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The reactions of cyclopropylamine, cyclopentylamine, and cyclohexylamine with trans-[PtCl2(NCMe)2]
afforded the bis-cationic complexes trans-[Pt(amine)2(Z-amidine)2]

2þ[Cl-]2, 1-3. The solution beha-
vior and biological activity have been studied in different solvents (DMSO, water, polyethylene glycol
(PEG 400), and polyethylene glycol dimethyl ether (PEG-DME500)). The biological activity was strongly

influenced by the cycloaliphatic amine ring size, with trans-[Pt(NH2

�

CH(CH2)4

�

CH2)2{N(H)dC(CH3)-

N(H)

�

CH(CH2)4

�

CH2}2]
2þ[Cl-]2 (3) being the most active compound. Complex 3 overcame both cis-

platin and MDR resistance, inducing cancer cell death through p53-mediated apoptosis. Alkaline
single-cell gel electrophoresis experiments indicated direct DNA damage, reasonably attributable to
DNA adducts of trans-[PtCl(amine)(Z-amidine)2][Cl] species, which can evolve to produce disruptive
and nonrepairable lesions on DNA, thus leading to the drug-induced programmed cancer cell death.
Preliminary in vivo antitumor studies on C57BL mice bearing Lewis lung carcinoma highlighted that
complex 3 promoted a significant and dose-dependent tumor growth inhibition without adverse side
effects.

Introduction

In recent years, a great variety of trans-platinum com-
plexes1-6 have been shown to possess significant in vitro and
in vivo antitumor activity similar to or even higher than that
of cis-diamminedichloroplatinum(II) (cisplatina), contrary
to the previously described relationship between cis-based
structure and antitumor activity of platinum drugs.7-9 It
has been proposed that one characteristic of active trans-
Pt(II)Cl2L2 (where L=N-donor ligand) antitumor drugs is
the presence, in the metal coordination sphere, of hindered

ligands that can suitably reduce the rate of displacement of the
chloro ligands.10,11 Thus, monofunctional Pt-DNA adducts
are formed, which can give rise to interstrand and/or protein
interactions that are responsible for the drug-induced cyto-
toxic effect.12 This has been explored with Pt(II) complexes of
the type trans-[PtCl2LL

0], where L and L0 are pyridine-like
ligands,13,14 alkyl-substituted amines,15,16 iminoethers,17-19

or the recently described phosphines20 and acetoximes21 and
Pt(IV) complexes with trans-[PtCl2X2LL

0] configuration
where X is a hydroxide or carboxylate ligand and L and L0

are amines.22-28Thebiological activity of dinuclear dicationic
platinumcomplexes of the type trans-[{Pt(NH3)2Cl}μ-dpzm]2þ,
where dpzm is 4,40-dipyrazolylmethane,29 and [{Pt(Me)Cl-
(Me2SO)}2(μ-N-N)],whereN-NisH2N(CH2)6NH2,

30,31 has
been investigated. Recently, a new class of polynuclear Pt(II)
complexes, which can be described as two trans-[PtCl(NH3)2]
units that are linked by bridging trans-[Pt(NH3)2{H2N(CH2)6-
NH2}2] tetra-amines, has been proposed. This class of com-
plexes entered phase I clinical trials with the lead compound
BBR3464.32 It is noteworthy that only a few cationic platinum
complexes have been screened and have demonstrated in vitro
and in vivo antitumor activity.33 Recently, the DNAbinding of
platinum complexes containing cationic, bicyclic, nonpolar
piperidinopiperidine (pip-pip) ligands has beendemonstrated.34

Recent results have shown that trans-complexes exhibit
cytotoxic activity because of their general ability to overcome
cisplatin resistance owing to their distinct cellular pharmaco-
logical properties with respect to cisplatin, which are caused
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by thediffering interactionsof the compoundswithDNA.5,35-38

trans-Platinum compounds form interstrand cross-links,
which stabilize theDNAdouble helix, whereas cisplatin forms
an intrastrand cross-link pattern.3,13

We have recently been investigating the biological activity
of a series of Pt(II) bis-amidine complexes39,40 with the general
formulas cis- and trans-[PtCl2{N(H)dC(NHMe)R}2] and cis-
and trans-[PtCl2{N(H)dC(NMe2)R}2] (where R=Me, Ph,
CH2Ph), which are obtained by the nucleophilic addition of
primary and secondary aliphatic amines to cis- and trans-
di(nitrile) Pt(II) complexes (Scheme 1).

Similar to the iminoether ligands in the cis-[PtCl2{N(H)d
C(OMe)CH2Ph}2]

41 and trans-[PtCl2{N(H)dC(OR)Me}2]
(R=Me,Et)17-19 derivatives, amidinesmaintain the presence
of the imino moiety NHdC(sp2) bonded to the platinum cen-
ter. Furthermore, amidines derived fromprimary amines bear
an additionalNHgroup, which is known to be responsible for
important hydrogen-bond donor properties when approach-
ing the biological target42 and can interact with DNA to po-
tentially formnew types of lesions. Amidines are also versatile
ligands because their lipophilicity can be tuned by modifica-
tion of the R group.

The introduction of cyclic aliphatic amines, in particular
cyclohexylamine, in the platinumcoordination sphere,maybe
of interest because of their steric hindrance and flexibility, re-
semblingnonplanarheterocyclic amine ligands suchas 4-pico-
line, piperidine, or piperazine.43-49 The cyclohexylamine lig-
and has been reported in a new class of potential anticancer
drugs of the type trans-[(NHC)PtI2(amine)], which are char-
acterized by the presence ofN-heterocyclic carbenes (NHC) in
the metal coordination sphere.49

The presence of the cyclohexyl ring28,50,51 also characterizes
the series of platinum complexes that are based on the 1,2-
diaminocyclohexane (DACH) carrier ligand. Two of these
compounds, Oxaliplatin and Ormaplatin, have entered clini-
cal trials.22,52,53

The first orally active platinum complex that is active against
several human ovarian carcinoma xenografts was trans,trans,
trans-[PtCl2(OH)2(NH3)(cyclohexylamine)] (JM335);22 how-
ever, it was found to be significantly less active than cisplatin
because of its inactivation by cellular thiols.54-57

Cyclohexylamine is present as a spectator ligand in cis,trans,
cis-[PtCl2(NH3)(C6H11NH2)(OCOCH3)2] (JM216,Satraplatin),
which was reported to be highly active in vitro against both Pt-
sensitive and Pt-resistant human tumor cell lines.44,58 The influ-
enceof cyclohexylamine as a spectator ligand in cis-[PtCl2(NH3)-
(C6H11NH2)] (JM118), one of the two major metabolites of
JM216, was thoroughly examined. It was observed that domain
A of HMGB1 was the most sensitive to the nature of the
spectator ligands on platinum and that the affinity that HMG
box proteins have for Pt-modified DNA depends on the base
pairs immediately flanking the platinum adduct.44 The X-ray
structure of the asymmetric complex [Pt(NH3)(cyclohexyla-
mine)]2þ bound to a dodecamerDNAduplexwas also report-
ed.59 The bulky cyclohexylamine increases the hydrophobicity
of the major groove in the vicinity of the adduct, thereby
affecting drug activity, along with hydrogen bonding and

other major groove interactions between the protein, DNA,
and the ligands on the platinum center. One of these com-
pounds, Satraplatin, in combination with prednisone, has
been submitted for approval by the FDA for the treatment
of hormone-refractoryprostate cancer.60Recently, another of
these compounds [Pt(NH3)(cyclohexylamine)(OOC-CH2-
COO)] was reported to provide greater DNA platination and
cytotoxic activity against human leukemia HL60 and human
bladder carcinoma EJ cells than cisplatin.51

Furthermore, the biological activities of trans-[PtCl2(dim-
ethylamine)(cyclohexylamine)] and trans-[PtCl2(OH)2(dim-
ethylamine)(cyclohexylamine)] were also reported, and it
was shown that these compounds are active against a panel
of tumor cell lines in the lowmicromolar range and exhibit the
same significant antitumor activity against cell lines that are
either sensitive to or have acquired resistance to cisplatin.26

After treatment with these compounds, only a small percent-
age of cancer cells underwent apoptosis, with most of the
cellular population dying through a necrosis-like mechanism.
It was also shown that these platinum complexes induced a
complete blockade at the S phase of the cell cycle, inhibiting
total mRNA transcription and precluding p53 activation.61

From this perspective, we report the synthesis, character-
ization, and biological activity of a new class of cationic trans-
Pt(II) complexes of the type trans-[Pt(amine)2(amidine)2][Cl]2
that are derived from the reaction of trans-[PtCl2(NCCH3)2]
with cyclopropylamine, cyclopentylamine, and cyclohexy-
lamine. These complexes are characterized by the following
features: (i) the presence of four N-ligands bonded to the
platinum center, which resemble the antitumor drugs that are
prepared by the reaction of transplatin with oligonucleotides
containing a GNG triplet (where N is any nucleoside),5 (ii)
the presence of two aliphatic amine ligands in a trans position,
which can undergo exchange processes, (iii) the presence of two
amidine ligands,whichbear theplanarN(H)dCmoiety, similar
to the iminoether systems,17-19 as carrier ligands, (iv) the ami-
dine ligands in a Z configuration, which are more biologically
active than the E configuration in iminoether complexes,62 and
(v) solubility in both organic solvents and water.

