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Exploring a series of multifunctional Mn(i)
tricarbonyls as prospective agents against
trypanosomatid parasites: a comparative study
with the Re(l) analogues+
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Diseases caused by trypanosomatid parasites are among the most pressing neglected illnesses. Chagas
disease, caused by Trypanosoma cruzi, and visceral Leishmaniasis, caused by Leishmania infantum, have a
severe health impact in developing countries. Searching for prospective metal-based drugs against these
diseases, five multifunctional fac-[Mn(CO)s(CTZ)(NN)I(PFg) compounds, including four new derivatives,
were synthesized and thoroughly characterized, featuring NN polypyridyl derivatives and Clotrimazole
(CTZ) as bioactive ligands. The biological behavior was compared with that previously reported for the Re
analogues. Mn compounds showed ECsg values in the low micromolar range against the infective trypo-
mastigote form of Trypanosoma cruzi and the promastigote form of Leishmania infantum and moderate
selectivity indexes. While their potency against T. cruzi was comparable to the Re analogues, their selecti-
vity was lower. Key physicochemical properties relevant to drug development were assessed: Mn() com-
pounds showed lower stability in relevant tested media compared with their Re() counterparts and higher
lipophilicity than the free ligands and the Re analogues. To gain insight into the potential mechanisms of
action, the interaction with DNA and the effects on ergosterol biosynthesis in T. cruzi and L. infantum
were investigated. Minimal DNA association (<1%) and moderate interaction with this target discarded
DNA binding as the primary mechanism of action. In contrast, inhibition of lanosterol 14-a-demethylase
(CYP51), key enzyme involved in the parasites’ ergosterol biosynthetic pathway, was experimentally
confirmed. Metallomic study revealed an uptake by T. cruzi of the most promising compound, fac-[Mn
(CO)3(CTZ)(tmp)I(PFe), more than twice that of the Re(l) analogue and preferential association to soluble
proteins. Proteomic analysis of T. cruzi epimastigotes treated with the Mn() and Re(l) analogues showed
no change in CYP51 abundance, suggesting that reduced ergosterol levels may arise from post-transla-
tional modifications of the enzyme. Raman confocal microscopy allowed us to detect effects of the most
promising Mn compound in treated T. cruzi. Furthermore, the photoinduced CO release properties of
both Mn and Re analogues were examined, searching for an additional and yet non-studied potential
mechanism of action of metal-tricarbonyls in these trypanosomatid parasites. Collectively, the results
highlight the potential of Mn() tricarbonyls as promising candidates for further drug development.

“Area Quimica Inorgdnica, DEC, Facultad de Quimica, Universidad de la Republica, fUnidad de Biogquimica y Proteémica Analiticas, Institut Pasteur de Montevideo,
Uruguay. E-mail: dgambino@fq.edu.uy; Fax: +5982-9241906; Tel: +5982-9249739 Uruguay

bprograma de Posgrado de Facultad de Quimica, Universidad de la Reptiblica, SInstituto de Investigaciones Bioldgicas Clemente Estable, Uruguay

Uruguay "Departamento de Quimica, Universidade Federal de Santa Catarina, Floriandpolis,
‘PEDECIBA - Programa de Desarrollo de las Ciencias Bdsicas, Uruguay Brazil

hrea Quimica Analitica, DEC, Facultad de Quimica, Universidad de la Republica, iSeccion Gendmica Funcional, Facultad de Ciencias, Universidad de la Republica,
Uruguay Uruguay

®Area Fisica, DETEMA, Facultad de Quimica, Universidad de la Repiiblica, Uruguay tElectronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5dt00241a

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 6495-6516 | 6495


http://rsc.li/dalton
http://orcid.org/0000-0002-7231-9307
http://orcid.org/0000-0002-5386-6225
http://orcid.org/0000-0001-6307-2309
http://orcid.org/0000-0001-8552-058X
http://orcid.org/0000-0001-7270-1672
http://orcid.org/0000-0003-1650-7677
http://orcid.org/0000-0002-1855-2327
http://orcid.org/0000-0002-6417-2683
http://orcid.org/0000-0002-5084-7619
http://orcid.org/0000-0001-8678-7374
https://doi.org/10.1039/d5dt00241a
https://doi.org/10.1039/d5dt00241a
https://doi.org/10.1039/d5dt00241a
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt00241a&domain=pdf&date_stamp=2025-04-09
https://doi.org/10.1039/d5dt00241a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054016

Published on 11 March 2025. Downloaded on 5/25/2026 12:31:08 AM.

Paper

Introduction

Neglected tropical diseases (NTDs) comprise a diverse set of
twenty medical conditions, identified by the World Health
Organization (WHO) as such, caused by various pathogens,
including viruses, bacteria, protozoa, and parasitic worms.
These diseases primarily affect impoverished populations
living in tropical regions, afflicting more than 1 billion people
across 149 countries. Most drugs used to treat NTDs are out-
dated and often cause unwanted side effects. Unfortunately,
pharmaceutical companies show limited interest in developing
new treatments or vaccines for these diseases since the
affected population mainly resides in low-income regions,
which anticipates low financial returns. Consequently, much
of the research on NTDs is driven by academic institutions,
open-source initiatives, and nonprofit organizations.'®

Diseases caused by trypanosomatid parasites—such as
Human African Trypanosomiasis, Chagas disease, and
Leishmaniasis—are among the most pressing neglected ill-
nesses, creating a severe health crisis in developing countries.
Chagas disease, also known as American Trypanosomiasis, is
an ancient endemic illness in Latin America caused by the fla-
gellated protozoa Trypanosoma cruzi (T. cruzi). Currently,
around 6-7 million people are infected, with Chagas disease
burden estimated to be five times that of malaria. In this region,
the parasite typically spreads to mammals through the bite of
infected, blood-feeding triatomine bugs. In recent decades, the
migration flow to areas like North America, Australia, Europe,
and Japan has led to increased cases in these non-endemic
regions, with transmission occurring through routes such as
blood transfusions, organ transplants, and mother-to-child trans-
mission.” Leishmaniasis, in turn, is caused by over 20 species of
Leishmania. These parasites are transmitted to mammalian hosts
through bites of female phlebotomine sandflies. Present in 98
countries worldwide, leishmaniasis poses a risk to more than 1
billion people living in endemic areas pertaining to most conti-
nents, with the WHO reporting an estimate of more than
1 million new cases annually. Visceral leishmaniasis, produced
by L. infantum, is the most severe form of the disease, leading to
death if untreated.” **

Despite notable differences between both trypanosomatid
protozoan parasites—including their transmission by different
insect vectors and the diverse clinical diseases they cause—
research has revealed significant similarities in their biology,
sharing closely related protein-encoding genes. This fact
creates opportunities to develop broad-spectrum compounds,
potentially affecting common targets in both parasites.™*™”

In recent decades, research in inorganic medicinal chem-
istry has advanced in the development of potential new drugs
against trypanosomatid parasites.>*'®**” In this field, our
group’s current strategy focuses on the rational design of mul-
tifunctional classical metal compounds and organometallics,
achieved by hybridizing various pharmacophoric entities. This
approach involves integrating a bioactive or pharmacologically
relevant metal center, bioactive organic ligands—compounds
with demonstrated antitrypanosomatid activity—and, where
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necessary, suitable co-ligands into a single hybrid compound.
This design strategy has frequently produced multifunctional
compounds with multiple modes of action and good to high
selectivity toward the parasites.”*%7?

In this framework, we recently reported promising results
on the rational design of multifunctional Re(i) tricarbonyl
compounds with two different bioactive ligands,
fac-[Re(CO);(CTZ)(NN)](PFs), where CTZ is Clotrimazole and
NN represents a series of polypyridyl derivatives of 1,10-phe-
nanthroline or 2,2-bipyridine, as prospective anti T. cruzi
agents.”>*® Re(i) tricarbonyl compounds offer notable advan-
tages for applications in medicinal chemistry. The fac-
[Re'(CO);]" core is both chemically robust and readily accessi-
ble via straightforward synthetic routes.>® This class of com-
pounds has been extensively explored for their potential in
cancer therapy, as agents in nuclear medicine and as bacterici-
dals, while the research as antiparasitic compounds has been
primarily limited to cyrhetrenyl derivatives, some complexes of
bioactive semicarbazones and thiosemicarbazones reported by
our group and a recent report on Re(1)-Tc(i)) megazol
derivatives.**™**

The chosen azole, CTZ, inhibits the activity of lanosterol
14-alpha-demethylase (CYP51), an enzyme responsible for con-
verting lanosterol into zymosterol, a precursor of ergosterol.
Ergosterol, the primary sterol in trypanosomatid parasites,
plays a critical role in maintaining membrane structure and
function, as well as supporting parasite replication.’*™*® The
selected bidentate NN ligands have demonstrated activity
against T. cruzi. Their intercalative properties may be trans-
ferred to their complexes, suggesting DNA as a potential mole-
cular target,**"

Manganese, the congener of rhenium, is an essential metal
present in the active sites of various enzymes. Its biological
relevance could suggest that replacing rhenium with manga-
nese in coordination compounds could yield compounds with
reduced toxicity. However, manganese compounds remain
relatively underexplored in inorganic medicinal chemistry. A
few reported Mn(u) compounds have shown potential appli-
cations as anticancer, antibacterial, and antifungal agents, as
well as imaging contrast agents.’>>* Compounds featuring the
fac-[Mn'(CO);] core have been investigated as carbon monox-
ide-releasing molecules (CORMs) with antibacterial activity,
leveraging the therapeutic potential of CO.>*™°

However, research on the activity of Mn(i) tricarbonyl com-
pounds against trypanosomatid parasites remains limited to
few studies.®™®!

In this study, five fac-[Mn(CO);(CTZ)(NN)](PFs) compounds,
including four newly synthesized ones, featuring the NN
ligands depicted in Fig. 1, were successfully synthesized and
thoroughly characterized. Their biological activity was evalu-
ated against 7. cruzi epimastigotes and trypomastigotes,
L. infantum promastigotes, and VERO cells as a mammalian
cell model. Additionally, key physicochemical properties rele-
vant to drug development, such as lipophilicity and solution
stability in various media, were assessed. To gain insight into
the potential mechanisms of action of the compounds, their
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Fig. 1 Structures of the fac-[Mn(CO)z(CTZ)(NN)I(PFs), where CTZ is Clotrimazole and NN is a polypyridyl derivative of 1,10-phenanthroline or 2,2'-
bipyridine. bipy: 2,2'-bipyridine; dmb: 4,4’-dimethyl-2,2'-bipyridine; phen: 1,10-phenanthroline; tmp: 3,4,7,8-tetramethyl-1,10-phenanthroline; ami-

nophen: 5-amino-1,10-phenanthroline.

interactions with DNA and their effects on ergosterol biosyn-
thesis in T. cruzi and L. infantum were experimentally investi-
gated. Omics approaches were employed, including metallo-
mic analyses to determine compound uptake and association
with selected biomolecular fractions in 7. cruzi epimastigotes,
as well as proteomic studies. Raman confocal microscopy
allowed us to detect effects of the most promising compound
in treated T. cruzi parasites. The whole set of results was com-
pared with those obtained for previously reported Re ana-
logues.>® Furthermore, the photoinduced CO release pro-
perties of both Mn and Re compounds were examined, search-
ing for an additional and yet non-studied potential mecha-
nism of action in trypanosomatid parasites.

Experimental section
General considerations

All chemical reagents were obtained from commercial sources
and wused without further purification. All reactions
were performed under N, atmosphere, strictly protected
from light and using degassed solvents. The analogous
fac-[Re(CO);3(CTZ)(NN)](PFs) compounds were synthesized and
characterized as previously reported by us.>**?

Chemical and physical measurements

C, N and H analyses were performed with a Thermo Scientific
Flash 2000 elemental analyzer. FTIR spectra were measured as

KBr pellets with a Shimadzu IR Prestige-21 instrument, and as
CH,Cl, solution with a PerkinElmer Spectrum 100 FT-IR spectro-
photometer with a CaF, cell. "H and *'P-NMR spectra were
recorded in DMSO-dg at 25 °C on a Bruker Avance NEO DPZ-400
instrument at 400 MHz and 162 MHz, respectively. Bi-dimen-
sional COSY experiments were carried out with the same instru-
ment. Residual peaks of DMSO were used as the internal stan-
dard and chemical shifts are reported in ppm and coupling con-
stants in Hz. Electronic spectra were measured with a Varian
Cary 50 BIO UV-Vis spectrometer, employing a quartz cuvette
with a 1.0 cm path length and spectroscopy-grade solvents.

