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1 | INTRODUCTION

Abstract

Aims: Increasing evidence indicates that neuroinflammatory and oxidative stress play
two pivotal roles in cognitive impairment after surgery. Honokiol (HNK), as an activa-
tor of Sirtuin3 (SIRT3), has potential multiple biological functions. The aim of these
experiments is to evaluate the effects of HNK on surgery/anesthesia-induced cogni-
tive decline in mice.

Methods: Adult C57BL/6 mice received a laparotomy under sevoflurane anesthesia
and HNK or SIRT3 inhibitor (3-TYP) treatment. Cognitive function and locomotor ac-
tivity of mice were evaluated using fear conditioning test and open field test on post-
operative 1 and 3 days. Neuronal apoptosis in CA1 and CA3 area of hippocampus was
examined using TUNEL assay. And Western blot was applied to measure the expres-
sion of pro-inflammatory cytokines and SIRT3/SOD2 signaling-associated proteins in
hippocampus. Meanwhile, SIRT3 positive cells were calculated by immunohistochem-
istry. The mitochondrial membrane potential, malondialdehyde (MDA), and mitochon-
drial radical oxygen species (mtROS) were detected using standard methods.
Results: Honokiol attenuated surgery-induced memory loss and neuronal apoptosis,
decreased neuroinflammatory response, and ameliorated oxidative damage in hip-
pocampus. Notably, surgery/anesthesia induced an obviously decrease in hippocam-
pal SIRT3 expression, whereas the HNK increased SIRT3 expression and thus
decreased the acetylation of superoxide dismutase 2 (SOD2). However, 3-TYP treat-
ment inhibited the HNK's rescuing effects.

Conclusions: These results suggested that activation of SIRT3 by honokiol may at-
tenuate surgery/anesthesia-induced cognitive impairment in mice through regulation

of oxidative stress and neuroinflammatory in hippocampus.
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exposure maybe inevitable, so it is an urgent need to elucidate the
potential mechanisms and therapeutic target for postoperative

Postoperative cognitive decline or delirium is one of the most cognitive impairment.

common complications after surgery, and affects the quality of Emerging evidence showed that neuroinflammation and oxi-
patients’ daily life which attracts more attention from the medical dative stress are two pivotal roles in pathophysiological process
staff and the public.l’2 During our life span, surgery, and anesthesia of postoperative cognitive decline and other neurodegenerative
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disorders such as Parkinson’s disease (PD), Alzheimer's disease (AD,
and multiple sclerosis (MS).3® An accumulating body of studies
indicated that using some anti-inflammatory or antioxidant inter-
ventions, such as anti-TNF antibody, aspirin-triggered resolvin D1
(AT-RvD1) or resveratrol, could inhibit the neuroinflammation and
oxidative stress in the models of surgical trauma or neurodegener-
ative diseases.””” Actually, surgery/anesthesia exposure could alter
the normal dynamics of both neuroinflammation and oxidative stress
simultaneously, leading to an unhealthy state for the brain and cog-
nitive dysfunction. Ren et.al found that surgery plus isoflurane could
induce postoperative delirium and associated biochemical/cellular
changes in mice.*? Surgery/anesthesia exposure model is closer to
clinic practice. However, the underlying mechanisms of neuroinflam-
mation and oxidative stress on postoperative cognitive impairment
remain still unclear.

Sirtuin3(SIRT3)is a class Il histone deacetylase (HDAC) and a
part of sirtuin gene family predominantly located in mitochondria,
which expresses in a variety of tissues and is highly expressed in
the brain.! Recent studies showed that SIRT3 exhibits mighty
deacetylase activity and is the key regulator in organ protection
under many pathologic states including inflammatory and oxida-
tive stress, acting pivotal roles in development and progression
of metabolic diseases including diabetes, neurodegenerative
disorders, and other diseases.'>*®> Honokiol (HNK), [2-(4-hy-
droxy-3-prop-2-enyl-phenyl)-4-prop-2-enyl-phenol], is a bioactive
compound obtained from Magnolia grandiflora which possesses
multiple properties including anti-tumor, anti-arrhythmic, anti-
thrombocytic, anti-inflammatory, anti-angiogenesis, anxiolytic,
anti-oxidative activities in vivo and in vitro.'*2* As a potent reac-
tive oxygen species (ROS) scavenger, it is also reported that HNK
can enhance the overexpression of SIRT3 to improve antioxidant
activity and mitochondrial energy regulation thereby reducing the
levels of Ap and sAPPB in Chinese Hamster Ovarian (CHO) cells.??
Additionally, Xian et al suggested that HNK could improve learn-
ing and memory impairments induced by scopolamine in mice and
attenuate the concentration of prostaglandin E2 and cyclooxygen-
ase-2 level and the neuroinflammatory processes.?®

Therefore, the primary aims of our studies are to investigate the
neuroprotection of honokiol in mice following surgery/anesthesia
and role of SIRT3 signaling pathway in neuroinflammatory process
and oxidative stress.

