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Design and mechanism of

action of organometallic anticancer complexes

Abstract

Since the discovery of cisplatin, numerous atterhpige been made to emulate its
activity while reducing its collateral toxicity. @adination complexes based on a
wide number of transition metals have been develapehe search for improved
bioavailability, selectivity and reduced adversaleseffects. Ruthenium(ll)
complexes have been widely developed in this fedda viable alternative to
platinum chemotherapeutics.

This thesis is concerned with the synthesis, charaation and biological
evaluation of three series of novel half-sandwidmplexes of the general
formula [Rd'(arene)(X)(YZ)[". These piano-stool FRucomplexes have been
designed as to allow the fine-tuning of their cheahaind biological properties. In
the first two series, the arene unit has been dareweenp-cymene, biphenyl
and terphenyl to investigate the correlation betwedsydrophobicity and
antiproliferative activity, while thé,N-imino pyridine chelating ligand, YZ, has
been modified to include either a higher numbearofmatic units that could allow
better DNA intercalation or substituent groups tt@tld affect the overall charge
distribution in the complex. Finally, the monoddatagand, X, is either chloride
or iodide. These compounds have been fully chataett by NMR, MS and
elemental analysis. Their agueous behaviour has ieestigated together with

the extent of 9-EtG binding, as an indication oé thossible interaction with



nucleobases. The antiproliferative activity of #hasovel RU complexes was
determined, several of them show promisingol@alues, in the low uM range,
against ovarian, colon, lung and breast cancer loedls, in many cases the
activities observed are better than cisplatin. Tpathways for cellular
accumulation were investigated. Complexes with as the monodentate ligand,
X, exhibit partial energy-independent uptake. ONermasults indicate that the
novel RU complexes synthesised in this thesis are modyltkebe multi-targeted
and that their mechanism of action depends to at gngent on the nature of the
monodentate ligand, X. Two particularly active cdexgs in these series include
the impy-NMe ligand as YZ chelate. These have been comparethdm
isostructural azopyridine analogues and also to ©& equivalents. In this case,
experiments were designed to study the activatidarmimark events that lead to
apoptosis, allowing contrasting the effects ofatiéht metal centres (Ru vs Os),
isoelectronic ligands (impy-NMers azpy-NMg) and monodentate ligands (Cl vs
). Results indicate that the molecular pathwajofeéd by the iodido complexes
is p53-independent. In comparison, the chloridolanees activate the intrinsic
apoptotic pathway and their activity relies on teeistence of this tumour
suppressor. DNA intercalation was also evaluate@ g®ssible mechanism of
action.

Finally, the third series includes inactive'Rtomplexes with tetrahydroquinoline
derivatives, which were found to enhance the agtwi platinum drugs in clinical
use. These promising preliminary results in the w$eRU' complexes in
combination therapy open a world of possibilities the dose-reduction of

platinum-chemotherapeutics.
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Chapter 1: Introduction

This thesis deals with the synthesis, characteoizaicthemical, and biological
studies of the mechanism of action of novel Rufiiisandwich arene complexes
with antineoplastic activity. Understanding the ewllar basis of cancer is crucial
for the study of the metabolic pathways activatgd netal-based anticancer
agents. For this reason, this Chapter introduces @ancepts in cancer biology. It
also establishes the current approaches for tredtnmeluding the new trend of
single targeted therapy while recognising the beneff multi-targeted agents.
Platinum and ruthenium-based chemotherapeuticgtadmechanism of action

are summarised.

1.1. Cancer

Cancer, defined by the WHO a$e uncontrolled growth and spread of cells’, is
responsible for at least 13% of world-wide dea@ancer, known since the early
Greeks, was reported by Hippocrates (460-370 B@naglcerous formation and
by the roman physician Galen (130-200 AC), as agmant swelling. However,
current statistics indicate that 1 in every 3 peopill develop some form of
cancer during their life time. It is estimated tb§t2030 there will be 21.4 million

new cases diagnosed every ykar.

