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Abstract

Background: Postoperative cognitive dysfunction (POCD) is a very common complication that might increase the
morbidity and mortality of elderly patients after surgery. However, the mechanism of POCD remains largely
unknown. The NAD-dependent deacetylase protein Sirtuin 3 (SIRT3) is located in the mitochondria and regulates
mitochondrial function. SIRT3 is the only sirtuin that specifically plays a role in extending lifespan in humans and is
associated with neurodegenerative diseases. Therefore, the aim of this study was to evaluate the effect of SIRT3 on
anesthesia/surgery-induced cognitive impairment in aged mice.

Methods: SIRT3 expression levels were decreased after surgery. For the interventional study, an adeno-associated
virus (AAV)-SIRT3 vector or an empty vector was microinjected into hippocampal CA1 region before anesthesia/
surgery. Western blotting, immunofluorescence staining, and enzyme-linked immune-sorbent assay (ELISA) were
used to measure the oxidative stress response and downstream microglial activation and proinflammatory
cytokines, and Golgi staining and long-term potentiation (LTP) recording were applied to evaluate synaptic
plasticity.

Results: Overexpression of SIRT3 in the CA1 region attenuated anesthesia/surgery-induced learning and memory
dysfunction as well as synaptic plasticity dysfunction and the oxidative stress response (superoxide dismutase [SOD]
and malondialdehyde [MDA]) in aged mice with POCD. In addition, microglia activation (ionized calcium binding
adapter molecule 1 [Iba1]) and neuroinflammatory cytokine levels (tumor necrosis factor-alpha [TNF-α], interleukin
[IL]-1β and IL-6) were regulated after anesthesia/surgery in a SIRT3-dependent manner.

Conclusion: The results of the current study demonstrate that SIRT3 has a critical effect in the mechanism of POCD
in aged mice by suppressing hippocampal neuroinflammation and reveal that SIRT3 may be a promising
therapeutic and diagnostic target for POCD.
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Background
Postoperative cognitive dysfunction (POCD) is one of the
most common postoperative complications in aged patients
[1]. Evidence from clinical research has revealed that POCD
may contribute to increased mortality and decreased quality
of life as well as prolonged hospitalization [2]. Nevertheless,
the mechanism of POCD in aged patients is still unclear.
Mitochondrial damage, neuroinflammation, and syn-

aptic plasticity dysfunction have been demonstrated to
be involved in the mechanism of POCD [3–9]. Netto
et al. reported oxidative damage in the hippocampus and
decreased activity of the antioxidant enzyme superoxide
dismutase (SOD) in aged rats with tibial fracture [10]. In
addition, anesthesia/surgery may induce microglial acti-
vation, resulting in the release of inflammatory factors,
such as tumor necrosis factor-alpha (TNF-α), interleukin
(IL)-1β, and IL-6 [11, 12]. Furthermore, the hippocampal
CA1 region is critical for cognition [13], and overacti-
vated microglia and neuroinflammation create a neuro-
toxic response and cause synaptic dysfunction, resulting
in cognitive dysfunction [14].
The NAD-dependent deacetylase protein Sirtuin 3

(SIRT3) is related to mitochondrial function and oxida-
tive stress regulation [15]. SIRT3 is found mostly in the
mitochondria and is the only sirtuin that specifically
plays a role in extended lifespan in humans [16, 17].
Several SIRT3 substrates have been reported in the past
few years that are involved in pathological mechanisms
dependent on mitochondrial biogenesis and dynamism
pathways [18]. It was reported that SIRT3 overexpres-
sion increased the expression of SOD2 [19]. Tyagi et al.
found increased IL-1β levels and microglial activation in
SIRT3−/− mouse brains [20]. In addition, the mitochondria-
related inflammatory response was also shown to be medi-
ated by SIRT3 [21, 22]. SIRT3−/− mice exhibited poor re-
mote memory [23], suppressed long-term potentiation
(LTP), and decreased neuronal number [23]. However, less
is known about the role of SIRT3 in POCD in aged mice.
Consequently, the aim of our current study was to

determine the effect of SIRT3 on anesthesia/surgery-in-
duced cognitive impairment and the related molecular
mechanism. We propose that SIRT3 may attenuate post-
operative cognitive dysfunction by regulating the hippo-
campal neuroinflammation pathway.

Materials and methods
Animals
All experiments were approved by the Animal Care and
Use Committee of Xuzhou Medical University and in
accordance with the Guide for the Care and Use of
Laboratory Animals of National Research Council. Aged
(18 months old, weighing 28–32 g) male C57BL/6J mice
were ordered from the Model Animal Research Center
of Nanjing University. Five mice per cage were group-

housed (22–25°C) with food and water available ad libi-
tum under a 12-h light/dark cycle. The animals were
randomly grouped and underwent experiments in an
unbiased double-blind manner during the daytime.

POCD mouse model
Tibial fracture procedures were performed under isoflur-
ane anesthesia to establish the POCD model as
described in other studies [3]. In the first experiment,
the mice were randomly placed into 2 groups: the con-
trol group (C) and the anesthesia/surgery group (A/S).
The mice in group C received 100% oxygen without any
anesthesia/surgery procedure [3]. For the anesthesia/sur-
gery group, mice received 3.0% isoflurane for anesthesia
induction followed by 1.5% isoflurane for maintenance.
Next, the incision was made lateral to the tibia, exposing
the bone. An intramedullary fixation pin was implanted
into the spinal canal from the hole drilled at the tro-
chanter of the tibia. Osteotomy was performed in the
middle and distal tibia, and the incision was continu-
ously sutured. The mouse body temperature was moni-
tored and kept between 36 and 37°C by a heating pad
during the operation. After the mice recovered from
anesthesia/surgery, they were returned to their home
cages. Lidocaine (2%) was locally applied to treat postop-
erative pain. For the interventional study, the mice were
randomly divided into 4 groups: the control + control
adeno-associated virus (AAV) vehicle (VEH) group (C +
VEH), the anesthesia/surgery + control AAV-VEH group
(A/S + VEH), the control + AAV-SIRT3 vector group (C
+ SIRT3), and the anesthesia/surgery + AAV-SIRT3
vector group (A/S + SIRT3). A schematic diagram of the
experimental procedure is shown in Fig. 1.

Viral microinjection
The construct was packaged into a chimeric AAV2/8
vector, and the rAAV-mNeonGreen vector without
SIRT3 was used as a control AAV vehicle (AAV-VEH).
The virus constructs were generated by OBiO Technol-
ogy (Shanghai, China). A rAAV-CMV-SIRT3-IRES2-
mNeonGreen vector (AAV-SIRT3) and a control rAAV-
CMV-MCS-IRES2-mNeonGreen vehicle (AAV-VEH)
(titers > 1.0 × 1012) were delivered by bilateral stereotac-
tic injections into the CA1 region of the brain (0.5 μl/
side) following the mouse brain atlas (AP 2.00 mm,
lateral ± 1.50 mm, DV-1.40 mm). The mice were allowed
to recover from the virus injection for 4 weeks before
anesthesia/surgery. The location of virus transfection
was confirmed by fluorescence.

