www.aging-us.com AGING 2020Vol. 12, No. 13

ResearchPaper
Electroacupuncture amelioratecerebral ischemia/reperfusion injury
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ABSTRACT

Cerebralischemia/reperfusion(CIR)injury occurswhen blood flow is restored in the brain, causingsecondanr
damage to the ischemic tissues. Previous studies have shown that electroacupuncture (EA) treatment
contributes to brain protection againstCIRinjury through modulating autophagy.Sudies indicated that SIRT
FOXO1plays a crucial role in regulating autophagy. Here we investigated the mechanismsunderlying the
neuroprotective S i SaD BAand its role in modulating autophagyvia the SIRTIFOXO1signalingpathway in
rats with CIRinjury. EApretreatment at éBaihug 2Quchg and éZusanlé acupoints (2/15Hz,1mA, 30 min/day)
was performed for 5 daysbefore the rats were subjectedto middle cerebralartery occlusion and the results
indicated that EA pretreatment substantially reduced the Longascore and infarct volume, increased the
dendritic spine density and lessenedautophagosomea in the peri-ischemiccortex of rats. Additionally, E£
pretreatment alsoreducedthe ratio of LC3II/LC3l, the levelsof AcFOXOIand Atg7,and the interaction of Ac
FOXOland Atg7, but increasedthe levelsof p62, SIRT1and FOXO1Theabove effects were abrogated by the
SIRTlinhibitor EX527 Thus, we presume that EA pretreatment elicits a neuroprotective effect against CIF
injury, potentially by suppressingautophagyvia activatingthe SIRTIFOXO X ignalingpathway.

INTRODUCTION world's largest developing country, China is really
facing the challenges of taking care of a rapidly aging

Stroke, including ischemic stroke and hemorrhagic population, and the mean age of peoplith prevalent

stroke,is the secondargest cause of death globatind stroke was 66.4 yea[4]. The most common subtype of

the top leading cause of mortality in China, whids stroke in China is ischemistroke,which accouns for

the largest stroke burden in the wolflti 3]. As the 69.6% of all strokefb]. In addition,the lifetime risk of
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ischemic strokeis approximately double that of
hemorrhagic strokamong both men and womexross
different regions and sociodemographic index quintiles
[6]. Ischemic stroke occurs when there is a sudden
occlusion of the arterial blood supply to part of the
brain and it is most commonly manifested by focal
neurologicaldeficits. Timely restation of blood flow
and rapid revascularization of the occluded vessels are
the most effective approaches to reversing cerebral
ischemic damage.Thrombolysis to recanalize the
occlusion and rperfuse the brain, through either
pharmacological or mechanical meaasethe mainstay
treatment options for patients with ischemic strcded
recombinant tissuplasminogen activator{PA) is the
only drug approved by the U.S. Food and Drug
Administration (FDA) for treating ischemistroke
Delays in achieving reperfusion, incomplete
recanalization, hemorrhagic transformationand
secondary injury following reperfusicare some of the
limitations of intravenous thrombolysi$7]. Blood
reperfusion can result in a series of pathological
reactbns including oxidative stres§8], inflammation

[9], endoplasmic reticulum stre$%0], apoptosis[11,

12], and autophagy [13], leading to cerebral
ischemia/reperfusion (CIR) injury, whiclhas been
defined as a biochemical cascade causing further
worsenng of ischemic brain tissue that concomitantly
reverses the benefits of restoring circulation following
stroke occurrencdl14]. Therefore, it is essential to
explore an alternative or complementary medicine
including numerous types of pretreatment
measurerants to prevent dimit CIR injury.

