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Abstract
Objective:	Over	5%	of	the	world’s	population	suffers	from	disabling	hearing	loss.	Stem	
cell	 homing	 in	 target	 tissue	 is	 an	 important	 aspect	 of	 cell-	based	 therapy,	which	 its	
augmentation	increases	cell	therapy	efficiency.	Deferoxamine	(DFO)	can	induce	the	
Akt	activation,	and	phosphorylation	status	of	AKT	(p-	AKT)	upregulates	CXC	chemokine	
receptor-	4	(CXCR4)	expression.	We	examined	whether	DFO	can	enhance	mesenchy-
mal	stem	cells	 (MSCs)	homing	 in	noise-	induced	damaged	cochlea	by	PI3K/AKT	de-
pendent mechanism.
Materials and Methods:	Mesenchymal	stem	cells	were	treated	with	DFO.	AKT,	p-	AKT	
protein	and	hypoxia	inducible	factor	1-		α	(HIF-	1α)	and	CXCR4	gene	and	protein	ex-
pression	was	evaluated	by	RT-		PCR	and	Western	blot	analysis.	For	in	vivo	assay,	rats	
were	assigned	to	control,	sham,	noise	exposure	groups	without	any	treatment	or	re-
ceiving	normal,	DFO-	treated	and	DFO	+LY294002	(The	PI3K	inhibitor)-	treated	MSCs.	
Following	chronic	exposure	to	115	dB	white	noise,	MSCs	were	injected	into	the	rat	
cochlea	 through	 the	 round	window.	Number	 of	Hoechst-		 labelled	 cells	was	 deter-
mined in the endolymph after 24 hours.
Results:	Deferoxamine	increased	P-	AKT,	HIF-	1α	and	CXCR4	expression	in	MSCs	com-
pared	to	non-	treated	cells.	DFO	pre-	conditioning	significantly	increased	the	homing	
ability	of	MSCs	into	injured	ear	compared	to	normal	MSCs.	These	effects	of	DFO	were	
blocked	by	LY294002.
Conclusions:	Pre-	conditioning	of	MSCs	by	DFO	before	transplantation	can	improve	
stem	cell	homing	in	the	damaged	cochlea	through	PI3K/AKT	pathway	activation.

1  | INTRODUCTION

Several	factors	such	as	complications	at	birth,	genetic	disorders,	drug,	
acoustic	trauma,	chronic	ear	infections	and	ageing	may	be	risk	factors	
for hearing loss.1-4	Noise-	induced	hearing	loss	(NIHL)	is	the	most	com-
mon	 form	of	hearing	 impairment,	which	occurs	due	 to	prolonged	or	
high	intensity	level	of	noise	exposure.	Loud	sound	can	cause	damage	to	
the hair cells in the cochlea.5	In	mammalians,	hair	cells	are	not	replaced	
or	repaired.	At	present,	there	is	not	any	definite	cure	for	reconstruction	
of	damaged	hair	cells	 resulting	from	acoustic	stimuli.	 In	 recent	years,	
stem cell transplantation has been investigated to repair damaged 

