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In this review we summarize our work on development of metallocomplexes with pincer type ligands such as bis-pyr-
azolylpyridine and its camphor derivatives. The review focuses on the correlation between the kinetics reactivity, DNA/
protein interactions and cytotoxicity of these metallocomplexes. In order to establish the structure-activity relationship
for the metal-based drugs, we have designed, synthesized and thoroughly studied the complexes with several transition
metal ions: Pt(Il), Pd(1l), Au(lll) and Rh(Ill). The first part of the present review is focused on the kinetic study of the
ligand substitution reactions of complexes with small biomolecules (5°-GMP and some amino acids). The second part
of the review is about DNA/BSA interactions of these complexes and last part is about cytotoxicity of Pt(1l), Pd(Il),
Au(lll) and Rh(Ill) complexes on different cell lines. Systematic summary of these results will contribute to the future
development of transition metal ion complexes as potential antitumor agents and will have importance to understand
the potential toxicity of metal-based drugs.
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B 0630pe noosedenvi umoeu pabomuvl agmopos no co30aHuI0 MEMAaiIOKOMNILEKCO8 € IUSAHOAMU NUHYEPHO2O0 MUnd,
MAKUMU KAK OUC-NUPAOTUINUPUOUH U €20 Kampopanpouzeo0ubie. OCHO8HOe BHUMANUE YOESTACMCS KOPPETAYUU MENCOY
PeakyuonHoll cnocobrocmoio, e3aumooeticmseuamu JJHK/6enok u yumomokcuyHoCmspio 2mMux MemaiioKOMNieKCos.
Jis yemanosnenus 63aumocesisu CmpyKmypa-akmueHoChb OJisl JIeKAPCMBEHHbIX NPEnapamos Ha 0CHO8e Memdailog
Mbl pazpabomanu, CUHMe3UPOBAIU U MUAMENbHO UZVUUIU KOMIIEKCbL C HECKONLKUMU UOHAMU NEPEeXOOHBIX MEMAll08:
Ptl), Pd(1l), Au(lll) u Rh(1ll). Ilepsas uacmv 0630pa NOCEAUEHA U3YYEHUIO KUHEMUKU PeaKyull 3aMeuyeHus TUeaH008
6 Kkomniexcax ¢ Hebonvuumu ouomonexynamu (5’-I'M®@ u nexomopvimu amunoxucromamu). Bo emopoii ywacmu
paccmampusaemcst e3aumooeticmeue smux komniexcos ¢ JIHK/BCA, a nocneowsisi uacme nocesiujeHa uzyueHuro
yumomoxcuunocmu xomniexcos Pt(Il), Pd(1l), Au(lll) u Rh(Ill) na paznuunvix nunusix kiemok. Cucmemamuueckoe
0000 eHUe SMUX pe3yIbimamos CHOCodCMaEyen pa3gumuio NOMeHYUAId UCHONb308AHUS KOMNILEKCO8 UOHO8 NePEeXOOHbIX
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Bis-pyrazolylpyridine Complexes of Transition Metal Ions

Memajioe 6 Kavecmee npomueoonyxoiesvlx npenapamoe u umeem 6aiHCHoe 3HAYeHUe OISl NOHUMAHUSL BOZMONCHOU
MmMoOKcud4Hocmu Memaflﬂcodepofcawux JIeKapCmeeHHblX cpedcme.

KumoueBrble cioBa: MeramiokoMiniekesl, kuaetuka, JJHK/BCA B3anmoaeicTBrE, IUTOTOKCHYHOCTD.

Introduction

Transition metal complexes are nowadays used all over
the world in medicine for the treatment of many diseases
due to the different mechanism of action.l! The discovery
of cisplatin, cis-Pt(NH,),Cl,, as an antineoplastic agent has
focused attention on the rational design of metal complexes
that can be used in cancer therapy.” Over the past decades,
numerous Pt-complexes have been designed and evaluated
as antitumor agents.”! Among them, only few of them
entered clinical trial and today are successfully use in the
treatment of various types of cancers, such as testicular,
ovarian, bladder, colon, head and neck, and small-cell lung
cancers.'! However, serious side effects as emesis, nephro-
toxicity, neurotoxicity, ototoxicity and drug resistance, are
connected with clinical application of cisplatin.

