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AMPK-SIRT1 pathway dysfunction contributes to neuron
apoptosis and cognitive impairment induced by sevoflurane
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Abstract. The anesthetic sevoflurane (Sev) is widely used
because of its low blood-gas partition coefficient and lack of
pungency. However, the application of Sevmay lead to cogni-
tive impairment later in life. Previous results have indicated
that exposure to Sev-induced neuronal apoptosis and cogni-
tive dysfunction in a rat model, but much work remains to
elucidate the mechanism. In the present study, inhibition in
the AMP-activated protein kinase/Sirtuin 1 (AMPK/SIRT1)
signaling pathway and a decrease in AMPK/SIRT]1 activity was
found to occur concomitantly in neuronal apoptosis induced
by Sev. AICAR, an activator of AMPK, was able to suppress
Sev-induced neuronal apoptosis and SIRT1 activity reduction
in vitro. Further animal studies also showed that AICAR treat-
ment blocked the deleterious cognition and AMPK/SIRT1
activity reduction in the cognition impairment rats induced by
Sev. Taken together, it was concluded that the AMPK/SIRT1
signaling pathway mediates neuronal apoptosis and cognition
impairment induced by Sev. The study provides evidence that
AMPK activation ameliorates Sev-induced cognitive deficits.

Introduction

Sevoflurane (Sev) is widely used in pediatric anesthesia.
Unfortunately, it has been demonstrated that Sev has potential
neurotoxic effects on the developing brain and cognition, even
in adolescence (1,2). Sev treatment can harm neural stem cells,
neuronal, lung and cancer cells, Substantial evidence has accu-
mulated to support the conclusion that Sev leads to neuronal
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apoptosis (3,4). The present study sought to elucidate this
important mechanism of neuronal apoptosis induced by Sev.

AMP-activated protein kinase (AMPK) is a key regulator
to maintain the stability of energy metabolism by modulating
various regulatory signaling pathways at the cellular level.
It consists of a catalytic subunit () and two regulatory
subunits (f§ and v), which are activated by the phosphoryla-
tion of threonine 172 (Thr172) (5,6). AMPK downregulation
occurs in animal models with metabolic syndromes (7).
Sirtuin 1 (SIRT1), a NAD* dependent protein deacetylase,
has an important role in the regulation of physiological and
pathological processes such as apoptosis, metabolism and
differentiation, through the deacetylation of intracellular
signaling factors (8,9). AMPK and SIRT1 have similar roles in
cellular metabolism and survival (10). Past work has revealed
that phosphorylated-(p-)AMPK can activate SIRT1, and the
activated SIRT1 regulates the formation of the autophagic
vacuole (11-13). There is a positive feedback loop interac-
tion between AMPK and SIRT1 (14). It has also been shown
that AMPK and SIRTI are associated with cell aging and
neurological disorders (15,16). Shah er al (17) revealed that
the AMPK/SIRT1 pathway is involved in the modulation of
AP deposition and cognitive functions in Alzheimer's disease
rats. Yet, the contribution of AMPK/SIRT]1 in neuronal apop-
tosis and cognitive impairment induced by Sev exposure is
still not clear.

In the present study, the role of the AMPK/SIRT1 pathway
in Sev-induced neuronal apoptosis and cognition impairment
was examined in rats. The study may offer the possibility to
address the question of whether AMPK could be a new drug
target for the prevention of cognitive impairment induced by
Sev.

Materials and methods

Materials. Sev, AICAR, Annexin V-FITC Apoptosis
Detection Kit and Hoechst 33342 were purchased from
Sigma-Aldrich (Merck KGaA). Fetal bovine serum (FBS)
was purchased from Gibco (Thermo Fisher Scientific,
Inc.). The following primary antibodies were purchased
from Abcam: Anti-actin (cat. no. ab179467), anti-total-(t-)
AMPK (cat. no. ab80039), anti-p-AMPK (cat. no. ab133448),
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anti-SIRT]1 (cat. no. ab189494). AMPK (cat. no. bf30053) and
SIRT1 ELISA kits (cat. no. bf90658) were purchased from
Northern Institute of Biotechnology of China.

