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Glioma, the most prevalent primary tumor of the central nervous system (CNS), is also the
most lethal primary malignant tumor. Currently, there are limited chemotherapeutics avail-
able for glioma treatment, necessitating further research to identify and develop new chemo-
therapeutic agents. A significant approach to discovering anti-glioma drugs involves isolating
antitumor active ingredients from natural products (NPs) and optimizing their structures. Ad-
ditionally, targeted drug delivery systems (TDDSs) are employed to enhance drug solubility
and stability and overcome the blood-brain barrier (BBB). TDDSs can penetrate deep into the
brain, increase drug concentration and retention time in the CNS, and improve the targeting
efficiency of NPs, thereby reducing adverse effects and enhancing anti-glioma efficacy. This
paper reviews the research progress of anti-glioma activities of NPs, including alkaloids, poly-
phenols, flavonoids, terpenoids, saponins, quinones, and their synthetic derivatives over the
past decade. The review also summarizes anti-glioma mechanisms, such as suppression of re-
lated protein expression, regulation of reactive oxygen species (ROS) levels, control of apop-
tosis signaling pathways, reduction of matrix metalloproteinases (MMPs) expression, block-
ing of vascular endothelial growth factor (VEGF), and reversal of immunosuppression. Fur-
thermore, the functions and advantages of NP-based TDDSs in anti-glioma therapy are ex-
amined. The key information presented in this review will be valuable for the research and

development of NP-based anti-glioma drugs and related TDDSs.

1. Introduction

Glioma, the most common primary tumor of the central
nervous system (CNS), accounts for 30% of primary brain tu-
mors and 80% of malignant tumors. The 5-year relative survival
rate for glioma is below 5%, making it the leading cause of mor-
tality from primary brain tumors ". Current clinical approaches to
treating gliomas include surgical resection, radiotherapy, and
chemotherapy; however, the disease progresses rapidly despite
combining multiple treatment modalities . Temozolomide
(TMZ), a United States Food and Drug Administration (FDA)-ap-
proved first-line chemotherapeutic agent for glioma treatment,
has limitations such as drug resistance °. Consequently, the
search for novel chemotherapeutic agents has become crucial in
glioma treatment.

Natural products (NPs) and their derivatives have been a
valuable source of potent therapeutic molecules for centuries.
These compounds exhibit strong pharmacological activity, can
modulate various signaling pathways, and offer the advantage of
multi-targeting ‘. Notable examples include Taxol (isolated from
Taxus brevifolia), taxotere (DTX, a semisynthetic Taxol analog),

* Corresponding author.
E-mail addresses: cpufengc@cpu.edu.cn (F. Cao); jiangfeng@cpu.edu.cn (F. Ji-

ang)
® These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(25)60815-6

and abraxane (an albumin-based Taxol formulation). The FDA ap-
proved these drugs for treating advanced ovarian carcinoma in
1984 °, advanced breast cancer in 1996, and metastatic breast
cancer in 2005 °, respectively. Approximately 60% of FDA-ap-
proved cancer medications are derived from natural sources ’
Consequently, identifying anti-tumor active ingredients from NPs
and optimizing their structures represents a promising approach
for developing anti-glioma drugs °.

NPs, characterized by their diverse molecular structures and
complex compositions, offer significant advantages in drug dis-
covery, including reduced side effects, cost-effectiveness, and
multi-target potential. However, challenges in extraction, isola-
tion, characterization, and biocompatibility hinder their develop-
ment °. The CNS is protected by the blood-brain barrier (BBB), a
natural barrier between plasma and brain cells formed by brain
capillary walls and glial cells. The BBB impedes the penetration of
most drugs into the CNS through mechanisms such as paracellu-
lar and transcellular barriers, enzymatic and immunological bar-
riers, and efflux proteins '*''. The BBB’s impermeability to most
drugs has presented a significant obstacle in developing CNS
therapeutic agents. Consequently, overcoming the BBB’s block-
ing effect, enhancing drug accumulation at tumor sites, and min-
imizing toxic side effects are crucial challenges in glioma treat-
ment. To address these issues, researchers have recently de-
veloped various drug delivery systems (DDSs) to improve in-
tracerebral drug delivery '>. Targeted drug delivery systems

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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(TDDSs) for NPs can penetrate the deep brain through blood cir-
culation, extending the concentration and residence time of drugs
in the CNS, enhancing the targeting efficiency of NPs for glioma,
and reducing adverse effects.

This review aims to examine and synthesize the effective-
ness and mechanisms of NPs and their synthetic derivatives in
glioma treatment, as well as the functions and benefits of NP-
based TDDSs against glioma. Anti-glioma mechanisms include in-
hibiting associated protein expression, reducing the expression of
matrix metalloproteinases (MMPs), regulating reactive oxygen
species (ROS) levels, modulating apoptotic signaling pathways,
inhibiting vascular endothelial growth factor (VEGF), and revers-
ing immunosuppression. TDDSs can penetrate deep brain tissues,
increase drug concentration and retention time in the CNS, and
enhance the targeting efficiency of NPs, thereby reducing ad-
verse effects and improving anti-glioma efficacy. By comprehens-
ively presenting current research advancements, this review

Mechanisms
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seeks to provide valuable insights for the development of NP-
based medications and therapeutic strategies against glioma.

2. NPs against glioma

NPs have historically played a pivotal role in the develop-
ment of anti-glioma drugs. These NPs encompass alkaloids,
terpenoids, polyphenols, flavonoids, saponins, quinones, polysac-
charides, and various other anti-tumor compounds characterized
by novel structures, distinct activities, and minimal adverse ef-
fects. These substances demonstrate efficacy in both cancer pre-
vention and treatment by modulating multiple cellular pathways.
This section introduces several glioma-targeted NPs and elucid-
ates their anti-glioma mechanisms (Fig.1). Table 1 presents the
names and mechanisms of representative active components of
NPs with therapeutic effects on glioma, while their chemical
structures are illustrated in the supplementary information.

Natural products

and derivatives
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Fig. 1 Schematic diagram of glioma-targeted NPs and their anti-glioma mechanisms.

2.1. Alkaloids

Alkaloids, as a type of nitrogen-containing alkaline organic
compounds that exist in plants, fungi and bacteria, have signific-
ant biological activities. Alkaloids have attracted much attention
in the drug development field due to their physiological ability to
target cancer cells .

Matrine (1), a quinolizidine alkaloid discovered from So-
phora flavescens, Sophora alopecuroides, Sophora root, etc ", in-
duced the apoptosis and autophagy of U251 cells via inhibition of
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) and
Wnt/B-catenin pathways '° and inhibited the migration and inva-
sion of U251MG cells through the inhibition of epithelial-mesen-
chymal transition (EMT) '°. Oxymatrine (OM, 2), another natural
quinolizidine alkaloid extracted from Sophora flavescens '”°, ar-
rested the cell cycle via decreasing cyclin D1 and cyclin-depend-
ent kinase (CDK)4/6 and exerted anti-glioma effects through reg-
ulating the epidermal growth factor receptor (EGFR)/PI3K/Akt/
mammalian target of rapamycin (mTOR) signaling pathway and
transducer and activator of transcription-3 (STAT3) .

Berberine (3), an isoquinoline alkaloid extracted from Coptis
chinensis *°, inhibited the migration and invasion of glioma cells
by depressing the TGF-1/COL11A1 pathway *'. Moreover, mou-
nting evidence has suggested that berberine also has pharmaco-
logical effects on glioma cell proliferation, angiogenesis, cell cycle
arrest, autophagy and apoptosis “***. In addition to berberine,
there are some other isoquinoline alkaloids discovered from nat-
ure that also have anti-glioma activity. For example, 3,8-dioliso-
quinoline (4) and 1-methoxy-4,5-diolisoquinoline (5), extracted
from the centipede Scolopendra subspinipes mutilans L. Koch *°,
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induced U87 cells apoptosis by activating caspase-3/9, depress-
ing mitochondrial membrane potential (A¥m) and the protein
ratio of Bcl-2/Bax, and arrested cell cycle progress to inhibit U87
cells proliferation. Jin et al. *° extracted six new aporphine alkal-
oids from Thalictrum wangii, which showed significant anti-hu-
man glioma stem cell activity with the half maximal inhibitory
concentration (ICso) values of 15-20 ug-mL™".

Indole alkaloids (IAs), with tryptophan or tryptamine as their
precursors, have diverse biological and pharmacological activit-
ies *’. Evodiamine (6) is the main indole alkaloid extracted from
Evodia rutaecarpa (E. rutaecarpa). Studies have shown that evo-
diamine increased apoptosis in glioblastoma (GBM) cells via
downregulating PI3K/AKT signaling and inducing mitogen-activ-
ated protein kinase (MAPK) phosphorylation ** and induced
death in U87 cells by sensitizing tumor cells to tumor necrosis
factor-a (TNF-a)-related apoptosis-inducing ligand (TRAIL) .

Brucine (7), a weak alkaline indole alkaloid isolated from
Strychnos nux-vomica, induced glioma cells death and inhibited
xenograft tumor prolification by decreasing the expression of Bcl-
2/Bax and cyclooxygenase-2 (COX-2) *’. Furthermore, Lu et al. *'
proved that brucine induces glioma cell death through transfer-
rin receptor (TFR)-regulated ferroptosis.

The indole alkaloid LTr1 (8) from cruciferous vegetables can
induce cell cycle arrest and apoptosis of SHG-44 and U87 cells
through downregulating TrkA/PI3K/AKT pathway **.

2.2. Polyphenols and flavonoids

Polyphenols and flavonoids are widely distributed in various
plants, fruits, and vegetables. Polyphenols are compounds char-
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Table 1 Anti-glioma effects of different classes of NPs and their mechanisms

No. Name Classification Source Mechanism Function Refs.

