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Advances in research on antitumor preparations of cardiac glycoside
GAO Li-na, QIAO Hong-zhi*, HU Li-hong"

(Jiangsu Key Laboratory for Functional Substance of Chinese Medicine, School of Pharmacy, Nanjing University of
Chinese Medicine, Nanjing 210023, China)

Abstract: Cardiac glycoside is a class of steroidal glycosides with significant physiological activities to the
heart. Several drugs had been approved for the treatment of heart failure and atrial fibrillation. In recent studies, the
researchers have found that cardiac glycoside can selectively inhibit the proliferation of human tumor cells and has
potent antitumor efficacy. Unfortunately, the poor solubility and severe adverse effects of cardiac glycoside hindered
further clinical application in the field of anticancer. It is an effective strategy to solve the "drug-like" problem of
cardiac glycoside by changing the pharmacokinetics and distribution in vivo and reducing the dosage and side
effects by virtue of modern preparations technology and treatment scheme. In this review, a brief introduction of
the developmental course and mechanism of cardiac glycosides in anticancer field was made, and recent research
progress of cardiac glycosides preparations were summarized and discussed. Finally, the further research direction
was prospected.
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Table 1 Typical cardiac glycosides
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Figure 1  Schematic illustration of the novel preparations to

deliver the cardiac glycosides for reduced toxicity and enhanced
antitumor efficiency
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Table 2 Novel preparations of cardiac glycoside for cancer therapy. PEG: Polyethylene glycol; cRGD: Cyclic (arginine-glycine-aspartic
acid peptide); TPGS: d-alpha-Tocopheryl polyethylene glycol 1 000 succinate; PLL: Poly-L-lysine; Oct: Octreotide; p(OEGMA): Poly(oligo
(ethylene glycol) monomethyl ether methacrylate; G3-C12: Peptide G3-C12 (the sequence ANTPCGPYTHDCPVKR); PCL: Poly(e-capro-
lactone); FA: Folic acid; g-CD: g-Cyclodextrin. *Tumor models: human cervical carcinoma: HelLa; human lung carcinoma: A549, Lewis;
gastric carcinoma: SGC7901, BGC803; human liver hepatocellular carcinoma: Hep G2; leukemia: HL-60, K562; colon carcinoma: SW1116,
HCT-8, HCT116, SW620, SW480, CD-26; esophageal cancer: EC9706; prostatic carcinoma: PC-3, DU145; human breast cancer: MDA-MB-
231, MCF-7, SKBR-3; human colon adenocarcinoma cells: Caco-2; glioma: U251, U87; human umbilical vein endothelial cells: HUVEC;

mouse macrophage: RAW 264.7; melanoma: B16; mouse hepatoma cells: H22; mouse fibroblast: L929

Nanoplatform Formulation Drug Size/nm Tumor model* Result Ref
Liposome Conventional Bufalin, resibufogenin, ~70 H22, Lewis Sustained release [23]
liposome cinobufagin Prolong the circulation
LD,, enhanced 2.5-fold
Enhance antitumor
efficiency
Pectin-coated Bufalin ~300 SW480 Enhance stability of bufalin [24]
liposomes (BF)
Increase mucosal adsorption
Enhance G/G, block and
antitumor efficiency
Anti-CD40 modified  Bufalin ~200 B16 Enhance accumulation of [25]
liposome BF in the tumor sites
Synergistically enhanced
immune response
Enhance targeting and
reduce toxicity
PEGylated liposome  Bufalin, 150-180 Hela, A549, Improve solubility and [26-28]
glucoevatromonoside SGC7901, stability
derivative Hep G2, HL-60, Enhance cellular uptake
SW1116, SW620, Prolong the half-life
PC-3, U251, U87, Reduce acute toxicity
MCF-7, SKBR-3,  Enhance antitumor
HCT116 efficiency
Transferrin and folic ~ Bufalin ~120 A549 Improve stability of BF [29]
acid co-modified Enhance cellular uptake
liposome Enhance antitumor
efficiency
Micelle Chitosan-Pluronic Acetylthevetin B 40-50 A549 Exert much stronger [30]
P123 micelle (ATB-CP) cytotoxicity
(ATB-CP) Much more accumulation in
the tumor
Higher inhibition rate
without observed
cardiotoxicity
Vitamin E succinate-  Bufalin 140 HCT116, HCT116/ Sustained-release pattern [31]
grafted-chitosan oli- L-OHP, LoVo/ Higher intracellular uptake
gosaccharide/RGD ADR Greater cytotoxicity
conjugated TPGS Enhanced apoptosis rate and
mixed micelles P-gp efflux inhibition
(BU@VeC/T-RGD Enhance therapeutic
MM) efficiency
Hybrid peptide den- Bufalin 130 - Develop an amphiphilic [32]
drimer micelle dendrimer-based micelle
Enhance solubility of BF
(3.4-fold)
F127-based micelle Bufalin ~20-40 H22,1929 Redox responded release [33]

