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Platinum complexes with carrier ligands were synthesized to overcome intrinsic and acquired resis-
tance of the tumors during the therapy. For the treatment of breast and prostate cancer steroidal and
non-steroidal ligands are available. This article is a critical review of the attempts made during the
last three decades to design platinum complexes with a selective mode of action against hormone-

dependent tumors. In part 1 of this paper the use of steroidal carrier ligands is described while in part 2

Keywords:

Platinum complexes
Non-steroidal carrier ligands
Drug design

Mode of action

the view is focussed on derivatives of non-steroidal drugs suitable to coordinate to platinum. Especially
the [1,2-diarylethylenediamine]platinum(Il) complexes are interesting analogous of cisplatin.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In part I of this review [1] the state of art in the clinical
investigation on Pt-complexes as potential drugs for breast and
prostate cancer and the attempts to improve their inhibitory
potency by the strategy of selective drug delivery are described.
The latter approach is based on the fact that both tumors fre-
quently contain estrogen receptors, ERy and/or ERg, and on the
assumption that Pt-complexes with ER-affinic ligands are enriched
in these tumors making them more active than their parent
Pt-complexes.

The cytotoxicity of the Pt-pharmacophore (e.g. by DNA interac-
tion) as well as the estrogenic potency of the carrier ligand (e.g. by
interference with processes like angiogenesis important for tumor
growth) caused anti-tumor activity. The prevention of untoward
side effects of estrogenic Pt-complexes on the vascular system and
on the incidence of breast cancer, which is increased in patients
after long-term administration of estrogens, by use of specific ERg
agonists or SERMs as ligands is discussed.

Further topics in part I of this review are: (i) the strategy for
linking steroidal ER ligands with Pt-complexes under retention of
ER-affinity; (ii) a survey of the synthesized and pharmacologically
evaluated steroidal Pt-complexes; (iii) the present concepts to their
mode of action; (iv) the suggestion of a screening program on the
basis of the latter.

In part II of this review studies on platinum complexes with
non-steroidal, ER binding ligands are described. This particu-
lar chapter in the search for platinum complexes active against
hormone-dependent breast and prostate cancer was opened
by Schoénenberger and his group and continued by Gust and
co-workers. They used 1,2-diarylethylenediamines and related
diamines (Sections 2-4) and 1,1,2-triarylethylenediamines (Sec-
tion 5) as chelate ligands in cis-PtCl, complexes after they
had recognized the ER affinity of the free ligands. They dis-
cussed a specific inhibitory effect of these Pt-complexes due
to the enrichment of the latter in breast cancer cells, a pro-
cess in which ERs function as carriers (“drug targeting concept”)
[2,3a,b]. Later on, Schlemmer et al. extended this concept of
the mode of action [4a-f] (Section 2.2.3; compare also Section
6, part I of this review). Non-steroidal Pt-complexes in which
the Pt-pharmacophore is linked via a spacer to SERMs of the
hydroxytamoxifen [5], zindoxifene (ref. to the anti-prostate and
anti-breast cancer activity of zindoxifene [2, 6a,b, 7a-c] and of
zindoxifene-Pt-complexes [7d-h]) and triarylethylene type [8a-f]
as well as related 3,4-diarylbenzopyran derivatives [8g] were also
described (see Section 6). Finally it was shown that [1,2-bis(4-
fluorophenyl)ethylenediamine]platinum(Il) and related complexes
fulfil at best the requirements of the drug targeting concept [9a-r]
(Section 7).

2. [1,2-Diarylethylenediamine]platinum(II) complexes

2.1. Search for [1,2-bis(4-hydroxyphenyl)ethylenediamine]
platinum(1l) complexes with estrogen receptor affinity and
estrogenic potency

The 1,2-diarylethylenediamines used as ligands in Pt-complexes
are structurally related to the non-steroidal estrogen diethylstilbe-
strol (DES) and to its dihydro derivative hexestrol (HES), which
themselves caused marked inhibitory activity on the growth of
hormone-dependent breast cancers of rat and mouse [10a-d]. By
variation of kind, number and position of the ring substituents and
of the 1,2-standing alkyl residues in DES and HES, antiestrogens
with marked breast cancer inhibiting properties like metastilbe-
strol and metahexestrol (3,3’-DES and 3,3’-HES, compounds with
OH groups in 3- and 3’-position, formulae see part I of this review)
were obtained [11a-d,12a-e,13a-c,14a—-c].

However, only some 1,2-diarylethylenediamines derived from
these compounds possessed ER affinity, accompanied by estro-
genic, but never by antiestrogenic activity [3a,15a,b].

(RS)-1,2-Bis(2,6-dichloro-4-hydroxyphenyl)ethylenediamine
(meso-1) proved to be the estrogenically most active derivative
of the series (established in the mouse uterine weight test)
[3a,16a]. Its (RR/SS)-configurated analogue (racem-1) showed
only marginal estrogenic potency. The ER affinity and estro-
genic potency of the diastereomeric diamines could be markedly
enhanced by introduction of one alkyl residue into one or both NH,
groups [16a]. Among these derivatives the diastereomeric N,N'-
diethyl-1,2-bis(2,6-dichloro-4-hydroxyphenyl)ethylenediamines,
which were tested on the DMBA-induced mammary carcinoma
of the rat, produced a marked growth inhibitory effect [7a].
The (RS)-configurated compound showed a stronger tumor-
inhibiting and estrogenic potency than the (RR/SS)-configurated
counterpart, indicating the importance of ER-agonistic effects
for the extent of the anti-breast cancer activity in vivo
[7a].

Structure activity studies with meso-1 revealed that the
shift of both OH groups from the 4- into the 3-position and
the successive exchange of the four 2,6-standing Cl atoms by
F atoms were accompanied by a decrease of the estrogenic
potency [16b]. The same was observed, if the substituent pattern
of meso-1 was changed exclusively in one phenyl ring [16b-d].
(RS/SR)-1-(2,6-Dichloro-4-hydroxyphenyl)-2-(2-halo-4-hydroxy-
phenyl)ethylenediamines with a Cl or F atom in ortho position of
the 2-(4-hydroxyphenyl) residue (e.g. erythro-2, halo=Cl) caused
weak but significant estrogenic effects [16b-d].

The coordination of the diamines to platinum did not weaken
but, in some cases, even increased the estrogenic activities
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despite of alterations in the spatial structure of the 1,2-diphenyl-
ethylenediamine moiety [16a,b].

[(RS)-1,2-bis(2,6-dichloro-4-hydroxyphenyl)ethylenediamine]
dichloroplatinum(Il) (meso-1-PtCl,) proved to be the most active
estrogen of the Pt-complex series [3a,16a]. The relative binding
affinity (RBA) of meso-1-PtCl, to the ER in human ERy-positive
MCF-7 breast cancer cells was only 0.35% compared to 17f3-
estradiol (E;: RBA=100%) [16e]. Nevertheless, meso-1-PtCl, was
able to induce ER processing and to increase the progesterone
receptor (PR) level at concentrations of 1-10 nM [16e]. Comparable
results were obtained with its ligand [16e].

Several leaving group derivatives meso-1-PtLL’ (e.g. L=H,0,
L'=S04; LL'=Cl,, I or CBDC=_cyclobutane-1,1-dicarboxylic acid)
were also tested in a thoroughly described in vitro assay [16g,h]
on ERy-agonistic activity by use of MCF-7-2a breast cancer cells
stably transfected with the reporter plasmid EREcluc [16f]. The
luciferase expression induced by drug-ERy-dimers bound to the
EREwtcluc correlates very well with the estrogenic potency of the
drug determined in the frequently used mouse uterine weight test.
The study revealed a significant influence of the leaving group in
meso-1-PtLL’ on the ER binding [16f]. It was demonstrated that
bulky leaving groups such as CBDC lowered the gene expression in
the ER,-positive MCF-7-2a cells.

2.1.1. Stability of [1,2-bis(4-hydroxyphenyl)ethylenediamine]
platinum(1l) complexes under physiological conditions

Further studies demonstrated the high stability of these Pt-
complexes proving an ER binding by the intact [1,2-diarylethyl-
enediamine]platinum(Il) chelate [16h]. If the aquasulfatoplat-
inum(Il) complex (meso-1-PtSO4) is used, the leaving groups
are quickly exchanged by chlorine under test conditions. For the
resulting dichloroplatinum(Il) complex meso-1-PtCl, luciferase
formation was only observable for a short time, whereas its estro-
genic ligand by itself remained active for longer times. Therefore,
liberation of meso-1 from its Pt-complex is very unlikely and seems
not to play an important role in the mode of action of the latter.

Studies on the stability of meso-1-PtCl, under cell culture
conditions and use of [(RS)-1,2-bis(2,6-dichoro-4-hydroxy|3,5-
3H, |phenyl)ethylenediamine]dichloroplatinum(II) for detection of
released diamine were also performed [16i,k]. The results of this
work corresponded with those of the former study.

2.1.2. Interaction of [1,2-bis(4-hydroxyphenyl)ethylenediamine]
platinum(I1l) complexes with the ligand binding domain of the
estrogen receptor

To understand the ERy-agonistic effect of the new Pt-
complexes, Gust and co-workers [16],m] developed binding models
(Figs. 2 and 7) on the example of the ligand (RS/SR)-1-(2-chloro-4-
hydroxyphenyl)-2-(2,6-dichloro-4-hydroxyphenyl)ethylenedia-
mine (erythro-2, formula see Fig. 1) and of its diiodoplatinum(II)
complex (erythro-2-Ptl,, formula see Fig. 1), which were active in
the luciferase assay.

