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Abstract Ferroptosis, a programmed cell death induced by iron-dependent lipid peroxidation and excessive
accumulation of reactive oxygen species, is a key pathological mechanism of neuronal death during the
progression of Alzheimer’s disease (AD), contributing to the formation of “ Ferroptosis Hypothesis” for AD
pathogenesis. In recent years, there has been extensive research on therapeutic strategies for AD based on the
pathogenic mechanism of ferroptosis, focusing primarily on the dysregulation of brain iron metabolism and redox
regulation in microenvironment. However, presence of blood-brain barrier and intricate pathological environment
within brain impose limitations on intracranial drug transportation, distribution and therapeutic efficacy, thereby
necessitating advancements in drug delivery technology. Based on description of ferroptosis process and its
regulatory mechanisms, this review explores the association between iron overload and redox imbalance with
neuronal loss and AD development, and additionally, summarizes the advancements in nano drug delivery
systems targeting iron overload and redox imbalance for potential anti-AD treatments, so as to offer some novel
perspectives for AD treatment and drug development.
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Figure 1 Anti-ferroptosis strategies by alleviating iron overload

A: Synthesis of PLGA nanoparticle-chelator conjugate (Nano-N2PY)™; B: Schematic diagram of Lactoferrin-galantamine (Lf-Gal) nanoparticle

fabrication, and corresponding Gal release upon iron absorption™; C: Structure illustration of IgG capped gold nanocage (AuNC-IgG) and

photothermal-responsive H,0,-fueled release of guest molecules clioquinol (CQ) from AuNC-IgG"; D: Schematic illustration of curcumin-lactoferrin

nanoparticles (CUR-LF NPs) preparation, and neuroprotection mechanism of CUR-LF NPs via intranasal administration"”; E: Fabrication of

transferrin-functionalization of nanoparticle!; F: Resveratrol (RSV) loaded mesoporous silica nanoparticle with Ac-[cMPRLRGC]c-NH, peptide

modification on surface!"”!
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Figure 2 Multiple pathways inhibit ferroptosis by resisting oxidative distress and inhibiting lipid peroxidation, including System Xc/GSH/GPX4
pathway, FSP1/CoQ,, pathway, GCH/DHFR/BH4 pathway, DHODH/CoQ pathway, and p62/Keap1/Nrf2 pathway (Created with BioRender.com)
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Figure 3 Anti-ferroptosis strategies by regulating lipid peroxidation in neuron

A: Intranasal administration of quercetin, vitamin E, and basil oil for anti-oxidation"'”; B: Preparation of baicalein (Ba) loaded nanoliposome (NLP-Ba)

and antioxidation of NLP-Ba neuroprotection™”; C: Fabrication and intranasal administration of N-acetylcysteine (NAC) and rivastigmine (RIV) co-

loaded niosomes™"; D: Synthesis route of multifunctional double selenium nanosphere (CLNDSe)™; E: Formulation and characterization of CoQ,-

loaded nano-micelle (Ubisol-Q,¢)"; F: Schematic illustration of micelles co-modified with neural cell adhesion molecule (NCAM) mimetic peptide C3

and triphenylphosphonium (TPP) for targeting the mitochondria of the central neurons, reversing mitochondrial dysfunction

(371



5 55 B4 5 )

FRIEEE, A T BRI T EOR AL BT 7R DB 90K 25 11k R G T ke 621

YK FLIT R GB AR, A&
m N 25 B . FEIRBIEGE & B, GB-ONE %L
AT AD HEEIZh Y #2400 GPX4 K-, i #p &
JCERIET, G b AT A 2 0 F 2% 5 TR] A T LA ik
S IX N AR DLRR, 2 eksE AD BRI A
FRERTHT

