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Metal ions as effectual tools for cancer with 
traditional Chinese medicine
Lei Wang1, Yingqiu Xie2, Sandugash Myrzagali2, Weiling Pu1,*, Erwei Liu1,*

Abstract 
Malignant tumor has become a major threat affecting human health, and is one of the main causes of human death. Recent 
studies have shown that many traditional Chinese medicines (TCM) have good anti-tumor activity, which may improve the 
therapeutic effect of routine treatment and quality of life with lower toxicity. However, the efficacy of TCM alone for the treatment 
of tumors is limited. Metal ions are essential substances for maintaining normal physiological activities. This article summarized 
the multiple mechanisms in which metal ions are involved in the prevention and treatment of tumors in TCM.
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Introduction

Cancer is considered to be one of the leading causes of 
human death in the world[1]. Cancer incidence and mor-
tality are on the rise in some countries according to the 
statistics[2–3]. Studies have shown that traditional Chinese 
herbal medicine may improve the symptoms of disease, 
the quality of life with a better safety profile. Therefore, 
it is expected to play an essential role in cancer treat-
ment[4–9]. However, there is limited high-quality evidence 
on the efficacy of traditional Chinese medicine (TCM) 
in treating cancer[10–11]. A study examined the potential 
mechanisms of some natural products in regulating can-
cer progression, suggesting that the natural product is 
a good way to reduce cancer cases and relevant cancer 
mortality[12]. Metal ions are essential elements for main-
taining normal physiological activities in humans, and 
their role in biological processes was discovered for a 
long time[13–14]. Metal ions are involved in several bio-
chemical reactions with multiple structural and func-
tional types. Although they are essential for normal 
physiological processes, they appear to be toxic or even 
carcinogenic at higher concentrations[15–16]. The roles of 
metals are vary under different conditions[17–20].

In this review, we reviewed the role of metal ions in 
tumor progression, as well as the anti-tumor effects of 
TCM or natural products by regulating metal ions. We 
document the different therapeutic modalities, as well 
as the positive and negative aspects in the process. It is 
expected that this article will provide the latest research 
progress and establish new ideas and strategies for the 
development of therapeutic methods and ideas for can-
cer treatment with TCM targeting metal ions.

Advantages

Enhancing biological activity

Many compounds derived from TCM sometimes show 
only limited bioactivity for cancer treatment in vivo. 
Enhancing the bioactivity of potential anti-tumor natu-
ral products has been the focus of current research[21–22]. 
Metal ions mainly interact with the active compounds or 
form complexes, which enhance the biological activity of 
TCM (Table 1).

Interactions of TCM and metal ions

Thymol, widely found in many plants and used in the 
diet and traditional medicine, appears to have anti-tu-
mor activity. Thymol-exposed human glioblastoma cells 
showed an increase in the Ca2+ level. The mechanism of 
Ca2+ rise was associated with phospholipase C release, 
which led to the release of Ca2+ from the ER and entry of 
Ca2+ by channels. Furthermore, thymol caused apoptosis 
and necrosis in a dose-dependent manner[23]. Baicalein, 
mainly derived from Scutellaria baicalensis, significantly 
impeded the growth of breast cancer cells Michigan 
Cancer Foundation-7 (MCF-7) cells. The intracellular 
redox cycling of Cu (II) and reactive oxygen species 
(ROS) formation play a synergistic effect with baicalein 
on cell growth inhibition[24]. A similar effect was found 
in catechins, a common dietary phytochemical. In cancer 
cells, catechins exhibit antioxidant capacity, leading to 
cytotoxic effects by inducing redox activity of endoge-
nous transition metal copper to produce large amounts 
of ROS. Catechins cause cellular DNA breaks, which are 
remarkably improved when copper is present[25].
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Formation of TCM-metal complexes

Ni(II) significantly enhances the stability of polyphe-
nol curcumin as a co-ligand. Curcumin-Ni(II) complex 
shows an excellent photocytotoxity on cancer cells, such 
as HeLa and A549, compared with curcumin alone[26]. 
A novel curcumin-Zn dispersion inhibits liver cancer 
growth and can be used as a chemotherapeutic sensi-
tizer in vitro and in vivo[41]. Li et al. prepared two types 
of Ruthenium(II)-polypyridyl complexes based on cur-
cumin, which exhibited positive synergistic effects on 
cancer cells[27]. The iron-curcumin complex (10–100 µM) 
shows the highest cytotoxicity against MDA-MB-231, 
significantly decreasing proliferation of cells by 20% to 
90%[28]. Diacetylcurcumin (DAC) could form complexes 
with the physiologically essential metals Zn, Mn, Cu, 
and Mg. The metal complexes of DAC were found to 
exhibit higher anti-cancer and antioxidant activities than 
DAC alone in three cancer cell lines, HCT-15, MCF-7, 
and SKLU-1[29]. Bisdemethoxycurcumin (BDMC) could 
suppress cancer cell proliferation, growth of malignan-
cies, and metastasis, and showed improved anti-prolif-
erative ability when binding with palladium (II) to form 
tight complexes[30].

Recently, flavonoid complexes with metal ions have 
been considered to be a new category of active agents 
with improved therapeutic ability and decreased toxic-
ity. Quercetin, a main flavonoid, is considered to be a 
good antioxidant derived from herbs. In vitro tests have 
shown that vanadium (V)-quercetin complexes can 
arrest the cell cycle and induce apoptosis by upregulating 
pro-apoptotic proteins, such as caspases 3 and 9, p53, 
Bax, and further downregulate the expression of vascular 
endothelial growth factor (VEGF), B-cell lymphoma-2 
(Bcl-2), protein kinase B (Akt) and mechanistic target 
of rapamycin (mTOR) of rat breast cancer and MCF-7 

cells. Thus, V-quercetin induces apoptosis and inhibits 
cancer cell growth associated with the anti-angiogenic 
pathway[31]. Similarly, the Ru-quercetin, V-luteolin, and 
Ru-chrysin complexes induce cancer cells to undergo 
apoptotic cell death by activating p53 through activa-
tion of apoptotic factor Bax and caspase-3 while inhib-
iting the mTOR/Akt pathway[32–35]. Lanthanum (III), a 
rare-earth metal, forms a complex with quercetin which 
binds to DNA, inhibits tumor cells better than quercetin 
does[36]. In a study of a series of flavonoids-copper (II) 
complex, myricetin, morin, and taxifolin forms stable 
complexes with copper (II) and cause damage to DNA 
via ROS formation, which further kills cancer cells[37]. 
Kaempferol, another anti-tumor flavonoid, could also be 
ligated with redox-active Cu(II) ions to form complexes, 
which shows better anti-cancer properties via pro-oxi-
dant activity[38].

