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A series of polyfluorinated bipyridine cisplatins 2-6 were prepared, characterized, and evaluated for their
in vitro cytotoxicities against a panel of human cancer cell lines, MCF7 (breast adenocarcinoma), MDA-
MB-231 (breast adenocarcinoma) and A549 (lung adenocarcinoma). The results show that a correlation
between the relative order of lipophilicity of complexes 2-4 and their cytotoxicity is established by fol-
lowing the trend: 4 > 2 > 3. Complex 4, which is the most active compound in the series, was found to be a
more effective and selective anticancer agent than cisplatin. Complex 4 inhibited cancer cell proliferation
by partial intercalation to DNA, which subsequently resulted in induction of S-G2/M arrest and apoptosis.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polyfluorinated compounds, the artificially producing products
exhibiting lipophilicity and metabolic stability, perform a myriad
functions such as low surface tension!? and molecular recognition
to serve as a unique constituent of liquid crystals,>~® surfactants,’~1®
enzyme inhibitors!’~2 and antiviral/anticancer agents?>4~2° in indus-
try and pharmaceutical company. Furthermore, many polyfluorinat-
ed compounds possess capability of self-assembly to enhance global
stability which is crucial to a success of fluorous technology in biolog-
ical applications.3°

Cisplatin, carboplatin and their analogs are utilized as antican-
cer drugs in the worldwide chemotherapy treatment. However
the adverse effects and drug resistances remain challenging. Many
platinum complexes have been made and evaluated at the stages
of clinical trials recently to overcome these problems.?! Naturally,
every therapeutic drug interacts with its bio-targets to remediate
undesirable disease condition associated with various side effects
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and drug resistances. Enhancing the quality of life of patients is
generally a prerequisite for proper chemotherapy. Therefore, there
is particular interest in the search of anticancer agents that can
minimize side effects and enhance the therapeutic effects.

2,2'-Bipyridine, one of the pyridyl compounds, operates as a
bidentate chelating ligand for metal binding. The UV-Vis absorp-
tion properties of this class of bipyridyl metal complexes have been
utilized to monitor the interaction processes with DNA. In addition,
the molecular nature of bipyridyl metal complex provides a
square-planar geometry to intercalate with DNA. These evidences
suggest that DNA does represent the potent target, perhaps, for
many bipyridyl metal complexes. Recent progresses have empha-
sized the antiproliferative effects and molecular mechanisms from
diverse metals, gold(Ill)?33 copper(1l/1),>43> palladium(Il)>¢>’
rhodium(111),*® ruthenium (11),*94° zinc(11)*' and platinum(II),*>43
with bipyridyl ligands. In particular, the fluorinated bipyridine cis-
platin analog with terminal trifluoromethyl moiety is more potent
than that with terminal methoxy group,** inspiring us to pursue
research on the effect of various polyfluorinated chain lengths on
tumor-specific cytotoxicity.

Herein, we describe the synthesis of a series of bipyridine cis-
platin analogs with different polyfluorinated side chains at the 4,
4' positions. We propose to test the ability of polyfluorinated
bipyridine cisplatins 2-6 (Chart 1) to inhibit growth of human
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Chart 1.

cancer-cell lines, namely MCF7, MDA-MB-231(breast adenocarci-
noma) and A549 (lung adenocarcinoma). To study the antiprolifer-
ative action, the most effective complex, 4, was chosen. Complex 4-
induced cytotoxicity in MDA-MB-231 cells via cell cycle progres-
sion and DNA interaction studies was reported.

2. Experimental section
2.1. General

The gas chromatographic/mass spectrometric data were taken
using an Agilent 6890 Series gas chromatograph with a series
5973 mass selective detector. The GC monitoring employed a HP
6890 GC using a 30 m x 0.250 mm HP-5 capillary column with a
0.25 pum stationary phase film thickness. The electron ionization
(EI) mode is used to study the fluorous ligands.*>*74® Infrared
spectra were obtained on a Perkin Elmer RX I FT-IR Spectrometer.
NMR spectra were recorded on Bruker AM 500 using 5 mm sample
tubes. The residual peaks of CDCls, deuterated Me,SO and deuter-
ated DMF were used as the reference peaks for both 'H and '3C
NMR spectra; that of Freon® 11 (CFCl5) for 'F-NMR spectra. Fast
atom bombardment (FAB) mass spectroscopy analysis was pro-
vided by the staff of the National Central University (Taiwan) Mass
Spectrometry Laboratory.

2.2. Preparation of platinum complexes

Chemicals, reagents, and solvents employed were commercially
available and used as received. The CF3CH,OH, HCF,CF,CH,OH,
C,FsCH,0H, C3F;,CH,OH and HCFz(CF2)3CH20H were purchased
from Aldrich or SynQuest. Platinum complex 7 was prepared by
using the same protocol as that described in the report of Carper
and co-workers.?’

