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Herein we provides an overview of the various research approaches we have explored in recent years to improve
metal-based agents for cancer or infection treatments. Although cisplatin, carboplatin, and oxaliplatin remain the
cornerstones in tumor chemotherapy, the discovery and approval of novel inorganic anticancer drugs is a very slow
process. Analogously, although a few promising inorganic drugs have found clinical application against parasitic or
bacterial infections, their use remains relatively limited. Moreover, the discovery process is often affected by small
therapeutic enhancements that are not attractive for the pharmaceutical industry. However, the availability of
increasing mechanistic information for the modes of action of established inorganic drugs is fueling the exploration
of various approaches for developing effective inorganic chemotherapy agents. Through a series of examples,
some from our own research experience, we focus our attention on a number of promising strategies, including (1)
drug repurposing, (2) the simple modification of the chemical structures of approved metal-based drugs, (3) testing
novel drug combinations, and (4) newly synthesized complexes coupling different anticancer drugs. Accordingly,
we aim to suggest and summarize a series of reliable approaches that are exploitable for the development of

improved and innovative treatments.

metal-based drugs cancer drug development inorganic chemistry drug repurposing

antibacterial agents bioinorganic chemistry

| A general Consideration

A relevant aspect for the development of novel chemotherapeutics to improve the currently used clinical protocols
is to adopt reliable strategies that, in principle, could ensure a cheap and less time-consuming path toward
advanced preclinical evaluations and clinical trials. In this view, on the basis of selected examples, we address four

strategies we have pursued in recent years with the aim of improving metal-based chemotherapeutic treatments.

| 1. Drug Repurposing

So-called “drug repurposing” refers to a general approach in which an approved drug is tested for a different
therapeutic purpose. This approach has advantages for the evaluation of a drug for which the key information is
already available. This information includes the systemic and acute toxicity, the pharmacokinetic and bioavailability
profiles, and other factors, such as the side effects and the chance of combination with other drugs . As a
consequence, it is possible to significantly reduce the cost and the time necessary for preclinical screening. The

growing attention for this strategy is strictly dependent on the possibility to obtain precise mechanistic insights for
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the repurposed drug. Indeed, it is on the basis of this information that a selected drug can be repositioned for a

novel indication.
The Case of Auranofin

Auranofin, namely, [2,3,4,6-tetra-o-acetyl-L-thio-3-D-glycol-pyranoses-S-(triethyl-phosphine)-gold(l)], is a simple

gold(l) compound, orally administered as an antirheumatic agent whose brand name is Ridaura® (Figure 1).
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Figure 1. Chemical structure of auranofin [2,3,4,6-tetra-o-acetyl-L-thio-B-D-glycol-pyranoses-S-(triethyl-

phosphine)-gold(l)].

Auranofin was approved in 1985 and is reputed to be relatively safe and well-tolerated [2. Its mode of action is not
fully understood, but it possesses anti-inflammatory properties and a high affinity to the specific biological target-
bearing solvent-accessible sulfur or selenium residues BI4BEIE |n particular, it is a strong inhibitor of the TrxR
system . This inhibition likely occurs through selective coordination of the gold(l) center at the level of the —Cys-
Sec— redox-active motif of the enzyme BIEIRILA pye to these features, it has been recently repurposed as an

antiviral, antiparasitic, antibacterial, and anticancer agent [,

In recent decades, the discovery rate of novel antibiotics has slowed and the overall number of newly approved
molecules has been low. As a result, in addition to the severe problem of the emergence of bacterial strains with
multidrug-resistant (MDR) and extensively drug-resistant (XDR) phenotypes, the need for improved and readily

available drugs is a critical issue in order to fight this global threat 111,

The antibacterial properties of gold have been known for centuries 22, and between the 19th and 20th centuries,
its dicyanide complex, K[Au(CN),], was studied by the Nobel laureate Robert Koch for the treatment of tubercle
bacillus infections. In subsequent years, he performed studies aiming to assess the antibacterial properties of gold
and the possibility of application against several pathogens 3. More recently, the use of auranofin has been

extensively reconsidered in view of its possible repurposing as an antibacterial agent 141,

In 2013, we began to test and evaluate this drug against various strains, both Gram-positive and Gram-negative. In

an early study, we evaluated auranofin against two reference strains, i.e., E. coli ATCC 25922 and S. aureus ATCC
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25923, being representative of Gram-negative and Gram-positive strains, respectively [12l. The obtained results
showed that auranofin possesses potent concentration-dependent antibacterial activity against staphylococcus,
providing the opportunity for further testing against, in particular, severe bacterial infections due to resistant
staphylococci. In the same study, we noted that auranofin was far less effective, or ineffective, in the case of the
Gram-negative strain [12l. Because the reduced activity in the case of the Gram-negative model is likely the result
of a reduced internalization of the complex L8718l we carried out a second and more detailed study in which
auranofin and a panel of its analogs bearing different ligands in place of thiosugar or silver in place of gold,
respectively, were comparatively tested against clinical isolates including major Gram-positive, Gram-negative and
other pathogens, such as fungal pathogens showing relevant resistance phenotypes 2. Additionally, to gather
precise information about the mechanisms responsible for the reduced activity against the Gram-negative isolates,
we performed experiments using auranofin and the other complexes in the presence of a permeabilizing agent, i.e.,
polymyxin B nonapeptide. Based on the overall integration of the obtained results, it was noted that auranofin
possesses good stability in physiological-like conditions and the presence of thiosugar is not mandatory for the
pharmacological effects, confirming the previous finding that the real pharmacophore is the cationic fragment
[Au(PEt3)]". Moreover, according to findings from other groups, we were able to confirm that the lower effect in the

Gram-negative strains was likely related to a decreased drug uptake 121,

An important paper by Jackson-Rosario and Self, published in 2009, reported that the antimicrobial action of
auranofin against Treponema denticola is likely mediated by the inhibition of selenium metabolism, which is crucial
for the synthesis of selenoproteins [29. Basically, the high affinity of gold for selenium makes auranofin highly
reactive toward this element. In turn, this reactivity subtracts the selenium available to the bacteria for the synthesis

of key proteins with consequent inhibition of bacterial growth.

Beyond its recognized activity for the treatment of bacterial infections, auranofin entered phase Il clinical trials
(ClinicalTrials.gov Identifier: NCT02736968) for Giardia Protozoa (giardiasis) infection, whose treatment primarily
relies on the use of 5-nitro imidazole antimicrobials such as metronidazole. However, even in this case resistance
is a critical issue. Importantly, according to preclinical studies, auranofin is not only active against this pathogen,

but it is also capable of overcoming resistance and is particularly active in metronidazole-resistant strains 211,

Auranofin has also been investigated for the treatment of HIV infections. In preclinical models, it was able to
interfere with several phases of the viral cycle. The high susceptibly to auranofin of various subsets of cells
involved in both HIV production and persistence has been demonstrated. Overall, auranofin strongly perturbs,
through its pro-apoptotic effects, the activation and differentiation stages of CD4+ T lymphocytes, whose role is
strictly connected to the viral production, latency, and viral reactivation 22, Consequently, two clinical trials
involving auranofin for HIV treatment have begun (ClinicalTrials.gov, Identifiers: NCT02961829 and
NCT02176135). Furthermore, the antiviral activity of auranofin prompted us to suggest its evaluation for the
treatment of COVID-19 infections within the wide drug repositioning program that was initiated to find effective

drugs to counter the rapid spread of the pandemic [23124],

[25][26][27][28][29]
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Another field in which gold compounds, and more precisely auranofin, are being repurposed with remarkable
results is that of anticancer chemotherapy Indeed, auranofin entered at least seven clinical trials as an anticancer
drug for the treatment of ovarian, lung, glioblastoma, and chronic lymphocytic leukemia (ClinicalTrials.gov
Identifiers: NCTO01747798; NCT02126527; NCT03456700; NCT01737502; NCT02063698; NCT01419691;
NCT02770378). Recently, we investigated the in vitro activity of auranofin in a panel of four colorectal cancer cell
lines, namely, HCT8, HCT116, HT29, and Caco2. The compound was comparatively tested for its effects in the

normal cell lines HDFa (human dermal fibroblast, adult) and HEK293 (human embryonic kidney)

[9]
. Results revealed that auranofin exerts a potent cytotoxic effect against these cell lines, reducing the I1Cs, values

to the sub-micromolar range; in contrast, no cytotoxic effects were found in the normal cell lines, highlighting the
selectivity for cancer cells. Overall, these results may warrant the assessment of auranofin in clinical trials for

colorectal cancer.