Today it is generally accepted the fact that major phar-
macological target of Pt-antitumor agents is cellular DNA.
56 There are different ways for the metal complex-DNA
coordination.” However, the most accessible site as well as
the most reactive nucleophilic site for metal binding is N7
atom of guanine, located in the major groove of the double
helix of DNA.®! The main product that is formed during
interaction of cisplatin with DNA is a bidentate 1,2-intra-
strand cross-link, in which cis-[Pt(NH,),]*" undergoes
cross-linkage between two adjacent guanine N7-atoms.
Pl Other coordination modes, for example, interstrand
cross-links or monofunctional DNA-binding, are less fre-
quent. Thus, formed 1,2-intrastrand cross-link adducts are
recognized by a variety of proteins, which results either in
their stabilization or DNA repair. Platination of DNA after
cellular processing disrupts the tertiary structure of DNA
and thus inhibits its replication and transcription.!'

However, Pt-complexes can also interact with other
biomolecules present in the cell. These are primarily sulfur-
containing molecules, i.e. thiols and thioethers, which
have a very high affinity towards platinum.>” Glutathione
(GSH), L-cysteine (L-cys), L-methionine (L-met) and
many other sulfur-donor ligands play an important role in
the metabolism of cisplatin and its analogues. A generally
accepted hypothesis is that the Pt-complex initially binds to
sulfur-donor ligands, which is a kinetically favored process,
and then convert to platinum-DNA adduct, thermodynami-
cally more stable product.'! Pt-S(thioether) product, that
is formed during the interaction of cisplatin and L-met, is
labile towards DNA, i.e. thioether from the coordination
sphere may be substituted by the N7 atom of guanosine-
S'-monophosphate (5-GMP). So, it is believed that Pt-
S(thioether) is suitable intermediate for the interaction of
cisplatin and DNA. On the other hand, Pt-S(thiol) is very
stable product and it can be decomposed in the presence of
compounds known as “rescue agents”, which are exclusively
sulfur-containing compounds, such as diethyldithiocarba-
mate (DEDTC), thiourea (tu), GSH, L-cys and biotin. It is
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assumed that these interactions are associated with toxic
side effects that occur in the body during the chemotherapy.
For these reasons, many research groups have focused their
studies on the kinetic and mechanistic behavior of structur-
ally different Pt(II) complexes through their substitution
reactions with sulfur- and nitrogen-donor biomolecules. The
obtained results are important for understanding the toxic-
ity and antitumor activity of related platinum complexes.
In addition, they can contribute to the development of new
Pt-based drugs with enhanced antitumor activity and with
fewer side effects.!'?!

Furthermore, a huge need towards the drugs with
antiproliferative activity of improved properties has led to
the synthesis of non-platinum drugs. Such, numerous drugs
based on palladium,3'51 gold,"®! ruthenium,!'”’ rhodium, ¥
etc., were studied as potential platinum replacements. One
of the greatest interests for the development of the Pd(II)
complexes as anticancer agents is based on similar coordi-
nation chemistry of Pt(Il) and Pd(IT) compounds.[”? Because,
many Pd(IT) complexes are often used as model molecules to
test the kinetics and mechanism of the substitution reactions
with biomolecules. Unlike the Pt compounds, they react too
fast producing very reactive species that are unable to reach
their pharmacological targets. In order to achieve greater
activity of the drug based on the palladium, it is necessary
to stabilize it by bulky chelating ligand which can reduce
its reactivity and unwanted side effects. On this way, many
Pd(IT) complexes were synthetized with comparable or even
with better antitumor activity than the cisplatin in vitro.
51 There are a number of studies in the chemistry of Pt/Pd
complexes that have shown promising results in the field of
anticancer chemistry, indicating that the biological activity
of these complexes can be influenced by variation of their
carrier ligands. Significant advances have emerged from
this aspect of design.

Another important aspect that should be considered
during the design of effective anticancer drugs is their abil-
ity to be transported to the target site. The most abundant
carrier proteins are serum albumins (SA) that have an
important role in the transportation and deposition of many
biologically active compounds in the circulatory system.
Therefore, studies on the binding properties of biologically
active compounds toward these macromolecules can pro-
vide very useful information about therapeutic effectiveness
of drugs.!"

