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ARTICLE INFO ABSTRACT
Keywords: The therapeutic approach to many solid tumors, including non-small cell lung cancer (NSCLC), is mainly based
Cisplatin resistance on the use of platinum-containing anticancer agents and is often characterized by acquired or intrinsic resistance

ruthenium-cyclopentadienyl
non-small cell lung cancer
biocompatibility
cardiovascular toxicity

to the drug. Therefore, the search for safer and more effective drugs is still an open challenge.

Two organometallic ruthenium(II)-cyclopentadienyl compounds [Ru(n’-CsH4CHO)(Megbipy)(PPhs)]*
(RT150) and [Ru(n’-CsH,CH,OH)(Mesbipy)(PPhs)][CF3SO3] (RT151) were tested against a panel of cisplatin-

. o resistant NSCLC cell lines and xenografts. They were more effective than cisplatin in inducing oxidative stress

Chemical Compounds studied in this article: . . . .
Gisplatin (5702198) and DNA damage, affecting the cell cycle and causing apoptosis. Importantly, they were found to be inhibitors of
Carboplatin (426756) drug efflux transporters. Due to this property, the compounds significantly increased the retention and cyto-
toxicity of cisplatin within NSCLC cells. Notably, they did not display high toxicity in vitro against non-
transformed cells (red blood cells, fibroblasts, bronchial epithelial cells, cardiomyocytes, and endothelial
cells). Both compounds induced vasorelaxation and reduced endothelial cell migration, suggesting potential anti-
angiogenic properties. RT151 confirmed its efficacy against NSCLC xenografts resistant to cisplatin. Either alone
or combined with low doses of cisplatin, RT151 showed a good biodistribution profile in the liver, kidney,
spleen, lung, and tumor. Hematochemical analysis and post-mortem organ pathology confirmed the safety of the
compound in vivo, also when combined with cisplatin.

To sum up, we have confirmed the effectiveness of a novel class of drugs against cisplatin-resistant NSCLC.
Additionally, the compounds have a good biocompatibility and safety profile.

Abbreviations: NSCLC, non-small cell lung cancer; CDDP, cisplatin; MDR, multidrug resistance; ABC, ATP binding cassette; P-gp/ABCB1, P-glycoprotein; MRP-1/
ABCC1, multidrug-resistant-associated protein-1; BCRP/ABCG2, breast cancer resistance protein; RuCp, ruthenium(Il)-cyclopentadienyl derivatives; FBS, fetal bovine
serum; MTT, 3-4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide; HAT, hypoxanthine-aminopterin-thymidine solution; BSA, bovine serum albumin; TEA™,
tetraethylammonium chloride; HDFa, human dermal adult fibroblasts; HSAEC, human small airway epithelial cells; ISIMA, ilastik segmentation/ImageJ measure-
ment of area; CCD, Charged Coupled Device; ROS, Reactive oxygen species; CM-H2DCFDA, 5-and-6-chloromethyl-2',7-dichlorodihydro-fluorescein diacetate; RFUs,
relative fluorescence units; 80HdG, 8-hydroxy-2’-deoxyguanosine; Pi, phosphate; KHS, Krebs-Henseleit solution; NSG, NOD SCID-y; ICP-MS, inductively coupled
plasma mass spectrometry; SD, standard deviation.
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1. Introduction

Lung cancer (LC) is one of the most frequent types of cancer and the
leading cause of cancer-related death globally, with an estimated 2.2
million new cases and 1.79 million deaths in 2020 [1]. LC is grouped
into two main forms: small cell lung cancer and non-small cell lung
cancer (NSCLC), with the latter accounting for 85 % of all cases [1].
Currently, the standard first-line chemotherapeutics used in NSCLC
include three platinum-containing drugs approved worldwide: cisplatin
(CDDP), carboplatin, and oxaliplatin [2]. Despite their efficacy, this
approach is associated with side effects and, more importantly, with the
development of drug resistance [3]. These two main setbacks have
motivated researchers to actively search for alternatives based on
non-platinum metallodrugs.

Over the last decades, ruthenium-based compounds emerged as part
of a new era of chemotherapeutic candidates to treat cancer [4]. Many
ruthenium-based compounds consistently show a broader spectrum of
action, lower systemic toxicity, and are more selective to cancer cells [5,
6] than CDDP-inspired drugs, thus being proposed as promising thera-
peutic alternatives.

Ruthenium has three biologically accessible oxidation states (II, III,
and IV) and their species can exert their activity via multiple targets,
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resulting in different mechanisms of action, and pharmacological re-
sponses [6]. Despite their promising anticancer properties, only two Ru
(III) compounds (namely NAMI-A, designed by the group of Sava,
Mestroni and Alessio [7] and KP1019/NKP1339, proposed by Keppler
and coworkers [8]), along with one Ru(II) photosensitizer compound
(TLD1334, developed by McFarland and collaborators [9]) have pro-
ceeded into clinical trials.

One of the major hurdles in cancer therapy is the development of
mechanisms that limit the effectiveness of the chemotherapeutic agents.
Some of these mechanisms, termed multidrug resistance (MDR), are
characterized by the overexpression of efflux transporters (e.g., ATP
binding cassette — ABC — protein family) on the cancer cell membrane
[10] P-glycoprotein (P-gp/ABCB1), multidrug resistance-associated
protein-1 (MRP-1/ABCC1), and breast cancer resistance protein
(BCRP/ABCG2) are among the ABC transporters most often associated
with MDR and leading to patient poor prognosis. Particularly, P-gp and
MRP1 transport several cytotoxic drugs including CDDP, limiting their
intracellular accumulation, thus affecting therapeutic outcomes. Over
the years, many researchers have developed novel P-gp modulators
(mainly organic molecules) as prospective candidates to reverse MDR.
However, despite these efforts, all generations of P-gp inhibitors tested
so far failed due to their low specificity and high toxicity [11].
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Scheme 1. Metal-based drugs with antitumoral activity towards non-small cell lung adenocarcinoma A549.
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Therefore, searching for novel candidates capable of overcoming MDR
with a good safety profile is crucial and still represents a key clinical
challenge.

Non-platinum-based metallodrugs are emerging as important
chemotherapeutic agents and promising alternatives to platinum-based
drugs currently in clinical use as they have better safety profiles, and
their cytotoxicity involves different mechanisms of action [12]. How-
ever, despite some promising in vitro results [13], only a few studies
evaluating the efficacy of metal-based drugs on resistant LC xenografts
were reported with encouraging and convincing results. For example,
two ruthenium(II) complexes, namely [RuH(Im)4(dppz)] [PF¢lo (where
Im = imidazole and dppz = 10,13-dihydrodipyrido[3,2-a:2',3"-c]phen-
azine) [14], and the photosensitizer [RuH(bipy)(tpy)(S'L)] [PFg]s (Where
bipy = 2,2’-bipyridine, tpy = 2,2:6',2"-terpyridine and 5L = 6-ben-
zoyl-2-(3-(methylthio)propyl)-5-phenyl-1H-pyrrolo[2,3-d]pyrimidin-4
(7H)-one) [15] (Scheme 1) were well tolerated and effective in reducing
NSCLC grow in nude mice. Also the gold(I) complex [AuI(PPh3)(PT)]
[16] (where PT is pyrithione), and the iridium(III) complex [Irm(p-
py)z(N’N'L))] [PFglz [17] (where ppy = 2-phenylpyridine and NNp —
9-methyl-1-(quinolin-2-y1)-9H-pyrido[3,4-b]indole) showed similar re-
sults, the latter being more effective than CDDP. More recently, two
copper(l)/(II) compounds (Scheme 1) of chemical formula [Cu' (NN
(phen)] (with ONN-, being a Schiff base like ligand and phen = 1,
10-phenanthroline) [18] and [CuH(N’N’N’O'L)Cl] [C1] [19] (WhereN’N’N’
O1H is 1-[bis(pyridine-2-ylmethyl)amino]-3-chloropropan-2-ol)
showed promising anti-tumor activity against A549 xenografts; notice-
ably, the Cu(Il) complex in association with CDDP demonstrated also the
added value of the presence of a second metal in a combinatorial
therapy.

In this scenario, organometallic ruthenium(II)-cyclopentadienyl de-
rivatives (‘RuCp’) are emerging as promising cytotoxic agents against
several aggressive cancer cell lines and, particularly, as chemosensitizers
in NSCLC cell lines [20,21]. By impairing the activity of P-gp and MRP1
transporters [20-22], they overcame CDDP resistance, paving a new
avenue to treat resistant NSCLC through a possible synergism with
CDDP. However, a consistent correlation between in vitro and in vivo
results is still lacking. To this aim, the most promising ruthenium
(ID-cyclopentadienyl derivatives RT150 and RT151, showing selec-
tivity and exceptional cytotoxicity towards several CDDP-resistant cell
lines, along with low activity against CDDP-sensitive cells, were inves-
tigated in depth to define their mechanism of action, alone and in as-
sociation with CDDP. Their biocompatibility and efficacy were explored
in vivo, with the final goal of developing a novel, valuable combinatorial
treatment, effective against CDDP-resistant NSCLC.