Polysaccharides possess properties for the chelation of 
metal ions, which are commonly used for the synthesis 
of polysaccharides complexes with metal ions. A fun-
gus from China, Poria cocos, is used for both medicinal 
and edible purposes. Carboxymethyl pachymaran has 
no inhibitory impact on the proliferation of the ovarian 
cancer cell line A2780 cells, while the complex with iron 
and zinc causes efficient inhibition of A2780 cell growth, 
production of ROS, and apoptosis[39]. The fruits of 
Pyracantha fortuneana are a high-quality natural plant 
resource for medicinal and edible purposes, with a poly-
saccharide content ranging from 10.59% to 13.40% in 
the fruit pulp. By characterizing of the Pyracantha poly-
saccharide-iron (PPI), a complex formed by this poly-
saccharide and iron, it was demonstrated that PPI has 
anti-oxidative activity in vitro. Furthermore, the mRNA 
of human ovarian cancer cells Skov3 was examined 
by high-throughput sequencing, and a total of 29,078 

Table 1

Metal ions enhance the anti-cancer biological activity of various natural products in different ways

Work way 
Metal 
ions Natural products Action mechanism Reference 

Interactions of 
TCM and metal 
ions

Ca2+ Thymol Induction of apoptosis and necrosis in glioblastoma cells. [23]

Cu2+ Baicalein; 
catechins

Baicalein induces apoptosis in MCF-7 cells through intracellular copper 
mobilization via accumulation of ROS and mitochondrial apoptotic pathways

[24–25]

Formation of TCM-
metal complexes

Ni2+ Curcumin The curcumin-Ni (II) complex generates ROS under electron excitation at low 
energy visible light and induces cell death through apoptosis

[26]

Ru2+ Curcumin The resulting complex induces apoptosis in cancer cells through DNA 
embedding and inhibition of the MEK/ERK signaling pathway

[27]

Fe3+ Curcumin Iron-curcumin complexes inhibit cell proliferation of breast cancer cells at low 
doses

[28]

Mg2+, Zn2+, 
Cu2+, Mn2+

Diacetylcurcumin Anti-oxidant effect [29]

Pd2+ Bisdemethoxy-
curcumin

Enhanced anti-proliferative activity [30]

V4+, Ru2+, 
Ru3+

Quercetin, Luteolin, 
Chrysin, Baicalein

Induces cell cycle arrest and induces apoptosis by upregulating p53, caspase-3, 
caspase-9 and Bax, followed by down-regulating Bcl-2, VEGF, mTOR and Akt

[31–35]

La3+ Quercetin Inhibits the proliferation of cancer cells by binding to DNA [36]

Cu2+ Myricetin, taxifolin, 
morin, kaempferol

Such complexes promote the formation of ROS and kill cancer cells by causing 
DNA damage

[37–38]

Zn2+, Fe2+ Carboxymethyl 
pachymaran

Significantly inhibited the proliferation of human ovarian cancer cell line A2780 
cells, promoted the production of reactive oxygen species and induced apoptosis

[39]

Zn2+ Butylsalicylate By down-regulating STAT3 signaling through the SRC pathway, thereby affecting 
the migration and invasive ability of the cells

[40]

TCM: traditional Chinese medicine.

D
ow

nloaded from
 http://journals.lw

w
.com

/ahm
 by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
n

Y
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 01/26/2024



298

Wang et al.  •  Volume 3  •  Number 4  •  2023� www.ahmedjournal.com

cancer-related genes were detected, with 873 genes dif-
fering between control and PPI groups. After PPI treat-
ment, 455 genes were significantly upregulated and 418 
genes downregulated, indicating significant anti-cancer 
activity[42].

Zinc 3,5-di-tert-butylsalicylate complexes, formed 
by salicylic acid and zinc ions, inhibit the activity of 
triple-negative breast cancer (TNBC) 4T1 cells by 
down-regulating STAT3 signaling via the SRC pathway, 
thereby affecting the migration of the cells and their 
invasive ability, thus meriting further investigation as 
potential therapeutic agents for TNBC[40].

Improving bioavailability

Many active compounds derived from TCM have good 
therapeutic potential for treating cancers[43–46]. However, 
clinical applications of these active compounds are not 
widely available due to the low bioavailability[47–50]. 
With the development of preparation technology, new 
drug delivery systems (DDS) was introduced to improve 
the efficacy of anti-cancer drugs or lower the side 
effects by improving the bioavailability of anti-tumor 
compounds[51–54].

Metal–organic framework-based DDSs

Metal–organic frameworks (MOFs) are composed of 
organic ligands clusters with metal ions/metal through 
coordination bonds, which turn them into crystalline 
porous material. Since MOFs are functional and tun-
able, efforts have been made to develop MOF-based 
stimulus-responsive systems and composites of MOFs 
for biomedical applications. MOF is often used as a 
drug carrier due to its special properties, such as great 
porosity, broad surface area, adjustable size of pore, 
structural stability, biocompatibility, and minimal 
toxicity[47–55].