2 | MATERIALS AND METHODS

2.1 | Animals

Adult female C57BL/6 J mice (4 months old, weighing 20-25 g) were
purchased from the Beijing Vital River Laboratory. All mice were
housed under a 12-h/12-h light/dark cycle at 25°C, 60% + 10%
humidity with free access to food and water. All the animals were
handled carefully according Animal Ethics Committee of Wuhan
University Zhongnan Hospital (Hubei, China). Before the initiation of

experiments, all mice were familiar with the laboratory environment

for at least 7 days.

2.2 | Experimental group and treatment

All mice were randomly divided into the following groups (n =12
per group): (a) control group; (b) surgery+vehicle group: mice were
pretreated with vehicle [DMSO:PBS (1:1)] of HNK for 1 week and
underwent surgical operation; (c) surgery+HNK group: mice were
pretreated with HNK (10 mg/kg, ip) for 1 week and underwent sur-
gical operation; (d) surgery+3-TYP group: mice were pretreated with
3-TYP (ip at a dose of 50 mg/kg every 2 days for a total of three
times) and underwent surgical operation; (e) surgery+HNK+3-TYP
group: mice were pretreated with HNK (10 mg/kg, ip) for 1 week and
3-TYPip at adose of 50 mg/kg every 2 days for a total of three times
and then underwent surgical operation. (f) control+HNK group: mice
were pretreated with HNK (10 mg/kg, ip) for 1 week and did not re-
ceive surgical operation; (g) control+3-TYP group: mice were pre-
treated with 3-TYP (ip at a dose of 50 mg/kg every 2 days for a total
of three times) and did not receive surgical operation. HNK and 3-
TYP were purchased from Selleck Chemicals. All mice received fear
conditioning training 1 day prior to surgical operation. On postop-
erative 1 day and 3 days, the open-field test (OFT) was performed
15 minutes before each test phase of fear conditioning. And then
mice were carried out the fear conditioning test (FCT). The animals
were sacrificed for neurochemical evaluations 1 hour after all behav-
ior tests. The detailed study plan and schematic diagram of experi-

mental timeline is graphically described in Figure 1.

2.3 | Anesthesia and surgery

The surgical operation was a laparotomy under general anesthesia.
Briefly, animals were inducted with 5% sevoflurane and maintained
with 3% sevoflurane carried by 5 L/min oxygen. Using an anesthe-
sia gas monitor (Draeger Medical GmbH, Liubeck, Germany), the
concentration levels of sevoflurane and carbon dioxide were con-
tinuously observed to avoid carbon dioxide retention and deep an-
esthesia. During the operation, mice kept spontaneous respiration.
A 3-cm midline abdominal incision was made, and the abdominal or-
gans were explored gently with sterilize gauze. Then the incision was
closed by 9/0 Prolene sutures (Ethicon, New Brunswick, NJ, USA).
About 0.2% lidocaine solution was applied for postoperative anal-
gesia. All processes lasted approximately 40 minutes. And the rats’
body temperature kept at ~37°C during the surgery using a heat pad.

Mice without surgical operation served as the controls.

2.4 | Open field test

The open field test (OFT) is a classical method to investigate explora-
tory behaviors and spontaneous motor activity. The OFT was car-
ried out in a quiet and dim light environment. Each mouse was gently
put into the new experimental environment and familiarizes them-

selves with circumstance for 10 minutes before the test was begun.
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FIGURE 1 The study plan and schematic diagram of
experimental timeline. HNK, honokiol; FCT, fear conditioning
test; OFT, open field test; HC, hippocampus [Colour figure can be
viewed at wileyonlinelibrary.com]

Utilizing the Any-Maze animal tracking system software (Xinruan,
Shanghai, China), the activities of the mouse traveled in open-field
chamber for 5 minutes were automatically recorded. The total dis-
tance travelled and the amount of time spent in the center of the
arena were calculated by the software. After each test session, the
walls and floor of chamber were swept with 75% ethanol to avoid
the interference between trials.

