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Abstract—A final review of the results of studies of versatile biological activities (in vitro) of chiral metal com-
plexes with benzylamine and ethylenediamine derivatives of terpenes is presented. The cytotoxic profiles of
palladacycles containing a Pd—C bond and palladium and zinc chelate complexes were determined. For a
number of compounds, the possible mechanisms of potential anticancer action were analyzed, such as mod-
ulation of mitochondrial functioning and effect on the parameters of glycolytic function of tumor cells. The
antibacterial and antifungal activities of palladium complexes of different types and copper chelate complexes
were investigated. A correlation between high antimicrobial activity and antioxidant properties was found for
a number of copper complexes. The material is supplemented by an extended analysis of publications in rel-

evant subjects.
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INTRODUCTION

Currently, hundreds of metal-containing pharma-
cological drugs are used in clinical practice [1—3].
They include both diagnostic compounds and thera-
peutic drugs. The interest in these compounds is con-
stantly increasing. A special group is represented by
metal complexes in which the organic ligand is coor-
dinated to a metal ion. Metal ions play an important
role in various biological processes [4]. The coordina-
tion to a metal can modify the properties of an organic
ligand. This is confirmed by the fact that in almost
90% of the studied ligand—metal complex pairs, the
biological activity of the original ligand is significantly
lower [5—9]. In the therapy, there are numerous tasks
that cannot be performed by traditional organic mole-
cules because of increasing drug resistance. Reviews
on recent advances and prospects for the use of metal
complexes as pharmaceutical drugs are actively pub-
lished [5—11].

It was reliably established that chirality is an
important factor for the efficiency of pharmaceuticals,
as virtually all bimolecular targets are also chiral and
exist, most often, as single stereoisomers. However,
enantiomerically pure ligands are not always available;
therefore, the search for these compounds is still a rel-
evant task. Natural monoterpenoids such as camphor
[12] and a-pinene [13] are inexpensive commercially
available compounds; this enables successful use of
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their derivatives as precursors for the synthesis of
ligands and metal complexes of different types. Versa-
tile biological activities of synthetic derivatives of nat-
ural terpenoids were established reliably [14—18], in
particular, for metal complexes noted in the
review [19].

We prepared pinane and bornane derivatives of
benzyamine HL'-HL’ (Scheme 1) and ethylenedi-
amine HL*—~HL'® (Scheme 2) as N-donor ligands for
the synthesis of various metal complexes. Camphor
and o-pinene were chosen as the starting chiral com-
pounds for this purpose; we used these compounds as
different stereoisomers with high enantiomeric purity.
Thus, we had two groups of ligands at our disposal:
terpene derivatives of benzylamine are of interest for
the possible preparation of palladacycles, while eth-
ylenediamine ligands form metal chelates. The pre-
sented final report addresses the results of studies of
versatile biological properties of palladium, zinc, and
copper complexes with terpene ligands. Description of
the methods of synthesis, structures, and characteris-
tics of these metal complexes and free ligands can be
found in our relevant publications. The ligands, ben-
zylamine and ethylenediamine terpene derivatives, are
depicted in Schemes 1 and 2, respectively:
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ANTIBACTERIAL AND ANTIFUNGAL
ACTIVITY OF PALLADIUM(IT) COMPLEXES
OF VARIOUS TYPES

The growing number of multidrug-resistant
microbes is a severe threat to existing antimicrobial
therapy, and the lack of technical innovations hampers
the development of new drugs to combat the growing
resistance rates. This led to revival of non-traditional
approaches to development of antimicrobial drugs
that do not fit into the traditional paradigm of low-
molecular-weight direct-acting drugs. Data on 906
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metal-containing compounds evaluated for antimi-
crobial activity in the framework of the Community
for Open Antimicrobial Drug Discovery (CO-ADD)
international project are analyzed in published reviews
[9, 29]. It was shown that 9.90% of the assayed metal
compounds were active, while for organic molecules
this value was 0.87%. The results suggest that the bac-
terial susceptibility to chemotherapeutic metal com-
plexes is significantly influenced by both the nature of
the metal ion and the connected coordination sphere.
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In order to establish the structure—biological activity = They were obtained by direct cyclopalladation of benzyl-
relationships, we studied two types of chiral palla- amine terpene derivatives. The second group, com-
dium(II) complexes. Complexes Pd1—PdS (Scheme 3) pounds Pd6—Pd12 (Scheme 4), are palladium chelates
are palladacycles containing a carbon—palladium bond.  based on terpene derivatives of ethylenediamine.
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Table 1. MIC of palladium(II) complexes determined for S. aureus (MRSA), C. albicans, and C. neoformans var. grubii H99

(ug/mL), CCsy (ug/mL), and HCo (ug/mL)

Compound | eiss0 | ATCCo00DS | ATCC 0881 CCq HC
Pd1 4 1 0.5 11.9 3.9
Pd2 1 0.5 =0.25 12.4 1.8
Pd3 16 0.5 6.0 >32
Pd4 32 1 =0.25 16.6 5.6
Pd4a 16 2 1 29 5.6
Pdé6 8 8 4 4.5 7.8
Pd7 >32 16 4 >32 >32
Pd8 >32 8 4 >32 6.9
Pd9 >32 16 2 >32 >32
Pd10 >32 4 4 >32 4.6
Pd11 >32 =0.25 =0.25 10.8 >32
Pd12 >32 2 =0.25 >32 >32
Vancomycin 1
Fluconazole 0.125 8
Tamoxifen 9
Melittin 2.7

Biological assays were carried out in vitro in the
framework of the CO-ADD international project
(Australia) [32]. The activity was determined from the
inhibition of the growth of five sorts of bacterial cells
(Staphylococcus aureus, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Acinetobacter baumannii, and
Escherichia coli) and five sorts of fungi (Candida albi-
cans, Cryptococcus neoformans). These sorts of widely
abundant bacteria and fungi exhibit numerous resis-
tance mechanisms against a number of clinical agents,
which makes the search for new bactericidal and fun-
gicidal drugs relevant.