23 ZEARRIEIR R R R Bk E R %

TE AD S L, M2 e LR IR T REZ 16, Lok
AR R IR 5 | & B 22 e IET- 5 AD e &
A, AR LOR AR LA P 2 5T g i
Sk B, SR I I e 2 TR ST RIRYT AD T
FEA RORME . ORI A Mg i 1 1 v B A
g, EEY KT T IEE FL % 3 R CoQpoe
CoQ o A& — P HA W JIE M I Be 2, V8 R IR BT
AR AT LA AR N 33 2% AT 02 g ot i A8 Ak 1)
R AR 2 o0 S TR SE T [R] B A AT DA gk 2
AD Jikl AR UURR, WA A EAG T I AN FH R
SR Z LA, AT SRR AD 45 L Rl 2R 1T
PEBR B DY, CoQyo M 5 SR TEI R A L e
I oA B S T WRES (PTS) Bk [ 45T 2k 25 40
K JE o 7K 43 B IR Ubisol-CoQ,o( 18l 3-E) PV, %%
ESELP N IR S Yisks % RN G R AT L (A= R A
WOKE, Wl i o ask S Ak ) SRR T 3 2 Ao 28 ek
FET-. TE APP/PS1 UL LN AD #iRY/NER Y, %38
YRR SOESE T AD R, B> TR
JTLERE AR TR,

B T 4D 7 P TP R (AR I TR 5 P £ 3o AR
CoQ #h, KIRZ LA Pyt T L aod ¥ Lo {4k
ATP [i/ATP £ B AHOC U AF 538 %, el Lok iR )
REFR G, PR LRI, HEHUM 2 IR IET IR YT
AD. Yang U7 Ik BT RE R LS A K C3
B LRRIAR B = 2R FERE (TPP) T AEAL R 2 —E-b-5R
(1-N3E TR ) (PEG-PLA) 49 K 58 B 3 44 ] 45 &4 17 2%
RSV, F-7FI| FH 32 1A R0 328 G 1] 338 2% 28 40 22 T 2ok
TR(E 3-F) o I 2 Tu 2R A 1] 40 K i o i 25 ok
LR T RERR AT, WD LR AR ROS 722, FEAIRIR
JB i AR K- BT fh 28 JCARBE T 38 %, B 1k 2ot
FRME 05, BCICEbE . T RS
RSV i N A= WA FHBE, K RSV AL 3 FAE K i 55
B 1 2 IK(RVG29) Fl TPP XUH &1 (1945 4= 44 K
Wik (RVG/TPP NPs@RBCm) 1. RVG29 £ ik k5
SR SR O BENRGRSZ (A ZE &, /3 = 505 BBB

iz N 2 oeB 4R, #E—20 f TPP -S4 ] 2
P2 TELRLAR . RVG/TPP NPs@RBCm 45 25 2 5%
bR T SRR N RN L, R AR AH IS A o it
ALK, W ph 28 e kBB T, W % APP/PSI
KUFLFE AD /N ICAZ D) REREATE.

3 BEERE

TEAFRN I Z IR LU = T, AD B
WA S M T ARG R E AP, T HE Ak
B, AD I ST T A 2 H B A B R 9 25
Yy, AD“ERIET-BRL” IR AD iR I 7 25 a4
Rft TR H AT, SRAE TSI HR B S
AD il RIGTFIFFE R, aldige AD it Be, {HR
FAR BBB i i FMIAS RS20 BR A 1 ol PR AL 5
JS7 T, % 0 S v 28 A 326 24 ) B B 4 K AR
Ao ARSCNBRIETAN Rl P 508 B 23 0A T 3% T Bk AL
TEURHLEI N T AD 697 B AR 259058 14 R 5
TS SR T SN B A AR S BRI
SSCHHE 1) 328 0K, B ves 6 T 24 00 A0 I P A R P B 5
3 3 AN AR R TR (R B AR S a2 K T B, A
T 2GR AN RSO, A8 1R i 22 2P
ARNE, NEETERIETHLERN A AD IR 73R4 T
Ho HETCZ ARSI YY) RA DRI T T,
TF K B 22 5 T BRAL T BUR AL A9 AD 44K 259
BIE R GUREARIIGTT AD BIZG5IA8 T 10

References

[1]  Wang YQ, Jia RX, Liang JH, ef al. Dementia in China (2015-
2050) estimated using the 1% population sampling survey in
2015[J]. Geriatr Gerontol Int, 2019, 19(11): 1096-1100.