tissues of the inner ear. Arriving of enough injected cells into the tar-
get area is necessary for the treatment of irreversible damage to hair 
cells	and	neurons.	Stem	cell	homing	is	one	of	the	essential	mechanisms	
for effective delivery of injected cells to the cochlear tissue.6	The	most	
known molecular mechanism that directs migration and homing of mes-
enchymal	stem	cells	(MSCs)	into	target	tissue	is	the	activation	of	some	
chemokine	receptors	such	as	CXCR4.7,8 Recent evidence has revealed 
that	chemical	agents	such	as	Deferoxamine	(DFO)	which	mimic	hypoxic	
pre- conditioning can increase cell therapeutic efficacy through incre-
ment of stem cells homing factors.9	DFO	is	an	iron-	chelator	drug	and	a	
family	of	prolyl-	4	hydroxylase	inhibitor	that	stabilizes	hypoxia	inducible	
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FIGURE 1 Morphological	features	and	flow	cytometry	analysis	of	cultured	BMSCs.	Figures	of	morphology	(A),	osteogenic	(B)	and	adipogenic	(C)	
differentiation	of	BMSCs.	Flow	cytometry	assay	showed	that	BMSCs	were	positive	for	CD	markers	such	as	CD73	(74.3%)	(F),	CD105	(92.12%)	(G),	and	
CD90	(91.63%)	(H),	and	negative	for	CD45	(4.6%)	(I)	and	CD34	(2.9%)	(J).	Isotype	control-FITC	(D),	Isotype	control-PE	(E).	CXCR4	expression	(8.5%)	was	also	
determined	in	MSCs	by	flow	cytometry	assay	(L).	Isotype	control	-FITC	(K).
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factor 1-  α	 (HIF-	1α)	 through	the	 inhibition	of	prolyl	hydroxylases	en-
zyme	which	target	HIF-	1	protein	through	degradation.10,11 A previous 
study	 has	 been	 shown	 that	 hypoxia	 stimulates	 the	 activation	 of	 the	
phosphatidylinositol-	3	kinase	 (PI3-	K)	/AKT	survival	pathway	 in	PC12	
cells.	The	same	effect	was	also	 reported	 following	DFO	treatment.12 
AKT	activation	can	induce	the	expression	of	CXCR4	in	stem	cells.	PI3K/
AKT	pathway	contributes	in	hypoxia	pre-	conditioning-	induced	HIF-	1ɑ	
expression	and	CXCR4	upregulation	in	BMSCs.13	Stromal	cell-derived 
factor	1	(SDF-1)	(potent	chemoattractant	for	BMSCs)	-CXCR4	signal-
ling pathway has a key role in the regulation of stem cell trafficking 
towards the injured area.14-17	In	this	regard,	we	examined	the	mecha-
nism	of	DFO	effect	on	MSCs	chemokine	receptor	and	homing	ability	in	
noise-induced	injured	cochlea	through	PI3K/AKT	pathway.

2  | MATERIALS AND METHODS

2.1 | Experimental animals

Male	Wistar	rats	were	purchased	from	the	Experimental	Animal	Center	
of	Shahid	Beheshti	Medical	University	and	housed	under	a	steady	con-
dition.	All	animal	procedures	were	approved	by	the	Ethical	Committee	
of	Shahid	Beheshti	University	of	Medical	Sciences	based	on	National	
Institutes	of	Health	Principles	of	Laboratory	Animal	Care	(NIH	publica-
tion	no.	85-	23,	revised1985).	Noise	exposure	and	DPOAEs	assay	were	
performed	in	Animal	Research	Lab,	Department	of	Audiology,	School	
of	Rehabilitation	Sciences,	Iran	University	of	Medical	Sciences.

Rats	with	4-	6	weeks	of	age	and	average	weight	of	120-	140	g	were	
used	for	MSCs	isolation.	For	in	vivo	study,	rats	(200-	250	g,	3	months)	
were	 randomly	 assigned	 into	 six	 groups:	 control,	 sham,	 noise	 expo-
sure	groups	without	any	treatment	or	transplanted	with	normal,	DFO	
(Sigma-	Aldrich,	 St.	 Louis,	 MO,	 USA)-	treated	 and	 DFO+LY294002	
(Abcam,	Cambridge,	UK)-	treated	MSCs	(n	=	4/	each	group).

2.2 | Isolation, culturing and characterization of 
rat MSCs

Following	 rats	 anaesthetizing	by	Xylazine	 and	Ketamine	 administration,	
MSCs	were	extracted	by	flushing	marrow	from	the	femur	and	tibia	cavity	
with	a	22	gauge	needle.	Cells	were	harvested	in	Dulbecco’s	medium	(Gibco	
BRL,	Grand	Island,	NY,	USA)	culture	media	with	10%	foetal	bovine	serum	
(FBS,	Gibco	BRL,	Grand	Island,	NY,	USA)	and	1%	penicillin—streptomycin	

