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Abstract: Mitophagy is an evolutionarily highly conserved selective autophagy process that maintains cellular
homeostasis and mitochondrial quality control by specifically recognizing and removing damaged or superfluous
mitochondria. During tumorigenesis, mitophagy eliminates damaged mitochondria and reduces the accumulation of reactive
oxygen species (ROS) , thereby helping to sustain cellular homeostasis. Energy metabolism refers to the core biological
process through which cells convert chemical energy from nutrients into adenosine triphosphate (ATP) via biochemical
pathways such as glycolysis and oxidative phosphorylation, providing energy for cellular activities. While research on
gastrointestinal tumors is advancing rapidly, a major bottleneck lies in their complex metabolic adaptations and therapeutic
resistance. Targeting the interplay between mitophagy and energy metabolism has emerged as a promising therapeutic
strategy for this disease. Current research on mitophagy and energy metabolism in gastrointestinal tumors, including the
molecular mechanisms of their bidirectional regulatory network and applications in targeted therapies, remains to be
systematically elucidated. Therefore, this review summarizes the implications of the mitophagy—energy metabolism
interplay in gastrointestinal tumors, with the aim of providing insights for future research.
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ST M AT A SRR ) FE R T LORRAE R
FLAZ A0 ML B8 B 1), il i A 1R 1K (oxidative
phosphorylation, OXPHOS ) 3% 3fj 41l i 1 21 , H: 2 5
B fp 5 R AR B UIAHOG . S SRR A B R AR
A& 40 M AR ZORLIR B X — R B AL
il*, @ i PTEN 5 5 # B 1 (PTEN-induced
putative kinase 1, PINK1)/RBR Z5#3 1 E3 72 % i
$% B (Parkin RBR E3 ubiquitin—protein ligase,
Parkin) \ Bel-2/f# 45 # E1B 19 ku A 5. /E I & 11 3
(BCL2/adenovirus E1B 19 ku interacting protein 3,
BNIP3)/NIP3 ¥ 2 1 X (Nip3-likeproteinX , NIX) &
FUN14 %5 # 3 % H 1 (FUN14 domain containing
proteinl, FUNDC1 ) %5 i [ I [k 52 1 Z A0 44, #1K04
1% PE4 (reactive oxygen specie, ROS) 2Rk
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Z) o X PP 52 B RS 4 T Kirsten [
2K AYE (Kirsten rat sarcoma, KRAS) (B4R iBSH T
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(AMP-activated protein kinase, AMPK) Fl14% A -
kB (nuclear factor, NF—kB) FR5 %5 8 45, AL 2
e MR SR R K S FLRR R AL O B 5
FPEIN ] , (2 HEFERE ST 2y

(EAS 1 R 2 , T P e (o B s | 15 98
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a0, KRAS %€ 728 5 g 98 b M A0 05 5 38 1 38 il
(extracellular signal-regulated kinase, ERK) /&4 fifl
ZH 2148 - 75 11 (myelocytomatosis proteins, MYC) %l
A OXPHOS , 361 {57 240 it % ) k1 it 5 1 5 s 1 40
I A AR W ARy, ZE R PR T et
AR AT 58 1 O % £ —OXPHOS D] 4 ) 512 30 4 328 3k
o ARICRGEEHRLRA A W77 HL] | REREAC
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AR AT DL I 5 1 P 1 7 e 22 4 S 1Y)
LA X R ER AR, M PR e A o
IFAEFFLORLIR T RE . 5 LRI B WA OC A AL I AT
DL R 2 B s iz F O M 8 A2 RN AR 2 2R AROME 1R
RN o ZREI MR B TR T 2ok AR
MR HZ RS 4. HAlR& W&z R
PINK1/Parkin /1 S Y ZE R0 IR [ Wi o 24 2R 1432 46t
SRR TR L 7 (AW mit) 2SI, BER A K 5K Ty
M [A ¥ ¥ (phosphatase and tensin homolog,
PTEN) 75 5 P PINK 1 P JC 12 G o T 4 Ak P
[[IE28-2 ?5’[‘ ﬂﬁ%{ﬁ%ﬁ%ﬁi (translocase of outer
mitochondrial membrane, TOM complex) , BT AE 5
S Parkin Z2EALRL T . PINK1 7 % Parkin
FG AR (L0 S E3 17 334 He i (3 E1/E2 il
) A SRR E Rz BB, ZRES
filt % A W A OCBE H (p62)/H W 7 IR B A R 1
(autophagy receptor sequestosome 1,SQSTM1) R 4E
il o H LC3- 4 B /E H X (LC3-interacting region,
LIR) 5 A W & 45 ic & 11 LC3 (microtubule-
associated protein 1 light chain 3) 454, RA M EZ
PAELIRTE 1 A WEVA R R AR 1208 B% h PINK1
VER LU 405 4% A, Parkin £E 0 T AT &, —
Y ML IR Al SL R 4R R AR BT AR AR
Bz R K MM AR il 4R IR Ah B (outer
mitochondrial membrane , OMM) 3Z K/ 5§, £ §§
BNIP3/NIX 1 FUNDC1 % . 38657 1K 1 #3238 5 LIR
454G HWEEE A LC3, JA3h AWML . Bl an ik 2%
% F , Unc—51 ¥ ¥4 1 (Unc-51-like kinase 1 ,
ULKD) B2 (L0 FUNDCI, #8355 LC3 £ 2 52 1 £k
KR ZF TR SRR A WAL A FE A % 4
I : PINK1/Parkin {24 “ 4 REW %7, 3l 4 2 R AL A
SRHUBLLAL AR 5% s 1] BNIP3/NIX ,FUNDC1 %32
PRDU P 2 S ™, e AR A N bR
A b iR IR] 43 T.——PINK1/Parkin 7] GE7E
SO0 ) g 2, 7T 52 368 e D A G 30 By g e 3
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Fig.1 Core molecular mechanisms of mitophagy

