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Abstract
Aims: Recovery	after	peripheral	nerve	injury	(PNI)	is	often	difficult,	and	there	is	no	
optimal	treatment.	Schwann	cells	(SCs)	are	important	for	peripheral	nerve	regenera‐
tion,	so	SC‐targeting	treatments	have	gained	importance.	Adipose‐derived	stem	cells	
(ADSCs)	and	their	exosomes	can	promote	peripheral	nerve	repair,	but	their	interac‐
tions	with	SCs	are	unclear.
Methods: Purified	SCs	from	sciatic	nerve	injury	sites	were	harvested,	and	apoptosis	
and	proliferation	of	SCs	at	post‐PNI	24	hours	were	analyzed.	The	effects	of	coculture	
with	ADSCs	 and	different	 concentrations	of	ADSC‐derived	exosomes	 (ADSC‐Exo)	
were	studied	through	in	vitro	experiments	by	flow	cytometry,	CCK8	assay,	immuno‐
fluorescence	staining,	and	histological	analysis.	The	expression	of	the	apoptosis‐re‐
lated	genes	Bcl‐2	and	Bax	was	also	analyzed	by	qRT‐PCR.
Results: ADSC‐Exo	reduced	the	apoptosis	of	SCs	after	PNI	by	upregulating	the	anti‐
apoptotic	Bcl‐2	mRNA	expression	and	downregulating	the	pro‐apoptotic	Bax	mRNA	
expression.	Further,	 it	also	 improved	the	proliferation	rate	of	SCs.	This	effect	was	
confirmed	by	the	morphological	and	histological	findings	in	PNI	model	rats.
Conclusion: Our	results	present	a	novel	exosome‐mediated	mechanism	for	ADSC‐SC	
cross	talk	that	reduces	the	apoptosis	and	promotes	the	proliferation	of	SCs	and	may	
have	therapeutic	potential	in	the	future.
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1  | AIMS

Peripheral	 nerve	 injury	 (PNI)	 has	been	gaining	 increasing	 attention	
on	account	of	 its	 increased	prevalence	with	the	rapid	development	
of	society.1	The	major	causes	of	PNI,	such	as	diabetes	mellitus,	auto‐
immune	disease,	infection,	drug,	and	traumatic	injury,	have	variable	
clinical	manifestations,	 and	PNI	 has	 a	 high	 prevalence	of	 8%	 (non‐
traumatic	 cases)2	 and	 5%	 (traumatic	 cases).3	 Neuron	 damage	 and	
end‐organ	denervation	can	be	corrected	by	the	collateral	branching	
of	intact	axons	and	the	regeneration	of	injured	axons.	However,	the	
progress	of	axon	regrowth	is	relatively	slow,	and	it	may	not	always	be	
possible	to	compensate	for	the	dystrophic	changes	and	irreversible	
atrophies	of	target	tissues.	 In	such	cases,	 the	end	organ	eventually	
undergoes	degeneration,	 thus	resulting	 in	poor	functional	outcome	
and	prognosis.4,5	Therefore,	how	to	promote	nerve	repair	in	the	pe‐
ripheral	nerve	system	(PNS)	has	become	a	popular	subject	of	interest,	
and	researchers	have	developed	many	strategies	for	this.	Autologous	
nerve	 grafts,	 synthetic	 conduits,	 stem	 cell	 transplantation,	 and	 se‐
creted	 extracellular	 vesicles	 are	 the	 therapies	 that	 are	 currently	
popular.6	In	particular,	stem	cell	therapy	and	exosome	therapy	have	
changed	the	face	of	therapeutic	treatments	for	many	diseases,7,8 and 
these	therapies	hold	immense	potential	for	the	treatment	of	PNI.

Schwann	cells	 (SCs)	 initiate	proliferation	and	regulate	many	as‐
pects	of	axonal	 regeneration	 in	 the	distal	nerve	stumps	after	PNI.	
Schwann	cells	have	versatile	functions,	including	the	production	of	
neurotrophic	factors,	organization	of	myelin	breakdown,	promotion	
of	axon	growth,	and	re‐direction	of	axons	to	their	targets;	thus,	the	
PNS	 has	 immense	 regeneration	 potential.9‐11	 Damage	 or	 death	 of	
SCs	 induced	by	 injuries	 adversely	 affects	 nerve	 regeneration,	 and	
therefore,	ensuring	the	survival	of	SCs	is	particularly	important	for	
peripheral	nerve	repair.	In	this	regard,	exogenous	stem	cells,	espe‐
cially	adipose‐derived	stem	cells	(ADSCs),	have	a	unique	advantage,	
as	they	are	able	to	differentiate	into	SCs.12	Further,	they	are	easily	
accessible13	and	can	induce	upregulation	of	myelin‐associated	mark‐
ers.14	 To	 date,	 ADSCs	 have	 shown	 the	 greatest	 potential,	 among	
other	stem	cells,	to	promote	axonal	regeneration.

Exosomes	are	secreted	extracellular	vesicles	that	play	a	pivotal	
role	 in	 mediating	 intercellular	 communication,15,16	 and	 they	 have	
reported	 to	have	 therapeutic	potential	 in	PNS	 regeneration.17	 SC‐
derived	exosomes	can	be	 internalized	by	axons	to	enhance	regen‐
eration	in	vivo.18	Specifically,	ADSC‐derived	exosomes	(ADSC‐Exo)	
have	 the	 ability	 to	 accelerate	 cutaneous	 wound	 healing	 by	 over‐
expression	of	Nrf2,19,20	and	mRNAs	and	miRNAs	contained	within	
ADSC‐Exo	 promote	 neurite	 outgrowth.21	 Our	 previous	 studies	
showed	that	ADSCs‐Exo	could	ameliorate	SCs	apoptosis	after	sciatic	
nerve	injury	of	rats	in	vivo.22	However,	the	mechanisms	underlying	
the	interactions	between	ADSCs	and	SCs	have	not	been	elucidated,	
and	 the	 effects	 of	ADSCs	 and	 exosomes	 on	 SC	 survival	 have	 not	
been	studied	yet.

