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Abstract: Postoperative cognitive dysfunction (POCD) is a neurological sequela of surgery and anesthesia. It oc-
curs with high incidence in the aged population. Neuroinflammation is considered one of the least controversial 
culprits contributing to this postsurgical cognitive impairment, although it is a matter of debate as to why this 
complication occurs frequently in geriatric individuals. It is unclear how neuroinflammation is activated in aged 
populations following exposure to anesthesia and surgical procedures. In this study, we investigated the role of 
sirtuin 1 (SIRT1) in neuroinflammatory priming and cognitive deficits in aged rats after anesthesia and surgery. Our 
findings demonstrated that the hippocampal expression of SIRT1 decreased with age. The trend of declining SIRT1 
expression further deteriorated in aged rats after exposure to anesthesia and surgery. Furthermore, we found that 
decreased SIRT1 was associated with downregulated expression of DNA methyltransferase 1 (DNMT1) and up-
regulated acetylated-nuclear factor kappa B (ac-NF-κB) expression, resulting in microglial activation and increased 
proinflammatory cytokines in the hippocampus of aged rats. Interestingly, our results showed that pretreatment 
with resveratrol, a SIRT1 agonist, mitigated the neuroinflammatory response and microglial activation and improved 
cognitive performance in the context fear-conditioning test and Morris water maze. Taken together, our findings sug-
gest that anesthesia and surgery-induced inhibition of hippocampal SIRT1 expression is involved in the activation of 
neuroinflammation and cognitive impairment in aged rats and that activating SIRT1 might paved a promising path 
to preventing this postsurgical sequela.
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Introduction

Postoperative cognitive dysfunction (POCD) is a 
severe neurological complication characterized 
by subtle deterioration in memory, attention 
and information processing speed following 
anesthesia and surgery [1-4]. It occurs much 
more frequently in the elderly [5]. As the aging 
population is burgeoning globally, this age-
related postoperative complication presents a 
worldwide challenge to the medical care sys-
tem and socioeconomic development [5, 6]. 
However, the pathophysiology of POCD remains 
under debate, and there are no clinically avail-
able measures to prevent and treat it.

There is a growing consensus regarding the role 
of neuroinflammation in POCD as one of the 
various putative pathophysiological mecha-
nisms by which anesthesia and surgery induce 

cognitive dysfunction in aged rodents [7-13]. 
However, it remains to be elucidated how neuro-
inflammation is initiated in the aged brain after 
anesthesia and surgery. Microglia are the pri-
mary resident immune cells of the central ner-
vous system (CNS) and are closely associated 
with neuroinflammatory priming in the brain fol-
lowing multiple exogenous insults and stress. 
Moreover, the microglia-derived imbalance of 
the neuroinflammatory response is involved in 
cognitive deficits in several age-related neuro-
degenerative diseases [14, 15]. Indeed, microg-
lia take on a stronger priming phenotype with 
aging [16-18]. A growing number of findings 
show that primed microglia in the aged brain 
are involved in age-related neuroinflammation 
and consequently produce deleterious effects 
on cognitive performance [15-18]. Although 
mounting evidence supports the etiological role 
of microglial priming in aged POCD models, the 
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molecular mechanism of microglial priming 
needs to be further elucidated.

Sirtuin 1 (SIRT1) is a member of the nicotin-
amide adenine dinucleotide (NAD)+-dependent 
class III histone deacetylases [19]. Mounting 
data suggest that SIRT1 plays a vast physiologi-
cal and pathological role in aging and age-relat-
ed diseases [20-23]. In the CNS, SIRT1 is sug-
gested to be involved in regulating synaptic 
plasticity and stress responses and in neurode-
generative injury [21, 24-26]. It has been 
reported that decreased levels of SIRT1 in 
microglia contribute to the upregulation of IL-1β 
and further lead to age-related cognitive de- 
cline in mice [27]. In addition, nuclear factor 
kappa B (NF-κB) is one of the substrates of 
SIRT1, and acetylated NF-κB contributes to the 
activation of the neuroinflammatory response 
[28-32]. Interestingly, interventions that acti-
vate SIRT1 seem to provide anti-inflammatory 
and therapeutic effects in several neurodegen-
erative models [27, 33, 34]. In summary, solid 
experimental evidence suggests that the dec-
rement of SIRT1 in the brain is associated with 
cognitive impairment and that measures 
focused on increasing SIRT1 might be promis-
ing strategies to prevent or treat inflammation-
related injury in the brain.

