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Polyoxometalates (POMs) are a kind of inorganic cluster metal complex with various biological activities,
such as anti-Alzheimer's disease, antibacterial, anti-cancer, anti-diabetes, anti-virus, and so on. The
mechanism of their action at the molecular level is basically unknown. However, some studies have
shown that the inhibitory effect of POMs on several enzyme families (such as a-glucosidase, tyrosinase,
protein kinase or exonuclease) may be related to the pharmacological properties of POMs. In addition,
POMs also inhibited sialyltransferase, thiotransferase, deacetylase and virus reverse enzyme to different
degrees. Combining the results of research groups, it was found the structure and composition of POMs
may indirectly affect their inhibition ability. Therefore, this paper reviews the inhibitory effects of POMs on
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Introduction

Polyoxometalates are unique metal oxygen clusters, which are
usually formed by the condensation of oxygen and early tran-
sition metals." The number and substitution position of POM
transition metal ligands determine its ever-changing structure
and a wide range of properties. These molecules are composed
of oxygen bridged early transition metals with their highest
oxidation states (e.g., Mo, W, and V). They are a combination
of polyhedrons based on a common angle and common edge.
In a broad sense, they can be divided into isopolyanions and
heteropolyanions. Compared with isopolyanions, heteropoly-
anions have a more stable structure and better diversity, so
they are also a focus of research.” Their beautiful and rich cage
structure has resulted in several centuries of research and
attracted attention in the chemical field. POMs have the
characteristics of nanometer size, stable structure, high charge
and excellent optical, electrical and magnetic properties.
Because of their good redox and photooxidation properties,
polyoxometalates are widely used in the field of catalysis.
Polyoxometalates are green catalysts, which have a role in
various fields. When they are used in combination with other
components, they can be used as a new multi-functional cata-
lyst and improve the catalytic efficiency.>™ In view of the
unique magnetic properties of polyoxometalates, Bronsted

“College of Food and Biological Engineering, Jimei University, Xiamen, 361021,
P.R. China. E-mail: wanglimerry@jmu.edu.cn, 49739792@qq.com

bXiamen University Hospital, Xiamen, 361005, P.R. China.

E-mail: 3421836578@qq.com

+These authors contributed equally to this work

4320 | Inorg. Chem. Front,, 2020, 7, 4320-4332

various enzymes in order to contribute to the application of polyoxometalates in biomedicine.

acidity and other characteristics, polyoxometalates play
an important role in solving environmental problems, such
as toxic gas isolation, wastewater purification, etc.®
Polyoxometalates can also be used in multifunctional compo-
site materials such as nanomaterials.”

Due to their special structure and excellent physical and
chemical properties, POMs are not only widely used in the
fields of industrial catalysis and functional materials, but also
biomedicine. As one of the few inorganic drugs with high
efficiency and low toxicity, POMs have attracted wide attention
in the field of biomedicine. According to the literature, POMs
have the characteristics of being antibacterial,® anti-virus,>
anti-cancer’ and so on. It was found that polyisotungstate
combined with p-lactam antibiotics could enhance the efficacy
of antibiotics against drug-resistant strains.” Wang et al.*® syn-
thesized a series of novel pyridines (A,Pti,W;,04) by using
PM-19 (K,PTi,W;,W,,) as the lead compound. The single cycle
pseudovirus infection test showed that the designed polyoxo-
metalate pyridine had low toxicity to TZM BL cells and high
inhibitory activity against HIV-1 virus. Dong et al.’* screened
five novel histone deacetylase inhibitors (HDACIs), by using
the cell screening system targeting the p21 gene promoter.
Among them, PAC-320 has a strong inhibitory effect on intra-
cellular HDAC activity and has obvious inhibitory effect on the
growth of many kinds of tumor cells. The typical character-
istics of polyoxometals such as structure, size and special
surface group complex enzyme molecules are very suitable for
specific interactions in biological systems.'* Chi et al. found
that POMs with a Keggin type and vanadium substituted
Dawson type structure are the most effective and competitive
inhibitors of a-glucosidase and have great clinical value in the

This journal is © the Partner Organisations 2020


www.rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-4835-7792
http://crossmark.crossref.org/dialog/?doi=10.1039/d0qi00860e&domain=pdf&date_stamp=2020-11-09
https://doi.org/10.1039/d0qi00860e
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI007022

Published on 11 2020. Downloaded on 21.02.2026 17:09:23.

Inorganic Chemistry Frontiers

development of drugs for the treatment of non-insulin depen-
dent diabetes mellitus (NIDDM). Our experimental team syn-
thesized and characterized two kinds of phosphomolybdates,
and studied the inhibitory effect of two kinds of POMs on tyro-
sinase. The results showed that both POMs could effectively
prevent the formation of melanin, which opened up a direc-
tion for the development of POMs in the field of food preser-
vation and decolorization."*'* In addition to the above-men-
tioned enzymes, polyoxometalates also inhibited the activities
of nucleotidase, phosphatase, sulfate transferase, sialyltrans-
ferase, histone acetylase, nuclease and protease to varying
degrees. The purpose of this paper is to review the inhibitory
effects of polyoxometalates on various enzymes and to provide
some ideas for the development of enzyme inhibitors in the
field of biomedicine.

Inhibition of enzymes by
polyoxometalates

Although polyoxometalates have a variety of biological activi-
ties because of their special structure and there is a consider-
able amount of literature about POMs regarding their anti-
Alzheimer’s disease, anti-cancer, anti-virus, antibacterial, anti-
diabetes characteristics and so on, due to the structural varia-
bility of polyoxometalates, it is difficult for scientists to study
their biological activities at the molecular level in most cases.
The action mechanism of POMs at the molecular level is com-
pletely unknown. Due to the following reasons, there are some
difficulties in elucidating the enzyme inhibitory activity of
POMs:"* (1) in most studies, the POM compounds studied are
very limited, but the POM structures are changeable, which
reduces the universality of the study; (2) the stability of POMs
is different, and the stability of the synthesized compounds
may be lower than that of the intermediate fragments; (3)
whether the inhibition of POMs on enzymes is a competitive
mechanism remains to be confirmed.