The cytotoxic properties of the new derivatives have been
assessed using a large panel of human cancer cell lines that be-
long to a variety of different tumor types and include cisplatin-
and multidrug-resistant (MDR) phenotypes. Their cytotoxi-
city against normal human fibroblastswas also tested. Specific
attention was focused on the effect induced by the ring size of
the amine ligands (cyclopropylamine, cyclopentylamine, or
cyclohexylamine) and by the solvent used to carry out the
biological assays. We have investigated and compared the
solution behavior by dissolving the new compounds in sol-
vents such as DMSO, water, polyethylene glycol (PEG 400),
and polyethylene glycol dimethyl ether (PEG-DME 500),
with the aim of overcoming solubility and toxicity problems.
Theputativemechanism(s) of cytotoxicity for this new class of
trans-Pt compounds was investigated by cellular pharmacol-
ogy studies in 2008 human ovarian adenocarcinoma cells. In
particular, DNA damage, apoptosis and p53 induction, and
cell cycle perturbations were monitored and compared to
thosecausedbycisplatin.Finally,apreliminary invivoevaluation

of the anticancer activity of trans-[Pt(NH2

�

CH(CH2)4

�

CH2)2-

{N(H)dC(CH3)N(H)

�

CH(CH2)4

�

CH2}2]
2þ [Cl-]2 (compound3),

which was selected as the lead compound, was performed in

the Lewis lung carcinoma (LLC) tumor model.

Scheme 1. Synthesis of Bis-amidine Pt(II) Complexes
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Results and Discussion

Chemistry. Synthesis and Characterization of the Com-

plexes. The reaction of excess cycloaliphatic amine, RNH2

(R=cyclopropyl-, cyclopentyl-, or cyclohexyl-) with trans-
[PtCl2(NCMe)2], carried out in CH2Cl2 at room temperature
for 24 h, provided the dicationic trans-[Pt(amine)2(Z-ami-
dine)2]

2þ[Cl-]2, 1-3 complexes in high yield (approximately
80%) (Scheme 2). The amidine ligands 1-3 are formed by
nucleophilic addition of the cyclic aliphatic amine to the nitrile
triple bond as previously reported for similar reactions.39,40

Further reaction of RNH2 at the platinum center caused dis-
placement of the coordinated chlorides.

It should be noted that the same reactions performed at
low temperature (-20 �C) and for short reaction times (5 h)
produced amixture of neutral and cationic bis-amidine com-
plexes, trans-[PtCl2(Z-amidine)2], and trans-[PtCl(amine)2-
(Z-amidine)2]

þ[Cl-], respectively.63

Chloride substitution by an entering amine was previously
described for the reaction of K2PtCl4 and trans-[PtCl2-
(NCMe)2] with ammonia64-67 or aliphatic diamines68 and
was also reported in the reaction of trans-[PtCl2(NCMe)2]
with isopropylamine.69 The absorption of excess of gaseous
ammonia byCH2Cl2 solutions of cis- and trans-[PtCl2(NCR)2]
(R=NMe2,NEt2,NC5H10, Et, CH2Ph, or Ph) was recently re-
ported to yield cis- and trans-[(NH3)2{NHdC(NH2)R}2][Cl]2

70

compounds.
The infrared spectra of complexes 1-3were characterized

by the presence of the CdN absorption at about 1620 cm-1

and a band at about 420 cm-1 that is attributed to the Pt-N
vibration, in agreement with data reported in the literature
for complexes of the type [Pt(cycloalkylamine)2X2] (X =
Cl, I).71,72 The coordination of the corresponding amine to
the platinum center was confirmed by the presence in the 1H
NMR spectra of N-H signals at about 5 ppm flanked by
195Pt satellites with coupling constants of approximately
50 Hz. It is noteworthy that in cyclic aliphatic amine com-
plexes, the two protons on each carbon atom are not equi-
valent; the proton on the same side of the N atom is more de-
shielded than the other, giving rise to a second-order proton
NMR spectrum. It is known that the strength of the Pt-N
σ bond can be related to the basicity of the ligand.72 The for-
mation of the σ bond between the amine N and Pt should
transfer some electron density from the amine to the Pt atom,
resulting in a shielding of the metal center and a deshielding
effect on the ligands (1H and 13C signals). The presence of
two amidines as ancillary ligands would increase the elec-
tron density of the metal compared to the amine complexes
[Pt(cycloalkylamine)2I2]. These mechanisms are in agree-
ment with the 195Pt chemical shift (δ) that was observed at

-3487 ppm for compound 2; the resonance was more shield-
ed compared to the δ value of-3350 ppm that was found for
the [Pt(cycloalkylamine)2I2] complexes.72,73 The signals of
theNH2protonswere significantly deshieldedwith respect to
the data that were reported for the trans-[Pt(cycloalky-
lamine)2I2] complexes, which is in agreement with the higher
deshielding effect due to the presence of donor ancillary
ligands, such as amidines, compared to iodines.We found no
correlation between the 13C, 1H, and Pt-H coupling con-
stant values of complexes 1-3 and the published proton affi-
nity of the amines, with pKa values of 8.67, 9.98, and 9.85 for
cyclopropylamine, cyclopentylamine, and cyclohexylamine,
respectively.72The 15NNMRspectrumof compound 2 showed
thepresenceof threeNsignals atδvaluesof-256.4 (1JNH=90
Hz, HNC5H9), -270.1 (1JNH=80 Hz, PtNH), and -376.3
ppm of the platinum-coordinated NH2 moiety. This latter
signal exhibited the lowest N-H coupling constant value
(1JNH= 70Hz), confirming the existence of the expected sp3

nitrogen hybridization.74,75 The chemical shift of theN atom
of the coordinated cyclopentylamines of compound 2 (δ=
-376.3) resulted in an upfield shift compared to that of the
free amine (δ=-338.4), which is in agreement with data re-
ported in the literature for primary aliphatic amines and the
corresponding hydrochlorides.76 The amidine ligands in com-
pounds1-3weremagnetically equivalent, givingrise toaunique
set of signals in the 1H NMR spectra. The Z configuration was
confirmed byNOESY experiments, which showed a correlation
between the signals of the Pt-NH and the CH3 protons.

The fragmentation pathways of compounds 1-3dissolved
in CH3CN under ESI conditions involved the formation of
ionic species corresponding to [Pt(AD)2(AM)2]

2þ, [PtCl-
(AD)2(AM)2]

þ, [Pt(AD)2(AM)2-H]þ, and [PtCl(AD)2(AM)]þ

(AD= amidine ligand, AM= amine ligand), as confirmed
by MS/MS experiments and isotope pattern analysis.

X-ray Crystal Structure of Compound 1. Summaries of the
refinement results and other crystallographic information
are provided in the Supporting Information. The ORTEP
diagram for compound 1 is shown in Figure 1 with selected
bond distances and angles. The complex was crystallized in
the triclinic system, and the coordination at the Pt metal
center was trans planar. The square planar coordination
geometry around the Pt atom was characterized by Pt-N(2)
and Pt-N(2)0 bond distances of 2.006(4) Å, which is in
agreement with the literature39,64,66,77,78 for similar amidine
Pt(II) complexes. The amidine ligands were shown to be in
the Z configuration. The N(2)-C(4) and N(3)-C(4) bond
distances were 1.297(6) and 1.341(7) Å, respectively, suggest-
ing the presence of an electronic delocalization along the
N-C-N system. The C-Nbond distances were in the range
that has been observed for trans-bis-amidine complexes such
as trans-[Pt(PriNH2)2{Z-N(H)dC(NHPri)Me}2][Cl2] (values
between 1.25(1) and 1.37(1) Å),78 trans-[PtCl2{Z-N(H)dC-
(NHBut)Me}2] (values between 1.304(4) and 1.321(5) Å),77

and trans-[PtCl2{Z-N(H)dC(NHMe)CH2Ph}2] (values be-
tween 1.278(8) and 1.324(9) Å).78 The N(2)-Pt(1)-N(2)0

(180�),N(1)-Pt(1)-N(1)0 (180�), andN(1)-Pt-N(2),N(1)-
Pt-N(2)0 (87.7(2)� and 92.3(2)�) angles showed the expected
values for a square planar coordination geometry around
the Pt atom.79,80 In the cyclopropylamine ligands, the Pt-N
distance (2.055(4) Å) was comparable to values reported in
cis-[PtCl2(C3H5NH2)2]

81 and cis-[Pt(C3H5NH2)2(C6H7N2-
O2)2] 3 2H2O

82 complexes. It is noteworthy that the Pt-N-
(amidine) distance was shorter (2.006(4) Å) than that of
Pt-N(amine) (2.055(4) Å), which indicates a greater stability

Scheme 2. Synthesis of Compounds 1-3
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of the coordinated amidines compared to the coordinated
amines in the ligand displacement processes. This value was
in agreement with what was reported for one of the two
crystalline forms of trans-[Pt(PriNH2)2{Z-N(H)dC(NHPri)-
Me}2][Cl2],

68 with a Pt-N(amidine) distance of 1.988(7) Å.
The other one had an Pt-N(amidine) bond distance of
2.035(8) Å, which is comparable to the reported values of
Pt-N bonds in [Pt(NHdSPh2)2{NHdC(Me)NdSPh2}2]-
[PF6]

83 and trans-[PtCl4{N(H)dC(Et)(NHC5H4N)}2].
84

Solution Behavior. To improve the solubility,85 the biolo-
gical activity of the amidine complexes 1-3was investigated
by dissolving them in DMSO, water, PEG 400 (average mole-
cularweight=380-420), andPEG-DME (averagemolecular
weight = 500).

a. DMSO. It is known that the simultaneous administra-
tion of cisplatin andDMSOsignificantly reduces the nephro-
toxicity of the drug.86Moreover, the previously observed86-89

antitumor activity of cationic platinum species bearing co-
ordinating sulfoxides seems to be based on the properties of
DMSO, which shows a large trans-effect and a fairly weak
trans-influence as a coordinating ligand.90 It was previously
reported that even after a long period of time (48 h) at room
temperature in DMSO, trans-[PtCl2(NH3)2] formed only
trans-[PtCl(NH3)2(DMSO)][Cl].91,92 The substitution of a
coordinated chlorine was also observed by dissolving the bis-
amidine derivatives, trans-[PtCl(NH3){HNdC(NH2)R}2][Cl]
(R=Me, Ph, CH2Ph) in DMSO, which resulted in the form-
ation of trans-[Pt(DMSO)(NH3){HNdC(NH2)R}2][Cl]2.

