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W OE: B WEEHE AR FO AU AN U F AL s, BRI R A R SR T RPIE T R T AL . F5RE R
TR P B AEHE N IE 4 HL7702 A1 CSTBL/6) /N, ERA I ERSE T4 7 (ferrostatin-1, Fer-1) FITh 2 ik F 5 L [R] 4b
1 HL7702 40, CCK-8 yEAGMIANAFIEH; W& g et &2yl Wl e ek s 7. B H L (glutathione, GSH).
P (malondialdehyde, MDA) & & LKA MY LA (superoxide dismutase, SOD). WEIRE LB (alanine
aminotransferase, ALT). RERIREAIEH G (aspartate aminotransferase, AST) ji1%; qRT-PCR 5 Western blotting £l #%
BREE 324K 1 (transferrin receptor 1, TFR1). &M H it G 4 (glutathione peroxidase 4, GPX4). HIFUJIRER AL %k
Wy il 2 (prostaglandin-endoperoxide synthase 2, PTGS2). K& ARIEE4HEE A 5§ 4 (acyl-CoA synthetase long-chain family
member4, ACSL4) J3&ik. £ER HAMH R EZHFRABAER (P<0.05), FLESKIT, TGS ALT. AST i% 4k
(P<<0.05), H4fn HL7702 4 A1/ H2HZ PR 1. MDA &8 (P<<0.05), F#{K GSH &5 . SOD V&R GPX4 £ik (P<
0.05), i TFR1. PTGS2 Jt ACSL4 ik (P<<0.05). Fer-1 3% FiH4NMIAFI% %M GPX4 ik (P<0.05), & FiLk
BT &, TFR1. PTGS2 & ACSL4 ik (P<0.05). £5ig HAMEP R REE GSH/GPX4 Hhi 5B 5 Al i id
Ak, FFHFAIEIET.
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Mechanism of triptolide-induced ferroptosis in liver cells based on glutathione/
glutathione peroxidase 4 axis
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Abstract: Objective To investigate the effect of triptolide on iron metabolism and lipid peroxidation and evaluate the underlying
mechanism of triptolide-induced ferroptosis in hepatic cells. Methods HL7702 cells and C57BL/6J mice were treated with triptolide,
or HL7702 cells were co-treated with ferroptosis inhibitor ferrostatin-1 (Fer-1) and triptolide, and then cell survival rate was detected
by CCK-8 method; Iron deposition was detected by Prussian blue staining; Iron, glutathione (GSH), malondialdehyde (MDA) contents
and superoxide dismutase (SOD), alanine aminotransferase (ALT), aspartate aminotransferase (AST) activities were detected by kit;
Transferrin receptor 1 (TFR1), glutathione peroxidase 4 (GPX4), prostaglandin-endoperoxide synthase 2 (PTGS2), acyl-CoA
synthetase long-chain family member 4 (ACSL4) expressions were detected by qRT-PCR or Western blotting. Results Triptolide

significantly decreased cell viability (P < 0.05), increased ALT and AST activities in serum (P < 0.05), and resulted in iron deposition,
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increased iron, MDA contents (P < 0.05), decreased GSH content, SOD activity and GPX4 expression (P < 0.05), and up-regulated
TFR1, PTGS2 and ACSL4 expressions in HL7702 cells and liver tissues (P < 0.05). Fer-1 significantly reversed the decreased cell
viability induced by triptolide, and increased GPX4 expression (P < 0.05), as well as down-regulated iron content, TFR1, PTGS2 and

