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Abstract

Previous studies found that electroacupuncture (EA) at the Shenting (DU24) and Baihui (DU20) acupoints alleviates cogni-
tive impairment in cerebral ischemia—reperfusion (I/R) injury rats. Nonetheless, the mechanisms of the anti-inflammatory
effects of EA are unclear. Cerebral I/R injury was induced in rats by middle cerebral artery occlusion (MCAO). Following
I/R injury, the rats underwent EA therapy at the Shenting (DU24) and Baihui (DU20) acupoints for seven successive days.
The Morris water maze test, magnetic resonance imaging (MRI) and molecular biology assays were utilized to assess the
establishment of the rat stroke model with cognitive impairment and the therapeutic effect of EA. EA treatment of rats
subjected to MCAO showed a significant reduction in infarct volumes accompanied by cognitive recovery, as observed in
Morris water maze test outcomes. The possible mechanisms by which EA treatment attenuates cognitive impairment are by
regulating endogenous melatonin secretion through aralkylamine N-acetyltransferase gene (AANAT, a rate-limiting enzyme
of melatonin) synthesis in the pineal gland in stroke rats. Simultaneously, through melatonin regulation, EA exerts neuro-
protective effects by upregulating mitophagy-associated proteins and suppressing reactive oxygen species (ROS)-induced
NLRP3 inflammasome activation after I/R injury. However, melatonin receptor inhibitor (luzindole) treatment reversed
these changes. The findings from this research suggested that EA ameliorates cognitive impairment through the inhibition
of NLRP3 inflammasome activation by regulating melatonin-mediated mitophagy in stroke rats.
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The high incidence and high disability of stroke have created
a burdensome possession for society [1], and ischemic stroke
remains the most common type of several other stroke types
because of its high prevalence attacking the brain [1, 2].
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cognitive problems for thousands of years in China. Our
previous research studies have validated the effectiveness
of electroacupuncture (EA) at the Shenting and Baihui acu-
points in the rehabilitation of cognitive impairment in exper-
imental studies [7-9]. Nevertheless, the specific mechanism
of EA therapy at the Shenting and Baihui acupoints has yet
to be determined.

The NLRP3 inflammasome has been verified to medi-
ate poststroke brain injury [10-12]. NLRP3 inflammasome
activation triggers the proinflammatory cell death pathway
known as pyroptosis, accompanied by the maturation and
secretion of IL-1f and IL-18 [13]. It has been reported that
inhibition or knockdown of the NLRP3 inflammasome can
decrease mature IL-1p and IL-18 secretion, which exerts
a neuroprotective effect on a stroke rat model [14, 15]. Of
note, a study revealed that the NLRP3 inflammasome is
a crucial modifier of neuropathology in PSCI [16]. These
studies demonstrate that inhibition of NLRP3 inflamma-
some activation can be an effective target for the treatment
of PSCL

Reactive oxygen species (ROS) are reported to be a vital
factor in inducing NLRP3 inflammasome activation [17],
and damaged mitochondria are the leading site of intracel-
lular ROS generation in the injured area of the brain [18].
Therefore, the inhibition of ROS generation and the removal
of dysfunctional mitochondria are potential therapeutic
targets for stroke [19-21]. Mitophagy, a selective form of
autophagy that specifically removes damaged mitochondria,
is also regarded as an effective way to maintain mitochon-
drial homeostasis and cellular survival [22]. Moreover, stud-
ies have demonstrated that melatonin-mediated mitophagy
protects against brain injury through the inhibition of
NLRP3 [14]. Melatonin has been verified in the treatment
of various neurological diseases due to its antioxidative,
antiapoptotic, and anti-inflammatory properties [23]. Addi-
tionally, some studies have shown that melatonin ameliorates
the neuroinflammation and cognitive impairment caused by
ischemia/reperfusion (I/R) injury[24, 25]. Thus, the inhibi-
tion of the NLRP3 inflammasome through the regulation of
melatonin-mediated mitophagy could be a target for PSCI
treatment. Interestingly, a study showed that oral adminis-
tration of melatonin did not significantly increase serum
melatonin levels in rats [26], suggesting that the biological
effects of melatonin on the body are mainly through endog-
enous regulatory mechanisms. EA, as a nonpharmaceutical
therapy, may play a crucial role through the regulation of
endogenous melatonin to exert its multitarget and multipath-
way protective effects in the treatment of stroke.

To date, the effects of EA on melatonin-mediated
mitophagy and its underlying mechanism with the NLRP3
inflammasome in rat stroke models have remained elusive.
The present study thus investigated whether EA at the DU24
and DU20 acupoints alleviates cognitive impairment via the
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inhibition of NLRP3 inflammasome activation by regulating
melatonin-mediated mitophagy in cerebral I/R-injured rats.

