OPS/images/fcell-13-1598924/fcell-13-1598924-g001.jpg
Glutamate ®

@ ¢
Fe' s Fe? Tuberostemonine
]
3’ ~ A

SEEHEHEHETE S ST Injury DAMPs
™R System X Ditydroartemisinin, AECII Se) \
Fe* Tanshinone IIA, | S ‘f',
E Salvianolic acid B
EARS . Shenks, Schizandrin B, sl M2 Neutrophil
MT1 E ‘ Glycyrrhizic acid :_TEF-_M_: ror
2+ _B
h ¥\ X NFxB PDGF MMP-9
o @ 1) MAPK
DNA damage =y isiaibl
PCBP1 <A .
orritlh _————
Ferritinophagy

(@ D)
(SLC7A11) Fibroblast
l - EMTS D
NADPH
Dihydroquercetin
® o
( Shuangshen
Pingfei formula / Myofibroblast
ECM deposition l \

Tobacco, silica,
asbestos, radiation,
bleomycin, and
various drugs

< ) Ferroptosis’
\ ACSL4 LPCAT3 LOXs N
ipi idati and remodeling
PUFA-CoA —» —°5 (PUFA-00H) —» (Lipid peroxidation .

—
" \ % Collagen

Astragalus and Panax

notoginseng decoction





OPS/images/fcell-13-1598924/fcell-13-1598924-g002.jpg
A C Bleomycin

HAase Lut Lut@HAase

B Inhalation
® L) e
D _S» + ° 4
o o °
" 079 NHSPEGNHS “g"m'
Hyaluronidase Luteolin Lut@HAase

Idiopathic pulmonary
fibrosis therapy 5

Degrading the
hyaluronic acid

w
3
T
: /\/\(IL” ™\ Anti-inflammation {\‘{
o) A o -
: ///\J | Anti-oxidant <§(
1 @
" G

' ROS ~““=-. Fibroblast Myofibroblast

Bleomycin
Lut@HAase mmm Control PBS HAase Lut Lut@HAase
Lut fa— e
=
HAase  pum ?
PBS  mem k-
Contro| === o






OPS/images/fcell-13-1598924/fcell-13-1598924-g003.jpg
@ 20 B
o/ Day 1 Day 5 Day 10 Day 15 Day 20
17, A
- Layer1
Lockonse
-
( Layer 2
Metfunctonal RMSCs \
s w:&‘;:':_‘ S st | ayer 3
' i
&2 i
5 10 15 20
TeNCigeONA —_— o (e
E Foo como  mm TS Lbeeamse G
N .
2D imaging ¢ 3 rory
Lung % 4
+ L) W B,
hMSCs BLM : ¥
2D analysis : "
. 4 hMSC +BLM m
Labeled hMSC
+BLM

3D analysis

hMSCs






OPS/images/fcell-13-1637767/crossmark.jpg


OPS/images/fcell-13-1622544/fcell-13-1622544-t001.jpg
NDDs  Compounds/Drugs/Proteins/RNA

