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Abstract

Objective: To investigate the role and underlying mechanism of HIF-1«a in modulating the inflammatory
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response through regulation of yes-associated protein (YAP) activity in an in vitro dry eye model
established in human immortalized corneal epithelial cells (HCECs) under hyperosmotic stress.
Methods: An in vitro dry eye model was established by exposing human immortalized corneal epi-
thelial cells to hyperosmotic medium. The Cell Counting Kit-8 (CCK-8) assay was used to determine
the safe working concentrations of the HIF-1a inhibitor YC-1 and the YAP inhibitor verteporfin (VP).
Quantitative real-time polymerase chain reaction (QRT-PCR) and Western blotting were performed
to measure the mRNA and protein expression levels of hypoxia-inducible factor-1a (HIF-1a), YAP,
interleukin-1p (IL-1f), and tumor necrosis factor-a (TNF-a) in HCECs from each group. Results:
HCECs viability remained 280% when the concentration of YC-1 was <20 pM and that of VP was <0.5
pM. Compared with the normal group, the hyperosmotic stress group showed significantly increased
mRNA and protein expression levels of HIF-1a, YAP, IL-1f, and TNF-a. In the YC-1 group, the mRNA
and protein expression levels of HIF-1a, YAP, IL-18, and TNF-a were all reduced compared with
those in the hyperosmotic stress group. In the VP group, no significant difference was observed in
HIF-1a mRNA or protein expression compared with the hyperosmotic stress group, whereas the
mRNA and protein expression levels of YAP, IL-1f, and TNF-a were significantly decreased. Conclusion:
HIF-1a may participate in the inflammatory response in a hyperosmotic stress-induced HCECs dry
eye model through regulation of YAP activity.
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1. 518

TFAR A2 — PP LB R Fa S Rl IRERENE . 18 M RE & b R 3805 8 BRI —Fh «—Ff VB0
IREZ R RS EHR A E BB 7 [1] [2]. HR B IE T T IR R R B R 2, R a3 B 5 IHK
T WA FTER 25 R 3G I %, AP IR D) e R v R EUHRE A, IR I R A 7T R s 5 2
FME AL A, L FE B AR AVE RS IE T =i [3]-[5] - 1 VEVR =202 e S T AR s HR 38 48 i e B
MEZHAF R, AT IEILE0E MAPKINF-«B 55 NI JRE @S . 75 5 F SR 8 fE AMATE b IR 1 2
BB e M S5 4R, B 2T RSP IR IR SR SORE MR BE[6] [7]. IR AERIF AR, HIF-1a /EN4H
LR B BB SRR T, ETIRBERSE T &g SR REE S AR . — T, HIF-
Lo AJAE DAl BR R 20 e S ROROE IR AS I B4y T 48 AR, FHLRBARA S T IS B DR 5 AL A B T 56iE =8
W BT 1 AN R A A R KL s 55— J7 1, HIF-1a EA R 23 (4 FH B A IS S,
FEH R AT 25 558 N CRI, TR I B A IR R A, S TR HIF-1a (55 58% 5 28 UK
AR S AR AR T AE 5K [8] [9].

YAP & HIPPO & H () — A RN R 7. YAP 38 % 1 A L aE R KA1, 5 HAh I 5
A AR, COA S pss it . k. TR A T2 A2 [10] [11]. SEMIMBT 7Tt — K9], YAP
S5 O T I3RIA . YAP & SO0 [N I 26 PR 15 R 7 o {2 2, 0 TNF-a AT 1L-18,
it Rho S GTP BEHCHM: (4 i 22 BT 3F YAPITAZ Beiith, MIMARHE YAP 4% 5 S0 AT i
SR IA[12] [13], AT 0 28 5E R 7 gk — 20 R s

MG BB B LK, HIF-La A2 4H i J R 5 I 85 S S0 WG ) O S A sy 1 428 IR 1, E 4R CoCl,
SERREB A N AR E A BRI NAL, B B G R AR [14]. LA THAIR A, HIF-1a W06
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PEBE YAP LBERRAL . BB AL S i Va0, SR HIF-1o AT REVEON B3 0 T Ie it YAP IR o8, I 5
540 Mot SESCIRAS K 2E[15] [16]. Rk, A TIRST HIF-1a 5 YAP 252 5 MR 2R S SO A2 H =%
Z AR BAAEE KR, HATE T @37 S0 HCECs THRIEAY, W7t HIF-1a 5 YAP 751 HR J85E [ b
IR AL .