39

The behavior of the cationic compounds 1-3 after solubili-
zation in DMSO was studied using NMR and ESI-MS. A
unique species was formed by dissolving compound 2 in
DMSO-d6 containing 0.5% DMSO-h6 for 24 h as indi-
cated by a singlet at a δ value of -3356 in the 195Pt NMR
spectrum, which was assigned to the monocationic amine-

diamidine species, [PtCl(NH2

�

CH(CH2)3

�

CH2){N(H)dC(CH3)

N(H)

�

CH(CH2)3

�

CH2}2]
þ[Cl-], based on the NMR and ESI

data. The 1HNMRspectrum showed signals at δ values of 4.83

(1JPtH=66Hz,NH2), 5.87 (PtNH), and 8.05 (d, 3JHH=6Hz,
NH) in the ratio 1:1:1, highfield shifted with respect to the
corresponding resonances of the starting compound 2. The
displacement in compound 2 of cyclopentylamine by DMSO
was confirmed by GC/MS analysis of the NMR solution,
which showed the presence of a free cyclopentylamine peak
(m/z=85, retention time= 8.25 min). Similar results were
observed by dissolving compounds 1 and 3 in DMSO-d6. With
GC/MS, it was observed that the process was completed in 15
min.Monitoring of the reaction of compound 2with 5 equiv of
DMSO-h6 in CDCl3 using

1H NMR, a singlet at a δ value of
3.37was observed. The corresponding 13Cnucleus resonated at
a δ value of 51.92. These signals could be attributed to the
methyl groups of coordinated DMSO slowly exchanging with
the free DMSO, as indicated by EXSY experiments in an
intermediate species.

The ESI fragmentation pattern of compound 2 in DMSO
is reported in Scheme 3. The base peak is represented by ions
with an m/z of 567, which corresponds to the monocatio-

nic species, [PtCl{NH2

�

CH(CH2)3

�

CH2}{N(H)dC(CH3)N(H)-

�

CH(CH2)3

�

CH2}2]
þ. Five coordinated ionic species at m/z

values of 652 and 347.5, which were formed by addition of
Cl- and DMSO, respectively, were also observed.

b. Water. The 1H NMR spectrum of compound 2 in D2O
showed the disappearance of the NH signals due to fast
H-D exchange processes, together with the appearance of a
new signal at a δ value of 3.90, which is attributable to the
CH proton of the free cyclopentyl amine, the formation of
which was confirmed by GC/MS analysis of the NMR
solution. After dissolving compound 2 in acetone-d6 and
then adding two equivalents of H2O, complex ligand sub-
stitution processes occurred, as demonstrated by the appear-
ance in the 1H NMR spectrum of the resonances of four
different amidine ligands in an approximate 2:2:1:2 ratio,
(PtNH signals at δ values of 6.89, 6.67, 6.41, and 6.18; NH
signals at δ values of 8.56, 7.68, 7.77, and 7.37), together with
a broad resonance at a δ value of 4.91 (1JPtH = 63 Hz). A
very small signal at a δ value of 4.80 could be assigned to
metal-coordinated water on the basis of NOESY experi-
ments. The detection of free cyclopentylamine by GC/MS in
the NMR solution again indicated amine displacement. The
ESI MS spectrum of compound 2 in water showed the

presence of the ionic species, [PtCl{NH2

�

CH(CH2)3
�

CH2}

{N(H)dC(CH3)N(H)

�

CH(CH2)3

�

CH2}2]
þ as the base peak

at an m/z of 567 (Scheme 3).
c. PEG. PEG is widely used in drug delivery93,94 and has

been studied as a modifying agent that is able to improve the

solubility of drugs; in particular, it has been tested with some

platinum systems.95-97 On this basis, we also dissolved the

amidine complexes 1-3 in lowmolecularweight liquid PEGs

to explore their use as solvents in the cytotoxicity tests. We

used either PEG400 (PEG-OH) or PEG-DME (PEG-OMe),

the latter of which was specifically considered to prevent the

occurrence of possible reductive processes that might be

induced by the OH moieties of PEG-OH. The stability of

complexes 1-3 in PEG 400 was studied by 1H NMR upon

dissolution of the compounds in CDCl3 with an excess of

glycol. The NMR spectrum of complex 2 shows the presence

of two sets of resonances, indicating the presence of two

species in an approximately 2:1 ratio. The most abundant

Figure 1. ORTEP diagram for trans-[Pt(NH2

�
CHCH2

�

CH2)2{N

(H)dC(CH3)N(H)C

�

HCH2

�

CH2}2]
2þ cation. Displacement ellip-

soid are drawn at the 40% probability. Selected averaged bond dis-
tances (Å): Pt-N(1), 2.055(4); Pt-N(2), 2.006(4); N(1)-C(1),
1.458(7); N(2)-C(4), 1.297(6); N(3)-C(4), 1.341(7); N(3)-C-
(6),1.434(7). Angles (deg): N(1)-Pt-N(2), 87.7(2); N(1)-Pt-N(2)0,
92.3(2); C(1)-N(1)-Pt,114.5(3); C(4)-N(3)-C(6); 123.7(5); C(4)-
N(2)-Pt, 127.1(3); N(2)-C(4)-N(3), 120.3(4).
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species gave rise to signals in the NH region at δ values of
8.68, 6.88, and 4.80 in the integral ratio of 1:1:2, which are
attributed to the CdNH, Pt-NH, and C5H9-NH2 protons,
respectively, of compound 2. The second species was charac-
terized by a new set of signals at δ values of 7.54, 7.13, and 5.98
with an integral ratio of 1:1:1, which could probably be assig-

ned to the monocationic species, [PtCl(NH2

�

CH(CH2)3

�

CH2)

{N(H)dC(CH3)N(H)

�

CH(CH2)3

�

CH2}2]
þ[Cl-]. The interac-

tion of PEG 400 with the metal center was also suggested by
the presence in the 1HNMRspectrumof twobroad signals at
δ values of 3.2 and 3.0, which were assigned to the OH
protons of coordinated and free glycol, respectively, and
were shown by NOESY experiments to be involved in an
exchange process. The amine displacement process was
confirmed by GC/MS analyses, which showed the presence
of free amine in the NMR solution. The ESIMS spectrum of
the NMR solution showed the presence, as the base peak

(Scheme 3), of the ionic species, [PtCl(NH2

�

CH(CH2)3

�

CH2)-

{N(H)dC(CH3)N(H)

�

CH(CH2)3

�

CH2}2]
þ, at an m/z of 567.

Similar experiments have been carried out in which the ami-
dine complexes were dissolved in PEG-DME 500. Despite the
fact that the solubilities of the amidine complexes in this sol-
vent were lower, it was observed that derivatives 1-3 caused
amine displacement, as confirmed by GC/MS analysis.

Biology. Cytotoxicity Tests. The dicationic trans-bis-ami-
dine Pt(II) derivatives 1-3 were evaluated for their cytotoxic
properties against a panel of human tumor cell lines, which con-
tainedexamplesof cervix (HeLa),breast (MCF-7), lung (A549),
and colon (HCT-15) cancer, andmelanoma (A375).Moreover,
Pt(II)-amidine complexes were tested for their cytotoxicity
against normal human fibroblasts (HFF-1). For comparison,
the cytotoxicity of transplatin and cisplatin were examined.

We investigated and compared the antiproliferative activ-
ity of compounds 1-3 by dissolving them in water, DMSO,
PEG 400, or PEG-DME 500. The IC50 values, calculated
from the dose-survival curves, obtained after 48 h of drug
treatment in the MTT test, are summarized in Figure 2.

Despite the fact that compounds 1-3 showed appreciable
water solubility, their aqueous solutions proved to be totally
ineffective when they were tested for cytotoxic activity by the
MTT test (data not shown). This lack of biological activity
can be tentatively attributed to the very low lipophilicity of
compounds 1-3, as indicated by the values of octanol-water
partition coefficient (Kow) of compounds 1-3 being much
less than 1, most likely reducing their ability to cross the
plasmalemma. Moreover, we suggest the occurrence of equi-
libria which involve ligand exchange and give rise to species
that have too low of a lipophilicity and consequently an
unsuitable kinetic stability with respect to the ligand displace-
ment reactions.