2. Materials and methods
2.1. Chemicals

Fetal bovine serum (FBS), RPMI-1640 and DMEM cell culture media,
L-glutamine, trypsin/EDTA solution and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), hypoxanthine-aminopterin-
thymidine solution (HAT), collagenase (type XI), trypsin inhibitor,
bovine serum albumin (BSA), tetraethylammonium chloride (TEA™),
phenylephrine, acetylcholine, and nifedipine were provided by Sigma
Aldrich (Schnelldorf, Germany) and sodium nitroprusside was from
Riedel-De Haén AG (Seelze-Hannover, Germany). All other substances
were of analytical grade and used without further purification.

2.2. Preparation of the compounds under study — RT150 and RT151

Both ruthenium-cyclopentadienyl compounds (general formula [Ru
(n°-CsH4R)(Meybipy)(PPh3)1[CF5SO3], where R = CHO (RT150) or
CHOH (RT151), PPhg is triphenylphosphane and Meybipy is 4,4’-
dimethyl-2,2’-bipyridine) were prepared under nitrogen atmosphere by
using standard Schlenk techniques as previously described [20]. Stock
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solutions of RT150 and RT151 used in in vitro studies were prepared in
DMSO and further dilutions in cell culture medium were done to achieve
the final concentrations. For in vivo studies, samples were prepared by
using 40 % w/v Captisol® in ultrapure water (MilliQ, 18.2 MQ x cm) as
the solubilizing agent to achieve the desired doses. Solutions of RT151
(0.2-0.8 mg/mL) in water were prepared by first crushing RT151 and
Captisol® with a mortar and pestle until a homogeneous mixture was
obtained. The mixture was then transferred to a plastic container and
slowly diluted with ultrapure water using sonication between additions.
The final solutions were placed in a mechanical shaker with continuous
stirring overnight, filtered with 20 pm filters, and stored at —20 °C until
use. The stability of RT150 and RT151 in DMSO (100 %) and DMEM
(with 2 % DMSO as co-solvent to solubilize the compound in aqueous
media) was previously reported in ref. [20]. In addition, the chemical
stability of RT151 encapsulated in Captisol® was assessed by measuring
the absorption spectra using UV-Vis spectrophotometry, at room tem-
perature, for 4 weeks.

2.3. Cell lines

Human NSCLC A549, Calu-3, NCI-H2228, NCI-H1650, and NCI-
H1975 were purchased from ATCC (Manassas, VI), and maintained in
RPMI-1640 medium containing 10 % v/v FBS and 1 % penicillin-
streptomycin. NCI-H1650/CDDP and NCI-H1975/CDDP sublines were
generated by adding CDDP in the culture medium, at increasing con-
centrations (1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM) every 2
weeks. Cells were then maintained in RPMI-1640 medium containing
100 nM CDDP. Primary human dermal adult fibroblasts (HDFa, ATCC-
PCS-201-012™) were cultured in the Fibroblast Basal Media supple-
mented with Fibroblast Growth Kit (ATCC). Primary human small
airway epithelial cells (HSAEC, ATCC-PCS-301-010™) were maintained
in Airway Epithelial Cell Basal Media supplemented with Bronchial
Epithelial Cell Growth Kit (ATCC). Rat myoblast cell line H9c2 (ECACC,
Salisbury, UK) was cultured in DMEM high glucose medium, supple-
mented with 10 % v/v heat-inactivated FBS, 2 mM L-glutamine, and
1 mM sodium pyruvate. Human macrovascular endothelial cell line EA.
hy926 (ATCC-CRL-2922™) was cultured in DMEM supplemented with
HAT, as previously described [23]. Cell culture was propagated in
75 cm? flasks and kept in an incubator, maintaining 37 °C, 5 % CO5 and
high humidity. All cells were sub-cultured by trypsinization when they
reached sub-confluence.

2.4. Viability assays

A549, Calu-3, NCI-H2228, NCI-H1650, NCI-H1650/CDDP, NCI-
1975, NCI-1975/CDDP, HDFa, HSAEC, H9¢2 (10* per well), EA.hy926
(2 x 10* per well) cells were treated with CDDP, RT150 or RT151, in the
range of concentration from 1 nM to 10 uM for 24, 48 or 72 h, renewing
the solution every 24 h. At each time point, the MTT assay was per-
formed as previously described [24]. The reduction of cell viability by
more than 20 % was considered a cytotoxic effect (ISO 10993 2009,
[25]). The absorbance was measured in a Synergy 2 microplate reader
(BioTek Instruments Inc., Winooski, VT) at 540 nm [26]. The Combi-
nation Index (CI) was calculated according to the Chou-Talalay method
[27], using the CalcuSyn software (www.biosoft.com/w/calcusyn.htm).

2.5. Apoptosis evaluation

Since apoptosis in cell culture is often accompanied by morpholog-
ical changes such as loss of adhesion and rounded shape of cells [28-30]
the amount of H9c2 rounded cells after treatment with RT150 and
RT151 was measured by combined ilastik segmentation/ImageJ mea-
surement of area (ISIMA) approach, described by Yordanov and
co-workers [31]. Images were taken with an 8-megapixel CCD (Charged
Coupled Device) digital camera (Optikam Pro 8LT-4083.18LT), moun-
ted on an inverted Optika XDS-2 microscope, illuminated by a
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X-LED8TM system. The following settings were applied: phase contrast
mode and 100x magnification. The image segmentation into rounded
morphology cells (foreground pixels) and adherent cells or plate surface
(background pixels) was done on the ilastik software, version 1.3.3b2
(BSD type license, open source, available for free download at www.il
astik.org). The resulting black and white images were used for fore-
ground (rounded morphology cells) area measurement in the ImageJ
software, version 2.0.0-rc-43/1.50e (BSD type license, open source,
www.imagej.net) [32]. As a result, area percentage values were
estimated.

For A549, Calu-3 and NCI-H2228 cells, the Annexin V/Propidium
Iodide staining was used. Cells were detached with the Cell Dissociation
Solution (Sigma-Merck) and stained with the Annexin V/Propidium
Iodide kit (Sigma-Merck), as per manufacturer instruction. Fluorescence
was acquired using a Guava® easyCyte flow cytometer (InCyte software,
Millipore, Burlington, MA). The percentage of Annexin V'/Propidium
Todide™ cancer cells was considered an index of necro-apoptotic death.

2.6. Reactive oxygen species (ROS) measurement

A549, Calu-3, and NCI-H2228 cells (1 x 10%) were washed with PBS
and detached by gentle scraping. A 50 pL aliquot was sonicated and used
to measure cell proteins. The remaining cells were incubated for 30 min
at 37 °C with 5 puM ROS-sensitive fluorescent probe 5-(and-6)-chlor-
omethyl-2',7'-dichlorodihydro-fluorescein ~diacetate (CM-H2DCFDA)
(ThermoFisher Invitrogen, Milan, Italy). The fluorescence was read
using a Synergy 2 microplate reader, with A excitation 485 nm and A
emission 528 nm. The relative fluorescence units (RFUs) were converted
into nanomoles ROS/mg proteins, according to a titration curve per-
formed with serial dilutions of Hy0s.

2.7. DNA oxidative damage

The amount of 8-hydroxy-2’-deoxyguanosine (80HdG), considered
an index of oxidized and damaged DNA [33], was measured in A549,
Calu-3, and NCI-H2228 cells by the 80OHdG ELISA Kit (Abcam, Cam-
bridge, UK), as per manufacturer instructions. Results were expressed as
nmoles of 80OHdG/mg cell proteins.

2.8. Cell cycle evaluation

For the cell cycle analysis, 1 x 10° A549, Calu-3, and NCI-H2228
cells were fixed in 70 % v/v ethanol for 15 min, then centrifuged at
13,000xg for 5 min at 4 °C, rinsed with citrate buffer (50 mM NayHPOy,,
25 mM sodium citrate, 1 % v/v Triton X-100) containing 1 pg/mL pro-
pidium iodide and 1 pg/mL RNAse, and analyzed after 15 min incuba-
tion in the dark. For each flow cytometry analysis, 20,000 events were
collected using the Guava®easyCyte flow cytometer. Cell cycle distri-
bution was analyzed using the InCyte software.

2.9. ABCBI and ABCC1 activity

The catalytic activity of immunopurified ABCB1 and ABCCI,
measured as the rate of ATP hydrolysis, was assessed spectrophoto-
metrically at 620 nm with a Synergy 2 microplate reader, as previously
described [21]. The results were expressed as nmoles hydrolyzed
phosphate (P;)/min/mg protein.

2.10. Intracellular carboplatin retention

A549, Calu-3, and NCI-H2228 cells (1 x 10°) were incubated for 3 h
with 1 pCi [14C]—carboplatin (20 Ci/mmol; Amersham Bioscience, Pis-
cataway, NJ), washed twice in PBS, detached with trypsin, centrifuged
at 1300xg for 2 min and sonicated. The amount of [**C]-carboplatin
was detected by liquid scintillation and radioactivity converted into
nmoles/mg cell proteins [34].
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2.11. RT-PCR

Total RNA was extracted and reverse-transcribed using iScriptTM
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). The qRT-PCR
was performed with the IQ SYBR Green Supermix (Bio-Rad Labora-
tories). The primers used were: ABCB1/P-gp: forward: 5-GAGGAAGA-
CATGACCAGGTATGC-3, reverse: 5-CCCACCCACCAAAATGAAACC-3’;
ABCC1/MRP1: forward: 5-TCTGGTCAGCCCAACTCTCT-3’, reverse: 5-
CCTGTGATCCACCAGAAGGT-3’; B2M:  forward:  5-AGCAAG-
GACTGGTCTTTCTATCTC-3’, reverse: 5-ATCTCTCCATCCCACTTAAG-
TATCTT-3’. The relative quantification of the genes of interest was
performed by comparing each PCR product with the housekeeping B2M
gene, using the Bio-Rad Software Gene Expression Quantitation (Bio-
Rad Laboratories).

