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Abstract
Aims: Alleviating	neurological	dysfunction	caused	by	acute	ischemic	stroke	(AIS)	re-
mains	intractable.	Given	Annexin	A6	(ANXA6)'s	potential	in	promoting	axon	branch-
ing	and	repairing	cell	membranes,	the	study	aimed	to	explore	ANXA6's	potential	 in	
alleviating	AIS-	induced	neurological	dysfunction.
Methods: A	mouse	middle	cerebral	artery	occlusion	model	was	established.	Brain	and	
plasma	ANXA6	levels	were	detected	at	different	timepoints	post	ischemia/reperfu-
sion	(I/R).	We	overexpressed	and	down-	regulated	brain	ANXA6	and	evaluated	infarc-
tion volume, neurological function, and synaptic plasticity- related proteins post I/R. 
Plasma	ANXA6	levels	were	measured	in	patients	with	AIS	and	healthy	controls,	inves-
tigating	ANXA6	expression's	clinical	significance.
Results: Brain	ANXA6	 levels	 initially	decreased,	gradually	 returning	 to	normal	post	
I/R;	plasma	ANXA6	levels	showed	an	opposite	trend.	ANXA6	overexpression	signifi-
cantly	decreased	the	modified	neurological	severity	score	(p = 0.0109)	1 day	post	I/R	
and	the	infarction	area	at	1 day	(p = 0.0008)	and	7 day	(p = 0.0013)	post	I/R,	and	vice	
versa.	ANXA6	positively	 influenced	 synaptic	 plasticity,	 upregulating	 synaptophysin	
(p = 0.006),	myelin	basic	protein	(p = 0.010),	neuroligin	(p = 0.078),	and	tropomyosin-	
related	kinase	B	 (p = 0.150).	Plasma	ANXA6	 levels	were	higher	 in	patients	with	AIS	
(1.969	[1.228–3.086])	compared	to	healthy	controls	(1.249	[0.757–2.226])	(p < 0.001),	
that	served	as	an	independent	risk	factor	for	poor	AIS	outcomes	(2.120	[1.563–3.023],	
p < 0.001).
Conclusions: This	study	is	the	first	to	suggest	that	ANXA6	enhances	synaptic	plastic-
ity and protects against transient cerebral ischemia.
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1  |  INTRODUC TION

Worldwide,	stroke	is	the	second	leading	cause	of	mortality	and	the	
primary cause of disability.1	Acute	ischemic	stroke	(AIS),	a	main	sub-
type, refers to a rapid reduction of blood supply to the brain, result-
ing in impaired brain function.2 Currently, the two widely accepted 
therapies	 for	AIS	are	 intravenous	 thrombolysis	using	 recombinant	
tissue	 plasminogen	 activator	 (alteplase)	 and	 blood	 clot	 removal	
(thrombectomy).2,3 However, these therapies are limited to the 
therapeutic time window and the therapeutic effects are not effec-
tive for all the patients. Therefore, alleviating neurological function 
damage due to ischemic stroke remains a major challenge.

The	annexin	family,	comprising	12	members,	belongs	to	Ca2+- 
dependent phospholipid- binding proteins.4	Annexin	A6	(ANXA6),	
with	 the	 largest	molecular	weight	 and	most	 annexin	 cores,	 con-
tributes to membrane transport and cellular signal conduction.5 
ANXA6	 has	 been	 extensively	 observed	 in	 neurons	 and	 vascular	
smooth	muscle	 cells,	 among	others.	ANXA6	 is	mainly	 located	 in	
dendrites, cell membranes, and nervous fibers in pyramidal neu-
rons.6	During	primary	neuron	development,	ANXA6	accumulates	
at	the	initial	sites	of	axons,	significantly	promoting	axon	branches.7 
This	 effect	 is	 possibly	 owing	 to	 ANXA6	 regulating	 membrane–
actin	 interactions	 in	 axons	 and	 nerve	 terminals.8	 Additionally,	
cell	 membrane	 damage	 can	 lead	 to	 various	 diseases.	 ANXA6	
forms a repair cap at lesion sites, promoting cell membrane re-
pair.	 Notably,	 ANXA6-	mediated	 repair	 caps	 have	 been	 found	 in	
impaired neurons.9 Despite ischemia causing neuron injury, which 
induces	 neurological	 dysfunction,	 the	 role	 of	 ANXA6	 in	 AIS	 re-
mains unreported.

2  |  METHODS

2.1  |  Animal care

Our	animal	experiments	adhered	to	ethical	requirements	and	were	
approved	 by	 the	 Institutional	Animal	Care	 and	Use	Committee	 of	
Capital	Medical	University	(XW-	20220829-	2).	Adult	male	C57/BL6	
mice	 (8–10-	weeks	old)	weighing	20–25 g	were	obtained	from	Vital	
River	Laboratory	Animal	Technology	Co.,	Ltd.	 (Beijing,	China).	The	
mice were reared under standardized conditions.

2.2  |  Experimental protocols

2.2.1  |  Experiment	I

To	explore	ANXA6	expression	 levels	 in	 the	brain	and	plasma	post	
AIS,	 we	 randomly	 categorized	 the	 mice	 into	 six	 groups	 based	 on	
whether	they	experienced	middle	cerebral	artery	occlusion	(MCAO)	
and reperfusion injury and the time of brain tissue and plasma col-
lection:	sham,	6 h,	1 day,	3 days,	7 days,	and	28 days	post	 ischemia/
reperfusion	(I/R)	(n = 5)	(Table S1).

2.2.2  |  Experiment	II

To	 determine	whether	 ANXA6	 can	 improve	 AIS-	induced	 neuro-
logical dysfunction, we used an intracerebroventricular injec-
tion	 (ICV)	of	 lentivirus	 to	 intervene	 in	ANXA6	expression	 in	 the	
brain.	We	decreased	ANXA6	 levels	 in	the	brain	using	the	 ICV	of	
ANXA6	shRNA	lentivirus	(sh	ANXA6),	and	a	control	group	was	es-
tablished	using	 the	 ICV	of	 a	 nonsensical	 oligonucleotide	 control	
(NC).	Additionally,	we	 increased	ANXA6	levels	 in	the	brain	using	
the	ICV	of	a	lentiviral	vector	overexpressing	ANXA6	(ANXA6	OE),	
and	 a	 control	 group	was	 established	 using	 the	 ICV	of	 an	 empty	
vector	(EV).	Briefly,	30	mice	were	randomly	categorized	into	five	
groups:	sham,	MCAO + sh	ANXA6,	MCAO + NC,	MCAO + EV,	and	
MCAO + ANXA6	OE	(n = 6)	(Table S1).	Excluding	those	in	the	sham	
group,	all	mice	were	subjected	to	MCAO	7 days	after	the	lentivirus	
ICV,	and	brain	tissues	and	plasma	were	collected	7 days	post	I/R.	
Cerebral infarction volume, brain edema, body weight, Longa, and 
Modified	 neurological	 severity	 score	 (mNSS)	 scores	were	 evalu-
ated	1 day	and	7 day	post	I/R	to	assess	the	role	of	ANXA6	in	the	
brain post I/R.

2.3  |  Transient focal cerebral ischemia and 
neurological evaluation

A	 transient	 focal	 cerebral	 ischemia	was	 induced	 in	 C57/BL6	mice	
through	 transient	MCAO,10	 followed	 by	 reperfusion	 after	 60 min.	
Mice were anesthetized with 3.5% enflurane in N2O:O2	(70%:30%).	
During	 surgery,	 vital	 signs	 (e.g.,	mean	 arterial	 blood	 pressure	 and	
heart	 rate)	were	 kept	 stable,	 and	 rectal	 temperature	was	 consist-
ently	maintained	at	37 ± 0.5°C.	Neurological	function	was	evaluated	
using	 the	Longa	and	mNSS	scoring	systems	by	a	blinded	observer	
1 day	and	7 days	post	reperfusion.