The obtained results attest to high selectivity of the
inhibitory action of structurally diverse palladium
complexes against various types of bacterial strains. All
of the compounds proved to be inactive against gram-
negative bacteria Escherichia coli, Pseudomonas aeru-
ginosa, Klebsiella pneumoniae, and Acinetobacter bau-
mannii. High inhibitory activity against gram-positive
Staphylococcus aureus was inherent in palladium com-
plexes Pd1—Pd4a corresponding to the group of cyclo-
metallated compounds (Table 1). The lead compound
is the palladacycle Pd2, which has a minimum inhibi-
tory concentration (MIC) of 1 ug/mL, being thus
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equivalent in activity to the antibiotic vancomycin.
While comparing the inhibitory activities of close ana-
logues, one can note that complexes Pdl and Pd2
based on pinane imines are more active than the cor-
responding amine derivatives (e.g., Pd4). Transforma-
tion of binuclear palladacycle Pd4 into mononuclear
complex Pd4a containing an additional triphenyl-
phosphine ligand leads to a 2-fold decrease in MIC.
These facts indicate that the antimicrobial activity of
palladium complexes significantly depends on the
structural features of the ligands. It is noteworthy that
the corresponding free ligands are inactive against
Staphylococcus aureus (ATCC 29213, archival strain).
Qualitative studies of the antimicrobial activity of the
ligands were performed at the Institute of Fundamen-
tal Medicine and Biology of the Kazan Federal Uni-
versity.

According to assay results, all of the studied palla-
dium complexes (Pd1—Pd4a and Pd6—Pd12) had high
antifungal activities against Candida albicans and
Cryptococcus neoformans (Table 1). The MIC values
were not higher than 16 ug/mL, and in some cases,
they were lower than 0.25 ug/mL. No clear-cut struc-
ture—property correlation was observed.
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The toxicity of palladium complexes Pd1—Pd4a
and Pd6—Pd12 to cells was evaluated (Table 1). The
cytotoxicity was determined using the HEK293
human embryonic kidney cells as the test system. The
data are presented as the CCs, value, indicating the
concentration (ug/mL) at which a 50% cell growth
inhibition is attained. The hemolytic activity of the
compounds against human red blood cells (RBC) was
also examined. The data are presented as HC,, values,
indicating the concentration of the agent providing a
10% hemolytic activity. All samples characterized by
CCs, and HC,, values exceeding the highest tested
concentration (32 ug/mL) are classified as nontoxic.
This condition is met for palladium complexes Pd7,
Pd9, and Pd12. This result implies that the toxicity of
palladium coordination compounds depends on the
ligand environment of the metal ion and can thus be
deliberately reduced. Complex Pd12 characterized by
the selectivity index (SI = CCs,/MIC) above 128 was
included in the group of compounds selected for
studying the antifungal activity in vivo [9].

CYTOTOXIC ACTIVITY OF PALLADIUM
COMPLEXES OF VARIOUS TYPES

Although metal-based drugs have been used in
cancer chemotherapy for approximately 40 years,
there is still a growing interest in the development of
new metal-based anticancer agents to solve problems
of drug resistance, presence of side effects, and
improvement of efficacy and selectivity of drugs. The
range of the studied metal complexes is being
extended, as indicated by the reviews devoted to the
latest achievements and prospects for the use of metal
complex compounds as anticancer drugs [5, 7, 33—
37]. Palladium complexes with various organic ligands
are actively investigated in this respect [5, 7, 33—35]. It
is necessary to note an enormous structural diversity
of ligands, most important of which are N-donor
polydentate molecules. A lot of information is given in
a comprehensive review [7], devoted to palladium
complexes (847 compounds!) that have been studied
for anticancer activity in vivo or in vitro since the age
of discovery of cisplatin up to 2015. Many palladium
complexes exhibit significant anticancer activity, some
of them being superior to cisplatin or other clinically
used drugs. The authors performed analysis of the
structure—property relationships, and the elucidated
features are quite useful for the development of new
palladium compounds with a higher cytotoxic activity.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

635

In many studies [5, 7, 33—35], it was noted that
Pd(II) complexes exhibit a satisfactory cytotoxic activ-
ity against cancer cells, which moreover markedly
exceeds the activity of the free ligands. However, low
stability of these complexes is a concern. Palla-
dium(II) complexes have a high susceptibility for
ligand exchange, which is approximately 10° time
higher than that of Pt(II) complexes [38]. This may
account for rapid hydrolysis of palladium-based drugs.
Ligand dissociation gives rise to very reactive types of
species (ions, molecules), which can readily react with
donors circulating in blood and in cell medium, thus
preventing the drug from reaching the target. This pro-
cess can be avoided by using bulky chelating ligands,
which provide higher stability and optimal ligand
exchange rate in order to preserve the structural integ-
rity of the compound in vivo for a period sufficient for
performing the therapeutic action [38]. A number of
studies [7, 39—42] focus on cyclopalladated com-
pounds in which the chelate ring contains a strong car-
bon—metal bond. These compounds have high stabil-
ity and satisfactory cytotoxicity. In an analytical publi-
cation [7], C,N-palladacycles were noted among
compounds with increased activity. From the stand-
point of our interests, mention should be made of the
studies of Spanish [39—42] and Iranian [43—45] scien-
tists, which addressed cyclopalladated derivatives of
benzylamines. The results indicate that these pallada-
cycles have a high potential for clinical application,
especially against chemotherapy-resistant cancer.

As noted above, one more object of our interest are
palladium(II) chelate complexes with ethylenedi-
amine derivatives. The cytotoxic activity of palladium
complexes of this type was investigated by Serbian
researchers [46—50]. In this group of metal complexes,
no outstanding results were obtained, but subtle
dependence of activity on minor changes in the ligand
structure was clearly manifested.