1.2 Zkpifk B e R W EE R

I 2 — e B LR ST A A, oh VS AR A
S 0% R 0 N 43 RN AR A L R AR
I s 2 A R A VR . e AR R R v Lok
A W R DAY R 2 2 A, i/ ROS B, 4 4F
YUMARAS . SR YRS 2™ E IR, A mEnT DL
S R LR R N SR AR I R B, R

T 200 B 1 K 494 B Sy i B AR R B 1 T 5 |

RRES R TR NI SR NI TS ey AN E L P (I
JEIE T BT, SOREAAR 17 W2 200 1 £ 1 OXPHOS 119
KA HE I ATP LA O 98 4 M3 TR piy
1.3 kB ShE T4

fid 982 - 41 J (cancer stem cells, CSCs) 42 & 4
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D7 TR A AR . SRR B WX ZEHE CSCs 1Y
T B AT BB L H CSCREMSTE B AR Vi R =
RIPREE AR . A ST SR, L6 O B R CIE K
FEAS [ PDX A HY K G i ik i /) BRURS AEL TR B AU o 3
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BB ATGS FE [N, R 3 CSC BYERIAIE i fE 1 AR P A
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DART RO SE b 2 B0, W AE e vh B VR FH 32 208 7
JC A 2 o, A 4 5 R 2 R (PIBK AKT . mTOR ,
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TP53 . FOXO01) MHE 2% RNA (miRNA il IncRNA) .
X [ IR A A W (LR LR W) (Y
TG, B 520 CSCs RRYT I SULPE « F W75 51
FEAE BT 24, T 400 o 7500 D0) o] Rt A i 24
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DR S AR 0L R G 5 2 R AR OXPHOS S A% 0 11
TP E B (R 2) o fig o A 0 g R g A
TR BE i 7 S 30 i 2 0k 3o T 7 b o % 1) O O
W o E T Ak R T B A2 BoE {5 5 (i
KRAS \HIF-1o) GBS 7 (BRARE R B =) 3K
Bl FERIK A AR , OXPHOS Zh A& il 2
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Fig. 2 Molecular Mechanisms of Energy Metabolism Reprogramming

