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The role of activation of the ferroptosis pathway in the inhibition of
esophageal cancer proliferation and metastasis by realgar
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Abstract: This study was designed to investigate the role of activation of the ferroptosis pathway in the inhibition
of esophageal cancer proliferation and metastasis by realgar, using esophageal cancer Ecal09 and KYSE150 cells as the
target cells. The rate of inhibition and half-inhibitory concentration (IC,,) were measured by the CCK-8 method;
clone formation ability was measured by clone formation assay; the changes in reactive oxygen species (ROS)
were detected by flow cytometry; the ultrastructure of the cells was observed by transmission electron microscopys;
the distribution of intracellular iron particles was observed by Prussian blue staining; the expression of glutathione
peroxidase 4 (GPX4) was detected by immunofluorescence staining; the scratch assay was used to detect the cell
migration ability; the Transwell assay was used to detect the cell invasion ability; and western blotting was used to
detect E-cadherin, Slug and N-cadherin protein expression in the cells. The results show that realgar inhibited the
proliferation of Ecal09 and KYSE150 cells in a time- and concentration-dependent manner, and the IC,; of Ecal09 and
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KYSE150 cells was 64.297 and 51.337 pmol-L", respectively. Compared with the control group, many mitochondria
in the cytoplasm of Ecal09 and KYSE150 cells in the realgar 2IC,, group were swollen and blue-stained particles
of different sizes and amounts were found, and ROS fluorescence intensity was significantly increased while GPX4
protein expression was significantly reduced (P < 0.01). Compared with the realgar group, the proliferation, migration,
membrane penetration and Slug and N-cadherin protein expression were significantly increased, and the cell
inhibition rate and E-cadherin protein expression were significantly decreased in Ecal09 and KYSE150 cells in the
realgartZVAD-FMK group (P < 0.05). The proliferation, migration, membrane penetration and Slug and N-cadherin
protein expression were significantly decreased, and the cell inhibition rate and E-cadherin protein expression were
significantly increased of Ecal09 and KYSE150 cells in the realgar +erastin group (P < 0.05). The above results
show that realgar inhibited the proliferation of Ecal09 and KYSE150 cells and induced partial ferroptosis in the
cells, and the proliferation and metastasis effects of realgar on esophageal cancer cells may work through partial

ferroptosis pathway activation.
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15 B % (esophageal cancer, EC) #7 %1 Nt 5+ 55
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BE P ERIBIT HEY. RE— g7 iz B AR
W R, ARV 22 BB LR A W VR T RN 78 1 9%
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TN EC 4 3G 5E A A0S T RS, T AR Bk
HET G A8 e S A ) EC T AN F A2 iR, D B
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FERFIRINEE  HEET0E Bl e A
PR A & (SA4101); kA6 T # fill 7 (ferrostatin-1, Fer-1,
IF0430). &k %€ T % 5 71 (erastin, TE0310). 45 & £
(C8470) It H Ak 7 2 3 F B A BR 2 &5 98 T 40 1] 71
(ZVAD-FMK, HY-16658B) It 5 ¥ MCE /A #; CCK-8
W77 & (BS350A) W H L i Biosharp 2 & ; Matrigel
(FE R, 356234) ) H 2 [ Corning 2 ] ; #H K — it
GPX4 (A13309) . E-cadherin (A3044) . Slug (A1057) -
N-cadherin (A19083) 1 B ® 7 Abclonal /A & ; Spectra
Max PLUS 384 i #5 1X 4 H Molecular Devices 23 7 ;
BCA 8 FI I 2 WA & (P0009) W H g 38 < R AR
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MppEE R R S4A K Ecal09.KYSELS0 4l g LA55
10% fif 25 L35 + 1% 75 5 % 2 1) RPMI 1640 35 77 56 & T
37 °C5% CO, 4 Jfil 5 77 F b 55 5%, 15 40 K 2 70%~
80% J& FH JiR 2 1 VM AL S5 A5 4K

CCK-8 A M AMAIETE  HOW £ /E K] Ecal09,
KYSE150 21 g, 1 %40 i 2% B B2 TF 2x10° 4, LU
FL 100 puL £ F0F 96 FLAR o I F R AL In A A [FHK
JE B HEFE (0.10.20.40.60.80.100 pmol-L™) 1 7% 24
48.72 h, [ J5 B FL NN 10 uL CCK-8 ¥ ¥, 37 °CHs 7%
2 he FIFH G bR OO 2 450 nm Ak B TR BE (4) 18, JF
B A A0 ) A 2 B R R B (IC,) . 20 4 ]
B= 1= Ay /A gy * 100% B 5 U A0
Ecal09.KYSE150 4fifite, ¥ & 53 2H: X2 (control) 2
B 21 (realgar, 1C,,). M 78 +Fer-1 (realgar+Fer-1, IC,+
1 pumol-L™). & 3% +ZVAD-FMK (realgar+ZVAD-FMK,
IC,,+10 pumol- L") M 3% +erastin (realgar+erastin, 1C +
10 pmol-L™"), fF4H 3 A&, MG B /I 259, 4%
IR A RS I 2 P A ] R

