. There
are two different pathways leading to apoptosis: The intrinsic
(mitochondrial) and extrinsic (death receptor) pathways (37).
The intrinsic pathway is associated with changes in the perme-
ability transition of the outer mitochondrial membrane, and
this permeability is primarily controlled by the Bcl-2 family
of proteins, including Bax, through regulating the formation
of apoptotic protein-conducting pores in the mitochondrial
membrane (37). Then, permeabilization allows the release
of intermembrane proteins cytochrome c, which functions
to activate caspase-9, thereby promoting the expression
of caspase-3, activating apoptosis (37). Cleaved caspase-3
expression is a marker of apoptotic cell death (37). In the
present study, western blot analysis data demonstrated that
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isoflurane and bupivacaine increased the expression of cleaved
caspase-3, Bax, Bcl-2 and cytochrome c in the hippocampal
neuronal HT?22 cells, while Dex inhibited this increase. This
suggests that the intrinsic apoptosis pathway was upregulated
by treatment with anesthetics in the hippocampal neuronal
HT?22 cells.

In the present study, isoflurane or bupivacaine signifi-
cantly decreased the protein expression levels of p-PI3K
and p-AKT, while treatment with Dex or IGF-1 increased
the expression of p-PI3K and p-AKT. This indicates that the
neuroprotective effects of Dex may be mediated by activating
the PI3K/AKT pathway. The results of the present study are
consistent with the study of Li et al (4), which suggested
that Dex treatment induced neuroprotective effects against
isoflurane-induced neuroapoptosis in the hippocampus of
neonatal rats by preserving PI3K/AKT pathway activity.
HIF-1la and PKM2 are associated with glucose metabolism
and mitochondrial respiratory chain (38). In the present
study, Dex protected hippocampal neuronal HT22 cells
from isoflurane- or bupivacaine-induced apoptosis primarily
through suppressing the HIF-a/PKM2 axis. Thereby, the
anti-apoptosis effect of Dex may be associated with the regu-
lation of the HIF-a/PKM?2 pathway. However, the detailed
interactions how Dex preserves PI3K/AKT activity and
suppresses the HIF-a/PKM?2 pathway remain unclear and
require additional investigation.

In conclusion, the present study suggested that Dex treat-
ment protected against anesthetic-induced intrinsic apoptosis
in vitro, indicating that it exhibits anti-apoptotic qualities.
It was demonstrated that the neuroprotective effect of Dex
against anesthetic-induced cell apoptosis occurred primarily
through preserving PI3K/AKT activity and suppressing the
HIF-0/PKM?2 pathway. These data provide not only novel
insight into the complex associations between anesthetics
and cell death, but also the possibility for the treatment of
anesthetic-induced injury using Dex.
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