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Abstract

With the continuous development of social and economy, environmental
contaminants have attracted more and more attention. In recent years, the impact of
environmental pollutants in the livestock sector has received more and more attention due
to their harmful effects on human reproductive health. Recently studies have shown that
many livestock are becoming infertile or reduced fertility due to reasons associated with
environmental and management reasons during the feeding process. However, research on
the effects of environmental pollutants on ruminant fertility remains limited.

Bisphenol AF (BPAF), one of the substitutes for bisphenol A (BPA), has been widely
used in the production of industrial plastic products, and is also widely present in many
environmental mediums such as water, soil and air, which has potential harm to human
and animal reproductive health. In recent years, a number of studies have shown that
BPAF can disturb the formation of gametes and impairs reproductive health. Uterus, as
the place where fetuses growth and development, also plays a key role in the reproductive
process. However, there are few reports on the effects of BPAF on uterine toxicity.

Curcumin is a turmeric component isolated from the rhizome of turmeric. Numerous
studies have reported that curcumin possesses antioxidant and anti-inflammatory
properties and it can alleviate the cytotoxicity caused by various environmental pollutants.
However, it is unclear whether curcumin could relieve the cell injury caused by BPAF.
Therefore, in this study, we used caprine endometrial epithelial cell line as an in vitro
model of uterus to explore the potential effects of BPAF on uterine function, and to
determine whether curcumin exerts a protective effect on BPAF-induced cell damage and
to probe the potential molecular mechanism.

1. BPAF induces apoptosis by activating oxidative stress in EECs

EECs were treated with different concentrations of BPAF (0,10, 20, 40, 60 and 80 uM)
for 24 h. The results showed that viability of cells significantly decreased when BPAF at
40uM-80 puM (P < 0.001), while mitochondrial membrane potential significantly
decreased at 20 uM-80 uM (P < 0.01). Oxidative stress-related indicator was detected and

found that all tested concentrations of BPAF significantly raised the Reactive oxygen
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species (ROS) levels (P < 0.001), while the content of Malondialdehyde (MDA) and
Glutathione Peroxidase (Glutathione Peroxidase, GSH-Px) were significantly elevated (P
< 0.05), and Superoxide dismutase (SOD) content were significantly decreased when
BPAF at 40 uM-80 uM (P < 0.01), and (Catalase, CAT) content was significant
improvement at 20uM-80 uM BPAF(P < 0.001). In addition, it was also found that BPAF
significantly upregulated the expression of apoptosis-related proteins Bax and y-H2AX at
20 uM-80 uM (P < 0.05), and the level of Cytochrome C expression was significantly
raised when BPAF concentration at 10uM-60 uM(P<<0. 05). The anti-apoptotic protein
Bcl-2 was significantly decreased at 40uM -80 uM (P < 0. 001). Further study found that
BPAF activates the MAPK (Mitogen activated protein kinase, MAPK) and Nrf2 pathways.
The protein expressions of P-ERK1/2, P-P38, P-JNK, Nrf2, HO-1 and NQO1 were
significantly increased (P < 0.01). These results suggested that a range of BPAF
concentration may induce oxidative stress of EECs by activating MAPK pathways,
interfere the function of the antioxidant system, and thus cause the decrease of cell
viability and induce cell apoptosis.

2. Curcumin alleviates BPAF-induced apoptosis of EECs by inhibiting oxidative
stress and MAPK pathway

In order to explore whether curcumin could alleviate the cytotoxic effects of BPAF on
EECs, EECs were pretreated with curcumin at 1.25, 2.5 and 5 uM for 2 h, and then
incubated with 60 uM BPAF for 24 h. The results showed that curcumin could markedly
inhibit reduced cell viability and mitochondrial membrane potential damage induced by
BPAF when the concentration was 2.5uM (P < 0. 05), at the same time, curcumin
significantly reduce the MDA and ROS levels induced by BPAF by maintaining
antioxidant system balance (P < 0. 001), Meanwhile, Curcumin could attenuated
BPAF-induced apoptosis by inhibition expression of apoptosis-related proteins Bax
Cytochrome ¢ and y-H2AX and elevated the expression of Bcl-2. In addition, curcumin
significantly inhibited the activation of BPAF on MAPK pathway in EECs (P < 0.05), and
restored the expression of Nrf2 pathway in a negative feedback manner. These results
suggest that curcumin could effectively protect EECs from BPAF-induced cytotoxicity

through multiple pathways.

vi
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3. BPAF induces ferroptosis through activation of autophagy and endoplasmic
reticulum stress in EECs

To probe the effect of BPAF on EECs, this study examined the ferroptosis, autophagy
and endoplasmic reticulum stress after BPAF treatment of EECs for 24h.The results
showed that BPAF significantly induced the expression of ferroptosis pathway-related
factors (P < 0.05), such as FTH1, GPX4, COX2, FACL4 proteins and NCOA4 mRNA in a
dose-dependent manner, and also significantly induced the increase of GSH activity (P <
0.001). Combining the results of ROS and MDA mentioned above, these results
demonstrated that BPAF induced ferroptosis in EECs. Additionally, autophagy-related
proteins expression were also activated after treated with BPAF, such as ATG5, Beclinl,
LC3 and P62 (P < 0.05), and promoted the mRNA expression of autophagosome and
lysosomal fusion related gene VAMP8 (P < 0.001). These results suggested that BPAF
treatment activates autophagy. Then, ferroptosis inhibitors Fer-1 was used to verify
whether BPAF induce ferroptosis in EECs. The results showed that pretreatment with
Fer-1 significantly inhibited BPAF-induced cell viability reduction (P<0.001) and MDA
increase(P<0.05), and inhibited GPX4, COX2, and FACL4 level . In addition,
pretreatment with autophagy inhibitor Chloroquine (CQ) significantly improved cell
viability, CQ and (3-Methyladenine, 3-MA) inhibited the increase of autophagy and
ferroptosis-related protein expression and VAMP8 mRNA levels induced by BPAF. These
results suggest that BPAF induced autophagy-dependent ferroptosis in EECs. Further
studies showed that the expression of Endoplasmic reticulum stress (ER stress)-related
proteins, such as GRP78, P-PERK, CHOP and ATF4 were significantly upregulated (P<
0.05), indicating that BPAF activated ER stress in EECs. Treatment of the EECs with
endoplasmic reticulum inhibitor 4-Phenylbutyric acid (4-PBA) significantly increased
cell viability (P < 0.01), and significantly inhibited the expression of LC3 and P62 and
the activation ferroptosis-related proteins such as FTH1, GPX4, COX2 and FACL4
induced by BPAF (P < 0.01) , suggesting that BPAF induced EECs ferroptosis by
activating ER stress. In conclusion, BPAF-induced ferroptosis in EECs through activation
autophagy and ER stress.
4. Curcumin alleviates BPAF-induced EECs ferroptosis by inhibiting autophagy and

Vil
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ER stress
In order to explore the protective effect of curcumin alleviating BPAF-induced

ferroptosis in EECs. EECs were pretreated with curcumin and then incubated with BPAF
to induce ferroptosis. The results showed that curcumin pretreatment significantly
inhibited the expression of GPX4, COX2 and FACL4 protein induced by BPAF (P <
0.001). These results suggest that curcumin relieves BPAF-induced cytotoxicity of EECs
by inhibiting ferroptosis. In addition, curcumin pretreatment significantly inhibited the
expression of autophagy-related proteins ATG5, Beclinl, LC3 and P62 (P<0.01) and
VAMP8 mRNA (P<0.05) level induced by BPAF. These results suggested that curcumin
could alleviate BPAF-induced EECs ferroptosis by inhibiting autophagy. Further studies
showed that curcumin or CQ pretreatment could significantly inhibit the increase of
NCOA4 mRNA and FTH1 expression level induced by BPAF(P<0.01), and reduce iron
content(P<0.05). Treatment with DFOM significantly improved cell viability(P<0.01)
and inhibited ferroptosis related protein expression (P<0.05). These results indicated that
curcumin alleviated BPAF-induced ferroptosis in EECs by inhibiting ferritinophagy and
maintaining iron homeostasis in EECs. Curcumin pretreatment significantly inhibited the
expression levels of ER stress-related proteins ATF6, GRP78, p-PERK, CHOP and ATF4
induced by BPAF (P<0.05). Combined with the results of 4-PBA pretreatment , it was
suggested that curcumin could alleviate BPAF-induced ferroptosis by inhibiting ER
stress.
5.The PIBK/AKT/mTOR and Nrf2/HO-1 pathways was activated to combat
BPAF-induced ferroptosis

In order to explore the role of PI3BK/AKT/mTOR and Nrf2/HO-1 in BPAF-induced
ferroptosis of EECs, these pathways were examined in this study and found that BPAF
treatment significantly activated the PI3K/AKT/mTOR and Nrf2/HO-1 pathway in EECs
(P<0.05). However, curcumin pretreatment can significantly inhibit the activation of the
above pathways(P<0.05). In order to further explore the protective effect of curcumin
pretreatment on BPAF-induced activation of the above signaling pathway, cells were
treated with PI3K inhibitor LY294002. The results showed that inhibition of PI3K

pathway exacerbated BPAF-induced cell injury and autophagy activation (P<0.01), but
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significantly inhibited the expression of ferroptosis-related proteins (P<0.01). Nrf2
knockdown exacerbates BPAF-induced cell viability decreased (P<0.01) and MDA
content (P<0.01), indicating that Nrf2 knockdown exacerbated cell damage, but
autophagy and ferroptosis-death related proteins were significantly reduced after Nrf2
knockdown (P<0.01). Consistent with Nrf2 knockdown results, HO-1 knockdown also
exacerbated the decrease in cell viability (P<0.05), However, the expression of COX2 and
FACL4 further enhanced (P<0.05).These results suggested that the activation of
PIBK/AKT/mTOR and Nrf2/HO-1 pathways contribute to resist the BPAF-induced
ferroptosis, and curcumin reducing the expression of autophagy and ferroptosis-related
proteins by restores the activation of PISBK/AKT/mTOR and Nrf2/HO-1 pathways in a
negative feedback manner.

In summary, this study explored the toxic effects of BPAF on EECs and the alleviating
effect and mechanism of curcumin. On the one hand, BPAF induces apoptosis of EECs
through oxidative damage and activation MAPK pathway. On the other hand, BPAF
induces EECs ferroptosis through autophagy and endoplasmic reticulum stress pathways.
Curcumin alleviates BPAF-induced apoptosis by inhibiting ROS and MDA, restoring
antioxidant homeostasis, inhibiting P38 and ERK signaling pathways. At the same time,
curcumin attenuated BPAF-induced ferroptosis by inhibiting PERK and ATF6 pathways
and autophagy-related proteins ATG5, Beclinl and LC3, reduced iron content and
restored iron homeostasis in EECs. The results enrich the potential effects of BPAF on
reproductive health of ruminants and the mechanism of toxicity, reveal the regulatory
mechanism of curcumin in alleviating BPAF toxicity, and provide potential preventive
strategies and references for the prevention of BPAF-related diseases.

Keywords: BPAF; curcumin; caprine endometrial epithelial cells; apoptosis; oxidative

stress; ferroptosis; autophagy; endoplasmic reticulum stress
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#5%17) (Abbreviation)

S| TEILAR H AR
Abbreviation English name Chinese name
Apaf-1 Apoptotic protease-activating factor-1 T ERE M EE T 1
BPAF Bisphenol AF Xy AF
CUR Curcumin LW
DHODH Dihydroorotate dehydrogenase AR AN
DMT1 Divalent metal transporter 1 & Eiristk
EECs Endometrial epithelial cells TE N L R 40
ER stress Endoplasmic reticulum stress PN I S8
FACL4 CoA by acyl-CoA synthetase long-chain 4l a FHIESE4HES a & A K4
Family member 4 KI5t 4
FPN1 Ferroportin 1 PR Sy 4|
GCH1 GTP cyclohydrolase 1 GTP /K il 1
HO-1 Heme oxygenase 1 M2 N4 1
LPCAT3  Lysophosphatidylcholineacyltransferase 3 T 0T g TG R B e S 5 FE g
LIP Labile iron pool ANFaE kit
Nrf2 Nuclear factor-E2-related factor 2 T E2 MR T 2
NCOA4 Nuclear receptor coactivator 4 2 RSB R 1 4
MAPK Mitogen-activated protein kinase 7 3 O B 1 T
PLOOH Phospholipid hydroperoxides o fE S Ak
PUFAs Polyunsaturated fatty acids Z AN T R
A& EE RN

UPR

Unfolded protein response
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AER,  HTIEETS G H AN WG in LA A0 NSNS P K 147 35 B e g A e
BRI, NATERKGER 22 1) SCVE R B35 et sh 4 BETE 1t R AN S8 /7 (W #2721
FERET, REHEKYLETEE. BRER RE. M EORIRTG Re) 55 Je3h
e, nIRe gl R B AR B IRK, W ECAE (Guvvala et al 2020), AT, RIS
GLnt A4 s SR RE R (R FUAT SR D o FRBE IS e e H RS oA ANE,
Xy geid s A IR IR R SR s AR 3k N T (Lymberopoulos et al
2000). T (Oskam et al 2005) AF. 5 (Jiang et al 2021c), X4 & i BE A a8 o
Z MBI R, TS QA0 KRR S BN R R S R 2 B e AR AR T e
ENMZ R EIRRPHG AT I RE 2 T MAET: (Keshavarzi et al 2015). I 4F,
NI Gt M J 1R A 0 AT HATE FH 2 R e G 1 ) A R 288 T e 26 1, AT H L 3
YIIEHE AT KRG, PRSI AT % (Mathur and D'Cruz 2011, Musachio
etal 2024). R AIX LIRS R WA SFEEIPISET, BRI 2o 5
HIAEAAN BRI 22 2 ERy, & AR I 1 A A A2 mT R AT L
Hext AT Fo R e A KA FIRC I (Poppenga 2000). [(Rltt, 1 3R rh A7 R =
TG G UL AT TAnAeT s ) ) 4 e RN AR B R ) 2 BOCE E, IXFEA R KR
FE bR/ | B G TR V5 AT R AN R
1L.E AF (BPAF) H5titE
1.1 BPAF B FF1i5 IR

oI 0 AR CR AR S R AR (S S A R EUE RN
TUREAS, M- SBCN AN (e 25 1EH 0 R T ARG S8 B SNV BT (Gore et
al 2015b). XU RAL G YME N — Rl G O, BARMEBERER, #l e —
Fsgr B N 20 TR (Waring et al 2018), |32 BT RERFREE SR, IR 2%
REVN G BORNEEH  BEIT B8 K B il A 4% Do DUSCHAR ™ b 9427 (Chen
etal 2016, Song et al 2012). A4 KA A VI H) F E@R S 2l T 215 e n &)
AL (Vandenberg et al 2007), BbAb,  WRIECRT B k2 ik th i i 8 9 (E I e fili& 42
(Reale et al 2021). Xy A (BPA) =& F AT i) 32 KN KA &4,
ZHT R ER ke, il ERILHE, O KEFFEY] BPA XA

AN R A e 7 A fE % (Fujimoto et al 2011, Lietal 2011, FF5& et al 2023).
1



e Rb R 2 2024 e LT AR AL CBEL) B

N BPA HRIE 5 2 iR RARFH MRS A ¢, AHE 52 A S0 15 AN AR B A B 1
0 Sp B S, A & FIRA RIS (FCEE . Machtinger and Orvieto 2014).
i, FFEF| BPA JE M B, H 2011 ELICK, W, EEAhE LT
FEFELG = Sy b BPA R, 5Bl )L st e, DAk AE R ) LAHTAE ) LN S %
fuh %] BPA (Jin et al 2020, Liao etal 2012). /LB BRI L FIIEHE 2 I EA T2 E R
NI THRA AR A FE SR Tl A g B A R n, I B T 3L S5 A
L, BREHE 7t BPA B AR I AE ) 22 A M T VPl LE NSRS H o AR P i 22 4
HAEAEEER L .

BPAF & BPA IR BI4, 75 R A RISk A i A = vh g ) 2 A S Bk
FEERBE G . WG, Rl BRI & RS R A ST 2 R AL T
YE R4k (Akahori et al 2008, LaFleur and Schug 2011). JE4FE3k, K% BPAF fE3F 15
I AFE R AT, A SO — R D RS e (Liu et al 2021), H22 4K
B AAF B AA TR 2 W EM . ZFEER, EVF SIS, #EAT LUk I 3
BPAF HIFELE, = K228 B0y 739 (nglg dw) ATk Fh 424 15300(ng/L) (LaFleur
and Schug 2011). Bt4h, FEHABAFIRIARAN BRI T BPAF FIAF(E, WIAUR
A= (Chen et al 2016) L K & dfHt (Cesen et al 2016), HZ7EAEYFE S H
RILT BPAF FIAFLE, WIRGEE NI (Jinetal 2018) , fifJLA T LT ¥ 54 0.073
(ng/mL) (lhde et al 2018), £}:F. 0-0.052 Cug/L) (Niu et al 2017) LA A R 0.173ng/mll
(Yang et al 2014b). M HiF LRI, BPAF HA5 5 BPA MIMIRIL A3 450y, H
BPAF E.f5 Lt BPA s 2% (Maruyama et al 2013). &#MNFI{A A HF 58 tHAIE
B BPAF (M2 P25 T BPA (Li et al 2012, Mesnage et al 2017, Mu et al 2018).
It4h, BPAF Lt BPA SEX G EAEYH IR, HEXMEREM (Maruyama et al 2013, Zhou
et al 2020b). [RlIt, | iZ AOBEAAT BPAF HIFRFEEAFAAE SIS T AAMTR HyBE AT 52
RIoGTE. KT, S%T BPAF MUFRIERIRIRA IR, Rl Rt T KA 4307 B 56 )
RE RIS
1.2 BPAF RV FEH MR
1.2.1 BPAF - FE /IS

TEAMME AN BRI, E2H. HR. MIRKE SERS R L%
HEEAEH (Konno et al 2000). JAFESNI 15 PR A, BI85 N BRI

2
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BNUZ . 75 WIS ] 4 i A0 _E B 400 (Sone et al 2013), #E B0 SEHEEKIER T,
FAAR et BRI . TEWRRE R ST 2B KERHEEVIRR,
WAZAE . B ARG A 15 A B AT B AR RS, IR ) R AR
S LA R (Hong and Choi 2018). 15 /& A 73 W F A I S 2AE L s 2
— (Gore et al 2015a), W7l TIPSR LT K554/ MThRE, FEAEIAYIRE
BERS AN 15 B SEALRE Y & 42 (Jones et al 2018). Wu ZEHF 55 B, FR4E4H % BPAF
IR 75 o R, B0 7B NIBIEAS, insgin iR R scE . BAR b R m AR,
BT E R RS, BT E A RACEMN 7 E AR, TS RS insS
BUETHRE IR BEAh, BPAF &2 T 502 S N AT NS R B il g R ik, B
AFBTERMSE, EEFER 75 AR K EMERE, FEARKNTE4
J& (Wu et al 2023). X645 3R W] BPAF 582 Al AE- 201 B B8 7 1 B A A= 2219
MRS AR TR RE = AR RE N . BPAF 2 58 B0 BHAAR B @ B AR fa F 4, b4l
o AR T B NIRRT S AR K S, a0 B N Rl BPAR R I A SE AL NI
P4 SIRT1/PGCLo {5 5 55 A5 5 MV G J L A 5] o 240 i 2y BE 25 LA 22 A% 1 Jlg 4 i &
AN, TR 55 AR B A B R B E B (Tian et al 2022).
1.2.2 BPAF X2 R I RERIFAT
SEALRAERFIEIE AR TR AR ) B OGRS Y, I B SR AN AR A T R YRR A
PEASE LIRS (Silva et al 2016) . 52 A2 1 52 4 a) Jod A ) 1) 57 40 i 38 5 25 [ 99 A= plead 75
BRI WA e I A B 2R 4 ) R B RN SE AL RS TR AR R AR CEEEA (Ye et
al 2011). Feng 258JF 51 % W] BPAF £ S EINILIE S B /K P AR, B R AR 5 25RO v ) i
FKF T . BPAF IE 2K RS2 AL S I 3R B WEBGR AR M B A i3k 32 44
K] MRNA 7K-FH Z %1% (Feng et al 2012). Yu Z5HF 55 & B BPAF i35 P41 8] J55 41 i
B, i SIE %A (Reactive oxygen species, ROS) I [ (% #8 S 4k 4 Ak Fig
(Superoxide Dismutase, SOD) 7K*F-, #éhnN -l (Malonylodialdehyde, MDA) &
H, [FIRHE ST AR, FHE AR EL (Yu et al 2022b). — 4K A ANRS
WHotR Y], BPAF 25k LI E AR It Jy 2CH 0 i =2 B b e 48k, IR 51 ARG T DNA i
A ROS 774, FEARKS THEMFUE . #t—PHi K, XATREE H1T BPAF 0%
ERK/MAPK (Mitogen-activated protein kinase, MAPK) 15 Sl i S S50 5 =
HETIAERREAG, MR 52 AL SCHF 40 M G 1 R AR BE BRF IR GUOA B, 45035 A R i

