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Ferroptosis-induced effect and mechanism of dihydroartemisinin on tumor cells
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Abstract: Objective To explore the effect and mechanism of dihydroartemisinin (DHA) in inducing ferroptosis of tumor cells.
Methods 3,3',5,5'-Tetramethylbenzidine was used to detect the oxygen free radicals (*OH) formed by DHA and FeSOs4 in vitro. The
cytotoxicity of DHA on HepG2 cells was detected by MTT method (including FeSOs or deferoxamine pretreated groups). MTT assay
was used to investigate the influence of glutathione (GSH) and inhibitor (Fer-1) on cytotoxicity of DHA; DCFH-DA dye was used to
investigate intracellular reactive oxygen species induced by DHA (including FeSOs4 pretreated groups). C11-BODIPY?#""*! and DiO
dye were used to examine the influence of DHA (including FeSOs pretreated groups) on intracellular lipid peroxide formation and cell
membrane structure; Glutathione peroxidase assay kit was used to explore the influence of DHA (including FeSO4 pretreated groups)
on intracellular activity GPX-4 in HepG2 cells. Results Fenton-like reaction occurred between DHA and Fe?*, and *OH was
produced during the reaction. The half-inhibitory concentration (ICso) of DHA was (39.96 + 8.78) umol/L. FeSO4 and deferoxamine
could increase or decrease the cytotoxicity of DHA, respectively. After treated with DHA, the intracellular content of reactive oxygen
species and lipid peroxide was increased, the cell morphology became larger, and the cell membrane was broken. Compared with the
DHA treated group, the FeSOs pretreated group further increased the intracellular reactive oxygen species and lipid peroxide content,

and the cell membrane morphology was completely destroyed. FeSO4 could also enhance the inhibitory effect of DHA on GPX-4

WAs HER: 2019-10-23
EEWE: EFRAARFESEDLE (81873838); Wil HARIE4 (LQ20H300002); WiLA HARIFHSE (LY16H160025); #iilH
4 PARETE (2018KY429)
EZREIT: Wik (1991—), 55, WHLAMA, WiLatsik, 200, FENEMBBRIC A 5. E-mail: feiweidong@zju.edu.cn
HBIEMEE  ARIEL (1966—), 2, WIHLAMA, WL, FALANN, F2MNIEP= TR 1 ) R
Tel: (0571)89991730 E-mail: chzheng@zju.edu.cn



©3474 « tEd

Chinese Traditional and Herbal Drugs 35513 %8 13§ 20207 A

activity. Conclusion DHA increases intracellular reactive oxygen species through Fenton-like reaction and ultimately induces

ferroptosis of tumor cells. In addition, exogenous iron can accelerate the Fenton-like reaction of DHA and accelerate the occurrence and

development of ferroptosis of tumor cells.

Key words: dihydroartemisinin; ferroptosis; Fenton-like reaction; oxygen free radicals; tumor cells; exogenous iron; glutathione peroxidase-4
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Fig. 1 Occurrence and development mechanism of ferroptosis and mechanism of DHA-induced ferroptosis
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DHA (Ji& /% 98%, fit'5 J1818126) Al
FeSO4*7H,0 (JRE/TE 99%, L5 F1578425) 1
T RgBrR TRAA R AR A HIK (GSH, it
5 C10320884) £l 3,3",5,5-JU FHILEL K i (TMB,
L5 715428724) W4T L i MRAEAL BRI TR 2
Al ; DI040 Hu R e kb CHES5 1993024 ) Al
C11-BODIPY®"! (k5 2090572) ) H 3 [ FE 2R
R B A R A A ;s DCFH-DA ( #t 5
CO1A10L84586) 4 H Figint Ak A IR A w]
F Y (desferrioxamine, DFO) Fl ferrostatin-1
(Fer-1) ¥ 3 E MedChemExpress ‘A #; DMEM
BRIk R4 MiE (FBS). JHRER AL T2 E Gibeo
AR AT A IS S (GSH-Px) X
FEIT EE A REMEARGR A .
1.2 EENEHE