Next, using high-resolution mass spectrometry, ethidium bromide displacement, and viscosity experiments, it was
possible to demonstrate that the compound does not react toward single or double-stranded DNA models,
strengthening the evidence that the targets for its anticancer action are likely non-genomic. This concept was
further confirmed by inhibition experiments of TrxR. This enzyme is important for the maintenance of the redox
balance of cells. Indeed, the impairment of the TrxR system may result in the loss of the redox homeostasis, which
in turn may lead to oxidative stress and apoptosis 2. Results from the in vitro screening highlighted a good
correlation between the ICsy values for the anticancer activity of auranofin in the colorectal cancer cells and the
ICgo for TrxR inhibition. This latter evidence can be explained based on the interaction between the [Au(PEt3)]*
cation and the TrxR redox-active site. This reaction pattern is in perfect agreement with those reported in the case

of auranofin interaction towards other thiol-owning proteins and peptides I3,

2. Simple Modification of the Chemical Structures of
Approved Metal-Based Drugs

The examination of the chemical structures of second—and third—generation approved anticancer platinum drugs,
e.g., carboplatin and oxaliplatin, quickly indicates that these important complexes have been substantially

developed as cisplatin-like drugs; that is, they are cisplatin analogs (Eigure 2) 29,
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Figure 2. Chemical structures of (from the left) cisplatin, carboplatin, and oxaliplatin.
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It thus appears that the strategy of modifying the structure of approved metal-based drugs is effective, and may be
extremely helpful in the design and development of improved drugs. Replacing the ligands at the metal center not
only may affect the cytotoxic potency, but also could modulate the side effects, increasing the tolerance to the new

drug.

It is known that cisplatin and its analogs are prodrugs that exert their anticancer activity only after the activation
step that involves the release of the labile ligand, which is chloride, cyclobutanedicarboxylate, or oxalate for
cisplatin, carboplatin, or oxaliplatin, respectively [27. Consequently, structural modifications could affect the kinetics
of the release of the labile ligand and thus the activation process itself 28, In this framework, the structural diversity
of carboplatin and oxaliplatin results in a toxicity level that is lower than that of cisplatin, and particularly nephron-
and ototoxicity 1132,

Despite the similar structure of these three anticancer agents, the case of oxaliplatin is interesting. In 2017, Lippard
and coworkers reported an innovative mode of action. In particular, at variance with cisplatin and carboplatin, which
trigger apoptosis as a response to DNA coordination and damage, oxaliplatin does not induce cell death in

response to its binding on DNA, but rather through the induction of ribosome biogenesis stress 331,

The approach of limited structural modifications of an already approved drug offers an additional advantage from a
synthetic perspective (i.e., the synthesis is likely already optimized or its optimization is inherently easier), and this

may increase the appeal for pharma companies in view of advanced preclinical evaluation.

For example, our research group prepared three oxaliplatin derivatives via the replacement of the oxalate anion
with simple halides. These compounds showed interesting differences in their pharmacological behavior. More
precisely, all of the compounds exhibited notable cytotoxicity, but their pro-apoptotic effects in some cases were
found to be higher with respect to oxaliplatin itself 24351 Since the approval of cisplatin, thousands of analogs
bearing different ligands or metal centers have been developed. Accordingly, it is impossible to summarize in this
review all of the metal-based compounds that show pharmacological activity 28]; therefore, we propose here two

relevant examples from our research experience that were selected as promising antineoplastic agents.

The Case of Cis-Ptl;(NH3), and Au(PEt3)l

cis-Ptl,(NH3),, namely diamminediiodidoplatinum(ll), is the iodide analog of cisplatin bearing two iodide ligands in

place of chloride (Figure 3).

H3N |
o
H3N |
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Figure 3. Chemical structure of cis-Ptl,(NH3)s.

This complex is a key intermediate in the synthesis of cisplatin following the method of Dhara B2, This synthetic
approach exploits the strong trans influence of iodide (i.e., the ability of iodide to drive substitution trans to itself) to
selectively and quantitatively afford the cis isomer 2738l The latter, when treated with two equivalents of AgNO4

and an excess of NaCl, allows cisplatin to be obtained 2,

Recently, we carried out a detailed study of this complex to assess whether pre-existing claims of inactivity as an
anticancer drug—mainly based on preliminary studies carried out on in vivo sarcoma models—were reliable 8. To
our surprise, we found that this complex is not only effective in overcoming cisplatin resistance in a panel of
representative cancer cell lines, but is also characterized by an unconventional reactivity toward model proteins

compared with cisplatin 49,

When cis-Ptl,(NH3), is reacted with hen egg-white lysozyme (HEWL)—a protein that is extensively used as a
model to study the reactivity of several medicinal metal complexes because it is suitable for both mass
spectrometry studies and X-ray crystallography “1#2__in contrast to cisplatin, which reacts in a classical fashion
by releasing the chloride ligands, cis-Ptlo(NH3), also coordinates the proteins at the level of His15, but through the
release of ammonia ligands #9. Similar behavior was also found upon reactivity with cytochrome c. Computational
details confirmed that, in contrast with cisplatin, the activation barriers for the release of the halide ligands in cis-
Ptl,(NH3), are lower. In turn, this could be due to the strong trans influence of iodide in comparison with chloride
431 Conversely, cis-Ptl,(NH3),, reacts similarly to cisplatin when incubated with single- or double-stranded DNA
models, but the metalation of DNA is less efficient in the case of cis-Ptl,(NH3), than that of cisplatin 8441 The
unconventional reactivity of cis-Ptlo(NH3), toward the model proteins with respect to cisplatin prompted us to
extensively evaluate the anticancer properties of this iodide analog. Unexpectedly, we found that, in contrast with
the previous reports on the substantial inactivity of this molecule, its cytotoxic activity was not only comparable to
that of cisplatin in vitro, but in the case of colorectal cancer line HCT-116 resistant to cisplatin, cis-Ptlo(NHz), was
capable of overcoming the platinum resistance. The higher cytotoxic potency in this cell line was not directly linked
with an augmented cell uptake, despite the fact that cis-Ptl,(NH3), is more lipophilic than cisplatin B8 It is
important to consider that these differences may be the result of a different recognition process for the two
complexes. Thus, the replacement of chloride with iodide could determine a different mode of action, eventually

resulting in the enhanced cytotoxic activity of the iodide analog toward resistant cancer cell lines.

Au(PEt3)l is the iodide analogue of auranofin in which the thiosugar moiety is replaced by an iodide ligand (EFigure
4).

https://encyclopedia.pub/entry/9523 6/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

I—Au—P\J

Figure 4. Chemical structure of Au(PEt3)l.

In a manner similar to that of the iodide-replaced analog of cisplatin, the effect of the replacement of the thiosugar
moiety of auranofin with different halide ligands was recently investigated. Subsequently, a comparative study of
the manner in which this structural modification affects the overall biochemical and anticancer profile was carried
out B3l Among the various analogs tested and evaluated, it was found that Au(PEtz)l was the most promising,

due to its improved anticancer properties.

The first explanation of the improved anticancer potency of Au(PEtz)l compared to auranofin could be linked to the
higher lipophilic character of Au(PEt3)l. This has a LogP value of 4.6, whereas the value for auranofin is
significantly lower (LogP = 1.6). This interpretation is consistent with a pilot comparative in vivo study of the gold
biodistribution in mice. From this study, it was found that Au(PEt3)l possess generally higher accumulation than
auranofin, both in organs and peripheral blood B4l In addition, the replacement of the thiosugar ligand with the
iodide, at least in principle, should not impair the pharmacological activity because the cationic pharmacophore
fragment [Au(PEt3)]* remains unaltered. Experiments on a panel of colorectal cancer cell lines (HCT8, HCT116,
HT29, and Caco2) or on a representative ovarian line (A2780) indirectly confirmed that the maintained cytotoxicity
of Au(PEtg)! is comparable to that of auranofin in vitro (sub-uM range) 423l |n addition, in analogy with auranofin,
the potency in inhibiting the TrxR enzyme is in good agreement with the 1Csq values in the cell lines, indirectly

supporting the TrxR system as a likely target for the anticancer action of Au(PEt3)I.

Further interesting results for the anticancer potency of Au(PEtz)l were obtained in two in vivo ovarian cancer
models, i.e., xenograft subcutaneous and orthotopic models. However, prior to performing experiments on the
anticancer activity in mice, tolerability studies were carried out to assess the in vivo safety of Au(PEt3)l. The
complexes were well tolerated at two different doses (20 and 40 mg/kg). In a subsequent preliminary study, the
biodistribution of the drug was also investigated in comparison with auranofin, highlighting a higher accumulation of
the iodide analog both in organs and blood 2.

