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of cisplatin and oxaliplatin with
phenylbutyrate axial ligands are potent cytotoxic
agents that act by several mechanisms of action†

Raji Raveendran,a Jeremy Phillip Braude,b Ezequiel Wexselblatt,a

Vojtech Novohradsky,c Olga Stuchlikova,cd Viktor Brabec,c Valentina Gandin*b

and Dan Gibson*a

Our study demonstrates that Pt(IV) derivative of cisplatin, with two axial PhB ligands, ctc-[Pt(NH3)2(PhB)2Cl2],

is a very potent cytotoxic agent against many different human cancer cell lines and is up to 100 fold more

potent than cisplatin, and significantly more potent than the Pt(IV) derivatives of cisplatin with either two

hydroxido, two acetato or two valproato ligands. The high potency of this compound (and some others)

is due to several factors including enhanced internalization, probably driven by “synergistic

accumulation” of both the Pt moiety and the phenylbutyrate, that correlates with enhanced DNA binding

and cytotoxicity. ctc-[Pt(NH3)2(PhB)2Cl2] inhibits 60–70% HDAC activity in cancer cells, at levels below

the IC50 values of PhB, suggesting synergism between Pt and PhB. Mechanistically, ctc-

[Pt(NH3)2(PhB)2Cl2] induces activation of caspases (3 and 9) triggering apoptotic signaling via the

mitochondrial pathway. Data also suggest that the antiproliferative effect of ctc-[Pt(NH3)2(PhB)2Cl2] may

not depend of p53. Pt(IV) derivatives of cisplatin with either two axial PhB or valproate ligands are more

potent than their oxaliplatin analogs. ctc-[Pt(NH3)2(PhB)2Cl2] is significantly more potent than its

valproate analog ctc-[Pt(NH3)2(VPA)2Cl2]. These compounds combine multiple effects such as efficient

uptake of both Pt and PhB with DNA binding, HDAC inhibition and activation of caspases to effectively

kill cancer cells.
Introduction

Despite the widespread clinical use of cisplatin, carboplatin and
oxaliplatin, (Fig. 1), their drawbacks have prompted medicinal
chemists to design novel platinum based drugs with improved
therapeutic properties1–3 and clinicians to combine platinum
drugs with other therapeutics in order to try and improve their
clinical efficacy.4–6

Several reports describe the co-administration of platinum
anticancer agents with inhibitors of histone deacetylases
(HDACis), primarily with vorinostat and valproate (Fig. 1) that
resulted in improved therapeutic proles.7–9 HDACis are
emerging as a new class of epigenetic anticancer drugs that can
alter gene transcription and exert antitumor effects such as
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growth arrest, differentiation, apoptosis, and inhibition of
tumor angiogenesis.10,11 The FDA approved in 2006 the rst
HDAC inhibitor – suberoylanilide hydroxamic acid (SAHA vor-
inostat) to treat the rare cancer cutaneous T-cell lymphoma
(CTCL).12 Inhibition of HDAC results in hyperacetylated
histones that cannot associate with the nuclear DNA leaving the
Fig. 1 The FDA approved platinum anticancer drugs (top row) and
several HDAC inhibitors.
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DNA in an open form making it more susceptible to DNA
damaging agents.

Platinum anticancer agents are believed to trigger the death
of cancer cells by covalently binding to two adjacent guanines
on the same strand of the nuclear DNA. The binding of the
platinum to the DNA distorts the double helical structure of the
DNA causing a kink towards the major groove. The cellular
response to the distortion of the DNA determines the fate of the
cancer cell and can lead to the death of the cancer cell.13–15

Thus, combining HDACis that expose the nuclear DNA with
cytotoxic DNA damaging agents, such as platinum drugs, could,
at least in theory, enhance the efficacy of the platinum drugs.
Marmion and co-workers combined cis-[Pt(NH3)2] with the
malonate derivatives of SAHA and belinostat and prepared
trans-[Pt(py)(NH3)(VPA)2] in an attempt to capitalize on the
potential synergistic effect of combining platinum complexes
with HDACis (Fig. 2).16–18 Unfortunately these compounds,
whose activity hinges on the intracellular aquation of the Pt(II)
complexes to release the HDACi, were not as potent as might be
expected.

Rather than rely on aquation for the simultaneous release of
the two antiproliferative agents inside the cancer cell, it is
possible to harness the favorable chemical properties of the
octahedral Pt(IV) complexes towards that end. Pt(IV) complexes
are prepared from the square planar Pt(II) complexes by oxida-
tively adding two ligands in the axial positions. The d6 elec-
tronic conguration of the Pt(IV) complexes confers inertness to
the compounds and retards unwanted interactions with
nucleophiles prior to reaching the cancer cells. The prevailing
assumption is that the Pt(IV) complexes are reduced inside the
cell, simultaneously releasing the original cytotoxic Pt(II) drugs
as well as the two axial ligands.19–22 Thus, attaching HDACis to
the axial positions of the Pt(IV) derivatives of cisplatin or oxali-
platin should result in simultaneous release inside the cell of
two antiproliferative agents that act by different mechanisms on
different cellular targets.

Recent reports describe the preparation and biological
properties of Pt(IV) derivatives of cisplatin or oxaliplatin with
two axial valproate ligands (that are HDAC inhibitors).23–26 In
both cases, these compounds are reported to be very potent
cytotoxic agents against several types of cancer cell lines. Osella
and co-workers concluded that the cytotoxicity of ctc-
[Pt(NH3)2(VPA)2Cl2] is due solely to the antiproliferative action
of the platinum and that the enhanced efficacy relative to
cisplatin was only due to enhanced accumulation. They also
stated that there cannot be a synergistic effect between VPA and
cisplatin because the concentration of the VPA ligands of ctc-
[Pt(NH3)2(VPA)2Cl2] that are released in the cells (�mM levels), is
Fig. 2 Platinum(II) complexes with HDAC inhibitor ligands.

2382 | Chem. Sci., 2016, 7, 2381–2391
too low to inhibit histone deacetylases, since the IC50 value of
VPA is in the mM range.24

On the other hand, Shen and co-workers claim that the
cytosolic ctc-[Pt(NH3)2(VPA)2Cl2] is reduced in the cells to yield
cisplatin and VPA eliciting HDAC inhibitory effect and inducing
cell cycle arrest at S phase and cell death through apoptosis in
a time-dependent manner.23 Neither Osella nor Shen measured
the inhibition of HDAC activity in the cancer cells.

