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Estrogen Ameliorates Auditory Function of Middle-Aging Mice
by Decreasing MMP-9 via ERK Pathway
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Abstract Previous studies have focused on the protective effect of estrogen on auditory hair cells and spi-
ral ganglion cells. However, whether estrogen could protect the cochlear BLB (blood-labyrinth barrier) is largely
unknown. Here, the effect of estrogen on the permeability of the stria vascular BLB in the middle-aging cochlea

was examined. Female 12-month-old C57BL/6J mice (middle-aging) were used as an animal model of presbycusis,
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subjected to OVX (ovariectomy) and then subcutaneously injected with E2 (17beta-estradiol). An in vitro co-culture
model of BLB primary pericytes and endothelial cells treated with D-gal (D-galactose), an aging inducer, was es-
tablished to study the protective mechanisms of estrogen. Compared to that of 3-month-old mice (3m group, n=12),
the hearing threshold and the permeability of BLB in middle-aging mice (12m group, n=12) were significantly in-
creased, which were further aggravated in middle-aging mice subjected to OVX (12mOVX group, n=12) and then
reversed by E2 treatment (12mOVX+E2 group, n=12). Immunohistochemistry and immunofluorescence staining
further demonstrated that E2 treatment markedly up-regulated the expression of tight junction proteins (VE-cad and
Z0-1) and decreased the expression of MMP-9 (matrix metalloproteinase-9) in the BLB of 12mOVX+E2 group
compared to that in 12mOVX group. E2 treatment significantly restored the changes of MMP-9, VE-cad and ZO-1
induced by D-gal. These effects were partially inhibited by pretreatment of U0126, an inhibitor of ERK (extracel-
lular signal-regulated kinase). In conclusion, estrogen ameliorates auditory function by decreasing MMP-9 via ERK
pathway, suggesting that estrogen may be a promising candidate for the prevention and treatment of presbycusis.

Keywords  presbycusis; estrogen; endothelial cells; pericytes; tight junctions; MMP-9
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Table 1 The antibodies used in this study
RS ] = ) MiREEL SR SRR e
Antibody name Manufacturer Catalogue Dilution ~ Resourse Reaction specificity
number ratio
B-actin (WB) ZSGB-BIO TA-09 1:1 000 Rabbit Human, mouse, rat, monkey, dog
Desmin (IF) Abcam ab227651 1:100 Rabbit Mouse, rat, human
vWEF (IF) Abcam abl1713 1:100 Sheep Mouse, human, pig
CD31 (IF) Abcam ab7388 1:100 Rat Mouse
PDGEFR (IF) eBioscience 14-1402-82  1:100 Rat Mouse
Z0-1 (WB) Abcam ab96587 1:1 000 Rabbit Mouse, human
VE-cad (WB) Abcam ab205336 1:1 000 Rabbit Mouse
MMP-9 (WB) Abcam ab228402 1:1 000 Rabbit Mouse, rat
Goat anti-mouse HRP-linked antibody ZSGB-BIO ZB-2305 1:20 000  Goat Mouse
Goat anti-rat HRP-linked antibody ZSGB-BIO ZB-2307 1:30 000  Goat Rat
Donkey anti-sheep HRP-linked antibody Abcam ab6900 1:40 000  Donkey Sheep
Goat anti-rabbit HRP-linked antibody ZSGB-BIO ZB-2301 1:20 000  Goat Rabbit
Goat anti-mouse FITC-linked antibody ZSGB-BIO ZF-0312 1:100 Goat Mouse
Goat anti-rabbit FITC-linked antibody ZSGB-BIO ZF-0311 1:100 Goat Rabbit