(Pen/	Strep).	Cultures	(25-	cm2	flasks)	were	maintained	in	a	humidified	in-
cubator	at	37°C	with	5%	CO2.	Culture	medium	was	replaced	every	3	days.	
For	 assessment	 of	 adipogenic	 differentiation	 potential,	 fourth-	passage	
cells were incubated for 21 days with 5 μg/mL	insulin	(Sigma-	Aldrich,	St.	
Louis,	MO,	USA)	and	10−9	M	of	dexamethasone.	Lipid	droplets	accumu-
lation	 in	vacuoles	was	visualized	by	Oil	Red	O	(Sigma-	Aldrich,	St.	Louis,	
MO,	 USA)	 staining	 and	 determined	 by	 phase-	contrast	 microscopy.18,19 
For	osteogenesis	assay,	cultures	of	cells	(passage	4)	were	incubated	with	
osteogenesis	medium	 (50	μg/mL	ascorbic	acid	2-	phosphates,	10	mM	β- 
glycerophosphate and 109	M	dexamethasone)	for	21	days.20,21	Next,	the	
cells	were	fixed	with	10%	formalin	 for	20	minutes,	and	then	cells	were	
treated	with	2%	(weight/volume)	solution	of	Alizarin	Red	S	(Sigma-	Aldrich,	
St.	Louis,	MO,	USA)	for	20	minutes,	pH	was	adjusted	to	4.1	with	ammo-
nium	hydroxide.22	Flow	cytometry	was	performed	using	caliber	cytometer	
FACS	(Becton	Dickinson,	San	Diego,	CA,	USA)	to	analyse	fourth-	passage	
MSCs	surface	markers	including	CD105,	CD73,	CD90,	CD34,	CD45	and	
CD184	(CXCR4)	(Becton	Dickinson,	San	Diego,	CA,	USA).

2.3 | Cytotoxicity assay

Cells	 (5	×	103)	 were	 plated	 into	 individual	 wells	 of	 a	 96	 well	 culture	
plates	and	were	then	treated	with	medium	containing	0,	10,	50,	100	and	
200 μM	of	DFO.	Cultures	without	DFO	served	as	control.	After	24,	48	
and	72	hours	of	incubation,	100	μL	MTT	3-		(4,	5-	dimethylthiazol-	2-	yl)	-	2,	
5-	diphenyltetrazolium	bromide)	 reagent	was	added	 into	each	well,	 and	
the	cells	were	incubated	for	3	hours	at	37°C.	After	incubation,	medium	
was	removed	(carefully)	and	dissolved	in	100	μL	DMSO	(Carl	Roth	GmbH	
&	Co.,	Karlsruhe,	Germany)	to	avoid	any	interference	with	the	absorbance	
readings. Absorbance was measured at 570 nm with a microplate reader.

2.4 | In vitro migration assay

The	 migration	 ability	 of	 BMSCs	 was	 quantified	 using	 the	QCM™ 
chemotaxis	8	μm	96-	well	cell	fluorometric	migration	assay	(Millipore,	
Billerica,	MA,	USA).	Cell	cultures	(4	×	104 cells/100 μL)	were	treated	
with	DFO	(100	μM),	DMSO	(solvent	for	AMD3100	and	LY294002),	
DFO+AMD3100	 (a	 specific	 inhibitor	 of	 CXCR4,	 5	μg/mL,	 Sigma-	
Aldrich,	St.	Louis,	MO,	USA)	and	DFO+LY294002	(30	μmol/L)	in	the	
upper	chamber	and	then	their	migration	ability	towards	SDF-	1	(100	
ng/ml,	Enzo	Life	Sciences,	Farmingdale,	NY,	USA)	in	the	lower	cham-
ber	was	assayed.	MSCs	without	any	treatment	were	considered	as	

F IGURE  2 Viability	assay	of	MSCs	
treated	with	various	concentrations	of	DFO	
for	24,	48	and	72	h	by	MTT.	DFO-	treated	
MSCs	at	50	and	100	μM concentration 
showed significantly more viability in 
comparison with control groups. *P < .001 
compared	to	the	control	group	(n	=	4),	
(One-	way	ANOVA)
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control.	Plates	were	then	incubated	for	24	hours	at	37°C.	Migratory	
cells	were	lysed	and	detected	by	CyQuant	GR	dye.	Optical	density	
(OD)	value	of	migrated	cells	was	determined	using	480/520	nm	fil-
ter set.

