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Abstract

Platinum-based chemotherapeutic drugs such as cisplatin, carboplatin and
oxaliplatin are widely applied for the treatment of various types of tumors.
However, poor solubility, serious side effects, and more importantly, the in-
trinsic and acquired resistance limit their clinical applications. These factors
motivate scientists to design and synthesize novel and more potent analogues
lacking disadvantages of clinical platinum drugs. Platinum (IV) complexes are
one of representatives. In this review, we summarized the investigations un-
dertaken into Platinum (IV) antitumor compounds since Rosenberg first
noted their antitumor activity. The synthesis method and mechanism of ac-
tion of Platinum (IV) complexes are outlined, as well as their chemical and
pharmacological properties. Recent advances in Platinum (IV) anticancer
agents that have been in clinical trials and photoactivatable Platinum (IV)
complexes are also summarized, and the purpose here is to provide insight
into the requirements for the antitumor activity of Platinum (IV) complexes
and a basis for progressing in a new platinum compound.
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1. Introduction

Cancer, as the leading cause of death in developed countries and the second cause of
death in developing countries [1], seriously threatens human’s health and life. At
present, surgery (removal of solid tumor when localised in a specific tissue), radio-

therapy (radiation with X-ray beam) and chemotherapy (use of anti-proliferative
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Cisplatin 1

drugs) are three main strategies for the treatment of cancer. In the last category,
platinum drugs are used to treat over 40% of all cancer patients [2]. For this
reason, platinum-based drugs are one of the most important classes of chemo-
therapeutic agents for cancer chemotherapy.

Platinum complexes have become a new type of inorganic anticancer agents
since the discovery of the antitumor properties of cisplatin(cis-[PtCl,(NH,),])
(Figure 1) by Rosenberg and his colleagues [3]. Together with carboplatin and
oxaliplatin (Figure 1), they represent all of the available platinum-based thera-
peutic drugs approved by FDA in clinical use for various cancers [4] [5], where it
is most commonly used in combination with other drugs [6]. However, the clin-
ical utility of them is restricted by various side effects such as nephrotoxicity,
inherent and acquired resistance, which significantly degrade life quality of can-
cer patient, leading to a dismal prognosis [7] [8]. In addition to above substantial
limitations, all these three drugs are administered by intravenous infusion in
clinical practice. Oral drugs are simpler to use and less expensive than those re-
quiring intravenous administration. However, their oral administration is ham-
pered by poor bioavailability, acute emesis and toxicity to the intestinal mucosa
[9]. For these reasons, vast efforts are committed to developing novel plati-
num-based complexes. Platinum (IV) complexes are one example of this class of
antitumor agents.

In recent years, Pt (IV) complexes act as a potential alternative suitable for
oral administration to the traditional Pt (II) drugs [10] because these complexes
are toxic to tumors which are resistant to cisplatin. A wide range of Pt (IV)
complexes’ anticancer activity depends on their axial and equatorial ligands. The
two additional ligands in axial position could be used to tune the lipophilicity,
the rate of reduction and then the overall pharmacokinetic profile [11]. The ad-
vantages and disadvantages of certain platinum (II) and Platinum (IV) com-
plexes are shown in the Table 1.

Knowledge of the kinetics and property of Pt (IV) compounds has promoted
the development of potent platinum-based antitumor drugs with suitable prop-
erties for oral administration and antitumor activity in cisplatin-resistant human
cancer cells. In this mini review, we mainly focus on the current progress of Pla-
tinum (IV) complexes by summarizing the investigations undertaken into Platinum

(IV) antitumor compounds since Rosenberg first noted the activity of tetraplatin.
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Figure 1. Structures of classical and current world-wide antitumor platinum drugs.
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Table 1. The advantages and disadvantages of certain Platinum (II) and Platinum (IV)

complexes.
Classification Names Advantages Disadvantages
Pt (II) Cisplatin broad antibacterial poor water solubility, nephrotoxicity,
complexes spectrum, high acute emesis, cough, drug resistance,
antitumor activity intravenous administration etc.
Carboplatin  good antitumor activity, Myelosuppression, platelet disorders, drug
no obvious resistance, intravenous administration,
nephrotoxicity peripheral neurotoxicity, etc.
Oxaliplatin ~ no drug resistance, good neurotoxicity, alimentary canal toxicity,
activity, low side effect intravenous administration, etc.
Pt (IV) Satraplatin  better effect, oral dose-limiting myelosuppression and
complexes administration, no emesis

resistance, low side
effect

Ormaplatin  no neurotoxicity and  Unpredictable peripheral neurotoxicity
nephrotoxicity, better
effect, oral
administration, no drug
resistanc