2.1 BREERE
W T AR AR by 0 A M 0 ik O AZ Lo IR A T IR vh
B R 5 (HIF-1o/MYC) 38 BE B0 2R3N " 4
BEBEAR" (Warburg RUNV ) o Warburg R0 S Bfed 18 i)
g RO R SR MR AR R R AT
ATHOI S 08 3l 3 e 2 e g 2 W A LR 1T IR
2k i OXPHOS #1JiE AL A A mi ke ™ o R
Warburg 250 1) g 1 %03 1 2 I T OXPHOS,, {H i
T ANRAE e R &A% . H D3 AE T Wil
il 388 S 1) R T R AR R O B b m) A (A0 3
B TR H IR W R M e N R TR R ) , 4 K
AL AT IR IR M i 5T A 0 1, 2 e 4
H@E‘@iﬁﬁé’JAﬁmﬁiﬁfﬁ'ﬁ??““ URELNSTRUNEES
TR LR i S A ( lactate dehydrogenase A, LDHA) %
oK &R, B MW M B (umor
microenvironment, TME) ﬁfi’ﬂjm] . HAEIWFIE W s
i 9o T P TR P S T S e ] o LR B i R TR
LE RN (monocarboxy]ate transporter, MCT) 1 # A
CD8* T 4fl g 11 ] 75 A 5 2 #E AL 11 C1 (mammalian
target of rapamycin C1, mTORC1) - -2, 6- —f
P fif# 5 #4 4 3 (- 6—phosphofructo—2—kinase/fructose—
2, 6-hisphosphatase 3, PFKFB3) %l , 15 5 ATP #E 45
KT 5 6] i 28 G H AR HK 52 4K 132 (G protein—
coupled receptor 132, GPR132) ¥ i B W& 40 i
STAT3-5 2 "2 i 1 (arginase 1 ARG1) 18 % , 3K 50

M2 ARk R S e ] = R, FLRR 5 MR 1= 2%
RS AN R T B VA G
2.2 RpPEELBEER L S B A5

R R FUAZ AH M ) A G TP AKX, 3l 3 OXPHOS
G ATP, I3 A0 IR V= SRR A, R A A 5 1
AN 1A L =R DN IR R 5 AL N
TR A ], 2 b7 (A T i B A3 o 410 o P 1% s i
(electron transport chain, ETC)Z &% 1 (M AV,
FH T OXPHOS , 5 3020 MU fiE 1 WV A4, 1 Ao 240 i 3 o
St A A R IBOR LR A i, AR 0 R R
BELAZEFRE ATP LR > R, OXPHOS T fig 3 61 J2:
I8 e 4T A S R T i ) S B R R 2 — o ok
{& DNA (mitochondrial DNA , mtDNA) % 2% ( 4
NDI ND5 JEH 25 &) WFMCEE S & Wi o (n i &
Py 1 W H NDUFB8 2K 1 ) M 2 b i % it 98> (PGC-
T FIAFFEO) 0 8 OXPHOS DI RERE RS . 9110 .
KRAS 278 i i e b, ERK 3 1 W R 1k MY C-S62 i
B RS M S G TR M ERK/MYC A 5 i
OXPHOS JE [K R 3k , {ff 240 i %z o) WE B A AL fig > . 4%
L9 T mtDNA 55 58742 (20% 5%%)1&11%%%
B RRAR ATP & JR0E
23 gEEREIETME

TME J2 Jif9gg 41 20 P eh 22 0 40 i CRfed 20 Jf 9
FHOC AT 4 40 M L G B 4 | D3 K 200 Bt % B s 44 i)
5 A A EE T (extracellular matrix, ECM) #4) il 1 3h
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BRI FIEE QMR T 0 A
BREZ MR AR SARIE B PSS A Bk
PR EAEACS Iy 0 TR ANE 7 B = A5 R
BRI RIECR AR Sl S . HIF-1 2 —Fh 5%
TR SR T S A0 T e A B A ) T
PR 20 i e e B A 1 25— 20 i A
Wi F% iz B H R % (glucose transporter type 1-12,
GLUTI-12) 157 . (A EEI R, Ltz HH
GLUTI W) 3235 32 36 5 [N 1 HIF-1 B 5% 3 80 4
P TR AN b, A5 S O B i A8 4 ] g
HIF-1 A PEDLEIE S GLUTI =33k, i & 55
AP | HE I SR8 200 v B8 AT 100 A S 0 T
fiR A 2RI HIF-1 38 B IR 3l T I AE s T
) AR T fie Qi e, TS AMLPK 3 85 DU AR Ay O B 1) T i
V75 W 38 0 2R 9 B[] — Dl B B (ke S ARROBE ) 38
i o AMPK i 3o 70 4 We 7L 2 ) 7 A R 5K A AR
(mammalian target of rapamycin, mTOR) & A , fiE i#F
JE Wi % AL (fatty Acid Oxidation, FAO)/ [ W, 7E4E
R AP A TP A AR S 2 A P« R RE R FE AR I AT
A FR M A= 1, FERRSE 7 J0) S g 200 A A7 A
Mt 24, # 55 HIF {5 5 A7 EZZ 5> . HIF fAMPK &
LA\ 5 R 41 T TME 47 P /88 f 107 35 (Bl 40 L B
AE) Y A EIE I, 10 NF-B 18 00 3= S 0 )37 -k
TME " A WY RE (RIE ) o B I 175 A A A7
RPE ] R R 0 A T, AN AT 4 S
Ted 200 A AT S, 0 9 3 B e 40 1 T R
55, IFUpIR) HIF/AMPK <5 388 % 2 [] 4 455 b 383 1 A 35
o PR AR FEMC R b, SRR E R (n
A A ARG 8 AT A A R P BR S
AR B LA A 2R G B 1 HE R 75 R
il 4an , B4 R 1% B 1% 42 (pentose phosphate pathway,
PPP) B33 L7 A NADPH (4 35 A AL JFUOF- i I
SCRERR BT A 1) A1 5- W R A2 ME (A% 1 R AT 4K, T
NADPH (R R i — SR8 HIF-1a 8, P Rl
WM —PPP-HIF-1o” 1E SR , 335 S8 K o 2 10 11
P TME,