Behavioral tests
The behavioral tests included the open field test (OFT)
and fear conditioning test (FCT). We used the OFT to
measure the locomotor activity of the mice at different
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time points. The mice were allowed to freely move in
the square field (40 × 40 × 40 cm) for 5 min. A video
camera was used to automatically track and record
movement traces of the mice with the ANY-maze soft-
ware system (ANY-maze, Stoelting Co., IL, USA). The
total distance traveled was used to assess the locomotor
activity of the mice. The installation was wiped with 75%
ethanol after each test to avoid olfactory cues.
The FCT was employed following the protocol

described in previous studies [3]. During the training
session before anesthesia/surgery, the mice were placed
in the chamber to acclimate for 2 min, and then condi-
tional (20-s, 70-dB tone conditional stimulus, 25-s inter-
val) and unconditional (2-s and 0.70-mA footshock)
stimuli were applied in six pairs. The intervals between
the pairs were random and ranged from 45 to 60 s. For
the test session, the context test was used to measure
hippocampus-dependent memory, and the tone test was
used to measure hippocampus-independent memory.
The mice were allowed in the conditioning chamber
without any stimulus for 5 min during the context test,
and 2 h later, the tone test was performed. The mice
were transferred into a novel chamber with the sound
stimulus (70 dB, 3 min) but not the footshock stimulus
for 5 min. The freezing time during each test was
recorded and analyzed by the system software (Med
Associates, Inc., USA).

Western blotting analysis
Western blotting was performed as described before
[24]. Briefly, we measured the protein concentrations in
the CA1 region of the hippocampus by the bicinchoninic

acid (BCA) Protein Assay Kit (Beyotime, P0010,
Shanghai, China). Then, SDS-PAGE was used to separ-
ate the proteins, which were subsequently transferred to
PVDF membranes (Merck Millipore, ISEQ00010, USA).
Five percent nonfat milk with 0.1% Tween-20 in theta
burst stimulation (TBS) was used to block the mem-
branes, and the membranes were then incubated at 4 °C
overnight in a cold room. The following primary anti-
bodies were used: SIRT3 (1:1000, 5490, Cell Signaling
Technology, USA), Iba1 (1:1000, ab178847, Abcam, UK),
and β-actin (1:2000, AC004, ABclonal, China). Horserad-
ish peroxidase-conjugated antibodies (1:2000, Beyotime)
were used as secondary antibodies. An ECL detection
system (Beyotime) and the ImageJ software were used to
quantify the protein bands. The raw image files of the
western blots are shown in the supplementary informa-
tion (Additional file 1).

Immunofluorescence staining of ionized calcium binding
adapter molecule 1 (Iba1)
Immunofluorescence staining of the microglial marker
Iba1 was used to study microglial morphology. Mice
were perfused transcardially with 0.9% saline followed by
4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). The brain tissues were removed and postfixed in
4% paraformaldehyde overnight and cryoprotected in
30% sucrose as we reported before [25]. Sections (30 μm
thick) were prepared with a freezing microtome
(VT1000S, Leica Microsystems). The brain tissue was
blocked with 5% goat serum albumin for 30 min and
then incubated with the primary antibody for Iba1 (1:
100, ab178847, Abcam) in a cold room at 4 °C overnight.

Fig. 1 Schematic diagram of the experimental procedure. a The mice received behavior training at day − 1 and behavioral tests on days 1, 3, and
7 after anesthesia/surgery. Anesthesia/surgery (A/S) was performed on day 0. Hippocampal tissues were harvested at the end of the behavioral
tests on days 1, 3, and 7. Western blotting analysis of SIRT3 expression was performed on days 1, 3, and 7. The levels of SOD, MDA, TNF-α, IL-1β,
and IL-6 were measured on days 1 and 3. Immunofluorescence and western blotting analysis for Iba1 were performed on day 1. Golgi staining
and LTP of synaptic function were measured on postoperative day 7. b AAV-SIRT3/VEH virus was microinjected into the CA1 region of the
hippocampus 28 days before anesthesia/surgery. The mice received behavioral training at day − 1 and behavioral tests on days 1, 3, and 7 after
anesthesia/surgery. Western blotting analysis of SIRT3 expression was performed on days 1, 3, and 7. The levels of SOD, MDA, TNF-α, IL-1β, and IL-
6 were measured on days 1 and 3. Immunofluorescence and western blotting analysis for Iba1 were performed on day 1. Golgi staining and LTP
of synaptic function were measured on postoperative day 7
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The brain tissue was incubated with goat anti-rabbit
Alexa 594 (1:500, ab150080, Abcam) as the secondary
antibody in the dark at room temperature for 2 h. The
fluorescence intensity was visualized under a confocal
microscope (Zeiss, LSM880, Germany). The fluorescence
intensities from three slides (three visual fields per slide)
were averaged for each animal and then normalized to
those of the control group as we reported before [25].

Enzyme-linked immunosorbent assay (ELISA)
Hippocampal homogenate was obtained on days 1 and 3
after anesthesia/surgery and centrifuged at 10000g at
4 °C for 10 min to collect the supernatant. TNF-α (Cat.
No. E-EL-M0049c, Elabscience), IL-1β (Cat. No. E-EL-
M0037c, Elabscience), and IL-6 (Cat. No. E-EL-M0044c,
Elabscience) were measured according to the manufac-
turer’s protocols. The optical density (OD) at 450 nm
was obtained with an ELISA plate reader (Multiskan
GO, Thermo Scientific, USA).

Oxidative activity evaluation
SOD and malondialdehyde (MDA) were measured by
spectrophotometric assay kits (Elabscience, Wuhan,
China). A Varioskan LUX microplate reader was used to
determine SOD activity by measuring the absorbance at
450 nm (U/mg protein), and MDA activity was deter-
mined by measuring the absorbance at 532 nm (nmol/
mg protein).

Golgi-Cox staining and dendritic spine counting
Golgi-Cox staining was used to visualize synaptic struc-
tural plasticity. The HITO Golgi-Cox OptimStain PreKit
(Hitobiotec Corp, Kingsport, TN, USA) was employed
according to the manufacturer’s instructions. Specific-
ally, the brain tissues were immersed in solutions 1 and
2 for 24 h, the solutions were changed, and the tissues
were stored in the dark at room temperature for 2
weeks. Next, solution 3 was used, and the brains were
stored in the dark at 4 °C for another 72 h. A cryotome
(chamber temperature − 22 °C) was used to prepare
brain sections (100 μm). An Olympus BX53 was used for
the imaging and analysis of the dendrites and dendritic
spines within the CA1 region of the hippocampus.

Multichannel field potential recording
LTP recordings were used to evaluate functional synaptic
plasticity, and the 64-channel recording system (MED64,
Panasonic Alpha-Med Sciences) was used as described
previously [26, 27]. One of 64 microelectrodes was
selected as a stimulating electrode within the CA1 region
of the hippocampus. The evoked field excitatory postsyn-
aptic potentials (fEPSPs) were used for recording from the
other channels. Theta burst stimulation (TBS) (5 trains of
bursts with 4 pulses at 100 Hz, repeated 5 times at 10-s

intervals) was used in this study. Averaged fEPSP slopes
over the last 20min of the recording were used for
analysis.

Statistical analysis
Statistical analyses were performed by GraphPad Prism
6.0 (GraphPad Software, Inc.). Data are presented as the
mean ± SEM. The differences between the C and A/S
groups were compared by unpaired t test. Behavioral
and other tests comprising four groups were analyzed by
one-way ANOVA with a Tukey post hoc test for
multiple comparisons. A significant difference was
defined as p < 0.05.