Synthesis of the fac-[Mn(CO);(CTZ)(NN)](PFs) compounds

The complexes were synthesized through a four-stepped pro-
cedure depicted in Fig. 2. Briefly, [MnBr(CO)s| and the stoi-
chiometric amount of NN ligand were suspended in CH,Cl,,
and stirred for 24 h. The solid fac-[MnBr(CO);(NN)] com-
pounds obtained were washed and dried. Equimolar amounts
of silver triflate, AgOTf, and fac-[MnBr(CO);(NN)] were sus-
pended in acetone and stirred for 3 h. The suspension, con-
taining solid AgBr, was centrifuged and the supernatant was
separated, evaporated under reduced pressure and resus-
pended in MeOH. Subsequently, an equimolar amount of
Clotrimazole (CTZ) was added to the suspension and stirred
for 24 h. NaPFg was added in 100% excess and the mixture was
stirred for 24 h. The final compound was isolated by centrifu-
gation, washed and dried in a vacuum drying bell jar system.

(s
0 @

Br a Br oTf (\_,117
oc..l .co NN oc.. | N AgOTf oc.. | N | (PFg)
Mn ‘Mn' Mn ) oC:. | N ®
oc” | Yco Y oc” | N Mn
OoC¥ | °N v~
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Fig. 2 Synthesis scheme of the fac-[Mn(CO)3(CTZ)(NN)I(PFs) compounds.
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Synthesis of the fac-[MnBr(CO);(NN)] precursors

The fac-[MnBr(CO);(NN)] precursors were obtained through
modifications of literature procedures by reaction of equimolar
amounts of [MnBr(CO)s] and the corresponding NN ligands in
CH,Cl,. Elemental analyses, FTIR and NMR results agreed
with those previously reported for NN = phen, bipy, dmb and
aminophen, while a novel precursor, fac-[MnBr(CO);(tmp)], is
reported in this work.®

Synthesis of the new precursor fac-[MnBr(CO);(tmp)]

MnBr(CO)s (100.0 mg, 0.364 mmol) and tmp (86.0 mg,
0.364 mmol) were suspended in 6 mL of CH,Cl,. The yellow
suspension was stirred at room temperature for 24 h. A pale-
yellow solid was obtained, washed twice with 2 mL of CH,Cl,,
and dried under vacuum. Yield: 147.4 mg (0.324 mmol), 89%.
Anal. calc. for C;oH;,BrMnN,O;: C, 50.13; H, 3.54; N, 6.15%.
Found: C, 50.07; H, 3.42; N, 6.15%. FTIR (KBr, cm™): 2026,
1934, 1912 (vs) 1(C=0), 1616, 1525, 1428, 1384 (m) t(C—N),
(c=0), (C-N), (C-C), 822, 728, 682, 633 (s) 5(C-H). "H-NMR
(400 MHz, DMSO-dg), § (ppm): 9.28 (2H, s, H19), 8.38 (2H, s,
H24, H25), 2.81 (6H, s, H22, H23), 2.64 (6H, s, H20, H21).

Synthesis of the fac-[Mn(CO);(CTZ)(NN)](PF,) final
compounds

The fac-[Mn(CO);(CTZ)(NN)](PFs) compounds were obtained
through a modification of literature procedures by reaction of
equimolar amounts of silver triflate (AgOTf) and the corres-
ponding fac-[MnBr(CO);(NN)] (0.220-0.255 mmol) precursors
in 6 mL of acetone for 3 h at room temperature. Generated
silver bromide was removed, and the solvent of the super-
natant was evaporated by vacuum. The obtained
fac-[Mn(OTf)(CO);(NN)] was redissolved in 5 mL of MeOH and
an equimolar amount of CTZ (considering a yield of 100%,
0.220-0.250 mmol) was added and stirred for 24 h at room
temperature. The hexafluorophosphate salt was precipitated by
addition of twice the equimolar amount of NaPFs
(0.440-0.510 mmol) and stirring for 24 h at room temperature.
The obtained solids were separated by centrifugation and
washed twice with 2 mL of a MeOH:H,O 1:1 mixture.
Quantities of reagents in each synthetic procedure are detailed
below for each compound. Elemental analysis, FTIR and NMR
results of fac-[Mn(CO);(CTZ)(bipy)](PFs) compound obtained
agreed with those previously reported by Simpson et al.; mean-
while for the other NN ligands, the compounds obtained were
novel and consistent with the proposed formula.

Jfac-[Mn(CO);(CTZ)(phen)](PFs)

fac[MnBr(CO);(phen)] (100.0 mg, 0.251 mmol), AgOTf
(64.4 mg, 0.251 mmol), CTZ (86.4 mg, 0.251 mmol), NaPF,
(84.1 mg, 0.501 mmol). A bright yellow solid was obtained.
Yield: 156.1 mg (0.193 mmol) 77%. Anal. calc. for
C3,H,5CIFeMnN,O,P: C, 54.93; H, 3.12; N, 6.93%. Found: C,
54.65; H, 3.05; N, 6.96%. FTIR (KBr, cm™'): 2042, 1957, 1933
(vs) ¥(C=0), 1446, 1431 (m) v(C=N), (C=C), (C-N), (C-C), 857
(s) 8(C-H), 840 (vs) v(P-F), 766, 752, 726, 6(C-H), 557 5(P-F).
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'H-NMR (400 MHz, DMSO-d,), § (ppm): 9.61 (2H, dd, J = 5.05,
1.25 Hz, H18), 8.88 (2H, dd, J = 8.24, 1.29 Hz, H20), 8.27 (2H,
s, H21), 8.04 (2H, dd, J = 8.21, 5.05 Hz, H19), 7.41 (1H, td, J =
7.64, 1.59 Hz, H15), 7.32 (2H, m, H6, H11), 7.23 (6H, m, H5,
H7, H10, H12, H16), 7.02 (1H, t, J = 1.56 Hz, H1), 6.87 (1H, t, J
=1.70 Hz, H2), 6.54 (5H, m, H4, H8, H9, H13, H14), 6.32 (1H,
t, J = 1.52 Hz, H3). *'P{'H}-NMR (162 MHz, DMSO-ds), &
(ppm): —145.09 (sept, J = 711.37 Hz, PF).

Jac-[Mn(CO);(CTZ)(dmb)](PFs)

fac{MnBr(CO);(dmb)] (100.0 mg, 0.248 mmol), AgOTf (63.7 mg,
0.248 mmol), CTZ (85.5 mg, 0.248 mmol), NaPFs (83.3 mg,
0.496 mmol). A bright yellow solid was obtained. Yield: 149.2 mg
(0.184 mmol) 74%. Anal. calc. for C3;H,oCIFeMnN,O;3P: C, 54.66;
H, 3.60; N, 6.89%. Found: C, 54.61; H, 3.67; N, 6.88%. FTIR (KBr,
em™): 2040, 1946, 1937 (vs) 1(C=0), 1617, 1491, 1448 (m)
1(C=N), (C=CQ), (C-N), (C-C), 910, 858 (m) 5(C-H), 840 (vs) v(P-
F), 762, 708, 635 (s) §(C-H), 557 (s) 8(P-F). "H-NMR (400 MHz,
DMSO-dg), 6 (ppm): 9.01 (2H, d, J = 5.65 Hz, H18), 8.45 (2H, s,
H21), 7.53 (2H, d, J = 5.76 Hz, H19), 7.48 (1H, td, J = 7.63, 1.60
Hz, H15), 7.41-7.31 (8H, m, H5, H6, H7, H10, H11, H12, H16,
H17), 7.01 (1H, t, J = 1.51 Hz, H1), 7.00 (1H, t, J = 1.60 Hz, H2),
6.73 (4H, H4, H8, H9, H13), 6.68 (1H, dd, J = 8.00, 1.58 Hz, H14),
6.47 (1H, t, J = 1.55 Hz, H3), 2.51 (6H, s, H20). *'P{'H}-NMR
(162 MHz, DMSO-dg), 5 (ppm): —144.98 (sept, J = 711.35, PF).

Jac[Mn(CO);(CTZ)(tmp)](PFe)

Jfac-[MnBr(CO);(tmp)] (100.0 mg, 0.220 mmol), AgOTf
(56.4 mg, 0.220 mmol), CTZ (75.7 mg, 0.220 mmol), NaPF,
(73.8 mg, 0.439 mmol). A pale-yellow solid was obtained. Yield:
163.4 mg (0.189 mmol) 86%. Anal. calc. for C4;H33CIFsMnN,O3P:
C, 56.92; H, 3.85; N, 6.48%. Found: C, 56.75; H, 3.88; N, 6.52%.
FTIR (KBr, cm™): 2037, 1956, 1920 (vs) 1(C=0), 1528, 1446, 1431
(m) (C=N), (C=C), (C-N), (C-C), 873 (s) 5(C-H), 840 (vs) v(P-F),
752, 709, 638 (s) 6(C-H), 557 (s) 6(P-F). '"H-NMR (400 MHz,
DMSO-dg), 6 (ppm): 9.32 (2H, s, H19), 8.34 (2H, s, H24, H25),
7.43 (1H, t, J = 7.68 Hz, H15), 7.34 (2H, t, J = 7.34 Hz, H6, H11),
7.25 (5H, m, H5, H7, H10, H12, H16), 7.14 (2H, m, H1, H17),
6.89 (1H, brs, H2), 6.61 (1H, d, J = 8.10 Hz, H14), 6.56 (4H, d, ] =
7.82 Hz, H4, H8, H9, H13), 6.42 (1H, brs, H3), 2.78 (6H, s, H22,
H23), 2.56 (6H, s, H20, H21). *'P{'"H}-NMR (162 MHz, DMSO-d,),
5 (ppm): —145.31 (sept, J = 711.21, PF).

fac-[Mn(CO);(CTZ)(aminophen)](PFe)

fac-[MnBr(CO);(aminophen)] (100.0 mg, 0.241 mmol), AgOTf
(62.0 mg, 0.241 mmol), CTZ (83.3 mg, 0.241 mmol), NaPF,
(81.1 mg, 0.483 mmol). An orange solid was obtained. Yield:
107.4 mg (0.130 mmol) 54%. Anal. calc. for
C3,H,6CIFMnN;O5P: C, 53.93; H, 3.18; N, 8.50%. Found: C,
53.72; H, 3.24; N, 8.55%. FTIR (KBr, cm™): 3508, 3416 (m)
v(N-H), 2037, 1951, 1930, 1912 (vs) (C=O0), 1638, 1598, 1495,
1468, 1433 (m) y(C=N), (C=C), (C-N), (C-C), 842 (vs) v(P-F),
753, 729, 711, 634 (m) §(C-H), 557 (s) 5(P-F). 'H-RMN
(400 MHz, DMSO-d), § (ppm): 9.54 (1H, d, J = 5.00 Hz, H19),
9.08 (1H, d, J = 4.91 Hz, H18), 9.01 (1H, d, J = 8.49 Hz, H23),
8.38 (1H, d, J = 8.35 Hz, H22), 7.98 (1H, dd, J = 8.46, 5.08 Hz,
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H21), 7.72 (1H, dd, J = 8.33, 4.96 Hz, H20), 7.43 (1H, t, ] = 7.67
Hz, H15), 7.33 (2H, m, H6, H11), 7.25 (6H, m, H5, H7, H10,
H12, H16, H17), 7.02 (1H, t, ] = 1.50 Hz, H1), 6.96 (1H, s, H24),
6.89 (3H, m, H2, H25, H26), 6.53 (5H, m, H4, H8, H9, H13,
H14), 6.21 (1H, t, J = 1.55 Hz, H3). *'P{'H}-NMR (162 MHz,
DMSO-dg), § (ppm): —145.61 (sept, J = 711.31, PF).

Biological studies

In vitro activity against 7. cruzi, L. infantum and cytotoxicity
on VERO cells as mammalian cell model

Parasites and cell culture. T. cruzi epimastigotes Dm28c and
L. infantum promastigotes were maintained at 28 °C in brain-
heart infusion medium (BHI) supplemented with 10% fetal
bovine serum (heat inactivated, FBS), penicillin (100 units per
mL) and streptomycin (100 pg mL™'), and were harvested
during the exponential phase of growth.>®>°

VERO cells (ATCC CCL81) were used as the mammalian cell
model for the evaluation of the unspecific cytotoxicity and as
host cell for T. cruzi trypomastigotes infection. Cells were cul-
tured at 37 °C in RPMI-1640 medium supplemented with 10%
FBS, penicillin (100 units per mL) and streptomycin (100 pg
mL‘l) in a humidified 5% CO, incubator. For maintenance,
confluent cells were washed with PBS, incubated for 3 min
with trypsin-EDTA and diluted.®

T. cruzi infections were established incubating a monolayer
of VERO cells with metacyclic trypomastigotes, differentiated
by nutritional stress, in a 10:1 parasite : cell ratio at 37 °C in
RPMI medium in a humidified 5% CO, incubator. The remain-
ing parasites were removed 24 h later by aspirating and
washing the infected cells with PBS. The emerging trypomasti-
gotes (4-5 days post-infection) were used to establish a new
VERO cell infection.®*

Cell-derived trypomastigotes used in the evaluation experi-
ments were obtained from the supernatant of infected VERO
cells 24 h after the trypomastigotes began emerging, following
a wash with PBS.%*

In vitro activity against epimastigotes and trypomastigotes of T.
cruzi, and promastigotes of L. infantum. An amount of 1 x 10°
parasites per well was seeded in a 96-well black plate, using
BHI for T. cruzi epimastigotes and L. infantum promastigotes
or RPMI for T. cruzi trypomastigotes, and treated with increas-
ing concentrations of the compounds for 24 h at 28 °C (T. cruzi
epimastigotes and L. infantum promastigotes) or 37 °C (T. cruzi
trypomastigotes). The compounds were initially dissolved in
DMSO and further diluted in culture medium to obtain the
different concentrations tested. In T. cruzi experiments, the
concentration of DMSO did not exceed 1%, which is non-toxic
for the parasites.®

Particularly for L. infantum experiments, the amount of
DMSO was normalized to 1% per well, as fluorescence quench-
ing was observed at lower concentrations.