It has been reported that the biological activity of polyoxo-
metalates is closely related to the interaction of related
enzymes. Bijelic et al.">"® have reported that covalent and non-
covalent interactions (such as hydrogen bonds, electrostatic
interactions, etc.) can occur between polyoxometalates and pro-
teins, which explained the interaction between polymetallic
hydrochloride and protease at the molecular structure level.
This research provided basis and direction for explaining the
interaction between protease and POMs. Therefore, in the fol-
lowing article, we will explain and speculate the mechanism of
action at the molecular level by analyzing the experiments on
polyoxometalates carried out by researchers in various fields.
We hope that our work can provide some ideas for the appli-
cation of polyoxometalates in this field.

a-Glucosidase

With the passing of time, the change in people’s life style and
the improvement in nutrition levels, being sedentary has
become a common living habit. A chronic metabolic disease
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quietly enters people’s lives, which is diabetes. Diabetes is due
to metabolic disorders, related to abnormal elevated blood
glucose levels, mainly caused by insufficient insulin secretion
or insulin resistance of cells in the body, or both.'” Diabetes is
mainly divided into two types:'® type 1 or immune diabetes,
also known as insulin dependent or juvenile diabetes. The
destruction of islet B cells is mediated by autoimmunity,
resulting in an absolute lack of insulin, accounting for only
5% of cases. The other is type 2 or diabetes, also known as
non-insulin dependent or adult diabetes. The second type of
diabetes is acquired due to the progressive defect of insulin
secretion caused by the resistance of cells in the body to
insulin. This type of diabetes accounts for the vast majority of
cases, about 90% of Mel 95%. Diabetes itself is not scary, but
the resulting complications can seriously affect your health.
Long-term effects can lead to retinopathy, renal failure, foot
ulcers, amputation, cardio-cerebrovascular diseases and so
on." With the rising incidence of diabetes in the world, dia-
betes has become the focus of scientists’ research.

The treatment for diabetes mainly focuses on two aspects:
source and pathway, in other words, controlling glucose intake
or interfering with glucose transport. Among them, inhibiting
the activity of o-glucosidase is a practical and effective
method. a-glucosidase is a membrane-binding enzyme in
small intestinal epithelial cells,”® which is responsible for con-
verting a glycosidic bond into oligosaccharides and finally into
monosaccharides,”* which participates in the digestion and
absorption of carbohydrates such as starch and sucrose.
a-glucosidase is a key enzyme that affects human metabolism,
so a-glucosidase is considered to be an important target for
the treatment of non-insulin dependent diabetes.>” By inhibit-
ing the activity of a-glucosidase, the absorption and release of
carbohydrates in the intestine slow down and the level of post-
prandial blood glucose is reduced.”®

Most researchers at home and abroad prepare
a-glucosidase inhibitors by extracting natural active com-
ponents from plants or synthesizing phenolic hydroxyl deriva-
tives. However, few studies have paid attention to the com-
ponents that inhibit a-glucosidase in inorganic substances.”*
a-Glucosidase inhibitors widely used in clinic, such as acar-
bose, misoglitol, and voglibose are all derived from natural
products.”> However, these commonly used clinical
a-glucosidase inhibitors have high cost and cause serious side
effects on the gastrointestinal tract,>® which limit their appli-
cation. Therefore, the design of cheap, safe and efficient
enzyme inhibitors has become the focus of research.POMs has
many biological activities due to their unique structural and
functional  properties, including the inhibition of
a-glucosidase. Dinéié¢ et al'® used Wistar rats as a model
system to evaluate the in vivo toxicity of two polyoxotungstates
((NH,)14[Na@P5W300110]-31H,0 {NaPsW;o},
K14[Ag@P5W300,10]-22H,0-6KCl  {AgPsW50}) with potential
anti-diabetic activity. The results show that both substances
have hypoglycemic effects in rats, but there is certain toxicity
(mild liver toxicity, nephrotoxicity). This research group has
been focusing on polyoxometalates for a long time. At the
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present stage, we mainly studied the two structures of Keggin
type and Dawson type. At present, the research group has
obtained preliminary results in the study of the inhibitory
effect of polyoxometalates on a-glucosidase. Chi et al.>*>** have
found that Keggin type POMs, which is replaced by transition
metal, and vanadium substituted Dawson type POMs are
effective and competitive inhibitors of a-glucosidase. In
addition, they have micro-molar inhibitory effect on
a-glucosidase. We used enzyme kinetic experiments to study
its inhibitory mechanism; the results showed that both struc-
tures of the POMs showed a significant inhibitory effect, and
both were reversible. Taking heteroatoms to replace different
polyoxometalates GaMo,, SiMo;,, PMo,, as an example, the
results of the enzyme kinetics experiment are shown in Fig. 1.
It can be seen from the figure that several straight lines are
formed between the remaining enzyme activity and the con-
centration of the enzyme added to the reaction system, and
these straight lines all pass through the origin. Therefore,
GaMo,,, SiMo;,, PMo,, are reversible inhibitions of
a-glucosidase. It can be seen that the polyoxometalates of the
two structures and the enzyme are connected by non-covalent
bonds. Then, we used molecular docking simulations to
further illustrate the interaction between polyoxometalates and
enzymes. In the result, POMs binds to the enzyme active site
through van der Waals force and hydrogen bonding. The syn-
thesized compounds PMo;, (ICso = 6.41 = 0.38 pM), PMo,;Ni
(ICs0 = 37.29 = 1.72 pM) and P,Mo,5V; (IC5, = 57.01 + 2.11 pM)
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had the strongest inhibitory effect on a-glucosidase, which was
about 117, 20 and 13 times that of acarbose (ICs, = 64.31
1.47 mM), which is the standard compound currently available
for alpha-glucosidase inhibitors. From the study of three
factors affecting the structure of POMs: the kind of hetero-
atoms, the number of transition metal substitution and the
number of vanadium substitution, it was found that the
inhibitory effects of different factors on a-glucosidase were
slightly different. Hence, the structure and composition of
POMs may affect their redox, acidity and electrostatic effects.
In addition, the charge of the central atom has a significant
indirect effect on the inhibition behavior of POMs.”*** Hu
et al."** investigated the inhibitory effects of Dawson-type tran-
sition metal-substituted polyoxometalates and Keggin-type
vanadium-substituted polyoxometalates on o-glucosidase.
They also used enzyme kinetic experiments to determine the
mechanism of inhibition, and used molecular docking simu-
lations to further explain the interaction between polyoxometa-
lates and enzyme molecules. The results show that two
different types of polyoxometalates have inhibitory effects on
a-glucosidase and both are reversible inhibition, which is
better than the current standard of a-glucosidase inhibitors,
acarbose. The synthesized compounds P,Mo,g (IC5, = 0.174 +
0.0146 pM), P,Moy,Cu (ICso = 40.13 + 0.61 pM) and PMogV;
(ICsp = 9.63 + 0.43 pM) had the strongest inhibitory effect on
a-glucosidase, and inhibition efficiency of Dawson matrix is
higher than that of transition metal substituted polyoxometa-
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Fig. 1 Inhibitory mechanism of compounds GaMoj, (A), SiMo;, (B) and PMos, (C) on the activity of a-glucosidase. The concentrations of GaMo;,
for curves 0—4 of (A) were 0, 0.3, 0.4, 0.5 and 0.75 mM, respectively. The concentrations of SiMo,, for curves 0—-4 of (B) were 0, 0.015, 0.025, 0.028
and 0.045 mM, respectively. The concentrations of PMo;, for curves 0—4 of (C) were 0, 0.01, 0.02, 0.025 and 0.03 mM, respectively.
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lates. Molecular docking simulations show that it also exist
hydrogen bonds and van der Waals forces between polyoxo-
metalates with two different structures and a-glucosidase.

