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Platinum(iv) combo prodrugs containing
cyclohexane-1R,2R-diamine, valproic acid, and
perillic acid as a multiaction chemotherapeutic
platform for colon cancerfy
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The complex [PtCly(cyclohexane-1R,2R-diamine)] has been combined in a Pt(v) molecule with two
different bioactive molecules (i.e., the histone deacetylase inhibitor 2-propylpentanoic acid or valproic
acid, VPA, and the potential antimetastatic molecule 4-isopropenylcyclohexene-1-carboxylic acid or
perillic acid, PA) in order to obtain a set of multiaction or multitarget antiproliferative agents. In addition to
traditional thermal synthetic procedures, microwave-assisted heating was used to speed up their prepa-
ration. All Pt(iv) complexes showed antiproliferative activity on four human colon cancer cell lines (namely
HCT116, HCT8, RKO and HT29)
[PtCly(cyclohexane-1R,2R-diamine)], VPA, PA, and the reference drug oxaliplatin. The synthesized com-

in the nanomolar range, considerably better than those of

plexes showed pro-apoptotic and pro-necrotic effects and the ability to induce cell cycle alterations.
Moreover, the downregulation of histone deacetylase activity, leading to an increase in histone H3 and H4
levels, and the antimigratory activity, indicated by the reduction of the levels of matrix metalloproteinases
MMP2 and MMP9, demonstrated the multiaction nature of the complexes, which showed biological pro-
perties similar to or better than those of VPA and PA, but at lower concentrations, probably due to the
lipophilicity of the combo molecule that increases the intracellular concentration of the single com-
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Introduction

Although over the years Pt(iv) complexes have not succeeded to
be a serious alternative to traditional Pt(i) anticancer agents,
they are still widely studied because of their characteristics
that make them particularly suitable for the design of metal-
based drugs with tailored properties. Actually, octahedral Pt(wv)
complexes can reach intact cancer cells and the hypoxic tumor
environment can activate them by reductive elimination of
their axial ligands, thus releasing the corresponding cytotoxic
Pt(u) metabolites (activation by reduction) and increasing the
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ponents (i.e., [PtCly(cyclohexane-1R,2R-diamine)], VPA and PA).

selectivity of the drugs."® In addition, the axial ligands

provide that something extra that makes Pt(v) complexes so
interesting. As a matter of fact, the axial ligands that will be
released after reduction can be designed to play a role in the
overall activity of the Pt(iv) complexes. They can be tumor-tar-
geting molecules (hormones, folates, amino acids, peptides,
carbohydrates, etc.), pharmaceutical agents (e.g., enzyme
inhibitors), or anticancer drugs with a different mechanism of
action, able to synergize with the Pt(un) metabolites. Such mul-
tiaction or multitarget prodrugs must contain one or more
complementary bioactive molecules.”® Apart from the
specific role of the ligands, the multiaction Pt(rv) complexes
are generally more active than their free components adminis-
tered separately, as the combination gains in lipophilicity and,
thus, in cellular uptake, ensuring high intracellular levels of
both the cytotoxic Pt(un) metabolites and the organic active bio-
molecules (synergistic cellular accumulation).*>****

In this work, (SP-4-2)-(cyclohexane-1R,2R-diamine)dichlori-
doplatinum(u) ([PtCly(dach)] or 1, Scheme 1; dach = cyclo-
hexane-1R,2R-diamine) has been combined with two different
bioactive molecules (i.e., 2-propylpentanoic acid or valproic
acid, VPA, and 4-isopropenylcyclohexene-1-carboxylic acid or
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Scheme 1 Sketch of the complexes under investigation and the corresponding synthetic pathways: (i) H,O,/CH3sCOOH; (ii) H,O,/H,0; (iii) acyl
chloride of PA, microwave heating, CHzCN, pyridine, (iv) acyl chloride of VPA, microwave heating, CH3CN, pyridine; (v) perillic anhydride, DMSO. The
numbering scheme for the assignment of NMR signals is reported in the ESI; PA = perillic acid, VPA = valproic acid.

perillic acid, PA) in a set of different Pt(iv) complexes in order
to obtain the final multifunctional ‘combo’ molecules
(Scheme 1) showing properties better than those of the single
components.

The dach ligand imparts peculiar characteristics to Pt(u)
complexes, being present in the anticancer drug oxaliplatin,
(SP-4-2)(cyclohexane-1R,2R-diamine)(ethanedioato)platinum
(). Computer modeling showed that the cyclohexane ring pro-
trudes directly outward into the major groove of the bound
DNA, markedly altering the area of the adduct.'®'” The differ-
ences in the structure of the adduct produced by cisplatin and
oxaliplatin are consistent with the observation that they are
differentially recognized by the DNA mismatch repair system,
with cisplatin being more easily recognized, making Pt(un)-dach
complexes an interesting escape route to bypass cisplatin-
resistance.'®'® In particular, 1 was chosen as the equatorial
structure based on previous experience acquired by the
authors on both the synthesis and the study of the biological
properties of this synthon and its Pt(iv) derivatives. Moreover,
such Pt(wv) prodrugs show relatively high cellular uptake and
good antiproliferative activity, and the presence of dach itself
could increase cancer cell aggression by the immune system
through immunogenic cell death (ICD).”° In contrast, other
authors prefer the use of oxaliplatin, because its Pt(iv) deriva-
tives can be more stable in vitro and more persistent in vivo,
even though this depends on the nature of the coordinated
ligands.>*'*?