The biological activity of palladium complexes of
various types that we synthesized was studied at the
Institute of Physiologically Active Compounds, Fed-
eral Research Center of the Problems of Chemical
Physics and Medicinal Chemistry, Russian Academy
of Sciences [28]. In terms of the structure, two groups
can be distinguished among the test compounds: pal-
ladium complexes Pd1,1a,4,5,5a with benzylamine-
derived terpene ligands and chelate complexes
Pd6.8,9,13,14,15 with ethylenediamine derivatives.
Diverse palladium(II) complexes studied for cytotox-
icity are depicted in Scheme 5.
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The cytotoxic profile was determined in relation to
a panel of cancer cell lines: lung adenocarcinoma
(A549), neuroblastoma (SH-SYS5Y), laryngeal epider-
moid carcinoma (Hep-2), and cervical carcinoma
(HeLa). For determination of ICs, (concentration
inducing 50% cell death) of palladium complexes, the
cells were incubated for 24 h with the test compounds
in concentrations of 0.1, 1, 10, 30, and 100 uM (three
repetitions for each concentration). A clinically used
anticancer drug, cisplatin (cis-diaminedichloroplati-
num(Il)), served as the positive control. The cell via-
bility was determined by the MTT assay. The results
are summarized in Table 2.
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The ability to decrease the survival rate of cancer
cells was detected for a group of palladium complexes
(Pd1,1a,4,5,5a) containing a benzylamine moiety in
the molecule. Palladium chelates Pd8,9,13,14,15 with
N,N-donor ligands (ethylenediamine terpene deriva-
tives) in a maximum concentration of 100 uM were
not effective against any of cell cultures. The most pro-
nounced toxic action was demonstrated for salen type
palladium chelate complex Pd6. This compound had
the lowest I1Cs, value for the cytotoxic effect against all
cell lines, especially SH-SYS5Y (ICs, < 0.1 uM), which
may be indicative of more preferable toxicity of Pdé
against neuronal phenotype cells. It is noteworthy that
all palladium complexes showed lower toxicity against
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Table 2. Cytotoxicity of palladium(Il) complexes against SH-SYS5Y, HeLa, Hep-2, and A549 cancer cell lines
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1C59, UM
Compound

SH-SY5Y HelLa Hep-2 A549
Pd1 5.86 £0.31 6.79 + 0.44 53.47 + 1.56 31.62 £2.32
Pdla 28.25£0.70 28.44 £ 0.18 68.32 £0.28 41.22 £0.58
Pd4 6.27 £0.14 22.45+2.65 53.94 +1.99 34.08 £ 0.71
Pd5 5.62 £ 0.46 9.43 £ 0.31 61.40 £0.97 43.35+2093
Pd5a 5.94 £0.30 4.28 £0.09 66.70 £ 0.57 9.45+0.86
Pdé6 <0.1 4.66 £0.84 20.41 £ 0.82 8.07 £ 0.19
Pd8 >100 >100 >100 >100
Pd9 >100 >100 >100 >100
Pd13 >100 > 100 >100 >100
Pdi14 >100 >100 >100 >100
Pd15 >100 >100 >100 >100
Cisplatin 10.08 £ 1.12 9.03+0.74 5.41 £0.36 19.15 £ 2.31
Table 3. Biological activities of palladium complexes Pd1,1a,4,5,5a,6

Mitochondrial characteristics
Compound Glycolysis
Mito?, SW Mito®, y

Pd1 127.08 £ 11.68 85.89 £5.76 110.79 £ 12.77
Pdla 303.08 + 14.30 63.63 £5.02 63.51 £ 10.15
Pd4 41.01 £5.49 33.38 £2.59
Pd5 32.18 £9.24 32.09+£9.79 61.74 + 13.34
Pd5a 132.39 £5.78 30.61 £2.04
Pdeé 307.23 £ 12.35 83.75 £10.39 98.44 + 15.47

2 Mito, SWis ¥

max

for the swelling of rat liver mitochondria after the addition of 100 uM of a compound, % of the control.

b Mito,  is the depolarization of rat liver mitochondria after the addition of 100 uM of a compound, % of the control.
¢ Glycolysis is inhibition of the maximum glycolysis in HeLa cells after the addition of 100 uM of a compound, % of the control.

Hep-2 cells, as indicated by higher 1Cs, values for the
cytotoxic effect. Compounds Pd1,1a,4,5,5a,6, which
can reduce the survival rate of cancer cells in low
working concentrations down to the nanomolar range,
were chosen for elucidation the possible mechanisms
of cytotoxic action.

For compounds Pdl,1a,4,5,5a,6, some possible
mechanisms of the potential anticancer action were
analyzed, such as modulation of processes related to
mitochondrial function and effect on the glycolytic
function of cancer cells. The overall quantitative data
from the studies of biological activity of palladium
complexes are summarized in Table 3.

The abnormal mitochondrial functions are an
important part in the pathogenesis of many human
diseases, in particular cancer [51]; they cause disorder
of cell bioenergetics and induce the metabolic repro-
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gramming of cancer cells as a result of disorders in
ATP production, Ca?* homeostasis, and redox bal-
ance. It was shown that mitochondrial membrane
hyperpolarization and impaired release of pro-apop-
totic factors into the cytosol make cancer cells resis-
tant to apoptosis [36]. This attests to direct relation-
ship between the abnormal mitochondrial functions
and cancer genesis. Therefore, the effect of complexes
Pd1,1a,4,5,5a,6 on the functional characteristics of
isolated rat liver mitochondria used as the model sys-
tem was studied in order to identify the potential pro-
apoptotic activity of compounds. Analysis was carried
out using two parameters: change in the mitochon-
drial swelling (determined from the light transmission
of a suspension of the organelles) and in the trans-
membrane potential (found using the potential-
dependent Safranin A as a tag).
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It was shown that pre-incubation of isolated rat
liver mitochondria with palladium(II) complexes
leads to effective disruption of mitochondrial func-
tioning. The most pronounced induction of swelling
was observed for Pdla and Pd6, as indicated by the
substantially higher rate of mitochondrial permeabil-
ity pore formation compared to the rate induced by
Ca?* ions, which are normally used for MPTP open-
ing and served as the reference [52] (Table 3). In addi-
tion, these compounds were found to decrease the
mitochondrial transmembrane potential, thus exerting
a depolarizing action on the mitochondrial membrane
(63.63% for Pd1a and 83.75% for Pd6). Evidently, this
Y, collapse induced by the test compounds attests to
mitochondrial dysfunction, further permeabilization
of their internal membrane by opening mitochondrial
permeability transition pores, release of pro-apoptotic
factors into the cytosol, and finally the death of cancer
cells. Thus, the results suggest a pro-apoptotic mech-
anism of the anticancer action of the test compounds
via modulation of mitochondrial functions in the cell.