2.4  |  Intracerebroventricular injection of lentivirus

The lentiviruses used in this study were purchased from Hanbio 
Tech	 (Shanghai,	 China).	 We	 overexpressed	 ANXA6	 and	 down-	
regulated	ANXA6	in	the	brain	using	the	lentivirus	ICV.	Lentiviruses	
encoding	 shRNAs	 for	 ANXA6	 were	 defined	 as	 sh	 ANXA6,	 and	
a nonsensical oligonucleotide served as the control. The lenti-
viral	 vector	 overexpressing	 ANXA6	was	 defined	 as	 ANXA6	OE,	
and	 an	 empty	 vector	 served	 as	 the	 control.	 The	 lentivirus	 ICV	
was conducted based on procedures described by Luo et al.11 
Approximately	7 days	after	lentivirus	injection,	the	mice	were	sub-
jected	to	MCAO.

2.5  |  Calculation of infarction volume

Mouse brain tissues were collected, stained with 2,3,5- triphenyl 
tetrazolium	chloride	 (TTC),	sliced,	and	photographed.	 Images	were	
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analyzed	 using	 ImageJ	 software	 (National	 Institute	 of	 Health,	
Bethesda,	MD,	USA).12	Subsequently,	the	infarction	volume	was	cal-
culated using the following equation: c = (a − b) ÷ a × 100%, where a 
is the contralateral entire area, b is the ipsilateral non- infarction area, 
and c	is	the	relative	infarction	volume	(%).13

2.6  |  Western blot analysis

Infarcted	hemispheres	were	homogenized	and	lysed	using	RIPA	lysis	
buffer	 (G2002,	 Servicebio,	Wuhan,	 China),	 supplemented	with	 pro-
tease	 inhibitor	 cocktail	 (Roche)	 and	 phosphatase	 inhibitor	 cocktail	
(Roche),	followed	by	sonication	on	ice.	The	supernatant	was	collected	
after	 centrifugation	 (12,000 g,	 30 min).	 Protein	 concentration	 was	
quantified	 using	 a	BCA	 reagent	 (G2026,	 Servicebio,	Wuhan,	China).	
Western	 blot	 procedures	 were	 based	 on	 previous	 literature.14 The 
primary antibodies used in our study comprised the following: anti- 
annexin	 A6	 rabbit	 polyclonal	 antibody	 (1:2000	 dilution,	 12,542-	1-	
AP,	 Proteintech),	 anti-	neuroligin	 rabbit	 polyclonal	 antibody	 (1:1000	
dilution,	 ab36602,	 Abcam),	 anti-	myelin	 basic	 protein	 (MBP)	 rabbit	
polyclonal	 antibody	 (1:1000	 dilution,	 ab40390,	 Abcam),	 anti-	TrkB	
rabbit	 polyclonal	 antibody	 (1:1000	 dilution,	 ab18987,	 Abcam),	 anti-	
synaptophysin	rabbit	monoclonal	antibody	(1:5000	dilution,	ab52636,	
Abcam),	and	anti-	β-	actin	mouse	monoclonal	antibody	(1:2000	dilution,	
GB15001-	100,	 Servicebio).	 The	 appropriate	 secondary	 antibodies	
used	were	horseradish	peroxidase-	conjugated	goat	anti-	rabbit	(1:2500	
dilution,	ZB-	2301,	ZSGB-	BIO,	Beijing,	China)	or	goat	anti-	mouse	anti-
body	(1:2500	dilution,	ZB-	2305,	ZSGB-	BIO,	Beijing,	China).

2.7  |  Immunofluorescence staining

Mouse brain tissues were coronally sliced into 10- μm thick sec-
tions and subjected to immunofluorescence staining as described 
previously.15	 Primary	 antibodies	 included	 anti-	annexin	 A6	 rabbit	
polyclonal	 antibody	 (1:50	dilution,	12,542-	1-	AP,	Proteintech),	 anti-	
annexin	A6	mouse	monoclonal	antibody	(1:50	dilution,	sc-	271,859,	
Santa	Cruz	Biotechnology),	and	antineuronal	nuclei	mouse	monoclo-
nal	 antibody	 (1:50	dilution,	MAB377,	EMD	Millipore	Corporation).	
Appropriate	fluorescent-	labeled	secondary	antibodies	were	used.

2.8  |  Study population

Our study adhered to the Declaration of Helsinki and was approved 
by the Ethics Committee of Xuanwu Hospital, Capital Medical 
University	 ([2021]079).	 Written	 informed	 consent	 was	 waived.	
Patients who were admitted to the stroke unit between November 
2018	and	July	2019	at	our	hospital	and	diagnosed	with	AIS	based	on	
the criteria published in 201116	were	enrolled.	The	exclusion	criteria	
were	as	follows:	(1)	history	of	hepatic	or	renal	dysfunction,	(2)	his-
tory	of	other	neurological	diseases,	(3)	long-	term	medication	history,	
(4)	neurological	dysfunction	before	AIS	onset,	 (5)	hematological	or	
organic	diseases,	and	(6)	tumors.

2.9  |  Clinical variables

The baseline characteristics of the patients were reviewed, includ-
ing	 sex,	 age,	 laboratory	 results,	 medical	 history,	 infarction	 volume,	
National	 Institute	 of	 Health	 Stroke	 Scale	 (NIHSS)	 score,	 modified	
Rankin	scale	(mRS)	score	at	3 months,	and	treatment	regimen	(admin-
istration	of	rtPA	or	mechanical	thrombectomy).	Laboratory	test	results	
were classified as “normal” or “abnormal” based on reference intervals. 
AIS	severity	was	stratified	into	four	levels	according	to	NIHSS	scores:	
slight	 (≤4),	moderate	 (5–15),	moderate	to	severe	 (16–20),	and	severe	
(≥21).	 The	AIS	 prognosis	was	 classified	 into	 favorable	 (mRS	≤2)	 and	
poor	(mRS	>2	and	death	cases)	outcomes	based	on	mRS	scores.

2.10  |  Enzyme- linked immunosorbent assay

Approximately	500 μL of blood was collected from the inferior vena 
cava	 of	 each	mouse.	Approximately	 3 mL	 of	 peripheral	 blood	was	
collected from each patient and the healthy control group upon ad-
mission	before	therapeutic	 intervention.	Subsequently,	the	patient	
and	mouse	blood	samples	were	processed	to	extract	plasma.	Plasma	
ANXA6	 levels	were	assessed	using	enzyme-	linked	 immunosorbent	
assay	(ELISA)	kits	(EH1625,	FineTest,	Wuhan,	China).

2.11  |  Statistical analysis and graph plotting

Patient	baseline	characteristics	are	presented	as	means ± SD	or	me-
dians, with interquartile ranges based on continuous or categorical 
variables, respectively. Categorical variables were analyzed using 
Chi-	square	test	or	Fisher	exact	test.	Regarding	continuous	variables,	
all	data	distribution	normalities	were	assessed	through	Shapiro–Wilk	
and	Kolmogorov–Smirnov	tests	using	GraphPad	Prism	8.0	(GraphPad	
Software	Inc.,	San	Diego,	California,	United	States).	Data	with	normal	
distribution	 were	 analyzed	 using	 the	 Student's	 t- test. The data did 
not	conform	to	a	normal	distribution;	however,	the	Mann–Whitney	U 
test	was	used	to	analyze	the	data.	Statistical	analysis	was	conducted	
using	IBM	SPSS	statistics	version	23.0	(IBM	Corp.,	Armonk,	NY),	and	
a p- value <0.05 was considered statistically significant. The logistic 
regression model was established through a backward- forward se-
lection	procedure	using	R	software	(Version	4.4.1,	R	Foundation	for	
Statistical	Computing,	Vienna,	Austria).	 The	 figures	were	 generated	
using	GraphPad	Prism	8.0	(GraphPad	Software	Inc.)	and	R	software	
Version	4.4.1	(R	Foundation	for	Statistical	Computing).