M350 | Dalton Trans., 2023, 52, N349-11360

VPA is a well-known histone deacetylase (HDAC) inhibitor.
The abnormal enhancement of some members of the HDAC
family has been closely related to the appearance and develop-
ment of various malignant tumors. In addition, changes in the
expression and mutation of HDAC-encoding genes have been
associated with tumor growth, due to their ability to induce
abnormal transcription of genes that regulate key cell func-
tions, such as cell proliferation, cell-cycle regulation, and apop-
tosis. For this reason, HDAC inhibitors (HDACIs) can induce
growth arrest, differentiation, or apoptosis, to a variable
extent, in vitro and in vivo. Noticeably, normal cells are usually
more resistant than tumor cells to HDACIs.>*”” The combi-
nation of HDACIs as chemosensitizers with other cancer thera-
peutics has shown great potential in preclinical and therefore
clinical trials and may represent a way to achieve complete
therapeutic benefits.”®> Different HDAC inhibitors have
already been linked in the axial positions of Pt(wv) cores,
showing synergistic activity with Pt(i) metabolites,'* 32033740

PA, an active metabolite of limonene, is capable of inhibit-
ing farnesyltransferase (FTase) and geranylgeranyltransferase
(GGTase 1), the enzymes that catalyze protein prenylation.*!
This is necessary for the cellular activity of many oncogenic
proteins, including some members of the Ras family.
Therefore, prenylation inhibitors are promising for antitumor
therapy blocking Ras signaling.*>*® Moreover, PA exhibits
good in vivo antimetastatic activity,"” modulates the immune

system,*® and acts as a radiosensitizer.*® Recently, a cisplatin-

This journal is © The Royal Society of Chemistry 2023
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based Pt(iv) complex with two molecules of PA was shown to
exhibit high antiproliferative and antimetastatic activity at
nanomolar concentrations in lung A-549 cancer cells.>®

On the basis of the described activities of VPA and PA, we
herein report the design, synthesis, characterization, and bio-
logical activities of Pt(wv) derivatives containing different com-
binations of the two organic ligands. Oxaliplatin in combi-
nation with fluorouracil and leucovorin has shown a definite
role in the treatment of colorectal cancer (FOLFOX4 regimen).
For this reason, the activity of the Pt(wv) derivatives was evalu-
ated in HCT116, HCTS8, RKO, and HT29 colon cancer cells, and
their effects on HDAC and cell migration were studied to eluci-
date the mechanism of action of the compounds and reveal
the possible multiple effects of some of them.

Results and discussion
Synthesis and characterization

The Pt(iv) complexes under investigation were synthesized by
oxidizing [PtCl,(dach)], 1,°>** with hydrogen peroxide in acetic
acid (complex 2) or in water (complex 3) (Scheme 1).>*** For
the subsequent substitution reaction, PA and VPA had to be
turned into a more reactive form, that is, acyl chloride or anhy-
dride, using oxalyl chloride in the presence of a catalytic
amount of dimethylformamide or the coupling agent N-(3-di-
methylaminopropyl)-N'-ethylcarbodiimide hydrochloride,
respectively. Reactions of 2 and 3 with acyl chlorides were
carried out in acetonitrile with microwave-assisted heating to
obtain complexes 4-7.>° The reaction of 3 with perillic anhy-
dride required the use of DMSO as a solvent to favor the for-
mation of monosubstituted complex 8.°° Finally, this inter-
mediate was turned into trifunctional complex 9 upon reaction
with VPA acyl chloride as described above.

All complexes were characterized by RP-HPLC/ESI-MS and
NMR spectroscopy using mono- and bidimensional techniques
(see ESI, Fig. S1-S27,T for the most relevant NMR spectra). The
dach ligand is supposed to be in a chair configuration, as
observed in other similar structures;’”’””® but, when the axial
ligands are different, couples of corresponding carbon atoms
are no longer equivalent and resonate at different frequencies
in "*C NMR spectra. As far as the NH, groups of coordinated
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dach are concerned, in the 'H spectra in DMSO-ds of com-
plexes with different axial ligands, four different signals are
visible; whereas, when the axial ligands are equal, only two
signals are observed. The chemical shift of such signals varies
with the change of the other ligands. These features of dach
ligands in Pt(iv) complexes have been observed for similar
complexes.’ Also, the signals of VPA chains are affected by the
other ligands, which results in not-perfectly-equivalent nuclei
and the corresponding splitting of most signals. The '*°Pt
NMR signals of the final dicarboxylato complexes exhibit
chemical shifts within the range of 1070-1115 ppm that are
consistent with the expected coordination sphere of such Pt(wv)
complexes.”*®’

The final compounds 4-7 and 9 are supposed to be quite
lipophilic and a RP-HPLC technique was used to measure
their relative lipophilicity, associated with the ability to cross
cell membranes passively.®® This is possible since retention is
due to partitioning between the hydrophobic stationary phase
(model of cell membranes) and the aqueous mobile phase
(model of the environment inside and outside cells).®®**® The
retention time (¢z) of the complexes was measured on a C18
column employing a 30/70 mixture of 15 mM formic acid/
MeOH as an eluent. Data are expressed as log k' (k' = (tg — t,)/
ty, where ¢, is the column dead-time) and are reported in
Table 1.

Cytotoxicity

The effect of Pt(iv) derivatives on four different human colon
cancer cell lines, namely HCT116, RKO, HCT8, and HT29, was
evaluated. Cell viability was assessed by the MTT assay upon
treatment with increasing concentration of the compounds
studied. Compounds 1, oxaliplatin, VPA, and PA were added to
the experiments as references. The antiproliferative effect of
the compounds was quantitated by calculating the drug con-
centration that inhibits tumor cell viability by 50% (half-
maximal inhibitory concentration, ICs,) from the respective
dose-response curves (Table 1). Unlike VPA and PA, for which
the IC5, values were found to be in the order of hundreds of
micromoles per liter, all new Pt(iv) derivatives showed cytotoxic
effects at nanomolar concentrations. Taking into account only
the new Pt(wv) derivatives, 4, 5, 6, 7 and 9 showed higher
potency than their precursor, namely 1. Interestingly, 6 and 9

Table 1 Lipophilicity data (log k') and ICsg values (nM) obtained in HCT116, HCT8, RKO, and HT29 cells by the MTT assay after 72 h of treatment
with the studied derivatives and the MTT assay (mean + S.E. of five independent experiments; *p < 0.001 vs. all others; ***p < 0.001 vs. oxaliplatin, 4,

5and7)

Compound log k' (70% MeOH) ICso (nM) HCT116 ICso (nM) HCTS ICs0 (nM) RKO ICso (nM) HT29
oxaliplatin -0.48 42.82 + 3.07 191.62 + 16.28 217.95 + 46.00 261.18 + 31.54