The binding model of the ligand erythro-2 (Fig. 2) corresponds
to that of non-steroidal estrogens, since in solution the predom-
inant antiperiplanar arrangement of the two aryl rings, which is
comparable to that of HES, allows an attachment at the ER, anal-
ogously to DES (Fig. 2). The selective hormone recognition of the
former non-steroidal estrogens by the ER, occurs by a combina-
tion of H bonding and hydrophobic contacts. One phenolic OH
group of these estrogens is bound by H-bridges to the y-carboxylate
of Glu 353, the guanidinium residue of Arg 394, and a water
molecule. The second OH group is linked to His 524. Furthermore,
hydrophobic interactions with aliphatic residues of amino acids
above and below the molecule plain, mainly mediated by the two
ethyl residues, are essential for significant ERy-agonistic effects. In
the case of erythro-2, this function is implemented by the three
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Fig. 1. Estrogenic diamines, their Pt-complexes (LL'=Cl,, I, or L=H,0, L' =SO4) and
related heterocycles [3a,16¢,n,1].
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Table 1
Compounds erythro-2, erythro-2-Ptl,, erythro-2-Im, erythro-2-Pip, and 4; estro-
gen receptor binding and luciferase expression in MCF-7-2a cells.

Compound Relative binding Luciferase expression
affinity (% RBA) % activation at 106 M

erythro-2 1.50 98

erythro-2-Ptl, 043 81

erythro-2-Im 0.08 112

erythro-2-Pip <0.02 20

4 0.10 27

ortho-standing chlorine atoms, which compensate the hydrophilic
character of the two amino groups.

The coordination of erythro-2 to Ptl, forces the two phenyl
rings into a synclinal position. Despite of this change in the spa-
tial arrangement of the two phenyl rings, the ERy-agonistic effect
of erythro-2 is preserved in erythro-2-Ptl, (Table 1).

Erythro-2-Ptl, exists in solution in a relatively stable con-
formation with the 1-(2,6-dichloro-4-hydroxyphenyl) residue in
equatorial and the 2-(2-chloro-4-hydroxyphenyl) residue in axial
position (see Fig. 3).

The contribution of the two aryl residues to the ERy-agonistic
activity of erythro-2-Ptl, is evident from experimental data
of the structurally related compound [(R/S)-1-(2,6-dichloro-4-
hydroxyphenyl)ethylenediamine]diiodoplatinum(Il) (R/S-3-Ptly;
formula see Fig. 1) which contains only one of the two aryl residues.
Thus, the structural comparison of R/S-3-Ptl, with E; shows that
the 2,6-dichloro-4-hydroxyphenyl residue can superimpose ring A
of the steroid, while the five-membered chelate ring covers ring C
and the Ptl, moiety is positioned at ring D (Fig. 4) [16n].

ol
%\ p (
—_——n

d 7
_/< - / N
S S

Fig. 4. Superposition of E; and R/S-3-Ptl; [16n].

130
120
110 7

activation [%l]
=
[}
L

[mol/l]

Fig. 5. Activation (%) of luciferase expression in MCF-7-2a cells by E, (A), erythro-2
(O) and erythro-2-Im (O) [161].

This reveals that an interaction of R/S-3-Ptl, via H-bridges with
ER, is possible as described in Fig. 2, except the binding site His 524.
However, the latter H-bond can be formed, if tartronic acid is used
as leaving group instead of iodide [16n]. Despite of an ER binding
mode comparable with that of E;, compound R/S-3-PtMalOH pos-
sesses neither ERy-affinity nor significant ERy-agonistic potency
[16n]. This gives rise to the assumption that in erythro-2-Ptl, the
axially standing 2-(2-chloro-4-hydroxyphenyl) residue is essential
for triggering of ER,-agonistic effects.

Studies on the strongly ERy-affinic 11(3-4-hydroxyphenyl-
estradiol (RBA=300%) and on its antiestrogenic derivative 113-
(4-dimethylaminoethoxyphenyl) estradiol (RU 39411, see formula
Fig. 3) give information on the binding mode between erythro-2-
Ptl; and the ER,, since the two former compounds can superimpose
the last mentioned Pt-complex. At the same time, the axially
standing 2-(2-chloro-4-hydroxyphenyl) residue in erythro-2-Ptl,
is oriented toward a side pocket close to the ligand binding domain
(LBD) of the ER,, as described for the 113-standing residue in the
former E, derivatives [16m] (compare Fig. 7).

The influence of the conformation in the 1,2-diarylethane phar-
macophore of erythro-2-Ptl; on the ERy-agonistic potency was
studied on the comparison compounds, 4,5-diaryl-2-imidazoline
erythro-2-Im, 2,3-diarylpiperazine erythro-2-Pip and 4,5-
diarylimidazole 4 structurally related to erythro-2-Ptl,, which
differ in their O-0O distances (see Fig. 6 [ 16],m]). Erythro-2-Ptl, and
the comparison compounds caused only a marginal displacement
of E; from the receptor due to a different ER, binding mode.
Therefore, the usual test for evaluation of ER, affinity employing
isotope labelled E, as competitor yielded only very low RBA values
(Table 1).

Nevertheless, significant ERy,-mediated gene activation was
observed by these compounds in the luciferase assay on MCF-
7-2a cells (Table 1, Fig. 5). As expected, the extent of the latter
effect correlated with the O-0 distance in compounds: erythro-2-
Im (5.1 A) > erythro-2-Ptl, (7.8 A)>4(8.9 A) > erythro-2-Pip (7.1 A)
(Fig. 6, Table 1).

Presumably, the 0-O distance of 5-6 A is optimal for trigger-
ing of an ERy-agonistic effect in the luciferase assay. A value of
5.1 A was determined for the most active imidazoline erythro-2-
Im.

In solution, erythro-2-Ptl, possessed an 0-0 distance of 7.8 A
in the \- as well as in the 8-conformation. However, this distance is
presumably reduced to 5.7 A due to an unhindered A-8-conversion
of the five-membered chelate ring as observed by Gust and
co-workers [16a] on the example of the structurally analogous
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Fig. 6. Superposition of diamine ligand erythro-2 and E, (left), erythro-2-Ptl, and E; (middle), and erythro-2-Pip, erythro-2-Im and imidazole 4 (right) [161].

meso-1-Ptl,. The effect of this compound is one order of magnitude
greater than that of erythro-2-Ptl, in the luciferase assay.

The new compounds possess different O-O distances giving
rise to variable luciferase expressions. Because of these results,
the estrogenic Pt-complex erythro-2-Ptl, and the estrogenic het-
erocycle erythro-2-Im as well as other active compounds of this
type were assigned to a second class of hormones (type-II estro-
gens), whose binding mode to the ER, is different from that of DES,
HES and E, (type-I estrogens). In contrast to type-I estrogens, in
which one aryl residue is connected to His 524 and the other to Glu
353, Arg 394 and H,O0 in the binding site of ER,, type-II estrogens
like erythro-2-Ptl, and erythro-2-Im very likely form an H-bond
to Asp 351 or Thr 347 in the hydrophobic side pocket and not to
His 524 (Fig. 7) [160]. Further pharmacological studies with struc-
turally related imidazolines and imidazoles are described in the ref.
[160-T1].

2.2. [1,2-Bis(4-hydroxyphenyl)ethylenediamineplatinum(Il)
complexes; anti-breast cancer activity

The investigation of the relationship between structure and
biological properties in the class of [1,2-bis(4-hydroxyphenyl)
ethylenediamine]platinum(Il) complexes as described in Section
2.1 regarding the ERy-agonistic effect was extended to the growth
inhibiting activity on ER* breast cancer. The hormone sensitive ER*
MXT-M-3.2 breast cancer of the mouse served as model for the
simultaneous evaluation of tumor and uterus growth under the
influence of the test compounds.

N
His 524
Met 421

Gly 521

Met 343 lle 424 Phe 425
Leu 525

Leu 428
Leu 346
¥ Met 388

Phe 404

Thr 347

Ala 350 Leu 391

‘.o
i .o
.
-

Asp 351 HzO Arg 394

™ cusss Leu 349

The systematic structural variation of the 3,3’-HES and HES
related parent complexes 5-PtLL’ and 6-PtLL’ [17a,b] (formulae see
Fig. 8) yielded numerous anti-breast cancer active Pt-complexes.
Complexes out of this series acted as ERy agonists and triggered
the uterus growth in the combination experiment [3a,17c,e]. Some
other substances caused tumor inhibition but had no effect on the
uterus. A third group of compounds was identified which dimin-
ished both tumor and uterus development [17d].

According to the obtained results, a classification of the test com-
pounds into three groups of different mode of action is possible
[17e].

Mechanism A: A growth inhibiting effect against ER* breast cancer
without an influence on the uterine weight sug-
gests the binding of the test compound to DNA as
described for therapeutically used Pt-complexes.
Such a compound is the [(RR/SS)-1-(2-chloro-4-
hydroxyphenyl)-2-(2,6-dichloro-4-hydroxyphenyl)
ethylenediamine]dichloroplatinum(II) complex
(threo-2-PtCl;, formula see Fig. 1), while its
erythro congener acts according to mechanism
C (definition see below) due to its estrogenic
properties [17e].