Cell culture and Sev exposure. PC12 cells, originally derived
from a pheochromocytoma of rat adrenal medulla, were
used to evaluate the involved mechanism of Sev-induced cell
apoptosis. PC12 cells were obtained from Shanghai Institute
for Biological Science Cell Bank, CAS. The cells were
cultured in DMEM with 5% FBS in an incubator at 37°C
with 5% CO,. For Sev exposure, the cell culture plates were
placed in the airtight incubator connected to an anesthesia
machine that was used to supply Sev into the incubator. PC12
cells were exposed to 3% Sev for 24 h (18). For the interven-
tion studies, AICAR, an AMPK activator, was used to treat
PCI2 cells at a concentration of 0.5 mM for 1 h at 37°C prior
to Sev treatment.

Annexin V-FITC/PI staining. The cell apoptosis was evaluated
by flow cytometry analysis using Annexin V-FITC/PI apop-
tosis analysis, according to the manufacturer's instructions
(Shanghai Yeasen Biotechnology Co., Ltd.). Briefly, PC12 cells
were exposed to Sev for 24 h, and harvested using trypsin.
The harvested cells were resuspended in 1X binding buffer
(Shanghai Yeasen Biotechnology Co., Ltd.) at a concentration
of 1x10° cells/ml. A total of 5 1 of Annexin V-FITC and 10 pl
PI staining solution was subsequently added to the suspensions.
The suspensions were vortexed gently, and 400 ul of 1X binding
buffer was added and incubated for 5 min at room temperature
in the dark. The fluorescence of FITC and PI was analyzed by
flow cytometry. Both early apoptotic (Annexin V-FITC*/PI")
and late apoptotic (Annexin V-FITC*/PI*) cells were included
in cell apoptosis determinations.

Hoechst 33342 staining. A total of 6x10° PC12 cells were
seeded into 6-well plates and exposed to Sev at 37°C for 24 h.
A total of 1 ml of 4% paraformaldehyde was added to each
well for 10 min for fixation and washed twice with PBS. A
total of 10 mg/l Hoechst 33342 was added and stained for
10 min at room temperature. Cell apoptosis was observed
under a fluorescence microscope. Apoptotic cells were char-
acterized by rounded cell morphology, half-moon nuclei with
condensed chromatin. The apoptotic cells were counted the
average no. of cells/mm? in 10 fields.

Western blotting. After incubation with Sev for 24 h, PC12
cells were collected, rinsed twice with cold PBS and lysed
by RIPA buffer (Thermo Fisher Scientific, Inc.) containing
1 mM PMSF on ice for 30 min, followed by centrifu-
gation at 12,000 x g for 5 min at 4°C. A total of 40 ug of
total protein was loaded in each well and resolved by 10%
SDS-PAGE. After electrophoresis, samples were transferred
onto polyvinylidene fluoride (PVDF) membranes, which were
subsequently blocked with 5% skimmed milk for 1 h and
incubated with anti-t-AMPK (1:800), anti-p-AMPK (1:500),
anti-SIRT1 (1:1,000) and anti-actin (1:2,000) primary anti-
bodies at 4°C for 12 h. The membrane was washed three times
with PBST (0.1% Tween-20), and then incubated with the
second antibody (goat anti-rabbit 1:2,000 in blocking solution)
at 37°C for 2 h. The membrane was then washed three times

with PBST. Then, the signals were visualized with chemilu-
minescence reagents (Thermo Fisher Scientific, Inc.). Results
were semi-quantified via Quantity One software (version 4.4;
Bio-Rad Laboratories, Inc.).

Measurement of AMPK and SIRTI levels. AMPK and SIRT1
levels in cell culture medium and hippocampus homogenate
were measured by commercially available ELISA Kkits.