Induce cell cycle

leyclin D1; Tp53; Tc-caspase-3; Tc-caspase-9; {Bcl-2; TBax; {P62; arrest, apoptosis and

. . Sophora flavescens, TBeclin-1; TLC3-11/LC3-I; LcircRNA-104075; | Bcl-9; {Wnt-B- I
1 Matrine Alkaloids alnpé)curoirjjqes, root, etc. catenin; lPI3K/AKT;/lN-cadherin; TE-cadherin; LEMT; lp-p38l? lp- autqphagy; inhibit 15,16
AKT mlgratm‘n and
invasion
Induce cell cycle
2 Oxymatrine Alkaloids Sophora flavescens dcyclin D1; {CDK4/6; Tcaspases-'?A*g-EGFR, {p-AKT; {p-mTOR; lp- ai;ﬁst)ti?;?o?}g;:i?:’ 19
and invasion
1p-ERK1/2; IKi-67; Lcaspase-1; UIL-1B; LIL-18; VEGFR; |RAF-MEK- arrL“S‘:“:jtf)eplL%‘;Zn J
ERK; TAMPK; lp-mTOR; Tp-Beclin-1 Ser93; Tp-ULK; TP27; LCDK2; A
3 Berberine Alkaloids Coptis chinensis 1CDK4; lcyclin E; lcyclin D; TROS; 1Ca’"; TBax; {Bcl-2; Tpro- apopt951s, m}.ublt 21-24
caspase-9; Tcaspase-3/8/9; TPARP; INATL; ITGF-b1/COL11A1; ~ BIO8enesis,
IMMP-2/3/9 mlgrathn and
invasion
4 lsolcll(ulln?'ljme Alkaloids 1 d bspini Induce cell cycle
a a. o .S = openara subspinipes IMMP; Tcaspase-9/3; |Bcl-2/Bax arrest and apoptosis; 5]
5 lsoqumt-)lme Alkaloids Gzl ioch inhibit proliferation
alkaloids
- . Evodia rutaecarpa (E. IPI3K/AKT; TMAPK; Tp-p38; Tp-JNK; Tc-caspase-3; Tc-PARP; Induce apoptosis;
6 Evodiamine Alkaloids rutaecarpa) TBax/Bcl-2; TROS; {MMP; TDR4; TDRS; Tcaspase-8 inhibit proliferation 28,29
The seeds of Strychnos N G (eI iosly
7 Brucine Alkaloids ; 1Bcl-2; TBax; LCOX-2; TATF3; TNOX4; IxCT; TH,0, and apoptosis; inhibit 30, 31
nux-vomica . .
proliferation
8 LTr1 Alkaloids Cruciferous vegetables UTrkA; IPI3K/AKT; TROS Induce cell cycle 32
arrest and apoptosis
Induce cell cycle
TING4; TPar-4; TCeramide; !miR-21; TmiR-146a; PI3; ERK; TP38; arrest, apoptosis and
IMAPK; lp-JAK1, 2; LAKT; |Bcl-2; TBax; |Bcl-xL; TPARP; Tcaspase- autophagy; inhibit
9 Curcumin Polyphenols Curcuma longa 3; INF-kB; ISTAT-3; !B-catenin; TFOX01; !mTOR; { TNF-o; IMMP- angiogenesis, 36
9; LCOX-2; LIL-8; LIL-1B; LIL-6; Tp53; Tp21; LCDK4/6; lcyelin D1; proliferation,
LVEGF; lAng-2; TTSP-1 migration and
invasion
Induce autophagy;
e . IMMP-9; {TIMP-1, 4; luPA; lSerpinE1-PAI-1; lVEGF; LTGF-b1;  inhibit angiogenesis,
10 Cannabidiol Polyphenols Cannabis 1Cxcl-16; LPDGF-AA; IMCP-1; lEer(); PI3K/AKT; LHIF-1a; TTRPV4 prolifergtiogn and 448
invasion
Induce cell cycle
TiNOS; TMHC II (I-A/I-E subregions); TCD11c; lArg; LCD206; arrest, apoptosis;
1 Chlorogenic Acid Polyphenols Eucommia almoides TSTAT1; ISTAT6; lp-c-Myc; {miR-20a/93/106b; Tp21/53; TTujl; inhibit angiogenesis, 45-47
(CGA) oliver, Lonicera confuse TGFAP; TBax/Bcl-2; {HIF-1a/AKT; IMMP-2/9; TE-cadherin; proliferation,
lVimentin; {SRC/MAPKs migration and
invasion
Induce cell cycle
12 Quercetin Polyphenolic D‘Vizzeei;‘lt::“d TBax; {Bcl-2; IMMP-2/9; LGSK3/-catenin/ZEB1; LRacl; IROS f;;f;f:;?g;’ggg:’:ﬁ 49,50
invasion
{FoxM1; IPI3K/AKT; TLC3-11/LC3-I; Lp62; {p-mTOR; Ip-p70S6K; | . autophagy
13 Silibinin Polyphenolic The fruit or seed of Ip-4E-BP1; LYAP; Tcaspase-3; Tpro-apoptotic; TAMPK/mTOR; ——— inhibit’ 52.53
flavonoids Silymarin UxCT; TBNIP3; TGPX4; {HK I ’
11; LPFKP; 1p53; TROS; LHIF-1ac el
Induce cell cycle
lcyclin D1/B1; Tp53; TBax; Bcl-2; Tcaspase-3/8/9; IBcl-xL; arrest, ztiut.ol?l‘la]%.};]?tnd
14 Resveratrol Polyphenolic A wide range of fruits, JPI3K/AKT/mTOR; \WNT; IMGMT; {dynamin1; {NF-kB; {MMP-2; apa"rf’gi‘:)z; ‘:51; ! o
flavonoids nuts, and red wine luPA/uPAR; lYKL-40; TTTP; TLRIG1; TmiR-34a; {miR-19; ImiR-21; . 7
{miR-30a-5p; TDSBs/pATM/pATR; ISTAT3; TPIAS3; LEMT proliferation,
migration, and
invasion
3-0-acetyl-11- IpRB; IFOXM1; lAurora A, B; {PLK1; 1CDC25C; {p-CDK1; lcyclin Induce cell cycle
15 keto-B-boswellic et Frankincense B1; LTOP2A; Tp21; Ip-RB; TGADD45A; Tcaspase-3/7; TPARP;  arrest and apoptosis; 57-60
acid (AKBA) IMMP; lATGS5; Ip62; LLC3B; lp-ERK/ERK; Tp-mTOR; ImTOR;  inhibit autophagy and
LTWIST1; IFOXM1 migration
X s . . i i Inhibit angiogenesis,
16 Stellettin B Terpenoids Marine sponge LAKT/mTOR; lpl(;;%i‘r\lljl;'alﬁ:l[)é\lf?ﬁfl;kpStat3 VHIF-105 prolifgratign and 61,62
migration
17 Demrztll}}’;‘l_z;g;aste Terpenoids Tripterygium wilfordii TmiR-30e-5p/MYBL2 Inhibit proliferation 63
The root of Tripterygium Induce cell cycle
18 Celastrol Terpenoids wilfordii TROS/JNK; LAKT/mTOR; TDR5 arrest, apoptosisand 64, 65
autophagy
Induce cell cycle
Tripterygium wilfordii _1ROS/INK; LAKT/mTOR; T1FN-y; LPD-L1; LEMT; TE-cadherin; IN- a;rjts‘;);ggf‘i’;ﬁ;’:d
19 Triptolide Terpenoids Hook. F. cadherin; {Vimentin; 1ZEB1; ISnail; !Slug; !Beclin-1; |Atg-7; TP21; prolifer:;tion 68-71
o TBax; {MMP-2/9; |PROX1 . . ?
migration, and
invasion
20 Pseléd((:)li;:;)aad Terpenoids Pseudolarix kaempferi Tp53; TBax; {Bcl-2; Tcaspase-3Tp-PARP iiﬂ?ﬁi??ﬁﬁfiﬁ%ﬁi‘n 72
Induce cell cycle
21 G‘"S[GG';‘_’;‘SZE)RI’Z Saponins Ginseng LAKT; LCDK4/cyclin D; JEGFA iﬁiﬁ?gfﬁgﬁfgi‘; 76
and metastasis
22 Gms(zns(_)ls{l:ii)e Rd Saponins Ginseng 1Bcl-2; LhTERT; Tcaspase-3 i;ﬁ?ﬁ:;:ﬁﬁgﬁ;ﬁﬂ 77
Induce apoptosis;
g3 Ginsenoside3p-0- (L Ginseng EGFR/PI3K/AKT/mTOR; lc-Myc; LHIF-1a; LLDHA; IN-cadherin; ‘“h‘;’;f);rf‘f;;’gz‘:les‘s’ .
Glc-DM (C3DM) Isnail; lVEGF; 1CD34; |Bcl-2 . . ’
migration and
metabolism
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Continued
No Name Classification Source Mechanism Function Refs.
24 Gms(eG“s‘f:;Se)Rgs Saponins Ginseng TNR3C1; LHSPB1; TNCOA4 Induce ferroptosis 79
Polyphyllin | Induce cell cycle
25 (PPI) Saponins Paris TBax; {Bcl-2; Tcytochrome c; Tp-JNK arrest and apoptosis; 82
inhibit proliferation
26 Pol)zg};)lf)ll)m D Saponins Paris TBax; | Bcl-2; Tcaspase-3; Tp-JNK i;ﬁ?;:;?gﬁgetroastlii‘n 83
Polyphyllin VI . ) ) Induce cell c;_lcle
27 (PPVI) Saponins Paris TROS; TJNK; TP38; TLC3-1I; TBeclin-1 arrest, apoptosis and 84
autophagy
. Induce apoptosis and
28 Polyp}k)ll))/l;m i Saponins Paris TROS; LAKT; TBax; Tcytochrome C; {mTORC1 autophagy; inhibit 85
(PP7) proliferation
29 Dioscin Saponins Dioscorea TROS; 7Ca; Tcaspase-3/9; TPARP; IBcl-2; | Bcl-xL; TBak; TBax; TBid;  Induce apoptosis; 88
IDNA Topo [; Tp53; {CDK2; lcyclin A; INF-kB; {RBM47 inhibit proliferation
Induce apoptosis,
The root of Lithospermum TROS; LGSH; Tp53; Tc-PARP; TSOD-1; !Bcl-2; TBax; TRIP1/3; necroptosis; inhibit
30 Shikonin Quinones erythrorhizon 1CD147; Tcapase-3; INotch2/3; LIPSMB8/9/10; |PSME1/2/3; proliferation, 92-97
IMMP-2/9 metastasis and
invasion
Induce ferroptosis
N e Quinones The root of Plumbago IFOXM1; Leyclin D1; LCdc25B; IKi67; Tp21; 1p27; anc g‘r’gl‘i’ft::;z;;’h‘b‘t 55100
zeylanica L Tc-caspase-3; IMMP-2/9; |PI3K/AKT; {GPX4; IxCT; TNQO1 . A j
migration and
invasion
Induce ferroptosis
and apoptosis; inhibit
32 Juglone Quinones Black walnut Tcaspase-3; LPin1; lTTl\(/;l]I:/Ilglz/,slr;l\li‘sz/,rﬁ;RP-)ﬂ axis; TROS; Tp-p38; :25;;51%:2?:: 101-104
migration and
invasion
S Induce cell cycle
33 Trichobotrysin B Tetre.xmlcl 2l Trichobotrys effusa 4729 UJAK-STATS3; Tc-caspase-3/9; TBax; {Bcl-2 arrest and apoptosis; 105
derivatives o T - .
inhibit proliferation
TAMPK-mTOR; TPERK/elF2a/CHOP; TROS; TBax/Bcl-2; 1(TNF) -o;
) ) TTNFR1; TRIPK1; Tcytochrome C; Tc-caspase-3/4; TPARP; tLC3-1l;  mduce cell cycle
34 Bufalin Steroids Chan Su TATR-Chk1-CDC25A-CDK2; TChk1; Tp-Chk1; Tp53; Tp-p53; arrest, autophjagy and 108-110
apoptosis
Tcaspase-3; Tc-Myc
35 Fucoxanthin Carotenoids Algae TROS; |MAPKs; I|PI3K-AKT Induce apoptosis 111
. L - Induce apoptosis and
36 Osthole Coumarin Cnidium monniert (L.) TmiR-16; IMMP-9; TROS necroptosis; mhibit 115, 116
derivatives Cusson A X
proliferation
Induce cell cycle
37 R e e Polysaccharides Radix hedysari Tp53; TBax; {Bcl-2; Lcyclin E/D; {TNF-a; lcaspase-3; INF-«kB R onhanyiand 117
Polysaccharide ’ ! ’ ! ’ ! apoptosis; inhibit
proliferation
Ganoderma Enhance cellular
38 luc1dum_ Polysaccharides Ganoderma lucidum TIL-2; TTNF-o; TINF-y . 1mmun1t¥ and 118
polysaccharides improve the immune
(GL-PS) system

acterized by multiple phenolic hydroxyl groups, while flavonoids,
which possess a flavone backbone and are often linked to phen-
olic hydroxyl and other functional groups, are generally con-
sidered a subclass of polyphenols. Due to their diverse anti-tu-
mor properties, certain natural flavonoid derivatives have been
extensively investigated for their potential in cancer therapy *.