Electroacupuncture (EA) is a specialized therapeutic
method in which a small electrical charge is applied to
needleghatare already inserted into specific acupoints
and have attainede Qi (a composite of unique
sensations experienced by patients, commonly
described as soreness, numbness, disten and
heavinessand felt by the acupuncturists as tense, tight,
and full)[15]. EA benefits from traditional acupuncture
and electrical stimulationand it can be performed
rapidly andis a stable treatmenandthe standardized
stimulation can be controlleth addition, EA has been
used to treat a broad spectrum of conditiswch as
headache, dizziness, facial spasm, depression, anxiety,
schizophrenia, Alzheimertisease, as well as ischemic
stroke[16i 18]. EA has also been fourd bepotentially
beneficial for CIR injury[19]. Accumulating evidence
suggest that EA could dramatically attenuate bleod
brain barrier disruption and decreag®e volume of
cerebral infaction, ameliorate learning and memory
impairment as well as neurological deficits in rats with
CIR injury [20, 21]. Further studies demonstrated that
the beneficial efficacy may be achievew benignly
modulating the aniinflammatory response, oxidative

stress, glutamate excitotoxicitppoptosis as well as
autophagyf22i 24].

Autophagy a highly conserved dynamic process
degra@slonglived or misfolded proteins and damaged
organelles, the functions of which decline with
advanced agingServe as an idependent risk factor for
chronic diseassuch asneurodegeneratiyeancerand
cardiovascular diseasesaging is an irreversible
biological processStudies have shown thatitaphagy
regulaes agingrelated diseases[25], especially
neurodegenerative diseases including Alzheimer's
disease[26], Parkinson's diseasg7], and ischemic
stroke [28]. Autophagy could be exacerbated by
ischemia, hypoxia, and stress response during CIR
injury [29]. Current studies show thatthe EA
pretreatmentcould protect bain tissue against CIR
injury by suppressingutophagy[24, 30]; however, the
mechanisms underlying the efficacy are poorly
understood. Silent information regulator 1 (SIRTSLa
NAD-dependent deacetylase thiat able to regulate
inflammatory responsesxidlative stress, apoptosand
autophagy by deacetylating histones and-hisiones
such as the Forkhead box O1 (FOXO1) and &3
32]. Our previous study indicated that the expression of
SIRT1 was significantly downregulated after CIR
injury, increasig the expression of SIRT1 could protect
brain against CIR injury; while pretreatment with
EX527, a SIRT1 inhibitor, could abolish the brain
protection of SIRT1 [32] As the first found
transcription factor irthe FOXO family, FOXO1 was
implicated as a crual regulator of autophagy ithe
heart, skeletal muscle, liveas well aghebrain[33]. In

the condition of oxidative stress, the expression of
acetylated FOXO1l (A€0OXO1) increased inthe
cytosol and interacted with autophaggfated gene 7
(Atg7), ore of the essential molecules in autophagy, to
activate autophagjB4, 35]. However,further detailed
mechanisms have not yet been fully elucidated.

Herein, the present study investigated the mechanism
involved in the beneficial feects of EA pretreatment
against CIR injury. We hypothesized that EA could
ameliorate CIR injury anduppressautophagy during
ischemidreperfusionby activating the SIRT1-FOXO1
signaling pathway.

RESULTS

EA pretreatment alleviated neurological deficits and
reduced infarct volume in rats with CIR injury

To identify the neuroprotective effects of EA at
fiBaihuid (GV20), Quthd (LI11), a n dZusdnld

(ST39 acupoints, we first evaluated the neurological
deficits and the cerebral infarct volume after 24 h of
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reperfusiom. Rats in thesham group did not exhibit any
signs of neurological behavioral dysfunction, whereas
rats in the I/R group exhibited significant manifestations
of neurological deficits. A great reduction of
neurological deficit scores was obseniadrats of the

I/R + EA group compared with the I/R group. However,
/IR + EA + EXb527 prereatment eliminatedthe
decreasedeurological scoresf the EA préreatment
(Figure 1C).

The infarct volume wsmeasured by TTC staining after
24 h of reperfusion. The whiteareas represesd
infarcted brain tissue, aridered areas represeatnon
infarcted regions (Figre 1D). The infarct volume of
rats in the I/R group was markedly larger than that of
the sham group.The EA pretreatment significantly
reduced the infarct vdume compared with the I/R
group. However, pretreatment with EA+ EX527
blocked the reductionof cerebral infarction caused by
the EA pretreatmengFigure 1E).