The effect of compounds Pd1,1a,4,5,5a,6 on the
glycolysis of the Hel a cervical cancer cells was deter-
mined. Back in the mid-20th century Otto Warburg
described for the first time the proliferative metabolic
phenotype in which the tumor cells show a higher gly-
colytic activity and reduced mitochondrial respira-
tion, unlike normal cells of the body. This phenome-
non is known as the Warburg effect [53]. Indeed,
tumors generate up to 90% of the cellular adenosine
triphosphate (ATP) by glycolysis, and only the rest
10% come from oxidative phosphorylation. Mean-
while, in aerobic non-proliferative cells, mitochondria
provide 95% of ATP formation [54]. In some studies,
it is shown that compounds that inhibit glycolysis have
a pronounced anticancer potential, leading to the
death of tumor cells [55, 56]. Therefore, targeting the
aberrant metabolism is a promising strategy to inhibit
cancer cell growth and metastasis.

The effect of metal complexes with terpene ligands
on anaerobic glycolysis was studied using the Agilent
Seahorse XF96e analyzer (Seahorse Bioscience,
USA) by measuring the proton generation in tumor
cells by the glycolysis stress test [57]. The extracellular
acidification rate was measured on a real time basis
with alternating addition of modulating agents, which
made it possible to evaluate the intensity of glycolysis
in the cells by recording the key parameters of the gly-
colytic function: glycolysis, glycolytic capacity, and
glycolytic reserve.

It was shown that complexes Pd1,1a,5,6 possess
clear-cut glycolysis-inhibiting properties. These com-
pounds provided a statistically significant decrease in
the glycolytic capacity of the HelLa human cervical
cancer cell culture by more than 50%: Pd5 (glycolysis
by 83.86 £ 4.96%; glycolytic capacity by 61.94 *+
3.90%; and glycolytic reserve by 97.79 £ 3.78%), Pd1
(glycolysis by 91.37 = 3.61%; glycolytic capacity by
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95.63 £ 3.90%; and glycolytic reserve by 97.19 =+
3.78%), and Pd1la (glycolysis by 53.52 &+ 1.98%; glyco-
Iytic capacity by 64.10 £ 2.95%; and glycolytic reserve
by 79.59 + 0.92%), salen type Pd6 palladium complex
(glycolytic capacity by 93.40 £+ 3.21% and glycolytic
reserve by 97.79 £+ 0.43%). The results correlate with
the results of studying the cytotoxic profile, namely,
the above complexes were found to have a high toxic
action against most cell cultures. Evidently, while ini-
tiating the glycolysis inhibition cascade, these com-
pounds are able to disrupt the energy metabolism and
thus lead to the death of cancer cells.

The obtained results confirm the good prospects of
our synthetic approach to the development of effica-
cious anticancer compounds based on various palla-
dium complexes with terpene ligands. Lead com-
pounds possessing clear-cut cytotoxic properties
against various cancer cell lines were identified. First
of all, this is the palladium complex Pd6 with a
N,N,O-ligand and palladium compounds
Pd1,1a,4,5,5a containing benzylamine terpene deriv-
atives as the ligands. In the latter group, no correlation
between the cytotoxic activity of the palladium com-
plex and the coordination fashion of the ligand was
identified. The mechanism of the cytotoxic action of
these compounds may be associated with both their
ability to damage mitochondria and their influence on
the energetic function of cancer cells (glycolysis).

CYTOTOXIC ACTIVITY OF PALLADACYCLES
CONTAININGAN AMINO ACID
AS A CO-LIGAND

We chose binuclear complex Pd4 as the starting
compound for the synthesis of a series of mixed-ligand
mononuclear derivatives Pd4b—e, which contain,
together with the C,N-palladacycle, an amino acid as
a second N,O-donor chelating ligand (Scheme 6).
Binuclear palladacycles (PCs) readily react with addi-
tional ligands (both monodentate and bidentate ones)
via chloride (or acetate) bridge cleavage to give the
corresponding mononuclear complexes [31, 58]. As
the co-ligands, we used proteinogenic L-amino acids,
including proline (Pro), tyrosine (Tyr), serine (Ser),
and isoleucine (Ile). The biological activity of these
compounds, which occur as parts of proteins, is quite
evident. Iranian researchers [58, 59] described the
synthesis of phosphorus-containing PCs with addi-
tional amino acid ligands. A clear correlation between
the PC activity and the nature of the amino acid moi-
ety was established. Unfortunately, the authors did not
provide data for the original binuclear PCs that would
allow one to evaluate the contribution of the amino
acid moiety. It is noteworthy that high anticancer
activity of PCs is combined with their low toxicity to
normal human cells [58, 59].
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The biological activity of the mixed-ligand mono-
nuclear palladium complexes with amino acid ligands
that we synthesized was assayed at the Institute of
Physiologically Active Compounds, Federal Research
Center of the Problems of Chemical Physics and
Medicinal Chemistry, Russian Academy of Sciences
[60]. Study of the anticancer potential of new C,N-
PCs containing L-amino acids included evaluation of
the effect of test compounds on the survival rate of the
neuroblastoma (SH-SY5Y), lung adenocarcinoma
(A549), laryngeal epidermoid carcinoma (Hep-2),
and cervical cancer (HeLa) cell lines. The cell viability
was determined using the MTT assay, which is based
on the ability of mitochondrial dehydrogenases of liv-
ing cells to reduce MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) to insoluble
formazan crystals. Under our conditions, the well-
known anticancer drug cisplatin was used as the refer-
ence to validate the method. The corresponding free
ligands, terpene amine (HL*) and amino acids (Pro,
Tyr, Ser, and Ile), were used as the reference agents.

The data on the cytotoxic activity are summarized
in Table 4. It was found that all mixed-ligand metal
complexes Pd4b—e had a moderate effect on the sur-
vival rate of the used cell lines. The most pronounced
cytotoxic effect was inherent in Pd4c and Pd4e when
tested against the SH-SYS5Y cell line; 1Cs,, values were
28.65 £ 0.36 and 23.66 £ 0.41 umol L', respectively.
However, these values proved to be higher than 1Cs, of
the initial binuclear complex Pd4 (6.27 + 0.14 umol L"),
Only for Pd4d against Hep-2, was the toxic effect more
than three times higher than that of the pristine Pd4.
For the initial ligands (HL* and Pro, Tyr, Ser, and Ile),
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IC5, values were above 100 umol L~! for all cancer cell
lines.