To measure the metabolic activity of the parasites after
incubation, 50 L of resazurin solution (2 mg mL ™" for 7. cruzi
or 2.5 mg mL™" for L. infantum) was added to each well and
incubated for additional 4 h, protected from light.
Fluorescence (dex 530 nm/Aey, 590 nm) was measured using a
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Thermo Scientific Varioskan® fluorimeter. The ECs, at 24 h
was determined from sigmoidal dose-response curves using
GraphPad Prism version 8.00 for Windows. Results are
expressed as mean values + standard deviation (SD) from three
independent biological replicates. Nifurtimox was used as the
reference drug against T. cruzi.*®>%%*

Unspecific cytotoxicity on VERO cells. The MTT reduction
assay was used to assess the cytotoxicity of the compounds on
VERO cells as a mammalian cell model.*®

A total of 1000 cells per well were seeded in 96-well plates
and incubated at 37 °C with 5% CO, for 24 h to allow cell
adherence. Increasing concentrations of each compound were
added and incubated for additional 24 h. For the viability
assay, 20 pL of MTT solution (5 mg mL™" in PBS) were added,
and the plates were incubated for 4 h at 37 °C. The medium
was then aspirated, and the cells were lysed using DMSO.
Absorbance at 570 nm was measured using a Thermo
Scientific Varioskan Flash Multimode spectrophotometer, and
the ECs, values were determined from the fitted dose-
response curve. The obtained EC;, values are presented as
mean + standard deviation of three independent biological
replicates.

Stability in solution

The chemical stability of the final compounds
fac-[Mn(CO);(CTZ)(NN)](PFs) was studied in the following
media: DMSO, DMSO : BHI-tryptose (10% FBS) (50:50) and
DMSO: FBS (50:50), employing reverse phase high-perform-
ance liquid chromatography (RP-HPLC-DAD).®’

BHI is the culture medium in which the parasites are grown
for biological assays; meanwhile FBS was used as a model of
the behaviour in human serum. A Shimadzu Prominence
LC-20AT liquid chromatograph was used, coupled to a
Shimadzu PD-M20A diode array detector. An Agilent ZORBAX
Eclipse Plus C18 column (4.6 x 100 mm; 3.6 pm), thermostated
at 25 °C, was used as the stationary phase. A 40 mM phosphate
buffer solution pH 7.4 (A) and MeOH (B) were used as mobile
phases flowing at a constant flow rate of 1 mL min~*, accord-
ing to the gradient shown in Table $1.1 °7%®

For the preparation of the solutions, 1 mg of each com-
pound was dissolved in 2.0 mL of each medium. The obtained
solutions were filtered using 0.45 pm pore size PVDF transfer
membranes. An injection volume of 50 pL was established per
run. The monitoring wavelength was 250 nm. Stability was
studied over a period of 5 days for DMSO, the solutions being
measured at ¢ = 0 h, ¢ = 24 h and ¢ = 120 h under the same
chromatographic conditions. Similarly, the stability in
DMSO : supplemented BHI medium (50:50) and DMSO : FBS
(50: 50) was studied over a period of 1 day, the being solutions
measured at t =0 h and ¢ = 24 h.

Lipophilicity studies

Experimental determination. The lipophilicity of the final
compounds, fac-[Mn(CO);(NN)(CTZ)](PF), was studied in solu-
tion by RP-HPLC-DAD.®*”® A Shimadzu Prominence LC-20AT
liquid chromatograph coupled to a Shimadzu PD-M20A diode
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array detector was used. An Agilent ZORBAX Eclipse Plus C8
(4.6 x 250 mm, 5.0 pm) was employed as the stationary phase.
A mixture of MeOH : 40 mM phosphate buffer pH 7.4 (70 : 30)
was used as the mobile phase, flowing at a constant rate of
0.8 mL min~" in isocratic mode. The injection volume was
50 pL. The monitoring wavelength was 250 nm. Solutions were
prepared by dissolving 1 mg of each compound in 2 mL DMSO
and were filtered using 0.45 pm pore size PVDF transfer mem-
branes. Tartrazine was used for the estimation of the hold-up
time (o). This compound is often used to estimate ¢, of a chro-
matographic column, because of its low affinity for nonpolar
stationary phases—such as C8—given its polar properties.”*

Computational insights into lipophilicity of analogous Re
and Mn final compounds. An initial screening of functionals
and basis sets was conducted to identify the most suitable
level of theory for calculating water-octanol partition coeffi-
cients (log P) that best align with experimental evidence for the
Re(1) tricarbonyl complexes.*”

Specifically, combinations of six functionals and four basis
sets were tested on fac{Re(CO);(CTZ)(phen)](PFs) complex,
whose crystalline structure and experimental log P were known,
employing the SMD solvation model. The logP values were
derived from the Gibbs free energy change (AG) associated with
solvent transfer, as previously described in the literature.”>”>

This analysis identified LANL2DZ as the most suitable basis
set, paired with four high-performing functionals: B3LYP,
MO6L, ®B97XD, and PBEO. These combinations were then
employed to calculate the log P values for the rest of the Re(i)
complexes. Based on these results, the two top-performing
combinations—MO6L/LANL2DZ and owB97XD/LANL2DZ—were
subsequently applied to the Mn(1) tricarbonyl complexes. The
SMD implicit solvation model was consistently applied, with
enhancements for aminophen-containing complexes, where
two explicit water molecules were added to model hydrogen
bonding with the -NH, substituent. Additional details regard-
ing the computational strategy are provided in the ESL}

Insight into the mechanism of action

DNA interaction studies by fluorescence quenching studies.
A DNA stock solution was prepared by hydrating ctDNA (calf
thymus DNA, Sigma, type I, no. D-1501) in 10 mM Tris-HCI
buffer (1 mg mL™!, ~2 mM nuc™'), and was allowed to stand
48 h at 4 °C. The concentration of the stock solution was deter-
mined by UV spectrophotometry using the molar absorption
coefficient £ (260 nm) = 6600 M~ ' cm™" nuc™*.*®

Competitive binding assays between ethidium bromide (EB,
Sigma) and organometallic Mn compounds were conducted in
a 10 mM Tris-HCI buffer at pH 7.4. Fluorescence measure-
ments were performed using a fixed concentration of ctDNA
and EB, while the concentration of the Mn complexes was pro-
gressively increased.

An EB 0.5 mM solution was prepared in Tris-HCI buffer. To
improve the solubility of the complexes in aqueous media,
DMSO was used to prepare concentrated stock solutions, fol-
lowed by appropriate dilution. The final samples contained no
more than 5% v/v DMSO. Samples were prepared with a total
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concentration of DNA and EB of 20 pM and 10 pM, respectively,
and the concentration of the Mn compounds was varied between
0 and 60 pM. Following incubation at 37 °C for 30 min, fluo-
rescence spectra were recorded from 540 to 680 nm at an exci-
tation wavelength of 510 nm on a Shimadzu RF5310 spectrofluo-
rometer. Control samples containing only the compounds and
ctDNA (excluding EB) were used as blanks, and their spectra were
subtracted from the experimental data. The Stern-Volmer
equation (eqn (1)) was applied to calculate the quenching con-
stants and evaluate the binding competition.”

IFy/IF = 1 + Kgv[Q] = 1 + kq7[Q] (1)

IF, and IF are the fluorescence intensity of the {DNA: EB}
adduct in the absence and presence of the compounds,
respectively. Kgy is the Stern-Volmer quenching constant, & is
the bimolecular quenching rate constant, [Q] is the concen-
tration of the quencher, and 7 is the average lifetime of the bio-
molecule in the excited state (typically ca. 10™® s for
biomacromolecules).”>”® Kg, values were obtained from the
plot of IFy/IF vs. [Q].

Inhibition of the biosynthesis of membrane sterols

The study was performed on Trypanosoma cruzi (Dm28c) epi-
mastigotes and Leishmania infantum promastigotes at a density
of 1 x 10’ parasites per mL. The most promising compound
Jac-[Mn(CO);(CTZ)(tmp)](PFs) was dissolved in DMSO and
applied at concentrations of 0.8 uM and 4.0 pM, equivalent to
1x and 5x the ECs, values obtained from in vitro assays for
T. cruzi and L. infantum. Parasites were incubated with the
compound for 4 h at 28 °C. Untreated parasites served as a
negative control, and the DMSO concentration in the culture
medium was maintained below 0.4% v/v.>>””7%

After incubation, sterols (ergosterol, lanosterol, and squa-
lene) were extracted from the parasite. The samples were first
centrifuged at 3000 rpm for 10 min, and the supernatants were
discarded. The resulting pellets were resuspended in 1 mL of
phosphate buffer (0.05 M, pH 7.4) and centrifuged again at
3000 rpm for 10 min, followed by discarding the supernatants.
The pellets were resuspended in 1 mL of a CHCI;: MeOH
(2:1) solution and stored at 4 °C for 12 h. Subsequently, 2 mL
of saturated NaCl solution was added, and the mixture was
extracted with 1 mL of CHCl;, carefully avoiding the aqueous
phase. This extraction step was repeated twice to ensure com-
plete recovery of the sterols.>*””""®

The collected organic phase was evaporated under nitrogen
and redissolved in 1 mL of acetonitrile for analysis by high-per-
formance liquid chromatography coupled with diode array
detection (HPLC-DAD). The chromatographic system utilized a
C8 stationary phase (250 x 4.6 mm, 5 pm), with acetonitrile as
the mobile phase at a flow rate of 0.9 mL min~". Detection was
carried out at a wavelength of 210 nm.”®

CO release assays

All assays were carried out under controlled light exposure.
The CO photoinduced release was investigated by IR and UV-
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vis spectroscopy. For the application of electromagnetic radi-
ation, a system containing a quartz cuvette (for UV-vis) or CaF,
(for IR) filled with the sample was inserted in a box in which
the exposure time to light was computationally controlled
using the Arduino 1.8.15 IDE and an Arduino UNO R3 board.

The light source employed to perform the CO release assays
was one set with four LEDs in series, with the wavelength 395
+ 10 nm. The distance between the cuvette and the LEDs were
set to 3 cm, and the light source was arranged perpendicularly
to the sample.

The CO release for the compounds was verified by monitor-
ing the variation in the electronic spectra (200-500 nm) and in
the carbonyl stretching region (2250-1750 cm™").>%7°

UV-vis. The compounds were dissolved in CH,Cl, at 1 mM,
and further diluted so that the initial absorbance of the MLCT
band was between 0.2 and 0.3, and the solution was irradiated.
Spectra were acquired between 200-900 nm.

IR. The compounds were dissolved in CH,Cl, at 1 mM and
the solution was irradiated. Spectra were acquired between
2250-1750 cm ™.

Additionally, CO release of the Mn compounds in aqueous
medium in the dark was tested by incubation of the com-
pounds at 0.5 mM in DMSO : buffer phosphate 40 mM pH 7.4
(50:50). UV-vis spectra were acquired between 300 and
900 nm over a period of 24 h.

Metallomics

T. cruzi Dm28c epimastigotes were treated with the most prom-
ising compound, fac-[Mn(CO);(CTZ)(tmp)](PFs), and its uptake
and distribution in the parasite was studied.