In	 the	 present	 study,	 we	 have	 examined	 the	 therapeutic	 ef‐
fect	 of	 ADSC	 treatments	 in	 PNI.	 Further,	we	 have	 explored	 the	
effects	of	ADSC‐Exo	transplantation	on	SC	proliferation	and	the	
repair	of	peripheral	nerves.	The	findings	indicate	that	ADSCs	and	

ADSC‐Exo	therapy	may	have	important	 implications	 in	the	treat‐
ment	of	PNI.

2  | METHODS

2.1 | Animal model

For	 all	 the	 experiments,	 male	 Wistar	 rats	 (age,	 6	 weeks;	 weight,	
220‐240	g)	were	obtained	from	the	Experimental	Animal	Center	of	
the	Second	Military	Medical	University.	All	 the	animal	experiments	
met	the	requirements	of	the	Ethics	Committee.	In	order	to	create	the	
PNI	model,	 the	animals	were	first	anesthetized	with	 intraperitoneal	
administration	of	chloral	hydrate	(3.5	mL/kg),	and	a	skin	incision	was	
made	on	the	lateral	aspect	of	the	mid‐thigh	of	the	left	hind	limb.	Then,	
the	 left	biceps	femoris	and	the	gluteus	superficialis	were	separated	
by	blunt	dissection	and	the	sciatic	nerve	was	exposed.	Sciatic	nerve	
injury	(SNI)	was	induced	by	crushing	the	nerve	three	times	(5	seconds	
each	time,	with	an	interval	of	10	seconds	[fixed	time])	at	a	position	ap‐
proximately	6‐8	mm	distal	from	the	ischial	tuberosity	(fixed	position).	
A	pair	of	hemostatic	forceps	(26	cm,	Q211.26)	was	used	with	a	force	
of	5	kg	(fixed	pressure).	The	injury	site	was	measured	within	a	3	mm	
diameter	from	the	point	of	application.	In	a	separate	group	of	sham‐
operated	mice,	 the	 left	sciatic	nerve	was	exposed	without	 inducing	
the	injury.	For	30	minutes	after	suturing	of	the	wound,	motor	nerve	
conduction	velocity	(MCV)	was	measured.	An	MCV	of	10	m/s	was	in‐
dicated	that	the	SNI	animal	model	had	been	successfully	established.	
All	 animals	 were	 housed	 in	 temperature‐	 and	 humidity‐controlled	
large	cages	and	allowed	free	access	to	water	and	food.

2.2 | Isolation and culture of ADSCs

Adipose	tissue	was	harvested	from	normal	Wistar	rats.	Adipose‐de‐
rived	 stem	cells	were	 carefully	 isolated	 from	 rat	 inguinal	 fat	pads,	
dissected,	and	minced	using	sterile	scissors	under	aseptic	conditions.	
Subsequently,	 the	 tissue	was	mechanically	 chopped	with	 intermit‐
tent	shaking	and	enzymatically	dissociated	at	37°C	for	60	minutes	
with	0.1%	collagenase	 I	 (Sigma	C0130).	The	dissociated	cells	were	
cultured	 in	 RPMI‐1640	 medium	 (Hyclone,	 SH30809.01B)	 con‐
taining	l‐glutamine	for	24	hours	at	37°C	 in	a	5%	CO2	atmosphere.	
Nonadherent	 cells	 were	 removed	 on	 replacement	 of	 the	 medium	
every	2‐3	days,	when	 the	 cells	 reached	80%	confluence.	Cultures	
were	maintained	at	subconfluent	levels	in	a	37°C	incubator	with	5%	
CO2	and	passaged	with	trypsin/EDTA	when	required.

2.3 | Characterization of ADSC surface molecules 
using flow cytometry

Rat	ADSCs	at	 the	 third	passage	were	harvested	by	 trypsinization,	
fixed	in	neutralized	4%	paraformaldehyde	for	30	minutes	at	a	den‐
sity	of	1	×	106	cells/mL,	and	incubated	at	4°C	overnight	in	the	dark	
with	the	following	antibodies:	CD29	(1:100;	BD,	No‐610467),	CD34	
(1:100;	Abcam,	No‐ab81289),	CD44	(1:400;	Novus,	No‐AF6127SP),	
CD45	 (1:100;	 Novus,	 No‐NB100‐64895SS),	 and	 CD90	 (1:100;	
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BioLegend,	No‐202501).	Cells	were	washed	in	1	mL	PBS	and	centri‐
fuged	at	200	g	for	10	minutes.	Flow	cytometry	analysis	was	used	to	
calculate	the	percentage	of	immunopositive	cells.