2.5 | Contextual fear conditioning test

Based on a previously published model, this contextual Fear condi-
tioning test (FCT) includes two parts: a training phase at 1 day before
surgical operation and a test phase on postoperative 1 and 3 days.

In training phase, mice received fear conditioning to establish
the long-term memory. Each animal was allowed to adapt to the
conditioning chamber (context) for 120 seconds, followed by six
cycles of conditional-unconditional stimuli. A cycle of conditional-
unconditional stimuli was then applied as a 20 seconds, 80 dB tone
(conditional stimuli)—30 seconds delay—5 seconds, 0.75 mA electri-
cal foot shock (unconditional stimuli). The cycles of conditional-un-
conditional stimuli were separated by random intervals from 45 to
60 seconds.

The context test, which represents hippocampal-dependent
memory, is the major part of the test phase of the FCT. At postop-
erative 1 and 3 days, all mice were returned into the original condi-
tioning chamber for 5 minutes, where no tone and no shock were
released. The percentage of freezing time (not moving) was captured

and collected by Any-Maze software (Xinruan, Shanghai, China).

2.6 | Apoptosis detection in hippocampus

After behavioral tests, mice were anesthetized with pentobarbital
sodium (50 mg/kg) and perfused transcardially with 40 mL normal
saline, followed by 4% paraformaldehyde. Then, the fixed brain was
postfixed in 4% paraformaldehyde overnight at 4°C and embedded in
paraffin. Neuron apoptosis was evaluated in hippocampus sections
using the terminal dUTP nick-end labeling (TUNEL) of fragmented
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nuclei assay. The paraffin-embedded sections of brain tissues of dif-
ferent groups were processed in according to the manufacturer’s
instructions (Roche, Mannheim, Germany). Apoptotic cell number in
hippocampal CA1 and CA3 was assessed by counting the number of
TUNEL-positive apoptotic cells in three fields per slide randomly at
200x magnification.

2.7 | Immunohistochemistry

Hippocampus tissues sections from the brain were collected, and
SIRT3 immunoreactivity was evaluated by immunohistochemical
assay on formalin-fixed paraffin-embedded sections. Hippocampus
tissue histology was assessed by immunohistochemistry with pri-
mary antibodies against SIRT3 under light microscopy. Three differ-

ent sections from each group were examined at least.

2.8 | MDA assay

The malondialdehyde (MDA) level was detected using commer-
cially available MDA kits following the manufacturer’s instructions

(Jiancheng, Nanjing, China).

2.9 | Western blot analysis

Hippocampal tissues were acquired, and protein extractions were
obtained after behavior tests on postoperative 1 and 3 days. Total
proteins were separated by SDS-PAGE after denaturation and trans-
ferred onto polyvinylidenedifluoride (PVDF) membranes. After
blocking with 5% skim milk, the membranes were incubated with rab-
bit anti-mouse monoclonal antibodies against TNF-«, IL-1f (1:500;
Abcam, Cambridge, UK),SIRT3 (1:1000; Abcam), MCP-1(1:500; af-
fbiotech, Cambridge, UK), cytochrome C (1:2000; Abcam), Ac-SOD2
(1:500; Abcam), SOD2 (1:1000; Abcam) and GAPDH(1:400, abcam)
overnight at 4°C with shaking. Then, the membranes were washed
in TBST and exposed to the corresponding secondary horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:2000, Santa Cruz, CA,
USA) for 1.5 hour at room temperature. After washed three times,
the membranes were detected using an enhanced chemilumines-
cence reagent kit (Aspen, Wuhan, China). All bands were scanned,
and the gray values were determined was analyzed using image
analysis software (AlphaEaseFC software; Alpha Innotech, Saint
leonardo, CA, USA) and normalized to GAPDH.

2.10 | Isolation of mitochondria from hippocampus

Utilizing a tissue mitochondria isolation kit (Beyotime, China), the
intact mitochondria of hippocampal region were isolated from fresh
brain. Briefly, after homogenization of hippocampus tissue in ice-
cold buffer provided in the kit, the homogenate was centrifuged at
6000 g at 4°C for 5 minutes. The collected supernatant was further
centrifuged at 11 000 g at 4°C for 10 minutes to obtain a mitochon-
drial pellet. Then, the pellet was collected as mitochondria and sus-
pended in mitochondrial storage fluid provided in the kit.
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2.11 | Mitochondrial membrane potential and
mitochondrial ROS assay

According to the manufacturer’s instructions, changes in mito-
chondrial membrane potential (Aym) were measured using a JC-1
mitochondrial membrane potential assay kit (Beyotime, China).
At brief, isolated mitochondria were suspended in 0.5 mL me-
dium containing 5 mmol/L JC-1. All Samples were estimated using
an automatic microplate reader (Tecan SPARK, Switzerland) at
time scan method. The intensities of green (excitation/emission
wave length =490/530 nm) and red (excitation/emission wave
length = 525/590 nm) fluorescence were estimated in each sam-
ple and reflected a surrogate marker of loss of mitochondrial Aym.
Using a ROS assay kit (Genmed Scientifics, Shanghai, China), mito-

chondrial ROS was detected in each sample.

