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Abstract: Arsenic trioxide (ATO) serves as a component of traditional Chinese medicine and a modern
anticancer agent, demonstrating remarkable efficacy in the long-term treatment of acute promyelocytic
leukemia. With increasing research into its application in solid tumors, ATO's diverse mechanisms of action
and potential clinical value have attracted widespread attention. ATO can inhibit tumor cell proliferation by
inducing various forms of cell death, such as apoptosis, autophagy, pyroptosis, necroptosis, and ferroptosis, as
well as by regulating cell differentiation. Moreover, its modulatory effects on the tumor immune
microenvironment provide a new aspectto its antitumor activity. Nevertheless, the clinical application of ATO
in solid tumors faces challenges such as low bioavailability, inadequate targeting, and adverse effects. The
development of nanocarriers and targeted delivery systems has emerged asa key strategy for enhancing the
therapeutic efficacy of ATO. This review systematically summarizes the multiple mechanisms of action of
ATO in solid tumors and recent advances in nanodelivery technologies, explores the potential of ATO-based
combination therapies, and discusses future directions, aiming to provide a theoretical foundation and
practical guidance for the clinical application of ATO in solid tumors.
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Table 1 Administration routes, combination therapy regimens, and mechanisms of action of arsenic agents in different solid

X — R I ATOTE G e v e v B L HITFRE 138

tumors
Malignancies Intervention  Experimental subjects Treatment conditions Mechanism Ref.
Pancreatic cancer ATO + GEM MIA PaCa-2, PANC- ATO: 0.5, 1.5 umol/L, Inhibits the [55-56]
1 cells; Mouse model 1 mg/kg; GEM: 100 mg/kg TIMP1/PI3K/AKT/mTOR
signaling pathway
ATO +aPD-L1 PANC-1, hPSCs; ATO: 1 umol/L, 0.5 mg/kg; Downregulates the expression of [44]
Mouse model aPD-L1: 200 pg LOXL3
Cholangiocarcinoma ATO RBE, HCCC-9810 ATO:2 pmol/L Reverses chemoresistance via [57]
cells the ATO/miR-885-5p/MTPN
axis
Hepatocellular ATO +5-Fu+ Huh7, Hep3B cells;  ATO: 3 umol/L, 5 mg/kg;  Synergistically inhibits the [58]
carcinoma Cisplatin Mouse model 5-Fu: 0-75 pmol/L, 10 LIF/JAK1/STAT3 and NF-xB
mg/kg; Cisplatin: 075 signaling pathways
umol/L, 10 mg/kg
ATO H22, Hepal-6, Huh7, ATO: 0.5-1 pg/ml, Induces mitochondrial damage  [54]
MHCC97H, Hep G2, 3 mg/kg and activates the cGAS-STING-
Hep 3B cells; Mouse IFN signaling pathway
model
ATO +ISL HepG2, Hep3B, ATO: 10 umol/L, 1.5 Activates the apoptotic pathway [55-56]
THLE-2 cells; Mouse mg/kg; ISL: 15 pmol/L, and inhibits the
model 10 mg/kg PI3K/Akt/mTOR signaling
pathway
ATO Hep3B, Huh7.5.1, ATO: 3.6 umol/L; 1 mg/kg Targeting the SRE/MCM7 [59]
HCCLM3, PLC, complex to suppress MCM7
SMMC-7 721 cells; expression
Mouse model
Neuroblastoma ATO Patients ATO: 0.16 mg/kg/d Inhibits the HH-GIi pathway, [60]
downregulates MYCN
expression and P-glycoprotein
ATO SK-N-AS, SH-SY5Y ATO: 8, 10, 20 umol/L Induces ferroptosis [23]
cells
ATO Patients ATO: 0.18 mg/kg/d Enhances chemotherapy [61]
efficacy, reverses drug
resistance, restores tumor
suppressor gene function
Ovarian cancer ATO + As,0O¢  SKOV3ipl, HeyA8  ATO: 0.01-100 umol/L; Induces G,/M phase cell cycle [62-63]
cells As406: 0.01-100 pmol/L  arrest
ATO Patients ATO: 10-15 mg/d Induces apoptosis and [64]
ferroptosis; modulates oxidative
stress and ICD
ATO + Olaparib A2780-CIS, SKOV3- ATO: 3 umol/L, 2.5 Induces apoptosis; triggers [65]
CIS cells; Mouse mg/kg; Olaparib: 50/ ferroptosis via the AMPKa-
model 250 umol/L, 50 mg/kg SCDI1 pathway
ATO + GSK458 JHOCS, TOV21G ATO: 0.1-1 pmol/L, 5 Inhibits the PI3K/AKT/mTOR  [55,66]
cells; Mouse model  mg/kg; GSK458: 0.01— pathway; induces DNA damage
0.5 pmol/L, 2 mg/kg and autophagy
Laryngeal cancer ATO TU212, TU686, ATO: 2 pmol/L; 0.8, 1 Upregulates hsa-miR-573, [67]