2.4 | Isolation and identification of SCs

At	postsurgery	24	hours,	SCs	were	isolated	from	an	area	2	cm	distal	
to	the	injury	site	of	the	sciatic	nerve.	 In	the	sham‐operated	group,	
SCs	were	 isolated	 from…	The	perineurium	was	extracted	 and	dis‐
sected	 into	1‐mm3	 fragments.	 The	explants	were	dissociated	with	
0.05%	collagenase	 for	30	minutes	and	 treated	with	0.25%	 trypsin	
for	5	minutes	at	37°C.	Cells	were	plated	on	 laminin	 (40	ng/mL)	 in	
Dulbecco's	 modified	 Eagle	 medium	 (DMEM,	 Invitrogen)	 supple‐
mented	with	10%	fetal	bovine	serum	(FBS,	Invitrogen)	and	10%	peni‐
cillin‐streptomycin	 (Invitrogen).	Fibroblasts	were	eliminated	by	 the	
differential	adhesion	method,	and	SCs	were	isolated.22

Third‐passage	SCs	were	plated	on	24‐well	plates	and	incubated	
for	24	hours	at	37°C.	The	Cell	Counting	Kit‐8	(CCK8)	assay	was	used	
to	examine	the	proliferation	of	SCs	at	0,	24,	48,	72,	and	96	hours.	
Fluorescent	secondary	antibodies	against	myelin	protein	zero	(MPZ)	
(1:500;	PTZ,	No‐10572‐1‐AP)	and	DAPI	were	added	and	incubated	
at	 room	 temperature	 for	 30	minutes.	 Slides	were	 examined	 using	
the	Leica	fluorescence	microscope	(DM6000B),	and	the	number	of	
immunopositive	cells	was	counted	to	assess	the	nerve	injury.

2.5 | Isolation and characterization of ADSC‐
derived exosomes

At	passage	3,	subconfluent	ADSC	cultures	in	the	log	phase	were	sup‐
plemented	with	10%	exosome‐free	FBS,	which	was	obtained	by	fil‐
tering	the	supernatants	through	0.22‐μm	pore	filters	(Millipore)	and	
ultracentrifuging	the	serum	at	100	000	g	for	18	hours.	We	collected	
the	ADSCs	in	the	conditioned	medium	and	isolated	the	exosomes	ac‐
cording	to	the	protocol	of	the	Exosomal	Protein	Extraction	kit	(Wako	
MagCapture	 Exosome,	No‐293‐77601).	 The	 protein	 concentration	
of	the	exosomes	was	examined	by	using	the	Pierce™	ECL	Western	
Blotting	Substrate	(Thermo	Fisher	Scientific)	and	BCA	Protein	Assay	
Kit	(Thermo	Scientific),	and	for	particle	size	determination,	nanopar‐
ticle	tracking	analysis	(NTA)	was	performed.23,24

2.6 | Transwell coculture of ADSCs and SCs

Adipose‐derived	stem	cells	and	SCs	were	prepared	as	previously	de‐
scribed.	The	cells	were	divided	into	three	groups:	Sham‐SCs,	SNI‐SCs,	
and	SNI‐SCs	+	ADSCs.	The	Sham‐SCs	and	SNI‐SCs	were	harvested	
as	 previously	 described	 and	 cultured	 in	 6‐well	 plates.	 In	 the	 SNI‐
SCs	+	ADSCs	group,	to	verify	the	effect	of	soluble	factors	secreted	
by	ADSCs	on	SC	proliferation,	ADSCs	and	SCs	were	cocultured	using	
a	 Transwell	 system	 to	 avoid	 intercellular	 contacts	with	 the	 0.4‐μm 
porous	membrane.	First,	0.5	mL	of	the	SC	suspension	with	a	concen‐
tration	of	1	×	106	 cells/mL	was	added	 in	 the	 lower	wells	 in	1.5	mL	
of	DMEM/F12	medium	(10%	FBS),	and	0.5	mL	of	the	ADSC	suspen‐
sion	was	plated	in	the	upper	wells.	The	concentration	of	ADSCs	was	

adjusted	 to	5	×	105	 cells/mL.	Cultures	were	maintained	at	 subcon‐
fluent	 levels	 in	a	37°C	 incubator	 in	a	5%	CO2	 atmosphere,	 and	 the	
CCK8	assay	was	used	 to	examine	 the	proliferation	of	SCs	at	0,	24,	
48,	72,	and	96	hours.	After	24	hours	of	coculturing,	we	separated	the	
chambers	and	determined	the	apoptosis	 rate	of	SCs	by	Annexin	V/
propidium	iodide	(PI)	staining.	qRT‐PCR	was	performed	to	analyze	the	
expression	of	Bcl‐2	and	Bax,	which	are	apoptosis‐related	proteins.25

2.7 | Coculture of ADSC‐Exo and SCs

ADSC‐Exo	were	isolated	as	previously	described.	Schwann	cells	from	
injured	nerves	were	first	plated	and	grown	to	an	appropriate	density	
in	the	cell	plate.	Then,	ADSC‐Exo	were	adjusted	to	the	concentration	
of	0	μg/mL,	6.25	μg/mL,	12.50	μg/mL,	25.00	μg/mL,	and	50.00	μg/
mL	and	added	to	the	culture.	Accordingly,	there	were	six	groups	of	
cells:	Sham‐SCs,	SNI‐SCs,	SNI‐SCs	+	ADSC‐Exo	 (6.25	μg/mL),	SNI‐
SCs	+	ADSC‐Exo	(12.50	μg/mL),	SNI‐SCs	+	ADSC‐Exo	(25.00	μg/mL),	
and	SNI‐SCs	+	ADSC‐Exo	(50.00	μg/mL).	Flow	cytometry	was	used	
to	determine	the	rate	of	apoptosis	of	SCs,	and	the	CCK8	assay	was	
also	performed	at	0,	24,	48,	72,	and	96	hours.	Moreover,	qRT‐PCR	
was	performed	to	analyze	Bcl‐2	and	Bax	expressions.

2.8 | Statistical analysis

Animals	were	 randomly	assigned	 to	each	group.	To	determine	 the	
statistical	significance	of	the	difference	between	the	mean	±	stand‐
ard	 deviation	 (SD)	 values	 of	 the	 datasets,	 repeated	measurement	
analysis	of	variance	(RMANOVA)	was	performed	using	the	SPSS19.0	
software.	Statistical	significance	was	set	at	P < 0.05 and P < 0.01.