2.5 | rt- pcr

Total	RNA	of	BMSCs	was	 isolated	using	TRIZOL	 reagent,	 accord-
ing	 to	 the	 manufacturer’s	 instructions.	 The	 RNA	 concentrations	
were	 quantified	 by	 a	 spectrophotometer.	 cDNA	was	 synthesized	

by	 reverse	 transcriptase	 with	 a	 cDNA	 synthesis	 kit	 (Fermentas,	
Thermo	 Fisher	 Scientific	 Inc.,	 Leicestershire,	 UK).23	 The	 cDNA	
was	amplified	by	PCR	 for	30	cycles	 for	HIF-	1α	 and	CXCR4	or	35	
cycles for β-	Actin	 using	 the	 following	 primers:	 HIF-	1α; forward 
(5′_GGATTACCACAGCTGACCA-	3′)	 and	 reverse	 (5′_	 GATCCAAA 
GCTCTGAGTAAT	 -	3′),	 CXCR4;	 forward	 (5′_	 ACACCGTCAAC 
CTTTACAG	-	3′)	and	reverse	(5′_	CTGTTGGTGGCGTGGACAA	-	3′)	
and β-	actin	(as	a	loading	control);	forward	(5′_TGTCCACCTTCCAG 
CAGATGT-	3′)	 and	 reverse	 (5′_AGCTCAGTAACAGTCCGCCTAGA 
-	3′).	Each	cycle	consisted	of	denaturation	at	94°C	for	30	s, annealing 

F IGURE  3 DFO	improved	in	vitro	
migration	of	BMSCs	to	SDF-	1.	This	
treatment	effect	was	blocked	by	AMD3100	
or	LY294002.	In	control	group,	no	SDF-	1	
was	applied	to	the	MSCs.	SDF-	1,	stromal	
cell-	derived	factor-	1;	BMSCs,	bone	
marrow mesenchymal stem cells. *P < .001 
compared	to	non-	treated	MSCs	group;	
#P	<	.001	compared	to	the	DFO	group	
(One-	way	ANOVA)

F IGURE  4 Effect	of	DFO	treatment	
on	AKT	and	p-	AKT	protein	expression.	
DFO	enhanced	p-	AKT	protein	expression	
in	BMSCs	compared	to	untreated	cells.	
This	effect	was	reversed	when	treated	
with	LY294002.	#P < .01 compared to the 
control	group	(n	=	3),	(One-	way	ANOVA)
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at	55°C	(HIF-	1α)	or	57°C	(CXCR4	and	β-	actin)	for	1	min,	extension	
at	72°C	for	30	s.

2.6 | Western blot

For	 protein	 expression	 assay	 in	 the	 cochlear	 tissue,	 following	 an-
aesthesia	 and	 decapitation	 of	 the	 animal,	 the	 temporal	 bone	 was	
quickly	 removed.	Cochlea	 sample	 included	 the	 organ	 of	 corti,	 and	
modiolus	was	dissected	and	then	homogenized	in	a	RIPA	lysis	(Santa	
Cruz	Biotechnology,	Dallas,	TX,	USA)	buffer.	For	in	vitro	assay,	DFO	
untreated	 and	 treated	 cultured	 cells	were	 trypsinized	 and	washed	
with	PBS	and	 lysed	 in	a	RIPA	 lysis	buffer.	The	homogenates	were	
centrifuged	at	4°C	for	10	minutes	at	15	000	g. Measurement of pro-
tein	 concentration	 was	 done	 using	 the	 Bradford	 assay.24	 Samples	
containing	 equal	 amounts	 of	 protein	 were	 loaded	 and	 separated	
using	 SDS-PAGE	 electrophoresis	 and	 transferred	 onto	 a	 nitrocel-
lulose	membrane.	 The	membrane	was	 incubated	with	 the	 specific	
antibodies:	anti-		p-	AKT	(1:	1000),	anti-		AKT	(1:	1000),	anti-		HIF-	1α 
(1:	1000),	anti-		CXCR4	 (1:	1000)	anti-		SDF-	1	 (1:	1000)	and	anti-		β 
Actin	 (1:	 2000)	 antibody	 (Abcam,	 Cambridge,	 UK),	 (as	 an	 internal	
control).	 A	 peroxidase-	conjugated	 goat	 anti-	rabbit	 IgG	 (Abcam,	
Cambridge,	UK,	1:2000)	was	used	as	a	secondary	antibody.	Protein	
bands	were	 visualized	 by	 ECL	detection	 kit	 (Amersham	Pharmacia	
Biotech,	 Piscataway,	 NJ,	 USA)	 and	 then	 analysed	 using	 TotalLab	
software.25,26

2.7 | Noise exposure

Noise	 exposures	 were	 conducted	 in	 a	 glass	 chamber	 and	 lasted	
6	hours	 for	5	 consecutive	days.	Male	 rats	were	exposed	 to	115	dB	
sound	 pressure	 level	 (SPL).	 Sound	 intensity	 was	 measured	 using	 a	
sound	level	meter	(TES-	1358	Sound	Analyse,	Taiwan).