In the present study, we explored a model of 
abdominal surgery under isoflurane anesthesia 
in aged rats to examine the role of SIRT1 in 
microglial activation and the neuroinflammato-
ry response following anesthesia and surgery. 
We also investigated whether pharmacologic 
activation of SIRT1 could mitigate primed neu-
roinflammation and cognitive decline in aged 
POCD models.

Materials and methods

Animals

Male Sprague-Dawley rats (postnatal day 7, P7; 
postnatal day 14, P14; postnatal day 57, P57; 
and 21 months old, M21; weighing 620-670 g 
at the start of the experiment) were provided by 
the Center of Experimental Animal of Tongji 
Medical College. Three to four animals were 
housed per cage under standard laboratory 
conditions. All experimental protocols and ani-
mal handling procedures were conducted 
according to the National Institute of Health 
Guide for the Care and Use of Laboratory 

Animals (NIH Publications No. 80-23) revised in 
1996, and the experimental protocols were 
approved by the committee of experimental 
animals of Tongji Medical College.

Anesthesia, surgery and treatment

Splenectomy was performed as described [35]. 
Briefly, rats were induced with 3% isoflurane in 
a 1:1 mix of air and 100% oxygen and main-
tained with 2% isoflurane in a 1:1 mix of air and 
100% oxygen during surgery. A small incision 
approximately 2-3 cm was made in the upper 
left quadrant, and then the spleen was visual-
ized, isolated, and removed. The surgical proce-
dure was performed under sterile conditions 
and lasted approximately 30 min for each rat. 
After the surgery, the wound was infiltrated with 
0.25% bupivacaine. The whole anesthesia plus 
surgery time for each rat was 2 hours. Animals 
in the control group were placed in a chamber 
and exposed to a 1:1 mix of air and 100% oxy-
gen for 2 hours. Resveratrol (Selleck Chemicals, 
Houston, TX, USA) was prepared by dissolving 
the powder in a dimethyl sulfoxide (DMSO) 
(Sigma-Aldrich, St. Louis, USA)-saline solution 
and was injected intraperitoneally at 10 mg/
kg/day for 7 consecutive days, with the last 
dose administered 12 hours before surgery. 
The resveratrol dose was chosen based on a 
previous study [36]. Animals in the control 
group were injected with a DMSO-saline solu-
tion for 7 consecutive days.

Experimental groups

The 21-month-old male rats were randomly 
assigned to the following groups: (1) CON, the 
control group rats were injected with the DMSO-
saline solution and treated with a 1:1 mix of air 
and 100% oxygen; (2) ISO+SUR, the anesthesia 
and surgery group rats were injected with the 
DMSO-saline solution followed by splenectomy 
under isoflurane anesthesia; (3) RES, the resve-
ratrol group rats were injected with resveratrol 
and treated with a 1:1 mix of air and 100% oxy-
gen; and (4) RES+ISO+SUR, rats in this group 
were injected with resveratrol followed by sple-
nectomy under isoflurane anesthesia.

Fear conditioning test

On days 12-13 after anesthesia and surgery, 
the animals were subjected to a fear condition-
ing test (FCT) as described [37]. Each rat was 
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placed in the conditioning chamber and allowed 
to explore the contextual cues of the chamber 
for 100 s. Then, in a relatively dark room, the 
rats were exposed to 3 tone-foot shock pairings 
(tone: 5000 Hz, 85 db, 30 s; foot shock: 0.8 
mA, 2 s) with 1-min intervals and were removed 
from the chamber 30 s later. Rats were placed 
back in the same chamber with no cues (tone 
or shock) 24 hours later for 6 min. Two hours 
later, the rats were placed in another test 
chamber that had different contextual cues, 
including smell, from the first test chamber and 
were exposed to the tone for 3 cycles (5000 Hz, 
85 db, 30 s followed by a 1-min interval, 4.5 
min in total) in a relatively light room. Animal 
behavior was video-recorded in both cham-
bers. A decrease in the percentage of time 
spent freezing indicated memory impairment.

Morris water maze test

The Morris water maze (MWM) test was per-
formed as previously described 48 hours after 
the completion of the full fear conditioning pro-
tocol [11, 38, 39]. The training test consisted of 
3 trials each day for five consecutive days. 
During each trial, rats were placed in the water 
facing the wall of the maze in one of the three 
quadrants that did not contain the platform. 
The time spent searching and mounting the 
platform (escape latency, with a cut-off time of 
120 s) and the swim speed were recorded. The 
probe trial (120 s), in which the platform was 
removed, was performed 24 hours after the 
end of the fifth day of training. The percentage 
of time spent in the target quadrant was con-
sidered an indicator of memory performance.