Mechanism B: A twofold effect, an inhibition of tumor growth,
and a reduction of uterus weight, points to a
contribution of estrogen ablation to the anti-breast
cancer activity. For instance, aqua[(RS)-1,2-bis(2,6-
difluoro-3-hydroxyphenyl)ethylenediamine]sul-
fatoplatinum(Il) (meso-7-PtSO4; formula Fig. 8)

His 524 Gly 420

Gly 521
" Gluatg | Meta21
Met 343 poas
Leu 384
Leu 428

Leu 346 Met 388

Trp 383 /)f
”

/[' Ala3s50) & ‘-,

Asp 351 r‘.__«,f

Glu 353

Phe 404
Leu 391

Leu 387 Leu 349

Fig. 7. Interaction of erythro-2-Ptl, and erythro-2-Im in the LBD of the ER,, [16]].
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. 5 compound X Y zZ
O X X O meso-5-PtLL’ H OH H
Y Y racem-5-PtLL’
X o - X meso-6-PtLL" H H OH
& \pl/ : racem-6-PtLL"
L/ ~L
meso-7-PtLL" F OH H

LL'=Clyor L= H,0, L'= S0,

racem-7-PtLL’

Fig. 8. Non-estrogenic, breast cancer inhibiting Pt-complexes [17a,b].

and its racemate were highly active on the murine
ER* MXT-M-3,2 breast cancer and strongly
decreased the uterus weight [17f,g,18]. How-
ever, they were inactive (meso-7-PtLL’) or only
moderately active (racem-7-PtLL’) in the MXT* cell
culture derived from this tumor at concentrations
corresponding to those in animal experiments. This
indicates that they mainly caused in vivo effect
by a reduction of the endogenous estrogen level
in the host animals due to an interference with
the ovarian steroid biosynthesis. The relevance of
this assumption was proven in an experiment in
which a reversal of the breast cancer inhibiting
effect of meso-7-PtLL’ could be achieved by simul-
taneous estrone administration [18]. However,
especially with the more cytotoxic racem-7-PtLL’,
a cisplatin-like interaction with DNA contribut-
ing to the anti-breast cancer activity cannot be
excluded as part of the mode of action. Both effects,
estrogen ablation and platination of tumor DNA,
entail programmed cell death, which is responsible
for the inhibition of tumor development. Further
Pt-complexes acting according to mechanism B are
the two parent compounds 5-PtLL’ and 6-PtLL’ and
complexes described in the references [17c,e].
Mechanism C: Another twofold effect, an inhibition of tumor and a
stimulation of uterus growth, suggests that the anti-
breast cancer activity is at least partially caused by
the estrogenic potency of the test compound. [(RS)-
1,2-Bis(2,6-dichloro-4-hydroxyphenylethylenedia-
mine]platinum(Il) (meso-1-PtLL’) proved to be the

most active derivative of the studied estrogenic
Pt-complexes [2,3a,17c-e,h]. Weaker anti-breast
cancer effects were found in the structurally anal-
ogous complex types [(RS)-1,2-bis(2,6-dihalo-3-
hydroxyphenyl)ethylenediamine|platinum(Il) [17c]
and [(RS/SR)-1-(2,6-dichloro-4-hydroxyphenyl)-2-
phenylethylenediamine]platinum(Il), e.g. erythro-
2-PtLL’ [17e], which also acted according to
mechanism C. The present concept to the mode of
action of meso-1-PtLL', e.g. ERg agonistic activity as
cause of anti-breast cancer potency, is thoroughly
discussed in Section 2.2.3. In the following, the
preclinical investigation of the top compound
meso-1-PtLL’ is described in detail.

2.2.1. [(RS)-1,2-Bis(2,6-dichloro-4-hydroxyphenyl)ethylenedia-
mine]platinum(II), test results

In experiments on the DMBA-induced breast cancer of the rat
meso-1-PtSO,4 caused a significantly stronger anti-tumor effect and
a faster onset of tumor inhibition than the standard cisplatin, if
administered in equimolar dosage (Fig. 9, Table 2) [3a].

The advantage of meso-1-PtS04 was surprising in view of the
fact that the Pt blood level after treatment with this drug reached
only one-tenth of that with cisplatin. Evidently, an interaction with
DNA leading to an impairment of its function markedly contributed
to the anti-tumor activity of meso-1-PtSQy, since the free ligand
meso-1 was less active if used in equimolar dosage (Fig. 9, Table 2)
[3a].

In fact, a binding of meso-1-PtSO4 to DNA, though less than
that of cisplatin, could be proved in experiments on the human ER*
MCF-7 breast cancer cell line [ 17h]. Both compounds were not accu-

Table 2
Effect of meso-1, meso-1-PtSO4 and cisplatin on the growth of DMBA-induced, hormone-dependent mammary carcinoma of the SD rat.
Compound Dose? (mg) No. of animals No. of tumors % of tumors with % change of

BP NT¢ CRd Pre Ncf P Body wt Tumor area”

Day 28 Day 14 Day 28

Control 9 21 23 0 0 38 62 3.0 260 420
cDDP 1.5 (5 wmol/kg) 9 24 4 21 41 25 13 -0.9 511 —38k
meso-1 1.9 (5 wmol/kg) 8 17 9 0 18 35 47 -4.6 62k 129¢
meso-1-PtSO4 3.5 (5 wmol/kg) 10 25 1 56 24 12 8 -5.4 —86' —84!

2 Dose per kg of body weight and day. The animals received meso-1 three time a week, sc, as solution in polyethylene glycol 400/H,0, 1:1; cDDP and meso-1-PtSO4 were

dissolved in H,O; duration of therapy 4 weeks.
b At the beginning of the test.
¢ Occuring during the test.
d CR: complete remission, tumor not palpable.
¢ PR: partial remission, reduction of the initial tumor size > 50%.
f NC: no change; tumor size 51-150% of initial tumor size.
P: progression, tumor size > 150% of initial tumor size.
The U test according to Wilcoxon, Mann and Whitney was used.
Significant (p <0.025) compared with the control.
Significant (p <0.01) lower activity compared with meso-1-PtSOj.
k Significant (p <0.01) compared with the control.
! Significant (p <0.05) compared with the control.



2766 R. Gust et al. / Coordination Chemistry Reviews 253 (2009) 2760-2779

500

400

300

200

% Change of Tumor Area

100

-100

Time (d)

Fig. 9. Activity of meso-1 (M), meso-1-PtSO4 (x) and cisplatin (a) (equimolar
dosage: 5 wmol/kg) on the DMBA-induced mammary carcinoma of the SD rat (con-
trol: #). For experimental conditions, see Table 2 [3a].

mulated by ER* MCF-7 cells [17h] contradicting pharmacokinetic
experiments performed by Lux and co-workers [3a]. They used neu-
tron activation analysis to determine platinum distribution in ER*
MXT-M-3,2 breast cancer bearing mice treated with meso-1-PtSOg4.
They found a 22-fold Pt concentration in the ER* tumor com-
pared with that in skeletal muscle. This fact afforded an explanation
for the strong tumor growth inhibiting effects of meso-1-PtSOyq4,
which matched those of DES, E; and cisplatin (Fig. 10, Table 3).
Against the ER-negative variant of the tumor, the ER~ MXT-
M-3,2 (ovex) breast cancer, meso-1-PtSO4 proved to be inactive
[4a,b]. The effect of meso-1-PtSO4 on the proliferation of hormone-
dependent and -independent tumor cells was tested in detail on
the ER* MCF-7 and the ER~ MDA-MB-231 human breast cancer cell
lines [16e]. Cisplatin and tamoxifen were used for comparison. If
the growth inhibitory effect is promoted by accumulation of the
Pt-complex via ER, a selective inhibition of ER* cells is expected.

200 PO W TN TN NN TN S TN TN AN TR NN NN SN NN TR SN SN SN N N
1 MXT-M3.2 in BED2F;—mice I
1 2: passage 3792 i
150 -
100 =

| begin of therapy

tumor area [mm?]

o
o

0 10 20 30 40

days after transplantation

14 & a

—
A .\;_
—
| ~
\ir\ N\

‘ . \.

fraction of surviving cells
o

MDA-MB-231 "

01 05 1 5 10 50

concentration [pM]

Fig. 11. Concentration-response curves of diamine ligand meso-1 (A) and meso-1-
PtSO4 (a) and of the comparison compounds tamoxifen (O) and cisplatin (x) for
growth inhibition in ER* MCF-7 and ER~ MDA-MB-231 cells. Test compounds were
added 24 h after plating and the nuclei of viable, attached cells were counted 5 days
later [16e].

Fig. 11 shows the concentration response curves for meso-1
and meso-1-PtSO4 in experiments on both cell lines [16e]. No sig-
nificant growth inhibition could be observed for meso-1-PtSO4
at 1M, a concentration at which cisplatin showed a marked
inhibitory effect. Instead, a concentration of 20 .M meso-1-PtSO4
was required to produce 50% inhibition not only in the ER* MCF-7
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Fig. 10. Growth of the hormone-sensitive ER* MXT-M-3.2 mammary carcinoma in B6D2F;-mice under the therapy with meso-1-PtCl, (W), meso-1 (') and cDDP (a), each
5 wmol/kg, i.p., 3 times weekly; DES (v), 3.7 wmol/kg, s.c., 3 times weekly and E; (#), as depot s.c. from d-5 in comparison to the solvent (@) treated and at d-1 ovariectomized;

control (O) [4b].
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Table 3

Anti-tumor activity of meso-1-PtCl,, meso-1, DES, E,, cDDP and ovariectomy on the hormone-sensitive ER* MXT-M-3,2 mammary carcinoma of B6D2F; -mice.

Test-group Number of Dose [pmol/kg] Mean tumor weight Standard deviation [mg]® Anti-tumor activity Animal weight [g]¢
animals (n) [mg]? T/C (%)°
Control 11 - 1534 1422 100 +2.6
meso-1-PtCl,° 10 5.0 25 24 1.6 +3.1
meso-1¢ 10 5.0 121 79 78" +2.0
DESF 10 3.7 16 18 1.0° +5.3
E»¢ 10 Depot 8 6 0.5 +3.3
Control 9 - 1570 1081 100 +1.9
meso-1-PtCl,°¢ 9 5.0 45 26 2.8 +1.7
cDDP® 9 5.0 1 16 0.7" +2.1
Ovariectomy® 7 - 117 138 7.5 +6.0

@ Mean tumor weight at day 42 after tumor transplantation.
b Standard deviation of tumor weight.

¢ T/C=[mean tumor weight of test group/mean tumor weight of control group] x 100%; determined at the end of the 6 week therapy.

d

[animal weight at day 42 after tumor transplantation] — [animal weight at day 1 after tumor transplantation].

¢ Dissolved in PEG 400/1.8% NaCl 1:1 (vol/vol), 3 times weekly, i.p., duration of therapy: di-d4,. Meso-1 was administrated as suspension because of its poor solubility in

PEG 400/1.8% NacCl 1:1 (vol/vol).
f In Ol. arachidis, 3 times weekly, s.c.

€ s.c. implantation of 3 mg E; placed in a silicon tube (12 mm, # 1.5 mm), 5 days before tumor transplantation.

h Ovariectomy on day 1 after tumor transplantation.
" Significant against the control (p <0.01).
™ Significant against the therapy with meso-1-PtCl, (p <0.01).

but also in the ER~ MDA-MB-231 cell culture. In contrast, tamoxifen
was selective in that it inhibited growth of ER* MCF-7 cells but not
of ER~ MDA-MB-231 cells. The ligand meso-1 inhibited both cell
lines only marginally.