2. MMEHE
2.1, SEHAAHL

verteporfin (VP; LS BEAGRIEARAF, T E). YC-1 (LigEREEAGREERAT, o E)HF
F ST HDMSO) ARG %, JFik— BIER IR PR R BT 75 LAEIRE o BT 523641 - DMSO
(1 B R BE AR R AR

22. MBS EENBIRE

NFTE b R 20 (HCECS) HH B [ TR sl == (ke g, " E)FEfE, FEAES 5% CO2 1) 37 CIRFERE 7 4d
F e A4 R 0 95 . NS AR TIPSR, B UG BE 1) HCECSs 25151 77 55 (312 mOsM) 4 # & w5 45 77
$:(500 mOsM), JEISAINFEABISEIL, Qe AT AT . AR SIS TT, AUIRTE SiB R IR T AL HE 24 /N,
H I VPIYC-1,

2.3. 4HRATEHIME(CCK-8)

il AR T4 8 (CCK-8; AL RRERHL AR AT, o [E)FAEAHIE /1. K HCECs AT
96 fLEH, JFHEIRAEL) 80%F A L. MBS, ML 10 pL ) CCK-8 ¥, ML 3TCRIFHE 2 /)
I o A8 P BERR X (55 [ 5 % 1 2 )M B B 35 /K BR A W) 1E 450 oK AL IS0 2 o 240 v 77 LUK BEZEL IR 5 43 LE
RIRo

2.4, EESIREBAEEER M (QRT-PCR)

i H RNAiso i71)(F sl 4EF A RHE A R A F) A HCECs 2 HCE RNA. Gl Id 4 et BEVEN 2
RNA HJHBEFIZERE o A H] HiScript® N f e S8 208 & W) (P A D RHCA BR 2 w) ) BEAT W0 e 5%

FRHRARERE 7 {8 H SYBR Green 2R -AWEA7 € B 5L PCR. it 2722Ct J7 i SR AR X JE K R 1k
K, ILL B-B R R NS AT hRiEfl o ARIBIEIAHOTT S R (AR X Rk & . PCR 514 B H /551 I
% 1o

Table 1. The primer sequences required for PCR

%% 1. PCR FRES 4957

¥ FR(N) J7 A FEHI(5’—~3")
p-actin F GCTCCTCCTGAGCGCAAG
R CATCTGCTGGAAGGTGGACA
HIF-1a F TCCAAGAAGCCCTAACGTGT
R TGATCGTCTGGCTGCTGTAA
YAP F ACCCACAGCTCAGCATCTTC
R GCTGTGACGTTCATCTGGGA
TNF-a F GCTGCACTTTGGAGTGATCG
R GGGTTTGCTACAACATGGGC
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IL-18 F CCACAGACCTTCCAGGAGAATG
R GTGCAGTTCAGTGATCGTACAGG

2.5. EBRENTESDHr(Western Blotting)

8 H RIPA A2 il (A6 3¢ R IR b B AW R AT B 2 ) FF 8 I Ak 1 B | 77 . HCECs A B iR
M. f5H BCA MEVENE B AUKE . &M E AR SDS-PAGE 7055, Jf#:# 3| PVDF i .

EH G, BIE 4°C R HEXT HIF-1a. YAP SO0 F A B 5 A m Ehugk—& i g 4%,
SRIGSIEMN) HRP EHN i — & E . 8GRI 2 KOG (ECL) R & (PRI AE IR A BR 2 =] ) T
MAGER G 575, R Imaged AT E & .
2.6. LIt

FrAEERBIUIE £ brdEZRE R . Gt/ H 92 GraphPad Prism 10 #ff. KA S %
T Z 5 BT (ANOVA) Rl 2 NH 2 (R ZE 5. P E/NT 0.05 # N EA Qi 8 o AN 2 /3T
T =AMLY E