FV1200 Ot R ERME, HA Olympus A
#]; Varioskan Flash 3001 B br{ . 3111 440 pfE G
B4, EEZEER KRB AR MDI6000B %
BB R AEE, EEARERERAR; AG22331
Eppendorf B5.041, 78 [ CAE I 47 A F
1.3 “Afm

NI HepG2 AT BB B b ifg A=
REAAIE 7 BE 4 A B YR 0y, HepG2 fE5H 10% FBS
M 1%FH %2 1% % 2= 1 DMEM 877 T 37 C.
5% COs (5 FRAE FR T 85 37 IR S R AP IR AE K
BT BRI AT S5
2 7k
2.1 RSN EAER N (Fenton) 4 FY ROS #fi33

NI DHA &5 Fe A S5 [ B ™= A « OH
fIREF7, ¥ 200 uL () TMB (10 mmol/L) HIAF#
4 FeSO4(10 mmol/L)#1 DHA(0.1.2.4.8 mmol/L)
RS R I B 6 ho £F TMB #1443k «OH
Jei s PSRRI SO AR R IROEBE (4D {E (400~
800 nm). 4b, HEEARIE DHA K. FeSO4
W5 DHA+FeSO4 S NAR R TEAS ]I [E] £ (0.5,
1. 2. 4. 8. 12h) 7EIEK 650 nm I [1) 4 1H.
2.2 ‘ARASMHMR

AW T MTT A7 Dl DHA ¥ 1 41 i 23
Mo BB LERSL 5 X103 DB FE AT 96 LK
H, JFTE 5% COxy 37 CTREFRIIRA . A a0
55 A AN FERER DHA ) (1~200 umol/L) [

BEFREEE 48 h,  [FIA 1A I R R IO AN B skt R
M. KR S5RAE MTT (5 mg/mL) KIEFRIEAE
37 CHRA 4h. R E7H L LERFEITRDE T
150 mL DMSO H', #R% &R 15 min J5 {6 FH R
IXAE 490 nm P T EFFERN 4 8, FFiHE
HHMIAETE %

TEVEH = A s/A

RGN S5 EIEFRTIXNT DHA 4 aik
IEZI, 56 &4 FeSO4¢7TH,0 (40, 80 pumol/L)
8¢ DFO (50 umol/L) Rz 50EEJ5 1) HepG2
Y4 HIFLEEE 2. 4 h, FIIARFKER DHA
T (1~200 pmol/L) L7 F 48 ho HAREAER L,
THE AR TE 2

%% GSH HEIET-4#17] (Fer-1) %f DHA
M EEVERI R, KANFEIREER GSH (0. 1. 5.
10 umol/L) 5§ Fer-1 (0. 10. 20. 40 nmol/L) 5
HepG2 4 dth: % 4 h, Zd G % LiERGFMA
200 pL ZFHBEFRBEE T FeSO4 THO [EEFRR
(80 umol/L) W& 2 ho SRJ5 37 252 MAE
DHA (50 pmol/L) 37, FLI59% 48 ho H Rk
fEF E, THEM AR,
2.3 4HREA ROS MNE

R IUAHHE P ROS 7K-F, B4 fa T 6 FLAR
Q2X10° ALY, FHFE 37 C. 5% CO, FE IR,
7% BIEWUE IO 2 mL 2 (AREFREECE & FeSO4e
7H,0 (80 pmol/L) [¥EFREMEE 2 he SR EFHE
BRI INNE 2 DHA (50 umol/L) F£155% 6 ho
WG LRI, &M DCFH-DA (50
umol/L) FFTEFSFRAA 4k 40 F 30 min. e 2%
DCFH-DA, PBS ¥t 3 ¥k, #E2G R H il g 2%
R, WOR AR MK 433 488 525 nm.
AFREEHRAE
24 ZHREARE RS | TENE