Among the several metals other than platinum,
gold compounds have gained increasing attention in the
design of new metal-based anticancer therapeutics.?%2!
The mechanism of action of anticancer Au-complexes is
largely unknown. At the beginning of the research, the DNA
was considered to be the biological target, but later studies
showed that thiol-containing proteins/enzymes, such as
thioredoxin reductase (TrxR), can play important roles in
their mechanism of action.*? It was demonstrated that some
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Au(IIl) complexes showed high cytotoxicity against solid
cancer tumors in vitro and in vivo causing minimal systemic
toxicity.”>?# In the present review we have included a short
report of the chemistry and reactivity of novel Au(III) pincer
type complexes. One of the major challenges for the medi-
cal development of Au(Ill) complexes is their stability in
aqueous solutions. The investigation of new Au-complexes
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showed that they have a good potential to overcome the
cisplatin resistance problem.

Since Rosenberg’s!!l discovery to today intensive inves-
tigations showed that, except Pt(II) complexes, ruthenium
metal-drugs exhibit very good properties as anti-tumor
drugs, but none of them were ever used in clinical prac-
tice.>27 Such knowledge lead us to search toward metal
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[PA(H,L™HCI]" (1), [PAMe,L™)CI]" (2), [PLH,LP)CI]™ (3), [PtMe,L™)CI]" (4), [Au(H,L™)CI> (5),
[AuMe;L)CI (6), [Au(Me;L*)CIT (7), [Rh(H,L™)CL] (8), [Rh(Me,L*)Cls] (9), [Rh(terpy)Cls] (10),
(where H,L™" = 2,6-bis(5-(tert-butyl)-1H-pyrazol-3-yl)pyridine, Me, L™ = 2,6-bis(5-(tert-butyl)-1-methyl-

1H-pyrazol-3-yl)pyridine, ~Me,L* =

2,6-bis((4S,7R)-1,7,8,8-tetramethyl-4,5,6,7-tetrahydro-1H-4,7-

methanoindazol-3-yl)pyridine, terpy = 2,2%,6',2"-terpyridine)

Figure 1. Structures of the studied complexes.
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Bis-pyrazolylpyridine Complexes of Transition Metal Ions

complexes containing metals such as rhodium, osmium and
iridium.?® Because of their inertness, rhodium and osmium
complexes have just recently received increasing attention.
Reactivities, binding preferences and cellular uptake of
these complexes strongly reliant on the combination of their
ligands and the geometry of coordination.*” Inertness, as a
specific characteristic of these metals complexes, that was
in the beginning seen as a drawback, has contributed to
the further design of complexes with a specific target for
proteins, enzyme inhibitors, as well as DNA.2%

Taking all above into account, here, we present our
results which refer to Pt(II), Pd(II), Au(Ill) and Rh(III)
complexes containing pincer type ligands. In this review
we summarize the data obtained through the studies of the
interactions of these complexes with important biological
molecules such as amino acids, peptides, 5’-GMP, DNA and
proteins. In addition, the results of in vitro cytotoxicity on
different cancer cell lines were presented as well.

Camphor-Derived bis-Pyrazolylpyridine
Complexes

Many diverse ligands are extensively used in the
synthesis of complexes which could show potential activity
as cytostatic. Moreover, the role of the ligand is very sig-
nificant, even ligand can increase or decrease the activity
of the metal ion in complex compound. We chose to use
bis-pyrazolylpyridine ligands and its camphor derivatives to
design a complexes of Pd(1I), Pt(11), Au(I1T) and Rh(III). The
used ligands are pincer type ligands with diverse substituent
patterns on the pyrazolyl moiety, creating the differences in
space configuration and electron density distribution that
could influence on biomolecular interaction potential or
cytotoxicity. In recent years, metal ion complexes contain-
ing bis-pyrazolylpyridine ligands have gained increased
attention, because of their rich coordination chemistry,
and a number of established and potential application areas
including medicinal chemistry.?%31 It was demonstrated that
the proper choice of ligands surrounding a metal center is
crucial, as they affect the chemistry and reactivity of the
complex.®? The structures of studied complexes are pre-
sented in the Figure 1.

Substitution Reactions

In this part of current review, we present the relation
between structure and activity of complexes containing
tridentate nitrogen-donor chelating system throughout
substitution reactions with biologically important small
biomolecules. The kinetic and mechanism of the substitu-
tion reactions of studied complexes (Figure 1) with impor-
tant biological ligands such as thiourea (tu), L-methionine
(L-met), L-cysteine (L-cys), glutathione (GSH) and guano-
sine-5’-monophosphate (5’-GMP) were studied.?**¢ Some
obtained results are given in the Table 1.