1 —0.46*° 343.19 + 7.38% 1377.05 + 187.67" 1242.68 + 219.16" 1659.49 + 16.40"

4 0.43 13.90 + 1.38 44.41 +2.95 29.41 + 4.38 29.41 + 8.85

5 0.48 10.95 + 3.33 34.95 + 3.50 25.85 + 7.42 101.01 + 20.72

6 1.15 1.07 + 0.30%** 9.52 + 1.74%*% 3.78 + 0.66*** 4.37 + 0.32%%*

7 1.18 12.68 + 4.77 34.36 +7.22 16.19 + 4.02 19.69 + 6.45

9 1.16 0.91 + 0.19%** 5.03 + 0.94%** 4.55 + 1.42%%* 8.19 + 1.75%**

PA 0.557* (130.96 + 22.64) x 10** (154.87 + 8.73) x 10°* (161.85 + 17.3) x 10°# (120.67 + 7.32) x 10°#
VPA 0.56 (82.91 £ 5.25) x 10°* (139.68 + 13.83) x 10°* (89.45 = 9.13) x 10%* (112.09 + 38.22) x 10%*

This journal is © The Royal Society of Chemistry 2023
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were shown to be the most potent ones across all cell lines
tested. Thus, in agreement with data reported by our group
and by other authors,'>*>*° these results indicate that the
presence of a perillate or valproate group on the Pt(iv) mole-
cules improved the cytotoxic effect of all progenitor molecules.
Actually, as mentioned in the Introduction, a lipophilic Pt(wv)
complex is able to increase the intracellular concentration of
its (hydrophilic or amphiphilic) fragments by synergistic cellu-
lar accumulation when they are combined into a single
molecule.

In addition, it has been widely reported that the uptake of
Pt-based drugs may deeply influence their cytotoxic effects and
several membrane transporters have been involved in the cyto-
toxicity of oxaliplatin and some Pt(wv) derivatives, including
organic cation transporters (OCTs).”””! Notably, recent studies
have shown increased expression of OCT1 and OCT2 in several
colon cancer cells, including HCT116 and HCTS cell lines.”>”?
The high potencies observed for the compounds under investi-
gation may be explained, at least in part, also considering the
potentially increased uptake of the Pt(wv) derivatives due to the
increased expression of the OCT transporters.

It has been widely reported that not only Pt(u) derivatives
but also PA and VPA can inhibit cancer growth through the
induction of cell death, mainly apoptotic or necrotic, and cell
cycle alterations.”>””” Thus, to further characterize the mecha-
nisms responsible for the cytotoxic effects of 4, 5, 6, 7 and 9,
their ability to induce apoptotic and/or necrotic cell death
and/or cell cycle alterations was evaluated by flow cytometric
analysis. The results were then compared with those obtained
by treating the cells with the reference compounds oxaliplatin,
PA, and VPA, in the following experiments.

Due to its better antiproliferative activity compared to 1
(Table 1) and considering that it is one of the most widely
used drugs in the treatment of colorectal cancer, oxaliplatin
was used as a single reference compound for the subsequent
experiments and 1 was no longer investigated.

According to previous reports,”””’ PA and VPA induced
apoptotic cell death in HCT116, HCT8, RKO and HT29 cell
lines. Furthermore, a different degree of apoptosis was
observed when cells were treated with equitoxic concentrations
of Pt(iv) compounds, corresponding to the respective ICs,
values. As shown in Fig. 1, all Pt(wv) derivatives induced apop-
totic cell death over controls in HCT116, HCT8, RKO, and
HT29 cell lines. However, low percentages of apoptosis were
observed in HT29 cells, compared to the other three cell lines.
Interestingly, 6, 7 and 9 induced a significantly higher extent
of apoptosis compared to PA and VPA in HCT116, HCT8 and
RKO cell lines.

Analysis of necrotic cell death induction in the four model
cell lines under investigation showed that all compounds did
not induce necrosis in the HCT116 and RKO cell lines, while a
significant increase in the percentage of necrotic cells was
observed in HCTS cells treated with 5, 6, 7, 9, PA and VPA, and
in HT29 cells treated with 5, 6, 7, 9 and VPA.

The different responses, in terms of apoptotic cell death,
observed in HCT116, HCT8, RKO and HT29 cells upon treat-

NM352 | Dalton Trans., 2023, 52, N1349-11360

View Article Online

Dalton Transactions

APOPTOSIS

>

HCT116

HCT8

&
$

"
i
@
i

% apoptotic cells
N
4

% apoptotic cells
N
8

2
2

40+ 40+

304

% apoptotic cells
% apoptotic cells

B NECROSIS

HCT116 HCT8

2
3

@
S

20-

% necrotic cells
% necrotic cells

8
IS

@
S

% necrotic cells
- N
3 8
% necrotic cells
n
38

=
—
=
=
— —
— —
= —
9 9

PA VPA PA VPA

Fig. 1 Percentage of apoptotic (A) and necrotic (B) HCT116, HCTS,
RKO, HT29 cells after 72 h of treatment with equitoxic concentrations of
the studied derivatives and reference compounds (mean + S.E. of three
independent experiments). Statistical analysis: *p < 0.05, **p < 0.01 and
***p < 0.001 vs. control (C).

ment with the Pt(iv) derivatives could be related to their p53
status, being mutated in the latter and wild type in the other
three cell lines. As a matter of fact, it is well known that the
status of the tumor suppressor gene p53 may influence the cel-
lular response to anticancer drugs. Specifically, p53 has been
related to drug resistance and resistance to apoptotic/necrotic
stimuli.”®”® Therefore, the results indicated that the presence
of mutated p53 could account for the different apoptotic/
necrotic responses to equitoxic concentrations of Pt(wv)
observed in HT29 cells.

