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Abstract: Background: Ruthenium-based anti-cancer compounds are proposed as viable alternatives that might
circumvent the disadvantages of platinum-based drugs, the only metallodrugs in clinical use for chemotherapy.
Organometallic complexes in particular hold great potential as alternative therapeutic agents since their cytotoxicity
involves different modes of action and present reduced toxicity profiles.

Objective: During the last few years our research group has been reporting on a series of organometallic ruthenium(II)-
cyclopentadienyl complexes with important cytotoxicity against several cancer cell lines, surpassing cisplatin in
activity. We report herein preliminary in vivo studies with one representative compound of this family, with
ARTICLE HISTORY exceptional activity against several human cancer cell lines, including the glycolytic and highly metastatic
MDAMB231 cell line used in this study.

Received: March 31, 2016 . .. . . . . .
Revised: July 12,2016 Method: The anti-tumor activity of our compound was studied in vivo on N:NIH(S)II-nu/nu nude female mice bearing

Accepted: September 16,2016 triple negative breast cancer (TNBC) orthotopic tumors. Administration of 2.5 mg/kg/day during ten days caused cell
por death mostly by necrosis (in vitro and in vivo), inducing tumor growth suppression of about 50% in treated animals

10.2174/18715206166661609221651  When compared to controls.

3 Results: The most remarkable result supporting the effectiveness and potential of this drug was the absence of

metastases in the main organs of treated animals, while metastases were present in the lungs of all control mice, as
revealed by histopathological and immunohistochemical analysis.

Conclusion: These in vivo studies suggest a dual effect for our drug not only by suppressing growth at the primary
tumor tissue but also by inhibiting its metastatic behavior. Altogether, these results represent a benchmark and a solid
starting point for future studies.
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INTRODUCTION and accounts for 15-20% of all BC cases among women [3, 4].
These tumors are characterized by being highly aggressive, having an
elevated risk of recurrence and a high metastatic potential resulting,
in most cases, in early death [5]. Variations in morphology and
biologic characteristics result in different clinical and therapeutic
outcomes. Whereas hormone receptor positive BCs have favorable
responses to chemotherapy and targeted therapy treatment, TNBC
has no directed therapy and no effective treatment protocol has
been standardized [6-8]. Improvement of TNBC treatments has
been using association of different drugs that only lead to a short
time improvement in the survival rate (3.6 months) [9-14] with the
inconvenience of severe side effects. TNBC chemotherapies have
mainly been based in anthracyclines [8] or taxanes regimens followed
by radiation and surgery. Refinement of TNBC treatments have
been using association of taxanes with cisplatin and carboplatin
(effective against several cancers e.g. lung, ovarian). [9-14] All
these anticancer drugs reveal serious problems associated to their

Cancer describes over 100 disease conditions that share several
common hallmarks. Despite prevention, early detection, and novel
therapies, cancer is still the second leading cause of death in
developed countries. According to the World Health Organization,
the number of worldwide deaths from cancer is projected to rise to
over 13.1 million people in 2030 [1]. Breast cancer (BC) in
particular is the most prevalent type of cancer diagnosed among
women. Despite advances in the prevention, early detection and
treatment, BC remains the leading cause of cancer deaths in women
worldwide [2]. Among the different subtypes of BC, triple negative
BC (TNBC), defined by being negative for estrogen receptor alpha
(ERa-), progesterone receptor (PR-) and human epidermal growth
factor receptor 2 (HER2-), is responsible for a high mortality rate
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inefficiency of classical chemotherapeutics (mechanisms centered
in DNA and microtubules damage) other approaches have been
considered, without significant success, using drug inhibitors for
specific targets such as: i) angiogenesis inhibitors (slow the growth
of new blood vessels) or ii) inhibitors of tyrosine kinase and PARP
(poly ADP ribose polymerase) enzymes.

The dramatic negative impact that cancer diseases have in the
human health and the lack of solutions for some of these conditions
conveys urgency to the search of new and more effective drugs than
those currently in clinical use. The lack of results involving drugs
acting on DNA, cell microtubules, angiogenesis and enzyme
functions supports the search for alternative structures to originate
different mechanisms of action.

In the search of new metal-based therapeutic drugs for cancer
treatment, ruthenium derivatives emerged as serious potential
alternatives to platinum(II)-based pharmaceuticals, the only metallo-
drugs approved worldwide in cancer therapy. In fact, ruthenium
compounds are expected to suppress the major drawbacks
associated to platinum based drugs, namely (i) severe toxicities and
(ii) limited efficacy for a narrow range of tumors, as several of them
exhibit inherent or acquired resistance [15-17]. Importantly,
ruthenium derivatives may also display reduced toxicity against
healthy tissues by binding to serum proteins [18-21]. Although
some of the ruthenium compounds reported in the literature are
considered to present modes of action analogous to that of cisplatin,
for which DNA was found as the main target [22-26], their
structural diversity can lead to alternative modes of action and other
targets besides DNA. In fact, production of reactive oxygen species
[27], inhibition of kinases [28, 29], modification of enzymatic
activities [30] or redox reactions [31] are examples of different
paths that have been suggested to be involved in the mode of action
of ruthenium compounds with different mechanisms of action.

