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Abstract: Colorectal cancer (CRC) is a highly prevalent malignant tumor of the digestive system worldwide,
and resistance to chemotherapy and immunotherapy constitutes a major challenge in its clinical management.
While lipid metabolic reprogramming supports tumor proliferation, it also confers a specific metabolic
susceptibility of CRC cells to ferroptosis, an iron-dependent form of programmed cell death driven by the
accumulation of lipid peroxides. CRC cells promote the membrane incorporation of polyunsaturated fatty acids
(PUFAs) by upregulating acyl-CoA synthetase long-chain family member 4 (ACSL4), reduce membrane lipid
unsaturation by activating stearoyl-CoA desaturase 1 (SCD1), and rely on the solute carrier family 7 member 11
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(SLC7A11)/glutathione peroxidase 4 (GPX4) antioxidant system, together with parallel pathways such as

ferroptosis suppressor protein 1 (FSP1) and dihydroorotate dehydrogenase (DHODH), to eliminate peroxides and

maintain the dynamic balance of the "lipid-ferroptosis axis". Owing to their multi-target regulatory advantages,

natural bioactive compounds specifically intervene in this axis by inhibiting fatty acid desaturation, inducing

lipophagic substrate mobilization, blocking antioxidant defenses, and disrupting iron homeostasis, thereby

triggering ferroptosis in CRC cells. In addition, the combination of natural products with chemotherapeutic agents

or immune checkpoint inhibitors can effectively reverse metabolism-adaptive resistance and activate antitumor

immunity by inducing immunogenic ferroptosis. Given that clinical translation still faces challenges such as poor

druggability and the lack of predictive models for therapeutic efficacy, the authors systematically analyzed the

pharmacodynamic material basis and molecular mechanisms by which natural bioactive compounds modulate the

lipid-ferroptosis axis, with the aim of providing a theoretical foundation for the development of drugs targeting

metabolic remodeling and for the optimization of combination therapeutic strategies.

Key words: colorectal cancer; lipid metabolism reprogramming; ferroptosis; natural bioactive compounds;

lipophagy; drug resistance reversal
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Mechanism of lipid—ferroptosis axis in colorectal cancer

Lipid substrate metabolism

Subcellular antioxidant defense networks

PUFAs.e.g., % \ E

AA, AdA ELO0H Ferroptosis Resistancé

'mmwrm'rrm% § Sommmmmmme & § § £ e AT

Glu Oxidized
CoQ

MAIAEEAAAAARRRAY===S ARSI RIS R AN

Cysz :

SSLBLRLRSULRUUNNY ¢ ¢ SURNIENNIIININIE & 5 ¢ § SLSUNNMNNNIL S | QUULEELLLERIR T S UL LLL L imlﬂl LIS MMW.LIWMJMM_' LU
Plasma PUFAs.e.g., PE-PUFAs MUFAS 'Cytoplasm ST A“ CoQ CoQH:
membrane AA, AdA SCDI ' 125 A39 ¢ 1
m .
— LPCAT. : Gie o 0 )\ Fenton !
AA, AdA ‘ / Peroxisome 7\ Gly L GPX4 ) reactiony ]
Acy-CoA ( EARL )L/ @NPATH g pioids) G ROS’&* I
derivatives (AGPS catalyzes the || \AGPS (plasmla% ! s PL-OOH PL-OH it Mitochondrial mem '
SRS B/ ) = e L""LO‘”'“’LO"H-
/ \e) PINK
. L 0 the cel Tane \S Parkm ghfythe iron )
s fhf”fhih’c_pr'?ﬂliﬁ? S — R _—_»Ml_tqpllegl‘f_f?_ atsignal 0
15-LOX oxidation ~
. Glucose
DGAT — Plasmalogen-OOH deprivation
—» TAGs Q /' ;
= .-Bec inl
e Enhanced susceptibilit; LC7A1
a-tocopherol to ferroptosis i 4 { P53 ‘(g Autophagy
5 74" A\ L P x'-
= . @—E — @) — @ : @d (o) eo
Qe 4 ‘% ] Mut p53 &
Rab7/HOPS L /STX17-SNAP20 \: u I;\I i Aty Fatty acid  P53-p21 axis
_-VAMPS Autolysosome ! ucleus St
ULK]1 complex activation , Autophagosome LR H
LC3-1 »LC3-1I (LC3-II on membrane) FFAs/PUFAs:
LD homeostasis and lipophagy flux release 1 Transcriptional and energy stress response
‘ Enzyme Lipid Sy PUEA Y\ MUFA * ROS [ )JTF =— Activation ====p Inhibition =—— Suppression @ Fe*/Fe** LD