Curcumin (9) is a polyphenol extracted from Curcuma longa
in 1815 **. The lipophilic properties of curcumin allowed it to
cross the BBB without obvious toxicity to normal brain cells,
making it a potential glioma therapeutic agent . A substantial
body of evidence indicates that curcumin exerts anticancer ef-
fects against glioma by promoting autophagy and apoptosis while
inhibiting the proliferation, angiogenesis, migration, and inva-
sion of glioma cells *. For example, curcumin has been proved by
Cheng et al. to induce G,/M cell cycle arrest and apoptosis in U87
cells via improving the expression levels of Forkhead box O tran-
scription factor (Fox01) *. Bi et al. ** showed that curcumin in-
hibited the heat shock protein 60/toll-like receptor-4/myeloid
differentiation primary response protein 88/nuclear factor-kB
(HSP60/TLR-4/MYD88/NF-kB) signaling pathway to inhibit the
invasion and growth of neuroglioma. Wang et al. ** found that
curcumin effectively decreased the invasion of glioma boosted by
psychological stress via the inhibition of the MAPK/extracellular
signal-regulated kinase (ERK) signaling pathway.

Cannabidiol (CBD, 10), a cannabinoid compound derived
from the plant cannabis 40, can cross the BBB. CBD can effectively
inhibit proliferation and invasion in glioma cells by modulating
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hypoxia-inducible factor-1a (HIF-1a) and the ERK and PI3K/Akt
signaling pathways *'. Volmar et al. ** demonstrated that CBD in-
duces GBM cell death by modulating the nuclear transcription
factor-kappa B (NF-kB) signaling pathway. Huang et al. ** first
showed that CBD induced lethal mitochondrial autophagy to in-
hibit human glioma by activating the transient receptor potential
cation channel subfamily V member 4 (TRPV4). A phase Ib clinic-
al trial (NCT01812603, NCT01812616, Table 3) was completed
in 2016, demonstrating that individualized dosing regimens of
Sativex (containing 25 mg-mL™" CBD) in combination with TMZ
are well-tolerated and may improve survival rates in patients
with recurrent GBM. Additionally, Julian et al. ** completed a four-
year clinical trial (NCT03607643, Table 3), reporting a reduction
in tumor cell count and volume with no observed side effects.
Chlorogenic acid (CGA, 11), a polyphenolic compound de-
rived from caffeic acid and L -quinic acid, is widely extracted from
various plants, including Eucommia almoides oliver and Lonicera
confuse. Xue et al.”® demonstrated that CGA inhibited GBM
growth by increasing M1-polarized macrophages while reducing
M2-phenotypic macrophages. CGA suppressed tumor growth by
inducing differentiation *, triggering cell-cycle arrest and apop-
tosis, and inhibiting the proliferation, migration, and invasion of
glioma cells via suppression of the SRC/MAPK signaling path-
way *’. A completed phase I clinical trial (NCT02728349, Table 3)
investigating CGA for high-grade glioma (HGG) treatment demon-
strated favorable therapeutic effects and high safety. Based on
these promising efficacy and safety results, CGA has received ap-
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proval from China FDA for a Phase 1I/III trial (NCT03758014, Ta-
ble 3).

Quercetin (12), a naturally occurring polyphenolic flavonoid,
is commonly extracted from various fruits and vegetables *’. Re-
search has demonstrated that quercetin induces cell apoptosis by
enhancing the B-cell lymphoma 2 associated X protein (Bax)/B-
cell lymphoma 2 (Bcl-2) protein ratio. Additionally, it inhibits cell
migration and invasion through the suppression of glycogen syn-
thase kinase-3f (GSK3f)/B-catenin/Zinc-finger E-box binding
protein 1 (ZEB1) signaling *’. Furthermore, quercetin constrains
the production of ROS and tumor growth by inhibiting the activa-
tion of Rac1 *’.

Silybin (13), a naturally occurring polyphenolic flavonoid, is
extracted from the fruit or seed of Silymarin °'. This compound
demonstrates the ability to downregulate the expression of Fork-
head box M1 (FoxM1) and the phosphatidylinositol 3-kinase
(PI3K)/Akt signaling pathway, consequently inhibiting glioma
cell proliferation and promoting apoptosis *°. Furthermore, sily-
bin has been shown to induce autophagy and glioma cell death by
facilitating the nuclear translocation of apoptosis-inducing factor
(AIF) *°.

Resveratrol (14), a natural polyphenolic flavonoid extracted
from various fruits, nuts, and red wine ** has demonstrated signi-
ficant anti-glioma properties. Mounting evidence indicates that
resveratrol exerts its pharmacological effects through multiple
mechanisms. It induces cell cycle arrest by downregulating cyclin
D1/B1 and c-Myc, promotes apoptosis by activating caspase-
3/7/8/9 and p53 while suppressing B-cell lymphoma-extra large
(Bcl-xL), enhances autophagy through modulation of the
PI3K/AKT/mTOR, P38, and ERK1/2 pathways, and inhibits mi-
gration and metastasis by suppressing EMT *°,

2.3. Terpenoids

Terpenoids are olefinic compounds with molecular formulas
that are integral multiples of isoprene. These compounds demon-
strate significant physiological properties and exhibit remark-
able biological activities ™.

The pentacyclic triterpenoid 3-0-acetyl-11-keto-B-boswellic
acid (AKBA, 15) is the primary active component of frankincense,
demonstrating significant anti-glioma activity *’. AKBA exerts its
anti-glioma effects through multiple mechanisms: (1) It arrests
the cell cycle by regulating the p21/FOXM1/cyclin B1 pathway *°.
(2) It promotes apoptosis via downregulation of the Aurora B/
Topoisomerase II alpha (TOP2A) pathway **. (3) It inhibits auto-
phagy, thereby repressing glioblastoma growth, through regula-
tion of the ERK/mTOR and P53/mTOR signaling pathways >’
(4) It significantly inhibits cell migration by decreasing the ex-
pression levels of twist-related protein 1 (TWIST1) and FOXM1
genes *’

Stellettin B (16), a triterpenoid derived from marine
sponges, exhibits potential as a therapeutic agent for GBM °'. Re-
search conducted by Cheng et al. * demonstrated that Stellettin B
inhibits cell proliferation via the AKT/mTOR pathway and im-
pedes angiogenesis by blocking Stat3/VEGF signaling.

Several NPs derived from Tripterygium wilfordii demon-
strate promising anti-glioma activities. For instance, demethyl-
zeylasteral (T-96, 17), a triterpene compound, potentially modu-
lates the miR-30e-5p/MYBL2 axis to suppress glioma cell gro-
wth ®. Celastrol (18), one of the most abundant active molecules
extracted from the root of Tripterygium wilfordii, induces auto-
phagy and apoptosis in glioma cells by regulating the ROS/c-Jun
N-terminal kinase (JNK) and AKT/mTOR signaling pathways **.
Additionally, celastrol upregulates the expression of death re-
ceptor 5 (DR5) and enhances TRAIL-triggered apoptosis .
Triptolide (19), a phenylethane-type diterpene compound isol-
ated from Tripterygium wilfordii Hook. F. (TwHF) "’  exhibits
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multi-modal anti-glioma activities through various mechanisms:
(1) It enhances autophagy and apoptosis by inhibiting the
ROS/JNK pathway and activating the AKT/mTOR signaling path-
way . (2) It exerts immunosuppressive effects by downregulat-
ing IFN-y-induced PD-L1 expression . (3) It increases auto-
phagy in glioma cells, thereby inhibiting EMT and reducing mi-
gration and invasion "’. (4) It inhibits GBM cell viability, prolifera-
tion, cell cycle progression, migration, and invasion by targeting
PROX1"".

Pseudolaric acid B (PLAB, 20), a diterpenoid compound de-
rived from Pseudolarix kaempferi, was found to induce cell cycle
arrest and apoptosis in U87 GBM cells "°.

2.4. Saponins

Saponins consist of a lipophilic moiety, which can be either
triterpenoid or steroid aglycon, and a hydrophilic moiety com-
posed of sugars. Based on their aglycone structures, saponins are
classified into triterpenoid saponins and steroid saponins. These
compounds exhibit diverse biological activities and demonstrate
significant anticancer potential ”*.

Ginsenoside, a triterpenoid saponin, represents the primary
active component of ginseng and exhibits diverse pharmacologic-
al effects ", Ginsenoside Rh2 (Gs-Rh2, 21), a key bioactive con-
stituent in American ginseng, reduces glioma cell viability and in-
duces cell cycle arrest by decreasing cyclin-dependent kinase 4
(CDK4) and cyclin E levels ’°. Ginsenoside Rd (Gs-Rd, 22) en-
hances apoptosis and inhibits U251 cell proliferation by suppre-
ssing telomerase activity and modulating the expression of Bcl-2,
hTERT, and caspase-3 ”’. Tang et al. "’ demonstrated that ginsen-
oside 3B-0-Glc-DM (C3DM, 23) inhibits glioma tumor growth by
suppressing the epidermal growth factor receptor (EGFR)/
PI3K/AKT/mTOR signaling pathway. Ginsenoside Rg5 (Gs-Rg5,
24) impedes GBM progression by activating ferroptosis through
nuclear receptor subfamily 3 group C member 1 (NR3C1) ”.

Polyphyllins, the primary bioactive components of Paris """,
have demonstrated anti-glioma properties in previous studies.
The principal anti-glioma mechanisms involve multiple path-
ways, including: (1) PPI (25) induces G,/M phase arrest and ap-
optosis by modulating the expressions of Bax/Bcl-2, cytochr-
ome c and phosphorylated JNK (p-JNK), while also triggering the
depolarization of AWm *. (2) PPD (26) enhances apoptosis by
significantly downregulating the expressions of Bax/Bcl-2, cas-
pase-3, and p-JNK in U87 human glioma cells *. (3) PPVI (27)
promotes autophagy and apoptosis through the activation of JNK
and p38 pathways *. (4) PP7 (28) increases autophagy and apop-
tosis by inhibiting AKT/mTORC1 activity *.

Dioscin (29), a natural steroidal saponin extracted from Dio-
scorea plant roots, possesses the ability to penetrate the BBB ** ¥,
This compound demonstrates substantial anti-GBM efficacy by
promoting ROS accumulation, and inducing deoxyribonucleic
acid (DNA) damage .

2.5. Quinones

Quinones constitute a class of aromatic organic compounds
characterized by a six-carbon ring diketone structure with two
double bonds. These NPs are widely distributed in nature and ex-
hibit a diverse range of pharmacological properties *.