Results
Effects of anesthesia/surgery on the OFT and FCT of aged
mice
The OFT was employed to assess the locomotor activity
of aged mice. We found that the total distance traveled
by the mice was not significantly changed between the
control (C) and anesthesia/surgery (A/S) groups at base-
line (1 day before anesthesia/surgery) (p > 0.05, Fig. 2a)
or postoperation (1, 3, and 7 days after anesthesia/sur-
gery) (p > 0.05, Fig. 2b–d). In the FCT, context tests
were used to examine hippocampus-dependent learning
and memory, while tone tests were used to examine
hippocampus-independent learning and memory [3].
During the training sessions, we found that the freezing
time was not significantly different between the C and
A/S groups (p > 0.05, Fig. 2e), which means that the cog-
nitive condition of the aged mice was comparable before
the operation. In the FCT context test, the freezing time
was significantly decreased at 1, 3, and 7 days after
anesthesia/surgery in the A/S group compared to the C
group (*p < 0.05, Fig. 2f–h). Nevertheless, in the FCT
tone test, the freezing time of the A/S group did not
obviously differ from that of the C group after the
operation (p > 0.05, Fig. 2i–k). Taken together, these
results indicated that anesthesia/surgery induced
hippocampus-dependent cognitive decline but did not
induce hippocampus-independent cognitive decline or
locomotor activity impairment in aged mice.

Effects of anesthesia/surgery on SIRT3 expression and the
mitochondrial oxidative stress response in the
hippocampus of aged mice
SIRT3 expression levels in the CA1 region of the
hippocampus were measured in the control and
anesthesia/surgery groups. Compared with that in
the control mice, the SIRT3 expression in the A/S
mice was obviously decreased at postoperative days
1, 3, and 7 (*p < 0.05, Fig. 3a–f). To evaluate the
mitochondrial oxidative stress response, the levels of
SOD and MDA in the CA1 region of aged mice
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were determined by ELISA. Anesthesia/surgery in-
duced decreased SOD levels in the hippocampal CA1
region on postoperative days 1 and 3 in aged mice
(*p < 0.05, Fig. 3g). Meanwhile, anesthesia/surgery
significantly increased the level of MDA in the CA1
region of the hippocampus compared with the con-
trol group (*p < 0.05, Fig. 3h). These results showed
that anesthesia/surgery induced the downregulation
of SIRT3 and increased the oxidative stress response
in the CA1 region of the hippocampus of aged mice.

Effects of anesthesia/surgery on hippocampal microglia
activation and neuroinflammation in aged mice with
POCD
Microglia activation is an essential early-phase change in
hippocampal neuroinflammation in POCD. First, we
found by immunofluorescence staining that Iba1 expres-
sion was increased in the CA1 region of the hippocam-
pus on postoperative day 1 (**p < 0.01, Fig. 4a, b).
Correspondingly, immunoblotting for Iba1 revealed a
visible increase in Iba1 expression in the CA1 region of
the hippocampus of aged mice on postoperative day 1
(**p < 0.01, Fig. 4c, d). Then, the TNF-α, IL-1β and IL-6
levels were used to assess the level of neuroinflammation
in aged mice. As shown in Fig. 4e–j, the levels of TNF-α,
IL-1β, and IL-6 in the CA1 were increased in the

anesthesia/surgery group compared with the control
group on postoperative days 1 and 3 (*p < 0.05). These
data indicated that anesthesia/surgery induced microglia
activation and neuroinflammation in the CA1 region of
the hippocampus of aged mice.

Effects of anesthesia/surgery on synaptic plasticity in the
hippocampus of aged mice with POCD
Previous studies have revealed that synaptic plasticity
is a critical molecular mechanism for learning and
memory [28, 29]. First, synaptic structural plasticity
was investigated by Golgi-Cox staining. The morph-
ology of the CA1 neurons and camera tracings from
the control and anesthesia/surgery groups are shown
in Fig. 5a. Sholl analysis was used to measure den-
dritic branching and spine density in the CA1 region
of the hippocampus. The total number of dendritic
intersections at 70–130 μm from the soma was signifi-
cantly reduced in the anesthesia/surgery group (**p <
0.01, Fig. 5d). Additionally, the total dendritic length
and number of spines were also reduced after
anesthesia/surgery (**p < 0.01, Fig. 5b, c and e, f).
Then, synaptic functional plasticity was measured by elec-
trophysiological methods. LTP in the CA1 region of the
hippocampus was evaluated using a 64-channel multielec-
trode (MED64) system. As shown in Fig. 5g–i, LTP

Fig. 2 Hippocampus-dependent memory, but not hippocampus-independent memory or locomotor activity, in mice was impaired by
anesthesia/surgery. The OFT was conducted to assess the total distance traveled by the mice at 1 day preoperatively and at postoperative days 1,
3, and 7 (a–d). The percent of freezing time during the training session at 1 day preoperatively (e) in the context test (f–h) and tone test (i–k)
were assessed at postoperative days 1, 3, and 7. The data are presented as the means ± standard error of the mean for each group (n = 10). *p <
0.05 compared with the control group
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induced by TBS in the CA1 region of aged mice was at-
tenuated in the A/S group on postoperative day 7. These
results indicated that anesthesia/surgery induced both
structural and functional synaptic plasticity dysfunction in
the CA1 region of the hippocampus of aged mice.

SIRT3 overexpression in the hippocampal CA1 region of
aged mice with POCD
To demonstrate the role and mechanism of SIRT3 in
POCD in aged mice, AAV-SIRT3 vector (which carries
the SIRT3 gene) was locally injected into the CA1 re-
gion of aged mice 4 weeks before anesthesia/surgery,
and AAV-VEH vector was injected as a control (Fig. 6a,
b). The SIRT3 expression level was increased in the C
+ SIRT3 group but decreased in the A/S + VEH group
compared with that of the control group, while the
overexpression of SIRT3 rescued the decreased SIRT3
level in the A/S + SIRT3 group compared with that of
the A/S + VEH group at postoperative days 1, 3, and 7
of aged mice (p < 0.05, Fig. 6c–h). As shown in Fig. 6i–
n, SIRT1 expression was markedly decreased after
anesthesia/surgery. However, the expression level of
SIRT1 in the A/S + SIRT3 group was not statistically
different from that in the A/S + VEH group on postop-
erative days 1, 3, and 7. Similarly, there was also no
statistic difference in SIRT1 expression between the C

+ SIRT3 group and the C + VEH group. Then, the
SOD and MDA levels were measured in the 4 groups.
We found that the SOD level was significantly de-
creased in the A/S + VEH group compared with the
control group on postoperative days 1 and 3 (p < 0.05,
Fig. 6o). Meanwhile, the level of SOD in the A/S +
SIRT3 group was significantly increased compared with
that in the A/S + VEH group. Conversely, compared
with that of the C + VEH group, the level of MDA (p <
0.05, Fig. 6p) was significantly increased in the A/S +
VEH group on postoperative days 1 and 3. Further-
more, preoperative injection of AAV-SIRT3 in the CA1
significantly attenuated the upregulation of MDA.
These data indicated that the anesthesia/surgery-in-
duced mitochondrial oxidative stress response in the
CA1 region of the hippocampus of aged mice with
POCD was attenuated in a SIRT3-dependent manner.