L5 BRI A TE e Y RE e Q) R e e —
NZAEE S IEAE NG . B R AR A0
A 3 AR 2 A ) e (40 Warburg 200 5 OXPHOS
SR AN S IR IS SRR AW IR 7/ RSE ERER N 0k
TR RGEVEE S, R AR B, IR
JE W IR A 10 15 BRAE 1 OXPHOS A4k RE , FLIR 2 fa bR
R T I REIEH I ZORLR . X5 T — %

o DRI« JfRg 2 2 G e 7 PR 358 PR B LAk
PRI 7 T A TRIRASRTT, ZORLiR [ g ff:
LKA T RO ML, = T 5 A RE
AR E 2 e R RO 8 A XL 1) .3, 3 [ 9K 2 7
A e PR R R

3 ABAKAESRERHMGMEL
1 A

3.1 LMk Bt ae =R ERET

LR o RE R G Y PR IR AR [ e A AE
T S22 R o 8 IR B MR ™, e 2 S8 e
T T R B SRR A ] A R R R
ORLIA B Wi 1o T B ) R Ok IR Lok 1A 3 25 9 g
A BB, F R BRI Ok
R RIRRAS  MESR [7] Warburg RN 55787, A i
ol IS AR N = F A (mitochondrial
transcription factor A, TFAM) | 5 2 mtDNA W
P, PTG HIF-To Sl 40 1 36 R GMP-AMP 15 i
(cyclic GMP - AMP synthase, ¢GAS)— T4l % % [H
H3 & H (stimulator of interferon genes, STING ) il
B A5 A W, 2 B 4 8% 9% (esophageal
squamous cell carcinoma, ESCC) A AE R E 1
FAE S FER RN T (BT )  HIF-1a
755 BNIP3/NIX 1 s [ fif 32 A ZORLAR o X P R
VG iy R A S ) AR S e R S0 SRR ] e ke
), AWRIE R AZ AR TR SE OXPHOS T RE , 1
R TP A 3 B8 T 5 18 M O B (IR Ak TT ) L 46
LA AN R T 38 20 A SO i . 191
U, TFAM R 8 5% 200 mtDNA R 3, 3 38 cGAS-
STING T8 B0 P4 1 A W , 5 B 278 s 20 i 7
SRR R T AR, T M2 B i g A OC 4
il (M2-type tumor—associated macrophage, M2
TAM) #1448 47 1Y 4 4% JE 4 5 RNA (long non—
coding RNA, IncRNA) ifi i 9 % #% #H ¢ 5% 5+ 1
(metastasis
transcript 1, MALA T1) , 038 13 54 58 §—catenin f1_I-
A HIF—1 o, 7002 PR RO BE b 3K 5l 15 6 0 10 At 43 o
Ko B #5 HEOBE W 4N 5N AN
(hepatocellular carcinoma, HCC) 2] i ¥4 3¢ £0 4l %
fift Tt (H HCC 5 5P B 8 O BB 2 (hexokinase
2, HK2) . c=MYC J 3- ¥ 5 T e Bt &0 g 1 (3-

associated  lung  adenocar—cinoma
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hydroxybutyrate dehydrogenase 1, BDHI ) , $E &) il &
OYFRALRE , X T A T A p 1S B g A .
BRI UL, Sebi A [ W5 A R a2 A P 9 VR 2 — 4
WG AE SR, B B 20 ik 2 AR
TR MAEMS YRR T, T W HE S BH AR, 1
Sy P IR 35 2 4 PR 1) A A7
32 gEERENKAEEERNRIERT