Among these ruthenium-based agents, the inorganic
ruthenium(I1) drugs NAMI-A and KP1019 have proceeded into
clinical trials (phase I and preliminary phase II trials in patients).
Their chemical instability in aqueous media is however a major
drawback for drug formulations, and limited solubility has hindered
dose escalation of KP1019 precluding its progress in phase II
clinical trials [32].

Our studies concerning a new family of organometallic
ruthenium-cyclopentadienyl (“RuCp”) based compounds [33-38]
revealed that their interaction with cell membrane, the Golgi
apparatus and mitochondria can be on the basis of their cytotoxic
effect [33, 34, 36]. Most of these compounds have bidentate ligands
bound to the ruthenium fragment via heteroatoms (N, N), (N, O),
(N, S) that confer stability to the complexes enhancing their
biological activity. Among these compounds we recently found an
exceptional cytotoxic activity for TM90, [Ru(i’-CsHs)(PPhs)(bopy)]
[CF;SOs] (PPh; = triphenylphosphane; bopy = 2-benzoylpyridine)
against breast cancer cell lines, both MCF7 and the highly
glycolytic MDAMB231 cells, with ICsy values in the nanomolar
range surpassing in great extent the activity of cisplatin [38]. To
further extend our studies with TM90 and prospecting its value as a
potential metallodrug, assays in animal models are mandatory.

Towards this goal, the work herein presents our preliminary in
vivo studies concerning the anticancer therapeutic effect of TM90 in
an orthotopic TNBC mouse model. Due to the lack of an effective
treatment in the clinic for triple negative breast cancer, cisplatin
(used in combined chemotherapies to treat TNBC) was chosen as a
positive control. Our studies also include the biodistribution of
ruthenium through the main organs, blood and tumors, evaluation of
the antimetastatic potential of TM90 and a preliminary evaluation
of is toxicity (in terms of animals wellbeing, weight loss and
lifetime extent).

Anti-Cancer Agents in Medicinal Chemistry, 2017, Vol. 17, No. 1 127

MATERIALS AND METHODS
Ruthenium Compound

The ruthenium complex [Ru(n’*-CsHs)(PPhs)(bopy)][CF5SOs]
where PPh; is triphenylphosphane and bopy is 2-benzoylpyridine,
abbreviated as TM90, was synthesized and purified under dinitrogen
atmosphere using Schlenk techniques as previously described [38].
TM90 chemical stability in aqueous media was studied in DMEM
(the cellular media used in the in vitro assays and the vehicle used
during in vivo studies) at room temperature for 3 days and at 37 °C
during 48 h. A low amount of DMSO (2% v/v) was used to fully
dissolve the complex for the concentrations needed for UV-Vis
spectroscopy.

Cell Culture and Viability Assays

The highly invasive human TNBC cell line MDAMB231 was
obtained from ATCC (American Type Culture Collection, Manassas,
VA, USA). Cells were maintained in DMEM with Glutamax I
(Gibco®) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin, in a 5% CO, incubator (Heraeus, Germany)
at 37 °C and humidified atmosphere. The cells were adherent in
monolayers and upon confluence were harvested by digestion with
trypsin-EDTA. Cell viability was evaluated using a colorimetric
assay based on the tetrazolium salt MTT ([3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide]), which is reduced by a
mitochondrial dehydrogenase in metabolic active cells to insoluble
purple formazan crystals [39]. For this purpose, cells were plated in
96-well plates at 10-20x10° cells/200 pL. For 24 h cells were
allowed to adhere followed by the addition of dilution series of the
compounds, TM90 and cisplatin, in fresh medium in 200 pL
aliquots. TM90 was first solubilized in DMSO and then in medium,
and added to final concentrations ranging from 0.1 uM to 200 pM.
The final concentration of DMSO in cell culture medium did not
exceed 1%. At this concentration (1%) the effect of DMSO in cell
proliferation was tested and found to have no cytotoxic effect.
Cisplatin, used as positive control, was first solubilized in water and
then added to the culture medium at the same final concentrations
of the tested complex in the range 0.1-200 uM. After continuous
exposure to the compounds for 3 h and 24 h at 37°C/5% CO,, the
medium was discarded and cells were incubated with 200 puL of
MTT solution in PBS (0.5 mg/mL). After 3 h at 37°C/5% CO,, the
solution was removed and the purple formazan crystals formed
inside the cells were dissolved in 200 pL DMSO. The cellular
viability was evaluated by measuring the absorbance at 570 nm
using a plate spectrophotometer (PowerWave Xs, Bio-Tek Instruments,
Winooski, VT, USA). The cytotoxic effect of both compounds was
quantified by calculating the drug concentration inhibiting tumor
cell growth by 50% (ICsg), based on a non-linear regression analysis
of dose response data (GraphPad Prism software).