2.12. Immunoblotting

Cells were lysed in MLB buffer (125 mM Tris-HCl, 750 mM NaCl, 1 %
v/v NP40, 10 % v/v glycerol, 50 mM MgCly, 5 mM EDTA, 25 mM NaF,
1 mM NaVOy, 10 mg/mL leupeptin, 10 mg/mL pepstatin, 10 mg/mL
aprotinin, 1 mM phenylmethylsulphonyl fluoride, pH 7.5), sonicated
and centrifuged at 13,000 xg for 10 min at 4 °C. 50 ug of proteins, prior
to the immunoprecipitation steps, were subjected to immunoblotting
and probed with the following antibodies: anti-P-gp (clone C219, Novus
Biologicals, Littleton, CO, dilution 1/250), anti-MRP1 (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, Cat: sc-18835 dilution 1/1000),
anti-GAPDH (Santa Cruz Biotechnology Inc., Cat: sc-47724, dilution 1/
1000). In immunoprecipitation assays, 100 ug of whole cell lysates were
immunoprecipitated with an anti-a-ubiquitin (R&D Systems, Minneap-
olis, MI, IgG2B clone 83406, dilution 1/50), with the PureProteome
Protein A/G Mix Magnetic Beads (LSKMAGAG10, Millipore) for 3 h at 4
°C, then immunoblotted for P-gp or MRP1. The proteins were detected
by enhanced chemiluminescence (Bio-Rad Laboratories).

2.13. Flow cytometry

1 x 10° NCI-H2228 cells, washed in PBS containing 0.5 % bovine
serum albumin (BSA) and 2 mM EDTA, were centrifuged at 300xg for
10 min, incubated 20 min at room temperature in the dark with 250 pl
of Inside Fix reagent (Inside Stain Kit, Miltenyi Biotec., Bergisch Glad-
bach, Germany), centrifuged at 300xg for 5 min, washed with 1 mL of
Inside Perm (Inside Stain Kit), centrifuged at 300 x g for 5 min, and
incubated 30 min at room temperature with the following antibodies
(dilution 1/50): anti-CD243/ABCB1 antibody (Miltenyi, clone REA495,
PE-Vio® 770-conjugated); anti-MRP1/ABCC1 antibody (Miltenyi, clone
REA481, PE-conjugated). Cells were washed with 1 mL of Inside Perm
reagent, centrifuged at 300xg for 5 min and read using a Guava easy-
Cyte Flow Cytometer, equipped with the Guava Incyte software.

2.14. Hemolysis assay

Healthy volunteer blood specimens were obtained from a certified
clinical laboratory. The experimental procedures were conducted ac-
cording to the rules of the Institutional Ethics Committee (KENIMUS) at
the Medical University - Sofia, Bulgaria.

Erythrocytes were isolated by sequential centrifugation and resus-
pended in phosphate buffer at pH 7.4 [35]. The isolated red blood cells
were pipetted in 96-well plates and co-incubated with compounds
RT150 and RT151 (1-500 uM) in phosphate buffer at pH 7.4. Negative
control wells containing vehicle and positive control wells containing a
final concentration of 2 % v/v TritonX-100 were included. After 1 h,
each plate was centrifuged, and supernatant aliquots were transferred to
an empty plate. The amount of hemoglobin released in the supernatant
was spectrophotometrically measured at 405 nm. The percentage of
hemolysis was calculated as the fraction of lysed erythrocytes, according
to the following equation:
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Abs(sample) — Abs(negative control)

100
Abs(TritonX — 100) — Abs(negative control)

Hemolysis(%) =

2.15. EA.hy926 cells wound healing scratch assay

EA.hy926 cells (8 x 10°) were seeded on the bottom of a 24-well
plate and grown until confluence. A scratch was made by using a
200 pL sterile loading tip to create a wound across the cell monolayer.
Thereafter, a basic medium containing 1 % FBS, 1 % cytosine arabino-
side (to control cell proliferation), and RT150 or RT151 (1 uM and
5 uM) was added before incubation at 37 °C for 24 h. EA.hy926 cells
were examined by a phase-contrast light microscope and images were
captured with a digital camera at O h, 8 h, and 24 h at 5X magnification.
Wells without treatments were used as control. Migration, evaluated as a
hallmark of angiogenesis, was expressed as the percentage of scratch
closure after 8 h and 24 h compared with the initial area at time 0. An
optimized automated method to rapidly quantify the migration of
adherent cells by ImageJ was used [36].

2.16. Ex-vivo and in vivo experiments

The experiments comply with the European Union Guidelines for the
Care and the Use of Laboratory Animals (Directive 2010/63/EU) for
experimental design and analysis in pharmacology care. The experi-
mental studies were approved by the Animal Care and Ethics Commit-
tees of the University of Siena (experimental set: cardiovascular safety)
and University of Turin (experimental set: tumor growth evaluation),
and by the Italian Department of Health (approvals: #7DF19.N.SJQ for
University of Siena; #54/2020 for University of Turin).

For cardiovascular safety experiments, male Wistar rats (250-350 g)
were purchased from Charles River Italia (Calco, Italy) and maintained
in an animal house facility at 25 + 1 °C and 12:12 h dark-light cycle
with access to standard chow diet and water ad libitum. Animals were
anesthetized with isoflurane (4 %) and Oy gas mixture using Fluovac
(Harvard Apparatus, Holliston, Massachusetts, USA), decapitated, and
exsanguinated. The thoracic aorta and tail main artery were immedi-
ately isolated and placed in a modified Krebs-Henseleit solution (KHS)
or an external solution and prepared as detailed below.

For the tumor growth evaluation, in a preliminary experimental
setting, female NOD SCID-y (NSG; 20 + 1.6 g/each) mice, housed (4 per
cage) under 12 h light/dark cycle, with food and drinking provided ad
libitum, were treated for 6 weeks (once/week) as it follows (4 mice/
group): vehicle group, treated with 0.1 mL Captisol® intravenously (i.
v.); RT151 low dose group, treated with 3 mg/kg RT151 i.v.; RT151
medium dose group, treated with 6 mg/kg RT151 i.v.; RT151 high dose
group, treated with 10 mg/kg RT151 i.v., to select the maximum
tolerated doses. In a second experimental setting, 1 x 10° A549 cells,
mixed with 100 pL Matrigel (Sigma Aldrich), were injected subcutane-
ously (s.c.) in NSG mice. Tumor growth was measured daily by caliper,
according to the equation (LxW2)/2, where L=tumor length and
W=tumor width. When tumors reached the volume of 50 mm?, animals
(5 mice/group) were randomized and treated for 6 weeks (once/week)
as follows: vehicle group, treated with 0.1 mL Captisol® i.v.; CDDP
group, treated with 5 mg/kg CDDP i.v.; RT151 low dose group, treated
with 3 mg/kg RT151 i.v.; RT151 medium dose group, treated with
6 mg/kg RT151 i.v.; CDDP+RT151 low dose group; CDDP+RT151
medium dose group. Tumor volumes were monitored by caliper and
animals were euthanized at day 42 (i.e. 7 days after the last treatment)
with zolazepam (0.2 mL/kg) and xylazine (16 mg/kg). Animal weights
were monitored throughout the study. Tumors were excised, sectioned,
fixed in 4 % v/v paraformaldehyde, and stained with hematoxylin/eosin
(Sigma Aldrich) or immunostained for Ki67 (Millipore), cleaved
(Aspl75)caspase-3, i.e. the active caspase 3 form (Cell Signaling Tech-
nology, Danvers, MA), followed by a peroxidase-conjugated secondary
antibody (Dako, Santa Clara, CA). Nuclei were counterstained with
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hematoxylin (Sigma Aldrich). Sections were examined by a Leica DC100
microscope (Leica, Weitzlar, Germany), by analysing a minimum of 5
fields/tumor.

2.17. Biodistribution of RT151 in the mouse main organs

Immediately after the mice sacrifice, tumors, kidneys, lungs, liver,
and spleen were collected and weighed. Organs were then washed twice
in sterile PBS, homogenated using a Tissue Lyser Il homogenizer (Qia-
gen, Hilden, Germany), and immediately snap-frozen for subsequent
quantification of ruthenium and platinum by inductively coupled
plasma mass spectrometry (ICP-MS). All samples were lyophilized,
weighted, digested with freshly prepared aqua regia (1:3 HNO3:HCl) and
H202 (30% vol), and then diluted in ultrapure water (MilliQ,
18.2 MQxcm) to obtain up to 6 % (v/v) acid concentration. Platinum
and ruthenium content in the different organs and tumors was measured
by an ICP-MS Thermo X Series Quadrupole ICP-MS (Thermo Scientific)
at Laboratério Central de Andlises from Universidade de Aveiro,
Portugal.

