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Surgery-induced downregulation of hippocampal  
sirtuin-1 contributes to cognitive dysfunction  
by inhibiting autophagy and activating  
apoptosis in aged mice
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Abstract: Objectives: Elderly patients often suffer from cognitive dysfunction following surgery. However, the mecha-
nisms underlying this phenomenon still remain unclear. This study investigated the critical part of Sirtuin-1 (SIRT1)-
mediated autophagy and apoptosis in surgery-induced cognitive impairment. Methods: The aged (16-month-old) 
male C57BL/6 mice underwent anesthesia and surgery. Some mice received intraperitoneal injections of resve-
ratrol, which is an activator of SIRT1, prior to exposure to splenectomy. To examine learning and memory behavior 
in different sets, the study performed a Morris water maze. Tissues from the hippocampus were harvested 1, 3 
and 7 days after surgery. Western blotting and immunofluorescence analysis determined the expression of au-
tophagy- and apoptosis- associated protein. Results: This article demonstrated surgery but not anesthesia con-
siderably affected memory behavior and downregulated SIRT1 expression in the aged mice. Interestingly, rescue 
of hippocampal SIRT1 expression ameliorated the cognitive impairment in the elderly mice under splenectomy. 
In addition, surgical trauma decreased Beclin-1 protein levels and the LC3-II/LC3-I ratio, while expression of p62, 
Bax and cleaved caspase-3 in hippocampal neurons increased. However, rescue of hippocampal SIRT1 expression 
considerably attenuated the surgery-induced downregulation of Beclin-1, increased the ratio of LC3-II/LC3-I, and 
decreased expression of p62, Bax, and cleaved caspase-3. Conclusion: These findings suggest that surgery-induced 
downregulation of hippocampal SIRT1 participates in cognitive impairment after surgery by inhibiting the autophagy 
process and activating apoptosis. 
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Introduction

Cognitive dysfunction following surgery is a 
common postoperative complication among el- 
derly patients (≥ 65 years) [1]. Postoperative 
cognitive dysfunction (POCD) reflects in con-
centration, memory, attention, learning, lan-
guage comprehension, executive function, ver-
bal fluency, and visual spatial performance [2]. 
POCD increases length of hospitalization, mor-
bidity and mortality, and results in an overall 
worse quality of life [3, 4]. This symptom is ty- 
pically transient or self-limited; however, occa-

sionally it is long-term or even permanent [5, 6]. 
The incidence of POCD depends on many risk 
factors, including patient age, level of educa-
tion, comorbidities, type of procedure, neuro-
logical disease, and metabolism, of which age 
is a predominant risk factor [5, 7]. Between 
25% and 40% of elderly patients experience 
confusion and cognitive disturbances at the 
point of discharge [6, 8]. Though many studies 
have revealed that hippocampal neuroapopto-
sis [9], central autophagy [10], neuroinflamma-
tion [11] and reactive oxygen species [12]  
may contribute to the pathogenesis of POCD, 
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the pathophysiological mechanisms underlying 
POCD are still poorly understood.

Autophagy and apoptosis are two essential bio-
logic procedures for nerve cells to maintain th- 
eir homeostasis and proper function [13]. Au- 
tophagy is a conservative process consisting  
of a series of events, which eliminates misfold-
ed proteins and damaged organelles, including 
initiation, elongation, maturation, and, finally, 
degradation [14]. Previous studies reported th- 
at autophagosome formation and autophagic 
degradation were imbalanced in age-related 
neuro degeneration [15, 16]. Ning et al. reve- 
aled that autophagy referred to propofol-re- 
lated cognitive dysfunction in aged rats [10]. 
However, it is unclear whether autophagy is 
associated with POCD. In addition to autopha- 
gy disturbances, the imbalances of apoptosis 
are associated with cognitive disorder. Apop- 
tosis is characterized as cells rounded, mem-
brane bubble, cell structure disappearance, 
cytoplasmic concentration, deeply stained nu- 
clei, solid reduction, chromosome concentra-
tion, membrane-encapsulated apoptotic bod-
ies formation, and eventually engulfed by ma- 
crophages [13, 17]. Zhang et al. showed that 
neuroinflammation and neuroapoptosis were 
responsible for POCD in response to activated 
brain mast cells [18]. Furthermore, Ge et al. 
demonstrated that exposure to isoflurane in- 
duced neuroapoptosis and resulted in cogni-
tive impairment [19]. However, it is unclear 
whether apoptosis contributes to POCD, and 
the mechanism remains unknown.