3



e Rb R 2 2024 e LT AR AL CBEL) B

RGER RN EBOE R IEIEYE (Wu et al 2019). [ B8l BPAF S X HEEA B e
AR AN, (AR ER T BPAF M5 RS0 i1 AR B D REIG A AR IR . — T
AT A BPAF SL36R B, P2l 5% T BPAF 2Bl Aim2-NF-xB-1FNs {5 5 i@ 5/
JoS A T S R PR SRR P B2 S B, ARG T IS AN ), 3 SO I AR AR B
IheERhg (Xue et al 2023).
1.2.3 BPAF X5 S Euk 40 a0 U-& 4HRE AT 200

TR 240 it 368 1o 77 A 2% [ e A 3 A2 AR AE I R B R SCBEAE L (Albertini et
al 2001, Chang et al 2016, Pelusi et al 2008). HiHi4H iy T RE 32 AN S S 2 [ B3
B WA, B4 SEUNE K E RS (Das et al 2008, Fan et al 2008, Matsuda et al
2012), 1fii BPAF %5z n] 2= 5 B LU0 41 M I8 T AR AE I BRIR A BRIBE T, JEREKOP
HEME (Ye et al 2011), RAMIFFEHAESE, BPAF JE i MW & %2 & ERB
ROS-ASK1-INK gt DL ke 77 55 7 ABURL 4 i) ROS A T2 1) K AR
(Huang et al 2021) , X5 H BPAF £ i jeb 1517 RO A %o 2 A= T 1 = 2 e 55
TESEYR A I #E i BPAF 23 51 RCiscsi /2L G EIR , 19 ndm A i iz 2 s i e
75 5 P BESH AR B A5 141 i A A DN %84k, JE T s MR iR JLIRTBR 7 & 2E - (Abdallah et
al 2023a). RPNHTTREW], /N EEME 300 pg/ke/d BPAF 14 51| 28 K5, 2> SEup 4
GUEALE, HEUE T 2500 80505 KA M 2 5 RIEFEFMEEZE T (Yue et al
2023). BPAF MY 25 GF S AUBURI A0 ™ A A T 5200, R 2 R0 OF BRI R 4 411
R, —BURSMIE L], BPAF i T IR RN ROS 1 DNA Hitfntgim, st
S A DI ELY A LS (Ding etal 2017). BbAh, DIEMIBFFRRM], Mk
T-OPREApR, OPEPOR AN AL BPAF SEINAURK, RIAETE U RELN IR SZ L ) 5
MR, 2 DU A9 BE 51 & U1 S5 80RL 40 i i 9 TR AL R (Huang et al 2021),
T I 42 5 1 G BEH B0 ORI B - 45 BRIk, BPAF DUAN[R] A8 5 15 A A E
WU 7 ORI A IR R & B AR D Re, IR EPEZN ) A2 58 R G A fe 3
1.2.4 BPAF XTELBRBVSZ N

ARG AW AT AL SR EESR Y, FERENEKETFSE5T
FUBRA R B AR, MAANE T3 IR A RS 2 > TR
MIFLAR A E (Rudel et al 2011). — T Al BPAF Ak FH x4 /)N i 7L IR 2 3 R 303 4k e
It F KB, BPAF 2 S8UNRAM R, I H B2 5 KA AR e A b R e
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HMIRIE (Tucker et al 2018), Bt4h, fEANFLIELMI, RIAE 49 BE /R FE Y BPAF
WA LMEDY ERa N7, Il %S ERPL AAESIMEBER L SWAIIEM (Okazaki et
al 2018, j75% etal 2021). Lei(2019)H 7t B, BPAF fE4NEE /KU R ml LLHE 40 i
N ROS A1 Ca?* /K-, IFIEILIEE G & AR A/ T PISKIAKT Al ERK i #% A1
ERa, {Zif MCE-7 ZHi/fusg%E (Lei etal 2021),
2 FEF M RARIE T Rt R
2.1 HARRIRT

AP T2 4R R R AN [FE 5 @ R R A R A it 07 2, YR
WA (BRRRA) AMAMNEME@E GEER2EEn) KA, ZIEHEKEMYERFHN
RSV FEREEA PN (Fuchs and Steller 2011, Obeng 2021, Taylor et al 2008).
B2, ZPUAEASIE A E R EE T AR P, a5 AR RF T,
LA TR BRI, P SEEROR, AIEEAE. B S R R A e 2R AT
PEFI % (Carson and Ribeiro 1993). T HA MBS 2RHE,  angn i 4,
o ke SR Rz 148 | AMI A KAl R T2/ MR B 4RI 4655 (Taylor et al 2008).
T THLH B R O o AR B R TP AR IR AT B, AL Bel-2, T H AL
T 1 (Apoptotic protease-activating factor-1, Apaf-1) Fl¥ % iz & (1% (Caspase)
K i (Budihardjo et al 1999). Caspase J& —FRHR ) SR B, 755 F /K EE0E Jo 3k
SFUIFI A A B RD BIRE ST, T 3505 40 M 3 1A S T A5 A AR AR AIE O e 3R
(Boice and Bouchier-Hayes 2020, Kesavardhana et al 2020). It4h, 1E 2 Rl i 5] 2 i
PRI T, ZRiRIE B ZH i . & C (Cytochrome C) 7E i Caspase #4iF H &
ERBEVER  (Nezic et al 2020). Bcl-2 25 [ 53 i 42 il Zebi AR 40 il (1 5 C IR,
ZH5MMPRETET . MR FEMEIEM T, Bel-2 5L Bel-xL B RIE A PH k2
PARBE A R C. Caspase iG AL M4 T2 (Fesik 2000). 1fi Bax AJ#{5ET- 15 5
Buf, Bax i ANGRASME S, SRAREBEBAROER C. #— BT K], Bax
A1 Bel-2 7] DI i S 3 575 P 5 e £ LI P e i 4 i 6 X C B (JUrgensmeier et al
1998, Rosséetal 1998). 2% LTk, IXLE4H53R  Bax 8¢ Bax A & [l L 4= 41 i
R C KR, Z5X TR,

MR T RS 2 ME SRR AE B FE SR R I G 2R, DAEWEFTIE ], MAPK
KGR Z 5 IS AN B ETA | 5 TR 2 M SO R B E K, T P38 A % ERK1/2
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Hh | &N

Herbfl ok % 2024 A S A AL (HRALD 1B

JHIEAT INK {55182 (Guo etal 2020). b4, MAPK. PISK/AKT/mTOR #1 AMPK
I T DL S | RS AE R 2 5T 4RI TR (Klionsky et al 2016). BR

M T2 Ah, AR RS S TR FEAEAET, Ml T AERIE T, Rl

BRAE T AR A E AL 2R 51 7 AT 2 %0 .

2.2 SR TR

BRACT 2 — Mol A I A b 4 B i Jo 3 S8 A 7 ) el 7 A B ) ) Ak g 4
MFET-T7a0, AR AR, AN D ek B[R] T HAh A S ) R 4% v 20
FET-. (Dixonetal 2012, Doll et al 2017Yang et al 2014a), ZkFET- A — > dL Y HFAE L
FOEHER N P A R E AR R, X 5RO RGEMPUAN T R G2
[ PG 5% (Jiang et al 2021b). 44 A PN R BE T2 B 1 R S8 AN A2 DRV 48 i 7= A 1
g B AT, BRI e o T BN R b R B A R AR B DL R BE TSR Y
RS, IR S EEIET: (Kraft et al 2020a , Yang et al 2014a) . XA
il B AN [F) - FoAdy LA S RN I 4E BB AE T2 20, 40 Caspase 384541 3 A 200 i 9 T AN
Gasdermin-D /5[ LM AL £2 T oA O R 4R B AE TS (Galluzzi et al 2018).,
221 BREE TR ENHI

TERRBET RIS LR, SPERAE T A BT T RERIIE AT, HEL
37 CIEBIR . BT BRI K 2 &, oA iR AR 2 3 i
B @Ae, ORI AR SRS T RIFRE (Jiang et al 2021b) (& 1).

Fe*

pe Antiferroptotoic regulators
TFE TFR1
an 00000 0eeey ° Proferroptotoic regulators
..\ ®e Po, Ferroptos
...0. B ssessdaadd L Y0y ..... @B Ferroptosis inducers
... ..... .q“‘ ...
® <
ST @ <,
@ >> oFe? Ve [)
AT v @ <,
R > NADP+ | \ # R
] " Fe¥* . L4 CoQ10 “ L)
@ 4 Fe? )
) 4 - ee o FSP1 v ®
S Lp so*s  NADPH 7o)
@ z
o’ Fertin l S CoQI0H: A
Y b toem T \ A
) o OH - (AT » GCH1 s ®

U Sl | Dy o o T
@ v [ ®

. [] G3SH = PUFA-PL-OOH PUFA-PL UFA-COA@PUFA L ®
system Xc v Glu @X CPORD N - ®
s sLeratl - Gss G - H

S TZNs

ey " @ PUFA PLoH 3 . —Ce
9 [ ]
[ ®

e aly Ferropt05|s

Bl 1 ZRAET R ANLE] (Wang et al 2023)

Fig. 1 Mechanism of ferroptosis
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2.2.1.1 femARHha R

BRACTC R A e IR g A SR I, EIFAZ IR RINIE R BES Bl Ak
Rio ARBAFRY, S 2 ABANRITIR BB, 452 U b & 18 A DU )
i B R P T I T < T g AN Bt g VB ML Bl e 2% 5 i A Ak AE T2 AR S e Sk S B
(Kagan et al 2017, Yang and Stockwell 2016).

ZAMEAI IR (Polyunsaturated fatty acids, PUFAsS) #3450 kKA 5
NWAZER: (1 72 PURA #0145 4 B iU i PUFA B, 175 PUFAs
IO 5 2 FACLA H1 LPCAT3 Kl . (2) PURA Bl I i i 2204k S b

HApRRHKE, JiF s 4n )it PUFAs 7E FACL4 6 F, A4 PUFA-CoA, BJ55
B IR E S & . W FACLA fEALAEA UG ERAT S FIRIRYS CoA #H#E, AR
PUFA-CoAs 5 i 5 1B G 45 &, B LPCAT3 F Tl I 1t I B B0l I 19t < B i
(Dixon et al 2015, Doll et al 2017). T IE T £ BERL- 1648 VYK R AN % 8 15k 2 I fiic- 1 1
JRIR 7 G B & B A PEs 454 251 1 (PEs binding protein 1, PEBP1) #:FE{ER T, 7
JRAEAL 5 3 HE L A (Shah et al 2018). Hig it Ak ) 32 2= 2 i s =0l A e

(Phospholipid hydroperoxides, PLOOH) #1 MDA (Conrad and Pratt 2019)., —H
PLOOH A7 8 B HH =15 B st A R HIE B, b2k A 8 U B, PUFA-PLS
S5 ERARES (Labile iron pool, LIP) 724 235 e A= B S8 FE A it 48 3k
3, SREHE—P# L PLOOH 7=, RASEEILT-HIKE (Mishima and Conrad
2022).

2.2.1.2 %Rhgsk

g S, “CERIETS Y X — ARIBEZ DAt 1R A SRR g (Dixon
etal 2012). & NRAAFFLAMETCER, Mg ra s, &25 74k
R R A EBR L . DNA W5 i SRR A ANV 22 A S8 TR 5 v R R A
A2 (Arredondo and NGPez 2005). 7EZEMPK R, k32 B DA RP S T X
7, EN=M08k (Fe*) FIW4L (Fe?*) (Daher etal 2017). #E 4 A A4 K36 2
W& B B BB R B AT, SRR M SR AR BB R B ALK
sk a1, MR BRI SR LIP. BARRIHE, Eo5E, 4000
Sk (Fe ) H5HEGEALE, B HEREAZE 1 EAZNE, Endkd,
MVE PH (R A 2R Fe RS, A5 Fe¥ & Bt IR BEE Ny Fe®*, Jf
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Herbfl ok % 2024 A S A AL (HRALD 1B

W AN GRS R ML N RSB FE RI A R , TERK LIP. e, 2RIk

HEFEEEAM B, 5SE%ERSE, HkERSSIHEF N Fe
(Anandhan et al 2020) (& 2). EIEHEMHEOLT, HME PHAZ R FIH .,
f7 R HORYERE LIP [AHXS R E (Chen et al 2020b), I & (FIiF 9 SR A0 S i 14k
TR AT DAE e 250 i S A R M AR P A, S BUR BT S AT N, RS
BRIET:. AR gk B2l Fe IR A AERR R A b, AR 4Bk iR B A K A
W, SEEASG RSB IE EER, JRE SRS B 5] A, 5K
BRBET: . W2 ARLOE R T 4 (Nuclear receptor coactivator 4, NCOA4) ilid 54k
HEFMHEAER, EEAREMIE KRN, X Bk E A
(Mancias et al 2014a). K, @ EACEANE] NCOA4 7 LARHI R E H R, 5/
LIP Bk, SABIHIBRE T H . BRAVGE 51 K AEBE(E ) Fenton S N B 4
%Y PUFA-PLs (Conrad and Pratt 2019, Gaschler and Stockwell 2017), i&r] LAE 2
5 g e AL B I 16 2 VUG IR IR SR S B AN 4T (5 3R PA50 Sal AL JE i 75 ol 1) 0 B A
BiAF (Koppula et al 2021, Yang et al 2016). K, 4 R4 A0 e 25 06 40 i (A7 3%
JEANAT /B (Chen et al 2015).

2 BRACH B R B E DL S Nrf2 I 95 & (Angeli et al 2017)
Fig 2 Iron metabolism and ferritinophagy and their regulation by Nrf2
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2.2.2 SRIL T FH ML
AR T, 4 A b H T URERFE T R 5, A TA] LA Bl
bR SRR I A, AERRANARAS o BRAE T I 2 B DR o e v P R A
K52 ) PLOOH, 1 GPX4 & %) PLOOH HF1fi§ (Angeli et al 2014b , Dixon e
t al 2012, Friedmann), Kk, Xc—/GSHIGPX4 FGtH AT — A2 B H il #E
FEAMRERICT, R R RS Xe-, X MEHREEEE (Light-c
hain subunit, SLC7A11) FIEHE VI (Heavy-chain subunit, SLC3A2) Z%M —Hi
7 54k (Conrad and Sato 2012), | vz 43 T 20 LB NE XNUZE M AR R bt X 12
B, EWET, ©nr ASCRR A 2 iR A 2R R A s L 101 1 Hh =g
B NS AR AN AR, R D s R A HE NG R 5 S GE R Y e
iR, Z5%MHIL (Glutathione, GSH) 1A % (Dixon et al 2012). 1EN—Fipis
W=k, GSH 24N —RiPtatb ), = 5BeraERgR N, AT 4R m i
EACEMIER KT KT, i GPX4 Xyhgiitud AL, GPX4 =Z&—
P TR E A, "R A LA (Lipid hydroperoxides, L-OOH) #4k NG5
FHEFiEE (Lipid alcohols , L-OH), MM FHWrA 2 ig Bt AL Y0 51 i 40 fu ek sE T
(Seiler et al 2008). [Xlth, Al —LL25%10 Erastin (Dixon et al 2012). Soraf
enib Y Sulfasalazine (Louandre et al 2013)##HA AR F IR 7 Fi i 11 7] 53 GSH
BRZ A GPX4 K%, il e i A AL 5l EE v A0 AT . It R GPX4 Wi F
BREET RS R A S 9 (Friedmann Angeli et al 2014a), £/ BREHG R 21 4
4HHE kR SLCTALL 8% GPX4 JEK v SN Bk FET- (1 R 4 (Seiler et al 2008).
XL WA Y] SLCTALL- GSH-GPX4 Hit AL SFEARIE T B GBEAE AT . R GPX4 ]
PARFEBRIC T HUEAAE R Ab, ST JUE R I T — LT T GPX4 [ERFET-HifH R 4t
WAL T 2 9 1 (Ferroptosis suppressor protein 1, FSP1), GTP ¥ /Kl 1 (G
TP cyclohydrolase 1, GCH1) &K Mi% A (Dihydroorotate dehydrogenase, D
HODH). FSP1illid it CoQ10 A NHIEFIE K CoQ10-H2 KEiIEERILT., CoQ
10-H2 & — A AL b AR AR S A0 B EEA 3R BT L5T (Doll et al 2019). G
CH1 = ZiH R ™ A 26 R PEPT U 77 DY S A v (BHA) A EE 28 fig g B 24 S5 oK 19 i Co
Q10H2 FIH#E PUFAs LAAIHIZRPET: (Kraft et al 2020b). t4h, DHODH & —Fffir



e Rb R 2 2024 e LT AR AL CBEL) B

TR I BRBE T P65, HIhEER LT FSPL, @it {2k £kkifA CoQ10 7 CoQl
0-H2 AL TEE/ERH (Mao et al 2021).

2.2.3 %R T- 54 EERK

ARFTR L, e BV AR 7 — RN B R B F . — ST H K2 ek
HETAH B R AE B A B v ik I A 4% B A o — S8 AR TEORE DS n R B
TE NI RALE . 6 R R IR S8 5 B AE TSI BR BB TR 5 R TR 1 e i 3R IE A O]
(Beharier et al 2020, Beharier et al 2021, Lietal 2021d, Ngetal 2019). fTEEEAE
AR R ERERER, 9 1 BER AN B I A F K, WRERIG LAY IE A K
MK E o GEURIH A BEAR A H o682k 1 75 K 2389 in %2 1000 mg LA | (Sangkhae et al 2023).
BRI Z = P A RIIEYRSE Jmy, W B ARG Bl L A A S PR AR 22 ) LA
R T REZ %5 (Powers et al 2017). I H AT AL, KEWF BT IR ek
MR A, 2RI, AR ES T 2 ARSI bk, &R gk 78 tmT fe
S E A TR R RS, 0B N IR SRACRE, X2 B B B ORI
HCHY (Lietal 2021d , Ngetal 2019). i & PIERIRN S8R AG F0G £ A kK1
NERFET: KA B3 44 (Sangkhae et al 2023). Kl HSREZ (BT &N — L
FEPI T BE S B BRI N 5%, BRI T AWHITNGTT 5, AHSRBN 15 B2,
XN N B R BRI R T AT St 137 ) B
2.3 B

BIT W RN, AL T B A LR 7 (Kang and Tang 2017). 7£
R AR T, TR B AR AR PR, TSN T 40 A Pk B R
RASEUMIET-FI A (Hou et al 2016). [ W A2 4 e 40 it P9 A 285 A 3 22 e R 7
AR —, ERIEEAE R RIT BN E O A sE B2 M AR &S,
IR IE BVE B )G SR TER . BER . RISV, SR Mt TIE3A
A (Kaur and Debnath 2015). 4l 45 =R ML AR 1 A RRA, A4
Bl B E Ao B A SR E B (Xie and Klionsky 2007), [ g £ 2
MBS Z K BRI, PRIGIEH 1) 3 R — a2 B E B (Glick et al 2010).
ROP VA A T B A0 B BTH AL BB AR, BE N 5 B 40 £ DL PR RT N i £
BN RE BRI, SERFAN MR AT A AF, [R5 30 40 M 28 1035 o th A R 1
o 7 2 B e 2SR 4 ) 4l i B 10 = M B &E (Mizushima and Komatsu 2011,
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Netea-Maier et al 2016). H4h, BHWEEHTAMMAEK . 240 MR HIHIAFE 7 IS0 T
SRR EEEEER (Kuma et al 2017). M AW A A LS FHE
P B A2 S AR E o TP 558 B JR 25 M BRE S (Eshraghi et al 2021, Gustafsson
2015, Orogo andLi et al 2020b). {E1EH AEHIRA N, Fal WA Bh T 4E RE4H B 716
SNTTAESH M2 B e IR 2%, SREAEUER B T 5 701 55 40 A A1 At X1 27
BN, AR OEeE MR A A A, B R AR e AT, Rl ik
FEME B AN A B ARV T S 4 ] e (R HEERIE R 4R MRt T . (Baehrecke 2005, Hou et al
2016, Mizushima et al 2008).