Effects of SIRT3 overexpression on microglia activation
and neuroinflammation in the hippocampus of aged mice
with POCD
To determine the downstream signaling pathway and
molecules involved in SIRT3-mediated POCD in aged
mice, we detected microglia activation and neuroinflam-
mation in the 4 groups by both immunofluorescence
and western blotting. We found obviously increased

Fig. 3 SIRT3, SOD, and MDA levels in the hippocampal CA1 region of aged mice after anesthesia/surgery. Representative western blots of SIRT3
at days 1, 3, and 7 after anesthesia/surgery (a–c). Quantitative analysis of SIRT3 levels compared with the control group (d–f). Analysis of SOD (g)
and MDA (h) levels in the hippocampal CA1 region on postoperative days 1 and 3. The data are presented as the means ± standard error of the
mean for each group (n = 6). *p < 0.05, **p < 0.01 compared with the control group
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Fig. 4 Anesthesia/surgery induced microglial activation and neuroinflammation in the hippocampus of aged mice. a Representative images of
Iba1 (a marker of microglia) in the CA1 region at day 1 after anesthesia/surgery. b Quantification of Iba1 fluorescence. c Representative western
blots of Iba1 at day 1 after anesthesia/surgery. d Quantitative analysis of Iba1 levels compared with the control group. Analysis of TNF-α, IL-1β,
and IL-6 levels in the hippocampal CA1 region on postoperative days 1 (e–g) and 3 (h–j). The data are presented as the means ± standard error
of the mean for each group (n = 6). *p < 0.05, **p < 0.01 compared with the control group

Liu et al. Journal of Neuroinflammation           (2021) 18:41 Page 7 of 16



fluorescence intensity and protein expression of Iba1 in
the A/S + VEH group compared to the C + VEH group
(**p < 0.01, Fig. 7a–d). Of note, the A/S + SIRT3 group
had significantly reduced fluorescence intensity and
protein expression of Iba1 compared to those of the
A/S + VEH group (Fig. 7a–d, #p < 0.05). Next, the
TNF-α, IL-1β, and IL-6 levels were measured in the
4 groups. Compared with those in the C + VEH
group, the levels of TNF-α, IL-1β, and IL-6 (p <
0.05, Fig. 7e–j) were significantly increased in the A/
S + VEH group on postoperative days 1 and 3. Fur-
thermore, preoperative injection of AAV-SIRT3 in
the CA1 significantly attenuated the upregulation of
TNF-α, IL-1β, and IL-6 levels. Thus, these data indi-
cated that microglia activation and neuroinflamma-
tion may be involved in the pathogenesis of SIRT3-
mediated POCD in aged mice.

Effects of SIRT3 overexpression on synaptic plasticity in
the hippocampus of aged mice with POCD
Regarding synaptic structural plasticity, Sholl analysis
showed that the total number of dendritic intersec-
tions at 50–130 μm from the soma in the hippocampal
CA1 region was reduced significantly in the A/S +
VEH group compared to the C + VEH group (*p <
0.05, Fig. 8a, d). SIRT3 overexpression significantly
upregulated the total number of dendritic intersec-
tions in the A/S + SIRT3 group compared to the A/S
+ VEH group (#p < 0.05, Fig. 8a, d). Additionally,
SIRT3 overexpression also significantly upregulated
the total dendritic length and number of spines in the
A/S + SIRT3 group compared to the A/S + VEH group
(#p < 0.05, Fig. 8b, c, e–f). Regarding synaptic func-
tional plasticity, as shown in Fig. 8g, h, LTP in the
CA1 region of aged mice was suppressed in the A/S +

Fig. 5 Hippocampal synaptic plasticity changes on day 7 after anesthesia/surgery. a A hippocampal profile image of Golgi staining and camera
tracings of hippocampal CA1 neurons. b Sample images of Golgi-Cox staining of CA1 neurons for spine counting. c Representative dendritic
spine density of hippocampal CA1 neurons. d Quantitation of dendritic intersections (n = 18). e Quantitation of the total dendritic length (n =
18). f Quantitation of the dendritic spine density (n = 18). g Sample images showing the location of the MED64 probe in the CA1 region. h LTP
recording in the hippocampal CA1 region. Arrows indicate the time point of TBS application. I. Averaged fEPSP slope during the last 20 min. The
data are presented as the means ± standard error of the mean for each group (n = 6). *p < 0.05, **p < 0.01 compared with the control group.
Scale bar = 10 μm
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VEH group compared to the C + VEH group on post-
operative day 7, but SIRT3 overexpression significantly
attenuated the loss of LTP in the A/S + SIRT3 group
compared to the A/S + VEH group (Fig. 8g, h). These
results indicated that SIRT3 overexpression may pro-
tect aged mice from anesthesia/surgery-induced syn-
aptic plasticity dysfunction.

Effects of SIRT3 overexpression on the OFT and FCT of
aged mice with POCD
In the OFT, the total distance traveled was not signifi-
cantly different among the 4 groups during the pre-
operative (p > 0.05, Fig. 9a) or postoperative period (p >
0.05, Fig. 9b–d). These results showed that the loco-
motor ability of the mice was not impaired by the viral

Fig. 6 Overexpression of SIRT3 in CA1 region of aged mice. a The location for viral microinjection with a rAAV-CMV-SIRT3-IRES2-mNeonGreen
vector (AAV-SIRT3) or a control rAAV-CMV-MCS-IRES2-mNeonGreen vehicle (AAV-VEH). b Fluorescence images showing efficient expression of
AAV-SIRT3 vector in CA1 region. Representative images of Western blots showing that AAV-SIRT3 injection increased SIRT3 expression in CA1 cells
(c–e). Quantification of SIRT3 expression among the 4 groups (f–h). Representative images of Western blots and quantification of SIRT1 expression
among the 4 groups (i–n). Analysis of SOD and MDA levels in the hippocampal CA1 region on postoperative days 1 and 3 (o, p). The data are
presented as the means ± standard error of the mean for each group (n = 6). *p < 0.05, **p < 0.01 compared with the C + VEH group, #p < 0.05
compared with the A/S + VEH group
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Fig. 7 (See legend on next page.)
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injection prior to the operation or by the anesthesia/sur-
gery procedure. In the FCT training session, no signifi-
cant difference in freezing time was found among the 4
groups of aged mice (p > 0.05, Fig. 9e), showing that
their cognition was comparable before the anesthesia/
surgery procedure. Next, we found that the freezing time
was decreased on postoperative days 1, 3, and 7 in the
A/S + VEH group compared to the C + VEH group in
the context test (*p < 0.05, Fig. 9f–h). Moreover, SIRT3
overexpression increased the freezing time during the
postoperative period (postoperative days 1, 3, and 7) in
the A/S + SIRT3 group compared to the A/S + VEH
group in the context test (#p < 0.05, Fig. 9d–f). Addition-
ally, the freezing time was not significantly different
among the 4 groups on postoperative days 1, 3, and 7 in
the tone test (p > 0.05, Fig. 9i–k). Collectively, these re-
sults indicated that SIRT3 overexpression attenuated
anesthesia/surgery-induced hippocampus-dependent cog-
nitive decline in aged mice.

Discussion
The purpose of the current study was to assess the ef-
fect of SIRT3 in anesthesia/surgery-induced cognitive
decline in aged mice with hippocampal inflammation-
related molecular mechanisms. We found that SIRT3
expression was obviously decreased in the hippocampal
CA1 region of aged mice with POCD. In addition,
SIRT3 overexpression prevented anesthesia/surgery-in-
duced cognitive decline and synaptic plasticity dysfunc-
tion in aged mice. Importantly, SIRT3 overexpression
ameliorated the anesthesia/surgery-induced mitochon-
drial oxidative stress response, microglia activation and
neuroinflammation. Hence, these results demonstrated
the critical effect of SIRT3 in the treatment of
anesthesia/surgery-induced neuroinflammation and
cognitive dysfunction in aged mice.
Studies on patients with cognitive decline after

anesthesia/surgery have been conducted for more
than 100 years. In 2018, the term “perioperative neu-
rocognitive disorders” (PNDs) was recommended by
the Nomenclature Consensus Working Group as an
overarching term for cognitive impairments identified
in the preoperative or postoperative period [30–34],
which includes cognitive decline diagnosed before op-
eration, acute postoperative delirium, and delayed
neurocognitive recovery. Since we focused on

postoperative cognitive function, the term “POCD”
was used in our current study.
The mitochondrial oxidative stress response contrib-

