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ABSTRACT

Searching for new prospective antitrypanosomal agents, three novel Ru(Il)-cyclopentadienyl compounds,
[Ru(1*-CsHs) (PPhs)L], with HL = bioactive 5-nitrofuryl containing thiosemicarbazones were synthesized and
characterized in the solid state and in solution. The compounds were evaluated in vitro on the blood circulating
trypomastigote form of Trypanosoma cruzi (Dm28c strain), the infective form of Trypanosoma brucei brucei (strain
427) and on ]J774 murine macrophages and human-derived EA.hy926 endothelial cells. The compounds were
active against both parasites with ICsg values in the micromolar or submicromolar range. Interestingly, they
are much more active on T. cruzi than previously developed Ru(ll) classical and organometallic compounds
with the same bioactive ligands. The new compounds showed moderate to very good selectivity towards the par-
asites in respect to mammalian cells. The global results point at [RuCp(PPhs)L2] (L2 = N-methyl derivative of 5-
nitrofuryl containing thiosemicarbazone and Cp = cyclopentadienyl) as the most promising compound for fur-
ther developments (ICsp T. cruzi = 0.41 uM; ICsq T. brucei brucei = 3.5 uM). Moreover, this compound shows ex-
cellent selectivity towards T. cruzi (SI > 49) and good selectivity towards T. brucei brucei (SI > 6). In order to get
insight into the mechanism of antiparasitic action, the intracellular free radical production capacity of the new
compounds was assessed by ESR. DMPO (5,5-dimethyl-1-pirroline-N-oxide) spin adducts related to the
bioreduction of the complexes and to redox cycling processes were characterized. In addition, DNA competitive
binding studies with ethidium bromide by fluorescence measurements showed that the compounds interact
with this biomolecule.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

the globalization and the migration of unknowingly chronic-phase in-
fected people from Latin America to the rest of the world, Chagas dis-

Neglected tropical diseases are a diverse group of 17 diseases caused
by pathogenic bacteria, helminth, protozoa or virus that thrive
mainly among the poorest world populations [1,2]. Among them,
American Trypanosomiasis (Chagas disease) and Human African
Trypanosomiasis (HAT, sleeping sickness), caused by the genetically
related trypanosomatid protozoa Trypanosoma cruzi and Trypanosoma
brucei (Trypanosoma brucei gambiense and Trypanosoma brucei
rhodesiense), respectively, constitute major health concerns in the
developing world [2-6]. Moreover, these diseases are currently not
geographically confined to endemic areas [7]. In particular, because of
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ease has spread becoming a worldwide threat that affects United
States, Canada, Australia and some European and Asian countries [3].
Current available treatments of both diseases are decades old and
suffer from limited efficacy, undesirable collateral effects and develop-
ment of resistance. Despite the advances in understanding the biology
of both parasites that led to the identification of several potential
biochemical targets, no new drugs have entered the clinical practice
[8]. Research on new prospective drugs against HAT has only led in re-
cent years to the delivery of a relatively safe nifurtimox-eflornithine
combination therapy, the development of pentamidine-like prodrugs
and the entry into clinical trials of two oral drug candidates, fexinidazole
and an oxaborole [9]. Certain antifungal triazoles and protease inhibi-
tors have shown potential in experimental models of infection with
T. cruzi [10]. Nevertheless, the promising sterol biosynthesis inhibitor
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posaconazole, that entered clinical trials in recent years, did not show
the expected results in chagasic patients [11].

Therefore, novel strategies for drug design are urgently needed for
both diseases. The decoded genomes of T. cruzi and T. brucei show a
high degree of similarity [12]. Based on the recognition of common tar-
gets in both trypanosomatid parasites, compounds that could affect
these targets being effective against both protozoa could offer an inno-
vative approach for anti-trypanosomatid drug discovery [3,4].

The development of bioactive metal-based compounds has been
recognized as a promising approach in the search for more effective
and less toxic antiparasitic drugs [13-20]. In this context, our group
has been working during the last years in the design of antiparasitic
metal compounds by including in a single chemical entity ligands bear-
ing antitrypanosomal activity and pharmacologically active metals. This
strategy, based in the paradigm of the metal-ligand synergism, could
provide drugs capable of modulating multiple targets simultaneously.
Among the selected bioactive ligands a family of thiosemicarbazones
containing the 5-nitrofuryl pharmacophore has been extensively stud-
ied by us [13]. We have rationally designed and developed more than
sixty compounds of these ligands including palladium, platinum and ru-
thenium classical complexes as well as ruthenium 7°-arene organome-
tallic compounds and the effect of metal complexation and the presence
of different co-ligands on the pharmacological profile of these bioactive
ligands was evaluated [21-33].

Among the selected metal centers, ruthenium shows chemical and
biological properties that make its compounds particularly suitable for
the development of drug candidates. Both biologically relevant oxida-
tion states (II and III) show ligand exchange kinetics similar to Pt(II)
and high coordination versatility, having coordination preferences for
sulfur and nitrogen donors which are ubiquitous in the major biomole-
cules. Moreover, the accessibility of the redox potential Ru(IIl)/Ru(ll) in
the biological redox potential window could be exploited to improve
the effectiveness of ruthenium-based drugs. In addition, ruthenium com-
pounds usually show low toxicity in humans, probably due to metabolic
similarities with iron. By mimicking iron metabolism the trafficking of
ruthenium compounds into cancer cells but also into trypanosomatid
parasites could be favored [28,34].

Ruthenium compounds are the most widely studied non-platinum
metal-based drug candidates [35-38] and many of them have been rec-
ognized as prospective agents against trypanosomatid parasites [20,28,
39,40]. The piano stool structured family of {RuCp} (ruthenium-n°-
cyclopentadienyl) complexes has been studied against several cancer
cell lines revealing very promising agents for cancer therapy [41-45].
Nevertheless, there are not reported studies so far concerning the
potentialities of {RuCp} derived compounds for drug design against
trypanosomatids.