Cancerogenesis is a process in which normal celisart into neoplastic tissue,
and disturbs cellular events such as proliferattbifierentiation and development
as a consequence of the lack of response to nawn&lol mechanisms in ceffs.

Hanahan and Weinberg described tumour progressmsegs as the result of six

main events that are known #se hallmarks of cancer They are: 1) self-
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sufficiency in growth signals, 2) insensitivity émtigrowth signals, 3) evasion of
apoptosis, 4) limitless replicative potential, G¥&ined angiogenesis and 6) tissue

invasion and metastasis.

Selt-sufficiency in
growth signals

Evading
apoptosis

Sustained Tissue invasion
angiogenesis & metastasis

Figure 1.1.Hallmarks of cancer according to Hanahan and Wéeiy’

Cancers can be divided according to the tissuelwvedo for instance, carcinomas
are cancers affecting the epithelium, while aderaamas involve glandular
tissue. Sarcoma is the generic name for malignambtrs of the mesenchyme
(eg. fibrosarcoma, osteosarcoma, angiosarcomasdipoma) and the hemato-

lymphoid system gives origin to leukaemias and Igompas, respectively:*

The generation of neoplastic tissue has often lassociated to environmental,

behavioural and genetic issiesHowever, it is accepted that cancer is the result



Chapter 1: Introduction

of multi-factorial causes. As a leading cause daitldemultiple approaches have

been made to understand its molecular basis iguhbst for a cure.

1.1.1 Molecular basis of cancer

1.1.1.1 Genetic instability

Genetic instability is a very common event in carsevelopment, it occurs as a
result of the loss of DNA integrity and is presenall stages of the disease, from
pre-cancerous lesions to advanced cahcEhis instability is critical in the
process in which pre-cancerous lesions accumulatations characteristic of a
cancerous statelt is possible to classify genomic instabilityarthree: firstly, the
microsatellite instability MSI, which is charactwed by expansion and
contraction of oligonucleotide repeats in microbiddesequences. Secondly, an
instability defined by the increased frequency a$dxpair mutations and thirdly,
the most common of them all, chromosomal instahili€IN. This type of
instability relates to the rate in which the numbad structure of chromosomes
varies over time in cancerous tisSas a consequence of errors in chromosome
segregatiori. Chromosomal instability has been directly linkeithwcolorectal
cancers, which are ~ 80% aneuploid and with agiyeespithelial tumours in

pancreatic, ovarian and lung tissue.
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1.1.1.2 Oncogene activation

An oncogene is defined as the altered manifestati@aanormal gene that encodes
a regulatory protein with dominant transforming teins? Molecular alterations
leading to cancer include the de-regulation of geo®s and/or the activation of
proto-oncogene¥ This activation can occur by point-mutation or ®Bve
expression of the gene, the latter involving onetwb distinctive genetic

mechanisms: amplification (increase of the numbeopies) or translocation.

The most widely known oncogenes belong to the MY\@ RAS families. De-
regulated MYC gene is associated with several matfigies, including cancét.
c-myc, a member of this oncogene family, is gemer@aler-expressed in rapidly
proliferating tissue. Its de-regulation has bearkdd to Burkitt's lymphoma,
invasive ductal breast carcinoma and colon adenimmana amongst other&**
This oncogene is thought to cause genomic instghiliomote angiogenesisand
therefore represents an attractive target for anter agents, since its inhibition

may be enough to stop tumour growfth.