Western blot analysis

Rats were sacrificed 24 hours after anesthesia 
and surgery for Western blot analysis. Hip- 
pocampal tissue was homogenized at 4°C for 
30 min in RIPA lysis buffer. The protein levels in 
the supernatant were determined by a BCA 
assay kit (Boster, Wuhan, China). Then, these 
samples were separated by SDS-PAGE and 
transferred to a polyvinylidene difluoride (PVDF) 
membrane (Millipore, Bedford, MA, USA) by 
electrophoresis. The membranes were blocked 
with 5% nonfat skim milk in TBST (0.1% Tween 
20 in TBS) for 1 hour at room temperature and 
then incubated overnight at 4°C with an anti-
DNA methyltransferase 1 (DNMT1) (1:1000; 
Cell Signaling Technology, Beverly, MA), anti-
SIRT1 (1:1000; Abcam, Cambridge, UK), anti-

IL6 (1:1000, Thermo Fisher Scientific, USA), 
anti-Acetyl-NF-kappaB (1:1000, Affinity, OH, 
USA) or anti-β-actin (1:1000, Affinity) antibody. 
On the second day, the membranes were 
washed three times with phosphate-buffered 
saline (PBS, pH 7.4) containing 0.3% Triton 
X-100 (PBS-T) and then incubated with a horse-
radish peroxidase (HRP)-conjugated goat anti-
mouse or goat anti-rabbit IgG antibody (1:2000; 
Abbkine, Wuhan, China) for 1.5 hours at room 
temperature. Labeled proteins were detected 
with the ChemiDocXRS chemiluminescence 
imaging system (Bio-Rad, Hercules, CA, USA). 
Bands were quantified using laboratory imag-
ing software, and the experiments were repeat-
ed in triplicate.

Immunofluorescence

Twenty-four hours postoperation, rats were 
anesthetized with sodium pentobarbital (85 
mg/kg) and perfused transcardially with 200 
ml of 0.9% saline followed by 300 ml of 4% 
paraformaldehyde in 0.1 M phosphate-buff-
ered saline (pH 7.4). Brains were harvested, 
fixed in 4% paraformaldehyde at 4°C for 24 
hours and then transferred to a 30% sucrose 
solution. Ten-micron-thick frozen hippocampal 
sections were cut from the rat brains using a 
freezing microtome and serially collected. The 
tissue sections were incubated with 5% normal 
donkey serum in PBS for 1 hour, followed by 
incubation with an anti-ionized calcium-binding 
adapter molecule 1 (Iba1; 1:500; Wako 
Chemicals, Japan) antibody at 4°C overnight. 
After three 5-min rinses in PBS, the sections 
were incubated with donkey anti-rabbit IgG con-
jugated to Alexa Fluor®488 (1:200, Abbkine) in 
the dark for 1 hour at room temperature. 
Images were acquired with a fluorescence 
microscope.

TNF-α and IL-1β assays

The protein levels of TNF-α and IL-1β in hippo-
campal tissues were examined by enzyme-
linked immunosorbent assay (ELISA) kits fol-
lowing the manufacturer’s instructions (R&D 
Systems, Minneapolis, USA). The hippocampus 
was homogenized in RIPA lysis buffer (Beyotime 
Institute of Biotechnology, Shanghai, China) 
and centrifuged at 12,000 × g for 15 min to 
obtain the supernatant. Protein quantification 
was calculated by BCA assay. The readings 
were normalized to the amount of standard pro-
tein. All samples were assayed in duplicate.
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PCR

Hippocampal tissue was harvested 24 hours 
after surgery, and total RNA was extracted with 
TRIzol (Invitrogen, Carlsbad, CA) as previously 
described [11, 40]. Reverse transcription was 
performed using designed primers and Su- 
perscript II Reverse Transcriptase (Takara, 
Dalian, China). Quantitative real-time PCR was 
performed using Power SYBR Green PCR 
Master Mix (Takara). The results were normal-
ized to glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). The primers for CD86, CD206 
and SOCS3 were designed as described and 
synthesized by Takara (Takara) [41].

