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Luteolin induces mitochondria-dependent apoptosis and senescence in

myelodysplastic syndrome cells by targeting the Akt signaling pathway

LI Jiarun, YANG Xueqing, YANG Guancui, TIAN Xiaolong, LIU Jinyi, ZHANG Xi Medical Center of
Hematology, State Key Laboratory of Trauma and Chemical Poisoning, Chongqing Key Laboratory of Hematology and
Microenvironment, Second Affiliated Hospital, Army Medical University (Third Military Medical University) ,
Chongqing, China

[Abstract] Objective Myelodysplastic syndromes (MDS) are associated with a high risk of
progression to leukemia, highlighting the critical need to explore novel therapeutic agents. Based on network
pharmacology prediction and molecular docking, we hypothesized that luteolin (LUT) might induce cellular
senescence and apoptosis in MDS cells by targeting the Akt signaling pathway. This study aims to verify its
targets and molecular mechanisms through experimental studies. Methods By integrating multiple
databases, such as PharmMapper and GeneCards, common targets of LUT and MDS were screened. A protein-
protein interaction (PPI) network was constructed using the STRING database and visualized with Cytoscape
software to identify key targets. The DAVID database was employed for the functional enrichment analysis of
Gene Ontology (GO) and the pathway enrichment analysis of Kyoto Encyclopedia of Genes and Genomes
(KEGG) for the common targets. Molecular docking between LUT and the key targets was performed using
AutoDock software, and the docking efficacy was evaluated by analyzing the binding energy. Subsequently,
molecular dynamics simulations were carried out using Gromacs to observe the ligand-receptor interactions
and conformational changes. MUTZ-1 and MOLM-13 cells were used as experimental models. After treating
the cells with different concentrations of LUT for 24 h (MUTZ-1:0,15.30.,60 wmol/L, MOLM-13:0.4 .8,
16 pmol/L), cell viability was measured by CCK-8 assay, DNA synthesis capacity was assessed by EdU assay,
colony formation was examined by soft agar assay, morphological changes were observed by transmission
electron microscopy (TEM), intracellular reactive oxygen species (ROS), mitochondrial ROS, mitochondrial
membrane potential, and apoptosis rates were detected by flow cytometry, senescence was assessed by
senescence-associated B-galactosidase (SA-B-Gal) staining, mRNA expression levels of senescence-associated
secretory phenotype (SASP) factors were determined by RT-qPCR, and protein expression levels were
examined by Western blotting. Results A total of 568 LUT targets and 2 348 MDS-related targets were
screened, yielding 228 intersecting targets. The intersecting targets were imported into the DAVID database.
GO functional enrichment analysis demonstrated that biological processes were enriched in the responses to
oxidative stress and cellular senescence; cellular components were enriched in protein kinase complex and
secretory granule lumen; and molecular functions were enriched in protein kinase activity and cytokine
receptor binding. KEGG pathway enrichment analysis revealed predominant enrichment in key pathways