In summary, the research group studied the inhibitory
effect of two structures of polyoxometalates on a-glucosidase,
and compared the effects of three different factors: the type of
heteroatoms, transition metal elements, and the number of
transition metal substitution. The results show that the bio-
logical activity of polyoxometalates depends on various factors,
such as charge distribution, acidity, metal ions, etc. The inhibi-
tory effect of polyoxometalates on enzymes mainly depends on
their redox properties. By comparing molybdic acids substi-
tuted with different heteroatoms, it was found that the oxidiz-
ability of polyoxometalates is affected by the electrostatic effect
of the anion charge number. As the charge number of hetero-
polyanions (Ga: —3, Si: —4, P: —5) increases, the oxidizability of
polyoxometalates decreases and the inhibitory effect increases
significantly(Fig. 2). Molecular docking clearly shows the inter-
action between the ligand and the active site of the
a-glucosidase receptor. The docking scores of GaMo;,, SiM0;,
and PMo,, are respectively —11.68 kecal/mol, —13.62 kcal mol™*
and —14.80 kecal mol~". These scores mean that the docking of
these three compounds with a-glucosidase is successful (gen-
erally, the docking score is <—7 kecal mol™"), and the smaller
the docking score value, the better the compound’s ability to
bind to biological macromolecules. Therefore, the inhibitory
effect of the three compounds is GaMo,, < SiM0;, < PMo04,_ As
shown in Fig. 3, the three compounds formed hydrogen bonds
and van der Waals interactions in the active center. PMo;, pro-
duces 7 hydrogen bonds with amino acid residues Tyr158,
Ser240, Asp242, His280, Ser311 and Arg315 in the active region
(Fig. 3A), while SiMo;, produces 5 hydrogen bonds with sur-
rounding amino acid residues Ser240, His280, Pro312 and
Arg315 Hydrogen bonding (Fig. 3B), and GaMo;, produces
only three hydrogen bonds with surrounding amino acid resi-
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Fig. 2 Inhibitory effect of compounds GaMoj,, SiMo;, and PMo;, on
the activity of a-glucosidase.
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dues Ser240 and Asp242 (Fig. 3C). However, there is no signifi-
cant difference in the number of amino acid residues that
form the van der Waals interaction. It shows that hydrogen
bonding is the main driving force for the different inhibition
effects of the three compounds. The change in heteroatoms
reduced the stability of the combination between enzymes and
polyoxometalates, which in turn affects the inhibitory effect on
the enzyme.**>* When the central atom is fixed, the oxidizabil-
ity of the heteropolyanion changes with the coordination
atom, and vanadium is easier to reduce than molybdenum.
When the coordination atom Mo is replaced by the low-valent
metal ion V', the negative charge of the heteropolyanion
increases and the acid strength tends to decrease. Hence, as
the number of vanadium substitutions increases, the oxidizing
power of polyoxometalates increases, thereby changing the
inhibitory effect on the enzyme. But excessive vanadium sub-
stitution will reduce the inhibitory effect on the enzyme
(Fig. 4).*> The substitution of different transition metal
elements changed the structure of the polyoxometalates,
affecting their redox properties and ultimately affecting the
inhibition of the enzyme.

In the future, the subsequent studies on the modification
of POMs to improve their inhibitory ability can be adjusted
with reference to these influencing factors. Besides, some
studies have shown that tungstate can stimulate the functional
regeneration of islet B cells in animals, can prevent ALR1 and
ALR2-mediated polyol pathway and related AGEs, can effec-
tively reduce blood glucose levels in vivo and in vitro, and
prevent related complications.”" Din¢i¢ et al'® studied the
hepatotoxicity and nephrotoxicity induced by POMs in mice
for two weeks, and the results showed that the effect was mild.

Many studies have shown that polyoxometalates are new,
efficient, low-toxic and cheap a-glucosidase inhibitors.
Compared with the organic drugs widely used in clinic, the
unparalleled advantages of polyoxometalates have established
their position in the field of biomedicine in the future. They
have great potential and a broad market for the development
of diabetes drugs.