Materials and Methods
Animals

Sixty specific pathogen-free (SPF) adult male Sprague—Daw-
ley rats weighing 300 +20 were provided by Fujian Univer-
sity of Traditional Chinese Medicine Laboratory Animal
Center (Fuzhou, China; Laboratory Animal Use Certificate
no. SYXK (FJ) 2019-0007). To reduce variance and bias
within group, female rats were not included as estradiol
levels may complicate interpretation of melatonin effects
because of their interaction [27]. All rats were housed in an
SPF animal laboratory at a temperature of 22 + 1 °C with
50% humidity under a 12-h light/dark cycle with free access
to food and water. All experiments were approved by the
Institutional Animal Care and Use Committee of Fujian Uni-
versity of Traditional Chinese Medicine (Fuzhou, China).

Middle Cerebral Artery Occlusion Model (MCAO)
and Grouping

Sixty rats were randomly divided into a sham operation
group (n=15) and an operation group (n=45) by the random
number table method. All rats were fasted for 12 h before
surgery, and middle cerebral artery occlusion (MCAQ) was
applied to establish a cerebral I/R-injured rat model accord-
ing to the method of Longa et al. [28]. The rats were anes-
thetized by isoflurane /O, (with 3% for a 5-min induction fol-
lowed by 1.2-1.5% for maintaining the rats in a state of deep
anesthesia) and fixed in the supine position. The skin was cut
in the middle of the neck, and the tissue layers were bluntly
separated to expose the left common carotid artery (CCA).
The internal carotid artery (ICA) and external carotid artery
(ECA) were separated after the bifurcation. The internal and
common carotid arteries were clipped, and the proximal and
distal ends of the external carotid artery were ligated. Sub-
sequently, 22 mm of nylon thread was inserted through the
external carotid artery and ligated with no. O surgical silk
thread to prevent bleeding. The artery clip at the internal
carotid artery was opened, nylon thread was inserted into the
internal carotid artery and continued to be inserted into the
skull at a depth of 18.5+0.5 mm to achieve slight resistance,
the ICA was ligated, and the wound was sutured. The thread
was removed after 90 min of occlusion to induce reperfusion
injury. Regional cerebral blood flow (CBF) was measured
by laser Doppler flowmetry (BIOPAC Systems, Goleta, CA,
USA), and a>80% reduction in CBF was considered a suc-
cessful model. In this experiment, the success rate of the
operation group was approximately 69%. A total of 31 rats



Neurochemical Research (2022) 47:1917-1930

1919

were successfully modeled. Considering the principle of bal-
ance, the rats in the operation group were further randomly
divided into the cerebral I/R control group (I/R group, I/R
with EA treatment group (I/R+EA group) and inhibitor
(luzindole) group (I/R + EA + Luz group), with 10 rats in
each group. Ten rats in the sham operation group were also
included as the sham operation control group (sham group).

Morris Water Maze Test

The effects of EA treatment on spatial learning ability and
memory were assessed by the Morris water maze test from
the 3rd day to the 7th day after I/R injury [8, 9]. The Morris
water maze test mainly includes orientation navigation and
space exploration trials. In the orientation navigation trial
(days 3-6), each rat was arranged to swim for 90 s to find
the platform. The swimming route and swimming time of
each rat in the four quadrants per day were evaluated. The
space exploration trial was conducted on the 7th day. Each
rat was allowed to swim freely for 90 s after the platform
was removed, and the number of times each rat crossed the
platform during this period was recorded.

EA Treatment and Drug Administration

The sham and I/R groups grasped only under the same con-
ditions and did not receive any EA intervention. EA treat-
ment and drug administration were started after 24 h of
reperfusion. Rats in the I/R + EA group and I/R+EA + Luz
group were treated with EA at the Baihui (GV 20, located in
the center of the parietal bone) and Shenting (DU 24, located
in the anterior median line) acupoints for 30 min per day for
7 days. Acupuncture needles (0.3 mm) were inserted 30°
oblique into the DU24 and DU20 acupoints on the heads of
the rats at a depth of 0.2 cm. An electroacupuncture instru-
ment (Model SDZ-V; Suzhou Hua Tuo Medical Instrument
Co., Ltd., Suzhou, China) was used for electrical stimula-
tion. The stimulation parameters were set as follows: set the
waveform mode as a denser wave/denser wave, in which the
sparse wave was 4 Hz, the dense wave was 20 Hz, the output
voltage was 2 V, and the output current was 0.5 mA. In the
I/R+EA + Luz group, the stroke rats were intraperitoneally
administered 30 mg/kg/day melatonin receptor antagonists
(luzindole, Abcam, Cambridge, MA, USA).

Magnetic Resonance Imaging

On the seventh day, rats were anesthetized with 1.5% isoflu-
rane (Sigma, Missouri, USA) and subjected to T2-weighted
(T2w) imaging by 7.0 T Bruker Scanner Biospin MR imag-
ing system (Pharmascan, microMRI, Bruker Medizintech-
nik, Germany) to evaluate the infarct area. The param-
eters were set as follows: echo time, 33 ms; recovery time,

2738 ms; scan time, 5.85 min; field of view, 30 X 30 mm; and
24 contiguous slices of 0.8 mm thickness. Infarct volume
of the whole brain and the left hippocampus was measured
from T2w images by manually tracing the hyperintense
regions on each slice using ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA) as a percentage of the
total brain volume.