Sirtuins, could protect against energy metabo-
lism and senescence by deacylation of sub-
strates in mammalian cells [20]. Sirtuin-1 (SI- 
RT1) is the most evolutionally conservative  
subtype and is also involved in apoptosis, au- 
tophagy, development, metabolism [21, 22], 
and circadian rhythms [23]. Recently, the neu-
roprotective effects of SIRT1 have attracted 
great interest. A previous study suggested th- 
at SIRT1 could modulate cognition, learning 
and memory associated with many molecular 
events, deacetylation, mitochondrial dysfunc-
tion, and inflammation included [24]. Michán  
et al. showed that SIRT1 knockout mice exhibit 
significant deficits in cognitive function, charac-
terized by immediate memory, classical condi-
tioning, and spatial learning [25]. A large num-
ber of studies demonstrated that SIRT1 has 

particular importance in the modulation of cell 
apoptosis and autophagy [26, 27]. However, it 
is not yet known whether and how the SIRT1-
mediated autophagy and apoptosis participate 
in POCD. To this end, we carried out the sur- 
gery in elderly mice to determine the role of 
SIRT1 in surgery-induced cognitive dysfunction 
and define the mechanisms underlying this 
action.

Experimental procedures 

Animals 

All procedures were approved by the Insti- 
tutional Animal Care and Use Committee of 
Wenzhou Medical University (protocol number: 
SYXK2015-0009), which operates according  
to the recommendations for the care and use  
of experimental mice. C57BL/6 male mice (ag- 
ed 16 months) were obtained from Beijing Vi- 
tal River Laboratory Animal Technology Co., Ltd. 
and raised in a standard and nutritional con- 
dition (22 ± 1°C and 55-75% humidity, 12:12 h 
light/dark cycle). 

Experimental design and surgery model

Mice were randomly assigned to five groups (n 
= 30/group): Group C (mice not exposed to 
anesthesia or surgery or any drugs), group A 
(mice exposed to 1% pentobarbital alone), 
group S (mice exposed to splenectomy), group 
SD (mice were pretreated with DMSO before 
surgery), and group SR (mice were pretreated 
with resveratrol before surgery). Previous stud-
ies showed that resveratrol can cross the 
blood-brain barrier [28, 29]. Mice in group SR 
were intraperitoneally (i.p.) injected daily for 5 
days with 10 mg/kg resveratrol (Selleck, USA), 
and the equal volume of DMSO was given in- 
stead to mice in Group SD. 

Mice were anesthetized with 1% pentobarbital 
(7 ml/kg, i.p.) and analgesia with Penicillin lido-
caine gel (New Asiatic Pharmaceutical, China). 
Briefly, after disinfection of the abdomen, a 1.5 
cm longitudinal incision was made on the ab- 
dominal midline under the xiphoid. The spleen 
was excised from the left upper abdominal 
quadrant. Once no bleeding was confirmed, the 
abdomen was closed by utilizing 4/0 Prolene 
sutures (Ethicon LLC, USA). Temperature of 
mice was maintained at 37 ± 0.5°C in the insu-
lation blanket until recovery of consciousness. 
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Mice in group A were exposed to anesthesia 
alone, and mice in group C served as naive 
controls.

Open field test

An open field test was conducted to detect the 
emotional responses and spontaneous loco-
motor activity. Each mouse was released into 
chamber, which was divided into 16 squares. 
Mice were permitted to travel for 10 min. The 
crossing frequency and total distance were 
recorded, and the chamber was sprayed with 
75% alcohol to avoid smell. 