IF: 4955, WB: & [ s B,

IF: immunofluorescence; WB: Western blot.
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X+s, n=6. *P<0.05, ***P<0.001.
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Fig.1 Estrogen protected auditory function
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Fig.2 Estrogen increased the expression of VE-cad and ZO-1 in the ECs of middle-aging mice
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Fig.3 Estrogen decreased the expression of MMP-9 in endothelial cells

cadfl ZO-13R1L K311 (P<0.001); 5 D-gal+ECZHAH
e, E2F-i)5 , D-gal+E2+ECZH N 4Rt - VE-cadfll
ZO-1FZ 157K -3 (P<0.001); 5 D-gal+EC+PCZLAH
b, D-gal+E2+EC+PCZH VE-cad il ZO-143% /K34 i
(P<0.001); {HUO0126FiALFEFH 740 T E2X} VE-cadffl
ZO-1E AR I IFZI (P<0.001)(K 4I~K 4L). FEARAE
FEST ML RK B AR A e M X ZO-1 FTVE-cad /K
SIS U0 126 T BEIT (P<0.001)(K 4)~E 4L). iX
HeKdE 2 B, M E0E I ERKAS 5@ B M 7 MMP-9
(I AT, IR T FRATG 17 P e 200 ) 3 3 12

3 Wit
BEE A T R, IR E 2 BB R
HESREHI N . SRR TR, MEZ R A

PRYAEF B30, 3F L OAE N B R B & R
AR, BLAL, MR BENE I A A TR, T
JLELARHLAR AN BB o DA TR FOMER I X T 0 B
oM, AEFER A T U BRI RSN B9 55 2 T
FACIL 7% (). E2ACTRS, /N B ML MR K
PWE T EIKE, RS ] % 2 (B 1B).
BEA U I, ABRAGHINZR It 78 DR TS A R £
Thi 6%, ABRZ R LR, 12mOVXAL/N R 1%
RIIAEK:, WE I BME G0 2697 )5 , TSR 14
R, U 71 B PR (B 1C~ B 1E), 38 W MERUCER 7E R 1%
FASHENT 5k h B R o B S A 3,
LG LK B8 o PR AR BRI S M T 2K
A H RIS, X2 FECE I RN E RN R
Zo FEARBIAUH, FATE A/ R ER K ST EB



AL e 2@ I ERKIR AT [ IRMMP-9 /K - B30 b 4R /N BRI W 3 D e

1579

A

B CD31+DAPI C Desmin+DAPI

vWF+DAPI

EC

*

.
100 um

100 pm

100 pm

E PDGFR+DAPI F vWF+DAPI

PC

100 pm

(G) PC (H) *kok (I) *oke ok
% - .
‘3150 sk kokk dokk ke
§ - ***_
g okl
5 100
Q
=}
Q
2 50
2
FITC-BSA S
= 0
3
9
&
D-gal
) ) e L) e
Kok Kk
1.5 - 1.5
AR dkk kAR HR kR Rk kkk  kkk
= Ak E Ko
70-1 | — - .. - mDOkDa 5 31.0 T
VE-cad [ —= 0 &5 B W0 B iskp0 & 5
pactin DD | (3D < a0
>
< ¢ L o < " 0
¢ ® & @fo @CXQ & 04l iy e
o &S EEF S AT
AXQ/ R g )fé’ CXQ o)
& D &
3 &
D-gal < &
D-gal D-gal

A~F: JRARELIR PY R A LEC) R 4 ML(PC) A 43 25 55 % 5 s BRAR RS 75 LA Y B2 4l HvWEF. CD31. VE-cadf1Desminff) 315 5 1 (A~C); JEAR
B3 How FE A0 Desmin. PDGFRBAIVWFKI 3 ik 5 5 47, 4% FIDAPI(H (1) 2 4t(D~F); G: P 4005 40 i i 3 95485 2, H: ELISA%Y
BT L2 P R A B SR T MMP-9 /K S T: S AN R U4 THFITC-BSA I 5% 63 J: il 1d Western blot#3HT P K4 ig H1 ZO- 1 FIVE-cadff) 2
IBHL; K ZO- 18 HARIE M E BT, Le VE-cad 8 HRIANE RS T . I (I TR NI EEbR %, n=3. *P<0.05, **P<0.01, ***P<0.001.

A-F: isolation and identification of primary cochlea EC (endothelial cell) and PC (pericyte); expression and localization of vWF, CD31, VE-cad and
Desmin in primary cultured cochlear EC (A-C); Desmin, PDGFRp and vWF expression and localization in primary cultured cochlear PC; the nucleus
is counterstained with DAPI (blue) (D-F); G: co-culture pattern of EC and PC; H: ELISA analysis the MMP-9 levels in the upper EC culture medium;
I: fluorescence intensity of FITC-BSA in the lower layer liquid of each group of cells; J: Western blot analysis of ZO-1 and VE-cad in EC; K: quantita-

tive analysis of ZO-1 protein expression; L: quantitative analysis of VE-cad protein expression. All values are shown as X+s, n=3.