Ferroptosis

Marker proteins

Main functions

Refs

Ghrelin ! BMPG,SMADI, SLC7AN, GPX4, FTLL, FTHL Arg-l, | Promoed the polaizaton of microglia towards M2, and | Guo et . (20250)
IL10,TGE$ improved earning and memory impairments in AD mice.
Neuritin | 1 Map2, Neu, PSD95, GSH, NADPH [ Enhanced neuronal signal trnsmission and synaptic Songetal. (2025)
ROS, MDA, 4-HNE | plsticty inhibited neuronaloxidaivestess, and
improved cognitive impairmen and learning and
Ap ‘memory abiliesin AD mice
Gant 1 GPX4, SLC7AIL, NRE2, FTHI, SOD, GSH Improved the laening and memory abilies of AD mice Luetal (2025)
Fel', TRRI, ACSLA, MDA, GSSG |
Artemisinin | ! NRF2,SLC7AIL, GPX4, GSH | Improved the larning and memory abilies of AD mice | Deng etal. (2025)
KEAPI, MDA, ROS |
Neuralstem cell-derived exosomes CDCA2 T 1 GSH,GPX, VEGE IL8 T Reduced cercbral vascular damage and coitive and Lietal. (2025b)
ACSLA, ROS, MDA, 4-HNE, Fe*, a:Syn | ‘memory dysfunction in PD
TIGART 1 NADPH, GPX4, GSH, | Inhibited ferroptoss in dopaminergic neurons and Sheng etal. 2025)
o GSSG, Fet', MDA, ROS | improved neurological unction
10| i YTHDE, SLC7ATL T Improved the healh of dopamineric neuronsin PD Lietal (025¢)
BAPL a:Syn, MDA, mice
we2 1 SLC7ALLLGPX4 1 p53, TERL, FTH, ALOXI2 | Reduced PC-12 cell damage Yaoetal. (2024)
MATT ! GSH,SOD, GPX4,SLC7ATI T Reduced neuroinflammation and cenral nervous system | Feng et sl (2024)
MDA, LPCATS, PTGS2, 1L-6, TNE-a, 1L-1p | damage in EAE mice
Dabratenib T ! XL, System X, P, Ferritn | Improved gait abnormalitis and limb weaknes in EAE Linetal. 2024)
CD71, ACSLA, POR. Tha-L, ROS | mice
Ms
Bone marrow mesenchymal stem cel-derivd exosomes ! SLC7AIL, GPX4, GSH, SODT Reduced inlammation andinury o the spinal cord Fan etal, (2029)
miR-367-3p T EZHD, B, MDA, |
DEPT 1 GSH,NRE2, GPX4 T Reduced demyelination and optic nerve damagein mice | Rayatpour il (2022)
Fe, TRRI, ba-1 |
250HC T 1 PTGS2, ROS, CYBSRI, POR | Aggravated damage o gl cells Uranoetal. (2025)
SREBR GXP4, SCDI, GSH |
NRF2| 1 MDA, GSH, ROS T Aggravated motor neuron damage Yang tal (2023)
SLCTAILGPX4 |
s
el 1 ALOXIS, GDFIS, TFRI, Fe** | Exacerbated musclearophy and motor dysfunction in Wangetal. 2023)
GCHIGPX4, GSH | mice
MPOT T HOC, Caspase-3, MDA T Reduces motor performance in mice Peng etal. (2022)

GPX4,NQOI |

Abbreviations: BMPS,bone morphogenetc protin 6 SLC7ALL, solut carrier family 7 member 115 GPX, ghtathone peroxidase FTLL ferrtin ight hain; FTHI, et heavy chan 1; A1, arginase 1 L-10, Intrlukin 10: TGF., transforming growth factor
Map2, microtubule-associaed proein 2 NeuN,neuronal nuclf: PSDYS, postsynaptic density protein 95; GSH, gtathione; NADPH, nicoinamideadenine dinuceotide phosphate ROS,reactive axygen species; MDA, malondialdehydes GAA,ganoderi acd A; -
HNE, & hydrosynonenal NRE2, nuclear factor-erythroid 2 rlted factor 2 SOD, superovide dismutass TFRI, ransfein recepto protein 1 ACSLA, acyl-Coa,synthetaselong-chain amily mermber 4 GSSG, oxdized. ltathione; KEAPI, keleh ke ECH associate
prtein 1; VEGE,vascularendothelal growth acor; TIGAR, Tps3-induced glycolysis and apoptoss regultor a-Syn,a-Synoclcins FTO, it massand abesity-associated proten: YTHDF, YTH, domain family protein : BAPI, BRCAL-asociated proten 1;IRP2 irn
egulatory protein 2 ALOXI2 arachidonate 12-Liposygenase; MAT,mtvines LPCATS,lysophosphatidylchaline acylransfease 3; PTGS2, prostaglandin-endoperosid synthase : TNF-a tumor necrossfactor alpha EAE, experimentalautoimmune encephalomyels
Al Ax] receptor tyrosine Kinase: POR,eytochrome PA50 oxidorcdctassTh-, ionized calcum -binding sdapter molecule 15 EZHL, enhancer ofzste hormolog : DFP,defriprone; 25-OHC, 25 hydroxycholescrol CYBSRI, cyochrome bs eductase 1; SREB, sterl
regulatory lement binding poten: SCDI, stearop)-CoA, desaturase 1 SPY1, speedy/RINGO, el cycle regulatorfamily member A; GDFIS, growthdifsentation factor 1; GCHI, GTP cyclohydrolase 1: MPO, myeloperexidase; HOC hypochlorous acid: Caspase-3
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Name