Iprolatin high water solubility, no less effect
drug resistance, oral
administration

2. The Structure and Synthesis of Pt (IV) Complexes

As a prodrug, the general structure formula of Pt (IV) is cis, cis,
trans-[Pt(Am),X,Y,]. Wherein “X” is a leaving group and “Am” contains amino
ligands, while “Y” is axial ligand. These ligands of Pt (IV) complexes have
adopted the six-coordinated, forming octahedral geometry. Such configuration
has replaced the kinetic inertness and decreased the reaction activity.

At present, the first step to synthesize Pt (IV) complex is to construct the cor-
responding Pt (II) complexes, which can be transformed into Pt (IV) complexes
via ligand substitution or oxidation reaction with chlorine or hydrogen peroxide.
Axial dihydroxo Pt (IV) complexes resulting from an oxidation of predesigned

Pt (II) are further concerted into carboxylato complexes by carboxylation [12].

3. Mechanism of Action of Platinum (IV) Complexes

Platinum (IV) complexes, as one class of prodrugs, are accepted by the majority
of scholars. Since Pt (IV) complexes are considerably more inert kinetically than
their Pt (II) analogues [13], a central question is how they may be activated to
produce their antitumor effects in vivo. It is widely believed that Platinum (IV)
complexes to exert their anticancer activity are reduced to platinum (II) by po-

tential bio-reductants [14]. The resulting more reactive Pt (II) analogs were ac-
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tivated to the usual diaqua-Pt (II) species by the normal hydrolysis reaction.
Then the diaqua-Pt (II) species form adducts with DNA (inter and intrastrand
DNA cross-links), leading to conformational changes of DNA and destructing
the biological function of DNA (Figure 2), thereby affecting large number of
transduction pathways and triggering apoptosis or necrosis [15] [16] [17].

Tobe [18] and later Cleare et al [19] suggested the reduction hypothesis,
which was reinforced when it was observed that patients receiving iproplatin, cis,
trans, cis-[PtCL,(OH),((CH,),CHNH,),], in clinical trials had
cis-[PtCl,((CH,),CHNH,),] in their plasma and urine indicating that iproplatin
was reduced to a Pt (II) complexin the body. Studies on iproplatin and oxoplatin
by Blatter et al. showed that neither forms adducts with DNA unless a reducing
agent (Fe(II) or ascorbic acid) was added [20] [21], leading to the conclusion
that reduction is required for their activity.

However, Platinum (IV) complexes binding directly to DNA was reported by
some scholars [22] [23]. DNA binding by iproplatin and oxoplatin invitro was
observed by Brabec and co-workers, and they concluded that Platinum (IV)
complexes were coordinating monofunctionally without reduction [24]. The
reaction of DNA with the tetraplatin which indicates direct DNA binding, fol-
lowed by cleavage of the DNA on reduction was investigated by Choi and
co-workers [25].

So Pt (IV) complexes can overcome the problem of traditional Pt (II) anticancer
drug, such as side effects and drug resistance. Besides, they can be administered

orally, which overcome the intravenous administration of traditional Pt (II) drug.