*#%P<0.001.
E4 HEEHFRRTERKEREERMMP-9R)RIAKF
Fig.4 Estrogen decreased the expression of MMP-9 via ERK signal pathway
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1580

RGN A K 1% 5 Bl 3% 1 (A8 4k . E245 24 )5 , EBS
TR/, IRk R R EE M R (B I PR G), X5
ST O T IR P A 1 B (A T 2 R — S0,

AWTTER A, Mk BE b IE i v i A 5 A R
Y1 H 2 A] (1  E e ER  E UIAR DG B8, FRATTHEM
30 2% ot ot ok B 5 o 3 A 1 R T T R R
P ok, {EER/NRBMAE S, P 540 i A& 41
Ji S5 R, AR I ;T A R A BRI
B, PN R AR R JE 4 B O, A A AR ST
o, FENCHRE L R S R E S B MR I H
SER, FATTAR I 3m2E /)N R 40 A A2 5 AT P e 4
J, PR 40 i P S R 52 T 12m s R
YT i 2 S0 5 PN B i, HL BRI R . kAL, 7R
12mOVX/IN R, FE R — D3 5, R AR 15
FHONRA SRR 2L (K 2A RN & 2B). E27E —EfLfE
0] T _E AR AL (B 2AF ] 2B), 3% 3% B R
RES 2435 HR AR CSTBL/6J /I UL E S0 P 12 44t A ]
S PR IRAT AR, FERZ A P R 40 B[R] ) SR
T BIR MR N B AR, R
ATV o G g% 2 Uk 25 R G B O B ARG T VE-cad
M ZO-1{1RIETEM . SR ER, 12mOVXA M 4
F VE-cad#l ZO-1 ()R 1& K F FRAK, 1M E2F-1iii5 VE-
cadfll ZO-1 /I RE AKT 38 0 (B 2C~ & 21) . IX HE 5L
SEIRRE, W T REE I 3G - 4E CS7BL/6J/IN R
I 2K 4% J57 B o N 2 41 B 1] VE-cad Al ZO- 11 R 1A 7K
ST, T AR ALK 4 e S 3 12

CL 0 MM P-9 1] ] 1 55 % 2 422 i 1 R 3Rk 1190,
BN, /N BRI B A4 RT3 2 7 MMIP-9 ) 61k 7K T
BE A WS KO 23 E &S WA KR, 1R
/IR IALE BT (B 3A~ T 3D) BL K /)N B 9% P 241 i 2 56
(E 4H) 1, MMP-9 1) 33 7K ~F- B 4 54 38 K 1 386 i
CA B, MR AT IE R I MMP-9ff R IE K
YEREBE B SRR PE VO FEARRE A, B2 BN T
YR AP MMP-9f#) ik (F4G). ERKAJ bl 25 452
RAMFRIE, TR P 7 20 s AR g 48500, il
#HIERKE Sl 4 FIAMMP-9OIKiE. N Tk
R 70 M AT T I8 MMP-9 [ 3, FoAl 14 P JEAR
F5 TR0 P 20 BRI A0 P J ST T AR A LRk R S A
(K 4G)P2, 78 D-gal THi5 , I ERKAS 5 FH b
FF A 30 T E25% MMP-9FIPE A, FERRAE 1 N B gi
J ) 52 B i I R IEKCF (B 40~ 4L) . 30
AR AN B A 2R 1 25 SRR B, MU TT Rt d i SO

ERKIEAE RN HIMMP-9f1) K 12k

A AT KR BAE C5TBL/6J /)N B -1 1L 45 450 1M 2k
6 R R ) N R AR R, S R (IR IE KA
WA G R R, TR Ik % B e R S B M 3 . B2
B ERKAE 5 8 # A0 H MMP-9 [ %1%, _F i VE-cad
1 ZO-11)R% , W B AR IR 4% 57 e FF) i 3% 1k, 7
SRR AH SRR i R R R E R o 25 B RTIR, B
PBE AT e T ERKISAE PR MMP-9 R E K1, A
11 2 HR AR /N R I JThRE, X SR I MES ER T RE 2
T AE ST 2 E M H B B R IR 254

SEHK (References)

[1] CIORBA A, HATZOPOULOS S, BIANCHINI C, et al. Genetics
of presbycusis and presbystasis [J]. Int J Immunopathol Pharma-
col, 2015, 28(1): 29-35.