2.12 | Statistical analysis

All data are expressed as meanzstandard error of the mean (SEM).
Statistical analysis of differences between groups was performed by
using one-way ANOVA followed by a SNK test for post hoc com-
parisons. All analyses were performed by utilizing GraphPad Prism 5
(GraphPad, San Diego, CA), P < 0.05 were considered to be statisti-
cally significant.

3 | RESULTS

3.1 | The outcomes of open field test and fear
conditioning test

Based on our pre-experiments, we found that HNK or 3-TYP pre-
treatment alone did not change the cognitive function of the control
mice. Furthermore, HNK or 3-TYP did not significantly influence
markers of neuroinflammation and oxidative stress compared with
those results of the control group (As shown in Figures $S1-S3).

Previous studies showed that surgery/anesthesia could lead to
behavioral and cognitive disability at early stage in mice.?*?> To
evaluate whether HNK ip can suppress the memory and cognitive
damage in surgical stressed mice, OFT and contextual FCT were
performed as described above. 3-TYP, a selective SIRT3 inhibitor,
was utilized to assay the necessity of the SIRT3 signaling pathway in
neuroprotection of HNK.

As shown in Figure 2C,F, surgery/anesthesia, HNK and/or 3-TYP
treatment did not cause a remarkably decrease in total distance
during 5 minutes of exploration in open field, indicating that locomo-
tor activity of mice was not affected by above treatment (P > 0.05).

However, on 1 day after surgery, compared with control
group, surgery decreased the time traveled by mice in the cen-
ter of the open field, and honokiol reversed this situation, indi-
cating a potential anti-anxiety property of honokiol treatment
(P > 0.05), and this situation did not exist at postoperative 3 day
(Figure 2B,E).

FCT were employed after each test phase of the open field tests
on postoperative 1 and 3 days. In the training phase of fear condi-
tioning, the freezing time had no obviously differences among the
groups, showing that the baseline learning and memory properties
among these groups were related equal.

As shown in Figure 2A,D, we identified that surgery could no-
tably decrease the freezing time compared with control group on
postoperative 1 and 3 days (P < 0.05). HNK treatment enhanced the
recovery of learning and memory, as confirmed by increased freez-
ing time in the HNK-treated group compared with surgery group.
Treatment with 3-TYP removed the neuroprotection of HNK by re-
ducing the freezing time in context fear test on 1 and 3 days after
surgery operation (P < 0.05).

3.2 | Neuronal apoptosis of hippocampus

To investigate the neuronal damaged situation and the potential
mechanism of cognitive decline induced by surgical stress, mice
killed at 1 day postoperation and the neuronal apoptosis in the hip-
pocampal CA1 and CA3region were observed. As shown in Figure 3,
surgical trauma caused a noticeable increase in neuronal apoptosis
in CA1 and CAS3 of hippocampus on postoperative 1 day compared
with the control group (P < 0.05). And treatment with HNK mark-
edly suppressed the increase in apoptotic index caused by surgical
trauma (P < 0.05). Additionally, intraperitoneal injection of 3-TYP
can increased the neuronal apoptosis in CA1 and CA3 areas of hip-
pocampus on postoperative 1 day compared with surgery+HNK

group and eradicated the neuroprotection of HNK (P < 0.05).