3  |  RESULTS

3.1  |  Cerebral and plasma ANXA6 responses to 
transient cerebral I/R

We	initially	explored	the	variation	trend	in	ANXA6	expression	lev-
els	in	the	brain	and	plasma	at	6 h,	1 day,	3 days,	7 days,	and	28 days	
post	I/R	using	western	blotting	and	ELISA.	Western	blotting	results	
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showed	an	initial	decrease	in	brain	ANXA6	levels	post	I/R,	followed	
by	a	gradual	 increase	 to	normal	 levels	 approximately	28 days	post	
I/R	 (Figure 1A).	The	differences	between	 the	sham	group	and	 the	
6 h,	 1 day,	 and	 3 days	 post	 I/R	 groups	were	 statistically	 significant	
(p = 0.005).	 Figure 1B	 shows	 an	 increase	 in	 plasma	 ANXA6	 levels	
post	 I/R	and	a	 subsequent	decrease	 to	normal	 levels	28 days	post	
I/R, contrary to brain levels. Figure 1C,D demonstrate a gradual 
decrease	 in	 Longa	 and	mNSS	 scores	 from	6 h	 to	28 days	post	 I/R.	
Additionally,	Figure 1E	displays	that	ANXA6	was	extensively	distrib-
uted in the cytoplasm under normal conditions. However, post I/R, 
ANXA6	accumulated	mostly	on	the	cell	membrane.	Figure 1F shows 
the	colocalization	of	ANXA6	and	NeuN	post	I/R.

3.2  |  ANXA6 alleviates I/R- induced brain injury

To	explore	the	role	of	ANXA6	in	cerebral	I/R	injury,	we	established	
ANXA6	OE,	EV,	sh	ANXA6,	NC,	and	sham	groups.	The	cerebral	in-
farction	volume,	brain	edema,	body	weight,	Longa,	and	mNSS	scores	
were	 evaluated	 1 day	 and	 7 days	 post	 I/R.	 Additionally,	 synaptic	
plasticity-	related	factors	were	detected	7 days	post	I/R.

3.2.1  |  Overexpression	of	ANXA6	protects	the	
brain against I/R injury

Figure 2A	displays	the	TTC	staining	of	mouse	brain	slices.	ANXA6	
OE significantly decreased the infarction area compared to the 

EV	 group	 at	 1 day	 (p = 0.0008)	 and	 7 days	 (p = 0.0013)	 post	 I/R	
(Figure 2B).	 Figure 2C	 displays	 that	 ANXA6	OE	 significantly	 alle-
viated	brain	 edema	1 day	post	 I/R	 (p = 0.0196).	At	7 days	post	 I/R,	
brain	tissue	loss	in	the	ANXA6	OE	group	was	less	than	that	 in	the	
EV	 group,	with	 no	 statistical	 significance.	 Regarding	 body	weight,	
no significant differences were observed between the two groups 
1 day	 post	 I/R	 (Figure 2D).	 However,	 7 days	 after	 I/R,	 the	 body	
weight	of	the	ANXA6	OE	group	significantly	surpassed	that	of	the	
EV	group	(p = 0.0168).	Figure 2E	shows	that	ANXA6	OE	decreased	
Longa	 scores	 1 day	 and	 7 days	 post	 I/R,	with	 no	 statistical	 signifi-
cance.	Furthermore,	Figure 2F	shows	that	the	mNSS	scores	 in	the	
ANXA6	 OE	 group	 were	 significantly	 lower	 than	 those	 in	 the	 EV	
group	 (p = 0.0109)	 1 day	 after	 I/R.	 However,	 no	 significant	 differ-
ences	were	observed	in	the	mNSS	scores	between	the	two	groups	
7 days	post	I/R.

3.2.2  |  sh	ANXA6	exacerbates	I/R-	induced	
brain injury

The TTC staining of mouse brain slices is shown in Figure 3A. 
Figure 3B	 shows	 that	compared	 to	 the	NC	group,	 sh	ANXA6	 in-
creased	the	infarction	area	1 day	(p < 0.001)	and	7 days	(p < 0.001)	
after I/R. Figure 3C	 displays	 that	 sh	ANXA6	 significantly	 aggra-
vated	 brain	 edema	 1 day	 post	 I/R	 (p = 0.0034).	 However,	 7 days	
post I/R, neither group observed a significant difference in brain 
tissue loss. Figure 3D	 shows	 that	 sh	 ANXA6	 significantly	 ag-
gravated	 body	 weight	 loss	 1 day	 after	 I/R	 (p = 0.0455),	 but	 no	

F I G U R E  1 Cerebral	and	plasma	ANXA6	level	response	to	transient	cerebral	ischemia/reperfusion.	(A)	Western	blotting	results	of	ANXA6	level	
in	the	brain	at	different	timepoints	after	I/R.	MCAO:	middle	cerebral	artery	occlusion.	I/R:	ischemia/reperfusion.	(B)	Enzyme-	linked	immunosorbent	
assay	results	of	plasma	ANXA6	level	at	different	timepoints	after	I/R.	(C)	and	(D)	Longa	and	mNSS	score	results	at	different	timepoints	after	I/R.	
*p < 0.05;	**p < 0.01;	***p < 0.001.	(E)	Immunofluorescence	staining	for	ANXA6	receptor	(red)	and	DAPI	(blue)	in	brain	sections	(sham	and	MCAO	
at	day	7	after	I/R)	(arrowheads),	Scale	bars = 20 μm.	(F)	Immunofluorescence	staining	for	ANXA6	receptor	(green),	NeuN	(neuronal	marker,	red)	
(arrowheads),	and	DAPI	(blue)	in	brain	sections.	The	ANXA6	colocalized	in	the	neurons	(arrowheads)	on	day	7	post	I/R.	Scale	bars = 20 μm.
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significant differences were observed in body weight loss be-
tween	groups	7 days	after	 I/R.	Figure 3E displays that compared 
to	the	NC	group,	sh	ANXA6	increased	Longa	scores	by	1 day	after	
I/R	 (p = 0.0275).	 However,	 the	 Longa	 scores	 of	 the	 sh	 ANXA6	
group	were	slightly	higher	than	those	of	the	NC	group	7 days	after	
I/R, with no statistically significant difference. Figure 3F shows 
that	 the	 mNSS	 score	 of	 the	 sh	 ANXA6	 group	 was	 significantly	
higher	than	that	of	the	NC	group	 (p = 0.0085)	at	1 days	post	 I/R.	
Furthermore,	the	mNSS	scores	of	the	two	groups	7 days	after	I/R	
showed	a	similar	tendency	to	those	observed	1 day	after	I/R,	with	
no statistical significance.