Based on these previous results, in this work we have developed a
new short series of ruthenium complexes with the 5-nitrofuryl contain-
ing thiosemicarbazones HL1-HL3 (Fig. 1) as bioactive ligands. Three
novel Ru(I)-Cp compounds, [Ru(n°-CsHs)(PPhs)L] were synthesized
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and characterized in solid state and in solution. The compounds
were evaluated in vitro on the blood circulating trypomastigote form
of T. cruzi (Dm28c strain) and the infective form of T. brucei brucei. The
selectivity towards the parasites was assessed by including cytotoxicity
studies on ]J774 murine macrophages and human-derived EA.hy926
endothelial cells as mammalian cell models. Lipophilicity of the com-
pounds was evaluated searching for correlations with the biological
activity. In order to get insight into the potential “dual” mechanism of
antiparasitic action, emerging from the coexistence of {RuCp} moiety
and the bioactive thiosemicarbazone in the same molecule, the
intraparasite production of toxic free radicals (main mode of action of
the ligands [46]) and the interaction with DNA (one of the reported
targets of ruthenium bioactive compounds) [47] were studied.

2. Materials and methods
2.1. Materials

All common laboratory chemicals were purchased from commercial
sources and used without further purification. All syntheses were
carried out under dinitrogen atmosphere using current Schlenk tech-
niques, and the solvents used were dried by standard methods [48].
The precursor [Ru(1’-CsHs)(PPhs),Cl] was synthesized from RuCls,
triphenylphosphane (PPhs) and freshly distilled cyclopentadiene in etha-
nol according to a previously reported procedure [49]. Thiosemicarbazone
ligands HL1-HL3 (Fig. 1) were prepared according to previously pub-
lished procedures [46].

2.2. Synthesis of [RuCp(PPh3)L]

[RuCp(PPhs),Cl] (0.5 mmol, 0.320 g) was dissolved in dried distilled
dichloromethane. The solid thiosemicarbazone ligand (0.5 mmol;
0.113 g HL1, 0.120 g HL2, 0.145 g HL3) and 6 mL dried methanol were
added to the solution and the mixture was allowed to react at reflux
temperature for 24 h. The solvent was evaporated in vacuo. The obtain-
ed solid was purified by separation through a silica column under N,
using dried distilled dichloromethane as the mobile phase. The eluate
was evaporated to dryness in vacuo and the obtained blue-violet solid
was recrystallized from a mixture dichloromethane-hexane (1:2) in
refrigerator.

[RuCp(PPh3)L1], 1. Yield: 60 mg, 18%. Blue-violet solid. Anal. calc.
for C3oH,7N4035PRuUS: C, 54.95; H, 4.15; N, 8.54; S, 4.89. Found:
C, 55.00; H, 4.13; N, 8.60; S, 4.91. Ay (DMSO): 3.0 Scm?mol ™ 1. A pax
(DMSO) 573 nm (¢ = 6.6 x 10> M~! cm™!), 415 nm (¢ =
54 x10° M~ ' cm™"). FTIR (KBr, cm™'): 3051, Cp; 1578, v(C = N),
1348, v4(NOy); 1138, v(N-N); 806, 5(NO,) + furan. 'H NMR
[(CD3),CO, Me,Si, 8/ppm]: 8.42 [s, 1, H5], 7.45 [d, Jun = 3.8 Hz, 1, H3],
7.39-7.29 [m, 16, H9 + PPhs], 7.22 [d, Juy = 3.8 Hz,1, H2], 4.51 [s, 5,
CsHs], 2.76 [s, 3, H10]. '3C NMR [(CD3),CO, &/ppm]: 150.27 (C1),
150.25 (C4), 136.66 (C5), 134.61 (CH, PPh3), 132.67 (CH, PPhj3),
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Fig. 1. Structure of the 5-nitrofuryl containing thiosemicarbazones HL selected as bioactive co-ligands and scheme of the synthesis and proposed structure of the [RuCp(PPhs)L]

compounds 1-3, where HL = HL1 — HL3.
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129.52 (Cq, PPh3), 128.45 (CH, PPhs), 117.81 (C2), 115.68 (C3), 79.43
(CsHs), 32.65 (C10). 3'P NMR [(CDs),CO, 8/ppm]: 52.10 [s, PPhs].

[RuCp(PPh3)L2], 2. Yield: 84 mg, 25%. Blue-violet solid. Anal. calc.
for C31Hy9N405PRuUS: C, 55.60; H, 4.36; N, 8.37; S, 4.79. Found: C,
55.64; H, 4.34; N, 8.35; S, 4.77. Ay(DMSO): 2.0 Scm?mol ~ 1. Nax
(DMSO) 567 nm (¢ = 65 x 10> M~! cm™!), 415 nm (¢ =
6.8 x 10> M~ cm™"). FTIR (KBr, cm™'): 3054, Cp; 1577, v(C=N),
1350, vs(NO,); 1147, v(N-N); 804, §(NO,) + furan. 'H NMR
[(CD3),CO, Me,Si, 6/ppm]: 8.41[s, 1, H5], 7.45 [d, Jun = 3.8 Hz, 1, H3],
7.38-7.31 [m, 16, H9 + PPhs], 7.23 [d, Jun = 3.8 Hz, 1, H2], 4.50 [s, 5,
C5H5], 3.30 [quint, JH.H =172 HZ, 2, H]O], 1.15 [t, ]H.H =72 HZ, 3,
H11]. '*C NMR [(CDs),CO, 6/ppm]: 151.44 (C4), 149.83 (C1), 136.74
(C5), 134.58 (CH, PPhs), 133.72 (Cq, PPhs), 130.02 (CH, PPhs), 128.53
(CH, PPh3), 117.30 (C2), 115.65 (C3), 79.47 (CsHs), 40.91 (C10), 15.53
(C11). 'P NMR [(CD3),CO, §/ppm]: 52.27 [s, PPhs].