Effect of HSA on the Cytotoxicity of Compounds

MDAMB231 cells were seeded on 96-well plates 24 h before
incubation with the compounds in complete medium containing
only 5% FBS. The reduction of FBS concentration was required in
order to decrease the total protein content in the culture medium.
Too high protein concentrations increase the viscosity of the
medium, causes foaming and a decrease in cellular viability. The
effect of human serum albumin (HSA) on cell viability of
MDAMB231 cells, either alone or incubated with TM90 or
cisplatin, was evaluated using the ICsy concentration of the
compounds at 24 h. For that, compounds were pre-incubated for 20
min at 37 °C with different concentrations of HSA at compound-to-
protein molar ratios of 1:0.5, 1:1 and 1:2, and then added to the
cells. After a 24 h incubation period the treatment solutions were
removed and the cellular viability was measured by the MTT assay.
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Cell Death Measurement by Flow Cytometry

MDAMB231 cells were treated with the compounds at a
concentration equivalent to their ICsy at 24 h incubation. After 24 h,
cells (ca. 1 x 10%) were harvested by centrifugation and washed
twice with ice-cold phosphate-buffered saline (PBS). To determine
the percentage of dead cells, the pellet was resuspended in
binding buffer (0.01M Hepes pH 7.4, 0.14M NaCl, 2.5mM CaCl,)
containing propidium iodide (PI) and annexin V. After 20 min in
the dark at room temperature, the rate of apoptotic and/or necrotic
cells was measured by flow cytometry with a Beckman Coulter
EPICS XL-MCL. All data were analyzed using WinMDI 2.9
software.

Animal Studies

Animal experiments were carried out in accordance with the
European Guidelines for the Care and Use of Laboratory Animals,
Directive 2010/63/UE and ethical approval was obtained from
the Ethic Committee. N:NIH(S)II-nu/nu mice, strain described by
Azar et al. [40] in 1980 were produced under the supervision of
Ipatimup, housed and maintained at CIM-FMUP Animal House in a
pathogen-free environment under controlled conditions of light and
humidity. The following Humane Endpoints for euthanasia were
established: i) any signals of distress, suffering or pain; ii) weight
loss greater than 20-25% of the body mass; iii) anorexia and
moribund state, related or not to the experimental procedure. In all
experiments, mice aged 4-8 weeks old were used. As there is no
effective TNBC treatment (usually patients are administered a
mixture of drugs accordingly to their personal response to them),
cisplatin, one of platinum drugs in clinical use for chemotherapy,
was chosen as reference in this study. In all in vivo experiments,
mice were monitored at least once a day.

Toxicological Studies

For this preliminary study doses were based on the ICs, value
obtained for TM90. The in vivo toxicity was assessed in 6-8 weeks-
old male N:NIHg)II-nu/nu nude mice to evaluate both the lethal and
the tolerated dose.

For TM90 the following doses were tested: 25.0, 12.5, 5.0 and
2.5 mg/Kg, per mice (n = 3 per group). Mice were intraperitoneally
(IP) injected with a mixture of DMEM and DMSO in a proportion
of 3:1 with each dose being administered every 24 h until animals
showed signals of pain or distress.

For cisplatin 5.0 mg/Kg per mice (n=4 per group) was tested
based on literature data [41-43]. Cisplatin was diluted in a saline
buffered solution prior to administration. This dose was found to be
toxic to the animals (N:NIH)ll-nu/nu nude mice) and thus 2.5
mg/Kg was chosen as the treatment dose in order to better correlate
the results with those from TM90 treatment.

Animal reaction to both TM90 and cisplatin was observed after
injection and only stable animals proceeded to next dose. The effect
of the treatment on the body weight was evaluated once per day.