2.18. Hematochemical and post-mortem organ analyses

Following sacrifice, mouse organs (lung, liver, kidney, and spleen)
were collected, fixed in 4 % v/v paraformaldehyde, and stained with
hematoxylin/eosin to evaluate the gross pathology, analyzing a mini-
mum of 5 fields for each organ. Immediately after the euthanasia, 200 uL
blood was collected to measure the following parameters: red blood
cells, white blood cells, hemoglobin and platelets as indexes of bone
marrow function; lactate dehydrogenase, aspartate aminotransferase,
alanine aminotransferase and alkaline phosphatase, as indexes of liver
function; creatinine, as index of kidney function; creatine phosphoki-
nase, as index of muscle/heart damage; cardiac troponin, as index of
cardiac damage, using commercially available kits from Beckman
Coulter Inc. (Miami, FL).

2.19. Rat tail main artery cell isolation procedure for patch-clamp
experiments

Smooth muscle cells were freshly isolated from the rat tail main ar-
tery, at 37 °C, by 1.35 mg/mL collagenase (type XI) treatment in the
presence of 1 mg/mL BSA and 1 mg/mL trypsin inhibitor, in 2 mL of
0.1 mM Ca®" external solution (130 mM NaCl, 5.6 mM KCl, 10 mM
HEPES, 20 mM glucose, 1.2 mM MgCl,, and 5 mM sodium pyruvate; pH
7.4) containing 20 mM taurine, under a gentle stream of a 95 % O2-5 %
CO- gas mixture as previously described [37]. Cells stored in 0.05 mM
Ca?" external solution containing 20 mM taurine and 0.5 mg/mL BSA at
4 °C under normal air were used for experiments within two days after
isolation [38].

2.20. Ba®* current through Cay1.2 channel (Igq;.2) recordings

The conventional whole-cell configuration of the patch-clamp tech-
nique was employed to record Ip,1o from freshly isolated vascular
smooth muscle cells. Borosilicate recording electrodes (WPI, Berlin,
Germany) had a pipette resistance of 2-4 MQ when filled with an in-
ternal solution containing 100 mM CsCl, 10 mM HEPES, 11 mM EGTA,
1 mM CaCl; (pCa 8.4), 2 mM MgCly-6 H,0, 5 mM sodium pyruvate,
5 mM succinic acid, 5 mM oxaloacetic acid, 3 mM Nay-ATP, and 5 mM
phosphocreatine; pH was adjusted to 7.4 with CsOH. An Axopatch 200B
patch-clamp amplifier (Molecular Devices Corporation, Sunnyvale, CA,
USA) in conjunction with an ADC/DAC interface (DigiData 1200 A/B
series, Molecular Devices Corporation) was used to: generate and apply
voltage pulses and record the corresponding membrane currents; adjust
to zero the junction potential between the pipette and bath solution;
compensate whole-cell capacitance and series resistance (between 70 %
and 75 %). Current signals were low-pass filtered at 1 kHz and digitized
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at 3 kHz before being stored on the computer hard disk. Cells were
continuously superfused, at room temperature (20-22 °C), with an
external solution containing 0.1 mM Ca?* and 30 mM TEA™ using a
peristaltic pump (LKB 2132, Bromma, Sweden), at a flow rate of 400 uL/
min.

Iga1.2 was recorded in an external solution containing 30 mM TEA™
and 5 mM Ba?t. The current was elicited with 250-ms clamp pulses
(0.067 Hz) to 10 mV from a holding potential (Vy) of —50 mV. Data
were collected once the current amplitude had been stabilized (usually
7-10 min after the whole-cell configuration had been obtained). Then
the various experimental protocols were performed as detailed below.
Under these conditions, Ig,1.2 did not run down during the following
30-40 min [39]. K* currents were blocked with 30 mM TEA™ in the
external solution and Cs" in the internal solution. Current values were
corrected offline for leakage and residual outward currents using 10 uM
nifedipine, which completely blocked Ipa; 2.

2.21. Rat aorta ring preparation

The thoracic rat aorta was gently cleaned of adipose and connective
tissues and cut into 3-4-mm wide rings. These were mounted in organ
baths at 37 °C filled with KHS solution (118 mM NacCl, 4.75 mM KCl,
1.19 mM KH2POy, 1.19 mM MgSO4, 25 mM NaHCOs, 11.5 mM glucose,
2.5 mM CaCly, gassed with a 95 % 03-5 % CO; gas mixture to create a
pH of 7.4), between two parallel, L-shaped, stainless steel hooks, one
fixed in place and the other connected to an isometric transducer (BLPR,
WPI, Berlin, Germany; [40]). Rings were allowed to equilibrate for
60 min in KHS under a passive tension of 1 g. During this equilibration
period, the solution was changed every 15 min. Isometric tension was
recorded using a digital PowerLab data acquisition system (PowerLab
8/30; ADInstruments). Ring viability was assessed by recording the
response to 0.3 uM phenylephrine and 60 mM KCl. The endothelium
was removed by gently rubbing the lumen of the ring with a forceps tip.
This procedure was validated by adding 10 uM acetylcholine at the
plateau of phenylephrine-induced contraction: a relaxation <15 %
denoted the absence of functional endothelium [41].

2.22. Effect of RT150 and RT151 on rat aorta rings stimulated by either
phenylephrine or high KCI concentrations

Rat aorta rings were pre-contracted pharmaco-mechanically by
0.3 uM phenylephrine or electro-mechanically by 60 mM KCl [42]. Once
the contraction reached a plateau, RT150 or RT151 compound was
added cumulatively into the organ bath to assess its vasorelaxant ac-
tivity. At the end of the concentration-response curve, 100 uM sodium
nitroprusside alone (phenylephrine-induced contraction) or 1 pM
nifedipine followed by sodium nitroprusside (K*-induced contraction)
were added to test the functional integrity of smooth muscle. Vasodi-
lation was calculated as a percentage of the contraction induced by
either phenylephrine or KCI.

2.23. Homology modeling

To date, no human MRP1 crystal structure has been produced and
the highest homology structure available (~91 % sequence similarity) is
from Bos taurus (PDBid: 5UJ9). Hence, AlphaFold-2 [43] and homology
modeling were used as starting points for the human MRP1 structure. In
a standard homology modeling protocol with the MODELLER package
[44], the full structure of Bos taurus was used as a template and aligned
with the full human MRP1 sequence. However, the solutions obtained
with this approach showed unrealistic relative domain positioning. To
overcome this problem, the protein sequence was split into 4 parts
(TMD1, TMD2, NBD1, and NBD2) and the homology modeling protocol
was performed for each segment of the Bos taurus structure. Fifty
structures for each of the protein’s parts were obtained, the best model
was selected through the DOPE score and the Ramachandran plot [45]
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was used for confirmation. The final 4 structure segments were assem-
bled using PYMOL [46], aligning the human protein domains to the
bovine template structure.

2.24. Molecular docking

Similarly to our previous docking protocol for P-gp [21], the Auto-
dock Vina 1.2 software [47] was used to perform the docking of the
ruthenium base complexes RT150 and RT151 in the MRP1 structure. All
structures of MRP1 and complexes, as well as the docking box, were
generated using AutoDockTools 4 [48], with Kollman charges [49] on
the protein and Gasteiger charges [50] on the ruthenium-based com-
plexes. As ADT4 is unable to assign the correct charge for ruthenium and
phosphorus, we implemented the Mulliken charges (+0.38 and +0.6,
respectively), obtained from a QM optimization of TM34 [51]. Three
different structures were used in the docking protocol: Bos taurus,
human AlphaFold 2 model and human homology modeling. The human
structures were aligned to the bovine one to allow the use of the same
docking box. The docking box sampled in this work used a grid spacing
of 1.0 A and a size of 50x50x50 nodes. A total of 30 solutions were
requested in each software run.

2.25. Statistical analysis

All statistical analyses of experimental data have been done on
GraphPad Prism 6 Software (La Jolla, CA). The data from at least 3 in-
dependent experiments are presented as the arithmetic mean + stan-
dard deviation (SD). Significance testing was performed using Student’s
t-test for paired samples (two-tailed), multiple t-tests with Holm-Sidak
correction for comparing series of samples at identical concentrations,
or one-way ANOVA followed by Dunnet’s post-test. Values of *p < 0.05,
**p < 0.01, and ***p < 0.001 were considered significant.

3. Results

3.1. RT150 and RT151 induce oxidative stress and apoptosis in non-
small cell cancer cells bypassing the resistance to cisplatin

RT150 and RT151 increased intracellular ROS more than CDDP in
CDDP-resistant NSCLC A549, Calu-3, and NCI-H2228 cell lines, when
used at 0.1 uM (i.e., 34-116 times lower than their ICsy values in the
corresponding cell lines [21]; Fig. 1A). Oxidative stress was further
increased when the compounds were combined with CDDP (Fig. 1A).
Consistently, both ruthenium derivatives induced oxidative stress on
DNA (Fig. 1B) that resulted in increased percentage of cells arrested in
S-phase, indicative of DNA damage, reduced amount of cells in mitotic
progression (G2/M phase), increased percentage of apoptotic sub-G1
cells (Fig. 1C), and necro-apoptosis (Fig. 1C-D), while CDDP was
devoid of effects on all these parameters. Using RT150 and RT151 in
combination with CDDP also resulted in increased oxidative DNA
damage, impairment of the cell cycle, and cell death (Fig. 1B-D). RT151
was slightly more effective than RT150 in all the experimental settings.