Figure 1 Mechanism of lipid-ferroptosis axis in colorectal cancer. 15-LOX: 15-Lipoxygenase; AA: Arachidonic acid; ACC: Acetyl-CoA
carboxylase; ACSL4: Acyl-CoA synthetase long-chain family member 4; AdA: Adrenic acid; AGPS: Alkylglycerone phosphate synthase;
AMPK: AMP-activated protein kinase; CoA: Coenzyme A; CoQ: Coenzyme Q; CoQH,: Ubiquinol; Cys: Cysteine; Cys,: Cystine; DGAT:
Diacylglycerol O-acyltransferase; DHODH: Dihydroorotate dehydrogenase; FAR1: Fatty acyl-CoA reductase 1; Fe* : Ferrous ion; Fe™':
Ferric ion; FFAs: Free fatty acids; FSP1: Ferroptosis suppressor protein 1; Glu: Glutamate; Gly: Glycine; GNPAT: Glyceronephosphate O-
acyltransferase; GPX4: Glutathione peroxidase 4; GSH: Glutathione; HO-1: Heme oxygenase 1; HOPS: Homotypic fusion and protein
sorting complex; Le: Lipid radical; LC3: Microtubule-associated protein 1 light chain 3; LD: Lipid droplet; LOO-: Lipid peroxyl radical;
LOOH: Lipid hydroperoxide; MUFAs:
Monounsaturated fatty acids; Mut: Mutant; p21: Cyclin-dependent kinase inhibitor 1A; p53: Tumor protein p53; Parkin: Parkin RBR E3
ubiquitin protein ligase; PE-PUFAs: Phosphatidylethanolamine-polyunsaturated fatty acids; PINK1: PTEN-induced kinase 1; PL-OH:
Phospholipid alcohol; PL-OOH: Phospholipid hydroperoxide; PUFAs: Polyunsaturated fatty acids; Rab7: Ras-related protein Rab-7; ROS:
Reactive oxygen species; SCD1: Stearoyl-CoA desaturase 1; SLC7A11: Solute carrier family 7 member 11; SLC25A39: Solute carrier

LPCAT3: Lysophosphatidylcholine acyltransferase 3; mGSH: Mitochondrial glutathione;

family 25 member 39; SNAP29: Synaptosomal-associated protein 29; STX17: Syntaxin 17; TAGs: Triacylglycerols; TF: Transcription
factor; ULK1: Unc-51-like autophagy activating kinase 1; VAMPs: Vesicle-associated membrane proteins; WT: Wild type
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Figure 2
Epigallocatechin-3-gallate; LC3-II: Lipidated microtubule-associated protein 1 light chain 3

Natural active compounds targeting the lipid-ferroptosis axis in colorectal cancer. c-Myc: MYC proto-oncogene; EGCG:
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Table 1 Major mechanisms and experimental evidence for natural bioactive compounds targeting the lipid-ferroptosis axis in CRC. CRC:

Colorectal cancer; LSH: Lymphoid-specific helicase; EWSR1: Ewing sarcoma breakpoint region 1; HIF-1a: Hypoxia-inducible factor-1a;
FASN: Fatty acid synthase; CaMKKJp: Ca’'/calmodulin-dependent protein kinase kinase f; AOM-DSS: Azoxymethane-dextran sulfate
sodium; OXA: Oxaliplatin; mtROS: Mitochondrial reactive oxygen species; CD36: Cluster of differentiation 36; PERK: Protein kinase R-
like endoplasmic reticulum kinase; DMH: 1, 2-Dimethylhydrazine; SIRT3: Sirtuin 3; MnSOD: Manganese superoxide dismutase; PDX:

Patient-derived xenograft; PI3K: Phosphatidylinositol 3-kinase; AKT: Protein kinase B; mTOR: Mammalian target of rapamycin; System

Xc™ : Cystine/glutamate antiporter; NCOA4: Nuclear receptor coactivator 4; Nrf2: Nuclear factor erythroid 2-related factor 2; ER:

Endoplasmic reticulum; PCBP1/2: Poly(rC)-binding protein 1/2; i.p.: Intraperitoneal injection; p.o.: Per os; i.g.: Intragastric administration

Classificati f
assification o Compound

Experimental model and treatment

Core molecular . .
Mechanism and anti-tumor effect Reference

mechanism target/pathway
Inhibition of fatty ~Artemisinin In vitro: HCT116, HT29, HCT-8 cells (0,5, LSH-EWSR1/  Disruption of the complex [14]
acid desaturation  derivatives 10, 20 pmol-L™); SCD1 downregulates SCD1, elevates
and membrane In vivo: BALB/c nude mice bearing the PUFA ratio, and inhibits
lipid remodeling HCT116 xenografts (10, 20, 40 mg-kg™, i.p.) tumor proliferation
Oroxylin A In vitro: HCT116 cells (25, 50, 100, HIF-1a/FASN Inhibition of lipid synthesis and [39]

150 pmol-L™);

In vivo: BALB/c nude mice bearing
HCT116 xenografts and AOM-DSS-induced

promotion of f-oxidation;
induction of G2/M arrest and
reduction of tumor burden

C57BL/6 mice (150, 300 mg-kg", p.o.;

200 mg-kg, p.o.)
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Continued
Classnﬁcatlion of Compound Experimental model and treatment Core molecular Mechanism and anti-tumor effect Reference
mechanism target/pathway
Resveratrol In vitro: Caco-2, HCT116 cells (10 pmol-L™"); CaMKKp/ Inhibition of cell proliferation [40]
In vivo: - AMPK and reversal of the Warburg effect
Resveratrol In vitro: SW480, SW620 cells (50 umol-L™") Lipid rafts/ Induction of apoptotic phenotype [41]
In vivo: - Piezol and enhancement of
mechanosensitivity
Artemisinin In vitro: HCT116, RKO cells (0, 1.25,2.5, SREBF2 Activation of SREBF2 leads to [42]
derivatives 5,10, 20 umol-L™); cholesterol accumulation and
In vivo: BALB/c nude mice bearing inhibits tumor activity
HCT116 xenografts (30, 50 mg-kg™, i.p.)
Induction of Timosaponin AIIl In vitro: SW480, HCT116 cells (10 umol-L™); Rab7/lipophagy Upregulation of Rab7 mediates [13]
lipophagy, In vivo: BALB/c nude mice bearing lipophagy to release PUFAs and
autophagy, and HCT116 xenografts (3, 6 mg-kg, i.p.) inhibits tumor activity
accumulation of  Strigolactone In vitro: HCT116, OXA-resistant HCT116R, Autophagosome- Blockade of autophagic flux [43]
stress substrates analogues SW620, SW480, HT29, RKO, LOVO, DLD- lysosome fusion induces mtROS and enhances
1, COLO205 cells (0.01-100 umol-L™); oxaliplatin efficacy
In vivo: BALB/c nude mice bearing
HCT116 xenografts (30 mg-kg”, i.p.)
Palmitic acid In vitro: HT29, HCT116, SW480, SW620 CD36/PERK Activation of the PERK axis [44]
cells (120 umol-L™); disrupts Ca”-Fe homeostasis and
In vivo: BALB/c nude mice bearing HT29 specifically kills tumor cells
or SW620 xenografts (10 mg-kg”, i.p.)
Apigenin In vitro: - SIRT3/MnSOD  Inhibition of the SIRT3/MnSOD [45]
In vivo: DMH-induced C57BL/6 mice (25, axis enhances ROS levels,
50 mg-kg',i.g.) improves histopathology, and
reduces tumor burden
Inhibition of the ~ Luteolin In vitro: MC38, CT26 cells (10, 20, GPX4 Direct inhibition of GPX4 [46]
GPX4/SLC7A11 40 pmol-L™); enzymatic activity and
antioxidant system In vivo: C57BL/6 mice bearing MC38 suppression of tumor growth
xenografts (15, 30, 60 mg-kg, i.p.)
Erianin In vitro: HCT116, SW480 cells (25, 50, GPX4 Promotion of GPX4 [47]
100 pmol-L™); ubiquitination and degradation,
In vivo: AOM-DSS-induced C57BL/6 male reducing orthotopic tumor burden
mice (20, 40, 80 mg-kg™, i.g., six times per
week)
Andrographolide  In vitro: LoVo, HCTS cells (0-80 umol-L™); p53/SLC7A11  Transcriptional repression of [48]
In vivo: Nude mouse PDX model (5, 10, SLC7A11 leads to GSH depletion
20 mg-kg”, i.p.) and inhibits cancer activity
Curcumin In vitro: SW620, LoVo, NCM460 cells (10, p53/SLC7A1l  Transcriptional repression of [49]
20, 40, 80 umol'L"); SLC7A11 leads to GSH
In vivo: BALB/c nude mice bearing SW620 depletion and inhibits cancer
xenografts (50, 100, 200 mg-kg, i.g.) activity
Tanshinone IIA  In vitro: OUMS23 cells (0, 5, 10, 20 umol-L™"); PI3K/AKT/ Blockade of the PI3K/AKT/ [50]
In vivo: BALB/c nude mice bearing mTOR mTOR axis downregulates
OUMS23 xenografts (50 mg-kg™, i.p.) SLC7AL11 and triggers ferroptosis
Oleanolic acid In vitro: HCT116, SW480, LoVo, SW620 PSAT1 Targeting PSAT1 blocks GSH [51]
cells (100 nmol-L™); synthesis, weakens antioxidant
In vivo: - capacity, and induces ferroptosis
Artesunate-Se In vitro: HCT116, SW480 cells (3.3, 6.6, System Xc/ Dual inhibition of the System [52]
13.2 umol-L™"); GPX4 Xc/GPX4 axis induces ferroptosis
In vivo: -
Disruption of iron Emodin In vitro: HCT-15, SW620 cells (40, 80, NCOAA4/ferritin - Induction of ferritinophagy [53]
homeostasis and 120 umol-L™); releases labile iron and inhibits
induction of In vivo: BALB/c nude mice bearing SW620 tumor growth
ferritinophagy xenografts (10, 20 mg-kg”, i.p.)
Dracorhodin In vitro: HCT116, SW480 cells (0, 5, 10, 20, HO-1/SLC7A11 Activation of HO-1 accelerates [54]
perchlorate 40, 80, 160 umol-L™); heme degradation and inhibits
In vivo: BALB/c nude mice bearing tumor progression