[2] HOMANS N C, METSELAAR R M, DINGEMANSE J G, et al.
Prevalence of age-related hearing loss, including sex differences,
in older adults in a large cohort study [J]. Laryngoscope, 2017,
127(3): 725-30.

[31  ZHENG Q, XU Z, LI N, et al. Age-related hearing loss in older
adults: etiology and rehabilitation strategies [J]. Front Neurosci,
2024, 18: 1428564.

[4] AEDO-SANCHEZ C, OLIVEROS J, ARANGUIZ C, et al.
Subclinical hearing loss associated with aging [J]. J Otol, 2023,
18(3): 111-7.

[S] MALVIYA N, SARAVANAN P. Effect of age on distortion prod-
uct otoacoustic emissions at extended high frequencies [J]. J Int
Adv Otol, 2024, 20(5): 450-7.

[6] TEMBOURY-GUTIERREZ M, MARCHER-RORSTED 1,
BILLE M, et al. Electrocochleographic frequency-following
responses as a potential marker of age-related cochlear neural
degeneration [J]. Hear Res, 2024, 446: 109005.

[77 LU M, XIAN F, JIN X, et al. Upregulation of the Ca,1.3 channel
in inner hair cells by interleukin 6-dependent inflammaging con-
tributes to age-related hearing loss [J]. Aging Cell, 2024, 23(12):
e14305.

[8] ZHANG A, PAN Y, WANG H, et al. Excessive processing and
acetylation of OPA1 aggravate age-related hearing loss via the
dysregulation of mitochondrial dynamics [J]. Aging Cell, 2024,
23(4): e14091.

[91 GATES G A, MILLS J H. Presbycusis [J]. Lancet, 2005,
366(9491): 1111-20.

[10] FENG ZY, HUANG T L, LI X R, et al. 17beta-estradiol pro-
motes angiogenesis of stria vascular in cochlea of C57BL/6J
mice [J]. Eur J Pharmacol, 2021, 913: 174642.

[11] SEKULIC-JABLANOVIC M, PAPROTH J, SGAMBATO C,
et al. Lack of NHE6 and inhibition of NKCCI associated with
increased permeability in blood labyrinth barrier-derived endo-
thelial cell layer [J]. Front Cell Neurosci, 2022, 16: 862119.

[12] SHI X, HAN W, YAMAMOTO H, et al. The cochlear pericytes
[J]. Microcirculation, 2008, 15(6): 515-29.

[13] HUANG T L, JIANG W J, ZHOU Z, et al. Quercetin attenuates
cisplatin-induced mitochondrial apoptosis via PI3K/Akt mediated



R XA MiE R 3 I ERK 3842 [ AIRMIMIP-9 7K ~F- 503 H 4/ B A W ot D e

1581

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

inhibition of oxidative stress in pericytes and improves the blood
labyrinth barrier permeability [J]. Chem Biol Interact, 2024, 393:
110939.

ARMULIK A, ABRAMSSON A, BETSHOLTZ C. Endothelial/peri-
cyte interactions [J]. Circ Res, 2005, 97(6): 512-23.

NENG L, ZHANG J, YANG J, et al. Structural changes in thes-
trial blood-labyrinth barrier of aged C57BL/6 mice [J]. Cell Tis-
sue Res, 2015, 361(3): 685-96.

SHI X. Cochlear pericyte responses to acoustic trauma and the
involvement of hypoxia-inducible factor-1alpha and vascular en-
dothelial growth factor [J]. Am J Pathol, 2009, 174(5): 1692-704.
SHI X. Resident macrophages in the cochlear blood-labyrinth
barrier and their renewal via migration of bone-marrow-derived
cells [J]. Cell Tissue Res, 2010, 342(1): 21-30.