Platinum complexes: [PtCly(4,4'-bis(R{CH,0CH,)-2,2'-bpy)]
where R¢=n-CF; (2, Pt-3F), HCF,CF, (3, Pt-4F), n-C,Fs (4, Pt-5F),
n-CsF; (5, Pt-7F), HCF,(CF,)s (6, Pt-8F).

Equal molar [PtCl;(CH5CN),] (0.144 mmol; 50.1 mg) and ligand
(0.144 mmol) were charged into a round bottomed flask, and CH,Cl,
(8 mL) was added as the solvent. The color of solution changed from
pale yellow to bright yellow after mixing for several minutes. The
solution was further stirred at room temperature for 24 h before
the solvents and volatiles were removed under vacuum. The result-
ing bright yellow solid was collected as spectroscopically pure prod-
uct 2-6. Their analytical data are listed below. Take compound 2, for
example, 2 was soluble in polar solvent (e.g., DMF), but insoluble in
methanol. Accordingly, the recrystallization proceeded with disso-
lution of 2 in DMF to form a yellow solution, to which a methanol
overlayer (5 cm?®) was added. Then, solvent diffusion over a period
of 10 days at 25 °C afforded pale yellow crystals of 2.
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2.2.1. Preparation of Pt-3F (2)

Analytical data of Pt-3F (2): Yield 83.8%. "H NMR (500 MHz, 298 K,
DMSO-de): 5 9.41 (d, Jun = 6.0 Hz, 2H, Hg), 8.44 (s, 2H, Hs), 7.77 (d,
Jun = 6.0 Hz, 2H, Hs), 4.89 (s, 4H, bpy-CH,), 4.30 (q, Jrpy = 9.2 Hz, 4H,
~OCH,CF;). '*C NMR (126 MHz, 298 K, DMSO-dg):  156.4, 151.4,
148.2, 125.1, 121.8 (s, 10C, bpy), 124.4 (q, Jrc = 280.4 Hz, 2C, —CF5),
71.7 (s, 2C, bpy-CHy), 67.2 (q, Jrc = 33.4 Hz, 2C, -CH,CF3). '°F NMR
(470.5 MHz, 298 K, DMSO-dg): 6 —73.1 (t, Jyr = 8.6 Hz, 6F, ~CH,CF3).
FT-IR 1624, 1559, 1432 (m, bpy-ring), 1171, 1156 (s, CF, stretch).
HR-FAB (M") C;6H14FsN,0,Pt3>Cl,, calcd: m/z 644.9983, found: m/z
644.9984. C;6H;4FsN,0,Pt>>CI?7Cl, caled: m/z 646.9957, found: m/
Z 646.9955. C1gH14FgN,0,Pt3Cl,, caled: m/z 648.9950, found: m/z
648.9925. mp: decomposed at 208 °C before melting.

2.2.2. Preparation of Pt-4F (3)

Analytical data of Pt-4F (3): Yield 95.2%. "H NMR (500 MHz, 298 K,
DMSO-dg): 59.40 (dd, J = 6.04 Hz, 2H, Hg), 8.42 (s, 2H, Hs), 7.78 (dd,
Jun = 6.04 Hz, 2H, Hs), 6.64 (tt, Jpy = 50.3 Hz, Jgy = 5.5 Hz, 2H, -CF;H),
4.86 (s, 4H, bpy-CH,), 4.16 (t, Jpy = 14.83 Hz, 4H, —CH,CF,CF,H). 13C
NMR (126 MHz, 298 K, DMSO-dg): & 71 (bpy-CH,0), 67.2 (bpy-
CH,0CH,), 109.3-115.5 (CF,),, 121.8, 125.1, 148.1, 151.5, 156.4
(bpy). '°F NMR (470.5 MHz, 298 K, DMSO-dg): § —125.3 (m, ~CH,
CF,CF,, 4F), -140.1(d, CF,CF,H, 4F). FT-IR 1624, 1561, 1429 (m,
bpy-ring), 1233, 1203, 1115 (m, CF, stretch). HR-FAB (M")
C1gH16FgN20,Pt3>Cly, caled: m/z 709.0109, found: m/z 709.0114.
C1sH16FsN20,Pt2>C137Cl, caled: m/z 711.0079, found: m/z 711.0079.
C15H16FsN,0,Pt37Cl,, caled: m/z 713.0050, found: m/z 713.0062.
mp: decomposed at 230 °C before melting.

