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Abstract

¢ AIM: To investigate whether proanthocyanidins ( PAC)
can ameliorate ferroptosis in retinal pigment epithelium
(RPE) cells via the Nrf2/GPX4 pathway, and to evaluate
its protective effect in dry age - related macular
degeneration (ARMD).

e METHODS:. The protective effects of PAC against
ferroptosis were evaluated using an in vitro model of
H,0,-stimulated human RPE cells (ARPE-19) and an in
vivo dry ARMD animal model induced by sodium iodate
(NalO, ). CCK-8 assay was applied to assess cell viability.
Calcein-AM/PI staining was applied to determine the level
of cell death. Lipid peroxidation ( LPO) levels were
measured using a lipid peroxidation assay kit. CM -
H2DCFDA was used to detect the level of reactive oxygen
species (ROS) in cells. MitoSOX probe was employed to
measure the mitochondrial ROS level. JC-1 staining was
used to evaluate the changes in mitochondrial membrane
potential. Western Blot was performed to detect the
expression levels of proteins ( Nrf2, GPX4, and HO-1)
related to the Nrf2 pathway. Retinal flat mounts were used
to evaluate the structure and function of RPE. Hematoxylin
and eosin (H &E) staining was applied to assess the
morphological changes in rat retinas. Rhodopsin and
opsin staining was used to evaluate visual function in the
retina. TUNEL staining was employed to detect apoptosis
in retinal cells.

e RESULTS. H,O, exacerbates ferroptosis in ARPE - 19
cells, as evidenced by elevated levels of Fe**, ROS, and
LPO. PAC preconditioning ameliorates mitochondrial
function, reduces intracellular Fe** , ROS, and LPO levels,
and suppresses ferroptosis in RPE cells via activation of
the Nrf2/GPX4 signaling pathway. In a NalO,-induced dry
ARMD model, both PAC and the ferroptosis inhibitor
Fer-1 reverse the downregulation of retinal Nrf2/GPX4
expression and attenuate retinal cell death.

e CONCLUSION: PAC inhibits ferroptosis via the Nrf2/
GPX4 pathway, offering a novel potential therapeutic
strategy for retinal degeneration.
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*P<0.01 »s 100 pmol/L. H,0,+0 wg/mL PAC 41 ;B C11-bodipy 4t i B~ LPO, L {6 il I | 4l S8 AL B ; C . FerroOrange He ffy
RN Fe® /K ;D 4-HNE [GEVOEU, B Calcein— AM/PT A H Je (0 /%% 41 (4 €0) FIZEARM (40 6a) .

H,0,4

H,0,+PAC# H,O,+Fer-14H

o

LA H,O,# H,0,+PAC#1 H,O,+Fer-141

H2-DCFDA >
Mito-Tracer

50 pm 50 pm

H,0,+PAC#1 H,0O,+Fer-141

50

B3 PAC X‘J‘%#_LWIJJ‘H‘EE’JIF]FVEFMAW A:H,-DCFDA Bt R 4N ROS 7K B SR A AL 21 OO IREF AN L 1 2k
@ @ R ZRLR ROS 7KF ;€. JC-1 ”“é WREHL AL, 2L @G 00 CR AW ) FoR Ao AR5 i A B, SRR )
REIEH AL THEROIRS . ZrE YA (AL FOR ORI MR HL A AL, SRR ZokiA Ak

Monomers O
Mito-SOX

Merge

Aggregates

Merge

*3 BAMMELE/FFERLLEGS Fe* 7k EH 4-HNE K PI R4 SR L 42 xEs
25 AT/ SR SR L 5] A Fe** 7K 4-HNE “FHZOemE A9 PTHEAIE (1)
Y 1.00£0.12 1.00£0.12 1.00=0.06 0
H,0,41 9.20+0.79" 7.70+0.56" 6.92+0.55" 20.33x2.52"
H,0,+PAC 41 3.85+0.38" 4.60+0.40" 2.89+0.56" 11.00+2.00*
H,0,+Fer—1 4 3.77+0.51" 4.55+0.58" 3.08+0.13" 10.33+2.08"
F 135.564 108.768 67.658 56.508
P <0.001 <0.001 <0.001 <0.001

:"P<0.01 vs IEH 41 ;' P<0.01 »s H,0,4,
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B