Recently we demonstrated that Pt(IV) derivatives of cisplatin
with axial VPA ligands inhibit HDAC activity in cells resulting in
enhanced acetylation of histone 3, decondensation of hetero-
chromatin and more efficient DNA platination by cytoplasmic
platinum.26

We believe that the potency of these “dual action” prodrugs
might be due to a combination of several cellular events rather
than just inhibition of HDAC activity combined with DNA
platination. With the purpose of shedding light on the mecha-
nism of action of Pt(IV)–HDACi pro-drugs, and optimizing the
choice of the platinum moiety and axial HDACi ligands, we
describe the synthesis and biological activities of Pt(IV) deriva-
tives of cisplatin, oxaliplatin and trans-[Pt(n-butylamine)(piper-
idino-piperidine)Cl2]

+ with two different HDAC inhibitors –

valproate (VPA) and 4-phenylbutyrate (PhB).
Results and discussion
Synthesis of the compounds

The twelve compounds synthesized for this study are depicted
in Fig. 3. The symmetric compounds I, III, VI, VIII and IX–XII
were synthesized following standard procedures.27 In brief,
cisplatin or oxaliplatin were oxidized with H2O2 to yield ctc-
[Pt(NH3)2(OH)2Cl2] (IX) or [Pt(DACH)(OH)2(ox)] (X) that were
then reacted with an excess of the anhydrides of valproic acid, 4-
phenylbutyric acid or acetic acid to yield the desired
compounds.

The non-symmetric compound ctc-[Pt(NH3)2(OH)(OAc)Cl2]
was prepared by oxidizing cisplatin in acetic acid.28 It was
subsequently reacted with 1.5 equivalents of the appropriate
anhydride in DMF to yield ctc-[Pt(NH3)2(L)(OAc)Cl2] where L ¼
VPA, PhB.

trans-[Pt(n-butylamine)(piperidino-piperidine)Cl2]
+ was

prepared as described29 and was oxidized with H2O2 to yield ttt-
[Pt(n-butylamine)(piperidino-piperidine)(OH)2Cl2]

+ which was
Fig. 3 Platinum(IV) complexes with axial valproate or 4-PhB ligands
studied in this work.

This journal is © The Royal Society of Chemistry 2016
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then reacted with valproic anhydride to yield ttt-[Pt(n-butyla-
mine)(piperidino-piperidine)(VPA)(OH)Cl2]

+.
All compounds were characterized by 195Pt NMR spectros-

copy and when possible by mass spectrometry. They were
puried by preparative HPLC and their purity was ascertained
by analytical HPLC and by elemental analysis. Of the
compounds with HDAC inhibitors in the axial positions
compound I was previously reported by Shen23 and Osella24 and
compounds I–IV by us.25,26 Compounds V–VIII are reported here
for the rst time.
Cytotoxicity

Compounds I–XII, uncoordinated PhB as well as cisplatin and
oxaliplatin were screened against seven different cancer cell
lines representative of lung (A549), breast (MCF-7), pancreatic
(BxPC3), kidney (A498), prostate (PC3) and colon (HCT-15)
carcinoma, along with melanoma (A375). Compounds I–VII
were also screened against cisplatin sensitive and resistant
ovarian cancer cell line (A2780 and A2780cisR). The cytotoxicity
parameters, in terms of IC50 (the median growth inhibitory
concentration calculated from dose–survival curves) obtained
aer 72 h exposure, are reported in Table 1.

Uncoordinated HDAC inhibitor ligands, VPA and PhB, dis-
played very low cytotoxic activities, with IC50 values in the
millimolar range, in agreement with the literature.25,26,29 With
two exceptions, the cytotoxic activity of mono- and bis-VPA Pt(IV)
derivatives of cisplatin (I and II) was signicantly higher than
that elicited by cisplatin against all tested cell lines. Over the
seven cancer cell lines, the average IC50 values (mM), were 1.4 for
ctc-[Pt(NH3)2(VPA)2Cl2] (I), 5.4 for ctc-[Pt(NH3)2(VPA)(OAc)Cl2]
(II), and 10.3 for cisplatin. To assess the impact that the VPA
ligands might have on the potency we prepared the Pt(IV)
derivatives of cisplatin with non-bioactive axial ligands; with
two hydroxido axial ligands (IX) and with two acetato ligands
(XI) and measured their cytotoxicity against ve cancer cell lines
(Table 1). The bis-VPA compound was signicantly more potent
than both compounds IX and XI in all cell lines having an
Table 1 IC50 values (mM) of the compoundsa

A2780 A2780cisR MCF-7 A549 HCT

CDDP 2.8 � 0.2 13.8 � 0.2 17.4 � 0.2 8.35 � 0.87 11.3
OXP 0.52 � 0.27 4.2 � 1.6 3.36 � 0.2 1.46 � 0.31 1.1
I 0.25 � 0.09 0.30 � 0.10 0.91 � 0.30 1.12 � 0.32 0.8
II 1.02 � 0.6 1.62 � 0.30 5.74 � 1.10 8.36 � 1.14 6.3
III 1.3 � 0.2 8.8 � 2.1 5.7 � 0.9 20.5 � 2.14 16.
IV 5.4 � 0.2 16.1 � 0.7 31.6 � 2.1 60.3 � 3.34 51.
V 1.18 � 0.33 1.29 � 0.29 8.80 � 1.48 15.5 � 1.13 14.
VI 0.14 � 0.03 0.12 � 0.03 0.18 � 0.03 0.17 � 0.04 0.3
VII 0.65 � 0.04 1.54 � 0.27 3.43 � 0.14 7.16 � 1.11 5.1
VIII 0.90 � 0.08 1.96 � 0.44 2.28 � 0.46 19.63 � 3.22 12.5
IX — — 11.52 � 3.71 22.52 � 4.54 15.3
X — — 19.88 � 1.41 26.14 � 2.89 18.8
XI — — 39.52 � 4.45 32.32 � 4.25 40.2
XII — — 46.58 � 1.48 35.14 � 4.25 48.2
PhB — — 1735 � 27 1989 � 22 121

a An average of three measurements.