Enzyme-Linked Imnmunosorbent Assay

Blood samples were collected at 12:00 and 24:00 (under 5
watts red-light conditions to ensure that melatonin secre-
tion was not affected by lights) on days 1, 3, 5, and 7 after
MCAO. Repeated blood collections from the tail vein of
nonanesthetized rats were performed with a vacuum blood
collection system as previously described [29]. Blood sam-
ples were stored at room temperature for 10-20 min to
allow clotting. Then, the samples were centrifuged (20 min,
2000-3000 rpm), and the obtained serum was poured into
microtubes with a lid and then transferred into — 20 °C freez-
ers so that all samples could be collected and sent to the
laboratory for enzyme-linked immunosorbent assay (ELISA)
testing. Serum melatonin levels were assessed in triplicate
using a rat melatonin ELISA kit (Cusabio, Wuhan, China).

Electron Microscopy

Left hippocampal tissues were prefixed in 3% glutaralde-
hyde for 24 h at 4 °C and postfixed for 2 h in 1% osmium
tetroxide. Then, the tissues were rinsed three times, gradient
dehydrated and flat-embedded in Araldite resin at the fol-
lowing conditions: 35 °C for 12 h, 45 °C for 12 h and 60 °C
for 48 h. Subsequently, the tissues were sliced into ultrathin
sections of 70-80 nm. After double staining with uranyl
acetate and lead citrate, the sections were observed with an
electron microscope (H-7650; Hitachi, Tokyo, Japan) at a
magnification of X 10,000.

Reverse Transcription-Polymerase Chain Reaction

AANAT mRNA levels in the pineal gland were determined
by reverse transcription-polymerase chain reaction (RT-
PCR). Total RNA was extracted from the rat pineal gland,
which was obtained immediately after blood sample collec-
tion at 24:00 under anesthesia on day 7, with TRIzol reagent
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). One
microgram of oligo(dT)-primed RNA was used to obtain
cDNA samples using SuperScript II Reverse Transcriptase
(Fermentas, Ontario, Canada) according to the manufac-
turer's instructions. mRNA levels of AANAT and p-catenin
using Taq DNA polymerase (Fermentas, Ontario, Canada)
and P-actin were used as internal controls. The oligonucle-
otide primers were as follows [30]: AANAT, 5'-TCCTGT
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GGAGATACCTTCACCA-'3 (forward) and 5'-CACAGT
TCAGAAGGCAAGAGGT-3' (reverse); p-actin, 5'-GAC
CTGACTGACTACCTCAT-3' (forward) and 5'-TCGTCA
TACTCCTGCTTGCT-3' (reverse). Reactions were con-
ducted in an S1000™ Thermal Cycler (Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA). The amplification program
was set as follows: 95°C predenaturation for 1 min—95°C
denaturation for 45 s — 60°C annealing for 20 s — 72°C
extension for 10 s (35 cycles of denaturation, annealing and
extension) — 72°C final extension for 5 min —4°C cooling
for 2 min. The amplified fragments were subjected to 1.5%
agarose gels in 1 X TBE buffer (all from Beyotime Institute
of Biotechnology, Shanghai, China) at 100 V. The DNA
bands were examined using a Gel Documentation System
(Gel Doc 2000) Bio-Rad Laboratories, Inc., Hercules, CA,
USA), and Image Lab 3.0 (both from Bio-Rad Laboratories,
Inc., Hercules, CA, USA) was used for the analysis of the
gray value data.

ROS Assay

The ROS assay was carried out as previously described [31].
Samples from the left rat hippocampal CA1 region were col-
lected 7 d after anesthetization, and total ROS levels were
measured with an ROS assay kit (Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, China). In brief, brain tissues
were homogenized in 0.1 mM PBS to prepare a single-cell
suspension, followed by centrifugation (1000 X g, 10 min,
4 °C) to obtain the supernatant. The supernatant (190 ul)
was incubated with 10 ul DCFH-DA at 37 °C for 30 min in
the dark. As a negative control, the supernatant was mixed
with PBS. The mixture was measured by spectrofluoro-
photometry at an excitation wavelength of 480 nm and an
emission wavelength of 520 nm. The protein concentration
of the supernatant was determined by a BCA protein assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). The ROS levels were expressed as fluorescence
intensity/mg protein.