21 i 1) RE IR S 5 SRR i i — B
1B R G, B AS MR 7 46 2ok iR [ g s e L LA
Vb SRR H AR S 5 PR I AP 4 R IR
SRR 7K - 380 20K 285 S s ML D 3 A T 4 Lok
A B, LAZERERE AR A FE N AR AR L . BE R
TRV 3 % E R P R 1 g b R FERZ AR R 6]
11 AMPK/mTOR %l F1 NAD*/350 2R A5 8 0 5 A 7 1
(sirtuin 1, SIRTI)f % . fik ATP/AMP Lt 7] 33 7
AMPK, i F #5 B2 1k A Wi & 46 & 1 (unc-51 like
kinase 1, ULK1) F13#] mTORC1 i LR fA [ g ;
Rz, RE IR S B mTORCT $14h)  me™ . 1ii
NAD KR B SIRT1 25 2 WE AR B 15 7%, 11155 H:
ST WA O (A0 Le3) By IR i 2ok A
Wit , B4 e IV U 5 AR IR T A SR FAIRAE
R IR FRAE FR T LA, 76 3% 312 I AU (succinate
dehydrogenase , SDH) 575 Jifigg v 57 1 &5 FUE WL 3%
BT RIS 578 R ES 3 TR NTE R R S DT G P e
CDS8* T2 g, 3% HIR 8 1 3 7% HIF-1o/BNIP3
W ORI 1 5 B 43 2o A O 4 20 M T
PR, BESR BT e g . AE TME ', 3% 3 R 38 o 41
il i 2 R 2 AL 1 (prolyl 4—hydroxylases, PHD) & %
HIF-1a"", JE T4 PINK 1/Parkin 38 £ , BHL W 28 4
W8 WS 3 A Bl A ) B F 4% 3 (reverse
electron transport, RET) XN kiA& ROS, i ¥R H W
FAE T AN B R (O AL AR ) SRR
A4 B% 3 152 48 1o B8 FA PR 5Z 4K 1 (succinate receptor 1,
SUCNR1)/cGAS-STING i % , Hll 55 CD8*T 2 ffd M fig
IR SRR 25, 25 b, e AR ki iAk
H W R B T —1> 22 2 UK A I 42 D 285 - g dk ek
7 388 % (40 AMPK, SIRT1) £ 52 861 3 il i 17 7K
TR PSR 5 T OB CAnBR AR ) WV A 16 45
55 TR PRBE R (AN A 28788 ) i A T T
B G| KT R IEL )R .
3.3 ek B IS PR 21

SRR AR V53 o B ] A I o g A, A g
fif 25 FPA T 2 )2 R A E SR B EAR R . R

T AN T, VAT TR ) B S BU S Lok A
P05 o SR, i Eg 240 i 30 Sk O ) 2ok AA 1w (an
JFF 38 T e~Myc/PINK1-p62 1) A7 WU AT 55 - i Bk
ROS il v e 54, a0, T 254 A PR
e (drug—tolerant persister cells, DTP 4 g ) 4 4
PINKI W2 55 OXPHOS Fa 75 , S RFIRBIRAE TG
TS EJZ T, i Jed 40 e i ot 4 it o 20 e T sl 9 3 —
AN G Ty BRI o A TME H 18 P 37T i
N2 T MR AZ K (T cell receptor, TCR)/{G AL T 2
M #Z K C1 (nuclear factor of activated T—cells,
cytoplasmic 1, NFATcl) %l b7z 47 51 8 1 i
30 (ubiquitin specific peptidase 30, USP30) , ]l il
PINK 1/Parkin i 4 530 CD8*T 41 il 22 i 1A g A L
RN FEMw A 5 lm] s e A (dn 3%
IR )38 1 SUCNRI A5 V6 S+ H W 41 i M2 Al Ak,
E— LAl T AR o KRB, R 40 A R
FHERAA A WEFEAT AR, b i B AR PR I 5
B AN R 2RI B R . X R R
SRty e " R MR B, 4G L 1 T 24 S ER BT A%
O BRAFAE o 2R A F W i 2o 41 7 2 SR04 T2 4
T AR 20 M A IR A A 2 T Y
TS 245 A4 BRAE X 2% SR T i HRT . GoRniA | mi 2ot
T 3% DR 4 58 7 70 52 438 RO A b Ak, 355 BT B e 2 40
JEAFIG | Ayl i e % Bl P T B