Curcumin has anti-cancer and anti-oxidative activi-
ties, but the major issues with its delivery are the hydro-
phobicity and poor bioavailability. In a study, MIL-101 
(Fe) was used as a pH-sensitive carrier for the loading 
and sustained release of the anti-cancer compound, cur-
cumin. The results indicated that diffusion was the main 
driver of the release of curcumin[56]. MIL-101 (Fe)-NH2 
chelates with tannic acid (TA) to form an iron-rich metal–
organic framework, which efficiently loads adriamycin 
(DOX) into the inner lumen of MOF to form a tumor-tar-
geted and acid-activated DSS with good tumoricidal 
effect and biosafety[57]. MIL-53(Fe) can also be used as 
a carrier for the drug against cancer, oridonin. The cyto-
toxicity of Ori@MIL-53(Fe)’s on HepG2 cells is high, 
as its anti-cancer ratio reached 90.62%[55]. Artemisinin, 
extracted from the Artemisia annua, shows significant 
anti-cancer activity on some cancer cell lines. Inspired by 
recent interest in supramolecular assembly of metal phe-
nol ligand coatings on MOF surfaces, a TA-Fe(II)-based 
artemisinin (ART)-supplied iron-supplied nanocarrier 
was developed, coated on ZIF nanoparticles (NPs), and 
ART was self-assembled by ligand-driven encapsula-
tion to enhance iron apoptosis in triple-negative breast 
tumor cells. Nanocarriers can dissolve and release ART 
and Fe(II) in a weak acidic microenvironment, causing 

high levels of intracellular ROS and MDA, which pro-
moted a decrease in GSH and glutathione peroxidase 4 
(GPX4), thus effectively inhibiting tumor growth and 
anti-cancer[58].

DDSs based on NP

With rapid advances in nanomedicine technology, nan-
otechnology has developed into cancer treatments such 
as radiotherapy, chemotherapy, imaging, and diagnos-
tics. It shows the ability to enhance cancer therapy and 
improve patient care. Nanomaterials offer a wealth of 
adaptability and applications to design drugs for cancer, 
with nanomedicines designed to enhance the anti-tumor 
activity of drugs derived from plants. Both nanotech-
nology and metal NPs synthesized from plant extracts 
will be useful for the further development of anti-cancer 
therapies[59–63].

Carrageenan oligosaccharides (CAOs) are sulfated 
polysaccharides extracted from marine red algae, which 
could form stable and biocompatible AuNPs. The CAO-
AuNPs were further utilized to deliver pH-triggered 
transport of epirubicin, enabling a new pH-triggered 
release of anti-cancer drugs[64]. Ginseng berries (GB) 
present advantageous pharmacological activities. The 
active compounds found in GB extract (GBE) effec-
tively reduce and cap ions of silver (Ag) and gold (Au) to 
form GB-AgNPs and GBAuNPs. GBE contains phenolic 
compounds and polysaccharides that are believed to be 
important for the NPs’ functionalization and stabiliza-
tion. GBAuNPs are not toxic to both human dermal fibro-
blasts and mouse melanoma cells, whereas GB-AgNPs 
have cytotoxic effects on mouse melanoma cell lines[65]. 
To maximize delivery efficiency to tumors, PEG-PLGA 
NPs encapsulated with astragalus polysaccharide (APS) 
and Au nanorods were assembled to enhance focused 
ultrasound-induced immunity and achieve systemic 
durable anti-tumor immunity[66]. The biosynthesis of 
AuNPs using highly concentrated aqueous extract solu-
tions of Nigella sativa and Zingiber officinale showed 
good cytotoxicity against both breast and colorectal can-
cer cell lines[67]. Origanum vulgare is a herb with multiple 
therapeutic properties. Biocompatible AuNPs synthe-
sized from the aqueous extract of O. vulgare were well 
consumed by normal human dermal fibroblast (HDF) 
cells and more toxic effects on melanoma WM35 cancer 
cells, indicating the potential anti-cancer effects[68]. The 
Au and AgNPs loaded Ginseng leaf extract are applied 
to the in vitro study of cancer cells and inflammatory 
cells, which show great anti-cancer effects on lung can-
cer cells A549, B16BL6 Meno tumor, and B16BL6 black 
retinal cancer cells, and anti-inflammatory effects on the 
Raw 264.7 cell line[69]. Lithospermum erythrorhizon is a 
herb rich in shikonin and its derivatives. Modern phar-
macological researches have shown that shikonin has a 
broad range of biological functions, such as anti-viral, 
anti-inflammatory, anti-cancer, immunomodulatory and 
anti-estrogenic activities[70]. The synthesized stable metal 
NPs of shikonin with AuNPs, AgNPs, and bimetallic 
Au-Ag NPs were found to have significant cytotoxicity 
but have little effect on migrated cells[71].

The leaves of Cassia fistula are a prominent medici-
nal Indian plant that is widely used against acute and 
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common diseases. By biosynthesizing AgNPs (AgNPs) 
with C. fistula leaf extract, a significant toxic effect was 
observed on A-431, a skin cancer cell, with little toxic 
effect on normal cells[72]. The AgNPs synthesized by the 
extract of Perilla frutescens shows pro-apoptosis effect 
against the colon cancer cell line COLO205 and the 
human prostate cancer LNCaP cell lines in a dose-de-
pendent manner[53]. AgNPs synthesized with the extract 
of Ginkgo biloba (GB-AgNPs) shows anti-cancer ability 
against cervical cancer. GB-AgNPs NPs inhibit the prolif-
eration of cancer cells and induce apoptosi by increasing 
the level of intracellular ROS production. They also pro-
mote the activation of cysteine-controlled mitochondrial 
apoptosis in cervical cancer cells[73]. The AgNPs with 
extract of Cynara scolymus leaf helped internalize the 
drug into cancer cells. The combination of synthesized 
AgNPs and photodynamic therapy showed effective 
anti-cancer activity by inducing the intrinsic apoptotic 
pathway through decreasing the levels of anti-apop-
totic Bcl-2 protein and increasing the pro-apoptotic Bax 
protein in MCF-7 breast cancer cells[74]. AgNPs biosyn-
thesized using the seaweed polysaccharide fucoidan, 
a polysaccharide isolated from brown seaweed with a 
variety of biological activities, remarkably impeded 
microbial growth and revealed potent anti-tumor activ-
ity against HeLa cells (human cervical cancer)[75]. The 
dihydromyricetin (DMY) is a natural flavonoid with 
anti-cancer and other properties. Compared with DMY, 
DMY-AgNP exhibits excellent biocompatibility and 
exhibits superior anti-tumor activity against cancer cell 
lines such as Hela, MDA-MB-231, and HepG2[50].