Uptake. Parasites at a density of 6 x 10° parasites per mL
were cultured in BHI medium at 28 °C and incubated with
concentrations of fac-[Mn(CO);(CTZ)(tmp)](PFs) at concen-
trations corresponding to 1x ECs, and 10x ECs, previously
determined on T. cruzi epimastigotes. Parasites were collected
at 4 and 24 h of incubation by centrifugation at 1000g for
10 min. The supernatant containing uncaptured compound
was separated from the pellet of parasites. The pellet was
washed with phosphate buffered saline solution (PBS) and
resuspended in 500 pL of 0.1 M HNO; and subjected to ultra-
sonication for 5 min in a Cole Parmer 8893 ultrasonic bath at
47 kHz for optimum solubilization. The supernatant was
appropriately diluted with 0.1 M HNO;. The two fractions
obtained, supernatant and pellet, were analysed by electrother-
mal atomic absorption spectrometry (ET-AAS) employing a
Thermo Scientific iCE 3500 spectrometer with Zeeman correc-
tion. The uptake of manganese in the parasites was deter-
mined with the following equation, where “pellet” corresponds
to the total pg of manganese in the pellet and “supernatant” to
the total pg of manganese in the supernatant:

pellet x 100
(pellet + supernatant)

% uptake = (2)

Three independent experiments were carried out for each
concentration at each studied time point.*?
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Association with macromolecules. Manganese
association with different subcellular fractions (soluble pro-
teins, DNA, RNA and insoluble fraction) was studied for
fac-[Mn(CO);(CTZ)(tmp)](PF,) as previously described.®*

After 4 h of incubation, the different biomacromolecules
were isolated for further analysis. For isolating DNA, parasites
were collected using Monarch genomic DNA purification kit
provided by New England Biolabs (Ipswich, MA, USA). For iso-
lating proteins, parasites were resuspended in 1 mL of parasite
lysis buffer containing Tris-HCl 10 mM pH = 7.5, EDTA 1 mM,
CHAPS 1%, glycerol 10%, Triton 0.5% and Complete™ pro-
tease inhibitor cocktail provided by Roche (Manheim,
Germany). After stirring on ice for 30 min, the lysate was cen-
trifugated at 20 000g for 1 h at 4 °C. The soluble proteins were
isolated from the supernatant and the insoluble ones from the
pellet, which were resuspended in 200 pL of PBS. The in-
soluble fraction contained mostly insoluble proteins and mem-
brane lipids, among other insoluble molecules. For isolating
total RNA a Trizol™ reagent provided by Life Technologies
(Gaithersburg, MD, USA) was used. All fractions were diluted
to 500 pL with 0.1 M HNO; and subjected to ultrasonication
for 5 min in the ultrasonic bath at 47 kHz for optimum solubil-
ization. Three independent experiments were carried out for
each fraction at each concentration.

The samples were analyzed by ET-AAS. Associated percen-
tages were calculated as following, where “x” was a given bio-
macromolecule fraction, and “total pg of Mn” was the sum of
Mn in all the studied fractions (DNA fraction, RNA fraction,
soluble proteins and insoluble fraction):

pg of Mn in fraction x x 100

% Mn fractionx =
! total pg of Mn

3)

Confocal Raman microscopy

Parasites were exposed to fac-[Mn(CO);(CTZ)(tmp)](PF,) at con-
centrations equivalent to 1%, 5x and 10x the ECs, value for dur-
ations of 4 h. Following treatment, the samples were placed
onto a silicon substrate and dried using a nitrogen stream.
Control parasites, left untreated, were analyzed under the
same conditions for comparison.

Confocal Raman imaging analysis was conducted using a
WITec Confocal Raman Microscopy Alpha 300 RA system. A
532 nm excitation laser wavelength was employed with inten-
sity adjusted to prevent cell damage. Images were captured
within a scan area of approximately 6 pm x 6 pm, using a grid
of 40 points per line and 40 lines per image. Each spectrum
was recorded with an acquisition time of 0.5 seconds.

Proteomics

Parasite culture and incubation with compounds for proteo-
mics studies. Three independent cultures of epimastigotes of
Trypanosoma cruzi at a density of 1 x 107 epimastigotes per mL
were treated with 1x ECso of fac[Mn(CO);(CTZ)(tmp)](PFs)
(0.81 pM) and fac-[Re(CO);(CTZ)(tmp)](PFs) (3.48 pM) during
4 h. Untreated parasites were also cultured as a control. After
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the incubation, parasites were centrifuged for 10 min at 3000
rpm, washed twice with PBS and the parasite pellet was kept at
—20°C.*»°

Protein extraction and quantification. For total protein iso-
lation, treated and control parasites were centrifugated, incu-
bated with lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS) at
4 °C for 30 min and finally centrifuged at 4 °C at 20 000g for
1 h to separate soluble and insoluble fraction. The protein frac-
tion was further processed for the proteomic analysis.®°

Protein sample processing for nano-LC-MS/MS analysis.
Total protein from epimastigotes of Trypanosoma cruzi Dm28c
untreated, treated with fac-[Mn(CO);(CTZ)(tmp)](PFs) and with
fac-[Re(CO);(CTZ)(tmp)](PFs) were subjected to protein identifi-
cation by LC-MS/MS analysis using three independent biologi-
cal replicates per condition. Samples were prepared using the
eFASP (enhanced filter-aided sample preparation) protocol
with slight modifications.®!

Amicom Ultra 0.5 mL centrifugal filters (10 kDA MWCO)
were pretreated with 5% Tween20 for 3 h at room temperature
with gentle agitation, and then thoroughly washed with ultra-
pure water. The working buffer consisted of 4 M urea, 40 mM
Tris-Cl, pH 7.5.

A total of 100 pg of proteins for each sample was diluted in
the working buffer and loaded into eFASP ultrafiltration (UF)
units. Samples were reduced with 10 mM DTT and sub-
sequently alkylated with 50 mM iodoacetamide. Both reagents
were prepared in the working solution and the reactions were
performed at room temperature for 1 h. Each buffer exchange
step was carried out by centrifugation at 14 000g for 15 min at
room temperature.

Protein digestion was performed in eFASP UF units using
0.1 mg mL™" sequence grade trypsin (Promega) in 50 mM
ammonium bicarbonate pH 8.0, incubation overnight at 37 °C.
For peptide recovery, eFASP UF units were transferred to new
collection tubes and centrifuged at 14 000g for 15 min, fol-
lowed by two washes with 0.1% formic acid. The resulting
peptide samples were then vacuum concentrated and desalted
using C18 micro-columns (C18 OMIX pipette tips, Agilent).
Finally, peptide samples were resuspended in 0.1% formic
acid and peptide concentrations were measured in a DeNovix
DS-11 FX+ spectrophotometer/fluorometer at 215 nm.

NanoLC-MS/MS analysis. A shotgun proteomic strategy was
used to compare the protein profiles of untreated parasites and
treated with the two different compounds under study
(fac-[Mn(CO);(CTZ)(tmp)](PFs) and fac-[Re(CO);(CTZ)(tmp)](PFg)).
For this purpose, a nano-HPLC Ultimate 3000 system (Thermo
Scientific) coupled online to an OrbitrapExploris 240 (Thermo
Scientific) mass spectrometer through an Easy-Spray source was
used. 5 pg of tryptic peptides were injected into an Acclaim
PepMap™100 C18 nano-trap column (75 pm x 2 cm, 3 pm par-
ticle size), and separated using a 75 pm x 50 cm, Easy-Spray™
analytical C18 HPLC column (2 pm particle size, 100 A pore size)
at a constant flow rate of 200 nL, min~" and 40 °C and applying
the following gradient: from 5% to 35% mobile phase B (0.1%
formic acid in acetonitrile) over 150 min, followed by 35% to
99% mobile phase B over 15 min. Three independent biological
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replicates and two technical replicates per sample were analyzed.
All nano-LC-MS/MS equipment and supplies were from Thermo
Scientific. The mass spectrometer was operated in the positive
mode. The ion spray voltage was set at 2.2 kV, the capillary temp-
erature at 250 °C, and the S-lens RF level at 50. Mass analysis
was conducted in data-dependent mode in two steps. First, full
MS scans were acquired in a m/z range from 200 to 2000, with a
resolution of 90 000 ppm. This was followed by HCD fragmenta-
tion of the 20 most intense ions in each duty cycle, using
stepped normalized collision energy of 25, 30 and 35, and a
resolution of 25000 ppm. Precursor ions with charge states
ranging from 2 to 5 were included for fragmentation. The
dynamic exclusion was set after n = 2 detections within 30 s, with
an exclusion duration of 10 s.

Proteomic data analysis

Database generation, protein identification, and subsequent
analyses were conducted using the PatternLab V software
(https://www.patternlabforproteomics.org).**

For that purpose, protein sequences from Trypanosoma
cruzi Dm28c strain were obtained from Uniprot Consortium
(in December, 2023) (https:/www.uniprot.org) and protein
sequences of the 127 most prevalent mass spectrometry con-
taminants were included to generate a target-decoy database.
Raw files were searched against the database using the Comet
search engine applying the following parameters: fully specific
trypsin as proteolytic enzyme allowing up to 2 missed clea-
vages; methionine oxidation as variable modification, cysteine
carbamidomethylation as fixed modification; and a precursor
mass tolerance of 40 ppm. Peptide spectrum matches were fil-
tered using the Search Engine Processor (SEPro), using strin-
gent FDR criteria set at 3% at spectrum level, 2% at peptide
level, and 1% at the protein level. To identify proteins exclu-
sively detected in each sample set, PatternLab’s approximately
area-proportional Venn diagram module was used with a sig-
nificant threshold of p-value <0.05. For detecting proteins
present in both conditions but showing significantly different
relative abundances, the pairwise comparison module was
used by means of extracted ion chromatogram (XIC) analysis,
applying the following statistical criteria: log2 fold change <1,
and p-value <0.05. Overrepresentation of GO terms among
differentially expressed protein lists was established using the
available tool at TritrypDBdatabase (https:/tritrypdb.org/tri-
trypdb/app/) setting a Bonferroni adjusted p-value <0.5 as a
cutoff for significance.

Results and discussion

The five proposed compounds were synthesized through a
four-stepped procedure with high purities and acceptable
yields (Fig. 2). In the first step, two carbonyl ligands of [MnBr
(CO)s] were substituted by the bidentate NN ligand by stirring
the mixture in CH,Cl,, leading to the five fac-{MnBr(CO);(NN)]
precursors. Then, adding silver triflate (AgOTf) and stirring
the mixture in acetone led to the substitution of bromide by
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triflate promoted by the precipitation of insoluble AgBr. The
solutions of fac-[Mn(OTf)(CO);(NN)] were stirred with CTZ in
MeOH, resulting in the substitution of the triflate ligand. The
final compounds were precipitated as the hexafluorophosphate
salts. One of the precursors, fac-[MnBr(CO);(tmp)], as well as
four of the final compounds, fac-[Mn(CO);(CTZ)(NN)](PFs)
where NN = phen, dmb, tmp, aminophen, are novel.

The obtained compounds were slightly soluble in organic
hydrophilic solvents, like MeOH or EtOH, moderately soluble
in DMSO and practically insoluble in water.

Although the synthetic strategy was similar to that devel-
oped by our research group for the synthesis of the analogous
Re compounds, those experimental conditions, such as
solvent type and reaction temperature, did not lead to the
desired manganese analogues.>® One possible reason for this
behaviour, particularly in respect to the temperature, is the
fact that manganese is a 3d transition metal, while rhenium is
5d, which implies that more drastic conditions are needed for
rhenium to react when compared with manganese. Too drastic
synthetic conditions led to decomposition for manganese(1)
compounds, meanwhile mild reaction conditions resulted in
the desired products.

All the final compounds were fully characterized in solid
state and in solution by elemental analysis, conductometric
measurements and UV-Vis, FTIR and NMR ('H, *'P)
spectroscopy.

Characterization of the compounds in the solid state

The elemental analyses of the final compounds were in accord-
ance with the calculated data for the proposed formula. Due to
refractory behaviour of the rhenium analogues, we needed to
use V,0; as a catalyst to allow complete decomposition of the
sample and accurate analysis, but this modification of the clas-
sical method was not needed for the manganese
compounds.*?

The FTIR spectra showed characteristic vibration bands of
the structural units of the manganese compounds—tricarbo-
nyl centre, bioactive ligands and counterion. In general, the
vibrational bands of the ligands shifted when compared with
the free ligands. In all cases there were bands in the
2050-1900 cm ™" region in a three-band pattern typical of the
stretching of the tricarbonyl centres »(C=O0); in the
1650-1300 cm™ " region, typical of the stretch of C=N and
C=C bonds of the CTZ and NN ligands; and for the final com-
pounds, bands at 840 and 557 cm™*, characteristic of the PFs~
counterion (Fig. S1-867),*%36:60,79,83,84

Characterization of the compounds in solution

Conductivity measurements. Conductivity of 107> M DMSO
solutions was measured to evaluate the electrolyte stoichio-
metry. Obtained molar conductivity values were in the charac-
teristic range for 1:1 electrolytes (28-34 S cm® mol "), which
is in accordance with the proposed formula. No significant
variations were observed in conductivity for 5 days.*

'H and *'P-NMR results. Fig. S7f shows the numbering
scheme of the ligands in all the metal compounds. "H-NMR
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spectra and COSY correlation NMR experiments, as well as
3Ip-NMR spectra were recorded in DMSO-d, solution to com-
pletely characterize the obtained compounds. All the com-
plexes showed a pattern of signals corresponding to the
protons of CTZ and the NN ligands. Integration and multiplici-
ties of the signals were in accordance with the proposed
formula of the compounds (Fig. S8-S237).