3. &R
3.1. HIF-1la 2551558 HCECs FIR{ER! R K fER M
3.1.1. FERENSE A AT HCECs RERFHER LR MR
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Figure 1. mRNA expression of HIF-1a, YAP, and inflammatory factors in HCECs exposed to hyperos-
motic solutions of different concentrations, along with an evaluation of the safety of YC-1 and VP

B 1. RELIKESSRRIBE S HCECs B HIF-1a. YAP R4 AEE FAY mRNA RiAKF UK YC-
1. VP AER T2 MRYIT
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i S )k £ 48 VA (450 mOsM. 500 mOsM . 550 mOsM) il # 4 #h 8% 37 i) HCECs J& , PCR A&l &
P IL-18 TNF-a &35 K mRNA 7K B AR IATH i, 22 576 Guit 25 (P < 0.0001 LK 1(C),
K 1(D)). fEBIELEKE >500 mOsM i, HIF-1a mMRNA i /K VT 5 (1338 KK EE A 500 mOsM i, P <
0.01, BiEEIKE N 550 mOsM i}, P<0.001 JLIE 1(A)). YAP 7Ei5iE KK E > 450 mOsM B, mRNA &
BRI ETE, ZRAS R (P <0.0001 1K 1(B)). ZiA Lidsetas R, %4 500 mOsM Ay s 4
ENB IR SRR .

N T HiE HIF-1a 0§15 YC-1 J2 YAP 375 VP ()2 A0 FHIREE, 43 B0 B A R FE B E i 25 v
T ALFE HCECs 24 h, it CCK8 SZG M EZ4nfyhith . 45 E/R: YC-1IKE <20 uM i, ZHRAFGR >
80% (P < 0.0001 ./ 1(E)); VP ¥ <0.5uM if, HCECs ZHiuffiE% >80% (P <0.0001 WK 1(F)). %
& FIRSZIG A, %P 20 uM YC-1 A1 0.5 uM VP #ET J5 8525 .

3.1.2. #Pl HIF-1a BORIETT AR 3 AR 1R BY o S FE K BI
A B
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Figure 2. Suppression of HIF-1a expression alleviates inflammation in HCECs subjected to a hyperos-
moticity-induced dry eye model

& 2. #0&] HIF-1a F/IAT LRSS 1H SR HCECs FARER gy KRE/ B2
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5 1% DMSO ) Ei5 5 3 3L AL PR AR AN 5 9711 HCECs 24 h, 45 BRI, wisdl i + DMSO 4 HIF-
lav IL-18 F TNF-a & HRIEKFHER A R A5, ZRA %5 E L (IL-fP<0.01; HIF-1a. TNF-
a P <0.0001 WLIE 2(A)~(D)), miBd5mE + DMSO M4 Ia) ok W4t it 2 7 (ns WIH 2(A)~(D)). 13 H
20 UM YC-1 [ mia i #2540 38 HCECs, KIS =B dixttt, YC-1 40 HIF-1a. IL-18 F1 TNF-a FR 3
K K38 B S BRI (P < 0.0001 DL 2(A)~(D)). il HIF-1a I3 B R IA NS 8 RAEOAE 5 1T BRAS Y 1 %
i SN RS R F