Animals and Sev exposure. A total of 20 male Sprague-Dawley
(SD) rats (28+2 days old; weight 100+10 g) were used. Animals
were housed with free access to food and water at the tempera-
ture of 22+2°C, humidity of 55+5% and a 12-h light/dark cycle.
The rats were randomly assigned to the control (Con) and Sev
groups. The Con group was not exposed to Sev. Sev group
received inhalation of 3% Sevin O,/N, (fraction of inspired
oxygen 50%) for 2 h daily for 5 days consecutively. The dose of
Sev was determined as previously described (19). For the inter-
vention studies, AICAR, an AMPK activator, was administered
to the rats via an intraperitoneal injection for 2 h at a dose of
500 mg/kg prior to Sev treatment. The health and behavior
of animals were monitored every day. The present study was
performed in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All efforts to improve animal
welfare were taken, including to minimize suffering and
distress, use of an aesthetics or special housing conditions.

Water maze. Rats were trained in a 1.5 m diameter open-field
water maze filled with water (26°C) and made opaque with
latex liquid. Prominent extra-maze visual cues around the
room remained in fixed positions throughout the experiment.
During behavioral testing, animals were required to locate a
hidden submerged platform 10 cm in diameter (1.5 cm below
the surface), which remained in the same position across
trials for individual animals but was counterbalanced across
animals. The animals were given four trials per day for 4 days.
Trials began as the rat was placed in the pool facing the side
wall at a start position and ended once the animal had found
the platform; if the rat had not found the platform within
120 sec, it was guided there by hand. A video camera mounted
to the ceiling directly above the center of the maze was used
in conjunction with the animal tracking system. Test animals
underwent Sev exposure for 5 days followed by the water maze
experiment for 5 days. On day 11, the animals were sacrificed
to explore further mechanisms under anesthesia with mebumal
sodium (50 mg/kg) by intraperitoneal injection.

Hippocampus homogenate. After the last water maze was
completed, the rats were anesthetized and euthanized by
mebumal sodium. The hippocampus was removed and the rats
were verified dead. Then, the hippocampus was weighed, trans-
ferred into a glass homogenizer and five volumes of precooled
PBS (0.02 mol/l, pH 7.0-7.2) was added. The tissue was fully
ground and then treated with ultrasonic crushing. After centrifu-
gation of the prepared homogenate at 10,000 x g for 5 min at 4°C,
the hippocampal homogenate was found in the supernatant.

Statistical analyses.t-tests and two-way ANOVA, followed by a
Bonferroni post hoc analysis, were performed for comparisons
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Figure 1. Sev induces neuronal apoptosis. (A and B) Sev induced cell apoptosis by Annexin V-FITC assay. The lower left population of cells in each plot
represents viable cells which excluded PI and did notbind Annexin V, while the upper left population cells comprise necrotic cells, which did not exclude PI and
were not stained with FITC-labeled Annexin V. The lower and upper right populations correspond to early apoptotic and late apoptotic cells, respectively. The
percentages of early and late apoptotic cells, non-apoptotic and necrotic cells are shown in the right lower quadrant, right upper quadrant, left lower quadrant
and left upper quadrant, respectively. (C and D) Sev induced cell apoptosis by Hoechst 33342 staining. Apoptotic cells were characterized by rounded cell
morphology, half-moon nuclei with condensed chromatin.Arrowsindicate apoptotic cells. “P<0.01 vs. Con. n=5. Sev, sevoflurane; Con, control.

between groups. Statistical analysis was conducted on a stan-
dard software package (SAS® version 10.0; SAS Institute, Inc.)
was used. All data are presented as the mean + SEM. Each
experiment was repeated >4 times. P<0.05 was considered to
indicate a statistically significant difference.