EA pretreatment increased dendritic spine densityn
cortical neuronsof rats with CIR injury

We further assessed the effect of EA on the demsity
dendritic spines in cortical neurons by Gedgix
staining. The results showed that the dendritic spine
densityin cortical neurons was markedly decreased in
rats of the I/R group compared with tBleam group.
The EA pretreatment athe GV20, LI11 and ST36
acupoints significantly increased dendritic spine density
in cortical neurons. Nevertheless, pretreatment with
EA+ EX527 blocled the increasen dendritic spine
density improved byhe EA pretreatmen(Figure 2).

EA pretreatment decreased the formation of
autophagosomes and autophagolysosomes after CIR
injury

Autophagosomes or autophagolysosomes are observed
by electron microscopy and have been considered the
gold standard for identifying autophagyhus, we
detected the formation of autophagosomes in newbns
the periischemic cortex by electron microscopy. As
shown in Figire 3, neurons irtherat of thesham group
were relatively normal and showed a comparative
normatooking nuclels mitochondra, endoplasmic
reticulum and ribosomesAfter 24 h of reperfusion,
increased autophagosomes and autophagolysosomes
could be found inthe neuronsThe e&llular morphology

was heavily impacted. The mitochondria er
abnormally swollen and lost their intefyri Some
mitochondrial cristae tth broken, decomposedand
even disappeared’he EA pretreatment decreased the
number of autophagosomes and autophagolysosomes,
as well asalleviated the injury of the ultrastructure of

neurons. In addition, he morphology b the
mitochondria vas relatively normal and the nucleus
and membrane of neurons were clearly visible.
However, EX527 abrogated the beneficial effect of EA
on the ultrastructure of neurorsnd increased the
number ofautophagosomes and autophagolysosomes.

EA pretreatment reduced the expression of LC3
while increased the expression of p62 in cortical
neurons

After 24 h of reperfusion, we examined the activity and
location of autophagy by immunofluorescestaining.
Since LC3 and p6%ereboth used as spéic markers

of autophagy, we evaluated LB&uUN and p6&NeuN
in each group.
that LC3 and p62 mainly existed in cortical neurons
(Figure 4A, 4C). Compared with the sham group, the
level of LC3 was dramatically increased in the I/R
group while the expression of p62 was significantly
decreased in cortical neuron¥he EA pretreatment
significantly downregulated the expression level of
LC3, upreguated the expression of p62 in cortical
neurons. However, pretreatment with EX527 bbxatk
the decrease of LC3 and the increase of p62 in cortical
neurons (Figre4B, 4D).

EA pretreatment decreased the ratio of LC3II/LC3 -
| and upregulated the proteinexpression level of p62
after CIR injury

To further examine the effect of EA pretreatmenthat
GV20, LI11 and ST36 acupoints on autophagy in the
pertischemic cortex, the protein levels of LC3 and p62
were evaluated by western blot after 24 h of
reperfision. The result showed that the ratio of EC3
II/LC3-I was significantly increased, while the protein
expression of p62 was markedly decreased in the I/R
group versus theham group. In comparison tbe I/R
group, the LC3I/LC3-I ratio was significantly
decreased, and the protééwvel of p62 was significantly
increased in th&R + EA group. However, th#R + EA

+ EX527 group showed an incredsehe ratio of LC3-
II/LC3-I and a decreasm the level of p62 compared
with thel/R + EA group(Figure5).

EA pretreatment increased the protein level of
SIRT1, contributed to the deacetylation of FOXO1,
and decreased the protein level of Atgafter CIR
injury