Western Blot Analysis

The left hippocampal tissues and pineal gland, which was
obtained immediately after blood sample collection at 24:00
under anesthesia on day 7, were lysed with cold cell lysis
buffer containing phenylmethanesulfonylfluoride (Beyotime
Institute of Biotechnology, Shanghai, China). Subsequently,
protein samples (50 pg) were subjected to SDS-PAGE. Pro-
teins were then electrophoretically transferred onto PVDF
membranes, which were blocked with 5% milk for 2 h at
room temperature, and then exposed to primary antibodies
targeted against AANAT (ab3505, 1:500 dilution; Abcam,
Cambridge, MA, USA), LC3 (2775, 1:1000, Cell Signaling
Technology, Beverly, MA, USA), Parkin (ab15954, 1:1000,
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Abcam, Cambridge, MA, USA), PINK1 (ab75487, 1:500,
Abcam, Cambridge, MA, USA), NLRP3 (ab98151, 1:800,
Abcam, Cambridge, MA, USA), ASC (ab155970, 1:1000,
Abcam, Cambridge, MA, USA), caspase-1 (ab1872, 1:1000,
Abcam, Cambridge, MA, USA), IL-1p (SC-23460, 1:500;
Santa Cruz, Dallas, Texas, USA), IL-18 (ab71495, 1:1000;
Abcam, Cambridge, MA, USA) and p-actin (1:1000, Cell
Signaling Technology, Beverly, MA, USA) at 4 °C over-
night, followed by incubation with a HRP-conjugated sec-
ondary antibody (1:2500 dilution) for 2 h at room tempera-
ture. The specific protein bands were visualized by enhanced
eyoECL (Beyotime, Shanghai, China) and scanned with a
storm Phosphorlmager system (Bio-Rad Laboratories, Her-
cules, CA, USA).

Immunofluorescence Staining

The paraffin tissue was sectioned, dewaxed, dehydrated in a
gradient, and then blocked in a wet box at 37 °C for 30 min
by adding blocking serum. The primary antibodies were
anti-Beclin-1 (ab16998, 1:200, Abcam, Cambridge, MA,
USA), anti-NeuN (MAB377, 1;500, Millipore, Burlington,
USA), and Iba-1 (ab178846, 1:2000; Abcam, Cambridge,
MA, USA), and the secondary antibodies were Fitc-TSA
(G1222, 1:1000, Servicebio, Wuhan, China) and CY3-TSA
(G1223, 1:1000, Servicebio, Wuhan, China). The sections
were rinsed, stained with DAPI (ab104139, Abcam, Cam-
bridge, MA, USA), rinsed again and mounted with glycerol.
A fluorescence microscope (Olympus) was used to analyze
the labeling.

Statistical Analysis

All data are expressed as the mean + standard deviation. The
comparison between multiple groups was tested by one-way
analysis of variance (ANOVA) or two-way repeated measure
(RM) ANOVA followed by Tukey’s post hoc tests. All anal-
yses were performed using GraphPad Prism 9.0 software.
P <0.05 was considered to indicate a statistically significant
difference.

Results

EA Reduced Infarct Volume and Attenuated
Cognitive Impairment in Cerebral I/R-Injured Rats

We first evaluated the effect of EA at the DU24 and
DU20 acupoints on cerebral infarction evaluated by MRI
(Fig. 1). The percentage of the total infarct volume of the
whole brain on day 7 was significantly higher in the I/R
group (34.5+3.16) than in the Sham group, and EA treat-
ment significantly reduced the cerebral infarct volume
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Fig.1 T2w MRI imaging in different groups. a T2w MRI imag-
ing indicated the infarct site and area(the red dotted area) in differ-
ent groups. The orange contour area indicates the infarct site and
area in the left hippocampus. b Infarct volume of the whole brain
and the left hippocampus was quantified as a percentage of the total
brain volume in each group. n=6 per group, *P<0.05, **P <0.01
and ***P<(.001; ns, nonsignificant. EA, electroacupuncture; I/R,
ischemia—reperfusion; Luz, luzindole

t0 26.39£2.46% in the /R +EA group (F ; 0, =257.3,
P <0.001). We mainly focused on MRI imaging changes
in the left hippocampus (orange contour area: the I/R +EA
group had lower signal intensity and area on T2w MRI
than the I/R group), and the results showed that EA treat-
ment significantly attenuated the infarct percentage of left
hippocampal (3.9 +0.97) than in the I/R group(6.2+1.5)
(F 3,20)=47.24, P<0.01). The melatonin receptor inhibi-
tor (luzindole) treatment reversed these changes in the
I/R+EA +Luz group (F (5 ,5,=21.07, P<0.01; Fig. 1b).
The hippocampal CA1 region is a specific vulnerable region
during transient cerebral ischemia (I/R) in the brain and con-
sequently results in neuronal damage [30, 32], and delayed
neuronal death in the CA1 region of the hippocampus after
I/R injury has been demonstrated [33], thus leading to
slow development and consecutive cognitive impairment.
Therefore, our study will focus on the molecular biological
changes in the CA1 region following EA intervention.

We then evaluated the effect of EA on I/R-induced cog-
nitive impairment monitored by a Morris water maze test
on the third to the seventh day following MCAO surgery.