This journal is © The Royal Society of Chemistry 2016
average IC50 of 1.4 mM compared with 7.0 and 29.2 mM for IX
and XI respectively. The mono-VPA compound (II) was more
potent than the bis-OAc compound (XI) in all ve cell lines but
only somewhat more potent that the bis-OH (IX). Interestingly,
the bis-OH (IX) was signicantly more potent that the bis-OAc
compound in all ve cell lines. These results, similar to those
reported for ctc-[Pt(NH3)2(VPA)2Cl2],23,24,26 clearly indicate that
Pt(IV) derivatives of cisplatin with bioactive VPA ligands are
signicantly more potent than both the parent cisplatin and its
Pt(IV) derivatives with two hydroxido or two acetato axial ligands.
In particular, ctc-[Pt(NH3)2(VPA)2Cl2] (I) was about 19, 14 and 10
times more effective than cisplatin against breast (MCF-7),
colon (HCT-15) and pancreatic (BxPC3) cancer cells, respec-
tively. When one VPA ligand of ctc-[Pt(NH3)2(VPA)2Cl2] was
replaced with an acetato to give ctc-[Pt(NH3)2(VPA)(OAc)Cl2] (II),
there was a 1.7–7.9 fold reduction in the potency compared to
ctc-[Pt(NH3)2(VPA)2Cl2]. Comparing the averages over the seven
cell lines, the bis-VPA derivative of cisplatin (I) was 3.9 foldmore
potent than the mono-VPA monoacetato analog (II). Yet, with
the exception of the PC3 cells, ctc-[Pt(NH3)2(VPA)(OAc)Cl2] was
as or more potent than cisplatin in all tested cell lines.

The behavior of the Pt(IV) derivatives of oxaliplatin with VPA
axial ligands was very different than that observed for the Pt(IV)
derivatives of cisplatin with VPA ligands. The antiproliferative
potencies of compounds III, [Pt(DACH)(VPA)2(ox)] and IV,
[Pt(DACH)(VPA)(OH)(ox)], were signicantly lower than those of
the parent Pt(II) complex, oxaliplatin. The average IC50 values
(mM), over the seven cell lines, were 4.2, 10.9 and 40.7 for oxa-
liplatin, III and IV, respectively. Compound III was signicantly
more potent than the bis-acetato derivative of oxaliplatin (XII)
with average IC50 values of 10.2 and 33.2 mM respectively and
only somewhat more potent than the bis-hydroxido derivative of
oxaliplatin (X) in four out of the ve cell lines having an average
IC50 of 10.2 mM compared with 13.2 for X. Again, the bis-
hydroxido derivative of oxaliplatin was signicantly more
potent than its bis-acetato analog.
-15 PC3 A498 BxPC3 A375

2 � 1.06 2.25 � 0.82 17.53 � 1.21 11.36 � 1.14 4.03 � 0.95
5 � 0.43 5.24 � 0.86 7.94 � 1.04 4.15 � 0.93 6.30 � 1.11
1 � 0.12 2.13 � 0.45 2.43 � 0.72 1.13 � 0.14 1.25 � 0.25
6 � 1.03 7.32 � 1.24 4.21 � 0.95 3.54 � 0.66 2.17 � 0.53
4 � 1.63 10.1 � 1.17 5.21 � 1.10 14.4 � 2.16 4.17 � 0.87
5 � 3.26 53.2 � 4.24 21.1 � 3.07 19.8 � 2.25 47.3 � 2.53
4 � 2.05 16.8 � 1.41 8.64 � 0.95 4.43 � 1.94 12.4 � 2.93
1 � 0.04 0.41 � 0.06 0.43 � 0.02 0.19 � 0.01 0.16 � 0.02
7 � 0.85 4.34 � 1.25 8.42 � 1.47 10.14 � 1.69 6.25 � 1.94
4 � 1.13 6.35 � 1.19 9.32 � 1.07 7.64 � 1.15 0.64 � 0.13
4 � 3.23 2.98 � 1.35 21.98 � 0.85 6.23 � 1.47 1.93 � 0.75
9 � 3.18 5.85 � 1.08 24.36 � 5.35 14.33 � 2.09 6.85 � 1.55
3 � 2.86 10.11 � 2.02 20.12 � 0.85 36.59 � 3.39 29.69 � 5.16
8 � 3.33 15.85 � 2.87 22.45 � 5.05 29.69 � 5.16 19.59 � 2.84
4 � 81 795 � 18 925 � 81 1523 � 36 25.65 � 2.89

Chem. Sci., 2016, 7, 2381–2391 | 2383
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Fig. 4 (a) Cellular and nuclear accumulation of equi-Pt doses (5 mM)
incubated with MCF-7 cells for 24 h. (b) Platination levels of nuclear
DNA following a 24 h incubation of 5 mMof the complexes with MCF-7
cells.
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The trans-platinum derivative, trans-[Pt(n-butylami-
ne)(VPA)(OH)(piperidino-piperidine)Cl2]

+ (V), which possesses
one VPA ligand in an axial position, elicited an average IC50

value over the seven tested cell lines (11.5 mM) only slightly
higher than that of cisplatin. However, it retained a better in
vitro antitumor potency with respect to cisplatin against four
out of the seven tested cell lines (MCF-7, A549, A498 and BxPC3
cells).