Morris water maze test

The mice were given Morris water maze (MWM) 
raining for five consecutive days (4 trials per 
day) before treatment. Resveratrol was inject- 
ed intraperitoneally 6 h before MWM training 
day by day. MWM includes a circular pool (di- 
ameter, 120 cm; height, 30 cm) filled with opa- 
que water (24-26°C) and divided into four qu- 
adrants. A hidden platform (6 cm diameter) was 
placed in one of the quadrants submerged 1 
cm beneath water. The mice were released in 
the water facing the wall at one of four starting 
quadrants to locate the hidden platform in 60 
s. If a mouse failed to do so, it would be hand 
directed to it and allowed to remain on it for 15 
s. The learning parameters during the training 
trials were recorded by a video tracking system. 
At 24 h after the MWM training, splenectomy or 
anesthesia alone was performed. The probe  
trials were carried out days 1, 3 and 7 after 
treatment to determine spatial learning and 
memory. After removing platform, each mouse 
was allowed to swim freely for 60 s. The laten- 
cy for the first time to reach the platform, swi- 
mming speed, time percentage of target qu- 
adrant, times crossing the platform and the 
swimming trajectory during the probe trials we- 

many). After sealed in 10% skim milk at 37°C, 
the membranes were immunoblotted overnight 
using specific antibody (Table 1) at 4°C. After 
rinses in TBST, membranes were probed with 
the secondary antibody (Biosharp, China) for 1 
h at 20-22°C and detected using ECL rea- 
gents (Affinity, USA). β-Actin was regarded as 
the internal control.

Immunofluorescence

After the MWM test, the mice were anesthe-
tized with pentobarbital and infused with 50 ml 
of 0.9% cold saline slowly followed by 100 ml of 
4% paraformaldehyde (PFA). Brain tissues were 
then isolated and fixed with 4% PFA at 4°C for 1 
d, at which time 4% PFA was replaced by 30% 
sucrose solution and embedded in optimal cut-
ting temperature compound (Solarbio, China)  
at -80°C. Coronal sections (8 µm) of the bra- 
ins were made in a cryostat. Slices were then 
sealed for 45 min in 5% donkey serum (Solar- 
bio, China) at 20-22°C and then immunoblot-
ted overnight with the specific antibody (Mo- 
use anti-SIRT1: 1:200, Rabbit anti-p62: 1:400, 
Rabbit anti-cleaved caspase3: 1:400) at 4°C. 
After three 5 min washes with PBS the next  
day, sections were probed with the secondary 
antibody (Biosharp, China) for 1 h at 20-22°C 
and then supplemented with DAPI (Abcam, UK) 
for 5 min. Images were acquired with a fluores-
cence microscope (Leica, Germany). 

Quantitative real-time PCR and standard curve

For quantitative real-time PCR, hippocampi we- 
re used for purification of total RNA with TRNzol 
Reagent (ThermoFisher, USA) according to the 
manufacturer’s instruction, and immediately re- 
verse-transcribed to cDNA utilizing a Reverse 
Transcription kit (ThermoFisher, USA). All qPCR 
was performed with triplicate cDNAs on the iCy-
cler real-time PCR detection system (Bio-Rad, 

Table 1. Primary Antibodies for western blot
Name Dilution Isotype Supplier
β-actin 1:3000 Mouse IgG Cell Signaling Technology
SIRT1 1:1000 Mouse IgG Abcam
Beclin1 1:3000 Rabbit IgG Cell Signaling Technology
P62 1:5000 Rabbit IgG Abcam
LC3β 1:2000 Rabbit IgG Abcam
Cleaved caspase3 1:1000 Rabbit IgG Cell Signaling Technology
Bax 1:500 Mouse IgG Santa Cruz

re recorded. The mice were sacri-
ficed after the MWM test and brain 
tissue was harvested for further 
study. 