2.2.3. Preparation of Pt-5F (4)

Analytical data of Pt-5F (4): yield 84.2%. '"H NMR (500 MHz,
298 K, DMSO-dg): 6 9.40 (d, Jun = 6.4 Hz, 2H, Hg), 8.37 (s, 2H, Hs),
7.74 (d, Jyu=6.4Hz, 2H, Hs), 4.90 (s, 4H, bpy-CH,), 4.39 (t,
Jrn = 14.0 Hz, 4H, -OCH,CF,). *C NMR (126 MHz, 298 K, DMSO-
de): 6 156.4, 151.3, 148.2, 125.0, 121.5 (s, 10C, bpy), 118.5 (qt,
_IFC =282.6 Hz, _]FC =31.2 Hz, 2(C, —CF2CF3), 1133 (tq, ]FC =251.5Hz,
Jrc=389Hz, 2C, -CF,CF3), 71.1 (s, 2C, bpy-CH,), 66.4 (t,
Jrc=25.6 Hz, 2C, -CH,CF,). '°F NMR (470.5 MHz, 298 K, DMSO-
ds), 6 —83.1 (s, 6F, ~CF,CF3), —123.1 (t, Jur = 15.1 Hz, 4F, -CF,CF3).
FT-IR 1626, 1562, 1430 (m, bpy-ring), 1203, 1155 (s, CF, stretch).
HR-FAB (M+) C13H14F10N202Pt35C12, calcd: m/Z 744.9935, found:
mjz 744.9920, CisH14F10N20,P3>CIP7Cl, caled: m/z 746.9893,
found: m/z 746.9891, CysH;4F10N,0,Pt37Cl,, calcd: m/z 748.9875,
found: m/z 748.9861. mp: decomposed at 221 °C before melting.

2.2.4. Preparation of Pt-7F (5) and Pt-8F (6)
Complexes 5 and 6 were prepared under the similar pathways
described in previous report.®

2.3. Cell culture

Human breast carcinoma MCF-7, MDA-MB-231 cell lines and
lung carcinoma A549 cell line were obtained from Bioresource Col-
lection and Research Center (BCRC 60436, 60425 and 60074,
respectively), Food Industry Research and Development Institute,
Hsinchu, Taiwan. Human breast carcinoma MCF-7, MDA-MB-231
cells and lung carcinoma A549 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; HyClone) with 10% fetal bovine
serum (FBS; Biological industries), 2 mM L-glutamine and antibiot-
ics (containing 100 mg/L streptomycin, 100 U/mL penicillin G, and
0.25 mg/L amphotericin B). Cells were maintained in a humidified
incubator without/with 5% CO, at 37 °C.

Mammary epithelial M10 cell line was obtained from Biore-
source Collection and Research Center (BCRC 60197) and main-
tained in Minimum Essential Medium (MEM; Gibco BRL) with
10% fetal bovine serum (FBS; Biological industries), 2 mM L-gluta-

mine and antibiotics (containing 100 mg/L streptomycin, 100 U/
mL penicillin G, and 0.25 mg/L amphotericin B). M10 cells were
maintained in a humidified incubator with 5% CO, at 37 °C.

2.4. Cell viability assay

Cancer cells were seeded at a density of 1.5 x 10* cells per well
in 96-well culture plates. After 24 h incubation, the cells were trea-
ted with different concentrations of compounds or DMSO as vehi-
cle control for 48 h. Following cells were incubated with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (1 mg/
mL, MTT, Sigma) at 37 °C for 4 h. Then MTT-formazan product
was dissolved by the addition of DMSO at room temperature for
30 min. The spectrophotometric absorbance of purple formazan,
proportional to the number of viable cells, was determined by
Molecular Devices SPECTRAmax PLUS?#4 at 540 nm.

2.5. Flow cytometry analysis

MDA-MB-231 cells were treated without/with complex 4 (12.5,
25 uM) for 24 and 48 h, respectively. Then the cells were har-
vested, fixed in cold 70% ethanol for at least 1 h at —20 °C, and
resuspended in 1 mL PBS. The cell suspensions were treated with
propidium iodide (PI) staining solution mix, 200 pg/mL RNase A,
0.1% Triton X-100 and 20 pg/mL P, in the dark for 30 min, and then
the cells were analyzed by using a FACSCalibur™ (Becton Dickin-
son, San Jose, CA). The cell cycle distribution was analyzed using
ModFit LT software.

2.6. UV-Vis absorption spectroscopy

The salmon sperm DNA and cisplatin were purchased form Sig-
ma. The ssDNA was rehydrated in deionized water and stored at
4 °C. The reactions were performed in a 3 mL cuvette at 25 °C.
Briefly, different concentrations of cisplatin/DNA or complex 4/
DNA were mixed in deionized water solution and incubated at
37 °C for 2 h. The absorbance of each mixture was measured from
220 to 350 nm. During the DNA binding experiments, the concen-
tration of DMSO in each cuvette was less than 0.1%. The effect of
compound on UV absorption was subtracted consecutively by
using different concentrations of compound in 0.1% DMSO reaction
buffer as the blank sample. The final concentration of salmon
sperm DNA was 25 ng/pL.