ACSLA4 expressions (P < 0.05). Conclusion Triptolide may induce iron overload and lipid peroxidation via GSH/GPX4 axis which

ultimately leading to ferroptosis in hepatic cells.
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JEAR/N B4R BT A B H IR (glutathione,
GSH) & &, #fi| 2& e H kit S 4k P 4 (glutathione
peroxidase 4, GPX4) ik, i€k %L 4 i 7
(ferrostatin-1, Fer-1) JIl 5% B i FEAC0T £ Bk 2 5 1%
s AR, SR s A AR IS R0 AR SR
T, Fer-1 A g3 /N R ZH 2R AT 2 8L, #0if)k
ST AH G R K BE IR I A A & 1%l 4 (acyl-CoA
synthetase long-chain family member 4, ACSL4) FIH{
P =N H A & il 2 (prostaglandin-
endoperoxide synthase 2, PTGS2) WKL, JliExf
LM Wy 51 R ) /N B 2R 500 1R 3R AE T
TEE E T R AL EEES (protein kinase R-like

endoplasmic reticulum kinase, PERK) -F %G A
F 20 W3 Ceukaryotic initiation factor 2a subunit,
elF20) -¥i% 5 5% [A-F 4 (activation transcription
factor4, ATF4) {5'5i#EE, 5l ATF3 /1 3k
B 521K 1 (transferrin receptor 1, TFR1) ik i
{10 [T, B Sl A0 ) 2K A R 9 R AR KR 40 A%
1 1 (solute carrier family 40 member 1, SLC40A1)
ML, SFEUTHRALER, JHEd NH GPX4
PRIk, SIEMFMREIET I, AR =] 257
A 5] ARk B T R A, FECRRUTFA LR,
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B IE & FTF40M0 HL7702 W E Jbah BB
RHEMWAF . SPF Pt CSTBL/6) /IR, A&
16~18¢g, 6 JA®S, MW H Ll VAR A H AR AR A
Al, ZHWIVFRTIES SCXK (50 2019-0010. /)N EL 1A
FE T L PE T EE 25 K SPE s, FFEIRE 20~
25 °C, FXHEE 55%~65%, HHEEIK, &M
PEIRFR 7 do SR04 L vE R 25 K B e B2
ettt (kS 2021DW207).

1.2 AR5

HABH R (RESH>98%, #t'5 230903)
6 H FigRREA R R AR AR BRI
7l Fer-1 (#t5 149105) ¥ H 3 [ MedChemExpress
A F]; RPMI 1640 58285775 (4Ik5 2305002). PBS
FRRE (b5 20230517TH) . RS (LS 2305002).
e Ll eSS 20220316). BCA &
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WEARAF & GItS 2307001) W E LR ZREERHE
HRAA; CCK-8 Wlifl& (k'S5 MA0218-2-Mar-
29H) . CIEREER ECL &G (5 MA0186-Apr-
041 WA KEECEVHEHARERAF; BEFE&E
Wt R & CHE S 20220321 ) . T
( malondialdehyde , MDA ) 5l ik 77 & (it 5
20231020) #BE A EALEE (superoxide dismutase,
SOD) W& (5 20231018). GSH ik &
(fit5 20231016). WA AFHEFF2E (alanine
aminotransferase, ALT) FlRA7& (L5 C009-2-
1) RA AR % BB ( aspartate
aminotransferase, AST) iif]& (fit'5 C010-2-1) 4
@ SEY TR R B4 mdE (s
J825FC0251) Trizol il (b5 G921KA7072).
HRP #ric W =E gt —ht (5 J804AA0007) 1
A B TAY THEAF; MonScriptTM RTII AII-
in-One Mix {7 & (L5 140713). MonAmpTM
ChemoHS qPCR Mix i fl & (k5 00007547-
110721) W HEZANEMFHHA R AR GPX4 $it
PR (L5 10026631)+ ACSL4 4K (#L5 00108861)+
PTGS2 Fifk (L5 00104008) 0 [ EIN = [ 4= 4y
HARAMRAF; TFR1 fifk (AF8136). & H i
#F (L5 CR2303056). RIPA HHARMHR (S
011921210824) HRP ric i EPi/ MR —ht (ks
090523231228 H FilgFE = RAEMHAA R A A ;5
B-actin Fifk (L5 AC220227004) T H EIN Fe4E /R
EMEHEAERAH .
1.3 {425