Invariance with the expectations, meso-1-PtSOg4 did not display
a difference in growth inhibition between hormone-dependent
and -independent cells. Furthermore, growth inhibition was only
observed at concentrations, which were 100-fold higher than those
required for occupation of the ERs. The estrogenic Pt-complex
meso-1-PtSO,4 and cisplatin showed the same lag phase for mani-
festation of growth inhibition (about 15 h, a fraction of the doubling
time) and a first order inhibition kinetics at equieffective concen-
trations confirming that both Pt-complexes acted in the cell culture
experiments by an identical mechanism. The maximally attain-
able level of the non-plasma protein bound fraction of a single
10 pmol/kg i.p. dose of meso-1-PtSOy, a dosage at which this drug
is very active on the murine ER* MXT-M-3,2 breast cancer, lies at
0.35 wM and thus markedly below the concentration that causes a
significant cytotoxic effect on the ER* MCF-7 cell line (T/Ccorr = 68%
at 5 M) [17i].

This result contradicts the formerly postulated assumption that
cisplatin-like cytotoxic effects are responsible for the anti-breast
cancer activity of meso-1-PtSO4. The initial working hypothesis
predicted that E; antagonized the inhibitory effect of meso-1-
PtS0O4 by occupying the ER, thereby preventing the binding of the
complex to the ER and its accumulation in the nucleus. The results
of relevant experiments did not confirm the prediction, since E;
was not able to counteract the growth inhibition produced by this
Pt-complex on ER* MCF-7 cells [16e].

The estrogen-like and cisplatin-like properties of meso-1-PtSO4
are most probably expressed independently at the cellular level. The
partially inconsistent results show that the earlier supposed plain
relation between ER affinity (or estrogenic potency) and activity
against the ER* breast cancer does not exist.

2.2.2. [(RS)-1,2-Bis(2,6-dichloro-4-hydroxyphenyl)ethylenedia-
mine|platinum(Il), pharmacokinetic studies

Pharmacokinetic studies with meso-1-PtSO4 were performed
by Bernhardt and co-workers [17i]. In this context, a paper of
Sprufd and co-workers [19] concerning the anti-tumor activity of
po administered meso-1-PtCl; is of great interest.

The resorption from the gastrointestinal tract was proved by
determining the estrogenic effect of meso-1-PtCl, in a dose activ-

ity study by means of the immature mouse uterine weight test. In
comparison to the sc injection, a 10-fold po dose was administered
to achieve identical effects. By po treatment of the ER* MXT-M-3,2
mammary carcinoma of the mouse with meso-1-PtCl, an almost
complete inhibition of the tumor growth was obtained. This effect
was superior to that of subcutaneously applied cDDP. The strong
anti-tumor activity of po-applied meso-1-PtCl, was also demon-
strated on the hormone-sensitive Noble Nb-R prostate cancer of the
rat. Histological examinations showed that the platinum complex
meso-1-PtCl, did not cause cDDP-like kidney damage or irritations
of gastric or intestinal mucosa if given po. The study suggests that
in the therapy of breast and prostate cancer with meso-1-PtCl, po
administration is possible like in that with satraplatin.

2.2.3. [(RS)-1,2-Bis(2,6-dichloro-4-hydroxyphenyl)ethylenedia-
mine]platinum(II), studies on the mode of in vivo action (compare
Section 6 of part I of this review)

The selective growth inhibitory effect of meso-1-PtCl, in vivo,
obvious from the strong activity on the ER* MXT-M-3,2 breast can-
cer and the inactivity on the ER~ MXT-M-3,2 (ovex) breast cancer
[3a] (see Table 3; Fig. 10a and b; data from ref. [4b]), originally sug-
gested the involvement of endocrinological and/or immunological
factors [16e]. Interestingly, the two estrogens E, and DES produced
the same strong anti-tumor effect like meso-1-PtCl; in the test
on the ER* MXT-M-3,2 breast cancer (Fig. 10, Table 3), an indi-
cation that the estrogenic potency of meso-1-PtCl, might be of
importance for its anti-breast cancer activity.

Later studies as well did not support the original drug targeting
concept offered as mode of action of meso-1-PtCl;:

The marginal inhibitory effect of meso-1-PtCl, on the breast
cancer cell lines derived from the murine ER* MXT-M-3,2 and ER~
MXT-M-3,2 (ovex) breast cancers [ 17k] contradicts a tumor directed
cytotoxic effect utilizing the ER as carrier [4b]. Furthermore, the
experiment discussed below confirmed that the anti-breast cancer
effect of meso-1-PtCl, was caused by its estrogenic potency and
took place via a complex mode of action under participation of cells
of the immune system [4b]. Comparative dose activity studies with
meso-1-PtCl, and the non-steroidal estrogen DES (earlier used in
breast cancer therapy) on ovariectomized mice implanted with ER*
MXT-M-3,2 mammary carcinoma yielded identical results. A max-
imum stimulation of the tumor growth at low dosage was followed
by a regression of the tumor with increasing doses (Fig. 12). The
less anti-breast cancer active ligand meso-1, too, caused a dose-
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Fig. 12. Dose activity relationship of meso-1-PtCl, (B), meso-1 (a) and DES (')
on the hormone-sensitive ER* MXT-M-3.2 mammary carcinoma in ovariectomized
B6D2F; -mice [4b].

dependent growth stimulation and inhibition. The latter finding
also suggested that a cDDP-like mode of action (damage of DNA
function) did not substantially contribute to the inhibition of the
tumor by Pt-complex meso-1-PtCl,.

It is conceivable that the biphasic effect of meso-1-PtCl,, DES
and meso-1 - dose-dependent tumor growth stimulation fol-
lowed by inhibition - which was observed in the therapy of
the hormone-dependent ER* MXT-M-3,2 breast cancer (implanted
into ovariectomized female mice) [4b], is at first mediated by
ERq (growth stimulation) and than by ERg (growth inhibition).
In fact, the hormone sensitive ER* MXT-M-3,2 breast cancer con-
tains besides the ERy also the ERg as recently shown by Kunde
and Hoffmann [20] by proof of expression of ERg-mRNA in this
tumor. However, further studies are necessary to fully understand
this phenomenon, which can only be observed in animal but not in
cell culture experiments under use of the same ERy*/ERg™ breast
cancer cells (see also Section 3.1, part I of this review).

Further studies on the mode of action of meso-1-PtCl, [4a—f]
give rise to the assumption that in ER* MXT-M-3,2 breast can-
cer bearing mice the observed expansion of cells of the Mac/Gra
lineage (i.e. macrophages/granulocytes) is due to the secretion of
hematopoietic growth factors like GM-CSF directly from tumor cells
or indirectly from stroma cells (Scheme 1).

The concomitantly altered Mac/Gra function promotes the
tumor development. It is supposed that the secretion of growth fac-
tors directly stimulating the tumor cell proliferation, the secretion
of proteases and angiogenesis factors supporting the growth, inva-
sion and metastasis of the tumor and the suppression of immune
defence are responsible for the tumor growth promoting effects of
Mac/Gra in the breast cancer graft bearing mice. An interruption
of this vicious circle of mutual growth stimulation of Mac/Gra and
breast cancer cells is achieved by administration of the estrogenic
Pt-complex meso-1-PtCl,. In this process, the attack of the drug
aims at the ERs of breast cancer cells leading to an inhibition of
the secretion of cytokines and with this to a reduction of the ele-
vated Mac/Gra number and to a restoration of their functions in the
natural immunosurveillance. The initiation of apoptosis by meso-
1-PtCl; also contributes to the tumor regression, since this process
isaccompanied by a reduction of the number of Mac/Gra promoting
the breast cancer development Therefore, estrogenic Pt-complexes
can be classified as biological response modifiers (see also Section
6 in part I of this review).

2.2.4. [(RS)-1,2-Bis(2,6-dichloro-4-hydroxyphenyl)ethylenedia-

mine]platinum(Il), a drug for the therapy of prostate cancer
Meso-1-PtLL’ (e.g. LL’ =Cl, ) was also successfully tested against

prostatic tumors [19,21,22] like the Dunning R 3327 prostatic can-

"
ER" breast cancer cells

endocrine therapy 1
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Scheme 1. Hypothetical mechanism of the anti-breast cancer activity caused by
endocrine therapy and by ER-agonistic or ER-antagonistic Pt-complexes. Inhibition
of mutual growth stimulation of breast cancer cells and macrophages/granulocytes.

cer of the rat. Originally, it was assumed that this Pt-complex
acted against the androgen receptor positive (AR*) prostate can-
cer, which is endowed with ERg as well, on two levels. Besides
a direct attack on the DNA after ERg-mediated enrichment in
the tumor cells, its ER-agonistic potency causes androgen abla-
tion, which itself is a common endocrine therapeutic measurement
achieved by orchiectomy or administration of GnRH agonists and
antagonists [22]. However, the benefit of the latter interventions is
limited in time due to the development of therapy resistant tumors
devoid of androgen receptors (AR™). It was supposed that in the
case of the estrogenic Pt-complex meso-1-PtLL’ this process was
delayed owing to its Pt-pharmacophore. Indeed, meso-1-PtLL’ sig-
nificantly extended the time to disease progression in comparison
with orchiectomy in the Dunning R 3327 prostate cancer model
[21,22]. Surprisingly, the relapsed tumor, too, responded to meso-
1-PtLL’ as demonstrated in a long-term study on orchiectomized
rats bearing Dunning R 3327 prostate cancer [22]. This effect can-
not be ascribed to cytotoxic effects of meso-1-PtLL’ because of
the lack of any activity in experiments on prostate cancer cell
cultures. Therefore, the beneficial contribution of an additional
mechanism to the anti-prostate cancer activity of meso-1-PtLL’,
presumably owing to an ERg agonistic activity, must be consid-
ered.

This assumption was supported by results with the non-
steroidal estrogen DES on the Dunning R 3327 prostate cancer of
the rat, relapsed after orchiectomy, showing a strong inhibitory
activity [22]. The supposed mechanism of the anti-prostate can-
cer activity of meso-1-PtLL’ is described in Section 6.2 of part
I of this review and is supported by studies of Corey and co-
workers [23], Joseph and Isaacs [24], Bektic and co-workers [25],
and Gustafsson [26] with estrogens, especially with the phy-
toestrogen genistein which is an ERg selective “partial” agonist
[27,28].