Zerumbone

Banxia Xiexin
Decoction

Yi-gi-hua-yu-jie-du
decoction

Red ginseng
polysaccharide

Eicosapentaenoic acid

Osthole

Docosahexaenoic acid

Curcumin

6-shogaol

Nitidine chloride

Source

Zingiber zerumbet
Smith

Multiple sources

Multiple sources

Red ginseng

Fish oil

Cnidium spp. and other
Apiaceous plants

Fish oil

Curcuma longa

Ginger

Zanthosylum nitidum

Cancer

Lung Cancer

Colon Cancer

Gastric Cancer
(DDP-Resistant)

Gastric Cancer

Osteosarcoma

Colon Cancer

Prostate Cancer

Colon Cancer

Endometrial
carcinoma

Multiple myeloma

Pathway

AKT/STAT3/SLC7AIL

PI3K/AKT/mTOR/
ULK1,2/NCOA4/FTH1

AKT/GSK3/NRF2/
GPX4

AQP3/PI3K/AKT/
AKT/SLC7A11

DNA-PKes/AKT/
NRF2

AMPK/Akt/mTOR/
NCOA4

PI3K/AKT/Nrf2/GPX4

PI3K/AK/mTOR/
GPX4

PI3K/AKT/GPX4

ABCBG/PI3K/AKT/
NRF2/GPX4

Effects

In combination with Gefitinib
inhibits proliferation and tumor
growth

Inhibits proliferation and
‘migration

Increases iron and ROS levels
Induces ferritinophagy
Enhances cisplatin efficacy

Inhibits proliferation

No damage to the liver or kidney

in vivo
Inhibits proliferation

Reduce tumor weight and
volume

Enhances cisplatin efficacy

Reduce tumor weight and
volume

Inhibits malignant behaviors

Increases the anti-cancer effects
of cetuximab in KRAS mutant
cells

Combination of DCA with
docetaxel is more effective

In suppressing proliferation and
colony formation

Inhibits proliferation

Inhibits invasion and migration

Reduced the volume and weight
of tumors.

Model

In vivo and
In vitro

In vivo and
In vitro

In vivo and
In vitro

In vivo and
In vitro

In vivo and
In vitro

In vivo and
In vitro

In vitro

In vitro
in vitro and
in vivo

in vitro and
in vivo

References

Wang et al.
(20233)

Wang et al.
(20242)

Huang et al.
(2024)

Wang et al.
(2024b)

Zhang et al.
(20232)

Zhou etal. (2023)

Shao et al. (2022)

Chen et al.
(2023¢)

Ma et al. (2022)

Yin et al. (2023)
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Resistance to

Main
regulator

Model

Signaling axis

Highlights

References

Sorafenib ABCCS HCC in vitro and | PI3K/AKT/NRE2/ After being transcriptionally Huang et al.
in vivo ABCCS/SLC7ALL activated by NRF2, ABCCS interacts | (2021)
with SCL7ALL to negatively regulate
ferroptosis
Cisplatin DNA-PKes Osteosarcoma invitroand | DNA-PKes/AKT/ GPX4 overexpression induces PD-  Zhang et al.
in vivo NRF2/GPX4 L1 expression and chemoresistance | (2023a)
Cisplatin AKT1 Ovarian cancer in vitro AKTI/FTHI Loss of AKT1 leads to an increase of |~ Shi et al. (2023)
autophagy in cisplatin-resistant
ovarian cancer
Cisplatin CERK Lung cancer with  inviroand | CERK/AKT/VDACI  Inhibiting CERK reduces NSCLC Vet al. (2022)

KRAS mutation

in vivo

cell survival and enhances cisplatin
sensitivity

TKI

Radiation

Anti-PD-
1 Immunotherapy

Immune Checkpoint
Inhibitors (ICIs)

Integrin avp3

SOAT1

PGAMI1

PI3K and HDAC

HER2-Positive
Breast Cancer

Glioma

HCC

Many Cancer Cells

in vitro and
in vivo

in vitro and
in vivo

in vitro and
in vivo

in vitro and
in vivo

avB3/AKT/System Xe-

PI3K/AKT/mTOR
/SOAT1/SLC40A1

PGAMI/AKT/LCN2

PI3K/AKT/NRF2/
GPX4-SLC7A11/CD8*

‘The resistance to ferroptosis is
facilitated by the crosstalk between
avp3 integrin and pathways related
to iron metabolism and antioxidant

response

SOATI sensitizes glioma to
radiation by inducing ferroptosis

PGAMI inhibition enhances
ferroptosis and promote CDS*
T-Cell infiltration and PD-L1

downregulation through AKT
pathway

Dual inhibition of PI3K and HDAC
inhibits tumor growth via inducing
ferroptosis and activation of IFNy
signaling and upregulation MHC I
expression, improving ICI effects