Tyrosinase

Melanin is a kind of biopolymer spread all over the world of
animals and plants, and the research on the regulation of
melanin biosynthesis has been carried out for hundreds of
years. The chemical reactions involved were determined as
early as the 1920s.>° Melanin, a pigment that determines the
color of human skin, eyes and hair, is secreted by melanocytes
distributed in the basal layer of the dermis.”” Under normal
circumstances, it can protect the skin by absorbing ultraviolet
sunlight and scavenging reactive oxygen species, and plays a
very important role in camouflage and imitation of animals in
nature.”® However, excessive pigment accumulation in some
parts will cause skin problems such as chloasma, senile spots
and freckles, and some intermediate products of melanin syn-
thesis are also closely related to some diseases. The type and
quantity of melanin synthesized by melanocytes and its distri-
bution in the surrounding keratinocytes determine the actual
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Fig. 3 Binding mode of the ligand GaMo3, (A), SiMos, (B) and PMo,, (C) docked into the binding site of a-glucosidase.

color of the skin. The browning of fruits and vegetables will
affect their sensory quality and shorten the shelf life of goods,
so effectively preventing food browning is an issue of great
concern to the food industry. The rate of enzymatic browning
mainly depends on the content of enzymes and phenols in the
tissues, which will react with each other to produce darker pig-
ments on the surface of fruits due to tissue damage.?® Both
excessive accumulation of melanin in the human body and
browning of fruits and vegetables involve a key enzyme,
tyrosinase.

Tyrosinase (EC1.14.18.1) is a kind of copper containing
multifunctional oxidase widely distributed in animals and
plants,*® which relies on copper ions to exert its physiological
activity.>* Also known as polyphenol oxidase (PPO), it is widely
found in animals, plants and microorganisms. It catalyzes
three reactions of melanin synthesis: tyrosine hydroxylation to
3pyr4-dihydroxyphenylalanine (DOPA), DOPA oxidation to

dopaquinone and 5. 6-Dihydroxyindole conversion to

4324 | Inorg. Chem. Front,, 2020, 7, 4320-4332

melanin.?> The formation of melanin is initiated by the oxi-
dation of i-tyrosine to dopaquinone (DQ) by the key enzyme
tyrosinase (TYR). The resulting quinone will be used as the
substrate for the synthesis of melanin. The formation of DQ is
a rate-limiting step in melanin synthesis, because other pro-
cesses of the reaction can take place spontaneously at the
physiological pH value.*® Therefore, although tyrosinase, tyro-
sinase-related protein-1 (TRP-1) and tryptophan-associated
protein-2 (TRP-2) play an important role in melanin syn-
thesis,*® tyrosinase is the only necessary enzyme for melanin
synthesis. Therefore, down-regulation of tyrosinase has
become the most important way to develop melanin synthesis
inhibitors. In fact, tyrosinase is the most studied target to
inhibit melanin production, and it has been widely used to
improve a series of skin problems caused by melanin depo-
sition in the pharmaceutical and cosmetic industry.>* There
are many ways to prevent enzymatic browning by controlling
melanin production. Generally speaking, enzymatic browning

This journal is © the Partner Organisations 2020
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Fig. 4 Inhibitory effect of five vanadium-substituted Dawson-type
polyoxometalates on a-glucosidase.

can be prevented by:*’ (a) selecting varieties with low PPO and/
or phenolic concentrations; (b) using appropriate processing
procedures, which can inhibit melanin synthesis without sig-
nificant impact on product safety. The former is regulated in
the field of molecular biology and biotechnology, while the
latter can be achieved by inhibiting PPO. The inhibition of
PPO can obviously be achieved by thermal inactivation, which
is usually irreversible, but inevitably leads to significant
sensory changes. Therefore, it is a good choice to look for
natural or synthetic tyrosinase inhibitors to inhibit tyrosinase
activity. There are few clinical studies on many tyrosinase
inhibitors. The most typical commercial tyrosinase inhibitors
are Kojic acid and arbutin, but they have potential toxicity to
cell and cause dermal sensitization at therapeutic concen-
trations.>® Because the extraction process from natural sub-
stances is complicated and the extraction rate is low, the syn-
thetic compounds are simple and fast to operate and the yield
is high. POMs have the characteristics of structural diversity,
adjustable charge variability, high stability, non-toxicity, non-
volatility and strong electron acceptance, it is possible for site
recognition, molecular recognition, molecular interaction and
so on. The study of POMs inhibition on the activity of various
enzymes has become a hot spot in the research of POMs pro-
perties and the development of safe, non-toxic and efficient
enzyme inhibitors in recent years. In our laboratory, we used
polyoxometalates as the main body to study the inhibitory
effect of polyoxometalates with different types and structures
on tyrosinase. Xing et al'® synthesized and characterized
Keggin type copper substituted phosphomolybdic acid
(Na;PMo0,,CuQ,,, referred to as PMo;;Cu). The inhibitory
effect of PMo;;Cu on tyrosinase and melanogenesis in
B16 melanoma cells was studied. The results showed that
PMo;,Cu had a strong inhibitory effect on tyrosinase activity
and was a reversible and competitive inhibitor. The ICs, value
was estimated to be 0.480 + 0.003 mM. PMo,,Cu inhibited cell
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viability, tyrosinase activity and melanogenesis of
B16 melanoma cells treated with 0-200 pM for 24 hours. Xing
et al.™® also synthesized Keggin-type iron-substituted phospho-
molybdic acid (NagPMoy;FeO,, abbreviated as PMo,;Fe) and
studied its inhibitory effect on tyrosinase. The results indi-
cated that the compound exhibits reversible and non-competi-
tive inhibition. The ICs, value was estimated to be 0.461 *
0.004 mM. Chen et al’” synthesized and characterized
a-NagSiWw,,C00,4, and studied the inhibitory effect of
a-NagSiw,;,Co0,4, on the activity of mushroom tyrosinase.
Then, they studied the effects of a-NagSiw,;;Co0O,, on the
browning of fresh-cut apples. The results showed that
a-NagSiW,;,Co0,4, had obvious inhibitory effect on tyrosinase.
Kinetic analysis showed that a-NagSiW,;,;Co0,4, was an irrevers-
ible competitive inhibitor. The ICs, value is approximately
0.239 mM. In addition, a-NagSiW;;C00,, could significantly
reduce the browning process of apple slices, inhibit the activity
of polyphenol oxidase (PPO), increase the activity of peroxi-
dase, and promote the production of phenolic compounds
and ascorbic acid. Xing et al.*® synthesized two polyoxometa-
lates containing glycine, (HGly);PW;,040 and (HGly),SiW,,0.,
and evaluated the effect of POMs on tyrosinase. They found
that both POMs can significantly inhibit tyrosinase, which are
reversible inhibitions. Their half-inhibition concentration
values were estimated to be 1.55 and 1.39 mM, respectively.
Hu et al.*® synthesized Dawson-type phosphotungstic polyoxo-
metalate ofp-KeP,W,506,-10H,O (abbreviated as P,W,z), and
studied the effect of P,W,3 on mushroom tyrosinase. It can act
as an irreversible inhibitor on tyrosinase. The ICs, value was
estimated to be 0.05 mM for monophenolase and 0.64 mM for
diphenolase. It was also found through experiments that the
compound can inhibit the growth of E. coli, Bacillus subtilis,
and yeast. In addition, there are many polyoxometalates avail-
able as potential tyrosinase inhibitors.