When both A2780 xenografted or orthotopic mouse models were treated with a dose of 15 mg/kg (three times per
week for 2 weeks), the potent anticancer activity of Au(PEt3)l was unambiguously confirmed. This anticancer
potency was even higher than that exerted by auranofin. Indeed, Au(PEt3)l was extremely effective after a small

number of doses (less than 1 week of treatment) and capable of inducing almost complete cancer remission (see
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Eigure 5) 43, These features strongly warrant further preclinical and clinical studies of this promising auranofin

analog.
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Figure 5. The orthotopic model was established by injection of 1 x 108 A2780-luc cells in the ovary bursa of nude
mice. Left Panel (upper corner): Levels of ROI after 1 week of treatment; data are reported as the mean of each
group (n = 10 animals/group) £ SD (** p < 0.01); (bottom) volume of tumor masses (mean * SD) at sacrifice after 3
weeks from injection of A2780-luc cells (control group, n = 8; AF, n = 5; Au(PEtg)l, n = 5). * p < 0.05, ** p < 0.01.
Adapted from ref. 43, Right panel Representative pseudocolor BLI images tracking A2780-luc cell emission in mice
at increasing time intervals after A2780-luc injection. Color from blue (lower) to red (higher). The light intensity

levels are reported as counts per minute (cpm). Adapted from ref. [42],

| 3. Testing Novel Drug Combinations

In clinical practice, anticancer chemotherapy protocols mainly rely on the concomitant administration of different
drugs, including biological or immunotherapy drugs. The simultaneous use of metal-based complexes, such as
cisplatin, carboplatin, and oxaliplatin, with other drugs allows a better pharmacological outcome and could minimize
the risk of resistance phenomena and recurrence 48, Accordingly, this strategy is largely pursued in tumors that
present a high rate of recurrence or that become refractory to single-agent treatments, such as ovarian (OC) or
colorectal cancer (CRC). Combinations can involve molecules capable of DNA damage, drugs that target specific
signaling pathways, and alkylating agents that simultaneously target multiple cancer pathways or hallmarks,
eventually producing additive or synergistic anticancer activities [47; for instance, clinical protocols for ovarian

cancer widely exploit the combination of the platinum-based agents’ cisplatin or carboplatin with paclitaxel or
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topotecan 4849 |n addition to the reference clinical combinations that are currently used in OC, several others

have entered clinical trials, and some remain under evaluation.

In these novel combinations, systems and cell pathways, different from nuclear DNA, were targeted. The
concomitant administration of platinum complexes with Gem and Bev, which is a monoclonal antibody able to block
angiogenesis by binding to vascular endothelial growth factor (VEGF) Y, showed significant improvement in
progression-free survival (PFS). Another targeted approach is the inhibition of poly (adenosine diphosphate [ADP]-
ribose) polymerase (PARP). When DNA damage occurs in cells, there is the risk of large-scale loss of genetic
information. PARP enzymes play a key role in restoring the integrity of the genome. Accordingly, they represent an
interesting target for anticancer drugs that specifically interact with these enzymes triggering the cell death

cascade. Among various drugs, olaparib, niraparib, and rucaparib have found approval in OC treatment 21152,

Similarly, CRC is one of the most common cancers globally, and among the most diagnosed cancers in the United
State and Europe for both men and women 23, Due to these high rates of incidence, it is among the most life-
threatening cancers, with mortality strongly dependent on many factors. Early diagnosis is thus extremely
important, and helps to increase the effectiveness of treatments and increase the cure rate 24l In spite of the
important improvements in diagnosis, surgery, and chemotherapy protocols, thousands of patients continue to
receive an adverse prognosis, with a consequent poor five-year survival rate. This applies predominantly to those
patients with advanced metastatic disease. In addition to the primary tumor, liver metastasis represents a common
and serious complication; thus, for decades, CRC patients with hepatic metastasis have been considered
incurable. Despite recent significant improvements in available therapeutic approaches, in the presence of
metastatic forms of CRC, an integrated strategy is often necessary, combining surgical resection of the tumor with
chemotherapy treatments 3. Perioperative or adjuvant chemotherapy mainly relies on platinum-based drugs such
as cisplatin and its analog oxaliplatin. These drugs are administered intravenously in combination with other
antiblastic drugs, such as 5-fluorouracil, leucovorin, or capecitabine, according to the different clinically established
protocols 48581 However, both cisplatin and oxaliplatin have important problems frequently associated with
treatment failure. The major disadvantages are the high systemic toxicity and the insurgence of drug resistance;
the latter is an issue, in particular, in cases requiring prolonged treatments. Drug “cocktails” are being extensively
investigated in an attempt to improve the clinical outcomes in CRC. Accordingly, this strategy offers an important
opportunity for the discovery of novel and ameliorated drug combinations based on inorganic molecules. For
instance, anti-Epidermal Growth Factor Receptor (EGFR) antibodies have been developed and are now being
tested in combination with other drugs, including inorganic drugs. Pairwise combinations of inhibitors of mitogen-
activated protein kinase enzymes MEK1 and/or MEK2 have been explored. Overall, attention is now being also

directed to combined target therapy, allowing the selective inhibition of critical pathways 27,

Additionally, it is possible to combine platinum drugs with specific molecules capable of modulating the reactivity,
thus improving the final pharmacological outcome. In a recent paper, Zhang and Lu reported a novel combination
of cisplatin with [9-(2-carboxyphenyl)-6-diethylamino3-xanthenylidene]-diethylammonium chloride (Rhodamine-B,

BV10) B8I59. This combination is of interest because BV10 is a molecule that is able to react with cisplatin. The
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products of this reaction are cisplatin radicals (Scheme 1), which are highly effective in DNA strand breaks, thus

enhancing anticancer effects.
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Scheme 1. Radicals’ production from the reaction of cisplatin with an electron donor (left) and chemical structure
of Rhodamine-B (BV10) (right) (8],

From in vitro and in vivo experiments, it was highlighted that the combination of a selected electron donor with
cisplatin is exploitable for overcoming drug resistance, thus eventually widening the clinical application of cisplatin.
Of note, this augmented anticancer potency was operative in different cancer cell lines, including those of ovarian
and lung cancer. In addition, this combined treatment allowed the effective doses of cisplatin to be reduced, while

also not resulting in additional toxic effects (28],

The Case of Cisplatin and Riluzole Combination Therapy

Recently, we investigated the role that potassium channels play in the transport, uptake, and, eventually, the
pharmacological effects of cisplatin and its approved analog oxaliplatin in both in vitro and in vivo CRC models. K*
channels are often dysregulated in cancer BYEl  Specifically, the Ca?*-activated Kc,3.1 and the voltage-
dependent K,11.1 channels are upregulated when the cancer is in the progression phase €2 thus contributing to
its spread, but also to chemoresistance [83. Because the sensitivity to cisplatin has been demonstrated to be
dependent on K* channels in several tumors 8462l 3 deep investigation of the role of K* channels was carried out
in cisplatin-resistant CRC models to assess if cisplatin resistance could be overcome using specific K* channel-
modulating agents. Results revealed that compounds that activate Kc;3.1 (SKA-31), inhibit K,11.1 (E4031), or
have both effects (riluzole), promote cisplatin uptake and enhance apoptosis in cisplatin-resistant cells, both in vitro
and in a mice model (HCT-116 cells xenografted subcutaneously into immunodeficient nude mice). These results
support the translational potential of the use of K* channel modulators to overcome cisplatin resistance in CRC 83,
Remarkably, in cisplatin-resistant CRC cells, Kc,3.1 activators, K,11.1 inhibitors, and riluzole—i.e., an approved
drug currently used in the treatment of amyotrophic lateral sclerosis, and that entered clinical trials as an anticancer
drug 63l —showed synergistic action with cisplatin. Indeed, they were capable of re-establishing the pro-apoptotic

and cytotoxic effects of cisplatin, even at very low doses (Figure 6).
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Figure 6. Left panel: Time course of tumor growth in control, cisplatin-, cisplatin + riluzole-, and cisplatin + riluzole
+ E4031-treated mice. Cisplatin was administered at 0.35 mg kg™ for the first week and then lowered to 0.35 mg
kg™ for the following 2 weeks to mimic resistance (see the scheme of treatment at the bottom). The slopes of the
curves were: cisplatin = 0.056; cisplatin + riluzole = 0.036; cisplatin + riluzole + E4031 = 0.033. Right panel: The
volume of tumor masses was measured at killing and calculated by applying the ellipsoid equation. Data are
reported as the mean = s.e.m. of the number of masses shown in the figure. The onset of chemoresistance was
reproduced by treating the xenografted animals with full cisplatin doses first and then with very low doses.
Statistical analysis was performed by one-way ANOVA (adapted from reference 83 Attribution-Non-Commercial-
(CC BY-NC-SA 4.0)).

It is important to stress that the effects of the tested K* channel-modulators on apoptosis and the cell cycle were
higher in cisplatin-resistant cell lines. Of relevance, it was found that the same effects were also evident for
oxaliplatin, thus confirming the translational potential of the data. Overall, these results confirm that the innovative
combination of cisplatin, or its analogs, with riluzole could be effective to overcome the challenging problem of
resistance. Additionally, such a combination appears effective in allowing the dose of cisplatin that is

pharmacologically effective to be reduced, thus diminishing, at least in principle, its side effects.

