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Abstract: Six new amminecyclohexy/aminecarboxy/platinum(Il) complexes with carboxylates (a~f) have been syn-
thesized and characterized by elemental analysis, conductivity, IR, UV, and 'H NMR spectra techniques. The cy-
totoxicity of the complexes was tested by MTT assay. The cell cycle analysis and the levels of total platinum
bound to DNA were measured by flow cytometry and ICP-MS. The results show that complexes (c¢), (d), (e) and (f)
have excellent cytotoxicity against EJ and HL-60 and complexes (c), (d) and (e) demonstrate cytotoxicity superior
to that of the clinically established cisplatin. Complexes (a~f) have poor cytotoxicity against HCT-8, MCF-7 and
BGC-823 than that of cisplatin. The complexes (a~f) induce a concentration-dependent accumulation of HL-60
and EJ cells in the G,/ M phase of the cell cycle as cisplatin. The levels of total platinum bound to DNA in HL-
60 and EJ cells decrease in the sequence: ¢ > d > e > cisplatin > f > a > b under the same experimental condi-

tions.
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0 Introduction

Cisplatin is one of the most active chemothera-
peutic agents available for the treatment of a variety
of malignancies, especially testicular and ovarian.
However, the drug’ s clinical application is restricted
by both toxicological and tumour resistance. Since the
introduction of cisplatin, thousands of Pt compounds
have been synthesized and evaluated as potential an-
titumor agents. Among the 33 platinum complexes
which have entered clinical trials after the onset of
clinical studies with cisplatin in the early 1970s, only
carboplatin has received worldwide approval so far. In
addition, four drugs (oxaliplatin, nedaplatin, lobaplatin
and SKI2053R)
approval and another eight drugs continue to be evalu-
ated in clinical studies. Two of these (JM-216 and

7ZD0473) have recently entered phase I studies!~!.

6 9]

have also gained regionally limited

Many valuable works have been done in China!
Previously, we reported the synthesis and antitumor
activity of mixed ammine/methylamine platinum (I)
complexes with bicarboxylates, binuclear platinum(Il)
complexes, diaqua platinum(I) complexes with car-
boxylates!'®'2.

The structure-activity relationships summarized
by Cleare and Hoeschele dominated Pt drug design for
over 20 years and remained valid until recently ™.
This is reflected in the fact that all Pt compounds that
have entered clinical trials so far adhere to this set of
guidelines. However, it has become quite evident that
mere analogues of cisplatin or carboplatin will not
probably offer any substantial clinical advantages over
the existing drugs. A number of researchers have tak-
en a completely different approach to Pt drug design
and have prepared compounds that violate the struc-
ture-activity relationships but yet show antitumor ac-
tivities. Therefore, the search continues for an im-
proved Pt antitumor agent, motivated by the desire to

design a less toxic, orally active compound that is

non-cross-resistant with cisplatin and carboplatin®'*.

The mixed ammine/amine platinum complexes
with chloro ion have been reported and demonstrated
better activity against cisplatin-resistant cells in vitro

and much less toxicity than the parent cisplatin['®'",

For example, JM-216 has recently entered phase Il
studies. The possible advantage of platinum anticancer
drugs with decreased reactivity of leaving group is an
established approach which commenced with the clin-
ical success of carboplatin. It is reported that the de-
creased reactivity reduces the nephrotoxic and neuro-
toxic side-effects of cisplatin. Moreover, decrease in
reactivity may also lead to reduced detoxification re-
actions by intracellular thiols. This may increase the
efficacy of the drug and helps to circumvent resis-
tance mechanism such as overexpression of glu-
tathione. So carboxylate platinum complexes seem to
be quite promising than the corresponding chloro
analogs. So far, many mixed ammine/amine platinum
complexes with chloro ion have been reported. But
few mixed ammine/amine platinum complexes with
carboxylates are reported!™" . We previously reported
the synthesis and antitumor activity of platinum (II)
complexes of mixed ammine/methylamine with biden-
tate carboxylates!"”. Here, the synthesis, cytotoxicity
and DNA-binding levels of new mixed ammine/cyclo-
hexylamine platinum () complexes with carboxylates

are reportd and discussed.
1 Experimental

1.1 Reagents
All reagents and solvents were analytical reagent
grade and purchased from Beijing Chemical Reagents
Company.
MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl te-
Tris-HCI (tris-(hydroxymethyl)-
aminomethane, hydrochloride), PI (propidium iodide),

trazolium bromide),

RNase and Genomic DNA extraction kit were pur-
RPMI 1640 culture medium and

FBS(fetal bovine serum)was from Gibco. Cisplatin was

chased from Sigma.