Shikonin (30), a naphthoquinone compound derived
from the root of Lithospermum erythrorhizon °>°', has demon-
strated potential as a therapeutic agent for glioma through vari-
ous mechanisms: (1) It induces apoptosis by elevating intracellu-
lar ROS levels . (2) Apoptosis induction occurs via regulation of
cluster of differentiation 147 (CD147) expression . (3) Ma
et al.”* revealed that shikonin triggers glioma cell apoptosis by
interfering with ER stress and mitochondrial outer membrane
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permeabilization (MOMP). (4) It inhibits U87 cell proliferation by
suppressing Notch2 and Notch3 protein expression and reducing
Hes1 and Hey1 levels *°. (5) Qin et al. *® observed that shikonin at-
tenuates glioma stemness by downregulating proteasome activ-
ity and decreasing PSMB8/9/10 and PSME1/2/3 expression.
(6) Shikonin inhibits glioma cell proliferation, metastasis, and in-
vasion by suppressing phosphorylated PI3K and AKT pathways
and reducing MMP-2 and MMP-9 levels *’.

Plumbagin (31) is a naphthoquinone compound isolated
from the roots of Plumbago zeylanica L. Compared with shikonin
(30), plumbagin (31) has higher BBB penetration ability *. Stud-
ies in vitro and in vivo have shown that plumbagin has anti-glioma
activity ”°. It inhibits glioma cell growth by suppressing FOXM1
expression and reduces migration and invasion by downregulat-
ing MMP-2/9 expression while suppressing the PI3K/AKT signal-
ing pathway '"’. Additionally, plumbagin inhibits glioma progres-
sion by inducing ferroptosis *.

Juglone (32), a naphthoquinone compound extracted from
the roots of Black walnut, demonstrates anti-tumor properties in
human GBM cells """ and C6 rat glioma cells '** in vitro and in vivo,
attributed to its lipid-soluble characteristics. Wu et al. ' dis-
covered that juglone inhibits the growth of tumor stem cell-like
cells (TSCs) in gliomas by activating the ROS-p38-MAPK
pathway in vitro. Furthermore, Guo et al. '** established that ju-
glone induces ferroptosis in GBM cells through p38MAPK phos-
phorylation.

2.6. Others

In addition to the aforementioned alkaloids, polyphenols,
flavonoids, terpenoids, saponins, and quinone compounds, sever-
al other categories of NPs demonstrate significant anti-glioma
activity, including steroids and polysaccharides.

Dai et al. ' recently identified trichobotrysin B (33), a mar-
ine NP derived from the ascidian-associated fungus Trichobotrys
effusa 4729. This compound demonstrated inhibitory effects on
glioma proliferation and induced apoptosis through modulation
of the signal STAT3/JAK2 signaling pathway. Furthermore, sever-
al novel compounds extracted from marine-derived fungi exhib-
ited notable anti-glioma activity "> '"’.

Bufalin (34), a cardiotonic steroid, was initially discovered in
toad venom. Research has shown that bufalin induces apoptosis
and autophagy through ER stress '*. Additionally, it triggers cell
death via suppression of TNF-a, TNF receptor 1 (TNFR1), and re-
ceptor-interacting protein kinase 1 (RIPK1) '”. Furthermore, bu-
falin regulates the expression of Annexin A2 and DRP1 to induce
apoptosis in U251 cells '*’.

Fucoxanthin (35), a naturally occurring carotenoid extracted
from algae, demonstrates the ability to induce apoptosis in U251
cells. This process is facilitated through the enhancement of ROS-
mediated oxidative damage and the modulation of MAPKs and
PI3K/AKT signaling pathways ',

Osthole (36), extracted from the Cnidium monnieri (L.) Cus-
son """ exhibits anti-glioma properties through multiple mech-
anisms. It induces apoptosis and inhibits the proliferation of
glioma cells by enhancing miR-16 expression and suppressing
MMP-9 '*°, Additionally, it triggers necroptosis in glioma cells
through the production of ROS .

Additionally, certain natural polysaccharides demonstrate
significant anti-glioma activity. These include Radix Hedysari
Polysaccharide (37) derived from Hedysari Radix ' and Gano-
derma lucidum polysaccharides (GL-PS, 38) extracted from Gano-
derma lucidum "'°,

3. Synthetic NP derivatives against glioma

Numerous NPs have exhibited significant anticancer proper-
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ties, yet face considerable challenges in glioma treatment. These
obstacles primarily include low bioavailability, difficulty in effect-
ively penetrating the BBB, insufficient antitumor activity to meet
clinical needs, and potential increased side effects, which con-
strain the application of NPs in glioma therapy '". A key focus of
current research is enhancing the biological activity of NPs
through chemical modifications based on their structures. This
approach aims to improve the pharmacokinetic properties of
NPs, such as increasing their bioavailability and BBB penetration,
while also enhancing their antitumor effects and potentially redu-
cing side effects '*’. Consequently, this strategy expands the po-
tential for clinical applications of NPs in glioma treatment. This
section examines the effects and mechanisms of synthetic NP de-
rivatives in glioma treatment (their names and anti-glioma ac-
tion mechanisms are presented in Table 2, with chemical struc-
tures shown in supplementary information).

3.1. Alkaloid derivatives

Harmine, a naturally occurring B-carboline alkaloid, demon-
strates apoptosis-inducing properties *'. However, glioma cells
exhibit notable resistance to apoptotic induction, necessitating
additional strategies to overcome their intrinsic resilience to ap-
optotic stimuli '**. Meinguet et al. '** developed a novel harmine
derivative, compound 39, which exhibited significant antiprolif-
erative effects against U373 [half maximal inhibitory concentra-
tion (ICsy 0.20 pmol-L™), T98G (ICsy 0.70 pmol-L™), and HS683
(ICsp < 0.01 pmol-L™) cell lines. Compound 39 induced apoptosis
through the inhibition of Dual-specificity tyrosine phosphoryla-
tion-regulated kinase 1A (DYRK1A) and the activation of casp-
ase-9.

Colchicine, an anti-tubulin and antimitotic agent, demon-
strates antitumor properties '**. However, concerns regarding
colchicine’s toxicity necessitate the development of derivatives
with enhanced efficacy and reduced side effects'*.In a signific-
ant advancement, Fang et al. "*° characterized a novel colchicine
derivative, compound 40, which exhibited potent inhibitory ef-
fects on U87-MG and U373-MG cells, with ICs,values of 10
nmol-L™ and 50 nmol-L™, respectively. Compound 40 effectively
disrupted glioma cells by inhibiting tubulin polymerization, elev-
ating ROS levels, and inducing autophagy, ultimately leading to
cellular apoptosis.

Matrine’s adaptable molecular structure and high safety pro-
file render it a promising lead compound with distinctive phar-
macological properties '*”'*%, Qiu et al. "’ developed a novel mat-
rine derivative, compound 41, which demonstrated moderate in-
hibitory effects on C6 cellsin vitro (ICsy 8.31 pumol-L™). Com-
pound 41 induces DNA damage by suppressing DNA Topo I ex-
pression, resulting in p53 overexpression and subsequent cell ap-
optosis induction.

Indole, a naturally occurring nitrogen-containing heterocyc-
lic alkaloid, possesses a unique molecular structure that confers
exceptional biological activity, particularly demonstrating signi-
ficant potential in antitumor research. It has emerged as a crucial
starting material for the development of novel bioactive mo-
lecules . Andrade et al. *' synthesized a new indole derivative
compound 42, which exhibited potent cytotoxic activity against
glioma (C6) with an ICg, of 0.4 ug-mL™" while displaying minimal
toxicity to non-tumor cells. Compound 42 markedly inhibited
glioma cell proliferation and viability, effectively restricting cell
migration, potentially through the induction of apoptosis-like
morphological changes.

3.2. Flavone derivatives

Chalcone, a naturally occurring flavonoid compound, pos-
sesses a flexible chemical structure that facilitates modification
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Table 2 Anti-glioma activity of different classes of synthetic derivatives of NPs and their mechanisms