Our results showed that the I/R group had a longer route
and escape latency than the sham group in the orientation
navigation test on all time points from day 3 to day 7, and
the EA treatment significantly reduced the route and escape
latency (compare the I/R + EA group with the I/R group,
Fig. 2a—¢) (F 5 49,=263.9, P<0.001 for route analysis and F
3.80)=331.9 for time analysis, P <0.001). Furthermore, EA
treatment significantly increased the number of times the rats
crossed the platform position in the I/R +EA group com-
pared with that in the I/R group (F (5 ,5,=21.07, P<0.05;
Fig. 2d). However, the melatonin receptor inhibitor (luzin-
dole) treatment reversed these changes in the /R + EA +Luz
group (F 5 50,=21.07, P<0.01; Fig. 2d).

EA Regulated Endogenous Melatonin in Cerebral
I/R-Injured Rats

As a melatonin receptor inhibitor (luzindole) reversed the
protective effect of EA treatment, melatonin was thought to
mediate the protective effect of EA treatment. We further
observed the effect of EA on the serum melatonin content
in cerebral I/R-injured rats.

The serum melatonin content in stroke rats was detected
by ELISA. The results show that the secretion of melatonin
has a circadian rhythm. As shown in Fig. 3a, the serum
melatonin content of each group was at a low level at 12:00
noon at all time points, and there was no statistically sig-
nificant difference among the groups (F ; g5, =2.449). The
secretion of melatonin increased at 24:00 at night at all time
points, which was evidenced by the significant increase in
the melatonin content in the sham group, while in the stroke
model groups (I/R group, /R +EA group, /R+EA +Luz
group), under MCAO I/R injury, the serum content of mela-
tonin was significantly lower than that in the sham operation
group (F 3 g9)=461.2, P<0.001). However, EA interven-
tion in the I/R +EA group promoted melatonin secretion
to a certain extent, which was significantly different from
the results observed in the I/R group and the sham group
(F(3,80)=461.2, P<0.001). However, luzindole treatment
was unable to inhibit the secretion of melatonin when
accompanied by EA intervention.

Melatonin is mainly synthesized in the pineal gland;
therefore, we further tested the expression of AANAT, the
rate-limiting enzyme in melatonin synthesis, in the pineal
gland of each group of rats on day 7. As shown in Fig. 3b,
RT-PCR and Western blot results showed that the mRNA
and protein expression levels of AANAT in the model groups
of rats were significantly reduced compared with those in the
sham group (F; ,5,=77.70, P <0.001 for mRNA analysis
and F5 5, =23.57, P<0.001 for WB analysis). The AANAT
mRNA and protein expression levels in the I/R + EA group
were significantly increased compared with those in the I/R
group (F(3 50,=77.70, P<0.001 for mRNA analysis and
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Fig.2 Effects of EA on PSCI rats. The effects of EA treatment on
spatial learning ability and memory were assessed by the Morris
water maze test from the 3rd day to the 7th day after I/R injury. a
Tracing images from the Morris water maze test in different groups.
b and ¢ The length of the routes and time taken for the rats to find

F3,20=23.57, P<0.05 for WB analysis). However, luz-
indole treatment was unable to change the expression of
AANAT when accompanied by EA intervention.

EA Regulated Melatonin-Mediated Mitophagy
and Reduced ROS Generation after I/R

The mechanism of melatonin-mediated autophagy and
mitophagy in neuroprotection has been well illuminated
in some studies [14, 34, 35]. To further investigate the
mechanism by which EA treatment attenuates hippocam-
pal I/R injury mediated by melatonin, we first evaluated
autophagy activation after EA intervention and examined
the expression levels of the autophagy-related protein
LC3. As shown in Fig. 4a, the LC3-II/I ratio (the conver-
sion of LC3-I to LC3-II) was significantly decreased in
the I/R group compared with the sham group on the 7th
day after I/R injury (F 3 ,3,=97.33, P <0.001), indicating
autophagy impairment, thus reducing the ability to remove
damaged nerve cells. Compared with the I/R group, EA
treatment in the I/R + EA group significantly increased
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the platform within 90 s. d The number of times the rats crossed
the platform’s position on the 7th day after I/R injury. The group
data are presented as the mean+S. D (n=6), *P<0.05, **P<0.01
and ***P<(.001; ns, nonsignificant. EA, electroacupuncture; I/R,
ischemia—reperfusion; Luz, luzindole