purchased from Qi Lu Pharmaceutical Factory in China.
1.2 Instrumentation and measurement

Elemental analyses were done on a EA-1110 ele-
mental analyzer. Molar conductances at room temper-

ature were measured in 107 mol- L™ aqueous solutions

The IR

' range

using a DSS-11A type conductivity meter.
spectra were recorded in the 400~4 000 c¢m~
using KBr pellets and a Perkin-Elmer Model-683
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Spectrophotometer.  The electronic spectra in H,0
were measured on an UV-3400 Toshniwal Spectropho-
tometer(wavelengh range: 190~900 nm, spectra width:
0.1~5 nm, resolution: 0.1 nm). The 1H NMR spectra
in D,0 was recorded on an Brucker AV 400 NMR
Spectrometer (DSS as internal standard). Cell cycle
analysis was performed on a BECScan Flow Cytometry
(Becton Dickinso). The levels of total platinum bound
to DNA were measured by ICP-MS (Inductively Cou-
pled Plasma Mass Spectrometry, PE Elan-5000) (cool-

1

!, plasma gas flow: 1.0 L-min™,

ing gas flow: 12 L-min~
nebulizer pressure: 2.8 x 10° Pa, sample uptake flow:
0.75 mL-min™).
1.3 Preparation of complexes

Precursor complexes cis-[Pt(O- NH,),L,] (i), [Pt(C-
NH,)L}, (ii) and cis-[Pt( O-NH,)(NH,)L,] (iii) were synt-
hesized according to the literatures®?",

Pt(NH;)( O-NH,)(COOC-CHs), (a): cis-[Pt(O- NH,)
(NHy)I,] (iii) (0.647 g, 1 mmol) was mixed with AgNO;

(0.331 g, 1.95 mmol) in 15 mL of water. The mixture
The Agl

precipitate was removed by filtration and the filtrate

was allowed to stir overnight in the dark.

was checked by NaCl solution until free from immedi-
ate precipitation of AgCl.  When all the silver ions
have been removed, a slight excess of the sodium salt
of the acetic acid was added to the filtrate. After 6 h,
the mixture was evaporated to dryness and washed
with diethyl ether. The final product Pt(NH;)(CO- NH,)
(OOC-CHs), was dried over P,0s under vacuum. Yield:
65%.

The synthetic procedure for Pt(NH;)( OG- NH,)(OOC-
CH,CI), (b), Pt(NH;)( O-NH,)(O0C-C4Hs), (c), Pt(NH;)
(OG- NH,)(p-CH;0-C¢H,-COO0), (d,) Pt(NH3)(O- NH,)(p-
CH;-C¢H,-COO), (e), Pt(NH;)(C- NH,)(p-NO,-C,Hs-
CO0),

the amminecyclohexy/aminecarboxy/platinum (I) com-

(f) were similar. The synthetic routines of

plexes are given below (Fig.1).

KI HCIO NH; - H,O
KPtCl,————— cis-[PU({_)-NHy);1;] ————3 [Pi({_)-NH)L], L
NH,
AgNO3
is-[ Pt NH,)(NH3)I » [Pt NH,)(NH;)(CH;COO
cis-[Pt({_)~NH;)(NH;)L] SHCooN: Pe((_)-NH,)(NH:)(CH:COO):]

Fig.1 Synthetic routines of the series of Pt(NH;)( O-NH,)(carboxylate),

1.4 Cytotoxicity analysis

The complexes were dissolved in phosphate
buffered saline (PBS) and diluted to the required con-
centration with culture medium when used. The cyto-
toxicity was evaluated by MTT assay™. Briefly, cells
were plated in 96-well microassay culture plates (10
cells per well) and grown overnight at 37 °C in a 5%
CO, incubator. Test compounds were then added to
the wells to achieve final concentrations ranging from
107 to 10™ mol - L™

addition of culture medium. Well containing culture

Control wells were prepared by

medium without cells were used as blanks. The plates
were incubated at 37 °C in a 5% CO, incubator for 48
h. Upon completion of the incubation, stock MTT dye
solution(20 pl, 5 mg-mlL™) was added to each well.
After 4 h incubation, 2-propanol (100 L) was added
to solubilize the MTT formazan. The optical density of

each well was then measured on a microplate spec-

The IC50

value was determined from plots of % viability against

trophotometer at a wavelength of 570 nm.