Enhance apoptosis and
reduce systematic toxicity
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Continued
Nanoplatform Formulation Drug Size/nm Tumor model* Result Ref
Lipid nanoparticle Wheat germ aggluti-  Bufalin ~160 Caco-2 Enhanced the cellular [34,35]
nin (WGA)-grafted uptake of nanoparticles
lipid nanoparticles Improve drug bioavailability
(2.7-fold)
PEG-lipid containing  Strophanthidin ~80 A549, Hep 3B, Enhance uptake in various [36]
strophanthidin (STR- PANC1, PC3, cell types
PEG-lipid) MING6, MCF-7, Improve marker gene
LNCaP, TOV21G, silencing in vitro
JHOC-5, JHOC-9,
MDA-MB-231
Polymeric nanoparticle  mPEG-PLGA-PLL- Bufalin ~160 HUVEC, SW620  Prolong the half-life (more [37]
cRGD (BNPs) 2-fold)
Active target to the a4,
integrin
Improve cellular uptake
and distribution in the
tumor
Pluronic polyetherim-  Bufalin ~60 HCT116 Controlled release and [38]
ide nanoparticles targeting to the tumor cells
Inhibit the growth and
metastasis of colorectal
cancer
Biotin modified Bufalin ~170 MCF -7 Linear release [39]
chitosan nanoparti- Enhance cytotoxicity, ROS
cles (Bu-BCS-NPs) and apoptosis
Target to overexpressed
biotin receptors in tumor
cells
Chitosan -PLGA Bufalin ~200 H22, RAW 264.7  Sustained release [40]
nanoparticle coated Enhance targeting to CD44
with platelet mem- receptor through P-selectin
brane (PLTM-CS- Enhance cellular uptake and
pPLGA/Bu NPs) tumor positive targeting
Enhance biodistribution in
the tumor
P(OEGMA-co-G3- Bufalin ~70 DU145 Controlled release [41]
C12)-g-PCL micellar Peptide G3-C12 improved
nanoparticle [BUF- tumor accumulation and
NP-(G3-C12)] antitumor activity
Polymeric prodrug Octreotide-modified Bufalin ~70 MCF-7 Enhance cytotoxicity, [42]
( esterase-sensitive cellular uptake, and
L* '*\{ polymeric prodrug apoptosis
T/\,..f [P(OEGMA-co-BUF- Selectively target SSTR
~ co-Oct)] overexpressed in tumor cells
Prodrug nanoparticle ~ Poly(ethylene glycol)- Bufalin - HCT116, MDA- Improve the water [43]
based polymeric pro- MB-231, A549, solubility and stability
drug of BUF (PEGS- SMMC-7721, Exhibit comparable
BUF) DU145 anticancer activity of free
bufalin
Periplocymarin-vita- ~ Periplocymarin ~110 MCF-7, Hep G2,  Prolong the half-life [44]
min E redox-respon- H22 (30.04 hvs. 0.327 h)

sive prodrug-nanopar-
ticles (MPSSV-NPs)