Induction of Human Breast Tumors in Mice and Promotion of
Metastasis

Female N:NIH)ll-nu/nu mice, aged 4-6 weeks, were
orthotopically inoculated with 2.5 x 10° viable MDAMB231 cells
in the mammary fat pad using a 25 gauge needle. A total of 24 mice
were inoculated. As soon as the nodules were visible (day 4), mice
were randomized and divided into control (n=7, one animal did not
show tumor development and was excluded from the study) and
treatment group (n=16). The animals received either an IP injection
of 100 pL of DMEM/DMSO mixture (vehicle alone) in a
proportion of 3:1 (control group) or a dose of 2.5 mg/Kg per animal
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of TM90 (treatment group). After 10 consecutive days of treatment
(day 13 in Fig. 1), the treated animals (n=14, two animals had to be
excluded due to body weight loss at day 8 and day 11) were divided
into two groups to which: i) group 1 (n=8) a maintenance dose of 1
mg/Kg per animal was given until days 25-26 and ii) group 2 (n=6)
the treatment was ended. Tumor size was measured using calipers,
and tumor volumes (mm®) were estimated using the formula: W x
L% x Y5, where W is the width and L is the length of the tumor. In
order to extend mice life and promote metastization, tumors of all
mice groups were surgically removed when controls reached a mean
volume of ~ 2000-2500mm” (days 24-26). Mice were anesthetized
IP with 100 pL of a mixture containing 50 mg/kg of Ketamin
(IMALGENE 1000) and 1 mg/kg of medetomidine hydrochloride
(Medetor®) to remove the tumor tissue. Whenever no local invasion
was observed, a total excision of the tumors was performed. A dose
of 2.5 mg/kg of atipamazole hydrochloride (Revertor™) per mice
was used to revert the effect of anesthesia. Mice were treated with
an oral solution of 10 mg/kg Tramal, every 8 h for 24-48 h to avoid
pain. At the time of surgeries, organs were collected and fixed in
2% buffered glutaraldehyde for electron microscopy or 10% buffered
formalin for histology.

For cisplatin a similar procedure was performed, i.e., a total of
16 mice were used and divided in control and treatment groups
(n=8 mice per condition). A dose of 2.5 mg/Kg of cisplatin was
used, IP, per animal (treated group) for 5 days. After this period
considerable weight lost was observed and considering animal’s
wellbeing the dose administered at days 6 and 7 was reduced to
1.25 mg/Kg and no further drug was given until day 10. At the end
of this treatment cycle (day 11) the treated group was divided and a
half (n = 4) continued the treatment with a maintenance dose of
1 mg/Kg of cisplatin per mice, while for the other half (n = 4) the
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Fig. (1). Timeline showing tumor inoculation (day 0), beginning of
treatment (at day 4) and tumor excision for control and treatment groups
(days 27-29). The structure of TM90 is included (bottom left).
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treatment was ended. As soon as the control tumors reached a
volume of ~2000 mm®, all tumors were excised according to the
protocol mentioned above.

After tumor excision in controls and treated groups (TM90 and
cisplatin), mice were only euthanized when any of the established
Humane Endpoints was observed in order to evaluate the possible
formation of metastasis and the overall survival; necropsies were
made in all animals.

Biodistribution of Complex in Mice Main Organs

The biodistribution of TM90 in mice was assessed in both
healthy and tumor bearing animals. Healthy animals (n = 2) from
the toxicological study were used after receiving a cumulative dose
of 20 mg/Kg (administered along 7 days). Mice were anesthetized
for whole venous blood collection by intracardiac puncture and then
euthanized to collect heart, lung, liver and kidneys. After collection,
the blood and the different organs were promptly frozen at -20 °C.

From tumor xenografted animals (n = 2), the main metabolic
organs (liver and kidneys) and tumors were also collected after
receiving a cumulative dose of 20 mg/Kg. Tissue samples were
washed in saline buffer solution, placed in plastic tubes and frozen
for subsequent quantification of ruthenium by ICP-MS. Samples
were lyophilized, weighted and digested with ultrapure HNOs;,
H,0, and H3PO, in a closed pressurized microwave digestion unit
(Mars5, CEM) with medium pressure HP500 vessels and then
diluted in ultrapure water to obtain 2.0% (v/v) nitric acid. Ruthenium
content in the different organs was measured by a Thermo X-Series
Quadrupole ICP-MS (Thermo Scientific). The instrument was tuned
using a multi-element ICP-MS 71 C standard solution (Inorganic
Venture). Indium (***In) at 10 uM was used as internal standard.