The obtained results have reported a much higher reac-
tivity of Pd(II) complexes compared to the corresponding
Pt(II) complexes (Table 1). As palladium-based complexes
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Table 1. A summary of the rates of ligand substitution reactions
with 5’-GMP and L-met.

5’-GMP, L-met, Ref

k, M's™) ke, M™'s™)
[PA(H,L®)CI]* (1) 920+ 10 14500 + 100 1331
[Pd(Me,L™)CI]* (2) 810+ 10 11800+ 100 B3
[Pt(H,L*®)CI]"(3) 0.054+0.002  0.626+0.004 B3
[P(Me,L®)CI]* (4)  0.044+0.001  0.508=0.001 B3
[Au(H,L®)CI]* (5) 6800 + 200 / 134
[Au(Me L®)CI]**(6) 5300+ 300 / 134
[Au(Me,L*)CI** (7) 4400 + 200 / 1341
[Au(terpy)CI]>* 2250 = 30 / 67
[Rh(H,L™)CL,] (8) 0.41+0.01 024+0.02 B9
[Rh(Me,L*)CL] (9) 5.6+0.1 0.38 +£0.01 1361
[Rh(terpy)CL] (10) 0.40 +0.01 0.034+0.001 B9

are more reactive compared to analogue platinum complexes
(10°-10° times), that was expected.!'¥] In addition, complexes
with H,L™ inert ligand (1 and 3) showed slightly higher
reactivity than those with Me, L™ (2 and 4), indicating the
steric influence of chelating ligands on the reactivity of
complexes. That was assigned to the presence of the methyl
substituent on the nitrogen atom in Me, L*®", which makes
the arrival of the entering ligands to the metal center more
difficult. Also, reported results confirm well established fact
that sulfur-containing molecules are stronger nucleophiles
than nitrogen donors. So, the following order of reactivity
of the used ligands was found for the substitution reactions
of studied complexes 1-4: tu > L-cys > L-met > 5'-GMP.I*¥
Thiourea showed the highest reactivity, because it combines
the ligand properties of thiolates (n-donors) and thioethers
(o-donors and m-acceptors).’! However, L-cys was more
reactive than L-met due to the steric hindrance of volu-
minous methyl group on the sulfur atom in the molecule
of thioether. Further, 5°-GMP, as nitrogen donor ligand,
showed the lowest reactivity. Based on the DFT results it
was showed that complexes 1-4 have similar stability as the
analogues terpy complexes.3 However, it is interesting to
note that terpy complexes of Pt(II) and Pd(II) do not react
with thioethers, but these complexes showed significant
reactivity towards L-met. That was explained by smaller
steric effect of terminal five-membered heterocycles on the
arrival of thioether to the metal center.** On the other hand,
the reactivity of the Pt(II)-terpy complex towards 5’-GMP!
is up to three orders of magnitude higher than the reactivity
of 3 or 4 complexes (Table 1). This means that the nature of
the chelating and entering ligands can greatly influence the
rate of substitution reactions of the pincer-type complexes.
More recently, we focused our attention on the pincer
type Au(IIl) complexes bearing tridentate chelating ligand
such as bis-pyrazolylpyridine ligand. In order to see whether
these types of ligands could enhance the kinetic reactivity of
the ligand substitution reactions of Au(Ill) complexes with
biomolecules, and also, whether these interactions improved
the anticancer activity of the studied complexes, we devel-
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oped new monofunctional Au(Ill) complexes of the general
formula [Au(N-N"-N)CI|CL,, where N-N-N = H,L®" (5),
Me, L (6) or Me,L* (7).°4 Figure 1 presents the structures
of Au(IlI) pincer complexes discussed in this review.