Among the NPs obtained from the safflower’s aqueous 
extract with four metal ions, AgNPs and CuNPs showed 
effective activity against cancer cell lines, such as Caco-
2, T47D, and HEPG2, with safflower CuNPs showing 
the higher anti-cancer activity as agents compared with 
the safflower extract[76]. Morin is a flavonol, and after 
encapsulating morin-Cu(II) into NPs based on HSA and 
PLGA, the NPs were able to deliver the morin-Cu (II) 
complex more efficiently in cells and microorganisms. 
Therefore, NPs showed better anti-cancer activity com-
pared with morin-Cu(II) complexes and morin[54].

Emodin (EMO), a natural anthraquinone, has been 
widely used for the treatment of cancers, such as leuke-
mia and colorectal cancer. The EMO was coupled with 
magnetic NPs to design a therapeutic diagnostic nano-
platform (Fe3O4-PEG-Cy7-EMO), which was demon-
strated to provide therapy for pancreatic cancer cell lines 
and achieve magnetic resonance imaging/fluorescence 
imaging (MRI/FI) dual-modality imaging. Furthermore, 
the in vivo experiments using 12 in situ human pancre-
atic tumor xenograft models revealed that Fe3O4-PEG-
Cy7-EMO showed the most pronounced inhibitory 
effect against the growth of cancer[77]. Paclitaxel (PTX) 
is an effective anti-cancer agent used in the treatment of 
several types of cancer. In order to improve the bioavail-
ability of PTX, NPs made of iron oxide (IONP) were 
used to overcome the limitations of conventional ther-
apy. The UV and visible absorption spectroscopy anal-
ysis revealed that IONP was loaded with PTX with a 
good release. The relative expression levels of IONP@
PTX autophagy-associated proteins Beclin1 and LC3II 
to LC3I were upregulated, whereas the expression of 

p62 was downregulated. Compared with PTX alone, 
IONP@PTX inhibits U251 cells more strongly and sup-
presses glioblastoma invasion and cell migration, which  
is related to the activation of the autophagic pathway[78].

In a study to synthesize PTX-loaded Mn-doped ZnS 
NPs (Mn:ZnS NPs) encapsulated by cell-penetrating 
peptides, in vivo biodistribution, and anti-cancer effi-
cacy were investigated on a breast cancer xenograft 
model. The developed Mn:ZnS NPs were found to 
show enhanced anti-cancer effects compared with PTX 
alone[79]. Curcumin-loaded ZnO NPs coupled with 
pH-sensitive (ZnO-PBA-curcumin) and phenyl boronic 
acid (PBA) caused apoptosis in the MCF-7 cells by 
inducing mitochondrial damage and oxidative stress. 
ZnO dissociated at low pH, that is, the release of cur-
cumin was higher in cancer cells compared with normal 
cells. It resulted in a high drug loading and release profile 
with a significant advantage, and significantly enhanced 
the anti-tumor efficacy in vitro and in vivo[80].

A skeleton-type pre-drug copolymer of curcumin and 
platinum (IV) was designed and self-assembled into NPs. 
In vitro results demonstrated that Pt NPs showed high 
intracellular uptake and improved the inhibition of cell 
proliferation in the HeLa cells. Pt NPs showed the high-
est inhibitory effect on DDP and A549 cells, compared 
to curcumin[81].

APS, one of the highly active agents extracted from 
Astragalus root, is a prepared unique water-soluble 
NPs by chelating APS with sodium selenite. In vitro 
bioactivity of Se-APS-NP was investigated with good 
bioavailability. It not only increased the T lympho-
cytes’ cell proliferation and showed high immuno-
protective activity, but also inhibited the proliferation 
of the HepG2 cell line and reduced invasion and cell 
migration[82].

Metal-mediated regulation of herbzyme activity

Nanozymes, as a class of artificial enzymes, can consist 
of NPs made of metal and metal oxide, or nanoclusters 
of quantum and carbon dots, nanowires, nanotubes, or 
multiple MOFs[83]. Herbzymes are biocatalytic nanoma-
terials with nanozyme activity, combining the benefits of 
natural and artificial mimetic enzymes, which act through 
adjustable catalytic activity and nanostructure[84].

Processed herbs are widely used in medicine, yet the 
associated pharmacodynamic mechanisms are not clear. 
The nanostructures formed by the processing of Rhizoma 
polygonati (RP) or their assemblies were correlated with 
the enzyme activity shown in the last product by enzy-
matic assays and Fourier Transform infrared spectroscopy 
(FT-IR) spectroscopy together with quantum mechanical 
calculations. This article proposes a new term which is 
suggested here here to summarize the novel concept of 
enzymatic action in herbal processing, namely herbzyme, 
from the fusion of herbs and enzymes. Elemental and 
amino acid analyses revealed prominent levels of Ca2+ 
and glutamate, in which Ca2+ significantly inhibited 
alkaline phosphatase, but enhanced phosphatase-like 
activity of herbzyme. The addition of EthyleneDiamine 
Tetraacetic Acid (EDTA), which chelates metal ions 
and makes them unavailable, significantly inhibited the 
enzymatic activity of RP in a concentration dependent 
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manner, demonstrating the importance of Ca2+ in nano-
zyme activity of the herb. The phosphatase-like activity 
shown by treated natural herb was observed to be effec-
tive in inhibiting the growth of cancer cells via phospha-
tase signaling through DNA damage[85].

Elemental analysis of nanozymes extracted from herbs 
revealed a high abundance of Fe, among other elements. 
The extracted proteins were divided into main six cate-
gories and their approximate evolutionary closeness was 
predicted. Nano-evolution of herb-based nanozymes 
showed conserved common types of enzymes, such as 
fructose-bisphosphate aldolase, which can be used to 
predict new types of herbzymes[86].