4. Structure-Activity Relationship on Platinum (IV) Complexes

Pt (IV) complexes are generally considered as prodrugs, which undergo reduction

in the intracellular milieu. During this process, the axial ligands are released and
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Figure 2. Mechanism of activation of classical antitumor active Pt (II) and Pt (IV) Diam(m)ines.
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the corresponding anticancer active Pt (II) analogs are formed. Therefore, the
activity of Pt (IV) anticancer drugs is strongly influenced by their reduction po-
tential [26] [27]. Several studies show that the reduction potentials of di-
am(m)ine Platinum (IV) complexes are susceptible to the nature of the axial and
equatorial ligands, but the axial ligands generally exert the stronger influence
[28]. For Pt (IV) complexes, reduction most easily occurs when chlorido ligands
are in the axial position; Carboxylato ligands lead to an intermediate reduction
potential, whereas hydroxido ligands possess strong electron donating properties
resulting in low reduction potentials [28] [29] [30]. Many studies on the me-
chanism of reduction of Pt (IV) complexes are reported, but it seems clear that it
is difficult to establish the correlation between potential and rate of reduction.
Choi et al suggested that the reduction rates depend not only on the elec-
tron-withdrawing power of the axial ligands but also on the bulkiness of these
ligands [31]. The complex with a bulkier and more electron withdrawing ligand
shows a higher reduction rate and reduction potential. The reduction rate of
Platinum (IV) complexes was dependent on both o-donor ability and steric hin-
drance of R in equatorial amine ligands. JM216 and iproplatin are reduced more
rapidly than cis, trans-[PtCl,(en)(OCOCH,),], which was ascribed to the steric
bulk of the amine ligands onJM216 and iproplatin relativeto the ethane-1,2-diamine
ligand complex. Oxidation of these compounds to produce Pt (IV) dihydroxy
compounds followed by being further functionalized to form carboxylates, car-
bonates and carbamates [32] that would influence pharmacokinetics but would
be lost prior to forming the active DNA lesion.

In a homologous series of Platinum (IV) complexes, the increase of ligand
hydrophobicity is positively correlated with the increase of the cytotoxic effect
[33]. The effectiveness of the Pt (IV) dicarboxylate compounds in cisplatin-resistant
cells may be a result of their lipophilic facilitating transport into the cell [34].
The higher hydrophobicity of the platinum complexes enhanced their penetra-
tion through the cell membrane and increased their accumulation inside the
cancer cells. The authors demonstrated that when the leaving groups are un-
changed, the hydrophobicity of aplatinum complex is linearly related to that of
theam(m)ine. The increasing cytotoxicity trend in the series of Pt (IV) carbox-
ylates, is related to increased transportinto cells as the lipophilicity of the com-
plexes increase [35]. The antiproliferative activity of a series of cisplatin-based Pt
(IV) prodrug candidates having a large interval of lipophilicity, namely trans, cis,
cis-[Pt(carboxylato),CL,(NH,),] (Figure 3), where carboxylato = CH,(CH,),COO~
[(1),n=0;(2), n=2;(3), n =4; (4), n = 6] were studied on a large panel human
cancer cell lines by Zanellato ef al. [36]. As expected, the potency increases with
the chain length 3 and 4 resulted by far more active than cisplatin on all cell
lines. Both complexes retained their antiproliferative activity also against cispla-
tin-resistant cell lines, and exhibited the high selectivity compared with
non-tumor cells.

Although increasing lipophilicity makes the compound more vulnerable to
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Figure 3. Chemical Structures of Pt (IV) Complexes 1-4 and Proposed Activation Path-
way. The studies showed that potency increases with the chain length 3 and 4 resulted by
far more active than cisplatin on all cell lines.

hepatic metabolism, it usually enhances oral absorption and biodistribution. An
excessive increase of lipophilicity strongly decreases the water solubility of the
compound and its hydrogen bonding ability, thus limiting bioavailability.

The above-mentioned effects should be taken into account when developing
new strategies targeting Platinum (IV) drugs. Thus, an oral candidate drug must
be of an appropriate size, lipophilicity and hydrogen bonding characteristics to
facilitate oral absorption and enhance bioavailability, which provide a basis for
rational design of new Platinum (IV) drugs with suitable pharmacokinetic and

pharmacodynamics properties.

5. Novel Platinum (IV) Complexes and Their Biological Effects

In the recent years, researchers developed several Platinum (IV) analogs, for
example ormaplatin, lobaplatin, nedaplatin, iproplatin as well as photoactivable
complexes, respectively [37] [38] [39] [40] [41]. Compared with platinum (II)
drugs, these complexes have lower reactivity that would diminish loss of active
drug, prolong stability of the drug in the bloodstream and lower the incidence of
unwanted side reactions [12]. Moreover, introduce of two extra axial ligands can
be changed to modify their pharmacokinetic parameters such as their rate of re-
duction and lipophilicity. The modulation of these parameters might increase
the activity of the complexes and efficacy in cisplatin-resistant tumor cell lines or
confer additional cytotoxicity [42] [43].