The activation parameters and the rate constants for
the ligand substitution reactions of Au(III) pincer complexes
with: 1) nucleoside guanosine (Guo), ii) nucleotide 5’-GMP,
and iii) calf thymus (CT)-DNA were determined.?*! The
obtained values of the activation entropies (AS,”) and
activation enthalpy values (AH?) suggested associatively
activated substitution processes and indicated that the for-
mation of bonds is favored. Regarding to the interactions
of complexes 5-7 with biomolecules Guo, 5’-GMP and
CT-DNA, the rate of the reactions, k,, could be modulated
by the choice of the inert tridentate chelating ligand and by
the nature of the entering ligand. The reactivity of these Au
pincer complexes with biomolecules followed the order: 5
(H,L™®")> 6 (Me,L™") > 7 (Me,L*), that can be explained by
the steric hindrance and 6-donicity of the methyl substituent
on the bis-pyrazolylpyridine fragment in the case of 6 and
7.4 The similar trend of reactivity was observed for the
ligand substitution reactions of similar square-planar Pt(I)
and Pd(II) pincer complexes with biomolecules.?]

The Au(I1I) complexes 5—7 had a good affinity towards
the studied biomolecules and the order of reactivity was:
CT-DNA > Guo > 5’-GMP. All three complexes bound to
CT-DNA faster than they bound to guanine derivatives, Guo
and 5’-GMP, which was attributed to a higher number of
binding sites on huge DNA molecules. The reactions with
Guo and 5’-GMP were undoubtedly strongly related to their
voluminosity, since the more sterically crowded 5’-GMP
reacted up to two times slower than Guo.4

In 2012, Bugarc¢i¢ and van Eldik reported the kinetic
study of the monofunctional Au(IIl) complexes bear-
ing a tridentate chelating ligand of the general formula
[Au(N-N-N)C1]**, where N-N-N = 3-azapentane-1,5-diamine
(dien) or 2,2;6°,2”’-terpyridine (terpy), with biologically rel-
evant nucleophiles such as L-histidine (L-His), inosine (Ino),
inosine-5’-monophosphate (5’-IMP) and 5’-GMP.F"! Com-
paring the k, values for the ligand substitution reactions with
5’-GMP, it can be seen that Au(IIl) pincer complexes with
bis-pyrazolylpyridine ligands (5-7) reacted from one to two
orders of magnitude faster than the Au(III) complexes with
terpy or dien as a tridentate ligand, demonstrating that the

ka2, (M's™)
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nature of the tridentate chelating ligand significantly affects
on the rate of the substitution reactions with monofunctional
gold(II) complexes. Additionaly, the authors reported
the associative mechanism for the substitution reactions
of monofunctional Au-dien and Au-terpy complexes that is
in accordance with the results obtained for Au(IIl) pincer
complexes. Similar observations were reported by Bogojeski
et al. for the kinetic reactivity of Rh(III) pincer complexes
with bis-pyrazolylpyridine ligands and for Rh(III)-terpy
complexes.[3>3!

In addition, we have chosen to study the same type
of complexes with Rh(III) as metal ion, since in recent years
complexes of Rh, Os and Ir have been intensively examed
in relation to possible anti-tumor activity. According to
the obtained data (Table 1), studied Rh(IIT) complexes are
reactive toward all of the tested nucleophiles, with order
of reactivity 5-GMP > GSH > L-met.’>3¢ Since Rh(III),
unlike Pt, Pd and Au complexes, are borderline hard-soft
acids it was expected that they have the highest affinity for
nitrogen-bonding nucleophiles, 5’-GMP. The lower reactiv-
ity of L-met over GSH could be due to the steric effects.
Unlike Pt, Pd and Au how favor to bind to sulfur-donor
nucleophiles, the Rh(III) displays the greater affinity toward
the nitrogen-donor nucleophile, 5-GMP, and it can compete
with sulfur-donor nucleophiles, L-met and GSH. These
observations are of special interest, since under biological
conditions within the cell, these sulfur-donor biomolecules
are present in relatively high concentrations and therefore
compete with the DNA. The order of reactivity of the inves-
tigated Rh(IIT) complexes is such that complex with Me,L"
is more reactive than complexes with terpy and H,L*®".

The studied Rh(III) complexes interact with small
biomolecules in the same order of reactivity as Pt(Il) com-
plexes. It is interesting that Rh(III) complex with camphor
derivative ligand Me,L* interacts faster than complex with
bis-pyrazolylpyridine or terpy ligand (these two complexes
interact almost with same constant). However, for the same
Au(IIT) complexes, it has been observed that also Me L*
reacts almost similarly to the bis-pyrazolylpyridine or terpy
complexes. Of course, we must consider the fact that the
studied complexes of Rh(IIl) are octahedral complexes,
while the other complexes have square-planar geometry.