2.8 | DPOAEs

DPOAEs	 are	 generated	 in	 the	 response	 to	 the	 simultaneous	
	presentation	of	two	sounds	pure	tones	with	different	frequencies	
F1	 and	F2	 in	 the	 inner	 ear.27	DPOAEs	 present	 active	mobility	 of	
the	 outer	 hair	 cells	 (OHC)	 in	 the	 cochlea.28	 Briefly,	 animals	were	
anaesthetized	 using	 90/10	mg/kg	 i.p.	 injection	 of	 ketamine/xyla-
zine	mixture.	DPOAEs	were	 recorded	 from	 the	 left	 ear.	DPOAEs	
measurement was performed in a sound- attenuated chamber by 
Neuro-	Audio	 (NEUROSOFT,	 Russia)	 system	 pre-		 and	 post-	noise	
exposure.

2.9 | In vivo migration assay

P4	 cells	 were	 seeded	 in	 6-	well	 plates	 at	 an	 initial	 density	 of	
500	000	cells/well	and	cultured	to	reach	60%-	70%	confluence.	For	in	
vivo	chemotaxis	analysis,	1	×	105	BMSCs	were	treated	with	or	with-
out 30 μmol/L	LY294002	for	2	hours	before	the	treatment	with	DFO.	

F IGURE  5  (A)	Cells	were	treated	with	100	μM	DFO	at	different	times	(0,	12	and	24	h).	DFO	markedly	enhanced	HIF-	1α	and	CXCR4	mRNA	
level	at	12	and	24	h	in	BMSCs	compared	to	untreated	stem	cells.	Effect	of	DFO	treatment	was	decreased	by	LY294002.	#P	<	.01,	*P < .001 
compared	to	the	control	group	(n	=	3),	(One-	way	ANOVA).	(B)	DFO	significantly	potentiated	HIF-	1α	and	CXCR4	protein	expression	which	These	
effects	were	blocked	by	LY294002	treatment.	*P	<	.001	compared	to	untreated	cells	(n	=	3),	(One-	way	ANOVA)
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Then,	20	μL	of	MSC	suspension	was	perfused	for	10	minutes	at	a	rate	
of 2 μL/min	into	the	inner	ear	(left)	through	the	round	window	niche.

2.10 | Histological assay

Twenty-	four	hours	after	transplantation,	rats	were	sacrificed	by	decapi-
tation,	 the	 temporal	 bones	were	quickly	 removed	and	 cochleae	were	
fixed	by	intrascalar	perfusion	of	4%	paraformaldehyde.	After	overnight	
immersion	in	fixative,	cochleae	were	decalcified	by	immersion	in	5%	su-
crose,	5%	ethylenediaminetetraacetic	acid	(pH	7.4)	with	stirring	at	4°C	
for	15	days.	Paraffin-	embedded	5-	μm sections were prepared. Hochest 
(Hoechst	33342;	Thermo	Fisher	Scientific,	Waltham,	MA,	USA)—labelled	
MSCs	was	observed	by	using	fluorescence	microscope.	The	number	of	
labelled	MSCs	in	the	cochlea	was	analysed	by	Image	J	software.

2.11 | Statistical analysis

All	data	are	presented	as	mean	±	SEM.	Statistical	analysis	was	done	
by	Student’s	t	test	and	one-	way	analysis	of	variance	(ANOVA).	P value 
less than 0.05 was statistically significant.

3  | RESULTS

3.1 | Characterization of MSCs

Differentiation	capacity	of	BMSCs	 (passage	4)	 (Figure	1A)	was	de-
tected	with	alizarin	red	staining	of	matrix	calcium	deposition	on	the	
21th	 day	 of	 osteogenic	 differentiation	 (Figure	1B)	 and	 oil	 Red	 O	
staining of lipid droplets on the 21th day of adipocyte differentia-
tion	(Figure	1C).	In	addition,	we	evaluated	the	expression	of	cell	sur-
face markers by flow cytometry.	Flow	cytometry	analysis	indicated	
the	expression	of	MSCs	surface	markers	such	as	CD73	(Figure	1F),	
CD105	(Figure	1G)	and	CD90	(Figure	1H)	and	the	absence	of	hae-
matopoietic	 lineage	 markers	 such	 as	 CD45	 (Figure	1I)	 and	 CD34	
(Figure	1J).	Flow	cytometric	analysis	was	also	performed	to	deter-
mine	the	percentages	of	CXCR4	(CD184)-	positive	cells	(Figure	1L).