These suitable properties of Pt (IV) complexes make them possible to be
promising and usable anticancer candidates, so researchers have made vast ef-
forts to develop orally active Pt (IV) antitumor compounds. Christen ef al syn-
thesized a series of Pt (IV) compounds that exhibit excellent antitumor activity.
One of them, JM-216, as the first oral Platinum (IV) complex that has entered
clinical trial, showed promise in patients with hormone-refractory prostate can-
cer. In preclinical study, it has shown antitumor activity far superior to that bo-
seved for cisplatin, carboplatin against a panel of human cancer cell lines con-
sisting of Pt-sensitive and -resistant cell lines with either acquired or intrinsic re-
sistance to cisplatin. Furthermore, it has been shown to have less-toxic side ef-
fects (nephrotoxicity, neurotoxicity, myelosuppression etc.) than cisplatin in
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clinical trials [44]. Due to the importance and outstanding features of these de-
rivatives as antitumor agents, many novel Platinum (IV) complexes with high
activity in vitro have been synthesized in recent years. For example, Moghaddas
et al. had designed and systhesized a class of Platinum (IV) pyrophospha-
to-complexes (Figure 4) and these complexes showed impressive in vitro toxici-
ty, especially in cisplatin- and carboplatin-resistant human ovarian cancer cells
[45]. They made a conclusion that phosphaplatins exhibited superior efficacy
and reduced toxicity compared to several platinum therapies for current ovarian
cancers treatment.

Recently, Keppler’s group has reported cis-Diam(m)inebis(carboxylato) dich-
loride Platinum (IV) and cis-diam(m)inetetrakis(carboxylato) Platinum (IV)
complexes (Figure 5) with cytotoxicity ranging from low nanomolar to high
micromolar IC, values [46] [47] [48] [49] [50], and demonstrated theoretical
and QSAR investigations on these novel Platinum (IV) complexes. All these
above respects reflect the major trends in this field, which provide some valuable

information for researchers pursuing new Platinum (IV) anticancer agents.

6. Current Status of Orally Active Platinum (IV) Complexes
That Have Entered Clinical Trials

The development of Pt (IV) complexes provides a new opportunity for emer-
gence of the novel platinum drugs that could potentially decrease the side effects
shown by the conventional Pt (II) drugs. So far, five Pt (IV) drug candidates
have entered clinical trials or have been used clinically (Figure 6): Iproplatin,
Ormaplatin, oxoplatin, LA12 and JM216 (satraplatin). The first two have expe-
rienced a large number of animal experiments and clinical trials. Ormaplatin
showed great promise in preclinical studies and had entered in phase I trials for
the treatment of breast cancer, ovarian cancer and myeloma cancer. However, in
the testing process, severe neurotoxicity appeared, resulting in no further phase
IT and phase III clinical trials. Iproplatin was selected from a range of Platinum
(IV) complexes for its high solubility [51] and entered phase III clinical trials for
treatment of ovarian cancer, exhibiting improved antitumor activities with re-
duced toxicity. But it was ultimately found to be less active than cisplatin and
carboplatin, so has not entered widespread clinical use [27] [40].

Oxoplatin, an orally applicable Pt (IV) drug, has been used clinically [40].
Presnov et al. found that oxoplatin displayed a prolonged effect, antimetastatic

activity, and similar or even higher tumor growth inhibition. It is believed to be

H, OH OH H, OH O OH H, OH
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N g 0- kN Kz Fl 0- g N’//, \\O
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N7 | oL s | o LN (g\o P’
(R)H2 H BOH ) H, OH BOH ”H BOH

Figure 4. Structural formulas of various isomers of Platinum (IV)-pyrophosphato complexes containing
1,2-cyclohexanediamine Ligand.
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Figure 5. Schematic Formulas of Cis-Diam(m)inebis(carboxylato)Dichloride Platinum (IV) and Cis-diam(m)inetetrakis(carboxylato) Platinum