The obtained results provide two important con-
clusions. The first one is that in most cases, the intro-
duction of amino acid ligand does not lead to a higher
cytotoxic effect for the resulting mononuclear palla-
dium complexes Pd4b—e compared to the initial binu-
clear complex Pd4 containing only terpene ligands.
The second conclusion is that the coordinated terpene
ligand is generally responsible for the cytotoxic prop-
erties, as the uncoordinated amine HL* showed no
activity.

The effect of cytotoxic metal complexes Pd4 and
Pd4b—e on the mitochondrial transmembrane poten-
tials was analyzed using isolated rat liver mitochondria
as the model system by recording fluorescence of
potential-dependent Safranin A. It was shown that
pre-incubation of isolated rat liver mitochondria with
complexes Pd4 and Pd4b—e caused depolarization of
the mitochondrial membrane increasing with time
(Fig. 1a). The level of observed mitochondrial mem-
brane depolarization after 10 min was lower for com-
pounds Pd4b—e than for the pristine metal complex
Pd4 (Fig. 1b). Apparently, this accounts for their lower
cytotoxicity against cancer cell lines. The obtained
results indicate that the introduction of amino acid
ligands into the molecule decreases the effect of
mononuclear complexes Pd4b—e on the membrane
potential.

It was found that the cytotoxic action of palladacy-
cles may be attributable to the ability of these com-
pounds to induce destruction of mitochondria upon
mitochondrial membrane depolarization, which, in
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Table 4. Cytotoxicity (in vitro) of palladium(II) complexes and free ligands against cancer cell lines

1Cs, umol L™
Compound

SH-SY5Y HeLa A549 Hep-2
Cisplatin 11.31 £ 0.92 9.56 = 1.01 17.65 + 1.28 6.07 £ 0.04
Pd4 6.27 £0.14 22.45 £+ 2.65 34.08 £0.71 53.94 + 1.99
Pd4b 53.36 £ 0.31 47.32£0.29 95.99 £ 1.91 77.20 = 0.97
Pd4c 28.65 £ 0.36 60.03 £ 0.42 73.83 £ 0.02 70.01 £+ 1.65
Pd4d 58.08 £ 0.27 52.97 £ 0.05 58.74 £ 0.01 15.80 £ 0.71
Pd4e 23.66 + 0.41 57.09 = 0.29 61.13 £ 0.78 65.20 £ 0.04
HL* =100 2100 >100 =100
Pro =100 =100 2100 =100
Tyr =100 2100 =100 2100
Ser 2100 2100 =100 =100
Ile 2100 2100 =100 2100

turn, promotes triggering of apoptosis processes
through the escape of pro-apoptotic factors into the
cytoplasmic space of the cell. Analysis of the identified
structure—property relationships provides the conclu-
sion that the palladium-coordinated terpene ligand is
generally responsible for the cytotoxic activity, while
the introduction of amino acid ligand most often does
not enhance the cytotoxic effect of the resulting
mononuclear palladium complexes Pd4b—e in com-
parison with the pristine binuclear complex Pd4.

BIOLOGICALACTIVITY OF ZINC COMPLEXES
WITH TERPENE DERIVATIVES
OF ETHYLENEDIAMINE

Zinc complexes with organic ligands hold great
promise as a base for the development of potential
therapeutic drugs. A comparison of the biological
activities of zinc complexes with those of other metal-
based pharmaceutical drugs showed that they have a
lower general systemic toxicity, less pronounced side
effects, but simultaneously a comparable efficiency

() (b)
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: i : s 50f
> 30000 5
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o e
£ £ S
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Fig. 1. Effect of palladium complexes Pd4 and Pd4b—e on the membrane potential of rat liver mitochondria (0.5 mg mL):
(a) kinetic curves for the variation of membrane potential, (b) histograms demonstrating the quantitative results after 10 min of

incubation with the test compounds at Ag,;; =
concentration: 25 umol L™ .

485 nm, Agpmis =

by potassium succinate (5 umol L’l) and rotenone (1 umol L™
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590 nm. Concentrations of the compounds: 100 umol L™";
An equivalent volume of the solvent (DMSO) was used as the control; mitochondria were energlzed

l).

Ca2
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[61]. Zinc-containing metal complexes exhibit a broad
range of biological activities, including antibacterial
[62—64], antifungal [65—68], anticancer [60, 69—73],
antidiabetic [74, 75], and antiparasitic [76] activities.
The cytotoxicity of zinc complexes
7Zn7,8,9,13,15,16 with terpene derivatives of ethylene-
diamine (Scheme 7) was studied at the Institute of
Physiologically Active Compounds, Federal Research
Center of the Problems of Chemical Physics and
Medicinal Chemistry, Russian Academy of Sciences
[77]. Their activity was markedly lower than the activ-

Zn7

R =H (Zn8), CH; (Zn9)

641

ity of structurally similar palladium complexes. Nev-
ertheless, it appeared of interest to study their modu-
lating effect on the functional state of isolated rat
mitochondria. As noted above, mitochondria play a
crucial role in the development and progression of a
wide range of diseases, being the cell metabolism cen-
ters and the main regulators of redox balance. There-
fore, the vital activity of cells can be modulated by
affecting functional characteristics of mitochondria,
in order to attain the desired pharmacological action.

Cl. _d
Zn
VAN
N NR,
n__/

R = H (Zn15), CH; (Zn16)

Scheme 7.

The action of complexes Zn7,8,9,13,15,16 and ref-
erence drugs on the functioning of mitochondria was
studied by analyzing the influence of these com-
pounds on the following characteristics: transmem-
brane potential, swelling, and operation of electron
transport chain complexes. The mitochondrial mem-
brane potential (3¥), supported by the proton driving
force of the respiratory chain, is used for ATP genera-
tion [78], and the strong membrane depolarization
results, first of all, in opening of mitochondrial per-
meability transition pores and induction of apoptosis.
Therefore, the influence on the swelling and dW is one
of the mechanisms for inhibition of tumor cell prolif-
eration [79] and for the action of some therapeutic
agents such as antiprotozoal, antifungal, and other.