Nagpal et al.
(2023)

Sun et al. (2023)

Zheng et al.
(2023)

Fan et al. (2021)
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Researcher

Stem cell derivative

Exosome

Disease Models

Main Mechanism of

Therapeutic effect

Liuetal. (2022)

Yang etal (20249)

Shao etal. (2022)

Dengetal. (2024b)

Shao etal. (2024)

Fanetal. 2023)

MSCs-Exo

MSCEVs

MsCs-exo

MSCs-exo

Hypoxia preconditioning of exosomes
of ADSCs origin

BMSC-Exos

Modification/engineering

NA

NA

Enrichment in MSCs-x0 IncGm36569

MSCs-exo overexpression of SRC-3

Hxos enhanced by hyporic
preconditioning (2% 0,) and
circ:Waly3 overexpression

B

iment of miR-367-3p n
BMSC-Exos

Delayed Neurocogntive Recovery
(ANCR) model i aged mice

1CH mouse model

AcuteSpinal Cord Injury (ASCI)
‘mouse model

MCAO mouse model

SCImouse model

Experimental autoimmune.
encephalomyelitis (EAE) mouse model

Action

Activation of the SIRTU/NH/HO-1
signaling pathway

miR-214-3p inhibits ferroptosis
marker genes (e, GPX4 and ACSLY)
activates Nrf2/HO-1 pathway

IncGm36569 competitively adsorbs
miR-5627-5p thereby upregulting the
expression of ESP1 through the
miR-5627-5p/FSP1 axis

SRC-3-ex0 by decreasing lipid
peroxidation products (e.g. MDA,
LPO) and increasing antioxidant
capacity e.g. GSHIGSSG ratio, CAT
activity)

Cire-Wlfy3 adsorbs miR-423-3p and
upregalates GPX4 via the
miR-423-3p/GPX4 pathway

367 3p/EZHRISLCTALIIGRX
Axis upregulation GPX4.

Improving cognitive dysfunction in
ANCRaged mice

Improsement of cercbral edema and
hemorthagic focus resorption after
cerebral hemorrhage

Increased Basso Mouse Scale (BMS)
scores and improved neurological
function in ASCl mice

Significantly reduced brain tisue
water content and infaret volume

Significantly reduced Spinal Cord
Injury induced apoptosis n spinal
cord tisues.

Decreased linical symptoms,
inflammation, and demyelination in
spinal cord of EAE mice
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Induceme

Morphological feature

Biochemical feature

Regulator

Apoptosis | Modification of the intracellular Smaller volume of the cell, intact cell | DNA fragmentation, ectopic Bel-2 family, Fas, TNFRI, Caspase,
environment membrane, formation of the apoptotic | phosphatidylserine on the cell and P53
vesicle, condensed and marginalized | membrane surface, elevated
chromatin Iysosomal and endolysosomal
enzyme levels, and caspase activation
Ferroptosis | Iron accumulation and lipid Reduced cell volume, intact cell Intracellular glutathione (GSH) System Xc', erastin, GPX4, PUFASs,
peroxidation ‘membrane, apoptotic vesicle formation, | depletion, reduced activity of IREB2, SLC7A11, P53, FSP1, NOX,
and condensed, marginalized glutathione peroxidase 4 (GPX4),and | NCOA4
chromatin an overwhelming, iron-dependent
buildup of lethal lipid ROS
Autophagy | Nutrient deprivation, hypoxia, Initiation of phagophore, formation of | Production of autophagy-related gene | ULKI complex, PI3KC3 complex,
pathogen infection, and endoplasmic | autophagosomes and autolysosomes, | (ATG) family proteins and the ALGI2-ATG5-ATG16 complex,
reticulum stress double-membraned autophagosomes, | conversion of microtubule-associated | Rabs, and HOPS complex
encapsulating cytoplasmic components | protein light chain 3 (LC3) from type
1 to type Il
Pyroptosis | Infection by pathogen Cells swell forming protrusions, while | Formation of inflammatory vesicles, | Caspase, GSDMs, NLPP1, and
the cell membrane develops pores activation of caspase and gasdermin, | NLRP3
and release of inflammatory factors
Necroptosis | Physical factors such as high Plasma membrane rupture, organelle | Randomly degraded DNA fragments | RIP1/3 and MLKL

temperatures and radiation,
chemical factors like strong acids,
alkalis, and toxic substances, as well
as biological factors including
bacteria and viruses

swelling, and moderate chromatin
condensation

independent of ATP
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Class Compounds or drugs