SR WO 6 T A S R I 2 400 i P g i ot R Ak
YIRS & ¥ HepG2 UM fE 3L R AR rE 3= L (1Y
=) b (LSX10*ANAL), FFE37 Cy 5% COx F
BRI, 3% BIEWUS N 500 pL 25 5 IR0 ER
H FeSO4*TH,O (80 pmol/L) [R5 2 he.
SN 7 BB FRMOGE I DHA (50 pmol/L),
B:9% 6 ho SR 4RAEH C11BODIPY*®"**! (2 umol/L)
Bett 3 37 “CIHLE 30 min. PBS %% 3 WG M 4% % %
FE[E %2 10 min. PBS ¥t 3 X5 FH DAPI R 2% 10
min. fxf5 PBS ¥ 3 Ik, HABOEHRE R RMEE
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580 nm P K NRHTIE, AFEEEEERAE.
2.5 ARAAHBE KIS SUXIEE-4 (GPX-4) JEM
ME

f#H GSH-Px &M ELIM N GPX-4 7%
P ¥ HepG2 dlifa B Fh7E 6 FLAR I (2 X 10° NM/AFLD,
HAE 37 C. 5% CO, P FREH . 75 BIGHE
A 2 mL FHEFREE S FeSOs*TH,0 (80
umol/L) BRI 2 ho FEZEIEFRE BN
B DHA (0. 10. 25. 50 pmol/L) 155 6 h. U
SR T E AR BN S B T & . e
FABEFRACI R 340 nm AL A {4 .
2.6 APERRTASTHAASR

PO L R BB A i R S . K
HepG2 4R 7E LT A/NILE (1.5 X 10*A4VF0),
f£37 C\ 5% CO, FEEFRERH, FHI EIFBEMA
500 pL == ARSI ECE & FeSO4*7HO (80 umol/L)
MG IR E 2 ho 45 5 70 28532 25 DHA
(50 pmol/L) F4#%5% 24 h. RJ5ZHAH DiO 4 i
ekl (1 mmol/L) §% % 3 min. PBS ¥t 3 /5 4%

R HEEE %2 10 min.PBS ¥ 3 WXJ5 FH DAPI & 4

10 min. /5 PBS ¥t 3 B0 RE BT
580 nm K AT E, AFEEEEIRE.
3 Z#R
3.1 DHA {&%b Fenton & M 4§ ROS FRR

AWFFH TMB Fric DHA il Fe?'iliid Fenton
L= AE < OH, I R G B BT .
TMB A] DL i M« OH S84k Nl 4k t, 764
650 nm AL AR A {E. i 2 FioR, BB Fe?t
1 DHA #i A 2% TMB 1 A B39 0 7= A= w] A il 1 5%
. A2 ~, DHA WA Fe* 33 TMB 7K
R POEAS 5, DHA IR S, OV AR R I
FEVR, 650 nm AbH A fHER (B 2. 3). FiR4h
UESZ T DHA REWSAE Fe* (AL~ & 2E Fenton XN
JEF=4 *OH,
3.2 DHA X} HepG2 ApE MR

MTT &5 B &%, 7€ DHA WJE 9 1 pmol/L [Fif
15, %t HepG2 4H M (A= K T A A 52 o Bl 5 L
H DHA &R FERIBE N, 40 A& B3 2 2130 H],
DHA V35 (1) - Hi 4 iR B2 (ICs0 M (39.96 £ 8.78)
umol/L. AWML FeSO, 5 DFO %t DHA ZHfii %
PERIEZI, 80 umol/L ] FeSO4 5% 50 umol/L [¥] DFO
St s 48 h J5, ISR A8 (101.4+
7.1 %5 (99.7+£6.8) %, Ut LIRIKIER) FeSO,

=m=DHA 8 mmol-L™!
07— =o=FeSO,10 mmol-L™!