3.3  |  ANXA6 regulates neuroplasticity

Neuroplasticity depends on cytoskeletal rearrangement, membrane 
morphology, and protein levels.17	ANXA6	regulates	membrane	mi-
crodomains and lipid raft arrangement, participating in endocytosis 
and	exocytosis.18 Lipid rafts refer to membrane microdomains rich 
in cholesterol, sphingolipid lipids, and proteins,19 participating in the 
signal transduction of neurons and other cells.20 The synaptic vesicle 
membrane	is	a	cholesterol-	dependent	microdomain.	Synaptophysin,	

a transmembrane protein found in synaptic vesicles, interacts with 
plasma membrane cholesterol, vital for synaptic vesicle endocyto-
sis.21 Neuroligin, a synaptic cell- adhesion molecule and a membrane 
protein within neurons, typically accumulates on the postsynaptic 
membrane and is involved in transsynaptic junctions, synapse for-
mation, and synaptic plasticity.22,23 MBP, a membrane- based intrin-
sically disordered protein, can interact with lipid membranes and 
link	 myelin	 layers	 surrounding	 axons,	 participating	 in	 compacting	
the myelin sheath during neural repair and regeneration after in-
jury.24,25 TrkB, typically located on lipid rafts, participates in synap-
tic transmission and plasticity by interacting with the brain- derived 
neurotrophic	 factor	 (BDNF).	 Lipid	 rafts	 are	 vital	 for	 BDNF–TrkB	
signaling.26

3.3.1  |  ANXA6	OE	increases	the	level	of	synaptic	
plasticity–related	proteins	in	the	brain

Western	 blotting	 was	 conducted	 to	 detect	 the	 expression	 levels	
of	 synaptic	 plasticity–related	 proteins	 in	 brain	 tissue	 (Figure 4A).	
Figure 4B–E	 display	 the	 statistical	 results.	 The	 expression	 levels	
of	 TrkB	 (p = 0.002),	 MBP	 (p = 0.002),	 neuroligin	 (p = 0.002),	 and	

F I G U R E  2 Over-	expression	of	ANXA6	protects	the	brain	against	I/R	injury.	I/R:	ischemia/reperfusion,	EV:	empty	vector,	OE:	
overexpression.	(A)	2,3,5-	triphenyltetrazolium	chloride	staining	of	brain	tissue	at	day	1	and	day	7	after	I/R.	(B)	Quantification	of	infarct	
volume	at	day	1	and	day	7	after	reperfusion.	(C)	Quantification	of	brain	edema	(day	1)	and	brain	tissue	loss	(day	7)	after	reperfusion.	(D)	Body	
weight	was	assessed	immediately	(day	0),	day	1,	or	day	7	after	I/R.	(E)	and	(F)	Longa	and	mNSS	scores	were	assessed	on	day	1	or	day	7	post	
I/R. *p < 0.05;	**p < 0.01;	***p < 0.001.
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synaptophysin	 (p = 0.002)	 in	 the	brains	of	 the	EV	group	were	 sig-
nificantly	lower	than	those	in	the	sham	group.	Similarly,	the	expres-
sion	levels	of	these	proteins	in	the	brains	of	the	ANXA6	OE	group	

were	higher	than	those	in	the	EV	group,	with	statistically	significant	
differences	 observed	 only	 in	 synaptophysin	 (p = 0.006)	 and	MBP	
(p = 0.010).

F I G U R E  3 sh	ANXA6	exacerbates	the	brain	injury	caused	by	I/R.	I/R:	ischemia/reperfusion,	NC:	nonsensical	oligonucleotide	control.	(A)	
2,3,5-	triphenyltetrazolium	chloride	staining	of	brain	tissue	at	day	1	and	day	7	after	I/R.	(B)	Quantification	of	infarct	volume	on	day	1	and	day	
7	after	reperfusion.	(C)	Quantification	of	brain	edema	(day	1)	and	brain	tissue	loss	(day	7)	after	reperfusion.	(D)	Body	weight	was	assessed	
immediately	(day	0),	day	1,	or	day	7	after	I/R.	(E)	and	(F):	Longa	and	mNSS	scores	were	assessed	on	day	1	or	the	day	7	after	I/R.	*p < 0.05;	
**p < 0.01;	***p < 0.001.

F I G U R E  4 ANXA6	over-	expression	
increased the synaptic plasticity- related 
proteins.	MCAO:	middle	cerebral	artery	
occlusion. TRKB: Tropomyosin- related 
kinase B, MBP: Myelin basic protein. 
EV:	empty	vector,	OE:	overexpression.	
(A)	Western	blotting	results	of	synaptic	
plasticity-	related	proteins.	(B–E)	
Quantification	of	the	expression	level	
of TRKB, neuroligin, synaptophysin, and 
MBP	in	the	brain	in	group	sham,	EV,	
and	ANXA6	OE.	*p < 0.05;	**p < 0.01;	
***p < 0.001.
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3.3.2  |  sh	ANXA6	decreased	the	level	of	synaptic	
plasticity- related proteins in the brain

Figure 5A	displays	western	blotting	results	for	synaptic	plasticity–re-
lated proteins in brain tissue, and Figure 5B–E display the statistical 
results.	Compared	to	the	sham	group,	 the	expression	 levels	of	TrkB	
(p = 0.002),	MBP	(p = 0.002),	neuroligin	(p = 0.002),	and	synaptophysin	
(p = 0.002)	in	the	brains	of	the	NC	group	were	significantly	decreased.	
The	expression	levels	of	these	proteins	in	the	brains	of	the	sh	ANXA6	
group were lower than those in the NC group, with a statistically sig-
nificant	difference	observed	only	in	synaptophysin	(p = 0.037).

3.4  |  Plasma ANXA6 levels and correlation with 
clinical characteristics

We	included	268	patients	with	AIS	and	120	healthy	volunteers	in	this	
study, and their baseline information are reviewed in Table S2.	We	
used	ELISA	to	measure	plasma	ANXA6	levels	in	patients	with	AIS	and	
healthy controls. Figure 6A	 shows	 plasma	 ANXA6	 levels	 were	 sig-
nificantly	higher	in	patients	with	AIS	than	healthy	controls	(p < 0.001).	
In Figure 6B,	plasma	ANXA6	 levels	 in	 the	NIHSS	 (≤4)	group	are	 the	
lowest,	 with	 no	 statistical	 significance.	 However,	 ANXA6	 levels	 in	
the other three groups showed no significant differences. In addi-
tion, Figure 6C–E show a slightly positive correlation between plasma 
ANXA6	levels	and	infarction	volume	(r = 0.200,	p = 0.001),	NIHSS	score	
(r = 0.177,	p = 0.004),	and	poor	stroke	outcomes	(r = 0.382,	p < 0.001).

3.5  |  Plasma ANXA6 levels serve as an 
independent risk factor for poor AIS prognosis

We	established	a	logistic	regression	model.	We	identified	ANXA6	as	
an	independent	risk	factor	for	AIS	outcomes	(odds	ratio	[OR] = 2.120;	

95%	 CI = 1.563–3.023;	 p < 0.001)	 (Figure 6F),	 indicating	 that	 each	
unit	 increase	 in	ANXA6	 is	 associated	with	 2.12	 times	 higher	 like-
lihood	of	poor	prognosis.	Similarly,	NIHSS	was	also	 identified	as	a	
predictor	 (OR = 1.284;	 95%	 CI = 1.179–1.417;	 p < 0.001),	 indicating	
that	each	unit	 increase	 in	NIHSS	score	was	associated	with	1.284	
times	higher	likelihood	of	poor	prognosis.	Furthermore,	an	abnormal	
neutrophil	count	(OR = 7.453;	95%	CI = 2.003–31.142;	p < 0.001)	was	
also identified, signifying that patients with abnormal neutrophil lev-
els	have	a	7.453	times	greater	risk	of	experiencing	a	poor	prognosis	
than those without.