Statistical analysis

All data are expressed as the mean ± SD, and 
data were analyzed by GraphPad Prism 7.0 
software. Statistical evaluation between 2 
groups was performed using the unpaired 
Student’s t test. Statistical evaluation between 
>2 groups ware performed using a one-way 
ANOVA followed by Bonferroni’s post hoc test. 
Data collected from the escape latency in the 
MWM test were analyzed using two-way ANO- 
VA with repeated measures followed by Bon- 

in the aged rats. As shown in Figure 1D, anes-
thesia and surgery led to a significant decrease 
in SIRT1 expression in the hippocampus 
(P<0.05, Figure 1B, 1D).

Anesthesia and surgery induces microglial 
overactivation in the hippocampus of aged rats

To explore the effects of anesthesia and sur-
gery on microglial activation, we used immu-
nostaining to detect Iba1, a classic microglial 
marker. Microglia are considered to be the criti-
cal resident immune cells of the brain. Studies 
have indicated that microglial activation in the 
aging brain contributes to neuronal damage 
and age-related cognitive decline in neurode-
generative diseases [42, 43]. We observed a 
significant increase in the number of Iba1-
positive cells in the CA1, CA3 and DG regions of 
the hippocampus of the ISO+SUR group com-
pared with those in the CON group (Figure 2).

Anesthesia and surgery decreases DNMT1 
expression and increases ac-NF-κB and IL-6 
expression in the hippocampus

DNA methylation, one of the most studied epi-
genetic processes, is maintained through repli-

Figure 1. Anesthesia and surgery exacerbate the age-related downregula-
tion of SIRT1 expression in the hippocampus. A. Representative immunob-
lot bands of SIRT1 expression at four different ages. B. The corresponding 
densitometry analysis of SIRT1 normalized to β-actin. Statistical analysis 
with Student’s t test showed that SIRT1 expression decreased in aged rats. 
C. A representative immunoblot band of SIRT1 expression in the CON and 
ISO+SUR groups. D. The corresponding densitometry analysis of SIRT1 nor-
malized to β-actin. Statistical analysis with Student’s t test showed that an-
esthesia and surgery decreased SIRT1 expression in aged rats. Data are 
presented as the mean ± SD from 6 rats per group. *P<0.05, ISO+SUR group 
rats versus CON group rats; #P<0.05, M21 group rats versus P7, P14, and 
P57 group rats.

ferroni’s post hoc test to com-
pare the four groups. P<0.05 
was considered significant.

Results 

Anesthesia and surgery ag-
gravates the age-related de-
crease in SIRT1 expression in 
the hippocampus of aged rats

Given the evidence that older 
patients are more likely to 
develop POCD and that sirtu-
ins potentially play a role in 
aging and neurodegenerative 
disease [25], we first evaluat-
ed the expression of SIRT1 in 
the hippocampus of male rats 
at four different ages: P7, P14, 
P57 and M21. SIRT1 expres-
sion in the hippocampus was 
shown to decrease in the aged 
rats (P<0.05, Figure 1A, 1C). 
Then, we examined the hippo-
campal expression of SIRT1 
after anesthesia and surgery 
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cation by the enzyme DNMT1. SIRT1 directly 
deacetylates DNMT1, alters DNMT1 activity 
and thereby enhances the epigenetic mecha-
nism that underlies transcriptional suppression 
of proinflammatory cytokines [27, 28, 44, 45]. 

hippocampus was notably increased after 
anesthesia and surgery (P<0.05, Figure 3A, 
3C). Next, we determined whether anesthesia 
and surgery caused upregulation of proinflam-
matory cytokines. Consistent with previous 

Figure 2. Effects of anesthesia and surgery on microglial activation in the hippocampus. Immunostaining of Iba1 
(green) and DAPI (blue) in the CON and ISO+SUR groups. Double staining showed that anesthesia and surgery sig-
nificantly increased the number of Iba1-positive cells in the hippocampus of aged rats. Scale bar =50 μm.

Figure 3. Effects of anesthesia and surgery on the levels of DNMT1 and 
hippocampal neuroinflammation. A. Representative immunoblot bands 
of DNMT1, ac-NF-κB and IL-6 expression in the hippocampus in CON and 
ISO+SUR groups. B-D. The corresponding densitometry analysis of DNMT1, 
ac-NF-κB and IL-6 expression normalized to β-actin. Statistical analysis with 
Student’s t test showed that anesthesia and surgery significantly decreased 
DNMT1 expression and increased ac-NF-κB and IL-6 expression in the hip-
pocampus of aged rats. Data are presented as the mean ± SD from 6 rats 
per group. *P<0.05, **P<0.01, ISO+SUR group rats versus CON group rats.