dose of compound added. Five different human carci-
nomas were the subjects in this study: EJ (bladder
carcinoma), HCT-8 (colon carcinoma), BGC-823 (gas-
tricarcinoma), HL-60 (immature granulocyte leukemia)
and MCF-7 (galactophore carcinoma).
1.5 Flow cytometry analysis

The cell cycle analysis was performed as de-
scribed by Ferlini et al.®.  Cells were treated with
platinum complexes for the indicated times and har-
vested by centrifugation at 1200 r+-min™ for 5 min at
room temperature. Cell pellets were rinsed with PBS,
suspended in a 1:1 (V/V) solution of PBS and 0.2
mol - L.™" Na,HPO,-0.1 mol - L™ citric acid (pH=7.5),
and fixed with cold ethanol at 4 C for 1 h. Fixed
cells were washed with PBS and resuspended in a

(10 pg-mL™) and

staining solution containing PI
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DNase-free Rnase (100 pg-mL™).
sions were incubated at 37 °C for 1 h in the dark and

The cell suspen-

analyzed on a Flow cytometry. Data were collected by
ModFit LT 2.0 for power software.
1.6 DNA binding

The levels of total platinum bound to DNA in
HL-60 and EJ cells were performed as described by
Mellish et al.™. Briefly, approximately 5 x 107 HL-60
and EJ cells were seeded in tissue-culture flasks, then
the complexes were added in a concentration gradient,
each concentration in triplicate, and the final concen-
trations were maintained at 10, 25, 50 and 100 pmol -
L7, respectively. They were incubated at 37 °C in 5%
CO, for 4 h. Cells were then harvested, and DNA was
extracted according to DNA extraction kit procedure.
The DNA was dissolved in 300 wlL water. DNA purity

was confirmed and concentration was measured by UV

spectroscopy. An aliquot of the remaining sample was
sonicated and subjected to platinum analysis by 1CP-
MS.
1.7 Statistical analysis

Data were collected from at least three separate
experiments. The results are expressed as mean + SD.
The statistical differences were analyzed using SPSS’
t-test. p values less than 0.05 were considered to have

significant statistical differences.
2 Results

2.1 Physical properties of the complexes

The physical properties of the complexes are pre-
sented in Table 1. There is good agreement between
the caculated and the found values Low molar conduc-
tances for the complexes correspond to non-elec-

trolytes™,

Table 1 Physical properties of the complexes
Complex Colou Found(Caled.) / % Mol . Ayl
o N H Pt (€ em?+mol™)

() Yellow 22.20(22.27) 4.30(4.33) 4.01(4.05) — — —
(i) Red brown 13.09(13.15) 2.50(2.56) 2.34(2.39) — — —
(iif) Yellow 12.70(12.75) 4.80(4.96) 2.70(2.85) — — —
a Pale yellow 27.85(27.97) 6.39(6.53) 5.02(5.16) 45.21(45.44) 429.40 425
b Pale yellow 24.25(24.10) 5.89(5.73) 4.12(4.04) 39.12(39.15) 498.28 5.02
¢ Pale yellow 43.58(43.39) 5.23(5.06) 4.88(4.73) 35.36(35.25) 553.53 4.98
d Pale yellow 43.25(43.06) 4.49(4.57) 4.86(4.93) 32.00(31.80) 613.58 4.65
e Pale yellow 45.59(45.43) 5.01(4.82) 5.32(5.20) 33.80(33.55) 581.58 5.36
f Pale yellow 37.21(37.33) 8.86(8.71) 3.95(3.76) 30.36(30.32) 643.53 5.32