[RuCp(PPh3)L3], 3. Yield: 65 mg, 18%. Blue-violet solid. Anal. calc.
for C35H,9N405PRuUS: C, 58.57; H, 4.07; N, 7.81; S, 4.47. Found: C,
58.45; H, 4.05; N, 7.85; S, 4.45. Ay(DMSO): 3.0 Sem?mol ™1, Nmax
(DMS0) 559 nm (sh), (¢ = 3.9 x 10> M~ ! cm™!), 421 nm (¢ =
49 x 10> M~' ecm™1). FTIR (KBr, cm™'): 3057, Cp; 1591, v(C=N),
1350, v4(NO,); 1153, v(N-N); 804, 6(NO,) + furan. 'H NMR
[(CD3),CO, MeySi, 6/ppm]: 8.72 [s, 1, H9], 8.54 [s, 1, H5], 7.49 [d,
Jun = 7.7 Hz, 2, H11 4 H15], 7.42-7.23 [m, 20, H2 + H3+
H9 + H12 + H14 + PPhs], 7.00 [t, Juy = 7,4 Hz, 1, H13], 4.57 [s, 5,
CsHs]. *C NMR [(CD3),CO0, §/ppm]: 185.27 (C8), 151.07 (C4), 140.19
(C5), 136.66 (C10), 134.50 (CH, PPhs), 132.69 (CH, PPhs), 130.15
(Cq, PPh3), 12936 (C12 + 14), 128.60 (CH, PPhs), 123.55 (C13), 121.57
(C11 + 15),79.72 (CsHs). 3'P NMR [(CD3),CO, 6/ppm]: 51.97 [s, PPhs].

2.3. Physicochemical characterization

C, H and N analyses were carried out with a Thermo Scientific Flash
2000 elemental analyzer. Conductometric measurements were done
over time (5 days) at 25 °C in 10~3 M DMSO solutions using a Conduc-
tivity Meter 4310 Jenway to determine the type of electrolyte and to
assess the stability of the complex in such medium [70]. UV-visible
(UV-vis) spectra were measured in DMSO in the range 300-800 nm
with a spectrophotometer Shimadzu UV 1603 instrument. The spectra
of 0.1 mM solutions were measured with time as an additional method
to evaluate the stability of the complexes. The FTIR absorption spectra
(4000-300 cm ™ ') were measured as KBr pellets with a Shimadzu
IRPrestige-21 instrument. 'H, '3C and 3'P NMR spectra were recorded
on a Bruker Avance 400 spectrometer at probe temperature. The 'H
and '3C chemical shift (s = singlet; d = duplet; t = triplet; m = multi-
plet for 'H) are reported in parts per million (ppm) downfield from in-
ternal Me,Si and the 3!'P NMR spectra are reported in ppm downfield
from external standard 85% H3PO,.

Electrochemical behavior was studied by cyclic voltammetry record-
ed in an Epsilon Electrochemical Analyzer. Reduction was studied
employing a hanging drop mercury electrode (HDME) as working elec-
trode, a platinum wire was used as counter electrode, while a Ag/Ag™
electrode was used as a reference electrode. Oxidation was studied
using a standard electrochemical three-electrode cell consisting of a car-
bon disk working electrode, a platinum wire auxiliary electrode and a
Ag/AgCl reference electrode. Measurements were performed at room
temperature in 1 mM DMSO solutions of the complexes using tetrabutyl
amonium hexafluorophosphate (c.a. 0.1 M) as supporting electrolyte.
Solutions were deoxygenated via purging with nitrogen for 15 min
prior to the measurements. A continuous gas stream was passed over
the solution during the measurements.

2.4. Biological studies
24.1. Viability on T. cruzi (Dm28c clone) trypomastigotes

Vero cells were infected with T. cruzi metacyclic trypomastigotes
from 15 days old Dm28c clone epimastigote cultures. Subsequently,

the trypomastigotes harvested from this culture were used to infect fur-
ther Vero cell cultures at a multiplicity of infection (MOI) of 10. These
trypomastigote-infected Vero cell cultures were incubated at 37 °C in
humidified air and 5% CO, for 5 to 7 days. After this time, culture
media were collected and centrifuged at 3000 xg for 5 min. The
trypomastigote-containing pellets were resuspended in RPMI media
supplemented with 5% fetal bovine serum and penicillin-streptomycin
at afinal density of 1 x 107 parasites/mL. 2.10 x 10® trypomastigotes are
equivalent to 1 mg of protein or 12 mg of wet weight. Viability assays
were performed by using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) reduction method as previously de-
scribed [51,52]. Briefly, 1 x 107 trypomastigotes were incubated in
fetal bovine serum-RPMI culture medium at 37 °C for 24 h with and
without the complexes under study at different concentrations. An ali-
quot of the parasite suspension was extracted and it was incubated in
a flat-bottom 96-well plate and MTT was added at a final concentration
of 0.5 mg/mL, incubated at 28 °C for 4 h, and then solubilized with 10%
sodium dodecyl sulfate 0.1 mM HCI and incubated overnight. Formazan
formation was measured at 570 nm with the reference wavelength at
690 nm in a multiwell reader (Biochrom® Asys Expert Plus, Biochrom,
USA). Untreated parasites were used as negative controls (100% of via-
bility). Finally, a non-linear regression analysis, using Log concentration
vs normalized response fit, by Graph Pad prism® software was
performed.