including the Akt signaling pathway, cellular senescence, and apoptosis. The PPI network constructed using
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the STRING database and Cytoscape sofiware identified the top 10 key targets, as 1.6, NFKB1, STAT3, TNF,
JUN, BCL2, ALB, CASP3, Aktl and IL1B. Molecular docking results indicated that the binding energy
between LUT and Aktl was —6.25 kcal/mol, suggesting a strong interaction. The molecular dynamics
simulation results demonstrated stable binding between LUT and the Aktl target. In vitro experimental results
showed that LUT inhibited the proliferation of both MUTZ-1 and MOLM-13 cells in a dose-dependent
manner. The half-maximal inhibitory concentration (ICso) of LUT acting on MUTZ-1 cells for 24 h was
29. 960 pmol/L, and that on MOLM-13 cells for 24 h was 8. 654 pmol/L. Treatment of MUTZ-1 and MOLM-13
cells with various concentrations of LUT for 24 h significantly inhibited DNA synthesis and colony
formation (P<0. 01). The treatment of LUT at different concentrations for 24 h resulted in significant increases
in intracellular ROS and mitochondrial ROS levels in a dose-dependent manner (P<0.05), decrease in
mitochondrial membrane potential in a dose-dependent manner (P<0. 05), and elevation of apoptosis rates in a
dose-dependent manner (P<0. 05). TEM revealed obvious apoptotic morphological features in MUTZ-1 and
MOLM-13 cells after 24 h of LUT treatment. The protein levels of Cleaved PARP and Cleaved caspase-3, and
the pro-apoptotic protein BAX were significantly upregulated, and that of the anti-apoptotic protein BCL-2 was
significantly downregulated. SA-B-Gal staining showed that the proportion of senescent cells was significantly
increased in MUTZ-1 and MOLM-13 cells after LUT treatment for 24 h, along with enhanced expression of
related SASP factors (P<0. 001), and significant upregulation of senescence-associated proteins p353, p21 and
pl6. After LUT treatment for 24 h, the protein expression of p-Akt (Ser473) and p-MDM?2 (Serl166) was
significantly downregulated, while the total Akt protein expression showed no significant change.
Conclusion LUT may induce mitochondria-dependent apoptosis and senescence in MDS cells by targeting
the Akt signaling pathway, thereby inhibiting the proliferation of MDS cells.
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1.1 KA 5RE

it 4 1L 75 (fetal bovine serum, FBS) Fll 1640 % 3%
Flg [ 5% [ Gibeo Al s LUT WA [ g Bl T A= (bR
e 5wl 5 CCK-8 157 A H A A4/ 7l 5 Agarose Il
Fii + Lonza 22 7] ; MTT W H £ H Invitrogen N ) 5 Mito
SOX Red .TMRE 4 H 3€ E MCE /A 7] ; Reactive Oxygen
Species Assay Kit 1 P4 2 M) &0 B _E il 4
W B 2N T 5 Annexin V-FITC 21 B I8 7 3% 2046 L 57
& EdU 20 1 e A I 32050 & RIPA SR | 2 H B
il 37V S W BCA B 1 ¥k B 7 0] & L A
B-LFLBEH BE g (LinlR &1 A H i = KA YR
/3 %] 3 Tubulin, BAX .BCL-2.Cleaved caspase-3.Cleaved
PARP . p53.p21.pl6HiiAk BRAR it A ALYl 1L =4
TP AR S A B L AR TR hT i F 26 [ CST
/Nl ; GAPDH Akt p-Akt(Serd73) .MDM2 HifA g [ 5
D= A R 2 B 5 p-MDM2(Ser166) BRI [ 116
T W AF BB A A ECL R Y6 R &l [ 3%
Millipore 23 ] 3 ¥ PCR FlZ 6 5 PCR 1951 )35 th
TR A YR A 7 A A LR RNA $2 U5 &
W A At RAR A AR AT R B 5 Z2 D REBEiR (U A
2 [ Thermo Fisher 2 7] 5 (3] B 2¢ 6 B 4EW H H A
OLYMPUS 72 #l 5 3 38 40 M {X g [ 3¢ & Beckman
Coulter 23 7] 3 LKA . ChemiDoc XRS+Imager 5 7 f50%
b 2% % 56 AR & 45 . T100 Thermal Cycler PCR X |
CFX96 7t 5E bt PCR A H 5E [ Bio-Rad 22 7l .
1.2 LUT 5 MDS X SR ¥e SRR 5 & k547

1E PubChem (45 J& (https ://pubchem. ncbi. nlm.
nih. gov/)ii A “luteolin” I8 ) 345 SDF 4% 3 M SMILES
J¥ 51 . # 4 PharmMapper (http : //www. lilab-ecust. cn/
pharmmapper/) \TargetNet(http://targetnet. schdd. com/) ,
SwissTargetPrediction (http://www. swisstargetprediction.
ch/) .CTD (https://ctdbase. org/) KU #2455 , Tl LUT
Al REAYVE I 5 o [RI B, 7€ GeneCards (https : //www.
genecards. org/) , OMIM (https ://www. omim. org/) . TTD
(https://db. idrblab. net/) . DisGeNET (https://www.
disgenet. org/) B #& FE ' fii A “myelodysplastic
syndromes” 47K 28 , FRAF MDS By FEPIHE &5 . 85 LUT
5 MDS HE s B A 5, IF A Venny 2. 1. 044 2 4E