2.2 1R spectra

The IR spectra of the complexes (a~f) are simi-
lar, the main bands with tentative assignments are list-
ed in Table 2. The bands of vy, and 8y in the precur-
sor complexes (i~iii) and new complexes (a~f) shift to
lower frequencies than those of free ammine and cy-
New band appears at 444~490 c¢m™
and is assigned to Pt-N strectching. Thus it indicates

clohexylamine.

that they are coordinated with platinum through nitro-
gen atoms. The carboxylate group of the complexes
(a~f) shows two bands, an intense antisymmetric car-

boxylate stretching v and a symmetric stretching

as,C00
V_oo» Aat about 1650 and 1350 cm™, respevtively.
The values of Av |- (Vo= o) o©f the complexes

(a~f) are in the range 241~285 cm™, which is greater
than Av

oo Of the corresponding sodium carboxylates,
so we may suggest that the carboxylate group is mon-

. This is
further confirmed by the appearance of the peaks of

odentate coordinated through oxygen atoms™

Vpo
2.3 Electronic spectra

The results are listed in Table 3. After formation
of the complexes, one new peak appears at 198.0 and
200.0 nm in the spectra of the complex (a) and (b),
respectively. E, band blue shifts by ca. 9.0, 27.0, 15.0
and 20.0 nm, B band blue shifts by ca. 30.0, 26.0,
30.0 and 6.0 nm in the spectra of the complex (c¢), (d),
(e) and (f), respectively.
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Table 2 IR data of the complexes (cm™)
Complex Van S Y con Y oo Av Vo Vi
@) 3195 1566 444
3109
(i) 3236 1570 470
3200
(iii) 3270 1510 480
3 200
a 3260 1 550 1 648 1405 243 586 490
3165
b 3258 1 549 1 630 1389 241 569 485
3156
[ 3209 1535 1610 1325 285 578 470
3125
d 3265 1489 1 620 1355 265 565 472
3156
e 3 245 1532 1 635 1352 283 569 468
3168
f 3268 1523 1 625 1356 269 574 483
3158
Table 3 UYV data of the ligands and complexes
Compound AL
n— E, band B band
Acetic acid
Chloroacetic acid
Benzoic acid 195.0 250.0
p-methoxylbenzoic acid 227.0 271.0
p-methylbenzoic acid 210.0 265.0
p-nitrobenzoic acid 212.0 271.0
198.0
b 200.0
c 186.0 220.0
d 200.0 245.0
195.0 235.0
f 192.0 265.0
2.4 'H NMR tive coordination structure for the complexes (Fig.2).

The results of the '"H NMR spectra are listed in
Table 4. After formation of the complexes, the hydro-
gen protons of the complexes shift to low field com-
pared with those of free ligands. This is also further
confirmed that the carboxylate and cyclohexylamine
are coordinated with platinum through oxygen and ni-
trogen atoms.

Based on the above studies, we propose a tenta-

2.5 Cytotoxicity effect
As listed in Fig.3,
c¢>d>e>cisplatin >f >a>b. Com-

Cytotoxicity decreases in the
sequence:
plexes (c¢), (d), (e) and (f) have excellent cytotoxicity
and complexes (c), (d) and (e) demonstrate better cyto-
toxicity than that of the clinically established cis-
platin against EJ and HL-60 cell lines. Complexes (a~

f) have poor cytotoxicity against HCT-8, MCF-7 and
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Table 4 'H NMR spectra of the ligands and complexes
Compound Chemical shift (6) / ppm
Cyclohexylamine 2.52 (br, 1H, CH (methine)), 0.9~2.0 (m, 10H, CH(alkyl))

Acetic acid
Chloroacetic acid
Benzoic acid
p-methoxybenzoic acid
p-methylbenzoic acid

p-nitrobenzoic acid

2.10 (s, 3H, -CH,,)
4.00(s, 2H, -CHy)
7.45~8.12(m, SH, -CHy)
7.07~7.91(m, 4H, -C/H,), 3.84(s, 3H, -OCH,)
7.30~7.87(m, 4H, -CJH,), 2.34(s, 3H, -CH,)
8.24~8.38(m, 4H, -C H,)