H WO AR AR H RS B RAMARI BT R M S I A R
AR E VR VE B SE R, DL B R VA A rh A 2 B0 B AR AT A A A P 45 5 DI AR
K JUAP B (Hansen and Johansen 2011, Mizushima 2007). £ 774 84 KA
TEZH, AMPK S#0E I S3 mTOR (5522130, BE/5E c-51 £ A MERES
B4 1 (Unc-51-like autophagy-activating kinase 1, ULK1) % -#ifz 1k Beclin-1,
S NEBENUEE 3N AL I FE 3 2 (Phosphatidylinositol 3-kinase catalytic subunit
type 3 (PIK3C3, tHFR VPS34) [ A7 M 4 A i Bl (Russell et al 2013). VPS34
A DL TE 40 B AR R R BEALEE (3, 4, 5) - =W ( phosphatidylinositol
3,4,5-triphosphate, PI3P), FiA& M NENRHL. PISP it 58 A LUE LRk
T WA () ZE 1o 75 21 P 1k 2. B % (Phosphatidylethanolamine, PE) figfk LC3 454,
HIL & ATGS M ATG7 S5 fil ATG B A RIS “iZ RFEBIER R ST AL
(Klionsky and Schulman 2014). FWfAEK B EIERG, 74 B R, KRR
KPR EAE BRI, & SIEBBARLG Y B AR, SRR
HVE TR FUAAC P I TR R o

PISK/AKT/ mTOR 52 H W 1 s I 1, e mTOR A& B W v i £
LR EE AU (Wullschleger et al 2006). — ki, 128 PIBK Bud <l B Wk, PI3K
B AKT 34355 mTOR, H i mTORCL il iRtk ULKL B &7 1) ULKL F1 Atgl3,
PLK VPS34 EEWIHH Atgld, FAE ULKL A1 VPS34 [Jifte, il bkt is
(Hosokawa et al 2009). 1fij 11 25 PI3K @it 5 Beclin-1 FE s E A9, WizHAh ATG &
HIEPER R AR LS, (2 BRI &4 (Edinger and Thompson 2003).

H W B A — MR R A AR, 8 B AR AR AN FER Y. 2 RE S
HE P62, HEEFRA SQSTM, & —Fh B bWz ik, g C iz 2 B IS
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i td G, i LC3 A B X8 (LC3-interacting region, LIR) 5 LC3
HEAER, 512z REA D QWA R, X—IRAA P62 tigk
I S PR (Lee et al 2017, Komatsu et al 2007, ), ixANfEA] BLE T 1125 PI3K
) ) EH FE Atgl2 B E [FRP)RADH] (Kim et al 2008).
2.4 PR P L 724

WAER, B DT TR, WIRMNES S T 2R BT ST
(Tang et al 2021b). 1P~ 5T A 23T DLIE I 38 0 HO-1 Rk (i it iz 14 46 i 26 F 2
W% S HEPET: (Chang et al 2018b, Tang et al 2021b), A/, HRAETIIdFE /=4
1) ROS 2> i PERK/elF20 3 1230E P B W 3L (Dixon et al 2014)

N2 —FhZ Dhredifuds, fE2 AR P REEEEH, Z254RNE
AR BT E i B B BN AT S DL R AR S L AR, I BT AR
Ao FE SR E B A PR, AL R A5 ARASRE . RIE AN AT AN A
B FEY) 05 2 M R R 3 BN T AR R AT D RE I BIR, R R SR B AEN B
WA s AR RIS, X PRI R APR N A 5 X R (Endoplasmic reticulum stress, ER
stress) (Cao and Kaufman 2014, Ma and Hendershot 2004, Zhang et al 2010). /|
B N AR, PN 5T I8 O A N A5 e Sl R N N, SRR T B
A &M (Unfoldedproteinresponse, UPR)  (Bertolotti et al 2000, Ron and Walter
2007). UPR {5 5B G AR H = F 202k, 4 A NVIEE 75 K 1
(Inositol-requiring enzyme 1a,, IREL) 45T N B 338 FH ¥EE RNA #£ ER Bl (Protein
kinase RNA-like ER kinase, PERK) Fli#i% # 5% [+ 6 (Transcription factor 6 , ATF6)
(Reddy et al 2003), XUEEEH/E 5 GRP78 45 & UL F AT RiiREs, —HRAEN
JiR M RLE, BiPIGRP78 fE46 5 W M i AR REIARIT B A4 &, il % Bes-Bip
YIRS, S5 GRP78/BIP 5 PERK. IREL fll ATF6 4, % UPR, LA
CEE N 5 I G R CIR &S (Bertolotti et al 2000, Oikawa et al 2009) (& 3). X bz
B AT LAY A Joi 94 o i 1 47 28 o 1 o RO RR SR sk/ b T a1 B & 1, 95 B i 2
ARG NI B AR, [FJI t 2 00 4 (2 AR A7 BILA DA S A 728 10 AR AN
FET-E3EBh P2 500 . (Hetz 2012 Merksamer and Papa 2010, Walter and Ron 2011, ).
SR, 2 UPR VAR ANTT I B A 5t I 75 i, dEB i BB TR 7 . théh, £
T FEuE B T A o SIS R AE AL B A B R, A T X R = A O
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UHTY AR 68 5 L 27 AR 5 200 1 2 R 2 R (1 S A P AL BF T

M IREla. PERK H1 ATF6a 73 4l AR 77 NS5 1 X B W3 5 i 3
(Hgyer-Hansen and J&&tel&2007, Hayashi-Nishino et al 2009, Rashid et al 2015).

ER Lumen

l’“%wwwgfg @ #ﬁ |_ER Membrane |

IREla

Cell Death

Transcription of UPR gene involved i
+ Apoptosis, + ERAD,

* ER Chaperones * ER biogenesis

+ Autophagy induction

« Lipogenesis

3 WM NS 5Bk & (Kabir et al 2018)

Fig. 3 Schematic overview of UPR signaling.

3Nrf2 (FSBRER UMM KTE T HIIER

ROS &2 A s AW w A R th - E A R Y, BB E T
H 3. B3 E A AL EZ (Chiurchitiand Maccarrone 2011), 5% =4 F 4k
RLAR AL 5E T (Zorov et al 2014). {EIEFIEHL T, 40 P A AL ARG AL )
Z A EAIE GRS b TP EDIRES o SR, 24— L8 Py S ER M S R 31 an ) 3 B AL 2 )
AFTHOX AP, M PR . Oy T4 Rrd AR RS, Y
il —EPUE R GORPT 1L ROS B MR RAME L E it EXHp, AW
AN H R SR R TR A8 B 2 A A DR -2 2 AR SRR - B AR S S R S
12 B2 AR-S R S N S Sl (Hayes et al 2009). Nrf2 # A -2 240 4t S Ak 53 473 1)
FEPFATE T, ATV MR R RE, Hod R 2 B i b A AL i EE
(Loboda et al 2016). fEIEH AEHZ&MEN, Nrf2 5 Keapl ARG E &K R AFLE

13
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THMBTH o 2R A A S AR BRSO, Nrf2 M\ Keapl 7 & ok, JE4%
Rz, BEE SEWERE ST ERPTEN R B E, i 2L R A
fii-1 (Heme oxygenase-1, HO-1) 1 SOD. GSH %%, % HA (Liu et al 2018,
Shaw and Chattopadhyay 2020). }:4h, Nrf2 i aJ DL i %S00 2R A &5 i

iHH (Thioreodoxin, TRX). & fb¥it#H (Peroxiredoxins, PRDX) i
A8 % [ (Sulfiredoxin , SRXN) K 4k #7 4 f & 40 10 JE 19 2 & (Shaw and
Chattopadhyay 2020). & Keapl #F, Z M H ¥l , W MAPK. HEEEHF C (Protein
kinase C, PKC) #1 PI3K, & 53FiFS T Nrf2 BRI AT Nrf2 # 5% (Baird and
Dinkova-Kostova 2011).

Nrf2 ER4ERrA i B AR S, IR RIEHAE AR BR AL T AR R T
Nrf2 3t 1 & it — L8 2 1 ANl P DA ) I o 8 5 R I BRAE TS . ARYEARAT TR Th e
PAar =R, BRACHS, s PR AR R RREE A0 GSH IS BRAMRE . fEZRSET- FTL
A FTHL #O5T8kE T RIMEAE. BRFe SR Mot skE THOMH, HO-1 S st it r
REANISGR, REHEAHZE] Nrf2 i, RU Nrf2 RS R A
Fl (Harada et al 2011, Kerins and Ooi 2018b). GPX4 & fig i it Sk ¥y & BR 75, 7]
DA R 200 0 PN I 5 (4 i D 454, 177 SLCTALL & GPX4 Ll #s ok H ke is ik i
TRy, FHARHEAIMLN GSH M& 8, GSH J& GPX4 MRTHA, 1fijix LekEk 52 ] Nrf2
131z (Osburn et al 2006). PKIitt, Nrf2 78I 5t S AL R BRAE T ) A A 12 rh A 45 5%
BEIEAER, Nrf2 m T Re G Nk FE T RO BURYE (L et al 2021¢). [ T 2R ANIM AT
2, Nrf2 0 ep e AR A P M) A HE AR SC R, Ferh VE 22 A0 i A [ 44 1
oA fiE R DAL NADPH (AR AR B 2L, ERRSET -, FSPLi@id NADPH fi
1k CoQ10 MFA=, il fg Pt s kW, HRPTERSET: (Bersuker et al 2019).

LEREMRHER

LHFER Wt ai, REEEYIRES, 22 (EHEPEEE)
FEGEVER Y o X MRAUEY) R RS B 2RI ZE, 5 TS, H e
FEARFE I A AT SEPNAE N B H TR AR LA X EA FiAE (Amalraj et al 2017,
Carolina Alves et al 2019), H 7 LURBE 2 H T &R BT ER, E2EERIRT
gl Iz g, BRI AE I (Aradjo and Leon 2001, Hewlings and Kalman 2017).
Rltt, LB ERZE T REFATNR 0. KEARY, ZHEKEG MBI
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PE, AFEPUE. PR PrEAs D55 (ER (Daietal 2016, Sandur et al 2007a,
Tomeh et al 2019), UbAh, EERAEOME . FFRAPERITVELR, BLEOHE R Al
R EAEFH B R A 2E1EH (Ghosh et al 2015, He et al 2015, Pivari et al 2019).
XAE T2 Mo s AR L AT e A2 T2 s R R A 2 5, RESER T2
Py FHE R FEF A RN, M A P A A R A, U R S
PRI o
4.1 ZFEZNMEMNEMS

LR DL A& HUEACRE, 2R T A ) B- & (Priyadarsini et
al 2003, Sandur et al 2007b). Joe A1 Lokesh HIHF 5t 1 2 B 25 35 F AE s K 1% IR 1Y
FEN LA f A A R E M SR H B3 (Joe and Lokesh
1994). Z UL, FLERBWIMITETE Nrf2 2R3k H N s gL X
[PIZRIK , T R FE PRI 1, Wil A A S ( Catalase, CAT ). SOD #1 HO-1 4§ (Chen
et al 2020a). 1EJ&HI T Z2 s & HX M, (LRSI IR d S AL S L, % HFIE
P ANPEE . BEPRI « O L S e 2] — E R YT EH] (Xing et al 2011). PR
], ZPFEE AKT/Nrf2 @B A R, RIEFR R ER, AT 21 i Or
PERT (Wu et al 2013). Li et al 32258 5@ 1% AMPK Gl # K ROS 51 & 1)
PR IR, TR IEMZ AR {ER (He et al 2015). ZEF{ 2 nI LA Nrf2, @it
Nrf2/HO-1/GPX4 {5 T B BRI BRAE T, AN o2 JHE SZRAZ AR 1 v 51 S A S R IB
Li S AR T RS R, Zo T LOEd % GSK3b-Nrf2 Ji B (R 4 i 41 il 4
ZEAEE SR RERERS (Li et al 2020a). XUEHTFED], FEEE A LUEE A
WL B A IR T 1E
4.2 EEREMNMAIEH

RRESE ZMIEVESR I F IR R 2R, AR ERAT ISR . B 5 B .
OIUEBIR . B . ABHEZOR AR PR (Aggarwal et al 2007). EE RIS
LR IEA EAF SR, RILE RIFHIPTRENE . FAREGE B AR 2 RE AR
TR B R R, IR R 40 M R 7R A SOR 3 W, A% BT -kB (Nuclear
factor-kB, NF-Kb) Flftygg ALK F-a (Tumor necrosis factor-o , TNF-a), i fil
K MAPK IR IGAR 51 1 o 22 38 3 30 5 400 ) S0 N2 ORI i 1R 2 A S B2, k2D TNIFa
[F 7= AL RS R S A AR 1 TNFa AT IANIRAE 516 S
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ABERRERGIEPHINA

AP SR AT, HRSO 7 A 2 P EL R SR B A M RE A B, RRN R AR 2
ZwR T AABREMLE B, e MEMHE TrRER, S ZH
1E & POl T RRA N7 o Jiang 45 A BLAE T - AE 2 ZR TN — 58 IR B R v LAR i
Pt EALRE S, JRERENE BB R T, AR TIPS R AT .
BRI, FEERIE T UG A T, B mE AR TR mE
SRR, IXONET R A PR S TR (Jiang et al 2019). 43
I 98— P b 22 P A R e L R 2R 2R 51 AR ) ST S B, T 22 B R AR BRI 2
WS A= FUR B R A0 ROS [1AR SR 48 S 4 i P 1 28 i I FEARA MR 2 %, i
AT RE 5220 BN Nrf2 G DL & NF-xB #EAN caspase/Bcl2 74 T3 4 (1) 5 3% A 5%
(Lietal 2021b). Salman Z&B 5K, EAFAGRY KA DRI —E R B LHEK,
AR TR 5, AR DR e B IR AL ORI VE R, IR IR ks T I EL e
HBHREY, GREEERWAH)G, EIRAE TR R a5, Sl
MR REA RERW, (R P4 ROS & & B EK, Mifimk> 7 ROS %t
K TiE A P1% (Salman et al 2021).

4.4 ZRESEIEHEXKER

KB R NARSMORIE TR, 230 3] LA R AR E AT O A A 2R, e
URIABE IR . T E A RAOAE . ZRIVELEEML, PLUCRRAML AR Y B 5K
WES, A2 EFHROBIEY (Kamal et al 2021). B 7% BHZE R 0] LR T
BN ALREA R RIAEE, A A TNF-o 375 51 7 001 5 A L B 4B i B
U 2K-6 FI A =-8 10k, FHWT NF-KkB [1J7& 4t (Hipdito-Reis et al 2022).
LWRIC RIS HTRAE . HUAN ML T2 A0 HT A4 O SR 5% 0 L 21 AU RCR
(Yan et al 2018). 7= J5 fIARAE [ XS X B2 A1 5 AR #IE AR 7 7™ 2 BB R 52, Lopresti
At F TR A S 8 Al & B P2 UVAISAE R85 b 78 28 B4 3R AT DA VRIS A AR R AE IR
(Lopresti et al 2014),

5AREMSENX

BPAF ) izl FIAIAEAE, EAATE N 7 X A SEMah etk a e, I H
CATHE SRS BPAF 3818 Bom ik, JFih k78 ABRAE (Wu et al
2023). T EAXANIEIERMGILUKE NEZSE, EWRAE, 78RR
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KB MINGEXREEAEG LR 2 ICEZE (Konno et al 2000). ¥ 5 & N T4
M SR 2 —, TS RIS OR IR 1 T B 4 M Thae, FEETET)RE
[%45 (Gore et al 2015a). T = N F 408 (Endometrial epithelial cells, EECs) =&
TENER) AR A, EECs W IR LA I REXS IRIa A R AN G £ D) RE £ ¢ &
B, XPYERPENESh Y AL A RR DD RE AR OC HEL (LeBlanc 2012). [, ASHEFTLAGL
°f EECs MRS F R, JEILHR 7T BPAF X1 Y1112 EECs HISI, #8785 BPAF XfF
BHIhRE. MIGEIRRBRALER W, [FN, AT BPAF Afext EECs HI4i
B, AWFFUCRAZ R EECs, DLRFAET R G0 BPAF SEAIMI %
HAGRAE IR T H LA o

AT A R A AT LR/ BPAF X [ 2 3h W) 1 S RIS E 6T, -5 BPAF
FPEERINLE], BB R ZE RN BPAF B MEEH, v BPAF &3 TR Al
e RN FHER B 1 BRI, o & sh R R IR Bt — B S il .
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BT EEHZIEIT MAPK F1 Nrf2 18 IR LZ 2 BPAF 5 S8
¥ EECs &L AR

1518

gyl R EE ST RRN S —, AT NS B LR, &
FEMEfE A gL 2P — AN BB FRRFIE (Dubeuf et al 2004). fE 5 FEH, T
TEUR R JE R 2 2 M 2 REIY, o RS R SR R 2 B AT L. BPAF 1EA
WA S Y, CEUE I 2 0 EAL RO TS5 R A N sh ) A 5 R 4%
FAAESfEE (WU et al 2019), 4R1MT, T BPAF Xt R ASMEAE S, FiHl2 T8 W
ST R AT IR . 64k, BT BPAF fEZ T 7T Hh 3 B b BPA B35 1%: (Cao et
al 2017), PRIGA 2T — TV I LLGE i BPAF X HLAA ™ 4 14514 -

LWHEMANEER R PRI EKEZE, BAT ZREYEE, s
1. FiR AP (Dai et al 2016, Tomeh et al 2019). i E/EA—FVAITHI, AT LA
RIS R R ROS, WA AIMIAT:, REAMMRTEIAE S, HHLH S Nrf2
MK (Liu et al 2020, Shahcheraghi et al 2021). 4Rif, £ EXT BPAF i 31
EECs #if5i /& 75 B A Ry /B FID A FrR 70 o (R, ASHIEFE AL 2 EECs kAL,
HWILHE ST BPAF X EECs HJFEERENT, DR AL 7= Dhfe. MIGEIRFIR
5T W LE R, [F)IN Y84 BPAF X EECs IR, ] 258 HK Wik B EECs,
DAR ST 2538 R 2 B0 BPAF 15 5 [ 40 45 4% B AT G4 /B F 4R n o pL )

2SR E
2.1 SLIR AL

ARSI T EECs ok A PR MAH K.
2.1.1 FEMUHFRE

ARSI FH B 0 BB B A R 2-1 B
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*® 2-1 FEALGRBE

Table 2-1 Main apparatus

€& EN RS, Bk GV

Name of apparatus Type Manufacturer

FL A IR 7K VA 4 GD120 7 [H Grant 2]

& B 0L Mikro-20 F[E Mikro A

AR ESOAL Centrifuge 5810 18 [ Eppendorf /]

% DIRemEbRAX PE EnSpire %[EH PE A

FL Y DY Y-III AEHN—

Fe R AR FL UK AR DYY-2 BN

HEBE A ImL 200 mL10mL25mL  #%[E Eppendorf 2 ]

BAE KA WaterPro 2 [E LABCONCO A ]

kAL AF 103 AS OB Z YR TR 7

WG E & PCR X 105 % [H Bio-Rad A ]

FEAGIR UK AH DW-86L66 O]

i TES SW-CJ-2D TR AL 2 7

BT R BL1500 f# [ Sartorius 2 &)

2 VAR 1450011 % BIO-RAG 2 H]

P 7 B BS-02-CFC Biosharp

CO, i IR4H BB15 5 4[5 Hera cell A
2.1.2 FEIRF

A28 By AR % B-actin I Abclona (AC004) 1 HO-1 I [ St A4
(PTM-6478) #4b, H:A&Pifk Bax (T40051). Bcl-2 (T40056). Cytochrome C
(T55734). y-H2AX (T56572). JNK (T40073). P-JINK (T40074). ERK (T40071).

p-ERK (AP0485). P38 (T55600). p-P38 (TP56391). Nrf2 (T55136) A1 NQO1
(T56710) ¥4 H Abmart. ASEE H 2 HAREFIWE 2-2 B,
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*® 22 FERHA
Table 2-2 Main reagents

W B e AR
Name of reagent Catalog number Manufacturer
JI T 24 L S A R C0203-500ml HeR
HER-HER C0222 EEPAUN
It B W5y PS112 bl
LR C110685-20mg (GENAD
SRR A A ) C2006 EEPAUN
oSBT P0013B H&R
FHEE (o Arai) 10014118 g 2 AR A A )
PURIRETR PS119L HERG
IR LR S (PMSF) G2008 FEYEIRAEY)
S sl & R223-01 A T A R MR A T
TR HI | 77 AJB TR G2007/1 /G2007/2  FE4E/RAEW
TR (DMSO) 67-68-5 2% [# Sigma
B4 1MiE (FBS) 10270106 Gibco
H&ER (Glycine) 1275GR500 FEEYRH
SRFIEIEF LG (Tris-base) 1115GR500 FEE AR
T EREREN (SDS) 3250 FEE AR
FAbEY (NaCD 10019318 i 24 AR T A 2k
= TRGLEE A Marker WJ103 Abclonal
I FHZY BCA H H € =il f& 2J102 HERE
J SOD Vi M A 5 £ $0101S T ¢
Bisphenol AF BPA-AF-N HRBFHL
CAT Wl 7€ a5 & A007-1-1 [Eapsigeisnn
Cell Counting kit-8 (CCK-8) CKO04 H A [F 4= A ]
DMEM/F-12 1:1 (1x) SH30023.01 HyClone
ECL 5 ROt Al & BL523B Biosharp
GSH-PX il & 177 & A005-1-2 T TR
GSH & 177 & A006-2-1 [FaprgE957
MDA & 17 & A003-1-2 [FaprgE957
PAGE ## fisc Btk ] £ i F &5 10%F1 12%  PG212/PG213 R
QuickShuttle-Basic %% JL i 71| KX0110041 TN B e B A PR A w
ROS ol i1 &% S0033S ELPRPN
SDS-PAGE Sample Loading buffer5x RM00001 Abclonal
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2.1.3 EZLHFIRVECH

(1) AR5 7R /£ DMEM/F-12 B5 38 i 10 % FBS. 100 U/mL F%& % 100
ng/mL B %, RGP EE 50 mL B0, 7 4°CUKFEIRAE & .