[2]  Ayton S, Portbury S, Kalinowski P, et al. Regional brain iron
associated with deterioration in Alzheimer’s disease: a large co-
hort study and theoretical significance[J]. Alzheimers Dement,
2021, 17(7): 1244-1256.

[31 Yan N, Zhang JJ. Iron metabolism, ferroptosis, and the links
with Alzheimer’s disease[J]. Front Neurosci, 2020, 13: 1443.

[4]  Greenough MA, Lane DJR, Balez R, et al. Selective ferroptosis
vulnerability due to familial Alzheimer’s disease presenilin mu-
tations[J]. Cell Death Differ, 2022, 29(11): 2123-2136.

[S]  Liu G, Men P, Kudo W, et al. Nanoparticle-chelator conjugates
as inhibitors of amyloid-beta aggregation and neurotoxicity: a
novel therapeutic approach for Alzheimer disease[J]. Neurosci
Lett, 2009, 455(3): 187-190.

[6] Naidu SAG, Wallace TC, Davies KJA, et al. Lactoferrin for


https://doi.org/10.1111/ggi.13778
https://doi.org/10.1002/alz.12282
https://doi.org/10.3389/fnins.2019.01443
https://doi.org/10.1038/s41418-022-01003-1
https://doi.org/10.1016/j.neulet.2009.03.064
https://doi.org/10.1016/j.neulet.2009.03.064

622

V-‘r @% 41‘/\";“ 2  Journal of China Pharmaceutical University 2024, 55(5): 613 — 623

5 55 4

(7

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

mental health: neuro-redox regulation and neuroprotective ef-
fects across the blood-brain barrier with special reference to
neuro-COVID-19[J]. J Diet Suppl, 2023, 20(2): 218-253.
Kamalinia G, Khodagholi F, Atyabi F, et al. Enhanced brain de-
livery of deferasirox-lactoferrin conjugates for iron chelation
therapy in neurodegenerative disorders: in vitro and in vivo
studies[J]. Mol Pharm, 2013, 10(12): 4418-4431.

Akilo OD, Kumar P, Choonara YE, et al. Hypothesis: apo-
lactoferrin-Galantamine ~ Proteo-alkaloid
Alzheimer’s disease Intervention[J]. J Cell Mol Med, 2018,
22(3): 1957-1963.

Shi P, Li M, Ren JS, et al. Gold nanocage-based dual respon-

Conjugate  for

sive “caged metal Chelator” release system: noninvasive re-
mote control with near infrared for potential treatment of
Alzheimer’s disease[J]. Adv Funct Mater, 2013, 23(43): 5412-
5419.

Li LH, Tan LW, Zhang Q, ef al. Nose-to-brain delivery of self-
assembled curcumin-lactoferrin nanoparticles: characterization,
neuroprotective effect and in vivo pharmacokinetic study[J].
Front Bioeng Biotechnol, 2023, 11: 1168408.

Du F, Qian ZM, Luo QQ, et al. Hepcidin suppresses brain iron
accumulation by downregulating iron transport proteins in iron-
overloaded rats[J]. Mol Neurobiol, 2015, 52(1): 101-114.

Xu Y, Zhang YT, Zhang JH, et al. Astrocyte hepcidin amelio-
rates neuronal loss through attenuating brain iron deposition and
oxidative stress in APP/PS1 mice[J]. Free Radic Biol Med,
2020, 158: 84-95.