a 291 (br, 1H, CH (methine)), 1.0~2.2 (m, 10H, CH(alkyl)), 2.35 (s, 6H, -CHs)
b 2.92 (br, 1H, CH (methine)),1.1~2.4 (m, 10H, CH(alkyl)), 4.12(s, 4H, -CH,")
c 2.89 (br, 1H, CH (methine)), 1.0~2.3 (m, 10H, CH(alkyl)), 7.75~8.29(m, 10H, -C4H,)
d 2.84 (br, 1H, CH (methine)), 1.0~2.2 (m, 10H, CH(alkyl)), 7.15~8.12(m, 8H, -C4H.-), 3.98(s, 6H, -OCH.)
e 2.88 (br, 1H, CH (methine)), 1.0~2.3 (m, 10H, CH(alkyl)), 7.45~8.01(m, 8H, -CH.-), 2.49(s, 6H, -CH.)
f 2.93 (br, 1H, CH (methine)), 1.0~2.5 (m, 10H, CH(alkyl)), 8.36~8.50(m, 8H, -CsH,)
(0]
o—t—=
HxN\ /
Pt\
O N
Il
(@]
R=—CH, —cmm,—@, —@—ocnj, —)-cHs —Qi)—wo2
Fig.2 Chemical structure of the complexes (a~f)
BGC-823 cell lines than that of cisplatin. o
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[Iuman cancer cell lines cell after 4 h exposure to platinum complexes

Fig.3 Cytotoxicity of complexes against various

human carcinomas

2.6 DNA binding

As listed in Fig.4 and 5, the levels of total plat-

inum bound to DNA

in the sequence: ¢ >

der the same experimental conditions. _
2.7 Cell cycle analysis o 25 50 100

The effects of the complexes on cell cycle are

given in Table 5 and

in HL-60 and EJ cells decrease
d > e > cisplatin > f>a > b un-

Pt/ DNA { {nmol - g7')

Concentration / {(umol - L)

Fig.5 Levels of total platinum bound to DNA in EJ cell

after 4 h exposure to platinum complexes

6. The complexes (a~f) induced
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Table 5 Effect of the platinum complexes on cell cycle in HL-60 cells (n=4)

Cell cycle / % (x = SD)

Complex Concentration / (mol - L)
G, S G,/M
Control 0.0 31.34 + 1.06 60.85 + 1.41 7.80 + 1.18
Cisplatin 1.5 25.36 + 1.25" 50.36 + 1.35™ 24.28 + 2.35"
3.0 18.98 + 1.02" 45.68 + 2.87" 35.34 + 2.87"
a 1.5 30.24 + 3.56" 60.23 + 1.06" 9.53 + 1.23*
3.0 28.35 £ 2.13" 58.65 + 4.56" 13.00 + 1.02™
b 1.5 31.02 £ 2.13" 60.21 + 5.32° 8.77 + 1.02*
3.0 29.32 £ 2.53" 58.23 + 4.25 12.45 + 0.89™
c 1.5 12.32 + 0.25™ 25.69 + 3.56™ 61.99 + 0.98™
3.0 6.21 £ 0.69™ 10.35 + 3.69™ 83.44 + 1.01™
d 1.5 15.69 + 1.02™ 30.35 £ 3.56™ 53.96 + 2.65™
3.0 9.65 + 1.03™ 15.68 + 3.89™ 74.67 + 3.89™
e 1.5 20.68 + 1.02™ 45.68 £ 2.36" 33.64 + 2.56™
3.0 15.98 + 1.23™ 35.08 + 4.23" 48.94 + 3.02"
f 1.5 28.65 £ 3.21™ 53.69 + 2.69” 17.66 + 0.89™
3.0 22.63 + 1.24™ 48.98 + 3.25" 28.39 + 1.89”
‘P> 0.05, “P < 0.05 compared with the control group.
Table 6 Effect of the platinum complexes on cell cycle in EJ cells (n=4)
Complex Concentration / (pmol - L™) Cell cycle / % (x + SD)
G, S G,/ M
Control 0.00 25.68 + 1.36 52.69 + 2.69 21.63 + 2.68
Cisplatin 2.5 19.86 + 1.96™ 42.36 + 5.36" 37.78 + 4.69™
5.0 12.35 + 1.03" 22.68 + 1.967 64.97 + 6.89"
a 25 24.98 + 2.98" 52.09 + 5.68" 22.93 + 1.65"
5.0 22.69 £ 3.09" 49.69 + 5.03" 27.62 £ 2.69™
b 2.5 25.03 + 2.08" 52.31 + 5.82° 22.66 + 1.36%
5.0 24.36 + 2.09" 50.36 + 4.86" 25.28 + 2.68™
c 2.5 10.69 + 1.68™ 20.58 + 2.58" 68.73 + 8.59™
5.0 5.36 £ 1.02" 11.35 £ 2.07" 83.29 + 7.56™
d 25 12.35 £ 1.03™ 25.69 + 3.56” 61.96 + 5.36™
5.0 7.69 + 1.23" 15.36 + 2.35™ 76.95 + 7.69"
e 2.5 17.89 + 1.32" 32.86 + 3.56™ 49.25 + 4.02"
5.0 10.35 + 1.06™ 19.65 + 2.03" 70.00 + 6.58™
f 2.5 20.65 + 2.65™ 46.38 + 3.69™ 32.97 £ 2.35"
5.0 15.79 + 1.03" 28.69 + 2.89” 55.52 + 5.68"