utes to postoperative cognitive dysfunction [10].
Recently, SIRT3 has been shown to be strongly involved
in the regulation of oxidative stress-related mitochon-
drial damage in neurodegenerative diseases, such as Par-
kinson’s disease (PD) and Alzheimer’s disease (AD) [35].
For example, SIRT3 has been shown to be downregu-
lated in AD patients [36]. Apolipoprotein E4 (APOE4) is
a major genetic factor related to late-onset AD, and
SIRT3 has been reported to be decreased in the frontal
cortices of APOE4-carrying individuals compared to
non-APOE4-carrying individuals [17]. Additionally, it
has been reported that SIRT3 overexpression suppressed
oxidative stress and therefore extended neuronal longev-
ity in primary hippocampal cultures [37]. This suggests
that SIRT3 upregulation can reverse brain oxidative
stress, which is implicated in cognitive decline. Specific-
ally, SIRT3 is known to regulate the activity of mito-
chondrial antioxidant enzymes. Therefore, the levels of
SOD and MDA were measured in this study, and we
found decreased SOD and increased MDA levels after
anesthesia/surgery that could be ameliorated by SIRT3
overexpression. These findings suggest that the oxidative
stress response of hippocampal mitochondria in aged
mice with POCD is likely to be SIRT3-dependent. To
address the potential impact of SIRT3 overexpression on
other Sirt proteins, we then measured the expression
level of SIRT1, another important Sirt protein in the
nervous system. SIRT1 expression was markedly de-
creased after anesthesia/surgery, which was consistent
with the results of previous studies [38, 39]. We also
found that the expression level of SIRT1 in the A/S +
SIRT3 group was not significantly changed compared
with that in the A/S + VEH group on days 1, 3, and 7
after anesthesia/surgery. Similarly, the expression level
of SIRT1 in the C + SIRT3 group was also not markedly
different from that in the C + VEH group. These results
indicated that the overexpression of SIRT3 did not sig-
nificantly change the SIRT1 expression level, which sug-
gested that SIRT1 may not be involved in the SIRT3-
mediated neuroprotective effect in POCD. Verma et al.
reported that SIRT3 KO might cause a compensatory
rise in SIRT1 expression, which was responsible for neu-
roprotection in a stroke model [40]. However, we did
not find the corresponding result that SIRT3

(See figure on previous page.)
Fig. 7 Microglial activation and neuroinflammation in the hippocampal CA1 region among the 4 groups. a Representative images of Iba1 (a
marker of microglia) in the CA1 region. b Quantification of Iba1 fluorescence. c Representative Western blots of Iba1 among the 4 groups at day
1 after anesthesia/surgery. d Quantitative analysis of Iba1 levels compared with the control group. Analysis of TNF-α, IL-1β, and IL-6 levels in the
hippocampal CA1 region on postoperative days 1 and 3 (e–g and h–j). The data are presented as the means ± standard error of the mean for
each group (n = 6). *p < 0.05, **p < 0.01 compared with the C + VEH group, #p < 0.05 compared with the A/S + VEH group
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overexpression causes a compensatory decrease in
SIRT1 expression. The different changes in SIRT1 ex-
pression (compensatory rise vs no change) may be due
to the different disease models (stroke vs POCD) and
the different techniques used (genetic knockout vs virus
injection). Further study is still needed to fully clarify the
potential interaction of SIRT3 and other Sirt proteins in
POCD.
The enzymes of the redox pathway maintain the

balance between the production and elimination of
oxygen radicals by a well-regulated system [41]. Un-
controlled oxidative stress promotes the inflammatory
response [42]. We found that the levels of the inflam-
matory mediators TNF-α, IL-1β, and IL-6 in the CA1
region were significantly increased at postoperative
days 1 and 3 and that these changes were accompan-
ied by changes in SOD and MDA levels, whereas
SIRT3 overexpression attenuated these phenomena,

suggesting a potential link between the mitochondrial
oxidative stress response and neuroinflammation. Pre-
vious studies have focused on the mechanism by
which cytokines generated in the periphery cross the
blood–brain barrier (BBB) and induce secondary in-
flammation in the brain [43, 44]. We propose a
mechanism in which neuroinflammation is triggered
through SIRT3-dependent mitochondrial damage in
the brain. Moreover, local SIRT3 overexpression in
the hippocampal CA1 region ameliorated the
anesthesia/surgery-induced neuroinflammation and
thus confirmed the causal relationship.
In the present study, we also observed the postoper-

ative proliferation of microglia in the CA1 region of
aged mice. These results are consistent with previous
studies. Anesthesia/surgery can induce the innate
immune system response [45] and microglia activa-
tion, leading to the synthesis and release of

(See figure on previous page.)
Fig. 8 Hippocampus synaptic plasticity among the 4 groups. a Camera tracings of hippocampal CA1 neurons among the different groups. b
Sample images of Golgi-Cox staining of CA1 neurons for spine counting. c Representative dendritic spine density of hippocampal CA1 neurons. d
Quantitation of the dendritic intersections. e Quantitation of the total dendritic length. f Quantitation of the dendritic spine density. g LTP
recording in the hippocampal CA1 region. Arrows indicate the time point of TBS application. h Averaged fEPSP slope during the last 20 min. The
data are presented as the means ± standard error of the mean for each group (n = 6). *p < 0.05, **p < 0.01 compared with the C + VEH group,
#p < 0.05 compared with the A/S + VEH group. Scale bar = 10 μm

Fig. 9 SIRT3 overexpression alleviated anesthesia/surgery-induced hippocampus-dependent cognitive dysfunction in aged mice. The total
distance traveled in the OFT among the 4 groups at 1 day before and 1, 3, and 7 days after anesthesia/surgery (a–d). The percent freezing time
was assessed during the training session on 1 day preoperatively (e) as well as in the context test (f–h) and tone test (i–k) at postoperative days
1, 3, and 7. The data are presented as the means ± standard error of the mean for each group (n = 10). *p < 0.05, **p < 0.01 compared with the
C + VEH group, #p < 0.05 compared with the A/S + VEH group
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inflammatory cytokines (e.g., TNF-α, IL-1β, and IL-6)
[46, 47] and cognitive decline [48]. It was recently re-
ported that pharmacological activation of SIRT3 sig-
nificantly reduced the susceptibility of microglial cells
to inflammatory stress [49]. Consistent with these re-
sults, preoperative injection of AAV-SIRT3 in the
CA1 region attenuated microglial activation and hip-
pocampal neuroinflammation. Therefore, these find-
ings also indicated that microglia activation and
hippocampal neuroinflammation are involved in the
effects of SIRT3 in POCD in aged mice.
Microglial synaptic pruning contributes to neuronal

network establishment [50]. Microglia serve as house-
keepers and constantly monitor the brain environ-
ment. Microglia contact with synapses is dynamic.
Microglia activation and neuroinflammation are also
involved in aging-related cognitive decline and the
progression of neurodegenerative diseases, including
AD [51]. Furthermore, alterations in microglia activa-
tion and neuroinflammation have been associated
with synaptic plasticity dysfunction in neurodegenera-
tive diseases, such as PD [52]. Previous studies have
demonstrated that the structural and functional
synaptic plasticity of the hippocampus plays a crit-
ical role in the development of neurological disor-
ders [53, 54]. It has been shown that the density of
dendritic spines is impaired and the maintenance of
LTP is suppressed in the hippocampus of AD mice
[29, 55–57]. It has also been suggested that the
density of dendritic spines of CA1 pyramidal neu-
rons is strongly involved in memory and learning
[58–60]. Qiu et al. reported anesthesia/surgery-in-
duced changes in structural synaptic plasticity with
increased neuroinflammation in aged mice by Golgi
staining [4], while we measured functional synaptic
plasticity by LTP recording as well. LTP, which is
an increase in synaptic efficacy following high-
frequency stimulation, is widely considered a mo-
lecular model for learning and memory [61–63].
LTP is also involved in the local remodeling of den-
dritic spines and synapses [28, 64]. We found that
both structural and functional synaptic plasticity in
the CA1 region were impaired after anesthesia/sur-
gery in aged mice, while SIRT3 overexpression re-
versed these synaptic changes, providing an
important clue regarding the effect of SIRT3 in
POCD in aged mice.
Considering the negative regulation of SIRT3 in hippo-

campal neuroinflammation, we speculated that
anesthesia/surgery induced a mitochondrial oxidative
stress response in a SIRT3-dependent manner, resulting
in microglia activation and hippocampal neuroinflamma-
tion and thus reducing synaptic plasticity in the CA1 re-
gion and postoperative cognition in aged mice.