3.2. HIF-1a B3 818 YAP 5EMS 5T IRAOAER M

18] 500 mOsM =885 753 2 7 1%0 DMSO (1] =175 5 75 S A B /1 K5 7% (1) HCECs 24 h, S5 x} &2 AH
Eb, B NIRRT HIF-1a. YAP [3IE(P < 0.0001 1K 3(A)~(C)), B4 5E#% + DMSO 4l
HIATC G2 2 5 (ns W 3(A)~(C)). YC-1 M % 3 HIF-1a 3 5 255 52 31| B 2 A1) (P < 0.0001 WL 3(A)
3(B)), [FIET YAP fRIAEmBH R K, 7 7A Guit% & (P <0.0001 W14 3(A). ¥ 3(C)). itk
—RIT HIF-1o 2 iR 42 YAP i1 25 T IR R 5E B, 500 mOsM =285 77 5E & % 1%0 DMSO
() AR FR LA B ARG 7 (1) HCECs 24 h, SxFHRZAMILL, RIERTF IL-18. TNF-a RiEFFE(IL-18P <
0.1, TNF-a P <0.0001 W14 4(A). & 4D). K 4E)), w24 57 + DMSO 44 A L4 it % R (ns
Kl 4(A). [# 4(D). E 4(E)). £ 0.5 uM VP 2B S22 1) HCECs 24 h, SEnsdixtlt, YAP Fik%Z
FI B WADHI (P <0.0001 WLIE 4(A)s & 4(C)), [FIIF4EREF 5 IL-18 F1 TNF-a (1) 8 1 308 B 5 PR (TNF-o P
<0.0001; IL-8P <0.01 W& 4(A). & 4(C)~(E)), HIF-la [ EHARSZBNMH (WK 4(A). El 4(B)).
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C) X HIF-1a (B)fI YAP (C)&E /K THET J# i i 0T, 459 UA GAPDH NS bRk, #4515
PR EEIN T HIF-1a YAP IRIE, 15 @B N, YC-1 B3R T HIF-1a. YAP [ L.
BHECLEE + FrfEZE(N=6)F8. ns, TLEFEM; "P<0.05, "P<0.01, ™P<0.001, "™P<0.0001.

Figure 3. YC-1 suppresses the expression of HIF-1a and YAP
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Figure 4. HIF-1a contributes to the inflammatory response in dry eye through regulation of YAP
4. HIF-1o @33 Y845 YAP £ 5 FRAVARER M

4. ¥1ig

TRBIE T 3 AR T HRAE R 2 WRRAE , 1T EL 2 5 BOIR 3R JORE 1) — A 2 20055 38 AR B IR 3 [17]-[19]
R ) VB3 HRES W N A BRI 25 I b e 4 M3 R SRR L, S BB . SRR A R bR B B )
Resz A, (EARRTE 5 KA RIEWOE , IR BUBEIEFR[17] [20]. Bk, KINS5 9ERE SR 18 45 A7
AT B8 9T HRVE (76 TT SR AT VA 7 4 A5

ENSTREE AT 5 SR MR EAA R . ZRORLA T e 3R AL S RAE IR, HEAEBE HIF-1a B AR I PR B0 -
HIF-La i B2 30E AT (R e ME R A B g B . G5 NF-xB /M 20 RAEFE . BUE NLRP3 RJE/MAE I
B ) Ho 25 A0 T (12 8 R 404k, ANTTTROK IL-18+ 1L-6. TNF-o Z5 855 61k SR, S inE 44
RRERBL[2] [8] [21]-[24]. TEHGERIEL T, HIF-lo RIALEE LFF, 5 NF-«xB ST FEIEM, M
PEHEIE R IERI (U0 1L-6. TNF-a. 1L-18 25) %5 5 %14 [25] HIF-1a 7] LU 58 NF-«B 2 45 1B 101
HOUHRER AR AR R). Ak, HIF-1o R E Rk (Lt NF-«B IR HAT, B9 4O 1
M7= o HIF-1o ALEIE S NF-«B A ELAEFT, 38550 HOGHRE 8 2 i AH DG 56 Rl P SR80t o X FiopE LA A B
TR RN, YRS 2 RERAG[13] [26]. BEAEWFFE R, HIF-lo b 30k 87 5 W0m 78 SO 1
Wi BIKRREREAG  SERIE ST 28 B St il 453 49 55 22 o v 2 vl g gk AR DRl BRI 28 At RV A 2
HEUT , PR HIF-Lo A2 RN 2 5 9 O 6 22531 [27]-[30] « FRAT T AR T2 45 SR [FIRE EDAIE T HIF-
Lov 3 PEWOE I A T HR () SORE 0005 o AR S8 FH AN [R) R B2 1) VB Vs WU HCECs AT A N A4 70T HR A A,
SRFWUEARRBEENMT, HIF-lo REWHEA S, HAERAER TR, B0 HIF-la 1%
15, WTLOMEER] HIF-1o & IL-18. TNF-a BIRIEFEAC, Bk HIF-1a 25 7 TR &AERBF . Bl
TE LAEE fRE b R 20 M A% O IR AR R b, 3 BEA HIF-10 3 BEGE, A B TR SORE R PR 2%
RSN, I PRI TR T SR B, T R FE IR R AR 4 1 I [31] [32]