Chiral zinc(IT) complexes Zn7,8,9,13,15,16 cause
pronounced depolarization of rat liver mitochondria
and induce their swelling (Fig. 2). Zinc chloride and
cisplatin, a well-known cytostatic, served as reference
compounds. Depolarization of the mitochondrial
membrane and triggering of mitochondrial swelling by
the test compounds were comparable with the action
of cisplatin, while zinc chloride and ethylenediamine
derivatives L8, L', and L'"> showed no activity in these
assays.

It is well known that the mitochondrial respiratory
chain makes an important contribution to the physio-
logical and pathological production of reactive oxygen
species, key mediators of cell death [80]. To date, a
considerable progress has been made in the study of
functioning of complexes (I, 11, III, IV) of the elec-
tron-transport chain as sensors of apoptotic cell death
and the role of their dysfunction in various patholo-
gies. For example, it was shown that inhibition of
respiratory chain complex II upon binding of the
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TRAPI1 (tumor necrosis factor receptor associated
protein 1) mitochondrial chaperone protein to succi-
nate dehydrogenase induces oncogenesis through the
formation of a pseudohypoxic state [81, 82], while a
decrease in the enzymatic activity of this complex
accompanies tumor growth in the case of paragangli-
oma [83], feocromocitoma [84], and other types of
malignant growth [85, 86]. In turn, targeting the elec-
tron transport chain and, as a consequence, stimula-
tion of cell death in a specific way was found for com-
pounds of various chemical structure and therapeutic
purpose. One more promising trend is development of
therapeutic strategies for the treatment of malaria in
which the electron transport chain is considered as a
key target for the drug pharmacological action [87].
On the basis of the large body of experimental data, it
becomes evident that attaining a pharmaceutical
action on the electron transport respiratory chain for
the targeted cell elimination is a highly promising
strategy.

The addition of rotenone (a specific inhibitor of
electron transport chain complex I) reduced the con-
sumption of oxygen by energized rat liver mitochon-
dria (Fig. 3). Upon the injection of succinate (sub-
strate of complex II), all of the test metal complexes
7Zn7,8.9,13,15,16 were able to stimulate the succinate
dehydrogenase complex and enhance the intensity of
electron flux, while for the initial ethylenediamine ter-
pene derivatives L8, L%, and L" no statistically signif-
icant differences from the control were detected
(Fig. 3). After the addition of antimycin, a decrease in
oxygen consumption is observed in the control as in
the norm, but zinc complexes Zn7,8,9,13,15,16 show
impaired electron transport.
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Fig. 2. (a, b) Effect of the addition of test compounds Zn7,8,9,13,15,16, LS, Ll6, and L' on the membrane potential; and
(c, d) swelling of isolated rat liver mitochondria. Concentrations: test compounds, 30; rotenone, 0.5; potassium succinate,
5; ZnCl,, 30; Ca2+, (a, b) 50 and (c, d) 25; cisplatin, (c) 10 and 30 and (a) 30 umol L~!. C is control containing an equivalent
amount of the solvent. The data are presented as mean values (n = 3).

The results indicate that the chiral complexes of
zinc with ethylenediamine terpene derivatives have a
destabilizing effect on mitochondria via mitochon-
drial membrane depolarization, induction of mito-
chondrial permeability transition, and modulation of
the operation of respiratory chain complexes. These
properties may be important for the search for poten-
tial drugs with possible antitumor, antiprotozoal, or
antifungal action.

BIOLOGICAL ACTIVITY OF COPPER(II)
COMPLEXES WITH TERPENE DERIVATIVES
OF ETHYLENEDIAMINE

Copper(II) complexes have a high potential for
biomedical applications, which is confirmed by
numerous studies. Some publications report the anti-
oxidant activity of copper complexes [88—97]. In
recent years, considerable attention has been paid to
the development and applications of low-molecular-
weight copper complexes that possess properties simi-
lar to those of superoxide dismutase (SOD) [93, 98—
103]. Superoxide dismutase is one of the most import-
ant antioxidant enzymes, which catalyzes the dis-
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mutation reaction of superoxide radical anions by
converting them into hydrogen peroxide and oxygen.
It was shown [104] that metal complexes efficiently
catalyze the dismutation of superoxide radicals and
thus can be a good alternative to SOD. The interest of
researchers in copper(II) complexes is due to the fact
that copper is a vital metal, present in many vitamins,
hormones, enzymes, and respiratory pigments and is
involved in metabolic processes, tissue respiration,
and other biochemical processes [4]. Both copper
excess and deficiency may significantly impair the via-
bility of organisms and cause diseases [105, 106].
Analysis of published data provides the conclusion
that the synthesis and biological activity assays of cop-
per(1I) complexes are promising for the preparation of
new pharmaceutical agents. Nevertheless, the molec-
ular mechanisms of action of copper complexes have
not yet been adequately investigated [107, 108].

The antibacterial and antifungal activities of cop-
per(IT) chelates Cu7,8,9,13 (Scheme 8) with ethylene-
diamine terpene derivatives have been studied [109].
The efficacy was determined by cell growth inhibition
for five bacterial species (Staphylococcus aureus, Pseu-
domonas aeruginosa, Mycobacterium vaccae, Bacillus
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Fig. 3. Effect of compounds Zn7,8,9,13,15,16; LS, LK’, and L' on the oxygen consumption rate (OCR) by isolated rat liver
mitochondria (10 ug per well) for evaluation of the operation of respiratory chain complexes. Concentrations: test compounds,
30; rotenone, 2; succinate, 2; antimycin A, 4; ascorbate/tetramethylphenylenediamine (TMPD), 0.5 umol L L. The data are
presented as the mean value * error in mean (n = 3). ** p<0.01, **** p <0.0001 in comparison with the control (one-way analysis

of variance, ANOVA).

subtilis, and Escherichia coli) and three fungal species
(Candida albicans, Sporobolomyces salmonicolat, and
Penicillium notatum). These widely occurring bacterial
and fungal species have multiple drug resistance
mechanisms to quite a number of clinical drugs, which

Generally, copper complexes Cu7,8,9,13 showed a
high antibacterial and antifungal activities (Figs. 4
and 5). The antibacterial and antifungal activities were
determined by disk-diffusion method [110, 111] by
measuring the inhibition of cell growth for five bacte-
rial species (Staphylococcus aureus, Pseudomonas
aeruginosa, Mycobacterium vaccae, Bacillus subtilis,
and Escherichia coli) and three fungal species (Can-
dida albicans, Sporobolomyces salmonicolor, and Peni-
cillium notatum). In particular, high antibacterial
activity was found for copper complexes Cu7,8,9,13
against the multiply resistant S. aureus (MRSA)
strain, which is resistant, in particular, to ciprofloxa-
cin used as the reference antibiotic. The activity of
these complexes against S. aureus (511 B3) was com-
parable with the activity of ciprofloxacin (Fig. 5).