4  |  DISCUSSION

Given	 the	absence	of	existing	 literature	on	ANXA6	and	cerebral	
ischemic	stroke,	we	first	explored	the	variation	trends	in	ANXA6	
expression	levels	in	the	brain	and	plasma	at	different	periods	after	
reperfusion.	Our	 results	 showed	 that	ANXA6	 levels	 in	 the	brain	
tissue	 of	 the	 mouse	MCAO	model	 were	 significantly	 decreased	
at	6 h	and	1 day	post	 I/R	and	then	gradually	 increased	to	normal	
levels	 by	Day	28.	 Interestingly,	 the	 variation	 in	ANXA6	 levels	 in	
the	 brain	 and	 plasma	 exhibited	 contrasting	 trends.	 The	 annexin	
family binds to electronegative phospholipids in a Ca2+- dependent 
manner, participating in cell adhesion, migration, and membrane 
repair.9	ANXA6,	observed	in	damaged	neurons,	forms	a	repair	cap	
at the damage sites, aiding in the repair of neuron membranes.9 
Moreover,	 ANXA6	 accumulates	 in	 the	 axon	 initial	 segment	 dur-
ing neuron development.27 Brain autopsies of patients with hy-
poxic–ischemic	injuries	have	shown	ANXA6	to	be	located	adjacent	
to	axons	and	cell	membranes.6 However, no published literature 
exists	on	ANXA6	levels	in	the	brain	following	focal	ischemia.	We	
concluded that focal ischemia induces cellular membrane damage, 
releasing	ANXA6	into	the	plasma.	According	to	the	literature,	 is-
chemia can destroy cellular membrane integrity of neurons.28,29 

F I G U R E  5 sh	ANXA6	decreases	the	
expression	level	of	synaptic	plasticity-	
related	proteins.	MCAO:	middle	cerebral	
artery occlusion. TRKB: Tropomyosin- 
related kinase B, MBP: Myelin basic 
protein. NC: nonsensical oligonucleotide 
control.	(A)	Western	blotting	results	
of synaptic plasticity- related proteins. 
(B–E)	Quantification	of	the	expression	
level of TRKB, neuroligin, synaptophysin, 
and MBP in the brain in group sham, 
NC,	and	shANXA6.	*p < 0.05;	**p < 0.01;	
***p < 0.001.
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Cellular membrane damage allows for intracellular Ca2+ accumu-
lation, disrupting ion gradients, increasing protease activity, and 
inducing mitochondrial dysfunction, ultimately resulting in neuron 
degeneration and apoptosis.9	Our	results	show	that	in	the	MCAO	
model,	 brain	 ANXA6	 levels	 gradually	 increased	 to	 normal	 levels	
approximately	 1 month	 after	 onset.	 Given	 the	 potential	 role	 of	
ANXA6	in	membrane	repair	and	axon	sprouting,	we	deduced	that	

increased	ANXA6	levels	in	the	brain	could	be	attributed	to	the	ac-
tivation	of	spontaneous	recovery	mechanisms.	Focal	ischemia	can	
trigger a series of reactions to promote spontaneous neural re-
covery.	Recovery	can	be	categorized	into	three	stages:	(1)	several	
hours	after	onset	(a	possibility	of	repairing	the	impaired	tissue),	(2)	
several	days	to	weeks	after	onset	(initiation	of	spontaneous	recov-
ery),	and	(3)	the	chronic	recovery	stage	(a	relatively	stable	period	of	

F I G U R E  6 The	clinical	significance	of	plasma	ANXA6	level	in	acute	ischemia	stroke.	AIS:	acute	ischemic	stroke,	NIHSS:	National	Institute	
of	Health	Stroke	Scale,	AF:	atrial	fibrillation,	DBP:	diastolic	blood	pressure,	WBC:	white	blood	cell.	We	collected	the	plasma	of	healthy	
controls,	and	the	patients	experienced	AIS	within	24 h.	(A):	Plasma	ANXA6	level	of	healthy	controls	and	patients	with	AIS.	(B)	Plasma	ANXA6	
level	of	patients	with	AIS	(grouped	by	NIHSS	score).	(C–E)	Scatter	plots	display	the	Spearman	Correlation	test	between	ANXA6	level	and	
infarction	volume,	NIHSS	score,	and	prognosis.	(F)	The	nomogram	displays	the	logistic	regression	model	results,	identifying	the	independent	
risk	factors	of	poor	AIS	outcomes.	*p < 0.05;	**p < 0.01;	***p < 0.001.
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potential	adjustments	in	cerebral	function).30	In	our	study,	ANXA6	
levels	 in	brain	 tissue	gradually	 increased	3 days	after	onset.	This	
timepoint	may	be	called	the	second	recovery	stage	(several	days	to	
weeks	after	onset),	consistent	with	the	initiation	of	spontaneous	
recovery mentioned in the literature.30 Therefore, we concluded 
that	 the	 gradual	 decrease	 in	 plasma	 ANXA6	 levels	 corresponds	
with	cellular	membrane	repair.	In	our	study,	plasma	ANXA6	levels	
in	the	AIS	group	were	significantly	higher	than	those	in	the	healthy	
controls,	consistent	with	the	results	of	the	mouse	MCAO	model.	
Additionally,	 plasma	ANXA6	 levels	 positively	 correlated	with	 in-
farction	volume	and	NIHSS	scores.	Therefore,	plasma	ANXA6	lev-
els	may	 serve	 as	 biomarkers	 for	 identifying	 poor	AIS	 outcomes.	
These results suggest that a larger infarction volume and a higher 
NIHSS	 score	may	 indicate	 greater	 damage	 to	 brain	 tissue,	more	
severe	membrane	 damage,	 and	 increased	 plasma	ANXA6	 levels,	
indicating	 the	potential	of	ANXA6	as	an	 independent	 risk	 factor	
for	AIS	outcomes.	Additionally,	 the	mouse	MCAO	model	 results	
showed	that	ANXA6	OE	significantly	decreased	infarction	volume	
and improved neurological function, indicating the protective role 
of	ANXA6	in	AIS.

The	ischemia-	induced	destruction	of	the	blood–brain	barrier	and	
cellular membrane are the primary causes of brain edema and neu-
ron necrosis.28	After	axon	damage,	cell	membrane	resealing	is	vital	
for neuron regeneration.9	Given	that	ANXA6	can	significantly	allevi-
ate neurological deficits and participate in membrane repair follow-
ing	AIS,	we	explored	whether	ANXA6	can	regulate	neuroplasticity	
after	AIS.	Neuroplasticity	refers	to	the	capacity	of	the	brain	to	adapt	
to its current microenvironment during growth and development. 
Even after a stroke, the brain tissue retains neuroplasticity.31 This 
poststroke neuroplasticity involves reconstructing neural networks 
and functional responses in neurogenic niches.32 Increased plas-
ticity	allows	neurogenesis,	including	axon	sprouting,	synapse	gener-
ation, and neurological function remapping.31 Neuroplasticity is vital 
for recovering cerebral function after injury.33 However, poststroke 
function	 recovery	 is	 extremely	 limited,	 causing	 long-	term	 neuro-
logical dysfunction. This limited functional recovery may be due to 
limited neurogenesis.31	 Axon	 sprouting,	 synapse	 remodeling,	 and	
central microenvironment regulation have been identified as targets 
for alleviating post- stroke neurological deficits.31

Synaptophysin	 belongs	 to	 the	 synaptic	 vesicle	membrane	pro-
tein	family	and	 is	widely	distributed	 in	brain	tissue.	Synaptophysin	
is	highly	expressed	during	 synaptogenesis,	 regulating	 synapse	 for-
mation and synaptic vesicle cycling.34 Located on nervous termi-
nals,	 it	detects	axonal	sprouting	and	synaptogenesis	during	neural	
remodeling and development. Increased synaptophysin levels in 
cerebral tissue may indicate increased neuroplasticity following 
AIS.33	 In	our	study,	synaptophysin	expression	levels	 in	brain	tissue	
were	 significantly	 decreased	 at	 7 days	 after	AIS.	 This	 result	 aligns	
with a previous study demonstrating significantly down- regulated 
synaptophysin levels in the hippocampus after focal cerebral isch-
emia.35	 Furthermore,	 increased	 synaptophysin	 levels	 can	 improve	
working memory deficits.36	ANXA6	OE	significantly	increased	syn-
aptophysin	 levels	 in	the	brain	compared	to	the	EV	group.	Notably,	

this	study	is	the	first	to	report	the	interaction	between	ANXA6	and	
synaptophysin.