>

Nrf2

GPX4 © Nrf2/DAPI

H,0,#1

H,0,411

- —

H,0,+PAC4L

H,0,+Fer-141 B 4 H,0,%1 H,0,+PAC#.  H,0,+Fer-141
-

HO-1

50 um 50 um

SO HO-1/DAPI

H,0,41 H,0,+PAC4! H,0,+Fer-141

Nd2|‘-—f"_‘”‘——~—~—ﬂ‘110kDa

HO—1|—-—- ——----—‘ZSKDEA

% - GPX4|—‘-—-'4”—.———-—.—.‘17kDa
% GAPDH|-—.. C---------—‘CﬂkDa
o} 50um
B4 ®ERKXS Western blot # Il PAC 3 ARPE-19 4R fh Nrf2/GPX4 5 S BB M EE A Nef2 B 558 98 6 M 25 51
B:HO- 1 Y Aot 25 5 5 C . GPXAR e e Z5 5 ; D - Western blot 4  ARPE-19 4 i rf Nef2 \HO-1 F1 GPX4 )4
HRIBIKF-,
* 4 KA ROS 1 Mito—SOX WEHRBER JC-1 LB/ FEALLE xS
205 ROS P32t i Mito—SOX -5 4 JC—1 21t/ A0
EHA 1.00+0.20 1.00+0.18 1.00+0.17
H,0,4H 9.01+0.80" 9.61+0.71" 0.15+0.01"
H,0,+PAC 3.54+0.87" 4.29+0.42" 0.34+0.04°
H,0,+Fer-1 21 3.55+0.58" 3.88+0.90" 0.38+0.07°
F 77.247 101.441 46.731
P <0.001 <0.001 <0.001
7 :"P<0.01 vs IEH 41 ;°P<0.05, "P<0.01 vs H,0,%H,
£5 HKAMK N2 & HO-1 5 GPX4 ZRABEMLLE xts
215 Nif2 558 i HO-1 P58 i GPX4 W5 t0m i
IEFH 1.00+0.10 1.0020.10 1.00+0.18
H,0,4 0.28+0.04" 0.22+0.03" 0.27+0.04"
H,0,+PAC £ 0.87+0.05* 0.59+0.05" 0.79+0.08"
H,0,+Fer—1 4 0.88+0.05" 0.59+0.06" 0.79+0.07*
F 72.596 66.886 24.603
P <0.001 <0.001 <0.001
:."P<0.01 vs IEH 4 ;“P<0.01 vs H,0,41,
£6 &AM N2 K HO-1 5 GPX4 EARIZEMLR xxS
205 Nrf2 HO-1 GPX4
IEHA 1.00+0.22 1.000.17 1.00+0.21
H,0,4 0.19+0.03" 0.23+0.19" 0.33+0.02"
H,0,+PAC 41 0.66+0.12° 0.85+0.06" 0.75+0.08"
H,0,+Fer—1 244 0.63+0.16" 0.80+0.03" 0.69+0.02*
F 14.442 19.689 17.476
P 0.001 <0.001 <0.001

:"P<0.01 vs IEH 4 ;" P<0.01 vs H,0,4.

2.5 PAC ¥I&5iE Nrf2 ) ARPE-19 SABEISIE o 1 i
— B AE PAC X 2R A6 T 19 B4R I8 2 AL, FATT X I
B B R Nrf2 $EAT T RROOOT #EAT TN DG SE B,
PSR R, ZR 10T B 3% B N2 g B T AU, C1l-
BODIPY %¢ & FIH,-DCFDA YL & R W | Bl Nef2 S BR T
PAC £ H,0, F %I LPO FI 4t ffl ROS 7K - iy 41 il 45 FH .

[F)AE 40 i A6 T2 A Bl A Nef2 A a0 0 T 19 0 (2 P<

0.01), W3 7, &N Rk — 2 FP Nef2 (1
R, 20 HO- 1, GPX4 i £k K- (¥ P<0.01)
L3R 8, I, PAC FZ it Nrf2 DA HO-1 ,GPX4
e PN g 211 B O = R G = W e I 7 A el <
KA
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A
I 3 411 SINC4L siNr2411
N2 | (- 110 kDa
GAPDH | s ey st | 37 kD2
C
<
[m)
[T
O
(m]
&
I
E