2.7. Gel mobility assay

Plasmid pSecTag2/Hygro B DNA was chosen for the assay. The
reaction was performed by mixing various concentrations of cis-
platin or complex 4 with 1 pg of pSECTag 2/Hygro B plasmid
DNA in 20 pL of deionized water. The DMSO was controlled under
0.1% in the mixture. Assay solution was incubated at 37 °C for 24 h.
The complex-DNA mixtures were loaded onto the 1% agarose gel
and electrophoresis was carried under 1xTAE buffer (0.05 M Tris
base, 0.05 M glacial acetic acid, 1 mM EDTA, pH 8.0) for 30 min
and photographed in UV light.

2.8. Calculation of clog P

clog P values were predicted using ChemBioDraw Ultra 11.0
software.

3. Results

The preparation of ligands a-e started from deprotonation of
readily available fluorinated alkanols (Scheme 1). Thus, R«CH,OH
(Rg= CF3, HC,F,4, CoFs, C3F; or HC4Fg) was each treated with 30%
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CH;ONa/CH;0H to give the corresponding alkoxides.*>*7 By
pumping away the methanol, the resulting alkoxide was isolated
as the salt. Then the nucleophilic attack by the moisture-sensitive
alkoxide on 4,4'-bis(BrCH;)-2,2’-bpy in the dry solvent (e.g., THF)
gave rise to the synthesis of bpy ligand, [4,4’-bis(R{CH,0OCH,)-
2,2'-bpy)] (a-e). The platinum complexes, 2-6, were then easily
synthesized by stirring the given ligand and metal precursor
[Pt(CH3CN),Cl,], at an elevated temperature overnight (Scheme
1). Single crystals of the complexes 2, 5*® and 6*® were grown by
diffusion crystallization. Both the structures of 5 and 6 have been
reported before.*® The selected bond lengths and bond angles of
complex 2 are listed in Figure 1. The first metal sphere shows the
normal bond lengths and bond angles around the square planar
Pt center. However, the orientation of the polyfluorinated ponytails
of 2 is different from that of 5 or 6. As shown in the Figure 1, the
schematic drawing indicates that the two ponytails of 2 are bent
toward each other. In contrast, the two ponytails of 5 and 6 are
oriented to the other way so that their longer ponytails can avoid
colliding with each other.

In addition, the intramolecular five-membered C-H-:--O hydro-
gen bonding system of 2, 5, and 6 is schematically shown and com-
pared in Figure 2. Due to the less hindered CF3 group, the O atom
from 2 intramolecularly forms five-membered hydrogen bonding
with the H3 atom. In contrast, O atom from complex 5 (or 6) which
has a longer group, C3F; or HC4Fg, forms the intramolecular five-
membered hydrogen bonding with the H5 atom to avoid the steric
hindrance from two -CH,OCH,R; groups. However, these polyfluo-
rinated ponytails are able to have several weak interactions*” with
methylene and bipyridyl hydrogens in the neighboring molecules.
From other related structures and their studies,*® we think that the
arrangement of the ponytails from 3 and 4 in the solid state should
be, due to the steric reason, more similar to that of 5 or 6 than to
that of 2. However, the steric structure of the compound in solid
state might not represent that of complex in the physiological con-
dition, where it interacts with its biological partners including
DNA.

The in vitro cytotoxic activity of the polyfluorinated bipyridine
cisplatins 2-6 (Chart 1) against a panel of human cancer cell lines,
MCF7 (breast adenocarcinoma), MDA-MB-231 (breast adenocarci-
noma) and A549 (lung adenocarcinoma), is compared in Table 1.
Cisplatin was used as our reference standard for comparison. Strik-
ingly, complexes 2 and 4 having three and five fluorine atoms at
each side chain showed uniquely specific antiproliferation effect
against MDA-MB-231 cells with ICsq values of 16.5 and 12.5 pM,
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Figure 1. Molecular structure of the platinum complex 2 which shows one CF;
group disordered, displacement ellipsoids drawn at the 40% probability level and all
H atoms omitted. Selected bond lengths [A] and angles [°] from its first metal
sphere: Pt1-N(1) 2.000(11), Pt1-N(2) 1.987(10), Pt1-Cl(1) 2.303(4), Pt1-Cl(2)
2.300(4); N(1)-Pt1-N(2) 81.3(5), N(1)-Pt1-CI(1) 94.3(4), N(1)-Pt1-Cl(2) 175.6(4),
N(2)-Pt1-CI(1) 175.6(3), N(2)-Pt1-Cl(2) 94.3(3), CI(1)-Pt1-CI(2) 90.1(1).