For the therapy of prostate cancer by estrogens and estro-
genic Pt-complexes like meso-1-PtLL’ findings of Hedlund and
co-workers [29a] and Henriksson and co-workers [29b] are impor-
tant: The well-known cardiovascular side effects of orally given
estrogenic compounds can be reduced or even prevented by par-
enteral administration.
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Fig. 13. [1,3-Diarylpropane-1,3-diamine]platinum(Il) complexes [30a-d,g].

3. Studies on [1,3-diarylpropane-1,3-diamine]platinum(II)
complexes

Wiegrebe and co-workers [30a-d,g] performed thorough
studies on the synthesis of diastereomeric 1,3-diarylpropane-
1,3-diamines and their Pt(II)-complexes, which are homo-
logues of the pharmacologically interesting [1,2-diarylethylenedia-
mine]platinum(Il) complexes described in Section 2 of this review.
Some of Wiegrebe’s compounds (e.g. erythro-8-PtCl, or meso-11-
PtCl,, Fig. 13) were endowed with a substituent pattern which
had been proved to be essential for estrogenic properties in [1,2-
diarylethylenediamine]platinum(II) complexes.

The authors took a non-optimal fit of [1,2-diarylethylene-
diamine]platinum(II) complexes, e.g. of meso-1-PtCl;, to the estro-
gen receptor into consideration, since the interconversion of the
conformers is impeded due to a mutual sterical hindrance of
the neighboring aryl residues. They assumed a stronger bind-
ing of the [1,3-diarylpropane-1,3-diamine]platinum(Il) complexes
substituted with 3 or 4 chlorine atoms in the phenyl residues
(erythro-8-PtCl, and meso-11-PtCl;) to the ER compared to their
ethane analogues owing to the higher conformational flexibility of
the six-membered chelate rings. This would lead to enrichment in
ER* tumor cells and to an increase in inhibitory activity.

The [1,3-diarylpropane-1,3-diamine]platinum(Il) complexes
were tested for ER,, affinity in competition experiments with E,
[30e]. Surprisingly, all complexes were only very weakly bound
to the receptor. For example, the RBA of erythro-8-PtCl,, for
which a higher value was expected than for the ethane analogue
erythro-2-PtCl; (RBA=0.095%), only amounted to 0.04%. The RBA
of meso-11-PtCl,, which was considered as top compound of the
propane series, was not determined, since the ligand, meso-1,3-
bis(2,6-dichloro-4-hydroxyphenyl)propane-1,3-diamine, showed
no affinity to the ER and only non-significant estrogenic activity
in the luciferase assay [30f]. UV-difference spectroscopy studies
revealed that this type of Pt-complexes, e.g. erythro-8-PtCl,,
an analogue of erythro-2-PtCl,, is able to bind to native DNA
comparable to cDDP [30e]. Nevertheless, erythro-8-PtCl, proved
to be inactive in the concentration range between 1 and 10 uM
in the test on the ER~ MDA-MB-231 and ER* MCF-7 breast
cancer cell lines [30e]. The three bulky chlorine atoms located

- compd
12-PtCl,
| S
I~ (CH,), PtC
ri,] 2 R2 13-PtCl,
CI—TE—NH—CH@
o] 14-PtCl,

in ortho-positions of both phenyl rings in erythro-8-PtCl, are
most probably responsible for the lack of cytotoxic properties.
Modification of the substitution pattern resulting in meso-9-PtCl,
(2-F4-0H substitution in both phenyl rings) and meso-10-PtCl,
(2-OCH3 substitution in both phenyl rings) caused significant
growth inhibitory effects on the ER~ MDA-MB-231 cell line [30e].
Their diastereoisomers, racem-9-PtCl, and racem-10-PtCl,, were
even highly active in the test on this cell line. Both Pt-complexes
came up to or even surpassed the activity of the standard
tamoxifen on the ER* MCF-7 breast cancer cell line (tamoxifen:
T/C=61%; racem-10-PtCl,: T/C=27%; 1 M drug concentration)
[30e].

Though the latter compounds are of interest for further pre-
clinical studies due to their marked activity on hormone sensitive
as well as insensitive breast cancers, the [1,3-diarylpropane-1,3-
diamine]platinum(ll) complexes have not yielded the desired
strongly ER-affinic drugs.

4. Studies on [1-(2,6-dichloro-4-hydroxybenzylamino)-1-
(2-pyridyl)-2-(2,6-dichloro-4-hydroxyphenyl)ethane]
dichloroplatinum(II) and related compounds

Synthesis and pharmacological evaluation of [2-
(aminomethyl)pyridine]dichloroplatinum(Il)  derivatives, e.g.
those containing multiple substituents in their aryl residues
favorable for an interaction with ER, as represented by the title
compound 12-PtCl,, were described by Brunner and co-workers
[31a-c].

Compound 12-PtCl, showed a relative binding affinity to the
ER (RBA =0.4%) comparable with that of [(RS)-1,2-bis(2,6-dichloro-
4-hydroxyphenyl)ethylenediamine]dichloroplatinum(II) (meso-1-
PtCl,; RBA=0.35%), which proved to be very potent on hormone-
sensitive breast cancer models of rodents (see Section 2.2.1).
Similar data were obtained for 13-PtCl, (RBA =0.38%) and 14-PtCl,
(RBA=0.33%) in a 15 compounds comprising test series. The corre-
sponding ligands were threefold stronger ER-affinic than the three
Pt-complexes (formulae see Fig. 14).

In the cytotoxicity test on the ER~ MDA-MB-231 breast can-
cer cell line a drug concentration of 10 WM was required to attain
a 50% inhibition by 12-PtCl, and 13-PtCl,, while 14-PtCl, was

n R1 R2

1 26-Cl4-OH  2,6-Cl,-4-OH
1 2,6-Cl-4-OH  2,6-Mez-4-OH
0 4-OH 2,6-Cl,-4-OH

Fig. 14. [1-(2,6-Dichloro-4-hydroxybenzylamino)-1-(2-pyridyl)-2-(2,6-dichloro-4-hydroxyphenyl)ethane]dichloroplatinum(Il) and related complexes [31a—c].
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without effect on the growth of this cell line. Among the three com-
pounds, only 12-PtCl, and 13-PtCl, were able to slightly extend
the survival time of mice implanted with P388 leukemia cells if
administered in a dosage of three times 20 and 40 wmol/kg, respec-
tively.

A comparative in vivo study on the ER~ MXT-M-3,2 (ovex) and
ER* MXT-M-3,2, carried out in equimolar dosage (20 wmol/kg three
times weekly for 6 weeks), revealed inactivity of the three Pt-
complexes and their ligands on the hormone-insensitive model and
activity on the hormone-sensitive one. In the case of 12-PtCl, and
13-PtCl; the inhibitory effect on the ER* MXT-M-3,2 breast cancer
was twice that of their ligands; 14-PtCl, and its ligand were equipo-
tent. The increased uterus weight observed after administration of
the ligand 12 on mice bearing the ER* MXT-M-3,2 breast cancer,
confirmed in the uterus weight test on juvenile mice, pointed to
a mode of action of 12 based on ER-agonistic potency thoroughly
described in Section 2.2.3. The assumption of an analogous mode
of action of 12 is supported by the absence of cytotoxicity proved
in tests on the ER~ MDA-MB-231 breast cancer cell line, the P388
leukemia of the mouse and the murine ER~ MXT-M-3,2 (ovex)
breast cancer. The stronger inhibitory effect of 12-PtCl, on the ER*
MXT-M-3,2 breast cancer is possibly caused by the cytotoxic Pt-
pharmacophore. However, this presumption must be confirmed in
further studies.

Compound 12-PtCl; is an interesting anti-breast cancer drug for
further preclinical and clinical investigations.

5. Studies on [1,1,2-triarylethylenediamine]platinum(II)
complexes

1,1,2-Triarylethylenediamines were synthesized as derivatives
of acetoxy substituted 1,1,2-triarylbut-1-enes which had proved
to be strongly active on an estrogen and progesterone recep-
tor positive, postmenopausal human mammary carcinoma serially
implanted into nude mice [32a]. In structure activity studies several
1,1,2-triarylbut-1-enes showed estrogenic and/or antiestrogenic
properties, whereby the extent of these effects depended on the
number and position of acetoxy groups in the benzene rings,
on the length of the alkene fragment and on the configuration
[32b-d]. Hitherto it was assumed that in 1,1,2-triarylbut-1-enes a
B-dialkylaminoethoxy group in para-position of the cis-standing
1-phenyl residue was necessary for the occurrence of estrogen
antagonistic properties like in tamoxifen, a “partial” antiestrogen,
which is used in breast cancer prophylaxis and therapy. It is of
interest that the breast cancer inhibiting activities of the acetoxy
substituted 1,1,2-triarylalkenes rather correlated with their estro-
genic than with their antiestrogenic properties [32d].

By transformation of one of these compounds, 1,1-bis(4-
hydroxyphenyl)-2-phenylethene, a mammary tumor inhibiting
“impeded” estrogen (RBA=29.1%) into its 1,2-diamino derivative,
a ligand with markedly lower ER affinity (RBA =0.638%) possess-
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ing neither estrogenic nor antiestrogenic properties (at the dose
of 1 wmol per mouse) was obtained. The related aquasulfatoplat-
inum(Il) complex 15-PtSO4 (Fig. 15) showed significant though
moderate antiestrogenic and breast cancer inhibiting properties,
presumably due to its changed spatial structure [3b]. In a structure
activity, study further anti-breast cancer active 15 analogues were
obtained (Gust, unpublished results).