4. Newly Synthesized Complexes Coupling Different
Anticancer Drugs

As mentioned previously, some of the major drawbacks related to the platinum-based anticancer treatments are
the well-known and severe side effects (e.g., oto- and nephro-toxicity) often associated with the insurgence of
intrinsic and acquired resistance to these therapies [€8l87168] Hence, the incidence of drug resistance, associated

with tumor metastasis, represents one of the major challenges in the discovery of effective chemotherapeutic
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treatment. Several combinatorial therapies have been extensively studied and applied in clinical practice 679,
Another promising strategy explored in recent years considers the coupling of two or more drugs in a single
molecule. This strategy has the additional advantage of allowing better control of the pharmacokinetics, biological

fates, and co-localization properties of the drugs, and the resulting complexes may be multifunctional 2.

The use of Pt(IV) complexes as prodrugs is now recognized as a simple and effective strategy to overcome the
shortcomings of Pt(ll) drugs (intravenous administration, low bioavailability, severe side effects, and acquired
resistance) 2731741 The concept behind the strategy is that the fundamental square-planar Pt(Il) complexes (i.e.,
cisplatin, carboplatin, and oxaliplatin) can be chemically oxidized to their octahedral Pt(IV) counterparts 2] as
depicted in Figure 7. In this way, the two axial coordinative positions of the Pt(IV) center can be functionalized with
a plethora of bioactive molecules, such as gemcitabine, estramustine (Figure 8; compounds 1, 2), and paclitaxel
[73l put also some anti-inflammatory molecules 78, estrogens [I4, etc. A small number of relevant Pt(IV) complexes

have been summarized in a recent review by Lippard and coworkers 22,
HyH ™ Hy. .Gl
HO; HM anhydride  H;M anhydride MM 1 incell M.,
u.n)'(: w0 w0 M’é“u a9+ @

| f
Synithesis of the prodrugs Active moleties in cell

Figure 7. Synthetic strategy and mode of action of Pt(IV) prodrugs proposed by Gibson and coworkers. The axial
position can be easily functionalized with two different biologically active molecules. Adapted from ref. 3],
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Figure 8. Some representative metal-based complexes are coupled with bioactive molecules (1,2) and

heterobimetallic cytotoxic compounds (3-8).

This strategy takes advantage of the chemical inertness of the functionalized platinum(lV) complexes towards
biological targets until being reduced by chemical agents (including biomolecules) or UV-Vis exposure 8, After the
reduction, the reactive Pt(Il) compound is released, in addition to the other two axially bound bioactive molecules
[73], Other interesting and promising heterobimetallic complexes based on the Pt(IV) analog of cisplatin have been
developed. Zhu and coworkers reported elegant synthesis and evaluations of a series of water-soluble Pt(IV)—
Ru(ll) heterodinuclear complexes (Eigure 8; compounds 3, 4), designed as ruthplatins, aiming to take advantage of
both metals to obtain bifunctional anticancer drug candidates /2. These molecules, bearing a functionalized Pt(1V)
cisplatin analog and different Ru(ll)-arene moieties in the apical positions, revealed elevated cytotoxicity,
particularly in 2D and 3D tumor models of cisplatin-resistant cancer cells, in addition to an impressive ability to

suppress the migration of tumor cells 221,

Due to the antimetastatic activity, high selectivity, and cytotoxicity for human tumor cell lines, ruthenium(ll)

complexes are highly attractive, and combinations with other metal centers lead to new heterobimetallic complexes
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with appealing anticancer properties. This is the case of some Ru(ll)/Fe(ll) complexes described by Batista (Figure
8; compounds 5-7) 89, and the reported results show high cytotoxicity and selectivity indexes (selectivity index =
IC5q value in the normal cell line/ICgy value in the cancer cell line) for the human triple-negative breast tumor cell
line (MDA-MB-231). The study of the mechanism of cell death induced in the MDA-MB-231 line indicated an
apoptotic pathway. Moreover, for these complexes, multiple targets of action were identified: induction of DNA
damage, mitochondrial depolarization with a reduction in mitochondrial membrane potential, increase in reactive
oxygen species levels, and increased expression levels of caspase 3 and p53. In addition, inhibition of

angiogenesis caused by MDA-MB-231 tumor cells in the chicken chorioallantoic membrane (CAM) model was
evidenced [8281],

Recently, other metal centers and their combinations were also evaluated as potential anticancer agents, although
they have not yet been studied closely for biological applications. One interesting combination is represented by
new complexes bearing one Fe and one Cu center. In these molecules, the chelating 1,10-
bis(diphenylphosphino)ferrocene (dppf) ligand combines the ferrocene properties with the coordination properties
of tertiary phosphines towards Cu(l) (Figure 8; compound 8) [82. The resulting Cu(l)-dppf complexes have
attracted interest for anticancer applications, showing considerable cytotoxicity towards several cancer cells [384],
In addition, Morais and coworkers recently reported the potential of copper(l)-phosphane compounds with several
heteroaromatic ligands as therapeutic agents against ovarian (A2780) and breast (MCF7) adenocarcinomas (2!,
The described molecules are the first studies reported in the literature related to the evaluation of Cu(l)-dppf
complexes as cytotoxic anticancer agents. The compounds showed cytotoxic potential in both MCF7 and
MDAMB231 human breast cancer cell lines following 24 h of treatment. Notably, these Fe/Cu compounds were

found to be up to 76 times more cytotoxic than cisplatin in the MCF7 cells 82,

Numerous other examples describing the development and applications of several new molecules combining Pt,

Ru, Au, and Ti in heterobimetallic complexes with promising biological properties can be found in the literature 1]
(86][871[88][89][90]

The Case of Arsenoplatin-1

In addition to the successful use of platins for the treatment of several solid tumors, other small inorganic
molecules have gained increasing attention from the scientific community as effective drugs against blood tumors,
such as leukemia. This is the case of arsenic trioxide (Trisenox), which has been successfully applied in clinical

practice for the treatment of acute promyelocytic leukemia 211921,

However, patients who receive this molecule also suffer from several side effects, particularly those individuals with
comorbidities, such as older adults and patients with cardiac dysfunction or other organ dysfunctions. The adverse

effects reported principally concern the high blood arsenic levels that can lead to arrhythmia 231,

Although the mechanism of action of arsenic trioxide is still poorly understood, it is accepted that its efficacy is

related to the presence of As(lll) species. However, once administered, As(lll) can undergo interconversion to
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As(V), making the treatment less effective 24, Furthermore, accurate control of arsenic species is recommended
because of its intrinsic high toxicity. This is among the limiting aspects of the use of arsenic in leukemia
chemotherapy. Moreover, limited efficacy of As,03 has been observed in the treatment of solid tumors 23 due to
rapid renal clearance, thus impairing its uptake in tumors 28, Several attempts have been made to overcome these
toxic effects and enhance the bioavailability by exploiting new strategies, such as biocompatible human serum
albumin coated arsenic trioxide nanoparticles 28871 encapsulation with nanoliposomes 23! and a metal-organic

framework (MOF) as a drug carrier material [28,

Recently, we described the biological properties of a new molecule, arsenoplatin-1 (AP-1, Figure 9), containing an
arsenous acid moiety covalently linked to a platinum(ll) center and characterized by an unusual five-coordinate
As(I11) geometry 291,

Figure 9. Chemical structure of arsenoplatin-1 (AP-1).

AP-1 was designed and synthesized with the aim of coupling the properties of cisplatin and trisenox in a single
molecule to improve the pharmacological action. This dual pharmacophore agent was able to trigger apoptotic cell
death through the platinum, which is able to bind the nuclear DNA 229 and, at the same time, via the As(lll)-
containing portion, which is capable of the thiophilic binding of cysteine-rich proteins. Furthermore, the As center

can also act on zinc-finger-containing regulatory proteins due to its ability to displace zinc 194,

Preliminary in vitro cytotoxicity evaluations suggested that arsenoplatins act with a distinct mode of action in
comparison to cisplatin and As,O3, showing an ability to overcome platinum resistance mechanisms 192, AP-1 was
challenged with the NCI-60 panel of human tumor cell lines, showing a remarkable anticancer profile. Again, when
compared to the cisplatin activity, AP-1 showed greater cytotoxic potential towards the breast, leukemia, colon, and
CNS cancer cell lines, and was comparable to cisplatin in ovarian and renal cancer cell lines 2. The comparison

between the activity of AP-1 and those of cisplatin and As,0O5 in the NCI-60 panel is shown in Figure 10.
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Figure 10. Summary of the NCI-60 human tumor cell line screen. AP-1 shows superior activity compared to
arsenic trioxide in all nine indications tested; it also shows higher potency than cisplatin in breast, leukemia, colon,
and CNS. Numbers in parentheses represent the number of cell lines tested for each indication, and the one-dose
data are reported as a mean graph of the percentage growth of treated cells, according to the NCI-60 form. The
cell growth in the one-dose assay is relative to the no-drug control and relative to the time zero number of cells,
allowing the detection of both cellular growth inhibition (values between 0 and 100) and cellular lethality (values

less than 0). (Reprinted with permission from reference 2. Copyright 2019, American Chemical Society).