In Figure 2A, the results that were obtained by dissolving
complexes 1-3 in DMSO are reported. Complex 1 showed
a detectable cytotoxic activity that was markedly lower
than that of the reference drug, cisplatin, with average
IC50 values over five cell types that were about 3 times
higher than those of cisplatin (mean IC50 values (μM) of
76.62 and 27.6 for compound 1 and cisplatin, respectively).
In contrast, derivatives 2 and 3 showed significant in vitro
antitumor activity. In particular, complex 3 distinguished
itself as the most promising derivative, eliciting a growth
inhibitory potency that was markedly higher than that of
cisplatin. In HeLa cervix carcinoma cells, the cytotoxicity
of compound 3 exceeded that of the reference drug by a
factor of about 1.5 and in both HCT-15 colon and MCF-7
breast carcinoma cells by a factor of about 4. Noticeably,
against A549 lung cancer cells, which are barely chemosen-
sitive to cisplatin,98 the cytotoxicity of complex 3 exceeded
that of the reference metallodrug by a factor of about 5,
confirming its ability to overcome intrinsic cisplatin resis-
tance. The cytotoxic activity of derivative 2 appeared to be
relevant but lower (about 1.2-fold) than that of the refer-
ence drug, with mean IC50 values of 36.07 and 29.56 μM for
compound 2 and cisplatin, respectively. Nevertheless, all of
the dicationic trans-bis-amidine complexes appeared to be
more effective than transplatin, which has been well doc-
umented1-6 to be scarcely effective toward all cancer cell
lines.

Scheme 3. ESI MS Fragmentation Pathways of Compounds 1-3 in Different Solvents
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Rather different observations have to be made about
the growth inhibitory activity displayed by the bis-amidine
derivatives that were dissolved in PEG 400 and PEG-DME
500. As shown in Figure 2B, by dissolving derivatives 1-3 in
PEG 400, we have detected, for all tested compounds, a
significant increase in the in vitro antitumor activity. Com-
plex 1 was characterized by a cytotoxicity similar to that
exhibited by cisplatin, whereas compound 2 appeared to be

much more active, exhibiting average IC50 values that were
approximately 2-fold lower than those of cisplatin (mean
IC50 (μM) values of 16.3 and 27.6 for compound 2 and
cisplatin, respectively). Compound 3 was the most effective
bis-amidine Pt(II) derivative. In fact, the in vitro antitumor
activity of derivative 3 was in the low micromolar range
toward all tumor cell lines, exceeding that of the reference
drug by a factor ranging from approximately 2.5 to 8, with

Figure 2. In vitro antitumor activity. Cells (3-8 � 103 3mL-1) were treated for 48 h with increasing concentrations of the tested compounds.
Cytotoxicity was assessed by the MTT test. The IC50 values were calculated by probit analysis (P<0.05, χ2 test). Values are shown as mean
((standard deviation (SD)) of three independent experiments. (A) Complexes dissolved in DMSO. (B) Complexes dissolved in PEG 400.
(C) Complexes dissolved in PEG-DME 500. Cisplatin was dissolved in water.
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mean IC50 values and ranges of 6.4 μM (4.0-10.0) and 27.6
μM (11.0-39.1) for compound 3 and cisplatin, respectively.
Finally, in Figure 2C, the IC50 values obtained by solubiliz-
ing derivatives 1-3 in PEG-DME500 are reported.All of the
compounds maintained a pattern of response across the
various cell lines that was similar to that obtained in PEG
400, although a slight decrease in cytotoxic potency was
recorded for all of the derivatives, most likely due to a lower
solubility in this solvent.

Interestingly, as shown in Figure 3, HFF-1 human normal
fibroblasts seemed to be less affected than tumor cells by
treatment with the Pt(II) amidine complexes. Complexes
1-3, dissolved in all three solvents, appeared to be at least
1.5-fold less cytotoxic toward nontumor cells than cisplatin
was, indicating a potential selectivity of these compounds for
cancer cells.

The encouraging results that were obtained against the in-
house panel of cancer cell lines prompted us to study the
cytotoxic activity of compounds 1-3 on additional human
cancer cell lines, including cisplatin-resistant cells (C13*
ovarian adenocarcinoma cells, which were suitably selected
in vitro after a continuous treatmentwith increasing cisplatin
concentrations), cisplatin-revertant cells (RH4 ovarian ade-
nocarcinoma cells, a cisplatin-sensitive cell line that was
obtained from C13* after reverting the cisplatin resistance),
and two MDR phenotypes (LoVo/MDR colon adenocarci-
noma cells and A2780ADR ovarian adenocarcinoma cells,
which were suitably selected in vitro for their resistance to
doxorubicin). On the basis of the observations previously
mentioned, we chose PEG 400 as the most appropriate
solvent for these investigations. The in vitro antitumor activ-
ity was assessed after a 48 h exposure, with the MTT test
(Figure 4). The cross-resistance profiles were evaluated by
means of the resistance factor (RF), which is defined as the
ratio between the IC50 values calculated for the resistant cells
and the sensitive ones.

In C13* ovarian carcinoma cells, cisplatin resistance is
correlated to reduced cellular drug uptake,99 enhanced repair
of DNA damage,100 and high cellular levels of glutathione
and thioredoxin reductases.101 As shown in Figure 4, deriva-
tives 1-3 demonstrated a similar cytotoxic potency both on
cisplatin-sensitive and -resistant cell lines. TheRF calculated

for all compounds was about 6- to 9-fold lower than that of
cisplatin, clearly indicating that there were no cross-
resistance phenomena. RH4 revertant cells were obtained
from C13* cells by selection with the lipophilic cation,
Rh123. The RH4 cells lost a substantial portion of their
cisplatin resistance, being only 2- to 3-fold resistant to
cisplatin. Despite this major loss of resistance, they retained
a number of the phenotypic features that are related to
cisplatin resistance andwhichwere observed in C13* cells.102

Complexes 1-3, when tested in RH4 cisplatin-revertant
cells, showed cytotoxic activity that was similar to that
observed in 2008 and C13* cells.

Acquired MDR, whereby cells become refractory to mul-
tiple drugs, poses an important challenge to the success of
anticancer chemotherapy. The resistance of colon cancer
LoVo/MDR and ovarian cancer A2780ADR cells to doxo-
rubicin, a drug belonging to theMDR spectrum, is associated
with overexpression of different species of multispecific drug
transporters.103,104 Despite the fact that cisplatin is not a
P-glycoprotein substrate, MDR protein 2 (MRP2) is able to
transport the platinum complex and is responsible for its
efflux from the cell.105

Cytotoxicity assays that tested the amidine derivatives
1-3 against these MDR cancer cell line pairs showed a simi-
lar pattern of response across the parental and the resistant
sublines. In particular, RF values calculated for all deriva-
tives were about 23 to 30 times lower than those recorded
with doxorubicin, suggesting that compounds 1-3 are not
potential MDR substrates.

DNADamage and p53 Involvement in Apoptosis Induction.

The cytotoxicity data highlighted the fact that compound 3

dissolved in PEG400 was themost powerful derivative of the
compounds tested in this work. Therefore, it was used in
additional cellular pharmacology studies. The experiments
were performed in 2008 human ovarian carcinoma cells, and
the results were compared to cisplatin, the first-line che-
motherapeutic drug against ovarian cancer.

It has been reported that cisplatin, which targets DNA,
induces cell death in cancer cells by triggering an extrinsic
apoptosis pathway through the activation of the caspase
cascade.106Moreover, one of the early effects of the cisplatin-
induced platination of DNA is a reduction in the rate of
DNA synthesis and a consequent dose-dependent arrest in
the S phase.107

To characterize the cell death pathway that was triggered
by derivative 3, we examined its effects in terms of induction
of apoptosis and cell cycle modifications.

Because caspase-3 is a well-known executor enzyme in the
apoptosis pathway,we investigated theabilityof compound3 to
activate caspase-3 in2008humanovariancancer cells.As shown
in Figure 5, treatment with IC50 concentrations of compound 3

resulted in a significant enhancement of enzyme activity. In
particular, the protease activity was enhanced by factors of
about 5 and 1.2 in cells that were treated for 24 hwith derivative
3 over untreated and cisplatin-treated cells, respectively.

With the aim of investigating the cellular effects that are
induced by complex 3 in terms of cell cyclemodifications and
induction of apoptosis, a time-dependent evaluation of the
cell cycle profile was performed byFACS in 2008 cancer cells
treated with IC50 concentrations of derivative 3. As reported
in Table 1, the percentage of 2008 ovarian cancer cells in
different cell cycle phases was markedly modified by treat-
ment for 24 h with compound 3. In particular, exposure to
complex 3 caused a 13-fold increase in the percentage of cells

Figure 3. Cytotoxicity against nontumor cells. Cells (5�104 3mL-1)
were treated for 48 h with increasing concentrations of the tested
compounds. The cytotoxicity was assessed by the MTT test. The IC50

values were calculated by probit analysis (P<0.05, χ2 test). Cisplatin
was dissolved in water. The values are shown as the mean
((SD) of three independent experiments.
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with hypodiploid DNA (sub-G1 phase cells), which is con-
sidered a marker of apoptotic cell death compared to the

control sample.108,109 Apoptosis induction is likely to be re-
lated to DNA damage by platinum drugs, and one hallmark

Figure 4. Cross-resistance profiles. Cells (3-5 � 103 3mL-1) were treated for 48 h with increasing concentrations of the tested compounds
dissolved in PEG 400. Cisplatin and doxorubicin were dissolved in water. The IC50 values were calculated by probit analysis (P<0.05, χ2 test).
The cytotoxicity was assessed by theMTT test. The values are shown as themean ((SD) of three independent experiments. TheRF is defined as
IC50 resistant/parent line.
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of the DNA damage-response pathway is the induction of
tumor suppressor p53, which plays a pro-apoptotic role by
inducing and downregulating cell death effectors.Moreover,
p53 is one of the major mediators of cisplatin-induced DNA
damage,110 and it has been previously demonstrated that the
cisplatin apoptotic pathway is strictly related to p53 cascade
activation.110

To investigate whether the complex 3-induced apoptotic
response is dependent on the transactivation of p53, we per-
formed cytofluorimetric experiments (Table 1) by pretreat-
ing 2008 cells with pifithrin-R (PFTR) (30 μM for 12 h), a
small molecule that reversibly and selectively blocks p53-
dependent transcriptional activation and apoptosis.111 For
comparison, the same experiment was performed with the
reference chemotherapeutic drug, cisplatin.