Our research group mainly studied phosphomolybdates
with two structures of Keggin and Dawson. Table 1 summar-
izes the relevant research results of the research group. In
addition, Breibeck et al*® studied the inhibitory effects of a
series of structurally related polyoxotungstates (POTs) of the
a-Keggin archetype on tyrosinase of twin mushrooms. They
further clarified the correlation between inhibition and
charge-related activity. The results showed that the inhibitory
ability of the complete structure of Kegging POTs is pro-
portional to its net charge. Many studies at home and abroad
have shown that POMs are expected to become important
targets in the treatment of skin pigment diseases, whitening
cosmetics and food preservation in the future.

Phosphatase

Phosphatase is a ubiquitous enzyme in nature, which catalyzes
the removal of phosphate groups from various substrates. This
dephosphorylation is particularly important for the regulation
of the carbohydrate metabolism in metabolic pathways such
as glycolysis and gluconeogenesis. Polyoxometalates inhibit a
variety of phosphate isozymes, including alkaline phospha-
tase, acid phosphatase, protein tyrosine phosphatase, glucose-
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Table 1 Inhibition effect of synthetic compounds on tyrosinase*!
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Inhibition constant

Compound Structure IC50 (mmol L) Inhibition type Inhibition mechanism  K; (mmolL™")  Kig (mmol L)
NagPMo;,FeOyq Keggin 0.461 Noncompetitive Reversible 0.47 0.47
Na;PMo,;CuQ,, Keggin 0.48 Competitive Reversible 0.0736
a-NagSiW;;C00,, Keggin 0.239 Competitive Irreversible 0.164

(HGly)3PW;,04, Keggin 1.55 Uncompetitive Reversible 2.17 0.046
(HGly)4SiW,1,040 Keggin 1.39 Noncompetitive Reversible 0.34 2.17
H;PW,,0,0 Keggin 1.57 Hybrid Reversible 0.59 0.43
H,SiW,,040 Keggin 2.31 Competitive Reversible 2.629

Na,PMo0,,VOy,, Keggin 0.522 Competitive Reversible 0.503
(HGly),PMo0;,VOy, Keggin 0.447 Competitive Irreversible 4.22
a-1,2,3-KeH[SiWoV30,] Keggin 0.6841 Hybrid Reversible 2.39
o/B-KeP,W,506,-10H,0 Dawson 0.64 Noncompetitive Irreversible 0.2167
Hg[P,M0;,C0o(OH,)O; | Dawson 0.434 Competitive Reversible 0.2204
Hjg[P>M0;,Ni(OH,)O4;4] Dawson 0.4665 Competitive Reversible 0.234

H;[P,M0,,VOg,] Dawson 0.409 Competitive Reversible 0.391

Hg[P,M0;6V,06,] Dawson 0.386 Competitive Reversible 0.249

Ho[P,M0;5V306,] Dawson 0.386 Competitive Reversible 0.1068
Hjg[P,M0,,Z1n(OH,)O4; | Dawson 0.3462 Competitive Reversible 0.0682
Hg[P,M0;,Cu(OH;)O4; | Dawson 0.3615 Competitive Reversible 0.0572
H,[P,Mo,,Fe(OH,)O4;] Dawson 0.3831 Competitive Reversible 0.212

He[P,M0;506,] Dawson 0.482 Competitive Reversible

Hjg[P,M0;,Cr(OH,)O4; | Dawson 0.503 Competitive Reversible 0.249

6-phosphatase and phosphoglycerol mutase."> Various studies
have shown that vanadium has significant effects on various
systems both in vivo and in vitro. The current studies are
mainly focused on decavanadate V;00,5°7(V10).*> Gomes-
Vieira et al®® analyzed the hyperalkaline phosphotyrosine
phosphatase activity (extracellular phosphatase) present on the
cell surface of Emerson Bacillus. It showed that in an acidic
environment, sodium orthovanadate strongly inhibits the
activity of extracellular phosphatase. Leishmaniasis is a
serious epidemic with 1.6 million cases reported annually. The
secreted acid phosphatase (SAP) of Leishmania has not been
paid enough attention as a potential drug target. Dorsey et al.
investigated the inhibitory effect of oxovanadium starting
material on sap in vitro under the condition of total vanadium,
and found that decavanadate is a better SAP inhibitor under
the experimental conditions.**
different degrees of inhibition on phosphatase.*®> Raza et a
synthesized seven kinds of polyoxotungstate and studied the
inhibitory activity of two main isozymes of alkaline phospha-
tase. All compounds showed inhibitory activity in the range of
nanomole concentration. Among them, Na;o[H,W;,0,,]
27H,0 had the strongest inhibitory effect on tissue-specific
alkaline phosphatase (K; = 313 + 7 nM), and the strongest
inhibitory effect on tissue nonspecific alkaline phosphatase
Nazs[H;PgW,450184]-92H,0 (A3) (K; = 135 + 10 nM). Chitosan
can be degraded by the human body, and carrier drugs with
chitosan help to play a role in a precise and controllable way.
Shah et al.*’ synthesized three different POMs and prepared
nano-assembly materials with chitosan (CTS). Two alkaline
phosphatase isozymes, tissue-specific calf small intestinal
alkaline phosphatase (CIAP) and tissue non-specific alkaline
phosphatase (TNAP), were used to detect the compounds. The
results showed that compound [TeWq0,4]° (TeW,) had the

Some POMs also showed
1'46
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highest anti-TNAP activity (K; = 45.4 + 11.3 nM), chitosan-
[TeW0,4]°(CTS-TeWs) had a strong inhibitory effect on CIAP
(K; = 22 + 7 nM).