In another study, the anti-cancer effects of carbon NPs 
(CNPs), derived from food-herb-homology such as beet 
and soybean, was examined[87]. The treatment with NPs 
caused cell bursting, similar to cell death. The anti-cancer 
effect of CNPs was explained by its intrinsic phosphatase 
activity, as well as the enhancement of drug resistance 
against PARP inhibitors. Since the phosphatase activity 
of beet and soybean derived NPs was found to be similar 
to phospho-tyrosine phosphatases, the presence of metal 
ions could influence their phosphatase activity. In order to 
examine it, nanozyme activity should be compared with 
the activity of metal-dependent phosphatases as well, as 
the activity of metallophosphatases is based on the pres-
ence of at least two metal ions in their substrate[88].

Metal-based therapeutic agents are now com-
monly used in clinical treatment. Many nanoscale 
materials have been used to design enzyme-respon-
sive systems over the past few years. In one study, it 
was discovered that the integration of nanomaterials 
with enzyme reactions could confer the biospecific-
ity and selectivity of metal complexes. For example, 
Chen and colleagues developed a biocompatible DNA 
nanostructure for the transport of an anti-tumor 
ruthenium complex. The structure not only improved 
the loading efficiency of the therapeutic agent, but 
also upon internalization transferred to the nucleus 
and was degraded by DNase, leading to the release of 
the drug and induction of apoptosis via the signaling 
pathway mediated by ROS[89]. Relevant elements are 
shown in Figure 1.

Overcoming problems

Carcinogenicity of metal ions

Cadmium (Cd) is a transition metal with high toxicity 
that may accumulate in animals and plants, which poses 
a health risk to humans. Recent research has shown that 
Cd is capable of causing disease risk and the development 
of various cancers in vivo and in vitro. The International 
Agency for Research on Cancer considers Cd to be car-
cinogenic agent when inhaled[90].

Figure 1.  The advantages of metal ions in the treatment of tumors and prevention with TCM. TCM: Traditional Chinese medicine.
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Vanadium (V) has been a hot topic of research in many 
research centers because of its broad range of effects 
and various biological activities. Even though the use 
of vanadium in medicine increasing and the therapeutic 
activities reported, the accumulation and high toxicity 
are main limitation for application[91].

Chromium (Cr) is a metallic element, and although 
Cr(III) is evaluated as non-toxic, Cr(VI) has been iden-
tified as a class I carcinogen. The current resources sug-
gest that Cr(VI) is capable of improving carcinogenesis 
through epigenetic and genetic mechanisms. Although the 
importance of oxidative stress in carcinogenesis caused by 
Cr(VI) has received much attention, future studies should 
focus on additional aspects in order to gain a complete 
understanding of carcinogenesis caused by Cr(VI)[92–93].

Nickel (Ni) is a recognized human carcinogen that does 
not directly induce DNA mutagenesis or construct DNA 
adducts. It demonstrates very small or no mutagenicity in 
mutagenicity assays. Ni exposure was found to result in 
a decrease in the level of DNA repair proteins that are 
important in mismatch repair and homologous DNA 
double-strand break repair in cancerogenic and non-can-
cerogenic human lung cells. It also inhibits DNA repair 
by transcriptional pathways which mimics acute hypoxia, 
and may contribute to carcinogenesis induced by nickel[94].

The iron is a key element of many biochemical reac-
tions and is vital for the normal maintenance of human 
health. However, dysregulation of iron homeostasis 
caused by lifestyle and genetic factors may lead to a 
higher cancer risk[95]. Excess iron has an essential role in 
tumorigenesis, and iron deficiency can lead to increased 
oxidative stress that affects immune function and alters 
cellular oxidative metabolic conditions, leading to can-
cer development[96].

Zinc (Zn), a micronutrient, is involved in several 
functions in adequate amounts and is primarily import-
ant for human health. However, the deficiency of Zn is 
often associated with a high risk of cancer, such as acute 
myeloid leukemia. It has been shown that normal levels 
of Zn are cytotoxic to cancer cells, but a deficiency of Zn 
can promote cancer development[97].

Lack of specificity for target tissues

As Prasad et al. noted, that curcumin-metal complexes 
have better anti-inflammatory, antioxidant, antibac-
terial, and anti-viral properties compared to curcumin 
alone. Complexes can be used in the treatment of dis-
eases such as arthritis, cancer, neurological disorders, 
osteoporosis, and other diseases. Some metals are more 
effective than others in certain health conditions, and 
finding out which metals together with curcumin show 
higher advantageous effects in certain diseases is the goal 
of future studies. However, which metal complexes are 
most effective in certain diseases is the main problem to 
be solved of future studies[98].

Chen et al. found that Zn-3,5-di-tert-butylsalicylate 
complexes formed by salicylic acid and Zn inhibited the 
invasion, viability, and migration of 4T1 cells, a TNBC 
cell line, and induced apoptosis in vitro. However, the 
compound did not have an anti-metastatic effect in 
vivo. Therefore, it was speculated that the anti-cancer 

agent was not properly transferred to the target tissues 
to act[40].

Lack of clinical research

Nagoor et al. pointed out that thymol has various 
pharmacological properties, such as anti-tumor, and 
has played a role in many types of diseases. There 
were several attempts to achieve higher bioavailabil-
ity using many techniques, such as the preparation of 
NP formulations, to improve the DDS. However, the 
majority of information is pre-clinical data and fur-
ther clinical studies are needed to validate the findings. 
In addition, to improve clinical studies, complete tox-
icological and safety research should be conducted to 
ensure the safety of thymol in animal models[23]. In a 
study based on a comprehensive review and perspec-
tive of DDSs for MOFs, various representative appli-
cations of MOFs are explained from the perspective of 
pharmacology, disease treatment, and applications in 
advanced DDS, while challenges in advanced DDS are 
discussed. All in all, in vivo data on MOFs are scarce 
and pre-clinical biosafety assessments are lacking. Thus  
the biomedical applications of MOFs still face many 
challenges[47].