To exploe the underlying mechanisms by which
pretreatment with EA athe GV20, LI11, and ST36
acupointgnayinhibit autophagyia the SIRT:FOXO1
signaling pathway during Clihjury, we evaluated the
protein expression levels of SIRT1, FOXO1,
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Figuire 1. EA pretreatment amelioraté neurological deficits andreduced infarct volume in rats with CIR injury(A) The
schematic diagram illustrating the chronological eventsxgferiments(B) Ratschematioa)and humanschematicb) showing the location
of the EA acpoints selectedin the presentstudy. GV20 stands f@Baihuio, which is located ahe right midpoint of the parietal bone.111
stands forfiQucho, which is located in the depression lateral to the anterior aspect of the radial proximal e®B86tands forfizusanip,
which islocated in the posterolateradide of the knee joint, approximately 5 mm below the capitula fib(@a Neurological deficit scores
(n=14) Neurological deficits were evaluated by Lofsgscore. D) Images of brain sections by TTC stainiBgThe ratio of infarct volume.
Datawere presented as meat SEM 1§=3).” P<0.01,vs sham groupP<0.01,vs I/R group#&P<0.01vs I/R +EA group.
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Ac-FOXO1 and Atg7 at 24 h after reperfusion. The
western blot results showed that the protein levels of
SIRT1 and FOX1 were significantly decreased in the
I/R group compared with thr@am group, while the Ac
FOXO1 and Atg7 levels were significantly increased.
The EA pretreatment markedly increased the protein
expression of SIRT1 and FOXO1 and decreased the
levels ofAc-FOXO1 and Atg7 after 24 h of reperfusion.
However, the EX527 administrationabrogatd the
increase of SIRT1 and FOXOL1 levels and increased the
levels of AcFOXO1 and Atg7 (Figre®6).

EA pretreatment suppressed the interactionof Ac-
FOXO1 and Atg7 after CIR injury

We further examing the effect of EA pretreatmerin
the interaction of AGOXO1 and Atg7in the per

Spine density (Spines /10 pm)

Sham

(b)

(@ [

* %

/R

ischemic cortexafter 24 h of reperfusiomhe results of
the @-immunoprecipitationassay revealed thatthe
interaction of AeFOXO1 and Atg7 \as dramatically
increased in the I/R group compared with the sham
group. The EA pretreatmergignificantly suppressed
the interaction of AGOXO1 and Atg7 compared with
the I/R group. Howeverthe EX527 administration
abrogatd the suppression othe interactionof Ac-
FOXO1 and Ag7 induced by the EA pretreatment
(Figure 6E).

DISCUSSION

In the current study, we investigated the neuroprotective
effects of EA pretreatment #ite GV20, LI11, and ST36
acupoints against CIR njury and the underlying
mechanism®f modulating autophagylhe presentdata

&&

UR+EA I/R+EA+EX527

Figure 2. Effect of EA pretreatment on the dendritic spine density in cortical neurons in rats with CIR it§ufshe Golgcox
staining for the dendritic spine of neuroirsthe periischemic cortex in the sham group (a), the I/R group (b), the I/R + EA group (c), and the

I/R + EA +X527 group (d) (100x%). High magnification images are shown in the small windows (400x). The graphs below (a), (b)) (c), and (d

were enlargedwith 1000x, respectively. Scale bar, 100x: 200 um, 400x: 100 um; 1000x: 1B) firhe (dendritic spine density in cortical
neurons. Data were presented as the mean + SEN)(™ P<0.01vs sham group?P<0.01vs I/R group&4P<0.01vs I/R + EA group.
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showed that treatment with EA athe GV20, LI11,
and ST36 acupoints continuously for 5 days
dramatically reduced the volume of cerebral infarction,
alleviated neurological deficitsand increased the
dendritic spine density afeurons in the peischemic
cortex In addition EA pretreatmenmarkedly reduced
the expression of LC3 imeuronsand increased the
expression of p62 imeuronsof the cerebral cortex
Western blotting also showed that the ratio of LC3
[I/LC3-I decreasednd the level of p62 increased after
the EA pretreatmentAdditionally, EA pretreatment

Figure 3. EA pretreatment inhibited the formation of
autophagosomes and autophagolysosomes (yellow
arrow) in cortical neurons of rats with CIR injurya)
Autophagosomes and autophagolysosomes in neurons of the
peri-ischemic cortex in the sham group (a and b) and the I/R
group (c and d).B) Autophagosomes and autophagolysosomes in
neurons of the perischemic cortex in the I/R + EA group (e and f)
and the IR + EA + EX527 group (g and h). The images of b, d, f,
and h indicated the enlarged area of the squares in a, c, e, and g,
respectively. Scale bar: a, ¢, e, g, 5um; b, d, f, h, 2 um.

further enhanced the expressionSHRT1, inhibited the

level of AcFOXO1l and Atg7, and suppressed the
interaction of AeFOXO1 andAtg7. However, allthose

effects of EA pretreatmentwere abrogaté by the

SIRT1inhibitor EX527. All thesefindingsinnovatively

indicate that EA pretreatmergxhibits a beneficial

efficacy agains focal CIR injury by suppressing
autophagy through actiting the SIRT1-FOXO1

signaling pathway.