ANFUSO C D, COSENTINO A, AGAFONOVA A, et al. Peri-
cytes of stria vascularis are targets of cisplatin-induced oto-
toxicity: new insights into the molecular mechanisms involved
in blood-labyrinth barrier breakdown [J]. Int J Mol Sci, 2022,
23(24): 15790.

GERHARDT H, BETSHOLYZ C. Endothelial-pericyte interac-
tions in angiogenesis [J]. Cell Tissue Res, 2003, 314(1): 15-23.
NAKAGAWA S, DELI M A, NAKAO 8, et al. Pericytes from
brain microvessels strengthen the barrier integrity in primary cul-
tures of rat brain endothelial cells [J]. Cell Mol Neurobiol, 2007,
27(6): 687-94.

PAGE-MCCAW A, EWALD A J, WERB Z. Matrix metallopro-
teinases and the regulation of tissue remodelling [J]. Nat Rev
Mol Cell Biol, 2007, 8(3): 221-33.

SA-PEREIRA I, BRITES D, BRITO M A. Neurovascular unit: a
focus on pericytes [J]. Mol Neurobiol, 2012, 45(2): 327-47.
YANG P, FENG X, LI J, et al. lonizing radiation downregulates
estradiol synthesis via endoplasmic reticulum stress and inhibits
the proliferation of estrogen receptor-positive breast cancer cells
[J]. Cell Death Dis, 2021, 12(11): 1029.

CHEN S, ZHANG J. Cyclophilin A/cluster of differentiation 147
interactions and blood-brain barrier disruption after subarachnoid
hemorrhage [J]. Crit Care Med, 2015, 43(12): €593-4.
HEDERSTIERNA C, HULTCRANTZ M, COLLINS A, et al.
The menopause triggers hearing decline in healthy women [J].
Hear Res, 2010, 259(1/2): 31-5.

KILICDAG E B, YAVUZ H, BAGIS T, et al. Effects of estrogen
therapy on hearing in postmenopausal women [J]. Am J Obstet
Gynecol, 2004, 190(1): 77-82.

DE ANGELIS F, ZELEZNIK O A, WENDT F R, et al. Sex dif-
ferences in the polygenic architecture of hearing problems in
adults [J]. Genome Med, 2023, 15(1): 36.

SHUSTER B Z, DEPIREUX D A, MONG J A, et al. Sex dif-
ferences in hearing: probing the role of estrogen signaling [J]. J
Acoust Soc Am, 2019, 145(6): 3656.

PETROVSKA S, DEJANOVA B, JURISIC V. Estrogens: mecha-
nisms of neuroprotective effects [J]. J Physiol Biochem, 2012,
68(3): 455-60.

JIANG Y, ZHANG J, RAOY, et al. Lipopolysaccharide disrupts
the cochlear blood-labyrinth barrier by activating perivascular
resident macrophages and up-regulating MMP-9 [J]. Int J Pediatr
Otorhinolaryngol, 2019, 127: 109656.

GUO P, LIU L, YANG X, et al. Irisin improves BBB dysfunction

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

in SAP rats by inhibiting MMP-9 via the ERK/NF-kappaB sig-
naling pathway [J]. Cell Signal, 2022, 93: 110300.
WILLIAMSON T T, DING B, ZHU X, et al. Hormone replace-
ment therapy attenuates hearing loss: mechanisms involving
estrogen and the IGF-1 pathway [J]. Aging Cell, 2019, 18(3):
€12939.

ZHANG J, ZHANG T, YU L, et al. Effects of ovarian reserve
and hormone therapy on hearing in premenopausal and post-
menopausal women: a cross-sectional study [J]. Maturitas, 2018,
111: 77-81.

KURMANN L, OKONIEWSKI M, DUBEY R K. Estradiol
inhibits human brain vascular pericyte migration activity: a func-
tional and transcriptomic analysis [J]. Cells, 2021, 10(9): 2314.
ALVARADO J C, FUENTES-SANTAMARIA V, GABALDON-
ULL M C, et al. Age-related hearing loss is accelerated by re-
peated short-duration loud sound stimulation [J]. Front Neurosci,
2019, 13: 77.