Compounds VI and VII, the Pt(IV) derivatives of cisplatin with
either two or one 4-phenylbutyrate (PhB) ligands in the axial
positions, showed signicant antiproliferative activity against
all tested cell lines. Like with mono- and bis-VPA cisplatin
derivatives, the bis-PhB cisplatin derivative, (VI), was signi-
cantly more potent than cisplatin, with average IC50 values (mM)
of 0.26 (0.18–0.43) and 10.32 (2.25–17.53) respectively while the
mono-PhB (VII) was only slightly more potent than cisplatin
over the 7 cell lines having average IC50 values (mM) of 6.42 and
10.32 respectively. Remarkably, the bis-PhB derivative, ctc-
[Pt(NH3)2(PhB)2Cl2] (VI) was nearly 100-, 60- and 50-fold more
potent than cisplatin against MCF-7, BxPC3 and A549 cells,
respectively. As in the case of ctc-[Pt(NH3)2(VPA)2Cl2] and ctc-
[Pt(NH3)2(VPA)(OAc)Cl2], the symmetric ctc-[Pt(NH3)2(PhB)2Cl2]
was considerably more effective than ctc-[Pt(NH3)2(PhB)(OAc)
Cl2]. Notably, the bis-PhB derivative (VI) elicited IC50 values 4.6–
53 fold lower than those obtained with the non-symmetric
mono-PhB monoacetato complex (VII) and, on the average,
about 24-fold more potent than cisplatin. Yet, ctc-[Pt(NH3)2-
(PhB)(OAc)Cl2] was more potent than cisplatin in ve out of the
seven cells lines by factors of 2.1–9. Thus, by replacing a PhB in
ctc-[Pt(NH3)2(PhB)2Cl2] with an acetato ligand signicantly
diminished the potency of the resulting Pt(IV) complex.

Comparing the cytotoxicity results of I and VI, reveals that
replacing both VPA ligands with PhB in the Pt(IV) derivatives of
cisplatin increased the potency of the complex (on the average
there is nearly a 5-fold improvement in potency). Conversely, no
such effect was observed with the non-symmetric compounds
and ctc-[Pt(NH3)2(PhB)(OAc)Cl2] and ctc-[Pt(NH3)2(VPA)(OAc)
Cl2], elicited similar cytotoxicity proles.

The Pt(IV) derivative of oxaliplatin with two PhB,
[Pt(DACH)(PhB)2(ox)] was signicantly (4–40 fold) less potent
than its cisplatin analog (VI) and had similar potency to
[Pt(DACH)(VPA)2(ox)] (III).

Furthermore, Pt(IV) complexes (I–VIII) were also tested for
their ability to overcome acquired resistance by testing their in
vitro cytotoxicity on a pair of human ovarian adenocarcinoma
cell lines which have been selected for sensitivity/resistance to
cisplatin (cancer cells A2780/A2780cisR). Both Pt(IV) derivatives
of cisplatin with VPA axial ligands (I and II) exhibited similar
potency towards the sensitive and the resistant ovarian cancer
cells A2780 and A2780cisR. Compound I was 11 and 46 fold
more potent than cisplatin against A2780 and A2780cisR cells,
respectively, while compound II was 2.7 and 8.5 fold more
potent than cisplatin. The resistance factors (R.F.: the ratio
between IC50 values calculated for the resistant cells and those
obtained with the sensitive ones) calculated for I and II were of
1.2 and 1.6, respectively, indicating their ability to circumvent
acquired resistance to cisplatin. Similarly, the bis-PhB cisplatin
2384 | Chem. Sci., 2016, 7, 2381–2391
Pt(IV) derivative (VI) was roughly 115 times more effective than
cisplatin against the resistant ovarian cancer cell line
A2780cisR, having a resistance factor of 0.85, thus attesting to
the absence of cross-resistance with cisplatin.

The Pt(IV) derivatives of oxaliplatin with either VPA or PhB
axial ligands as well as the Pt(IV) derivative of cisplatin with one
PhB showed cross-resistance with cisplatin in the A2780cisR
cells (R.F. 6.8, 3.0, 2.4 and 2.2 for III, IV, VII and VIII,
respectively).

Cellular accumulation and binding to nuclear DNA

With the aim of identifying a possible correlation between
cytotoxic activity and cellular accumulation, the cellular Pt
content was measured in MCF-7 cells treated for 24 h with equi-
Pt concentrations (5 mM) of the Pt(IV) compounds. The cellular
platinum levels were quantied by means of GF-AAS analysis,
and the results expressed as pg Pt per 106 cells, are shown in
Fig. 4.

The levels of cell associated platinum strictly depend on the
structures of the Pt(IV) complexes. With the exception of
compound IV, all the Pt(IV) complexes with HDAC inhibitors as
axial ligands accumulated in cells more efficiently compared to
the dihydroxido or diacetato Pt(IV) derivatives (IX–XII) and
interestingly, the Pt(IV) derivatives of cisplatin and oxaliplatin
with two axial hydroxido ligands accumulated more efficiently
than their analogs with two axial acetato ligands. Among the
This journal is © The Royal Society of Chemistry 2016
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Pt(IV) complexes with HDAC inhibitors as axial ligands, the
accumulation pattern was VI > I > IIz IIIz VIIz VIII > V > IV.
Overall, uptake results suggest that the Pt(IV) derivatives of
cisplatin with two HDACis in the axial positions accumulated
most efficiently, and the bis-PhB derivative (VI) accumulated
somewhat more efficiently than its bis-VPA counterpart (I).
Interestingly, the cellular accumulation of Pt(IV) derivatives of
cisplatin with one acetato and either one VPA or one PhB (II and
VII) and the Pt(IV) derivatives of oxaliplatin with either two VPA
or two PhB ligands (III and VIII) displayed similar accumula-
tion. In this cell line, the transplatinum complex with one VPA
ligand also accumulated very efficiently. The same pattern of
cellular accumulation was obtained employing A375 melanoma
cells (not shown).

We measured the log P of compounds VI and VIII to see if
a correlation exists between lipophilicity and cell association.
To quantify the hydrophobicity of the platinum complexes,
partition coefficients (log P) values for octanol/water partition
were measured using the shake-ask method. The log P values
for cisplatin, compounds I, II, III, VI and VIII are shown in Table
2.

Interestingly, there is no correlation between lipophilicity
and cellular association. The highest accumulation is observed
for compound VI followed by compound I. Although
compounds I and VIII have the same log P values the former has
much higher accumulation than the latter and compound III
with the highest log P (0.37) does not accumulate as well as
compounds VI and I.