These cytofluorimetric experiments showed that PTFR
efficiently affected the apoptotic response of cells treated
with cisplatin or trans-bis-amidine derivative 3, markedly
decreasing the percentage of cells in the sub-G1 phase,
which was provoked by the platinum compounds. In parti-
cular, pretreatment for 12 h with 30 μM of PFTR lowered
the compound 3- and cisplatin-induced sub-G1 peak by
about 80% with respect to the control cells. These results
suggest that the p53-associated pathway may largely contri-
bute to complex 3-induced apoptosis in 2008 human ovarian
cells.

It has been shown that an increased expression of p53, in
response to treatment with a variety of DNA-damaging
agents, leads cells to cell cycle arrest and apoptotic cell
death.112 In particular, cisplatin treatment has been previous-
ly demonstrated to markedly increase both protein and
mRNA p53 levels as a downstream molecular determinant,
leading to apoptosis induction. The ability of compound 3 to
induce p53mRNAwas analyzed bymeans of semiquantitative

RT-PCR analysis (Figure 6A). Treatment of 2008 cells with
an IC50 concentration of trans-bis-amidine 3 for 24 h resulted
in significant up-regulation of p53 mRNA levels. In parti-
cular, p53 gene expression in compound 3-treated cells was
1.4 times higher than in control cells, similar to that cau-
sed by cisplatin. Furthermore, by means of Western blot
analysis, the amount of p53 protein was estimated to have
increased by 3 times in complex 3-treated cells compared to
control cells (Figure 6B). These results demonstrate that
complex 3 induced the expression of the p53 tumor suppres-
sor protein as a response to cytotoxic stress, in a similarman-
ner as cisplatin, indicating that p53may play a key role in the
apoptotic death induced by compound 3.

The p53 response is most likely related to different types
of DNA interaction. Recently, some trans-platinum planar
amine complexes were shown to promote a marked p53 in-
duction that was consistent with the promotion of DNA
strand breaks and interstrand cross-links, which are char-
acteristic features of trans-platinum complexes.12 Therefore,
we have also investigated the ability of complex 3 to induce
DNA damage, compared to cisplatin, by performing alka-
line single-cell gel electrophoresis (comet assay). This assay
allows detection ofDNAstrand breaks, alkaline-labileDNA
sites, and cross-links in individual cells. When a cell posses-
sing damaged or fragmented DNA is subjected to electro-
phoresis and then stained with an intercalating agent, it
appears as a comet, and the length and fluorescence intensity
of the comet tail represents the extent of the DNA damage.
The 2008 cells were treated with IC50 values of compound 3

and cisplatin (Figure 7A) for different incubation times
(6-48 h) or exposed to an increasing concentration of the
tested compounds for 24 h (Figure 7B) and monitored for
comet tail appearance by fluorescence microscopy. Com-
pared to control 2008 cells, both compound 3- or cisplatin-
treated cells displayed a dose- and time-dependent increase
in electrophoretic migration of the DNA fragments, evi-
denced by the outline resembling comet formation. This be-
havior has been confirmed by the calculation of two different
parameters, the tail length (Figure 7, a, and 7B, b) and the tail
moment (Figure 7A, a0, and 7B, b0), which were calculated
from the captured images with CellF software. The tail
length (length of DNA migration), which is directly related
to the DNA fragment size, was calculated from the center of
the cell and measured in micrometers. The tail moment was
calculated as the product of the tail length and the fraction of
DNA in the comet tail. In Figure 7C, representative images
of 2008 control (a) and comet-positive cells that were treated
for 12 h (b) are displayed.

Although the comet assay is mainly used to identify DNA
strand breaks, it has recently been modified to study the
induction ofDNA cross-linking.113 Therefore, the treatment
of 2008 cells with the tested platinum complexes was fol-
lowed by exposure with H2O2 (1 μM) for 30 min to induce
DNA strand breaks. As reported in Figure 7D,E, different
exposure times with an IC50 concentration of compound 3

and cisplatin induced a significant reduction of comet tail

Figure 5. Induction of caspase-3 activity: 2008 cells were incubated
for 12 and 24 h with compound 3 or cisplatin and then processed for
caspase-3 activity detection as described in the Experimental Sec-
tion. Data are the means of at least three independent experiments.
Error bars indicate SD **P<0.001 compared to untreated cells.

Table 1. Cell Cycle Profilesa

phase control cisplatin cisplatin þ PFTR compd 3 3 þ PFTR PFTR

sub-G1 1.9( 0.9 24.7( 1.5 4.19( 0.7 26.1( 1.0 5.2( 0.6 2.4( 0.3

G1 62.6( 1.2 44.2( 1.8 68.8( 1.2 41.4( 1.3 79.1( 0.2 59.2 ( 1.1

S/G2/M 36.1( 2.2 29.8( 1.9 26.9( 0.8 31.3( 1.7 17.7( 1.1 38.4( 0.9
aPercentage of cells in different cell cycle phases after 24 h exposure with IC50 concentrations of compound 3 and cisplatin with or without PFTR vs

control untreated cells.
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length compared to the H2O2-treated control cells. This was
an expected effect of cisplatin. In fact, cisplatin-induced
DNA cross-links, which decrease the DNA electrophoretic
mobility, had been previously documented in a modified
comet assay.114A similar effectwas observed following treat-
ment with complex 3, which markedly decreased the cancer
cell nucleoid tail, suggesting that compound 3 has the ability
to induce DNA cross-links.

In Vivo Studies. Acute Toxicity. The acute toxicity of
complex 3 was assessed over 30 days by treating BALB/c
mice with a single ip injection of different amounts (2.5/5/
10/20/50/100 mg/kg) of the tested compounds. The animals
were observed for 24 h for signs of toxicity and mortality.
The result, expressed as the median lethal dose (LD50) of 35
mg/kg, indicated that complex 3 has a lower acute toxicity
than cisplatin (LD50 = 11.4 mg/kg).

Anticancer Activity toward LLC Solid Murine Tumor. To
confirm the antitumor activity of compound 3, the LLC
tumormodel was used in inbredC57BLmice. Tumor growth
inhibition induced by complex 3 was compared with that
promoted by the reference metallodrug, cisplatin. At 3, 5, 7,
9, 11, and 13 days after tumor inoculation, mice bearing
tumor cells received three doses (3, 6, or 12 mg/kg, corre-
sponding to about one-tenth, one-sixth, and one-third of
the LD50, respectively) of compound 3 or 1.5 mg/kg, corre-
sponding to about one-tenth of theLD50, of cisplatin. Tumor
growth was estimated at day 15, and the results are summar-
ized in Table 2. For assessment of the potential adverse
effects, we measured the body weight of the animals every
twodays (Figure 8).Amidine derivative 3 exerted a statistically

significant antitumor activity (P<0.05), compared to vehicle-
treated mice, even at the lower daily dose of 3 mg/kg (tumor
growth inhibition of 43.72%). Remarkably, a mean 68%
reduction in tumor volume occurred following treatment
with 12 mg/kg of compound 3, denoting an anticancer
activity comparable to that of cisplatin (72.60%). Hence,
treatment with amidine complex 3 decreased tumorweight at
necropsy in a dose-dependent manner, without inducing any
adverse effects including significant body weight loss
throughout the therapeutic experiment in the treated groups
(Figure 8).Mice treated with amidine derivative 3 showed no
anorexia, whereas those treated with the reference platinum-
based drug appeared prostrate and showed substantial
weight loss.

Conclusions

When tested for their cytotoxicity upon dissolution in
DMSO, the dicationic bis-amidine trans-Pt(II) complexes
1-3 showed significant in vitro antitumor activity. In parti-
cular, a reasonable relationship between structure and bioac-
tivity has emerged; by increasing the alicyclic ring size, an
enhancement of cytotoxic potency was achieved. Complex 3,
bearing the cyclohexyl ring, proved to be the most powerful
derivative of the three. Compounds 1-3 displayed an appre-
ciable increase in activity when dissolved in PEG 400 or PEG
DME 500, which was about 2- to 3- times higher than their
activity in DMSO, again confirming that the most active
derivative is the complex bearing the cyclohexylic ring, in
agreement with a general feature reported in the literature.
The difference in biological activity between compounds 1-3

thatwas observedwhen theywere dissolved in PEGandPEG-
DME can be related to amasking effect due to the PEG chain
on the structure of the compounds. The slight decrease of the
cytotoxic effects of compounds 1-3 dissolved in PEG-DME
500 compared to those obtained by dissolving the compounds
in PEG 400 is probably due to a general lower solubility in the
former solvent.