Galaxy 170s 4 CO, 357748 (#8[H Eppendorf 2
7] ); Multiskan FC B4R (£ Thermo A ] );
QuickDrop & 54N G EETH (35 Molecular
Devices /A A ); Powercycler il PCR X (3
Analylik Jena A #]); Archimed X4 & SZH 98 € &
PCR 1 (b 5% fiE IS 2 (R BB A BR 53 4F A F] D s
ImageQuant LAS 500 2 {57 KGR R G (L E GE
AFD; Allegra X-30R M & A A HEE AL (EH
Beckman Coulter 2] ); DYCZ-24DN B B yk 4
DYCZ-40DN L E[1HE, DYY-7C BY s 3kAY (LIS
— VR ERA D
2 7k
2.1 {RpEEESE

HL7702 40 & 10%M84-1f17F « 100 pg/mL #E
A 100 U/mL 758 &) RPMI 1640 F577 58, T

37 C. 5% CO, MG FRF R 7=
2.2 ZARESEIG SrAFNALIE

BOREAE KT HL7702 40, LA 1.5 X 1054/
LT 96 FLAREL L 3 X106 4/mL 80 F 6 FLIR
g1, A0 25. 50, 100 nmol/L FFE ARER &, Ab3
4HAE 24 h, B I 50 nmol/L 5 /A i F & AL HE 12,
24, 48 h, [ENEEXNEH IWAREAYRIRFE
), KH CCK-8 VLM A ffAiG R, FIFHEET
RN SN E s o, e LErem
FEPIBIE ML, qRT-PCR | TFRI. PTGS2 F
ACSL4 mRNA ik, Western blotting £l TFR1.
GPX4. PTGS2 #1 ACSL4 FEAXIE, W&
GSH. MDA # &A1 SOD %1% .

BT B0 K 1 HL7702 40, DL 1.5X 1054/
FLEEFHT 96 FLARELLA 3 X 106 AN/mL #2706 FLIR
B, WEATIRA ONAREZMIMREFRED . F A
R4, Fer-1 . AR Z +Fer-1 41, H Fer-1
(2 umol/L) THALHEANMI 24 h f5, FH 50 nmol/L 1]
AT R AL FRGH M 24 ho A CCK-8 Y2460 4
FER, FIASEFE&EaNRR &N EskE 78
=, Western blotting #ll TFR1. GPX4. PTGS2 Al
ACSL4 R HFRIE .

2.3 CCK-8 &M 4HpaEiE%

T WS T N T AN R B FOAS [R] A ER R (1]
AR MOAT I 2 IR, 4% “2.27 TR 2 A 34,
e CCK-8 & 1t B I & LIBOGEE (4D 1,
HtE A RS

RAFIER =4 wu—A w:)/(A su—A 20)

24 EELTIELENEREKTAER

€227 WURNTRALERANAE, & 4%Z K HE
[ 5€ J5, H Perls Bt g4t 30 min, 7850k,
R getaiigeta 15 s, A, RS P
By, SISk 7 AP Tmage J 8PE B 6
o Gt W 8 DA | S AR B E A .

25 $EF. GSH. MDA &EX SOD SEMME

P “2.27 TR Ab B, 42 IR A
H23 H 2 2R 7« GSH. MDA & &A1 SOD 5.
2.6 qRT-PCR # TFRI. PTGS2 F1 ACSL4
mRNA FRiX

P “2.27 TR A B, 4% IR A
PRI S RNA 4 cDNA, 3T qRT-PCR
AT SN B AR T AR TR I A BR A & %
JFEHIE 1.
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Table 1 Primer sequences
Yrh FEE 515 (5°-3°)
N TFRI F: CACCATCTCGGTCATCAGGATTGC
R: TAATGCTTCTGCTGGGCTGAAACC
PTGS2 F: GGTGATGAGCAGTTGTTC
R: AATTCAGCAGCAATACGATT
ACSL4 F: CATCCCTGGAGCAGATACTCT
R: TCACTTAGGATTTCCCTGGTCC
GAPDH F: GACATGCCGCCTGGAGAAAC