Western blotting 

For western blotting analysis, 40 μg 
of protein from the hippocampus 
was separated through SDS-PAGE 
gel and transferred onto PVDF 
membranes (Merck Millipore, Ger- 
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USA) with SYBR Green (TOYOBO, Japan). The 
primers used for qPCR were as follows: β-actin 
(forward 5’-GGGAATGGGTCAGAAGGACT-3’ and 
reverse 5’-TTTGATGTCACGCACGATTT-3’) and 
SIRT1 (forward 5’-TGATTGGCACCGATCCTCG-3’ 
and reverse 5’-CCACAGCGTCATATCATCCAG-3’).

Statistical analysis

Statistical analysis was done using SPSS and 
the data was expressed utilizing the GraphPad 
software. Significances between two groups 
were performed by utilizing a student’s t test, 
and multiple comparisons were evaluated with 
one-way analysis of variance (ANOVA). P < 0.05 
was defined as statistically significant.

Results

Surgery but not anesthesia led to cognitive 
impairment in aged mice

In the open field test, there were no significant 
variances in the crossing frequency and total 

distance among group C, group A and group  
S during the postoperative period (Figure 1A, 
1B). These results indicate that anesthesia  
and surgery did not significantly affect the mo- 
tor ability.

In the MWM training trials, the mice in three 
groups showed similar improvement in spati- 
al learning and memory over five consecutive 
training days before splenectomy (Figure 1C). 
During the probe trials, group S displayed less 
time spend in the goal quadrant, lower plat-
form-crossing frequency, and longer first time 
to the platform on postoperative days 1 and 3 
compared with group C. Performance returned 
to normal on postoperative day 7 (Figure 1D- 
G). However, there was no major variation in the 
performance on postoperative days 1, 3 and 7 
between group C and group A (Figure 1D-G). 
These data suggest that surgery caused im- 
pairment in spatial learning and memory, whi- 
le anesthesia alone did not produce any sig- 

Figure 1. Surgery but not anesthesia induced cognitive dysfunction in aged mice. (A) The crossing frequency and 
(B) total distance during the open field test. (C) Latency to platform (time to find the hidden platform) in the MWM 
training trials. (D) The percentage of time spent in the target quadrant. (E) The swimming trajectory of mice. (F) The 
platform crossing times. (G) Latency for the first time to platform. (H) Swimming speed during the MWM probe trials. 
Data were presented as mean ± SEM. *P < 0.05. 
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nificant effect on the cognitive function. No  
difference in swimming speed was observed 
among the three groups (Figure 1H). This indi-
cates that the poorer performance in group S 
was not due to their decreased locomotor abil-
ity or postoperative pain.

Surgery but not anesthesia downregulated 
SIRT1 expression in the hippocampus

A previous study demonstrated that SIRT1 was 
expressed mainly in neurons and that its le- 
vels in the brain, especially in the hippocam-
pus, were significantly higher than those found 
in other mammalian tissues [30]. In order to 
assess the effects of anesthesia and surgery 
on the expression of SIRT1 in mice, we mea-
sured the expression level of SIRT1. Compared 
with group C, expression of SIRT1 mRNA and 
protein levels were downregulated in group S 
on postoperative days 1 and 3 (Figure 2A, 2B). 
The protein and mRNA levels of hippocampal 
SIRT1 were unchanged under the normal con- 
dition after anesthesia alone (Figure 2A, 2B). 
There were no differences in the protein and 
mRNA levels of hippocampal SIRT1 on postop-

erative day 7 among the three groups (Figure 
2A, 2B). Furthermore, our immunofluorescen- 
ce staining indicated that the mice in the sur-
gery group displayed a smaller number of SI- 
RT1-labeled neurons in the hippocampus com-
pared to the control group, mainly in the CA1 
and DG regions, on postoperative days 1 and  
3 (Figure 2C). As expected, there were no dif- 
ferences in the number of SIRT1-labled neu-
rons in the surgery group on postoperative day 
7 among the three groups (Figure 2C). These 
results indicate that SIRT1 expression levels  
in the hippocampus of elderly mice were de- 
creased after surgery but not after anesthesia.