the LC3-II/I ratio (F (3 9, =97.33, P<0.001), suggesting
enhanced autophagy triggered by EA. However, the mela-
tonin receptor inhibitor luzindole significantly reduced the
ratio of LC3-II/LC3-1 (F (5 59,=97.33, P<0.001), sug-
gesting that EA promoted melatonin-mediated autophagy.
We further verified the autophagy level by double immu-
nostaining in each group on day 7, and the results (Fig. 4b)
showed that the neuron (NeuN-positive cells) in the CA1
region of the left hippocampus in sham group were mainly
autophagy active cells (Beclin-1-positive), and after 7 days
of I/R injury in I/R group, the autophagy level decreased
in the hippocampus, as evidenced by the weaker immu-
nofluorescence and colocalization of Beclin-1 in NeuN
cells. Importantly, EA intervention in I/R +EA group
dramatically promoted autophagy in the hippocampus, as
evidenced by the stronger immunofluorescence and colo-
calization (orange color in Merge column) of Beclin-1 in
NeuN cells. However, luzindole treatment I/R + EA + Luz
group partly inhibited melatonin-mediated autophagy.
These results indicated that autophagy deficiency
occurred after 7 days of I/R injury and that EA promoted
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Fig.3 EA treatment regulated endogenous melatonin in cerebral
I/R-injured rats. a The serum melatonin content in stroke rats was
detected by ELISA at 12:00 and 24:00 on days 1, 3, 5 and 7. (b)
AANAT mRNA and protein expression levels were detected by RT-

melatonin-mediated autophagy in the CA1 region of the
left hippocampus.

To further determine the specific autophagy types
that EA primarily triggers, considering that melatonin-
mediated mitophagy protects against brain injury through
the inhibition of NLRP3 [14], we investigated the effect
of EA on mitophagy in the hippocampus. Mitophagy, as
a type of selective autophagy, mediates the clearance of
damaged mitochondria via the PINK1/Parkin pathway
[36]. Our Western blot analysis showed that the pro-
tein expression of PINK1 and Parkin was significantly
decreased on the 7th day after I/R injury in the I/R group
compared with the sham group (F; ,5,=6.99, P <0.05
for PINK1 and F(3’ 20)= 9.38, P <0.05 for Parkin; Fig. 5a),
whereas EA upregulated this expression (F; 5y =6.99,
P <0.01 for PINK1 and F; ,4,=9.38, P<0.05 for Par-
kin; Fig. 5a). Moreover, treatment with luzindole inhib-
ited the upregulation of these proteins observed in the
I/R+EA group (F3 50, =6.99, P<0.05 for PINKI and
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PCR and Western blot. The group data are presented as the mean +S.
D (n=6), *P<0.05, ¥**P<0.01 and ***P <0.001; ns, nonsignificant.
EA electroacupuncture, ELISA enzyme-linked immunosorbent assay,
I/R ischemia—reperfusion, Luz luzindole

F3.20=9.38, P<0.001 for Parkin; Fig. 5a). The upregu-
lation of mitophagy occurred after EA intervention, indi-
cating that EA can promote mitophagy to remove damaged
mitochondria and maintain mitochondrial homeostasis as
well as cellular survival. Next, we observed ultrastructural
changes in the mitochondria in different groups. As shown
in Fig. 5b, swollen mitochondria with cristae disarrange-
ment and partial cristolysis were found in the hippocampi
of I/R group rats. EA intervention attenuated the morpho-
logical changes observed in the mitochondria. However,
luzindole treatment reversed the beneficial effects of EA
intervention (Fig. 5b). Mitochondria are the leading sites
of intracellular ROS generation. EA treatment protected
mitochondria, indicating reduced generation of ROS and
ultimately reduced NLRP3 inflammasome activation. As
expected, ROS levels were significantly increased after I/R
injury, and EA intervention markedly reduced ROS levels
compared with those of the sham group (F; 5y =167.3,
P <0.001). However, luzindole treatment promoted ROS

@ Springer



1924 Neurochemical Research (2022) 47:1917-1930

@
a . @Xw"
>
& i \\Qj@ &

LC3B-I | «s S S S
LC3B-II e e N - - =

1.5
*kkk % %k %k %k Kk
_ I I
& 1.0 i
= § =
- =
N
Ss s
S 0.5 v
0.0-
&
%‘\‘b& \\Q. QX@V x\?
A &
\\Q'
b Beclin-1 NeuN DAPI Merge

Sham

L Aeq

I/R+EA

I/R+EA+3-AM

Fig.4 EA regulated melatonin-mediated autophagy. a The Western The group data are presented as the mean+S. D (n=6), *P<0.05,
blot relative band density of LC3 in the left hippocampus. b Dou- *#*P<0.01 and ***P <(0.001; ns, nonsignificant. EA, electroacupunc-
ble immunofluorescence labeling of Beclin-1 with NeuN (neuronal ture; I/R, ischemia—reperfusion; Luz, luzindole

marker) in the CA1 region of the left hippocampus on day 7 (X 20).
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Fig.5 Effect of EA on mitophagy and ROS generation. a Western
blot relative band density of Parkin and PINKI. b Ultrastructural
changes in mitochondria in the left hippocampus. ¢ Quantification
of ROS levels in the left hippocampus. Green arrows indicate nor-
mal mitochondria, and red arrows indicate damaged mitochondria

generation after I/R and EA intervention (F(; ,,,=167.3,
P <0.001; Fig. 5c). These results suggested that EA
intervention increased mitophagy activity and reduced
ROS generation after I/R injury induction mediated by
melatonin.