We extended our experiments 
to examine whether DNMT1 
expression was changed after 
anesthesia and surgery. As 
expected, the expression of 
DNMT1 in the hippocampus of 
rats that underwent anesthe-
sia and surgery was signifi-
cantly decreased compared 
with that of control rats (P< 
0.05, Figure 3A, 3B). NF-κB is 
a transcription factor that can 
be activated by cellular dam-
age and stress. Its activation 
has been found to be involved 
in aging and aging-related 
chronic diseases [46]. How- 
ever, SIRT1 regulates the acet-
ylation level of NF-κB (ac-NF-
κB) and thus represses NF-κB 
transcriptional activity, ultima- 
tely suppressing NF-κB-de- 
pendent gene expression, in- 
cluding that of proinflammato-
ry cytokines [28]. Then, we 
determined whether anesthe-
sia and surgery upregulated 
ac-NF-κB expression. The pro-
tein level of ac-NF-κB in the 
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findings [10], we found that the expression of 
IL-6 was significantly increased in the hippo-
campus (P<0.01, Figure 3A, 3D).

Activation of SIRT1 inhibits microglial overac-
tivation in the hippocampus of aged rats ex-
posed to anesthesia and surgery 

Resveratrol is an activator of SIRT1 [47]. We 
examined the effect of resveratrol on anesthe-

sia and surgery-induced microglial overactiva-
tion. As shown before, anesthesia and surgery 
led to a notable increase in microglial activa-
tion in the hippocampus. The rats pretreated 
with resveratrol showed a significant decrease 
in the density of Iba1-positive cells in the CA1, 
CA3, and DG regions of the hippocampus com-
pared with that of rats in the ISO+SUR group 
(Figure 4A). To further observe the effect  
of anesthesia and surgery on the phenotypic 

Figure 4. Effect of SIRT1 activation on microglial overactivation caused by anesthesia and surgery in the hippo-
campus of aged rats. A. Immunostaining of Iba1 (green) and DAPI (blue). Double staining showed that pretreat-
ment with resveratrol significantly reduced Iba1-positive cells in the hippocampus of aged rats following anesthesia 
and surgery. Scale bar =100 μm. B. CD86 mRNA expression levels. C. CD206 mRNA expression levels. D. SOCS3 
mRNA expression levels. Statistical analysis with one-way ANOVA followed by Bonferroni’s post hoc test showed that 
anesthesia and surgery significantly increased CD86 mRNA and SOCS3 mRNA expression and decreased CD206 
mRNA expression in the hippocampus of aged rats, while pretreatment with resveratrol decreased CD86 mRNA 
and SOCS3 mRNA expression and increased CD206 mRNA expression in the hippocampus of aged rats. Data are 
presented as the mean ± SD from 6 rats per group. **P<0.01, ISO+SUR group rats versus CON group rats; ##P<0.01, 
RES+ISO+SUR group rats versus ISO+SUR group rats.
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change of microglia in the hippocampus, phe-
notypic markers of microglia were tested. An- 
esthesia and surgery significantly increased 
the expression of CD86, a marker of a cytotoxic 
M1 phenotype in microglia, and SOCS3, a 
marker of an immunomodulatory M2b pheno-
type in microglia, while decreasing the expres-
sion of CD206, a marker of a repair/regenera-
tion M2a phenotype in microglia (P<0.01, 
Figure 4B-D). However, pretreatment with res-
veratrol resulted in a significant decrease in the 
expression of CD86 and SOCS3 but an increase 

in the expression of CD206 in the aged rats 
compared with that in rats in the ISO+SUR 
group (P<0.01, Figure 4B-D).

Activation of SIRT1 increases DNMT1 expres-
sion and decreases ac-NF-κB and proinflam-
matory cytokine expression in the hippocam-
pus of aged rats after anesthesia and surgery

As previously tested, DNMT1 was downregu- 
lated in the hippocampus after anesthesia  
and surgery, consistent with SIRT1 expression. 