52 FE TR Bk S 36 46 5 PE TS R BE B #i AR K
Ecal09.KYSE150 48 Jitl FH [ 6 i 4k J5 4 7 T 6 FL R
20 B R 150 AN/AL, 37 °C 5% CO, 1 i 15 5%
MR R 24 he WHEH: © HEE (0.10.20.40.60.
80,100 pmol-L™); @ X} #&2H (control). 4t 3% 4H (realgar,
IC,,)- M ¥ +Fer-1 (realgar+Fer-1, IC,+1 pmol-L™) A3+
ZVAD-FMK (realgar+ZVAD-FMK, IC,,+10 umol-L").
I %% +erastin (realgar+erastin, IC,+10 pmol-L™"), & 41
3ANEE, AR RLR BE R 25055 77, #5 IR AT I
21 R VA I 25 LB IR, SR 4% 2 5% ST 5 4 A 30~
60 min, 0.1% %5 it 55 42 8 5 min, 7 25 Y3 5 LK vh e
A, F5H AR, 1D, TR

RRZWw N MATBEE T IO kK
Ecal09.KYSE150 41 i, % 40 ji #% F T~ 6 SLA N,
FL2) 5x10° A 41 i, 1% B 43 2H 8 X% R 4H (control) M
18 4 (realgar, 1C, ) M ¥ +Fer-1 (realgar+Fer-1, IC +
1 pmol-L"). 7 3§ +ZVAD-FMK (realgar+ZVAD-FMK,
IC,,+10 pumol- L") M 1% +erastin (realgar+erastin, 1C +
10 pmol-L™), 28 2 KA AE K 22 100% fil &, A 10 pL
TG A Sk AE 6 FLAR A R X — 2% U EE AN A BE — 3R
IS EL (BHR3IANEE). 70T 0.24 h7E1]
B ZE T % R — AL IR ) B R IR AR I, o
BRR A A E [Ad (um) = 0 h RIJE % %24 h QIR
Wi 5], DARIR G R B AR A ML 7% e

Transwell /N E LM MMPIRZE K4 °CHiA
(R LA 105 R (1) 485 i A i N 21| Transwell b2 9, 4 5]
JEAE 37 °C R 48 70 min, 43 25 [7]“ ) IR 2 56 A5 ) 4

TR 1700, ARV, R E SN R AL, B
WEEW T B EE=T 5x10°4, W] R ZE 30200 pl 48 #
BRI, W ZE 30500 uL & 20% FBS KI5 77 31
N T INNZY I F N TN 5% CO,.37 °C
NHEEFE 24 h, MR L =P R4, PBS &
Ve, VR[] 2 A, FH 0.1% &5 dv g )5, BEFLIEE S A
ML 1E e 2 B TR, it S 4T R A .

RERNRERNMIE GPX4FTRE  BHEEK
11 Ecal09 . KYSE150 4H 1, K 41 il LA 4.5x 10* /> 2 Fh 22
6 FLR Y, BB 73 0 BEZH (control) AfE B 1/21C, 41
(1/21C,,)~ HE 5 1C,, 41 (IC,,)- HE 3 21C,, 21 (2IC,,), T
37 °C5% CO, 1H i 15 7% 46 th 55 7% 24 h, Veik AL, 4%
% % WS & 52 40 MY, 0.25% Triton X-100 3% i, 10% 111
I A, N —H1 (GPX4) 4 °Cit 2, Beisk, A —
Pi, il 2 h, Yok, 518 56 BB, KA Image-Pro
Plus 6.0 BI& 53 B R G0l 8 GPX4 Kk /KF .

Western blot & | 48 il E-cadherin. Slug. N-
cadherin EARIE BN E A K Ecal09.KYSE150
T A, 4o 2[R K IR S 06 R DU 4 Al SE B e 0 T, 8 7R
24 h J5 B 40, SR ] RIPA 2L ARV 3R B4 i s A
BCA VLA & (K B, 8 it 10% SDS-PAGE HL ¥k 77
BE AR B PVDF I F . KR &4 5% B e
A4 ) TBST B M2 he 4°CRIEE —Hiid K (B-
cadherin. Slug. N-cadherin. -actin), TBST ¥t %% J5 = &
B E P12 h, YEES, I ECL &G (0 IR 7E A ) g
FeA P4 . SR ImageProPlus 2K 44 43 BT % 25 1 45717
MK FEAH, tH R A AR Rk & .