MBP, which participates in the mitogenicity of myelin- enriched 
fractions,37 is typically located on the major dense line of multilamel-
lar	membranes	(cytoplasmic	side),	maintaining	the	internal	structure	
of oligodendrocyte membranes.38 MBP is crucial for myelin genera-
tion. MBP can bind with obvious polyanionic surfaces, such as lipid 
bilayers and several cytoskeleton proteins, participating in myelin 
adhesion and cellular signal transmission.39 In our study, focal isch-
emia significantly decreased MBP levels in the brain, consistent with 
previous	studies	that	indicate	that	oxygen–glucose	deprivation	can	
disrupt MBP distribution, decreasing the interaction between neu-
rons and MBP.40	 MBP	 accumulates	 in	 the	 oligodendroglia–myelin	
complex,	 serving	 as	 a	marker	 of	 demyelination.41	 Additionally,	 ce-
rebral ischemia may induce cell disintegration, releasing cell- specific 
proteins	 into	 the	 cerebrospinal	 fluid	 (CSF).42 Increased MBP con-
centration	 in	 the	CSF	positively	correlates	with	more	severe	brain	
injury.	Elevated	MBP	levels	in	the	CSF	may	indicate	a	relatively	poor	
outcome.43	Our	results	suggest	that	ANXA6	OE	increases	MBP	lev-
els,	 potentially	 enhancing	 synaptic	 plasticity	 in	 patients	 with	 AIS.	
According	 to	 the	 existing	 literature,	 the	 remyelination	 of	 axons	 in	
the zone adjacent to the infarction lesion is crucial for remodeling 
neuronal transmission and neural function pathways.44

Neuroligins belong to the type I transmembrane protein family, 
containing a cytoplasmic C- terminal domain that can modulate syn-
aptic plasticity.45 Effective neuron transmission depends on the col-
laboration of neurotransmitter receptors, cell adhesion molecules, 
scaffolding proteins, and signaling proteins.46	As	synapse	adhesion	
molecules, neuroligins typically reside on the postsynaptic mem-
brane, participating in the differentiation, maturation, and stabiliza-
tion of synapses and regulating the connections between neurons 
and synaptic transmission.47,48 Neuroligins can significantly increase 
the number of spines and synapses in neurons and are involved in 
initial synapse generation.45 The lateral interaction between neu-
roligins is vital for transmitting transsynaptic signals.47 In our study, 
the	levels	of	neuroligins	in	the	brain	of	the	MCAO	group	were	sig-
nificantly decreased compared to the sham group. Consistent with 
the	 existing	 literature,	 neuroligin	 levels	 in	 cultured	 neurons	 were	
significantly	decreased	8 h	after	oxygen–glucose	deprivation.48 Our 
results	suggest	that	ANXA6	OE	may	slightly	increase	neuroligin	lev-
els,	with	no	statistical	significance.	Further	studies	are	required	to	
explore	the	interactions	between	ANXA6	and	neuroligins.

TrkB	is	extensively	distributed	in	the	brain,	typically	accumulat-
ing	on	the	periphery	of	synaptic	membranes.	Activating	TrkB-	related	
signals can promote neurotransmitter release from presynaptic ter-
minals.49 TrkB is involved in various biological processes, including 
synapse	 generation,	 transmission,	 plasticity,	 axon	 and	 dendrite	
sprouting, and nervous network remodeling.49–51 In our study, focal 
ischemia significantly decreased TrkB levels in the brain compared 
to the sham group. This finding aligns with a previous study showing 
that TrkB levels were significantly decreased in the brain tissue of 
a	mouse	MCAO	model.52	Moreover,	ANXA6	OE	slightly	 increased	
TrkB levels with no statistical significance, and vice versa. Our 
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results	 indicate	 that	 ANXA6	may	 play	 a	 protective	 role	 in	 AIS	 by	
upregulating	TrkB	expression.	 Similarly,	 a	 study	has	demonstrated	
that TrkB agonists can alleviate neurological deficits and decrease 
infarction	 volume	 in	 a	 rat	 MCAO	 model.53 Therefore, TrkB rep-
resents a potential therapeutic target for neuron regeneration and 
neuronal network remodeling post stroke.49 However, our study had 
some	limitations.	First,	the	sample	size	of	clinical	subjects	was	small.	
Second,	we	examined	ANXA6	expression	in	the	brain	using	lentivi-
rus	ICV,	which	cannot	be	used	in	clinical	settings.

5  |  CONCLUSIONS

In conclusion, our study is the first to propose a protective role of 
ANXA6	in	AIS.	Our	results	showed	that	ANXA6	OE	increased	TrkB,	
MBP,	neuroligin,	and	synaptophysin	levels	in	the	brain	following	AIS.	
Furthermore,	it	decreased	the	infarction	area	and	alleviated	neuro-
logical	deficits.	Additionally,	plasma	ANXA6	levels	can	serve	as	bio-
markers	 for	 identifying	 poor	AIS	 outcomes.	Our	 results	 suggest	 a	
novel	neuroprotective	concept	in	AIS.

AUTHOR CONTRIBUTIONS
WYL	wrote	the	main	manuscript	text.	YZH	completed	animal	experi-
ments.	WRL	and	ZYM	prepared	the	figures.	HZP	and	FJF	analyzed	
the	data.	YF	and	LP	collected	clinical	data.	LYM	supervised	the	study	
and revised the manuscript.

ACKNOWLEDG MENTS
To all the participants enrolled in our study.

FUNDING INFORMATION
This	 project	 was	 supported	 by	 the	 National	 Natural	 Science	
Foundation	of	China	(NO.	81971222)	and	Beijing	Municipal	Natural	
Science	Foundation	(NO.	7222083).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no competing interests. Luo, 
Yumin	 is	 an	 Editorial	 Board	 member	 of	 CNS	 Neuroscience	 and	
Therapeutics and a corresponding author of this article.

DATA AVAIL ABILIT Y S TATEMENT
Data are available upon reasonable request.

DECL AR ATION OF HEL SINKI
Our study conforms to the Declaration of Helsinki.

ORCID
Yumin Luo  https://orcid.org/0000-0002-2712-8974 

R E FE R E N C E S
	 1.	 Herpich	 F,	 Rincon	 F.	Management	 of	Acute	 Ischemic	 Stroke.	Crit 

Care Med.	2020;48(11):1654-1663.
	 2.	 Walter	K.	What	is	acute	ischemic	stroke?	JAMA.	2022;327(9):885.

	 3.	 Jolugbo	 P,	 Ariëns	 RAS.	 Thrombus	 composition	 and	 efficacy	 of	
thrombolysis and thrombectomy in acute ischemic stroke. Stroke. 
2021;52(3):1131-1142.

	 4.	 Grewal	T,	Koese	M,	Rentero	C,	Enrich	C.	Annexin	A6-	regulator	of	
the	EGFR/Ras	signalling	pathway	and	cholesterol	homeostasis.	Int J 
Biochem Cell Biol.	2010;42(5):580-584.

	 5.	 Li	T,	Tao	Z,	Zhu	Y,	et	al.	Exosomal	annexin	A6	induces	gemcitabine	
resistance	by	inhibiting	ubiquitination	and	degradation	of	EGFR	in	
triple- negative breast cancer. Cell Death Dis.	2021;12(7):684.