No. Classification Mechanism (o Animal study Advantages Refs.
. 0.20 pmol-L™ (U373); 0.70 pmol-L™* High solubility; high absorption;
39 Alkaloids {DYRK1A (T98G); < 0.01pmol-L" (HS683) higher BBB penetration .22 123
. . 10 nmol-L™! (U87-MG); 50 nmol-L™  Adult female Sprague Dawley Low dose efficacy and
40 Alkaloids ltubulin; TROS; TLC3-1/11 (U373-MG) rats (C6) less side effects 126
. {Topol; Tp53; {Bcl2; TBax; Tc- -1 .
! ’ ! ’ 8.31 I-.L™ (C6
41 Alkaloids caspase-3; Tc-PARP umo (ce) High safety 129
42 Alkaloids 0.41 ug~mL'1 (C6) Higher cytotoxicity; high safety 131
Tp21/Cip1; IMDM2; TBax; -1 Male athymic nude mice (U87- Increased inhibitory activity;
0.72 pg-mL™" (U87-MG 35
43 Flavones Tp53;4AWm; TROS; Tcaspase-9 ugml ( ) MG) high safety 135
50.83 umol-L™" (A172); 90.34 pmol-L™"
44 Flavones TROS; TNO Hmo ( ) wmo Selective cytotoxicity 136
(GBM1)
45 Flavones INF-kB; Tcaspase-3 29.49 pmol-L’1 (Ce) Selective cytotoxicity 137
lGFRs; |P-ERK; |P-AKT; TBad; Selective cytotoxicity:
46 Flavones TBad/Bcl-xL; Tcytochrome c; <25 umol-L’1 (U373-MG) Y . ty; 141
BBB permeability
Tcaspase-3/9
47 Terpenoids lcAMP <8 umol-lf1 (U251);<8 umol-L’1 (Ce) Better inhibition 143
. LAKt; LErk1/2; Lp38; 16.23 pmol-L™ (T98G); Better solubility in water and
48 Terpenoids Tc-caspase-3; Tc-PARP 9.11 pmol-L™" (C6) bioavailability 145,146
. LAKT; LErk1/2; 1p38; Tc-caspase- 19.46 pmol-L™ (T98G); Better solubility in water and
49 Terpenoids 3; 1c-PARP 22,68 pmol L (C6) bioavailability 145, 146
. 5.82 umol-L™ (U251); 8.19 umol-L™" Potential high oral bioavailability;
50  Terpenoids JEGFR (T98G); 17.04 pmol-L™* (U87) BBB permeability e
51 Terpenoids TRIP1/RIP3/MLKL 0.94 pmol-L™ (U251) Zebrafish (U251) S iMiBnBaEERENRHID g
permeability
52 Terpenoids TROS; GPX4; LCOX-2; 5.738 pmol-L™" (U87); 5.119 pmol-L™"  Female BALB/c nude mice  Significantly increased anti-GBM 152
erpeno Nrf2; ISTX17 (U251) (u8s7) activity :
2.014 pmol-L™" (U87); 1.998 pmol-L™"
53 Terpenoids IFOXM1 e ((UZSi] e Improve water solubility 153
9.532 pmol-L™" (LN18); 30.097 Good intestinal absorption and
54 Terpenoids {CDK-2; IMMP-2; IMMP-9; lEMT umol'L’1 (T98G); 13.374 umol-L’1 BBB penetrability; no 155
(A172); 19.875 pmol-L™* (LN229) developmental toxicity.
. Tcaspase-9; Tcytochrome c; TBax; 1 Increased inhibitory activity and
7.41 I-L™ (U87
& EEats IBcl-2; Tcaspase-3; TLC3-1; Ip62 Hme W) prolonged half-life —
. . 6.95 ng'mL™' (U87-MG); 1.95 ng'mL™  Female athymic CD-1 nude Increased inhibitory activity and
56 Terpenoids ltubulin (SW1783); 145 ng'mL-l (GBM) mice (U-87-MG) BBB penetrability 161
57 Terpenoids ltubulin 9.49 nmol-L™ (U87-MG) Inhibits prl'ol%feratlon; enhanced 164
radiation response
58 Terpenoids ltubulin BBB penetrability 166
3.03 umol-L™" (U87); 1.80 pmol-L™"
. TTetramerization of PKM2; (U118); 7.49 umol-L™" (SF126); 5.24 . BBB penetrability; prolonged
59 Terpenoids LPKM2 enters nucleus; LSTAT3 umol.L—l (SHG44); 7.14 umol~L’1 BALB/c nude mice (U118) hal-life ( prodrug) 171
(U251); 1.66 umol-L™" (C6)
27.18+1.89 1-L7'(C6); 20.58 + 1.61
60 Terpenoids 1Bcl-2; TBax ul”:ll(r)rll'olfl(U(B7l\)/lG) Wistar rats (C6) BBB penetrability; high safety 173
. 3.99 pumol-L™" (U87); 7.00 pmol-L™" Increased inhibitory activity and
61 Quinones TROS-p38-MAPK (U251) antioxidant 176
. 3.28 pmol-L™" (U87); 5.43 pmol-L™* Female BALB/c-nu mice Increased inhibitory activity and
62 Quinones TROS-p38-MAPK (U251) (Human primary GBM cells) antioxidant 176
R 7.60 umol~L’1 (U87); 8.64 um01~L’1 Female BALB/c-nu mice Increased inhibitory activity and
o2 Qritones SRS (U251) (Human primary GBM cells) antioxidant e
. 11.84 umol-L™" (U87); 18.05 pmol-L™ Increased inhibitory activity and
64 Quinones TROS-p38-MAPK (U251) antioxidant; BBB penetrability 176
Phenolic lCDC25C; {CCNB1; ICDK1; 7.43 umol~L’1 (U87-MG); 47.56 . .
65 R LCDK2; LCDK6; INanog umol.L—l (primary GBM cells) Increased inhibitory activity 178
Phenolic . . . 35.12 umol-L’l (C6); 23.47 umol-L’1 X . . )
66 compounds TROS; Tp-IKKa/B; LkBa; TNF-kB (U87); 40.12 umol-L ™ (U251) Male Wistar rats(C6) Higher BBB penetration 182
Phenolic -1
67 compounds UTrxR2; TROS; |AWm; Tcaspase 0.42 pmol-L™ (U251) BALB/c nude mice(U251) Selective cytotoxicity 184

and synthesis, rendering it an ideal precursor for targeted drug
development "**"**, Loch-Neckel et al. "** developed a novel chal-
cone-quinoxaline hybrid compound 43, which exhibited potent
inhibitory activity against U87-MG cells (ICs, 0.72 ug-mL’l). Com-
pound 43 impeded U87-MG cell proliferation by modulating Bax,
p53, p21, and caspase-9 expression, while reducing murine
double minute 2 (MDM2) protein levels. In a separate study, Bit-
tencourt et al. "** synthesized chalcone derivative compound 44,
demonstrating inhibitory effects on A172 (ICs 50.83 pmol-L™)
and GBM1 (ICg 90.34 pmol-L™) cells. Compound 44 induced ap-
optosis by elevating ROS and nitric oxide (NO) levels in glioma
cells. Additionally, Kiekow et al. ™" synthesized chalcone derivat-
ive compound 45, which displayed moderate activity against C6
cells (ICs 29.49 pmol-L™). Compound 45 triggered cell death in
glioma cells by regulating nuclear factor-kappa B (NF-kB) nucle-
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ar translocation and activating caspase-3.

Quercetin, a naturally occurring flavonoid compound,
demonstrates considerable promise in anti-glioma therapy "**'*.
It effectively suppresses glioma cell proliferation and promotes
apoptosis while exhibiting low toxicity, positioning it as an ideal
precursor for further development '*’. In a notable study, Dell’ Al-
bani et al. '*' synthesized a quercetin derivative, compound 46,
which exhibited inhibitory effects on U373-MG cells (ICs5y < 25
umol-L™"). The mechanism of action for compound 46 involves
the induction of apoptosis through the inhibition of ERK and
AKT phosphorylation.

3.3. Terpenoid derivatives

Ursolic, a naturally occurring pentacyclic triterpenoid com-
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pound, has attracted considerable attention due to its remark-
able anticancer properties '**. In a study by Fan et al. ***, an ursol-
ic acid derivative, compound 47, demonstrated significant inhib-
itory effects against glioma cell lines U251 and C6, with ICs, val-
ues below 8 pmol-L™ for both. The research revealed that com-
pound 47 induces apoptosis in glioma cells through the downreg-
ulation of cAMP.

Betulin, anaturally occurring pentacyclic triterpene com-
pound, exhibits selective cytotoxicity against cancer cells, render-
ing it an excellent precursor for novel anticancer derivatives'**,
KrOL et al. '*° reported two newly synthesized betulin derivat-
ives, compounds 48 and 49. Compound 48 demonstrated
ICs values of 16.23 umol-L™ in T98G cells and 9.11 pmol-L™ in
C6 cells, while compound 49 exhibited ICs,values of 19.46
umol-L™"in T98G cells and 22.68 umol-L™" in C6 cells. These deriv-
atives inhibited Akt and Erk kinase activity, induced apoptosis,
and suppressed neuroblastoma cell proliferation'*.

Gypsogenin, an oleanane-type pentacyclic triterpene com-
pound, exhibits diverse pharmacological activities, including anti-
cancer properties, positioning it as a promising precursor com-
pound with substantial pharmacological potential . Ciftci et
al. "*® synthesized a gypsogenin derivative, compound 50, which
demonstrated moderate activity against glioma cell lines. The
compound exhibited ICs, values of 5.82, 8.19, and 17.04 pmol-L™
in U251, T98G, and U87 cells, respectively. Compound 50 exer-
ted its anti-glioma effects through the induction of apoptosis and
inhibition of EGFR expression.

Celastrol, a quinone-type triterpene compound, exhibits anti-
cancer properties "** *°. However, its relatively low efficacy lim-
its its application in glioma treatment. Feng et al. °' addressed
this limitation by synthesizing a celastrol derivative, compound
51, which demonstrated significant antiproliferative activity
against U251 cells (IC5y 0.94 pmol-L™). This compound markedly
inhibited colony formation and migration in U251 cells. Further-
more, it induced necrotic cell death through activation of the
RIP1/RIP3/MLKL signaling pathway.

AKBA, a natural pentacyclic triterpene compound, exhibits
significant biological properties *’. Yang et al. "*’synthesized an
AKBA derivative, compound 52, which demonstrated potent anti-
proliferative activity against glioblastoma cells (U87 and U251),
with ICs, values of 5.738 pumol-L™" and 5.119 umol-L™, respect-
ively. Compound 52 induces ferroptosis in human glioblastoma
cells by generating ROS and inhibiting the STX17-mediated fu-
sion of autophagosomes and lysosomes. Sun et al. '** developed
another AKBA derivative, compound 53, which exhibited strong
inhibitory effects on U87 and U251 cells, with ICs, values of 2.014
umol-L™" and 1.998 umol-L™", respectively. Compound 53 exerts
its anti-glioma activity through binding to the transcription factor
FOXM1.

Isolongifolanone, a compound derived from the NP longi-
folene through isomerization and oxidation reactions, demon-
strates significant antitumor activity "**. Jiang et al. "** synthes-
ized an isolongifolanone derivative, compound 54, which exhib-
ited ICs, values of 9.532, 30.097, 13.374, and 19.875 umol-L™" in
LN18, T98G, A172, and LN229 cells, respectively. Compound 54
targets CDK-2, thereby inhibiting cell cycle progression and cell
proliferation. Furthermore, it suppresses glioma invasion by in-
hibiting MMP-2/9 and impeding the progression of EMT.

Artemisinin, a naturally occurring sesquiterpene lactone
compound "’ has demonstrated significant effects on various
tumor types "*°. Isothiocyanates have been shown to enhance the
antitumor efficacy of other drugs and function as covalent inhibit-
ors *’. Nyein et al. '® synthesized a novel artemisinin-isothiocy-
anate hybrid compound 55, which exhibited cytotoxic activity
against U87 cells (ICsy 7.41 pmol-L™"). This compound induced ap-
optosis by upregulating the expression of caspase 9/3, cyto-
chrome c, and Bax while downregulating Bcl-2 expression. Fur-

548

Chinese Journal of Natural Medicines 23 (2025) 541-559

thermore, compound 55 triggered autophagy through the upreg-
ulation of LC3-II and downregulation of p62.

Ortataxel (56), a taxane analog, demonstrates efficacy
against various tumor cells. Compared to paclitaxel (PTX), ort-
ataxel exhibits higher in vitro anti-glioma activity against U87-MG
(ICs 6.95 ng-mL™), SW1783 (ICso 1.95 ng-mL™"), and GBM (ICs,
14.5 ng'-mL™) cells. In U87-MG xenografts, ortataxel has shown
high effectiveness and BBB penetration capability ''. A Phase II
clinical trial (NCT01989884, Table 3) evaluating 56 for recurrent
glioblastoma treatment has concluded. The study revealed that
56 did not demonstrate significant activity in patients with recur-
rent glioblastoma. However, a small subset of patients experi-
enced prolonged benefits '*’. Cabazitaxel (57) is a second-genera-
tion semisynthetic taxane capable of crossing the BBB '“. It
demonstrates greater efficacy in treating glioblastoma in vivo
with U87 (ICsy 9.49 ng-mL™") compared to docetaxel (DTX), and
its enhanced solubility facilitates improved BBB penetration'*".
Cabazitaxel underwent phase I/II clinical trials (NCT01751308,
Table 3) for treating recurrent diffuse intrinsic pontine glioma
(DIPG) and HGG in pediatric patients. The study, involving 16 pa-
tients, showed manageable side effects but no activity in recur-
rent/refractory HGG or DIPG'®. TPI-287 (58), a third-generation
taxane less affected by P-glycoprotein (P-gp), is lipophilic and
capable of BBB penetration'®. In a phase I/II clinical trial
(NCT01933815, Table 3), nine patients with recurrent glio-
blastoma received TPI-287 combined with bevacizumab. The
drug was generally well-tolerated, with 3 out of 7 patients exhib-
iting partial responses'®’. These taxane analogs function as micro-
tubule inhibitors, inducing apoptosis through microtubule stabil-
ization.