(IV) Complexes Investigated by Keppler’s group.

a prodrug of cisplatinin in vivo [52] [53]. Satraplatin, as the first orally given
Platinum (IV) complex, shows a comparable activity to cisplatin and carboplatin

[10] [54]. In Phase I clinical trials, it was found to be lack of neurotoxicity and
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Figure 6. Chemical structures of the Platinum (IV) compounds that have entered in clinical trials or have

been used clinically.

nephrotoxicity [55]. In 2003, satraplatin entered Phase III trials for the treatment
of hormone refractory prostate cancer in a combination regimen with predni-
sone [44]. Although phase III clinical experiments of satraplatin in Europe and
the US for ovarian, non-small-cell lung and small cell lung cancers had been
completed, it was not approved by the FDA in clinical use for cancer treatment
due to variability in drug uptake and poor therapeutic effect [56] [57]. Now
clinical trials with satraplatin in a combination regime are ongoing. It was found
the combination of satraplatin and fractionated radiotherapy is more effective
against human lung cancer xenografts than either agent alone [58].

Another Pt (IV) complex, namely LA-12, demonstrated high cytotoxic effect
in cisplatin-resistant cancer cell lines and no cross-resistance with cisplatin was
seen [59]. In both murine AD]J/PC6 plasmacytoma and a human A2780 ovarian
carcinoma tumor model, higher in vivo antitumor activity was observed com-
pared to cisplatin and satraplatin [60]. Surprisingly, the acute toxicity of LA-12
in mice is relatively low and the effective dose is comparable to that of cisplatin
and higher than that of satraplatin [60]. Currently, phase I clinical trials of
LA-12 are in progress and some promising results have been shown [61].

Although all the examples discussed above are not approved by FDA, the
stuies on them provide a basis for design and development of the new Platinum
(IV). In addition to above Pt (IV)-prodrugs that entail chemical activation, pho-

toactivatable Pt (IV) complexes also have attracted a great deal of attention in
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recent years.

7. Photoactivatable Platinum (IV) Complexes

The phototherapeutic method that has seen the greatest success in the treatment
of cancer has been photodynamic therapy (PDT), which is based on the admin-
istration of a photosensitizer and subsequent activation using light at a wave-
length where the compound absorbs. The photoactivatable prodrugs ideally
should have good aqueous solubility, be activated by longer wavelength light for
deeper penetration into the tissue, no dark toxicity, preferential accumulation in
the cancer tissue, and finally a long enough half-life in the blood to reach the
tumour cells in adequate concentrations [62] [63].

Recently, photoactivatable Pt (IV) complexes have been attached great im-
portance with scientists. They are remarkably stable in the dark, even in the
presence of cellular reducing agents such as glutathione, but readily undergo
photoinduced ligand substitution and photoreduction reactions. Two classes of
photoactivatable Pt (IV) complexes have been looked at thus far: diiodo-Pt (IV)
and diazido-(IV) diammine complexes. The first generation of Pt (IV) photoac-
tivatable anticancer drugs are diiodocomplexes (Figure 7), with the general
formula of trans, cis-[Pt(X),],(en)], where en = ethylenediamine and X = CI’,
OH’, acetate or methylsulfonate [64]. These diiodo-Pt (IV) complexes react to
visible light by binding irreversibly to DNA. Furthermore, the photolysis prod-
ucts are cytotoxic to human cancer cells in vitro. Nevertheless, these complexes
showed no significant difference between dark and light toxicity. It might be that
these complexes are too reactive towards biological thiols, which rapidly reduced
them to cytotoxic platinum (II) species, thus making them unsuitable as drugs
[65] [66].