Considering that a shift in cell cycle phases, an important
finding in cell lines undergoing antineoplastic treatment,
has previously been demonstrated for both PA and VPA,”>"°
the effect of Pt(iv) derivatives included in this study on the

This journal is © The Royal Society of Chemistry 2023
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distribution of HCT116, HCT8, RKO and HT29 cell lines in the
different phases of the cell cycle was evaluated.

Cell-type differences were also observed in the results
obtained in this set of experiments (Fig. 2). In particular, none
of the Pt(iv) and reference compounds was able to induce cell
cycle alterations in HT29 cells, while the cell cycle shift was
variable in the other three cell lines. This different behavior
could also be related to the status of p53. According to data
from other authors,”>’® when cell cycle alterations were
present, a shift toward the G0/G1 phase and a corresponding
reduction in the S phase was observed.

Cell cycle progression is finely regulated by the inhibitory
activity of a family of proteins capable of binding to specific
protein kinase complexes, which are responsible for the
passage of cells through the different phases of the cell cycle.
In particular, p21™*™/“P* 3 member of the Cip/Kip family, is
known to play a critical role in the regulation of the cellular
transition in the G1/S phase and alteration in its protein levels
could explain the results shown in Fig. 2. Thus, the effect of
the equitoxic concentrations of 4, 5, 6, 7, 9, PA, VPA, and oxali-
platin on p21**™/“P protein levels was evaluated. Fig. 3 shows
that all the compounds studied induced an increase in
p21™af/eiPl Jevels, although to different extents. In particular,
in HCT116 cells, the G1/GO shift and the consequent lower
percentage of apoptotic cells observed following treatment
with 7 could be related to a greater increase in p21"f/ciP!
induced by this compound. As a confirmation, the low
increase in p21"*/“P* protein levels shown in the same cell
line after treatment with 5 and 9 did not lead to cell cycle
alterations or to a reduced apoptotic response. On the other
hand, in RKO cells, a high increase in p21"*/“P* following
treatment with all Pt(wv) derivatives led to a GO/G1 shift and
high levels of apoptosis. Furthermore, HT29 cells increased
p21™af/eiP Jevels once treated with 4, 5, 6, 7, 9, PA, VPA, and
oxaliplatin; however, no cell cycle alterations were observed.
Therefore, p21™*™/“P! may play a role in the response to Pt(1v)
derivatives; however, other factors are probably involved.

HCT116 HCT8
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Fig. 2 Effects on cell cycle progression. Cells were exposed for 72 h to
oxaliplatin (oxPt), PA, VPA, and different Pt(v) derivatives at equitoxic
concentrations corresponding to the respective ICsq values (mean + S.E.
of three independent experiments).
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Fig. 3 Western blot analysis of p21*2f/<P! |evels in HCT116, HCTS,
RKO, and HT29 cell lines treated 72 h with oxaliplatin (oxPt), PA, VPA
and the different Pt(v) derivatives studied at equitoxic concentrations
corresponding to the respective ICsq values (mean + S.E. of three inde-
pendent experiments).

Effects on histone deacetylases

Experimental evidence indicates that VPA-containing Pt(iv)
derivatives possess both the DNA binding activity, typical of
the Pt(u) derivatives, and the histone deacetylase (HDAC)
inhibitory activity of VPA.'*">3%3%8%81 The Jatter directly inhi-
bits HDAC, inducing hyperacetylation of histones H3 and H4
in vivo and in vitro®® and thereby increasing the accessibility
of DNA within chromatin to DNA-binding agents, such as cis-
platin and its derivatives.>>** Furthermore, in addition to their
epigenetic effects, HDAC inhibitors are known to play pivotal
roles in non-epigenetic regulation, cell cycle arrest, and
apoptosis.””

To evaluate the possible effects of 4, 5, 6, 7, 9 and reference
compounds on histone deacetylase activity, a western blot ana-
lysis was performed to evaluate the acetylated histone H3 and
H4 proteins in HCT116, HCT8, RKO, and HT29 cell lines after
72 h of treatment with the compounds at concentrations
corresponding to the respective ICs, values.

As expected, VPA was able to inhibit HDAC, leading to a sig-
nificant increase in acetylated H3 and H4 histones (Fig. 4A
and B), while PA showed limited effects on HDAC inhibition
through a statistically significant increase in histone H4 acetyl-
ation, but only in HCT116 cells. Furthermore, in HCT116,
HCTS8 and RKO cell lines, only the Pt(iv) derivatives containing
VPA in their molecule, namely 5, 7, and 9, were able to induce
significant increases in the acetylated histones H3 and H4, the
index of the inhibition of HDAC, at levels similar to those
obtained following treatment with VPA alone, but of course at
a considerably lower concentration. Conversely, in HT29 cells
only following treatment with 5, it was possible to observe an
increase in the acetylated histone protein levels; however, this
increase was limited to H3.

Effects on cellular migration

Degradation of the extracellular matrix and the basal mem-
brane is the first step toward migration and invasion. Matrix
metalloproteinases (MMPs) and their tissue inhibitors modu-
late these processes. Thus, higher expression of different
MMPs facilitates invasion and metastasis, as evidenced in a
number of human cancers.?>%¢
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Fig. 4 Acetylated histones H3 (A) and H4 (B) in HCT116, HCT8, RKO
and HT29 cell lines treated for 72 h with the studied compounds at con-
centrations corresponding to the respective ICsq values (oxPt = oxalipla-
tin). The graphs represent the densitometric analysis of three indepen-
dent western blot experiments. Statistical analysis: *p < 0.05, **p < 0.01
and ***p < 0.001 vs. control (C).

In this context, a Pt(iv) derivative containing PA has pre-
viously been reported to reduce the invasiveness of a lung
cancer cell line,>® while other authors have shown that PA
administration decreased the metastatic potential of mela-
noma cells in vivo.”” In both cases, MMP2 (gelatinase-A) and
MMP9 (gelatinase-B) were associated with these effects.
Interestingly, recently it has been reported that VPA has also
shown antimigratory effects in a chicken embryo chorioallan-
toic membrane model.?” Therefore, to test if the Pt(iv) deriva-
tives could reduce MMP protein levels, thus inhibiting cellular
migration, a western blot analysis was performed on total
colon cancer lysates to evaluate MMP2 and MMP9 protein
levels, after 72 h treatment with the equitoxic concentrations
of 4, 5, 6, 7, 9 and reference compounds (Fig. 5).