3  | RESULTS

3.1 | Decrease in proliferation and increase in 
apoptosis of SCs after SNI

Schwann	 cells	 isolated	 from	 the	 SNI	 and	 sham	mice	were	mostly	
long	 and	 spindle‐shaped	 and	 expressed	 S100.	 However,	 some	 of	
the	SNI‐SCs	had	a	nearly	round	shape	(Figure	1A).	The	CCK8	assay	
demonstrated	that	the	proliferation	rate	of	SNI‐SCs	was	decreased	
(Figure	1B).	Annexin	V‐FITC‐PI	flow	cytometry	analysis	showed	that	
the	 apoptosis	 rate	 of	 SNI‐SCs	 was	 higher	 than	 that	 of	 Sham‐SCs	
(Figure	1C,D).	 Fluorescence	microscopy	 analysis	 revealed	 that	 the	
number	of	SCs	labeled	by	MPZ	and	DAPI	was	decreased	after	injury	
(Figure	1E).	These	findings	imply	that	SNI	resulted	in	increased	ap‐
optosis	and	decreased	proliferation	of	SCs.

3.2 | Reversal of the effects of SNI after 
coculture of SCs with ADSCs

Immunofluorescence	 staining	 showed	 that	 cultured	 ADSCs	 were	
positive	 for	 CD29,	 CD44,	 and	 CD90,	 but	 they	 were	 not	 positive	
for	CD34	and	CD45	(Figure	2A).	CD29+CD44+CD90+CD34−CD45− 
ADSCs	 were	 also	 detected	 by	 flow	 cytometry	 (Figure	 2B).	 Flow	



192  |     LIU et aL.

cytometry	also	showed	that	coculture	of	ADSCs	with	SCs	 led	to	a	
decrease	in	the	rate	of	SNI‐induced	apoptosis	(Figure	2C,D).	Further,	
the	CCK8	analysis	showed	that	coculture	with	ADSCs	also	increased	
the	 proliferation	 rate	 of	 the	 injured	 SCs	 (Figure	 2E).	 Thus,	 ADSC	
treatment	seems	to	promote	SC	proliferation	and	ameliorate	SC	ap‐
optosis	after	SNI.

3.3 | Amelioration of the effects of SNI on SCs by 
ADSC‐Exo treatment

Exosomes	were	isolated	and	purified	from	ADSCs	using	the	Exosome	
Isolation	Kit,	 and	 they	were	 termed	ADSC‐Exo.	 The	BCA	method	
was	performed	to	quantify	the	protein	concentration	of	the	isolated	
exosomes.	 The	 protein	 concentration	 of	 the	 extracted	 exosomes	
was	determined	to	be	1.44	μg/mL.	Nanoparticle	tracking	analysis	re‐
vealed	that	the	isolated	sample	contained	nanovesicles	(40‐100	nm),	
and	the	ADSC‐Exo	had	diameters	of	40‐60	nm	(1.22%),	60‐80	nm	
(30.7%)	and	80‐100	nm	(68.1%).	Western	blot	analysis	showed	that	
the	 vesicles	 expressed	 CD9,	 CD63,	 and	 CD81,	 which	 are	 not	 ex‐
pressed	by	ADSCs	(Figure	3A).

To	determine	 the	effect	of	ADSC‐Exo	on	 the	proliferative	kinet‐
ics	of	SCs,	we	examined	the	proliferation	rate	of	SCs	after	treatment	
with	ADSC‐Exo	at	concentrations	of	6.25	μg/mL,	12.5	μg/mL,	25.0	μg/
mL,	and	50.0	μg/mL.	The	CCK8	assay	showed	that	 the	proliferation	

rate	of	the	treated	SCs	increased	significantly	in	a	time‐	and	concen‐
tration‐dependent	manner.	 The	 increase	 in	 the	 proliferation	 rate	 of	
SNI‐SCs	treated	with	50.0	mg/mL	ADSC‐Exo	for	96	hours	was	most	
pronounced	at	50.5	(Figure	3B).	Therefore,	50.0	μg/mL	exosome	treat‐
ment	for	96	hours	was	used	for	subsequent	experimental	analysis.

Flow	cytometry	analysis	showed	that	the	ADSC‐Exo	treatment	
resulted	in	a	significant	decrease	in	the	percentage	of	apoptotic	cells	
(P <	0.01;	Figure	3C,D).	 Immunofluorescence	staining	of	MPZ	and	
DAPI	showed	that	the	number	of	apoptotic	cells	was	significantly	re‐
duced	when	injured	SCs	were	cocultured	with	ADSC‐Exo	(Figure	3E).	
These	findings	indicate	that	ADSC‐Exo	have	an	anti‐apoptotic	effect	
in	injured	SCs,	and	also	promote	the	proliferation	of	SCs.

3.4 | Effect of ADSCs and ADSC‐Exo on the 
expression of Bax and Bcl‐2 in SCs

Bax	and	Bcl‐2	are	members	of	the	Bcl‐2	gene	family.	Bcl‐2	is	an	anti‐ap‐
optotic	 factor,	while	Bax	 is	a	pro‐apoptotic	 factor.6	qRT‐PCR	analysis	
showed	that	the	mRNA	expression	of	Bcl‐2	decreased	and	that	of	Bax	
increased	significantly	in	the	SNI‐SCs.	After	coculture	with	ADSC‐Exo,	
the	expression	of	Bcl‐2	increased	and	that	of	Bax	decreased	(Figure	4A),	
and	ADSC‐Exo	 treatment	had	similar	effects	 (Figure	4B).	The	 results	
indicate	that	ADSCs	and	ADSC‐Exo	affected	the	apoptosis	and	prolif‐
eration	of	SCs	through	a	regulatory	effect	on	apoptosis‐related	genes.