Enhance tumor distribution
of PSSV-NPs

Stable, redox-responsive,
and low cytotoxic




PR R A5 Bk LA 11 75 O AT 32 S 1533
Continued
Nanoplatform Formulation Drug Size/nm Tumor model* Result Ref
Dipeptide (Z-Gly- BF211 - HCT-116, MGC-  Sustain stable in plasma [45]
Pro)-conjugated 803, MDA-MB- Display 30 to 40-fold lower
BF211 prodrug 435, H9C2 cytotoxicity before cleavage
(BF211-03) Boost cytotoxicity after
cleavage
Improve selectivity by
targeting FAPa
P(OEGMA-co-BUF-  Bufalin ~150 HCT116 Enhance cytotoxicity and [46]
co-RGD)-g-P(DEA- apoptosis
co-BMA) polymeric Enhance targeting and
prodrug (BUF-NP- biodistribution
RGD)
Microsphere Lipid microspheres Bufalin, resibufogenin, ~ ~180 - With good stability for [47]
(BU-LM) cinobufagin 18 months
Long-term storage for
18 months
Lipid microsphere Chansu - Hep G2, EC9706, With good antiproliferation [48]
(BU-LM) HCT-8, BGC 803  on human cancer cells
Inclusion complex FA-conjugated p-CD  Bufalin - HCT116 Enhance solubility of [49]
: supramolecular 24-fold
inclusion Improve antitumor activity
complex (FA/BF/ of 2-fold
$-CD)
Dendrimer Peptide-dendrimer Bufalin ~140 Caco-2 Improve stability [50]
(BPDI) Enhanced intestinal
permeability
Emulsion Oral submicron Bufalin, resibufogenin,  ~140 Hep G2, HCT-8, Sustain stability for at least [51]
emulsion (BU-OE) cinobufagin EC9706, BGC803, 18 months
GES-1, SGC7901, Improve G,/M phase and
A549, MCF-7, apoptosis
HCT-116, K562 Enhance antitumor efficiency
and reduce toxicity
Microemulsion Bufalin ~40 - Enhance equilibrium [52]
solubility
Improve absorbing ability
at all intestinal segments
Higher bioavailability
(2.38-fold)
Patch Transdermal patch Bufalin - - Transdermal administration [53]
Sustained release at least
12 h
age ) Enhance skin permeation

(22-fold) without irritation
Enhance half-life and
maintain the effective
concentration
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Figure 2 Schematic illustration for the fabrication of castration-resistant prostate cancer targeting micellar nanoparticles via self-assembly

of the amphiphilic brush-type polymers, P(OEGMA-co-G3-C12)-g-PCL. The micelles consist of PCL as hydrophobic core and hydrophilic
corona of pPOEGMA and G3-C12. Hydrophobic anticancer drug, bufalin, was physically encapsulated into the hydrophobic cores of the
micellar nanoparticles. p(OEGMA): Poly(oligo(ethylene glycol) monomethyl ether methacrylate; G3-C12: Peptide G3-C12 (the sequence
ANTPCGPYTHDCPVKR); PCL: Poly(e-caprolactone). (Adapted from Ref. 41 with permission. Copyright © 2016 Elsevier)
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Figure 3 lllustration of the preparation route to PLTM-CS-pPLGA/Bu NPs (A); in vivo targeted bufalin delivery to a tumor site mediated

by binding of P-selectin on the surface of the PLTM to CD44 receptors of the tumor cells (B). TPGS: Vitamin E polyethylene glycol succi-

nate (pore-forming); CS: Chitosan oligosaccharide; PLGA: Poly(lactic-co-glycolic acid); PLTM: Platelet membrane; Bu: Bufalin. (Adapted

from Ref. 40 with permission. Copyright © 2019 BioMed Central Ltd.)
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Figure 4 Schematic illustration of in vivo behaviors of intratumoral injected P-Cis, including long tumor retention due to macromolecular

size and dysfunctional lymphatic drainage, endocytosis into the intracellular lysosome, stimulus-responsive cisplatin release, and ultimate

cytotoxicity. Dig: Digoxin; P-Cis: Cisplatin (1V) prodrug linked to the N-(2-hydroxypropyl) methacrylamide copolymer. (Adapted from Ref.

68 with permission. Copyright © 2020 American Chemical Society)
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