(2) ZUMLORAFIR: IR PTRE &, 20l 1A B0 N 50 % FBS. 40 %4155 7
WA 10 %DMSO, YA R .

(3) 4N : HLISCI &, 430l m) RIPA 24 inA 10 % PMSF, 10 %
Cocktail, 10 % WiERAE A EEHIH A F1 B GRECIAD.

(4) BPAF #figyRACH]: 1254 50 mg BPAF ¥ K [ i+ i X\ 1.487mL DMSO,
FIC ] BV 2 9 100 mM IRIFR AR, TE 30 N R ORAE 5

(5) ZHRIMRACH]: M2 20 mg LB EMARMAIEM+AIMA 1.086 mL
DMSO, Fiiil B [ 7y 50 mM )i &80 HiltH 50 mM 6 28  20ul IR B0
AN 180 L DMSO, JmfigiEs), fEHZ&REDy 5mM, BiHlEmE, 72%kir
17 T-80 °CUKAH % H -

(6) Western blot 5256 AH 5% 150771 Fic 1)

FLVKI: 73 I FREL Tris base 15.1g. Glycine 94 g #1SDS 5 g e =& &, i
NEBAAKERE 1L, BRI S > ik 22 i -

ERRZE PR . 4y HIFREL Tris base 58.13 g Glycine 29.28 g 11 SDS3.7 g A&
dr, IINEBAIKE R E LU, Bl 1056 AR il . TEAE IR, 4% I8 70%7 4K,
10 % HEHRE (10> F1 20 % AT, H4 105 2 MpAi R 22 1

TBS F1 TBST Filfill: 2 5IFREL Tris base 60.55g9. Nacl 87.75 g & &M+, A
HAKER R 1L, Bhla 104K TBS .

TBST: [f] 100 mL10XTBS ffii A 900 mL #li/k, EHFEAN 1x, REMA 1ml
it 20,

2.2 KW E
2.2.1 EECs HHRIE 7 5 & R1IEFH

K e EECs MIVRA7E MR HE B, IR BN 37°C/KIBHh, RIS,
RIGIELHERIEG THBEE 10 mL BOE T, MASRRR R, 1BA)5 1500
r/min B5.0 5 min, RS FEEIRIE, FAAMRITEH A 3 mL &4 10% FBS )
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DMEM/F12 1:1 #5377, BA2HATIRS), S MEEA MR FRIG (6 cm HHIIL, 4
JEHZE (5% COz, 37°C) HFMT, KHMEEKREDL.
2.2.2 WK

fEr AN A K 2 80 %AiAy, JHALESC, WCHEANI, B O R 1ImL i
HUF A BRATI, SRG R ORETIR S, #8 R MR E b, RIE RSN
FEFF RSy, Bl e iR SO -80 B IGIR VKAR , WG, B R A e 7% IR
eI ORAE -
2.2.3 ZHAEALIE

MRIESLE H 1, K anAE 2R E R R, frai e s, KA A
W) BPAF (0. 10. 20. 40. 60 1 80 uM) HIREFFWIMAAE, K3 24h, R
JEHEHT N0, RS, N TIRFLE RN BPAF IIRYEM, HIEH
ANEREZERZR (0. 1.25. 25, 5. 10 f1 20 uM) FRACFELNM 2 h J5 58, KRG
JIN 60 uM BPAF 577 24 h. TEFTA AIRACES R, O ERIEANHEE 77 44— 5,
SRR SIS 0 DMSO RFA, %0 3556 REZELAE A 1) AR BEZH AN INAH B2 AR AR () DMSO,
DAHERER DMSO i 4H i 1 52
2.2.4 HHREEIRYE

¥ EECs 20 2 96 FLIR+, HILAHAEEL N 1004, 96 FLARSMERII—
Wl EE 7R, DAL MM LI s R 78 R . b W BE f5, 2 IR [R) S 30 30174 e b
HH, K 24 h 5, EEDEEM AL 10 uL CCKS8, 4R )5 445K 96 LR 3,
RN 37TCHEFRAET W 2.5 h,  FABEFRACR I 450 nm P IR OGEE, FEREAT b it
B
2.2.5 ROS HIMIE

H ROS Al 77 Sont 48 e ROS HEATAIN . ARHE U615, #%8 1:1000 Lbfsl HI G
1% 1; 75 WM DCFH- — 2.5 (DCFH-diacetate, DCFH-DA), fH£ K EF N 10 i
IRIFE A B TE 6 LB, A AL B 45 SR )5, Fe st iE 3R, I NECH1) 47 (¥) DCFH-DA,
IR 7/ B U, SREK /S ILBUBCE T 37 °CH: 7746+, W H 20 min & .
ML F12 BRI Ueaii 3 Ik, PAFE 0 KRR A B DCFH-DA. it
SRR, RFLINIE 2410 F12 Mg, Aot BMsnrig.
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E FABEAR OO A0 e ROS S A2 b, A5 O Am e g2 28 10 mL 35004, A
Wi BEJ5 ) DCFH-DA, 37 °CH:FR4H A E 20 min. 4% 3-5 min GRS — K, il
REPFIgI e e A S5 R)E, FEIMIE F12 85953 T 3 Ik, RBRAREA4N
JE) DCFH-DA,  HIBGHR SO % 't 5 B2 HEAT A M o
2.2.6 LRI IR A6
JE 23 L 5 P A AT K 71 25 T 4 P B A 5 P (S AT KT I . ZEFF ARG, S

XF JC-1 Bt TAR AT L) -
1.JC-1 B0 TARMR TS ) AR S50 H 1155 JC-1 Je s TAR MR 7R 25, M4 50 W
JC-1 (200>) M 8 mL #HZE/K 1) LL I #ike IC-1. Ji 24 Vortex 7 73 ¥& IR ) JC-1,
SRIG I 2 mL JC-1 Yt phil (550, RA1JERIAN IC-1 Yt TR
2. AL IR

(D Hanppefhs) 6 fUiR T, 4iibEe s, Frmuzam, H PBS &k 3 X,
THEVRAAE I L mL & MiE TR, SREMA 1 mLIC-1 TAER, F870RA, TR
BT YRR A B 37 °CREYE I E 20 min.

(2) {ES B WIN), BCHDEve i, RAERTT R, #%M 1mL JC-1 et Pl (550
TN 4 mL Z818/K I EE B, FCHIIE R IC-1 Yeth 2l (1>, FFiE Tk L& .

(3 WHEHRE, 7 i, FIC-1 Y gl (120 ¥k 2 K.

(4) TN 2 mL 5577078 5 40 -

(5) I A 4 i AT 4 B
3. EHEgFR AR IC-1 2o SEge b, MFZ M LUT AP R AT

(D KB gnfic s 2R 08 s, M 0.5 mL Bi Rl = &4 .

(2) IO 0.5 mL #y JC-1 Gt TARR, AUENES], Bed 37 °CEDILIFHE 20 min.

(3) WHEL WG, 600g 4°CHEL5min, 3 EiE.

(4) FIC-1 Ml (1> $E¥k 2 2%, A 1ml JC-1 Yt il (1>0, H a4,
600g °CHL» 5 min, VIUELME, ¢ FiE. A5 B ETZEE 1K

(5) FHERE JC-1 etz (1 HE)E, #%AFL 100 puL AR IMA 96 Lk
dr,  FHEEAR AT A o

2.2.7 IFAEEHE RIS RN E
2.2.7.1 GSH-PX &&M &
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(L) #Eaf o5 Kanie = Lkt AW )E, H PBS 5k 2 i, JHLEO,
FeaH ISR = B0 T, A AHIRTUE NN 250 pL PBS,  FH A BRSO 4 A AT
R, B BB AR

(2) 4R UL BERVE D A UCK DL R AR ZE 5 mL 208, Bkusin gy U
FERAUR:

(1) B S :

AR B E Al
Immol/L(mL) 0.2 0.2
RFIRE S (mL) 0.2

37°C/KH TG Smin

B — B R (mL) 0.1 0.1
37°C/KIBHERE M. Smin

B R (mL) 2 2

FFIIFE (L) 0.2

B FRFAs I se S, 3500 rmp 2.0 10 min, B EVE 1 mL #3E4T B N
(2) S

THE L= (5 e BgE
GSH A5 #E dh N2 W 1
(mL)
20pumol/L GSH Fr#Ei 1
(mL)
B (mLD 1 1
A=A (mL) 1 1 1 1
WAUR R (mL)  0.25 0.25 0.25 0.25
WA (mL)  0.05 0.05 0.05 0.05

() ¥ ERREARINTERE, A, =ZRFE 15min, ®FLIEAIN 200uL % 96 LK
tr, IE 412nm- BTG .
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(4 FEHARN LA, TR E B IRE TR GSH-PX & & .

2.2.7.2 CAT §&ENE

(1) P& g 2800k, g dE, A PBS ivk 2 I, LSO
Je ks AN R AR 2 B0V R, I 150 wL PBS,  FHHE A A SOG40 B BE AT R . B AR
HJE, 4000 r/min &0 10 min, B EiERR.

(2) LU PR S AR I = & O

R e

EiEW 0.05

WAl— @Q7CHE) (mL) 1.0 1.0

WA= @F7CHIE) (mL) 0.1 0.1

SEEIJRAT, FEAE 37 #EHI S 1min

A= (mL) 1.0 1.0

HAPY (mL) 0.1 0.1

B (mL) 0.05
(3) %M FR PRI TE RS, 185, #ZM4AfL 200 uL A= 96 fLtkcdr, il
405 nm Ak IR AR -
(4 BEIRRALX, RIEEERE T EMHET CAT S&.
2.2.7.3S0OD &&ME
(1) FeEamilee: Fappsk 25, DB, R HAH 24 h, 5
PG IR, FH PBS iETE 3 ¥k, 1%ME4AFE 100 340NN 100-200 pL SOD A i il % ik

W FEM, TEUIRET, T8 25 min, LR REAIM . RMESR)E, HFEMEE 15
mL BS.OEH, 4°C12000 g B0 5min,  HEGH > BIE AR SRR, FIARFE
dn VB AR o

(2) WST-8/Hf LA ECH]: 4% M [ B 160 uL MAFEATIEH], L4 151 pL
SOD #2219 -8 uL WST-8/B A 1L BEA I, Y5118 4, BRI AT AL Bk 160ul WST-8/
BE AR ARAEAFIRE AR, TH5 WST-8/BF T 1F i 75 B s AR . BLECELA
Wil 4 () WST-8/£E 4 °CHEAT IRAF-

(3) RAJE BN TAEMIECH]: A& R E SR (4050 RUREIRS, R
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1uL BB (4050 AN 39uL SOD Al &g il i) LL G2 AT e, TR 1S ED K
SN JE BN AR o AR AR A I A ot (RS A v ) O R, M) 3 & 1 S B 3 AR
Mo DBCHLH, BEHEr B NS 3 TARR A 6 BT 4°CEUKIBIRAT

(4) BESIE: 1 96 FLACORE R FLAI A AL TINGE, FFi% R R KU AFm
RESRUE S S FIVAWR . NN B TARR G R0 R A . BARERAE I R R Fs:

FE S AR 1 2 XTI 2
(SR Ea 20pL
SOD fill g - 20 uL 40puL
WST-8/H TAEH 160uL 160uL 160pL
S A B TAE W 20uL 20uL

(5) MU B AN WG, EE572FE+ 37°CHEE 30 min. Fi| FH B AR ORI
450 nm AL . F I8 T BH A5 A - B4l i SOD & /7.

2.2.7.4 MDA &l &
(LD FEamdblg: Ak 2 R, BN E, EMREEOEY, 71,
FZ A 500 TR0 ImL $EEGHK, 4R S, 8000 g 4°CES.C» 10 min, HX
IEE T UK AR
(2) B 2P PRI UK R I 2 B0 &

WAL (Ul e HAE

MDA il TAE K 300 300

ZRIRK 100

FEA 100

A= 100 100

() RPN RRSG, WAHRE, Rk E0EHIRA R 100°CKikH
HORi 60 min, RS EOKI A H), 10000 g, il 20 10 min. FhEX_EIE W H 200 pL
ANINZE 96 FUHK Y, WIE S FEATE 532 nm AT 600 nm &b IR e AE .

(4) BHHBERAL, WESHEMERKE, HHEA4H MDA & &.

2.2.8 HRERAT 1
(L) F A fs 250, S RGEES, R4ESCE B 4 FE 24 h, {6 b B fL3E
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UHTY AR 68 5 L 27 AR 5 200 1 2 R 2 R (1 S A P AL BF T

FERR AN 10 mL B0 R, P PBS VRIS IGEENH — Y, N 500 pL kRS CAS
& EDTA), AR 42T Al LU UG BE 20 M PR AT R ORI, W IEREZ0 M i A . 45 0 8E
FERINBS RLAIZSFLAR R, 2 abith, SRIEHF 2 10 mL B.0E k. IRR RN
AN—J7 T ] DA & B R A LB SR A B, 55— 5 TS R 9 P 4 I3 T
DAZ LE JRREE O A B A Ak, 5 B 110 JER Il 2 T AL I B AR5 BN ¥ Annexin V-FITC,
SRR

(2) 1000 g &0 5min, #_LiE, UEZNM, H PBS B2 E 2 frH4L.

(3) MRIzgiEE, HhE 10 JEEME1HE, 1000 g &0 5min, 37 L&, B0 195 uL
Annexin V-FITC 254, HEE4MM.

(4) WA 5 uL Annexin V-FITC , ®&EIES].

(5) BN 10 uL MU IIE R, RIS .

(6) =RBLIFE 10-20 min, FEJEE TKBH, EMELRES, HEE 2-3 K
DL 200 it 78 73 G £

(7) 1EZ PG ACEAT AT, 5/ H Flow Jo BPFxt &5 SR HEAT 70 #r
2.2.9 54t

M NCBI _E&E Ry HEEE T, IE RRAE T ARGt FIH

NCBI H1 Primer BLAST “EX 51 e m ML AT WIE BN, B85 £ sQBERL BH A )
FHEA R A FEAT S G B, BARSIYME BNk 2-3 k.
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*® 2-3 HIEE R 517751

Table 2-3 Primer sequence of target genes

FE R AR PubMed no. 51 (5'—3") FEPIR AN
Gene names Sequence of primer Length (bp)

Forward: AATATCGCCAGTGCCACCAAGTTC
HO-1 NM_001285567.1 120
Reverse: GTTGAGCAGGAAGGCGGTCTTG

Forward: CATCCGCCACTCGTTTCTCTCTG
Keapl XM_018051052.1 101
Reverse: TTGACCCAGTTGATGCAGGC

Forward;: CACTCTGCACTTCTGTGGCTTCC
NQO1 XM_005692193.3 112
Reverse: CAGGCGTTTCTTCCATCCTTCCAG

Forward: GCCCAGTCTTCAATGCTCCTTCTC
Nrf2 XM_018054369.1 113
Reverse: TTCCTCCCAAACTTGCTCAATGTCC

Forward: GATCTGGCACCACACCTTCT
p-actin XM_018039831.1 110
Reverse: GGGTCATCTTCTCACGGTTG

2.2.10 ¢ARB A RNA $2EX

fe4ik (Trizol WRFIHMEZIZ) FEELNALE RNA S BINF .

(1) Frauffe 25 FUM, MBS RS, XTEMEATALRE, 24 h G FRE, H
PBS JEWE 3 K, ZBRIREAMBEIRI, A& 4EMALH A 500 pLTrizol, & T0K 1%
fit 5 min, DMEMIAZE A SRS, B RNA.

(2) ZMREE R 2L 72 200 RNA B L& rh, N 100 uL &407, 74071k,
iR E% 15s J5, ZEiEiFEE 5 min,

(3) KB OENEDHL, 120009, 4CE.C 10 min,  fEHE G HME LS EH
WL OET, MEOETIMAS HIERSEERNRAE, EREE, BERY,
FEIRFE 10 min, 4RJ5 12000 g 4°CE.C» 10 min.

(4) 75 EiEW, WERERDTE I 500 pL 75 %I 28, JEIEITE, BREOE,
PR TTIE BIZRIT], 4R)5 75009,  4°CEL» 5min, AR5 HEE %R 1K,

(5) F Bif, BHohmEG LApTbsisE, EIEEE 5-10 min, EFUiETE, WS
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B NiE & DEPC 7K (£ 30uL), 7E-80°CH-AEHH .

(6) L 1 pL BRI A0 66 L TSI i A B R0 B
(7)  RNA SCFERARYE I RNA IR LT i 3 cDNA, [ 50 BRAu B tn) &
MBI TT 5. B R R ZH DNA £BR: SRl 1pg RNA, 700 4ul 4>gDNA
wiper Mix, F¥501 RNase-free ddH20 F 16pL, HRMRASHEWKITIRE], 42°C M
2min, RJGERIIFEFN, FE I 4ul 5xHiScript 11 gRT SuperMix 11,
ARRIATIRS, ARG AT e N, R S N % i E D9 50°C 15min, 85 °C 5s.
e BRI IRIG, AR SO0 R SR R AT MRS, BEJS AT SLEIH T qPCR M.
U SR ST AT RE BB T-20°C, A KIIRAE, 44 S DR AF T-80°C UK AR %

A

2.2.11 SLRTRFE=E PCR (gRT-PCR)

SEIGH A 2 =55 & (Abclonal), #F Bio-Rad CFX384 {#% I i#4T.