respectively, but they became significant loss of activity against
two other cell lines at concentration of 20 uM (inhibiting MCF7
and A549 cells growth at the maximum of 5-18%, Table 1). Com-
plex 3, which bear four fluorine atoms at each side chain, gave
promising results in inhibition of cell growth against both MCF7
and MDA-MB-231 cell lines with ICsq values of 59.5 and 19.2 uM
while the potency of 3 against A549 cells resembled those of com-
plexes 2 and 4. It is interesting to note that complexes 5 and 6,
bearing the long polyfluorinated (seven and eight fluorine atoms)
side chains, displayed weaker growth-inhibitory activity in com-
parison with complexes 2-4 against human MDA-MB-231 cancer
cell line. Extended cytotoxic assays showed that complexes 5 and
6 had insignificant activity against both MCF7 and A549 cell lines
at concentration of 20 uM (Table 1). On the basis of these observa-
tions, the restricted length of polyfluorinated side chain with three
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Scheme 1. Synthesis of platinum complexes 2-6.
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Figure 2. (left) The molecular structure of complex 2 forming five-membered O. - -H-C H-bonding with the H atom at 3 (or 3’) position; (right) due to the bulky Ry-containing
ponytails, the O atom from the structure on the right forms the five-membered O---H-C H-bonding with the H atom at 5 (or 5’) position (5 and 6).

Table 1

Cytotoxicity of complexes 2-7 and cisplatin on three human cancer cell lines and the normal human breast epithelium cell line (M10)
Complex ICs0? (UM) N

MCF-7 MDA-MB-231 A549 M10

Cisplatin (1) 25.8+0.6 (44) 31.0+2.7 (27) 32.0£3.2(29) 29.0 £3.1 (50) 0.9
2 —(8) 16.5+0.1 (78) —(5) 30.7+£2.7 (0) 1.9
3 59.5+5.9 (25) 19.2+£0.2 (53) -(9) 41.0+3.0 (3) 2.1
4 —(18) 12.5+0.6 (83) —(5) —(0)° >4
5 -(3) -(0) —(14) —-(11) -
6 —(13) —(9) —(25) —(46) -
7 —(13) —(38) —(12) —(19) -

2 Amount of cisplatin, polyfluorinated bipyridine cisplatins (2-6) and non-fluorinated bipyridine cisplatin (7) necessary to inhibit the growth of breast adenocarcinoma
(MCF-7/MDA-MB-231), lung adenocarcinoma (A549) and normal breast epithelium cell (M10) by 50% in 48 h. Data are means + SD (n = 3). The % inhibition, in parentheses, at

20 puM is expressed as the % inhibition of cell growth.
b Selectivity index = ICsq,m10/ICs0MDA-MB-231-

¢ The % inhibition, in parentheses, at 50 uM is expressed as the % inhibition of cell growth.

to five fluorine atoms was evidently required for specific antiprolif-
eration effect against the MDA-MB-231 cancer cell line. It is impor-
tant to note that complexes 2-4 display greater antiproliferative
activities than 7 against MDA-MB-231 cancer cell line, suggesting
that the cytotoxicity perhaps is caused by fluorine-effects (Table 1).

The most active polyfluorinated bipyridine cisplatin 4, possess-
ing a high specificity for human MDA-MB-231 cancer cell line,
exhibits a 2.5-fold potency increase over cisplatin (ICso = 31.0 pM),
a chemotherapeutic drug widely used in cancer treatments (Table
1). Similarly, complexes 2 and 3 exhibit a slight 1.6- to 2.0-fold po-
tency increase over cisplatin. In contrast, complexes 2—6 no signif-
icant cytotoxicity was observed against both MCF7 and A549 cell
lines, whereas cisplatin moderately inhibited cell growth with
ICs0 values of 25.8 and 32.0 uM, respectively.

Building on these cytotoxic data, we extended our studies fur-
ther to the selectivity of polyfluorinated bipyridine cisplatins for
malignant versus normal cells. Selective cytotoxicity of malignant
cells rather than normal cells is important for the usefulness of
anticancer agent in the treatment of cancer to sustain survival
rates. The normal human breast epithelium cell line, M10, was cho-
sen as a negative control to provide an evaluation of selectivity for
malignant cells. As shown in Table 1, complex 2 was as cytotoxic as
complex 3 to the MDA-MB-231 cancer cell line but almost 2-fold
less toxic to normal M10 cell line. An analysis of cytotoxicity indi-
cated that, to our surprise, complex 4 was 4-fold more active on
MDA-MB-231 cells compared to M10 cells, whereas cisplatin was
much more toxic toward normal M10 cells than complex 4.