HCT116 xenografts (20, 40 mg-kg™, i.p.)
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Continued

Classification of

Core molecular

. Compound Experimental model and treatment Mechanism and anti-tumor effect Reference
mechanism target/pathway
Esculin In vitro: HCT116, HCT8, HT29, Caco-2, PERK-Nrf2/HO-1 Induction of ER stress [55]
SW480 cells (20, 40, 80 pmol-L™); upregulates HO-1 expression and
In vivo: AOM-DSS-induced C57BL/6 mice causes iron overload, thereby
(20, 40 mg-kg", p.o.) inhibiting tumor growth
Acevaltrate In vitro: RKO, HCT116 cells (0.1, 0.5, 1,2, PCBP1/2 Downregulation of PCBP1/2 [56]

5 umol-L™);

In vivo: BALB/c nude mice bearing

leads to accumulation of labile
iron and inhibits cell proliferation

HCT116 or RKO xenografts (0, 10, 25,

50 mg-kg”, p.o.)
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P EZETT .. E4YWE T, 285 = UM
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FEJREF /7 1, CRC 40 i 5 15 iy b 7 40 Mo /e AR TR AiE
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Table 2
element-binding protein 1; CLTC: Clathrin heavy chain; XRCCS5: X-ray repair cross-complementing protein 5; DMT1: Divalent metal

Summary of natural bioactive compounds in reversing drug resistance and combination therapy. SREBP-1: Sterol regulatory

transporter 1; HMGAZ2: High mobility group AT-hook 2; STAT3: Signal transducer and activator of transcription 3; DAMPs: Damage-