	 6.	 Eberhard	 DA,	 Brown	 MD,	 VandenBerg	 SR.	 Alterations	 of	 an-
nexin	 expression	 in	 pathological	 neuronal	 and	 glial	 reactions.	
Immunohistochemical	 localization	 of	 annexins	 I,	 II	 (p36	 and	 p11	
subunits),	 IV,	 and	 VI	 in	 the	 human	 hippocampus.	 Am J Pathol. 
1994;145(3):640-649.

	 7.	 Yamatani	H,	Kawasaki	 T,	Mita	 S,	 Inagaki	N,	Hirata	 T.	 Proteomics	
analysis	of	the	temporal	changes	in	axonal	proteins	during	matura-
tion. Dev Neurobiol.	2010;70(7):523-537.

	 8.	 Moga	MM,	Zhou	D.	Annexin	6	immunoreactivity	in	select	cell	popula-
tions in the rat brain. J Histochem Cytochem.	2002;50(9):1277-1280.

	 9.	 Demonbreun	AR,	Bogdanovic	E,	Vaught	LA,	et	al.	A	conserved	an-
nexin	A6-	mediated	membrane	repair	mechanism	in	muscle,	heart,	
and nerve. JCI Insight.	2022;7(14):e158107.

	10.	 Hata	R,	Mies	G,	Wiessner	C,	et	al.	A	 reproducible	model	of	mid-
dle cerebral artery occlusion in mice: hemodynamic, biochemi-
cal, and magnetic resonance imaging. J Cereb Blood Flow Metab. 
1998;18(4):367-375.

	11.	 Luo	J,	Wang	Y,	Chen	X,	et	al.	Increased	tolerance	to	ischemic	neuro-
nal damage by knockdown of Na+- Ca2+	exchanger	isoform	1.	Ann 
N Y Acad Sci.	2007;1099:292-305.

	12.	 Schneider	 CA,	 Rasband	 WS,	 Eliceiri	 KW.	 NIH	 image	 to	 ImageJ:	
25 years	of	image	analysis.	Nat Methods.	2012;9(7):671-675.

	13.	 Wang	Q,	 Peng	 Y,	 Chen	 S,	 et	 al.	 Pretreatment	with	 electroacu-
puncture induces rapid tolerance to focal cerebral isch-
emia through regulation of endocannabinoid system. Stroke. 
2009;40(6):2157-2164.

	14.	 Wang	Q,	 Li	X,	Chen	Y,	 et	 al.	Activation	of	 epsilon	protein	 kinase	
C- mediated anti- apoptosis is involved in rapid tolerance induced by 
electroacupuncture pretreatment through cannabinoid receptor 
type 1. Stroke.	2011;42(2):389-396.

	15.	 Zhao	H,	Wang	J,	Gao	L,	et	al.	MiRNA-	424	protects	against	perma-
nent focal cerebral ischemia injury in mice involving suppressing 
microglia activation. Stroke.	2013;44(6):1706-1713.

	16.	 McArthur	 KS,	 Quinn	 TJ,	 Dawson	 J,	 Walters	 MR.	 Diagnosis	 and	
management of transient ischaemic attack and ischaemic stroke in 
the acute phase. BMJ (Clinical Research Ed).	2011;342:d1938.

	17.	 Johnstone	A,	Mobley	W.	Local	TrkB	signaling:	themes	in	develop-
ment and neural plasticity. Cell Tissue Res.	2020;382(1):101-111.

	18.	 Enrich	C,	Rentero	C,	Grewal	T.	Annexin	A6	in	the	liver:	from	the	en-
docytic compartment to cellular physiology. Biochim Biophys Acta, 
Mol Cell Res.	2017;1864(6):933-946.

	19.	 Simons	K,	Toomre	D.	Lipid	 rafts	and	signal	 transduction.	Nat Rev 
Mol Cell Biol.	2000;1(1):31-39.

	20.	 Lim	KI,	Yin	J.	Localization	of	receptors	in	lipid	rafts	can	inhibit	signal	
transduction. Biotechnol Bioeng.	2005;90(6):694-702.

	21.	 Huttner	WB,	Schmidt	A.	Lipids,	lipid	modification	and	lipid-	protein	
interaction in membrane budding and fission—insights from the 
roles	of	endophilin	A1	and	synaptophysin	in	synaptic	vesicle	endo-
cytosis. Curr Opin Neurobiol.	2000;10(5):543-551.

	22.	 Song	JY,	Ichtchenko	K,	Südhof	TC,	Brose	N.	Neuroligin	1	is	a	post-
synaptic	 cell-	adhesion	molecule	of	excitatory	 synapses.	Proc Natl 
Acad Sci USA.	1999;96(3):1100-1105.

	23.	 Chmielewska	JJ,	Kuzniewska	B,	Milek	J,	Urbanska	K,	Dziembowska	
M.	 Neuroligin	 1,	 2,	 and	 3	 regulation	 at	 the	 synapse:	 FMRP-	
dependent translation and activity- induced proteolytic cleavage. 
Mol Neurobiol.	2019;56(4):2741-2759.

https://orcid.org/0000-0002-2712-8974
https://orcid.org/0000-0002-2712-8974


    |  11 of 11WANG et al.

	24.	 Träger	 J,	 Widder	 K,	 Kerth	 A,	 Harauz	 G,	 Hinderberger	 D.	 Effect	
of	 cholesterol	 and	 myelin	 basic	 protein	 (MBP)	 content	 on	 lipid	
monolayers mimicking the cytoplasmic membrane of myelin. Cell. 
2020;9(3):529.

	25.	 Liu	B,	Xin	W,	Tan	JR,	et	al.	Myelin	sheath	structure	and	 regener-
ation in peripheral nerve injury repair. Proc Natl Acad Sci USA. 
2019;116(44):22347-22352.

	26.	 Suzuki	 S,	 Numakawa	 T,	 Shimazu	 K,	 et	 al.	 BDNF-	induced	 recruit-
ment of TrkB receptor into neuronal lipid rafts: roles in synaptic 
modulation. J Cell Biol.	2004;167(6):1205-1215.

	27.	 Gauthier-	Kemper	 A,	 Suárez	 Alonso	 M,	 Sündermann	 F,	 et	 al.	
Annexins	A2	and	A6	interact	with	the	extreme	N	terminus	of	tau	
and	 thereby	 contribute	 to	 tau's	 axonal	 localization.	 J Biol Chem. 
2018;293(21):8065-8076.

	28.	 Gu	 JH,	Ge	 JB,	 Li	M,	Xu	HD,	Wu	F,	Qin	ZH.	 Poloxamer	 188	pro-
tects neurons against ischemia/reperfusion injury through preserv-
ing integrity of cell membranes and blood brain barrier. PLoS One. 
2013;8(4):e61641.

	29.	 Franke	 H,	 Krügel	 U,	 Illes	 P.	 P2	 receptors	 and	 neuronal	 injury.	
Pflugers Arch.	2006;452(5):622-644.

	30.	 Cassidy	 JM,	 Cramer	 SC.	 Spontaneous	 and	 therapeutic-	induced	
mechanisms of functional recovery after stroke. Transl Stroke Res. 
2017;8(1):33-46.

	31.	 Mu	 JD,	 Ma	 LX,	 Zhang	 Z,	 et	 al.	 The	 factors	 affecting	 neuro-
genesis after stroke and the role of acupuncture. Front Neurol. 
2023;14:1082625.

	32.	 Sandvig	 I,	Augestad	 IL,	Håberg	AK,	Sandvig	A.	Neuroplasticity	 in	
stroke recovery. The role of microglia in engaging and modifying 
synapses and networks. Eur J Neurosci.	2018;47(12):1414-1428.

	33.	 Seo	 HG,	 Kim	 DY,	 Park	 HW,	 Lee	 SU,	 Park	 SH.	 Early	 motor	 bal-
ance and coordination training increased synaptophysin in 
subcortical regions of the ischemic rat brain. J Korean Med Sci. 
2010;25(11):1638-1645.