Acupuncture a distinctive complementary theraplyas
been used to prevent and treat various diseases for
thousands of years in China and other SoutheasinAsi
countries [36138]. As early as 1979, acupuncture
needles have been approved thg FDA as Class Il
(investigational) medical device and allowed their
clinical use by licensed practitionelf39]. In the same
year, 43 kinds of diseases and disordiat can be
cured by acupuncture, such as nauseaiting, pain,

as well as ischernistroke were approved by thé&/orld
Health Organization. EA, a novel therapy based on
traditional acupuncture combined with modern electric
stimulation to the acupointshas a nearly 209ear
history which was the first agpd by French
physicians Louis Berlioz in his clinical work in the
early eighteenth centuff0]. At present, EAhas been
generally acknowledged worldwide due to the
remarkable neuroprotective effeict treating ischemic
cerebrovascular disease such as ischemic stidke
42]. After reviewing the references regarding
acupuncture treatment for ischemic cerebrovascular
diseases, we found that GV20, L]Bhd ST36 were the
most frequently selected acupits [23, 42]. According

to the meridian theory of traditional Chinese medicine,
fiBaihud ( GV20) is one of the
of Du Meridian (the government vessel) and is
commonly used in neurology and psychiatig3].
fiQuchd (LI111) a n &usdnio (ST36) are sea points of
the Yangminglarge intestine meridian of the hand and
Yangmingstomach meridian of the faoand they are
the most commonly used to clinically treat stroke in
China[44]. Hence in this study we screead out the
three acupointsto investigate the efficacyof EA
pretreatmenin rats with CIR injury.

For decades, numerous clinical trials have evaluated the
efficacy and safety of EAtreatment for ischemic
cerebrovascular diseasespeciallyischemicstrokeas a
complementaryand alternative therapy[18, 45]. A
randomized controlled trisduggested thd&A at thelLl11
and ST36 acupointswas beneficial andsafe for the
treatment ofpoststroke spasticitysuch asmuscle tone,
motor function andactivities of daily living[46]. Another
clinical studyshowed that motor functions of the limbs
and the activities of daily living in hemiplegic patients
caused by acute cerebral infarction wereproved
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significantly afterEA treatmentat GV20, LI11, and ST36 bilaterally and induce the excitation of nerve tissue related
and associated withhe redudion of serum neuron to motion thus further contributing to the recovery of

specific enolase, soluble proteifOB and endothelin motor function [48]. However,

the underlying

levels[47]. Moreover clinical research also indicated that mechanisms responsible for BEReatnent efficacy for
EA at GV20 might activate the cerebral motor areas ischemic stroke remain poorly understood.
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Figure 4. EA pretreatmentinhibited the expressionof LC3in NeuNpositive neuronsof the peri-ischemic cortex while
promoted the expressionof p62 in NeuNpositive neuronsof the perrischemic cortex after 24 h of reperfusion(a)
Representative images a3 (redNeuN (green)doublelabeledstaining(400x). High magnification images are shown in the small windows
(1000%). Scale bar, 400 50 pm; 1000x: 10 um. B) Mean fluorescence intensity for LC3 in neurons of the-igeliemic cortex. @
Representative images pb2 (redjNeuN (green)double-labeledstaining(400x). High magnification images are shown in the small windows
(1000x). Scale bar, 400 50 um; 100%: 10um. O) Mean fluorescence intensity for p62 in neurons of the qmhemic cortex. Datevere

presented as the measSEM 1=3). * P<0.01vs sham group#P<0.01vs I/R group&P<0.01vs I/R +EA group.
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CIR injury is an aggravating secondary injury during
thrombolytic therapy of ischemic cerebrovascular
disease Accumulating experimentalresearchs hawe
demonstratedhat the superior functiongnducel by EA