In line with previous findings indicating an inhibitory effect of
ruthenium-derivatives on ABC transporters [21], a decrease in P-gp and
MRP1 activity in cells treated with RT150 and RT151 was found, even
in the presence of CDDP (Fig. 2A-B). Notably, the intracellular retention
of the drug was significantly increased (Fig. 2C).

It has been recently demonstrated that RT150 and RT151 bind to P-
gp to exert their inhibitory effects [21]. There are no X-ray structures for
the human MRP1 protein. Hence, the AlphaFold model was compared
[43] with the highest homology X-ray structure available, which is from
Bos taurus. Visual close inspection showed that the AlphaFold model has
a significantly more closed internal cavity (Fig. 3A-B), which could have
a large impact on the molecular docking protocol. Using homology
modeling, another model structure that was more open, similar to the
one from Bos taurus, was generated (Fig. 3A-B). All three structures were
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Fig. 1. RT150 and RT151 induced oxidative DNA damage and cell cycle arrest in cisplatin-resistant non-small cell lung cancer cell lines. Human non-small cell lung
cancer A549, Calu-3, and NCI-H2228 cells were incubated for 6 h (A-B) or 24 h (C-D) with fresh medium (ctrl), 50 pM cisplatin (CDDP), 0.1 pM RT150 or RT151,
individually or in combination. When indicated, 1 uM H304 was used as positive control and was added 10 min before the assays. A. ROS fluorimetric measurement,
in technical duplicates. Data are expressed as mean + SD (n = 3 independent experiments). ***p < 0.001 vs ctrl; °°°p < 0.001 vs CDDP alone. B. Amount of 8-
hydroxy-2’-deoxyguanosine (80HdG), as an index of DNA damage, measured by ELISA in technical duplicates. Data are expressed as mean + SD (n = 3 independent
experiments). *p < 0.05, **p < 0.01, ***p < 0.001 vs ctrl; °p < 0.05, °°p < 0.01, °°°p < 0.001 vs CDDP alone. C. Cell cycle analysis, measured by flow cytometry in
technical duplicates. Data are expressed as mean + SD (n = 3 independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001 vs ctrl; °p < 0.05, °°p < 0.01, °°°p <
0.001 vs CDDP alone. D. Representative dot-plots of Annexin V*/PI" cells, index of necro-apoptotic cells. Images are representative of 3 experiments with com-
parable results.
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Fig. 2. RT150 and RT151 increased intracellular retention of carboplatin in resistant non-small cell lung cancer lines. A-B. Human non-small cell lung cancer A549,
Calu-3, and NCI-H2228 cells were incubated for 3 h with fresh medium (ctrl), 50 uM cisplatin (CDDP), 0.1 pM RT150 or RT151, individually or in combination.
ATPase activity of ABCB1/P-gp and ABCC1/MRP1 was measured spectrophotometrically in technical duplicates. Data are expressed as mean + SD (n=3 independent
experiments). ***p<0.001 vs ctrl; °°°p<0.001 vs CDDP alone. C. Cells were labeled 3 h with pCi [14C]—carbop1atin, alone (ctrl) or with 0.1 uM RT150 or RT151. The
concentration of carboplatin was measured by liquid scintillation in duplicates. Data are expressed as mean + SD (n=3 independent experiments). **p < 0.01, ***p <

0.001 vs ctrl.

used in the molecular docking protocol where compounds RT150 and
RT151 were docked in the large central cavity of the protein. From the
docking solutions, three different pockets, which were numbered ac-
cording to their depth inside the protein cavity, were detected (Fig. 3C).
The binding energies showed that the compounds were better ligands for
the human rather than the Bos taurus form and that pocket 3 in the
human structures has consistently higher energies (Table 1). This pocket
is positioned on a region usually occupied by a loop/linker connecting
two structured domains, which is missing in the Bos taurus X-ray and our
human models, therefore, there is a large uncertainty related to its size
and correct location. Our data also shows that the AlphaFold2 structure
does not correctly accommodate the ligands in pocket 1, most likely due
to its closed cavity. However, in the more realistic open structure, ob-
tained from homology modeling, this deeper pocket becomes more
stable indicating a downhill energy landscape for the binding of our li-
gands. The energy differences between RT150 and RT151 were negli-
gible, probably due to the high similarity in their structures and the fact
that quite different configurations in each pocket (Fig. 3D) still lead to
very similar energy values.

The best binding modes for each of the three pockets represented in
Fig. 3C are shown. The three structures used were the X-ray from Bos
taurus, the human homology model obtained from the bovine structure,
and the human structure available in the AlphaFold Protein Structure
Database [43]. The pockets with the lowest energy values for each
compound are identified with grey-shaded cells. All energy values are in
kcal/mol.

In NCI-H2228 cells, expressing both P-gp and MRP1 [52], the
decrease in protein pump activity was not the consequence of a low
transcription rate (9). Though some P-gp inhibitors increase ubiquiti-
nation and internalization of the transporters [53], the ruthenium

derivatives did not increase proteins’ ubiquitination (9), nor change the
amount of P-gp and MRP1 detected in cell lysates (9) or on the cell
surface (9).

In constitutively CDDP-resistant cell lines A549, Calu-3 and NCI-
H2228, the combination of RT150 or RT151 with CDDP markedly
reduced the IC5¢ compared to CDDP alone (Table 1; 9) and the CI index
indicated a strong synergistic effect (Table 1). In CDDP-sensitive NCI-
H1650 and NCI-H1975 cell lines, characterized by very low levels of P-
gp and MRP1 [52], RT150 and RT151 had no effects or displayed
moderate antagonistic activity towards CDDP. However, in
NCI-H1650/CDDP and NCI-H1975/CDDP sublines that represent
models of acquired resistance, both RT150 and RT151 markedly
decreased the CDDP ICs, value and showed a synergistic effect similar to
that observed in constitutively CDDP-resistant cell lines (Table 2; 9).

Cells were incubated for 72 h. Cell viability was evaluated by the
MTT assay. CI was calculated according to the Chou-Talalay method.
Data are expressed as mean + SD (n=3 independent experiments).

3.2. Biocompatibility and toxicological assays of RT150 and RT151 on
non-transformed cells

Determination of the hemolytic potential of new molecules is an
important step in their preliminary safety evaluation. The biocompati-
bility of RT150 and RT151 (1-100 uM) was investigated by assessing
their capability to cause hemolysis (Fig. 4). Negative and positive con-
trol samples showed hemolysis values < 2 % and 100 %, respectively,
supporting the appropriateness of the experiment. RT150 and RT151
showed good hemocompatibility up to 10 uM with a calculated hemo-
lytic index < 5% (considered non-hemolytic, according to ASTM F
756-00, 2004; [54]). At 100 uM, both compounds caused hemolysis,
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Fig. 3. Superposition of the three MRP1 structures used in this work and the
docking solutions that identified the three binding pockets of the protein. A-B.
The three MRP1 structures shown are the X-ray from Bos taurus (green), the
human homology model obtained from the Bos taurus structure (dark grey), and
the human structure available in the AlphaFold database (light grey). C. The
best molecular docking solutions for RT150 and RT151 for each pocket of the
homology model are shown. D. The five best solutions of both compounds in
pocket 1 of the homology model are shown to illustrate their configurational
variability.

which was more pronounced with RT150 than RT151 (97 % vs 47 %,
p<0.05). However, these concentrations can hardly be obtained in in
Vivo experiments.

To test the toxicity of RT150 and RT151 on non-transformed cells,
their concentration- and time-dependent effect were evaluated in
human dermal adult fibroblasts HDFa, human small airway epithelial

the time points considered.

manner (9).

Table 1
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Table 2
1Csp values (uM) of CDDP, alone and combined with RT150 or RT151, in non-
small cell lung cancer cells and corresponding Combination Indexes (CI).