R: AGCCCAGGATGCCCTTTAGT
F: CGCCATCTCAGTCATCAG
R: GGGCTCCTACTACAACAT

/B TFRI

PTGS2 F: CAGTATCAGAACCGCATTG
R: CAGGAGGATGGAGTTGTT
ACSL4 F: CTCACCATTATATTGCTGCCTGT
R: TCTCTTTGCCATAGCGTTTTTCT
GAPDH  F: CAGGAGAGTTTCCTCGTCC

R: CCCAATACGGCCAAATCCGT
2.7 Western blotting &l TFR1. GPX4. PTGS2
1 ACSL4 EARIA
i “227 WiN AN, 4 PBS EiL)E,
TN 2 A BN RIPA 2R, VK EZH#E 15
min 5, 23 SE LR EWITHRLEE, 4 *C. 12000
r/min 250 10 min, HX_EiER, BCA iEME & AWK
o ¥ BiEWS SDS EREGRITIBIR S, 95 Chnk
5 min {8 AE M. EAFME T AR ERN-R
PGB F bk, %% PVDF B, IS 5%/
BWIK K TBST, =iREM] 1h, %8 11 1000 [FF5
BELLB 2 B in N TFR1. GPX4. PTGS2. ACSL4 }%
B-actin —¥i, 4 CHEHELR G, MAZHL(1 : 5000)
FHEIFE 1 he KA ECL ¥ RIGHFI G AR
JERUE RS T AT, LA B-actin NS, Image
J A & H B

150 p=

A
< 100}
v *
s T
%
=2 50 = z *
s T
0
X 25 50 100

A REH % /(nmol- L)

2.8 TISEI YR, YATARIERRIEI

C5TBL/6J /)N 5 B #1153 ot HEZEL T E A i R 3
(0.8 mg/kg) 214, M 10 X, FEAMFERM ip
RAMTER, XA ip SR AR EK, &E% 2
RIFES VIR, EBES 3K, Rk 24h )5, IR
MEERI, 4389 My, e AR B b B Al ifn 37 o
ALT. AST. SOD JEPERAIELE T GSH. MDA &,
ISCAH [FDR AT HERE s T 4% 2% 58 FR g vh il s, A6
W, I amiE. HRER-PO (HE) Yth, 2R
T T USRI HLIE SN . qRT-PCR A4 2R
TFRI. PTGS2 Ml ACSL4 mRNA #iX, Western
blotting £l i 2121 TFR1.GPX4.PTGS2 #1 ACSL4
wEHRIL,
2.9 ZIHFEST

#9518 id GraphPad Prism 8.0 5 4H 43t H-AE E,
PAX £s KR, AR ECRA K5, 240t
KRB 27 Z T o
3 #£R
3.1 FLABERZANE HL7702 HETEEER

HL7702 4i}f1%: 25 50. 100 nmol/L )55 2\ i
A 240 J5, BEESGIRETHR, MRMAIEE
BB (P<<0.05, 1-A). HL7702 4% 50
nmol/L T A K ALFE 12, 24, 48h J&, HITETE
Bl o o 2 T E IR T R (P<<0.05, B 1-BD.
3.2 FAFKERERSIE HL7702 4 EkiBE

BRAR Y AL AR BRI TR A Y B AF S, TR
VERBARE IS AR P GBI AN B R T 244, I Py A
VER A S8k B 1 4R 06, HL7702 4HREA R
FEE AR RAHE 240 J5, BEEAHGIRET &, 4
i PR K B T A i (P<<0.05, & 2-A), - H.