All of copper complexes Cu7,8,9,13 showed a
markedly higher antifungal activity against Candida
albicans, Sporobolomyces salmonicolor, and Penicillium
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R =H (Cu8), Me (Cu9)
Scheme 8.

makes the search for new bactericidal and fungicidal
agents a relevant task. The investigations were carried
out at the Bach Institute of Biochemistry, Federal
Research Center of Biotechnology, Russian Academy
of Sciences.
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~
-NH NMe,
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notatum than amphotericin, a clinically used antifun-
gal agent (Fig. 5).

For comparison, the antimicrobial activity of free
ligands was estimated. They turned out to be inactive
against the same group of pathogenic strains. The
obtained results confirm the regularity established in
many publications, namely, metal complexes exhibit a
high antimicrobial activity, while the free ligands have
a zero activity [91, 99, 112, 113]. The aurthors
attributed this result to increase in the lipophilicity of
the Cu(ll) ion upon coordination to the organic
ligand [112].

The antioxidant activity (AOA) of copper com-
plexes Cu7,8,9,13 was studied using various assay sys-
tems (in vitro). The AOA was evaluated by inhibition
of the lipid peroxidation (LPO) in a substrate contain-
ing brain lipids of laboratory mice. Lipid peroxidation
was initiated in two ways: using either Fe?*/ascorbate
or H,0,. The content of secondary LPO products
reacting with 2-thiobarbituric acid (TBA-RS) was

No.10 2023



644

GUR’EVA et al.

Ciprofloxacin

Cu7

Cul3

Cu9

Cu8

B Mpycobacterium vaccae

Bacillus subtilis

| Staphylococcus aureus
(MRSA)

m Escherichia coli

0 10 20

30 40
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Fig. 5. Antifungal activity of copper complexes Cu7,8,9,13 in comparison with the fungicidal agent amphotericin.

determined by spectrophotometry (Fig. 6). From
analysis of the data obtained for 500 uM concentration
of compounds, it follows that irrespective of the way of
LPO initiation, a higher inhibitory activity in the
ligand—complex pair was found for the complexes.
High AOA at the indicated concentrations were also
found for copper complexes Cul3 and Cu7. Note that
the results obtained upon LPO initiation by different
methods are closely correlated with each other (Spear-
man rank correlation coefficient R, = 0.75, p = 0.05, n
=17).

As the compound concentration decreases to
100 uM, complex Cu7 virtually does not lose the abil-
ity to inhibit LPO and is still the lead compound
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(Fig. 6). This compound is comparable in activity with
the standard antioxidant, 2,6-di-fert-butyl-4-methyl-
phenol (BHT), for both ways of LPO initiation
(Fe**/ascorbate and H,0,). In the structural aspect,
copper complex Cu7 differs considerably from
Cu8.,9,13, as it contains a salen type N,N,O-donor tri-
dentate ligand. Presumably, high AOA of Cu7 is pro-
vided by the presence of the phenol moiety. We define
particularly this type of complexes as most promising
for further studies.

Before carrying out a comparative study of the
membrane-protective activity (MPA) of compounds
Cu7,8,9,13, L3, and L? in the model oxidative hemo-
lysis of erythrocytes, we studied the compound toxic-
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di-tert-butyl-4-methylphenol, a standard antioxidant.

ity by considering the degree of erythrocyte hemolysis.
It was found (Fig. 7) that virtually all of the test com-
pounds in 10 uM concentration have a low hemolytic
efficiency: the erythrocyte death in the presence of
these compounds exceeds only slightly the sponta-
neous level. Only in the presence of Cu9, did the
hemolysis of erythrocytes exceed the control level by a
factor of ~2. The subsequent biological activity assays
using blood cells were carried out at for concentration
of 1 umol L1,

The membrane-protective activity of complexes
Cu7,8,9,13 and ligands L? and L? was determined by
measuring the degree of inhibition of the oxidative
hemolysis of erythrocytes of laboratory mice. The oxi-
dative hemolysis was initiated by 2,2'-azo-bis(2-amid-
inopropane) hydrochloride (AAPH) or by H,0,. In
water at physiological temperatures, AAPH undergoes
unimolecular thermal decomposition at a constant
rate to generate peroxyl radicals that are unable to pen-
etrate inside the cell and affect the membrane from the
outside [114]. The AAPH-initiated oxidative hemoly-
sis is widely used to measure the antioxidant and
membrane-protective activities of various compounds
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and plant extracts [114—117]. It was shown that all of
the test compounds (complexes Cu7,8,9,13 and
ligands L% and L°) have statistically significant MPA,
as follows from the decrease in the AAPH-induced cell
death rate in the presence of these compounds
(Table 5). Two hours after the induction of oxidative
stress, the level of hemolysis was 23.2% in the control,
only 6.2—10.9% in the presence of complexes
Cu7,8,9,13, and 12.1—15.0% in the presence of L?
or L. The highest MPA among the test compounds
was found for Cu9, which exceeded in activity not
only L?, but also BHT and retarded the oxidative
hemolysis throughout the whole experiment (5 h).

Apart from AAPH, hydrogen peroxide is also
widely used to initiate the oxidative hemolysis in the
studies of antioxidant and membrane-protective prop-
erties of wvarious compounds [117—119]. Unlike
AAPH, hydrogen peroxide easily penetrates into a red
blood cell, mainly targeting hemoglobin [120]. Table 2
presents the results of a comparative determination of
MPA for the test compounds under H,O,-induced
hemolysis. In this experiment, the highest activity
among complexes Cu7,8,9,13 was found for salen type
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Fig. 7. Comparative evaluation of the hemolytic activity for the test compounds (copper complexes Cu7,8,9,13, ligands L8, L9)
in 10 umol L~! concentration after 1, 3, and 5 h of incubation. C is control without test compounds. BHT is 2,6-di-zert-butyl-

4-methylphenol, a standard antioxidant.