Cell line ICs0 ICso CI ICso CI
CDDP CDPP+RT150 CDPP+RT151
A549 >100 9.94 + 3.45 0.119  9.85+2.11 0.063
Calu—3 92.33 + 4.97 +1.67 0.009 4.78 +2.34 0.038
11.25
NCI-H2228 >100 3.16 + 0.78 0.023  7.64 +0.98 0.064
NCI-H1650 4.90 + 5.05 + 0.98 1.32 5.00 + 1.03 1.71
1.02
NCI-H1650/  54.80 + 24.42 + 2.87 0.129  10.01 +1.01 0.188
CDDP 3.45
NCI-H1975 1.84 + 4.93 + 0.65 1.49 5.37 + 0.78 1.383
1.05
NCI-H1975/  89.21 + 5.04 + 1.21 0.041  4.93+0.76 0.046
CDDP 10.89
#
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Fig. 4. Hemolytic potential. RT150 and RT151 were tested at 1 uM, 10 uM,
and 100 uM, evaluated at pH 7.4, 6.8, 6.2, or 5.6, in technical duplicates. Data
are means + SD (n = 6 independent experiments). Triton-X100 (2 % v/v) was
included as a positive control of hemolysis inducer. ***p < 0.001 vs control
(ctrl) group, one-way Anova with Dunnet’s post-test; #p<0.05, RT150 vs.
RT151, multiple t-tests with Holm-Sidak correction.

cells HSAEC, rat cardiomyoblasts H9c2 cells, and endothelial EA.hy926 Table 3
cells. The ICsg values were inversely correlated to the incubation time ICso values (M) of RT150- or RT151-treated non-transformed cells.
(Table 3, 9), and even after 72 h were > 2 uM, a concentration 20-fold Cell line Time RT150 RT151
higher than that effectively rescuing CDDP resistance and unlikely to HdFa 24h ~100 79.9+7.9
be reached in vivo. RT151 and RT150 showed comparable potency at all HdFa 48h 30.2 +9.7 38.4 + 14.9
HdFa 72h 16.8 + 3.0 13.8+1.8
Cells were incubated for 24, 48 or 72 h with either compounds. Cell ::iig i;i :;3(1 87 ;glgoi 58
viability was evaluated by th.e MTT assay. Data are expressed as mean + HSAEC 79h 20.4 + 2.9 20.6 + 1.0
SD (n=3 independent experiments). H9c2 24h 44.8 +33.5 49.9 +27.6
EA.hy926 cells were the most sensitive cell line, followed by H9c2 H9c2 48h 52.0 + 37.7 27.9+3.3
cells. However, both compounds induced evident apoptosis in H9c2 Ezchz 026 Z : 1(1)51’ i gg 12'2 i ;g
cells, though only at concentrations > 10 uM, in a time-independent EA hy926 48h 50413 35404
EAhy926 72h 43+1.1 2.3+0.3
Molecular docking energies calculated with Autodock Vina for compounds RT150 and RT151 in the MRP1 protein.
Structure Pocket 1 Pocket 2 Pocket 3
RT150 RTI151 RT150 RT151 RT150 RT151
Bos Taurus (X-ray) -7.5 -7.5 -6.7 -7.1 -6.7 -6.6
Human (Homology) -8.3 -8.3 -1.7 -7.9 -7.0 -6.7
Human (AF2) -7.2 -7.0 9.3 -8.6 -6.6 -6.7
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3.3. Vascular effects of RT150 and RT151

Ruthenium-derived compounds may be considered anti-angiogenic
agents, due to their ability to decrease endothelial nitric oxide produc-
tion from EA.hy926 cells [55]. Therefore, the effects of the ruthenium
derivatives on EA.hy926 cell migration, which is considered a phe-
nomenon key to vessel formation and repairment, were assessed. Both
compounds significantly inhibited the migration of EA.hy926 cellsat 8 h
and 24 h compared to control conditions, RT151 being effective already
at 1 uM concentration (9).

To further characterize the safety profile of the compounds, the ef-
fects of RT150 and RT151 were assessed on in vitro electro- and
pharmaco-mechanical coupling. In rings pre-contracted by 60 mM KCl,
RT150 and RT151 caused a concentration-dependent relaxation with
ICsp values of 0.39 + 0.13puM and 0.35 + 0.15 puM, respectively
(Fig. 5A). Similar results were obtained in rings pre-contracted by the a;
adrenergic receptor agonist phenylephrine (ICsy values of 1.56 =+
0.95 uM and 0.71 + 0.36 uM, respectively; Fig. 5B). As RT150 and
RT151 were able to relax depolarized aorta rings, where contraction is
elicited by extracellular Ca?* influx through open Cay1.2 channels, their
effects on the Cay1l.2 channel function were assessed by recording Iga; 2
in isolated tail main artery myocytes. RT150 and RT151 inhibited the
current, recorded with depolarizing steps to 10 mV from a Vj of
—50 mV, in a concentration-dependent manner with ICsq values of 2.94
+ 2.12 uM and 0.66 + 0.32 uM, respectively (Fig. 5C). Furthermore, as
shown in Figs. 5D-E, 5 uM RT150 and 1 pM RT151 significantly
inhibited the peak inward current of the current-voltage relationships,
recorded at a Vi, of —50 mV, in the range between —30 mV and 50 mV
and —20mV and 40 mV, respectively. Finally, RT150 shifted the
apparent maximum by 5 mV in the hyperpolarizing direction without,
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however, varying the threshold at about —40 mV.

3.4. Encapsulation of RT151 in Captisol® and stability in ultrapure water

The above in vitro evidence indicated RT151 as the more effective
chemosensitizer. However, to test its in vivo efficacy and safety, an
appropriate chemical system is required to convert this high lipophilic,
low molecular weight compound into a potentially deliverable phar-
maceutical. Therefore, the ability of sulfobutyl ether f-cyclodextrin so-
dium salt (commercially available under the name of Captisol®) to
increase the aqueous solubility of RT151 was explored. Indeed, encap-
sulation of RT151 into Captisol® effectively increased its water solu-
bility up to 1.33 mg/mL without causing any changes to the compound
structure, thus allowing its i.v. administration as an inclusion complex
(RT151-Captisol®) without the need for any co-solvent. The absorption
spectrum of RT151 (see 9) pointed to a good stability profile over 4
weeks, with no apparent changes, thus indicating the absence of struc-
tural modifications of the compound over time under these conditions.

3.5. RT151 was effective against cisplatin-resistant non-small cell lung
cancer xenografts

To identify the maximum tolerated dose in NSG mice, a dose esca-
lation experiment was first performed treating mice for 5 weeks with 3,
6, and 10 mg/kg RT151. This range of doses was selected based on a
previous study using ruthenium-cyclopentadienyl compounds as anti-
tumor agents [56]. No deaths were detected in the group treated with
3 mg/kg RT151, while the groups treated with 6 and 10 mg/kg RT151
recorded a death rate of 25 % (1 dead mouse out of 4) and 50 % (2 dead
mouse out of 4) during the last week of treatment, respectively.
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Fig. 5. RT150 and RT151 relax rat aorta rings and block rat tail artery myocytes Cay1.2 channels. A-B. Concentration-response curves for RT150 and RT151 on
endothelium-denuded rat aorta rings pre-contracted by either (A) 60 mM KCI or (B) 0.3 uM phenylephrine. On the ordinate scale, the response is reported as a
percentage of the initial tension induced by KCl or phenylephrine. Data are mean + SD (n = 5 independent experiments for A, 6 independent experiments for B). C.
Concentration-dependent effect of RT150 and RT151 at the peak of Ip,; » trace recorded in rat tail artery myocytes. The curves show the best fit of the points. On the
ordinate scale, current amplitude is reported as a percentage of that recorded before the addition of the drug. Data points are mean + SD (n = 7 independent
experiment). D-E. Effect of (D) RT150 and (E) RT151 on the current-voltage relationship, recorded from a V}, of —50 mV, constructed in the absence (control) or
presence of either 5 uM RT150 or 1 pM RT151. Data points are mean + SD (n = 5 independent experiment). *p < 0.05 vs control.
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Although no significant pathological alterations were observed in the
liver, kidney, and spleen, i.e., the organs involved in metabolism and
sequestration by reticuloendothelial system cells (9), only the low
(3 mg/kg) and medium (6 mg/kg) doses were assessed in the following
experiments.

As shown in Fig. 6, CDDP did not significantly reduce tumor growth
of A549 xenografts. This outcome was not surprising, given the well-
known intrinsic drug resistance of the NSCLC model to CDDP [52] and
other chemotherapeutic drugs [57]. Conversely, RT151 decreased
tumor growth in a dose-dependent manner, with reduction being greater
when both doses of RT151 were combined with CDDP (Fig. 6A). The
marked anti-tumor effect of the highest dose of RT151, either alone or
combined with CDDP, was paralleled by reduced intratumor prolifera-
tion and apoptosis, as indicated by Ki67 positive cells and by the
increased activity of caspase 3, respectively (Fig. 6B).

3.6. RT151 bioaccumulation in mice bearing non-small cell lung cancer
xenografts

The ruthenium and platinum content in tumors, kidneys, lungs, liver,
and spleen was measured by ICP-MS analysis to quantify drug bio-
accumulation and in vivo ability to target A549 tumors after systemic
administration (Fig. 7A-B). A direct correlation between tumor size and
platinum and ruthenium accumulation was found, the latter being
higher when CDDP or ruthenium were administered alone (Fig. 7C). A
marked decrease was observed in platinum accumulation when co-
administered with RT151, in particular with the 6 mg/kg RT151 +
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CDDP regimen, where the tumors were much smaller. Platinum was
found in high amounts also in the liver and kidneys, whereas the lungs
and spleen showed concentrations lower than 0.1 pg/g dried samples.
Differently, ruthenium was mainly found in highly perfused organs, such
as the spleen and lungs, with lower concentrations being found in the
liver and kidneys.

3.7. In vivo safety of RT151 in non-small cell lung cancer xenografts

Several parameters were monitored to assess the biosafety of RT151
in vivo. First, the weights of the animals did not significantly vary among
all treatment groups (Fig. 8A). Second, post-mortem analyses did not
show significant alterations in the histological architecture of the liver,
kidneys and spleen, either when the agents were used alone or in
combination with CDDP, at both dosages (Fig. 8B).