F I G U R E  1  Decrease	in	SC	proliferation	and	increase	in	SC	apoptosis	following	sciatic	nerve	injury.	A,	Immunofluorescence	staining	
showed	that	Sham‐SCs	and	SNI‐SCs	express	the	SC	marker	S100.	Scale	bar:	20	µm.	B,	The	cell	proliferation	curve	of	Sham‐SCs	and	SNI‐SCs,	
according	to	the	CCK8	assay	findings.	Repeated	measurement	variance	analysis,	F	=	254.067,	P	<	0.001.	C,	Apoptosis	of	Sham‐SCs	and	
SNI‐SCs,	as	demonstrated	by	Annexin	V	and	PI	staining	analysis.	D,	The	apoptosis	rate	of	SNI‐SCs	was	significantly	increased	as	compared	to	
Sham‐SCs.	Data	represent	the	mean	±	SD	values.	**P	<	0.01,	Student's	t	test.	E,	Immunofluorescence	staining	showed	that	the	expression	of	
MPZ	was	lower	in	SNI‐SCs	than	in	Sham‐SCs.	Scale	bar:	20	µm
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4  | DISCUSSION

In	 the	 current	 study,	 we	 utilized	 the	 nerve	 crush	model	 to	mimic	
axonotmesis,26	 in	which	 the	connective	sheath	and	SCs	contained	
in	basal	lamina	tubes	remain	intact	but	axons	are	disrupted.	In	this	
model	 of	 PNI,	 the	 packed	 myelin	 sheath	 at	 first	 loosens	 up	 and	
breaks	 down	 into	 fragments	 within	 24‐48	 hours	 following	 nerve	
injury.27	 This	 is	 followed	 by	 demyelination	 that	 involves	 both	 SC	

reprogramming‐mediated	 myelinophagy	 and	 macrophage‐medi‐
ated	phagocytosis.28‐30	During	the	recovery	process,	the	distal	end	
undergoes	 Wallerian	 degeneration,	 and	 SCs	 proliferate	 to	 form	
Büngner	bands	 that	guide	axonal	outgrowth.10,31	Furthermore,	 re‐
cently,	 researchers	 have	 found	 that	 nerve	 injury	 triggers	 the	 con‐
version	of	myelin	 and	nonmyelin	 (Remak)	SCs	 to	a	 cell	 phenotype	
that	 is	specialized	for	repair,32	and	SCs	undergo	reprogramming	to	
acquire	an	invasive	mesenchymal‐like	cell	phenotype	in	the	wound	

F I G U R E  2  Decrease	in	SC	apoptosis	and	increase	in	SC	proliferation	after	coculture	with	ADSCs.	A,	Immunofluorescence	staining	
showed	that	ADSCs	expressed	CD29,	CD44,	and	CD90,	but	they	did	not	express	CD34	and	CD45.	Scale	bar:	20	µm.	B,	Flow	cytometry	
analysis	of	apoptosis.	C,	Apoptosis	of	Sham‐SCs,	SNI‐SCs,	and	SNI‐SCs	+	ADSCs	was	analyzed	by	Annexin	V	and	PI	staining.	D,	The	
apoptosis	rate	of	SNI‐SCs	decreased	significantly	after	treatment	with	ADSCs.	Data	represent	the	mean	±	SD	values.	**P	<	0.01,	one‐
way	ANOVA.	E,	The	cell	proliferation	curve	of	Sham‐SCs,	SNI‐SCs,	and	SNI‐SCs	+	ADSCs,	as	measured	by	the	CCK8	assay.	Repeated	
measurement	variance	analysis,	F	=	204.983,	P	<	0.001.	LSD	t	test,	P < 0.05
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microenvironment	in	order	to	drive	PNS	regeneration.33	Thus,	SCs	
play	a	complex	role	in	peripheral	nerve	regeneration,	which	is	heav‐
ily	dependent	on	the	presence	of	living	SCs	and	their	multiple	func‐
tions.	 Based	 on	 these	 findings,	 we	 concluded	 that	 in	 the	 present	
axonotmesis	model,	SCs	are	the	major	components	of	the	PNS	that	
undergo	apoptosis.

Emerging	 evidence	 has	 shown	 the	 therapeutic	 roles	 of	 exo‐
somes	 from	ADSCs	with	 regard	 to	 tissue	repair	and	cell‐free	 ther‐
apy.	 Studies	 have	 shown	 that	 ADSC‐derived	 exosomes	 can	 bring	
about	significant	restoration	of	cavernous	nerve	injury	in	rat	mod‐
els.34	Moreover,	 they	were	 found	 to	have	protective	 roles	 in	 isch‐
emic	 stroke35	 and	 wound	 healing.36	 These	 beneficial	 effects	 of	

F I G U R E  3   Increase	in	SC	proliferation	and	decrease	in	SC	apoptosis	with	ADSC‐Exo	treatment.	A,	Western	blot	analysis	showed	
that	ADSC‐Exo	expressed	CD9,	CD63,	and	CD81,	but	ADSCs	did	not	express	these	proteins.	B,	The	cell	proliferation	curve	of	SNI‐SCs	
treated	with	different	concentrations	of	ADSC‐Exo.	Repeated	measurement	variance	analysis,	F	=	19.2,	P	<	0.001.	LSD	t	test,	P	<	0.05.	C,	
Apoptosis	of	Sham‐SCs,	SNI‐SCs,	and	SNI‐SCs	+	Exo	was	analyzed	by	Annexin	V	and	PI	staining.	D,	The	apoptosis	rate	of	SNI‐SCs	decreased	
significantly	after	treatment	with	ADSC‐Exo.	Data	represent	the	mean	±	SD	values.	**P	<	0.01,	one‐way	ANOVA.	E,	Immunofluorescence	
staining	showed	that	the	expression	of	MPZ	was	increased	in	SNI‐SCs	treated	with	ADSC‐Exo.	Scale	bar:	20	µm