AMC-HN-8 cells;
Mouse model

mg/kg

which targets and suppresses
DYNAP, thereby blocking the
PI3K/AKT signaling pathway
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Table 1 (Continued) Administration routes, combination therapy regimens, and mechanisms of action of arsenic agents in

different solid tumors

Malignancies Intervention  Experimental subjects  Treatment conditions Mechanism Ref.
Oral cancer ATO+MWA  Cal-27, SCC15 cells; ATO: 5 mg/kg/d Upregulates HSPAG6 expression  [68]
Mouse model
Breast cancer ATO + CP; ATO BT-20, MDA-MB- ATO: 3 pmol/L; CP: 5000 Enhances sensitivity to [69-70]
+CY 231 cells umol/L; CY: 500 umol/L.  apoptosis
ATO MCF-7, MDA-MB-  ATO: 1-100 pmol/L Involves crosstalk between the  [71]

231 cells AhR and Notch pathways,
combined with mitochondrial
dysfunction and oxidative stress
imbalance

As4Oq EO771,4T1, Hs578T, As,Og: 0—5 pmol/L; Induces pyroptosis via the [72]

MDA-MB-231 cells; 4 mg/(kg-d) mitochondrial ROS-caspase-

Mouse model 3/GSDME axis and inhibits
mitochondrial STAT3
phosphorylation

Lung ATO LLC, RAW264.7, ATO: 2—-16 pmol/L; 5.0 Targets the Notch signaling [71,38]
adenocarcinoma HEK-293T cells; mg/kg pathway, inhibits M2-type TAM

Mouse model polarization, thereby remodeling
the TME

ATO + VPA NCI-H460, NCI- ATO: 0-10 pmol/L; VPA: Induces G,/M phase cell cycle [62-63]

H1299 cells; Mouse  0—10 mmol/L; arrest and caspase-dependent

model Combination: ATO 5 mg/kg apoptosis

+ VPA400 mg/kg
ATO A549 cells ATO:0-20 pmol/L Inhibits the NF-kxB/ABCG2 [73]
signaling pathway
ATO NCI-H1299 cells; ATO:16 umol/L; Blocks the Nrf2-I1L-33 pathway, [74-75]
Mouse model 2-4 mg/kg thereby inhibiting angiogenesis
ATO NCI-H69, LLC cells; ATO:2.5-5.0 mg/(kg-d) Upregulates DSCR1, blocking [76]
Mouse model the Cn-NFAT signaling
pathway
Cervical cancer ATO + CsA Caski, SiHa cells ATO: 2 umol/L; CsA: 5—  Induces autophagy-dependent [77]
10 pumol/L cell death
Prostate cancer ATO+Flutamide LNCaP, PC3cells  ATO:0-10 umol/L; Inhibits EMT (via [78]
Flutamide:0-20 pmol/L downregulation of SNAIL) and
induces apoptosis (via
upregulation of P53)
ATO + LNCaP, PC3 cells ATO: 5-8 umol/L; Upregulates pro-apoptotic and ~ [79]
Simvastatin Simvastatin: 8—12 pmol/L  tumor suppressor factors (BAX,
P53, PTEN) and downregulates
anti-apoptotic Bcl-2, leading to
concurrent proliferation
inhibition and anti-angiogenesis
Renal cell carcinoma ATO + Cisplatin HuH-7, HK-2 cells ATO: 2.5-10 pmol/L; Inhibits WIP1 and induces [80]
Cisplatin: 15, 25 pmol/L.  microtubule depolymerization
Bladder cancer ATO + BCG 5637, DCs cells; ATO:30 umol/L,30 umol/L; Blocks the IER3:Nrf2 signaling  [75]
Mouse model BCG:300 mg/L, 600 mg/L.  pathway
(0.2 ml)
Glioblastoma ATO + VIS + GUO, U138MG, ATO: 1 umol/L, 3 pmol/L, Inhibits the Hedgehog signaling [70]
T™Z U251MG cells; 2.5 pg/(kg-d); VIS: 20 pathway; induces apoptosis and