In general, oxaliplatin, PA and VPA showed variable inhibi-
tory effects on MMP2 and MMP9 levels in the different cell
lines. In particular, oxaliplatin statistically reduced MMP2 in
HTS8, PA in HCT116 and RKO, and VPA in RKO cells. For
MMPY, a statistically significant reduction in the protein level
was observed for oxaliplatin in RKO, for PA in HT8 and RKO,
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Fig.5 MMP2 and MMP9 protein levels (representative western blot
analysis out of three independent experiments with similar results) in
HCT116, HCT8, RKO and HT29 cell lines treated 72 h with 4, 5, 6, 7, 9,
oxaliplatin (oxPt), PA, and VPA at equitoxic concentrations corres-
ponding to the respective ICsq values and relative densitometric analysis
performed on all western blot experiments. Statistical analysis: *p <
0.05; **p < 0.01; ***p < 0.001 vs. control (C).

and for VPA in HCT116 and RKO. No alterations in the protein
levels of the considered metalloproteinases were observed in
HT29 treated with oxaliplatin, PA, and VPA.

When the effects of the Pt(iv) derivatives on the levels of the
MMP2 and MMP9 proteins were evaluated, 4, 5, 6, 7 and 9 sig-
nificantly reduced the MMP2 levels in all four cell lines.
Regarding MMP9, a significant reduction in this metalloprotei-
nase was observed, compared to control levels, in HCT116
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treated with 6, HCTS cells treated with 5, 6, 7 and 9 and RKO
cells treated with all compounds. Similar to the case of the
reference compounds, no decreases in both MMP2 and MMP9
protein levels were observed in HT29 cells after treatment with
Pt(wv) derivatives.

The observed general lack of effects of the Pt(wv) derivatives
on the MMP2 and MMP9 protein levels in HT29 could be
explained, once again, considering the p53 status of this cell
line. Actually, the loss of the p53 function has been reported
to enhance invasion and metastasis through MMP production
and activation of several survival pathways and it has been
reported that the restoration of the p53 function could
decrease the activity of MMPs.%%%°

Experimental section
General procedures

All chemicals (Sigma Aldrich-Merck or Alfa Aesar-Thermo Fisher
Scientific, except where otherwise specified) were used as
received and without further purification. Complexes (SP-4-2)-
dichlorido(cyclohexane-1R,2R-diamine)platinum(u) ([PtCl,(dach)]
(1),°%°° (0C-6-44)-acetatodichlorido(cyclohexane-1R,2R-diamine)
hydroxidoplatinum(iv) (2)** and (0C-6-33)-dichlorido(cyclo-
hexane-1R,2R-diamine)dihydroxidoplatinum(v) (3),** and the
acyl chloride of perillic acid (PA)”* were prepared according to
published procedures.

Microwave-assisted synthesis was performed using a CEM
Discover® SP System equipped with a focused single-mode
and self-tuning cavity, an air-cooling system, and an auto-
mated power control based on temperature feedback, supply-
ing power in 1 W increments from 0 to 300 W.

The purity of all the compounds was assessed using an
analytical RP-HPLC (>98%). Chromatographic analysis and
purifications were carried out using a C18 Phenomenex
PhenoSphere-NEXT (5 pm, 250 x 4.6 mm ID) column on a
Waters HPLC-MS instrument (equipped with an Alliance 2695
separation module, a 2487 dual lambda absorbance detector
and a 3100 mass detector) with a 70/30 v/v mixture of metha-
nol/15 mM aqueous formic acid as the mobile phase. The flow
was set at 0.500 mL min~" and the wavelength of the UV-vis
detector was set at 210 nm.

The MS spectra were recorded using source and desolvation
temperatures set at 150 and 250 °C, respectively, with nitrogen
used both as a drying gas and as a nebulizing gas. The cone
and capillary voltages were usually +30 V (positive ion mode)
and 2.70 kv, respectively. Quasi-molecular ion peaks [M + H]"
were assigned on the basis of the m/z values and the simulated
isotope distribution patterns.

The NMR spectra were measured on an NMR-Bruker Avance
Il operating at 500 MHz ('H), 125.7 MHz (**C), and
107.2 MHz (*°°Pt), respectively. 'H and '*C NMR chemical
shifts were referenced to solvent resonances, whereas for °°Pt
NMR signals, a solution of K,[PtCl,] in saturated aqueous KCl
was used as an external reference (§ = —1628 ppm). The num-
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bering scheme for the assignment of NMR signals is reported
in Scheme S1 (see the ESIT).

Microwave-assisted synthesis of complexes 4-7

A solution of the acyl chloride of perillic acid (PA)”* (0.101 g,
0.548 mmol for 4 or 0.056 g, 0.302 mmol for 6) or a solution of
the commercially available acyl chloride of VPA (96 L,
0.548 mmol for 5 or 105 pL, 0.598 mmol for 7) in anhydrous
acetonitrile (about 2 mL) was added in a microwave vessel to a
suspension of complex 2 (0.050 g, 0.110 mmol for 4 and 5) or
complex 3 (0.050 g, 0.121 mmol for 6 and 7) in anhydrous
acetonitrile (about 2 mL). Excess pyridine (40 pL) was added
dropwise to the reaction mixture under stirring and the vessel
was capped and introduced into the microwave cavity. The
microwave unit was programmed to heat the mixture to 55 °C
over a 5 min ramp period and then maintain it at this tempera-
ture for 1 hour under stirring; the power was automatically set
at 50 W. After it was heated, the vessel was allowed to cool to
room temperature before being removed from the cavity. After
filtering the mixture (0.45 pm PTFE filter), the resulting solu-
tion was transferred into a 25 mL round-bottom flask and
dried with a rotary evaporator. The resulting oil was treated
with hexane and then with water at least three times to
produce a pale-yellow to pale-brown powder.