Unclear specific mechanisms

Two phytoflavonoids, apigenin and lignan, could form 
complexes with ferrous or copper ions and change the 
stability and in vitro anti-cancer activity. However, the 
relevant molecular mechanisms remain unclear, and fur-
ther studies are needed[99].

There is abundant evidence that bioactive compounds 
are found in large amounts of algae, such as fucoidan 
and sulfated polysaccharides. Despite the excellent anti-
bacterial and anti-cancer efficacy of green-synthesized 
Ag and AuNPs, the mechanism regarding algal metal 
NPs remains unclear. Furthermore, extensive studies 
must be conducted to determine the role of specific bio-
molecules in the production of metal NPs mediated by 
algae[100].

Toxic effects

Flavonoids exert biological effects partly through com-
plexation with ions of transition metal iron. On the one 
hand, the complexing ability of the complex is closely 
related to the potential beneficial preventive and ther-
apeutic effects; on the other hand, complexed iron can 
greatly affect the biological properties of flavonoids and 
their potential toxicity risk must be considered[101].

As drug transport systems for oncology treatment, 
MOFs have shown great advantages due to their unique 
structural scalability, versatility, and biocompatibility. 
Despite impressive progress in the medical field, MOFs 
are still facing some problems to be solved in their prac-
tical application in the clinical field, such as systemic 
toxicity, early clearance by the immune system, and 
undesirable biodiseases[102].

In a recent research on the hybrids of curcumins with 
resveratrol, the results show that the hybrid products 
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formed by polyphenols and AuNP have implications in 
the treatment of tumor, offering a potential for the design 
of novel approaches for cancer treatment. However, 
when bioavailability altered, the potential toxicity asso-
ciated with the active agent and the overall delivery sys-
tem must be re-evaluated to ensure the safety[103]. The 
section is summarized in Figure 2.

Metal-mediated cell death modality

Up to now, the main forms of cell death mediated by 
metal identified by researchers have been ferroptosis and 
cuproptosis. These emerging forms of cell death have 
attracted keen attention, and are now a hot research 
topic in the field of cell death. Several attempts have 
been made to investigate the mechanisms involved in 
their induction of cell death to discover new potential 
therapeutic targets to treat several human diseases, like 
cancer, and to develop new therapeutic approaches. The 
relevant mechanisms are shown in Figure 3.

Ferroptosis

In 2012, after screening for small molecules responsi-
ble for inhibiting the growth of cancer cells with RAS-
mutation, the “ferroptosis” term was introduced, which 
was defined as iron-dependent regulatory necrosis caused 
by massive lipid peroxidation-mediated membrane dam-
age. Morphologically, intracellular iron death is mainly 
manifested as a decrease in cell size, a reduction or dis-
appearance of mitochondrial cristae, and a condensation 
of the mitochondrial membrane. Biochemically, the main 
manifestations are depletion of glutathione and decreased 
activity of GPX4; lipid oxides cannot be reduced, and 
then divalent iron ions oxidize lipids to produce a large 
amount of reactive oxygen species, leading to iron death 
in cells[104]. The accumulation of iron and the further pro-
duction of ROS causes ferroptosis, an unusual type of 
cell death triggered by several metabolic events, such as 

metabolism of iron ion, metabolism of amino acid, sugar 
and lipid, redox homeostasis, and numerous signaling 
pathways associated with it[105–106]. Recent research has 
demonstrated a close association of ferroptosis with 
pathological processes in several diseases, including neu-
rological disorders, kidney injury, blood disorders, isch-
emia–reperfusion injury, and even cancer[107–110]. After 
the discovery of ferroptosis, convincing evidence showed 
that targeting iron apoptosis in experimental cancer 
models had an anti-cancer profile[111].

ART, extracted from A. annua plant, has been 
explored as a potent antimalarial drug, and together 
with its derivatives, they have also been studied for the 
treatment of several other diseases, including cancer[112]. 
Dihydroartemisinin (DAT), one of the ART derivatives, 
has high bioavailability and enhances the susceptibility 
of cancer cells to iron apoptosis induced by deprivation 
of cysteine and inhibition of GPX4. Ferritin, the major 
intracellular iron storage protein complex, degrades fer-
ritin through autophagy to increase intracellular iron 
levels, leading to increased susceptibility to ferroptosis, 
a process called ferritinophagy[109,113–115]. DAT was found 
to increase the sensitivity of different types of ferroptosis 
inducers, such as the cystine transport inhibitor erastin 
and the GPX4 inhibitor RSL3, to promote cancer cell 
death, whereas cell death was inhibited when the ferro-
ptosis inhibitor Ferrostatin-1 or the iron chelator desfer-
rioxamine was added, confirming the DAT-induced cell 
death by ferroptosis nature of DAT-induced cell death. 
Mechanistically, DAT induces the lysosomal degrada-
tion of ferritin in an autophagy-independent manner, 
increasing the concentration of free iron in cells. In addi-
tion, DAT can affect ferroptosis by binding to cellular 
free iron and stimulating iron homeostasis regulated by 
iron regulatory proteins[116]. Phenol 6-gingerol, naturally 
found in ginger, showed to have several beneficial biolog-
ical activities, such as anti-tumor, anti-inflammatory, and 
anti-oxidative properties. In a recent study, lotic mice 
and A549 were used to evaluated the anti-cancer effects 