In conclusion, the data reported here indicate that PEG400
and PEG-DME 500 can be used as suitable solvents for
platinum compounds that are frequently insoluble and/or
unstable in water, DMSO, and DMF. Considering that the
effects of PEG400andPEG-DME500are not identical, it can
be suggested that theymight be chosen to tune the solubility of
the platinum complexes that are under examination. Further-
more, when PEG 400 was used as a solvent for the amidine
platinum complexes, compound 3, besides being efficiently
cytotoxic against cancer cells in vitro, showed a notable
anticancer effect in vivo. Because the anticancer activity in
vivo also depends on various factors such as biological sta-
bility, pharmacokinetics, drug exposure pattern, drug pene-
tration into tumor tissue, and retention time in the cancer
tissue, our results confirm the appropriateness of using PEG
400 as a platinum solvent in preclinical studies.

As a final consideration for the kind of compounds
tested in this paper, the most intriguing and promi-
sing results have been obtained with the dicationic com-

plex, trans-[Pt(NH2

�

CH(CH2)4

�

CH2)2{N(H)dC(CH3)N(H)-

�

CH(CH2)4

�

CH2}2]
2þ[Cl-]2

- (3). It is noteworthy that although
cationic complexes of the type [Pt(DMSO)(diam)]2þ (diam=
bidentate amine) have been shown in the past to be sub-
stantially inactive in vivo, “due perhaps to the bis-positive
charge and to the inability to enter the cell”,87 charged

Figure 6. Induction of p53 expression (A) and activity (B). (A) 2008
cells were treated for 24 hwith an IC50 concentration of compound 3
or cisplatin. The relative expression of p53 mRNA was measured
with RT-PCR. Results are expressed as relative amounts compared
to untreated cells. The expression values for each RT-PCR product
were normalized to their respective β-actin expression. The bars
denote the standard error of the mean. (B) 2008 cells were treated
with IC50 concentrations of compound 3 and cisplatin for 24 h. The
amount of p53 was detected by Western blotting analysis as
described in the Experimental Section.
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complexes where two trans-[PtCl2(NH3)2] units are linked by
a tetra-amine bridge, trans-[Pt(NH3)2{H2N(CH2)6NH2}2],
(BBR3464), have entered phase I clinical trials.32 The tetra-amine

skeleton resembles that of compounds 1-3; therefore the
biological activity of cationic compounds 1-3 may derive
from the increased solubility in the cell culture medium,

Figure 7. Single-cell gel electrophoresis data in 2008 cells (comet assay). Induction of DNA damage (A,B,C: no H2O2 treatment). 2008 cells
treated for different incubation times (6-48 h)with IC50 values of compound 3 and cisplatin (A) or treatedwith increasing concentrations of the
tested compounds for 24 h (B). The dose- and time-dependent effect of compound 3 and cisplatin treatment was evaluated by detecting the
increase of comet tail length (a and b) and comet tail moment (a0 and b0). The data are the means of three independent experiments. The error
bars indicate the SD. (C) Representative images of 2008 cells after 12 h incubation: (a) control and (b) IC50 compound 3-treated cells. DNA
cross-linking (D,E). (D) Representative images of 2008 control (a) and IC50 compound 3-treated (b) cells after 3 h of exposure. (E) Comet tail
length of 2008 cells treatedwith an IC50 concentration of complex 3 or cisplatin for different exposure times and subsequentlywithH2O2 (1μM)
for 30 min. The data are the means of three independent experiments. The error bars indicate the SD.
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electrostatic andH-bonding interactions withDNA, or from
the occurrence of ligand exchanges. Complex 3 represents an
example of a new class of complexes which deserves more
thorough study; they are known to form easily when
trans-[PtCl2(NCR)2] reactswith amines at room temperature
for a long time, preventing the presence of isomers or
byproduct and giving rise to pure compounds that are
suitable for biological assays. The high biological activity
might be due to the formation within the cell of a unique
species of the type trans-[PtCl(amine)(amidine)2][Cl], which
originates by chloride coordination in the presence of a high
concentration of Cl- on a preliminarily formed platinum
species that bears a coordinating solvent as a labile ligand.
Complex 3, distinguishing itself as the most representative
dicationic bis-amidine trans-Pt(II) complex, was able to
overcome both cisplatin and MDR resistance, inducing
cell death through p53-mediated apoptosis. Direct DNA
damage, reasonably attributable to DNA adducts of the
trans-[PtCl(amine)(amidine)2][Cl] species, which can evolve
to produce disruptive and nonrepairable lesions on DNA,
may underlie a mechanistic explanation of drug-induced
programmed cancer cell death. Finally, from the interesting
results gainedwith in vivo testing, complex 3 emergedas a lead
compound for the improvement of therapeutic potential of
trans-platinum drugs. Interestingly, complex 3 has shown an

anticancer effect against the aggressive preclinical LCC tumor
model that was roughly equivalent to that obtained by using
the parent drug cisplatin without inducing adverse systemic
effects.

Experimental Section

General Methods. Reagents and solvents were obtained from
commercial sources and used as supplied. The infrared spectra
were taken on a Perkin-Elmer Spectrum 100 FT IR Spectro-
photometer (CsI films); the wavenumbers (νh) are given in cm-1.
1H, 13C, and 15NNMR solution spectra were obtained at 298 K
(unless otherwise stated) on a Bruker Avance-400 spectrometer
(9.4 T field) operating at 400.13, 100.61, and 40.56 MHz, re-
spectively, and using aBruker 200AC spectrometer operating at
200.12 and 50.32 MHz for 1H and 13C, respectively; δ values
(parts permillion, ppm) are relative toMe4Si for

1H and 13C and
relative to CH3NO2 for 15N. Suitable integral values for the
proton spectra were obtained with a prescan delay of 10 s. The
assignments of the proton resonances were performed by stan-
dard chemical shift correlations, as well as by COSY, TOCSY,
and NOESY experiments. In the phase-sensitive NOESY mea-
surements the presence of intense cross-peaks, in phase with the
diagonal, indicates a chemical exchange between the correlated
nuclei (EXSY).115,116 The 13C resonances were attributed
through 2D-heterocorrelated COSY experiments: heteronuc-
lear multiple quantum correlation (HMQC) with bilinear rota-
tion decoupling117 and quadrature along F1 achieved using the
time proportional phase increment method118 for the hydrogen-
bonded carbon atoms, heteronuclear multiple bond correlation
(HMBC)119,120 for the quaternary ones. The 15N resonances
were attributed through gradient-powered HMQC and HMBC
experiments optimized on direct117,118 and long-range119,120

NH coupling constants, respectively. 195Pt NMR spectra were
recorded on a Bruker Avance 300 BB at 64.395 MHz; aqueous
K2PtCl4 (-1628 ppm in D2O) was the external standard. The
purity of compounds 1-3 was stated to be higher than 95% by
elemental analyses which were performed by the Microanalysis
Laboratory of theDepartment of Chemical Sciences, University
of Padova. ESI-MS analyses were performed using a Finningan
LCQ-Duo ion-trap instrument, operating in positive ion mode
(sheathgas flow N2 30 au, source voltage 4.0 kV, capillary
voltage 21 V, capillary temperature 200 �C). The He pressure
inside the trap was kept constant. The pressure directly read by
an ion gauge (in the absence of the N2 stream) was 1.33 � 10-5

Torr. The collision-induced dissociation experiments were per-
formed by applying a supplementaryRF voltage (tickle voltage)
to the end-caps of the ion trap in the range 0-80% of its
maximum value (5 V peak to peak). Sample solutions were
prepared by dissolving the compounds (1 mg) in the solvents as
indicated in the text. The NMR solutions of the compounds
were diluted 10000 times with acetonitrile to carry out ESI-MS
analyses. Sample solutions were introduced into the ESI source
by a syringe pump at 8 μL/min flow rate. All mass spectra were
recorded on freshly prepared solutions. GC/MS analyses have
been carried out with a QMD1000 instrument: column PS264
30mt; He 1 mL/min; from 100 to 280 �C, 10 �C/min. All work
was carried out under aN2 atmosphere using standard Schlenck
techniques. All solvents were reagent grade and were distilled
prior to use. Deuterated solvents were purchased from Cam-
bridge Isotope Laboratories (CIL) and stored under nitrogen
atmosphere.

Syntheses. Trans-[PtCl2(NCMe)2] was synthesized as descri-
bed in the literature.121,122

Complexes 1-3 have been prepared by a similar procedure
described in detail for 1.

trans-[Pt(NH2

�

CHCH2

�

CH2)2{N(H)dC(CH3)N(H)

�

CHCH2

�

CH2}2]-
2þ[Cl-]2 (1) A suspension of trans-[PtCl2(NCMe)2] (300 mg, 0.86
mmol) in CH2Cl2 (30 mL) was treated with a 5-fold excess of

Table 2. In Vivo Anticancer Activity toward Murine Lewis Lung
Carcinoma (LLC)a

compd

daily dose

(mg 3 kg
1-)

average tumor weight

(mean ( SD, g)

inhibition of tumor

growth (%)

control 0.613 ( 0.05

3 3 0.345( 0.11 43.72

3 6 0.278 ( 0.08 54.65

3 12 0.198( 0.02 67.70

cisplatin 1.5 0.168 ( 0.10 72.60
aDay 1: tumor implantation. Days 3, 5, 7, 9, 11, and 13: ip admin-

istration of the tested compounds. Day 15: mice sacrificed and tumors
explanted.