Other tests on the anticancer activity of AP-1 were directed to highlight its mechanism of action and to the
understanding of an eventual underlying cooperative effect between platinum and arsenic pharmacophores. The
authors firstly used the method reported by Chou 293! to test for synergy between single AP-1 components, i.e.,
arsenic trioxide and cisplatin, in a highly aggressive triple-negative breast MDA-MB-231 cancer cell line resistant to
cisplatin. The results indicate a significant synergistic action between the two drugs at all the tested ratios;
however, with cisplatin to arsenic trioxide ratio of 1:1, the optimal effects were achieved. Subsequently, AP-1 was
challenged against the MDA-MB-231 cancer cell line. The data obtained after 8 h of exposure showed a higher
cytotoxic potential (ICsq = 9.5 + 0.3 uM) compared to cisplatin (ICsg = 22 + 0.5 uM).

The Pt:DNA ratio for cell lines treated with AP-1 was 1.1, and a very similar As:Pt ratio (0.97:1) was also revealed,
suggesting that the As-Pt bond in AP-1/DNA adducts remain unaltered, at least in the early stage of adduct
formation. Subsequently, the As(OH), moiety was released from the AP-1/DNA adduct, contributing to the overall
toxicity of AP-1 across different mechanisms, such as the binding with sulfur-containing proteins 2941, Using high-
resolution mass spectrometry, O’Halloran and coworkers successfully demonstrated that AP-1 was able to produce
stable adducts towards two selected model proteins, i.e., HEWL and bovine pancreatic ribonuclease A (RNase A)
991 ESI-MS measurements offered clear evidence of the formation of adducts in which one or more [AP-1]*
fragments are associated with these proteins. The nature of these adducts was confirmed by a deep

crystallographic analysis that revealed that adduct formation involves a loss of chloride followed by platinum
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ligation to surface-exposed histidine residues, leaving the Pt—As bond intact in the protein adducts. By comparison,
the previously discussed studies of AP-1/DNA adducts in the MDA-MB-231 cancer cell line were consistent with a
gradual release of the As(OH), moiety. Hence, from this experimental evidence, we can argue that arsenoplatin-1
acts as a unique and dual pharmacophore anticancer agent, showing the potential to simultaneously deliver

platinum and arsenic species to a variety of hematological and solid cancers.

Recently, encouraging attempts have been made to hamper the selectivity of AP-1 for cancer cells. One promising
strategy involves horse spleen apo-ferritin nanocages, which can be used to encapsulate arsenoplatins, leading to
an effective improvement of the selectivity for the A431 (human epidermoid carcinoma) and SVT2 (murine BALB/c-
3T3 fibroblasts transformed with SV40 virus) cancer cells with respect to HaCaT (immortalized human
keratinocytes) and Balb/c-3T3 (immortalized murine BALB/c-3T3 fibroblasts) healthy cells 195,

| 5. Conclusions

We discuss strategies for the development of novel inorganic molecules with medicinal applications. Metal-based
drugs could be a valuable source of active molecules in the field of medicinal chemistry. Due to the presence of the
metal center, their properties cannot be easily reproduced by organic molecules, making metal-based compounds
an alternative family of active compounds with respect to organic drugs. Accordingly, it is extremely important to
optimize their design and, in general, the development process. This goal can be achieved by selecting the most
reliable and valuable approaches that combine reasonable cost and effectiveness, while also being less time-
consuming. The outcomes of this research could be improved with a positive impact even from the translational
perspective. The four methodologies considered here potentially serve to improve the success rate of the discovery
process of metal-based drugs. In addition, by integrating the increasing mechanistic information available from
modern analytical, speciation, and biological techniques with the proper strategy, it is possible to finely tune the
chemical and biological features of the novel metallodrugs to develop effective and convenient personalized
medicine. Finally, it is important to highlight that all of the above considerations might enhance the interest of

pharmaceutical companies in inorganic molecules.

References

1. Pushpakom, S.; lorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.;
Latimer, J.; McNamee, C.; et al. Drug repurposing: Progress, challenges and recommendations.
Nat. Rev. Drug Discov. 2018, 18, 41-58.

2. Roder, C.; Thomson, M.J. Auranofin: Repurposing an Old Drug for a Golden New Age. Drugs R D
2015, 15, 13-20.

3. Giorgio, A.; Merlino, A. Gold metalation of proteins: Structural studies. Coord. Chem. Rev. 2020,
407, 213175.

https://encyclopedia.pub/entry/9523 17/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

. Pratesi, A.; Cirri, D.; Ciofi, L.;: Messori, L. Reactions of Auranofin and Its Pseudohalide Derivatives

with Serum Albumin Investigated through ESI-Q-TOF MS. Inorg. Chem. 2018, 57, 10507-10510.

. Zoppi, C.; Messori, L.; Pratesi, A. ESI MS studies highlight the selective interaction of Auranofin

with protein free thiols. Dalton Trans. 2020, 49, 5906-5913.

. Pratesi, A.; Gabbiani, C.; Michelucci, E.; Ginanneschi, M.; Papini, A.M.; Rubbiani, R.; Ott, I.;

Messori, L. Insights on the mechanism of thioredoxin reductase inhibition by Gold N-heterocyclic
carbene compounds using the synthetic linear Selenocysteine containing C-terminal peptide
hTrxR(488-499): An ESI-MS investigation. J. Inorg. Biochem. 2014, 136, 161-169.

. Zhang, X.; Selvaraju, K.; Saei, A.A.; D’'Arcy, P.; Zubarev, R.A.; Arnér, E.S.; Linder, S. Repurposing

of auranofin: Thioredoxin reductase remains a primary target of the drug. Biochimie 2019, 162,
46-54.

. Fabbrini, M.G.; Cirri, D.; Pratesi, A.; Ciofi, L.; Marzo, T.; Guerri, A.; Nistri, S.; Dell’Accio, A.;

Gamberi, T.; Severi, M.; et al. A Fluorescent Silver(l) Carbene Complex with Anticancer
Properties: Synthesis, Characterization, and Biological Studies. ChemMedChem 2019, 14, 182—
188.

. Marzo, T.; Cirri, D.; Gabbiani, C.; Gamberi, T.; Magherini, F.; Pratesi, A.; Guerri, A.; Biver, T.;

Binacchi, F.; Stefanini, M.; et al. Auranofin, Et3PAuCI, and Et3PAul Are Highly Cytotoxic on
Colorectal Cancer Cells: A Chemical and Biological Study. ACS Med. Chem. Lett. 2017, 8, 997—
1001.

Pratesi, A.; Gabbiani, C.; Ginanneschi, M.; Messori, L. Reactions of medicinally relevant gold
compounds with the C-terminal motif of thioredoxin reductase elucidated by MS analysis. Chem.
Commun. 2010, 46, 7001-7003.

Ventola, C.L. The antibiotic resistance crisis: Part 1: Causes and threats. Phys. Ther. 2015, 40,
277-283.

Pricker, S.P. Medical uses of gold compounds: Past, present and future. Gold Bull. 1996, 29, 53—
60.

Corti, C.; Holliday, R.; Holliday, R. Gold—Science and Applications; Corti, C., Holliday, R., Eds.;
CRC Press: Boca Raton, FL, USA, 2009; ISBN 9780429141614.

Madeira, J.M.; Gibson, D.L.; Kean, W.F.; Klegeris, A. The biological activity of auranofin:
Implications for novel treatment of diseases. Inflammopharmacology 2012, 20, 297-306.

Cassetta, M.1.; Marzo, T.; Fallani, S.; Novelli, A.; Messori, L. Drug repositioning: Auranofin as a
prospective antimicrobial agent for the treatment of severe staphylococcal infections. BioMetals
2014, 27, 787-791.

https://encyclopedia.pub/entry/9523 18/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Jackson-Rosario, S.E.; Self, W.T. Targeting selenium metabolism and selenoproteins: Novel
avenues for drug discovery. Metallomics 2010, 2, 112-116.

Jackson-Rosario, S.; Cowart, D.; Myers, A.; Tarrien, R.; Levine, R.L.; Scott, R.A.; Self, W.T.
Auranofin disrupts selenium metabolism in Clostridium difficile by forming a stable Au-Se adduct.
J. Biol. Inorg. Chem. 2009, 14, 507-519.