H,0,+sINC+PAC4! H,0,+siNrf2+PAC4]

k¥4

H,0,+siNC4L

Nﬁzm*#r~'~w~£”¢-o—cmo—'|110»<Da

| 28 kDa

HO-1 | S S« e e - —
GPx | = GRS « & L - —

B 5 &R Nrf2 /5 PAC X ARPE-19 4 faf) %

Iwkoa

GAPDH | ---.—-M, 37 kDa

400 A.Western blot E/T ARPE- 19 éﬂiﬂ@qﬂ Nrf2 E’Ji?

5&:? B: Cll —bodipy Y €

BB AL i R I (L) PR BT (4% 6) ;C . H,—~DCFDA e G 41 L ) ROS 7K ; D ; Calcein— AM/PI XU EE 42 (6, K6 I 7% 41
B (4765 FIAEANRE (£T€5) s E . Western blot U] ARPE—19 ZiHgH Nrf2 [ HO-1 F1 GPX4 15 435357k,

x7 BHAMEENE/EFEES ROS 5 PI PRI ELE XEs
2157 ALY/ IR R ROS 35 5tom e BAEY PLBHE A0 (1)
EFA 1.00+0.21 1.00+0.16 0
H,0,+siNC 4] 9.48+0.65" 9.73+1.09" 18.33+1.53"
H,0,+siNC+PAC 3.30+0.44" 3.68+0.67" 7.00+1.00*
H,0,+siNtf2+PAC 41 8.40+0.59" 8.33+0.79" 17.67+1.53'
F 195.684 87.062 165.863
P <0.001 <0.001 <0.001

7 :"P<0.01 vs IEH 41 ;" P<0.01 vs H,0,+siNC 20 ;'P<0.01 vs H,0,+siNC+PAC 41 ,
*x8 KA Nri2 & HO-1 5 GPX4 ERRIZEWILE xEs

215 Nrf2 HO-1 GPX4
EWA 1.00£0.12 1.0020.24 1.00+0.22
H,0,+siNC £ 0.35+0.16" 0.34£0.05" 0.44+0.10"
H,0,+siNC+PAC 41 0.81+0.08" 0.84+0.09" 0.76+0.14"
H,0,+siNtf2+PAC 41 0.45+0.03" 0.30+0.06" 0.21£0.05"
F 52.949 20.749 18.402
P <0.001 <0.001 <0.001

1E."P<0.01 vs IEH

2.6 PAC 33 F1& ARMD #=EUNRHIFM N T i —40F
SE PAC 7E T ARMD A iy o/ F, FRATTAE X /N B A7
PAC FBRFET- MG Fer—1 254 WAL BR)S | i@ f NalO, 75
ST ARMD /DU AL 20— 1 J&4E+F RPE 40 8] &
W R A, 20 -1 YL 0B84 B SN AL R
RPE 20 i ) 12 92 %) 0 B M R SE 1, R RPE 408 f4) Bt i

IBE R AR AR P 3 X4 /N U I A 20— 1
‘7’“@ K FeSO, 21 5 NalO, 21 /N A M i RPE 3% 4 32
1, H BT R S i 2k S 2L, T PAC 5 8k BE T B0 4
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#H;'P<0.01 vs H,0,+siNC #1;'P<0.01 vs H,0,+siNC+PAC 4 ,

Fer— 1 25 WAL B4 /)N BUEE NalO, 3 A5 )5 | H RPE 3£ #1715
F i s WK 6A, #E—iE i) HE Je @ M 8845 41t
Hﬂ;@ﬁ@qﬁﬂa R FeSO, 2H 5 NalO, 41 /)5 B 19 i 58
RS TR % RPE 40 A6 B9 e 5k | i 38 1 PAC 45T
TIN5 Fer—1 254 AL BT | /)5 B 190 JE B2 138 386 it [+
it RPE 40 % 258/, ULl 6B, Rhodopsin Fl Opsin Y55
R 22 5 K I RE /AL B8 10 22 0 Y ERBE BAZ AL

IR T RS20 G IRAZ 28 i T g sz B ok, 3R
TR PAC 5438 1= 0 il F Fer— 1 Tl &b BE A8 #% 3 #%



alO 75 5 1 Rhodopsin , Opsin &1k T i, 2435 1L 9 15 g

&,1f FeSO, 215 NalO, 20 JCHH & 22 5%, WXl 6C, TUNEL
%&MMM%%@%%%Wt[?%E?ImC%%W
TR Fer—1 #i8% T ARMD /L F NalO, 35 5 49 40 Jifg
FET, 1M FeSO, 45 NalO, 20 TG W . 22 5%, WL [’il TA, ik
ZEHRFEH] PAC J’rUEﬂwﬂﬁJ # Fer—1 238 NalO, 75 540