Results

Sev induces neuronal apoptosis. Cell apoptosis was assessed
by Hoechst 33342 staining and Annexin V-FITC/PI staining.
To investigate the effects of Sev on neuronal apoptosis, the
percentage of apoptotic cells was measured using Annexin V/PI
staining. The results showed that the percentage of apoptotic
cells was significantly increased after treatment with Sev
(Fig. 1A and B). Furthermore, Hoechst 33342 staining also
showed that Sev caused neuronal apoptosis (Fig. 1C and D).

Inhibition of AMPK/SIRTI signaling is associated with
Sev-mediated neuronal apoptosis. The AMPK and SIRT1
protein expression levels were assessed by western blot
analysis. As shown in Fig. 2A and B, p-AMPK and SIRT1
protein expression levels were significantly decreased after
Sev treatment. The t-AMPK protein expression had no
significant difference between the two treatment groups. The
ratio of p-AMPK/t-AMPK decreased in the group treated
with Sev. Next, AMPK and SIRT1 activity was examined
in cell culture medium by ELISA. There was a significant
inhibitory effect of Sev on AMPK and SIRT1 activity
(Fig. 2C and D). These results indicated that inhibition of
AMPK/SIRT]1 signaling was related to neuronal apoptosis
in response to Sev.

AMPK activation blocks neuronal apoptosis and the decline
in SIRTI activity induced by Sev. To examine the role of
AMPK/SIRT]1 signaling in Sev-induced neuronal apoptosis,
the neurons were treated with the AMPK activator-AICAR at
a concentration of 0.5 mM, and the percentage of apoptotic
cells was evaluated using Annexin V/PI staining. As shown
in Fig. 3A and B, AICAR was able to attenuate the neuronal
apoptosis induced by Sev. AICAR also blocked the decline
inSIRT1 activity induced by Sev (Fig. 3C). These results
suggested that neuronal apoptosis caused by Sev was depen-
dent on the AMPK/SIRT1 signaling pathway.

AMPK activation improves cognition and restores in vivo
SIRTI levels decreased by Sev. To examine the role of
AMPK/SIRT]1 signaling in Sev-induced cognition impair-
ment, the rats were treated with the AMPK activator-AICAR
at 500 mg/kg, and cognition was evaluated using the water
maze test. As shown in Fig. 4A-C, Sev increased the escape
latency time and distance in the water maze. The escape
latency time and distance were notably decreased in the
AICAR-treated rats. Furthermore, Sev decreased the AMPK
and SIRT1 activity in the hippocampus. When AICAR was
administered to rats, the AMPK and SIRT1 activity in the
hippocampus was significantly increased (Fig. 4D). These
results suggested that AMPK activation could improve the
cognitive impairment caused by Sev.

Discussion

Sev is delivered via the lungs as a volume percent of inspired
gas. Sev has been described as the agent of choice for
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Figure 2. Inhibition of AMPK/SIRT]1 inhibition is related to the neuronal apoptosis induced by Sev. (A) Representative western blots of t-tAMPK, p-AMPK and
SIRT1 expression levels in neurons treated with Sev. (B) The expression levels of p-AMPK, SIRT1 and the ratio of p-AMPK/t-AMPK were decreased in the
group treated with Sev. (C and D) The AMPK and SIRT1 activities in the Sev group were decreased in the media of cell culturesas detected by ELISA. "P<0.05,
“P<0.01 vs. Con. n=5. Sev, sevoflurane; Con, control; p-, phosphorylated; t-, total; AMPK, AMP-activated protein kinase; SIRT1, Sirtuin 1.
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cell apoptosis after Sev treatment by Annexin V-FITC assay. The percentages of early and late apoptotic cells, non-apoptotic and necrotic cells are shown in
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treatment as detected by ELISA. “P<0.01 vs. Con; *P<0.05, #P<0.01 vs. Sev. n=4. Sev, sevoflurane; Con, control; SIRT1, Sirtuin 1.
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Figure 4. AICAR improves cognition dysfunction and AMPK/SIRT1 activities in Sev-exposedrats. (A) Effects of AICAR on performance in the water Morris
maze in Sev-exposedrats. (B) AICAR decreased the escape latency time to the submerged platform in a Morris water maze. (C) AICAR decreased the distance
to the submerged platform in the Morris water maze. (D) AICAR increased the levels of AMPK and SIRT1 found in the hippocampus as detected by ELISA.
“P<0.01 vs. Con; “P<0.05, #P<0.01 vs. Sev. n=8. Sev, sevoflurane; Con, control; AMPK, AMP-activated protein kinase; SIRT1, Sirtuin 1.