SRR TR ROS 150 O HE K
Ecal09.KYSE150 4l fitd, 43 2H [F]“ G 3% 5% o6 e (ks I 40
il GPX4 FIE 7T, £59% 24 h )5 AN AL, ARJG AN 1 mL
&Y 4 10 umol-L”' DCFH-DA #4t T/EW, 37 °C R
B4 7% 20 min. AN M4 B AL L 5R T, DL LS
4 f 2 1 ROS & 8 (BRI K v 488 nm, KUK Ky
525 nm).

ESTHRRERMN &R BN BN HUE K
Ecal09.KYSE150 4l fitg, 43 25 [F] “ e 3% 5% )t e Cu ks I 40
il GPX4 3k 7T, 5595 24 h Ja W2 40, 42 2.5% 1% —
JiS [ 52 12 h, 1% SRR & 5E 2 h, GLHR, #1467, U
FoHLUI R, R R A A M A TR A XL et 3 S FRLBR

EetERENRMBAKTASH B8
K Ecal09 . KYSE150 2 1, 73 2H [F]“ 5 9% 58 5t G ks
TIZ0 A GPX4 RIE” I, £5 7% 24 h J5 UL AL, 4% 2
FH S [ 52, Perl i &, 1% 2 B[4 4. &2 4% 3 min, PBS
Ve 2 A% R IE 40 )5, B Panthera $0FY = H $4% &
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B R E KIS . K Image-Pro Plus 6.0 K% 53T R4t
W FT KA S ) 6% % (10D) AN (area), 15 FH
PERILTARE %

G ZE S KM SPSS 22.0 B BT BdE 4t it
ST, BE D AME + bRdEZE (v + 5) Fow, Z AR EEL
KRR T 250, P<0.05 NEREG 25 Lo
ZHR
1 EEXRE YRS TE A HNHIE A

CCKS8 o W 25 H W 7x , M 3 1F H J5 Ecal09.
KYSE150 4 fitd 34 5 i 4 b, HL 405 44 Y 52 (1] S o
R, I 7 1 F Ecal09.KYSE150 41 i 72 h 119 IC,,
43 N 64.297.51.337 umol-L™ (B 1A). T & T Al 52
I 4 B G OR, Ecal09KYSE150 4 o 458 5 |56 25 Ik % ik
3G RGP <0.01, B 1B~D).
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B 1C,, 21 Ecal 09 K'YSE 150 4H ffu ffa 5 py /b B 28 47 A %
A W e B 21C,, 41 Ecal09.KYSE150 41 fig fitd
T R LR AR R A A W, RELTED PN J5E K, 4R
L A Ui A2 i AR /b FE R (BI2A) W& LGt ss
R IR, X B2 G 08 Y UKL, BB 1/21C,, 4 L 1C,, 4 .
21C,, 2 Ecal09.KYSE150 ZH i 41 Be K KN & 57 . %
/D AN G R (9 2B), 5 ) IR 4R B, A TIC,,
2. 21C,, 41 Ecal09 K'YSE150 41 it £k B 14 2% i T £
Oy R B THE (P <0.05, B 2C). Fui% w5 Y th 45
REIR, 55X E, HET 1/21C, 4 .1C,, 4\ 21C, 4.
Ecal09.KYSE150 il il GPX4 & [ ik B & B (P <
0.05, B 2D.E). ROS %t 45 R Wor, 5% 20 A1
bt i 3% 1/21C, 41 . 1C,, 21 . 21C,, 4l Ecal09.KYSE150
41 il ROS ¢ 5 5 B 2 78 (P < 0.01, ] 2F).

3 SRR TIEEAUE X RN | B Y ST R S
o B T RSB 45 R R, 5 o0k AL LA, e v AL L
i +Fer-1 2H . 1k 25 +erastin 20 Ecal09 41 fif 3% 5 BH & (4%
K, T 35 4 | E B +Fer-1 20 L it 3§ +ZVAD-FMK 4 .
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Inhibitory effect of realgar on the proliferation of esophageal cancer cells. A: Ecal09 and KYSE150 cells were treated with the

indicated concentrations of realgar for 24, 48 and 72 h, cell viability was detected by CCK-8; B-D: Ecal09 (B, D) and KYSE150 (C, D)

cells were treated with the indicated concentrations of realgar for 24 h, the ability of cell clone formation was assayed using clone formation

assay.n=3,X+s. P<0.01 vs 0 umol-L"' realgar group
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Induction of ferroptosis in esophageal carcinoma cells by realgar. Ecal09 and KYSE150 cells were treated with the indicated

concentrations of realgar for 24 h. A: Cellular mitochondrial ultrastructure was observed by transmission electron microscopy (15 000x);

B, C: Intracellular iron particle distribution (400x) was observed by Prussian blue staining; D, E: Cellular glutathione peroxidase 4 (GPX4)

changes were determined by immunofluorescence staining and observed under a fluorescent microscope (40%); F: Cellular ROS were

measured by DCFH-DA and detected by flow cytometry. n =3, ¥+s. P <0.05, "P < 0.01 vs control group