F I G U R E  4  Downregulation	of	Bax	expression	and	upregulation	of	Bcl‐2	expression	in	SNI‐SCs.	A,	qPCR	analysis	showed	significantly	
downregulated	expression	of	Bax	and	significantly	upregulated	expression	of	Bcl‐2	with	ADSC	treatment.	B,	qPCR	analysis	showed	
significantly	downregulated	expression	of	Bax	and	significantly	upregulated	expression	of	Bcl‐2	with	ADSC‐Exo	treatment.	Data	represent	
the	mean	±	SD	values.	**P	<	0.01,	*P	<	0.05,	one‐way	ANOVA
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ADSC‐derived	 exosomes	 go	 beyond	 the	 known	 therapeutic	 appli‐
cations	 of	 exosomes	 in	 RNA	 interference	 therapy	 and	 drug	 deliv‐
ery	systems	and	as	disease	biomarkers.37	Based	on	these	findings,	
in	the	present	study,	we	hypothesized	that	exosomes	from	ADSCs	
inhibit	the	apoptotic	process	of	SCs	and	promote	their	proliferation	
in	 rat	models	of	SNI.	This	hypothesis	was	proven	 through	 in	vitro	
experiments	 on	 SCs	 after	 SNI	 in	 the	 present	 study.	 Further,	 our	
experiments	 demonstrated	 that	 ADSC‐derived	 exosomes	 reduced	
the	apoptosis	rate	in	injured	peripheral	nerves	by	upregulating	the	
anti‐apoptotic	Bcl‐2	mRNA	expression	and	downregulating	the	pro‐
apoptotic	Bax	mRNA	expression,	and	also	promoted	the	prolifera‐
tion	of	SCs.	Hence,	the	present	study	demonstrates	that	exosomes	
from	ADSCs	exert	neuroprotective	effects	on	SCs	in	the	SNI	model.

In	 addition	 to	 the	 beneficial	 effects	 of	 ADSCs,	 the	 effects	 of	
ADSC‐secreted	cytokines	on	SC	proliferation	and	the	self‐influence	
of	 SCs	on	proliferation	 should	 also	be	 considered.	 In	 addition,	we	
cannot	rule	out	the	programmed	cell	death	of	SCs	that	occurs	during	
the	physiological	growth	of	peripheral	nerves,	wherein	excess	SCs	
without	axonal	 contact	are	 removed	by	apoptosis	 to	eliminate	 su‐
pernumerary	SCs	during	the	proliferative	period.27,38,39	Further,	au‐
tophagy	of	SCs	is	initiated	for	the	clearance	of	myelin	after	neuronal	
damage	 in	 order	 to	 generate	 a	 favorable	 environment	 for	 axonal	
regrowth.36	 Intriguingly,	MLKL,	which	 is	known	to	rupture	the	cell	
membrane	during	necroptotic	cell	death,	has	been	reported	to	target	
SCs	to	promote	myelin	breakdown	and	axon	regeneration.29	Thus,	
the	apoptosis	of	SCs	is	a	complex	and	multifaceted	phenomenon	in	
peripheral	nerve	repair.	Nonetheless,	our	findings	delineate	a	novel	
exosome‐mediated	mechanism	for	ADSC‐SC	cross	talk	that	reduces	
apoptosis	and	promotes	the	proliferation	of	SCs.	Further	investiga‐
tions	into	this	mechanism	can	help	establish	potential	PNI	therapies.

5  | CONCLUSION

In	 conclusion,	 our	 findings	 demonstrate	 that	 ADSC‐derived	 ex‐
osomes	promote	PNS	regeneration	by	reducing	apoptosis	and	pro‐
moting	the	proliferation	of	SCs	through	upregulation	of	Bcl‐2	mRNA	
expression	 and	 downregulation	 of	 Bax	 mRNA	 expression.	 Thus,	
we	provide	an	experimental	basis	for	the	clinical	application	of	ex‐
osomes	from	ADSCs	to	promote	regeneration	following	PNI.

ACKNOWLEDG MENTS

This	 study	 was	 supported	 by	 Shanghai	 Health	 System	 Excellent	
Discipline	 Leadership	 Program	 (2017BR034),	 Science	 and	
Technology	Committee	 of	 Shanghai	Municipal	Government	 (grant	
no:	 16YF1403500),	 the	 National	 Natural	 Science	 Foundation	
of	 China	 (grant	 no:	 81701205),	 and	 China	 Postdoctoral	 Science	
Foundation	(2017M623362,	2018T111131,	2018M630449).

CONFLIC T OF INTERE S T

The	authors	declare	no	conflict	of	interest.

ORCID

Cai‐Yue Liu  https://orcid.org/0000‐0002‐8141‐0380 

Hao‐Dong Lin  https://orcid.org/0000‐0003‐3363‐7385 

R E FE R E N C E S

	 1.	 England	 JD,	 Asbury	 AK.	 Peripheral	 neuropathy.	 The Lancet. 
2004;363:2151‐2161.

	 2.	 Martyn	 CN,	 Hughes	 RA.	 Hughes	 RA:Epidemiology	 of	 peripheral	
neuropathy.	J Neurol Neurosurg Psych.	1997;62:310‐318.