4. Yield: 0.035 g, 53%. ESI-MS (positive ion mode): 605 m/z;
caled for CygH;CLN,O,Pt [M + HJ: 605 m/z. '"H NMR
(500.13 MHz, DMSO-dg): 6 1.13 (m, 2H, H16 and H17),
1.32-1.36 (m, 3H, H8, H15 and H18), 1.50-1.52 (m, 2H, H16'
and H17'), 1.71 (m, 3H, H12), 1.76-1.78 (m, 1H, H8'), 1.96 (s,
3H, H1), 2.07 (m, 1H, H6), 2.09 (m, 1H, H7), 2.11 (m, 1H, HY),
2.19-2.21 (m, 2H, H15' and H18'), 2.24 (m, 1H, H6'), 2.33-2.36
(m, 1H, H9"), 2.50-2.55 (m, 2H, H13 and H14), 4.72 (m, 2H,
H11), 6.75 (m, 1H, H5), 8.19-9.53 (m, 4H, -NH,) ppm. “*C
NMR (125.76 MHz, DMSO-d¢): 6 20.5 (C12), 23.4 (C16 and
C17), 23.5 (C1), 24.9 (C9), 26.8 (C8), 30.3 (C6), 31.1-31.2 (C15
and C18), 40.0 (C7), 62.6 (C13 and C14), 109.1 (C11), 132.2
(C4), 137.1 (C5), 148.7 (C10), 176.7 (C3), 180.7 (C2) ppm. "*°Pt
NMR (107.51 MHz, DMSO-dg): § 1088 ppm.

5. Yield: 0.014 g, 22%. ESI-MS (positive ion mode): 583 m/z;
caled for C;6H33CLN,O,Pt [M + HJ: 583 m/z. '"H NMR
(500.13 MHz, DMSO-d¢): 6 0.84 (m, 6H, H13), 0.97-1.16 (m,
2H, H3 and H4), 1.24-1.34 (m, 8H, H11, H12, H2 and H5),
1.36-1.56 (m, 6H, H11’, H3' and H4'), 1.95 (2, 3H, HS),
2.18-2.28 (m, 3H, H10, H2' and H5'), 2.36-2.63 (m, 2H, H1
and H6), 8.15-9.67 (m, 4H, -NH,) ppm. "*C NMR (125.76 MHz,
DMSO-dg): 0 13.99-14.04 (C13), 19.9-20.1 (C12),
23.4-23.6-23.7 (C3, C4 and C8), 31.0-31.4 (C2 and C5),
34.6-34.8 (C11), 46.9 (C10), 62.1-63.1 (C1 and C6), 180.8 (C7),
186.0 (C9) ppm. Pt NMR (107.51 MHz, DMSO-dg): §
1113 ppm.

6. Yield: 0.036 g, 42%. ESI-MS (positive ion mode): 711 m/z;
caled for C,H;CLN,O,Pt [M + HJ: 711 m/z. '"H NMR
(500.13 MHz, DMSO-d¢): § 1.12 (m, 2H, H16 and H17),
1.34-1.36 (m, 4H, H8, H15 and H18), 1.50-1.52 (m, 2H, H16'
and H17'), 1.71 (m, 6H, H12), 1.76-1.78 (m, 2H, HS8,
2.04-2.09 (m, 6H, H6, H7 and H9), 2.20-2.23 (m, 2H, H15' and

Dalton Trans., 2023, 52, 1349-11360 | 11355


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt01876h

Open Access Article. Published on 18 July 2023. Downloaded on 11/5/2025 2:09:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

H18"), 2.27 (m, 2H, H6'), 2.34-2.37 (m, 2H, H9'), 2.55 (m, 2H,
H13 and H14), 4.72 (m, 4H, H11), 6.75 (m, 2H, H5), 8.22-9.56
(m, 4H, -NH,) ppm. *C NMR (125.76 MHz, DMSO-d,): § 20.5
(C12), 23.4 (C16 and C17), 24.9 (CY), 26.8 (C8), 30.3 (C6), 31.2
(C15 and C18), 40.0 (C7), 62.7 (C13 and C14), 109.1 (C11),
132.2 (C4), 137.1 (C5), 148.7 (C10), 176.7 (C3) ppm. *°>Pt NMR
(107.51 MHz, DMSO-dg): § 1072 ppm.

7. Yield: 0.019 g, 23%. ESI-MS (positive ion mode): 667 m/z;
caled for C,,H,sCLN,O4Pt [M + HJ: 667 m/z. "H NMR
(500.13 MHz, DMSO-de): 6 0.85 (m, 12H, H11), 1.02 (m, 2H, H3
and H4), 1.27 (m, 14H, H9, H10, H2 and H5), 1.47 (m, 4H,
H9'), 1.56 (m, 2H, H3' and H4'), 2.21-2.30 (m, 4H, H8, H2' and
H5'), 2.45 (m, 2H, H1 and H6), 8.20 and 9.66 (m, 4H, -NH,)
ppm. *C NMR (125.76 MHz, DMSO-d¢): § 14.0-14.1 (C11),
20.0-20.1 (C10), 23.7 (C3 and C4), 31.4 (C2 and C5), 34.6-34.8
(C9), 46.9 (C8), 62.7 (C1 and C6), 186.1 (C7) ppm. *’Pt NMR
(107.51 MHz, DMSO-dg): § 1106 ppm.

Synthesis of complex 8

Complex 8 was prepared by modifying synthetic procedures
employed to prepare other unsymmetric Pt(iv) complexes,”" as
follows.

Synthesis of perillic anhydride. Perillic acid (0.300 g,
1.80 mmol) was dissolved in 10 mL of anhydrous dichloro-
methane and then N-(3-dimethylaminopropyl)-N"-ethylcarbo-
diimide hydrochloride (0.173 g, 0.902 mmol) was added. The
mixture reacted at room temperature under stirring for
24 hours. The resulting colorless solution was washed with 3%
aqueous citric acid, then with 3% aqueous sodium hydrogen
carbonate, and finally with 3% aqueous sodium chloride. After
treatment with anhydrous sodium sulfate, the organic phase
was dried by means of a rotary evaporator to get a colorless
liquid. The product was then used as it was, considering a
quantitative yield.