4 ZEKAEL S AHENILE
¥ G P 44 e R )

4.1 LREBE: EMREVRIRA

kAR A mE A ¢ 5L ] (mitophagy—related
genes, MRGs) T 1k 14 A0 18 I Jeg 791 f T 0] i) o 2
HWkrEY . FELETEIE (colorectal cancer, CRC)
Hh, JE T TCCA Tl GEO Bifii e A4 A 2oL i 11 et
TEASHY B 7R : ATGI2 FI MAPILC3B i ik 548 K il
J5 R OG T TOMM22 F1l TOMM40 2% F35 M R
B AR X 22 R 5 S e RO B T I % )
FHR——ZR A A W23 = 1 CRC LS (M2 B)
FEILH TR Y CD8™ T 241 i 22 11 1 B 28 AGx A o5
P S OO e e iR 7 U o 7E 1 9 (gastric
cancer, GC)FFFE T, B4 L I )3 6 & bulk RNA 43
B % 18 A0 MRGs , o =38 T TR Z A4 AH
KA FFE 2R H 2(gamma—aminobutyric acid receptor—
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associated protein—like 2, GABARAPL2) Fl CDC37
TE b B AN rb e S e 3k, I3 8 4 4 e )
THER Sh il 0 i . 31 3 4 2 1Y) 9 4k RS A 7
ZA NI e A &5, HLS e i i ok G il an
CDC37 3K 20 M2 LW i 1 309%™ {EA51E
B, ok R I A S A B (deoxyguanosine
kinase, DGUOK)7E CRC 2141 1Y ik 2 38 1 iod 386
p38 22 24 J5 % A 35 1 I (p38 mitogen—activated
protein kinase, p38 MAPK )il i 4101l H M, S 35—
TR IENE (5—fluorouracil, 5-FU) b TFim 24 , {d H ke
TR AR T B v AR RS S . AT L
MRGs #5254 1EAE A BR— RO TS F5 5 , [a] BEASHG THE
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Table 1 Current Status of Mitochondria—Targeting Drug Development

Types of cancer
Targeted components
treated

Primary Therapeutic Effects

references

Glycyrrhetinic acid Liver cancer

) ) Broad-spectrum
Triphenylphosphonium

cancer

Agarol & Ganoderic Lung cancer (ad-

Acid T (Sterol)

enocarcinoma)

Acute myeloid
o leukemia Malig-
Oridonin
nant tumors of

the stomach

Hepatocellular
0A

carcinoma

Colorectal
cancer, liver
Resveratrol
cancer, breast

cancer

Lung cancer,
SHMT inhibitor

colon cancer,

pancreatic cancer

Efficiently delivers doxorubicin to mitochondria. Significantly increases the
Bax/Bcl-2 ratio (10.5—fold) , powerfully activating the mitochondrial apop-
tosis pathway. GA possesses intrinsic antitumor activity and synergizes with

DOX to enhance chemotherapy potential.

Utilizing the negative—to—positive potential gradient across the mitochondri-
al membrane, it actively accumulates within mitochondria. When conjugat-
ed with anticancer drugs, it significantly increases drug concentration with-

in mitochondria, thereby enhancing therapeutic efficacy.

Activation of ROS production interacts with the Bel-2 family, disrupting
the mitochondrial outer membrane and releasing apoptotic proteins such as
cytochrome c. This process forms “apoptosomes” and activates the caspase

cascade. In mouse models, it significantly reduces tumor volume.

Simultaneously triggers mitochondrial apoptosis, necrotic apoptosis, and
ferroptosis. Reduces mitochondrial membrane potential (MMP) , modu-

lates Bel-2 family proteins, and activates Caspase—3/9.

Simultaneously triggers mitochondrial-mediated apoptosis, mitophagy,
and ferroptosis by inhibiting key pro—survival pathways such as NF-kB,
Akt, and mTOR. It also activates the p38 pathway, modulates FOXO3a/

Sirt6, leading to mitochondrial matrix protein (MMP) degradation and
cytochrome c release, while regulating the Bel-2/Bak ratio and activating

procaspases.

By effectively inhibiting the electron transport chain (ETC), it induces
apoptosis. It can interfere with multiple cellular processes in both primary
and drug-resistant cancer cells, demonstrating broad—spectrum antitumor

efficacy.

Targeted inhibition of key enzymes in one—carbon metabolism: SHMT1
(cytoplasmic) and SHMT2 (mitochondrial). By blocking one—carbon me-
tabolism, this approach disrupts the nucleotide synthesis pathway essential

for rapid proliferation in cancer cells, thereby inhibiting tumor growth.
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