Histopathological and Immunohistochemical Analysis

The specimens to analyze correspond to selected organs tissues
(heart, lungs, liver, spleen and kidneys) and excisional biopsies of
tumor tissue, previously implanted in the animal model. The tissues
were fixed in buffered formalin and the inclusion in paraffin was
done according to the usual technical procedures. Histological
sections of 3 microns, stained with haematoxylin and eosin (H&E)
and mounted on microscope slides were made. The slides were
observed with an optical microscope (Nikon Eclipse 50i) and
iconography microscopic images captured using a digital camera
coupled (DS Camera Control Unit DS-L2). Histological evaluation
was made in blind analysis by the pathologist. The samples were
compared with those of control mice and histological variables as
coagulation necrosis, intratumoral haemorrhage, lymphocytic
infiltration, peritumoral oedema, peripheral pseudopalisading and
vascular proliferation, as well as the degree of tumor regression
were evaluated. The quantification of the number of mitoses was
performed by counting ten fields of high magnification (10HPF) of
the tumor periphery and the mean of this count was used as mitotic
index. Immunohistochemical studies were performed on paraffin-
embedded tumor tissue, following the usual technical procedures
for each marker. All animals in the control group were used to
guarantee the reliability and reproducibility of the results. For each
sample, Phosphohistone-H3 antibody (PHH3; Cell Marque; 1:100)
was used to aid in quantifying the number of mitoses (counting
cellular immunostain in 10HPF); the tumor cell proliferation
was assessed by the percentage of positive nuclei for Ki-67
(proliferative index, Ab-4; Thermo Scientific; 1:300) in 500-1000
tumor cells, analysed under an optical microscope at high
magnification (x400). Regulation of CDS52 (caspase-3, Cpp32;
DCS; 1:200) to study cell apoptosis was also studied (it was
calculated as the percentage of neoplastic cells with cytoplasm
immunoreactivity, in at least in 500 tumor cells, analyzed in light
microscope with x400 magnification).
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Ultrastructural Studies by Transmission Electron Microscopy
(TEM)

Samples from the tumor mass from treated and non-treated
animals which did not display macroscopic necrotic changes, were
cut in fragments of less than 1 mm® and fixed in 3% glutaraldehyde in
0.1 M cacodylate buffer pH 7.3, followed by 1% osmium tetroxide
in the same buffer and uranyl acetate 0.5% in acetate acetic acid
buffer 0.1M, pH 5.0. After dehydration in ethanol and passage in
epoxypropane, the samples were embedded in an Epon-Araldite
mixture. One micrometer sections and ultrathin sections were made
with glass and diamond knifes, respectively. One micrometer
sections were stained with toluidine blue and ultrathin sections were
contrasted with uranyl acetate and lead citrate; sections were
examined and photographed in a JEOL 1200EX transmission electron
microscope.

RESULTS AND DISCUSSION

Organometallic complexes are important alternative therapeutic
agents to platinum based drugs in clinical use, since their
cytotoxicity involves different modes of action and present reduced
toxicity profiles. Our research group has been reporting during the
last years a series of organometallic ruthenium(II)-cyclopentadienyl
derived complexes that showed important cytotoxicity against
several cancer cell lines, surpassing cisplatin in activity. Under this
prospective, TM90 was our chosen compound to pursue to animal
experiments due to its exceptional cytotoxicity against MCF7 and
MDAMDB231 human breast cancer cell lines.

TM90 Stability in Solution

Compound stability is an important feature that needs to be
considered. One of the main problems associated with other
promising ruthenium metallodrugs, such as NAMI-A and RAPTA-
C, has been their short half-lifetimes [44, 45]. TM90 stability was
evaluated by UV-Vis spectroscopy in DMEM cellular medium
containing 2% DMSO at room temperature and 37 °C. The
composition of this medium was chosen to mimic as much as
possible the conditions used in the in vitro studies with cancer cells
and those used in the in vivo administration (with DMSO being
used as a vehicle). TM90 was found to have a half-life time at room
temperature of over 3 days (see Fig. 2) and of ~ 17 h at 37 °C
showing a considerable stability in these conditions.

TM90 Inhibits the Growth of MDAMB231 Cells in Culture-
Cytotoxicity in vitro

We reported previously the cytotoxic activity of TM90 at 72 h
(ICs0 =0.03+0.01uM) [38]. In the present study, the ICs value at 3 h
and 24 h was determined in order to select the most appropriate
incubation time and concentration for the studies with HSA and for
apoptosis in MDAMDB231 cells. Cisplatin was used as the positive
control. For this purpose, cells were treated with increasing
concentrations of TM90 and cisplatin in the range 0.1-200 uM. As
shown in Fig. 3A the half maximal inhibitory concentration values
at 3 and 24 h were respectively 6.66 = 3.5 uM and 0.73 = 0.12 puM
for TM90 and 241 + 140 uM and 104 + 16 uM for cisplatin (Dose-
response curves are presented in Fig. S1).

Effect of HSA on the Cytotoxicity of TM90

The evaluation of binding to serum proteins is a requirement of
the FDA as part of the drug development process. Considering that
a vast majority of therapeutic metal-containing compounds is
administered intravenously, binding toward serum proteins is
determinant for their bioavailability. Given its high concentration in
the blood stream, human serum albumin (HSA) in particular can act
as a transport vehicle of metal drugs and can determine the overall
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Fig. (2). Optical spectra of compound TM90 (at ~1x 10 M) in DMEM with
2% DMSO studied with time evolution, t = 0 to t = 24h at room temperature.
The arrow indicates de variation of the characteristic MLCT band.

drug distribution and excretion, as well as differences in efficacy,
activity and toxicity.