SRR AT AT AL . K S SR A A STRING $iHia
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JIE 3 1) PP 28 850405 52 A Cytoscape 501, My E#EEE
HAEMZE . B TR A RN, B R AR
Degree {8 K/IN, 344 Degree {8 42 i 1Y 5 R 78 75 e N
JZ DX 4 R T B OGBS . #E DAVID (https://
david. nciferf. gov) B 22 R i 2 15 21 i) e [R5 A
11 GO M KEGG & #4317 , Il A= 7 °F & (http://
www. bioinformatics. com. en) #E47 R #4k
1.3 5 af#53) ) F 4

H LUT B9 SDF 8544 305 A Chem3D Jf 47 fE 1
e/ MEARIR, 58 U S 1 PDB RS 2. AL PDB $di
(https://www. resb. org/) T #4025 1 4544 SCH4F, 1 H
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I E X AT, R H AutoDock Vina 58 531X #5231
i 1 Fe A 45 B A 4, 38 1ok Pymol 2. 6. 2 2 il i 1A 55 5%
S IR TR A FAE I 3D ZE b AL

{di FHl Gromacs 2023 #E47 7318l Jy #4640, 1 Sk
X 4% 5 ) R 8 H PDB SC 4 i pdb2gmx F% K
Gromacs FEA AR M L. 8 H BTk 1] AMBER99SB
J1% , AL TIP3P. AMBER99SB 337 % 4 11
&b Bl g s Ve o Kb A A AT R i I g
TRy TR B iz i 2 — o il
H Sobtop T H.4b B Pymol 2. 6.2 5 H} i Bt & mol2 C
PR AN SR /N T GAFF2 T3, HEX /N
Gy R HLfT B B AR AR AR AR T SR AR
HN5EHE 5 AMBER R4 T st R Y. BEGY)
BT nm SIS I & AT L O
gmx genion T B ESIPUHT & iR R 2 bk, 5
MR HEAT R ft f /b NV 5 I5 P i A NPT 6 7
o, B8 B 2 310 K JE ) 1 bar J5 , JFJ#€ 100 ns 1E5X
1A BSOS A gmx T35
R Z& 34 J7 M i 25 (root mean square deviation,
RMSD) . ¥ J5 #B ¥ 3 (root mean square fluctuation,
RMSF) & | [0])iE 4% (radius of gyration, Rg) &
% A Al K 5% 1 B (solvent accessible surface area,
SASA) , If-if & gmx sham #4 & [ i g ¥ 5 & (free
energy landscape, FEL) .
1.4 ZafeiE At

MDS 41 jitd ¥k MUTZ-1 . MOLM-13 #1135 J2
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1X10* 4N /FLEERN T 96 LA, 23 B A [A) e BE LUT 1
H 24 h(MUTZ-1:10,20,30.40.,50.60.70.,80.,90.
100 pmol/L; MOLM-13:2.4.6.8.10.12.14.16.18,
20 pwmol/L) , T E 3N fL. MA 10 pL CCK-8 i
FI ik 15T A 3 SR AE R E 4 b, BEAR U I 450 nm Ak W%
TCPEAH OD 500 1153200 M35 FE 4 ) 238 = (X BRZH OD 150~
SEFRLH OD 50) 1%} BREZH 0D 5, x100% o

1.5 @A DNA & tem)