	 3.	 Robinson	LR.	Traumatic	injury	to	peripheral	nerves.	Muscle Nerve. 
2000;23:863‐873.

	 4.	 Scheib	J,	Hoke	A.	Advances	in	peripheral	nerve	regeneration.	Nat 
Rev Neurol.	2013;9:668‐676.

	 5.	 Menorca	RM,	Fussell	TS,	Elfar	JC.	Nerve	physiology:	mechanisms	of	
injury and recovery. Hand Clin.	2013;29:317‐330.

	 6.	 Oltvai	 ZN,	 Milliman	 CL,	 Korsmeyer	 SJ.	 Bcl‐2	 heterodimerizes	 in	
vivo	with	 a	 conserved	homolog,	 bax,	 that	 accelerates	 programed	
cell	death.	Cell.	1993;74:609‐619.

	 7.	 Robbins	PD,	Morelli	AE.	Regulation	of	immune	responses	by	extra‐
cellular vesicles. Nat Rev Immunol.	2014;14:195‐208.

	 8.	 Becker	 A,	 Thakur	 BK,	 Weiss	 JM,	 Kim	 HS,	 Peinado	 H,	 Lyden	 D.	
Extracellular	vesicles	in	cancer:	cell‐to‐cell	mediators	of	metastasis.	
Cancer Cell.	2016;30:836‐848.

	 9.	 Fairbairn	NG,	Meppelink	AM,	Ng‐Glazier	J,	Randolph	MA,	Winograd	
JM.	Augmenting	peripheral	nerve	regeneration	using	stem	cells:	a	
review	of	current	opinion.	World J Stem Cells.	2015;7:11‐26.

	10.	 Jessen	 KR,	 Mirsky	 R,	 Lloyd	 AC.	 Schwann	 cells:	 develop‐
ment	 and	 role	 in	 nerve	 repair.	 Cold Spring Harb Perspect Biol. 
2015;7:a020487.

	11.	 Jessen	KR,	Mirsky	R.	The	 repair	Schwann	cell	 and	 its	 function	 in	
regenerating	nerves.	J Physiol.	2016;594:3521‐3531.

	12.	 Xu	 Y,	 Liu	 Z,	 Liu	 L,	 et	 al.	 Neurospheres	 from	 rat	 adipose‐derived	
stem	cells	could	be	induced	into	functional	Schwann	cell‐like	cells	
in	vitro.	BMC Neurosci. 2008;9:21.

	13.	 Fu	X,	Tong	Z,	Li	Q,	et	al.	Induction	of	adipose‐derived	stem	cells	into	
Schwann‐like	cells	and	observation	of	Schwann‐like	cell	prolifera‐
tion.	Mol Med Rep.	2016;14:1187‐1193.

	14.	 Razavi	 S,	Mardani	M,	 Kazemi	M,	 et	 al.	 Effect	 of	 leukemia	 inhibi‐
tory	 factor	 on	 the	 myelinogenic	 ability	 of	 Schwann‐like	 cells	 in‐
duced	from	human	adipose‐derived	stem	cells.	Cell Mol Neurobiol. 
2013;33:283‐289.

	15.	 Thery	C,	Zitvogel	L,	Amigorena	S.	Exosomes:	composition,	biogen‐
esis	and	function.	Nat Rev Immunol.	2002;2:569‐579.

	16.	 Conlan	 RS,	 Pisano	 S,	 Oliveira	 MI,	 Ferrari	 M,	 Mendes	 Pinto	 I.	
Exosomes	as	reconfigurable	therapeutic	systems.	Trends Mol Med. 
2017;23:636‐650.

	17.	 Ching	RC,	Kingham	PJ.	The	 role	of	exosomes	 in	peripheral	nerve	
regeneration.	Neural Regen Res.	2015;10:743‐747.

	18.	 Lopez‐Verrilli	MA,	 Picou	 F,	 Court	 FA.	 Schwann	 cell‐derived	 exo‐
somes	enhance	axonal	regeneration	in	the	peripheral	nervous	sys‐
tem.	Glia.	2013;61:1795‐1806.

	19.	 Li	X,	Xie	X,	Lian	W,	et	al.	Exosomes	from	adipose‐derived	stem	cells	
overexpressing	Nrf2	accelerate	cutaneous	wound	healing	by	pro‐
moting	vascularization	 in	a	diabetic	 foot	ulcer	 rat	model.	Exp Mol 
Med. 2018;50:29.

	20.	 Tang	W,	Chen	X,	Liu	H,	et	al.	expression	of	Nrf2	promotes	schwann	
cell‐mediated	sciatic	nerve	recovery	in	diabetic	peripheral	neurop‐
athy.	Cell Physiol Biochem.	2018;46:1879‐1894.

	21.	 Ching	RC,	Wiberg	M,	Kingham	PJ.	Schwann	cell‐like	differentiated	
adipose	 stem	 cells	 promote	 neurite	 outgrowth	 via	 secreted	 exo‐
somes	and	RNA	transfer.	Stem Cell Res Ther. 2018;9:266.

https://orcid.org/0000-0002-8141-0380
https://orcid.org/0000-0002-8141-0380
https://orcid.org/0000-0003-3363-7385
https://orcid.org/0000-0003-3363-7385


196  |     LIU et aL.

	22.	 Kreider	BQ,	Messing	A,	Doan	H,	Kim	 SU,	 Lisak	RP,	 Pleasure	DE.	
Enrichment	of	Schwann	cell	cultures	from	neonatal	rat	sciatic	nerve	
by	differential	adhesion.	Brain Res.	1981;207:433‐444.