Parthenolide, a natural sesquiterpene lactone, has been
identified as a moderate activator of pyruvate kinase M2 (PK-
M2) "**'° Ding et al. "’' synthesized a parthenolide dimer com-
pound 59, which demonstrated significant anti-GBM activity. The
ICs values for the U87, U118, SF126, SHG44, U251, and C6 cell
lines were 3.03, 1.80, 7.49, 5.24, 7.14, and 1.66 pmol-L™, respect-
ively. Compound 59 enhanced the formation of PKM2 tetramers
and inhibited PKM2 nuclear translocation in GBM cells, thereby
suppressing the STAT3 signaling pathway. This resulted in the in-
hibition of GBM cell proliferation and the induction of apoptosis.
Chen et al. '’ synthesized a parthenolide derivative ACT001 (60),
which inhibited C6 (ICs, 27.18 + 1.89 pmol-L™") and U87 (ICs,
20.58 + 1.61 umol-L™) cell lines. 60 induces apoptosis in glioma
cells through the down-regulation of the anti-apoptotic gene
Bcl-2 "%, A clinical phase I study (ACTRN12616000228482, Ta-
ble 3) of 60 for the tcreatment of recurrent glioblastoma demon-
strated that it was well-tolerated in patients with malignant glio-
mas, exhibiting satisfactory bioavailability and preliminary evid-
ence of antitumor activity '’*. Based on these favorable efficacy
and safety results, compound 60 has progressed to a Phase 1/II
clinical trial (NCT05053880, Table 3).

3.4. Quinone derivatives

Juglone, a natural quinone compound, has been extensively
investigated for its potential antitumor properties. However, the
hydroxyl group in juglone is susceptible to oxidation, limiting its
application in drug development "’°. Zhang et al. ’° addressed
this limitation by designing and synthesizing a series of juglone
derivatives. In these derivatives, the hydroxyl group was substi-
tuted with methyl (61), allyl (62), butyl (63), and benzyl (64)
groups. The ICso values for U87 cells were 3.99, 3.28, 7.60, and
11.84 um01~L’1, while for U251 cells, they were 7.00, 5.43, 8.64,
and 18.05 pmol-L™, respectively. These juglone derivatives
demonstrated antitumor effects by inducing apoptosis in glioma
cells through the activation of the ROS-p38-MAPK signaling path-
way.
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3.5. Phenolic compounds

Nordihydroguaiaretic acid (NDGA), a natural phenolic com-
pound, demonstrates anti-glioma potential and serves as a prom-
ising drug precursor ”’. Zhao et al. '”® introduced a novel NDGA
derivative, compound 65, which exhibited moderate inhibition of
glioma cell proliferation. The compound achieved ICs, values of
7.43 pmol-L™"in U87-MG cells and 47.56 pmol-L™ in primary GBM
cells. Compound 65 impeded the tumorigenic capacity of gliomas
through multiple mechanisms: blocking the cell cycle of glioma
cells, suppressing the expression of the transcription factor Na-
nog, and inhibiting the self-renewal of glioma stem cells (GSCs).

Apocynin is a naturally occurring polyphenolic compound.
Like other polyphenols " **°, Apocynin demonstrates multiple
pharmacological properties, including antioxidant, anti-inflam-
matory, and anticancer effects '*'. Yang et al. '** engineered and
produced an Apocynin derivative, compound 66, which demon-
strated effective BBB penetration, enhanced ROS production, and
anti-glioma activity (with ICsy values of 35.12, 23.47, and 40.12
umol-L™" in C6, U87, and U251 cells respectively) in both in
vitro and in vivo studies. Compound 66 triggered apoptosis by el-
evating p-IKKa/B levels, resulting in IkBa degradation, stimulat-
ing NF-kB phosphorylation, and nuclear translocation.

Curcumin, a naturally occurring polyphenolic compound, has
been extensively investigated and demonstrated to possess signi-
ficant anti-inflammatory and antitumor properties '*. In a study
by Luo et al. %% "4 curcumin derivative, compound 67, exhibited
notable inhibitory effects on U251 glioma cells, with an ICs, value
of merely 0.42 pmol-L™". This compound was found to inhibit in-
tracellular TrxR2 and induce mitochondria-dependent apoptosis
through caspase activation, ROS production, and a decrease in
mitochondrial membrane potential (A¥Wm).

4. Anti-glioma mechanisms of NPs and their synthetic deriv-
atives

NPs operate through a multicomponent-multichannel-multit-
arget mode of action, with complex and diverse mechanisms.
These compounds can effectively target glioma at multiple stages
by influencing cyclins and CDKs, modulating ROS, affecting apop-
tosis signaling pathways, inhibiting MMPs, suppressing P-gp, and
reversing the immunosuppressive tumor microenvironment
(TME).

4.1. Inhibiting cyclin and CDK

Tumor growth is contingent upon continuous cell prolifera-
tion. The cell cycle comprises the M phase and interphase, which
adhere strictly to the “G;-S-G,-M” pattern and are distributed
with distinct checkpoints. Transitions between these phases are
driven by specific CDKs, including CDK1, CDK2, CDK4, and CDK6.
These CDKs are expressed at significantly elevated levels in
glioma and other tumors and are positively regulated by cyclins.
Consequently, CDKs and cyclins represent potential novel targets
for glioma treatment.

NPs demonstrate potential as CDKs and cyclin inhibitors, in-
ducing tumor cell senescence and halting cell cycle progression,
thereby inhibiting glioma growth. Oxymatrine (2) and curcumin
(9) have been shown to downregulate the expression of cyclin
D1, CDK4, and CDK®6 in glioma cells, leading to cell cycle arrest in
the GO/G1 phase . Similarly, Gs-Rh2 (21) reduces CDK4/cyc-
lin D levels °, while plumbagin (31) decreases cyclin D1 levels *°,
both contributing to glioma growth inhibition. Furthermore, the
synthetic derivative 54 targets CDK2, effectively blocking the cell
cycle and inhibiting glioma cell proliferation '*°.

4.2. Regulating ROS levels

ROS are essential for cellular function, with glioma cells ex-
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hibiting higher ROS levels compared to normal cells. In tumor
cells and tissues, ROS play a crucial role in various processes, in-
cluding cell proliferation, by interacting with PI3K/AKT and
MAPK-related pathways. Additionally, ROS-activated HIFs, NF-
kB, and nuclear factor E2-related factor 2 (Nrf2) regulate the
activity of the antioxidant system, maintaining redox balance at
elevated levels. MAPK influences multiple signaling pathways,
primarily ERK, JNK, and p38, which are involved in the regula-
tion of cellular metabolism, growth, and other physiological
activities '

NPs can influence glioma proliferation, migration, invasion,
and cell death by modulating ROS levels and activating related
pathways. LTrl (8) induces ROS production and inhibits the
PI3K/AKT pathway *°. Celastrol (18) stimulates |NK activation
and ROS generation **. PPVI (27) enhances ROS accumulation and
activates ROS-regulated JNK and p38 pathways *'. Fucoxanthin
(35) triggers apoptosis in U251 glioma cells by promoting ROS-
mediated oxidative damage and interfering with related path-
ways, including MAPKs '''. Furthermore, Zhang et al. '"° de-
veloped a series of carnosine derivatives, 61-64, which induce
apoptosis by activating the ROS-p38-MAPK pathway and generat-
ing excessive ROS, ultimately inhibiting glioma cell activity.

4.3. Targeting apoptosis signaling pathways

Apoptosis, the primary mechanism of cancer cell death, is
predominantly categorized into mitochondrial apoptosis and DR
apoptosis. Targeting intracellular apoptotic pathways and associ-
ated targets has the potential to reverse, delay, and halt tumor

. 186
progression .

4.3.1. Targeting Bcl-2

Compounds targeting mitochondrial apoptosis pathways can
induce glioma cell death by causing mitochondrial damage and
disrupting adenosine triphosphate (ATP) synthesis '*’. The Bcl-2
family regulates mitochondrial apoptosis, with the Bcl-2 subfam-
ily acting as anti-apoptotic genes that inhibit cytochrome ¢ and
AIF release, thus preventing apoptosis. Conversely, Bax, a pro-ap-
optotic gene, promotes cytochrome crelease by disrupting the
mitochondrial membrane, activating the caspase cascade, and in-
ducing tumor cell apoptosis. NPs can promote glioma cell apop-
tosis by modulating Bcl-2/Bax levels. Isoquinoline alkaloids (4, 5)
from centipede extracts, PLAB (20) of terpenoid, and shikonin
(30) of quinone down-regulate Bcl-2 and upregulate Bax, indu-
cing glioma cell apoptosis *>’**, Additionally, a matrine derivat-
ive 41 decreases anti-apoptotic Bcl-2 expression while increas-
ing pro-apoptotic Bax 12

4.3.2. Targeting DRs

Certain mammalian cells possess surface receptors that,
when bound to specific ligands, participate in caspase activation
and apoptosis pathways. These receptors, termed “DRs”, activate
caspases through the DR apoptotic pathway. The primary DRs in-
clude TNFR1, Fas, DR4, DR5, and others, while the death ligands
comprise TNF, Fas-L, and TRAIL '®. Consequently, enhancing v
expression levels could potentially serve as a glioma treatment
strategy. Evodiamine (6) has been shown to increase DR4/5 ex-
pression *°. Similarly, Celastrol (18) upregulates DR5 “. Both
compounds enhance TNF-triggered apoptosis. Additionally, Bu-
falin (34) induces apoptosis in glioma cells by upregulating TN-
FR1'”.

4.4. Inhibiting MMPs
Malignant glioma exhibits a high degree of invasiveness into

surrounding normal neural tissue. The tumor invasion process
encompasses three primary aspects: (1) neovascularization of tu-
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mor vessels, (2) degradation of the extracellular matrix, and (3)
adhesion and migration of tumor cells. MMPs play a crucial role
in the invasion and metastasis of tumor cells by degrading the ex-
tracellular matrix, regulating gene polymorphism, promoting
EMT, and inducing adhesion molecule expression. In glioma cells,
MMP-2 and MMP-9 levels are elevated compared to normal tis-
sues. These MMPs are significant contributors to invasive meta-
stasis and have emerged as important targets for glioma treat-
ment ',

NPs can inhibit glioma cell metastasis and invasion by sup-
pressing MMP activity. Specifically, cannabidiol (10) and osthole
(36) have been shown to downregulate MMP-9 expression """,
Similarly, quercetin (12), shikonin (30), and the synthetic deriv-
ative 54 impair cell migration and invasion via downregulation of
MMP-2 and MMP-9 expression *” "%,

4.5. Targeting VEGF

Glioma is characterized by extensive vascularization, with in-
creased neovascularization being a prominent feature. These
pathophysiological processes are crucial in tumor development
and progression. VEGF, an endothelial cell-specific mitogen, pro-
motes the growth, proliferation, and migration of vascular en-
dothelial cells and is highly expressed in gliomas. Among the vari-
ous VEGF receptors (VEGFRs), VEGFR2 primarily mediates VEGF’
s angiogenic functions. Consequently, targeting the VEGF/VEG-
FR2 pathway can inhibit angiogenesis and impede tumor growth.
In clinical practice, tumor anti-vascular therapy is currently im-
plemented through the inhibition of VEGF and VEGFR '*’.