Platination of nuclear DNA is a critical step in triggering the
death of cancer cells by Pt based drugs. Since co-administration
with HDAC inhibitors can facilitate binding of platinum drugs
to nuclear DNA by increasing the exposed area of nuclear DNA,
we also measured the nuclear accumulation of the complexes as
well as the amount of platinum bound to nuclear DNA, to see
whether either of them correlates with cytotoxicity. Cells were
treated for 24 h with 5 mM of the tested complexes and the
nuclei and nuclear DNA were isolated and the amount of Pt in
each sample was determined by means of GF-AAS analysis. The
results expressed as pg Pt per 106 cells for nuclear Pt content are
depicted in Fig. 4a and the DNA platination levels expressed as
pg Pt mg�1 DNA appear in Fig. 4b.

As with whole cell accumulation experiments, with the
exception of compound IV, all the Pt(IV) complexes with HDAC
Table 2 log P (octanol/water) values obtained by shake flask methoda

Compound Formula log P

Cisplatin26 �2.25 � 0.04
I ctc-[Pt(NH3)2(VPA)2Cl2]

26 0.25 � 0.03
II ctc-[Pt(NH3)2(Ac)(VPA)Cl2]

26 0.17 � 0.02
III [Pt(DACH)(VPA)2(ox)]

25 0.37 � 0.08
IV [Pt(DACH)(VPA)(OH)(ox)]25 0.10 � 0.05
VI ctc-[Pt(NH3)2(PhB)2Cl2] �0.73 � 0.05
VIII [Pt(DACH)(PhB)2(ox)] 0.25 � 0.02

a Results are expressed as the mean � SD from three independent
experiments.

This journal is © The Royal Society of Chemistry 2016
inhibitors as axial ligands were more effective in platinating
DNA compared to the dihydroxido and diacetato Pt(IV) deriva-
tives (IX–XII). In particular, the highest nuclear Pt accumulation
and DNA platination levels were observed with compound VI
whereas the lowest values were detected for complex IV. These
data corroborate the hypothesis that coordination of HDAC
inhibitors in axial positions facilitates binding of the Pt(II)
moiety to DNA. Furthermore, for all tested complexes the
intranuclear accumulation and DNA platination proles were
comparable, suggesting that nuclear internalization correlated
with DNA-platination.

HDAC inhibition

The complexes described here were designed specically to
release either VPA or PhB inside the cells in order to inhibit
HDAC activity and pave the way for more efficient DNA plati-
nation. Thus, in addition to measuring the levels of DNA
platination, we also measured the ability of these pro-drugs to
inhibit HDAC activity in cells.

MCF-7 cells were incubated for 24 h with cytotoxic IC50

concentrations of compounds I–XII and their HDAC activity was
determined in cells and, for comparison, the HDAC inhibitory
effect was also assayed in isolated nuclei of MCF-7 treated cells
(Fig. 5a).

In both experiments, the pattern of HDAC inhibition was
very similar; resembling those obtained from cytotoxicity and
platination assays. As expected, cisplatin, oxaliplatin as well as
Pt(IV) complexes IX–XII lacking the HDAC inhibitors in the axial
position were not effective in modifying HDAC activity (Fig. 5a
and b). Compounds I and VI are signicantly more potent
HDAC inhibitors than the other derivatives. More importantly,
their IC50 values (mM) calculated in term of cellular HDAC
inhibitory activity were three orders of magnitude lower than
those reported for free VPA or PhB, respectively. As a general
consideration, the bis-HDACi compounds were more efficient
than the corresponding mono-HDACi. However, all the
complexes were signicantly less potent HDAC inhibitors
compared with trichostatin A (TSA).30

In addition to measuring the inhibition of HDAC activity at
cytotoxic IC50 concentrations, we incubated the MCF-7 cells for
24 h with increasing concentrations of tested complexes and
measured the HDAC activity for each compound. The HDAC
inhibitory IC50 values were calculated by 4-PL model (Fig. 5c).
The IC50 values are all in the mM range. Compounds I and VI are
signicantly more potent inhibitors of cellular HDAC activity
than the other derivatives. More importantly, the IC50 values
(mM) calculated in terms of cellular HDAC inhibitory activity
were three orders of magnitude lower than those reported for
VPA or PhB for all the complexes.

Further studies

To gain more insights into the mode of action of the newly
synthesized Pt(IV) derivatives, compounds I and VI were chosen
for further experiments. In particular, we evaluated and
compared their capacity to induce apoptosis in human breast
MCF-7 cells. Nuclear DNA fragmentation and apoptosome
Chem. Sci., 2016, 7, 2381–2391 | 2385
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Fig. 5 (a) MCF-7 cells were incubated for 24 h with IC50 concentra-
tions of tested complexes. The HDAC activity was determined in cells
(light blue bars) or in nuclear extracts (orange bars), *P < 0.05, **P <
0.01. (b) MCF-7 cells were incubated for 24 h with IC50 concentrations
of either cisplatin or oxaliplatin and HDAC activity was determined. (c)
MCF-7 cells were incubated for 24 h with increasing concentrations of
tested complexes. HDAC IC50 values were calculated by 4 PL model (P
< 0.05).

Fig. 6 (a) Nuclear DNA fragmentation. MCF-7 cells were treated for 12
or 24 h with IC50 of I, VI or cisplatin (CDDP). Quantitative estimation of
DNA fragmentation was obtained with an ELISA test. Data are the
means of five independent experiments. Error bars indicate SD. (b)
MCF-7 cells were treated with IC50 of I and VI for 72 h and stained with
the fluorescent dye Hoechst 33258. (c) Caspase activity. MCF-7 cells
incubated for 24 h with IC50 of I, VI or staurosporine � broad-spec-
trum caspase inhibitor zVAD, and processed for caspase-3/-7, -6, -8,
-9 activity. Data are the means of at least three independent experi-
ments. Error bars indicate SD.
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complex formation are critical steps in the apoptotic process.31

DNA fragmentation tests performed on MCF-7 cells treated for
12 or 24 h with IC50 concentrations of I and VI showed the
ability of both Pt(IV) derivatives to increase mono- and oligo-
nucleosome formation, to a very similar extent, in a time-
dependent manner (Fig. 6a). Notably, aer a 24 h treatment, I
and VI induced respectively a 1.5 and 2 times higher nucleo-
some formation compared with cisplatin. Interestingly, both
complexes containing HDAC inhibitors in the axial position
were also more effective than Pt(IV) derivatives of cisplatin
containing biologically inactive ligands, namely IX and X.
Apoptotic cell death induction was also conrmed through
a Hoechst 33342 staining. As depicted in Fig. 6b, MCF-7 cells
2386 | Chem. Sci., 2016, 7, 2381–2391
treated with IC50 concentrations of I and VI displayed, pyknotic
nuclei, chromatin condensation and fragmentation character-
istics, typical of apoptosis.