B 150 =

100 p=

§
o
hlad *
g sof i
B
0
0 12 24 48

t/h

x4 ER 0 bt *P<0.05, E2~4. 6 [,
“P < 0.05 vs control group or 0 h group, same as below Figs. 2—4, 6.
1 FERE (A) MARLLIERTE (B) HYEABRE R HL7702 RAEEERMFM (X+s,n=3)
Fig. 1 Effect of triptolide treatment with different concentrations (A) and incubation times (B) on HL7702 cell viability
(Xxs,n=3)
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Y
XPHE 25 50 100
B A JEH K/ (nmol- L)
FAMEHF 50 nmol-L! FHAEH K 100 nmol-L™!
C D
4 2.5F
] N 20 i
X 3F * A HEH Z/(nmol L) @ i
= , 02550 100 S 15} *
L — N
1} I
% B-actin | P —— |4.z><1o4 W 0.5F
0

0
XtHE 25 50 100
&N PEH F/(nmol - L")

X 25 50 100
T A F &/ (nmol- L)

B2 TFREMARI HL7702 HETHREFIE (A). AR (B, X200) F TFR1 K& (C. D) HIFME (X£s,n=3)
Fig. 2 Effect of triptolide on iron content (A), iron deposition (B, x 200) and TFR1 expression (C, D) in HL7702 cells
(X£ts,n=3)

o REZH AW 452 380 B 2 RS, T A TR FE R AT A
BRyTRHEAR B B340 (B 2-B). A, qRT-PCR F
Western blotting fill 45 5 2R, BEE TR ABH RS
25k E TS, TFRI mRNA FIEE [R5 B0 R A
BRI (P<0.05, B 2-C. D).

3.3 FABEHES|R HL7702 @i RISk
it

NI AR AR T ) R B E . —,

FERRAET- R I B 4R AR . GSH 1 SOD /APy 9%
BEBUEATT, MDA 1E AR TS SRR =, AT
DA TR 2 Je ik S A 355 FE EE (81, HL7702 4l 24N ]
W R AREF R 240 J5, AR R 5%

20 80

T 60
£ ‘aﬂ

E = 40
£ 2

= a

jan]

2 2 20

XEE 25 50 100
N JBEH K /(nmol - L")

YEE 25
A JHEH K/ (nmol- LY

fik GSH & &, #I| SOD i1, #&m MDA & &,
HEIRE M (P<0.05, K 3).
34 FLABEREXHL7702 HEPHKIETHXES
FIEHIEZ T

GPX4 24 SRR i S5t 8 A0 7 480 2 e 1 O
FiEALRER); PTGS2 1 ACSL4 #l N2 RIET -
EVIFFE . PTGS2 H TR AE A= DU R A A i 41
JRE, U RABRIET I PTGS2 Rk e & FiR07,
ACSL4 ZERFET: 1B R R 1, Al S 164 DO
R b iR 345 22 N0 T 7 B A R S i T A
Ji o 3 O\ Jof R T R A 4 M R AR R AE T 08T,
HL7702 40 AN FREE TR A H 3 A2 24 h /5,
251 .
2.0
1.5

1.0

MDA/(nmol-mg ")

0.5

0
50 100 X 25 50 100
A EF Z/(nmol- L")

B3 FABBZEX HL7702 48H GSH. MDA & 270 SOD SEMMIFN (X+s,n=3)
Fig. 3 Effect of triptolide on contents of GSH, MDA and SOD activity in HL7702 cells (X £ s, n = 3)



« 2972« F8 B 2024F5H $55% B Chinese Traditional and Herbal Drugs 2024 May Vol. 55 No. 9

TN RE R T B ENH GPX4 IFERIA (P<0.05, K
4-A), gt PTGS2 1 ACSL4 %1k (P<<0.05, K 4-
B. ).