In the region of 9.7-6.2 ppm, signals of the protons of CTZ
and the aromatic protons of the NN derivatives were observed
and assigned. For NN = dmb and tmp, signals of the methyl
groups were also observed at 2.9-2.4 ppm. Due to the coordi-
nation to the organometallic centre, most of the signals
shifted when compared with the free ligands. Particularly, all
signals of NN ligands shifted to lower fields, indicating a
decrease in electronic density; meanwhile for the
Clotrimazole, the shifts were to lower and higher fields,
depending on the position of the proton, showing a redistribu-
tion of electronic density in the ligand when coordinated. The
signals of the protons adjacent to the coordination site in CTZ,
H1 and H2, were the most affected.

In the *'P-NMR spectra, the characteristic septuplet of the
PF~ counterion was evidenced in all cases.

When comparing the '"H-NMR spectra of the Mn(i) final
compounds with their Re(1) analogues, a significant resem-
blance was observed. The general behaviour of the signals of
each ligand when coordinating was the same for both organo-
metallic centres. Small differences among the chemical shifts
of the signals were noticed and assigned to the differential
capacity of attracting and delocalizing electrons of each centre.
For H1 and H2 protons, adjacent to the coordination site in
CTZ ligand, the difference in the chemical shifts between Mn
(1) and Re(1) compounds was the highest.

Biological studies

Anti-Trypanosoma cruzi and anti-Leishmania infantum
in vitro activity, cytotoxicity on VERO cells and selectivity
towards the parasites. To study the antiparasitic properties of
the new Mn(1) tricarbonyls, the ECs, values of the compounds
and free ligands were determined using viability assays after
parasite incubation with increasing concentrations of the
tested compounds. All EC5, values for the Mn(1) compounds
on T. cruzi epimastigotes and trypomastigotes, and L. infantum
promastigotes resulted in the low micromolar range. Most
compounds showed 2-6 fold higher activity on trypomastigotes
of T. cruzi compared with the reference antitrypanosomal drug
Nifurtimox (Nifurtimox ECs, epimastigotes: 2.43 + 0.51 pM;
ECso trypomastigotes: 3.35 + 0.87 pM, both determined
through the same technique on the same parasite strain used
in this work).*°

As depicted in Table 1, the coordination of CTZ to the
manganese(i) tricarbonyl centre resulted in an increase in anti-
parasitic activity as evidenced by a decrease in the ECs, value
by one order of magnitude when compared with the free CTZ.
This behaviour was observed in both T. cruzi parasitic forms,
as well as in L. infantum promastigotes. Additionally, similar
ECs values were observed in both trypanosomatid parasites,
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Table 1 In vitro activity on T. cruzi (Dm28c clone) epimastigotes and trypomastigotes, L. infantum promastigotes and VERO cells

ECso T cruzi

ECso T. cruzi

ECs L. infantum EC50 VERO

Compound epimastigotes + SD (uM) trypomastigotes + SD (pM) promastigotes + SD (uM) cells + SD (uM)
CTZ 22.2 +0.5° 14.8+2.9 6.24 + 0.16 37.1+7.6°
Phen 10.2 +0.37 0.35 + 0.07° >10 50.2 + 18.7°
Aminophen 9.37 + 1.02° 1.29 + 0.47 >10 29.9 + 4.3¢
tmp 3.43 + 0.85“ 0.24 + 0,0Zb ND¢ 51.9 + 10.2¢
bipy 12.5 + 0.8° >10° >10 81.3 +14.0°
dmb 10.6 + 2.47 >10 >10 95.2 +17.0°
[Mn(CO);(CTZ)(phen)](PF) 1.04 + 0.20 1.84 £0.13 2.32 +0.25 3.91 £ 0.22
[Mn(CO),;(CTZ)(aminophen)](PFy) 3.11+1.53 4.46 + 0.55 2.91 +0.31 7.02 +0.51
[Mn(CO);(CTZ)(tmp)](PFe) 0.81 +0.11 0.59 + 0.04 0.80 +0.11 2.11 +0.14
[Mn(CO);(CTZ)(bipy)](PFs) 3.00 + 1.18 1.95 + 0.09 2.46 + 0.11 4.53 +0.47
[Mn(CO);(CTZ)(dmb)](PFs) 2.61 +1.52 0.88 + 0.04 1.85 +0.19 2.28 £0.25
[Re(CO);(CTZ)(phen)](PFy) 9.42 + 1.53% 0.46 + 0.20 — 3.20 +0.24°
[Re(CO);(CTZ)(aminophen)](PFy) 8.43 + 2.20° 0.57 +0.05 — 12.8 +2.2°
[Re(CO);(CTZ)(tmp)](PF,) 3.48 +0.98° 0.25 + 0.05 — 5.10 + 1.60°
[Re(CO),;(CTZ)(bipy)](PFs) 7.53 +2.68° 1.36 + 0.12 — 6.50 + 1.10°
[Re(CO),(CTZ)(dmb)](PFs) 8.48 + 1.46° 0.51 +0.18 — 14.0 + 4.3

“ Data from ref. 29 using the same technique. ?

Data from ref. 28 using the same technique. ° ND - not determined.

Table 2 Selectivity index values towards the parasites in T. cruzi epimastigotes and trypomastigotes, and L. infantum promastigotes

Compound SI* T. cruzi epimastigotes SI T. cruzi trypomastigotes SI* L. infantum promastigotes
[Mn(CO);(CTZ)(phen)](PFs) 3.8 2.1 1.7
[Mn(CO);(CTZ)(aminophen)](PFs) 2.3 1.6 2.4
[Mn(CO);(CTZ)(tmp)](PFs) 2.6 3.6 2.6
[Mn(CO),;(CTZ)(bipy)](PFs) 1.5 2.3 1.8
[Mn(CO);(CTZ)(dmb)](PFs) 0.9 2.6 1.2
[Re(CO);(CTZ)(phen)](PFe) 0.34° 6.9 —
[Re(CO)3(CTZ)(aminophen)](PFs) 1.5? 22.4 —
[Re(CO);(CTZ)(tmp)](PF) 1.5? 20.4 —
[Re(CO);(CTZ)(bipy)](PFs) 0.89" 8.8 —
[Re(CO);(CTZ)(dmb)]|(PFg) 1.6 27.4° —

“SI = EC5, VERO/EC;, parasite. ?

in agreement with our design hypothesis.
[Mn(CO);(CTZ)(tmp)](PFs) was the most active compound on
both parasites, T. cruzi and L. infantum.

For T. cruzi epimastigotes and in most cases for T. cruzi try-
pomastigotes, Mn(i) compounds showed an increase in the
biological activity when compared with the free NN ligands. In
the case of L. infantum promastigotes, only free CTZ showed
ECs, values lower than 10 pM, whereas all Mn(1) compounds
were active (ECso: 0.80-2.46 pM), demonstrating improved bio-
logical activity. Regarding the selectivity, no significant
improvements were found between the free ligands and the
Mn(1) compounds (Table 2). The Mn compounds exhibited
similar selectivity indexes (SI) values for T. cruzi and
L. infantum (Table 2).

When compared with their Re(1) analogues, the Mn(1) com-
pounds showed similar activity against both T. cruzi epimasti-
gotes and trypomastigotes (Table 2). Moreover, for both metal
centres the most active and selective organometallic com-
pound on this parasite was the one with NN = tmp.
fac-[Mn(CO);3(CTZ)(tmp)](PFs) was also the most active com-
pound of the series on L. infantum. Against initial expectations,

6504 | Dalton Trans., 2025, 54, 6495-6516

Data from ref. 29 using the same technique.

the Mn(1) compounds showed higher unspecific cytotoxicity
(VERO cells) than the Re(1) analogues, leading to lower selecti-
vity index values towards the relevant trypomastigote form of
this parasite (Table 2).>°

Stability in solution

In the early stages of the process of design and development of
potential metal-based drugs, the analysis and optimization of
stability plays a very important role.®®

To obtain initial information of the stability of the syn-
thesized compounds, in vitro analyses by HPLC-DAD were per-
formed by incubating the final compounds in different media
of biological relevance.®”

The stability of the five fac-[Mn(CO);(CTZ)(NN)](PFs) com-
pounds was studied in three different media: DMSO,
DMSO:BHI supplemented with 10% FBS (50:50), and
DMSO: FBS (50:50), the latter as a model for mammalian
serum.

Chromatograms obtained at the initial time (¢;) and later
times were compared by evaluating the shapes and the area of
the chromatographic peaks. As well, chromatograms were com-
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pared against the ones of the free ligands, independently
injected under the same chromatographic conditions.

Retention times of the compounds did not vary signifi-
cantly in the different assayed media. The values were between
22 and 28 min for the studied Mn(1) compounds, higher than
those for the free ligands, which were in the range of
14-22 min.*®

In DMSO media, all five compounds were stable during a
24 h period, showing no significant changes in retention times
or alterations in the peak shape and area. For NN = phen and
tmp, the compounds remained stable during a 5-day period,
but for NN = bipy, dmb and aminophen, signs of decompo-
sition were detected.

In mixtures including culture media and mammalian
serum, all compounds showed signs of decomposition since
t1, but later the general profile of the chromatogram remained
the same over 24 h. This may be an indicator of a quick equili-
brium reached by the organometallic compounds in the
complex media studied by substitution of CTZ for other com-
ponents of the media. This was verified by comparing the
chromatograms of each compound and CTZ alone in the rele-
vant media. Substitution of NNs was not detected, at least at
this early stage. Obtained chromatograms are shown for
fac-[Mn(CO);(CTZ)(tmp)](PFe) (Fig. S247). The Re(r) analogues
showed better stability than the Mn(1) ones, all five NN deriva-
tives being stable for 5 days in DMSO, and for 24 h in
DMSO : BHI 50 : 50 and DMSO : FBS 50 : 50.°

Lipophilicity

Lipophilicity is a critical property of bioactive molecules, as it
significantly influences the behavior in biological systems. It
plays a key role in determining a compound’s ability to pene-
trate biological membranes. Furthermore, lipophilicity is
essential in pharmacokinetics, as it profoundly impacts the
absorption, distribution, excretion, and toxicity of potential
drug candidates.®®®”%®

Therefore, it is an important property in the design of new
drugs, being relevant to determine if there is a correlation
between the lipophilicity of a series of compounds and their
biological activity.

RP-HPLC has been used as a tool for the assessment of lipo-
philicity, since the hydrophobic forces dominate the retention
process. This technique has been proved useful for the study
of complex systems, in which the separation of multiple com-
pounds is difficult by batch thin-layer chromatography
methods, and more practical than octanol-water partition.®®

The chromatographic conditions used for the analysis of
the Re(1) analogues, previously reported by our research group,
were proved useful for the Mn(1) compounds. The retention
times (¢g) of the complexes were between 19 and 48 min
(Table 3 and Fig. 3). Hold-up time (¢,) was measured through
tr of tartrazine, 2.709 min, compound that does not interact
with the reverse-phase column. The parameters ¢, and ¢y were
used to calculate Rr and Ry parameters, according to reports
from Bate-Smith and Westall, with ¢. being the total time of
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Table 3 Chromatographic parameters tg, Rr and Ry obtained for each
compound

Compound tg (min) Rg Ry

Tartrazine 2.709 — —

fac[Mn(CO);(CTZ)(phen)](PF) 19.31 0.301 0.364
fac-[Mn(CO);(CTZ)(bipy)](PFe) 19.34 0.302 0.363
fac{Mn(CO);(CTZ)(aminophen)](PF,) 24.91 0.404 0.169
fac-[Mn(CO);(CTZ)(dmb)](PFy) 27.09 0.443 0.099
fac-[Mn(CO);(CTZ)(tmp)](PFe) 47.73 0.819  —0.654
fac-[Re(CO);(CTZ)(phen)](PFy)* 14.82 0.206 0.585
fac-[Re(CO),(CTZ)(bipy)](PFs) 18.92 0.281 0.442
fac-[Re(CO);(CTZ)(aminophen)](PFe)* 25.41 0.399 0.178
fac-[Re(CO);(CTZ)(dmb)](PFe)" 18.09 0.266 0.442
fac-[Re(CO);(CTZ)(tmp)](PFe)* 29.28 0.451 0.086

“tg values reported in ref. 29. Ry and Ry values were recalculated using
the t. of 55 minutes, so Mn(1) and Re(i) analogues could be compared.