Finally, we can conclude that the reactivity of the com-
plexes with different metal ions follows the order: Au(III)

9000+

6000

3000

Palladium(ll)

Platinum(ll)

Gold(lly Rhodium(lll)

Figure 2. Comparison of k, constants for different transition metal ion complexes containing H,L** ligand.
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Bis-pyrazolylpyridine Complexes of Transition Metal Ions

complexes > Pd(II) complex > Rh(III) complexes > Pt(II)
complexes (Figure 2).

We believe that the research data presented herein
of ligand substitution reactions can provide some insights
in the possible use of kinetics studies as tools for rational
design and development of metal-based antitumor drugs.

Interactions with CT-DNA and BSA

Since DNA is an important potential biological target
for many metal-based anticancer complexes, it is of a great
importance to understand DNA binding properties of poten-
tial anticancer agents. The transition metal complexes can
bind to DNA via both covalent interaction (replacement of
a labile ligand in the complex by a nitrogen base of DNA)
and/or non-covalent interactions (intercalation, electrostatic
or groove binding).'®! The binding affinity of complexes
shown in Figure 1 to CT-DNA and BSA was studied using
by different experimental methods.** ¢!

The published results showed that the studied Pd(II)
and Pt(II) complexes (1-4) have a very high binding affinity
toward DNA molecule (Table 2). Pt(Il) complexes exhibited
much higher binding affinity than Pd(II) complexes.*
Additionally, the results showed that complexes containing
Me,L®* chelating ligand (2 and 4) exhibited higher bind-
ing constants than those with H L** (1 and 3). This means
that external contacts strongly influence on the strength of
the studied interaction.?) Complexes 1-4 have shown the
intercalation as one of the possible DNA-binding modes.
The intercalating properties into DNA were also confirmed
for analogue Pt(II)-terpy complex.*® Additionally, compar-
ing the K| values of complexes 1-4 (the order of magnitude
10* M) with those published for Pt(II)/Pd(II)-terpy
complexes (10° M 1), it can be seen that terpy complexes
have a higher binding affinity to DNA. As noted above, the
results of these interactions are of the great importance for
evaluation of therapeutic effectiveness of the drug.

In addition, the interaction of complexes 1-4 with BSA
was examined. The reported data indicate a good binding

Table 2. The obtained constants for interaction of studied complexes
with CT-DNA and BSA.

CT-DNA, K, BSAK, o
104 (M) 10 (M) ef.
[PA(HLL™)CI]* (1) 1940.1 1.9+0.1 B3]
[Pd(Me,L™)CI]* (2) 24402 32402 B3
[P(H,L™)CI]* (3) 53+0.1 47+0.1 B3]
[Pt(Me,L™)CI] (4) 55+0.1 49+0.1 B3]
[AU(HLLB)CIP* (5)  0.57£0.01 / B4
[Au(Me,L®)CIF* (6)  0.46+0.01 / B4
[Au(Me,LCIP(7)  0.16£0.01 / B4
[Rh(H,L®)CL] (8) 9.7+0.1 3.0+0.1 s
[Rh(Me,L*)CL] (9) 83+0.1 3.9+0.1 el
[Rh(terpy)CL] (10) 7.0+0.1 034+0.01 0
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affinity of complexes to BSA (10* M) (Table 2). The order
of activity of the tested complexes is the same as that con-
firmed for DNA.

To examine the binding mode of the Au(Ill) pincer
complexes toward DNA, we have studied the interactions
of complexes 5-7 with CT-DNA by UV-Vis and fluores-
cent spectroscopy, viscosimetry and molecular docking.
The DNA-binding constants (K,) are presented in Table 2.
Our results indicated that these complexes showed a moder-
ate binding affinity, with 5 exhibiting the highest affinity
towards DNA. Combining experimental and docking
results (Figure 3) it appeared that, although these three
complexes had similar structures, the smallest complex 5
showed the most effective intercalation via m—mn stacking,
which was strengthened by an additional H-bonding. The
bullkiest complex 7 experienced the highest steric hin-
drance and, hence, less effective intercalation. According
to the k, and K| values (Table 2), it can be seen that there
is a positive correlation between the kinetic reactivity and
DNA interaction of the Au(IIl) pincer complexes.*Y Similar
observations were reported by Liu and Messori for the
planar Au(III)—terpy complex which can intercalate into the
DNA double helix.?** Guo and coworkers reported the in
vitro cytotoxicity against several human cancer cell lines
and DNA-binding affinity of four Au(IIl) complexes of the
4’-substituted terpy ligands. The results shown that DNA
could be the biological target for Au(III) complexes, and the
structural variation of the terpyridine derivatives may have
a significant impact on their DNA binding properties.*!
Additionaly, they demonstrated that there was a positive
correlation between DNA interactions and antitumor activ-
ity of the studied complexes.