Thangamani, S.; Mohammad, H.; Abushahba, M.F.N.; Sobreira, T.J.P.; Hedrick, V.E.; Paul, L.N.;
Seleem, M.N. Antibacterial activity and mechanism of action of auranofin against multi-drug
resistant bacterial pathogens. Sci. Rep. 2016, 6, 1-13.

Marzo, T.; Cirri, D.; Pollini, S.; Prato, M.; Fallani, S.; Cassetta, M.1.; Novelli, A.; Rossolini, G.M.;
Messori, L. Auranofin and its Analogues Show Potent Antimicrobial Activity against Multidrug-
Resistant Pathogens: Structure-Activity Relationships. ChemMedChem 2018, 13, 2448-2454.

Jackson-Rosario, S.; Self, W.T. Inhibition of selenium metabolism in the oral pathogen Treponema
denticola. J. Bacteriol. 2009, 191, 4035—-4040.

Tejman-Yarden, N.; Miyamoto, Y.; Leitsch, D.; Santini, J.; Debnath, A.; Gut, J.; McKerrow, J.H.;
Reed, S.L.; Eckmann, L. A reprofiled drug, auranofin, is effective against metronidazole-resistant
Giardia lamblia. Antimicrob. Agents Chemother. 2013, 57, 2029-2035.

Savarino, A.; Shytaj, I.L. Chloroquine and beyond: Exploring anti-rheumatic drugs to reduce
immune hyperactivation in HIV/AIDS. Retrovirology 2015, 12, 51.

Cirri, D.; Pratesi, A.; Marzo, T.; Messori, L. Metallo therapeutics for COVID-19. Exploiting metal-
based compounds for the discovery of new antiviral drugs. Expert Opinon Drug Discov. 2021, 16,
39-46.

Marzo, T.; Messori, L. A Role for Metal-Based Drugs in Fighting COVID-19 Infection? The Case of
Auranofin. ACS Med. Chem. Lett. 2020, 11, 1067-1068.

Guarra, F.; Pratesi, A.; Gabbiani, C.; Biver, T. A focus on the biological targets for coinage metal-
NHCs as potential anticancer complexes. J. Inorg. Biochem. 2021, 217, 111355.

Binacchi, F.; Guarra, F.; Cirri, D.; Marzo, T.; Pratesi, A.; Messori, L.; Gabbiani, C.; Biver, T. On the
Different Mode of Action of Au(l)/Ag(l)-NHC Bis-Anthracenyl Complexes Towards Selected Target
Biomolecules. Molecules 2020, 25, 5446.

Dilruba, S.; Kalayda, G.V. Platinum-based drugs: Past, present and future. Cancer Chemother.
Pharmacol. 2016, 77, 1103-1124.

Messori, L.; Marzo, T.; Merlino, A. Interactions of carboplatin and oxaliplatin with proteins: Insights
from X-ray structures and mass spectrometry studies of their ribonuclease A adducts. J. Inorg.
Biochem. 2015, 153, 136-142.

https://encyclopedia.pub/entry/9523 19/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yeo, C.; Ooi, K.; Tiekink, E. Gold-Based Medicine: A Paradigm Shift in Anti-Cancer Therapy?
Molecules 2018, 23, 1410.

Johnstone, T.C.; Suntharalingam, K.; Lippard, S.J. The Next Generation of Platinum Drugs:
Targeted Pt(Il) Agents, Nanopatrticle Delivery, and Pt(I1V) Prodrugs. Chem. Rev. 2016, 116, 3436—
3486.

Marzo, T.; Ferraro, G.; Merlino, A.; Messori, L. Protein Metalation by Inorganic Anticancer Drugs.
In Encyclopedia of Inorganic and Bioinorganic Chemistry; John Wiley & Sons: Hoboken, NJ, USA,
2020; pp. 1-17.

Ludwig, T.; Riethmdiller, C.; Gekle, M.; Schwerdt, G.; Oberleithner, H. Nephrotoxicity of platinum
complexes is related to basolateral organic cation transport. Kidney Int. 2004, 66, 196—202.

Bruno, P.M.; Liu, Y.; Park, G.Y.; Murai, J.; Koch, C.E.; Eisen, T.J.; Pritchard, J.R.; Pommier, Y.;
Lippard, S.J.; Hemann, M.T. A subset of platinum-containing chemotherapeutic agents kills cells
by inducing ribosome biogenesis stress. Nat. Med. 2017, 23, 461-471.

Marzo, T.; Pratesi, A.; Cirri, D.; Pillozzi, S.; Petroni, G.; Guerri, A.; Arcangeli, A.; Messori, L.;
Gabbiani, C. Chlorido and bromido oxaliplatin analogues as potential agents for CRC treatment:
Solution behavior, protein binding and cytotoxicity evaluation. Inorg. Chim. Acta 2018, 470, 318—
324.

Cirri, D.; Pillozzi, S.; Gabbiani, C.; Tricomi, J.; Bartoli, G.; Stefanini, M.; Michelucci, E.; Arcangeli,
A.; Messori, L.; Marzo, T. PtI2(DACH), the iodido analogue of oxaliplatin as a candidate for
colorectal cancer treatment: Chemical and biological features. Dalton Trans. 2017, 46, 3311—
3317.

Barry, N.P.E.; Sadler, P.J. Exploration of the medical periodic table: Towards new targets. Chem.
Commun. 2013, 49, 5106-5131.

Dhara, S.C. A rapid method for the synthesis of cis-[Pt(NH3)2CI2]. Indian J. Chem. 1970, 8, 193—
194.

Marzo, T.; Pillozzi, S.; Hrabina, O.; Kasparkova, J.; Brabec, V.; Arcangeli, A.; Bartoli, G.; Severi,
M.; Lunghi, A.; Totti, F.; et al. Cis-Pt 12(NH3)2: A reappraisal. Dalton Trans. 2015, 44, 14896—
14905.

Dabrowiak, J.C. Metals in Medicine, 2nd ed.; Atwood, D.A., Meyer, G., Crabtree, R.H., Woollins,
J.D., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2017; ISBN 9781119191377.

Messori, L.; Marzo, T.; Gabbiani, C.; Valdes, A.A.; Quiroga, A.G.; Merlino, A. Peculiar features in
the crystal structure of the adduct formed between cis-PtI2(NH3)2 and hen egg white lysozyme.
Inorg. Chem. 2013, 52, 13827-13829.

https://encyclopedia.pub/entry/9523 20/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Marzo, T.; Navas, F.; Cirri, D.; Merlino, A.; Ferraro, G.; Messori, L.; Quiroga, A.G. Reactions of a
tetranuclear Pt-thiosemicarbazone complex with model proteins. J. Inorg. Biochem. 2018, 181,
11-17.

Merlino, A.; Marzo, T.; Messori, L. Protein Metalation by Anticancer Metallodrugs: A Joint ESI MS
and XRD Investigative Strategy. Chem. Eur. J. 2017, 23, 6942—-6947.

Tolbatov, I.; Marzo, T.; Cirri, D.; Gabbiani, C.; Coletti, C.; Marrone, A.; Paciotti, R.; Messori, L.; Re,
N. Reactions of cisplatin and cis-[PtI2(NH3)2] with molecular models of relevant protein
sidechains: A comparative analysis. J. Inorg. Biochem. 2020, 209, 111096.

Musumeci, D.; Platella, C.; Riccardi, C.; Merlino, A.; Marzo, T.; Massali, L.; Messori, L.;
Montesarchio, D. A first-in-class and a fished out anticancer platinum compound: Cis-
[PtCI2(NH3)2] and cis-[PtI2(NH3)2] compared for their reactivity towards DNA model systems.
Dalton Trans. 2016, 45, 8587-8600.

Marzo, T.; Massai, L.; Pratesi, A.; Stefanini, M.; Cirri, D.; Magherini, F.; Becatti, M.; Landini, |.;
Nobili, S.; Mini, E.; et al. Replacement of the Thiosugar of Auranofin with lodide Enhances the
Anticancer Potency in a Mouse Model of Ovarian Cancer. ACS Med. Chem. Lett. 2019, 10, 656—
660.

Loree, J.M.; Sha, A.; Soleimani, M.; Kennecke, H.F.; Ho, M.Y.; Cheung, W.Y.; Mulder, K.E.; Abadi,
S.; Spratlin, J.L.; Gill, S. Survival Impact of CAPOX Versus FOLFOX in the Adjuvant Treatment of
Stage IIl Colon Cancer. Clin. Colorectal Cancer 2018, 17, 156-163.

Li, X.; Ng, A.S.N.; Mak, V.C.Y.; Chan, K.K.L.; Cheung, A.N.Y.; Cheung, L.W.T. Strategic
Combination Therapies for Ovarian Cancer. Curr. Cancer Drug Targets 2020, 20, 573-585.

Lee, M.-W.; Ryu, H.; Song, I.-C.; Yun, H.-J.; Jo, D.-Y.; Ko, Y.B.; Lee, H.-J. Efficacy of cisplatin
combined with topotecan in patients with advanced or recurrent ovarian cancer as second- or
higher-line palliative chemotherapy. Medicine 2020, 99, e19931.