2.4.2. Activity on bloodstream T. brucei brucei strain 427

The infective form of T. brucei brucei strain 427, cell line 449
(encoding one copy of the tet-repressor protein: Pleo®;[53]), was
aerobically cultivated in a humidified incubator at 37 °C with 5%
CO, in HMI-9 medium [54] supplemented with 10% (v/v) fetal calf
serum (FCS), 10 U/mL penicillin, 10 pg/mL streptomycin and 0.2
pg/mL phleomycin. The assay was performed as previously described
[55]. Ten mM stock solutions of the compounds were prepared using
DMSO as solvent and then diluted in culture medium to obtain seven
experimental concentrations (from 25 to 0.3 uM). Compounds,
DMSO (up to 1%) or medium were immediately added at the concen-
trations described above and the culture plate was incubated at 37 °C
with 5% CO,. After 24 h, living parasites were counted with a
Neubauer chamber under the light microscope. Each condition was
tested in triplicate.

For each compound concentration, cytotoxicity was calculated ac-
cording to the following equation: Cytotoxicity (%) = (experimental
value — DMSO control) / (growth control — DMSO control) x 100.
The data were plotted as percentage cytotoxicity versus complex con-
centration. ICsq values were obtained from dose response curves fitted
to a sigmoidal equation (Boltzmann model) or extrapolated from non-
linear fitting plots.

2.4.3. Cytotoxicity on murine macrophages

The J774 mouse macrophage cell line was cultivated in a humidified
5% C04/95% air atmosphere at 37 °C in DMEM medium supplemented
with 10% (v/v) FCS, 10 U/mL penicillin and 10 pg/mL streptomycin.
Stock solutions of the compounds to be tested were prepared as de-
scribed for anti-T. brucei activity tests and diluted in culture medium
to obtain seven experimental concentrations (from 100 to 0.5 uM).
Each condition was tested in triplicate. The cytotoxic effect of the
compounds towards macrophages was evaluated after 24 h incubation
by colorimetric assay with a tetrazolium salt (WST-1 reagent). The
absorbance of the formazan dye produced by metabolically active cells
was measured at 450 nm (reference wavelength at 630 nm) with an
EL 800 microplate reader (Biotek). The methodological procedure is es-
sentially as described previously [32]. Cytotoxicity was calculated and
ICso values were obtained as described for cytotoxicity on T. brucei
brucei.
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2.4.4. Cytotoxicity on endothelial mammalian cells

The endothelial cell lines EA.hy926 (permanent human cell line de-
rived by fusing human umbilical vein endothelial cells — HUVEC with
human lung cells-A549) were maintained in the nutrient medium,
Iscove's modified Dulbecco's medium (IMDM) (Sigma-Aldrich), was
supplemented with 10% fetal bovine serum, (25 mM), penicillin (100
units/mL), and streptomycin (100 mg/mL). Cells were maintained as a
monolayer culture in tissue culture flasks (Thermo Scientific Nunc™)
in an incubator at 37 °C in a humidified atmosphere composed of
5% CO,. Viability assays were performed by using the MTT reduction
method as previously described for T. cruzi trypomastigote assay (see
above).

2.5. Lipophilicity studies

Reversed-phase TLC experiments were done on precoated TLC
plates SIL RP-18 W/UV,s4 and eluted with DMSO:physiological serum
(60:40, v/v). Stock solutions were prepared in pure methanol (Aldrich)
prior to use. The plates were developed in a closed chromatographic
tank, dried and the spots were detected under UV light. The R¢ values
were averaged from two to three determinations, and converted to Ry,
via the relationship: Ry = log1o [(1/Rg) — 1] [56-58].

2.6. Insight into the mechanism of action

2.6.1. Generation of free radical species in T. cruzi

The free radical production capacity of the new complexes was
assessed in the parasite with ESR (electron spin resonance) using
DMPO (5,5-dimethyl-1-pirroline-N-oxide) for spin trapping. Each test-
ed compound was dissolved in DMSO (spectroscopy grade, approx.
1 mM) and the solution was added to a mixture containing the
epimastigote form of T. cruzi (Dm28c strain; final protein concentration,
4-8 mg/mL) and DMPO (final concentration, 250 mM). The mixture
was transferred to a 50-JL capillary. ESR spectra were recorded in the
X band (9.85 GHz) using a Bruker ECS 106 spectrometer with a rectan-
gular cavity and 50-kHz field modulation. All the spectra were regis-
tered in the same scale, after 15 scans [29,49]. The ESR spectra were
simulated using the program WINEPR Simfonia 1.25 version.

2.6.2. DNA interaction by fluorescence studies

Experiments for competitive binding to calf thymus DNA (ctDNA,
SIGMA, Type I, No. D-1501) with ethidium bromide (EB, SIGMA) were
carried out in 10 mM Tris-HCl buffer at pH 7.4. Millipore® water was
used for the preparation of all aqueous solutions. Fluorescence measure-
ments were carried out on individually prepared samples to ensure
the same pre-incubation time for all samples in each assay. Due to the
low solubility of the complexes in aqueous media DMSO was used to
prepare concentrated stock solutions followed by appropriate dilution
to obtain the targeted concentration and the same content of DMSO
(5% v/v) in the final samples. DNA stock solutions were prepared by
hydrating ctDNA in Tris-HCl buffer (1 mg/mL, ~2 mM-nuc™!) by gently
stirring the solution overnight. This solution was kept at 4 °C (in the
fridge) in-between measurements and discarded after 4 days. The
concentration of each stock solution was determined by UV spectropho-
tometry using the molar absorption coefficient € (260 nm) =
6600 M~! cm~! nuc~! [59]. A EB 5 mM solution was prepared
in Tris-HCl buffer. ctDNA was pre-incubated with EB at 4 °C for 24 h.
Samples were prepared with a total concentration of DNA and of EB of
20 uM-nuc~ ! and 10 pM, respectively, varying the total complex con-
centration from 1-110 pM. They were incubated at 37 °C for 30 min.
Samples with complex alone and samples with complex and EB but
no DNA were used as blanks.