3.2 | Cell viability

After	incubation	of	cells	with	DFO	at	a	concentration	of	0,	10,	50,	100	
and 200 μM	for	24,	48	and	72	hours	periods,	the	viability	of	cells	was	

F IGURE  6 Mean	±	SEM	of	DPOAE	
responses in the control and sham groups 
at	day	0	and	day	6	(A)	and	in	the	noise	
group	before	(day0)	and	after	(day	6)	noise	
exposure	(B).	SPL;	sound	pressure	level.	
*P	<	.001	compared	to	day	0	(one-	way	
ANOVA)
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examined	by	MTT	assay.	Our	result	showed	that	24	hours	treatment	
with 100 μM	of	DFO	significantly	enhanced	MSCs	viability,	and	was	
used	for	all	experiments	in	this	study	(Figure	2).

3.3 | In vitro migration assay

In	vitro	migration	assay	was	performed	with	a	QCM	chemotaxis	96-	
well	cell	migration	kit.	DFO	treatment	for	24	hours	 increased	MSCs	
migration	 to	 SDF-	1	 (P	<	.001)	 compared	 to	 the	 non-	treated	 MSCs	
group.	 This	 effect	 was	 inhibited	 after	 treatment	 with	 AMD3100	
(P	<	.001)	or	LY294002	(P	<	.001)	(Figure	3).

3.4 | AKT and p- AKT expression analysis

Cells	were	 treated	with	100	μM	of	DFO	 for	0,	 12	 and	24	hours.	
Densitometric	 analysis	 revealed	 that	 the	 p-	AKT	 protein	 expres-
sion	was	 significantly	 enhanced	 in	 the	DFO-	incubated	MSCs	 for	
24	hours	in	comparison	with	untreated	controls.	The	overexpres-
sion	of	p-	AKT	was	reversed	by	LY294002.	AKT	protein	expression	
was	not	changed	in	DFO-	treated	cells	compared	to	control	group	
(Figure	4).

3.5 | HIF- 1α and CXCR4 Gene and protein 
expression analysis

The	effect	of	DFO	on	expression	of	HIF-	1α	and	CXCR4	was	deter-
mined	 by	 PCR	 and	Western	 blot	 analysis.	 The	 time-course statisti-
cal	 analysis	 revealed	DFO	 treatment	 increased	 genes	 expression	 in	

a time-dependent	manner	(0,	12	and	24	hours), reaching the highest 
levels	at	24	hours,	and	this	effect	was	diminished	by	pre-	treatment	of	
cells	with	LY294002	(Figure	5A).	As	well,	HIF-	1α	and	CXCR4	protein	
expression	was	significantly	elevated	after	 incubation	with	DFO	for	
24	hours	(Figure	5B).

3.6 | DPOAE assay

The	 hearing	 function	 of	 the	 control	 (n	=	4),	 sham	 (n	=	4),	 noise-	
induced	groups	(n	=	16)	(including	a	group	with	no	treatment	[n	=	4]	
and	 3	 noise	 experimental	 groups	 which	 were	 then	 transplanted	
with	 normal	 [n	=	4],	 DFO-	treated	 [n	=	4]	 and	 DFO+LY294002-	
treated	MSCs	 [n	=	4])	were	 evaluated	 using	 the	DPOAE.	DPOAE	
(in	 dB	 SPL)	 were	measured	 in	 stimulus	 frequencies	 of	 2,	 3,	 4,	 5,	
6,	 7,	 8,	 9	 and	 10	kHz.	 Baseline	 audiometry	 measure	 was	 normal	
in	 all	 groups	 (Figure	6A&	 B).	 Six	 days	 after	 surgery,	 the	 mean	
DPOAE	values	 in	the	sham-	operated	group	were	not	significantly	
different	 across	 the	measured	 frequency	 range	 compared	 to	 day	
0	 (Figure	6A).	 Following	 6	days	 noise	 exposure,	 noise-	induced	
rat	 showed	 a	 decrease	 in	 DPOAE	 responses	 compared	 to	 day	 0	
(P	<	.001,	Figure	6B).