Synthesis of complex 8. Under stirring, complex 3 (0.050 g,
0.121 mmol) was suspended in a solution of perillic anhydride
in 15 mL of DMSO. The mixture was left to react at 65 °C, in
the dark, for 24 hours. Over this time, the initial pale-yellow
suspension turned into a pale brown suspension, which was
then dried by means of a rotary evaporator. The resulting
brown oil was dissolved in acetonitrile and the addition of
diethyl ether allowed for the precipitation of the crude product
after 4 h in a refrigerator (43% purity). The powdery dove-
colored product was isolated by centrifugation and dissolved
in methanol. The solution was centrifuged to remove solid
impurities and then dried with the rotary evaporator. The
residue was washed several times with water and then dis-
solved in methanol, and the solution was centrifuged to
remove impurities again. The supernatant was dried with the
rotary evaporator, washed with diethyl ether, and dried under
a nitrogen flow (yield: 0.008 g, 12%). ESI MS (positive ion
mode): 563 m/z; caled for C;6H,oCLLN,03Pt [M + H]'": 563 m/z.
'H NMR (500.13 MHz, DMSO-dg): § 1.05 (m, 2H, H3 and H4),
1.31 (m, 3H, H2, H5 and H10), 1.49 (m, 3H, H3’, H4' and
H10'), 1.71 (s, 3H, H15), 1.76 (m, 2H, H2' and H5'), 2.05 (m,
3H, H9, H11, H12), 2.19 (m, 1H, H12'), 2.34 (m, 1H, HY'),
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2.50-2.65 (m, 2H, H1 and H6), 4.71 (m, 2H, H16), 6.68 (m, 1H,
H13), 7.04-9.51 (m, 4H, -NH,) ppm. *C NMR (125.76 MHz,
DMSO-d): § 20.6 (C15), 23.7 (C3 and C4), 25.1 (C9), 27.0 (C2
and C5), 30.3 (C12), 30.7 (C10), 40.0 (C11), 60.9 and 62.9 (C1
and C6), 109.1 (C16), 133.8 (C8), 135.4 (C13), 148.9 (C14),
176.8 (C7) ppm. Pt NMR (107.51 MHz, DMSO-dg): §
903 ppm.

Microwave-assisted synthesis of complex 9

A solution of the commercial acyl chloride of VPA (62 pL,
0.356 mmol) in anhydrous acetonitrile (2 mL) was added in a
microwave vessel to a suspension of complex 8 (0.040 g,
0.071 mmol) in the same solvent (2 mL). Excess pyridine
(40 pL) was added dropwise to the stirring reaction mixture
and the vessel was capped and introduced into the microwave
cavity. The microwave unit was programmed to heat the vessel
content to 55 °C over a 5 min ramp period and then main-
tained it at this temperature for 1 hour under stirring; the
power was automatically set at 50 W. After heating, the vessel
was allowed to cool to room temperature before removing it
from the cavity. The solution obtained was transferred into a
round-bottom flask and dried with the rotary evaporator. The
resulting oil was treated with hexane and then water to yield a
beige powder (yield: 0.026 g, 53%). ESI-MS (positive ion mode):
689 m/z; caled for C,4H,3CLN,0,Pt [M + H]": 689 m/z. "H NMR
(500.13 MHz, DMSO-d¢): 6 0.85 (m, 6H, H21), 0.98-1.18 (m,
2H, H3 and H4), 1.24-1.41 (m, 9H, H2, H5, H10, H19 and
H20), 1.43-1.57 (m, 4H, H19', H3' and H4'), 1.71 (s, 3H, H15),
1.73-1.79 (m, 1H, H10'), 2.02-2.11 (m, 3H, H9, H11, H12),
2.19-2.30 (m, 4H, H18, H12, H2' and H5'), 2.36 (m, 1H, HY'),
2.43-2.63 (m, 2H, H1 and He6), 4.72 (m, 2H, H16), 6.75 (m, 1H,
H13), 8.19-9.70 (m, 4H, -NH,) ppm. *C NMR (125.76 MHz,
DMSO-dg): 6 14.5-14.6 (C21), 20.5-20.6 (C20), 21.1 (C15),
23.9-24.3 (C3 and C4), 25.5 (C9), 27.4 (C10), 30.8 (C12),
31.1-31.4 (C2 and C5), 35.1-35.3 (C19), 40.0 (C11), 47.4 (C18),
62.7-63.7 (C1 and C6), 109.7 (C16), 132.8 (C8), 137.5 (C13),
149.2 (C14), 177.2 (C7), 186.5 (C17) ppm. '*°Pt NMR
(107.51 MHz, DMSO-dg): 5 1097 ppm.

Lipophilicity

RP-HPLC was used to measure the capacity factors k' of the
compounds as previously reported.®® Briefly, a chromatogram
for each compound was recorded on a C18 column
PhenoSphere-NEXT (5 pm, 250 x 4.6 mm internal diameter)
with eluent composition of 15 mM formic acid 30% v/v in
CH;O0H and a flow of 0.5 mL min~". The corresponding reten-

tion time tz was converted into log k', where k' = (tg — to)/to-
The dead time of the column ¢, was the ¢y of reference KCI.