Figure 8. Body weight changes during in vivo studies. The body
weight changes of LLC-bearing C57BLmice treated with vehicle or
tested compounds. Each drug was administered five times at 2-day
intervals, and the weights were simultaneously detected. The error
bars indicate the SD.
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cyclopropylamine (300 μL,4.3mmol;F=0.824g/mL).The reaction
mixture was stirred at room temperature for 24 h, and then the
volume was concentrated to ca. 10 mL under reduced pressure.
N-Hexane (40mL) was added and the suspensionwas stirred for 1 h.
Theprecipitatewas then filteredoff at room temperature andwashed
with Et2O (3 � 15 mL). Yield 367 mg, 74%. IR: νN-H 3439, 3227,
3219 cm-1 (m), νCdN 1619 cm-1 (s). 1H NMR (CD2Cl2): Amidine
ligand,δ0.51and0.80 (m,CH2, 4H), 2.30 (s,CH3, 3H), 2.56 (m,CH,
1H), 7.07 (br, PtNH, 1H), 8.98 (d, 3JHH=7.5Hz,NH, 1H). Amine
ligand, δ 0.66 and 0.76 (m, CH2, 4H), 2.55 (m, CH, 1H), 5.11 (br,
NH2, 2H, 2JPtH = 48 Hz). 13C {1H} NMR (CD2Cl2): Amidine
ligand, δ 6.3 (CH2), 20.7 (CH3), 24.7 (CH), 168.8 (CdN). Amine
ligand, δ=7.80 (CH2), 25.2 (CH).

trans-[Pt(NH2

�

CH(CH2)3

�

CH2)2{N(H)dC(CH3)N(H)

�

CH(CH2)3

�

-
CH2}2]

2þ[Cl-]2 (2). Yield 527 mg, 89%. IR: νN-H 3338 cm-1 (m),
νCdN 1626 cm-1 (s). 1H NMR (CDCl3): Amidine ligand, δ 2.07
and 1.88 (m, N(H)CHCH2, 4H), 1.89 and 1.55 (m, N(H)CHCH2-
CH2, 4H), 2.26 (s, CH3, 3H), 3.77 (m, CH, 1H), 7.06 (br, PtNH,
1H), 8.80 (d, 3JHH = 9.0 Hz, NH). Amine ligand, δ 2.03 and 1.58
(m, NH2CHCH2, 4H), 1.73 and 1.57 (m, NH2CHCH2CH2, 4H),
3.00 (m, NH2CH, 1H), 5.16 (br, NH2,

2JPtH = 50 Hz). 13C {1H}
NMR(CDCl3):Amidine ligand,δ20.6 (CH3), 23.9 (N(H)CHCH2-
CH2), 32.7 (N(H)CHCH2), 56.1 (CH), 166.3 (CdN). Amine
ligand, δ 33.9 (NH2CHCH2), 23.5 (NH2CHCH2CH2), 57.5
(NH2CH). 15N NMR: δ -376.3 (NH2,

1JNH = 73 Hz); -270.1
(PtNH, 1JNH=80Hz);-256.4 (NH, 1JNH=90Hz). 195PtNMR:
δ -3487.

trans-[Pt(NH2

�

CH(CH2)4

�

CH2)2{N(H)dC(CH3)N(H)

�

CH(CH2)4

�

-
CH2}2]

2þ[Cl-]2 (3).Yield557mg, 87%. IR(KBr):νN-H3223, 3079
cm-1 (m),νCdN1619 cm-1 (s). 1HNMR(CDCl3):Amidine ligand,
δ 1.68 and 2.00 (m, N(H)CHCH2, 4H), 1.22 and 1.80 (m, N-
(H)CHCH2CH2, 4H), 1.17 and 1.68 (m, N(H)CHCH2CH2CH2,
2H), 3.11 (m, CH, 1H); 2.23 (s, CH3, 3H), 6.91 (br, PtNH), 8.71 (d,
3JHH= 9.6 Hz, NH). Amine ligand, δ 1.19 and 2.25 (m, NH2CH-
CH2, 4H), 1.18 and 1.56 (m, NH2CHCH2CH2, 4H), 1.22 and 1.55
(m, NH2CHCH2CH2CH2, 2H), 2.35 (m, NH2CH, 1H), 4.86 (s,
NH2,

2JPtH=54Hz). 13C {1H} NMR (CDCl3): Amidine ligand, δ
20.6 (CH3), 25.77 (N(H)CHCH2CH2), 24.9 (N(H)CHCH2CH2-
CH2), 33.3 (N(H)CHCH2), 54.3 (CH), 165.4 (CdN). Amine
ligand, δ 25.3 (NH2CHCH2CH2), 24.7 (NH2CHCH2CH2CH2),
34.3 (NH2CHCH2), 54.9 (NH2CH).

X-ray Measurements and Structure Determination for

trans-[Pt(NH2

�

CHCH2

�

CH2)2{N(H)dC(CH3)N(H)

�

CHCH2

�

CH2}2]
2þ[Cl-]2 (1).Crystal was lodged in Lindemann glass capillary and
centered on a four circle Philips PW1100 diffractometer using
graphite monochromated MoKR radiation (0.71073 Å), follow-
ing the standard procedures at room temperature. All intensities
were corrected for Lorentz polarization and absorption.123 The
structureswere solvedby standarddirectmethods.124Refinement
was carried out by full-matrix least-squares procedures (based on
Fo
2) using anisotropic temperature factors for all non-hydrogen

atoms. Hydrogen atoms were observed via the difference Fourier
map and refined isotropically, excepted those of the C(2), C(3),
C(5), C(7), and C(8) carbon atoms, which were placed in calcu-
lated positions with fixed isotropic thermal parameters (1.2
Uequiv) of the parent carbon atom. Structure refinement and final
geometrical calculations were carried out with SHELXL-97125

program, implemented in the WinGX package.126 Crystallo-
graphic data for 1 have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications
no. CCDC 742859. Copies of the available material can be
obtained, free of charge fromCCDC, 12UnionRoad,Cambridge
CH2 1EZ, UK (fax þ44-1223-336033 or e-mail: deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk).

Biological Assays. Platinum(II) bis-amidine derivatives were
dissolved in water, DMSO, PEG400, or PEGDME500 just
before the experiment and a calculated amount of drug solution

(50, 25, 12.5, 6.25, 3.125 μM) was added to the growth medium
containing cells to a final solvent concentration of 0.5%, which
had no discernible effect on cell killing. MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide), cisplatin, trans-
platin, anddoxorubicinwere obtained fromSigmaChemicalCo.,
St. Louis, MO.

Cell Cultures. Human lung (A549), breast (MCF-7), cervix
(HeLa), and colon (HCT-15) carcinoma along with melanoma
(A375) cell lines and HFF-1 human normal fibroblasts were
obtained by ATCC, Rockville, MD. 2008, its cisplatin resistant
variant, C13*, and ciplatin-revertant phenotype RH4, are hu-
man ovarian cancer cell lines, kindly provided by Prof. G.
Marverti (Department of Biomedical Science of Modena Uni-
versity, Italy). LoVo human colon-carcinoma cell line and
its derivative multidrug-resistant subline (LoVo MDR) were
kindly provided by Prof. F. Majone (Department of Biology of
Padova University, Italy). A2780 and its multidrug-resistant
phenotype, A2780 ADR, are human ovarian adenocarcinoma
cell lines kindly provided by Prof. N. Colabufo (Department
Farmaco-Chimico of Bari University, Italy). Cell lines were
maintained in the logarithmic phase at 37 �C in a 5% carbon
dioxide atmosphere using the following culture media contain-
ing 10% fetal calf serum (Euroclone, Milan, Italy), antibiotics
(50 units 3mL-1 penicillin and 50 μg 3mL-1 streptomycin) and
2 mM L-glutamine: (i) RPMI-1640 medium (Euroclone) with
25 mM HEPES buffer for MCF-7, HCT-15, A2780, A2780
ADR, 2008, C13*, and RH4 cells, (ii) F-12 HAM’S (Sigma
Chemical Co.) for LoVo and LoVo MDR cells (LoVo MDR
culture medium also contained 0.1 μg 3mL-1 doxorubicin), (iii)
D-MEMmedium (Euroclone) for A549, A375 andHFF-1 cells.

Cytotoxicity Assay. The growth inhibitory effect toward
tumor cell lines was evaluated by means of MTT (tetrazolium
salt reduction) assay.127 Briefly, between 3 and 8 � 103 cells,
dependent upon the growth characteristics of the cell line, were
seeded in 96-well microplates in growth medium (100 μL) and
then incubated at 37 �C in a 5% carbon dioxide atmosphere.
After 24 h, the medium was removed and replaced with fresh
media containing the compound to be studied at the appropriate
concentration. Triplicate cultures were established for each
treatment. After 48 h, each well was treated with 10 μL of a
5 mg 3mL-1MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) saline solution, and after 5 h of incubation,
100 μL of a sodium dodecylsulfate (SDS) solution in HCl (0.01
M) was added. After overnight incubation in the dark at 37 �C
in a 5% carbon dioxide atmosphere, the inhibition of cell
growth induced by tested compounds was detected by measur-
ing the absorbance of each well at 570 nm using a Bio-Rad
680 microplate reader (Milan, Italy). Mean absorbance for
each drug dose was expressed as a percentage of the control
untreated well absorbance and plotted vs drug concentration.
IC50 values represent the drug concentrations that reduced the
mean absorbance at 570 nm to 50% of those in the untreated
control wells.