Rescuing expression of hippocampal SIRT1 
improved cognitive dysfunction induced by 
splenectomy in elderly mice 

To explore the potential role of SIRT1 on POCD 
in aged mice, we performed an open field test 
and Morris water maze test on group SD (sur-
gery plus DMSO) and group SR (surgery plus 
SIRT1 activator resveratrol [31, 32]).

The crossing frequency and total distance in 
the open field test were comparable between 

Figure 2. Surgery but not anesthesia downregulated SIRT1 expression in the hippocampus. (A) Image of western 
blot protein bands for SIRT1 and (B) relative expression of SIRT1 mRNA in the hippocampus in each group, with 
β-actin as an endogenous control. (C) Immunofluorescence analysis detected SIRT1 protein levels in the CA1 and 
DG region of the hippocampus (scale bar = 50 µm). Data were presented as mean ± SEM. *P < 0.05, **P < 0.01.
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the two groups (Figure 3A, 3B), indicating that 
resveratrol and surgery did not dramatically 
alter motor ability in the mice. Mice in group SD 
and group SR showed similar improvement in 
learning function (latency to platform) over five 
consecutive days during the water maze test 
training (Figure 3C). In the probe trial, both the 
time in the target area and platform-crossing 
times in the group SD were less than those in 
the group SR on postoperative days 1 and 3 

(Figure 3D-F). The latency for the first time to 
platform in group SD was longer than that of 
group SR on days 1 and 3 postoperatively 
(Figure 3G). There were no statistical differenc-
es in the speed after surgery between the two 
groups (Figure 3H). These results indicate that 
the memory function in group SD was worse 
than that of group SR, and, ultimately, the poor-
er performance did not result from the reduced 
motor ability. 

Figure 3. Upregulation of SIRT1 improved surgery-induced cognitive dysfunction in aged mice. (A) The crossing fre-
quency and (B) total distance between the two groups during the open field test. (C) The latency to platform (time to 
find the hidden platform) in the MWM training trials. (D) The percentage of time spent in the target quadrant. (E) The 
swimming trajectory of mice. (F) The platform crossing times. (G) Latency for the first time to platform and (H) the 
swimming speed in each group during the MWM probe trials. (I) Image of western blot protein bands. (J) Quantifica-
tion for SIRT1. (K) Relative expression of SIRT1 mRNA in the hippocampus. Data were presented as mean ± SEM. 
*P < 0.05, **P < 0.01.
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Consistent with the improvement of neurobe-
havioral function in group SR, the protein and 
mRNA levels of SIRT1 in group SR were obvi-
ously higher than those in the group SD (Figure 
3I-K). These data indicate that rescuing expr- 
ession of hippocampal SIRT1 through resvera-
trol administration restored the surgery-associ-
ated cognitive reduction in elderly mice. 

Rescuing expression of hippocampal SIRT1 
blocked the inhibition of the autophagy pro-
cess induced by splenectomy in elderly mice

To explore the underlying mechanisms throu- 
gh which rescuing expression of hippocampal 
SIRT1 improves POCD in aged mice, we first 
examined expression of autophagy-related pro-
tein in the hippocampus. We found that surgi-
cal trauma dramatically reduced Beclin-1 ex- 
pression, decreased the ratio of LC3-II/LC3-I, 
and upregulated the level of p62 in the hippo-
campus of aged mice on postoperative days 1 
and 3 (Figure 4A-F). These changes were not 
seen on postoperative day 7, however (Figure 
4A-F). Rescuing downregulation of SIRT1 th- 
rough resveratrol administration considerably 
attenuated the surgery-induced downregula-
tion of Beclin-1, decreased the ratio of LC3-II/
LC3-I, and increased p62 in the hippocampus 
on postoperative days 1 and 3 (Figure 4G-J). 
Furthermore, the immunofluorescence analysis 
demonstrated that the number of p62-postive 
cells increased markedly in the group SD com-
pared with the SR group on days 1 and 3 post-
operatively (Figure 4K). The above results in- 
dicate that rescuing expression of hippocam- 
pal SIRT1 restored the impaired autophagy 
after surgery.