500000 — [Mn(COK(CTZ)BIPYI(PFe)
— [Mn(CO)3(CTZ)(phen)](PFg)
__?400000 — [Mn(CO)3(CTZ)(dmb)](PFe)
g — [Mn(CO)3(CTZ)(tmp))(PFe)
= 200000 [Mn(CO)3(CTZ)(aminophen)](PFg)
c N

0 5 10 15 20 25 30 35 40 45 50 55
time (min)

Fig. 3 Chromatogram obtained for the mixture of the five Mn-CTZ-NN
compounds: fac-[Mn(CO)s(CTZ)(phen)l(PF¢), fac-[IMn(CO)s(CTZ)(dmb)I(PFy),
fac-IMn(CO)3(CTZ)(bipy)](PFe), fac-IMn(CO)z(CTZ)(@aminophen)](PFg),
fac-[Mn(CO)3(CTZ)(tmp)](PF).

the run, in this case of 55 min, following the equations
described below:

RF = (tR - tO)/tC (4)
According to the obtained results, for the Mn()
compounds the lipophilicity order of the series is

fac{Mn(CO)5(CTZ)(phen)|(PF) < fac [Mn(CO)(CTZ)(bipy)](PFy)
< fac-[Mn(CO);(CTZ)(aminophen)](PF) < fac{Mn(CO);(CTZ)(dmb)]
(PFe) < fac-[Mn(CO);(CTZ)(tmp)](PFs) (Fig. 3). As expected,
for the same NN skeleton, the addition of methyl groups
increases the lipophilicity (NN = phen < tmp, and bipy < dmb),
and this effect is higher for phen and tmp, where the
amount of methyl groups increases significantly the lipophili-
city of the compound. With the exception of
fac-[Mn(CO);(CTZ)(aminophen)](PF,), an approximate relation-
ship between lipophilicity and anti-T. cruzi and anti
L. infantum activity was found: the higher the lipophilicity, the
more active the compound. The most active compound on
both parasites, fac-[Mn(CO);(CTZ)(tmp)](PFs), is the most lipo-
philic one of the series.
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For comparing the Mn(1) and Re(1) analogues, the Ry values
previously reported for the Re(i) compounds had to be recalcu-
lated with the ¢, of the assay with Mn, so all compounds could
be included into the analysis.

For all NN ligands, the Mn(1)) compound was found to be
more lipophilic than the Re(r) one, which could be explained
because Mn(1), being smaller than Re(1), creates smaller coordi-
nation compounds with the same ligands. However, for the
case of NN = tmp, the difference in lipophilicity was bigger
than expected with this reasoning. Because of that, compu-
tational studies were carried out to get more insight into the
difference between both families of compounds.

Computational insights into lipophilicity of analogues Re and
Mn final compounds

log P values for the tricarbonyl complexes were computation-
ally estimated using density functional theory (DFT). To ident-
ify the optimal level of theory, an initial screening was con-
ducted on the fac-[Re(CO);(CTZ)(phen)]" species, which has a
known crystalline structure and an experimental log P value.
This screening employed six different functionals and four
basis sets within the SMD implicit solvation model. The
results, depicted in Fig. S25a and in Tables S2 and S3,f
revealed that absolute errors in calculated log P (log P,1c) rela-
tive to experimental values (log Pey,) were highly dependent on
the functional and basis set. The best-performing combi-
nations included LANL2DZ with B3LYP, M06L, ®B97XD, and
PBEO functionals.

Using these four combinations, the logP values for the
other Re(1) complexes were computed, excluding the Re-amino-
phen compound, for which no experimental log P value is
available (see Fig. S25b and Table S371). The theoretical log P

b)

10 15 20

0 5
Dipole moment (Debye)
d)

View Article Online
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trends were consistent with experimental values, with MO6L/
LANL2DZ and ®B97XD/LANL2DZ providing the lowest root-
mean-square errors (RMSEs) across all systems—0.71 and 0.61,
respectively (Fig. S25¢ and dt). These two methods were then
applied to the Mn(1) complexes (see Table S47).

Special consideration was given to the aminophen com-
plexes, as their theoretical log P values deviated from experi-
mental ones. This discrepancy likely arose from strong hydro-
gen bonding between the amino substituent and the solvent.
To address this, two explicit water molecules were added to the
SMD solvation model as hydrogen-bond acceptors for the
amino group. This enhanced model significantly improved the
agreement between calculated and experimental results (see
Table S57).

Based on the optimized computational approach, Table S6}
presents logP.y. values for all complexes using MO6L/
LANL2DZ and ®B97XD/LANL2DZ. As expected, a near-linear
negative correlation was observed between log P.,. and Ry
values for Re(1) and Mn(i) complexes (R*> = 0.72-0.97;
Fig. S261). A single outlier, fac-[Re(CO);(CTZ)(bipy)]", exhibited
lipophilicity that deviated from the general trend. Overall, both
experimental and computational data confirmed that Mn(1) tri-
carbonyl complexes are more lipophilic than their Re(1)
analogues.

To gain insights into the structural and electronic basis
behind this trend, Fig. 4 illustrates a comparative compu-
tational analysis of charge distributions. Mn(1) complexes con-
sistently displayed lower dipole moments than their Re()
counterparts (e.g., Fig. 4b for fac-[Re(CO);(CTZ)(phen)]" vs.
fac-[Mn(CO);(CTZ)(phen)]). This reduction in dipole moment
is attributed to a redistribution of the electrostatic potential
(ESP) near the Mn(i) center, leading to decreased overall

Fig. 4 (a) Dipole moment magnitudes of the Mn(1) and Re()) tricarbonyl complexes (NN = phen, bipy, dmb, tmp). (b) Dipole moment vectors of the
fac-[Re(CO)s(CTZ)(phen)]* and fac-IMn(CO)s(CTZ)(phen)]* species. (c) Electrostatic potential surfaces (ESP) of the fac-[Re(CO)3(CTZ)(phen)]* and
fac-IMn(CO)s(CTZ)(phen)l* species (isosurface value = 0.004e). (d) DDEC6 atomic charges for the coordination centers, N donor atoms, and carbo-

nyl groups. Level of theory: ®B97XD-SMD/LANL2DZ.
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charge polarization (Fig. 4c). The DDEC6 atomic charges
(Fig. 4d) reveal a shift in electron density from the CO ligands
to the Mn(NN) core during the transition from Re(1) to Mn(1)
species, accounting for both the diminished dipole moment
and the enhanced lipophilicity of Mn(1) complexes.

Even though the difference in the dipole moment between
both families of complexes is associated with the global
change in lipophilicity, the individual dipole values show no
obvious correlation with experimental log P values. To unveil
the determinants of lipophilicity trends within each family,
the molecular polarity index (MPI) was explored, which
measures the distribution of positive and negative potential
across a molecular surface.*’

Interestingly, MPI does have a positive correlation with Ry,
being a good descriptor of lipophilicity (R* = 0.72; Fig. 5). This
indicates that the balance of polar and nonpolar surface areas
plays a significant role in determining lipophilicity. Indeed,
according to Table S7,T the Re(1) complexes containing phen,
bipy, or dmb ligands have smaller nonpolar surface areas and
lower Ry, values, making them less lipophilic. In contrast,
compounds with NN = tmp and aminophen exhibit larger non-
polar surface areas, contributing to higher lipophilicity.
Notably, the compound with NN = aminophen exhibits the
highest molecular dipole moment, rendering it significantly
more polar and hydrophilic than the tmp analogue, despite
the latter possessing a smaller nonpolar surface area.

Insight into the mechanism of action

DNA interaction studies. DNA has been proposed as a poten-
tial molecular target of the Mn(1) tricarbonyl compounds devel-
oped, given the presence of the polypyridyl NN ligand.

Fluorescence quenching studies were performed to study
this interaction. Ethidium bromide (EB) was employed to get
indirect information about the interaction between the Mn(i)
compounds and DNA, by competition for DNA with EB on a
preformed {DNA-EB} adduct. Under the selected experimental
conditions, EB shows an emission maximum at 607 nm for an
excitation wavelength of 510 nm. Intercalation of the dye into

[Re(CO);(CTZ)(aminophen)]*
[Mn(CO),(CTZ)(aminophen)]*

€ 5. Rz =0.7115 . ‘

o *Re * Mn

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
Ru

Fig. 5 MPI (calculated at ®B97XD-SMD/LANL2DZ level of theory) vs. Rm
for the tricarbonyl complexes.
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double-stranded DNA causes an increase of the fluorescence
quantum yield and a shift of the emission maximum.*®

Under the experimental conditions, the emission
maximum of the {DNA-EB} adduct is located at 597 nm for the
510 nm excitation wavelength. In these excitation-emission
conditions, the fac-[Mn(CO);(CTZ)(NN)](PFs) compounds lack
intrinsic fluorescence in 10 mM Tris-HCl pH = 7.4 buffer solu-
tion-5% DMSO, and no fluorescence emission was found
when incubating the compounds with DNA alone. The fluo-
rescence intensity was corrected by the compounds’ absorp-
tion at 510 and 597 nm. The interaction between the com-
pounds and {DNA-EB} led in all cases except for NN = amino-
phen to the displacement of EB from the adduct, which was
evidenced by a decrease in the intensity of fluorescence at
{DNA-EB} maximum of emission in a concentration-dependent
manner.

With the quenching of fluorescence, a Stern-Volmer ana-
lysis was conducted to indirectly quantify the strength of the
interaction (eqn (1)) (Table 4 and Fig. S277).

Ksv values were similar or lower than those previously
reported for Pd and Pt complexes showing antitrypanosomal
activity, and for other complexes with typical planar DNA inter-
calating ligands.®%%1793

The obtained values indicate a moderate interaction of the
compounds with DNA and the strength of the interaction does
not correlate with the observed antiparasitic activity. Although
DNA could be postulated as a potential molecular target of the
compounds, it should not be considered the primary one.

Inhibition of the biosynthesis of membrane sterols

Ergosterol is essential for maintaining the structure and
normal function of microbial membranes. Various drugs tar-
geting sterol biosynthesis have been used to treat fungal infec-
tions, with some also evaluated for their antiparasitic activity
against Trypanosoma brucei, Trypanosoma cruzi, and
Leishmania species. Notably, ergosterol biosynthesis in T. cruzi
has been identified as a promising chemotherapeutic target,
with multiple enzymes in the pathway—such as squalene-2,3-
epoxidase, lanosterol synthase, and lanosterol 14-
a-demethylase—being susceptible to inhibition. Azoles like
CTZ are potent inhibitors of C14 a-demethylase (CYP51), a key
enzyme in this pathway.*>*7%*

To investigate CYP51 as a potential target in the ergosterol
biosynthetic pathway, the concentrations of ergosterol and its
precursors in the pathway lanosterol, and squalene, were
quantified in control parasites and those treated with

Table 4 Stern—Volmer constants of the fac-[Mn(CO)s(CTZ)(NN)I(PFe)
compounds for the competitive binding to {DNA-EB} adduct in 5%
DMSO-Tris HCl medium

Compound Key (MTH) log (Ksv)
fac[Mn(CO);(CTZ)(bipy)](PFs) 6293 3.80
fac-[Mn(CO);(CTZ)(phen)](PFs) 5776 3.76
fac[Mn(CO);(CTZ)(dmb)](PFe) 3869 3.59
fac[Mn(CO);(CTZ)(tmp)]|(PFe) 1184 3.07
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Table 5 Ergosterol, lanosterol and squalene quantification in T. cruzi epimastigotes and L. infantum promastigotes after 4 h of incubation with

fac-[Mn(CO)z(CTZ)(tmp)I(PFe)

Control 1x EC5q 5% ECsq
Sterol C (uM) C (pM) A (%) D (%) C (pM) A (%) D (%)
T. cruzi epimastigotes
Ergosterol 11.45 +0.75 9.09 + 0.40 — 21.1 8.56 + 0.52 — 25.2
Lanosterol 6.54 £ 0.30 7.39£0.29 13.0 — 8.47 + 0.60 29.5 —
Squalene 12.27 £ 0.71 13.04 = 0.65 6.3 — 13.45 +£0.81 9.6 —
L. infantum promastigotes
Ergosterol 15.35 £ 0.92 11.22 £ 0.84 — 26.9 11.01 £ 0.84 — 28.3
Lanosterol 5.03 £ 0.20 6.01 £ 0.30 19.5 — 6.64 £ 0.33 32.0 —
Squalene 9.77 £ 0.58 10.65 = 0.73 9.0 — 10.93 £ 0.91 11.9 —

A (%): accumulation percentage, D (%): depletion percentage.

fac[Mn(CO);(CTZ)(tmp)](PF¢), the most active compound of
the series.

As shown in Table 5, treatment of both parasites, T. cruzi
and L. infantum, with the selected compound led to the
accumulation of lanosterol and squalene, accompanied by
ergosterol depletion at both tested concentrations compared
with untreated parasites. The accumulation of lanosterol and
depletion of ergosterol were more pronounced at 5x ECs, than
at 1x ECs,, suggesting a dose-dependent effect.