Understanding the mechanism of its cytotoxicity is biologically
important with potential biomedical applications of metallodrug.
Complex 4 was the most active and selective compound against

the MDA-MB-231 cancer cell line, representing a practical candi-
date to gain insight about its mode of action. To probe whether
the inhibition of breast adenocarcinoma proliferation of complex
4 associated with the alterations in cell cycle progression, MDA-
MB-231 cells were incubated in the absence and presence of 4
(12.5 or 25.0 uM) for 24 h (Fig. 3, panel A) and 48 h (Fig. 3, panel
B), respectively, followed by cell cycle distribution analysis by flow
cytometry. Compared with untreated control cells, cells stimulated
with complex 4 at 24 h showed a decrease in the percentage of
cells in G; and an increase in the proportion of cells in S phase
associated with a concomitant increase in the population of cells
in Go/M phase (Fig. 3, panel A). Furthermore, complex 4 treatment
resulted in a significant inhibition of cell cycle progression in MDA-
MB-231 cells at 48 h (Fig. 3, panel B), indicating evidence of com-
plex 4-induced S-G2/M arrest of human breast cancer cells. In
particular, induction of apoptosis by complex 4 was validated by
the occurrence of an apoptotic population in the sub-G1 phase at
24 and 48 h (Fig. 3, panels A and B).

DNA-binding studies on cisplatin have been broadly investi-
gated including both intrastrand and interstrand DNA crosslinks.*°
The mechanism for cisplatin mediated anticancer action remains
ambiguous. It is most likely that formation of bifunctional DNA-
cisplatin adducts to unwind DNA is responsible for cytotoxic-
ity.>°->* Therefore, we chose to explore the binding mode of DNA
with complex 4 using UV-Vis absorption spectroscopy and gel
mobility assay. UV-Vis absorption spectral titrations were per-
formed under a constant concentration of DNA (25 ng/uL) in the
presence of different concentrations of cisplatin or complex 4. Cis-
platin was found to interact with salmon sperm DNA (ssDNA) in a
fashion of slowly hyperchromic effect with a bathochromic shift
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Figure 3. Complex 4 induced cell cycle arrest in human breast cancer cells. MDA-
MB-231 cells were treated in the absence and presence of complex 4 (0, 12.5 and
25.0 uM) for (A) 24 h or (B) 48 h, respectively, and stained with propidium iodide
followed by FACS analysis.

(Fig. 4A). However, upon the addition of ssDNA, complex 4 exhib-
ited hypochromism without a bathochromic shift (Fig. 4B). Fur-
thermore, the gel mobility assay was conducted to measure the
DNA movement by using pSECTag 2/Hygro B plasmid DNA with
increasing concentrations (3.125, 6.25, 12.5, 25, and 50 puM) of cis-
platin and complex 4 (Fig. 5). Two main bands, open circular form
and covalent closed circular form, of pSECTag 2/Hygro B plasmid
DNA were observed in the electrophoretogram as the control
(lanes 1 and 7 in Fig. 5). The covalent closed circular form usually
moves faster due to its compact structure. At low concentrations of
complex 4 and cisplatin (lanes 8, 9, 2, and 3 in Fig. 5), significant
comigration of open circular form and covalent closed circular
form was detected. In addition, a coalescence of two main bands
was observed with complex 4 and cisplatin at the concentration
range tested (lanes 9 and 3 in Fig. 5). At high concentrations of cis-
platin (lanes 4, 5, and 6 in Fig. 5), a strong unwinding of negative
supercoiled DNA to positive supercoiled DNA was displayed,
whereas the same binding mode with complex 4 was not observed
(lanes 10, 11 and 12 in Fig. 5).

clog P value is an important lipophilic parameter associated
with prediction of drug-like physical properties in ADME (adsorp-
tion, distribution, metabolism and excretion) models. Recent stud-
ies have showed that c log P is also employed for explanations of
inhibitory variation in enzyme activity,> difference in microsomal
binding”® and discrepancy in toxicological outcome in vivo.’” The
polyfluorinated bipyridine cisplatins 2 (three fluorine atoms), 3
(four fluorine atoms), 4 (five fluorine atoms), 5 (seven fluorine
atoms) and 6 (eight fluorine atoms) have clogP of 6.26, 6.06,
8.29, 9.46, and 5.91 (Table 2),°® respectively, indicating a positive
correlation between lipophilicity and the number of fluorine
atoms. In particular, the replacement of terminal fluorine atom
with hydrogen atom leads to the reduction of lipophilicity (i.e.,
complexes 3 and 6, Chart 1). Among those, complexes 2 and 4
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Figure 4. UV-visible absorption spectra for the titration of DNA with cisplatin
(3.125, 6.25, 12.5, 25 and 50 uM) (panel A) and complex 4 (3.125, 6.25, 12.5 and
25 uM) (panel B), respectively. Arrow shows the absorbance changes upon
increasing cisplatin or complex 4 concentrations.