Rescuing expression of hippocampal SIRT1 
blocked the promotion of apoptosis induced by 
splenectomy in aged mice

Finally, we examined the expression of Bax and 
cleaved caspase-3, which were well-recognized 
indicators of apoptosis. Splenectomy signifi-
cantly increased the levels of Bax and cleaved 
caspase-3 on postoperative days 1 and 3, but 
not on day 7 (Figure 5A-D). These increases 
were significantly ameliorated by rescuing SI- 
RT1 downregulation through administration of 
resveratrol on postoperative days 1 and 3 (Fi- 
gure 5E-H). Moreover, results of the immuno-
fluorescence analysis showed that the number 

of cleaved caspase-3-postive cells increased 
considerably in group SD compared with group 
SR on postoperative days 1 and 3 (Figure 5I). 
These data demonstrate that rescuing expres-
sion of hippocampal SIRT1 blocked the surgery-
induced apoptosis.

Discussion

In the present study, we have presented evi-
dence that SIRT1 plays a protective role in 
POCD. A large number of studies claim that the 
hippocampus is the primary cognitive region 
and that hippocampal formation is responsib- 
le for learning and memory function [33]. This 
study demonstrated that splenectomy, but not 
anesthesia alone, downregulated expression of 
hippocampal SITR1 and led to cognitive deficits 
in aged mice. This downregulation correspond-
ed to autophagy inhibition and apoptosis pro-
motion in the hippocampus of aged mice. Re- 
scuing downregulation restored the autopha- 
gy, reduced apoptosis in the hippocampus, 
and, overall, improved cognitive function. The- 
se findings indicate that hippocampal SIRT1 
downregulation was a key contributor to the 
occurrence of POCD. Furthermore, our results 
may help decide the potential treatment of SI- 
RT1 in surgery-induced neurobehavioral defi- 
cits.

A growing body of studies indicates that SIRT1 
plays pivotal roles in cognitive function. Previ- 
ous research indicates that overexpression of 
SIRT1 in the hippocampus of mice enhances 
cognitive function through proteostatic and ne- 
urotrophic mechanisms, and improves the iso-
flurane associated memory deterioration fol-
lowing hyperbaric oxygen pretreatment of mid-
dle-aged mice [34]. In addition, Jun Gao et al. 
acclaimed SIRT1 participates in synaptic plas-
ticity and memory formation via a microRNA-
mediated mechanism [35]. In our surgical mo- 
use model, surgical trauma led to cognitive 
deficits, which were accompanied by downregu-
lation of hippocampal SIRT1 expression. Res- 
cuing this downregulation significantly block- 
ed the cognitive deficits. These data indicate 
that SIRT1 has a protective effect in surgery-
induced cognitive deficits.

Autophagy is a phenomenon that exists widely 
in eukaryotic cells and exhibits a neuropro- 
tective effect [14]. Autophagy-related genes 
(ATGs) control major steps in the autophagic 
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Figure 4. SIRT1 reversed the suppressed autophagy process induced by surgery. A-F. Western blot images and 
quantification of Beclin-1, p62 and LC3β at postoperative days 1, 3 and 7 in groups C, A and S. G-J. Western blot 
images and quantification of Beclin-1, p62 and LC3β at postoperative days 1 and 3 in groups SD and SR. K. Immu-
nofluorescence analysis detected p62 protein levels at postoperative days 1 and 3 in groups SD and SR (scale bar 
= 50 µm). Group C (control), group A (anesthesia alone), group S (surgery), group SD (surgery + DMSO), group SR 
(surgery + SIRT1 activator resveratrol). Data were presented as mean ± SEM. *P < 0.05, **P < 0.01.

pathway by performing important roles in au- 
tophagy. Recent studies demonstrated that 
deacetylation of ATGs by SIRT1 was necessary 
for the induction of autophagosome formation 
[36-38]. The present study demonstrates that 
surgical stress inhibits SIRT1 expression and 
subsequently suppresses the autophagy pro-

cess significantly through downregulation of 
LC3-II/LC3-І, decreases in Beclin-1 expression 
and increases in p62 accumulation in the hip-
pocampus. Moreover, rescuing hippocampal 
SIRT1 expression not only improved POCD in 
aged mice, but also enhanced autophagy activ-
ity in the hippocampus of the aged mice sub-
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jected to surgery. Collectively, our findings and 
those of previous studies [36-39] indicate that 
SIRT1 improves POCD by enhancing autophagy 
in the aged mice.