Figure 5. Effects of SIRT1 activation on the decreased levels of DNMT1 and increased hippocampal neuroinflam-
mation caused by anesthesia and surgery. A and B. Representative immunoblot bands of SIRT1, DNMT1, ac-NF-κB 
and IL-6 expression in the hippocampus. C-F. The corresponding densitometry analysis of SIRT1, DNMT1, ac-NF-κB 
and IL-6 expression normalized to β-actin. Statistical analysis with one-way ANOVA followed by Bonferroni’s post hoc 
test showed that pretreatment with resveratrol significantly increased SIRT1 and DNMT1 expression and decreased 
ac-NF-κB and IL-6 expression in the hippocampus of aged rats. G and H. Protein levels of TNF-α and IL-1β detected 
by ELISA. Statistical analysis with one-way ANOVA followed by Bonferroni’s post hoc test showed that anesthesia 
and surgery significantly increased the protein levels of TNF-α and IL-1β in the hippocampus, while pretreatment 
with resveratrol significantly decreased the protein levels of TNF-α and IL-1β in aged rats. Data are presented as 
the mean ± SD from 6 rats per group. *P<0.05, **P<0.01, ISO+SUR group rats versus CON group rats; #P<0.05, 
##P<0.01, RES+ISO+SUR group rats versus ISO+SUR group rats.
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Interestingly, Western blot analysis revealed 
increased expression of DNMT1 and SIRT1 in 
the RES+ISO+SUR group compared with that in 

the ISO+SUR group (P<0.05, Figure 5A, 5C, 
5D). Next, we tested the effect of resveratrol on 
ac-NF-κB expression in the hippocampus by 

Figure 6. Effects of SIRT1 activation on cognitive function in aged rats following anesthesia and surgery. A. Freez-
ing time in the fear conditioning context test. B. Freezing time in the fear conditioning tone test. C. Representative 
swim paths obtained on the fourth day of training in the MWM. D. Escape latency in the MWM in five training days. 
E. The percentage of time spent in the target quadrant in the probe trial of the MWM. F. The number of target zone 
transitions in the probe trial of the MWM. Statistical evaluation was performed using one-way ANOVA followed by 
Bonferroni’s post hoc test except for escape latency in the MWM test, which was analyzed using two-way ANOVA 
with repeated measures followed by Bonferroni’s post hoc test. Statistical analysis showed that pretreatment with 
resveratrol significantly mitigated the cognitive deficits induced by anesthesia and surgery in aged rats. Data are 
presented as the mean ± SD from 10 rats per group. *P<0.05, **P<0.01, ISO+SUR group rats versus CON group rats; 
#P<0.05, RES+ISO+SUR group rats versus ISO+SUR group rats.
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Western blot. The activation of SIRT1 decreased 
ac-NF-κB expression in the hippocampus of 
rats that underwent anesthesia and surgery 
compared with that in rats in the ISO+SUR 
group (P<0.05, Figure 5B, 5E). Because the 
level of ac-NF-κB is positively associated with 
the transcription of proinflammatory cytokines, 
including IL-1β, IL-6, and TNF-α, we investigated 
whether upregulating SIRT1 could alleviate the 
neuroinflammatory response in the hippocam-
pus. As reported previously, the levels of IL-6, 
IL-1β, and TNF-α were significantly increased in 
the aged rats following exposure to anesthesia 
and surgery in our study. However, resveratrol 
pretreatment remarkably decreased the levels 
of IL-6, IL-1β and TNF-α compared with those in 
the ISO+SUR group (P<0.01, Figure 5B, 5F-H).

Activation of SIRT1 ameliorates cognitive im-
pairment in aged rats after anesthesia and 
surgery

We investigated whether SIRT1 activation could 
prevent anesthesia and surgery-related cogni-
tive impairment in aged rats. The FCT was per-
formed to assess associative learning and 
memory. The FCT studies showed that rats that 
underwent anesthesia and surgery exhibited a 
decrease in freezing times in the context test 
compared with rats in the CON group (P<0.05, 
Figure 6A), while the tone test of the FCT did 
not show significant differences between the 
CON group and the ISO+SUR group. Next, we 
found that the rats pretreated with resveratrol 
showed longer freezing times compared with 
rats in the ISO+SUR group in the context test of 
the FCT (P<0.05, Figure 6A). However, the tone 
test of the FCT did not show any significance 
among experimental groups, indicating that 
anesthesia and surgery selectively impaired 
associative learning and memory in the aged 
rats and that this impairment was rescued by 
resveratrol. We also evaluated spatial learning 
and memory performance using the MWM on 
days 15-20 after anesthesia and surgery. 
Significant differences were observed in the 
escape latency among the various groups. On 
the fifth training day, the rats in the ISO+SUR 
group spent more time locating the hidden plat-
form compared with rats in the CON group 
(P<0.01, Figure 6D), indicating that anesthesia 
and surgery induced spatial learning impair-
ment in the aged rats. Moreover, the rats pre-
treated with resveratrol spent a shorter time 