3.5 Fer-1 FEEAKRRRS|IEM HL7702 ZHAESK

m, XHEABEFERY Fer-1 3
M. iR ER, 5EABERMAIE, Fer-1 H5HA
i R AL BR A AR B A7 15 A GPX4 Rk B 3%
FhE (P<0.05, F5-A. C), %EF&E. TFRI.
PTGS2 J ACSL4 HHARIA R B FF(K (P<0.05,

X 25 50
T A F &/ (nmol- L)

Al

(A
NTWEE Fer-1 STHEABHRAREENRE K S5-B. C).
A B
L5 20
. _ ity
&N JBEH &K/ (nmol - L) Hﬁ 15
0 25 50 100 1.0 R
EE 8E 10
GPX4 [ o -..|2o><10 Oz
Eos N 4 S
B-actln I — — — — |4'2>< 104 e E
E
0 0
SHHE 25 50 100
AW 2/ (nmol- L)
¢ 2.5
& AEHFE/(nmol- L) .
1# 2.0
0 25 50 100 9 .
PTGS2|—- -_— —7—-|7'0><104 SUR 1.5
or
R 10
ACSLA | s s wm o | 7.9 10 =
P\;E{ 0.5
B-actin [T o S ] 42 10* 0
X 25 50 100

Bl 4 FTAEREI HL7702 4AF1% GPX4 (A). PTGS2 #1 ACSL4 (B. C) FKiAH

WA 2/ (nmol L)

ACSL4

%E?FEXT%JK%

w

S}

—

ACSL4

mRNA FHX ik &
(=}

100

N R N

FL[EACE HL7702 44

XHE 25 50 100

AN

£

2 A ol L)

X]LEE 25 50 100
& AT 2/(nmol- L)

2 (X+s,n=3)

Fig. 4 Effect of triptolide on expressions of GPX4 (A), PTGS2 and ACSL4 (B, C) in HL7702 cells (X + s, n=3)
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=S i w05
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0 (SN
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Fer-1- - + + Fer-1- - +
HXTRMALEE: *P<0.05; SEABHERALLE: *P<0.05.

*P < 0.05 vs control group; *P < 0.05 vs triptolide group.

E (B) MHFETHEXREZEBRE (C) HIFNM

5 Fer-1 SENBFRARILLIER HL7702 MAEEER A). KBEFS
(Xxts,n=3)

Fig.5 Effects of Fer-1 and triptolide cotreatment on cell viablity (A), iron content (B) and ferroptosis-related protein
expressions (C) in HL7702 cells (X £ s, n=3)
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3.6 BABRRSIE/NRIFALKIET T FH 2O R MR E T se ), g5 R EOR, SXTE

WG RT IR S A e s R, N ip dLtkEs, HAEF R GSH & &. SOD ihtEA
THABRERG, WHERSEMZHEAE, K. GPX4 FikE B FHHEK (P<0.05, F6-C. F),
B, e WA SEIRIE, Mg ALT. AST i&1H  EF. MDA & & & TFR1. PTGS2. ACSL4 Kis&
BIEREH (P<0.05, Bl 6-A. B). MAMEHLA  BEAE (P<0.05, K 6-C~F),
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Z st @ 200F 4ot ¥
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MR EAREHRER X EATEH R X EABEER MR EARERER
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4r . 4 . 4r
I I it
X 3F X 3F & 3k *
S > P
2 1% o =< L 5 X -
=7 R’ gx 2
< < <
zIr Z Ir z 1f
El E !
0 0 0
MR EAREHRR X EABEER MR EARERER
20 15
F *
o sL ]
ol 1.0X105 ﬁﬁ Mo .
& S
=& 10 AR
(= G}
. o o5k o 05
GPX4 2.0X10 g O i
0 0
MR FEAREFR YR EARRER
v
PTGS2 | S s [7.0x10 150 . 15
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ACSL4 4 K 10f K 10F
- - 7.9%10 ik i
- o N
Hm (@
. =5 ost <% 05k
-actin
0 0

SN EE==AN
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Fig. 6 Effect of triptolide on liver function (A ), pathological morphology of liver tissue (B, x 200), oxidative damage index
(C), iron content (D) and ferroptosis-related protein expressions (E, F) in mice (X £ s,n=3)
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