There are several limitations in our study. First, in the
current work, we only focused on cognitive function in
the early postoperative period; therefore, the effect on
long-term outcomes of brain cognitive function should
be investigated in further studies. Second, different kinds
of anesthesia and surgical treatment procedures may
also influence SIRT3 expression, the inflammatory re-
sponse, and cognitive performance in mice. However, in
the current project, we did not include a separate
anesthesia control group. We reasoned that because a
patient who undergoes an operation will experience all
these procedures, all of these factors may serve to imi-
tate the whole treatment plan in clinical management.
Other perioperative factors related to SIRT3 expression
and neuroinflammation in the hippocampus of aged
mice should be determined in further studies. Third, the
results of fear conditioning and open field tests in mice
do not directly correlate with cognitive function in
humans. Fourth, although there are three types of SOD
enzymes (CuZn-SOD [SOD1], Mn-SOD [SOD2], and
EC-SOD [SOD3]), we measured the total SOD enzym-
atic activity to study oxidative stress in the hippocampus
of aged mice under anesthesia/surgery. We found that
Giuseppa Mudo et al. also employed total SOD enzym-
atic activity measurements in a rat model of AD [65].
Whether the SOD enzyme activity dysfunction induced
by anesthesia/surgery is dependent on SOD enzyme type
remains to be further investigated. Finally, we could not
fully exclude other potential molecules that might be in-
volved in SIRT3-mediated POCD in aged mice.

Conclusion
In conclusion, the current study indicated that SIRT3
may attenuate postoperative cognitive decline by pre-
venting the anesthesia/surgery-induced neuroinflamma-
tory response in the hippocampal CA1 region of aged
mice. SIRT3 may be a potential therapeutic and diagnos-
tic target for the management of POCD in aged patients.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12974-021-02089-z.

Additional file 1. Supplementary information.

Abbreviations
SIRT3: Sirtuin 3; POCD: Postoperative cognitive dysfunction; SOD: Superoxide
dismutase; MDA: Malondialdehyde; Iba1: Ionized calcium binding adapter
molecule 1; TNF-α: Tumor necrosis factor-alpha; IL-1β: Interleukin (IL)-1β; IL-
6: Interleukin (IL)-6; BBB: Blood–brain barrier; AAV: Adeno-associated virus;
OFT: Open field test; FCT: Fear conditioning test; BCA: Bicinchoninic acid;
ELISA: Enzyme-linked immune-sorbent assay; OD: Optical density;
fEPSPs: Field excitatory postsynaptic potentials; TBS: Theta burst stimulation;
PNDs: Perioperative neurocognitive disorders; PD: Parkinson’s disease;
AD: Alzheimer’s disease; LTP: Long-term potentiation

Liu et al. Journal of Neuroinflammation           (2021) 18:41 Page 14 of 16

https://doi.org/10.1186/s12974-021-02089-z
https://doi.org/10.1186/s12974-021-02089-z


Acknowledgements
Not applicable.

Authors’ contributions
QL, YMS, HH, and CC carried out the molecular tests. QL, JW, and LHM
carried out the behavior tests. QL and YYS performed the morphologic tests.
QL and HHM performed statistical analysis and drafted the manuscript. HHM
and YQW designed the study and supported the funding. All authors
reviewed and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (81701040), Beijing Talents Fund (2017000021469G258), awarded to
HHM, and by the Natural Science Foundation of Jiangsu Province
(BK20191464), awarded to YQW.

Availability of data and materials
The data supporting the findings of this study are presented within the
manuscript.

Ethics approval and consent to participate
All animals were treated in accordance with the International Guidelines for
animal research. All experimental procedures involving animals were
approved by the Animal Care and Use Committee of Xuzhou Medical
University.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interest.

Received: 14 August 2020 Accepted: 19 January 2021

References
1. Deiner S, Silverstein JH. Postoperative delirium and cognitive dysfunction. Br

J Anaesth. 2009;103(Suppl 1):i41–6.
2. Steinmetz J, Christensen KB, Lund T, Lohse N, Rasmussen LS. Long-term

consequences of postoperative cognitive dysfunction. Anesthesiology. 2009;
110:548–55.

3. Chen L, Dong R, Lu Y, Zhou Y, Li K, Zhang Z, Peng M. MicroRNA-146a
protects against cognitive decline induced by surgical trauma by
suppressing hippocampal neuroinflammation in mice. Brain Behav Immun.
2019;78:188–201.

4. Qiu LL, Pan W, Luo D, Zhang GF, Zhou ZQ, Sun XY, Yang JJ, Ji MH.
Dysregulation of BDNF/TrkB signaling mediated by NMDAR/Ca(2+)/calpain
might contribute to postoperative cognitive dysfunction in aging mice. J
Neuroinflammation. 2020;17:23.

5. Miao H, Dong Y, Zhang Y, Zheng H, Shen Y, Crosby G, Culley DJ,
Marcantonio ER, Xie Z. Anesthetic isoflurane or desflurane plus surgery
differently affects cognitive function in Alzheimer’s disease transgenic mice.
Mol Neurobiol. 2018;55:5623–38.

6. Vutskits L, Xie Z. Lasting impact of general anaesthesia on the brain:
mechanisms and relevance. Nat Rev Neurosci. 2016;17:705–17.

7. Li D, Chen M, Meng T, Fei J. Hippocampal microglial activation triggers a
neurotoxic-specific astrocyte response and mediates etomidate-induced
long-term synaptic inhibition. J Neuroinflammation. 2020;17:109.

8. Chen YN, Sha HH, Wang YW, Zhou Q, Bhuiyan P, Li NN, Qian YN, Dong HQ.
Histamine 2/3 receptor agonists alleviate perioperative neurocognitive
disorders by inhibiting microglia activation through the PI3K/AKT/FoxO1
pathway in aged rats. J Neuroinflammation. 2020;17:217.

9. Miller-Rhodes P, Kong C, Baht GS, Saminathan P, Rodriguiz RM, Wetsel WC,
Gelbard HA, Terrando N. The broad spectrum mixed-lineage kinase 3
inhibitor URMC-099 prevents acute microgliosis and cognitive decline in a
mouse model of perioperative neurocognitive disorders. J
Neuroinflammation. 2019;16:193.

10. Netto MB, de Oliveira Junior AN, Goldim M, Mathias K, Fileti ME, da Rosa N,
Laurentino AO, de Farias BX, Costa AB, Rezin GT, et al. Oxidative stress and
mitochondrial dysfunction contributes to postoperative cognitive
dysfunction in elderly rats. Brain Behav Immun. 2018;73:661–9.