FeSO, 4

Z0-1/0TX2

FeSO,4

GCL
IPL

@%ﬁ%ﬁ% B

w e | > :" : >—-‘ =

EH A FeSO. 4

Rhodopsin

PAC 4333 NalO, % S/ R4 M FE IR "'I%"“
S Y] 1) HE Je s f, ¢ e pgve
Rk,

NalO. 41

NalO,4

’Lf;l’flf%?ﬂmfmuatﬂ%ﬂlﬂ M-PRLEE A (£10) AR LT (
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W RRAE P, B BN 45 IRk — A R W PAC S5 ERBETS
IHIF] Fer—1 Y HREWE K & NalO, 5 S /) Nef2 . HO-1 FI
GPX4 TEHFEIBMTIE(Y P<0.01) , WEl 7B,5£ 9, I E
SRR HAETIE T HE ARMD Y & bt %5 3 AR,
PAC figfgil i Nef2/GPX4 B3 RPE 40 2RFE T, 7T i A
N—A i BIRYT T ARMD RO AE 259

NalO,+PAC# NalO,+Fer-141

NalO,+Fer-141

NalO,+PACHlL NalO,+Fer-141

i i SRS
50 pm

M A RETOLR OB R RS/ R RPE i A Z0-1 193235, B. /)

2345, F1 DAPI( 15 €8) 1t
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|
A IE % 41 FeSO,4l NalO 4l NalO+PAC4L  NalO,+Fer-141

TUNEL

TUNEL/DAPI

B F#M  FeSO4

NalOs48 NalO;+PAC4HNalO,+Fer-148

Nrf2 p.-

. B G — ‘M 110 kDa

HO-1 “——.—- S e — | 25 (0

GPX4

-

S S S S | 17 kDa

GAPDH

37 kDa

E7 PACAMEX NalO, B /NRAR MR AT IS MI BN A TUNEL Y2 3 55 SR LT H o 41 M8 98 77K 3 B Western blot Al

M E R Nef2 [ HO-1 F1 GPX4 ()25 FH 2 157K B H 2 BT,

x9 HANERMWE N2 5 HO-1 5 GPX4 EARKEMLLE xts
2057 Nrf2 HO-1 GPX4
IEFH 1.00+0.07 1.000.15 1.00+0.12
FeSO,4H 0.35+0.01" 0.26+0.02" 0.30+0.08"
NalO, 41 0.33+0.01" 0.23+0.06" 0.34+0.13"
NalO,+PAC 21 0.72+0.04" 0.86+0.05° 0.96+0.11°
NalO, +Fer—1 21 0.84+0.05* 1.11£0.16" 1.08+0.17*
F 153.920 50.334 27.742
P <0.001 <0.001 <0.001

. "P<0.01 vs IEH4H ;' P<0.01 vs NalO, 4,

3itit
T ARMD J2& 3 4 AR ] 36 0 07 3 0k 1) = 2R
H Al ¥ JC A WG YT 7 4. RPE IR A7 PR 42 78 1 1
ARMD &bl v B G I A5 3R W, 0K
T2 (—Fp R 2R LPO BR3f % 8 75 A i sE T B =) &
T ARMD H RPE 1B 47 PE2E 9 S B ALHI 7 . o T
BT ARMD 19 A HL , F A 138 3 A7) 5 NalO, 75 5 4t
ST ARMD /N BUEEAS JFFIFH H,0, 857 T RPE 41
(0 S A R PR R T R E B R BN R . (1) BRIET
W EMEDE T ARMD AR ELERE . (2) H,0, S HA
R % T RPE AR ERAET:, (3) PAC FIERAET- 4]
7] Fer— 1 i i3 B4T6 Nrf2/GPX4 {5538 #% , V8% RPE 41
MLRIARIET S, s T4 ARMD ARtk A, an &l 8 frr
TN, XSG EE B PAC AE R TN ISR 1R T 24
YA vl e
BRI LPO 5ERET- B UIAH G, TEERIET 2
o, LPO A SRR T AL LR R B LA
SERFINRERIS 0 LPO 8 & A 78 2 AN RIS I R
(polyunsaturated fatty acid, PUFA) 43 F H, iX $6 43 T4 2%
GEIE#ERE T, LPO T TULQ@@L@ B (Y B R o
EARBHE R AR B 5 8 ROS &4k, 7= 4 LPO =4y ; 1E fily
PRt i g A A B lipoxygenase, LOX ) 45 B 75 AU B
B IKS PUFA AL 465 a4 PUFA 74k T 19
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MEAL T AR ROS, AT fish %2 LPO I8 S ERIE T,
IR A5 SRR, PAC 11 T H,0,i% 31 ARPE-19 4f
Jgrf LPO #11 ROS A=k, Bje— M A ALl R P & s
BRES T IUAEAE NG T PUFA (it 84k, ek, 8k 8 Tk ml
DU i S5 s AL H, 0,860 sk A i 2k (- OH) A
Mifih & LPO™ " o R Uk, 40 Jfa P9 Ak 5 1 /K ik g 2 34
XTERBET 1) U io TATHWFFE R, PAC &7 LUl
R i, Tk — 20 A 20 MR A T