Figure 2.  Overcoming the problems of metal ions in the treatment and prevention of tumors with TCM. TCM: Traditional Chinese medicine.
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of 6-gingerol. The treatment with 6-gingerol resulted in 
numerous changes in the cell, such as a reduction in the 
expression of USP14, a highly increasing of auto-pha-
gosomes, ROS, and the concentration of iron, which 
causes the lowering of proliferation and survival of A549 
cells. This result suggests that 6-gingerol suppresses the 
growth of lung cancer cells through downregulation of 
USP14, and further affects autophagy-dependent fer-
roptosis, which is downstream regulated by USP14[117]. 
Erianin is a natural compound that derived from the 
Dendrobium and has anti-cancer activity against several 
cancers. Erianin was shown to cause ferroptosis in can-
cer cells by activating the Ca2+/CaM pathway, and was 
supported by accumulation of ROS, depletion of GSH, 
and lipid peroxidation. It was also able to inhibit cell 
migration in the same lung cancer cell line, which never 
exerted anti-cancer effects. Therefore, Erianin was con-
sidered as a promising compound for treatment of lung 
cancer[118]. Cucurbitacin is a cyclic triterpenoid derived 
from the oriental herb tetra, which has anti-tumor activ-
ity against various human cancers. The cucurbitacin B is 
one of the most abundant and extensively studied cucur-
bitacin derivatives isolated from Trichosanthes Kirilowii 
Maximowicz. Cucurbitacin B was found to have excel-
lent cytotoxicity against the human nasopharyngeal 
carcinoma cells, and its possible ferroptosis induced 
mechanism was explored. Morphological alterations 
in mitochondrial ultrastructure were first observed by 
transmission electron microscopy, suggesting that cells 
treated with cucurbitacin B underwent iron death. 
Furthermore, detailed molecular mechanistic studies 
have confirmed that cucurbitacin B may induce the accu-
mulation of Fe and the depletion of GSH, leading to the 
excess lipid peroxides production. Furthermore, cucur-
bitacin B decreases GPX4 expression and promotes the 

multifaceted mechanism of iron death in CNE1 cells. 
Finally, it was established that cucurbitacin B exhib-
ited tumor-suppressive effects both in vivo and in vitro, 
emphasizing its therapeutic potential as a ferroptosis 
inducer in nasopharyngeal carcinoma[119]. Baicalin, a 
major bioactive flavonoid derived from the extract of 
the Scutellariae radix, is reported to inhibit growth on 
bladder cancer cell lines (KU-19-19 and 5637 cells). The 
results demonstrated that baicalin exerted anti-tumor 
property by the promotion of apoptosis. Furthermore, 
in vivo and in vitro tests showed that baicalin-induced 
cellular ferroptosis was associated with an accumulation 
of ROS and intracellular chelated iron. While the heavy 
chain 1 domain of ferritin was a main determinant of fer-
roptosis induced by baicalein, overexpression of FTH1 
was able to abrogate the anti-cancer effect of baicalein 
in 5637 and KU-19-19 cells. Specifically, the expres-
sion and transcript levels of transferrin were increased, 
while the expression and transcript levels of a negative 
ferroptosis-regulated protein (FTH1) were decreased 
when bladder cancer cells were treated with baicalin. 
Overexpression of FTH1 significantly abrogated the 
anti-cancer effect of baicalin in 5637 and KU-19-19 cells. 
Thus, FTH1 acted as a key regulator of baicalin-induced 
ferroptosis in bladder cancer cells[120].

Ferroptosis promotion is considered to be a poten-
tial cancer treatment, especially for the types of tumor 
which are highly sensitive to iron. Iron death research is 
progressing rapidly, and targeting ferroptosis is of great 
importance as a new anti-tumor treatment strategy[106]. 
However, it should not be ignored that a shortcoming of 
the current study is that there is no clear report show-
ing the impact of ferroptosis inhibitors on the anti-tu-
mor effects of TCM. This also suggests that subsequent 
studies would be better to introduce the combination 

Figure 3.  Metal-mediated cell death modality: ferroptosis and cuproptosis.
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of ferroptosis inhibitors and TCM to further confirm 
the key role of ferroptosis in the efficacy of active com-
pounds. The introduction of ferroptosis inducing drugs 
into the clinic could lead to the development of more 
targeted and effective anti-cancer iron chelators[121].

Cuproptosis

Tsvetkov et al. recently proposed a new type of cop-
per-induced cell death. The study shows that cell death 
in human cells controlled by copper is a new type of cell 
death, which is different from already known mecha-
nisms involved with direct bonding of Cu ions with lip-
idated molecules of the Krebs cycle from mitochondrial 
respiration. It decreased the expression of iron-sulfur 
cluster proteins and the aggregation of lipidated pro-
teins, which resulted in rapid cell death and proteotoxic 
stress. The team named this form of cell death “cupro-
ptosis”[122]. Briefly, the main process of copper death 
relies on the accumulation of intracellular copper ions, 
which directly bind to the lipoylated components of the 
tricarboxylic acid (TCA) cycle, leading to the aggrega-
tion and dysregulation of these proteins, blocking the 
TCA cycle, triggering a proteotoxic stress, and inducing 
cell death.

They found that the copper ion carrier used for can-
cer treatment, Elesclomol, when loaded with copper kills 
cells, but in the absence of copper, Elesclomol alone does 
not cause cell death, suggesting that toxicity is mainly 
caused by copper. They also found that caspase-3 acti-
vation did not happen after Elesclomol treatment, while 
inhibition of programmed cell death or apoptotic path-
ways did not cause prevention of cell death induced by 
copper. This suggests that the mechanism of cell death 
induced by copper is different from known mechanisms 
of apoptosis. In vitro and in vivo studies, Tsvetkov et al. 
elucidated a new mechanism through which cell death 
was caused by high intracellular concentrations of cop-
per, showing that mitochondrial respiration-dependent 
cells have higher sensitivity to copper-induced apopto-
sis. In summary, the authors provide new insights into 
the essential correlation between copper-induced death 
and cellular metabolism in mitochondria. These findings 
are important to further understand how apoptosis is 
induced by copper[123–124].

Despite these significant advances, there remain addi-
tional challenges. ​It is still unclear, for example, whether 
copper apoptosis is induced by morphological features, 
whether it requires the activation of specific copper 
enzymes, or how protein degradation mechanisms regu-
late proteotoxic stress to control copper apoptosis. These 
questions require extensive future research[124].

For cancer therapy, the future development of drugs 
targeting various cell death pathways will be a challeng-
ing area. Incorporating the special importance of lip-
id-acylated protein modifications in copper-dependent 
death, and exploring targeted interventions based on 
cuproptosis have potential applications. Copper meta-
bolic homeostasis and its mediated signaling pathways 
regulated by cell death could be potential targets for 
intervention in hazards or diseases associated with dys-
functional metabolism of copper, and could also provide 
a novel anti-tumor approach.