Finally, ruthenium derivatives safety was assessed also through the
analysis of the hematochemical parameters at the end of the study
(Table 4). No signs of myelotoxicity were detected: in fact, the number of
red blood cells, white blood cells, and platelets as well as the concen-
tration of hemoglobin were not modified by the different treatments.
Though scarcely accumulated in the liver, 6 mg/kg RT151 increased the
level of alanine aminotransferase without, however, affecting those of
lactic dehydrogenase, aspartate aminotransferase, and alkaline phos-
phatase, thus indicating limited hepatotoxicity. Furthermore, no dif-
ferences were observed in the level of alanine aminotransferase between
animals treated with 6 mg/kg RT151, alone or in combination with
CDDP, suggesting that the accumulation of the drug in the liver did not
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*kk H
—® 9000
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e
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!5:?"- \
o

Fig. 6. Efficacy of RT151 against A549 xenografts. NSG mice bearing A549 tumors of 50 mm® volume were randomized (5 mice/group) and treated for 6 weeks
(once/week) intravenously, as follows: 0.1 mL Captisol® (ctrl); 5 mg/kg cisplatin (CDDP); 3 mg/kg RT151; 5 mg/kg CDDP + 3 mg/kg RT151; 6 mg/kg RT151;
5 mg/kg CDDP + 3 mg/kg RT151. A. Tumor growth monitored with caliper. Data are mean volumes + SD. **p < 0.01, ***p < 0.001 vs ctrl group; °°° p < 0.001 vs
CDDP alone; #p < 0.05 6 mg/kg RT151 or 5 mg/kg CDDP + 6 mg/kg RT151 vs 3 mg/kg RT151 or 5 mg/kg CDDP + 3 mg/kg RT151 (week 6). B. Representative
tumor sections stained with hematoxylin-eosin, Ki67, and cleaved caspase 3. Ocular: 10x; objective: 20x. Bar: 50 um.

11



L.C. Salaroglio et al.

A

Pharmacological Research 208 (2024) 107353

B

25000.00 4 1200.00 -
2 20000.00 o 1000.00 1
& &
g g 800.00 4
2 15000.00 - _:
L
S £ 600.00
= 10000.00 1 =
) I 1 Z 40000 4
5000.00 1 2 200.00 {
I
0.00 - .
Tumor Liver Kidney Tumor Liver Lung Kidney  Spleen
m 5 mg/kg CDDP M5 mgAeRT I
. 5
3 mg/kg RT151 + CDDP ®6 mg/kg RTIS1
3 mg/kg RT151 + CDDP
m 6 mg/kg RT151 + CDDP
m 6 mg/kg RT151 + CDDP
Combination Treatment
Control CDDP RT151 RT151 RT151 3 mg/kg) + | RT151(6 mg/kg) +
(5 mg/kg) | (3 mg/kg) | (6 mg/kg) CDDP (5 mg/kg) CDDP (5 mg/kg)
Yol 3825 2696 2385 1051 1939 528
(mm?)
Tumour
. - 30 38 73 49 86
reduction (%) ° ?
hg Rug dry - : 547 234 339 150
sample)
Pt/g di
haliantd - 17026 - - 6153 1103
sample)

Fig. 7. Biodistribution of RT151 and CDDP in mice tumors and main organs. A-B. Platinum and ruthenium content in mice tumors and main organs after treatment
with CDDP (5 mg/kg), RT151 (3 or 6 mg/kg), and CDDP+RT151 (3 or 6 mg/kg, respectively) for six weeks. Data are means + SD (n = 3) and results are expressed
as pg Ru and Pt/g of dry organ or tissue. C. Volume (in mm®) and tumor volume reduction (in %) after treatment with either CDDP or RT151 and combination

treatment, as well as Ru and Pt content in tumors.

cause additional damage. In line with the distribution and with the ex-
pected nephrotoxicity, CDDP increased the level of creatinine, a marker
of kidney function impairment. However, RT151 did not worsen such
damage, even when the dose of 6 mg/kg was administered in combi-
nation with CDDP, i.e., the association that provided the maximal anti-
tumor efficacy. Finally, none of the treatments induced cardiac toxicity
as indicated by the lack of changes in the levels of creatine phosphate
kinase and troponin cardiac isoform.

4. Discussion

RT150 and RT151 compounds had previously shown a significantly
lower ICsg value than CDDP in resistant NSCLC cell lines, coupled with
the ability to inhibit P-gp [21]. In the present study, the mechanism of
action of the compounds was analyzed in more detail, using the con-
centration necessary to inhibit P-gp and analyzing their effects when
used alone or in combination with CDDP. RT150 and RT151 induced
oxidative stress in all the CDDP-resistant NSCLC cell lines analyzed,
eliciting oxidative DNA damage and, consequently, cell cycle arrest.
When combined with CDDP, which damages DNA in sensitive cells,
RT150 and RT151 rescued CDDP efficacy even in resistant cells.

Since the cytotoxic effects of CDDP depend on the drug’s intracel-
lular concentration, we hypothesized that RT150 and RT151 increased
the retention of CDDP, a substrate of ABCB1/P-gp and ABCC1/MRP1.
An experimental approach combining computational modeling and site-
directed mutagenesis on the ABCB1/mdrl gene, has already demon-
strated that both RT150 and RT151 bind specific residues of the R-site
of P-gp, localized at the plasma-membrane/protein interface, which is
critical for entry and/or export of drugs. By strongly binding to this site,
RT150 and RT151 become inhibitors of P-gp [21]. A similar mechanism
might occur in the case of MRP1. In the present work, by comparing the
docking of RT150 and RT151 to MRP1 of Bos taurus, which has the
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X-ray structure with the highest homology to human MRP1, and to two
models of human MRP1 (with the internal cavity more closed or more
open), we predicted that the compounds bind preferably to pocket 1,
which is located deep inside human MRP1’s central cavity. We hy-
pothesize a process not too different from P-gp [21] where ligands can
bind transient pockets step-wisely and move on a downhill energy
landscape until they reach the deeper and more stable binding mode.
From this pocket, substrates can be more easily exported, while in-
hibitors can stay longer and interfere with the normal functioning of the
protein. These results are consistent with the hypothesis that RT150 and
RT151 inhibit the catalytic activity of ABC transporters by interacting
with key residues in specific pockets involved in drug entry or efflux.
Specifically, as demonstrated by the intracellular accumulation of car-
boplatin, they inhibited the efflux of the drug, increasing its cytotoxic
activity.

Intriguingly, RT150 and RT151 displayed a synergistic effect with
CDDP only in drug-resistant cell lines, characterized by either consti-
tutive or acquired resistance, and sharing a high expression of P-gp and
MRP1. These results suggest that the inhibition of drug efflux exerted by
RT150 and RT151 is the primum movens contributing to the increased
retention of CDDP and provides an explanation for the enhanced cyto-
toxic effects of the association RT150 or RT151 and CDDP, capable of
reversing drug resistance in NSCLC cells with constitutive or acquired
resistance, which mimic the pathological condition occurring in cancer
patients developing chemoresistance during therapy.

The peculiarity of RT150 or RT151, killing preferentially CDDP-
resistant cancer cell lines, represents a key feature for the safety of
healthy tissues. This is further supported by the lack of cytotoxicity on
primary non-transformed cells of different origins and by the good
hemocompatibility, at least at concentrations conceivably reached
during therapy. These results agree with other studies where the
biphosphinic ruthenium complex cis-[Ru(dppb)(qui)Clz]2+ showed
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Fig. 8. Body weight and post-mortem organ pathology of CDDP and RT151 treated mice. NSG mice bearing A549 tumors of 50 mm® volume were randomized (5
mice/group) and treated for 6 weeks (once/week) intravenously, as follows: 0.1 mL Captisol® (ctrl); 5 mg/kg cisplatin (CDDP); 3 mg/kg RT151; 5 mg/kg CDDP +
3 mg/kg RT151; 6 mg/kg RT151; 5 mg/kg CDDP + 3 mg/kg RT151. A. Mice body weight was monitored once/week during the treatment. Data are means + SD. B.
Representative hematoxylin-eosin stains of liver, lung, kidney, and spleen sections. Ocular: 10x; objective: 20x (liver, lung, and kidney); 10x (spleen). Bar: 50 um.

good hemocompatibility at concentrations up to 100 pg/mL [58]. Taken
together, these data indicate that both ruthenium derivatives possess a
favorable safety profile, toxicity emerging only at concentrations well
above those expected in vivo. Hence, they might represent effective
anti-tumor agents devoid of significant side effects. Moreover, the
anti-migratory effects of RT150 and RT151 on human endothelial cells
highlighted their potential to act as anti-angiogenic agents in cancer
therapy. The electro- and pharmaco-mechanical coupling assays proved
that both derivatives might exert vasorelaxant activity, consistent with a
previous report demonstrating that nitrosyl-ruthenium-containing
compounds show antioxidant and vasorelaxant properties on rat aorta
ring [59]. The electrophysiology experiments pointed to Cay1.2 channel
blockade as a mechanism responsible for RT150 and RT151 vasoac-
tivity. However, while high KCl-induced contraction is dependent
essentially on Cayl.2 channel opening, this pathway only partially
contributes to phenylephrine-induced contraction, where cytoplasmic
Ca?" increase occurs also with the contribution of IPs-sensitive stores
and extracellular influx through receptor- and store-operated Ca2*
channels. Therefore, it is conceivable to hypothesize that both com-
pounds are capable of targeting mechanisms regulating smooth muscle
tone other than Cay1.2 channels. Further experiments, going beyond the
scope of the present investigation, are needed to clarify this point.
Taken together, the above results suggest that RT151 has a favorable
“therapeutic window”, is more effective in overcoming CDDP resistance,
and shows a slightly better anti-tumor activity coupled with a good anti-
migration effect in vitro than RT150, along with possessing a compara-
ble and valuable safety profile. Additionally, plasma and metabolic
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stability data support the choice of RT151 as the best promising hit
compound [60].