6. Pt-complexes linked via a spacer to non-steroidal
“partial” antiestrogens

6.1. 2-Phenylindole derivatives

In contrast to estrogenic 1,2-diarylethylenediamines, the related
2-phenylindoles are “partial” antiestrogens like tamoxifen. This
means that they possess estrogenic as well as antiestrogenic
properties. Both types of compounds, 1,2-diarylethylenediamines
and 2-phenylindoles, are able to inhibit the growth of the
hormone-sensitive breast and prostate cancer [2,6a,b,7a-c| can-
cer [2]. The first antiestrogenically active 2-phenylindoles were
obtained by thermolysis of N,N’-dialkyl-1,2-bis(2,6-dichloro-4-
methoxyphenyl)ethylenediamine hydrochlorides. The free phenols
of the educts proved to be very active on the DMBA-induced breast
cancer of the rat [7a], while 1-alkyl-4-chloro-2-(2,6-dichloro-4-
hydroxyphenyl)-6-hydroxyindoles not only showed a high activity
against this tumor, but also weaker estrogenic effects, a benefit in
the therapeutical application (ref. to the synthesis and anti-tumor
activity [2,7b,c] and to the reaction mechanism [7c]).

In thorough studies, von Angerer [2] received an optimally
active compound, 5-acetoxy-2-(4-acetoxyphenyl)-3-methylindole
(zindoxifene, formula Fig. 16). Zindoxifene was introduced into a
preliminary phase I/II clinical trial on the hormone-sensitive breast
cancer [2]. It also proved to be a potent drug for the treatment
of prostate cancer [2,6a,b]. It is remarkable that zindoxifene was
able to delay the relapse of the Dunning R 3327-H prostate can-
cer by 7 weeks in comparison to castration [6b]. von Angerer and
co-workers [7d-h] used zindoxifene-related 2-phenylindoles as
ER-affinic carriers in Pt-complexes in which 3-alkyl-5-hydroxy-2-
(4-hydroxyphenyl)indoles were linked to [1,2-diaminoethane]
dichloroplatinum(ll), [1,3-diaminopropane]dichloroplatinum(II) or
[2-(aminomethyl)pyridine]dichloroplatinum(Il) by alkyl spacer
groups of varying length (see formula 16-PtCl; in Fig. 16).

All compounds were endowed with the same pharmacologi-
cal properties, whereby the extent of activity depended on the
length of the spacer. The most active compounds showed mod-
erate ER-affinity in vitro and low estrogenic activity in vivo, but
marked effects on ER* breast cancer models in vitro as well as
in vivo. The ER~ breast cancer, however, was only weakly inhib-
ited. The R 3327 Dunning prostatic tumor of the rat, which also
contains ERs, was also inhibited as shown on the example of
the [1,2-diaminoethane]dichloroplatinum(Il) derivative 16-PtCl,

OH
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HN_ NH,

2 2N,/
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15-PtSO,

Fig. 15. Transformation of 1,1-bis(4-hydroxyphenyl)-2-phenylethene to aqual1,1-bis(4-hydroxyphenyl)-2-phenylethylenediamine]sulfatoplatinum(II) [3b].
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Fig. 16. 2-Phenylindole antiestrogen zindoxifene and related ER-affinic Pt-complexes [2].

(n=6) [7e]. A mode of action similar to that of the ligands, which
caused comparable effects, was discussed.

The [2-(aminomethyl)pyridine]dichloroplatinum(Il) derivative
of 5-hydroxy-2-(4-hydroxyphenyl)-3-methylindole (both pharma-
cophores are linked via a hexane spacer in this compound; see
Fig. 17 and formula 17-Ptcl,) was labelled with platinum 191 and
studies of its binding to the ER in vitro and its tissue distribution
in immature, female rats in vivo were performed [7h]. The bind-
ing affinity of the Pt-complex to the ER was very high (RBA =32%).
However, the ER binding study was complicated by a high degree of
irreversible binding to non-ER proteins accompanied by degrada-
tion of the Pt-complex under partial release of the diamine ligand.

OH

CI—Rt—NH—(CH )N _A~cy.

Cl
17-PtCl, O

OH

Therefore, it is difficult to be certain, whether the measured bind-
ing affinity is due to the Pt-complex or whether it arises from the
diamine ligand release. In the tissue distribution studies, much of
the 1Pt-diamine complex was deposited in the liver; there was no
evidence of selective uptake of this compound by estrogen target
like uterus. Thus, it is not clear, whether the observed bioactivity
arises from the interaction of the Pt-complex or of the released
diamine ligand with the ER.

For the development of stable back up substances in this very
interesting class of ER-affinic Pt-complexes, an exchange of the two
Pt-standing chlorine atoms by stronger bound dicarboxylic acids
like CBDCA seems to be the most promising approach.

OH

S W
» B
N =N A~y

CI—fpt—NH,
Cl

18-PtCl,
OH

O(CH,),N(CH,),
Q 0
H,N—PEO
NH,
19-PtDACH: R= H (Z only)

20-PtDACH: R= OH (Z+E)

Fig. 17. Platinum complexes of zindoxifene and tamoxifen derivatives [31c].
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Brunner and co-workers [31c] synthesized an isomer of 17-
PtCl; (i.e. 18-PtCl,) which they assumed to possess an enhanced
cytotoxicity due to its primary aminomethyl group in the Pt-
pharmacophore instead of the secondary one in 17-PtCl, (compare
formula 17-PtCl, with formula 18-PtCly). The complex 18-PtCl,
and its ligand (18) showed significant ER affinity (RBA of 18-
PtCl, =5.3% and of 18 =10.1%) but no cytotoxicity in tests on the
P388 leukemia of the mouse and on the ER~ MDA-MB-231 breast
cancer cell line. However, weak anti-tumor effects of 18-PtCl, were
observed on the ER* MCF-7 breast cancer cell line; they were sig-
nificantly stronger in its ligand 18.

6.2. Triarylethylene derivatives

(DACH)Pt(II)malonates containing tamoxifen (19-PtDACH) or
its metabolite 4-hydroxytamoxifen (20-PtDACH) as carrier were
described by Vessiéres et al. [5]. In these compounds the Pt-
pharmacophore is linked in 2-position of the leaving group
malonate to the para position of the 2-standing phenyl residue. The
authors obtained the pure Z isomer of 19-PtDACH and a mixture of
the diastereomeric 20-PtDACH (E/Z ratio of 80/20). The investiga-
tion of these compounds on their ER,, affinities yielded, as expected,
alower RBA (0.5%) for 19-PtDACH than for 20-PtDACH (6.4%). In the
test on the ER* MCF-7 breast cancer cell line 20-Pt(DACH) inhib-
ited the DNA synthesis somewhat stronger (IC59 =4.0 wM) than the
Pt-pharmacophore (DACH)PtCl; (ICso=6.3 wM), while the effect
found for 19-PtDACH was weaker (IC5g =14.0 wM). These results
suggest that the unobtainable pure Z isomer of 20-PtDACH most
likely possesses an anti-tumor activity on the ER* MCF-7 breast
cancer cell line which markedly surpasses that of (DACH)PtCl, due
to the strong dependence of the ER, affinity and antiestrogenic
potency on the spatial structure of 4-hydroxytamoxifen. Therefore,
the synthesis of stable derivatives of the Z-isomer of 20-PtDACH as
potential drugs is recommended.

Berubé and co-workers [8a-g] reported on the synthesis of
dichloroplatinum(Il) derivatives of a series of ethylenediamines
equipped with a triarylethylene group at the end of a (CH),NH-
CH,-CH,-NH; chain for the therapy of the hormone-sensitive
breast cancer (see Fig. 18). They evaluated the ER affinity, which
pointed to a mode of action according to the “drug targeting con-
cept” as well as to a possible anti-estrogenic potency, and for
confirmation, they performed comparative tests on the ER* MCF-
7 and ER~ MDA-MB-231 breast cancer cell line. Compounds with
a 4-0OH group in two (22-PtCly) or three phenyl residues (23-
PtCl;) showed weak RBA values between 0.2 and 1.4%, while the
non-hydroxyl substituted series 21-PtCl, did not bind to the ER.
The strongest cytotoxic activity, which was comparable with that
of cDDP, showed the non-hydroxy substituted complex series 21-
PtCl,. In contrast to the expections, the ER~ MDA-MB-231 breast
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(CH)N—HN__ NH,
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CI/ Cl

21-PtCI,bR=R'=R"=H
22-PtCl,;R =R’=0OCH; or OH, R"’=H
23-PtCI,,R =R’=R""= OCH; or OH

Fig. 18. 1,1,2-Triarylalkene substituted [ethylenediamine]platinum(Il) complexes
[8a-f].

cancer cell line proved to be more sensitive against the hydroxyl
substituted series 22-PtCl, and 23-PtCl, than the ER* MCF-7 cell
line. In most cases, the higher homologues were more active. The
cytotoxic effects of these drugs seem not to be related to their
affinity for the ER. Berubé and co-workers suggested that the addi-
tion of a triarylethylene moiety to Pt-complexes increases the
hydrophobicity, and consequently the resulting drugs become more
permeable to the membrane.

It must be remembered that not only 1,1,2-triarylalkenes in
which a (dialkylamino)ethoxy residue is attached to one of the
aromatic rings, but also those without this group, cause antie-
strogenic effects and therefore show anti-breast cancer activity
[32a-d]. The extent of the ER affinity and of the estrogen antagonis-
ticeffect of 1,1,2-triarylalkenes depends on the number and position
of the OH groups as well as on the configuration [32a-d]. The
highest ER affinity and antiestrogenic potency were recorded in C2-
alkyl substituted 1,1-bis(4-hydroxyphenyl)-2-phenylethenes and
1,1,2-tris(4-hydroxyphenyl)ethenes with short alkyl chains [32e-g].
Polar terminal groups (e.g. CN or NH;) at the C2-alkyl chain weak-
ened the activity [32h]. The former results recommend additional
experiments which prove, whether a linkage of Pt-pharmacophores
to one of the three aryl residues is suitable for obtaining ER-affinic,
cytotoxic 1,1,2-triphenylalkenes.