NPs demonstrate the ability to target VEGF and inhibit an-
giogenesis in glioma. Notably, polyphenolic curcumin (9) targets
VEGF, exerting an anti-vascular therapeutic effect through
VEGF inhibition *. Furthermore, Stellettin B (16) has been shown
to block both the expression and secretion of VEGF, a major
proangiogenic factor, in glioma cells *.

4.6. Inhibiting P-gp
The therapeutic effectiveness of current glioma chemothera-
peutic agents is frequently constrained by the BBB and drug res-

istance mechanisms. P-gp, which is abundantly expressed in the
BBB, is encoded by the multidrug resistance protein 1 (MDR1)
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gene and functions as an ATP-dependent membrane transport
protein. P-gp facilitates the efflux of intracellular drugs, thereby
conferring resistance to cells and diminishing the efficacy of
chemotherapeutic agents. Consequently, the development of P-gp
inhibitors plays a crucial role in reversing tumor drug resistance.

While synthetic inhibitors may possess more severe toxicit-
ies, NPs are characterized by their lower toxicity and higher spe-
cificity towards P-gp "". Natural borneol (NB) can function as an
adjuvant agent, enhancing the cellular uptake of PL by inhibiting
P-gp and augmenting neurotransmitter activity . f-Asarone, a
primary component of Acorus, can reduce the expression of P-gp
and MDR1 while increasing BBB permeability. This may facilitate
the entry of TMZ into glioma cells, thereby enhancing its antitu-
mor effects '’

4.7. Reversing immunosuppression

Certain immune cells within the CNS, particularly microglia
and macrophages, play a crucial role in the immune response.
However, in patients with glioma, the brain’s immune system is
typically suppressed. Macrophages in gliomas predominantly ex-
hibit an M2-type (pro-tumoral) phenotype, releasing cytokines
that promote tumor development. Furthermore, glioma cells
secrete factors such as C-C motif chemokine 2 (CCL2), which facil-
itate the recruitment of tumor-associated macrophages (TAMs)
and drive their transformation to the M2-type. This process leads
to the formation of an immunosuppressive TME, further promot-
ing glioma cell proliferation. M2-type macrophages secrete cy-
tokines, including interleukin-6 (IL-6) and IL-10, which contrib-
ute to the recruitment of regulatory T cells (Tregs) and suppress
the activation of effector T cells. Consequently, reversing this im-
munosuppressive state is particularly critical in the treatment of
gliomas.

NPs can modulate the immune system by influencing TAMs,
inhibiting myeloid-derived suppressor cells (MDSCs) and Tregs,
and reactivating immune effector cells (including T cells and nat-
ural Killer cells). These actions contribute positively to glioma im-
munotherapy. Curcumin (9), a polyphenol, can induce TAMs to
adopt an M1-type (antitumoral) phenotype and reduce the ex-
pression of IL-6 and IL-8 *. Triptolide (19) demonstrates the ca-
pacity to counteract the suppressive effects on CD4" T cells with-
in the immunosuppressive glioma microenvironment .
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5. TDDSs of NPs against glioma

While NPs exhibit multi-channel, multi-target, and multi-ef-
ficacy characteristics in glioma treatment, the BBB significantly
impedes drug penetration to tumor sites, limiting their clinical
application '*’. Hydrophobic nanoparticles demonstrate
hanced BBB permeability, enabling efficient drug delivery to tu-
mor locations. Consequently, TDDSs have undergone substantial
development '**'*°, Based on their mechanism of action, TDDSs
can be broadly categorized into several types, including micro-
particle TDDSs, carrier surface modified TDDSs, natural brain
penetration enhancer (BPE) modified TDDSs, and TME respons-
ive TDDSs (Fig.2).

en-

5.1. Microparticle TDDSs to deliver NPs

Microparticle TDDSs represent a technology that enables
precise drug delivery to tumors, leveraging the enhanced per-
meability and retention effect of tumor tissue to achieve targeted
drug release and action in the body. Delivery carriers such as
liposomes, microemulsions, and micelles are extensively utilized
in microparticle systems. These carriers possess advantageous
characteristics, including small size, excellent biocompatibility,
and high drug loading capacity, which effectively enhance drug
stability and efficacy in vivo.

5.1.1. Liposomes

Liposomes are biofilm-structured DDSs with a unique phos-
pholipid bilayer. They enhance drug bioavailability and stability,
reduce peripheral toxicity, modulate various targeting proper-
ties, and exhibit high affinities for the BBB. These characteristics
enable liposomes to improve drug penetration into the BBB and
drug uptake by tumors, making them a promising TDDS for
glioma diagnosis and treatment '”’. Ismail et al. '*’ developed an
ApoE-ApoE-functionalized liposomal nanoplatform based on
artesunate-phosphatidylcholine (ARTPC)@TMZ, a liposomal nan-
omaterial constructed with an ARTPC and TMZ for treating drug-
resistant glioma. This liposome achieved deep glioma penetra-
tion through low-density lipoprotein receptor-related proteins
(LDLRs)-mediated transcytosis, significantly reduced TMZ-asso-
ciated toxicity, and improved TMZ efficacy. Hong et al. '* formu-
lated cholesterol-free liposomes co-loaded with Gs-Rh2 and PTX,
demonstrating good stability while avoiding cholesterol-induced
side effects. AO et al. "’ developed co-loaded liposomes of Annon-
aceous acetogenins (ACGs) and Gs-Rh2, exhibiting strong antitu-
mor activity and glioma targeting while mitigating ACGs’ toxicity.
Furthermore, nanoliposomes have progressed to clinical trials for
glioma treatment. A phase I/II clinical trial combining curcumin
liposomes with TMZ is currently recruiting participants, with ex-
pected completion by May 2027 (NCT05768919, Table 3).

5.1.2. Microemulsions

Microemulsion is a specialized type of dispersed colloidal
system. Typically, microemulsions comprise a mixture of water
and oil, where oil droplets of nanometer size (generally between
10-100 nm) are dispersed in the aqueous phase, resulting in a
colloidal liquid state with unique properties. Microemulsions are
characterized by their solubilizing properties, high stability, and
clarity, making them suitable carriers for stabilizing and deliver-
ing active ingredients in pharmaceutical applications. Wang et
al. *" developed a magnetic T7 peptide and AS1411 aptamer-
modified microemulsion for glioma treatment through triple
glioma-targeted delivery of shikonin and DTX (Fe;0,@T7/
AS1411/DTX & SKN-M). Under an external magnetic field, this
microemulsion was selectively distributed around the brain and
subsequently entered tumor cells with the assistance of T7 pep-
tide and AS1411 aptamer. The triple targeting strategy signific-
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antly enhanced glioma cell uptake and augmented the synergistic
antitumor effects of DTX and SKN.

5.1.3. Micelles

Micelles are microscopic colloidal structures formed by the
self-assembly of surfactant molecules in solution. They comprise
a hydrophobic core and a hydrophilic shell, capable of encapsu-
lating poorly water-soluble drugs for controlled release. As a
TDDS, micelles enhance drug solubility, bioavailability, and sta-
bility. Additionally, they selectively deliver drugs to tumors, redu-
cing toxicity and side effects on healthy tissues while improving
drug targeting and therapeutic efficacy. Lu et al. °** developed a
redox-responsive micellar DDS incorporating internalizing argin-
ine-glycine-aspartic acid (iRGD)-modified camptothecin (CPT)
and polyethylene glycol (PEG). The results demonstrated that
these micelles exhibit good stability and controlled drug release
under physiological conditions, effectively crossing the BBB to
target gliomas with significant antitumor effects. Wu et al. °** util-
ized folic acid-modified poly(ethylene glycol)-poly(e-caprolac-
tone) (Fa-PEG-PCL) nanomicelles to encapsulate luteolin, enhan-
cing its bioavailability. These micelles improved the drug's phar-
macokinetic properties and sustained its release, resulting in su-
perior anti-glioma efficacy.

5.2. Carrier surface modified TDDSs to deliver NPs

Given that microparticle TDDSs lack selectivity and affinity,
the development of carrier surface-modified TDDSs could enable
more targeted glioma treatment. These modified TDDSs leverage
the high affinity between ligands and receptors, exploiting differ-
ences in receptor or antigen expression on tumor cell surfaces
compared to normal cells. This approach achieves enhanced BBB
permeability or tumor penetration, promoting selective target-
ing of antitumor drugs to the tumor site. Common targeting carri-
ers include proteins, peptides, and small molecules such as folate.

5.2.1. Protein modification

Transferrin (Tf), an iron carrier protein, is highly expressed
in brain capillary endothelial cells and neurons and overex-
pressed in glioma, with the ability to cross the BBB **'. Con-
sequently, targeting the Tf receptor (TfR) presents a strategy for
delivering drug molecules and nanoparticles. Ramalho et al. de-
veloped poly(lactic-co-glycolic acid) (PLGA) nanoparticles for
Asiatic acid (AA) delivery, modified with Tf for targeted delivery
to GBM cells . These nanoparticles preserved AA's anti-glioma
activity and enhanced glioma selectivity by increasing uptake
through a TfR-mediated endocytosis mechanism. Lactoferrin (Lf),
a member of the Tf family, is a double-lobe glycoprotein. The Lf
receptor (LfR) is highly expressed in GBM cells. Thus, conjugated
Lf can be employed to enhance BBB crossing and glioma penetra-
tion via receptor-mediated signaling pathways. Zhang et al. en-
gineered a nanoparticle loaded with TMZ and Vincristine (VCR),
conjugated with Lf and RGD dual-ligand modifications (L/R-T/V-
NLCs) for GBM combination therapy **’. L/R-T/V-NLCs demon-
strated sustained-release behavior, high cellular uptake, and syn-
ergistic effects. Moreover, the system increased drug accumula-
tion in tumor tissues, improving tumor inhibition while maintain-
ing low systemic toxicity. A phase I clinical trial of albumin-con-
jugated PTX for non-invasive BBB crossing was completed, with
phase II expected to conclude by September 2025 (NCT-
04528680, Table 3).

5.2.2. Peptide modification

Peptides utilized for surface modification of nanoparticles in
glioma treatment typically comprise short sequences of 2-50
amino acid residues. These peptides offer advantages over pro-
teins in terms of design, synthesis, and modification ease. They
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are characterized by high activity, purity, and excellent BBB per-
meability. Consequently, peptide-modified NP nanoparticles are
frequently employed for glioma targeting *”’. The peptides used
for modification primarily fall into two categories: (1) Targeting
peptides, which bind to specific receptors to achieve cell or tis-
sue specificity. Examples include IL-13 peptide and Pep-1 pep-
tide, which target brain tumor cells via the IL-13Ra2 receptor;
RGD peptide, which targets brain tumor vessels through the in-
tegrin receptor; and Angiopep-2 peptide, which targets brain tu-
mors via the LRP-1 receptor. (2) Cell-penetrating peptides, which
enable localization to various intracellular components. For in-
stance, the TAT peptide facilitates localization to the nucleus and
nucleolus.

tLyp-1 functions as a cell-penetrating peptide. Xiang et al. de-
veloped tLyp-1-conjugated glutathione-sensitive biodegradable
micelles that facilitated enhanced co-delivery of TRAIL and
curcumin to glioma. These micelles demonstrated superior tumor-
targeting capability and minimal cytotoxicity in vivo °*°.