The accumulation of lanosterol and depletion of ergosterol
observed by treatment of both parasites with
fac-[Mn(CO);(CTZ)(tmp)](PFs) suggests that the compound may
inhibit activity of the enzyme lanosterol 14-a-demethylase, as
has been reported for the free ligand CTZ.?%°

When compared with free CTZ, previously evaluated using
the same method, the Mn compound exhibited slightly higher
percentages of lanosterol accumulation and ergosterol
depletion. This suggests that fac-[Mn(CO);(CTZ)(tmp)](PFs)
may have slightly greater inhibitory activity than the free
ligand. However, the observed effect could also be due to the
combination of free CTZ and the complex, as the metal com-
pound may act as a CTZ carrier.

Previously reported results for the Re() analogue,
fac-[Re(CO);5(CTZ)(tmp)](PFs), using the same method on
T. cruzi, indicate a slightly stronger inhibitory effect compared
with the Mn compound.*

CO release studies

The antimicrobial mechanisms of action of fac[M'(CO);]"
species are diverse and remain only partially understood. In
this sense, CO release by carbonyl compounds can be triggered
by physical, chemical or enzymatic processes.*%>%°%%7

Although the therapeutic potential of CO is gaining reco-
gnition in the development of antibacterial agents, CORMs
remain largely unexplored as antitrypanosomal agents. As a
first approach, the photoinduced CO release behavior of the
analogous Re(1) and Mn(1) tricarbonyl compounds developed
in our studies was compared.

Photoinduced CO release occurs when there is an overlap-
ping of the wavelength of the light used and the MLCT band

6508 | Dalton Trans., 2025, 54, 6495-6516

of the carbonylic compound. Therefore, 395 + 10 nm was
chosen to promote the release of the CO ligands.

CO release studies performed using FTIR spectroscopy
revealed that all compounds release CO upon irradiation at a
wavelength of 395 + 10 nm (Fig. 6 and Fig. S28-31f). This
release is evident from a decrease in the intensity of the tricar-
bonyl center stretching bands (2050-1900 cm ™), together with
the appearance of a band near 2143 cm™' corresponding to
free carbon monoxide. Additionally, changes in the relative
intensities of the bands between 1975-1925 cm™, along with
the appearance of new bands in the 1875-1850 cm™" region,
indicate the formation of stable biscarbonyl species. However,
in some cases, analysis is complicated by the overlap of the
asymmetric tricarbonyl bands with the symmetric biscarbonyl
band.*’

CO release studies conducted using UV-Vis spectroscopy
demonstrated a decrease in the absorbance of the MLCT band
(358-392 nm) upon irradiation at a wavelength of 395 + 10 nm,
confirming CO release. The presence of isosbestic points
suggests the formation of other species in equilibrium with
the initial tricarbonyl complexes. In some cases (NN = bipy,
dmb, aminophen), a decrease in the absorbance of the intrali-

80+
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Fig. 6 FTIR spectra of fac-[Mn(CO)3(CTZ)(aminophen)](PFg) 1 x 107> M
in CH,Cl, solution after 0—900 s irradiation at 395 + 10 nm.
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Fig. 7 UV-Vis spectra of fac-[Mn(CO)s(CTZ)(aminophen)l(PFg) in
CH,Cl, solution after 0—3000 s irradiation at 395 + 10 nm.

gand ©= — 7* bands (228-233 nm and 288-297 nm) was
observed, implying that the ligands remain bound to the
manganese center in the photodecomposition product (Fig. 7
and Fig. S32, S33t). Conversely, in other cases (NN = phen,
tmp), an increase in the absorbance of the intraligand = — n*
bands (232 nm and 267-275 nm) was detected, suggesting that
the ligands are released alongside CO upon irradiation (Fig. 8
and Fig. S347).

The data showed a linear relationship between In[C] (C =
concentration of the compound) and irradiation time
(Fig. S357), indicating a first-order kinetic process. The pseudo-
first-order CO release constants (kqo) are presented in Table 6.
These values are of a similar magnitude to those reported for
other Mn(i) tricarbonyl complexes in the literature, highlight-
ing consistency with previously observed CO release
kinetics.”®?77%98

Although no direct correlation was observed between the
kco and the biological activity of the compounds, it is note-
worthy that the most compound,

active

Absorbance
)
@
1

0.4+

T T T = T T
250 300 350 400 450 500
Wavelength (nm)

Fig. 8 UV-Vis spectra of fac-[Mn(CO)s(CTZ)(tmp)I(PF¢) in CH,Cl, solu-
tion after 0—3060 s irradiation at 395 + 10 nm.
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Table 6 kco values for the fac-[Mn(CO)z(CTZ)(NN)I(PFg) compounds

Compound kco x 10° +SD (s7)

1.2+£0.1

[
fac-[Mn(CO);(CTZ)(phen)](PFs) 0.82 + 0.02
Jfac-[Mn(CO)3(CTZ)(dmb)](PFs) 0.68 + 0.05
fac-[Mn(CO);(CTZ)(tmp)](PFs) 1.7+0.3
fac-[Mn(CO);(CTZ)(aminophen)](PFs) 1.4+0.2

fac-[Mn(CO);(CTZ)(tmp)](PF¢), also exhibited the highest kco.
This result may suggest CO release as an additional mecha-
nism of action worthy of further investigation.

To enable a comparison between Re(1) and Mn(1) analogues,
the same experiments were performed for the
fac-[Re(CO);(CTZ)(NN)](PFs) compounds. However, no CO
release was observed, either by FTIR or UV-Vis spectroscopy,
even after over 4 h of continuous irradiation. Attempts to
induce CO release by irradiating at a wavelength of 254 +
10 nm, where the compounds also showed electronic absorp-
tion, were also unsuccessful, indicating a fundamental differ-
ence in photoreactivity between the Re(r) and Mn() com-
pounds, and the high stability of the rhenium compounds
under light exposure.

To get insight into the CO-release in aqueous media in
absence of light, the spectra of the Mn compounds were recorded
in a 24 h span at a concentration of 0.5 mM in DMSO : buffer
phosphate 40 mM pH 7.4 (50:50). No significant changes were
observed in the UV-vis spectra between ¢ = 0 h and ¢ = 24 h,
which can be interpreted as there being no relevant CO release
occurring in the conditions of the assay (Fig. S361).

Metallomics

The manganese compound with the most promising in vitro
antiparasitic  activity, fac-[Mn(CO);(CTZ)(tmp)](PFs), was
selected for metallomics analysis. To investigate its uptake by
T. cruzi epimastigotes and trypomastigotes, two concentrations
(1x ECs0 and 10x ECs, corresponding to 0.81 and 8.10 pM for
epimastigotes, and 0.59 and 5.90 pM for trypomastigotes) and
two incubation times (4 and 24 h) were tested. Untreated para-
sites served as the control.

The manganese taken up by the parasites or strongly bound
(not removable by washing), and the manganese remaining in
the culture medium, were quantified using ET-AAS. The
average manganese content, based on three independent
experiments, is presented in Table 7.

Table 7 Percentage of manganese taken up by T. cruzi epimastigotes
and trypomastigotes

% taken up by T. cruzi
epimastigotes + SD

% taken by up T. cruzi
trypomastigotes + SD

Compound

concentration 4h 24 h 4h 24 h

1x ECsq 2.9+0.2 2.7+£0.3 3.9+0.3 3.8+£0.3
10x ECs 2.7+£0.1 2.8+0.1 3.2+0.2 3.0+£0.1
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As shown in Table 7, the uptake of
fac-[Mn(CO);(CTZ)(tmp)](PFs) in epimastigotes did not vary
across the different concentrations and incubation times
tested. In trypomastigotes, the uptake at the 1x EC5, concen-
tration was slightly higher than at the 10x EC5, concentration,
although no significant differences were observed with varying
incubation times. In comparison, trypomastigotes exhibited
higher uptake percentage than epimastigotes, which aligns
with the compound’s greater activity in trypomastigotes
(Table 1).

When compared with its Re(1) analogue, the Mn(1) com-
pound showed an uptake more than twice that of the Re(i)
compound.”® This enhanced uptake by the parasite might be
related to the higher lipophilicity of the Mn(i)) compounds
across all NN ligands tested, which may impact on the biologi-
cal activity.

The manganese association with biomacromolecules such
as RNA, DNA, and soluble proteins was investigated to assess
the subcellular distribution of the compound fac-[Mn
(CO)5(CTZ)(tmp)](PFe) within the parasites. For this, T. cruzi
epimastigotes were incubated for 4 h with the compound at
two concentrations (1x ECs, and 10x ECs). After incubation,
the different biomacromolecules, along with the insoluble frac-
tion, were isolated, and the total manganese associated with
each fraction was quantified using ET-AAS (Table 8).

A similar distribution pattern was observed across the
different concentrations studied. Most of the compound taken
up by the parasite was associated with soluble proteins, while
a smaller fraction was found in the insoluble fraction. Only a
small percentage of the compound was associated with nucleic
acids, both RNA and DNA. Given the minimal distribution
towards DNA (less than 1% in both conditions), despite a mod-
erate interaction between the compounds and this molecular
target (see above), DNA binding would not be considered the
primary mechanism of action for the compounds.

Differences between 1x and 10x results were tested by a
one-way analysis of variance (ANOVA) at a 5% significance
level, showing statistically significant differences for soluble
proteins and RNA.

When comparing this distribution pattern with that of the
Re(1) analogue, both compounds show a similar primary distri-
bution towards soluble proteins, with over 80% of the com-
pound associated with soluble proteins for both metal com-
pounds and concentrations studied. There are no statistically

Table 8 Percentage of manganese associated with the different iso-
lated biomacromolecules after 4 h of treatment of epimastigotes of
T. cruzi with 1x ECsg and 10x ECsq of fac-[Mn(CO)3(CTZ)(tmp)1(PFe)

% association + SD

Subcellular fraction 1x ECsq 10x ECso
Soluble proteins 81.5+6.4 85.2+5.6
DNA 0.4+0.1 0.2 + 0.04
RNA 6.7 +1.3 3.5+0.8
Insoluble fraction 11.3+0.9 11.1+£0.9
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significant differences for the two analogue compounds
regarding soluble proteins association, according to the
ANOVA test at a 5% significance level, for 1x and 10x, respect-
ively. Both compounds also exhibit more than 10% association
with the insoluble fraction with a smaller percentage associ-
ated with nucleic acids. However, the behavior of the two com-
pounds differs in their association with RNA. For Re(i), the
association with RNA is comparable to that with DNA, whereas
for Mn(1), the association with RNA is more than 15 times
greater than that with DNA.*

Confocal Raman microscopy

A confocal Raman microscopy study was performed to analyze
the effects of the fac-[Mn(CO);(CTZ)(tmp)](PF,) taken up in the
whole parasite.

According to the literature, Raman bands in the range of
~1650 cm ™" correspond to amide I C=O0 stretching mode (pro-
teins and DNA, Fig. 9 red region), signals in the range of 1425/
1475 ecm™' correspond to CH,/CH; anti-symmetric methyl/
methylene deformations (lipids, Fig. 9 blue region) and signals
in the range of 1570/1580 cm™" correspond to C=C stretching
modes in purine bases (DNA/RNA, Fig. 9 red area). As pre-
viously reported, the signal at 1594 cm™" observed in Fig. 9
(blue area) could be attributed to DNA in higher concentration
and the red labels to membrane lipids. The prominent bands
of the compound show an important overlap with signals
coming from lipids, proteins and DNA, and due to its low con-
centration in the parasite, signals associated with 1(CO)
stretching modes are not so pronounced in Raman spec-
troscopy for being detected in our experiments. Therefore, the
analysis focused on the main changes occurring in treated
parasites relative to untreated control parasites.

Comparing confocal Raman images obtained for parasites
treated with the Mn(1) compound at concentrations equivalent
to 1%, 5%, 10x the ECso value for 4 h with untreated control
parasites (Fig. 9), it can be observed that the signals associated
with DNA suffer important changes in their colocalization along
the parasite, being more diffuse for the sample treated with 10x
ECs, in comparison with 5x ECs, and successively. These fea-
tures were also reported in prior work by Soba et al.,*® where it
was observed that the signals associated with DNA underwent
significant alterations in their colocalization along the parasite.
This observation aligns with our hypothesis that the treatment
with Mn(i) compounds might be affecting the dynamics of the
parasite by ergosterol biosynthesis inhibition. Lipid metabolism
plays a vital role not only in maintaining the integrity of the
plasma membrane but also in supporting the functionality of
internal organelles such as the mitochondria, endoplasmic reti-
culum, and the endosomal-lysosomal system. Disruptions in
lipid biosynthesis can lead to significant alterations in the mor-
phology and function of these organelles, with consequences
for overall parasite viability.”**°!