KA Ll 1x10°4~ALEER T 6 FLA R, A 0,15,
30,60 wmol/L i LUT &b # MUTZ-1 41 Jifd 24 h, T A O,
4.8.16 pmol/L A LUT kb3 MOLM-13 40124 h., B
JINAEAU TAER R 2 h, W 4n Al F 4% 22 1 H ik
[ 22 15 min, IXPBS W64 3 R, AT 375 W 2 1
5 E 15 min, L] EAU SR OIMAKE 5 Hp 6 &
30 min, IXPBS IR 3 U , JINA Hoechst 33342 44
8,30 min, 2GR AMEE TSI I IC SR
1.6 ZRIRHG SLIETY R 5= 56

HREFRF 3. 5% Agar BFG BN 0. 7% B T IZHE,
PL2 mLALBY R A 6 FLARH , 4 “CH#FE 15 min BE & .
A3 5% MUTZ-1 A1 MOLM-13 4037473151 (3 000/4L) ,
W A0 E T 0. 35% Agar JIiEH, MK B LUT J5
1.5 mLALIA 6 FLAR . 4 " 2 h 7 HEE [ S L i
AU G FRAA R 95 . 485 N A 200 wL MTT #4744
o FAREIT X s B IE BE B T 4E 1
1.7 &AAREA L A m]

H 20 LA 1x10° AL IR T 6 FLAR 43 i A
ASTRIHFE A LUTAEFH 24 h, AR 0L, 1XPBS ¥ 1R 14
LR, AW 9 1 wmol/L () DCFH-DA |, MitoSox
Red il TMRE TAE# 500 wL, 25 iR #OG M F 30 min 5
FHU AR AR ROS (Z R AR ROS FHZ L A B H 37
Ak
1.8 FEAHEAIK

W20 B LA 1x10° A /FLIEFR T 6 FLAR 1, 43 i A
ASTRIHEBE A LUTAEFH 24 h, WCEE I, 1XPBS ¥ 1R 14
LU, I T mL H 5 T W = R e 2 h, # 2 4 °C
PRAE, S FR BT ZE LR A= R 28 W) 5 BRI
1.9 zmfe A =4

W20 B LA 1x10°A~/FL RN T 6 FLAR R, 43 A
ANSTRIHEE A LUTAEFH 24 h, WCEE I, 1XPBS Y5 1k 14
1K, A 195 WL Annexin V-FITC 4% & W 54 5% 240
Ji, B J5 I A 5 wL Annexin V-FITC 110 wL LAk 75 i
YA, 2 1R 30 min Ji 2K 200 SRS I 40
Mg T o

1.10 Pt ¥3Lppirasd &

W AN H L 1x10° A AL R T 6 FLAR B, 43S A
AN e BE Y LUT /5 FH 24 b, AR 4N , IXPBS TR VL4
LI AT mL B->FZL0E 1 il e (0[5 8 W, &5 Ui 81
15 min, IXPBS AR GE 1 K. BAEA 1 mL YL@ TAE
W, 37 CHF R R, UK H 78838 A s T g T
EiS]i
1. 11 SASP B F & KT

W A0 LA 1x10° AL IR T 6 FLAR R, 43 B A
ANTAL R BE Y LUT /R 24 b WCAE 4R , IXPBS I R e %
1R . 4 5 RNA £ B0 57 & $2 B mRNA, fiff H
NanoDrop 73 56 % BE 146 T RNA ¥ B, 8 £ BUAr 1)
RNA 3 5% 5% 47 ¢ DNA, #£47 RT-qPCR ¥ 1L-6  IL-18.
IL-8, IL-1a, CCLS mRNA ik o Jz By % 14 0 A8
95 °C.30 s; ¥ 14 95 °C .10 5,60 °C 305,95 C.15s,
40 G 15 ik th 2% 60 °C .60 5,95 °C .15 s, R H
2N AT AR S AT o
1.12 &G ki