6.3. Benzopyran-based platinum(Ill) complexes

Berubé and co-workers [8g] synthesised a series of benzopyran-
based Pt-complexes and evaluated their cytotoxic efficacy in vitro
against different hormone-dependent and -independent breast
cancer cell lines. The new compounds of the 24-PtCl, and 25-
PtCl, types were significantly cytotoxic, whereby complexes from
aminoethylpyridine compounds (Fig. 19) showed superior activ-

X=CH,, O;n=12,m=4

24-PtCl,

n=12, m=24,6,810

25-PtCI,

Fig. 19. Benzopyran-based platinum(Il) complexes [8g].
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ity to their aminomethylpyridine analogs. Furthermore, complexes
from aromatic amines were more potent than their aliphatic amine
analogs. However, the length of linker chain has little effect on
biological activity. Molecular modeling predicted for the 25-PtCl,
series that the 3S,4S, isomer may be the most active of the two
enantiomers. Further, detailed investigation of these compounds
on ER binding would be helpful in designing new anticancer
drugs.

7. Breast cancer inhibiting [1,2-bis(4-fluorophenyl)ethyl-
enediamine]platinum(Il) complexes—compounds acting
according to the drug targeting concept

Fluoro-substituted [1,2-diarylethylenediamine]platinum(II)
complexes proved to be very active on several in vitro and in vivo
tumor models (e.g. leukemia P 388, leukemia L 1210, Ehrlich ascites
tumor, breast cancers: ER~ MDA-MB-231, ER* MCF-7, ER* MXT-M-
3,2, ER~ MXT-M-3,2 (ovex) and others). The efficacy depended on
the number and position of the F-atoms in the phenyl rings, the
used leaving groups as well as on the configuration (RS or RR/SS) at
the five membered chelate ring. The latter (RR/SS-configuration),
as a rule, gave rise to stronger tumor growth inhibiting effects
[9a-h].

Besides [(RS)- and (RR/SS)-1,2-bis(2,6-difluorophenyl)ethyl-
enediamine]dichloroplatinum(Il) [9g,h] the diastereomeric
aqual[1,2-bis(4-fluorophenyl)ethylenediamine]sulfatoplatinum(II)
complexes (meso- and racem-26-PtSO4) showed the best effects
in the test on the ER* MXT-M-3,2 mammary carcinoma of the
mouse [9a,f]. Therefore, meso- and racem-26-PtSO4 were selected
for detailed studies.

7.1. Aqua[1,2-bis(4-fluorophenyl)ethylenediamine]sulfato-
platinum(Il)

The anti-breast cancer effect of the diastereoisomeric 26-PtSQg4
was accompanied by a strong reduction of the uterine weight indi-
cating an estrogen ablation brought about by interference of these
drugs with the steroid biosynthesis (Mechanism B; see Section 2.2).
The fact that neither estrogenic nor anti-estrogenic properties could
be detected in the uterine weight test on juvenile mice [9f] and that
a marked antiproliferative activity was observed on several breast
cancer cell lines [9a] confirmed the existence of a mixed mode of
action.

An important observation was the 22.3- and 10.3-fold accu-
mulation of racem- and meso-26-PtSO4 in ER* MCF-7 breast
cancer cells after a 24h treatment at the anti-tumor effective
concentration of 5 pM, assessed by neutron activation analysis of
platinum by Lux and co-workers [9i,17h]. The accumulation factor
of the standard cisplatin was only 2.55. The comparison of DNA-
associated platinum revealed a base pair/platinum ratio of 2.1 x 10%
for racem-26-PtS0y4, 3.7 x 10* for mes0-26-PtS0,4 and 6.1 x 10 for
cisplatin.

The concept of developing Pt-complexes with greater tumor
specificity than cisplatin or carboplatin by means of ligands
which lend the capability of accumulating in tumor cells to their
complexes seemed (in contrast to ER-affinic Pt-complexes like
meso-1-PtLL’) to be realized with racem- and meso-26-PtSO,.
However, the mechanism of accumulation of racem- and meso-
26-PtS0y is still unknown (compare ref. [33a]).

In comparative in vivo tests on the ER* MXT-M-3,2 breast cancer
of the mouse the anti-tumor effects of racem- and meso-26-
PtS04 were not superior to that of the standard cisplatin [9a,f].
An explanation is the influence of pharmacokinetic properties on
their anti-tumor activity in vivo. For instance, hydrolysis sensi-
tive compounds like the aquasulfatoplatinum(II) complexes racem-

and meso0-26-PtSO4 bind in a fast reaction to bionucleophiles,
especially to chloride ions, and irreversibly to nucleophilic centers
(especially to S-containing residues) of plasma components. From
the latter process insufficient free drug levels can result, which
in turn lead to inadequate anti-tumor activities. Therapeutically
suitable Pt-complexes must have a hydrolysis behavior, which guar-
antees an optimal free drug level in plasma as well as a cytotoxic
level of aquated metabolites within the tumor cell. The highly reac-
tive nature of the aquasulfatoplatinum(Il) moiety of racem- and
meso-26-PtS0,4 is a disadvantage, not only with respect to their
bioavailability, but also to their toxicity.

7.2. [1,2-Bis(4-fluorophenyl)ethylenediamine]dichloro-
platinum(Il)

Interestingly, the testing of the less reactive and therefore better
tolerated dichloroplatinum(Il) complexes meso- and racem-26-
PtCl, yielded no significant growth inhibiting effects on tumor
and uterus of ER* MXT-M-3,2 breast cancer bearing mice [9f], pre-
sumably due to low water solubility and with this insufficient
bioavailability. This assumption was confirmed in comparative
pharmacokinetic studies with the diastereoisomeric aquasulfato-
platinum(Il) complexes (26-PtSO4) which caused plasma levels
sufficient for anti-tumor effects [9m]. In contrast to this, racem- and
meso0-26-PtCl, were active in the ER* MCF-7 breast cancer cell line,
owing to the lower concentration of S-containing plasma proteins
(which inactivate Pt-complexes) in the cell culture medium than
in the blood plasma of test animals [9k]. Accordingly, these com-
pounds showed comparable uptake by tumor cells and therefore
similar cytotoxicity like the corresponding aquasulfatoplatinum(II)
derivatives [9m]. As expected, in this test the (RR/SS)-form of 26-
PtCl;, proved to be more active than its (RS)-form [9k]. Resolution
of the racem-26-PtCl, into its enantiomers failed to enhance the
antineoplastic effect [9k,0].

7.3. Galenical formulation of [1,2-bis(4-fluorophenyl ethylenedia-
mine]dichloroplatinum(II) for parenteral administration

Because of the negative results with the diastereoisomeric 26-
PtCl, in the test on the ER* MXT-M-3,2 breast cancer of the mouse
[9f], a parenterally administrable formulation of the more cyto-
toxic racem-26-PtCl; was developed [9]]. The procedure based on
the reaction of racem-26-PtSO4 with NaCl in water in the pres-
ence of pluronic F 68 as stabilizer and results in a sufficiently
stable colloidal solution (i.e. hydrosol). In contrast to the poorly
water soluble racem-26-PtCl,, which was exclusively effective
in cell culture experiments, its hydrosol formulation proved to
be not only comparably active in vitro in respect to uptake by
tumor cells and cytotoxicity [9],m], but also very potent in vivo
towards the ER* MXT-M-3,2 breast cancer of the mouse [91]. The
racem-26-PtCl,-hydrosol inhibited the tumor growth in a dose-
dependent manner. At the highest dosage (20 wmol/kg) it reduced
the tumor development by 80%. As obvious from the body weight
(BW) of the test animals, the hydrosol formulation was tolerated
very well (BW=21.44+1.2¢g (control 21.1+1.7g) on day 34 after
administration of 20 wmol/kg racem-26-PtCl,-hydrosol). Pharma-
cokinetic studies showed that a long-lasting blood plasma level of
racem-26-PtCl; (>5 M) could be achieved in mice, if the hydrosol
formulation was administered with an intraperitoneally implanted
Alzet micro pump [9m]. In this concentration range the hydrosol
formulation brought about cytocidal effects on the ER* MCF-7 as
well as on the ER~ MDA-MB-231 breast cancer cell line [9],m].
Pharmacokinetic studies with racem-26-PtCl,-hydrosol formula-
tion revealed moreover that in vivo inactivation of a considerable
part of the Pt-complex took place by irreversible binding to plasma
proteins [9m)].
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Fig. 20. Leaving group derivatives of [1,2-bis(4-fluorophenyl)ethylenediamine]platinum(Il) (26-PtLL’): LL' =aquasulfato-, dichloro-, CBDC-, DMSO- and sulfopropionato
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7.4. [1,2-Bis(4-fluorophenyl)ethylenediamine][cyclobutane-1,1-
dicarboxylato[platinum(II)

Therefore, for improvement of the stability against bionu-
cleophiles and with this of the pharmacokinetic behavior of
racem-26-PtCl,, thorough studies were performed, in which sev-
eral mono and dicarboxylic acids were used as leaving groups
instead of chlorides [9n-p]. In an assay employing the ER* MCF-7
breast cancer cell line as test model the activity of racem-26-
PtCBDC proved to be considerably higher than that of carboplatin
(non-significantly active at a concentration of 5 wM; intracellular
complex concentration Ptp¢. =1.2 wM) and equalled the effect of
cisplatin (compare Fig. 21 with Fig. 22) [90]. In fact, with racem-
26-PtCBDC an about 20-fold higher intracellular concentration
than with the therapeutically used carboplatin containing two NH3
ligands instead of the 1,2-bis(4-fluorophenyl)ethylenediamine car-
rier ligand was determined [90]. However, in comparison to its
aquasulfatoplatinum(Il) derivative the anti-breast cancer activity
of racem-26-PtCBDC was reduced (Fig. 21).

The study showed that a marked improvement of the anti-
tumor potency of dicarboxylatoplatinum(Il) complexes endowed
with high stability but low anti-tumor activity, such as carboplatin,
can be achieved by using 1,2-bis(4-fluorophenyl)ethylenediamine
as carrier ligand.