Bayele HK, Balesaria S, Srai SK. Phytoestrogens modulate hep-
cidin expression by Nrf2: implications for dietary control of iron
absorption[J]. Free Radic Biol Med, 2015, 89: 1192-1202.
Pinheiro RGR, Granja A, Loureiro JA, et al. Quercetin lipid
nanoparticles functionalized with transferrin for Alzheimer’s
disease[J]. Eur J Pharm Sci, 2020, 148: 105314.

Shen Y, Cao B, Snyder NR, ef al. ROS responsive resveratrol
delivery from LDLR peptide conjugated PLA-coated meso-
porous silica nanoparticles across the blood-brain barrier[J]. J
Nanobiotechnology, 2018, 16(1): 13.

Sun YY, Xia XH, Basnet D, et al. Mechanisms of ferroptosis
and emerging links to the pathology of neurodegenerative dis-
eases[J]. Front Aging Neurosci, 2022, 14: 904152.

Karthika C, Appu AP, Akter R, er al. Potential innovation
against Alzheimer’s disorder: a tricomponent combination of
natural antioxidants (vitamin E, quercetin, and basil oil) and the
development of its intranasal delivery[J]. Environ Sci Pollut Res
Int, 2022, 29(8): 10950-10965.

Singh A, Rakshit D, Kumar A, et al. Vitamin E modified
polyamidoamine dendrimer for piperine delivery to alleviate
AP 4, induced neurotoxicity in BALB/c mice model[J]. J Bio-
mater Sci Polym Ed, 2023, 34(16): 2232-2254.

[19]

[20]

(21]

[22]

[23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

Kaboli Z, Hosseini MJ, Sadighian S, et al. Valine conjugated
polymeric nanocarriers for targeted co-delivery of rivastigmine
and quercetin in rat model of Alzheimer disease[J]. Int J Pharm,
2023, 645: 123418.

Aliakbari F, Shabani AA, Bardania H, et al. Formulation and
anti-neurotoxic activity of baicalein-incorporating neutral nano-
liposome[J]. Colloids Surf B Biointerfaces, 2018, 161: 578-587.
Haddad M, Hervé V, Ben Khedher MR, et al. Glutathione: an
old and small molecule with great functions and new applica-
tions in the brain and in Alzheimer’s disease[J]. Antioxid Redox
Signal, 2021, 35(4): 270-292.

Paka GD, Ramassamy C. Optimization of curcumin-loaded
PEG-PLGA nanoparticles by GSH functionalization: investiga-
tion of the internalization pathway in neuronal cells[J]. Mol
Pharm, 2017, 14(1): 93-106.

Wu LY, Xian XH, Tan ZX, et al. The role of iron metabolism,
lipid metabolism, and redox homeostasis in Alzheimer’s dis-
ease: from the perspective of ferroptosis[J]. Mol Neurobiol,
2023, 60(5): 2832-2850.

Kulkarni P, Rawtani D, Barot T. Design, development and in-
vitrolin-vivo evaluation of intranasally delivered Rivastigmine
and N-Acetyl Cysteine loaded bifunctional niosomes for appli-
cations in combinative treatment of Alzheimer’s disease[J]. Eur
J Pharm Biopharm, 2021, 163: 1-15.

Eleftheriadou D, Kesidou D, Moura F, et al. Redox-responsive
nanobiomaterials-based therapeutics for neurodegenerative dis-
eases[J]. Small, 2020, 16(43): €1907308.

Ingold I, Berndt C, Schmitt S, et al. Selenium utilization by
GPX4 is
ferroptosis[J]. Cell, 2018, 172(3): 409-422. e21.

Vivash L, Malpas CB, Meletis C, et al. A phase 1b open-label

required to prevent hydroperoxide-induced

study of sodium selenate as a disease-modifying treatment for

possible behavioral variant

Alzheimers Dement, 2022, 8(1): €12299.

frontotemporal ~ dementia[J].
Qi YJ, YiPJ, He T, et al. Quercetin-loaded selenium nanoparti-
cles inhibit amyloid-f} aggregation and exhibit antioxidant activ-
ity[J]. Colloids Surf A Physicochem Eng Aspects, 2020, 602:
125058.