Fluorescence spectra were recorded from 520 nm to 650 nm at
an excitation wavelength of 510 nm on a Shimadzu RF-5301PC spectro-
fluorimeter. Fluorescence emission intensity was corrected for the ab-
sorption and emission inner filter effect at the maximum emission

wavelength (594 nm) using the UV-vis absorption data recorded for
each sample according to the following equation [60].

Absy oy FADSN e )
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3. Results and discussion

Three Ru(Il)-cyclopentadienyl complexes including bioactive 5-
nitrofuryl containing thiosemicarbazones as ligands were synthesized
with high purity and reasonable yields according to the proposed syn-
thetic scheme shown in Fig. 1. The new compounds were characterized
in the solid state and in solution using different techniques. Analytical,
conductometric and FTIR and NMR spectroscopic results are in agree-
ment with the formula [RuCp(PPhs)L], where L is the deprotonated
form of HL = HL-HL3. The compounds are non-conducting in DMSO.

3.1. IR spectroscopic characterization

Assignments of the main IR bands (Table S1, supplementary materi-
al) were made based on our previous reports on vibrational behavior
of Pd(II) and Ru(II) complexes with the selected thiosemicarbazones
as ligands [32,61].

All complexes showed a similar spectral pattern. When compared to
the free thiosemicarbazones, observed modifications are consistent
with the coordination of these ligands through the thiocarbonylic sulfur
and the azomethynic nitrogen. On one side, the v(C=N) bands of the
thiosemicarbazone free ligands, at approximately 1600 cm™ ', shift to
lower frequencies. In addition, v(C=S) band at around 820-850 cm ™!
in the free ligands, should shift to lower wave numbers upon sulfur co-
ordination. Even though, as it had been previously stated, this band
could not be unambiguously assigned for the metal compounds [61],
significant changes are observed in this region after coordination. The
v(NH) band, at approximately 3120-3150 cm™ !, is not observed in
the complexes due to deprotonation of the thiosemicarbazone ligands.
This fact is in agreement with the proposed molecular formulae,
[RuCp(PPh3)L]. In addition, for the three compounds the vibration
band assigned to the {RuCp} moiety around 3050 cm™ ' was identified
[62]. Furthermore, coordinated triphenylphosphane bands at c.a. 1400,
690 and 520 cm™ ! could be observed in the complexes spectra.

3.2. NMR results

H, 3C and *'P NMR experiments were completed by COSY (COSY =
correlation spectroscopy), HMQC (HMQC = heteronuclear multiple-
quantum correlation) and HMBC (HMBC = heteronuclear multiple
bond correlation) studies in acetone-dg, for a complete characterization
of the compounds (Figs. S1 to S18, Supplementary material). Fig. 1
shows the numbering of the ligands.

The analysis of the 'H NMR shows resonances for the 7°-
cyclopentadienyl rings in the characteristic range of other
ruthenium(Il)-cyclopentadienyl complexes [43-45]. The absence of
the H7 signal is in accordance with the deprotonation of the N,S
bidentate ligand upon coordination. In addition, coordination leads to
a significant downfield shift in the range 1 ppm of the H9 of the NH
group. This effect can be explained by an efficient m back-donation
from Ru(ll) d orbitals to m* orbitals placed at the coordinated N atom
and also to vacant d orbitals of S. This income of electronic density
at the coordinated ligands is also observed in most of the aliphatic and
aromatic protons where a shielding of ~0.4 ppm was observed. Interest-
ingly, in the side of the chain containing the furan ring a conjugation of
the double bonds is observed, possibly motivated by the presence of the
excellent NO, acceptor group. This effect might explain the deshielding
found for H3 and H5 protons (~0.3 ppm). A similar effect was also found
upon coordination of O,N bopy ligand (bopy = 2-benzoylpyridine)
found in the complex [RuCp(PPhs)(bopy)][CFsSOs] [44].
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Fig. 2. Cyclic voltammograms of [RuCp(PPhs)L] in the anodic (left) and cathodic (right) directions at 100 mV/s scan rate in 1 mM DMSO solutions. Potentials were measured vs. Ag/AgCl

(anodic scan) or Ag/Ag™ (cathodic scan).

Although the interpretation of the 3C NMR spectra was not so easy
due to the weakness of the main signals of C8, they still revealed the
same general tendency observed for the protons. 3'P NMR spectra of
the complexes showed a single sharp signal for the phosphane coligand
at ~52 ppm, showing a deshielding of ~13 ppm originated by the coor-
dination of the N,S ligands, thus corroborating the existence of a signif-
icant electronic flow from the Ru center to the bidentate ligand.

3.3. Cyclic voltammetry results

The electrochemical characterization of the complexes was per-
formed at room temperature by cyclic voltammetry in DMSO solutions
using a carbon disk electrode for the anodic scan and a hanging drop
mercury electrode for the cathodic one. Obtained voltammograms
(recorded at a scan rate of 100 mV/s) are shown in Fig. 2. Selected elec-
trochemical data are shown in Table 1. All obtained complexes showed
a similar voltammetric response in both cathodic and anodic directions.

On the reverse anodic scan, a reversible redox couple at around 0.4 V
vs. Ag/AgCl was observed for the three complexes (Table 1). This elec-
trochemical process was attributed to the Ru(II)/Ru(Ill) oxidation as
previously observed for other Ru(Il)-Cp complexes [43-45]. The effect
of the scan rate on the electrochemical response of this couple was in-
vestigated between 50 and 500 mV/s. For all complexes, the anodic
and cathodic peak potentials (E,, and Ep,.) were not dependent on the
scan rate. In addition, the ipa/v'/? value was invariant with changing
scan rates and the ratio of cathodic to anodic peak currents (ipc/ipa)
remained near to unit (Fig. S19, S20, S21, supplementary material).
This behavior is expected for a reversible charge transfer process [63].