Pignata, S.; Scambia, G.; Katsaros, D.; Gallo, C.; Pujade-Lauraine, E.; De Placido, S.; Bologna,
A.; Weber, B.; Raspagliesi, F.; Panici, P.B.; et al. Carboplatin plus paclitaxel once a week versus
every 3 weeks in patients with advanced ovarian cancer (MITO-7): A randomised, multicentre,
open-label, phase 3 trial. Lancet Oncol. 2014, 15, 396-405.

Nishida, N.; Yano, H.; Nishida, T.; Kamura, T.; Kojiro, M. Angiogenesis in cancer. Vasc. Health
Risk Manag. 2006, 2, 213-219.

Mullen, M.M.; Kuroki, L.M.; Thaker, P.H. Novel treatment options in platinum-sensitive recurrent
ovarian cancer: A review. Gynecol. Oncol. 2019, 152, 416-425.

Kalra, M.; Tong, Y.; Jones, D.R.; Walsh, T.; Danso, M.A.; Ma, C.X.; Silverman, P.; King, M.-C.;
Badve, S.S.; Perkins, S.M.; et al. Cisplatin +/- rucaparib after preoperative chemotherapy in

https://encyclopedia.pub/entry/9523 21/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

patients with triple-negative or BRCA mutated breast cancer. Nat. Partn. J. Breast Cancer 2021,
7, 29.

Rawla, P.; Sunkara, T.; Barsouk, A. Epidemiology of colorectal cancer: Incidence, mortality,
survival, and risk factors. Gastroenterol. Rev. 2019, 14, 89-103.

Siminoff, L.A.; Rogers, H.L.; Harris-Haywood, S. Missed opportunities for the diagnosis of
colorectal cancer. BioMed Res. Int. 2015, 2015.

Chow, F.C.L.; Chok, K.S.H. Colorectal liver metastases: An update on multidisciplinary approach.
World J. Hepatol. 2019, 11, 150-172.

Sobrero, A.; Lonardi, S.; Rosati, G.; Di Bartolomeo, M.; Ronzoni, M.; Pella, N.; Scartozzi, M.;
Banzi, M.; Zampino, M.G.; Pasini, F.; et al. FOLFOX or CAPOX in stage Il to Ill colon cancer:
Efficacy results of the italian three or six colon adjuvant trial. J. Clin. Oncol. 2018, 36, 1478-1485.

Xie, Y.H.; Chen, Y.X.; Fang, J.Y. Comprehensive review of targeted therapy for colorectal cancer.
Signal Transduct. Target. Ther. 2020, 5, 1-30.

Zhang, Q.; Lu, Q. Bin New combination chemotherapy of cisplatin with an electron-donating
compound for treatment of multiple cancers. Sci. Rep. 2021.

Lu, Q.B.; Kalantari, S.; Wang, C.R. Electron transfer reaction mechanism of cisplatin with DNA at
the molecular level. Mol. Pharm. 2007.

D’Amico, M.; Gasparoli, L.; Arcangeli, A. Potassium Channels: Novel Emerging Biomarkers and
Targets for Therapy in Cancer. Recent Pat. Anticancer Drug Discov. 2012, 8, 53—65.

Gasparoli, L.; D’Amico, M.; Masselli, M.; Pillozzi, S.; Caves, R.; Khuwaileh, R.; Tiedke, W.;
Mugridge, K.; Pratesi, A.; Mitcheson, J.S.; et al. New pyrimido-indole compound CD-160130
preferentially inhibits the Kv11.1B isoform and produces antileukemic effects without
cardiotoxicity. Mol. Pharmacol. 2015, 87, 183-196.

Muratori, L.; Petroni, G.; Antonuzzo, L.; Boni, L.; lorio, J.; Lastraioli, E.; Bartoli, G.; Messerini, L.;
Di Costanzo, F.; Arcangeli, A. HERG1 positivity and Glut-1 negativity identifies high-risk TNM
stage | and Il colorectal cancer patients, regardless of adjuvant chemotherapy. OncoTargets Ther.
2016, 9, 6325-6332.

Pillozzi, S.; D’Amico, M.; Bartoli, G.; Gasparoli, L.; Petroni, G.; Crociani, O.; Marzo, T.; Guerriero,
A.; Messori, L.; Severi, M.; et al. The combined activation of K Ca 3.1 and inhibition of K v
11.1/hERGL1 currents contribute to overcome Cisplatin resistance in colorectal cancer cells. Br. J.
Cancer 2018, 118, 200-212.

Samuel, P.; Pink, R.C.; Caley, D.P.; Currie, J.M.S.; Brooks, S.A.; Carter, D.R.F. Over-expression
of miR-31 or loss of KCNMAL1 leads to increased cisplatin resistance in ovarian cancer cells.
Tumor Biol. 2016, 37, 2565-2573.

https://encyclopedia.pub/entry/9523 22/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Leanza, L.; O'Reilly, P.; Doyle, A.; Venturini, E.; Zoratti, M.; Szegezdi, E.; Szabo, |. Correlation
between Potassium Channel Expression and Sensitivity to Drug-induced Cell Death in Tumor Cell
Lines. Curr. Pharm. Des. 2014, 20, 189-200.

Martin, L.P.; Hamilton, T.C.; Schilder, R.J. Platinum resistance: The role of DNA repair pathways.
Clin. Cancer Res. 2008, 14, 1291-1295.

Damia, G.; Broggini, M. Platinum Resistance in Ovarian Cancer: Role of DNA Repair. Cancers
2019, 11, 119.

Hartmann, J.T.; Lipp, H.P. Toxicity of platinum compounds. Expert Opin. Pharmacother. 2003, 4,
889-901.

Sharma, P.; Allison, J.P. Immune checkpoint targeting in cancer therapy: Toward combination
strategies with curative potential. Cell 2015, 161, 205-214.

Bang, Y.J.; Van Cutsem, E.; Feyereislova, A.; Chung, H.C.; Shen, L.; Sawaki, A.; Lordick, F.;
Ohtsu, A.; Omuro, Y.; Satoh, T.; et al. Trastuzumab in combination with chemotherapy versus
chemotherapy alone for treatment of HER2-positive advanced gastric or gastro-oesophageal
junction cancer (ToGA): A phase 3, open-label, randomised controlled trial. Lancet 2010, 376,
687-697.

Fernandez-Moreira, V.; Gimeno, M.C. Heterobimetallic Complexes for Theranostic Applications.
Chem. Eur. J. 2018, 24, 3345-3353.

Petruzzella, E.; Braude, J.P.; Aldrich-Wright, J.R.; Gandin, V.; Gibson, D. A Quadruple-Action
Platinum (IV) Prodrug with Anticancer Activity Against KRAS Mutated Cancer Cell Lines. Angew.
Chem. 2017, 56, 11539-11544.

Yempala, T.; Babu, T.; Karmakar, S.; Nemirovski, A.; Ishan, M.; Gandin, V.; Gibson, D. Expanding
the Arsenal of Pt IV Anticancer Agents: Multi-action Pt IV Anticancer Agents with Bioactive
Ligands Possessing a Hydroxy Functional Group. Angew. Chem. 2019, 131, 18386—-18391.

Gibson, D. Platinum(IV) anticancer prodrugs-hypotheses and facts. Dalton Trans. 2016, 45,
12983-12991.

Zhang, J.Z.; Bonnitcha, P.; Wexselblatt, E.; Klein, A.V.; Najajreh, Y.; Gibson, D.; Hambley, T.W.
Facile Preparation of Mono-, Di- and Mixed-Carboxylato Platinum(lV) Complexes for Versatile
Anticancer Prodrug Design. Chem. Eur. J. 2013, 19, 1672-1676.

Song, X.Q.; Ma, Z.Y.; Wu, Y.G.; Dai, M.L.; Wang, D.B.; Xu, J.Y.; Liu, Y. New NSAID-Pt(IV)
prodrugs to suppress metastasis and invasion of tumor cells and enhance anti-tumor effect in
vitro and in vivo. Eur. J. Med. Chem. 2019, 167, 377-387.

Barnes, K.R.; Kutikov, A.; Lippard, S.J. Synthesis, characterization, and cytotoxicity of a series of
estrogen-tethered platinum(lV) complexes. Chem. Biol. 2004, 11, 557-564.

https://encyclopedia.pub/entry/9523 23/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Canil, G.; Braccini, S.; Marzo, T.; Marchetti, L.; Pratesi, A.; Biver, T.; Funaioli, T.; Chiellini, F.;
Hoeschele, J.D.; Gabbiani, C. Photocytotoxic Pt(iv) complexes as prospective anticancer agents.
Dalton Trans. 2019, 48, 10933-10944.