Given our previous results, TM90 forms an adduct with HSA
with a binding constant comparable to that of KP1019 [46], which
is known to be efficiently transported by albumin in the blood. The
effect of the adducts formed between TM90 or cisplatin with HSA
on the viability of MDAMB231 cells was evaluated at the ICs, (24
h) concentration for both compounds tested alone (I pM and 100
uM, for TM90 and cisplatin, respectively). Results in Fig. 3B
showed that both complexes preserve their cytotoxic activity when
combined with HSA. This result together with our previous study
on the interaction of TM90 with HSA for which a moderate binding
constant was obtained [46] indicates that the interaction between
TM90 and HSA does not deactivate the compound and thus one can
expect that this protein might be involved in the distribution and
delivery of TM90 to the cancer cells as observed for other
ruthenium agents [47, 48].

Mechanism of Cell Death Promoted by TM90 (Apoptotic Cell
Analysis)

In order to infer about the mechanism of cell death induced by
TM90 on MDAMB231 breast cancer cells, flow cytometric analysis
of cells double stained for Annexin V and propidium iodide (PI)
was used. The externalization of phosphatidylserine is one of the
leading indicators of apoptosis. Annexin V presents a high affinity
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to bound to phosphatidylserine and thus it can be used to identify
cells in all stages of the programmed cell death [49]. Propidium
iodide (PI) exclusively stains cells with a disrupted cell membrane,
i.e., unviable cells, and can be combined with Annexin V to identify
late apoptotic and dead cells. Finally, cells entering early apoptosis
display phosphatidylserine (PS) exposure on the outer surface of the
plasma membrane, which can be detected using Annexin V
combined with PI [50, 51]. Viable cells are both Annexin V and PI
negative. In this frame, the majority of control cells stained
negative for both PI and Annexin V, indicating that they were
mostly viable (~94%). Cells treated with TM90 (at the ICs, value at
24 h) showed a major population of necrotic cells (Annexin V'PI")
and a smaller population of late apoptotic cells (Annexin V' PI"),
revealing that necrosis is the main cell death mechanism caused by
TM90 (Fig. 4). In contrast, the control cisplatin (at a concentration
equivalent to the ICsy value at 24 h challenge) presented a larger
percentage of apoptotic cells (22% apoptotic vs. 5% necrotic), as
reported previously [52].
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o
X g
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Fig. (4). Mechanism of cell death determined by flow cytometric analysis of
MDAMB231 breast cancer cells, treated for 24 h at ICs, values of TM90.
Apoptotic cells include both early and late apoptosis. Data in parentheses
are (£SD).

Determination of Lethal and Tolerated Doses in vivo

For this preliminary evaluation the acute toxicity of TM90 was
assessed in male N:NIH)II-nu/nu mice with the aim to determine
the lethal and the tolerated doses. For that purpose 4 groups of 3
male nude mice were used to which the following doses of TM90
were given: 25.0, 12.5, 5.0 and 2.5 mg/Kg, respectively to each
group. Karber’s method [53] was used to estimate LDs, value for
TM90 and 19.5 mg/Kg was established as the lethal dose. Data
from this experiment also allowed establishing the tolerated TM90
dose to be used in the antitumor ability evaluation. Body weight
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Fig. (3). A) ICs, values found for TM90 and cisplatin in the MDAMB231 cells at 3 h and 24 h treatment. B) Effect of HSA on the cytotoxicity of TM90 and
cisplatin against the MDAMB231 cells after a 24 h challenge. Data: cells with no treatment (control); cells treated with HSA alone in the concentrations
indicated; cells treated with the compounds in the absence of albumin at a concentration equivalent to the ICsy values; cells treated with compounds pre-
incubated with albumin. Data shown are the mean values (£ SD) of two independent experiments, performed with at least six replicates.
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Fig. (5). A) Effect of TM90 in tumor volume evolution of MDAMB231 orthotopically inoculated in the mammary fat pad of N:NIH(S)II-nu/nu nude female
mice. From day 4 to day 13, inclusively, treated group 1 and 2 were injected IP with 2.5 mg/Kg per animal of TM90. After day 13, treated group 1 maintained
a 1 mg/Kg treatment until the excision of tumors (day 24). The number of animals used for each group is indicated on the figure. * P<(.0005, compares
untreated control with treated groups 2 at days 13, 20 and 21; ** P<(.0001, compares untreated control with treated groups at day 18; B) Effect of cisplatin in
tumor volume evolution. From day 3 to day 7, inclusively, treated group was injected IP with 2.5 mg/Kg of cisplatin. To maintain animal stability, the dose
was reduced to 1.25 mg/Kg at days 8 and 9. After day 9 no more cisplatin was given; C) Effect of compounds in animal wellbeing, measured in terms of body
weight. Body weight was measured once a day. No statistical significant values were obtained comparing control and TM90 treated animals. * P<0.0001
change in body weight from day 8 to 3 between control and cisplatin treated animals. ** P<(.007 change in body weight at days 8, 9, 26 and 28. The number
of animals used for each group is indicated on the figure. P values were calculated using two-sided Student t-tests.