3.7 | SDF- 1 protein expression analysis

Protein	expression	of	SDF-	1	was	assayed	in	the	cochlea	tissue	of	con-
trol	(n	=	4),	sham-	operated	(n	=	4)	and	noise	exposure	(n	=	4)	groups	
by	Western	blotting	test.	SDF-	1	band	was	detected	on	the	blot	around	
11	kDa.	Analysis	of	western	blotting	data	showed	that	protein	expres-
sion	of	SDF-	1	was	significantly	enhanced	in	the	cochlea	tissue	of	rats	
in	the	noise-	induced	group	compared	to	the	control	group	(P	<	.001)	
(Figure	7).

3.8 | MSCs migration assay

The	 Hochest-	labelled	MSCs	 were	 injected	 through	 the	 round	 win-
dow	into	the	perilymph	of	the	inner	ear	of	deaf	rat.	The	animals	were	
sacrificed	by	decapitation	24	hours	after	MSCs	transplantation.	The	
number of Hoechst- stained cells was counted under fluorescence mi-
croscopy.	Our	results	showed	that	the	number	of	DFO-	treated	MSCs	
that were detected in the endolymph of cochlea was significantly 
higher	than	non-	treated	MSCs	(n	=	4),	(*P	<	.001)	(Figure	8).

4  | DISCUSSION

There	 are	 two	 commonly	 used	 methods	 of	 cell	 delivery	 into	 the	
perilymphatic	duct	of	cochlea—cochleostomy	and	the	surgical	inter-
vention	 through	the	round	window	membrane.	 In	 this	study,	MSCs	
were	 transplanted	 into	 the	cochlea	via	 round	window	niche,	which	
is	 easy	 and	 safe	 surgical	 technique.29,30 Although the endolym-
phatic	compartment	is	encapsulated	by	tight	junctions,	studies	have	
shown that number of cells receiving to the scala media through 
intra- perilymphatic transplantations modest which confirmed that 

F IGURE  7 Protein	expression	of	SDF-	1	in	the	cochlea	of	rat.	
After	noise	exposure,	SDF-	1	protein	expression	was	increased	in	the	
injured	cochlea	(mean	±	SEM).	SDF-	1,	stromal	cell-	derived	factor-	1.	
*P	<	.001	compared	to	the	control	group	(one-	way	ANOVA,	post	
hoc).	β- Actin was used as an internal control
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injected cells can migrate from perilymphatic space to endolymphatic 
compartment.31,32,33	 The	 query	 of	 how	 cells	 could	 pass	 through	
this tightly sealed compartment is under investigation. A report by 
Kamiya	et	al.	revealed	that	upregulation	of	homing	receptors	such	as	
chemokine	 receptor	 2	 (CCR2)	 and	CXCR4	 in	 cultured	MSCs	which	
are implanted via the intra- perilymphatic route can potentiate cell 
homing	capacity	to	 injured	target	of	cochlea.	They	have	found	that	
monocyte	chemotactic	protein-	1,	SDF-	1	and	their	receptors	are	main	
regulators for stem cell homing into target site of cochlea in the he-
reditary deafness.6

In	this	study,	we	examined	whether	DFO	pre-	treatment	can	pro-
mote	BMSCs	homing	through	the	PI3K/AKT	signalling	pathway	in	the	
NIHL	 rat	model.	 For	 this	 purpose,	 the	 pre-	treated	 cells	were	 trans-
planted into the perilymphatic space via the round window and then 
injected	cells	which	received	to	endolymph	were	evaluated.	Our	data	
demonstrated	 that	DFO	enhances	BMSCs	 homing	 in	 noise-induced 
cochlear	 injury	 through	 PI3K/AKT-	dependent	 mechanism.	 Under	 in	
vitro	condition,	DFO	increased	phosphorylation	status	of	AKT	and	ex-
pression	of	HIF-	1α	and	CXCR4	in	BMSCs.	In	addition,	in	vivo	homing	
of	DFO-	treated	MSCs	in	the	injured	rat	cochlea	increased	compared	to	
non-	treated	MSCs.	These	effects	of	DFO	were	blocked	by	treatment	
with	the	PI3K	inhibitor,	which	indicates	that	DFO	effect	was	mediated	
by	the	PI3K/AKT-		HIF-	1α	-	CXCR4	pathway.	The	PI3K/AKT	signalling	
pathway	 has	 an	 outstanding	 role	 in	 cell	 biology.	This	 cascade	 is	 in-
volved	 in	 cell	 survival,	 cell	 cycle,	 cellular	 growth	and	proliferation.34 
Activation	 of	 the	 PI3K/AKT	 pathway	 has	 recently	 been	 reported	
under	hypoxic	conditions	 in	PC12	cells.	DFO	 (as	hypoxia	mimicking	
compound)	 treatment	 effects	 have	been	 also	observed	 in	 the	 same	