8 FH LUT Ab 3 MDS 4i i 24 h 5, 250 WSCEE 41 i
TS 3 1 550 B9 RIPA A% 100 wlL, vk B %Y
fi# 30 min, 12 000 r/min &> 10 min B 3% , f# 1
BCA 4 [ 28 i il & 2 25 VR BE . A 25 uL 5%
loading buffer, 100 °C 4 J& ¥ N #% 10 min, FC il 10%
SDS-PAGE & i#47 HLTK , 56 BU % %2 PVDF JE |, Pk
SR E P 30 min, 4 “Cl 750005 & 76 BEAF 1 —PLI W -
H. # — ¥ BAX, BCL-2. Cleaved caspase-3. Cleaved
PARP | p53 . p21.pl6 . Akt p-Akt (Ser473) . MDM2 ,
p-MDM2 (Ser166) ¥ W i B¢ 451 24 1:1 000; GAPDH
Tubulin 7 B LG K 1:5 000, 1XTBST PE 3 ¥k, FE Ik
10 min, — =S 2 h, IXTBST R 3 YK, 45X 10 min.
B il S S, (R Ak R OB R R R A
1.13 %t o4

i i GraphPad Prism 10. 1. 2 4T 58 1 o0 #r
SRR, B sk g 34 MU LB E R 3K
KU b B R FH wes s o P TR) HE B fof ) ¢ K 36
% 21 [v] H 3 (d FH one-way ANOVA 2317, L P<0. 05 %
INFTEGEIT - 2 5
2 #R
2.1 LUT X5 MDS &4 e k. 5 55 5 M7 B s ¥e 5 0k i

M\ PubChem £ A RB LUT 25443, PharmMapper,

SwissTargetPrediction , TargetNet 1 CTD %% /4 i 128 3
345 568 4~ LUT A 5 L 145, GeneCards , OMIM , TTD £l
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DisGeNET %4 22 i £ 3 15 2 348 1> MDS AH G HE £ .
I WO A A A e AR A 228 DT ES S LUT it
MDS 1 FH %) 38 2 50 55, FH T I 2 1) 286 ) 28 55 1L o
5Co [ DAVID 4 e % 52 4 8 54T GO FIKEGG
BN, PR YE B AR A R AR G E . GO F
TP A= ¥pid 2 (biological process, BP) & 4T 484k
JO7 SR 7 2P0 L 5, T2 I 2H 53 (cellular component,
CC) E AR THEIMMEE G 3 WIURLIE % | 73+ 2)
fi£ (molecular function, MF) W & £ F 85 11 15 B 06 14
M 7 Z A5 55 H (B 1A) . KEGG i i & 4R
gE ISR LUT v REl i Akt {5 538 B 0 i =%
AR R AR T EHI (T 1B) .

W 2 SR 55 N STRING Hds 4, 3 5 HE BRI S7
A 55 K5 4 PP 2% {ifi FH] Cytoscape $#E 47 AT 40 fL 4k 2,
PFEVL T 5471 45 1 314 2 HAEHIE R 1Y PPTIM 4%
FEI(E 1C) . Al 41 T B Centiscape 2. 2 Fll cytoHubba
PEAT O P43 T , IF 38 3 Degree (HEF T/ 16 . He 20
et 10 %O R AR, 43 512 1L6 NFKB1 . STAT3  TNF |

apoptotic process - o
Positive regulation of PI3BK/Akt signaling -«
cellular senescence -
mitochondrion - « ~log (P value)
25
apoptosome - -l !20
15
| 10
secretory granule lumen L‘ ;
protein serine/threonine kinase activity - « count
protein serine kinase activity - « : ig
- * 60
ATP binding -
0 20 40 60 80 A

JUN .BCL2 ,ALB.CASP3 Aktl .ILIB(E 1D),
2.2 LUT B #ws e, Akl 69 o F *T 4210 iE B ) ) 5
BEPA T

LUT 5% 80 85 Aktl 70X Hr 25 8 o, 25
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Figure 1 Enrichment analysis of intersecting targets and screening of core targets between luteolin (LUT) and

myelodysplastic syndromes (MDS)
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A: Schematic diagram of molecular docking results between LUT and Aktl; B: RMSD values of the protein-ligand complex; C: Rg values of
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Figure 2 Molecular docking verification and molecular dynamics simulation analysis of LUT with core target Akt1