Cisplatin Complex 4

1 2 3 4 5 6 7 8 9 10 11 12

Figure 5. Analysis of gel electrophoretic mobility of pSecTag2/Hygro B plasmid
DNA in the presence of cisplatin or complex 4 at different concentrations. Lanes 1
and 7, untreated pSecTag2/Hygro B plasmid DNA; lanes 2 and 8, 3.125 uM; lanes 3
and 9, 6.25 pM; lanes 4 and 10, 12.5 pM; lanes 5 and 11, 25 uM; lanes 6 and 12,
50 uM.

Table 2
c log P values of complexes 2-6 and cisplatin

Complex Cisplatin (1) 2 3 4 5 6

MwW? 299 645 709 745 845 909 371
clog P -25(-1.68)> 626 6.06 829 946 591 -03(-03)°

Carboplatin

# Molecular weight.
b Data taken from Kitada et al.>®

showed the highest antiproliferation effects against MDA-MB-
231 cells (ICsq values of 16.5 and 12.5 uM) and increased c log P
values with respect to complex 3 or cisplatin. However, the depen-
dence of antiproliferation effect on lipophilicity becomes ambigu-
ous when complexes 5 and 6 have the low cytotoxicities (0% and
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9% potency in the presence of 20 UM of 5 and 6) but the maximal
c log P (9.46) and the minimal c log P (5.91), respectively.

4. Discussion

Due to their structural similarity, the polyfluorinated bipyridine
cisplatins 2-6 would be expected to behave in a comparable fash-
ion in cytotoxicity. Our cytotoxic studies have revealed that most
polyfluorinated bipyridine cisplatins exhibited specific selectivity
toward human MDA-MB-231 cell line rather than other cancer cell
lines, MCF-7 and A549. For example, MDA-MB-231 cells were par-
ticularly sensitive to complexes 2-4 (with ICsy values generally
falling in the low micromolar range). For polyfluorinated bipyri-
dine cisplatin complexes, the experimental significance of antipro-
liferation effect against MDA-MB-231 cells follows the trend:
4> 2>3>cisplatin >> 5, 6. Furthermore, these complexes were
evaluated for their selectivity against MDA-MB-231 cells over nor-
mal human breast epithelium cell line M10 by calculating their
selectivity index (SI, Table 1). Complex 4 has the best selectivity in-
dex (>4) among the polyfluorinated bipyridine cisplatins studied
herein and the relative order of selectivity index is 4 >3 > 2 > cis-
platin, apparently similar to the tendency of antiproliferation ef-
fect. It is worth noting that complexes 2-4 have two or three
methylenes linking with different number of fluorine atoms to
the ether backbone (Chart 1). For example, complex 2 has three
fluorine atoms, whereas, complex 3 and 4 have four and five fluo-
rine atoms, respectively. This variation in number of fluorine atoms
raises an attractive question of whether or not there is a physical or
functional reason to explain varying number of fluorine atoms in
these polyfluorinated bipyridine cisplatins associated with biolog-
ical activity. More specifically, does the number of fluorine atoms
have an effect on lipophilicity manipulating cytotoxicity? A priori,
one would assume that the number of fluorine atoms should be
critical for increasing lipophilicity so as to improve metabolic sta-
bility and enhance the cellular uptake. Instead, the relative order of
clog P (lipophilic parameter) of these complexes is 5>4 >2
>3 > 6 >>cisplatin, carboplatin and the lipophilicity—cytotoxicity
trend is merely valid within certain restricted number of fluorine
atoms, that is, between three and five fluorine atoms, suggesting
perhaps that modification of local structure (Fig. 2) from the extra
fluorine atoms of polyfluorinated bipyridine cisplatins (5 and 6)
hampers the interaction with their biological partners and prevails
over lipophilicity in controlling cytotoxicity of complexes.