To assess the mechanism of the triggered apoptotic process,
the activity of the two initiator caspases (-8 and -9), and the
downstream effectors (-3/-7 and -6) was determined in MCF-7
treated cultures. Staurosporine, an alkaloid inducing apoptosis
through caspase-3/-7 and -9 activation, and z-VADfmk a pan
caspase inhibitor, were used as positive and negative controls,
This journal is © The Royal Society of Chemistry 2016
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Table 3 Cytotoxicity [IC50mean values (mM)] obtained for compounds
I and VI in the isogenic HCT-116 cells [parental cells (p53+/+) and its
p53-null derivative (p53�/�)]a

HCT-116+/+ HCT-116�/�

I 0.46 � 0.07 1.4 � 0.2
VI 0.22 � 0.03 0.34 � 0.08

a Results are expressed as the mean � SD from three independent
experiments.
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respectively. As shown in Fig. 6c, both derivatives I and VI
provoked a substantial activation of all caspases. Notably, aer
24 h of incubation with IC50 concentrations of I and VI, the
cleavage of caspases-3/-7 and -9 was higher with respect to
activation of caspases -6 and -8. Caspase-3/-7 and -9 cleavage
reached values similar to that exerted by the well-known cas-
pase-dependent apoptosis inducer staurosporine.32

Interestingly, pre-treatment of cancer cells with zVAD, a cell-
permeable pan-caspase inhibitor, strongly decreases caspase
activation induced by Pt(IV) derivatives, thus conrming the role
played by these proteases in cell death caused by the Pt(IV)
complexes. Since caspases -3/-7 and -9 are mainly involved in
intrinsic apoptosis pathway, whereas caspase -6 and -8 are
extrinsic caspase executors, these data suggest that I and VI act
predominantly by induction of apoptotic signaling via the
mitochondrial pathway. Further support comes from studies in
the myeloma cell lines demonstrating that PhB treatment
induced activation of caspases -3, -7, and -9 accompanied by
cleavage of their substrates and internucleosomal DNA
degradation.33

Based on these ndings, we thought of interest to evaluate
the effect induced by Pt(IV) derivatives on mitochondria
membrane potential (DJ, MMP). MMP depletion generally
precedes mitochondrial-driven apoptotic cell death.34 By treat-
ing MCF-7 cells with IC50 concentrations of I and VI for 24 and
48 h, the uorescence intensity decreases with increasing
Fig. 7 (a) Effects of I or VI on cellular mitochondrial membrane
potential. MCF-7 cells were treated for 24 or 48 h with IC50 of I or VI.
The percentage of cells with hypopolarized mitochondrial membrane
potential was determined by Mito-ID® Membrane Potential Kit. Data
are the means of five independent experiments. Error bars indicate SD.
(b) MCF-7 cells were treated with IC50 of I or VI for 24 h. The amount of
p53 was detected by Western blotting analysis as described in the ESI.†

This journal is © The Royal Society of Chemistry 2016
exposure times, attesting to a time-dependent increase in
percentage of cells with depleted MMP (Fig. 7a).

Satraplatin, ctc-[Pt(NH3)(c-hexylamine)(OAc)2Cl2], and other
Pt(IV) derivatives have been recently shown to induce cell death
in human cancer cells via p53 and p21 induction.35,36

The promotion of apoptosis by the platinum complexes may
be connected with the induction of tumor suppressor p53,
which plays a pro-apoptotic role.37–39 To investigate the possible
involvement of p53 pathway in the mechanism of action of
compounds I and VI, MCF-7 cells were treated for 24 h with I
and VI. As depicted in Fig. 7b, treatment resulted in an increase
in p53 activation. In addition, the effect of these platinum
complexes on the viability of human colon carcinoma cells
expressing p53 (HCT116 p53+/+) or non-expressing p53 (HCT116
p53�/�) was investigated. The cells were treated with I or VI for
72 h as described in the ESI.† The IC50 values and DNA content
in the treated cells were determined as described in previously
published articles.37–39 The data showed that compound I
signicantly reduced the number of cells in a dose-dependent
manner, being only slightly more effective in p53-procient
cells compared to the p53-knockout cells (Table 3 and Fig. 8a).
These results suggest that transcription factor p53 does not play
a marked role in the mechanism of action of compound I. The
efficacy of compound VI in killing p53+/+ and p53�/� cells was
not too different (Table 3 and Fig. 8b). It signicantly reduced
the number of cells in a dose-dependent manner, being equally
effective in p53-procient and p53-knockout cells, indicating
that compound VI operates via a pathway that is p53-indepen-
dent. In this regard, the mechanism of action of compounds I
and VI appears to be fundamentally different from that of
cisplatin, which was shown to be more effective in p53-wild-type
over the p53-mutant tumor cells.40

Discussion

The hypothesis underlying this work was that by combining in
the same molecular entity DNA damaging agents with phar-
macophores that can facilitate platination of nuclear DNA we
might be able to obtain new compounds with improved ability
to kill cancer cells. Towards this end, we designed Pt(IV) deriv-
atives of cisplatin and oxaliplatin that have one or two HDACis
as axial ligands, such that the conjugation of hydrophilic Pt(II)
complexes with lipophilic anionic HDACis will yield neutral
conjugates that will enhance cellular accumulation of both the
Pt moiety as well as the HDCAis and that once inside the cell
these pro-drugs will be activated by reduction simultaneously
Chem. Sci., 2016, 7, 2381–2391 | 2387
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Fig. 8 Sensitivity of HCT-116 cells [parental cells (p53+/+) and its p53-
null derivative (p53�/�)] to the treatment with compounds I and VI.
DNA quantification of total cells after treatment with compound I (a)
and VI (b) assessed as a measure of fluorescence of Sybr Green I. DNA
contents of control, untreated cells were taken as 100%. The error bars
represent the SDs, experiments were done in triplicate. (*) Denotes
significant (P < 0.05) difference from p53-wild-type (p53+/+) cells.
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releasing the Pt drug and the HDACis. Another goal was to study
how the type of platinum moiety (cisplatin vs. oxaliplatin) and
the nature of the HDACi (VPA vs. PhB) affect the various
parameters associated with cytotoxicity (cellular and nuclear
accumulation, DNA platination, HDAC inhibition etc.). To
investigate these goals, we synthesized eight Pt(IV) complexes
with HDACis in their axial position and compared their cyto-
toxicity to the parent Pt drugs (cisplatin or oxaliplatin), to the
HDACis (VPA of PhB) and to the Pt(IV) derivatives of cisplatin
and oxaliplatin with non-bioactive axial ligands (IX–XII).