direction.12	In	addition,	hypoxia	induces	AKT	activation	in	cell-	derived	
pten2/2 tumours.35	A	previous	study	has	been	shown	that	exposure	
of	MSCs	 to	hypoxic	condition	 results	 in	Akt	phosphorylation,	which	
induces	HIF1-	α	stabilization.36	Furthermore,	Xia	et	al.37 has been re-
ported	that	AKT	activation	can	upregulate	CXCR4	expression.	Results	
of	Liu	et	al’s	study13 have also been demonstrated that in response to 
hypoxia,	expression	of	CXCR4	enhances	by	activating	HIF-	1α within 
MSCs	through	the	PI3K/Akt	pathway.	CXCR4,	the	receptor	of	SDF-	1,	
is	 crucial	 for	cell	 survival,	migration	and	homing	of	MSCs.	Stem	cell	
delivering in the target tissue is one of the most important aspects 
of	the	cell-	based	therapy.	First	of	all,	any	treatment	with	these	cells	
depends on their reaction with target tissue that leads to their homing. 
Numerous	previous	 studies	have	 reported	 that	SDF-1-CXCR4	path-
way	has	a	critical	role	in	BMSCs	mobilization	and	homing	towards	the	
injured area.38-44	 A	 previous	 study	 has	 been	 shown	 that	 DFO	 pre-	
conditioning	induces	HIF-	1α	and	chemokine	receptor	expression	that	
resulted	 in	enhancement	of	MSCs	migration	and	homing	 in	diabetic	
rats.45	Kamiya	et	al6 have been shown that chemokine signalling can 
be participated in stem cell homing in cochlear tissue in hereditary 
deafness.

Our	data	revealed	the	influences	of	DFO	on	biological	characteris-
tics	of	BMSCs	through	activation	of	the	PI3K/AKT	signalling	pathway.	
This	 cascade	 involved	 in	 hypoxic	 pre-	conditioning-	induced	 HIF-	1ɑ	
and	upregulation	of	CXCR4	expression	in	stem	cells.13

The	PI3K/AKT	signalling	pathway	also	increases	CXCR4	expression	
in	 several	 kinds	 of	 tumours	 cells,	 including	 colorectal	 cancer,46 hep-
atoma47 and prostate tumour cells.48	 In	 addition,	 inhibition	 of	 DFO-	
activated	AKT	and	overexpression	of	CXCR4	and	HIF-	1ɑ	by	LY294002	

F I G U R E  8  In	vivo	migration	assay:	DFO	
enhances	MSCs	homing	in	deaf	rat	injured	
cochlea. *P < .001 compared to average 
number	of	untreated	MSCs	was	counted	
in	cochlear	tissue	of	deaf	rats,	(scale	
bar	=	100	μm)	(n	=	4,	one-	way	ANOVA)
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treatment	revealed	that	the	PI3K/AKT	signalling	pathway	contributes	in	
DFO-	induced	homing	of	MSCs	via	affecting	some	chemokine	receptors	
such	as	CXCR4.

5  | CONCLUSION

To	 conclude,	 our	 finding	 revealed	 that	 DFO	 pre-	conditioning	 prior	
to	 transplantation	 enhances	MSCs	 homing	 in	 noise-induced injured 
cochlea	 through	 the	PI3K/AKT-		HIF1-	α-	CXCR4	pathway.	These	 re-
sults	may	also	have	clinical	implications	in	that	DFO	pre-	conditioning	
of	MSCs	can	potentiate	therapeutic	efficiency	of	cell-	based	therapy	
in hearing loss.
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