3.3 | Inflammatory response and microglia
activation in hippocampus

As shown in Figures 4 and 5, the effects of surgery/anesthesia, ho-
nokiol, and/or 3-TYP on neuroinflammation in surgery-treated mice
were examined on postoperative 1 and 3 days. TNF-a, IL-1f, and
MCP-1, known as pro-inflammatory cytokines, play an essential role
in neuroinflammation. And Iba-1, a microglial marker, represents the
activation of microglia. Compared with control group, surgery/an-
esthesia induced a significant increase expression levels of TNF-a,
IL-1pB, and MCP-1 in hippocampus region (P < 0.05). Besides, surgery/
anesthesia treatment increased the expression of Iba-1 in hippocam-
pus, suggesting that microglia were activated following surgical
trauma (P < 0.05). The results also indicated a significant reduction in
pro-inflammatory cytokines expression in HNK group compared to
surgery+vehicle group. Significant reduction in Iba-1 expression was
found in hippocampus region, indicating that HNK treatment can also
ameliorate the activation of microglia compared to surgery+vehicle
group (P < 0.05). On 1 and 3 days after surgery, HNK-induced reduc-
tions in TNF-q, IL-1f, and MCP-1 expression were eliminated by 3-
TYP treatment (P < 0.05). Besides, the protective effects of HNK on
the activation of microglia in hippocampus, as confirmed by the re-
duced expression of Iba-1, were abolished by 3-TYP (P < 0.05).



YEET AL 359
C N S Neuroscience & Therapeutics _Wl L EY
(A)®° (B) = (C) 20000
g E = 15000
2 40 = S 10000
g z 3
& 20 g g 5000
o = o

(D) (E) (F)
E 20000
Eé ‘g EE E, 15000
= = §
2 Py S 10000
2 @ g 5000
E -
T o
h"":c\q
(G) con S+vehicle S+HNK S+3-TYP S+HNK+3-TYP
1d _
(H) con S+vehicle S+HNK S+3-TYP S+HNK+3-TYP
3d i 2
“ |
§ 3 + 1

FIGURE 2 Effects of HNK or 3-TYP on behavior changes of mice induced by surgery/anesthesia. (A, D) The percentage of freezing time
during 5 min in context test (test phase of the FCT) at postoperative 1 and 3 d, respectively; (B, E) time spent in the center of the open
field during 5 min of open field exploration at postoperative 1 and 3 d, respectively; (C, F) total distance traveled during 5 min of open field
exploration at postoperative 1 and 3 days, respectively; (G, H) the movement tracks showing 5 min of open field exploration by the mice

at postoperative 1 and 3 d, respectively. The data are presented as the mean tstandard error of the mean for each group (n = 6 per group).
*P < 0.05 vs the control group; #P < 0.05 vs the surgery+vehicle group; $P < 0.05 vs the honokiol group

3.4 | Oxidative stress and mitochondrial impairment

Oxidative stress and mitochondrial impairment were also critical
factors of postoperative cognitive decline. So we examined re-
lated indicators in hippocampus of mice who received above treat-
ment. As shown in Figure 6, compared with control group, surgical
trauma-induced oxidative stress in hippocampus was accompanied
with increased mitochondrial ROS and MDA content and decreased
mitochondrial membrane potential (Aym) (P <0.05). And these
changes were reversed by HNK treatment, suggesting its anti-oxi-
dative capacity (P < 0.05). Cytochrome C is a critical component of
the electron transport chain. The increased level of cytochrome C is
the result of releasing Cytochrome C from mitochondria to the cy-
tosol, indicating that the integrity of mitochondria is damaged. Our
data demonstrated that surgery/anesthesia treatment significantly
increased Cytochrome C expression in cytosol (P < 0.05). Compared
with the surgery+vehicle group, HNK reduced Cytochrome C expres-
sion, indicating that HNK presents therapeutic effects in maintain-
ing the integrity of mitochondria (P < 0.05). However, HNK-induced
reductions in mtROS, cytochrome C, and MDA content were largely
eradicated by 3-TYP treatment at postoperative 1 day (P < 0.05).

The increased anti-oxidative capacity (the level of mitochondrial

membrane potential) induced by HNK was also inhibited by 3-TYP
treatment.

3.5 | Effects of honokiol on SIRT3/SOD2
signaling pathway

The results of the immunohistochemical assay at postoperative 1
and 3 days showed that SIRT3 immunoreactivity had significantly
difference among different groups. Compared to control group, cells
positively immunostained for SIRT3 were markedly downregulated
in the surgery/anesthesia group (P < 0.05, Figure 7). HNK treatment
improved the positive cells number compared with surgery group.
And 3-TYP treatment eliminated this phenomenon.