11. Terrando N, Eriksson LI, Ryu JK, Yang T, Monaco C, Feldmann M, Jonsson
Fagerlund M, Charo IF, Akassoglou K, Maze M. Resolving postoperative
neuroinflammation and cognitive decline. Ann Neurol. 2011;70:986–95.

12. Subramaniyan S, Terrando N. Neuroinflammation and perioperative
neurocognitive disorders. Anesth Analg. 2019;128:781–8.

13. Nemeth VL, Must A, Horvath S, Király A, Kincses ZT, Vécsei L. Gender-specific
degeneration of dementia-related subcortical structures throughout the
lifespan. J Alzheimers Dis. 2017;55:865–80.

14. Garden GA, Möller T. Microglia biology in health and disease. J
Neuroimmune Pharmacol. 2006;1:127–37.

15. Anamika KA, Acharjee P, Acharjee A, Trigun SK. Mitochondrial SIRT3 and
neurodegenerative brain disorders. J Chem Neuroanat. 2019;95:43–53.

16. Brown K, Xie S, Qiu X, Mohrin M, Shin J, Liu Y, Zhang D, Scadden DT, Chen
D. SIRT3 reverses aging-associated degeneration. Cell Rep. 2013;3:319–27.

17. Ansari A, Rahman MS, Saha SK, Saikot FK, Deep A, Kim KH. Function of the
SIRT3 mitochondrial deacetylase in cellular physiology, cancer, and
neurodegenerative disease. Aging Cell. 2017;16:4–16.

18. Salvatori I, Valle C, Ferri A, Carrì MT. SIRT3 and mitochondrial metabolism in
neurodegenerative diseases. Neurochem Int. 2017;109:184–92.

19. Rangarajan P, Karthikeyan A, Lu J, Ling EA, Dheen ST. Sirtuin 3 regulates Foxo3a-
mediated antioxidant pathway in microglia. Neuroscience. 2015;311:398–414.

20. Tyagi A, Nguyen CU, Chong T, Michel CR, Fritz KS, Reisdorph N, Knaub L,
Reusch JEB, Pugazhenthi S. SIRT3 deficiency-induced mitochondrial
dysfunction and inflammasome formation in the brain. Sci Rep. 2018;8:17547.

21. Luo K, Huang W, Tang S. Sirt3 enhances glioma cell viability by stabilizing
Ku70-BAX interaction. Onco Targets Ther. 2018;11:7559–67.

22. Wang LJ, Lee YC, Huang CH, Shi YJ, Chen YJ, Pei SN, Chou YW, Chang LS.
Non-mitotic effect of albendazole triggers apoptosis of human leukemia
cells via SIRT3/ROS/p38 MAPK/TTP axis-mediated TNF-α upregulation.
Biochem Pharmacol. 2019;162:154–68.

23. Kim H, Kim S, Choi JE, Han D, Koh SM, Kim HS, Kaang BK. Decreased neuron
number and synaptic plasticity in SIRT3-knockout mice with poor remote
memory. Neurochem Res. 2019;44:676–82.

24. Miao HH, Wang M, Wang HX, Tian M, Xue FS. Ginsenoside Rg1 attenuates
isoflurane/surgery-induced cognitive disorders and sirtuin 3 dysfunction.
Biosci Rep. 2019;39:10.

25. Zhu Y, Wang Y, Yao R, Hao T, Cao J, Huang H, Wang L, Wu Y. Enhanced
neuroinflammation mediated by DNA methylation of the glucocorticoid
receptor triggers cognitive dysfunction after sevoflurane anesthesia in adult
rats subjected to maternal separation during the neonatal period. J
Neuroinflammation. 2017;14:6.

26. Zhang K, Yang Q, Yang L, Li YJ, Wang XS, Li YJ, Dang RL, Guan SY, Guo YY,
Sun T, et al. CB1 agonism prolongs therapeutic window for hormone
replacement in ovariectomized mice. J Clin Invest. 2019;129:2333–50.

27. Miao HH, Li XH, Chen QY, Zhuo M. Calcium-stimulated adenylyl cyclase
subtype 1 is required for presynaptic long-term potentiation in the insular
cortex of adult mice. Mol Pain. 2019;15:1744806919842961.

28. Watson DJ, Ostroff L, Cao G, Parker PH, Smith H, Harris KM. LTP enhances
synaptogenesis in the developing hippocampus. Hippocampus. 2016;26:
560–76.

29. Zhang H, Liu J, Sun S, Pchitskaya E, Popugaeva E, Bezprozvanny I. Calcium
signaling, excitability, and synaptic plasticity defects in a mouse model of
Alzheimer's disease. J Alzheimers Dis. 2015;45:561–80.

30. Evered L, Silbert B, Knopman DS, Scott DA, DeKosky ST, Rasmussen LS, Oh
ES, Crosby G, Berger M, Eckenhoff RG. Recommendations for the
nomenclature of cognitive change associated with anaesthesia and surgery-
2018. Can J Anaesth. 2018;65:1248–57.

31. Evered L, Silbert B, Knopman DS, Scott DA, DeKosky ST, Rasmussen LS, Oh
ES, Crosby G, Berger M, Eckenhoff RG. Recommendations for the
nomenclature of cognitive change associated with anaesthesia and surgery-
2018. Acta Anaesthesiol Scand. 2018;62:1473–80.

32. Evered L, Silbert B, Knopman DS, Scott DA, DeKosky ST, Rasmussen LS, Oh
ES, Crosby G, Berger M, Eckenhoff RG. Recommendations for the
nomenclature of cognitive change associated with anaesthesia and surgery-
2018. Anesth Analg. 2018;127:1189–95.

33. Evered L, Silbert B, Knopman DS, Scott DA, DeKosky ST, Rasmussen LS, Oh
ES, Crosby G, Berger M, Eckenhoff RG. Recommendations for the
nomenclature of cognitive change associated with anaesthesia and surgery-
2018. Anesthesiology. 2018;129:872–9.

34. Evered L, Silbert B, Knopman DS, Scott DA, DeKosky ST, Rasmussen LS, Oh
ES, Crosby G, Berger M, Eckenhoff RG. Recommendations for the

Liu et al. Journal of Neuroinflammation           (2021) 18:41 Page 15 of 16



nomenclature of cognitive change associated with anaesthesia and surgery-
2018. Br J Anaesth. 2018;121:1005–12.

35. Cieślik M, Czapski GA, Wójtowicz S, Wieczorek I, Wencel PL, Strosznajder RP,
Jaber V, Lukiw WJ, Strosznajder JB. Alterations of transcription of genes
coding anti-oxidative and mitochondria-related proteins in amyloid β
toxicity: relevance to Alzheimer's disease. Mol Neurobiol. 2020;57:1374–88.

36. Lutz MI, Milenkovic I, Regelsberger G, Kovacs GG. Distinct patterns of sirtuin
expression during progression of Alzheimer's disease. Neuromolecular Med.
2014;16:405–14.

37. Han P, Tang Z, Yin J, Maalouf M, Beach TG, Reiman EM, Shi J. Pituitary
adenylate cyclase-activating polypeptide protects against β-amyloid toxicity.
Neurobiol Aging. 2014;35:2064–71.

38. Verma R, Ritzel RM, Crapser J, Friedler BD, McCullough LD. Evaluation of the
neuroprotective effect of Sirt3 in experimental stroke. Transl Stroke Res.
2019;10:57–66.

39. Shi J, Zou X, Jiang K, Wang F. SIRT1 mediates improvement of cardiac
surgery-induced postoperative cognitive dysfunction via the TLR4/NF-κB
pathway. World J Biol Psychiatry. 2020;10:757–65.