B E 3 NEE, PCR AR T RN

77 Reagent

&F (uL) Volume

I iVIN 2 uL
SYBR Green real time PCR Master Mix 5uL
Forward Primer(5uM) 0.5puL
Reverse Primer(5 pM) 0.5 uL
cDNA 2L
SEE A 10 uL
PCR 4" 3 ;e N 26 AF U N R P -

T I} 8]

95°C 5 min

95°C 30 sec

56°C 30 sec 35 MEH

72°C 30 sec

72°C 5 min

16°C 5 min

29
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2.2.12 ERAREFKENE
1A A

K MM 2 N FLBR bR S A F PBS JEWE 3 3, SRS REFLAINA 150 ul
MR, BT UK b, 2% 20 min J5, FH4EMOEIACK N EEA SR, DAE T 40
FHR, SRIGAREEAEVK_E 2R 20 min, SRJ5 A AR SRS B AR, B S R
MEAREEE 15 mL S0EH, R RSO 4P AT IRy, BRye 4 o e K B
ZUFTRAT 4 °CE5CoHLF 12000 r/min 250> 5-10 min, &84 i % & AR ERHATAR
Mo HHE_EBERARRL I EERARR U4 R A BRI, A BRSO
F 1x, SRIEIRST, FE DRSO, REEEOE BN KFE S min, {f
Haw Btk HAMNZRAERE, A ONEHMT B MRS, FEEE ERKSUIR,
B J5 Rt R B T -20°CORAT, T RIS FH DU T-80°C UK A
2.5 VR BE AN

ARSEGAHFH BCA B A B I s k70 vt 2 VR B HEAT RGN, LA B IR AN R
(D WEFREETERSE, SRR A R B ik 50:1 1Lkl
Fe I B 0 TR, AR TR A .
(2) Wt AT RN (0 2 (RE AR IR AL 5 L, RRNACEE 3 N EEINE 96 FLIR, A
J& FAMIn 15uLPBS.
(3) ®F &b & AbsrEM (0. 125, 250, 500. 750, 1000. 1500 £ 2000 pg/mL)
FAhHE 20 pL AnA 96 FLAR .
(4) K FC 7 1) S5 8 AR WO R A AL 200 pl N 75 BRI (AL A
(5) WINTERMSGE, ¥ 96 FUBUKE T 37°CHRF=AE N IEE 30 min, A5 FH B bR AU
563 nm AL OD {H o AR R 45 20t B Rk FE At it 2, v SRR R P I R IR
2.2.13 Western Blot

1. R

(1) BEhy = ELAR F VKRB AL

(2) MRIFLIE A KD, HEH 7.5%. 10% 5k 12 %kt i P fil 45 & .

(3) BGRA & T2 EIE AN T R & 2.5 mL % 10 mL S0E Y, R’
5o SRJEMAN 60 pL fREHT, RS, BEEEAGREEERSY, REIMATKL
Bz, DAGRIEZr SRR S -4 AT 4R, fE=Im NERE 0.5-1 h, T EREER
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&, FEIGK O, 2K, R AR B S P S AR R TR B 7K
(4) HfH EEREBME A )RR MR 0.75 mL 2 5 mL B0, IR AN
N 30 pL R3], JRET, NGB, SRR, SIRECE 05-1 h, K
A A RITAT T FLUK S5

2. B0 K RIS (R BB AR 22 e AUk T, ) KR YN 1<Tris-gly-SDS  Hijk
W, WA E, IHE SRS ARIEIE F R ERWRE, mAEA LA 20 pg
HEMA, Marker JLINA 5 uL, RFEEEHE, S5H 80 V HIJK 30 min, SRJ5 4% #k
N 120V 4k Bk, FRERER RIS SIS Marker {7 B B N R AT 5 SR A gk, v
IR

3R

(D /NOIRFFEIANG, F 5 A AR, NG H R A 28

(2) WRIEE AR, HETFRFE R/ PVDF K, BT HEEHEEE 2 min 5, &
] F TR s

(3) WERUFFEIEEZERH B SIMRL, ARG T, AR, T
RIEA T, gmeA b, BMETERE E, RENME BRI 4RR 84 +E
R +PVDF [+ 4R+t 48 AP B B, T8 56 UG R A e fEREA A
FErf, BER PVDF JETE AR Z AR IS, W I, B B i
H, IS S FE AR o 2 B U R IR 4 N BB Y, INONERATTE 4 °CIK
FETIA 1) LG I i, A B R, 3 L, K VOO IE M 2 38
. FREESNEIZETRH UKL, DA IO R ORI R B # . Bl S B 200 mA 1E
i, BFE] 90 min.

A5 P B R SE R JE  HUHE B) PVDF JETSON & 1&E & 5 Y%/l iR Wk 1 35 P 88 B &
FE SRR T TR B 2 he

5. —PiE: HMSR)E, BlEMEY, JFH TBSF 16t PVDF JB 3 ¥k, &k 5
min, BE5 A % HEEAN PVDF B BN &6 X BT R — it RaR 4 °Cii
H14h EH,

6. “HiIEE: B —HIREE, F TBST K& H R H#I5VE 3 7, £k 10 min. &
VA, MAEERN PR, =EWE 2h.

785 “HWEERE, FEIIMEIR, ) TBST K PVDF BEYE 3 K, &K

10 min, HJEIAT TBST 2% PVDF 4. {EBEGeRAE, BECH] SR, %
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REUEHE 15, MRIESCIGHT T &, KSR A R B %I 11 LBl kiR S, 5
eI RE, 35 BRI B 1 R R ORI AE PVDF T B, Bl S BN B A W EAT
AR R
8K EAE /M. FIFH Imaged i fFsxt 2 (1 4%t 48 FEEAT IR FEAE 73 AT o
2.3 BB

] GraphPad Prism 8.0 (GraphPad Inc., La Jolla, CA, USA) #1 SPSS 17.0
(Chicago, IL, USA)Zi it Hr#44, KA Two-tailed Student’s t-tests 27 7 412 18] )
Z5E, KB R T Z0H (ANOVA)Z A A B E 2 7. Fra st “ P
+AREZER TR . AT 3 WML AR E R . Bl 2 5 B M ARE
R ZEREE, P<0.05; < fUREREZE, P<0.01, o fURERREE,
P<<0.001.

&

7

<

32



XUy AF X8 95 =F 5 PR T 52 20 F) 2 R i) R 22 B R A T ANB LA F 72

3. $ER
3.1BPAF B3 BUE S W NEFES EECs AT

3.1.1 BPAF i EECs 7E J1F&1K

N1 kil BPAF X% EECs HIBEPERCHA, A28 AN FVK E ) BPAF (0. 10 . 20,
40, 60 F1 80 uM) AbFRAAMY 24h JEidEATRCI . WKl 2-1 Fios, SXTREZHAHLL, BPAF
Ro¥E GBI AS R AR, RIS, KPR, BOEBRC, AbG R,
BT RGN . CCK8 45 & B, BPAF LUK FE MR #i it (1) 77 SEFMK T EECs % /1,
XA, BPAF £E 40 pM IR 525 FEAK 1 4HH3E /) (P<0.001), fsi4ifiuis 77F%
iK% 80 %/ A, TMAE 60 uM I 2 i 3 /1 B4 2 50 %-60 %.

A B
E— - - e . — 1501
, \_‘\: 3 -
§ ; 2 100+
”\ G O\ & ) > % ? Jk Kk
Ui p s 7R (NS S k\ \Z. = i
AN v N AN 3 - T .Q
: E St : - = A3 J—
: A C b | (.20 B s o s > 50+ %
D OAL o5 5 R A _~°‘;g= 1% _\ : 2 !
Qod B Setido e R Ge 4 0- T 1 ;
' 0 10 20 40 60 80

BPAF(uM)
2-1 BPAF %} EECs 1 /1 (15401

EVE: (A AR BPAF AbHE EECs 24 h XTI SRR . F5R=20 ym. (B) AN[FEKE
(¥ BPAF 4L EECs 24 h XT4HIEIE 71 (15200 . ***P<0.001 (SXHEZAIAHLL).

Fig.2-1 Effects of BPAF on EECs viability
Note: (A) The representative images of cell morphology of EECs treated with different concentrations
of BPAF for 24 h. Scale bar = 20 um (B) Cell viability of EECs treated with different concentrations of

BPAF for 24 h. ***P<(0.001 (compared with control group).

3.1.2 BPAF 55 EECs Zefii{A s e (i f&1%

T Kl BPAF Xt EECs £k (A HLRL (KT RAIR, ASSEIG T IC-1 X240 sk AT e 2,
e 4 (B 5B R AR R A PR, 4R (A% AR U AR R L AR K
e 2-2 frr, WA SR T ERRINA GO, RVH E s Rg R AR AL, i
BPAF 80 uM AbFH 4 W] 2 A% T 4020 (555, M4 TH T a4 (58, %9
HORLAR TR SZ 3 T 405 (8 2-2A). 9T #E— BT BPAF 3o EECs R {5 FiL 7 14
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SO, AR SR FH AR SO £ R AR R AL 5 e B AT TN, 45K, BPAF

7E 20 puM IS 3 3 AR T RRAR R B A, (P<0.01), Bl 5 2o ki iA i e A i %5 BPAF ¥k &

(3G I Bk (B 2-2B), X dbsh JR B BPAF Ab3 <> 531 EECs LA i iAo J3 Ak

AT RE S -
A

vy)

Aggregates Monomers Merge

[
N
I

JC-1 intensity (Red/Green)
o o -
b o s
i -
-*
*
*
*
*
*
*
*
o
*

Control

BPAF 80uM

BPAF(uM)

2-2 BPAF X EECs b A4 [k B A3 1) 1)
BlE: (A FIFZOE DB NS BPAF X EECs b A5 fa A7 (R« 41 (058 YA 3R 1E 7 4H i
HJC-1 KRG, SEsOCRRBBIR LA AL IC-1 Bk, ARR=50 pm. (2) F|H] M
PRAKT I BPAF X EECs ZRH A4 i L AL IFI 54N . **P<<0.01, ***P<<0.001 (5xfHEZAHEL).
Fig. 2-2 The effect of BPAF on mitochondrial membrane potential in EECs
Note: (A)The effect of BPAF on mitochondrial membrane potential in EECs. Red fluorescence
represents JC-1 aggregates in normal cell, green fluorescence represents JC-1 monomeric in
damaged mitochondria. Scale bar = 50 pm. (B)The effect of BPAF on mitochondrial membrane
potential of EECs was detected by microplate reader. **P<<0.01 and *** P<C0.001 (compared with

control group).

3.1.3 BPAF iff5 EECs 7 ROS B/ =4%

LRI 40 ROS 1B IE, ZbifkThRg 22kl ROS B4, Rt A
S236F) FRFF & o DCFH-DA #R41%F ROS #4717 ¢4 tt, DCFH-DA 3415
FEPREEAE H N /K A i DCFH, T4l )y ROS AIff DCFH A T % 1) DCF.
Ik, DCF %% 63 Al LU B N ROS 7K F. M 2-3A T LAE B, 5% IR ZHAH
tt, BPAF 4bFEZHNGHE | EECs 1 ROS ZOGHREL, BEAnX 45 K, BPAF fEAH
KX EES T ROS 17742 (& 2-3B, P<0.001) . iX % W] ROS 7= ] i & BPAF
AN AL T AL 2 —
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A B
Control BPAF 80uM

14
n
1

4
(=}
1

—
=}
1

N
1

* k%
* %k

Intracellular ROS level (%)
o

olcm =0 B .
0 10 20 40 60 80
BPAF(uM)

[ 2-3 BPAF %} EECs [f] ROS 151
BE: (A ROt BB %E BPAF 4f EECs ROS [, LTI A E (Dich
lorofluorescein, DCF) 3%, HIGHESAMA ROS MIELL. #7RX=20 um. (B) FIHEIR
LTI BPAF Xt EECs ROS [R5 . ***P<<0.001 (S5XFHEZAHED.
Fig. 2-3 Effects of BPAF on ROS in EECs
Note: (A) The effect of BPAF on ROS in EECs was observed by fluorescence microscopy, green
fluorescence represents dichlorofluorescein (DCF) intensity, which is proportional to intracellular ROS.
Scale bar = 20 pm. (B)The effect of BPAF on ROS in EECs was detected by microplate reader. ***P

<<0.001 (compared with control group).

3.1.4 BPAF L&l EECs ITEMHRRTS
N T PR IE ROS AR IR IA], ASRIGXHT AL AR S TR bR GSH-Px . CAT.
SOD #1 MDA & &EHHAT Vil ZREH], SXHEAMIL, i GSH-Px 1 CAT
TR % BPAF IR E i, Hrf GSH-Px G P 7E 40 uM-80 uM i &3 E 7t
(P<0.05), CAT J5:/E 20 uM-80 uM I &3 71 (P<0.001), H MDA & &tk
BPAF W & () TF e i P, FELE 40 uM-80 puM i34 3 2K F- (P<0.001); ifj SOD
PRI R AR S ey, AR VO 2 PRI (P<0.01). iXLLgE FEW], ROS
Ryt B AR L T SR RGEFIBUR R G2 R KP4, IR 380 T AR 7= A
2-4A-D).
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’g 404 - 4
1 -
= [=]
80 *k K =
£ 304 P = &3 sk
S E xx gkk =
= = *dk -
E 204 * Kk k ? 2 -
= 3 2
Z 104 - Ea
A =
O o T . r 0- " . T
0 10 20 40 60 80 0 10 20 40 60 80
BPAF(uM) BPAF(uM)
8+ 1.5
_— —
on = *k*k
£ £ -
5 6 e =
N 11 10'
* % £
& 4 T xkk  kk*k —_
.; = - (=] ¥k
- E *kk
3] = okaky
~ = 0.5 —
a 21 =
S S
w2
0- T T T 0.0- T T T
0 10 20 40 60 80 0 10 20 40 60 80
BPAF(uM) BPAF(uM)

2-4 BPAF 3 EECs $T 8 AH I -1 I i
Kli:: BPAF 43X EECs H GSH-Px (A). CAT (B). SOD (C) 1 MDA (D) i 1I54m
**P<0.01, ***P<<0.001 (ExfREZHAHLL).
Fig.2-4 Effects of BPAF on antioxidant-related factors of EECs
Note: Effects of BPAF treatment on GSH-Px (A), CAT (B), SOD (C) and MDA (D) activity in EECs.

**pP<(0.01 and ***P <<0.001 (compared with control group).

3.1.5 BPAF #i& EECs # Nrf2 1&g

Nrf2 S 245 4 i P SR A JE R A DR BT B0 (R DG BET  [8 77, Pl i i
NUEUEA R R I RE R IR E R . Rk, v 73— B4R 5T BPAF Xt EECs #i
SEACHLRI RO RZ R, AW O Nrf2 S H R Ui BRI B Rk b AT TR . 45 SRR,
BPAF 7£ 60 uM A1 80 uM I} & 27+ T Nrf2, Keapl A1 HO-1 mRNA fZEik, {HX}
NQO1 mRNA & ZF#Hm (& 2-5A, P<0.01). Western Blot 25 &8 H 5 mRNA
KFARIARI S5 2R, BPAF DAFFIEAREIME 25 1G9 1 Nrf2 F1 HO-1 BE HRIA /K (&
3-5B, P<0.01), ifi NQO1 7f 80 uM K & JFm (K 2-5B , P<0.01), Xibghiik
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BIVE: (A) SERF52 62 & PCR A BPAF Xf Nrf2 . Keapl. HO-1 A1 NQO1 mRNA 7K-F-f 540
(B) Western blot f:Jll BPAF X Nrf2 il i 8 H RIE M, JFxF Nrf2, HO-1 A1 NQO1 Hy#E H
FIEHATIREA /3T **P<0.01, ***P<0.001 (SXFHELIAEL).
Fig. 2-5 Effects of BPAF on Nrf2 pathway of EECs
Note: (A) The effects of BPAF on Nrf2, Keapl, HO-1 and NQO1 mRNA levels were determined by
Quantitative Real-Time RT-PCR. (B) Western blot analysis was performed to detect the effect of BPAF
on Nrf2 pathway protein expression, and the protein expressions of Nrf2, HO-1 and NQO1 were

analyzed with gray values. **P<0.01 and ***P<0.001 (compared with control group).

3.1.6 BPAF IS EECs JATHHAXERRIX
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ElvE: (A) Western blot il BPAF X T-AHICH 3R MEEM, JfX%F Bax, Bcl-2, Cytochrome
C F y-H2AX [ 5 [ Rk AT K FEE /0 M. *P<<0.05, ***P<<0.001 ( 5xFHRALAHEL).

Fig. 2-6 Effects of BPAF on expression of apoptosis-related proteins in EECs
Note: (A) Western blot was used to detect the effects of BPAF on apoptosis-related protein expression,
and the protein expressions of Bax, Bcl-2, Cytochrome C and y-H2AX were analyzed with gray values.

*P<<0.05 and ***P<C0.001 (compared with control group).
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BlvE: (A) Western blot &3l BPAF XF MAPK I8 B HH ¢ (A RIE 52, F%F p-Erk1/2. p-P38
F p-INK [H15 (A RIEBAT KR 43T **P<<0.01, ***P<<0.001 (SXFHELAAHLL).

Fig. 2-7 Effects of BPAF on EECs MAPK pathway
Note: (A) Western blot analysis was performed to detect the effect of BPAF on the expression of
MAPK pathway-related proteins, and the protein expressions of p-ERK1/2, p-P38 and p-JNK were

analyzed with gray values. **P<<0.01 and ***P<C0.001 (compared with control group).
3.2 EFEEFE T INHIE L RH A MAPK I8 42 iR BPAF 15 5S4 EECs
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#P<0.05, ##P<0.001 (5 BPAF AHAHLL).
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Fig 2-8. Curcumin alleviates BPAF-induced cytotoxicity
Note: (A) Cell viability of EECs treated with different concentration of curcumin for 24 h. (B) Cell
viability of EECs pretreated with 1.25, 2.5 or 5 uM curcumin before BPAF treatment. **P<0.01 and

***P<(.001 (compared with control group); #P<0.05 and ###P<0.001 (compared with BPAF group).
3.2.2 EHEZIEM BPAF 55 EECs AT
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REE N (P<0.001), 12234 F AL B 4H 535 PR (&) 2-9A, P<0.01). 4k, Western
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Fig. 2-9 Curcumin alleviates EECs apoptosis induced by BPAF
Note: (A) The apoptosis rate of EECs analyzed by flow cytometry. (B)The expressions of Bax, Bcl-2,
Cytochrome C and y-H2AX were detected by Western blot and gray values were analyzed **P<0.01,

***pP<(0.001 (compared with control group); ##P<0.01 and ###P<0.001 (compared with BPAF group).
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Fig.2-10 Curcumin alleviates BPAF-induced oxidative stress
Note: (A)The relative ROS level in EECs. (B) The representative images of ROS in EECs. Green
fluorescence represents dichlorofluorescein (DCF) intensity, which is proportional to intracellular ROS.
Scale bar = 50 pm.(C) The MDA content in EECs. (D) The SOD activity in EECs. (E) The GSH-Px

activity in EECs. ***P<0.001 (compared with control group); ###P<0.001 (compared with BPAF
group).
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Fig 2-11 Effect of curcumin on BPAF induced loss of mitochondrial membrane potential in EECs
Note: (A). The representative images of JC-1 fluorescent intensity in EECs. Red fluorescence
represents JC-1 aggregates in normal mitochondria, green fluorescence indicates JC-1 monomeric in
damaged mitochondria. Scale bar = 50 pm. (B). The value of mitochondrial membrane potential in

EEC was detected by microplate reader. ***P<0.001 (compared with control group); ##P<0.01,
###P<0.001 (compared with BPAF group).
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Fig.2-12 Curcumin inhibits BPAF-induced MAPK pathway activation

Note: (A). The expression of MAPK pathway protein was detected by Western blot and analyzed by
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Image J software. *P<0.05 and **P<0.01 (compared with control group); #P<0.05, ##P<0.01 and ###

P<0.001 (compared with BPAF group).
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Fig.2-13 Effects of Curcumin on BPAF-induced Nrf2 pathway activation in EECs
Note: (A) The relative mRNA expression levels of Nrf2, Keapl, HO-1 and NQO1 in EECs were
quantitatively determined by gRT-PCR. (B) The Nrf2 pathway-related proteins were detected by

Western blot. *P<0.05, **P<0.01 and ***P<0.001 (compared with control group); #P<0.05, ##P<0.01

and ###P<0.001 (compared with BPAF group).