inhalation induction due to its lack of airway irritation, hemo-
dynamic characteristics and lower pungency (20). Recent
studies have reported on hemodynamic and recovery charac-
teristics following anesthesia maintenance with Sev (21,22).
Children who have received anesthesia on multiple occasions
are more likely to develop cognitive behavioral disorders,
while a single anesthetic exposure may have no significant
effect on neuro-development (23). A topic of interest is the
potential impact of inhalation-based anesthesia in behav-
ioral outcomes such as postoperative cognitive dysfunction
and postoperative delirium in pediatric, adult and elderly
patients (22,24,25).

Neuronal apoptosis is an important contributor to cogni-
tion dysfunction (26). Thus, investigation of the molecular
mechanism of Sev-induced neuronal apoptosis may provide
a new cognition protection strategy. In past work, numerous
genes have been found to be involved in neuronal apoptosis,
such as HMGBI1/TLR4, caspase3, bcl-2, ROS and P53 (27-29).
At present, much study is still needed to elucidate the mecha-
nism of neuronal apoptosis induced by Sev.

AMPK is a major metabolic energy sensor, which may
sense energy deficiency in the form of an increased AMP/ATP
ratio and regulate metabolic homeostasis through the control
of several homeostatic mechanisms, including autophagy and
protein degradation (30). AMPK activation has previously been
identified as required for SIRT1. SIRTI is a direct substrate
for AMPK phosphorylation (31). The present data has shown
that Sev is an effective inducer of neuronal apoptosis. The
present study also revealed that inhibition of AMPK/SIRT1

was associated with Sev induced neuronal apoptosis. This was
supported with evidence that AMPK activation restrained the
neuronal apoptosis induced by Sev. The present study in vivo
also revealed that AMPK/SIRT]1 inhibition was related to the
cognition impairment induced by Sev and that AMPK activa-
tion could improve the cognition dysfunction.

Activation of AMPK by phosphorylation of the o subunit
at Thr172 helps to maintain the energy balance by switching
on a catabolic pathway such as apoptosis induction (32,33).
A decreased protein level of p-AMPK/SIRT1 was confirmed
to be accompanied by an increased number of Sev induced
apoptotic neurons. Furthermore, this effect on apoptosis was
blocked by the AMPK activator AICAR, which indicated
that AMPK/SIRT]1 inhibition was involved in the induc-
tion of cognitive impairment by Sev. The protective role of
the AMPK activator may be related to the integrity of the
brain-blood barrier (34,35). In the animal experiments, rats
aged 28 days were selected to simulate human children, as it is
desirable to have an experimental basis for pediatric patients
with anesthesia in the clinic.

In the present study, AMPK/SIRT1 inhibition was shown
to be associated with Sev-induced neuronal apoptosis. AMPK
activation restrained the Sev-induced neuronal apoptosis. The
present in vivo results also evaluated that AMPK activation was
related to cognition dysfunction induced by Sev. In summary,
the study revealed the association between the AMPK/SIRT1
pathway, neuronal apoptosis and Sev-induced cognitive
dysfunction. These data revealed that AMPK/SIRT1 pathway
serves a critical role in Sev-induced neuronal apoptosis.
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AMPK/SIRT1 pathway may be a potential drug target for the
therapy of cognitive dysfunction induced by Sev in the future.
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