P> 0.05, “P < 0.05 compared with the control group.

a concentration-dependent accumulation of HL-60 and
EJ cells in the G,/ M phase of the cell cycle as cis-
platin.

3 Discussion

The mode of action of platinum anticancer drugs

is still not completely understood but it is thought to

depend on hydrolysis reactions where the leaving
group is replaced by a water molecule adding a posi-
tive charge on the molecule. The hydrolysis product is
believed to be the active species reacting mainly with
glutathione in the cytoplasm and the DNA in the nu-
cleus thus inhibiting replication, transcription and

other nuclear functions and arresting cancer cell pro-
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liferation and tumor growth. So the reactivity of leav-
ing groups is an important factor to affect anticancer
activity.  For ammine/cyclohexylamine platinum (1)
complexes with carboxylates, when leaving group is
aromatic carboxylates, the complexes have better cy-
totoxicity, moreover, the substitution radical species in
benzene also have effects on cytotoxicity®.

It is generally been accepted that platinum-based
drugs exert their cytotoxic effects through the forma-
tion of platinum-DNA adducts. This occurs predoimi-
nantly at the N7 position of guanosine. The vast ma-
jority of cisplatin-DNA adducts are of the intrastrand
type between adjacent guanines™. In general, the de-
gree of cytotoxicity of cisplatin correlates with the
amount of DNA-platination®™. However, a study in
testicular cancer germ cell lines found no association
between cisplatin DNA-platination and drug sensitivi-
ty and a similar observation was made in a breast

e With respect to a correlation be-

cancer cell lin
tween the cytotoxicity of oxaliplatin and DNA-platina-
tion, the literature is limited. No correlation could be
found between DNA-platination and cytotoxicity. Mel-
lish et al reported that no significant correlation was
found between total DNA platination levels and cyto-
toxicity of the seven platinum based drugs in SKOV-3
or in CH1 cell lines™. Roberts et al reported that that
significant correlation was found between total DNA
platination levels and cytotoxicity of polynuclear plat-

B In our work,

inum complexes in L1210/0 cell line
we found that there was also significant correlation be-
tween total DNA platination levels and cytotoxicity of
six ammine/cyclohexylamine platinum complexes with
carboxylates in HL-60 and EJ cell lines. The total
DNA platination levels contains some kinds of Pt-
DNA adducts formed by platinum complex such as 1,
2-intrastrand adducts between adjacent guanines or
adjacent adenine.This suggests that it is probably the
level of specific DNA adducts that is important in de-
termining the cytotoxicity of platinum based drugs™.
In addition, platinum based drugs might have other
important targets apart from nuclear DNA. It has been
demonstrated that cisplatin and oxaliplatin can induce

apoptosis independent of the cell nucleus. It is inter-

esting to note that mitochondrial DNA has been shown
to have a two to fifty times greater propensity to be
platinated than nuclear DNA. Cisplatin reacts with
phospholopids, inhibits amino acid transport, protein
synthesis, ATPases, uncouples oxidative phosphoryla-
tion, causes calcium efflux from the mitochondria and

selectively alters the intracellular concentrations of

234 Although the importance

calcium and potassium!
of these other targets in relation to cylotoxicity is
completely unknown, these other targets may have im-

portant effect on cytotoxicity. It remains to be further

studied.
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