As shown in Figure 8, compared with the control group, surgical
trauma blunted the expression level of SIRT3 protein and upregu-
lated the acetylation of SOD2, an important role in maintaining
redox homeostasis (P < 0.05). Compared with surgery+vehicle group,
HNK treatment increased the SIRT3 expression and decreased the
Ac-SOD2 at postoperative 1 and 3 days (P < 0.05). However, 3-
TYP treatment attenuated the SIRT3 expression and increased the
acetylation of SOD2 compared with that in the surgery+HNK group
at postoperative 1 and 3 days (P < 0.05).
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FIGURE 3 Effects of HNK or 3-TYP on surgery/anesthesia-induced neuronal apoptosis (A, B) Representative images of neuronal
apoptosis in CA1 and CAS3 areas of the hippocampus at postoperative 1 d. Original magnification=x200, scale bar = 50 pm. The apoptotic
cells were detected by TUNEL (green), and the nuclei were detected by DAPI (blue). (C) The percentage of damaged neuron. The data

are presented as the mean standard error of the mean for each group (n = 3 per group). *P < 0.05 vs the control group; #P < 0.05 vs the
surgery+vehicle group; $P < 0.05 vs the honokiol group
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FIGURE 4 Effects of HNK or 3-TYP on surgery/anesthesia-induced an increased expression of pro-inflammatory cytokines in
hippocampus. (A, E) Representative blots at postoperative 1 and 3 d, respectively. (B, F) MCP-1 relative expression. (C, G) TNF-a relative
expression. (D, H) IL-1p relative expression. The data are presented as the mean +standard error of the mean for each group (n = 6 per
group). *P < 0.05 vs the control group; #P < 0.05 vs the surgery+vehicle group; $P < 0.05 vs the honokiol group
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FIGURE 5 Effects of HNK or 3-TYP on surgery/anesthesia-induced an increased expression of Iba-1 in hippocampus. (A, B)
Representative immunofluorescence images show the expression of Iba-1 (red pixels) in the hippocampal CA1 area of mice 1 and 3 d after
surgery. Original magnification=x200, scale bar = 50 um. (C, D) Quantitative analyses of the immunofluorescence images at postoperative
1 and 3 d, respectively. The data are presented as the mean tstandard error of the mean for each group (n = 3 per group). *P < 0.05 vs the
control group; #P < 0.05 vs the surgery+vehicle group; $P < 0.05 vs the honokiol group

4 | DISCUSSION

The aim of the current study was to explore the neuroprotective role
and potential mechanism of HNK, an activator of SIRT3, in suppressing
surgery/anesthesia-induced cognitive deficit, neuroinflammation and
oxidative stress in adult mice. In our experiments, pretreatment HNK
ip for7 days could provide neuroprotective effects on hippocampus
of mice, as confirmed by increased postoperative cognitive recovery,
reducedneuronalapoptosis,suppressedneuroinflammatory cytokines,
and blunted oxidative stress in hippocampal tissue. Interestingly, on
1 day after surgery, surgery decreased the time traveled by mice in the
center of the open field, and honokiol reversed this situation, indicat-
ing a potential anti-anxiety property of honokiol treatment. Several
studies found that honokiol also possessed the anti-anxiety ability.2
In present study, consideration of pain and nociceptive response, anx-
iety-like behavior may more obvious at postoperative 1 day. Honokiol
could cause anxiolytic action and ameliorate this situation. At postop-
erative 3 days, these nociceptive response and incision pain may have
been released, so these anxiety-like behaviors could not be observed.
As far as we know, this was first evaluation of the effects of HNK on
cognitive recovery in surgical mice. The findings also demonstrated
that the potential neuroprotective effects of HNK are involving in
activating the SIRT3 signaling pathway at least partially, as the
selective SIRT3 inhibitor, 3TYP, notably eradicated these protective

effects of HNK on surgical trauma.

Although cognitive decline after surgery was widely emphasized
by clinicians and researchers and several interventions seemed to
do work, its underlying mechanisms and specific therapeutic tar-
get remained unknown and should be studies further. Considerable
mechanisms are implicated in the etiology of postoperative cog-
nitive impairment including oxidative stress and neuroinflamma-
tion, which contribute to the loss of neurons.?”-30 HNK, due to its
multiple biological functions, has been demonstrated effectively
to ameliorate brain injury, cardiomyopathy, and suppress tumor. In
these researches, HNK owned a wealth of approaches by which
it buffers inflammatory and oxidative damage, such as JAK/STAT,
sirtuins, Stat3/Zebl1/E-cadherin axis, amyloidogenic pathway, and
mitochondrial dynamics.“’35 Meanwhile, HNK can activate the
expression of SIRT3 and sirtuins, which confer protection against
many pathological conditions including ischemic injury, cancer,
and aging.2%¥” Thereby, the relationships among cognitive deficit,
neuroinflammation, oxidative stress, and SIRT3 expression in adult
mice subjected to surgery/anesthesia were focused in recently.