1074 P 222 5 K224, 2026,48(8) http: //aammt. tmmu. edu. cn

MUTZ-1 MOLM-13
100 80
. 80 . 60
< X
% 60 é 0
= 40 2
= =
20 4 20
0 T T T T T [, T T T
0.5 1.0 1.5 2.0 25 0.5 1.0 1.5
Logro[ LUT/(umoliL)] A Logso LUT/(umol/L)] B
0 pmol/L 15 pmol/L 30 umol/L 60 umol/L
=
2 g
= B
pue =)
=
=
3 4 pmol/L
S e —
3 A
| 2 g
5 s |
s o |
F o
= =
g
=5
3
MUTZ-1 MOLM-13
P<0.001
% P<0.001
P<0.001
g_ 80 = m1 1501 -
[=) P<0.001
© > >
5 60 5 P<0.001
8 3 1004
S 40~ 5
1] o]
Qo
5 20 5 1
= =z =
[}
£ 0 o4
o 0 15 30 60 0 4 8 16
Concentration / (umol/L) Concentration / (umol/L) E
=
QI E MUTZ-1 MOLM-13
E 3_ P<0.001
= P<0.001 —Pco001
807 p<o.001 801 P<0.001
X R =
< S e0- $ 0 £m0001
E & &
@ 2 404 2 40+
8 8
o 204 S 20
%‘ i &
£ 0= 0 -
3 0 15 30 60 0 4 8 16
= Concentration / (umol/L) Concentration / (umol/L) F

A: LUT inhibited the proliferation of MUTZ-1 cells in a dose-dependent manner after 24 h treatment; B: LUT inhibited the proliferation of
MOLM-13 cells in a dose-dependent manner after 24 h treatment; C: LUT inhibited the DNA synthesis capacity of MUTZ-1 and MOLM-13 cells
after 24 h treatment; D: LUT inhibited the colony formation of MUTZ-1 and MOLM-13 cells; E: Number of colonies of MUTZ-1 and MOLM-13
cells after LUT treatment; F: EdU-positive rates in MUTZ-1 and MOLM-13 cells after LUT treatment

B3 LUT#% MDS 4 AaE5E .DNA & A K 52 BE TS B
Figure 3 Inhibitory effects of LUT on proliferation, DNA synthesis and colony formation capacity of MDS cells
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A: ROS levels in MUTZ-1 and MOLM-13 cells after LUT treatment; B: Mitochondrial ROS levels in MUTZ-1 and MOLM-13 cells after LUT
treatment; C: Mitochondrial membrane potential in MUTZ-1 and MOLM-13 cells after LUT treatment
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Figure 4 LUT induced oxidative stress and mitochondrial dysfunction in MDS cells
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A: Apoptosis morphology of MUTZ-1 and MOLM-13 cells under electron microscopy after LUT treatment; B: Apoptosis rates of MUTZ-1 and

MOLM-13 cells after LUT treatment; C: Expression of apoptosis-related proteins in MUTZ-1 cells after LUT treatment; D: Expression of
apoptosis-related proteins in MOLM-13 cells after LUT treatment
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Figure 5 Morphological features, apoptosis rates and expression of apoptosis-related proteins in MDS cells induced by
LUT treatment
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A: SA-B-gal staining for cellular senescence in MUTZ-1 and MOLM-13 cells after LUT treatment; B: Expression of SASP factors in MUTZ-1 and MOLM-

13 cells after LUT treatment; C and D: Expression of senescence-associated proteins in MUTZ-1 cells (C) and MOLM-13 cells (D) after LUT treatment
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Figure 6 Phenotype and molecular characteristics of senescence induced by LUT in MDS cells
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Figure 7 LUT induced apoptosis and senescence in MDS cells by regulating the Akt signaling pathway
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