40. Yan J, Luo A, Gao J, Tang X, Zhao Y, Zhou B, Zhou Z, Li S. The role of SIRT1
in neuroinflammation and cognitive dysfunction in aged rats after
anesthesia and surgery. Am J Transl Res. 2019;11:1555–68.

41. Lushchak VI. Free radicals, reactive oxygen species, oxidative stress and its
classification. Chem Biol Interact. 2014;224:164–75.

42. Bajwa E, Pointer CB, Klegeris A. The role of mitochondrial damage-
associated molecular patterns in chronic neuroinflammation. Mediators
Inflamm. 2019;2019:4050796.

43. Di Filippo M, Chiasserini D, Gardoni F, Viviani B, Tozzi A, Giampà C, Costa C,
Tantucci M, Zianni E, Boraso M, et al. Effects of central and peripheral
inflammation on hippocampal synaptic plasticity. Neurobiol Dis. 2013;52:
229–36.

44. Villeda SA, Plambeck KE, Middeldorp J, Castellano JM, Mosher KI, Luo J,
Smith LK, Bieri G, Lin K, Berdnik D, et al. Young blood reverses age-related
impairments in cognitive function and synaptic plasticity in mice. Nat Med.
2014;20:659–63.

45. Terrando N, Brzezinski M, Degos V, Eriksson LI, Kramer JH, Leung JM, Miller
BL, Seeley WW, Vacas S, Weiner MW, et al. Perioperative cognitive decline in
the aging population. Mayo Clin Proc. 2011;86:885–93.

46. Levy RM, Prince JM, Yang R, Mollen KP, Liao H, Watson GA, Fink MP,
Vodovotz Y, Billiar TR. Systemic inflammation and remote organ damage
following bilateral femur fracture requires Toll-like receptor 4. Am J Physiol
Regul Integr Comp Physiol. 2006;291:R970–6.

47. Mollen KP, Anand RJ, Tsung A, Prince JM, Levy RM, Billiar TR. Emerging
paradigm: toll-like receptor 4-sentinel for the detection of tissue damage.
Shock. 2006;26:430–7.

48. Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, Maze M. Tumor
necrosis factor-alpha triggers a cytokine cascade yielding postoperative
cognitive decline. Proc Natl Acad Sci U S A. 2010;107:20518–22.

49. Huang D, Liu M, Jiang Y. Mitochonic acid-5 attenuates TNF-α-mediated
neuronal inflammation via activating Parkin-related mitophagy and
augmenting the AMPK-Sirt3 pathways. J Cell Physiol. 2019;234:22172–82.

50. Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan S, Merry
KM, Shi Q, Rosenthal A, Barres BA, et al. Complement and microglia mediate
early synapse loss in Alzheimer mouse models. Science. 2016;352:712–6.

51. Braschi C, Capsoni S, Narducci R, Poli A, Sansevero G, Brandi R, Maffei L,
Cattaneo A, Berardi N. Intranasal delivery of BDNF rescues memory deficits
in AD11 mice and reduces brain microgliosis. Aging Clin Exp Res. 2020;7:16.

52. Belloli S, Morari M, Murtaj V, Valtorta S, Moresco RM, Gilardi MC. Translation
imaging in Parkinson's disease: focus on neuroinflammation. Front Aging
Neurosci. 2020;12:152.

53. Penzes P, Cahill ME, Jones KA, VanLeeuwen JE, Woolfrey KM. Dendritic spine
pathology in neuropsychiatric disorders. Nat Neurosci. 2011;14:285–93.

54. Mufson EJ, Mahady L, Waters D, Counts SE, Perez SE, DeKosky ST, Ginsberg
SD, Ikonomovic MD, Scheff SW, Binder LI. Hippocampal plasticity during the
progression of Alzheimer's disease. Neuroscience. 2015;309:51–67.

55. Estrada LD, Oliveira-Cruz L, Cabrera D. Transforming growth factor beta type
I role in neurodegeneration: implications for Alzheimer´s disease. Curr
Protein Pept Sci. 2018;19:1180–8.

56. Shentu YP, Huo Y, Feng XL, Gilbert J, Zhang Q, Liuyang ZY, Wang XL, Wang
G, Zhou H, Wang XC, et al. CIP2A causes Tau/APP phosphorylation,
synaptopathy, and memory deficits in Alzheimer's disease. Cell Rep. 2018;24:
713–23.

57. Bisht K, Sharma K, Tremblay M. Chronic stress as a risk factor for Alzheimer's
disease: roles of microglia-mediated synaptic remodeling, inflammation, and
oxidative stress. Neurobiol Stress. 2018;9:9–21.

58. Moser MB, Trommald M, Andersen P. An increase in dendritic spine density on
hippocampal CA1 pyramidal cells following spatial learning in adult rats suggests
the formation of new synapses. Proc Natl Acad Sci U S A. 1994;91:12673–5.

59. Wang K, Lu JM, Xing ZH, Zhao QR, Hu LQ, Xue L, Zhang J, Mei YA. Effect of
1.8 GHz radiofrequency electromagnetic radiation on novel object
associative recognition memory in mice. Sci Rep. 2017;7:44521.

60. Min SS, Quan HY, Ma J, Han JS, Jeon BH, Seol GH. Chronic brain
inflammation impairs two forms of long-term potentiation in the rat
hippocampal CA1 area. Neurosci Lett. 2009;456:20–4.

61. Kulik YD, Watson DJ, Cao G, Kuwajima M, Harris KM. Structural plasticity of
dendritic secretory compartments during LTP-induced synaptogenesis. Elife.
2019;8:e46356.

62. Granger AJ, Shi Y, Lu W, Cerpas M, Nicoll RA. LTP requires a reserve pool of
glutamate receptors independent of subunit type. Nature. 2013;493:
495–500.

63. Bailey CH, Kandel ER, Harris KM. Structural components of synaptic plasticity
and memory consolidation. Cold Spring Harb Perspect Biol. 2015;7:a021758.

64. Bourne JN, Harris KM. Nanoscale analysis of structural synaptic plasticity.
Curr Opin Neurobiol. 2012;22:372–82.

65. Mudò G, Frinchi M, Nuzzo D, Scaduto P, Plescia F, Massenti MF, Di Carlo M,
Cannizzaro C, Cassata G, Cicero L, et al. Anti-inflammatory and cognitive
effects of interferon-β1a (IFNβ1a) in a rat model of Alzheimer's disease. J
Neuroinflammation. 2019;16:44.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Liu et al. Journal of Neuroinflammation           (2021) 18:41 Page 16 of 16


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Animals
	POCD mouse model
	Viral microinjection
	Behavioral tests
	Western blotting analysis
	Immunofluorescence staining of ionized calcium binding adapter molecule 1 (Iba1)
	Enzyme-linked immunosorbent assay (ELISA)
	Oxidative activity evaluation
	Golgi-Cox staining and dendritic spine counting
	Multichannel field potential recording
	Statistical analysis

	Results
	Effects of anesthesia/surgery on the OFT and FCT of aged mice
	Effects of anesthesia/surgery on SIRT3 expression and the mitochondrial oxidative stress response in the hippocampus of aged mice
	Effects of anesthesia/surgery on hippocampal microglia activation and neuroinflammation in aged mice with POCD
	Effects of anesthesia/surgery on synaptic plasticity in the hippocampus of aged mice with POCD
	SIRT3 overexpression in the hippocampal CA1 region of aged mice with POCD
	Effects of SIRT3 overexpression on microglia activation and neuroinflammation in the hippocampus of aged mice with POCD
	Effects of SIRT3 overexpression on synaptic plasticity in the hippocampus of aged mice with POCD
	Effects of SIRT3 overexpression on the OFT and FCT of aged mice with POCD

	Discussion
	Conclusion
	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