Regarding to the interaction about autophagy 
and apoptosis in central nervous system, the- 
re are individual views. Morphological evidence 
showed that they occur in the same cells [40, 
41]. Our data reveal that rescuing hippocampal 
SIRT1 expression inhibits apoptosis in surgical 
mice, ameliorates surgery-induced elevation of 
Bax and cleaved caspase-3, and attenuates 
surgery-induced negative regulation of Bcl-2 in 
the hippocampus of the aged mice. Beclin-1 is 

the homologue of the mammals yeast protein 
and is a significant positive regulator of auto- 
phagy [14]. It promotes the formation of pre-
autophagosomal structures and recruits the 
ATG5 complex and LC3 from the cytoplasm to 
enhance the expansion of autophagosomes 
[42]. Beclin-1 contains 450 amino acids and 
four specific domains and interacts with sub-
strates to produce various biological effects 
[42]. Interaction with antiapoptotic factor Bcl-2 
could lead to inhibition of apoptosis [43]. Re- 
cent research demonstrated that Beclin-1 is 
regarded as a rising deacetylation substrate of 
SIRT1 and increases autophagy through this 
mechanism [36, 44]. Furthermore, SIRT1 exerts 

Figure 5. SIRT1 reversed the activated apoptosis process induced by surgery. A-D. Western blot images and quantifi-
cation of cleaved caspase-3 and Bax at postoperative days 1, 3 and 7 in groups C, A and S. E-H. Western blot images 
and quantification of cleaved caspase-3 and Bax at postoperative days 1 and 3 in groups SD and SR. I. Immuno-
fluorescence analysis detected cleaved caspase-3 protein levels at postoperative days 1 and 3 in groups SD and SR 
(scale bar = 50 µm). Group C (control), group A (anesthesia alone), group S (surgery), group SD (surgery + DMSO), 
group SR (surgery + SIRT1 activator resveratrol). Data were presented as mean ± SEM. *P < 0.05, **P < 0.01.
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its anti-apoptosis effect via regulation of p53 
deacetylation [45, 46]. Acetylation of p53 ch- 
anges the conformation of DNA-binding doma- 
in, which makes it easier to induce apoptosis 
through activation of Bax transcription [47]. 
Consistent with these studies, we observed th- 
at rescue of hippocampal SIRT1 downregula-
tion restored Beclin-1 expression, increased 
the ratio of LC3-II/LC3-І and Bcl-2 expression, 
and decreased Bax, caspase-3 and p62 in the 
hippocampi of surgically elderly mice. These 
results suggest that SIRT1 promotes autopha-
gy and inhibits apoptosis in the hippocampus. 
This supports the standpoint that SIRT1 atte- 
nuates neuronal apoptosis by deacetylating-
autophagy [37, 48].

Overall, the present study indicates that SIRT1 
accelerates neurologic function recovery throu- 
gh activation of autophagy and inhibition of 
apoptosis in the aged mice with POCD. Our 
results indicate a novel molecular mechanism 
for neuroprotective function and a clinical ap- 
plication of SIRT1 in POCD therapy. However, 
our study has some limitations. First, we only 
used male mice in the present study. Though 
the fluctuating concentration of estrogen and 
progesterone interferes with learning and me- 
mory in female mice, the effects of SIRT1 on 
POCD in female animals will be examined in  
the future. Second, we only focused on the role 
of SIRT1 in autophagy and apoptosis in POCD. 
As the NAD-dependent deacetylase, SIRT1 may 
have other functions, such as anti-inflamma- 
tory and antioxidant effects. These potential 
mechanisms involved in the role of SIRT1 in 
POCD need to be studied in more detail. 
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