71 =#=DHA 8 mmol-L'+FeSO, 10 mmol-L! il
0.6 - AA

A650 nm

0 2 4 6 8 10 12

5 DHA 4L #P<0.01; 15 FeSO, ALLE: ““P<0.01
#P < (.01 vs DHA group; “*P <0.01 vs FeSO, group
2 FeSOs4. DHA HFEEKA RS TMB HIFFEFE 650
nm LHIR (X £sn=3)
Fig.2 Absorption of TMB solution incubated with DHA, FeSO4
or solution of DHA and FeSO4 at 650 nm (X =5, n=23)

A1 DFO X4l A M EH . i 4 Fis, AN
W () FeSO4 NS 14 i DHA %t HepG2 4 o () 2,
HHIIA ) FeSO4 I FEER, DHA 3 10 1) 5 14 1
Ko DHA+40 pmol/L FeSO4 215 DHA +80 pmol/L
FeSO4 ZH 1] ICso EH 73719 (29.29+4.53), (21.38+
1.87) pmol/L. DHA 480 pmol/L FeSO4 411¥) 1Cso 18
/T DHA W4 (P<<0.05). DHA+50 pmol/L
DFO #1ff) 1Cso {5~ (55.784£9.53) umol/L, iR
DFO g% 55 DHA (40 i 51
3.3 SRIETHIHIFIXT DHA AR SRR

W JEYE GSH RERS BT GPX-4 3k 1M 4111 40 a2k
TR A S K EDY, KRR TR GSH
HEITHIH 7 Fer-1 % DHA ¥, DHA-+40
umol/L FeSO4 A ZH A1 DHA+80 umol/L FeSO4 4t
HHMME R R . S5 R 5 iR, 5 pmol/L
1) GSH &% % %k DHA ¥ W41 F1 DHA+ 80
umol/L FeSO4 H A M (P<0.05). 10 umol/L
f¥) GSH fE & # P41 DHA+40 umol/L FeSO4 £H i1 4H
MM (P<0.05). I 6 AT WL, 20 nmol/L 1] Fer-1
RES 0 3% P2 DHA ¥ 41. DHA+40 pmol/L
FeSO4 #bFEZH AT DHA+80 pmol/L FeSO4 A2 [
T (P<<0.05).
3.4 A ROS ME

DCFH-DA 2 JEric M 1 A0 BUS R 98 6 1
%t, DCFH-DA A& &A%, A H) ROS 1] LA
BHANIFFERAESEER MY REE . Hik
DCFH-DA 1 LLHEA LA ROS K. AW
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Fig. 3 UV-vis spectra (400—800 nm) of TMB solution
incubated with different concentrations of DHA with FeSO4
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Fig. 4 Cytotoxicity of DHA on HepG2 cells and influence of
FeSO4 or DFO on cytotoxicity of DHA (X s n = 6)

FHPOGE E BB EE T DHA ¥ 5 DHA+80
umol/L FeSO4 4bHH 5 ] HepG2 4L ) ROS (&
*OH) MRS i 7 Fis, HepG2 40 H &
AREIHSE GO, U HepG2 HIA & B — &
ff) ROS 4K AE /. 5 DHA L& UG, dHH %
TR R, SR A BN A Y Fe?'
TRAREE S, 4HMIIR A O GoR B — D3 .
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I N i R I A I K R R AR T ) LR
P2, AHIF 5T F R A BIUER T i o S % e PR T
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80 umol-L~! FeSO, 4 tL%: *P<<0.01
#P<0.05 *P<0.01vs GSH = 0, free DHA group; 44P < 0.01 vs
GSH = 0, DHA + 40 pmol-L™"' FeSO4 group; ““P < 0.01 vs GSH=0,
DHA + 80 pmol-L™! FeSO4 group

55 GSH %t DHA #faEMEMm (X £sn=:6)
Fig. 5 Influence of GSH on cytotoxicity of DHA (X £5 n=6)
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5 Fer-1=0, free DHA #1It#: #P<<0.05; & Fer-1=0, DHA+