Wang JY, Wang ZK, Li YQ, et al. Blood brain barrier-targeted
delivery of double selenium nanospheres ameliorates neural fer-
roptosis in Alzheimer’s disease[J]. Biomaterials, 2023, 302:
122359.

Alim I, Caulfield JT, Chen YX, et al. Selenium drives a tran-
scriptional adaptive program to block ferroptosis and treat
stroke[J]. Cell, 2019, 177(5): 1262-1279. e25.

Chen J, Ou ZJ, Gao TT, et al. Ginkgolide B alleviates oxidative
stress and ferroptosis by inhibiting GPX4 ubiquitination to im-
prove diabetic nephropathy[J]. Biomedecine Pharmacother,
2022, 156: 113953.


https://doi.org/10.1080/19390211.2021.1922567
https://doi.org/10.1021/mp4002014
https://doi.org/10.1111/jcmm.13484
https://doi.org/10.1002/adfm.201301015
https://doi.org/10.3389/fbioe.2023.1168408
https://doi.org/10.1007/s12035-014-8847-x
https://doi.org/10.1016/j.freeradbiomed.2020.07.012
https://doi.org/10.1016/j.freeradbiomed.2015.11.001
https://doi.org/10.1016/j.ejps.2020.105314
https://doi.org/10.1186/s12951-018-0340-7
https://doi.org/10.1186/s12951-018-0340-7
https://doi.org/10.3389/fnagi.2022.904152
https://doi.org/10.1007/s11356-021-17830-7
https://doi.org/10.1007/s11356-021-17830-7
https://doi.org/10.1080/09205063.2023.2230857
https://doi.org/10.1080/09205063.2023.2230857
https://doi.org/10.1080/09205063.2023.2230857
https://doi.org/10.1016/j.ijpharm.2023.123418
https://doi.org/10.1016/j.colsurfb.2017.11.023
https://doi.org/10.1089/ars.2020.8129
https://doi.org/10.1089/ars.2020.8129
https://doi.org/10.1021/acs.molpharmaceut.6b00738
https://doi.org/10.1021/acs.molpharmaceut.6b00738
https://doi.org/10.1007/s12035-023-03245-7
https://doi.org/10.1016/j.ejpb.2021.02.015
https://doi.org/10.1016/j.ejpb.2021.02.015
https://doi.org/10.1002/smll.201907308
https://doi.org/10.1016/j.colsurfa.2020.125058
https://doi.org/10.1016/j.biomaterials.2023.122359
https://doi.org/10.1016/j.biopha.2022.113953

55 55 &4 5 TR, AF: T ERAE T BOR AL BT R S BRI AR 25 ik ik R TT ik e 623
[32] Shao L, Dong C, Geng DQ, et al. Ginkgolide B protects against tioxidants, 2021, 10(5): 764.

[33]

[34]

[35]

cognitive impairment in senescence-accelerated P8 mice by mit-
igating oxidative stress, inflammation and ferroptosis[J].
Biochem Biophys Res Commun, 2021, 572: 7-14.

Yang PF, Cai XL, Zhou K, ef al. A novel oil-body nanoemul-
sion formulation of ginkgolide B: pharmacokinetics study and
in vivo pharmacodynamics evaluations[J]. J Pharm Sci, 2014,
103(4): 1075-1084.