loss and the overall survival rate were found to be dose-dependent.
A 2.5 mg/Kg dose was established as well tolerated by the animals,
affording a stable body weight for at least 10 days of continuous
administration with no apparent toxic symptoms.

In the case of cisplatin the continuous IP administration of 5.0
mg/Kg per day led to high toxicity and all mice had to be
euthanized at day 8. For this reason 2.5 mg/kg was established as
the treating dose mimicking the strategy performed for TM90.

In Vivo Anti-tumor Activity of TM90 on Female Mice Bearing
TNBC Orthotopic Tumors

MDAMB231 TNBC cells were inoculated in the mammary fat
pad of 4/6 weeks old [54, 55] female athymic nude mice (n = 24) as
described in the experimental section. When tumor volumes
reached the size of ~ 50-100 mm® mice were randomized and
divided into groups (day 4, Fig. 1). The treated group started receiving
an IP 2.5 mg/Kg per animal of TM90. Differences in the tumor
volume between control and treated groups were visible after day 8
post-inoculation (Fig. 5A). At day 13, the 10 days cycle treatment
was concluded and a statistically significant difference between
untreated control and treated groups was observed (P<0.0005). As
shown on Fig. SA, this difference was maintained even after the
ending of the treatment. In order to better evaluate the differences
in tumor volumes and to infer about other cancer aggressiveness
properties, namely invasion and/or capacity to metastasize, treated
animals were randomly divided into two groups at day 13. To
Group 1, a maintenance dose of 1 mg/Kg of TM90 per day was
administered until tumor surgical excision at days 25-26. To Group 2,
no further TM90 was given. Fig. 6 shows a photographic comparison
of the tumor size of untreated control and treated groups.

Differences between control and treated Groups 1 and 2 are
shown on Fig. SA and Fig. 6 and clearly demonstrate the in vivo

ability of TM90 in suppressing tumor growth over time (statistical
differences between the two treated groups were not observed).
Importantly, our data clearly show that, after surgical removal of
the tumor, mice treated with TM90 present a significantly increased
lifetime as shown on Fig. 7. Cisplatin also showed an important
tumor suppression as shown in Fig. 5B.

Toxicity and animal wellbeing were evaluated in terms of body
weight loss and relative overall survival. No differences in body
weight were seen between mice treated with TM90 and the control
group over time, showing that TM90 does not have a negative
effect on animal wellbeing when compared with cisplatin (Fig. 5C).
This result is also directly correlated with the overall survival of the
animals (Fig. 6): TM90 treated mice lived longer than non-treated
controls. To sum up, a dosage of 2.5 mg/Kg of TM90 per animal
was effective and well tolerated, not presenting the severe side
effects of the chemotherapeutic agent, cisplatin in this animal
model.

Biodistribution of Complex in the Mice Main Organs

Information on TM90’s biodistribution was obtained both on
healthy and mice bearing tumors by quantitative analysis of
ruthenium by ICP-MS. Considering healthy mice, blood and target
organs (liver, lungs, kidneys and heart) were collected for animals
that received a cumulative dose of 20 mg/Kg along 7 days. Results
presented in Fig. 8 show that ruthenium was mainly accumulated in
the liver, the central organ of metabolism, and in the kidneys.
Lower accumulation was found in the heart, lungs and blood.

In what concerns tumor bearing animals, ruthenium content in
the main metabolic organs (liver and kidneys) and tumors of two
female animals treated with a cumulative dose of approximately
20 mg/Kg in a 7 days period was also quantified by ICP-MS. In this
case high concentrations of ruthenium were also found in the liver
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Fig. (6). Photographic comparison of the tumor size of untreated controls and treated groups. Photos taken at the days of surgeries, 4 animals per group are
shown. Note that pictures of the treated groups were taken one or two days after those of the controls. Due to large number of animal subjects, surgeries could

not be done at the same day.
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Fig. (7). TM90 Kaplan Meyer Survival Curve to compare overall survival among groups. Using a Mantel-Cox test a P<(.05 was obtained when overall
survival of mice in control group (in blue) was compared with overall survival of mice in treated group 1 (in green). In this analysis all animals in each group

were used.

and kidneys. The ruthenium content in tumors was found to be very
low (< 1 nmole Ru/g) compared with the main organs.