46



UHTY AR 68 5 L 27 AR 5 200 1 2 R 2 R (1 S A P AL BF T

47118

1E4 BPA (&Y, BPAF T vz BN A T MR AN Al ok ™= f o, BT HASR
R A M A T AN AE B #E (Akahori et al 2008), % 7% T- BPAF ] 5|72 22 Fh 41 i (1)
AN, W ELPTEALB T, SENRIE TS (Gu etal 2020, Huang et al 2020).
SR, BPAF X EECs HJEEMEAE I MANEE . ABFFUNEARI . T MAPK 25
BWAERDT T BPAF 3] EECs FEIEMIETENMI. oAb, FATERFTT T 2B R T
HZTXT BPAF 53 4 s BA (R VER . ATFSTSE SRR, BPAF 258 T3
EECs 4HM17E /) 23 B AR ML RA ThRE AT, JE51 K T ROS ARG N, S8 T 41
MO TS, 122 5E ER AT s ] MAPK 8 2% A A SIS BPAF 15 SR T

2R WL AATE 5 340 MR H O b R HE S AR, T 4 U O AR A SO A G
(Xiong et al 2014). SEACSIHORZS T, LR S ELEE MG, SR AR TS 4 i A T
AH IR -1 Cytochrome C 3t NI, 5l & T ik Caspase ek v, FECAMEIIT:
(Maity et al 2022). Bax I Bcl-2 I fg i ik i 77 e b 4 152 3688 375 14 5 vie) 200 A ) T2
(Desagher and Martinou 2000). G HA N ARSMIE SR B, BPAF A i 5 2 M4l iy
PR AL R BT e & S BRI T 911, BPAF 2 S 341 (Wu et al 2019)F1 HCM
YA IS JIFEAR (Gu et al 2020), $21 Bax, F&AE Bel-2 (KA S S KGN 400 /E -
(Huang et al 2021). It41, BPAF i< 5| d 5 M2 ki 44 i Fi A7 i B IR AT Cytochrome C
390 (Yu et al 2022b), X3EH] BPAF 7E 2 Fhab b 51 R KIH T =4 . FEARBEF
HH I TR 455, BPAF Ab P 25 FEAIC 7 EECs B35 77, SR 225 3 TiAb 2
Wil T Ix—tady, RWEEERXT BPAF F SR EA R EM . Ak, R4
KRB BPAF N T ROS AR TR 177 42, iX ] i @i L bk se T8 1%
S LI . ZEAHT 5T T BPAF 255 3807 EECs ZkifAThAERNS, Bax 1 Cytochrome C
FiETHE, Bel-2 RIBFC, M8 R A B EIME] 17X, MU RE
HAWE PRI . B, 2238 3 CuE A AT AR 1E =400k i 5 0 S B 4 o
(Wu et al 2021)F1 F K 7R 215 5 3 1) TM3 4085 T (Chen et al 2020a). AT
A, KR ORIET N BPAF i S AR IE AR B A R ER, XAl
BEAE T FRN BPAF gl HARZ 40 A R4 1E L, 40 BPAF 551 5 A4
NG & DNA 446 (Abdallah et al 2023b). LAk, P4 5T 9 7 5000 4%t 440 BH AT LA
TETEE, SRR (Liu et al 2016). BIF 712 W 32 5 & n] 3@ I P 5 I S i 22
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fift T K AR EEI IS S A0 T (Chen et al 2020a). [Mitt, i K2R BPAF i 5
(RI20 H  T BO LA A gk — P AR A

A R —Fh 5 B AR AR D RE RS, TR 2RSS e 51 R,
PM2.5 (Wang et al 2022b)Al1fi# (Wei et al 2020). i & ¥ ROS SR FiA i), 5l
LR AR A B, SR TS (Uttara et al 2009). £k {42 P TE ROS
[ BERUR, SRR Th RE RS 2 S HCEAL RO N, AT = AR i I S R R, T
MDA £ E b5 46hr 22— (Ott et al 2007). EARWIFLH, BPAF AL S Lk i4
Thaedits, & W] BPAF F] REE L i ZeRifA T BE 51 % 1 ROS K4 .SOD H1 GSH-Px
RN D6 T PTG, 3B TS RR ROS 1= A SR 4t R I IR 117 . H4RIE, BPAF
BEFE TR S A KGN 414 ROS il MDA, S 8IAL R4 %L (Huang
etal 2021, Yu etal 2022b). AHFEFRIFFIESE [TIX— U245 8. AR I BPAF # i
WE N T EECs i ROS I MDA (#7742 , [R] i Bt S8 AG il SOD FA3E P B, 17 GSH-Px
(s R . 255K B, BPAF W]l EECs = Eid & ROS, FEAMIL 5 2k
AT AR, IR BA AR5 m b A S R A
WAk S BE (Al et al 2015) AEVIBATESEE (Aljarba et al 2021)55. SR1M, ZFRAE
TR BPAF SlA2 M AR B ATE R . AT, EH R EE R AT R
Fads, R T AN S SUN A AR, ] T AR T E AR T R A A
ORI, R\ELHREAREIPUANEE S, RS HEE S 5] A i A R
YERFEA IR ST o B, 2233 T DUIE I ) B oK AR B0 R 51 2 00 b SR AR 1)
JiZHH (Chen et al 2020a). bk, 2236 2 W AHUE B AT LUk 1 75 A0 Sk By 1k =
Ak A SR B REAIZEABRE TS (Wu et al 2021)41, X SBHIF 75 3R BH 22 35 2 AR 04
WG, 2Bl 2 MRS iing. 48 FImd, IR 3 25 Kt
HIE AL R A 4 RE T L RS 2% T BPAF 5 SIIAIIE T .

NIrf2 B A A2 40 B T A 7 i S B 40 B 4818 55 75 (Niguyen et al 2009). 7
EFABRT, Nrf2 B4t b 5 Keapl R E &0, AN BR ER,
Nrf2 5 Keapl fift &3 5 hr BI4iffuiz b, Bos M ordr 7> 7 HIA, 41 NQO1, SOD
#1 HO-1 (Akino et al 2018, Hayes and McMahon 2001, Mondal et al 2019). £ I 5T
I B FE S Nrf2 S8 B0 — LSRR Je i S I A B 0 R ORY .
Qi % N\ & P72 L _E i Nrf2. HO-1 FINQO1 ik, f47 N ik 7% /2 HTR8/SVneo

M sz B A0 (Qi et al 2020). PRMAEABFLH,  Nrf2 JH Rl R HO-1 7£
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BPAF i T 45 B b e 2k B, X 5 K2 H R BN S R AR . IX AT RE
FEAH I AAT (0 —Fh B AR WL, TERD SN FUE TR, @ AR R
DRI EL R, e b AR, I BAE AR T G R I, iR 2
A LR S A B R Keapl-Nrf2/HO-1 @& (Li et al 2021a). #EFATHr%&N, iX
JE B R B BPAF AT UG EECs HH (1) Nrf2 3 % . fEASHIE 72, 253 Kt #6in SOD
3 1 DA 25 i 1Y) ROS 4 RF 41 i S A8 JR R « [FIET, $0 801K GSH-Px. Nirf2,
HO-1 (M FARSE B 40 i D8 K BRI A IR RPIRAS, IRME— @R LR T £ &R
oAb B e 40 AR 9 T B AR ) i A

MAPK {5 5l S SHMAEK . i G S A B R, 24
i BEENME S S R4 2 — (Cargnello and Roux 2012), MAPK 12 538 % () 380% A
T EACNT . MR TR SORE ) N AR (Lei et al 2019, Vahdati Hassani et al
2017). Nrf2 23] MAPK {5 5@ 4% (Lee et al 2013), IXF AL Nrf2 il
] REIELL IS MAPK B A IEER .. CAWE Y BPAF I HIE MAPK &
BT AN GNEEURLRE PR A T, 1 INK R IR — i R rh R4 T EEAE A (Huang et
al 2020). #Rifi, MAPK @252 5 BPAF % 5/ EECs T M AIG . AR
KL, ERKL/2. INK F1 P38 BRI W35 W0E, XK MAPK @il fe 2k
AN BPAF 155 14 A T A A RO W AERE o SSABLIRD A IR I A A S A7)
LLAEFANEALTE 2= CL ik B AT LAd i k] MAPK 38 6 (14 S0 R e 4 B 0 T A Ak
T R AR E (Song et al 2019, Vahdati Hassani et al 2017). K, A1k
—IPIRR T LG WAENT MAPK [IBEIR 1L, %] BPAF 155 1) EECs 41l il I
oo BANTHIBEFRAIREY], L3R B FME ERKL/2 1 P38 [BERIL. 2RI, INK
ISR A IS U8 . HARBE LRI T RIS R, Hlin Geng S5 NRE £ H &R
MR HA] INK/P38 B M5 BPA 551K HepG2 41K fi & = KHT (Geng et al
2017). Song 25 AR AR R T 2 C1 i@ LT ERK1/2 F1 P38 HIBEERIL, 1A
FEiE T INK BRI A R B S 1 HT22 40581 (Song et al 2019)65, iX fE— &
FERE ke 7 2 FO AR OR Y ER A BRIGIE . tbdh, FEARTFTA, BIRIATIE
I 23 FlE R ] ERK N P38 3@ Bk A HE PRI, {H EECs {75 7] e i id HoAth 45 51
HFEOH T, BN R
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5.5
AWTFELL EECs RS E R, 6l 1 BPAF X EECs S8 N UM 4 i 17 12

Ism, HRTT T 2B RN BPAF 5510 EECs Ak BB T 2 MR F S ML o
IR

(1) BPAF 53 EECs iif JJFZRLAR IS A7 F#AIK, $2T+ ROS Hil MDA & &, JFHiL
AMHbiEL RS

(2) EECs AJ figil i % Nrf2 Ji 2% LU6HT BPAF 75 5 1 b S

(2) BPAF A ReIf i B0E SRR T2 0 MAPK JE #8155 7 EECs 412,

(3) EIEXAAEEITINE ROS F1 MDA [I7=4E, #4EFF EECs B b R G0 Al
il MAPK i 25 2% fift BPAF 5 S HIAHHLIH 1
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F=F ZH/ZBEIINE BRI BN ZE % BPAF 55/
L EECs #k3E T

1.3l8

Z U 5T 2 B BPAF 23 3 804t i S8 A SO T2 i K 42 (Gu et al 2020), SR TTTA
EY AR AR 2 RO MR R = A fa T . 7ESE B A5 Rk R I BPAF 2%
it EECs ¥ /), 51k ROS FI MDA 7=4, JF#us Nrf2 i@, XEfEFrAEFESS T
YA AE, HOAWHIRIE BPAF S T AWM A A (Yu et al 2022a), KA
W HENT BPAF R [FI#£ 155 | EECs BRAE TR K.

BRI T A — PRI Mg B A 7 i AR R 5 e L R s M s T
FERFET I FE A, Bk B 1 1T LAEE Ak Fenton S Bip= 4 K RGP AR, S5m0 i
i, FRALRPICT R AERLERZ (Dixon et al 2012). [H b i b fif ek 8 A 7e 8k
FET R AR R R PR AR ] (Hou etal 2016). H i, n LB =R AEWrbs SR
BIEFET- R R, BFEARREY (GPX4 Al COX-2), fEm T LA ROS (Jiang
et al 2021a, Tang et al 2021a).

Rk, AWF7E BRI SIET & E S5 BPAF 51 EECs 4ifufifs, [RIKHR
T R BE TS AR BPAF 5 31 EECs 2IET, FH4BRmIHAEFNLE

2RISR E
2.1 SKIG A
ARSI TSI PPRA) S = 8 2.0, AFRANIE. (0. A RIRE RS,
2.2 EEIRF
2.2.1 EEHE

A28 By A& ATF6 (YA831) Al ATF4 (HY-P80486) I [ MedChemExpress
(MCE), AKT (9272) H1p-AKT (9271) 45 Cell Signaling Technology (CST),
mTOR (T55306) 4 H ¥ E Biorbyt, HA&Pifk ATG5 (T55766). LC3B (T55992).
Beclinl (T55092). P62 (T55546). GPX4 (T56959). FTH1 (T55648). COX2 (T
58852). FACL4 (T510198). GRP78 (A0241). p-PERK (AP1501). PERK (TP52
759). CHOP (T56694). PI3K (T40115). p-PI3K (T40116) Al p-MTOR (T56571)
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B BT Abmart, BT A Bt iR L1240 1:1000.
2.2.2 EZEHIHIF

AR S F B E EAHI R 2-1 Bk Ferrostatin-1 (Fer-1) & —FhkgET-41)
7R, d I B P AL I B IE T R A . Deferoxamine mesylate  (DFOM) &
—MEREER], AR H SR R 2R AR B . & (Chloroquine, CQ) Al 3-H
FARELRS (3-Methyladenine , 3-MAD ZFiFhEEEHNHIF, Hrb CQ il FH I B Ik
PRV G A Rl 40 B, 177 LY 294002 3-MA S8 #01] PISK 1] 5 W6 /M PR T o
HEM A E W . 4-Phenylbutyric acid  (4-PBA) & — Py Jii I S S 7], w] 56 Py i
S = £ EE B IRELa. PERK 1 ATF6 FJBEREAT 4] . MHY 1485 & —Fif
mTOR i, F#E mTOR HHAKKIL. Z-VAD-FMK & —#i caspase i,
A LT A B T

* 2-1 F B

Table 2-1 Main inhibitors

77 44 B U] LA GV
Name of inhibitor Catalog number Treatment concentration Manufacturer
CQ HY-17589A 1.25 M MCE

DFOM HY-B0988 15 uM MCE

Fer-1 HY-100579 25uM MCE

3-MA HY-19312 5-10 uM MCE

4-PBA HY-A0281 50-1000 uM MCE
LY294002 HY-10108 5-10 uM MCE

MHY 1485 HY-B0795 20 uM MCE
Z-VAD-FMK MB3313 1.25 uM EXCHEY)

2.3 ‘MRS A AL IE

A SEIR AR MRS R | 22 R BPAF AR [F] 255 — s sei vk 2.2.1, 2.2.2 12.2.3,
TEFNHIFIA mTOR WGt #2+, H Fer-1. DFOM. CQ. 4-PBA. MHY1485
A1 Z-VAD-FMK FRALEE 12 h J5 545 900 S/ J5 [ 4B o in N 547 BPAF Al [FFEAK
FESNBIFIRIRE TR, dhBEREFE 24 h, Hb 3-MA R LY294002 TiiAb#E 4 h BpAf,
D BRE H A7) — 5L
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2.4 GSH &£
(L Kl s R, HEEHE, H PBS B 2 i, A E O 514
W B LA, LB RIS, M4EMTIE R I 300 pLPBS EVRANHL, R
PSR B 200 i/ A5 0
(2) %M 11 (Lo, Hgu S 55 —#47iE 4, 3500 r/min £5.0» 10 min,
B E B AT
(3) A7 Ac il -
GSH Frife i AR RIS AR SLIG T &, 4 MRBRE A I 8 BLAK
=1:9 I LLBIEAT RS .
Immol/L GSH Axife it ¥ 1 Ed il : GSH 7784 307, 4&FCE AiHE 3.07 mg 1
GSH FrifEdn s 2] 10 mL 1¥) GSH &M i, RG2S, 2 °C- 8 °CLRAF 48 h.
20 uMol/L  GSH Fr#E Sy ECH] . F 0.2 mL Immol/L GSH Fr#E NI ZE 9.8
mL GSH FrifE AR I, B5IRE, BB .
(4) ¥ U B ERAE P AR YO R AT A, Bk 7 0 T R PR

= EAL PrfEFL i 5E AL
WA — (ul) 100
20umol/LGSH FrfE i 100
()
FEW (ul) 100
WA= (ub) 25 25 25
WA= (uL) 100 100 100

(5 ININSERLE » MRS FLIR [ HIR A 3820, 58 5 min J5, FEEFSONE 405 nm
AEOEAE, RANARFEAT IR, FERYEE R EETHE GSH & &
25 KB TFEENE

(D FEsbfl%: B s 6 FLIRT, KEL RS, H PBS iEdk 2 &k, ARJEHML
BB B SO, IEE 1X 108NN 0.2 mL R, RS
BTk E2# 10 min, #RJ5 15000 g 50> 10 min, HU L iERARN

53



e Rb R 2 2024 e LT AR AL CBEL) B

(2) #HWUTDRER A ER 08T, 'Y,

FrifEAL X HE AL M€ 1L,
AN FHR 80
PR (ul)
FRIFEAS (uL) 80 80
R (ul) 80
WA= (ub) 80 80

(3) J#2J, 37°C W& 10 min, FHBEAR ORI 593 nm ALf) OD {H, FHAR¥E 43k
HINFMRSE 752,
2.6 ZHAE mRNA FEEUFISERT R E = PCR
[ % 2.2.9 , 2210 f1 2.2.11. ASLEGH NCOA4 F1 VAMPS 5197 Flan#

2-2 iR
% 2-2 HIERE S

Table 2-2  Primer sequence of target genes

* % F®x  PubMed no. JF51(5'—~3) PR
Gene names Sequence of primer Length
(bp)

Forward: TTGGAGCTTGCTATTGGTGGAGTTC

NCOA4 XM_018042234.1 83
Reverse:CTGTGAATCTGGGCTTTGACCTCTC

Forward: CCACCTTCGCAACAAGACAGAG

VAMP8 XM 018055378.1 101
Reverse:AATCATCTTCACGTTCTTCCACCAG

Forward: GATCTGGCACCACACCTTCT

p-actin XM_018039831.1 110
Reverse: GGGTCATCTTCTCACGGTTG

2.7 EHIZELFI Western blot
[l — 2 2.2.12 F112.2.13,
2.8 EECs %% siRNA

DL Nrf2 1 HO-1 4w b X AR S 5 T3 RNA (SIRNA) A4 A8 fm BH 1 % 1
TR 5 B A A T B E . Nrf2-siRNA 51 ¥F 51 4 1E L% 5-GCACAACAG
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CAGAAUUCAATT-3', [ %% 5-UUGAAUUCUGCUGUUGUGCTT-3', HO-1-siRNA
519751 A 1E U8k 5'-GCAUCUUUGUACCACAUCUTT-3', & X 8%: 5'-AGAUGUG
GUACAAAGAUGCTT-3'. #f EECs gHfiifz =/ fLtkdr, Fp4iidil & B F14) 60%
ISP R AT i e, {8 I B e QuickShuttle % il IRt 40 M AT #E g, Buidb %
R R

(L fEHEET, K5 ul FHlE R siNrf2 I 95uL PBS 1, REIRE].