Ma, L.; Ma, R.; Wang, Z.; Yiu, S.M.; Zhu, G. Heterodinuclear Pt(IV)-Ru(ll) anticancer prodrugs to
combat both drug resistance and tumor metastasis. Chem. Commun. 2016, 52, 10735-10738.

Guedes, A.P.M.; Mello-Andrade, F.; Pires, W.C.; De Sousa, M.A.M.; Da Silva, P.F.F.; De Camargo,
M.S.; Gemeiner, H.; Amauri, M.A.; Gomes Cardoso, C.; De Melo Reis, P.R.; et al. Heterobimetallic
Ru(ii)/Fe(ii) complexes as potent anticancer agents against breast cancer cells, inducing
apoptosis through multiple targets. Metallomics 2020, 12, 547-561.

Nowak-Sliwinska, P.; Segura, T.; Iruela-Arispe, M.L. The chicken chorioallantoic membrane model
in biology, medicine and bioengineering. Angiogenesis 2014, 17, 779-804.

Bravo, C.; Robalo, M.P.; Marques, F.; Fernandes, A.R.; Sequeira, D.A.; Piedade, M.F.M.; Garcia,
M.H.; De Brito, M.J.V.; Morais, T.S. First heterobimetallic Cu(i)-dppf complexes designed for
anticancer applications: Synthesis, structural characterization and cytotoxicity. New J. Chem.
2019, 43, 12308-12317.

Porchia, M.; Dolmella, A.; Gandin, V.; Marzano, C.; Pellei, M.; Peruzzo, V.; Refosco, F.; Santini,
C.; Tisato, F. Neutral and charged phosphine/scorpionate copper(l) complexes: Effects of ligand
assembly on their antiproliferative activity. Eur. J. Med. Chem. 2013, 59, 218-226.

Gandin, V.; Tisato, F.; Dolmella, A.; Pellei, M.; Santini, C.; Giorgetti, M.; Marzano, C.; Porchia, M.
In vitro and in vivo anticancer activity of copper(l) complexes with homoscorpionate tridentate
tris(pyrazolyl)borate and auxiliary monodentate phosphine ligands. J. Med. Chem. 2014, 57,
4745-4760.

Morais, T.S.; Jousseaume, Y.; Piedade, M.F.M.; Roma-Rodrigues, C.; Fernandes, A.R.; Marques,
F.; Villa De Brito, M.J.; Helena Garcia, M. Important cytotoxic and cytostatic effects of new
copper(i)-phosphane compounds with N,N, N,O and N,S bidentate ligands. Dalton Trans. 2018,
47, 7819-7829.

Odachowski, M.; Marschner, C.; Blom, B. A review on 1,1-bis(diphenylphosphino)methane
bridged homo- and heterobimetallic complexes for anticancer applications: Synthesis, structure,
and cytotoxicity. Eur. J. Med. Chem. 2020, 204, 112613.

Anderson, C.M.; Taylor, I.R.; Tibbetts, M.F.; Philpott, J.; Hu, Y.; Tanski, J.M. Hetero-multinuclear
ruthenium(lll)/platinum(ll) complexes that potentially exhibit both antimetastatic and antineoplastic
properties. Inorg. Chem. 2012, 51, 12917-12924.

Jain, S.S.; Anderson, C.M.; DiRienzo, F.; Taylor, I.R.; Jain, K.; Guha, S.; Hoque, N. RNA binding
and inhibition of primer extension by a Ru(iii)/Pt(ii) metal complex. Chem. Commun. 2013, 49,
5031-5033.

https://encyclopedia.pub/entry/9523 24/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Bertrand, B.; Citta, A.; Franken, I.L.; Picquet, M.; Folda, A.; Scalcon, V.; Rigobello, M.P.; Le
Gendre, P.; Casini, A.; Bodio, E. Gold(l) NHC-based homo- and heterobimetallic complexes:
Synthesis, characterization and evaluation as potential anticancer agents. J. Biol. Inorg. Chem.
2015, 20, 1005-1020.

Askari, B.; Rudbari, H.A.; Micale, N.; Schirmeister, T.; Maugeri, A.; Navarra, M. Anticancer study
of heterobimetallic platinum(ll)-ruthenium(ll) and platinum(ll)-rhodium(lll) complexes with bridging
dithiooxamide ligand. J. Organomet. Chem. 2019, 900, 120918.

Lengfelder, E.; Hofmann, W.K.; Nowak, D. Impact of arsenic trioxide in the treatment of acute
promyelocytic leukemia. Leukemia 2012, 26, 433—-442.

Adeés, L.; Thomas, X.; Bresler, A.G.; Raffoux, E.; Spertini, O.; Vey, N.; Marchand, T.; Récher, C.;
Pigneux, A.; Girault, S.; et al. Arsenic trioxide is required in the treatment of newly diagnosed
acute promyelocytic leukemia. Analysis of a randomized trial (APL 2006) by the French Belgian
Swiss APL group. Haematologica 2018, 103, 2033-2039.

da Rosa, F.C.; Buque-Pardinho, R.; Schultz-Moreira, M.E.; de Souza, L.G.T.; de Moraes Flores,
E.M.; Mortari, S.R.; Dressler, V.L. In vitro stability of arsenic trioxide-liposome encapsulates for
acute promyelocytic leukemia treatment. Leuk. Res. 2019, 76, 11-14.

Coombs, C.C.; Tavakkoli, M.; Tallman, M.S. Acute promyelocytic Leukemia: Where did we start,
where are we now, and the future. Blood Cancer J. 2015, 5, e304.

Subbarayan, P.R.; Ardalan, B. In the war against solid tumors arsenic trioxide needs partners. J.
Gastrointest. Cancer 2014, 45, 363-371.

Das, B.; Rahaman, H.; Ghosh, S.K.; Sengupta, M. Synthesis and Characterization of Arsenic(lll)
Oxide Nanoparticles as Potent Inhibitors of MCF 7 Cell Proliferation through Proapoptotic
Mechanism. Bionanoscience 2020, 10, 420-429.

Hu, J.; Dong, Y.; Ding, L.; Dong, Y.; Wu, Z.; Wang, W.; Shen, M.; Duan, Y. Local delivery of
arsenic trioxide nanoparticles for hepatocellular carcinoma treatment. Signal Transduct. Target.
Ther. 2019, 4, 1-7.

Ettlinger, R.; Sonksen, M.; Graf, M.; Moreno, N.; Denysenko, D.; Volkmer, D.; Kerl, K.; Bunzen, H.
Metal-organic framework nanopatrticles for arsenic trioxide drug delivery. J. Mater. Chem. 2018, 6,
6481-6489.

Miodragovi¢, D.; Merlino, A.; Swindell, E.P.; Bogachkov, A.; Ahn, R.W.; Abuhadba, S.; Ferraro, G.;
Marzo, T.; Mazar, A.P.; Messori, L.; et al. Arsenoplatin-1 Is a Dual Pharmacophore Anticancer
Agent. J. Am. Chem. Soc. 2019, 141, 6453-6457.

Gatti, L.; Cassinelli, G.; Zaffaroni, N.; Lanzi, C.; Perego, P. New mechanisms for old drugs:
Insights into DNA-unrelated effects of platinum compounds and drug resistance determinants.
Drug Resist. Updates 2015, 20, 1-11.

https://encyclopedia.pub/entry/9523 25/26



Metal-Based Chemotherapeutic Treatments | Encyclopedia.pub

101.

102.

103.

104.

105.

Hoonjan, M.; Jadhav, V.; Bhatt, P. Arsenic trioxide: Insights into its evolution to an anticancer
agent. J. Biol. Inorg. Chem. 2018, 23, 313-329.

Miodragovi¢, D.U.; Quentzel, J.A.; Kurutz, J.W.; Stern, C.L.; Ahn, R.W.; Kandela, |.; Mazar, A.;
O’Halloran, T.V. Robust Structure and Reactivity of Aqueous Arsenous Acid-Platinum(ll)
Anticancer Complexes. Angew. Chem. 2013, 52, 10749-10752.

Chou, T.C. Drug combination studies and their synergy quantification using the chou-talalay
method. Cancer Res. 2010, 70, 440-446.

Zhou, X.; Cooper, K.L.; Sun, X.; Liu, K.J.; Hudson, L.G. Selective sensitization of zinc finger
protein oxidation by reactive oxygen species through arsenic binding. J. Biol. Chem. 2015, 290,
18361-18369.

Ferraro, G.; Pratesi, A.; Cirri, D.; Imbimbo, P.; Maria-Monti, D.; Messori, L.; Merlino, A.
Arsenoplatin-Ferritin Nanocage: Structure and Cytotoxicity. Int. J. Mol. Sci. 2021, 22, 1874.

Retrieved from https://encyclopedia.pub/entry/history/show/22836

https://encyclopedia.pub/entry/9523 26/26