PINK1/B-actin
(Fold change over sham)

(x10,000). The group data are presented as the mean+S. D (n=06).
*P<0.05, #P<0.01 and ***P <0.001; ns, nonsignificant. EA, elec-
troacupuncture; I/R, ischemia—reperfusion; ROS, reactive oxygen
species; Luz, luzindole

EA Inhibited NLRP3 Inflammasome Activation
and Reduced Proinflammatory Cytokine Secretion
Mediated by Melatonin after I/R

The accumulation of ROS is reported to be a vital factor
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to trigger NLRP3 inflammasome activation, which pro-
motes proinflammatory cytokine secretion and amplifies
the inflammatory response [37, 38]. Our above results
showed that EA intervention reduced ROS generation
after I/R injury; consequently, EA treatment reduced
NLRP3 inflammasome-related proteins. As expected, our
Western blot results (Fig. 6a—d) further showed that EA
treatment significantly reduced the expression of NLRP3
(F3,20=191.4, P<0.001), ASC(F3 55,=133.5, P<0.001),
and caspase-1c (F3 59, =205.7, P<0.001) compared with
that of the I/R group, indicating that EA treatment inhibited
NLRP3 inflammasome activation triggered by ROS gen-
eration. However, luzindole treatment reversed the effects

of EA on the expression of NLRP3 inflammasome-related
proteins, which indicated that blockade of endogenous
melatonin biological effects regulated by EA treatment
promoted NLRP3 inflammasome activation. Additionally,
Western blot results showed that the expression of mature
IL-1Pand IL-18 (, P <0.001) was increased significantly in
the I/R group, whereas EA treatment significantly reduced
the expression of IL-1p and IL-18 compared with that
of the I/R group (F; 59, =205.7, P <0.001for IL-1p and
Fa3,20=119.2, P<0.001 for IL-18; Fig. 6a, e, f), indicat-
ing that EA treatment can reduce proinflammatory cytokine
secretion. We further assessed microglial activation in the
CA1 region of the left hippocampus on day 7 (Fig. 7b and ¢)
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Fig.6 EA inhibits NLRP3 inflammasome activation and proinflam-
matory cytokine secretion. a Representative Western blot bands of
NLRP3, ASC, IL-1, IL-18, and cleaved caspase-1. b—f The relative
band densities of NLRP3, ASC, IL-1p, IL-18, and cleaved caspase-1.
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The group data are presented as the mean+S. D (n=6), *P<0.05,
*##*P<0.01 and ***P <0.001; ns, nonsignificant. EA, electroacupunc-
ture; I/R, ischemia—reperfusion; Luz, luzindole
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Fig.7 EA inhibits microglial activation in the CAl region of the
left hippocampus. a Representative micrographs showing microglial
activation in the CAl area of the left hippocampus, with immuno-
fluorescence for Iba-1 (x40). b, ¢) Comparation between inactivated
microglia activated microglia in the CAl region of the left hip-

by morphology to determine CA1 macrophages in response
to I/R injury and inflammasomes. As shown in Fig. 7a, a loss
of ramification and a thickening of processes were observed
in the I/R group compared with the sham group but were
reversed significantly by EA intervention (Fig. 7a and d),

pocampus (X 100). d Quantification of Iba-1-positive cells. The group
data are presented as the mean+S. D (n=6), *P<0.05, **P <0.01
and ***P<0.001; ns nonsignificant, EA electroacupuncture, I/R
ischemia—reperfusion, Luz luzindole

indicating that microglial activation was obviously observed
after I/R injury and EA treatment showed significantly atten-
uated microglial activation in the CAl region of the left
hippocampus compared with the I/R group, as evidenced
by the quantification of Iba-1-positive cells (F 3 ,5,=317.1,
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P <0.001; Fig. 7d). Moreover, luzindole treatment inhibited
the beneficial effects of EA intervention on proinflammatory
cytokine secretion and microglial activation (F 5 53, =317.1,
P <0.001; Fig. 7a and d). These results indicated that EA
can inhibit NLRP3 inflammasome activation and reduce
proinflammatory cytokine secretion mediated by melatonin
after I/R.

Discussion

Numerous research studies have shown the clinical effi-
cacy and therapeutic benefits of acupuncture in stroke/
PSCI patients as well as in animal stroke models [5-9]. The
Baihui and Shenting acupoints are located on the Du merid-
ian, and their stimulation is beneficial to memory function
and human health. Our previous studies have revealed the
efficacy of EA at the Shenting and Baihui acupoints in the
rehabilitation of cognitive impairment in experimental set-
tings [7-9], and the specific mechanism is related to the
inhibition of oxidative stress [9] and improvements in the
ultrastructural changes in mitochondria in the cerebral cortex
[8]. These results suggested that EA may play a multitar-
get and multipathway role in neuroprotection by regulating
some neuroendocrine substances related to oxidative stress,
mitochondrial dysfunction, inflammation, and so forth.