Neuroinflammation, especially characterized by activation of
microglia, is supposed to be a critical mediator of progressive sec-
ondary injury after surgical trauma and other neurodegenerative
conditions.3®4° Under surgery/anesthesia or other pathological con-
ditions, activated microglia released a series of inflammatory, such as
IL-18, TNF-a, and MCP-1. A mass of inflammatory cytokines in hip-

pocampus following surgical trauma caused learning and memory,
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FIGURE 6 Effects of HNK or 3-TYP on mitochondrial dysfunction after surgical trauma at postoperative 1 day. (A, B) Representative
blots and cytochrome C relative expression. (C) hippocampal MDA content. (D) mitochondrial ROS levels in hippocampus. (E) mitochondrial
membrane potential in hippocampus. The data are presented as the mean tstandard error of the mean for each group (n = 6 per group).

*P < 0.05 vs the control group; #P < 0.05 vs the surgery+vehicle group. $P < 0.05 vs the honokiol group
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FIGURE 7 Immunohistochemical staining for SIRT3 on hippocampus sections. (A-E) Representative immunohistochemical staining show
the expression of SIRT3 in the hippocampal of mice 1 d after surgery. Original magnification=x200, scale bar = 50 um; (F-1) Representative
immunohistochemical staining show the expression of SIRT3 in the hippocampal of mice 3 d after surgery. Original magnification=x200,
scale bar=50 pm, (n = 3 per group)

which could be observed in our studies and were consistent with Surgery plus anesthesia might induce oxidative stress in hippo-
other’s related studies suggesting a strong correlation between neu- campus which led to biochemical/cellular and behavioral changes
roinflammation and postoperative cognitive impairment. and associated with postoperative cognitive decline or postoperative
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FIGURE 8 Effects of HNK or 3-TYP on SIRT3/SOD2 signaling pathway in surgery/anesthesia-induced mice. (A, E) Representative blots
at postoperative 1 and 3 d. (b, f) SIRT3 relative expression. (C, G) Ac-SOD2 relative expression. (D, G) SOD2 relative expression. The data are
presented as the mean tstandard error of the mean for each group (n = 6 per group). $P < 0.05 vs the surgery+HNK group; #P < 0.05 vs the

surgery+vehicle group

delirium.**3 Mitochondrion is recognized to be the major source of
intracellular ROS and plays a fundamental role in redox modulation.**
Increased ROS can be generated by an imbalance between the pro-
duction of oxygen containing free radicals (ROS, superoxide anion,
hydroxyl radicals, and hydrogen peroxide) and their elimination.*>4¢

Overproduction of ROS leads to deficits in mitochondrial mem-
brane integrity, damage to the mitochondrial respiratory chain and
lipid peroxidation. Furthermore, injured mitochondria are dysfunc-
tional and further generate free radicals, thus leading a “vicious
cycle” ¥ In our studies, exploratory laparotomy disrupted the mi-
tochondrial redox homeostasis and broke the mitochondrial mem-
brane integrity and increased lipid peroxidation in hippocampus, as
confirmed by increased mtROS and MDA content, decreased mito-
chondrial membrane potential (Aym), and increased level of cyto-
chrome C from mitochondria to the cytosol. These results can also
be observed in a large number of brain disorders, including stroke,
traumatic brain injury, psychiatric disorders, and sepsis-associated
encephalopathy as well as AD, PD, and other neurodegenerative
diseases.>0>2

SIRT3 is the one member of the sirtuin family that exhibits
deacetylase activity and is mainly localized to the mitochondria.
Regarding to oxidative stress, SIRT3 mainly regulates mitochon-
drial ROS levels by deacetylating SOD2 and has a positive role in
several neurological disorders, including AD, PD and Huntington’s
disease.”’®>”® And with the downregulated of oxidative stress, the
inflammatory and related cytokines can also be normalized. For