Conclusion

In conclusion, numerous studies have shown that 
metal ions are highly related to the treatment of malig-
nant tumors of TCM. The importance of metal ions 
and their oxides in the treatment of diseases has been 
increasing recently. Due to their different redox proper-
ties, they can act under different conditions and in dif-
ferent ways. Most treatments for cancer of TCM focus 
on the natural products extracted from herbs. However, 
some limitations arising from the therapeutic process of 
most natural products, which limit their wide clinical 
application[125]. The use of metal ions improves TCM 
effects on cancer treatment with unexpected effects. 
Consequently, the use of metal ions may give rise to a 
unique perspective in the treatment and prevention of 
cancer in TCM.

Metal ions have multiple structural and functional 
roles, and they exist in different forms. Metal ions are 
essential elements for maintaining normal human life and 
play an important role in biological systems. However, 
Metal ions can also induce diseases due to its own toxic 
effects, which endanger human health. In a word, metal 
ions exhibit positive and negative aspects in the preven-
tion and treatment of tumors in TCM. By interacting with 
active compounds or by forming metal complexes with 
them, metal ions can enhance the biological activity of 
natural products in the treatment of tumors. Moreover, 
metal ions can also be processed using nanotechnology 
to synthesize NPs or metal–organic skeletons with natu-
ral products green as new DDSs. This could result in an 
effective improvement of the bioavailability of the cor-
responding molecules to exert their therapeutic effects 
in vivo. It is worth mentioning that in these novel DDSs 
based on metal ions, such as NPs, metal–organic frame-
work, liposomes, etc, the effects of carriers on metal ions 
should also be taken into account when designing and 
synthesizing them in the anti-tumor process of TCM. For 
example, with the change of valence of metal ions, their 
chemical properties and functions are likely to change 
and thus deviating from the expected results. Therefore, 
special attention should be paid to the impact of the 
change in the valence of metal ions in the process of 
binding, in vivo delivery and recognition of metal ions. 
Furthermore, the practical application of metal ions also 
faces challenges. Metal ions are limited in their wider 
application due to their own carcinogenicity, which is 
one of the reasons why researchers are currently inter-
ested in only limited metal ions (Au, Ag, Cu, Zn, etc.)[126]. 
Second, some problems need to be solved for metal ions 
to enhance the therapeutic effects of active compounds, 
such as the lack of specificity for target tissues, the lack 
of pre-clinical and clinical studies, the unclearness of the 
specific mechanisms, and safety assessment.

Conventional methods for tumor treatment include 
chemotherapy, radiotherapy, surgery, and drug therapy. 
Recent studies have developed new metal ion-based ther-
apies, such as photodynamic therapy[127], photothermal 
therapy[128], immunotherapy[129], and targeted therapy[130], 
to achieve better therapeutic effects. However, single 
therapy seems to fail to achieve the desired purpose, so 
combined therapeutic approaches have quickly attracted 
the attention of researchers. In particular, in herbal 
medicine against tumors, most compounds have low 
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bioavailability and cannot precisely reach target tissues. 
Combination therapy makes these possible and provides 
more selectivity for future clinical treatment[131–136].

In personalized therapies, metal ions and active 
compounds have been realized not only for combined 
therapy, but also for diagnosis and treatment[137–140]. 
Furthermore, new perspectives on NP-based transport 
systems of drugs have emerged, such as supramolecular 
coordination complexes[141] and carrier-free nanomedi-
cines[142–143]. Despite the emergence of novel therapeutics, 
there are still many challenges to be addressed, such as 
how to achieve high drug-loading rate and precise target, 
and the need to obtain a large amount of clinical data to 
verify the safety and efficacy.

Recently, it was reported that a herbzyme extracted 
from the RP of Mount Tai can enhance phosphatase 
activity as a co-enzyme and anti-cancer agent[144–146]. 
The herbzyme activity can be enhanced by CaCl2 
(0.25M), whereas control protein-based phosphatase 
ALP decreased enzyme activity at 0.75M by the metal 
calcium solution. This suggests that metal can enhance 
herbzyme activity but not for the protein-based enzyme 
in this reported case[84]. Other carbon dots derived from 
herbs, such as date, also showed the anti-cancer activity 
and how metal ion may regulate or involved in the reg-
ulation of carbon dots in anti-cancer to make a hybrid 
carbon-MOF for drug delivery of natural products from 
TCM[147–148]. As ionic regulation of metal ions on carbon 
dots has been reported, this area would be promising 
in application of metal ionic carbon dots derived from 
herbs.

This article mainly outlines the role of metal ions in 
the anti-tumor of TCM, but some ion receptors also 
deserve our attention. The receptors can be classified into 
ion channel receptors[149–154], G protein-coupled recep-
tors[155–156], hormone-like receptors[149,157], etc, according 
to their mechanism, such as protein structure, informa-
tion transduction process, and nature of effect. These 
receptors have been reported to be able to influence 
pathophysiological states in a variety of diseases, such 
as neurological disorders[149–152], cancer[152–156], hyperten-
sion[157], and vascular aging[149]. It is worth noting that 
although studies have shown that some receptors have 
therapeutic potential in anti-tumor, but whether they 
can become drug targets for cancer treatment is still 
unclear.

In summary, metal ions have obvious advantages in 
TCM for tumor prevention and treatment, although 
there are also certain drawbacks. With a thorough explo-
ration of the design of new drug development methods 
and cancer pathology in general, the target of active 
compounds has been greatly improved by structural 
modification of natural products with metal ions and 
new DDSs based on metal ions. It is strongly believe that 
through an in-depth understanding of metal ions and the 
use of new technologies, the advantages of metal ions in 
various aspects should be fully utilized, and its limita-
tions should be continuously broken through. Metal ions 
have a greatly indispensable importance in the future 
development of TCM. The rational use of metal ions in 
combination with TCM for the treatment of tumors will 
not only provides alternative options for cancer treat-
ment but also promotes the development of TCM.
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