Cu7 containing a phenol moiety and characterized by
the highest AOA (found in the initiated oxidation
model of a substrate containing animal lipids). Com-
plex Cu7 showed the most pronounced inhibition of
H,0,-induced cell death throughout the whole exper-
iment (5 h).

Thus, the results of determination of AOA for ter-
pene ligands and copper complexes provide the fol-
lowing key conclusions: irrespective of the LPO initi-
ation method (Fe?"/ascorbate or H,0,), in both
ligand—complex pairs, a higher inhibitory activity was
found for the copper complexes. Salen type complex
Cu7, characterized by the highest AOA in the initiated
oxidation model of a substrate containing animal lip-
ids and showing no hemolytic activity even in 10 uM
concentration, surpassed other copper complexes in
the ability to protect erythrocytes from the H,O,-
induced hemolysis.

CONCLUSIONS

The versatile biological activities of palladium,
copper, and zinc complexes with terpene ligands of
various types were studied. The obtained results
enable one to consider these complexes as potential
pharmacological agents and attest to high promise of
the search for efficacious compounds among this
group of metal complexes.

An important conclusion is that the free ligands are
inactive, unlike the corresponding metal complexes
(or much less active than the complexes) in the per-
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formed biological assays, which confirms the import-
ant role of metal ions.

Palladium(II) complexes of various structures
showed high selectivity to various bacterial strains. All
of the compounds proved to be inactive against gram-
negative bacteria. Regarding gram-positive Staphylo-
coccus aureus, high inhibitory activity was found for
palladium(II) complexes corresponding to the group
of cyclometallated compounds. The lead compound
had MIC of 1 ug/mL, which is equivalent to the activ-
ity of antibiotic vancomycin. All of the palladium
complexes showed high antifungal activity against
Candida albicans and Cryptococcus neoformans. Deter-
mination of the hemolytic activity and cytotoxicity
against human embryonic kidney cells (HEK293)
revealed non-toxic compounds (with selectivity index
higher than 128) and defined the avenue for further
studies.

Estimation of the cytotoxic activity of palladium
complexes with various types of terpene ligands
against a panel of cancer cell lines revealed lead com-
pounds, for which the cytotoxic effect 1Cs, (the con-
centration at which 50% of cells are killed) is compa-
rable with that of the clinically used cisplatin. These
are, first of all, cyclopalladated terpene derivatives of
benzylamine. A study of the possible mechanisms of
the antineoplastic action of efficacious palladium
complexes demonstrated that these compounds can
modulate the functional characteristics of mitochon-
dria by triggering the mitochondrial swelling and
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Table 5. Comparative estimation of MPA of copper complexes Cu7,8,9,13 and ligands L8, L? in 1 uM concentration under

AAPH- and H,0,-induced hemolysis (1—5 h of incubation)

Hemolysis, %
Compound
1h 3h Sh
AAPH-induced hemolysis
C* 2.7+0.0 559+0.7 81.8+0.4
Cu7 25+0.0 4551 0.6 829+04
Cu8 2.8+0.0 42.4+0.6 81.3£0.6
Cu9 24101 31.6 0.1 75.5+0.7
Cul3 2.8+0.0 471t 14 81.2£0.8
HL? 2.7+0.0 42.7+0.6 79.0 £0.7
HL® 29+0.2 475t 1.2 80.7+ 1.7
BHT 3.0+ 0.1 46.2 £ 0.8 81.0+ 0.3
H,0,-induced hemolysis
K 11.5+0.7 30.7£0.7 399+0.4
Cu7 10.9 £ 0.6 209+ 0.5 28.0 £ 0.7
Cu8 7.1+0.4 24.8+0.9 345+0.8
Cu9 6.9+0.5 255%+0.3 33.5+04
Cul3 11.0 £ 0.5 29.1£0.8 40.5£0.8
HL8 8.0+0.5 29.8 £ 1.5 36.3+ 1.0
HL® 10.3 £0.6 26.7£0.5 31203
BHT 56+0.4 11.9+0.5 223t 1.1

* C is control without test compounds; BHT is a standard antioxidant, 2,6-di-zert-butyl-4-methylphenol.

depolarizing the mitochondrial membrane, and can
inhibit glycolysis in Hela cancer cells.

Binuclear palladacycles, for which the cytotoxic
and antimicrobial activities have been confirmed,
form a good basis for the preparation of multimodal
structures with the goal to find more efficient agents
with high selectivity indices. By cleavage of chloride
bridges, additional biogenic ligands can be intro-
duced. The results of studies of palladacycles contain-
ing an amino acid as a co-ligand confirmed the fact
that the terpene moiety of the coordinated ligand is
the main structural factor determining the cytotoxic
activity.

Zinc chelate complexes with terpene derivatives of
ethylenediamine have a much lower cytotoxic activity
than palladium complexes of the same type. Never-
theless, they were found to have a destabilizing effect
on isolated rat mitochondria, and this, according to
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published data, may be important in the search for
potential drugs with antiprotozoal or antifungal
effects.

Copper(II) chelate complexes with terpene deriva-
tives of ethylenediamine showed a high antibacterial
activity against the multidrug resistant S. aureus strain
(MRSA), which is resistant, in particular, to cipro-
floxacin used as the reference antibiotic. All of the
tested copper(II) complexes exhibited a higher anti-
fungal activity against Candida albicans, Sporobolomy-
ces salmonicolor, and Penicillium notatum than the
clinically used antifungal drug amphotericin. It is
important to note that copper complexes possessing
low hemolytic activity simultaneously proved to be
efficient antioxidants in in vitro assays based on inhi-
bition of lipid peroxidation.

Thus, the obtained data on the estimation of the
biological activity of the metal complexes we synthe-
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sized with terpene ligands of various types make it pos-
sible to regard this class of compounds fairly promising
for the search for new pharmaceutical agents and to
identify the growth points for further research.
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