Also, we have studied the interaction of the same type
of Rh(IIT) complexes with CT-DNA and BSA.F>3¢ The very
similar order of reactivity was obtained as in case of kinet-
ics measurements; namely UV-Vis and fluorescence spec-
troscopic studies both show that the complex with Me L*
interacts more strongly than terpy and H,L*". For Rh(III)
complexes it was noted a somewhat higher affinity for
CT-DNA than BSA, what is in agreement with obtained
result from kinetic studies, where all complexes reacted
faster with 5’~-GMP than with sulfur-donor molecules. Com-
plexes with Me L* and H L™ have reasonable affinity for
BSA, while terpy displayed slightly lower affinity (Table 2).
The terpy-Rh(I1I) complex appears to interact stronger with
CT-DNA.

Figure 4 shows that Pt(II) and Rh(III) complexes inter-
act significantly better compared to Pd(Il) and Au(IIl), i.e.
Rh(IIT) complexes exhibit the highest degree of interaction.

In vitro Cytotoxicity

The cytotoxic effect of complexes 1-4 on tumor cell
lines HeLa (human cervix adenocarcinoma), PANC-1
(human pancreas ductal adenocarcinoma), HCT-116 (human
colon cancer cell line) and healthy cell line MRC-5 (human
fetal lung fibroblasts) was evaluated. All complexes showed
the moderate to high cytotoxic activity (Table 3). In the
case of Pt(Il) and Pd(II) complexes, HeLa cells were more
sensitive to the effects of complexes compared to PANC-I.
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Complex 1 showed the highest cytotoxicity on both tumor
cell lines, HeLa and PANC-1. For example, IC, values after
48 h of exposure were 13.7 pg/mL and 38 pg/mL for HeLa
and PANC-1, respectively, but for cisplatin these values
were 9 pg/mL and 16 pg/mL.B3 Complex 2 showed several
times higher IC, values than 1, for both cancer cell lines.
For complexes 3 and 4 it was found that they exhibit the
strongest cytotoxic effect on HeLa cells at the highest con-
centration, while PANC-1 cells were less sensitive toward
these complexes. Therefore, different sensitivity of the
treated tumor cell lines indicates that these compounds could
be potentially useful in therapy of certain types of tumors.
The presented results may contribute to the development
of new antitumor Pd(II)/Pt(II)-based drugs and the finding
of alternative cancer treatment procedures.

Table 3. In vitro anticancer activity of Pt(II) and Pd(II) complexes
1-4 on different cancer cell lines.53!

Cell line 1Co (M)
1 2 3 4 cisplatin
HeLa 24h 60 240 90 80 26
48h 137 83 57.1 70 9
PANC-1 24h 67 360 410 >1000 48
48h 38 372 168 146 16
MRC-5 24h 45 240 78 240 180
48h 33 180 70 140 43

Recently, we have tested the cytotoxicity of Au(III)
pincer complexes 57 in several cell lines derived from
human cancers, i.e. lung carcinoma (A549), melanoma
(A375), colon carcinoma (LS-174 and HCT 116), breast
carcinoma (MDA-MB-231) and cervix carcinoma (HeLa),
and in two cell lines derived from mice, i.e. colon carcinoma
(CT26) and breast carcinoma (4T1).24%?1 We then compared
the obtained IC, values, which are summarized in Table 4.
The MTT results revealed that complexes 5—7 and cisplatin,
show dose-dependent cytotoxic effects against all tested
cancer cells. The most active complex proved to be 5 with
IC,, values being up to 0.7 uM. The compound 5 emerged

Table 4. /n vitro anticancer activity of Au pincer complexes 5-7
and cisplatin against different cancer cell lines.