Extracellular nucleotidase

Extracellular nucleotidase is a glycoprotein bound or secreted
by cell membrane, which plays an important role in regulating
purine signal by participating in the hydrolysis of extracellular
nucleotides.*® Extracellular nucleotidase is a membrane-
binding enzyme family, which mainly includes four different
families: extracellular nucleoside triphosphate diphosphate
hydrolase (NTPDases), extracellular nucleotide pyrophospha-
tase/phosphodiesterase (NPPs), alkaline phosphatase (APs)
and extracellular 50-nucleotidase (EN).*° Inhibition of these
enzymes may increase the immune response and help fight
cancer, autoimmune diseases, and bacterial and viral infec-
tions.”” Lee et al.*’ evaluated the inhibitory effect of a series of
polyoxometalates on various extracellular nucleotidases.
[Co4(H,0),(PWo034),]""” is the most effective inhibitor against
human PSB reported so far (K; = 3.88 nM). POM compounds in
other studies selectively inhibit human NPP1, [TiW;;Co0,0]*~
and [NaSboW,;0g6]'®”, which are the most effective and selec-
tive human NPP1 inhibitors reported so far. [NaPsW300110]™*~
has a strong inhibitory effect on NTPDase1-3 and NPP1, and
can be used as a PAN inhibitor to block the hydrolysis of ATP.
Polyoxy anion compounds showed a non-competitive inhi-
bition mechanism on NPPs and EN. Miiller et al.>® found that
polyoxotungstates are an effective inhibitor of NTPDases1, 2
and 3, among which K¢H,[TiW,;C00,4] is the most effective
compound with K; values of 0.140 pM(NTPDasel), 0.910 pM
(NTPDase2) and 0.563 pM(NTPDase3), respectively. One of the
compounds (NH,);g[NaSboW,,0gs] is more selective to
NTPDases2 and 3 than NTPDase1. Inhibition of NTPDase may
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help to describe the biological effects of polyoxometalates,
including their anticancer activity. ARL67156 is the best
NTPDase inhibitor available at present, but its therapeutic
effect is still not satisfactory. Wall et al.”' tested the effective-
ness and physiological effects of polyoxotungstate
(Nag[H,W;,040], POM-1) in cerebellum and hippocampal
slices and found that POM-1 is a new type of NTPDase inhibi-
tor with good inhibitory effect on recombinant NTPDasel, 2
and 3. Using malachite green phosphate test, high perform-
ance liquid chromatography and biosensor measurements, we
found that POM-1 was more effective than ARL67156 in pre-
venting the decomposition of adenosine triphosphate in cer-
ebellar slices. The inhibitory effect of POM-1 occurs in the first
step of the cascade reaction (the conversion of ATP to ADP),
and POM-1 seems to be reversible. The increase of paired
pulse ratio and the decrease of presynaptic intercept amplitude
suggest that there is a presynaptic component in the action of
POM-1, which reduces the release of glutamate. Therefore,
although POM-1 is more effective than APL67156 in preventing
ATP decomposition, its effectiveness is limited by the non-
target role of synaptic transmission.

Sialic acid/sulfonyltransferase

The sugar chains on the cell surface are widely modified by
sulfonyl and salivary acyltransferases. The enzyme plays an
important role in microbial infections and diseases including
cancer. Microbes usually use specific sialylated/sulfated poly-
saccharides on the cell surface as the initial step of infection.
Therefore, sialic acid/sulfonyltransferase inhibitors may be
drugs for the treatment of such infections and diseases. Seko
et al.>® found that polyoxometalates can inhibit the activities
of p-galactoside a-2meme 3-sialyltransferase1(ST3Gal-1) and
3-galactose-O-sulfonyltransferase-2(Gal3ST-2). Some polytung-
states can inhibit the activity of ST3Gal-1 at sub-nanomole con-
centrations. A polytungstate with stronger inhibition effect
is  K¢[HpSiNiW,;040]-13H,0(POMS6), K;,[Cus(PWo03,),]-xH,0
(POM13) and Ks[SiVW,,0,40]-xH,O(POM14). Its semi-inhibitory
concentration (ICs,) is 0.2 nmol L™, and the inhibition type
is non-competitive. Ks;[HgKV;3051(MePO3);]-16H,0(POM15),
K10[H2V15042(H0)]-16H,O(POM16) and Na;,H,[H,V;5044(N3)]-
30H,0(POM18) had a strong inhibitory effect on galactose-3
sulfonyltransferase (Gal3ST-2), and the ICs, value was about
3 nM. In addition, other polyvanadates can also inhibit the
activity of ST3Gal-1 and Gal3ST-2 at the nanomole concen-
tration. The steady-state kinetic study of KoH;[(GeTizWo035),03]-
16H,0(PM-504) by Yamase et al>® shows that the POMs
have a non-competitive inhibitory effect on ST3Gal-1, and
KoH5[(GeTizWo035),05]-16H,0 may interact with multiple
binding sites of ST3Gal-1. ST3Gal-1 has minimal ICs, values for
K;[PTi,W16040}6H,0, Ks[SiVW11040]7H,0, [ENH,J[PTiW100s0)
4H,0, [Pr'NH;]¢H[PTi,W;0034(0,),]-H,O and K;,H[(VO)s-
(SbWy033),]-27H,0, which are 0.4, 0.2, 0.3, 0.6 and 0.4 nm,
respectively. These values are 3 orders of magnitude smaller
than those of Gal3ST-2 (40, 50, 20, 100 and 60 nm, respect-
ively). On the other hand, spherical polyvanadate inhibited the
activities of the two enzymes at the same nanomole concen-
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tration. The inhibitory effect of POMs on sialic acid/sulfonyl-
transferase activity in vitro is at least 100 to 1000 times stronger
than that of any other known inhibitors. The inhibitory effect
of KoHj; [(GeTizW4035),03]-16H,0 on mutant ST3Gal-1 enzyme
shows that PM-504 inhibits the adsorption of enveloped RNA
virus on host cells because KoH; [(GeTizWq035),05]-16H,0 has
a strong interaction not only with 335Arg residues at the end
of ST3Gal-1C, but also with other basic amino acid residues. It
can be seen that POMs are new inhibitors of specific sialic
acid/sulfonyltransferase.