Screened against nine different cancer cell lines the eight
Pt(IV) compounds elicited different responses. The Pt(IV) deriv-
atives of cisplatin with two VPA or PhB were signicantly more
potent than cisplatin (13 and 50 fold respectively) while the VPA
or PhB derivatives of oxaliplatin were only approximately as
potent as oxaliplatin. Interestingly, although oxaliplatin was
2388 | Chem. Sci., 2016, 7, 2381–2391
more effective than cisplatin over the nine cell lines (4.9 vs. 9.9
mM), the bis-VPA derivative of oxaliplatin was approximately 8.5
fold less potent than the bis-VPA derivative of cisplatin. Simi-
larly, the bis-PhB derivative of cisplatin is nearly 20 fold more
potent than its oxaliplatin analog. Even though it is less potent
than oxaliplatin, cisplatin seems to be more effective than
oxaliplatin in these types of Pt(IV) pro-drugs. Comparing the
contribution of VPA and PhB to the cytotoxicity we see that for
the Pt(IV) derivatives of cisplatin the bis-PhB derivative (VI) is
approximately ve fold more potent than it bis-VPA analog (I)
and the bis-PhB derivative of oxaliplatin has similar potency to
the bis-VPA derivative. So it seems like PhB is somewhat more
effective than VPA at eliciting cytotoxicity.

Taken together the cytotoxicity results conrm that the
conjugation of either two VPA or two PhB to the axial positions
of cisplatin yields very effective derivatives, endowed with
cytotoxic potency extraordinarily superior to those of free VPA or
PhB or to the Pt(IV) derivatives of cisplatin or oxaliplatin with
non-bioactive ligands.

A necessary step in the cascade of events leading to the death
of the cancer cell is the cellular internalization of the
complexes. Consistent with our hypothesis we found that with
one exception (IV), the HDACi ligands signicantly increase the
cellular association (compared with the complexes with the
non-bioactive ligands) and that the bis-HDACi derivatives of
cisplatin (I and VI) accumulated more efficiently than the bis-
HDACi derivatives of oxaliplatin (III and VIII). Interestingly, as
mentioned above, we did not nd any correlation between
cellular accumulation and hydrophobicity as characterized by
log P values. Noteworthy, we found a correlation between the
cell-associated Pt levels (following 24 h incubation with equi-Pt
concentrations) and the IC50 values. These results are in
agreement with reports that higher cellular accumulation
correlates with improved cytotoxicity.41,42 Unlike cisplatin that is
reported to accumulate in cells by both passive diffusion and via
the CTR1 receptor, Pt(IV) derivatives are reported to accumulate
only by passive diffusion43 and thus greater lipophilicity should
increase cellular accumulation.44 We recently reported that the
mono- and bis-VPA derivatives of cisplatin accumulate
primarily in the cell membrane.26 The same general correlation
patterns were observed between potency and Pt accumulation
in the nucleus and platination of nuclear DNA. The most potent
compounds (I and VI) were also the most abundant in the
nucleus and displayed the highest levels of DNA platination. It
seems like there is a correlation between the Pt levels associated
with whole cells and their levels in the nucleus and bound to
DNA. To assess whether the bioactive VPA or PhB ligands
enhanced DNA platination compared to the non-bioactive OAc
ligands we used the data from Fig. 4 to estimate the percentages
of DNA platination relative to the total amount of Pt associated
with the cells. We estimated that platinum content of DNA
fraction isolated from MCF-7 cells expressed as a percentage of
the total platinum accumulated in the cells was 18% for ctc-
[Pt(NH3)2(VPA)2Cl2] (I), 16% for ctc-[Pt(NH3)2(PhB)2Cl2] (VI) and
only 5% for ctc-[Pt(NH3)2(OAc)2Cl2] (XI). Thus, the platinum
content bound to DNA obtained fromMCF-7 cells treated with I
and VI was approximately 36 and 41-fold greater, respectively,
This journal is © The Royal Society of Chemistry 2016
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than that obtained from the cells treated with XI. One of the
hypotheses behind the design of such pro-drugs was the hope to
increase platination of nuclear DNA by inhibition of HDAC
activity that would lead to decondensed chromatin that affords
higher accessibility to platination. We recently corroborated
this hypothesis and showed that Pt(IV) derivatives with VPA axial
ligands downregulate the expression of HDACs, enhance acet-
ylation of histone H3 and decondense heterochromatin.26 These
effects were ascribed to the intracellular activity of VPA
presumed to be released by reduction in the cell. Moreover,
considering the total Pt inside the cells (not including the
fraction trapped in the membrane), a considerably higher
fraction of Pt from the Pt(IV)–VPA conjugates is bound to DNA
compared with conjugates with biologically inactive ligands
suggesting a synergistic effect brought about by the valproate.26

In the current study, we observed a correlation between the
ability to inhibit HDAC activity in cells (IC50 values for HDAC
inhibition) and the cytotoxicity IC50 values. Again, compounds I
and VI showed the highest inhibitory effects while compound IV
was least effective. Notably, the complexes inhibit 50% cellular
HDAC activity at mM extracellular concentrations while mM
levels of free VPA or PhB are necessary to obtain the same effect.