YAP TEHR R & S B 1 Rk AR R R A BB AR AE o @il Hippo {5 5@ #%, YAP nI 0
ARERA SR AN A3 A SR T, VRSN A P R A R R, I sE Al R ais . AR, R
REYE R B, YAP 382 55 KA AE NAE S i, FF02E 2 Rl 2 R0 (3 B [33], 4% A0
PEWTR  SOBKORARREAL . B G RORING 2 25 o 7R R AEPEA /N RS A, YAP RE (R 1L-6 A 155

DOI: 10.12677/acm.2026.1651801 169 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1651801

w5

BRG] ML 2 Ak TN R 6 RE[34]. R AR AR, YAP 1% bk 4 (1EC) 1Y 5E
A TR SORETHIR[35], EAESHBKIEFRAEAL B ,  YAP G AT (R I/ 5% AE A 3 Jik ke s A4 B B
J8C, AT R 2 9 3k g [ 36]-[38] o« NF-B 2 T-HR A1 48 iE M s b B DG BT 4% R, I i ik
FAC ST LLBOE NF-xB 15 58, FHEE 2 R R4+ 7= . YAP @it 5 NF-«B S5 K+
RAEBP, WIRHERIEE, MMZS 5 RGE RO EIXE &N, YAP BIEEE— P58 7 NF-
kB [IRZHEAL L R R I RE . RS R, YAP @S NF-«B (5 5 AN AR, BEW YR 200 %
NEFEEEPE[39]. BATIIWEAMER R, SIEFGEAMIL, =iBH YAP Rk B Thm, RN WL 3] 58 6
K7 B, VP S EBdML, YAP RiksZ 2], H IL-18. TNF-a [FFRIEWMIFR FEAE, UESE T
YAP %5 5735 5 1 HCECs [ 45 RV

HEAE IR S 8, HIF-1a ORI, YAP 3 BlL ML . BT S i s im PR 0, 4R R B4 AT
FXBBE HIF-1a 5 Hippo/YAP 4615 Sl . HIF-1a & — D RENE SN T, 2 59000 6K 55 N 5
FAERI RN o ST FERIE R R, HIF-1o 7] LLERE P YAP BRI NT R R N . AR, HIF-1a
HABEES YAP ZR R 3) 7 X &, 120 PISK/AKL S5 530 6 1A B L HE Y AP [ 56 0 f i %
AR o X ik S T M 1) SR S % B S B A B AR o HIF-1a 3@ 3558 YAP BWEYE, BEAETEOR
NF-xB 241 48 I B 1030, AT IR JORE S Bi[13]. T 70, HIF-1a 78 LHEIEHE YAP B0E AT AE 2 —
HMHEAERMEESEZ —. — 0, EETISLE TR, @ik HIF-1o AT R HI 55655 1 YAP 3
W B AT, A TR CoCly k€ HIF-1a, AIEHE YAP RikThiE . AR, JF ERELT
T AR CTGF HRIA[15] [16], fHiZ ik REA — € M4l R AN [40] . Dy 1 ik — BRI TR b
HIF-1o 5 YAP Z[H2 BAA7E LRI R, HAIA YC-1 A1 VP 43 340H] HIF-1o 5 YAP, W% 5 5E A
T HIF-1a 5 YAP I I RIA KT . 4R EY, YC-1 4% HIF-1a. YAP. IL-18. TNF-a & AEEEY
B FEMG; VP 41 YAP, IL-18. TNF-a S HREEHBEIK, HIF-1o B EWARZ#m . Kk, HIF-1o 8
A YAP BIEMES 5 T IR R 0 900 S N BRI S RATHIE AL [F SRR “ B -HIF-10-
YAP” iX—J7 TR R

gi TR, BN E HCECS W HIF-1a. YAP i BES0GE HRHE R E R ¥ #ik . HIF-1a 3853
¥ YAP (35S 5 TR AP I SORE B o F091 HIF-1a 3 R3E 0T R YAP K 2 ER 7K F, A T
RA A ) 8 RE AR A o PRI HIF-1a (0 BERIA W DUBE IS R YAP 15 1 20060 R 98 5 I B2 R4
TEH, HA BN RBIT .
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