Histone deacetylase

Histone deacetylase is composed of 18 gene families, which
can be divided into I-IV class according to its homology with
homologous genes in Saccharomyces cerevisiae. Class 1, 1I and
IV are composed of 11 family members, which are called “clas-
sical” histone deacetylase (HDAC). Classical HDAC is a promis-
ing target for new anticancer drugs.’>* Studies have shown that
abnormal aggregation and expression changes of histone dea-
cetylase are the causes of tumor suppressor genes leading to
malignant tumors. HDAC inhibitors can inhibit the growth of
tumor cells and lead to transcriptional changes in genes that
regulate the biological process of tumor proliferation. Cyclin
dependent kinase inhibitor 1A (CDKN1A,p21). P21 is a well-
characterized tumor suppressor, which negatively regulates
cell cycle by inhibiting the activity of the cyclin/Cdk2 complex
and blocks DNA replication by binding to proliferating cell
nuclear antigen (PCNA). A large number of studies have shown
that the ability of HDACIs to activate the p21 promoter and
increase p21 protein level is related to the enhancement of
histone H3 and H4 acetylation near the gene promoter. Dong
et al.'' used the cell screening system of the p21 gene promo-
ter to screen five new positive histone deacetylase inhibitors
(HDACIs), from the polyoxometalates (POMs) library. Three
different types of germanium tungstate (PAC-304, PAC-334 and
PAC-320) and one phosphotungstate Dawson type (PAC-128)
were used to inhibit tumor growth in several tumor cell lines
(A549, SW620, HepG2, MM-231, MGC-803). Among them, the
novel ternary organic substituted tin germanium tungstate
PAC-320 showed significant extracellular inhibitory activity.
PAC-320 has a strong inhibitory effect on intracellular HDAC
activity. More significantly, PAC-320 inhibited the growth of
many kinds of cancer cells and showed significant anticancer
effect in the mouse model of hepatoma H22 cells. PAC-320 is
not only a strong HDAC inhibitor, but also has good anti-
tumor activity (IC50 value for HepG2 is 19.2 pg ml™") and low
cytotoxicity (IC50 value is 42.8 pg ml ™).

Cholinesterase

Cholinesterase (ChE) is an important therapeutic target for
Alzheimer’s disease (AD). Acetylcholinesterase (AChE;
E.C.3.1.1.7) is a key inactivating agent of acetylcholine(Ach)
released by neurons, but butyrylcholinesterase (BuChE;
E.C.3.1.1.8) can also cleave ACh, mainly from glial cells, which
plays an important role in the pathological process of AD.
Currently, the drugs that can be used for AD are mainly cholin-
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esterase inhibitors.>> However, the therapeutic effect of these
clinical inhibitors is not satisfactory, and only has a certain
effect on mild to moderate Alzheimer’s disease, so scientists
began to look for alternatives of cholinesterase inhibitors with
better efficacy and less toxicity. Long-term cell culture analysis,
in vitro enzyme activity and molecular model studies of POMs
show that POMs have good biological activity against
Alzheimer’s disease.”® Igbal et al.®” found that some polyoxo-
tungstates can be used as effective inhibitors of acetylcholin-
esterase and butyrylcholinesterase, among which compounds

Table 2 Inhibition of synthetic compounds on different enzymes
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[HyW1,04,]"° and [TeW0,4]°" have the best inhibitory effect
on acetylcholinesterase activity, showing ICs, values of 0.29 +
0.01 pmol L™ and 0.31 + 0.01 pmol L' respectively, while
compound [(O3;PCH,PO;);W;,036]'®” is an effective selective
inhibitor of butyrylcholinesterase. Its ICs, value is 0.18 =
0.05 pmol L™'. Colovi¢ et al.°® evaluated the toxicity of two
Keggin heteropoly salts K;[Ti,PW;,0,0]-6H,0 and K¢H
[SiV3W40,0]-3H,0 with different inhibitory effects on acetyl-
cholinesterase activity (ICso = 1.04 x 10~° and 4.80 x 10~* mol
L7, respectively). The results showed that the toxicity of the

Enzyme

Active POMs

Ref.

a-Glucosidase

Tyrosinase

Phosphatase (IAP, CIAP, TANP)

Extracellular nucleotidase (NTPasel, 2, 3)

Sialic acid/sulfonyltransferase

Histone deacetylase

Cholinesterase (acetylcholinesterase butyrylcholinesterase)

Nuclease/polymerase
Kinase (protein-kinase CK2)
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He(P2M015065)

H;[P,Mo,;Fe(OH,)O06;]
Hg[P,M0,,C0(OH,)O4; |
Hg[P,Mo,,Ni(OH,)O4;]

(NH,)14[Na@P5W3,0110)-31H,0{NaPs W}
K;4[AZ@P5W 3001 10]-22H,0-6KCHAZPW 5,

H;GaMo0,,0,,
Na,PMo0,:NiOy,
NagPMo,,FeO,q
H;[P,M0,7VOs;]
NagPMo,,FeO,q
Na,PMo,,CuOy
®-NagSiW,,;Co0,,
(HGly)sPW 1,040
(HGly)4SiW,,040
H3PW;,040
Hg[P,Mo0;,C0o(OH,)O; |
Hg[P,M04505;]
Hg[P,M0,,Cr(OH,)O4;|
(NH,),4[NaPsW;00,,]-31H,0
Chitosan-[NaPsW300110]"*~
Nag[V100,5]-18H,0
Chitosan-[V;40,4]%~
Nag[TeW0,,]-22H,0
Chitosan-[TeW0,4]°~
Nag[HyW1,0,0]

H; [PW12040]'H20
K;[Ti;W10PO40]
KeH,[TiW,;C00,0]-13H,0

K10[C04(H,0),5(PW4034),]-22H,0

(NH4)18[NaSb9W21086]
[NH,Pri]s[M0,0,,]-3H,0
Nay[M0gO,6(L-Lys),]-8H,0
[NMe4]4[H%5M015052] -12H,0
KoH;[(GeTizWo035),0;]-6H,0
[iPrNH;],[PTi;W100.40] xH,0
Ke[H,SiNiW,;0,40]-13H,0