Three ligand centered redox couples were observed when the
potential was scanned in the negative direction. As previously reported
for the free 5-nitrofuryl containing thiosemicarbazone ligands and their
metal complexes [21-23,31,32,64] a quasi-reversible wave (couple II)
at — 1.1 Vvs. Ag/Ag+, could be assigned to a process involving a one-
electron transfer, which leads to the generation of the anion radical
RNO~ by reduction of the nitro moiety. Other ligand centered waves

corresponding to further reduction of the nitro moiety (couple III) and
a self-protonation process (couple I) were also observed for the three
complexes.

It had been previously demonstrated that the first step of the
mechanism of antiparasitic action of the 5-nitrofuryl-containing
thiosemicarbazones and their metal complexes involves the reduction
of the nitro moiety. Through redox cycling, the formed nitro anion
radical would generate other radical species toxic for the parasite [66].
In this regard, the reduction potential of the nitro group could be a way
of predicting how easy this reduction process in vivo could be. Obtained
peak potentials and those of the corresponding thiosemicarbazone li-
gands are shown in Table 1. The reduction potentials of the nitro moiety
diminished in about 0.05 V because of the formation of the complexes.
This positive influence of complexation could conduct to an increased
biological activity.

3.4. Biological results

The stability of the obtained compounds in DMSO was studied
by conductivity measurements and UV-vis spectroscopy. The three
ruthenium(Il) cyclopentadienyl complexes were stable for at least
24 h, the experimental time involved in the biological evaluations.

3.4.1. In vitro antiparasitic activity

3.4.1.1. Anti-T. cruzi activity. All the new ruthenium-Cp compounds were
active against T. cruzi (trypomastigotes Dm28c¢) with ICsq values in the
micromolar range (Table 2). With the exception of [RuCp(PPhs)L3],
the compounds showed a 4- to 45- fold increase of activity in respect
to the corresponding thiosemicarbazone ligand. In addition, the two
most active compounds, [RuCp(PPh3)L1] and [RuCp(PPhs)L2], are 5
and 49 times more active than the reference trypanocidal drug
Nifurtimox (ICsp = 20.1 & 0.8 pM), respectively [31].

The new cyclopentadienyl compounds are much more active than
previously developed Ru(Il) classical and organometallic compounds:

Table 1
Selected electrochemical data for [RuCp(PPhs)L] in 1 mM DMSO solutions at a scan rate of 100 mV/s.
Compound Ru(II)/Ru(III) Couple I Couple Il (HL) Couple III
l':1/2 (V)a Epc (V)b Epa (V)b Epc (V)b Epc (V)b
[RuCp(PPh3)L1] 0.40 —0.63 —0.98 (—1.00) —1.04 (—1.09) —1.95
[RuCp(PPhs3)L2] 0.40 —0.63 —0.98 (—1.02) —1.06 (—1.11) —1.95
[RuCp(PPhs)L3] 0.45 —0.51 —0.94 (—0.99) —1.02 (—-1.07) —1.82

Epc = cathodic peak potential; E,, = anodic peak potential, Ey» = (Epa + Epc) / 2.
¢ Measured vs. Ag/AgCl.
b Measured vs. Ag/Ag™.
¢ From reference [49].
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Table 2

Invitro activity (measured as the ICso value, the half inhibitory concentration) against T. cruzi, T. brucei brucei, cytotoxicity on murine macrophages J774 and EA.hy926 endothelial cells and

selectivity index (SI) values of [RuCp(PPhs)L] and of HL (included for comparison).

Compound T. cruzi T. brucei Macrophages EA.hy926 SI (fold) SI (fold)
1C50/pM 1Cs0/pM 1C50/uM 1Cso/uM
HL1 17.4 +£1.9¢ 11.3¢ 36.4 + 4.2¢ >100f 28 (>6M) 31(9)
[RuCp(PPhs)L1] 4.14 + 021 149 + 14 >204 >20¢ >52 >1°
HL2 185 + 1.7¢ 17.0° 34.0 +2.1¢ >100° 28 (>5M) 21 (>6))
[RuCp(PPh3)L2] 0.41 £ 0.02 35+ 05 >20¢ >20¢ >49% >6°
HL3 22.7 + 1.6 >100° >100° >100f >42 -
[RuCp(PPh3)L3] >204 10.7 £ 0.2 >20¢ >20¢ - >2°

a
b

SI: 1Cso macrophages or EA.hy926/ICsq T. cruzi.
SI: IG5 macrophages or EA.hy926/ICsq T. brucei brucei.

¢ Data from ref. [53].
d

¢ Data from ref. [52].

f Data from ref. [49].

& SI: ICsp macrophages/ICsq T. cruzi.

" SI: 1Cs0 EA.hy926/ICs T. cruzi.

I SI: ICso macrophages/ICsg T. brucei brucei.
3 SI: 1Cs0 EA.hy926/ICs T. brucei brucei.

[RuCl,(HL)(HPTA),]Cl,, [Ruy(p-cymene),(L),]Cl, and [Ruy(p-cymene),
(L)2](PFg)2 [31,33]. In fact, and to the best of our knowledge,
[RuCp(PPh3)L2] is the most active metal compound including a
5-nitrofuryl derived thiosemicarbazone reported to date.

3.4.1.2. Anti-T. brucei activity. All the new Cp compounds showed activity
against infective T. brucei brucei showing ICsq values in the micromolar
range, and [RuCp(PPh3)L2] and [RuCp(PPhs)L3] resulted more active
than the corresponding thiosemicarbazone ligand. Both displayed
inhibitory activities of the same order of magnitude than the organome-
tallic compounds [Ru,(p-cymene),(L),](X),, previously developed with
the same HL ligands [52].