40 umol-L™! FeSO, #I#: *P<0.05; 5 Fer-1=0, DHA+80
pmol-L™! FeSO4 A LL#Z: "P<<0.05 *"P<<0.01

#P < 0.05 vs Fer-1=0, free DHA group; 4P < 0.05 vs Fer-1=0, DHA +

40 pmol-L™!' FeSOy group; "P < 0.05 *P < 0.01 vs Fer-1=0, DHA +
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16 Fer-1 %I DHA #paEH AN (X £s n=26)
Fig. 6 Influence of Fer-1 on cytotoxicity of DHA ( X s n =6)
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50 um

Xof i DHA (50 pmol-L™")

DHA (50 pmol-L™")+FeSO;4 (80 pmol-L™")

&7 &% HepG2 4HiEA ROS S E0HR
Fig. 7 ROS content analysis of HepG2 cells in each group
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DHA (50 pmol-L )+
FeSO, (80 pmol-L™)

1 s . .
—
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8 %0 HepG2 IR SIS 2
Fig. 8 Lipid peroxides of HepG2 cells in each group

3.6 YHEBA GPX-4 &R

NIRRT GSH 1) GPX-4 1] LUK A 2511
PL-PUFA-OOH it Ji# TG EE ] PL-PUFA-OHRY, A
T8/ M ot RS AR SR EERAE T R AR S R
B 1-iv). B GPX-4 REFET- R A5 RIEN
HEFRIOY AT 5T GPX-4 KRk 771 54> #F DHA
Y7 5 DHA 80 umol/L FeSO4 43 5 HepG2 4 il
W GPX-4 & TE. WK 9 Arzx, DHA KRN 10

umol/L B, SXTRRAAAALL, ML GPX-4 HITE %
A T4 24 DHA KA 50 pmol/L, GPX-4
(103 M 2 P AR - Fe AR EE S, 25 pumol/L ) DHA
ik A 5 5 BRI Y GPX-4 HOTE M . ik 45 5 15 B
DHA BERSHNHI 40N GPX-4 1351, Fe* it gtk —
150 DHA % GPX-4 [l /E .
3.7 YRR ASTIR

11 L FE G 11 22 SR AN VLR s o T ol e e A PR
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T EEIRR . AHFFCH DIO 4 DHA K5
DHA 80 umol/L FeSO4 3L & LA 5 FI40 g, 3
AR RS AR A . Wi 10 B, R

GSH *OH
Ferroptosis H,0,
. 25
£ : by
—— GSSG H,0

inhibited GPX-4

2l HepG2 #HfIfiii5e %%, RAHSINYOE, W4
i JE P48 o 2R R SN T DL foch A -5 200 - )
. DHA WL E LUA, AR, g

i free DHA DHA+80 pmol-L™! FeSO4

20=

GPX-4 i M/(mU-mg™)
=
1

DHA/(umol-L™")

& free DHA ZHEL#: 7P<<0.05
#P < 0.05 vs free DHA group
9 DHA 32/5 HepG2 BB GPX-4 HISEM ST (X £5n=3)
Fig. 9 Determination of GPX-4 activity in HepG2 cells treated with DHA (X £s n =3)
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- . |

10 DHA 2I2/5 HepG2 HREERTL 7S
Fig. 10 Cell membrane morphology of HepG2 cells treated with DHA
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EHOTR A, A R AU AR S, Ui
O 2 AEERAS o A, H5 40 B AR 5 S B A e R
MM Fe?')a, AMMIEEATERE, Z5HM™ =L,
O AR B AR I S 10 B 2 BB 5 ) R A R
4 g

2012 4, Dixon Z£PIERFF Erastin %4 RAS
A (14 firb 8 £ A FEATL ) B o B0 — T ke 4 g Py 4
MBE TR, JRR Har AT, BT F 22
ML R HOBUTR PR H BB R I ALt
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