Mouse model

umol/L, 50 pmol/L, 25

mg/(kg-d); TMZ:300

umol/L, 1 000 pmol/L, 10

mg/(kg-d)

DNA damage

Notes: ATO: arsenic trioxide; GEM: Gemcitabine; 5-Fu: 5-Fluorouracil; ISL: Isoliquiritigenin; MWA: microwave ablation; CP: Carboplatin; CY:

Cyclophosphamide; TAM: Tumor-associated macrophage; VPA: Valproic acid; CsA: Cyclosporin A; Cn: Calcineurin; BCG: Bacillus Calmette-
Guérin; VIS: Vismodegib; TMZ: Temozolomide.
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Table 2 Core performance differences of main ATO nanodelivery carriers
Characteristics Liposomes Polymer nanoparticles Inorganic nanomaterials Others/Hybrid carriers
Drug loading Remote loading via ion Strategies such as It can form stable inorganic Encapsulation is achieved
efficiency gradient enables high encapsulating ATO complexes to achieve via ion pairing and
encapsulation efficiency = microcrystals enable effective loading™" molecular self-assembly,
(>80%)1%! extremely high drug enabling co-loading of
loading capacity (e.g., multiple active
40.1%)™ ingredients”™
Stability Sustained drug release can It can provide sustained The inorganic framework  Endogenous albumin is
be stably achieved; some drug release with excellent structure is robust; it can be used as a stabilizer,
designs possess pH- stability designed to be responsive  featuring favorable
responsive release to the TME (e.g., pH) for  biocompatibility; it can
capability to the TME™" controlled release™®*" disintegrate in specific
microenvironments for
precise drug release
In vivo Significantly prolongs the It achieves long-term Improves the nonspecific ~ Leveraging natural
metabolism blood circulation time of  retention in tumor-localized distribution of drugs and molecules with high
ATO, increases tumor blood vessels, significantly prolongs in vivo biocompatibility and
accumulation via the increasing local drug circulation™"; some intelligent design, it
enhanced permeability concentration and reducing materials also possess exhibits a promising
and retention (EPR) systemic exposure™™” magnetic resonance safety profile and
effect™; local high- imaging (MRI) synergistic therapeutic
concentration drug functionality, enabling efficacy
delivery can be theranostics integration**!
achieved™
Clinical With a relatively mature ~ PLGA has been approved It exhibits significant Leveraging natural
translation technical platform, it is as a pharmaceutical potential in constructing molecules with high
potential one of the most in-depth  excipient, featuring multifunctional nano- biocompatibility and

Main challenges

and limitations

studied nano-drug carriers
with the longest clinical

application history™*”!

Issues such as process
stability in large-scale
production, high cost, and
potential
immunogenicity™”; there
may be a risk of drug
leakage during long-term

storage

favorable biodegradability,
a solid safety record, and a
robust foundation for

clinical translation

It lacks active targeting
capability during systemic
intravenous administration,
resulting in limited tumor
enrichment efficiency;
batch-to-batch consistency
of drug release rate is a

production bottleneck

platforms integrating
targeting, therapy, and

diagnosis

There is a lack of long-term
in vivo biosafety data; the
metabolic clearance
mechanism is unclear, with
risks of long-term
accumulation and potential

toxicity of metal ions'*"!