The increased fluidity found in our study might not be
restricted to the plasma membrane but could also extend to
internal organelles. The diffuse appearance of DNA signals
may therefore indicate a loss of its proper localization, which

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) Overlay between optical and confocal Raman images as obtained from selected principal components analysis associated with lipids (red)

and DNA (blue) and their corresponding Raman spectra for samples:
fac-[Mn(CO)z(CTZ)(tmp)I(PF¢) for 4 h.

could be due to compromised organellar integrity and the
alteration of lipid-dependent processes crucial for maintaining
cellular compartmentalization. Therefore, while the observed
changes in DNA signal colocalization are striking, they likely
represent a more complex interplay of effects on various cellu-
lar processes that are crucial for T. cruzi’s survival and patho-
genicity. Further studies are needed to confirm the precise
mechanisms by which lipid metabolism alterations contribute
to these changes and to understand how they relate to the
overall therapeutic potential of the Mn(1) compound.

Proteomic studies

To further understand the mechanism of action of the most
promising compound, fac-[Mn(CO);(CTZ)(tmp)](PFs), in
T. cruzi, the proteome of treated epimastigotes was analyzed
using a concentration equivalent to 5 times the EC5, value (5%
ECso) previously calculated. To specifically identify proteins
modulated in response to the compound, rather than general
drug-response proteins, a treatment time of 4 h was used. For
comparative purposes, the proteome of parasites treated with
the analogue fac-[Re(CO);(CTZ)(tmp)](PFs) was also analyzed in
the same incubation conditions. As a control, untreated para-
sites were also analyzed.

Using the Venn diagram statistical module, 5 proteins were
uniquely identified for the parasites treated with
fac-[Mn(CO);(CTZ)(tmp)](PFs), while 87 proteins were uniquely
detected in the control samples, and 2110 proteins were found
in both samples (p-value <0.05) (Fig. 10 and 11).

In comparison, for the parasites treated with
fac-[Re(CO);(CTZ)(tmp)](PFs) 47 proteins were uniquely identi-

This journal is © The Royal Society of Chemistry 2025

(@) untreated control, (b) 1%, (c) 5x and (d) 10x the ECso value of for

fied, while 173 were uniquely detected in control samples and
1987 were found in both samples.

A pairwise comparison was performed for proteins detected
in both conditions but exhibiting significant differences in
relative abundance. Sixteen proteins with altered abundance
were identified in fac[Mn(CO);(CTZ)(tmp)](PFs)-treated para-
sites, of which 4 proteins showed increased abundance, and
12 displayed decreased abundance compared with control
samples. This number of proteins with altered abundance is
significantly lower than the number obtained for the treatment
with fac-[Re(CO);(CTZ)(tmp)](PFs) using the same pairwise
comparison analysis, where only 1 protein showed increased
abundance in control samples and 455 proteins exhibited
decreased abundance compared with control samples.

Gene ontology (GO) enrichment analyses were conducted
on proteins with altered abundance to identify any functions
or processes affected by the treatment. The categories “mole-
cular function” and “biological process” were specifically
examined. For downregulated proteins after
fac-[Mn(CO);(CTZ)(tmp)](PFs) treatment, the analysis revealed
enrichment in proteins associated with protein modification
processes, mitochondrial gene expression, cytoplasmic trans-
lation, RNA binding, and lipid binding (Table S9t).

No enriched terms were identified for upregulated proteins
after treatment.

The GO term enrichment analysis for downregulated pro-
teins in 7. cruzi treated with fac-[Re(CO);(CTZ)(tmp)](PF,) high-
lighted disruptions in broad biological processes, including
the metabolism of amino acids, nucleobase-containing small
molecules, carbohydrates, and modified amino acids, as well
as processes related to energy generation and vitamin metab-
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Without treatment Treatment with
fac-[Mn(CO3)(CTZ)(tmp)](PFe)

Treatment with
fac-[Re(CO3)(CTZ)(tmp)](PFg)

Without treatment

87 4 175

Fig. 10 Venn diagram displaying the overlap of proteins detected in T. cruzi epimastigotes treated with fac-[Mn(CO)s(CTZ)(tmp)l(PF¢) versus
untreated control (a), and in T. cruzi epimastigotes treated with fac-[Re(CO)s(CTZ)(tmp)l(PFg) versus untreated control. (b) The gray circles represent
proteins uniquely identified in treated parasites, light blue circle show proteins exclusively detected in fac-[Mn(CO)z(CTZ)(tmp)l(PF¢)-treated samples
(4 proteins) and pink circle represents proteins uniquely detected in fac-[Re(CO)3(CTZ)(tmp)]l(PFg)-treated samples. The overlapping region indicates
proteins identified in both conditions. Statistical analysis was applied to determine significance (p-value <0.05). Details of protein identification are
shown in ESI Table S8.1

treatment with
fac-[Re(CO)3(CTZ)(tmp))(PFe)

without treatment ol treatment with without treatment °
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Fig. 11 Differentially abundant proteins between T. cruzi epimastigotes untreated and treated with fac-[Mn(CO)s(CTZ)(tmp)](PF¢) (left panel) and
T. cruzi epimastigotes untreated and treated with fac-[Re(CO)z(CTZ)(tmp)l(PFe) (right panel). The volcano plots show the —log;o (p-value) on the
y-axis and the log; (fold-change) on the x-axis. Each dot represents a protein identified in both conditions. Blue and pink dots indicate proteins that
satisfy all statistical criteria and are therefore considered differentially abundant between conditions. Dotted lines mark the cutoff thresholds for fold
change (+log, fold change = 1, corresponding to a fold change of +2) and p-value (log;o p-value = 1, equivalent to p = 0.05). Details of protein
identification are shown in Table S8.F

olism. Additionally, RNA-related functions such as tRNA and
mRNA metabolism were affected, alongside protein-related
activities including folding, modification, catabolism, and
translation. Structural and transport processes, such as intra-
cellular protein transport and cytoskeleton organization, were
also impacted, underscoring the compound’s broad influence
on fundamental cellular functions. On the molecular function
level, enrichment in binding activities such as ion binding,
RNA binding, and cytoskeletal protein binding was observed.

6512 | Dalton Trans., 2025, 54, 6495-6516

Additionally, key enzymatic functions were affected, including
ligase, methyltransferase, phosphatase, GTPase, oxidoreduc-
tase, isomerase, and peptidase activities. Structural roles were
also impacted, particularly with the enrichment of terms
related to the structural constituents of ribosomes and struc-
tural molecule activities. These findings suggest broad disrup-
tions in both enzymatic functions and structural integrity in
T. cruzi cells treated with fac-[Re(CO);(CTZ)(tmp)](PFe)
(Table S107).
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https://doi.org/10.1039/d5dt00241a

Published on 11 March 2025. Downloaded on 5/25/2026 12:31:08 AM.

Dalton Transactions

The GO analysis of upregulated proteins in T. cruzi treated
with fac-[Re(CO);(CTZ)(tmp)](PFs) revealed enrichment in
general biological processes such as cytoskeleton organization,
protein-containing complex assembly, anatomical structure
development, carbohydrate metabolic process, and mRNA
metabolic process. These processes highlight extensive cellular
functions influenced by the compound, pointing to its impact
on structural organization, metabolic activity, and protein syn-
thesis machinery. On the molecular function side, an enrich-
ment in methyltransferase activity and cytoskeletal protein
binding was observed (Table S11}). These functions suggest an
influence on protein modification and structural interactions
within the cell, potentially affecting regulatory processes and
cellular architecture.

In conclusion, the biological processes and molecular func-
tions altered in T. cruzi parasites treated with both Re- and
Mn-based compounds were broad and nonspecific, making it
challenging to identify a precise metabolic pathway or process
directly impacted by the treatments. These findings suggest
that the compounds induce a general cellular response, poten-
tially affecting multiple pathways rather than selectively target-
ing a distinct biological process. It is also noteworthy that a
significant portion of the identified proteins were “uncharac-
terized proteins”, complicating the analysis. Specifically, 24%
(pairwise comparison analysis) and 14% (Venn diagrams) of
the total proteins identified in fac-[Mn(CO);(CTZ)(tmp)](PF¢)-
treated samples and 8% (pairwise comparison) and 17%
(Venn diagrams) of the fac-[Re(CO);(CTZ)(tmp)](PF¢)-treated
samples fell into this category.

Since it was demonstrated in this paper that treatment with
fac-[Mn(CO);(CTZ)(tmp)](PFs) leads to the accumulation of
intermediates in the ergosterol pathway and a decrease in the
amount of the final product, ergosterol, we hypothesized that
perhaps one or more of the enzymes in this pathway may have
altered abundance due to the treatment. However, proteomic
analysis showed no differences in the abundance of these
enzymes in treated parasites compared with control untreated
parasites in the conditions tested (Table S12f). Thus, the
accumulation of intermediates and the decrease in ergosterol
levels might result from changes in post-translational modifi-
cations of some of these enzymes. In this context, among the
proteins with altered abundance we could identify methyl-
transferases, phosphatases, and kinases, which could modify
the activity of these ergosterol pathway proteins without chan-
ging their abundance.

Conclusions

Searching for new prospective drugs against Trypanosoma
cruzi, the causative agent of Chagas disease, and Leishmania
infantum, causative agent of visceral leishmaniasis, five hetero-
leptic multifunctional Mn(1) tricarbonyls fac-[Mn(CO);(CTZ)
(NN)](PFs) were synthesized and characterized in both solid
state and solution. The compounds are analogues of previously
reported Re(i) compounds and include NN polypyridyl phenan-

This journal is © The Royal Society of Chemistry 2025
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throline or bipyridine derivatives along with Clotrimazole
(CTZ) as bioactive ligands.

The compounds showed high activity against the infective
trypomastigote form of 7. cruzi and the promastigote form of
L. infantum with ECs, values in the low micromolar range and
moderate selectivity index values tested using VERO cells as
mammalian cell model. Compared with the previously
reported Re(1) analogues, the Mn(1) compounds displayed ECs,
values of a similar magnitude against 7. cruzi trypomastigotes
but lower selectivity towards the parasite. In both metal
families, incorporating two bioactive ligands into a single
molecule mostly produced compounds with higher activities
than the free ligands alone. Mn(1) compounds showed lower
stability in three tested media compared with their Re(r)
counterparts, losing at least in some extent the ligand CTZ.
The Mn(1) compounds were more lipophilic than both the free
bioactive ligands and the Re analogues, and no clear corre-
lation was found between lipophilicity and antitrypanosomal
activity, although the most active compound was also the most
lipophilic of the series. Quantum chemical methods were
employed to predict the water-octanol partition coefficients
for both Re(1)) and Mn(i) tricarbonyl complexes with varying
polypyridine ligands and to explain the tendencies observed.
Mn(1) compounds were found to be more lipophilic due to the
Mn(1) center’s higher polarizing power, which reduces the dipole
moment by withdrawing electron density from donor atoms.
Within each metal family, dipole moments were similar, with
nonpolar surface contributions being more significant.

Metallomic study revealed an uptake of the most promising
Mn compound, fac-[]Mn(CO);(CTZ)(tmp)](PFs), by T. cruzi more
than twice that of the Re(1) compound and a preferential
association to the soluble proteins fraction with negligible
association to DNA for both compounds.

To elucidate the mechanism of action, potential targets
such as DNA and CYP51 (lanosterol 14-a-demethylase), an
enzyme critical for ergosterol biosynthesis, were investigated
as well as structural changes induced by the compounds.
Minimal DNA association (<1%) and moderate interaction
with this target suggested that DNA binding is not the primary
mechanism of action. In contrast, CYP51 inhibition was
experimentally confirmed. Confocal Raman microscopy experi-
ments suggested a possible disruption in the compartmentali-
zation and localization of DNA within the parasite, which
aligns with the changes expected for lipid metabolism and
membrane dynamics. To further understand the mechanism
of action of the most promising compound, fac-[M(CO);(CTZ)
(tmp)](PFs), in T. cruzi, the proteome of treated epimastigotes
was analyzed. Proteomic analysis of epimastigotes treated with
the Mn(1) and Re(i)) compound showed no change in CYP51
abundance compared with untreated controls, suggesting that
reduced ergosterol levels and accumulation of intermediates
may arise from post-translational modifications of the enzyme.
Additionally, altered abundances of methyltransferases, phos-
phatases, and kinases in treated parasites point to possible
indirect modulation of ergosterol pathway proteins without
changing their abundance. Furthermore, photoinduced CO
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release was observed in Mn(1) tricarbonyls but not in their Re(1)
analogues under the tested conditions. CO release in the dark
triggered by other cell conditions may contribute to the bio-
logical activity and deserves further investigation. The activity
against the parasites of the fac-{MnBr(CO);(NN)] precursors
will be also explored along with the hypothesis of the new
compounds acting as CTZ carriers, to provide new insight into
the mechanism of action of the Mn(1) tricarbonyls.

Collectively, these results highlight the potential of Mn()
and Re(1) tricarbonyls as promising candidates for further anti-
trypanosomal drug development.
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