¥ +erastin 41 KYSE150 21 ifg 3% 5 B & &I (P < 0.05);
5T A A L, BE 3K +Fer-1 21 . 1E 3% +ZVAD-FMK i
Ecal09.KYSE150 4 /it 34 48 BH & 7+ /=1, HE 5% +erastin 2
Ecal09.KYSE150 4H i 1458 B 2 F£IK (P < 0.05, I 3A~
C). CCK-8fuilizh R 2 oR, 5xf M4H Ui, Mo 20 L ft
F& +Fer-1 41 « Ift #% +ZVAD-FMK 4. . Iff # +erastin ZH
Ecal09.KYSE150 4 i $ il % 8 & F+ 55 (P < 0.01); 55
T 5 4 A EG, ME BE +Fer-1 4H | M ¥ +ZVAD-FMK 41
Ecal09.KYSE150 2 fitd 17 fil] 28 B . [ AR, Kff 25 +erastin
“H Ecal09.KYSE150 41 i 4 1 % B &2 F &5 (P < 0.01,
K 3D).
4 BRI TEBRBENIEERNS RERMEMIR RE
REA

KR SR ie 45 R R, 5X) FH G, B 2
B +Fer-1 41 \ Iff 3§ +ZVAD-FMK 4. . Hf 35 +erastin 21
Ecal09.KYSE150 40}l il #2 fig /7 B & FE A% (P < 0.01);

WA 2

AR

55 i B 2H AH LE, HE FE +Fer-1 41 L 1 #% +ZVAD-FMK 41
Ecal09.KYSE150 41 flil #% f& /J BH &t =i, HE B +erastin
“H Ecal09.KYSE150 4 ML #% e /7 B S F# A% (P < 0.01)
(E14A.B). Transwell /)% 5256 45 2 7R, 550 HEZH AH
bt B 3% 40 | B 3% +Fer-1 41 . 1 3% +ZVAD-FMK 41 . I
# +erastin 2 Ecal09.KYSE150 £ ffd 7 ik %5 07 & B& 1%
(P<0.01); 514 A EL, HEFE+Fer-1 41 .1 #+ZVAD-
FMK 41 Ecal09.KYSE150 41 i) 27 fE 5 &5 7+ v, e 35+
erastin 2 Ecal09 4 it 27 R4 91 2. P4 A% (P < 0.01, ] 4C,
D). Western blot £l &5 5 .7, 5 0 HEATAR L, e i
A HEFE+Fer-1 4 IE K +ZVAD-FMK 41 . 4 35 +erastin
H Ecal09.KYSE150 4 /it SlugN-cadherin £ [1 7% 1A H]
I B#AIK, B-cadherin 85 (33K B 2 7+ & (P < 0.05); S
B4 M B, 1 #5 +ZVAD-FMK 4 Ecal09.KYSE150 4f
Ml Slug N-cadherin £ [ 32 1% B & F+ 5, E-cadherin &
H #1582 PR K (P < 0.05), M 35 +erastin 2 Ecal09.
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Figure 3 Effect of ferroptosis pathway activation on the inhibition of esophageal cancer cell proliferation by the action of realgar. Ecal09

and KYSE150 cells were treated with realgar, realgar+Fer-1, realgartZVAD-FMK, and realgar+erastin for 24 h, respectively. A-C: The ability

of cell clone formation was detected by clone formation assay; D: Cell viability was detected by CCK-8. n =3, ¥ £s. P <0.05, "P <0.01 vs

control group; “P < 0.05, P < 0.01 vs realgar group

KYSE150 4 il Slug+ N-cadherin 2 [ & ik B & FF 1K,
E-cadherin £ 1R IA B . 7 5 (P < 0.05, K 4E.F).

Wig

EC /& 5N NS Agk B 1A IR AE 22—, il I 50% 1)
AR A2 Wiy EC I 7748 T0 325 V) B 8 BB 2
LR AR AR TR IR JEALTT & EC HIbRHE
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JIH I8 B 5 R AT AT A A R B B e A2, X
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Figure 4 Effect of ferroptosis pathway activation on the inhibition of esophageal cancer cell migration and invasion by realgar. A, B:

Ecal09.KYSE150 cells migration was detected by cell scratch test; C,

D: Ecal09.KYSE150 cells invasion was detected by Transwell inva-

sion experiment; E, F: Cell lysates were prepared and subjected to Western blot assay using antibody against E-cadherin, Slug, and N-

cadherin, protein levels of -actin were also measured as control. n =3, ¥ £s. "P < 0.05, P < 0.01 vs control group; “P < 0.05, P < 0.01 vs

realgar group
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