Nrf2 AN E AL B8 A = ZH 35 N+, PAC 38
S0 A S B B - 38 ( glycogen synthase kinase—3(,
GSK =3 ) 415 14 W TR 1o A 61 11 % fe R B i Nef2, I
i e B ( protein kinase B, AKT) 4 A5 00 % R b b BE
Nrf2 fF 5% 53 1 P ?iamﬂ’mﬁﬁl?#%%%,mc i i
UG Nif2 i?ﬁTéﬂiH@E"]iﬁﬁfﬂtﬁ‘éj}o HO-1 & —Fh i
AIBCAE AR, BT LUK 2138 A g s R L R A —
SRR —k SR = ) B A B A AT A AR
TR B 2% 0, 58 0 Nef2/HO - 1 {5 538 6, 187 8L 3 P g
(wedelolactone ) 1] 1) ] =5 480175 3 11%) 20 i 43 495 Hh 1) 22k A
T2, Tl RE, PAC WAL B 0T F 98 RPE 40 it Nef2 Al
HO- 1133k HM I BRAET

GPX4 S BRAE T A 1 K, HAE IR B S A it
TR TCE G S, ARG BRI GPX4 Rl
R T2 RPE 284451 £ F1 b (51 22 47 ( geographic atrophy,
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Bl 8 PAC i#iTi#iE ARPE-19 4l Y Nrf2/GPX4 B B = F 14 ARMD Ik T

PAC [+ i 0 ROS AR Ak 3

LRI REREAS , 2B/t H,0, 319 RPE 4IIET- (2 T BT RE AR

GA) , X J2Me 0 T ARMD HdRaE" . 405 KR REHE @
1S Nrf2/SLC7A11/GPX4 %l 3K P 3% ARMD J B9
AT R, PAC 38 1 3400 Nef2 DL F i GPX4 193
IRUCEE T ARMD 400 R0 3R 77906 2 | 3 5 51 Hif A6
FEER—E,

M2 RIS 2B, PAC T LLIE i Nirf2/GPX4 i
AT PE ARMD 9 ER3E TS, T ARMD (193597 $2
BET BRI UL, BEAh, FRATHILE L R B, PAC W] DLk 35
RPE il il () 25 b7 7 D) B i 15, IF: 98 42 100 19X B3R 17 1k 7%
SR, FRATTAO I T L AFAE — 2L R Rk . (1) PAC 5 H Ak
FET VR 3 I A B T — R R (2) FRATUT
5% 7 PAC TRANFRAETPE ARMD h 45 4P 46 ], i 7 Bk
— WP NalO, S 24T PAC AT AR, F G TE
i JIR LI PR 27 A W A, 5 % 2 L AE RS o B 7 v i W AE AN
1B 5 (3) BRIET- L L[R2 W7 4 b o 2 358 5 Pl 7 I PO BE T 46
FARTE S W07, AEA SO R S e b A5 itk — 2 A R,
SEAH RGBT PAC W 2RBE (A AH e R BE T~ A BL
HHEAT BEUR AR 15 (4) 7 40 MO B ) 6 53 o ke 2D %k
H, O, JIB T Nef2 S5 A0 G 32 56 48 3F, i ALl o 1 a2
HPRHAE LT SR SRR R R R, TR ATT Y
954 B T3 PAC X T ARMD AY36I7VEH , I A H
TERRAET AR IR A N Bt T B S 5

FZE PR B AR SUARAETE R 25 158
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