	23.	 Sokolova	V,	Ludwig	AK,	Hornung	S,	et	al.	Characterisation	of	exo‐
somes	derived	from	human	cells	by	nanoparticle	tracking	analysis	
and	 scanning	 electron	 microscopy.	 Colloids Surf B Biointerfaces. 
2011;87:146‐150.

	24.	 Dragovic	RA,	Gardiner	C,	Brooks	AS,	et	al.	Sizing	and	phenotyping	of	
cellular	vesicles	using	nanoparticle	tracking	analysis.	Nanomedicine. 
2011;7:780‐788.

	25.	 Zhu	L,	Hao	 J,	Cheng	M,	et	 al.	Hyperglycemia‐induced	Bcl‐2/Bax‐
mediated	apoptosis	of	Schwann	cells	via	mTORC1/S6K1	inhibition	
in	diabetic	peripheral	neuropathy.	Exp Cell Res.	2018;367:186‐195.

	26.	 Bridge	 PM,	 Ball	 DJ,	Mackinnon	 SE,	 et	 al.	 Nerve	 crush	 injuries‐	 a	
model	for	axonotmesis.	Exp Neurol.	1994;127:284‐290.

	27.	 Yang	 DP,	 Zhang	 DP,	Mak	 KS,	 Bonder	 DE,	 Pomeroy	 SL,	 Kim	HA.	
Schwann	 cell	 proliferation	 during	 Wallerian	 degeneration	 is	 not	
necessary	 for	 regeneration	 and	 remyelination	 of	 the	 peripheral	
nerves:	axon‐dependent	removal	of	newly	generated	Schwann	cells	
by	apoptosis.	Mol Cell Neurosci.	2008;38:80‐88.

	28.	 Chen	P,	Piao	X,	Bonaldo	P.	Role	of	macrophages	in	Wallerian	degen‐
eration	and	axonal	regeneration	after	peripheral	nerve	injury.	Acta 
Neuropathol.	2015;130:605‐618.

	29.	 Ying	Z,	Pan	C,	Shao	T,	et	al.	Mixed	lineage	kinase	domain‐like	pro‐
tein	 MLKL	 breaks	 down	 myelin	 following	 nerve	 injury.	Mol Cell. 
2018;72:457‐468.

	30.	 Stratton	 JA,	 Holmes	 A,	 Rosin	 NL,	 et	 al.	 Macrophages	 reg‐
ulate	 schwann	 cell	 maturation	 after	 nerve	 injury.	 Cell Rep. 
2018;24:2561‐2572.

	31.	 Rotshenker	 S.	 Wallerian	 degeneration‐	 the	 innate‐immune	 re‐
sponse	to	traumatic	nerve	injury.	J Neuroinflammation. 2011;8:109.

	32.	 Arthur‐Farraj	PJ,	Latouche	M,	Wilton	DK,	et	al.	 c‐Jun	 reprograms	
Schwann	cells	of	 injured	nerves	to	generate	a	repair	cell	essential	
for	regeneration.	Neuron.	2012;75:633‐647.

	33.	 Clements	MP,	 Byrne	 E,	 Camarillo	 Guerrero	 LF,	 et	 al.	 The	wound	
microenvironment	 reprograms	 schwann	 cells	 to	 invasive	 mesen‐
chymal‐like	 cells	 to	 drive	 peripheral	 nerve	 regeneration.	Neuron. 
2017;96:98‐114.

	34.	 Li	M,	Lei	H,	Xu	Y,	et	al.	Exosomes	derived	from	mesenchymal	stem	
cells	 exert	 therapeutic	 effect	 in	 a	 rat	model	of	 cavernous	nerves	
injury. Andrology.	2018;6:927‐935.

	35.	 Jiang	M,	Wang	H,	Jin	M,	et	al.	Exosomes	from	MiR‐30d‐5p‐ADSCs	
reverse	acute	ischemic	stroke‐induced,	autophagy‐mediated	brain	
injury	 by	 promoting	 M2	 microglial/macrophage	 polarization.	 Cell 
Physiol Biochem.	2018;47:864‐878.

	36.	 Cooper	DR,	Wang	C,	Patel	R,	et	al.	Human	adipose‐derived	stem	
cell	conditioned	media	and	exosomes	containing	MALAT1	promote	
human	 dermal	 fibroblast	 migration	 and	 ischemic	 wound	 healing.	
Adv Wound Care (New Rochelle).	2018;7:299‐308.

	37.	 EL	Andaloussi	S,	Mäger	 I,	Breakefield	XO,	Wood	M.	Extracellular	
vesicles:	biology	and	emerging	therapeutic	opportunities.	Nat Rev 
Drug Discov.	2013;12:347‐357.

	38.	 Syroid	DE,	Maycox	PR,	Burrola	PG,	et	al.	Cell	death	in	the	Schwann	
cell	lineage	and	its	regulation	by	neuregulin.	Proc Natl Acad Sci USA. 
1996;93:9229‐9334.

	39.	 Sondell	 M,	 Lundborg	 G,	 Kanje	 M.	 Vascular	 endothelial	 growth	
factor	has	neurotrophic	activity	and	stimulates	axonal	outgrowth,	
enhancing	cell	survival	and	Schwann	cell	proliferation	in	the	periph‐
eral	nervous	system.	J Neurosci.	1999;19:5731‐5740.

How to cite this article:	Liu	C‐Y,	Yin	G,	Sun	Y‐D,	et	al.	Effect	of	
exosomes	from	adipose‐derived	stem	cells	on	the	apoptosis	of	
Schwann	cells	in	peripheral	nerve	injury.	CNS Neurosci Ther. 
2020;26:189–196. https	://doi.org/10.1111/cns.13187	

https://doi.org/10.1111/cns.13187