(2) ¥ 12 pL YA 88 uL PBS H, 3255,

(3) I FRFEHR RS, B MAGIRER TR, R0 B i L S5 R
WA IR A, KA E By R R 9E 12 hs

(4) BPLER)E, FHEH siRNA IR, IASH BPAF (MG IR R4k 215 37
24 h, AbFRLEHE R RNA B B A RERAT J5 42526

2.9 BEIES iR

[ 58 — & 2.3,
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344K
3.1BPAF 1817 B Wi A0 A B o] R 355 5 EECs $K5E T
3.1.1BPAF %55 EECs $K3E T
NTHRFTFERTAMESA BT RIS S T BPAF S AMf, A&
TF 7T A8 FH R 2400 75 Z-VAD-FMK XS 4 AT AL 3, 45 KRB Z-VAD-FMK BEf%
i gnfoys 77 BT, EEREARRAR (K 3-1A, P<0.05), KA FeicA Hihgn
M52 5 T BPAF F SIS . H T IRAYI TR ESE T BPAF %
[¥) EECs 4SBT, AHEFE SN BTGB H#EAT TRl . 455K, X
AUAHEL, BPAF DAIEAMME T N EZ S T FTHL.XCT | GPX4.COX2 1 FACL4
221 (B 3-1B, P<<0.05). [A]Hf %t NCOA4 mRNA /K-F-HEAT#0, 45 5% B NCOA4
76 60 uM A1 80 uM I 3% ETF (B 3-1C, P<<0.05). Mh4h, 7E5H #4558 3.1.3 Al
3.1.4 HE &K BPAF A H v 341/ ROS A1 MDA & #EHn (P<<0.001). fE
AHF T, BPAF AL EEAE 40 uM A 60 uM I 2 25 42 5 7 EECs H [ GSH /KT~ (& 3-1D,
P<0.001), FH] BPAF ZbHEFLEL T EECs BRALT it RS0, X Lbsh RHIRPIET AT
B2 5 | BPAF i3 EECs SE1T-. v 1 it — P IRAIEB AL T 7E BPAF 5% ) EECs i
Pt AR, B SR TT 1 BRAE T4 77 Fer-1 %F BPAF 55 () EECs SET-HIRM ,
S5RELW], 5 BPAF HAHLL, Fer-1 FilsbHEv] 2 8% BPAF i S I4HIuFEME, W&
RIS /A0 GSH i (& 3-2A-B, P<<0.05), [#{k MDA && (& 3-2C, P<
0.05). Itt4h, 5 BPAF L, Fer-1 %] | GPX4. COX2 1 FACL4 HIZkis (]
3-2D, P<<0.01). %Zg Lprik, iXLL45HLKH] BPAF 55 T EECs #RA0T:.
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UHTY AR 68 5 L 27 AR 5 200 1 2 R 2 R (1 S A P AL BF T

A B

FTH] = e - o ap =

150

PR T
100 o GPXG o o S .
“ 3 = COX2 v mn e e 0

]
=

level of FTHI1

Cell viability (%)
.
=

=

-
FACLA e bt s e 000 S

=
in

e relative protein

BPAF - + - + B-actin - a» o @
Z-VAD-FMK - - + + - - o0
0 10 20 40 60 80 £ 0 1 20 a0 60 80
BPAF(uM) BPAF(uM)
- p o
Y 10 [ ST o
- &) -~
S = b
T 08 T = =
< Z10 . £
E 0.6 e = - fat =
2 z * z
2 H T H
2 04 g £
v Sos I
= Z 2
E 02 - £ £
: o5 E: z
Z 00 T + T < 0.0 T T T =
= 0 10 20 40 60 80 = 0 10 20 40 60 80 = 0 10 20 40 60 80
BPAF(uM) BPAF(UM) BPAF(uM)
+
g
2.0 = 4 —
= : e £
z =
s ek z 5
T L5 T < 7 T H
- zZ v =
= £ = =
£ 10 ke ES 2 =
E + +3 E
£ z T £
205 T z - g
= [ =
= H &
T ¢
Z 0o = 0
z 0 0 20 40 60 80 0 0 20 40 60 B0 o 0 20 40 6 80

BPAF (M) BPAF(:M) BPAF(M)
3-1 BPAF 3 EECs #AET:
Kl (A) Z-VAD-FMK %} BPAF 4b# f5 EECs 403 /7 (1520 . (B) Western blots £l FTHL.
XCT. GPX4. COX2 Ml FACL4 HHAKIE, HHKEMEIATHIER. (C) FHEN IR
PCR £l NCOA4 mRNA 7K-F-.(D)BPAF 4L #Xf EECs ' GSH & & 54T, *P<0.05,**P<0.01,
***p<0,001 (HXfHERAAHEL); #P<0.05, ##P<0.01 (5 BPAF 4lAHL).
Fig. 3-1 BPAF induced ferroptosis in EECs

Note: (A) The cell viability in EECs following BPAF treatment with or without Z-VAD-FMK. (B) The
protein expressions of FTH1, XCT, GPX4, COX2 and FACL4 were assessed by Western blots, and
gray value was used for relative quantification. (C) The mRNA expression of NCOA4 was analyzed by
real-time PCR technology. (D) Effects of BPAF treatment on GSH content in EECs. *P<0.05,
**P<0.01,***P<0.001(compared with control group); #P<0.05, ##P<0.01(compared with BPAF

group).
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150 - #
g & T o
< 100 254 s =
£ ## =
= — Z
Z 50 s
2 g
= =
!,l.}
0 v 7 . .
BPAF - + - + + - +
Fer-1 = & + + = + +
0.25+
T
< 0.204
E 4 GPX4 | A
= ——
£ 0.154 ##
3 COX2
£ 0.104 =
& FACLA sl IS s S
£ 0.054
£ 0.
o0l B-actin D —
BPAF = + = + BPAF - + - +
Fer-1 - - + + Fer-1 - - + +
-
Z 15 Z 15 215
& *k o <
8 o Tk [
s T s e s -
3 = S
z10 Z 1.0 1.0
£ s =
g H K
e ## s 5 o
& ## B ##
B 0.5 ; 0.5 ,_MF & 0.5 T
= = st 3
s 4 £
Z 00 T T £ o0 200
BPAF - + - + BPAF - + - + Sppar - + - +
Fer-1 - - + + Fer-1 - - + + Fer-1 - - + +

K 3-2 Fer-1 41| BPAF % (/) EECs #k4ET-
KIE: (A) Fer -1 X BPAF 4L J5 EECs 4iiE /150, (B-C) Fer-1 Xf BPAF b2 EECs
H1 GSH 11 MDA & &[540, (D) Fer-1 % BPAF AbH 5 ZRAET-AH R IR I R4 . **P<0.01,
***p<0.001 (HXFHRZHAHEL); #P<0.05, ##P<0.01, ###P<0.001 (5 BPAF ZHAHLL).
Fig. 3-2 Fer-1 inhibited EECs ferroptosis induced by BPAF
Note: (A)The cell viability in EECs following BPAF treatment with or without Fer-1. (B-C) The GSH
and MDA contents in EECs following BPAF treatment with or without Fer-1. (D) Effects of Fer-1 on
expression of ferroptosis-related protein after BPAF treatment. **P<0.01,***P<0.001 (compared with

control group); #P<0.05, ##P<0.01, ##P<0.001 (compared with BPAF group).

3.1.2 BPAF iS5 EECs BRERE M SRTE T

PRI — P BRI E 4 sE T2 07 2, O THR9T BPAF 2 %53 | EECs
VMO, ATECRIF Western Blot S [ AR 9628 (134T 740, SR, S5
HEZHAHLL, BPAF £ 40 uM-80 uM K155 | HEAH ¢ & F Beclinl #1 ATGS K% L

F+ (K 3-3A , P<0.05), LC3 MITE 60 uM F1 80 uM i & & 32 5 (B 3-3A , P<0.01),
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KU BPAF 55 7 HWRIRITE L. Bl JGA RS2 R B 1 P62 Fak /K P-4 TR,
P62 7K1 LATE — & FR P b e L Wk e g RO AR 2, 45 RS2 B, BPAF 7E 60 M 1 80 M
%S T P62 MEE N (B 3-3A, P<0.01). AT #t—5HiE BPAF %I EECs H
W (RIS, ASTIE 0 (i E ) W A RV T A i 25 AF DG K] VAMIP8 147 T qPCR Azl
ZERFH, SXIMRZHAALL, BPAF £ 60 puM 180 uM I 2 7 VAMP8 mRNA
TIB/KT (K 3-3B, P<0.001), XuestRLELE] BPAF NMUES T HBRAKIIER, 1
HARBET 40 A WA RA ARG, 3658 T AW, A TIRTT BPAF 53 H I
SERIETZ (B K &, AW T B A7) CQ l 3-MA X BPAF i3] EECs
BRIETI MR, 45 R, 5 BPAF ACHEZIAH LY, CQ TlALEE B E 4 s 1 4l /1 (H
3-3C, P<0.01), T 3-MA {40 fiE it —LERAK, (HIFARZE (& 3-3F, P>0.05).
HI T CQ # T BRI RL G, £ BPAF X P62 i Filt— b % Hif (&
3-2D, P<0.05), {H LC3 KA REFIL (& 3-3D, P<0.01), [FIN CQ 3 il
T BPAF 55 IR AE T A5G B 1 3R04 (] 3-3E, P<0.01). 5 CQ b3 45 R —%, 3-MA
[FIREE 2] 1 BPAF 3 EECs H IR FIERSET-AH < B A 3k ik (18] 3-3G, P<0.05).
gi LRrd, xsest BRI BPAF i S0 H W E 3k T EECs ZRIET .
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3-3 BPAF %55 EECs H Wik it kst

BvE: (A Fl Western blot #:ill ATG5. Beclin-1. LC3 Ml P62 & [k, FHHEATIKIE M.

(B) s£if PCR 1l VAMP8 mRNA 7K3F-. (C) CQ %} BPAF 4b¥ J5 EECs 4 i /7 K5%01 . (D
-E) CQ X} BPAF #b#J5 P62. LC3. GPX4. COX2 fl FACL4 KA1, (F) 3-MA X BPAF
Ab3E fE EECs 4S5 (G) 3-MA Xt BPAF 4b# j5 LC3. P62, COX2 Fil FACL4 ik )
. *P<0.05 , **P<0.01, ***P<0.001 (5XIIEAMLL); #P<0.05, ##P<0.01, ###P<0.001 (5
BPAF ZAHLL) .

Fig. 3-3 BPAF induced autophagy-dependent ferroptosis in EECs

Note: (A) The expression levels of Atg5, Beclin-1, LC3 and P62 in EECs were examined by Western
blot, and gray value analysis was conducted. (B)The mRNA levels of VAMP8 were measured by
Real-time PCR. (C) The cell viability in EECs following BPAF treatment with or without CQ (D-E)
Western blotting analysis of P62, LC3, GPX4, COX2, and FACL4 expression levels in EECs
following BPAF treatment with or without CQ. (F) The cell viability in EECs following BPAF
treatment with or without 3-MA (G) Western blotting analysis of P62, LC3, COX2, and FACL4
expression levels in EECs following BPAF treatment with or without 3-MA. *P<0.05,
**pP<(0,01,***P<0.001 (compared with control group); #P<0.05, ##P<0.01, ##P<0.001 (compared
with BPAF group).
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3.1.3 BPAF &3 FUE R B 15 5 EECs $A5E T
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BlyE: (A F Western blot #&3l p-PERK. PERK. GRP78. CHOP. ATF4 [ HEE, FHIHT
IKEEAE 53 W . (B) 4-PBA X} BPAF AL 5 EECs 4H & /1 ¥I540i . (C-E) Western blot #:il] 4-PBA
X BPAF 4b# 5 GRP78. CHOP. ATF4. ATF6. LC3. P62. FTH1. GPX4. COX2 A1 FACL4
WEARIEMEM. *P<0.05, **P<0.01, ***P<0.001 (S5xtMLIAALL); #P<0.05, ##P<0.01,
###P<0.001 (5 BPAF 4HL).
Fig. 3-4 BPAF induces ferroptosis in EECs by activating endoplasmic reticulum stress

Note: (A) The expression levels of p-PERK, PERK, GRP78, CHOP, ATF4 in EECs were examined by
Western blot and gray value analysis was conducted. (B) The cell viability in EECs following BPAF
treatment with or without 4-PBA. (C-E) Western blot analysis of GRP78, CHOP, ATF4, ATF6, LC3,
P62, FTH1, GPX4, COX2 and FACL4 expression levels in EECs following BPAF treatment with or
without 4-PBA. *P<0.05, **P<0.01, ***P<0.001 (compared with control group). #P<0.05, ##P<0.01,

###P<0.001 (compared with BPAF group).

3.2 EHEZ BRI HNHI B VEFRN A BN 2 % BPAF 15580 EECs $A %21

3.2.1 EEEE MR BPAF 5 5H0 EECs #K3E T

NT IR L RGES MW BPAF (60 uM) 51 EECs #k3ET:, AHWFA X 28
R G GSH S EMERIE T S E FEAT 1 Aill, 45 513Kk W], 5 BPAF HAHLL,
EWHEMHG GSH #—2 7t (B 3-5A, P<0.001), i GPX4. FACL4 1 COX2
RAREEZRFMC (B 3-5B, P<0.001). 4545 &2 3 0 & 1| BPAF %%
ft] ROS 1 MDA & E45 8 (8 2-10 A-C, P<0.001), 2&H]25 8 % 1] fEiE i ) kot
T4 fi% BPAF 175 S 40 a4 4% -
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KliE: (A) EECs 1 GSH #ri. (B) Western blot Kl %%t BPAF 4 ¥ /5 GPX4, COX2
1 FACL4 HEARIEIFM . **P<0.01, ***P<0.001 (SXTHRZIAMILL): ##P<0.01, ###P<0.001
(5 BPAF 4AHEL).
Fig.3-5 Curcumin attenuated BPAF-induced ferroptosis in EECs

Note: (A) The content of GSH in EECs. (B) Western blot analysis of GPX4, COX2 and FACL4
expression levels in EECs following BPAF treatment with or without curcumin. **P<0.01,
***P<(.001 (compared with control group). ##P<0.01, ###P<0.001 (compared with BPAF group).
3.2.2 ZHEKEM BPAF BRI B

N Tt PR R R MR RAETNL], A SO B AR DG B AT 1 AR,
SRR Y], 5 BPAF ZLAHLEL, LRI E#F(K T P62, LC3, Beclinl il ATG5
HEEERIZKT (K 3-6A, P<0.01), BthAh, L3R FFAMH] 7 VAMP8 mRNA /K (]
3-6B, P<0.05), XL RINZL BRG] 7 BPAF T 0 E W, FHB 17 B WA
BEARRL G o 5 b PTid , IX e h SRR B 25 30 n] BEIE I 0] 5 W 22 fif BPAF %57 (1 EECs
BRIET.
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3-6 LRI B RS BPAF J5 3BT
K. (A) Western blot #6135 #% % % BPAF Ab¥EJ5 P62, LC3, Beclinl 1 ATGS £ 1 &IA 115
Wi, (B) SN BPAF 4b# /5 VAMP8 mRNA KA F4MH . **P<0.01, ***P<0.001 (5%} HE4H
FIEL); ##P<0.01, ##P<0.001 (5 BPAF 4L,
Fig.3-6 Curcumin attenuated BPAF exposure-induced ferroptosis by inhibiting autophagy

Note: (A) Western blot analysis of P62, LC3, Beclinl, and ATG5 expression levels in EECs following
BPAF treatment with or without curcumin. (B) Effect of curcumin on VAMP8 mRNA expression after
BPAF treatment. **P<0.01, ***P<0.001 (compared with control group); ##P<0.01, ###P<0.001

(compared with BPAF group).

3.2.3 ZHR MR BPAF IBESHIN BRI

NTIRFAEHE R TN BPAF T A5 M RO Aokl 7 22 33k b 2
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ZIH) T p-PERK. GRP78. CHOP . ATF4 Al ATF6 & [#i& (K 3-7TA, P<0.05),
SEA RIS 3.1.3 1 4-PBA HIHI P9 5t W SO 3 PR BPAF 1531 F AR BT,
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(5 BPAF 4.

Fig 3-7 Curcumin alleviates endoplasmic reticulum stress induced by BPAF
Note: (A) Western blot analysis of p-PERK, GRP78, CHOP, ATF4, and ATF6 expression levels in
EECs following BPAF treatment with or without curcumin. **P<0.01, ***P<0.001 (compared with
control group). #P<0.05, ##P<0.01, ###P<0.001 (compared with BPAF group).
3.2.4 ZEZRBIT M E KIZSEM BPAF I5FHISKE T
N T BRI BOR BB S B R EE i BPAF 53 RSB . AHETEH
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gELK T, BPAF R4 T NCOA4 mRNA R FTHL f#Kik, ME#EM CQ B
Wik X % (& 3-8B-E, P<0.01). iXELHEIRKH], ZHH ] el Mgk o
H EANAERF B AR R BPAF 5 3IEAET. BRE TR BT R AL FH R,
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Fig. 3-8 Curcumin attenuated BPAF exposure-induced ferroptosis by restoring iron homeostasis
Note: (A) Effects of curcumin and CQ on the BPAF-induced accumulation of cellular iron content.
(B-E) FTH1 and NCOA4 mRNA level in EECs following BPAF treatment with or without Curcumin
and CQ. (F) The cell viability in EECs following BPAF treatment with or without DFOM. (G) The
MDA content in EECs following BPAF treatment with or without DFOM. (H) Western blot analysis of
FTH1, GPX4, COX2 and FACL4 expression levels in EECs following BPAF treatment with or
without DFOM. *P<0.05, **P<0.01,***P<0.001 (compared with control group); #P<0.05, ##P<0.01,

###P<0.001(compared with BPAF group).
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KE: (A) BPAF Xf EECs ' PI3K/AKT/mTOR @5 M. (B) 23 KX BPAF AHLS
PI3K/AKT/MmTOR JEE%[{1540H . *P<0.05, **P<0.01, ***P<0.001 (LHxfHEZIAHIL); ##P<0.01,
###P<0.001 (5 BPAF 4HL).

Fig. 3-9 Curcumin inhibits BPAF-induced activation of PISBK/AKT/mTOR pathway
Note: (A) Effects of BPAF on PI3K/AKT/mTOR pathway in EECs. (B) Western blot analysis of
PIBK/AKT/mTOR pathway in EECs following BPAF treatment with or without curcumin. *P<0.05,

**P<0.01***P<0.001 (compared with control group); ##P<0.01, ###P<0.001 (compared with BPAF

group).
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BIE: (A) LY294002 % BPAF ACFEJ5 41 fis /I HISEH . (B) LY294002 Xf BPAF i T PI3K/
AKT/mTOR JBEHIE AL . *P<0.05, ***P<0.001 (5xtHEZLAILL); ###P<0.001 (5 BPAF
HAHELD

Fig.3-10 LY 294002 exacerbates BPAF-induced cell injury by inhibiting the PISK/AKT/mTOR
pathway

Note: (A) Effects of LY294002 on the BPAF-induced cell viability. (B) Effects of LY294002 on
PIBK/AKT/mTOR pathway activation induced by BPAF. *P<0.05, ***P<0.001 (compared with

control group); ###P<0.001 (compared with BPAF group).
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##P<0.01, ###P<0.001 (5 BPAF A#HLL).

Fig.3-11 EECs inhibits BPAF-induced autophagy and ferroptosis by activating the PI3BK/AKT/mTOR

pathway

Note:(A) Effect of LY294002 treatment on the expression of LC3 and P62 proteins induced by BPAF.
(B) Effect of MHY1485 treatment on the expression of LC3 and P62 proteins induced by BPAF.
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*P<0.05,**P<0.01,***P<0.001 (compared with control group); #P<0.05, ##P<0.01, ###P<0.001

(compared with BPAF group).
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SiNrf2 # siHO-1 AbFEZHM . 45K, 5 BPAF AAHLL, siNrf2 4bP 5 4 /)i
— A% (& 3-12B, P<0.01), MDA M GSH & & &3 F+# (& 3-12 C-D, P<0.01),
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BliE: (A Nrf2 mRNA /KF. (B) 4% Nrf2-siRNA Xf BPAF 4b3 f5 40 i 71 ff1540 (C-D)
¥ g% Nrf2-siRNA % BPAF 425 MDA 1 GSH & &5 . **P<0.01, ***P<0.001 (5%
FHEG); #P<0.05, ##P<0.01, ###P<0.001 (5 BPAF AAHLL).