Rabies virus glycoprotein (RVG) is a peptide derivative that
demonstrates specific affinity for the nicotinic acetylcholine re-
ceptor (nAChR), which is overexpressed in glioma cells. Studies
have shown that RVG enhances drug permeability across the BBB
and improves tumor-specific selectivity. Xin et al. developed a
brain-targeted liposome (RVG15-Lipo) designed to enhance BBB
permeability and facilitate tumor-specific delivery of PTX *°. The
PTX-CHO-RVG15-Lipo formulation significantly increased PTX
concentration in the brain, thereby enhancing the antitumor ef-
ficacy of PTX in C6 orthotopic glioma.

5.2.3. Folate modification

Folate receptor (FR), a tumor-associated protein, is overex-
pressed in glioma cells with limited expression in normal cells.
Floate (FA), a natural ligand for FR, possesses non-antigenic, low
molecular weight, non-immunogenic, cost-effective, highly stable,
and FR-binding properties. Consequently, FA-modified nano-
particles can be recognized by FR and enter tumor cells via re-
ceptor-mediated endocytosis, enhancing drug delivery effic-
acy °"’. Yang et al. *'* developed a TME-responsive FA derivative
and mitochondria-targeting berberine (BBR) derivative co-modi-
fied liposome coated with Tween 80 as a delivery system for pacl-
itaxel (PTX-Tween 80-BBR + FA-Lip). The study demonstrated
that glioma targeting by FA and mitochondrial targeting by ber-
berine produced effective therapeutic outcomes for gliomas. He
et al. ' engineered a poly (ethylene glycol)-poly (lactic acid) nan-
oparticle modified by FA to encapsulate curcumin (Cur/Fa-PEG-
PLA). This formulation enhanced curcumin's pharmacokinetic
profile, maintained its controlled release, exhibited good
biosafety, and significantly improved anti-GBM efficacy by pro-
moting apoptosis and inhibiting neovascularization in GBM cells.

5.3. Natural BPE modified TDDSs to deliver NPs

Recent studies have demonstrated that aromatic herbal
medicine can modulate BBB permeability, potentially facilitating
the entry of other drugs into specific brain tissue targets. This
mechanism may enhance drug absorption and distribution,
thereby improving therapeutic efficacy. Among the natural BPEs,
borneol, musk, and menthol are commonly utilized.

5.3.1. Borneol

Borneol, a bicyclic monoterpene extracted from Dryobalan-
ops aromatica *, has demonstrated the ability to traverse the
BBB and reduce ZO-1 expression. Lv et al. *'* developed self-as-
sembled redox-responsive nanoparticles of PTX prodrugs modi-
fied with borneol and CGKRK (Cys-Gly-Lys-Arg-Lys, a ligand of
heparan sulfate overexpressed on glioma cells). The incorpora-
tion of borneol and CGKRK significantly enhanced the nano-
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particle’s BBB penetration and active tumor-targeting efficiency.
Zhao et al. *”° engineered a PLGA nanoparticle co-loaded with
curcumin and cisplatin, modified with borneol/R8dGR peptide.
This modification not only improved BBB penetration but also
achieved targeting by binding to integrin avf3 receptors. In-
tranasal administration of these nanoparticles reduced hypoxia
in the microenvironment, decreased angiogenesis, and pro-
longed mouse survival.

5.3.2. Musk

Muscone, the primary chemical component of Musk, is char-
acterized by its low molecular weight and high lipid solubility.
This compound enhances drug permeability across the BBB by
suppressing the expression of P-gp and MMP-9 *'°, In a study by
Qi et al. *"/, Lf and muscone dual-modified liposomes were de-
veloped to facilitate BBB penetration and targeted delivery of
DTX to gliomas (Lf-LP-Mu-DTX). This innovative approach
demonstrated improved cellular uptake, enhanced in vivo brain-
targeting effects, and increased anti-glioma efficacy.

5.3.3. Menthol

Menthol, the primary active component in corn mint, is
widely utilized as an aromatic resuscitation agent. It possesses
the ability to traverse various physiological barriers, including
the BBB, gastrointestinal mucosal barrier, and skin barrier.
Menthol enhances the brain penetration of diverse medications
by reducing the levels of TJ proteins ***. Gao et al. *"’ developed a
menthol-modified casein nanoparticle loaded with 10-hydroxyca-
mptothecin (HCPT) for glioma targeting. These modified nano-
particles demonstrated significantly higher tumor penetration
capability compared to their unmodified counterparts. The in
vitro and in vivo studies revealed that these nanoparticles aug-
ment drug accumulation in glioma, consequently extending the
median survival time of intracranial glioma-bearing mice.

5.4. TME-responsive TDDSs to deliver NPs

TME-responsive TDDSs can achieve targeted drug release by
exploiting the unique characteristics of the TME, such as low pH
and elevated GSH levels. This approach minimizes damage to
healthy tissues, enhances the antitumor efficacy of the drug, and
reduces side effects. This system shows promise as a significant
research direction in the field of tumor therapy, offering novel
strategies and methodologies for targeted tumor treatment.

5.4.1. pH-response

The elevated metabolic rate of tumors generates acidity, a
common characteristic of cancer. Glioma tissue typically exhibits
a lower pH environment (6.0-7.0) compared to normal tissues
(7.2-7.4). pH-responsive systems exploit this pH differential
between tumor and normal tissues to facilitate targeted drug re-
lease at tumor sites, enabling more precise delivery and en-
hanced therapeutic efficacy. Shashin et al. **° developed
thymoquinone (TQ)-loaded mesoporous silica nanoparticles (MS-
NTQ) for TQ release in glioma cells. MSNTQ addressed TQ’s limit-
ations of poor water solubility and insufficient targeting. The
study demonstrated pH-dependent TQ release, with higher re-
lease rates observed in acidic conditions (pH 5.5 and 6.8) com-
pared to pH 7.4. MSNTQ significantly improved glioma cell target-
ing and enhanced TQ’s inhibitory effect on glioma.

5.4.2. Redox-response

Redox-responsive TDDSs exploit elevated intracellular GSH
levels to facilitate rapid drug release. Tumor tissues exhibit high-
er GSH concentrations compared to normal tissues “*'. These sys-
tems leverage this characteristic to significantly enhance drug
concentration in target cells, thereby improving therapeutic effic-
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acy and minimizing systemic toxicity. Liu et al. *** engineered
plasma complex component functionalized manganese-doped
mesoporous silica nanoparticles (PMMSNs) and loaded them
with PTX via adsorption for glioma treatment. The doped man-
ganese dioxide (MnO,) demonstrates potential in reducing oxid-
ative stress and possesses BBB-crossing capabilities. After tra-
versing the BBB, the nanoparticle delivers PTX to the tumor site,
exerting an anti-glioma effect. Notably, the redox-responsiveness
of the nanoparticle significantly inhibits glioma cell proliferation.

5.4.3. Photo-response

Photo-responsive TDDSs employ light-sensitive materials to
regulate drug release. The combination of drugs with these ma-
terials enables precise control of drug delivery when exposed to
specific light wavelengths, potentially reducing side effects and
enhancing therapeutic efficacy. Jing et al. *** developed a novel
near-infrared light (NIR)-activated photo-sensitive drug compris-
ing upconversion nanoparticles (UCNPs), Pluronic F127 (F127),
and Cur. The resulting UCNPs-F127@Cur demonstrated en-
hanced deep tissue penetration, significantly improving curcu-
min’s bioavailability and photodynamic therapy efficiency. This
hybrid nanodrug notably increased the apoptosis rate of GSCs, el-
evated intracellular ROS levels, downregulated GSC-associated
gene expression, and inhibited GSC tumor growth in vivo when
exposed to specific excitation light wavelengths.

6. Conclusion and prospects

Glioma, the most common malignant primary brain tumor in
adults, is characterized by a low survival rate and poor prognosis.
Currently, no treatments have completely eradicated glioma. In
addition to the widely used chemotherapeutic agent TMZ, numer-
ous NPs and their synthetic derivatives have demonstrated the
ability to inhibit glioma growth. These compounds include mat-
rine (1), berberine (3), curcumin (9), triptolide (19), shikonin
(30), and plumbagin (31). Synthetic derivatives, such as harmine
derivative compound 39, colchicine derivative compound 40, or-
tataxel (56), cabazitaxel (57), and curcumin derivative com-
pound 67, have also shown efficacy. These substances inhibit
glioma growth through various mechanisms, including cell cycle
arrest, apoptosis induction, and autophagy activation. They also
block glioma-related signaling pathways such as AKT/mTOR,
PI3K/AKT, and Wnt/B-catenin, while suppressing invasion, mi-
gration, and angiogenesis. The therapeutic potential of these NPs
and their synthetic derivatives in inhibiting glioma growth
renders them promising candidates for glioma treatment.

In the development of anti-glioma drugs, several crucial as-
pects warrant emphasis: (1) The capacity of drugs to traverse the
BBB should be a primary consideration. (2) It is essential to
identify and investigate additional NPs with the potential for op-
timization or significant anti-glioma effects as lead compounds.
(3) Researchers should fully leverage the properties of NPs and
modify their structures to create highly efficient, low-toxicity
therapeutic agents. (4) There is a need to establish more access-
ible and effective models for evaluating the efficacy of glioma
therapeutics. (5) Efforts should focus on enhancing the efficacy of
existing chemotherapeutic drugs, minimizing toxicity, and ad-
dressing drug resistance.

While NPs and their synthetic derivatives have played a sig-
nificant role in anti-glioma therapy, substantial challenges re-
main in their clinical application for glioma treatment. There is an
urgent need for medications that can effectively penetrate the
BBB and selectively target the lesion site. However, the BBB
presents a formidable obstacle for most drugs to effectively reach
and accumulate at the glioma site. To address this challenge, re-
searchers have developed an array of novel materials and techno-
logies aimed at enhancing the delivery of brain-targeted pharma-
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ceuticals by modulating the BBB in a controlled and non-invasive
manner. Among these approaches, TDDSs have demonstrated sig-
nificant potential. The advantages of TDDSs are primarily mani-
fested in four aspects: (1) They facilitate efficient BBB crossing
for NPs. (2) They enhance the solubility, bioavailability, and sta-
bility of NPs in vivo. (3) Certain TDDSs, such as those responsive
to the TME, can mitigate the side effects of NPs. (4) They pro-
mote selective targeting of NPs to the tumor site.

Nevertheless, TDDSs face several challenges, including re-
stricted drug loading capacity, potential toxicity of carrier materi-
als, and high production costs, which have hindered their wide-
spread clinical adoption. Encouragingly, ongoing advancements
in preparation processes, novel materials, and modifiers are
gradually addressing these issues. It is anticipated that the full
potential of TDDSs will be realized in future applications.

The integration of natural medicinal chemistry, pharmaco-
logy, pharmacokinetics, and nanotechnology research has facilit-
ated significant advancements in anti-glioma NPs. This interdis-
ciplinary approach shows promise for the future development of
highly effective and low-toxicity novel drugs for glioma treat-
ment.
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