K11 H[(VO)5(SbW¢O33),]-27H,0

[PriNH;]|¢H[PTi,W;(034(0,),]-H,0

K¢[P,W1506,]-15H,0

KgNay4[Co4(H,0),(GeWo034),]-25H,0 *°
K,4C0,(H50)15[C04(H,0)5(GeWo034),C05(H,0)10] 17H,0
Hy,K;0[(GeO;)(OH)(GeWo Ti;054)3]- 18H,0

Ke.5H, 5[(BuSN);P,W15050]-15H,0
[{(-Bu)Sn(OH)}3GeW¢03,4]4-26H,0

Nag[H,;W1,040]

Nayg [PW15070]

Na4o[P sW4501 84]

Na; [(03POPO;),W15036]
Na6[(0;PCH,PO;),W1,0;6]
Nao[HyW1,0,,]
Nag[TeW0,,]
[NbO10{Pt(OH),}],
K¢[P2M0,506;]

18

22

55

50

52

11

57

62
64
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two polyoxotungstate with anti-acetylcholinesterase activity
was mild. In the latest research, Bondzi¢>® discovered a new
acetylcholinesterase allosteric site responsible for binding
voluminous negatively charged molecules, which are called the
pB-allosteric site(f-AS). It has been shown that two inhibitors,
12-tungstosilicic acid (WSiA) and 12-tungstophosphoric acid
(WPA) with a polyoxometalate (POM) type structure, can
inhibit AChE activity at nM concentration. These studies make
it possible to design and screen more POM compounds as
drugs for the treatment of Alzheimer’s disease.

Nuclease/polymerase

Nuclease can hydrolyze polynucleotides (RNA, DNA), while
polymerase can catalyze the synthesis of polynucleotides.
In vitro experiments, it has been found that POMs can inhibit
not only nuclease but also nucleic acid polymerase, especially
the inhibitory effect of POMs on human immunodeficiency
virus reverse transcriptase (HIV-RT), which has been widely
studied.®® HIV-RT is a typical RNA-dependent viral DNA poly-
merase. Many POMs show good potency at micromoles or even
lower concentrations. However, Inouye et al.°' did not find the
correlation between HIV-RT and anti-HIV activity, which may
be due to the fact that POMS is not easy to reach intracellular
targets such as DNA polymerase. Therefore, the antiviral effect
of POMS is likely to be a different mechanism. In addition,
other POMs have an effect on the activity of DNA polymerase,
but are not inhibitors of DNA polymerase. For example,
Yudkina et al®® found that platinum polyoxoniobate
([NbgO;4{Pt(OH),}],) did not act as an inhibitor of DNA poly-
merases, but can form adducts with DNA.

Kinase

Different kinases, including hexokinase, phosphofructokinase
and protein kinase CK2, have been found to be inhibited by a
variety of polyoxometalates. Donald et al.®® found that trimer
and tetramer vanadate could not affect kinase activity in all
cases. However, perovanadate prepared under the condition of
PH 4 could inhibit hexokinase and fructose phosphokinase,
and seemed to be non-competitive inhibitors of two hexo-
kinase substrates. Renaud et al. verified the inhibitory effect of
POMs on protein kinase CK2 with a large amount of data, in
which K¢[P2MO0,506,], Na;;[(P,W;50s56)2Co4(H,0)(OH)],
K,sLisH,[PgW,50154]-92H,0 had a better inhibitory effect,
reducing the residual activity of 70 nM protein kinase CK2 to
<5%, 7%, 0.3% and 8%, respectively. The specific spectral ana-
lysis of [P,M0;30¢,]°” showed that the POM could inhibit not
only protein kinase CK2, but also 28 kinases such as Abl,
Bmx, c-RAF. [P,Mo0,30¢,]°” has strong activity. It inhibits
kinases in the nanomole range by targeting key structural
elements outside the ATP and peptide binding sites.
Polyoxometalate derivatives have a strong inhibitory effect, and
the ICs, value is 10 nm. Therefore, polyoxometalates are
effective CK2 inhibitors with high efficiency and selectivity,
and represent non-classical kinase inhibitors that interact with
CK2 in a unique way. Protein kinase CK2 is an unfavorable
forward marker in several cancers, so it has become a related
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therapeutic target. Renaud et al. have identified that polyoxo-
metalates can be used as primitive CK2 inhibitors for key
structural elements located outside the active site. Because the
interface of the CK2 subunit represents an exosome different
from the catalytic cavity, it can be targeted by peptides or
small molecules to achieve a functional effect.®*

Summary and prospect

Polyoxometalates are very unique compounds, and almost any
other element can be incorporated into the frame structure of
POMs. Therefore, the great diversity of the structure and pro-
perties of polyoxometalates makes them a widely used material
in catalytic chemistry, materials science, equipment and bio-
medical fields. In particular, the application in the biomedical
field has aroused great interest among scientists, because com-
pared with the common organic drugs at present, POMs have
great potential as inorganic drugs, especially POMs containing
transition metals tungsten, molybdenum and vanadium show
good biological activities in vivo and in vitro, including anti-
cancer, antibacterial, antiviral, anti-diabetes and so on. These
biological activities are more or less related to the inhibition of
POMs on enzymes, and various POMs have also been found to
have good enzyme inhibitory effect (Table 2). However, some
polyoxometalates and their derivatives also show good anti-
cancer and anti-viral properties by inducing apoptosis and
inhibit ATP production. For example, She et al.®® used a cleava-
ble organic imino to modify hexamolybdic acid to obtain a
degradable derivative. The derivative showed good pharmaco-
dynamic effects on human malignant glioma cells, and the
degradability of the derivative reduced cytotoxicity. Gu et al.®®
synthesized two novel polyoxyvanadate-iododiborate supra-
molecular assemblies, named (2I-BDP-C¢),V and (2I-BDP-Cg)3V .
Compared with decavanadate, (2I-BDP-C¢);V,, has a higher
lethality to lung cancer cells (HepG2). The study of its mode of
action will require interdisciplinary cooperation from experts
from different backgrounds, such as chemists, pharmacists,
crystallographers, physicists, biochemists and doctors. The
future research direction is mainly focused on the modifi-
cation of POMs to enhance their biological targeting and
improve the recognition process of POMs to target bio-
molecules, so as to develop new compounds with better chemi-
cal stability and metabolic stability.
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