Iron chelators Deferiprone
Deferoxamine
Deferasirox

Hepeidin

Curcumin
Antioxidants Ferrostatin-1

Liproxstatin-1

Mechanism

Reduce intracellular iron and inhibit Fenton reaction

Remove ROS and reduce intracellular unstable iron

Remove ROS and activate the Nrf2 pathway

Trolox Inhibit lipid peroxidation
XJB-5-131 Increase the expressions of GPX4
1,25(0H),D;
Selenium Enhance the number of selenoproteins
LOX inhibitors Zileuton Inhibit 5-LOX
PD-146176 inhibit 15-LOX
Vitamin E
Baicalein inhibit 12/15-LOX
ACSL4 inhibitors Rosiglitazone Inhibit ACSL4 function and block the PUFA activation

Pioglitazone
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Pathway/Target

Iron metabolism
(Hepcidin/Ferroportin)
GPX4
Lipid peroxidation
(ACSL4)
SLC7AL1/System Xc
Nrf2 pathway
FSP1

GSH

HO-1

Role

gestational diseases

Dysregulated iron metabolism leads to
oxidative stress in PE, GDM, ICP

Reduced GPX4 activity contributes to
oxidative stress in PE and ICP

Drives oxidative damage in ICP and
contributes to PRL

Impaired in RPL, leading to placental cell
death

Nrf2 protects against oxidative stress in
GDM, PE

Inhibits ferroptosis in PE, preventing
placental oxidative damage

Low GSH levels exacerbate oxidative stress.
in PE, GDM, ICP

Protective role in mitigating oxidative stress
in PE, RPL

Role in liver diseases

Tron overload promotes ferroptosis in ALD,
NAELD, HCC, and viral hepatitis

Reduced GPX4 activity leads to lipid
peroxidation in NAFLD, cirthosis, and HCC

Promotes lipid peroxidation and ferroptosis in
liver fibrosis, cirrhosis, HCC

Reduced activity contributes to ferroptosis in
HCC and liver fibrosis

Nrf2 activation mitigates oxidative damage in
NAELD, ALD, cirthosis

FSP1 protects against lipid peroxidation in
NAELD and HCC

Reduced GSH levels promote ferroptosis in
liver diseases like HCC

Regulates oxidative stress and iron metabolism
in viral hepatitis and HCC

Potential therapeutic target

Iron chelators (e, deferoxamine) to reduce
iron overload

GPX4 activators (g, liproxstatins) to prevent
ferroptosis

ACSL4 inhibitors (e.g, Fer-1) to block lipid
peroxidation

Enhancing SLC7A11 function or inhibiting in
HCC for selective cancer targeting

Nrf2 inducers (e.g. dimethyl fumarate) to boost
antioxidant defenses

FSP1 activators to reduce ferroptosis and
oxidative damage

GSH supplementation or N-acetylcysteine to
increase antioxidant capacity

HO-1 inducers could protect against ferroptosis
and liver damage
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Class Compol s or drugs Mechanism
1 Erastin and its derivatives Inhibit system Xc~ and prevent cystine import
Sorafenib Inhibit system Xc
Sulfasalazine Prevent cystine import
Acetaminophen Consume intracellular GSH
L-buthionine-($,R)-sulfoximine Block the biosynthesis of GSH
I [ RSL3 Bind GPX4 at the selenocysteine active site
ML162
MI210
Cisplatin Bind GSH and inactivate GPX4
FINS6 Induce GPX4 degradation
DPIIO Inhibit GPX4 activity
i iESP1 Inhibit FSP1 activity and reduce CoQ10 production
Statin Inhibit the mevalonate pathway
v FINO2 Oxidize Fe*", promote ROS accumulation and oxidize PUFA
Heme Increase the intracellular unstable iron
Artemisinin and its derivatives Induce ferritin autophagy to release unstable iron
Lapatinib Induce mitochondrial dysfunction to enhance oxidative stress and ferroptosis