Complex 4, which is the most active complex in the series, was
found to be a more effective and selective anticancer agent than
cisplatin. The latter induces the G,/M arrest associated with DNA
damage,”® whereas the former represses the proliferation of
MDA-MB-231 cells through the induction of S-G2/M arrest and
apoptosis. A significant increase in the sub-G; cell population by
complex 4 at 24 and 48 h is representative of cancer cells with
fragmented DNA. These findings are consistent with the reported
effects of new cisplatin analogues containing benzimidazole li-
gands, which significantly induce an increase in the sub-G1 cell
population at a concentration of 20 pM.?° The interactions of poly-
fluorinated bipyridine cisplatins to non-DNA and DNA targets ap-
pear to be the reasons for their mechanism of cytotoxicity, which
then stimulates cancer cell death through apoptosis (or necrosis).
Little is known about the binding mode of polyfluorinated bipyri-
dine cisplatin-DNA interaction by which perhaps complex 4 in-
duces cytotoxicity at the earlier stage of the cell cycle, followed
by progress to the G,/M phase to start the cell death program. It
is clear from UV-Vis absorption titration studies that complex 4
triggers hypochromic effect of DNA with no obvious bathochromic
shift, which is attributed to a partial intercalation. These results
suggest that binding of complex 4 with DNA relies on proper

electrostatic interaction through the phosphate group as described
by Yang and Guo.%° Furthermore, the decrease in the mobility of
the DNA in the presence of low concentration of complex 4 was ob-
served in the electrophoretograms (lane 8 in Fig. 5), indicating that
the DNA-DNA cross-linking mediated by complex 4 can not be ex-
cluded. In contrast, cisplatin causes DNA hyperchromism with a
bathochromic shift, suggesting the interaction with DNA bases
and perhaps the damage of DNA structure.

The chemical structure of complex 2 is similar to that of cis-
platin analog dichloro[4,4’-bis(4,4,4-trifluorobutyl)-2,2’-bipyri-
dine]platinum (8) in the Ref. 27 (Chart 1) with a difference in
one of the methylene group but oxygen atom in the fluorinated
ponytails. It is interesting to note that a minor alteration of struc-
ture causes several discrepancies in biological properties. For
example, complex 2 exhibits a 4-fold specificity (against MDA-
MB-231 cells rather than A549 cells) increase over 8,27 indicating
perhaps that insertion of the oxygen atom of 2 is tunable to the
antiproliferative effect of different cancer cell lines. Complex 4
(two more fluorine atoms in each ponytails compared to complex
2) suppresses the proliferation of MDA-MB-231 cells through the
induction of S-G2/M arrest. In contrast, complex 8 blocks the
MDA-MB-231 cells in both the G1 and S phases leading to a de-
crease in the G2 phase compared to that in the control.?” Overall,
these observations suggest that a minor structure difference in
bipyridine cisplatin complexes (Chart 1) does impact their biolog-
ical functions including cellular specificity and cell cycle
distribution.

In the electrophoretogram the complex 4 (or cisplatin)-treated
pSECTag 2/Hygro B plasmid DNA, significant comigration of open
circular form and covalent closed circular form was observed and
a coalescence of two main bands was found subsequently at low
concentrations. The modification of electrophoretic mobility of
two main bands (pSECTag 2/Hygro B plasmid DNA) is believed to
be a result of interaction between complex 4 (or cisplatin) and
DNA, apparently consistent with the studies from UV-Vis absorp-
tion titration. A strong unwinding of negative supercoiled DNA to
positive supercoiled DNA was detected at high concentrations of
cisplatin, whereas the same binding mode with complex 4 was
not observed. This spectroscopic behavior of complex 4 can be
interpreted as evidence of no unwinding of the supercoiled DNA.
However, complex 4 exhibits a 2.5-fold potency increase over cis-
platin, suggesting that pathway of unwinding of the supercoiled
DNA is not the key factor to determine cytotoxicity of polyfluori-
nated bipyridine cisplatins 2-6. In the present study, it is reason-
able to postulate that the mechanism of cytotoxicity of complex
4 against MDA-MB-231 cells is different from that of cisplatin.
Regardless, the combination of polyfluorinated side chain and
bipyridine ligand results in a system showing promising cytotoxic-
ity, underscoring the value and potential of this approach to probe
selective anticancer agents.

5. Conclusion

In summary, a series of polyfluorinated bipyridine cisplatins 2—
4 that are able to discriminate MDA-MB-231 cells rather than MCF-
7 and A549 cells was discovered. A correlation between the relative
order of lipophilicity of the polyfluorinated bipyridine cisplatins 2-
4 and their cytotoxicities is established. Complex 4, which is the
most active complex in the series, was found to be a more effective
and selective anticancer agent than cisplatin. In particular, com-
plex 4 appears to have its cytotoxicity in a manner apparently
inconsistent with cisplatin, through partial intercalation to DNA,
which subsequently leads to induction of S-G2/M arrest and apop-
tosis. Our studies have also revealed the importance of different
number of fluorine atoms to the ether backbone for manipulating
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cytotoxicity. Therefore, further fundamental studies on polyfluori-
nated compounds are particularly interesting for both understand-
ing structure-activity relationship and developing prospective
pharmaceutics.
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