finding the platform compared with rats in the 
ISO+SUR group (P<0.05, Figure 6D), indicating 
that resveratrol attenuated anesthesia and 
surgery-induced spatial learning impairment in 
the aged rats. In the probe trial, the rats in the 
ISO+SUR group showed a reduction in the per-
centage of time spent in the target quadrant 
and a decrease in the frequency of target zone 
transitions, suggesting that anesthesia and 
surgery also caused spatial memory impair-
ment in the aged rats (P<0.05, Figure 6E, 6F). 
Interestingly, resveratrol reversed anesthesia 
and surgery-induced spatial memory impair-
ments in the aged rats, as revealed by the 
increased percentage of time spent in the tar-
get quadrant and the frequency of target zone 
transitions (P<0.05, Figure 6E, 6F).

Discussion

In the present study, our findings showed that 
decreased hippocampal expression of SIRT1 
was involved in anesthesia and surgery-induced 
neuroinflammation and cognitive decline in 
aged rats. The decreased DNMT1 and increased 
ac-NF-κB levels underlay the activation of neu-
roinflammation resulting from postsurgical 
SIRT1 inhibition in the hippocampus. Pretreat- 
ment with resveratrol increased the expression 
of SIRT1, changed the trend of DNMT1 and 
ac-NF-κB expression induced by anesthesia 
and surgery and consequently mitigated the 
cognitive impairment of aged rats in the FCT 
and the MWM test. These findings suggest that 
SIRT1 modulates hippocampal neuroinflamma-
tion by regulating the expression of DNMT1 and 
ac-NF-κB in our aged POCD model.

A wealth of evidence indicates that individuals 
exposed to anesthesia and surgery show a high 
risk of cognitive decline after such procedures. 
This risk increases with age [2, 28, 29]. A vast 
range of molecular mechanisms have been pro-
posed to explain this aged-related postopera-
tive complication, but few of them are univer-
sally accepted. However, there has been great 
interest in neuroinflammation and its role in 
aged POCD models because aging is accompa-
nied by neuroinflammatory priming [48-51]. 
Hence, we investigated whether age-related 
neuroinflammatory changes are involved in 
POCD and its relevant signaling pathways. As 
previously reported, we found increased mi- 
croglial activation and the release of inflamma-
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tory cytokines in the aged hippocampus [15, 
52-54]. Our next step was to examine the 
mechanism involved in neuroinflammation acti-
vation in aged rats.

SIRT1 is a deacetylase that has been shown to 
regulate diverse cellular processes, including 
brain development, aging, stress, inflammation 
and cancer [20, 21, 55]. In the adult brain, 
SIRT1 is associated with modulating synaptic 
plasticity and memory formation [24, 26]. Given 
its important role in healthy brain aging and 
calorie restriction, SIRT1 has also been found 
to be significantly inhibited in a number of neu-
rodegenerative disorders, including Alzheimer’s 
disease, Huntington’s disease, and Parkinson’s 
disease [22, 23, 56, 57]. A delicate study found 
that microglial expression of SIRT1 decreased 
with aging. Moreover, this decrease was associ-
ated with aged-related cognitive decline [27]. In 
the present study, we tested hippocampal 
SIRT1 levels in P7, P14, P57 and M21 rats, 
showing that SIRT1 expression decreased with 
age. Then, we investigated whether anesthesia 
and surgery influenced hippocampal SIRT1 
expression in aged rats. Interestingly, we found 
that SIRT1 expression was significantly reduced 
after anesthesia and surgery. These results 
suggest that anesthesia and surgery aggravate 
the age-dependent decrease of SIRT1 in the 
hippocampus of aged rats. However, it is un- 
clear whether this change in SIRT1 is involved 
in microglial activation in POCD.