	34.	 Tarsa	L,	Goda	Y.	Synaptophysin	regulates	activity-	dependent	syn-
apse formation in cultured hippocampal neurons. Proc Natl Acad Sci 
USA.	2002;99(2):1012-1016.

	35.	 Zhang	X,	 Shen	X,	Dong	 J,	 et	 al.	 Inhibition	 of	 reactive	 astrocytes	
with	 Fluorocitrate	 ameliorates	 learning	 and	 memory	 impairment	
through upregulating CRTC1 and synaptophysin in ischemic stroke 
rats. Cell Mol Neurobiol.	2019;39(8):1151-1163.

	36.	 Shen	X,	Sun	Y,	Wang	M,	et	al.	Chronic	N-	acetylcysteine	treatment	
alleviates acute lipopolysaccharide- induced working memory defi-
cit through upregulating caveolin- 1 and synaptophysin in mice. 
Psychopharmacology.	2018;235(1):179-191.

	37.	 South	SA,	Deibler	GE,	Tzeng	SF,	et	al.	Myelin	basic	protein	(MBP)	
and MBP peptides are mitogens for cultured astrocytes. Glia. 
2000;29(1):81-90.

	38.	 Chan	KF,	Robb	ND,	Chen	WH.	Myelin	basic	protein:	interaction	with	
calmodulin and gangliosides. J Neurosci Res.	1990;25(4):535-544.

	39.	 Boggs	JM.	Myelin	basic	protein:	a	multifunctional	protein.	Cell Mol 
Life Sci.	2006;63(17):1945-1961.

 40. Ichinose M, Kamei Y, Iriyama T, et al. Hypothermia attenuates 
apoptosis and protects contact between myelin basic protein- 
expressing	 oligodendroglial-	lineage	 cells	 and	 neurons	 against	
hypoxia-	ischemia.	J Neurosci Res.	2014;92(10):1270-1285.

	41.	 Matias-	Guiu	J,	Martinez-	Vazquez	J,	Ruibal	A,	Colomer	R,	Boada	M,	
Codina	A.	Myelin	basic	protein	and	creatine	kinase	BB	isoenzyme	

as	 CSF	 markers	 of	 intracranial	 tumors	 and	 stroke.	 Acta Neurol 
Scand.	1986;73(5):461-465.

	42.	 Brouns	R,	De	Vil	B,	Cras	P,	De	Surgeloose	D,	Mariën	P,	De	Deyn	PP.	
Neurobiochemical markers of brain damage in cerebrospinal fluid 
of acute ischemic stroke patients. Clin Chem.	2010;56(3):451-458.

	43.	 Strand	 T,	 Alling	 C,	 Karlsson	 B,	 Karlsson	 I,	Winblad	 B.	 Brain	 and	
plasma proteins in spinal fluid as markers for brain damage and se-
verity of stroke. Stroke.	1984;15(1):138-144.

	44.	 Gregersen	 R,	 Christensen	 T,	 Lehrmann	 E,	 Diemer	 NH,	 Finsen	 B.	
Focal	cerebral	ischemia	induces	increased	myelin	basic	protein	and	
growth- associated protein- 43 gene transcription in peri- infarct 
areas in the rat brain. Exp Brain Res.	2001;138(3):384-392.

	45.	 Liu	A,	Zhou	Z,	Dang	R,	et	al.	Neuroligin	1	regulates	spines	and	syn-
aptic	plasticity	via	LIMK1/cofilin-	mediated	Actin	reorganization.	J 
Cell Biol.	2016;212(4):449-463.

	46.	 Lisé	 MF,	 El-	Husseini	 A.	 The	 neuroligin	 and	 neurexin	 fami-
lies: from structure to function at the synapse. Cell Mol Life Sci. 
2006;63(16):1833-1849.

	47.	 Bang	ML,	Owczarek	S.	A	matter	of	balance:	 role	of	neurexin	and	
neuroligin at the synapse. Neurochem Res.	2013;38(6):1174-1189.

	48.	 Yin	 S,	 Bai	 X,	 Xin	 D,	 et	 al.	 Neuroprotective	 effects	 of	 the	 sonic	
hedgehog signaling pathway in ischemic injury through promotion 
of synaptic and neuronal health. Neural Plast.	2020;2020:8815195.

	49.	 Ohira	K,	Hayashi	M.	A	new	aspect	of	the	TrkB	signaling	pathway	in	
neural plasticity. Curr Neuropharmacol.	2009;7(4):276-285.

	50.	 Ma	 J,	 Zhang	 Z,	 Su	 Y,	 et	 al.	 Magnetic	 stimulation	 modulates	
structural	 synaptic	 plasticity	 and	 regulates	 BDNF-	TrkB	 sig-
nal pathway in cultured hippocampal neurons. Neurochem Int. 
2013;62(1):84-91.

	51.	 Spencer-	Segal	 JL,	 Waters	 EM,	 Bath	 KG,	 Chao	 MV,	 McEwen	 BS,	
Milner	 TA.	 Distribution	 of	 phosphorylated	 TrkB	 receptor	 in	 the	
mouse	hippocampal	 formation	depends	on	sex	and	estrous	cycle	
stage. J Neurosci.	2011;31(18):6780-6790.

	52.	 Hsu	CC,	Kuo	TW,	Liu	WP,	Chang	CP,	Lin	HJ.	Calycosin	preserves	
BDNF/TrkB	signaling	and	 reduces	post-	stroke	neurological	 injury	
after cerebral ischemia by reducing accumulation of hypertrophic 
and	TNF-	α- containing microglia in rats. J Neuroimmune Pharmacol. 
2020;15(2):326-339.

	53.	 Wang	 B,	 Wu	 N,	 Liang	 F,	 et	 al.	 7,8-	dihydroxyflavone,	 a	 small-	
molecule	 tropomyosin-	related	 kinase	 B	 (TrkB)	 agonist,	 attenu-
ates cerebral ischemia and reperfusion injury in rats. J Mol Histol. 
2014;45(2):129-140.

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Wang	Y,	Yang	Z,	Wang	R,	et	al.	
Annexin	A6	mitigates	neurological	deficit	in	ischemia/
reperfusion injury by promoting synaptic plasticity. CNS 
Neurosci Ther. 2024;30:e14639. doi:10.1111/cns.14639

https://doi.org/10.1111/cns.14639

	Annexin A6 mitigates neurological deficit in ischemia/reperfusion injury by promoting synaptic plasticity
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Animal care
	2.2|Experimental protocols
	2.2.1|Experiment I
	2.2.2|Experiment II

	2.3|Transient focal cerebral ischemia and neurological evaluation
	2.4|Intracerebroventricular injection of lentivirus
	2.5|Calculation of infarction volume
	2.6|Western blot analysis
	2.7|Immunofluorescence staining
	2.8|Study population
	2.9|Clinical variables
	2.10|Enzyme-linked immunosorbent assay
	2.11|Statistical analysis and graph plotting

	3|RESULTS
	3.1|Cerebral and plasma ANXA6 responses to transient cerebral I/R
	3.2|ANXA6 alleviates I/R-induced brain injury
	3.2.1|Overexpression of ANXA6 protects the brain against I/R injury
	3.2.2|sh ANXA6 exacerbates I/R-induced brain injury

	3.3|ANXA6 regulates neuroplasticity
	3.3.1|ANXA6 OE increases the level of synaptic plasticity–related proteins in the brain
	3.3.2|sh ANXA6 decreased the level of synaptic plasticity-related proteins in the brain

	3.4|Plasma ANXA6 levels and correlation with clinical characteristics
	3.5|Plasma ANXA6 levels serve as an independent risk factor for poor AIS prognosis

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	DECLARATION OF HELSINKI
	REFERENCES