Arenas-Jal M, Suiié-Negre JM, Garcia-Montoya E. Coenzyme
Q;o supplementation: efficacy, safety, and formulation chal-
lenges[J]. Compr Rev Food Sci Food Saf, 2020, 19(2): 574-594.
Wear D, Vegh C, Sandhu JK, et al. Ubisol-Q,,, a nanomicellar
and water-dispersible formulation of coenzyme-Q;, as a poten-

tial treatment for Alzheimer’s and Parkinson’s disease[J]. An-

PHCAPHITARE 20 R

[36]

[37]

[38]

Muthukumaran K, Kanwar A, Vegh C, et al. Ubisol-Qy, (a na-
nomicellar water-soluble formulation of CoQ,) treatment in-
hibits alzheimer-type behavioral and pathological symptoms in
a double transgenic mouse (TgAPEswe, PSEN1dE9) model of
Alzheimer’s disease[J]. J Alzheimers Dis, 2018, 61(1): 221-236.
Yang P, Sheng DY, Guo Q, et al. Neuronal mitochondria-tar-
geted micelles relieving oxidative stress for delayed progres-
sion of Alzheimer’s disease[J]. Biomaterials, 2020, 238:
119844.

Han Y, Chu XY, Cui L, et al. Neuronal mitochondria-targeted
therapy for Alzheimer’s disease by systemic delivery of resvera-
trol using dual-modified novel biomimetic nanosystems[J].
Drug Deliv, 2020, 27(1): 502-518.

S, B 1T, VLI B4, 52 1 55 B BOR AR R B 5 . TR K 2
PSR AR LRSS FR) LB AFSANE N FEZE G, FHER . MRS ZME RS /E
TUH . NMPA FIVLHRAE 245 i AR @ & i T L 555 . WFIT B SE 25 il n AR s Seds ek
B2 50 BRI . R YR . IR B S TR0 24 R R R TT & S IRtk . FRFE R E K
B2 A E R EH AR ROC R A RPRA RS | R SR AR v R ST 30 AT A )
IR 20 RIT, SFFLEAS 5 A%, BAUL L F] 40 I, H-AE PNAS. Adv Mater. ACS Nano. Ady
Sci. Nano Lett %5 1 il & & SCI £ 3C 200 434 (4 5% ESI =851, 30 % IF>10), # 42 9 4F Ak
SCOPUS H [ i 5 | 2% 5 15 . (H-index 49), SE /R RAHL IR A RIERARNR | ER A ML EE T

TR, th E 2R BT 51, 2022 4F 6 AR EZRIRFE L0, FRELKH
REERF LI H VLI AR RS HEIH | hEE LSRR g B E | 9548 5
B TR H | T EAR RSB R H, IF S5 20 K A AR A G R
B B E G TR H o RS0 B AL IR 25 W) 5 G Sk ik, T ROCHE AR I BR 2 D fE
PR IT & B HAE RN K8 25 R G R S, AR IRZG WIIR NFasE | AE T B5 % | M40 L 5
DB RE . FE FIR T A S5 S SRl 2 () . LASE —/AB{S /E & #E Adv Sci. Chem Eng J. Nano-Micro
Lett 1 J Control Release S BT &3 SCIIB3C 12 i, AU WL HI 1 1,


https://doi.org/10.1016/j.bbrc.2021.07.081
https://doi.org/10.1002/jps.23866
https://doi.org/10.1111/1541-4337.12539
https://doi.org/10.3390/antiox10050764
https://doi.org/10.3390/antiox10050764
https://doi.org/10.1016/j.biomaterials.2020.119844
https://doi.org/10.1080/10717544.2020.1745328

	1 铁代谢失衡调控的纳米药物递送系统
	1.1 铁螯合纳米药物递送系统
	1.1.1 铁螯合剂跨BBB给药系统
	1.1.2 智能响应控释铁螯合剂给药系统纳米颗粒
	1.1.3 铁螯合剂创新给药途径

	1.2 调节脑内铁转运纳米药物递送系统

	2 微环境氧化还原调控的纳米药物递送系统
	2.1 脂质抗氧化剂纳米递送系统
	2.2 氨基酸代谢调控脂质过氧化的纳米药物递送系统
	2.2.1 逆转GSH耗竭调控脂质过氧化的纳米药物递送系统
	2.2.2 提高GPX4水平调控脂质过氧化的纳米药物递送系统

	2.3 线粒体调控脂质过氧化的纳米药物递送系统

	3 总结与展望
	参考文献