For estimation of the resistance against attacks of bionucle-
ophiles, which inactivate Pt-complexes by irreversible binding on
their way to the tumor, kinetic studies in aqueous solution at 37 °C
with meso-26-PtCBDC using [~ as nucleophile were performed
Scheme 2 [90]. Carboplatin and meso-26-PtCl, were employed
for comparison. For technical reasons the better water soluble
meso-form of 26-PtCBDC and 26-PtCl, was used in these experi-
ments, since no significant differences existed in the rate constants
of diastereoisomeric [1,2-diarylethylenediamine]platinum(II) com-
plexes concerning the exchange of the leaving group by
nucleophiles like H,0 or I~ [90]. This pre-screen allows a fast and
uncomplicated quantitative determination of the products (formed

via direct or indirect nucleophilic substitution; see Scheme 2) by
HPLC and gives useful hints as to the pharmacokinetic behavior
of the respective Pt-complex. Scheme 2 represents the aquation
and the nucleophilic attack at the platinum. From these kinetic
studies (data Table 4) it was concluded that the diastereoisomeric
26-PtCBDC derivatives are relatively resistant against attack by
bionucleophiles like S-containing plasma components in vivo, a
property which in turn should lead to an elevated non-protein-
bound drug level as compared to 26-PtCl,-hydrosol or 26-PtSO;,.

The results of binding studies to human serum albumin (HSA)
confirmed this assumption. HSA, the major protein in plasma and
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Fig. 21. Proliferation inhibiting effect of racem-26-PtSO, (M) and racem-26-
PtCDBC (4) on the ER* MCF-7 breast cancer cell line [90].



R. Gust et al. / Coordination Chemistry Reviews 253 (2009) 2760-2779 2775

120 ——————— 2,00 2.00
120
1.75 1.75
100
150 100 1 150
— 80 —
® 1.25 R 4 4 125
™ o - [ -]
- I~ - Lol
S 60 1.00 w 360 4 100 ®»
Ll
3 o o
Pl 0.75 4 0.75
[ -
40 46
0.50 4 0.50
20
0.25 20 4 025
0,- 1 1 1 1 1 1 1 0 o? 1 1 1 1 1 L 1 0
+] 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Incubation Time [h] Incubation Time [h]

Fig. 22. Proliferation-inhibiting effect of cisplatin (A; 0.5, 1.0 and 5.0 wM) and carboplatin (B; 1.0, 5.0 and 10.0 wM) on the ER* MCF-7 breast cancer cell line [90].
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Scheme 2. Reaction of 26-PtCBDC with nucleophiles on the example of iodide [90].
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Table 4
Rate constants? for the reaction of meso-26-PtCl, and meso-26-PtCBDC as well as
of carboplatin with several nucleophiles at 37°C.

Compound Nucleophile Kkiobs x 105 [s71] Kka.obs x 10° [s71]
meso-26-PtCl, I- 15.9 5.6
meso-26-PtCBDC I~ 0.9 31

Cl- 0.18 1.27

H,O0 0.0011 b
carboplatin I~ 0.7 0.83

Cl- 0.051 b

H,O0 0.0028 L

2 The Pt-complexes (50.0 wM) were reacted with I~ (5.0 mM) and Cl- (154 mM;
physiological concentration), respectively.
b The value is not determinable because of the very high stability of the complex.

mainly responsible for the inactivation of Pt-complexes during
their transport to the tumor, is especially suitable as representative
bionucleophile for in vitro assays allowing an assessment of the
complex stability in vivo. Such experiments were performed with
the more anti-tumor active diastereocisomer racem-26-PtCBDC
(comparison compounds: racem-26-PtCl,, carboplatin and cis-
platin). To imitate in vivo conditions, an HSA concentration of
500 uM was chosen in this assay. A second experimental series,
in which a 50 wuM HSA concentration was used, was performed to
estimate the complex stability in cell culture experiments (Fig. 23).

The binding kinetic of the complexes to HSA was determined
by the measurement of the platinum contents by means of
atomic absorption spectroscopy (AAS) in the ultrafiltrates (i. e.
the non-albumin bound percentage). The experimental results
confirmed the assumption that an exchange of the two chlorine
ligands in racem-26-PtCl, by the bidentate cyclobutane-1,1-
dicarboxylate residue enhanced the stability of this complex
type against nucleophilic attack of plasma components (Fig. 23A
and B). The percentage of the non-albumin bound racem-26-
PtCBDC was considerably higher than that of the corresponding
dichloroplatinum(Il) compound and also superior to that of cis-
platin. In comparison to carboplatin, however, the non-albumin
bound portion of racem-26-PtCBDC was markedly smaller.
The order of stability of the test compounds assessed from
the 25h values in Fig. 23A and B is carboplatin>racem-26-
PtCBDC > cisplatin > racem-26-PtCl, and it is true for the reaction
with 50 .M HSA and with 500 M HSA. The same order of stability
was observed in the reaction with the nucleophile I~.

Though the solubility of racem-26-PtCBDC is sufficient to
achieve concentrations for optimal activity on the ER* MCF-7 breast
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cancer cell line (Fig. 21), it is too low for the preparation of aqueous
infusion solutions containing the required drug concentration. For
the in vivo testing of this Pt-complex it is necessary to develop
formulations by use of appropriate additives. To get better water
soluble, stabile analogues [(RR/SS)-1,2-bis(4-fluorophenyl)ethyl-
enediamine]chloro[sulfinyl-bis(methane)-S]platinum(Il) chloride
racem-26-PtDMSO [9q] and [(RR/SS)-1,2-bis(4-fluorophenyl)
ethylenediamine](sulfopropionato)platinum(II) racem-26-Pt-
sulfopropionate [9r] (formulae Fig. 20) were synthesized.
The former compound was thoroughly studied. It is endowed
with sufficient water solubility for parenteral administration,
with a comparable pharmacokinetic behavior and with the same
molecular mode of action like carboplatin. Owing to its (RR/SS)-1,2-
bis(4-fluorophenyl)ethylenediamine carrier ligand it is markedly
more anti-tumor active than carboplatin on the human ER*
MCF-7 breast cancer cell line. The compound is also an interesting
candidate for further preclinical and clinical studies.

8. Development of further cytotoxic metal complexes
containing a carrier ligand derived from 1,2-bis(4-fluoro-
phenyl)ethylenediamine

A promising development is the polyimine dendrimer complex
26-Pt-Dendrimer (Fig. 24) in which 4 molecules meso-26-PtDMSO
are bonded to the linker N,N,N’,N’-tetrakis(3-aminopropyl)butane-
1,4-diamine [33b]. The compound showed a 20-fold higher cellular
uptake and a ~700-fold higher DNA binding than cisplatin in exper-
iments on ER* MCF-7 breast cancer cells, but only in serum-free
medium, presumably due to a strong inactivation by plasma pro-
teins. Mechanistical studies on the cellular uptake performed with
a dinuclear analogue of 26-Pt-Dendrimer suggested that the drug
accumulation was caused by endocytotic processes [33a]. Further
structural variations are necessary to get a drug suitable for a clinical
application.

Structure activity relationship studies revealed that the
exchange of one 4-fluorophenyl residue in 26-PtLL’ by H or a
short alkyl group resulted in a marked increase of anti-tumor
activity. In particular the (RR/SS)-configurated [1,2-diamino-
1-(4-fluorophenyl)alkane]platinum(Il) complexes 27-PtCl, and
27-PtCBDC proved to be superior to their parent compounds
racem-26-PtCl, and racem-26-PtCBDC and surpassed the stan-
dards cisplatin and carboplatin considerably in their activities
on the human ER* MCF-7 breast and LNCaP/FGC prostate cancer
cell lines [33c]. However, the existence of a drug accumu-
lation, which can be observed for racem-26-PtLL, must be
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Fig. 23. Binding of cisplatin (A, *), carboplatin (A, ¢), racem-26-PtCBDC (B, M) and racem-26-PtCl; (B, a) to human serum albumin (HSA); incubation with 50 uM HSA open

symbols and with 500 wM HSA solid symbols [90].
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Fig. 24. [1,2-Bis(4-fluorophenyl)ethylenediamine]platinum(ll) related polyimine dendrimer complex 26-Pt-Dendrimer, [1,2-diamino-1-(4-fluorophenyl)butane]
platinum(II) complex 27-PtCl, and [3,4-bis(4-fluorophenyl)-1,6-bis(2-hydroxyphenyl)-2,5-diazahexa-1,5-diene]ferrum(Ill) chloride (26-salene-FeCl) [33b,c,g].

proven. Results of thorough studies with enantiomeric [1,2-
diamino-1-phenylalkane]platinum(Il) complexes did not support
an enantioselectivity of these compounds as suggested by the chi-
ral structure of DNA [33d-f]. In contrast to the diastereoisomeric
Pt-complexes the related enantiomers showed at best minimal dif-
ferences regarding their anti-tumor potency.

Furthermore, Gust and co-workers [33g] studied Fe(Ill) com-
plexes such as [(RR/SS)-3,4-bis(4-fluorophenyl)-1,6-bis(2-hydroxy-
phenyl)-2,5-diazahexa-1,5-diene]ferrum(Ill) chloride (racem-26-
salene-FeCl, see Fig. 24) containing an F-substituted 1,2-
diphenylethylenediamine fragment. These complexes proved to be
strongly active on breast and prostate cancer cell lines due to its
capability to accumulate in these tumor cells (e.g. 22-fold in ER*
MCEF-7 breast cancer cells, racem-26-salene-FeCl concentration
5 wM). First studies to the mode of action show that racem-26-
salene can interact with DNA under formation of DNA fragments
and induction of apoptosis. Comparable pharmacological proper-
ties were observed for cobalt(3,4-diarylsalene) complexes (salene:
1,6-bis(2-hydroxyphenyl)-2,5-diazahexa-1,5-diene) [33h].

9. Conclusion

Studies of numerous scientists show that ER-affinic Pt-
complexes are active on estrogen-sensitive (i. e. ER*) tumors like
breast and prostate cancer by acomplex mode of action in which ER-
agonistic or ER-antagonistic properties are involved. ER-mediated
accumulation in tumor cells and increased incorporation into
their DNA may be contributed to the anti-tumor activity, how-
ever, the proof must still be furnished. The functioning of the
concept, improvement of anti-tumor activity by use of carrier
ligands in Pt-complexes, was shown in studies with [1,2-bis(4-
fluorophenyl)ethylenediamine]platinum(Il) complexes.
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