Even though these results cannot be directly compared due to
the different metabolism that is sex dependent and to the different

TMO90 is probably cleared from the blood and then excreted through
the kidneys.

Histopathological and Immunohistochemical Analysis of
Tumors and Organs and Ultrastructural Analysis by Transmission
Electron Microscopy

Histopathological and immunohistochemical analysis of tumors
and main organs was carried out. Tumor samples were compared
with those of control mice and the histological variables analyzed,
namely coagulation necrosis, intratumoral haemorrhage, lymphocytic

infiltration, peritumoral oedema, peripheral pseudopalisading and
vascular proliferation, as well as the degree of tumor regression
were evaluated. The number of mitoses was quantified as well.
Significant differences between control and treatment groups were
not observed, i.e. all mice tumors presented large necrotic regions,
even though those from treated animals were considerably smaller.
In the immunohistochemical study no changes on the PHH3
expression (average control tumors = 22/10HPF vs. average treated
tumors = 26/10HPF) nor at the cellular proliferation index Ki-67
(average control tumors = 44% vs. average treated tumors = 41%)
were observed. The caspase-3 immunostain was inconclusive due to
the high degree of necrosis found in the tumors which hindered its
clear reading and interpretation.

Transmission electron microscopy images of the tumor samples
disclosed undifferentiated tumor cells with large nucleoli and
highly irregular nuclei. Cytoplasmic organelles were scanty and
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Fig. (8). Biodistribution of TM90 in mice main organs. (A) Ru content in blood and main organs of mice (n = 2) from the toxicological study after receiving a
cumulative dose of TM90 (20 mg/kg) along 7 days. (B) Ru content in liver and kidneys of tumor xenograft mice (n = 2) after receiving a cumulative dose of
TMO90 (20 mg/kg) along 7 days. Data in parentheses are (=SD). Results were expressed as nmoles Ru/g of dry organ or tissue using ICP-MS analysis.

Fig. (9). TEM ultrastructural analysis of tumor cells from main mass of induced tumours. a) Toluidin blue stained 1 um section; b-d) Electron microscopy
images showing organelles of undifferentiated cells. N — Nucleus; No — Nucleolus; M — Mitochondria; Av — Autophagic vacuoles.

occasional large autophagic vacuoles were observed. No significant
ultrastructural differences were observed between treated and non-
treated tumors (Fig. 9).

Since MDAMB231 tumors are known to induce metastasis
mainly in lungs, this organ was carefully analyzed for all the
controls and all treated groups (cisplatin and TM90). All control
mice presented neoplastic cells in lungs, with one exception where
the metastases were observed in a perirenal lymph node (Fig. 10A).
Additional metastases were also found in the myocardium and liver
for most of control mice (Fig. 10A).

As stated above, mice treated with TM90 were divided into two
distinct groups. Concerning the mice treated during ten days with

2.5 mg/kg of TM90, followed by a maintenance dose until surgery
removal (Group 1), only one of the four analyzed mice presented a
small metastatic focus in the lungs. In Group 2, none of the mice
presented metastases the organs analyzed: heart, lungs, liver, spleen
and kidneys (Fig. 10B).

Cisplatin was used as a positive control and tumor regression
was observed in all cases. Histopathological images of the lungs did
not reveal the presence of metastases for most of the mice (n = 3).
However, for one mouse, metastases were found in lungs, liver
and spleen. In this case, carcinomatous linfangioses and intra-
parenquimatous tumor infiltration could be observed in the lungs
(Fig. 10C).
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Fig. (10). A (control group): there is infiltration of tumor cells (arrows) in the myocardium (A1), lung (A2) and liver (A3); B (group treated with TM90): no
metastasis (myocardium -B1-, lung -B2- and liver -B3-) was observed; C (group treated with cisplatin): this case do not show tumor cells in the heart (C1) or
in the liver (C3); in the lung (C2) are observed carcinomatous linfangioses (arrowhead) and intraparenchymal tumor infiltration (arrow) (H&E x100).

CONCLUSION

Studies involving the aggressive highly metastatic breast
adenocarcinoma, carried out with a new cyclopentadienyl ruthenium
derived compound, point out its great potential as metallodrug. It
combines effectiveness against primary tumor tissue together with
ability to suppress the development of metastases. This preliminary
study is thus a benchmark for the “ruthenium-cyclopentadienyl”
family of compounds as it brings these agents to the front stage on
the search of new anticancer drugs.
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