NG C W, NAVARRO X, ENGLE J R, et al. Age-related changes
of auditory brainstem responses in nonhuman primates [J]. J
Neurophysiol, 2015, 114(1): 455-67.

PARTHASARATHY A, DATTA J, TORRES J A, et al. Age-
related changes in the relationship between auditory brainstem
responses and envelope-following responses [J]. J Assoc Res
Otolaryngol, 2014, 15(4): 649-61.

SCIMEMI P, SANTARELLI R, SELMO A, et al. Auditory brain-
stem responses to clicks and tone bursts in C57 BL/6J mice [J].
Acta Otorhinolaryngol Ital, 2014, 34(4): 264-71.

LI X, SHI X, QIAO Y, et al. Observation of permeability of
blood-labyrinth barrier during cytomegalovirus-induced hearing
loss [J]. Int J Pediatr Otorhinolaryngol, 2014, 78(7): 995-9.

WU J, HAN W, CHEN X, et al. Matrix metalloproteinase-2 and
-9 contribute to functional integrity and noise-induced damage to
the blood-labyrinth-barrier [J]. Mol Med Rep, 2017, 16(2): 1731-
8.

BRILHA S, ONG C W M, WEKSLER B, et al. Matrix metal-
loproteinase-9 activity and a downregulated Hedgehog pathway
impair blood-brain barrier function in an in vitro model of CNS
tuberculosis [J]. Sci Rep, 2017, 7(1): 16031.

DONG Y, GUO C R, CHEN D, et al. Association between
age-related hearing loss and cognitive decline in C57BL/6J mice
[J]. Mol Med Rep, 2018, 18(2): 1726-32.

LEE S Y. Anti-metastatic and anti-inflammatory effects of matrix
metalloproteinase inhibition by ginsenosides [J]. Biomedicines,
2021, 9(2): 198.

RITZEL R M, LAI 'Y J, CRAPSER J D, et al. Aging alters the
immunological response to ischemic stroke [J]. Acta Neuro-
pathol, 2018, 136(1): 89-110.

SAUNDERS W B, BOHNSACK B L, FASKE J B, et al. Coregu-
lation of vascular tube stabilization by endothelial cell TIMP-2
and pericyte TIMP-3 [J]. J Cell Biol, 2006, 175(1): 179-91.
GOLD S M, SASIDHAR M V, MORALES L B, et al. Estrogen
treatment decreases matrix metalloproteinase (MMP)-9 in auto-
immune demyelinating disease through estrogen receptor alpha
(ERalpha) [J]. Lab Invest, 2009, 89(10): 1076-83.

NA W, LEE J Y, KIM W S, et al. 17beta-estradiol ameliorates
tight junction disruption via repression of MMP transcription [J].
Mol Endocrinol, 2015, 29(9): 1347-61.



1582

)

BRI

(48]

[49]

[50]

ARREOLA-MENDOZA L, DEL RAZO L M, MENDOZA-
GARRIDO M E, et al. The protective effect of alpha-tocopherol
against dichromate-induced renal tight junction damage is medi-
ated via ERK1/2 [J]. Toxicol Lett, 2009, 191(2/3): 279-88.
NISHI H, KURODA M, ISAKA K. Estrogen and estrogen recep-
tor induce matrix metalloproteinase-26 expression in endometrial
carcinoma cells [J]. Oncol Rep, 2013, 30(2): 751-6.

SHAN B, LI W, YANG SYY, et al. Estrogen up-regulates MMP2/9
expression in endometrial epithelial cell via VEGF-ERK1/2 path-

[51]

[52]

way [J]. Asian Pac J Trop Med, 2013, 6(10): 826-30.
NAKAGAWA S, DELI M A, KAWAGUCHI H, et al. A new
blood-brain barrier model using primary rat brain endothelial
cells, pericytes and astrocytes [J]. Neurochem Int, 2009, 54(3/4):
253-63.

ZHANG B, XU X, CHU X, et al. Protective effects of angiopoi-
etin-like 4 on the blood-brain barrier in acute ischemic stroke
treated with thrombolysis in mice [J]. Neurosci Lett, 2017, 645:
113-20.