example, bitter melon (BM) supplementation could significantly

ameliorate brain oxidative stress induced by high fat diet (HFD) with
a concomitant reduction in FoxO, normalization of SIRT1 protein ex-
pression, and upregulation of SIRT3 mRNA expression. Furthermore,
mice fed HFD with BM could also normalize the levels of plasma
antioxidant enzymes and pro-inflammatory cytokines as compared
to HFD-fed mice.>” Microglia-induced oxidative stress and neuron
stem cell dysfunction can be attenuated by SIRT3 overexpression
through mitochondrial apoptosis pathway, including the decreased
mitochondrial permeability transition pore (mPTP) opening, reduced
mitochondrial cytochrome C release to cytoplasm, declined Bax/
Bcl-2 ratio and inhibition of caspase-3/9 activity.!! Moreover, HNK,
as an activator of SIRT3, can also ameliorate kidney injury induced
by hypertension via activating SIRT3/KLF15 signaling pathway.>®
Besides, utilizing the Sirt3-knockout mice and the overexpression of
SIRT3 by lentivirus transfection, other studies showed that SIRT3
can protect against cardiac fibrosis by inhibiting myofibroblasts
trans-differentiation via regulation of the STAT3-NFATc2 signaling
pathway.>” Formyl peptide receptor 1 (FPR1) mediates neutrophil
activation induced by bacterial and mitochondrial N-formyl peptides
and may a promising therapeutic target for drugs to treat septic or
sterile inflammatory diseases. As shown in the study by Liu et al,
HNK attenuated formyl peptide-induced human neutrophil activa-
tion by blocking FRP1.1® An array of studies supported that 3-TYP
is a high selective inhibitor can reverse the activation of SIRT3
and aggravate organ (heart, small intestine) injury.®®®! For SIRT3-
SOD2-mROS-dependent autophagy, 3-TYP can also block the mela-
tonin-mediated suppression of autophagy by inhibiting SIRT3-SOD2
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FIGURE 9 Proposed schematic diagram illustrating HNK neuroprotection against surgery/anesthesia-induced cognitive impairment.
Surgery/anesthesia treatment downregulates SIRT3 in the hippocampus leading to decreased levels of Aym, and increased levels of mtROS,
cytochrome C and MDA, all contributing to mitochondrial dysfunction. Meanwhile, microglia were activated and neuroinflammation was
enhanced. Activation of Sirt3 by HNK reversed these two processes above

signaling and delete the hepatoprotective effect of melatonin on
mitochondrial-derived O2e--stimulated autophagic cell death.®? In
our studies, through pretreatment with 3-TYP, we found that the
anti-oxidative and anti-inflammatory capacity in brain provided by
HNK can also abolished by 3-TYP at different degree, which were
similar with above studies. These data demonstrated that SIRT3 sig-
naling pathway, at least partially, involves in the neuroprotection of
HNK surgery/anesthesia induced mice.

There are some limitations in our studies. First, we just per-
formed the animal experiments of HNK on neuroinflammation
and oxidative stress and did not verify the outcome in vitro.
Nevertheless, Dennis et.al had demonstrated that magnolol and
honokiol can ameliorate oxidative and inflammatory responses in
neurons and microglial cells through suppressing IFNy-induced p-
ERK1/2 and its downstream pathway at least in part.®® So, we had
reason to believe that HNK could improve the behavior outcomes,
neuroinflammation, and oxidative stress of surgery/anesthesia
mice. Considered the rigor of the studies, future experiments
should explore the potential effects of SIRT3 signaling pathway
on LPS-induced inflammatory response in microglia and astrocyte.
Second, in current studies, our just tested the surgery/anesthesia-
induced neuroinflammatory and oxidative stress in hippocampus
of mice, but other region in brain (such as prefrontal cortex) and
systemic inflammation was not investigated. What's more, several
studies showed that SIRT3 could activate autophagy through the
LKB1-AMPK-mTOR pathway and then protect rotenone-induced
injury in SH-SY5Y cells.®* In addition, SIRT3 can directly blunt the
assembly and activation of NLRP3 inflammasome.®> And these
downstream moleculars of SIRT3/SOD2 pathway and the changes
of mitochondrial dynamic that may influence the cognitive lev-
els were valued to be investigated in the future. Third, we just
observed the cognitive outcomes at postoperative 1 and 3 days.
The related index at postoperative 7 or 14 days is required fur-
ther investigation and may more valuable. Forth, because of lack
of the SIRT3 knockout mice, we cannot make sure that HNK only
activate the SIRT3 pathway; however, many studies had shown its
capacity of upregulated SIRT3. Additionally, on the account of the

expensive cost and long cultivation cycles, we employed only adult

female mice in our studies and eliminated the possible interspecies

differences.

5 | CONCLUSIONS

Taken together, our result indicated that HNK effectively amelio-
rates surgery/anesthesia-induced cognitive declinet in mice through
activating SIRT3 regulation of mitochondrial dysfunction and neuro-
inflammatory. The proposed mechanisms of HNK neuroprotection

are summarized in Figure 9.
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