intelligent design, it
exhibits a promising
safety profile and
synergistic therapeutic
efficacy

It imposes extremely high

requirements on
production processes and
quality control; there are
batch-to-batch variations
in homogeneity and
stability during large-scale

production
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Table 3 3Nanodelivery systems and targeting strategies of arsenic trioxide in different solid tumors
i . . i Experimental Treatment .
Malignancies Nanodelivery Intervention . . Mechanism Ref.
subjects conditions
Colorectal Sav-ATO NPs, Sav- ATO+D-VC HCTI116, ATO:7.5 pmol/L; Targeting mitochondria to [87]
cancer D-VC NPs SW620 cells D-VC:1.5 synergistically disrupt redox
mmol/L homeostasis and selectively
induce apoptosis in CRC
cells
Ovarian cancer AMGNPs@SKOV3 ATO SKOV3 cell; ATO: 0-25 pH-responsive drug release [88]
Mouse model pmol/L, 1 mg/kg for precise targeting of the
TME
Liver cancer =~ As-MnZnS, NRs  Na,HAsO, 7H,O HepG2, As: 3 mg/kg; Synergistic activation of the ~ [89]
RAW264.7, Mn: 10 mg/kg cGAS-STING pathway by
BMDCs; Mouse Mn** and H,S
model
ZnAs@SiO,NPs ATO MHCC97L, ATO: 5 pmol/L  Modulating the SHP- [90]
Hep3b cells; 1/JAK2/STAT3 pathway to
Mouse model simultaneously target
CSCstemness and the EMT
process
DCA-CS-PEG-FA- ATO HepG2, 293T ATO:0.1-10 Targeted delivery - [91]
NAC cells; Mouse pumol/L intelligent release - dual
model anticancer synergistic
Cervical cancer Liposome ATO HeLa, HT-3, KB, ATO: 5-18 Folate receptor-mediated [92]
A549 cells pumol/L active targeting combined
with EPR-based passive
targeting
Prostate cancer NLP-RGD ATO, Cur PC3 cell ATO: 7.5- Inhibiting NF-kB and [93]
22.5 pg/ml angiogenesis; inducing ROS
Cur: 3.4— generation and activating
50 pg/ml the caspase cascade;
upregulating FOXO3a and
PTEN
Glioblastoma  Sp-Exo/Al ATO+ IR780 GL261, US7MG ATO: 0.1 pg/ml, Ferroptosis-induced [94]
cells; 1 mg/kg; IR780: disruption of ROS
Mouse model 0.3 pg/ml, homeostasis-TME
2.5 mg/kg remodeling - Immune
activation
Melanoma AP-CHAL ATO B16, MEF cells ATO: 0.1- AS1411 binding to NCLto [95]
10 pmol/L, 10 activate nucleolin-
mg/kg dependent macropinocytosis
Breast cancer  FPL-PMSNs ATO+ PTX MCEF-7, ATO: 0-35 Enhancing targeted delivery  [96]

HUVECs, Mouse pumol/L, 1 mg/kg;

model

PTX: 0.5 mg/kg

and tumor penetration,
activating apoptotic
pathways, and reversing
MDR

Notes: Sav-ATO NPs: Savinase-coated nanoparticles loaded with ATO; D-VC: D-vitamin C; AMGNPs@SKOV3: SKOV3 cell membrane-coated
arsenic-manganese and enzyme nanoparticles; As-MnZnSx NRs: Arsenic prodrug-loaded bimetallic sulfide MnZnS nanorods; CSC: Cancer stem
cell; DCA-CS-PEG-FA-NAC: (deoxycholic acid)-chitosan-(polyethylene glycol)-folate-(N-acetyl-L-cysteine); NLP-RGD: Arginine-glycine-
aspartic-decorated nanoliposome; Cur: Curcumin; Sp-Exo/Al: Homologous magnetic targeted immune vesicles; IR780: IR780 iodide; AP-CHAL:
AS1411 aptamer-functionalized CHA-loaded liposomes; NCL: Nucleolin; FPL-PMSNs: F56 peptide-PAA- PSL-coated mesoporous silica

nanoparticles; MDR: Multidrug resistance.
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