In vivo results confirmed that RT151 is capable to act as a potent
synergistic agent with CDDP against resistant tumors, where the reduced
intratumor proliferation and the high level of apoptosis reproduced cell
proliferation inhibition and apoptosis induction observed in vitro.
Notably, considering the effects of other metal-based compounds on
A549 xenografts [14-19], RT151 emerged to possess the best tumor
growth inhibitory activity and to be the only one endowed with a potent
synergistic outcome in association with CDDP. Moreover, this is the first
study performed on a resistant lung cancer model providing direct evi-
dence of an inverse correlation between P-gp/MRP1 expression and
compound activity. Remarkably, other compounds developed by this
research group as novel ABC pump inhibitors have shown a consistent
correlation between in vitro and in vivo data. LCR134, [Ru(ns—CsHs)(4,
4’-dibiotin ester-2,2’-bipyridine)(PPh3)]*, for example, inhibits the
multidrug-resistant P-gp transporter across species [22] supporting its
pharmacological translatability: indeed, the transporter was inhibited in
an in vivo zebrafish model at low doses, which could limit the off-target
effects of the chemotherapeutic.

An in vitro-in vivo alignment was also obtained for the toxicological
parameters: despite a preferential accumulation of ruthenium in the
spleen and lungs, no signs of significant systemic toxicity were detected,
thus suggesting a reliable safety profile.
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Table 4
Hematochemical parameters of the mice.
Parameter ctrl CDDP RT151 RT151 RT151 RT151
3 mg/ 3 mg/ 6 mg/ 6 mg/
kg kg+CDDP kg kg+CDDP
RBC (x 14.20 14.05 13.87 13.58 + 14.05 13.69 +
106/pL) +2.14 +1.08 +2.14 2.07 +1.47 1.52
Hb (g/dL) 14.19 12.45 12.39 12.48 + 12.58 12.58 +
+ 2.36 +2.11 + 2.58 2.47 + 1.96 1.52
WBC (x 15.29 14.78 14.58 16.35 + 14.69 17.25 +
103/pL) +2.82 +1.82 + 3.24 1.87 +1.74 3.41
PLT (x 827 + 775 + 689 + 664 + 678 + 608 +
103/pL) 315 201 228 214 308 143
LDH (U/L) 7058 6245 6245 6852 + 7152 7452 +
+ 524 + 328 + 505 508 + 369 531
AST (U/L) 158 + 142 + 118 + 179 + 63 205 + 228 + 38
46 39 52 39
ALT (U/L) 44 +9 58 + 52 + 62+ 8 75 + 73 + 8%
11 10 6*
AP (U/L) 108 + 158 + 115 + 128 + 39 169 + 175 £ 12
14 33 28 12
Creatinine 0.073 0.091 0.079 0.094 + 0.082 0.096 +
(mg/L) + + + 0.008* + 0.008*
0.011 0.009* 0.008 0.025
CPK (U/L) 285 + 306 + 324 + 277 £ 17 271 + 298 + 81
86 54 71 39
¢-TNT (ng/ 0.011 0.010 0.012 0.012 £ 0.015 0.014 +
mL) + + + 0.006 + 0.006
0.005 0.005 0.006 0.006

Animals were treated as reported in the Materials and methods section. The
hematochemical parameters were measured in blood samples collected imme-
diately after euthanasia. Data are means + SD (5 mice/group). *p < 0.05 vs ctrl
group. RBC: red blood cells; WBC: white blood cells; Hb: hemoglobin; PLT:
platelets; LDH: lactate dehydrogenase; AST: aspartate aminotransferase; ALT:
alanine aminotransferase; AP: alkaline phosphatase; CPK: creatine phosphoki-
nase; c¢-TNT: cardiac troponin.

5. Conclusions

Overall, this work suggests that the ruthenium derivatives RT150
and RT151 can restore the sensitivity to CDDP in CDDP-resistant cell
lines and show good biocompatibility and modest in vitro cardiotoxicity
in non-transformed cells up to 5 uM concentration. RT151 performed
slightly better than the analogue RT150 in overcoming CDDP resistance
in three NSCLC cell lines, regardless of their genetic background, and as
an anti-migratory agent. In vivo, RT151 combined with CDDP showed a
good balance between high anti-tumor efficacy and limited toxicity at
the lowest dose assessed and, at the highest dose, allowed the achieve-
ment of the maximal therapeutic effect (86 % tumor reduction) without
exacerbating the toxic effects of CDDP. As CDDP still represents the first-
line chemotherapeutic treatment of NSCLC, its association with RT151
can represent an alternative, effective, and relatively safe strategy for
the treatment of CDDP-resistant tumors.
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Supplementary Figure S1. Effects of RT150 and RT151 on P-gp and MRP1 expression in hon-small
cell lung cancer cells. NCI-H2228 cells were grown 24 h in fresh medium (ctrl) or in a medium 0.1
MM RT150 or RT151. A. P-gp and MRP1 mRNA levels measured by RT-PCR, in technical
triplicates. Data are expressed as mean + SD (n=3 independent experiments). B. Whole cell lysates
were immunoprecipitated (IP) with an anti-ubiquitin antibody, then immunoblotted (1B) for Pgp and MRP2.
Arrows: expected P-gp and MRP1 bands. The blot is representative of 1 out of 3 independent experiments.
C. Analiquot of whole cell lysates before immunoprecipitation was directly immunoblotted (IB pre-IP) for
P-gp and MRP1, as indexes of equal amounts of proteins used for immunoprecipitation and amount of P-
gp and MRP1 present in whole cell lysates. GAPDH was used as control of equal protein loading. The blot
is representative of 1 out of 3 independent experiments. D. Levels of P-gp and MRP1 present on cell surface,
measured by flow cytometry in technical duplicate. Unstained: cells not incubated with the anti-P-gp or
anti-MRP1 antibody, as index of cellular autofluorescence. The histograms are representative of 1 out of 3

independent experiments.
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Supplementary Figure S2. Dose-response effect of RT150 and RT151 on viability of non-
small cell lung cancer cells. Viability was measured by MTT assays in rA549, Calu-3, NCI-
H2228, NCI-H1650, NCI-H1650/CDDDP, NCI-H1975 and NCI-H1975/CDDRP cells, treated for
72 h with compound cisplatin (CDDP) alone or combined with RT150 or RT151 in the range of
concentrations of 0.01 uM, 0.1 uM, 1 puM, 5 puM, 10 uM, 25 uM, 50 pM, and 100 pM. Data are

meanxSD (n=3 independent experiments).
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Supplementary Figure S3. Dose-response effect of RT150 and RT151 on viability of non-
transformed cells. Viability was measured by MTT assays in rat cardiomyoblasts (H9¢2), human
dermal adult fibroblasts (HDFa), human small airway epithelial cells (HSAEC) and endothelial
(EA.hy926) cells, treated for 24 h, 48 h or 72 h with compound RT150 and RT151 in the range of
concentrations of 0.01 uM, 0.1 uM, 1 uM, 5 puM, 10 uM, 25 uM, 50 pM, and 100 pM. Data are

meanxSD (n=3 independent experiments).
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Supplementary Figure S4. Apoptosis in cardiomyoblast H9c2 cells.

Representative phase contrast micrographs of H9c2 cells, treated for 24 h, 48 h or 72 h with
compound RT150 (A) and RT150 (B) at 10 uM, 25 uM, and 50 uM. Ocular: 10x; Objective: 10x.
Bar: 100 um. C. Quantification of the rounded cell measurement assays. Concentrations of RT150
and RT151 are 0.01 uM, 0.1 uM, 1 pM, 5 pM, 10 uM, 25 pM, 50 uM, and 100 uM. Data are

mean=SD (n=3 independent experiments).
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Supplementary Figure S5. RT150 and RT151 reduce migration of EA.hy926
cells. A. Representative pictures of scratch closure in EA.hy926 cell. Scale bar 358.4
pum. B. Quantification of wound healing scratch assay. The results are reported as the
percentage of opened area over basal control (CTRL) after 8 and 24 h, in triplicates.

Data are mean£SD (n=3 independent experiments). **p < 0.01: vs. CTRL
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Figure S6. Stability studies in water for RT151. A. UV-Vis spectra during the period of assay

B. Percentage of variation along time (A = 405 nm; 1 cm optical path).
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Figure S7. Post-mortem pathology analysis of liver, kidney and spleen in mice treated with
increasing doses of RT151. NSG mice were treated 6 weeks (once/week) with Captisol®
intravenously (i.v.), 3, 6 or 10 mg/kg RT151 i.v., then sacrificed at day 49. Representative
hematoxylin-eosin stains of liver, kidneys and spleen sections. Ocular: 10X; Objective: 20X (liver,

lung, kidney); 10X (spleen). Bar: 50 pm.