in treating CIR injury include effectively restoring
blood supply, reducing theerebralinfarct volume,and
improving learning and memory impairmef#9i 52].
Thesebeneficial effects of EA pretreaamt havebeen
confirmed to be achieved by benignly regulating a
series of pathological reactimnZou et al[20] reported
that EA pretreatment at GV20 dramatically redutiesl
bloodbrain barrier permeability and brain edema
through suppressing theéegradation of tight junction
proteins and inhibiting the expression etgveolinl in
endothelial cellstherebyattenuaing CIR injury in rats.
Liu et al[53] found that EA treatment at LI11 and ST36
acupoints in rats with MCAO decreakthe expression
of inflammatory cytokines including tumor necrosis
factoralpha, interleukirl beta and interleukirb,
reducel the volume of cerebral infarction, and imprdve
nerve motor function, suggesting that the
neuroprotection afforded by EA against CIR injury
involved an antinflammation effect. Studies have
suggested thdEA pretreatmenat GV20[24] and U11
and ST36 acupoints4] exers neuroprotective effects
following CIR by suppressing autophagiretreatment
with EA at GV20could significantly decrease theatio

of LC3-II/LC3-I and ircreaseéhe expression levels of p
AKT and pmTORin rats with CIR injury, suggesting

IIR+EA I/R+EA+EX527

A Sham IR
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e SR e @ | 14 kDa
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that EA may inhibit autophagy througactivating the
AKT-mTOR pathway [30]. Another similar study
showed thaEA at LI11 and ST36 acupointicreased
thelevelsof LC3-II/LC3-I, Atg13, ULK1 and Beclin 1,
and increased the expression of mTORGddicating
that the potential mechanissn underlying autophagy
inhibition by EA might bemediated by the activation of
the mTORCXULK complexBeclinl pathvay [55].
However, the underlying mechanism of EA
pretreatmentt GV20, LI11, and ST36 have not been
completely elucidatedWe herein tried to revealthe
possible underlying mechanisaf EA pretreatment at
GV20, LI11, and ST36 in rats with CIR injury.

In the present study, we fouridat EA atthe GV20,
LI11, and ST36 acupoints effectively reduced the
cerebral infarct volume and improved neurological
impairment symptoms in rats withCIR injury,
indicating thatEA pretreatment extted a beneficial
effect in rats with CIR injury. Dendritic spines are
small, thin, specialized protrusions from neuronal
dendrites and consist of a dense network of cytoskeletal,
transmembrane molecules, and numerous surface
receptors [56]. Dendritic spnes are sensitive to
pathological changes in the braand they areritical

in cognitive and motor function, as well as memory
formation. In our study, we found that thdendritic
spine densityvas reduceth the cortical neuronsf rats

with CIR injury; however, EA pretreatment markedly
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Figure 5. EA pretreatmentlown-regulated the protein level of LC3, whileip-regulated the p62 level in the perischemic
cortex after 24 h of reperfusion(A) Protein band of LC3 and the ratio of HZBC3I. B) Protein band and relative protein level of p62 in
the perih & OK S Y A Oactid avdsluS& &5 alloading control. Data were presented as the mean #8B)." P<0.01vs sham group.

#P<0.01vs I/R group&P<0.01vs I/R + EA group.
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Figure 6. EA pretreatment upegulated the protein levels of SIRT1, FOXO1, dawgulated the protein levels of AEOXO1

and Atg7 in the perischemic cortex after 24 h of reperfusiol) Protein band and relative expression of SIRT1 in theigmrémic
cortex. B) Protein band and relative expression of FOXO1 in theigmrémic cortex.@ Protein band and relative expression of/A@XO1 in

the periischemic cortex.[{) Protein band and relative expression of Atg7 in the-getiemic cortex.H) ColPbetween Atg7 and AEOXO1

in the pertischemic cortex and the relative quality of-B©XO1 after normalization with Atg7, and input results of Atg7 ar@ h¢ hm & |
actin was used as a loading control. Data were presented as the mean inSEM P<0.01vs sham group?P<0.05 and®P<0.01vs I/R
group;%P<0.05 and®P<0.01vs I/R + EA group.
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