As a sensor of brain injury and aging, microglia 
constantly survey changes to the cerebral 
microenvironmental due to endogenous to 
exogenous insults [58]. Therefore, we exam-
ined whether SIRT1 inhibition was associated 
with microglial activation in the hippocampus 
of our aged POCD model. As expected, immu-
nofluorescent detection showed that microglia 
were activated in the CA1, CA3, and DG regions 
of the hippocampus. Whether microglial activa-
tion mediates neuroprotective or neurotoxic 
effects depends on the subphenotype of the 
microglia [59]. Remarkably, our findings showed 
that the neurotoxic subphenotypes M1 and 
M2b were significantly increased, but the neu-
roprotective subphenotype M2a was notably 
decreased after anesthesia and surgery. Pre- 
treatment with the SIRT1 agonist resveratrol 
enhanced the expression of SIRT1 in the hip-
pocampus and inhibited microglial activation in 
our aged POCD model. The changes in microg-

lial phenotypes caused by anesthesia and sur-
gery were also reversed by resveratrol pretreat-
ment. These results suggest that anesthesia 
and surgery-induced SIRT1 downregulation is 
closely correlated with microglial activation. 

In the context of exploring the role of neuroin-
flammation in POCD, a growing body of research 
has attributed the upregulated neuroinflamma-
tory response to the shuttling of the p65 sub-
unit of NF-κB to the nucleus, thus further pro-
moting the transcription of proinflammatory 
cytokines, including IL-1β, IL-6, and TNF-α [11, 
13, 60, 61]. Inhibition of the p65 NF-κB signal-
ing pathway relieves POCD after sevoflurane 
anesthesia [62]. SIRT1 physically interacts with 
the p65 subunit of NF-κB and inhibits transcrip-
tion by deacetylating p65 at lysine 310 [63]. It 
has been reported that a boost in SIRT1 pro-
motes the deacetylation of p65, thereby sup-
pressing transcriptional activation by NF-κB in 
SH-SY5Y cells [64]. In our study, the level of 
ac-NF-κB was increased following anesthesia 
and surgery. The activity of SIRT1 was enhanced 
by resveratrol pretreatment, resulting in a 
reduction in ac-NF-κB in our model. DNA meth-
ylation is a common epigenetic signal that 
inhibits the transcription of various factors, 
including proinflammatory cytokines. Recently, 
epigenetic alterations, in particular alterations 
in DNA methylation, have been observed during 
the inflammatory response [65]. DNMT1 activi-
ty has been suggested to affect the methyla-
tion status of IL-6, TNF-α and IL-1β promoters 
and thereby affect the expression of IL-6, TNF-α 
and IL-1β [27, 45]. Surprisingly, SIRT1 has been 
found to directly modify DNMT1 activity via 
deacetylation of DNMT1 at specific lysine resi-
dues, thereby enhancing its methyltransferase 
activity and reducing its transcriptional repres-
sive activity [66]. Consistent with the previous 
study, our data showed the downregulation of 
DNMT1 in the hippocampus after anesthesia 
and surgery, while pretreatment with the SIRT1 
agonist resveratrol reversed DNMT1 expres-
sion in our aged POCD model. In summary, 
these findings suggest that an exacerbated 
SIRT1 decrease is associated with dysregulat-
ed hippocampal neuroinflammation via modu-
lation of the deacetylation of p65 NF-κB and 
DNMT1 in our aged POCD model.

In rodents, the presence of POCD can be identi-
fied by the detection of deficits in fear learning 
and spatial-based working memory. The fear 
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conditioning test is a widely used experimental 
tool for exploring the neurobiological basis of 
fear learning in many species [37]. In the pres-
ent study, we found that anesthesia and sur-
gery impaired fear learning and that pharmaco-
logical activation of SIRT1 with resveratrol alle-
viated this cognitive impairment in aged rats. 
The results were then confirmed in the MWM 
test. Taken together, these results show that 
cognitive dysfunction in our aged POCD model 
is strongly correlated with SIRT1 decrease in 
the hippocampus and that pharmacological 
enhancement of SIRT1 provides a potentially 
neuroprotective effect.

Conclusions

In summary, the present study demonstrated 
that SIRT1 mediated the activation of the neu-
rotoxic phenotype of microglia and neuroin-
flammation partially via regulation of the 
expression of ac-NF-κB and DNMT1 in the hip-
pocampus of an aged POCD model. Conse- 
quently, these changes resulted in impairment 
in cognitive function. However, pretreatment 
with the SIRT1 agonist resveratrol increased 
the expression of SIRT1, inhibited the neuroin-
flammatory response in the hippocampus and 
improved cognitive function in aged models. 
Therefore, SIRT1 is a promising therapeutic tar-
get for preventing and treating POCD in the 
aged population.
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