Cell line G (WMD) Ref.
5 6 7 cisplatin
LS-174 112 - - 244 B4
A549 20.1 - - 24.1 B4
A375 13.1 - - 23.1 B4
HeLa 13 3.4 57 26.7 42
MDA-MB-231 16 151 54 30.8 2]
4T1 1.7 >100 6.2 1.8 2
HCTI116 07 539 41 1.6 12
CT26 43 2604 62 2.6 )
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as the most efficient cytotoxic agent against three human
cancer cells HeLa, MDA-MB-231 and HCT116, and against
4T1 cell line derived from mice, following a 72 h incubation
period. The most prominent effect of complex 6 was noticed
in HeLa cells with IC, values of 3.4 uM. Similarly, follow-
ing the same incubation period, the complex 7 significantly
decreased the viability of three human cancer cells (HeLa,
MDA-MB-231 and HCT116) and two cells derived from
mice (4T1 and CT26). Complexes 5—7 were shown to induce
apoptosis of HeLa cells by caspase-dependent mechanism.
We have also shown that 5 induced perturbations of the cell
cycle and led to apoptosis in human melanoma A375 cells.
Additionally, complex 5 affected the level of reactive oxygen
species (ROS) in the same cells. However, pre-treatment of
A375 cells with NAC (N-acetyl-L-cysteine) (ROS scaven-
ger) reversed the effect of 5 on their survival. To sum up, the
antitumor efficacy of Au(IlI) pincer complex 5 was in a good
correlation with the kinetic reactivity and DNA binding
affinity. Furthermore, we demonstrated that Au(III) pincer
complexes showed the highest cytotoxicity with IC, values
up to 0.7 uM for HCT116 cells, compared to analogous
compounds of platinum, palladium and rhodium.[33-3¢421

All studied Rh(III) complexes were investigated on
human colorectal cancer HCT-116 cells using an MTT
assay.’>*1 Compound M_L* showed the most significant
effects with an IC_, of 80.01 uM and 7.26 uM after 24 and
72 h treatment. This anti-proliferative effect by M L* was
concentration and time dependent. In contrast, H,.L*™" and
terpy were not cytotoxic against HCT-116 cells under our
laboratory conditions.

Conclusion

We have demonstrated that the rates of the substitution
reactions of metallocomplexes with biologically relevant
molecules can be controlled by the choice of the inert tri-
dentate chelating ligands and metal ion, as well as by the
chemical nature of the entering ligand. Generally, less steri-
cally hindered complexes containing H,L*™" ligand exhib-
ited higher kinetic reactivity compared to the corresponding
compounds that are more sterically hindered which contain
Me, L®" ligand. Moreover, the kinetics reactivity of the
selected transition metal-based complexes depended also on
the nature of the metal ions following the order of reactiv-
ity: Au(IIT) > Pd(IT) > Rh(III) > Pt(II) complexes. On the
other hand, the Pt(II) pincer complexes were more reactive
in the substitution reactions with L-met compared to the
corresponding Rh(III) pincer complexes.

Also, in this review we have summarized the impor-
tance of studying interactions of DNA and BSA with com-
plexes of several metal ions such as Pt(I), Pd(II), Au(III) and
Rh(III). Comparing the K values obtained for the interac-
tions of these complexes with CT-DNA, it can be seen that
Au(IIT) complexes showed the lowest DNA-binding affinity
(K, = 10° M") what is opposite to their anticancer activity
(IC,, = 0.7 uM). However, Rh(III) complexes exhibited
a higher interaction with DNA but not so pronounced cyto-
toxicity. We suggested that DNA is not the primary target for
selected Au(IIT) and Rh(III) pincer complexes. Among the
complexes of various metal ions that we have described in the
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present review, it appeared that Au(I1I) pincer complexes are
the most potent cytotoxic agents against the studied cancer
cell lines. Complex 5 showed the highest cytotoxicity with
IC,, of 0.7 uM against HCT116 cells with apoptosis being the
main mechanism of complex-induced cell death. Overall, we
have demonstrated the potential of metal-based pincer type
complexes as promising candidates for future pharmacologi-
cal research. After the careful review of our works on Pt(II),
Pd(I1), Au(III) and Rh(III) complexes, it becomes clear that
these complexes offer a promising approach to the develop-
ment of new anticancer agents.
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