Fig. 3-12 Knocking down Nrf2 exacerbates BPAF-induced cell injury
Note: (A) The mRNA level of Nrf2 after transfection with Nrf2-siRNA. (B) The effect of transfection
with Nrf2-siRNA on the BPAF-induced cell viability. (C-D)The effect of transfection with Nrf2-siRNA
on the MDA and GSH after BPAF treatment. **P<0.01,***P<0.001 (compared with control group);

#P<0.05, ##P<0.01, ###P<0.001 (compared with BPAF group).
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Fig.3-13 Inhibition of BPAF-induced autophagy activation by knocking down Nrf2 expression
Note: (A) Effects of Nrf2-siRNA transfection on the expression of LC3. P62 and ATG5 after BPAF

treatment. *P<0.05,**P<0.01 (compared with control group); ##P<0.01(compared with BPAF group).
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Fig. 3-14 The expression of ferroptosis- related protein induced by BPAF was decreased by knockout
Nrf2

Note:(A) Effects of Nrf2-siRNA transfection on the expression of HO-1, FTH1, GPX4, COX2 and

FACL4 and after BPAF treatment. *P<0.05, **P<0.01,***P<0.001 (compared with control group);

##P<0.01, ###P<0.001 (compared with BPAF group).
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BIE: (A) H 4 HO-1-siRNA Xf BPAF AbRE 5 41 M3 20 . (B) # 4t HO-1-siRNA Xf BPAF
A FEJE HO-1. GPX4, COX2. FACL4 Al COX2 &t H&IAMIF M . *P<0.05, **P<0.01, ***P<0.001
(S5XHRAAM L) ; #P<0.05, ##P<0.01, ###P<0.001 (5 BPAF 4lAHLL).
Fig.3-15 EECs resists BPAF-induced ferroptosis by activating HO-1 expression
Note: (A) The effect of transfection with HO-1-siRNA on the BPAF-induced cell viability. (B) The
effect of transfection with HO-1-siRNA on the HO-1, GPX4, COX2 and FACL4 after BPAF treatment.

*P<0.05, **P<0.01,***P<0.001 (compared with control group); #P<0.05, ##P<0.01, ###P<0.001

(compared with BPAF group).
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47118

VER—FIEREGIS Y, BPAF Lk HRIE REDS 51 2 h 4 i fr) ) L AN 84k LR
I R HE B R VT NSRS R A e (Lei et al 2019), SR AR5 4
PIid s A2 P g A s SR . AN T B A R A A S, AR T
HMHE 7T, (EFTHBCRA IR, R e HABA AL T %122 5 T BPAF #5314
M difii. Jeni ROt 7R ] BPAF fE RS2 AP 53 B (Yu et al 2022b), 1 B Wi
BILT- MR AEREZVINECAR (Gao et al 2016), [FIFE, Nrf2 @ eI T fE
RIERHAEM (Anandhan et al 2023). EAHFLH, BPAF W35 W0E 1 Nrf2 il . [X
Ik, AHFFARE BPAF AIRES S T EECs HHERAETIMIRA . TEEESLIeH, AR
EHE T84BT /2 BPAF 55 EECs #0551 — Rl o AE LA, X —4 st oL 2
S P DR IS L [ S R, TS B AR AL R R W T IX — i . iXCh BPAF i
S0 B AR SR AL TV LE R VR FOTLAR R F517 SR e

O BT SR BPAF 75 2510 i A\ SR Sh 47 A5 B 400 it Py 84k S SRn ST e 45403
Bln, AT EE T BPAF I/ SRR I H SE M ALY & i RS THCRANE 7 N % (Feng et
al 2012) DA K 301 97 FH 40 g 53 (Ding et al 2017). R0, 1R/D 45158 9%1E BPAF 51
EAEREZ AR R FERNSIBT IRV EE N2 — (Gore et al 2015a), 47
WY AAAETT Be 00 IR T S 25/ A TRe, SEUERASBE (Jones et al
2018). JGHIMIBF LRI, BPAF 28 2380+ Er B it UK, (H I AR LT
ARFHRIT (Wu et al 2023). BRFET & — i B BRARH I i S5 S A VA 42 A0 3R 5l 1 37 2
st 7 (Dixon et al 2012), ZRILTH ZFIRIKER G, WHEAE. F/R%E
URERE A 2R AT RG2S (Yan et al 2021). DAEMIBTFL R, BRIET: 582 pEiA
SHFEANELA R (iang etal 2023), 4, SRR E KNS T-hsH T
Foph A FEAH PRI R A, e TR Fr=RIGEgR 5 % (Beharier et al 2021).
KR AR, YA H ARV G. AW, PR ESE BPAF 5lEM
M G ANERE . BRI, FEARHE A, FRATN EECs HERSE T AR SCHR AR BEAT R o
S5 RR W], BPAF 2 35 155 | HAE T SRR IS N, R B BPAF %% | EECs £k
FELD, SR H R LR F WX —E%, Il Fer-1 IR —PRAE T 23K
FAPRIETMEMBOR, RRWEERBAZRSER, 2w R ) 2k
FETN HAR G L B — 8 VAT VE R, 2238 3R AR @ 1 ik Bk SE Lo T 2 R A A
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PERRE] TIRITEA (Sun et al 2023).

BRAET 2 —Fh F AR I A SBT3, 3 2 f B W 4 B DR 1
(BT B2 B I, AR il S gk M R Il A M 2 45 T RE S R AT IR AR T R AR
(Zhou et al 2020a). A7+, BPAF %S T HVEKTE A< A ATG5. Beclinl 1
LC3 it , W] BPAF i / EECs 4Hfild B I, JR1M0, SILo0 JE 2 P62 1£ BPAF
R R ETHES . P62 Ey—M AEMREMM Y21k, it 5 LC3N M EAR
PRz A EE VA0 S 40 R 40 i 2 40 1) 31 WA b, Sva R R G S S A e B
—ePEfiE (Geisler et al 2010), XM HMER NG, P62 2183245 140 M H A1 R
(Komatsu and Ichimura 2010). [Hlitt, —f&i\A P62 5 HKIERIAK-5 B WRE M £ 7
MK R AT BPAF Xt EECs HFEMIFIM, A FNT eIt B Wi f iz
ARG VAMPS JEAT TARIN, Z5IRKW] BPAF EIRFEMKIER N T VAMPS
MRNA ik, XKW BPAF fEit | B AE ARl S, HoR 7 B, XHA
AW TP ERIE TR R AR 1ok AT T TP A SRR, AR AL FE K
R S IR N R R kBT R, LC3 F1 P62 [RIAH R ETl## (Fang et al
2021). (EAHT I Z R R ZE] 7 BWREOE, 26 7 VAMP8 mRNA ()1
I, FERIFH B w5 CQ 1 3-MA GIEW] 1 225 Il Ak B RZE R T ERAE TR
Ao 3-MA A1 CQ s s 56 F YR A J Wil 75, Forh CQ @4 B WA AE
WA R, FELIRT 17 8 0o 00 A 25 20 ) e At DA T T8 40 1) |1 P BT, T 3-MA
W e i A0 PIBK F 7 A HE B WA E o EAHEFTd, FATTRIN CQ AbFR4H Y
A LU Z RTINS 70, 1 3-MA #E—B it 7 4iiuity, XATaeR Ry 3-MA i
il 1 PIBK E - S EUH, Xt — PR 1 2200 3K AT e AL i I BE I B Wi i O sURFE IR
PAER, T E R FEETHE T 1 P62 Rik, fEfFLLMBTFT, FRATKIL P62 iy E Tt
& T Nrf2 Al PIBK/AKT/MTOR 38 % BUE 5 19

PISK/AKT/mTOR {5 T IEBA LA MIAFE . BEGEATACH PO S AR, JfEd
5 mTOR 5 B £ 4L & (Butler et al 2017, Ediriweera et al 2019). ST
W RN, — LR3I, anli 5yl i 0% £ oK IR 5 AR B I Y PIBK/AKT/Nr2
SRR A, (it T 4RI AATE (Rajendran et al 2020), £ &R IE HUE
PI3K/AKT/NIf2/HO-1 it i B IR A AL L, 505 BT R R BRI /) SRR o (g e 22 R AL
Mgtz (Ali et al 2018). ARTIAEAB TP H TSR, BPAF BUE 1

PISK/AKT/mTOR B, M2 R4 71X — I % . IX 7] & i T 4008 1 k48 BPAF
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R, LAOE PISK @ K 1t 7 ZXRE T B W A2, ik kA8, (it
MAEE . T H WP 80T P62 RKIAM B, Xty HERIE R P62 EFHX—F
JEGERIRME T —ERIRE . R RIS PISKIAKT/MTOR AR 2 1 22 88 R ik 3%
TS, R DA FUR B 7 UK. PISKIAKT/MTOR Sl ik . BEARAHHE
FeH PIBK/AKT/MTOR #5320 5 HAR I 78 AN — 20, (H FAFIER 1 PIBK 3@ B LR
ST IR E R o AL 45 AR AT 70 sh g uE B, o v DL RERRGE I s
PIBK/AKT/Nrf2 i@ g PM2.5 5 S IEAET., FHocEitifs (Wang et al 2022b) .
TEBE — I T HUR MR R G ERR B A, K IR 58 A E (Apolipoprotein E,
apoE) i] LU I PISKIAKT il B il gk 8 1 | Wk, AT #ifil€ksE: (Belaidi et al
2022). AT, BAMAAZ, ] PIBK S 5, ZIET-AHCE I COX2 il FACL4 th %
EFEK, RIAZRH R RREL K] PISK 1@ K T COX2 Fl FACL4 &1k, XTAlRE
T ZFHAAE L IRERR, HEEHHI TR

Nrf2 B 7E DT AL B A R 35 BB E R A, I3 Ak AR A DG 5L R n FTHL,
FTL 1 HO-1 %% 58k #a 445 (Kerins and Ooi 2018b). KEW i KM EH K iE
I B Nrf2 ik, A0 2k BT AL RE 201 51 R SEA BRI, T AgksETs, i — L
TEA BRI IE I 0% Nrf2 KPR 1, 5 R msii o G Nirf2 S8 4015 17 PM2.5
FFIINRIL AL T, FHxT PM2.5 SE I E 2] 7 Ry 1EH (Dong et al
2023), i BEELGIGE IS SR Nrf2 S R iEbisE bR NQOL F1 HO-1 Jsk &z Ii4H 75 5 1
SEEHS (Hu et al 2022). $R1f0 5 HARBE A F B2, fEARFTH, BPAF i
T N2 RIE K H T EH HO-1, MEE R [iX—IR . 1EH siRNA 1] Nrf2
J5, SR, R Nrf2 JBEEE K —NMRYER, X5 PIBK/AKT/mTOR
M B A AR S T R BRI P — B0 . Nrf2 (R B T AT B S 4B ) — R AR RE R, 24
S LB NI, 40 PR IS Nrf2, 42 @ a0 SE b U 5 D8 ) B S AR LA
ERRIP AN B, b FTHL f5g s A B T s/ b A i e B ek i 12 i, s
SR NS B IR UL A, TR B RS E AR A IS, Nrf2 BELIRER
FIERRDS, FUREH N R b 2 AR, AL 4 AL HoAh it 7t A 4Rk,
U & BR BT P IEA 5 S 0 S AR e, RS T R IR R R FTL AN
FTH-1 KR . P62-Keapl-Nrf2 38 i B3 nT LA e 40 B i kst Tk AR
(Hu et al 2022, Sunetal 2016). 2R, A, 7EH siRNA K Nrf2 ik )5, H
Wi AH G EE 1 LC3 I P62 DA BRFET EE 1 COX2 Fl FACL4 thfi & PR . A W R,
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Nrf2 FE0E Al LB 2 A B SCHED, fn P62, ULK1. ATGS 1 LC3 4, i
Nrf2 2= S8 EH R R FEE, H, Nrf2 (93d B R E <18 P62 11 mRNA /K
-, T P62 KK EAR R /T Keapl 2R3, i — W0 Nrf2 I8 B Wbt sl b S 15t
A% (Lau et al 2010, Zhang et al 2023). 7EAMFFLH, 4% Nrf2 siRNA J& H W AH %
R E AL, LR R ATRGEIT NS Nrf2 BRE T AWM SR ARE, Xhi—

SRRRE T AW T P62 RiIA EFHREE . WHIH] Nrf2 21X f5, COX2 1 FACL4 &
IEWIFREAG, IR I AT gEAF R HAR AR &R, BB fR it — PR Tt . REKHES

FUIER T Nrf2 fEBUEAC PSRRI, SR Nirf2 (193 FERIA AN i
511, X ATREFI HO-1 (13 3RiAH ¢ (Yuan et al 2008). HO-1 & Ifil 21 2 [ R 1
E I I 2T 3R B AR AR k. — LR AIEZR =L & (Maines 1988),
WIS B AR R R T EALE R (Kawamura et al 2005). [Rlt, Nrf2
PO, R R LRI HO-1 J5, WRESIInEEs TR, SERkK
WM B AL M4 R BE TS, W Chang %5 IkBa |7 (BA Y11-7085) i it
Nrf2-SLC7A11-HO-1 %4415 S 4l i 8kt 1. (Chang et al 2018a). Tang 25K I
Nrf2-SLC7A11-HO-1 i i HO-1 380 7 AR L B M k46T, TiEefik HO-1
T T hUEA KRR TE 7, BRI T BRES & & (Chang et al 2018a). 1 A 5 H
MM HO-1 J5, 4% 13— P 4K, COX2 fl FACL4 FRikHoh, #t—BiEl 7 A
B 72 Nrf2 S8 3805 HO-1 ZHEIRHTUSE T VEH o X B R I TEAS R SR 36 R, HO-1
RIFFALII SN IMER, AT AR BT A A F B s T T i U

AR, ORARZ IR, BRIET R — R T4 1 B W i g st o
o EYSETE AR, @IS B R S R A B WL 32 1k NCOAG #EAT %
fi#, BEREAAERE AT AT, SR U S, s B A
FEA, m R NCOA4S BT R, v LAMHI LT/ & 4 (Dowdle et al 2014, Mancias
et al 2014b). 7EHARME 7 BIESE 71X —4518, Wik A ARSI Atgs Al Atg7
A AR/ BTG RRAF4E4H R (MEFs) mp k& s A s T i %4k, 4% erastin 155
[ELFET. (Hou et al 2016). fEAHT T, 15 H TR H . BPAF L] | EECs 4k
TS o &, MAHZNEM CQ A5, B roRRERI, RUMERRME
SEADHI B WEREAR T EECs HIEE T E . REH AR —Fh NCOA4 NIk E
HEFEfRIIRE, NCOA4 [k Rk il 738k F k% (Fang et al 2021). 40 Yin &

RIVRR )G EERE S 1 1 NCOA4, F&MIk FTHL (75 3\ 3 1 /M2 b B IR
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HERIERBETS (Yin et al 2022), T NCOA4 T LLIMHI kR 11 FR AR A4k 88 7
& (Fang etal 2021, Kuno et al 2022). fEAH 5T H NCOA4 [ - FH3458 | X8k E
FEff, SECTELIET., FTHL 322 Nrf2 3% (Kerins and Ooi 2018a), FTH1 ) FF7]
e Nrf2 S FTHL RASG I 2kt (it A2, b EEs 78 &, IKBTEkaE
TN, FIRE, GPX4 t5Z2 3] Nrf2 4%, i m GPX4 HRIAH BTt
g O A I =2 . T 223 R A CQ b FE 5 NCOA4 FlI FTHL B P, RHEE R
WAL B B WSS T BPAF i S EIET:, HASLLE H DFOM #8815
XA R R, 3 —30 750 17X — 250 . MBI &5 SR e At e 7o R 3
Wang 55 &3 PM2.5 153 B/ R LR ZET- NCOA4 1 FTHL Rik LA 1
TEHEY FFHE , Ml E0E S FTHL (RS 72T KA (Wang et
al 2022a),

i ST AR SR ARG SIS R A T B 1 AR S, S B0 5 R (Lebeaupin et al
2018), AR AIRM, &R RIFIIPIC LR, L8 R AR R
PGS (Tang et al 2021a), 1X3 B A 5T I S8 & AE SRR T B UIAR G . Ui He 45
KA SO SR E A RS S THRE ST RS MKIET (He et al
2022). A5 P ST XBP1-Hrd1-Nrf2 SE G F4R50 T, 1R300 bR f b )
AL (EMT) #EJE (Liu et al 2023). ARSI 50 UE B 7 4 5t X REE0RT BLIE
it IREla. PERK 1 ATF6 i 1% LALANE 77 %55 H M (Bernales et al 2006,
Hayashi-Nishino et al 2009), X% W P 5 WX ST B2 il i B W/ 3 RSB . 7EAR
WHFir, BPAF 340N T BTN BOAR G AR, 7557 EECs WML, 13
PR ] TIX IR, 4-PBA 25 SN B Y SO, E R DG A
B BEAG o AL R IAE HARBIE 78 A 3, Zhao S5 & A1) P Jo 9 R 5 )
H o] DU 5 SIS /NS E R AIBRERAE T (Zhao et al 2021). iz, XEEgE %K
W] 2208 2 v Re a0 ) 5T I3 10 B RS BPAR 15 3R AE T

g bR, AWRRHYILT- S5 T BPAF 531 EECs AU ifn, HWREE
FIPY J5 0 LR BRAE T RV LE 7 F AL . A, BRATIE R IZE TR K@ #H] BPAF
75319 R PR Joit IO R8T A A R AR T R A o I R AN SR R BE T 0T
& BPAF SIS Z R (S fE & AE, 1M BR SR 22 5 R FTRE 2R YT BPAF #&filH
KPR AEIRTT TN
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5.1\25
AW FT LA EECs AR 4M5 3-8 , 1957 7 BPAF X EECs kBB T [¥152ma & Fofil & AL

i, FIRTERT T 2 R BRI T AR E AL . R BRI

(1) BPAF Jdi 75 5 P4 ot 0 7 0 2 A [ WA DG IR 3Rk, 230 EECs 1 P I .
WO E W0, AT 51 & NCOAG /i SRk B 1 WKk 28 1 AR TS, 544 51 K EECs
FERIET IR A

(2) 3 AT il I 0] BPAF 551 P9 ot I SO B W, BELBBT 8k 2 1 1 il 2 v
BRE T HUREG AR TI ARRR] THIHRIEA, A ERIE T S 801 EECs Hifsi
B8 R BOR

(3) PIBK/AKT/mTOR #1 Nrf2/HO-1 J& % FIGE A B TSI T Rk A, £E R
MR, UK E T PISKIAKT/MTOR 1 Nrf2/HO-1 i@ gk, it
A T W AR BT T A DG B I
6. £ R4
6.1 512
AWFFTLL EECs RSN FRIEAY, B Je4R5T T BPAF X EECs L4l JH 1A

YIET S TR EAER, RN CA T &M% BPAF X EECs FIFEIERZMT, e —Fhif
VISEEU 235 3% AR S H T BPAF 5 S 4t i R E . AR A B3R T
PAR&

(1) BPAF A fgiliid $LEL P A RGNS MAPK #8155 EECs /1,

(2) LEF R E U RS FIH] MAPK 1842/ BPAF 1551 EECs
FT.

(3) BPAF ik I N B I RO H k5% | EECs #kAET.

(4) FBF M I P95t A0 B R, BHISTER SR 1 E R, Z80% T BPAF i 3 RSB

(5) PIBK/AKT/mMTOR F Nrf2/HO-1 j % 4% 380 LA $it BPAF 75 5 HI4H A 5 %3 -

6.2 BT =

(1) FRFARSG I TR e, AW FUA ] EECs RS TR AR ST T BPAF
HppagtE, AP T BPAF 5l EECs M4 T-RIERILT I8 I 21 2 Fhvilk MR (5 5
P EEL AT AT RIEOR F R RS TEALEE BN T A BPAF 25X
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B2 B R 24 0T B A B DD B O TR MR M R T BBt
(ARBFFHRYT T 235 %% BPAF i 5 EECs (1940251 10 (47 A% SL 48 72,
AR AR BPAF Bt S 505K % 5h) R RS 1 R B 1 TR [ D 16 S
B

6.3 NEZ I T—itX|

(1) ABFFALLELILAKF L% BPAF 55 (141 4515 7125 3 R IR R A AT T 4%
Ge, RT3 2R TS RELE VRPN R AP FH M RT 248. BEab, I8 S B Bt 3
B/ BRI — 5 B0iE BPAF T 25 D BEMAFVERG I, (4% T2 PO IBE I 40 WA T BE AL
T BT PO PR T 5 DA 35 25 B R AP R AR 2

(2) TEASESh, ] BPAF YR FBEARE T SErbf SEbe ik FE 5 — s 2 5%, BRlUb Al 2
S SEBRIFEE T BPAF SEMRIE, R BB I/ BB ER S0 K UMK BPAF 2
B TR ThRE, WRRAMERE R LR & TS .
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