Cell culture and viability assay

Human colon carcinoma cell lines HCT116, RKO, HCT8 and
HT29 were obtained from ATCC (American Type Culture
Collection, Manassas, VA, USA) and maintained in the DMEM
(Euroclone, Milan, Italy), supplemented with 10% fetal calf
serum (Euroclone, Milan, Italy), a 1% glutamine and 1% anti-
biotic mixture, 1% sodium pyruvate and 1% non-essential
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amino acids (both Sigma-Aldrich, Milan, Italy) at 37 °C under
a humidified 5% CO, atmosphere. Cells were routinely
checked for Mycoplasma (Molecular Biology Reagent Set
Mycoplasma Species, Euroclone, UK). For all experiments,
cells were exposed to the different Pt(iv) derivatives tested and
to the reference compounds 1, oxaliplatin, valproic acid, and
perillic acid for 72 h. When DMSO was used as a solvent, the
final concentration never exceeded 0.1% v/v. This concen-
tration was found to be non-toxic to the cells tested (control).
The effect of all derivatives on cellular viability was assessed
using the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetra-
zolium bromide) assay, according to previously published pro-
cedures. Briefly, 3 x 10® cells were seeded in 96-well plates and
allowed to attach for 24 h. The cells were then treated for 72 h
with growing concentrations (1, 4, 5, 6, 7, 9, and oxaliplatin:
from 10 up to 1000 nM; PA and VPA: from 10 to 500 pM) of the
compounds studied. At the end of the incubation period, MTT
(0.05 mL of a 2 mg mL™" stock solution in PBS) was added to
each well and cells were incubated for 3 h at 37 °C. Cell viabi-
lity was determined by measuring the absorbance of the
DMSO-dissolved blue formazan crystals (4 = 570 nm), formed
through MTT reduction by metabolically active cells, in indi-
vidual wells, using an iMARK Microplate Reader (Bio-RAD).
ICs, values were calculated based on the nonlinear regression
analysis of dose-response data performed with CalcuSyn soft-
ware (Biosoft, Cambridge, UK). Differences between ICjs,
values were statistically evaluated by analysis of variance with
the Bonferroni post-test for multiple comparisons.

Western blot analysis

The levels of the H3, H4, MMP2 and MMP9, and p21 proteins
in whole cell lysates following 72 h treatment with the com-
pounds under investigation at concentrations corresponding
to the respective ICs, were detected by western blot analysis.
For whole cell lysates, cells were resuspended in lysis buffer
(NaCl 120 mM, NaF 25 mM, EDTA 5 mM, EGTA 6 mM, sodium
pyrophosphate 25 mM in Tris-buffered saline TBS 20 mM at
PH 7.4, phenylmethanesulfonyl fluoride 2 mM, Na;VO, 1 mM,
phenylarsine oxide 1 mM, 1% NP-40 and 10% protease inhibi-
tor cocktail) and incubated for 10 min on ice after adding
Nonidet P-40 (final concentration 0.1%) and lysates were col-
lected by centrifugation (12 800 rpm for 20 min). The protein
concentration was determined by a BCA assay (Pierce, Italy)
and 50 pg of protein per sample were loaded onto 8% poly-
acrylamide gels and separated under denaturing conditions.
Protein bands were then transferred to Hybond-P membranes
(Amersham Biosciences, Italy) and western blot analysis was
performed using standard techniques with mouse monoclonal
antibodies directed against human MMP2, MMP9, H3, H4 and
p21 (Santa Cruz Biotechnology, Inc). Equal loading of the
samples was verified by re-probing the blots with a mouse
monoclonal anti-f-actin antibody (Santa Cruz Biotechnology,
Inc.). Protein bands were visualized using a G-box (Syngene,
Chemi-XT4) using peroxidase-conjugated anti-mouse second-
ary antibodies (Sigma-Aldrich) and a Westar Supernova
Substrate (Cyanagen). Densitometric analysis was performed
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using Image-] software and differences between obtained
values were evaluated by analysis of variance with the
Bonferroni post-test for multiple comparisons.

Cell death induction and cell cycle analysis

The ability of the Pt(iv) derivatives tested to induce apoptotic
and/or necrotic cell death and/or alterations in the distribution
of DNA through the cell cycle was evaluated by flow cytometric
analysis following 72 h exposure of the cells at concentrations
corresponding to the ICs, values. At the end of the treatment,
cells were detached, washed in PBS and fixed in 70% ethanol
at —20 °C and after a further wash in PBS, DNA was stained
with a solution of PI in PBS (50 pg mL™") in the presence of
RNAse A (30 U mL™") at room temperature for 15 min before
analyzing the samples. To determine the percentage of necro-
tic cells, the fixation step was omitted. The fluorescence emis-
sion of PI was collected through a 575 nm band-pass filter
using a FACSCalibur (Becton Dickinson) and the percentage of
apoptotic cells in each sample was determined based on the
sub-G1 peaks detected in mono-parametric histograms
acquired in the log mode, while the DNA distribution through
the different phases of the cell cycle was determined on peaks
acquired in the linear mode. The percentage of necrotic cells
was assessed by the increase of PI fluorescence histograms
acquired in the log mode.

Conclusions

Multitarget Pt(iv) combos represent an interesting (and we
dare say not a red herring) chemotherapeutic alternative,
allowing the association between the cytotoxic effects of Pt-
based drugs and the effects of axial bioactive ligands to
improve selectivity and efficacy, and also exploiting the
peculiar characteristics of the oxidized Pt(wv) center (activation
by reduction),®9713:92:93

In the present article, a colon-oriented Pt moiety containing
the dach ligand, the HDACI properties of valproic acid, and
the potential antimetastatic efficacy of perillic acid were com-
bined for the first time. The results indicate that it is relatively
easy to obtain Pt(iv) combos operating at the nanomolar scale
and hence they are more potent than the reference compounds
or the single fragments. However, this was not simply obtained
by increasing the lipophilicity of the compounds. Actually, the
synthesized complexes possess pro-apoptotic and pro-necrotic
properties and the ability to induce cell cycle alterations.
Furthermore, they were able to downregulate HDAC activity,
leading to an increase in the histone H3 and H4 levels. Finally,
they exerted antimigratory activity by reducing the levels of the
MMP2 and MMP9 proteins. All these activities, along with the
alkylating effect of [PtCly(dach)], are probably related to a
synergistic cellular accumulation of the Pt moiety, VPA and PA,
leading to a higher intracellular concentration of these three
compounds, compared to the concentrations obtained after
co-administration of the three free compounds. Importantly,
as a demonstration, the Pt(iv) complexes showed biological

Dalton Trans., 2023, 52, N1349-11360 | 11357


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt01876h

Open Access Article. Published on 18 July 2023. Downloaded on 11/5/2025 2:09:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

properties similar to or better than those of VPA and PA but at
lower concentrations.
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