3.4.2. Cytotoxicity on mammalian cells

The specificity of the antitrypanosomal activity of the new com-
pounds was evaluated by analyzing their cytotoxicity against a murine
macrophage like cell line (J774) and a human-derived endothelial cell
line (EA.hy926). Almost all the new compounds showed moderate to
very good selectivity towards the parasites when compared to the se-
lected mammalian cell lines (Table 2). Although an exact determination
was not possible due to solubility problems in the culture medium,
cytotoxicity was in all the cases > 20 uM.

These data point to [RuCp(PPh3)L2] as the most promising com-
pound for further developments. It shows a submicromolar ICsq value
on T. cruzi (ICsp = 0.41 uM) together with a low ICsq value against
T. brucei brucei (ICsp = 3.5 uM). Moreover, this compound shows
excellent selectivity towards T. cruzi (SI > 49) and moderate to good
selectivity towards T. brucei brucei (SI > 6). It could be further studied
as a prospective broad spectrum antitrypanosomal agent.

Overall, the results confirm the validity of our rational design project
that involves the modification of the coordination sphere of Ru(Il) in
complexes with bioactive 5-nitrofuryl containing thiosemicarbazones
as ligands in order to improve their antiparasitic activity.

3.5. Lipophilicity

Lipophilicity is among the prime factors controlling transmembrane
transport and interaction with biological receptors. Therefore, it is a
relevant physicochemical property of prospective drugs that could be
correlated with the observed biological activity [65]. The effect of com-
plex formation and of the presence of the Cp moiety on lipophilicity was
experimentally determined using reversed-phase TLC, where the sta-
tionary phase (precoated TLC-C18) may be considered to simulate lipids
of biological membranes or receptors, and the mobile phase (DMSO/
physiological serum 60:40 v/v) resembles the aqueous biological milieu.
The composition of the mobile phase was selected in order to allow

Not exactly determined due to low solubility of the compounds. Results are the mean value of three different independent experiments.

differentiating complexes according to their lipophilicity and comparing
with the free thiosemicarbazones and other previously developed
Ru(Il) compounds with these ligands [30,31].

All the obtained complexes were more lipophilic than the correspond-
ing thiosemicarbazone ligands (Table 3). As expected, the lipophilicity of
the complexes increases as the N-substituent in the thiosemicarbazone li-
gand changes from methyl to phenyl, being [RuCp(PPh3)L3] the most li-
pophilic complex. Obtained Ry values were similar to those previously
reported for [Ru"Cl,(HL),] and [Ru'Cl,(HL)(HPTA),]Cl, complexes
(PTA = 1,3,5-triaza-7-phosphaadamantane) [50,51].

No correlation between lipophilicity and antiparasitic activity could
be observed. In fact, among the developed Ru-Cp complexes, the most li-
pophilic one, [RuCp(PPh3)L3], is the less active. In addition, even though
the compounds synthesized in this work were as lipophilic as other
ruthenium complexes previously obtained ([RuCl,(HL)(HPTA),]Cl,, for
example), they are much more active. As could be expected, lipophilicity
is only one of the factors that could influence compounds biological activ-
ity as well as polar, electronic and steric effects. For this family of com-
pounds, it does not seem to be a relevant factor.

3.6. Insight into the mechanism of action

3.6.1. Production of free radicals in T. cruzi

As previously stated, the mechanism of anti T. cruzi action of
the selected 5-nitrofuryl derived thiosemicarbazones involves the
intraparasite bioreduction leading to toxic free radicals [26,46]. This
mechanism of action seems to be retained by other previously reported

Table 3

Ry values of the [RuCp(PPhs)L] complexes, the corresponding
ligands and previously reported Ru(Il) complexes with these
ligands (mobile phase DMSO/physiological serum 60:40, v/v).

Compound Ry
HL1 —0.5°
[RuCl,(HL1),] 0.3%
[RuCl,(HL1)(HPTA),|Cl, 0.7°
[RuCp(PPhs)L1] 0.6
HL2 —0.3?
[RuCl,(HL2),] 0.5%
[RuCl,(HL2)(HPTA),]Cl, 0.8"
[RuCp(PPhs)L2] 0.7
HL3 0.3%
[RuCl,(HL3),] 1.0°
[RuCl,(HL3)(HPTA),]Cl, 1.1°
[RuCp(PPhs)L3] 1.1

Rv = logio [(1/Ry) — 1].
@ Data from ref. [51].
b Data from ref. [50].
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Fig. 3. Experimental (black) and simulated (red) ESR spectra obtained after 5 min incuba-
tion of [RuCp(PPh3)L2] (1 mM) with T. cruzi epimastigotes (Dm28c strain, final protein
concentration 4-8 mg/mL), NADPH (1 mM), and DMPO (100 mM). (“) characteristic
signals of DMPO-nitrocompound spin adduct. (*) characteristic signals of DMPO-OH spin ad-
duct. (#) DMPO or DMPO-OH oxidation signals.

metal complexes of these bioactive ligands [21-23,27,29,31,33]. As pre-
viously stated, the first step of this mechanism involves the one electron
reduction of the nitro moiety. The cyclic voltammetry studies showed
that this reduction could be more easily achieved for the ruthenium
compounds than for the free thiosemicarbazone ligands.

Therefore, the free radical production capacity of the new ruthenium
cyclopentadienyl compounds was assessed by ESR, incubating the com-
pounds with T. cruzi (Dm28c strain) epimastigotes. DMPO was added as
spin trapping agent to detect free radical species having short half-lives.
ESR spectra of all complexes showed a similar line pattern. The global
behavior is exemplified by the ESR spectrum of [RuCp(PPhs)L2],
displayed in Fig. 3.