associated molecular patterns; PD-1: Programmed cell death protein 1

Application

strategy Compound Experimental model and treatment Target/pathway Mechanism and efficacy Reference
Reversal of 6-Shogaol In vitro: DLD-1, SW480 cells (5, 10, 20 pmol-L") AMPK/SREBP-1 Activation of AMPK to inhibit [57]
multidrug In vivo: - lipid synthesis; reversal of
resistance adipose microenvironment-
induced 5-fluorouracil
resistance
Salinomycin In vitro: SW480, HCT116 cells (2.5, 5, 10, 40, SLC7A11/GPX4 Synergistic pro-oxidative [58]
80 umol-L™) effect in combination with 5-
In vivo: BALB/c nude mice bearing SW480, fluorouracil; enhancement of
HCT116 xenografts (5 mg-kg”, i.p.) chemosensitivity
Pteris In vitro: SW480, HCT116 cells (5, 10 pmol-L") SLC7A11/GSH  Depletion of GSH to impair [59]
wallichiana In vivo: AOM-DSS-induced C57BL/6 mice; antioxidant capacity; reversal

BALB/c nude mice bearing SW480, HCT116

xenografts (10, 30 mg-kg, i.g.)

Atractylenolide I In vitro: CRC5, CRC11, CRC107, CRC118 cells CLTC/XRCCS5
(0, 10, 20, 40, 80, 100, 160, 320 pmol-L™")
In vivo: BALB/c nude mice bearing CRCS

xenografts (25, 50 mg-kg™, i.p.)

of cisplatin resistance

Targeting DNA repair and [60]
metabolism; enhancement of
oxaliplatin efficacy in patient-

derived organoid models

Combination of Curcumin + In vitro: HCT116, CT26 cells (15, 50 umol-L™")  DMT1/Nrf2 Synergistic blockade of iron [61]
multi-drug and ~ metformin In vivo: BALB/c nude mice bearing CT26, uptake and antioxidant
immunotherapy HCT116 xenografts (20 mg-kg”, i.p.) defense; tumor suppression
without significant toxicity
Icariin In vitro: HCT116, SW620, MC38, CT26 cells (0, HMGA2-STAT3/ Induction of ferroptosis to [64]
10, 20, 40, 60, 80, 100, 120, 140 pmol-L™) DAMPs release DAMPs, thereby

In vivo: C57BL/6 nude mice bearing MC38

xenografts (10, 20, 40 mg-kg™, i.g.)

activating CD8" T cells;
enhancement of anti-PD-1
inhibitor efficacy
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JoR =R BE T AR 4 g o AT 55 4 B B8 T ) i 5
%%, & CRCIGIT B 7ESE Rl AR SC IR T CRC 41 il
it ACSL4/LPCAT3 /3 ¥ I g 55 %8 . SCD1 i 4% 1) %
A4k \SLCTA11/GPX4 & 4 % FSP1/DHODH i i 1)
EERERIE T HEBULE, i3 IR DR A B AL S B AL
B340 (8] PRI B A5 P P8 T BRIE T U . R ARTEPEAL
AW IS 2 B0 S T T R T R AT AR A
SCDI1, FIBHEH AILE 3, RBEHEREE =R
Wr GPX4, K R W TEERA . X &Y R
AT CRC AR B gmFE 1 BT . UbAh, RIS
AT B A A AR IR, AN AN 0 A AR O Y
PEN ST 25, 38 T I8 7 5 G2 SR R AT T s b
Ji9RE 3%, T IR MSS B CRC 35 T R4 4L 5w

SR, I R EEAL AT TG PR AR: DA A2 PR T3 —
A, B2 5 TARUHRRAE 1) TT RCTINBLRY; 3553 K AR
PR ARV 22 AR ) FE A S5 s 24 12k 10 R ‘0

Table 3 Clinical trials of natural bioactive compounds in the prevention and treatment of CRC. Levels of evidence are graded according to

the Oxford Centre for Evidence-Based Medicine criteria: 1b denotes a single high-quality randomized controlled trial; 2b denotes a single

cohort study or a low-quality randomized controlled trial; 4 denotes a case series or single-arm study

Sample

Level of

Compound Trial phase/type . Primary clinical outcomes Registration number . Reference
size evidence
Berberine Randomized, double-blind ran- 1 108 Reduction in adenoma recurrence rate NCT02226185 1b [69]
domized controlled trial

Curcumin Phase Ila 28 Improved survival with no significant adverse NCTO01490996 2b [71]
effects

Resveratrol Phase I (open-label) 8 No significant histological changes observed NCT00256334 2b [72]
in cancerous tissue

Resveratrol Prospective clinical study 20 Reduction in tumor cell proliferation index by NCT00433576 4 [73]

5%
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