FlowCytometric Analysis.Drug-induced cell cycle effects and
DNA fragmentation were analyzed by flow cytometry after
DNA staining with propidium iodide (PI), according toNicoletti
et al.108 Briefly, 2008 cells (5 � 105 cells) were exposed for 24 h
to tested compound concentrations corresponding to IC50

values. One mL of a PI solution, containing 50 μg/mL of PI,
0.1% m/v of Triton X-100, and 0.01% m/v of sodium citrate,
was added to the cells and then incubated for 25 min at 4 �C in
the dark. Induced cell death was determined as a percentage of
hypodiploid nuclei counted out of the total cell population,
measured on aFACSCalibur flow cytometer (Becton-Dickinson,
Franklin Lakes, NJ) on a 550-600 nm filter. Analysis was per-
formed by Cell Quest software (Becton-Dickinson).

Caspase-3 Activity. Caspase-3 activity was detected with
the ApoAlert Caspase-3 Fluorescent Assay Kit (Clontech,
Mountain View, CA) according to the producer’s recommended
procedures. In the amount of 106, 2008 cells were collected
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following 12 or 24 h of incubation of tested compounds (at
concentrations corresponding to IC50 values) and lysed on ice in
50 μL of lysis buffer for 10 min and then treated with 50 μL of
reaction buffer containing dithiothreitol (DTT) and 5 μL of
caspase-3 substrate solution (Asp-Glu-Val-Asp-7-amino-4-triflu-
oromethyl-coumarin [DEVD-AFC], Clontech). Fluorescence
was determined on a Perkin-Elmer 550 spectrofluorometer
(excitation 440 nm, emission 505 nm). Caspase-3 activity was
expressed as the increase in AFC-emitted fluorescence. Stu-
dent’s t test was used for data analysis.

Reverse-Transcriptase and Polymerase Chain Reaction (RT-
PCR). Total RNA was isolated using TRI Reagent (Sigma-
Aldrich) according to manufacture’s instructions. RNA quan-
tification was performed spectrophotometrically (wavelengths
of 260 vs 280 nm). Synthesis of cDNA was performed by first
strand reverse transcription method with 5 μg of total RNA by
MLV reverse transcriptase kit (Promega) and nonamere random
primers (final concentration 0.69 pMol) according to manufac-
ture’s instructions.

Semiquantitative PCR was then used to compare the total
levels of p53 mRNA. Briefly, to 2 μL of cDNA was added 5 μL
of PCR buffer 10X (Genecraft), 2.5 mMMgCl2 (Genecraft), 0.2
mM dNTPs (Genecraft), 100 pMol of each specific primer (p53:
forward AGGGAGCACTAAGCGAGCAC and reverse AA-
CATGAGTTTTTTATGGCGGG; β-actin forward 50TGAC-
GGGGTCACCCACACTGTGCCCATCTA30 and reverse 50-
GAAGTAGTAAGTGGGAACCGTGT30) (MWG-operon),
4 μL of a mix of primer-competimers (1:7) specific for the
quantitation of the 18s RNA as internal standard (Ambion)
and 2.5U of Taq polymerase (Genecraft). Thermal cycling con-
sisted of 2 min at 94 �C followed by 35 cycles composed by
30 s at 94 �C, 1 min at 59 �C, and 1 min at 72 �C. PCR pro-
ducts were electrophoresed in a 2.5% agarose gel (Sigma) and
visualized after ethidium bromide staining. Electrophoresis
images were analyzed by Image Quant Software (Molecular
Dynamics).

Western Blotting Analysis. After treatment of 2008 cells
(106) with IC50 concentrations of tested compounds, cells were
harvested, lysed (2% SDS, 0.06 M Tris-HCl pH 6.8), and
protein concentrations determined following Lowry assay.128

Protein (35 μg) was electrophoresed on a 12% polyacrylamide
gel and the gel blotted onto nitrocellulose membrane using the
semidry blot systemat 2mA/cm2 for 60min in 25mMTris-HCl,
pH 8.3, 192 mM glycine, and 20% methanol. The membrane
was blocked overnight at room temperature with a blocking
reagent (20 mM Tris, pH 7.4, 0.2% Tween-20, 125 mM NaCl,
0.1% sodium azide, and 4% nonfat dry milk). Then it was
incubated for 1 h with the primary antibody (mouse antihu-
man p53 antibody, 1:5000, mouse antihuman β-actin anti-
body, 1:500, Abcam, UK). After incubation with antimouse
secondary antibody (1:3000Abcam,UK), signals were detected
by enhanced chemiluminescence system (Amersham, United
Kingdom).

Evaluation of DNA Damage with Alkaline Single-Cell Gel

Electrophoresis Assay (Comet Assay). 2008 (105) cells were
seeded in 25 cm2 flasks in growth medium (6 mL). After 24 h,
cells were incubated for different exposure times (6, 12, 24, and
48 h)with IC50 of tested compounds (followed by treatmentwith
H2O2 1 μM for 30 min in modified comet assay experiments for
cross-link determination).129 Subsequently, cells were washed
twice with cold PBS, harvested, centrifuged, and resuspended
at 1 � 105 cell 3mL-1 in 1% low melting point agarose (LMPA,
Trevigen). Then 50 μL of cells-LMPA mixture was layered
onto frosted microscope slides, which were precoated with 1%
normal agarose. After the agar had been allowed to set at 4 �C,
the slides were immersed in lysis buffer (100 mMNa2EDTA, 2.5
M NaCl, 10 mM Tris pH 10.0, and 1% Triton X-100) for 1 h
at 4 �C. The slides were then incubated in an alkaline electro-
phoresis solution (1 mM EDTA, 300 mM NaOH, pH > 13) at
4 �C for 40 min, followed by electrophoresis (1 V 3 cm

-1) at 4 �C

for 30 min. The slides were washed with neutralization buffer
three times before immersion in absolute ethanol for 20min and
air-dried at room temperature. The DNA was stained with
SYBR Green (1 μg/mL) for 5 min at 4 �C. A total of 50 comets
per slide, randomly captured at the constant depth of the gel,
were examined at 40� magnification in a fluorescence micro-
scope (Olympus BX41; excitation, 495 nm; emission, 521 nm)
connected through a black and white camera to a computer-
based image analysis system. Comets were randomly captured
at a constant depth of the gel, avoiding the edges of the gel,
occasional dead cells, and superimposed comets. DNA da-
mage was measured as tail length (distance of DNA migration
from the center of the body of the nuclear core), tail moment
(tail length �% of DNA in the tail) using Cell-F software
(Olympus).

Animals and Tumor Cells.All studies involving animal testing
were carried out in accordance with the ethical guidelines for
animal research adopted by the University of Padova, acknowl-
edging the Italian regulation and the European Directive 86/
609/EEC as to the animal welfare and protection and the related
codes of practice. Mice provided by the Charles River, Italy,
were housed in steel cages under controlled environmental
conditions (constant temperature, humidity, and 12 h dark-
light cycle) and alimented with commercial standard feed and
tap water ad libitum. Animals were observed daily, and body
weight and food intake recorded. Lewis lung carcinoma cell
(LLC) line was purchased from (ECACC, UK). LLC line was
maintained in D-MEM (Euroclone) supplemented with 10%
heat-inactivated FBS (Euroclone), 10mML-glutamine, 100U/mL
penicillin, and 100 μg/mL streptomycin in a 5%CO2 air incubator
at 37 �C.

Acute Toxicity Studies. Six-week old both male and female
BALB/c mice (weighting 18 ( 2 g each) were randomly
divided into groups of eight animals per toxic dose and treated
with a single ip injection of 3 (2.5/5/10/20/50/100 mg kg-1 in
1% v/v PEG400/PBS). The animals were observed for 24 h for
signs of toxicity and mortality. The LD50 dose (LD = lethal
dose) was estimated by probit analysis and linearity assessed
by χ2 test (p<0.005). Lethality is expressed as LD50 value
in terms of milligrams of tested compound per mouse weight
(kg).

In Vivo Anticancer Activity toward Lewis Lung Carcinoma.
Lewis lung carcinoma (LLC) was implanted im as a 2� 106 cells
inoculum into the right hind leg of 8-week old male and female
C57BL mice (24 ( 3 g body weight). After 24 h from tumor
implantation, mice were randomly divided into five groups
(8 animals per group, 10 controls) and treated with an ip
injection of 3 (3/6/12mg kg-1 in 1%v/v PEG400/PBS), cisplatin
(1.5 mg kg-1 in PBS), or the vehicle solution (1% v/v PEG400/
PBS, control) on days 3, 5, 7, 9, 11, and 13 after tumor ino-
culation. At day 15, animals were sacrificed, the legs were ampu-
tated at the proximal end of the femur, and the inhibition of
tumor growth was determined according to the difference in
weight of the tumor-bearing leg and the healthy leg of the
animals expressed as % referred to the control animals. Body
weight was measured every two days and was taken as a para-
meter of systemic toxicity.

Statistical Analysis.All the values are the means( SD of not
less than three measurements. For in vitro studies, multiple
comparisons were made by one-way analysis of variance fol-
lowed by ANOVA. For in vivo experiments, statistical analysis
was carried out using the Student’s t test
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