The second generation, diazido-Pt (IV) complexes (Figure 8), represented by
cis, trans, cis-[Pt(N,),(OH),(NH,),] and cis, trans-[Pt(en)(N,),(OH),], are also
photosensitive, binding irreversibly to DNA [65]. They are found to be stable to
glutathione and thus show very low dark cytotoxicity, which is a desirable fea-
ture for photoactivatable drugs [67]. Interestingly, it was found that all the trans
analog, trans, trans, trans,-[Pt(N;),(OH),(NH,),] is non-toxic to the cell in the
dark, but as active as cisplatin in the light [68].

o (0] (0]
A o
I/(g\j '/<L\j |/$\j

g~
Ao
D

B Cc

Figure 7. First Generation of diiodo photoactivatable Pt (IV) drugs.
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Figure 8. The second generation of Pt (IV)—diazido complexes.

Complex 4, which contains a pyridine instead of an ammine ligand, was sig-
nificantly more potent than both above mentioned in vivo when irradiated with
UV light [69]. And no cross-resistance was observed in cisplatin-resistant cel-
llines [70]. Studies on the mechanism of action performed for the complexes by
Berdnaski et al [71] suggested that the mechanism of cytotoxicity in vitro is the
same as that of cisplatin. These studies show that photoactivatable Platinum (IV)

antitumor agents represent a promising area for new drug development.

8. Conclusions

Over the past decade, experimental and clinical studies on platinum-derived
compounds have led to the development of potent anticancer drugs. During the
process, Platinum (IV) complexes have attracted scientists’ great attention and
favor as it offers the opportunity to overcome some of the problems faced with
cisplatin use. Platinum (IV) complexes provide several advantages over platinum
(II) drugs, such as prolonged stability in the bloodstream, lower toxicity and ef-
ficacy in cisplatin-resistant tumor cell lines. Furthermore, Platinum (IV) com-
plexes may be suitable for oral application.

The general structure formula of Pt (IV) complexesis cis, cis, trans-[Pt(Am),X,Y,].
Wherein X is a leaving group and Am contains amino ligands, while Y is axial
ligands. Modification of the leaving group(s) influences both biodistribution and
the general toxicity. On the contrary, modification of the amine ligand(s) will in-
fluence the anticancer properties. The axial ligands can be changed to reduce the
side effects, increase the activity of the complexes or confer additional cytotoxic-
ity. The preparation of Pt (IV) complexes commences with constructing the
corresponding Pt (II) complexes, which can be transformed into Pt (IV) com-
plexes by ligand substitution or oxidation reaction with chlorines or hydrogen
peroxide.

It is widely believed that reduction to platinum (II) by bio-reductants in body
liquids, is essential for Platinum (IV) complexes to exert their anticancer activi-
ty. The platinum (II) species resulting from the reduction of the Pt (IV) com-
plexes form adducts with DNA, causing conformational changes of DNA and
destructing the biological function of DNA, thereby exerting anticancer activity.
Choi et al found that the complex with a bulkier and more electron withdrawing
ligand showed a higher reduction rate and reduction potential. But there is no
strong correlation between the anticancer activity and the reduction rate overall.

Pt (IV) antitumor agents with higher lipophilicity would be more effective in
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cancer cells. However, an excessive increase in lipophilicity strongly decreases
the water solubility and its hydrogen bonding ability, thus limiting bioavailabili-
ty. Therefore, an oral candidate drug must be of an appropriate size, lipophilicity
and hydrogen bonding characteristics to facilitate oral absorption.

Iproplatin, Ormaplatin (tetraplatin), oxoplatin, LA-12 and satraplatin have so
far been in clinical trials or have been used clinically (oxoplatin). The first two
have been abandoned. Iproplatin showed less cytotoxicity than cisplatin and te-
traplatin was too toxic, whereas satraplatin is now being trialled for combination
therapy. LA-12 is currently under phase I clinical trials.

In addition to the above-mentioned examples entailing chemical activation,
photoactivable Pt (IV) complexes are also a class of promising candidates to
avoid damage to healthy cells and the surrounding tissue. Recent studies show
that the Pt (IV) diazido complexes with a trans geometry and aromatic amines
show a remarkable set of desirable features such as stability in the dark, limiting
dark toxicity, high aqueous solubility, high phototoxicity when irradiated with
blue light and are promising candidates for use in cancer chemotherapy.

This mini-review on Pt (IV) complexes can help guide clinical development,
provide a basis for progressing a new platinum compound, or lead to new classes

of compounds.
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