One of the most intriguing questions when studying “dual
action” platinum agents is whether the high potency is due
primarily to a synergistic effect between the HDAC inhibitors
and the Pt complexes as proposed by some authors,23 or is it
merely due to the enhanced cellular accumulation of cisplatin
as suggested by others.24 It is generally accepted that lipophilic
ligands enhance the cellular uptake of Pt complexes and that
higher accumulation usually results in enhanced cytotoxicity.
Thus by attaching the lipophilic VPA or PhB ligands to the Pt
pro-drug we expect to enhance the potency of the Pt moiety by
virtue of higher cellular accumulation. At neutral pH, both
valproic acid and 4-phenylbutyric acid are monoanionic and
therefore do not efficiently accumulate in the cancer cells.
Attempts to increase the cellular accumulation of valproate
include neutralization of the charge by esterifying the carbox-
ylate and forming for instance valproyl ester-valpramide of
acyclovir.45 Ligation of VPA or PhB to the axial positions of the
Pt(IV) complex converts them to neutral metalloesters thereby
facilitating their cellular uptake. Conjugation of VPA or PhB to
the Pt(IV) results in compounds endowed with “synergistic
accumulation”where cisplatin and VPA (or PhB) are prodrugs of
each other and the conjugation affords a signicant enhance-
ment in intracellular accumulation of both relative to either
cisplatin or free VPA (or PhB).

Due partly to inefficient internalization into the cells, extra-
cellular VPA or PhB are not very potent inhibitors of the cellular
activity of HDAC and hence their IC50 values (in the mM range)
do not provide any indication to the levels of intracellular VPA
(or PhB) necessary to efficiently inhibit HDAC activity. The in
vitro inhibitory potency of VPA or PhB might provide an indi-
cation to the cellular concentrations of VPA or PhB necessary to
attain effective inhibition of HDACs. The in vitro IC50 values for
PhB range from 64 to 260 mM for class I HDACs (HDAC1,
HDAC2, HDAC3 and HDAC8) and were greater than 2000 mM for
class IIa HDACs (HDAC4, HDAC5, HDAC7 and HDAC9) and 240
This journal is © The Royal Society of Chemistry 2016
mM for HDAC6. For VPA the in vitro IC50 values for HDAC
inhibition are 39 to 161 mM for class I and greater than 2000 mM
for all the rest.46

The cellular concentrations of PhB or VPA released by
compounds I and VI (in the low or sub-mM range) are well below
the in vitro IC50 values for HDAC inhibition yet we observed 60–
70% HDAC inhibition in cells for I and VI (Fig. 5a). Also, we
obtained IC50 values for HDAC inhibition for compounds I and
VI that are in the low mM (Fig. 5c). Together, this suggests that it
might be due to a synergistic effect with the platinum.

These compounds are very potent and have the ability to
induce an apoptotic cell death that encompass an increase of
p53 activity, and that seems independent to p53 status. It is well
known that the outcome of cancer chemotherapy strongly
depends on the tumor p53 status,47 and tumor cells with
mutated or deleted p53 tend to be less responsive to several
common chemotherapeutics and radiation therapy.48 Hence,
therapies that do not depend on functional p53 are clinically
preferable, and can be a valid alternative strategy. Thus, Pt(IV)–
HDACi complexes are very promising tools for the treatment of
resistant neoplasia.

When we and others (Shen and Osella) conjugated VPA or
PhB to Pt(IV), the rationale was to obtain “dual action” of HDAC
inhibition (leading to higher accessibility to nuclear DNA) and
thereby enabling more effective DNA platination that would
trigger apoptosis. This however may have been an over-
simplied view, since both VPA and PhB are not potent enough
HDAC inhibitors to inhibit effectively HDACs at sub-mM levels.
Thus, it might be reasonable to assume that the enhanced
cytotoxic effects may arise from synergistic interactions between
the platinum moieties and several cellular processes involving
the VPA or PhB in addition to HDAC inhibition. VPA is engaged
in cellular processes other than HDAC inhibition.26 PhB was
reported to activate human peroxisome proliferator activated
receptors, which are ligand-activated transcription factors that
up-regulate the expression of several genes that code for lipid-
metabolizing enzymes49 resulting in decreased conversion of
mevalonic acid to farnesyl PPi,50 decreased cholesterol produc-
tion, decreased protein prenylation,51,52 and decreased activa-
tion of the p21ras target p42MAPK/ERK2. It was suggested that
PhB might have therapeutic utility as a cisplatin sensitizer in
head and neck cancer by inhibiting the FA/BRCA pathway
through the down regulation of BRCA1 as well as by an FA/
BRCA-independent mechanism.53 PhB inhibits DNA damage-
induced homologous recombination likely by mediating
changes in chromatin acetylation. The combination of sodium
phenylbutyrate with genotoxic agents can lead to different cell
fates depending on the type of DNA damage inicted.54

Thus, it seems that the impressive cytotoxicity displayed by
the Pt(IV) derivatives of cisplatin with axial PhB ligands probably
begins with the synergistic accumulation that facilitates high
uptake of both cisplatin and the PhB (or VPA) and continues
with the combined intracellular actions of cisplatin and PhB (or
VPA) that include HDAC inhibition, triggering apoptosis and
depleting MMP. Clearly, both intracellular PhB and VPA are
involved in many other cellular processes which may or may not
be involved in increasing the potency of the Pt(IV) compounds.
Chem. Sci., 2016, 7, 2381–2391 | 2389
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Conclusions

Our study demonstrates that Pt(IV) derivatives of cisplatin, with
two axial PhB ligands are very potent cytotoxic agents against
many different cancer cell lines and are signicantly more
potent than cisplatin or the Pt(IV) derivatives of cisplatin with
either two hydroxido, two acetato or two valproato ligands.
Conjugation of the anionic and lipophilic HDACis to Pt(IV)
results in synergistic cellular accumulation that correlates with
enhanced DNA binding and cytotoxicity. The results of this
study suggest that Pt(IV) derivatives of cisplatin with two axial
HDACis are superior to those of oxaliplatin despite the higher
potency of oxaliplatin compared with cisplatin.

Although designed to enhance DNA platination by inhibiting
cellular HDAC activity, once inside the cell PhB or VPA can affect
many cellular processes in addition to some HDAC inhibition.

Therefore, we cannot attribute the enhanced cytotoxicity to
one specic cellular event and we believe that the “dual action”
complexes, such as these, really are “multi-action” pro-drugs
that once they get into the cells can trigger many different
events that together lead to the death of the cancer cells.
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