In all cases a thirteen line spectral pattern was observed. These lines
correspond to three different DMPO spin adducts. One of these spin ad-
ducts (marked with “, Fig. 3) corresponds to the trapping of a carbon-
centered radical by DMPO showing the characteristic six lines pattern
[66]. This trapped species could be related to the bioreduction of the
complexes, generating a nitroheterocyclic radical. The second group of
signals (*, Fig. 3), consisting of four lines, corresponds to the DMPO-
OH adduct [66]. Intracellular hydroxyl radical species would arise due
to redox cycling processes. The third line pattern (¥, Fig. 3) could be re-
lated to the oxidation of the spin trap and/or the rapid decomposition of
DMPO-OH adduct [66,67].

Thus, the biological free radical production capacity of the new com-
pounds was confirmed since all of them were capable to produce free
radicals in the intact parasite giving an ESR spectrum with the described
pattern of signals. It can be concluded that the metal compounds would
maintain the mode of action of the 5-nitrofuryl pharmacophore.

3.6.2. DNA interaction

EB fluorescent DNA probe was used to access the interaction of the
new complexes with DNA. EB is a conjugate planar molecule with
weak intrinsic fluorescence emission at the selected excitation wave-
length, and in pH 7.4 Tris buffer/2%DMSO its spectrum shows an emis-
sion maximum at 601 nm. Intercalation of EB into double stranded
DNA induces an increase of the fluorescence quantum yield [68,69].
In addition, in the spectrum of the {DNA-EB} adduct the emission
maximum is shifted to 594 nm in our experimental conditions. At the
selected excitation wavelength (Aexc = 510 nm), both DNA and the
complexes are non-fluorescent in pH = 7.4 10 mM TRIS/2% DMSO,
and no fluorescence emission results from their direct interaction with
DNA.

Results obtained for the titration of the {DNA-EB} adduct with the
new [RuCp(PPhs)L] compounds are summarized in Fig. 4. A quenching
in the emission of {DNA-EB} is observed upon increasing complex
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Fig. 4. Relative fluorescence intensity (%) at N,y = 594 nm with increasing complex
concentration obtained for the complexes. (Cpna = 20 M, Cgg = 10 1M, samples prepared
in 2% DMSO/TRIS HCl medium, 30 min incubation at 37 °C). Squares: [RuCp(PPh3)L1],
circles: [RuCp(PPhs)L2], triangles: [RuCp(PPh3)L3].

concentration, the extent of the quenching being quite similar for the
three complexes. These results are consistent with an EB displacement
from the {DNA-EB} adduct brought upon by the complex binding to
DNA in an intercalative-like manner or by interaction with DNA by in-
ducing conformational changes which cause the disruption of EB bind-
ing sites.

The mechanisms involved in the fluorescence quenching process for
the complexes can be accessed by a Stern-Volmer analysis according to

o _ 14 ki) 1)
F

where Ir and Ir is the emission fluorescence intensity of the {DNA-EB}
adduct in the absence and in the presence of the complex, Ksy the
Stern-Volmer constant, and [Q] the concentration of the quencher (in
this case, the complexes) [60]. Eq. (1) predicts a linear plot for Iro/Ir
for a homogeneously emitting system. Stern-Volmer analysis for the
[RuCp(PPh3)L] complexes showed in each case a positive deviation
from the linearity detected as a curve upward. This effect is frequently
observed when the extent of quenching is relatively large. In the low
complex concentration range the plot Iro/If is linear and the Ksy constant
can be calculated for each system (Table 4).

Results show that all complexes tested interact with DNA with
similar affinities (Table 4) independently on the nature of L ligand.
As expected, obtained Ksv values were lower than those previously
reported for other ruthenium complexes with typical planar DNA
intercalating ligands. In particular, [Ru(bpy)(pp[2,3]p)2](Cl04),
and  [Ru(phen)(pp[2,3]p)2](ClO4),  with  pp[23]p =
pyrido[2,3’:5,6]pyrazino[2,3-f] [1,10]phenanthroline showed log
Ksy = 5.8 and 6.0, respectively [70].

Even though results show that DNA could be a target of these com-
plexes, no correlation between interaction with this biomolecule and
the biological activity was observed.

Table 4
Stern-Volmer constants of the [RuCp(PPh3)L] systems for the competitive binding to
DNA-EB in 2% DMSO/TRIS HCl medium.

Complex Ksy (M~ 1) log Ksy
[RuCp(PPhs)L1] 3835 36
[RuCp(PPhs)L2] 5362 37
[RuCp(PPhs)L3] 16254 42
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4. Conclusions

Three novel Ru(ll)-cyclopentadienyl compounds, [Ru(1°-CsHs)
(PPh3)L], with L = bioactive 5-nitrofuryl containing thiosemi-
carbazones were synthesized and characterized in the solid state and
in solution.

The compounds were active in vitro against the bloodstream forms
of T. cruzi (Dm28c strain) and T. brucei brucei (strain 427) with ICsq
values in the micromolar range. In addition, they were much more
active on T. cruzi than previously developed Ru(lIl) classical and organo-
metallic compounds with the same ligands. Almost all the new com-
pounds showed moderate to very good selectivity towards the
parasites in respect to the selected mammalian cell models.

The results confirm the validity of our rational design project that in-
volves the modification of the co-ligands included in the coordination
sphere of Ru(Il) complexes with bioactive 5-nitrofuryl containing
thiosemicarbazones as ligands in order to improve their antiparasitic
activity.

In regard to the probable mechanism of action, the compounds were
capable to produce free radicals in the intact parasite. Thus, it can be
concluded that these metal compounds would maintain the mode of ac-
tion of the 5-nitrofuryl pharmacophore. In addition, the complexes
demonstrated their ability to interact with DNA showing similar
affinities.

The global results point at [RuCp(PPh3)L2] as the most promising
antitrypanosomal compound for further developments.
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