Melatonin is a neurohormone secreted by pineal and
extrapineal tissues and has been verified in the treatment
of various neurological diseases due to its antioxidative,
antiapoptotic, and anti-inflammatory properties [23]. The
biological processes of melatonin are mediated via two
G-protein-coupled membrane receptors called MT1 and
MT?2. Of note, melatonin is considered a potent therapeutic
for stroke and stroke-related dementia [24, 25, 39]. Addition-
ally, studies have demonstrated that EA can improve cogni-
tive function in aged insomnia patients, and its mechanism
may be related to the regulation of serum melatonin [40].
From the above, we hypothesized that EA might regulate the
secretion of melatonin after stroke and, through its effects on
melatonin, mediate a variety of biological neuroprotective
effects, including anti-inflammatory, antioxidative, and anti-
pyroptosis effects and the regulation of autophagy.

As expected, the present study showed that EA treat-
ment at the DU24 and DU20 acupoints regulated endog-
enous melatonin in cerebral I/R-injured rats. The secretion
of melatonin showed a circadian rhythm in sham group
rats. However, this circadian rhythm was disrupted by cer-
ebral I/R-injury. These results are similar to those of some
clinical studies and animal stroke models [41-43]. For the
first time, we reveal that EA treatment at DU24 and DU20
can promote the secretion of melatonin and improve the
circadian rhythm of melatonin by regulating AANAT (a
rate-limiting enzyme of melatonin) synthesis in the pineal

@ Springer

gland in stroke rats. Melatonin mediates a variety of neuro-
protective effects, including a reduction in infarct volume
(particularly in the CA1 region of the hippocampus) and an
attenuation of cognitive impairment. We further used luz-
indole, an MT2 melatonin receptor inhibitor, to validate the
neuroprotective effects of EA mediated by melatonin. Our
results indicated that luzindole treatment reversed the neuro-
protective changes induced by melatonin without changing
the expression of AANAT when accompanied by EA inter-
vention. This demonstrates that EA can regulate endogenous
melatonin secretion in the pineal gland and probably exert
its neuroprotective effect partially through MT?2.

Studies have demonstrated that melatonin-mediated
mitophagy protects against brain injury through the inhibi-
tion of NLRP3 [14]. Therefore, we further investigated the
mechanisms underlying the effects of EA on mitophagy and
NLRP3 inflammasome activation mediated by melatonin in
a rat stroke model. We made the following observations:
(1) EA upregulated mitophagy-associated proteins (PINK1/
Parkin) and reduced the mitochondrial damage and ROS
generation observed after I/R; (2) following ROS inhibition
through the activation of mitophagy and the protection of
mitochondria, EA exerted a neuroprotective effect by inhibit-
ing NLRP3 inflammasome activation and microglial activa-
tion after I/R injury and thereby attenuated the inflammatory
response mediated by melatonin.

The NLRP3 inflammasome is activated by ROS [14, 17],
and mitochondria play a critical role in the overproduction
of ROS. The inhibition of ROS-induced oxidative stress and
inflammatory responses was beneficial for stroke rats [44,
45]. Mitophagy is a selective form of autophagy that spe-
cifically removes damaged mitochondria and plays a vital
role in maintaining mitochondrial homeostasis and cellular
survival [22]. One study revealed deficient mitophagy in
ischemic neurons [46]. Our study consistently showed that
deficient autophagy and mitophagy in hippocampal neurons
led to the inability to remove damaged mitochondria and
ROS production, thus triggering NLRP3 inflammasome acti-
vation. Interestingly, we found that EA enhanced autophagy
and mitophagy to protect against I/R-induced injury by pro-
tecting mitochondria and inhibiting ROS production through
the regulation of melatonin, which demonstrated that EA
upregulated mitophagy-associated proteins, eliminated
damaged mitochondria, and reduced ROS generation by
regulating melatonin, which is linked to the inhibition of
NLRP3 inflammasome activation. The neuroinflammatory
response contributes to the pathogenesis of ischemic stroke
[47]. Extensive studies have shown that inflammatory cells
and proinflammatory cytokines are strongly associated with
brain injury and neurological dysfunction after stroke [10,
12, 13]. More importantly, research shows that the NLRP3
inflammasome is an essential modifier of neuropathology
in PSCI [16]. The findings of our study indicated that EA
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promotes mitophagy and suppresses ROS-induced NLRP3
inflammasome activation to attenuate the inflammatory
response after I/R injury by regulating melatonin secretion,
which dominates the modifier of neuropathology and ame-
liorates neuroinflammation-mediated cognitive deficits in
PSCI rat models.

Conclusions

In conclusion, the results of this study expand our under-
standing of the neuroprotective effects of EA on I/R-induced
cognitive impairment and reveal potential underlying mecha-
nisms. We demonstrated that EA-upregulated endogenous
melatonin played a multiprotective role in stroke and PSCI
via the inhibition of NLRP3 inflammasome activation and
reduced inflammatory responses. However, the multiprotec-
tive effect of EA treatment on the DU24 and DU20 acu-
points still needs to be further determined.
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