RAS proteins are involved in multiple signallingtipaays between cell surface
receptors and intracellular pathwd§sts mutations are frequently observed in
human cancers where it modulates the tumour micvireanment and promotes
pro-angiogenic mechanismsPancreatic, colon and lung adenocarcinoma have
been associated with a high incidence of RAS onwogautations which have
lost the ability of becoming inactive after theemial stimulus has ceastdlable

1. 1. below shows the function associated to tiecgal human oncogenes and

their mechanism of activation in cancer.
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Table 1. 1.Principal human oncogenes (adapted from ref 15)

Mechanism of

Oncogene Function A
activation in cancer
RAS GTPase in mitogenic signaling Mutation blockRaEe
MYC R_egula_ltory factor in mitogenic Gene over expression
signalling
RAF Protein kinase mitogenic signaling  Mutationdtineates kinase
BCL2 Protein kinase of multiple functionsGerle OVer expression or

activation by mutation

1.1.1.3 Tumour suppressor gene inactivation

Tumour suppressor genes encode proteins whosecahsepression, inactivation
or mutation promotes oncogenesis. These include Db&i#air and cell cycle
control proteins. Some examples of relevant tunsupressor genese shown
in Table 1. 2below, such ap53, WT1, PTEN, BRCA1 and BRCAZ2mongst
others, together with their familial cancer asstema Mutations in the p53
protein are the most common event in human caitese occur in at least 50%
of all cases. In normal tissue, activation of p88ves the cell to respond to stress
triggered by DNA-damaging agents amongst otherreatestimuli which in turn
results in apoptosisMore detailed explanation of the role of p53 carnfdund in
Chapter 5 where the activity of Ru/Os organometahticancer complexes are
evaluated against a colon carcinoma cell line vatip53 mutation.Tumour
suppressor genes involved in the regulation of petlliferation are usually
inactivated during cancer. Their re-activationhs basis of the development of

new anticancer therapies.
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Table 1. 2.Principal human tumour suppressors (adapted fedrh@)

Tumour . Familial cancer
Function -
suppressor gene association
WT1 Transcription factor Wilm’s tumour
GTPase activating protein forNeurofibromatosis,
NF1 . o : :
RAS mitogenic signaling sarcomas and gliomas
PTEN Antagonist of PI3 kinase Cowden syndrome
RB Inhlbltor. of G1/S gene Retinoblastoma
expression
BRCAL, BRCA2 DNA repair, damage Fam.lllal breast cancer and
response ovarian cancer

1.1.1.4 Cell cycle-related events in neoplastic =l

Normal cells proliferate freely and only withdrawom the cell cycle after
growth-factor deprivation or growth inhibitory sigs. However, within the cell
cycle, there are a number of checkpoints to ensafe progressiofi. De-

regulation of the cell cycle is a common event umlan cancer. In this case
persistent cell cycle progression occurs, losimgdbntrols that limit the transition
between phases. Check-point controls rely on cyddipendent kinases, CDKSs.
De-regulation of CDKs can cause excessive celliferation as well as genomic

and chromosomal instability.

1.1.1.5 Angiogenesis and metastasis

The microenvironment of solid tumours is usuallyscasated with poor
oxygenation’ and low pH as consequences of accelerated metatf3lRecent

studies have demonstrated high correlation betwesnmicro enviroment and
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aggressive tumour progression. The presence of manmiodulatory mediators
together with the activation of inflammatory tissugrounding the neoplasia are

critical in tumour evolution towards metastagis.

Tumour growth is closely related to the generatiopfovement of vascularity.
Drugs inhibiting angiogenesis have been used asiaraur agents. This type of
therapeutic intervention suggests that targetingnstl events can affect tumour
progressiorf: An example of this i$evacizumabfor the treatment of metastatic
colorectal cance?* Neoplasms tend to disseminate, leaving the prirtesipn and
forming secondary tumoufé This process called metastasis has already octurre
in two-thirds of cases by the time of diagndsiritical events in the so called
“metastatic cascade” include cell detachment fraengrimary tumour, invasion,

penetration into the vascular system, extravastatiw proliferatiorf:**

1.1.1.6 Senescence and apoptosis as mechanisms af c

death

Cellular senescence refers to a cellular proliferatarrest triggered by stress
stimuli, that can include telomere shortening, codrarapeutic agent intervention
or oncogene activatioft. Different to quiescence, which is proliferativerest

caused by absence of growth factors, senescenckngaicancer progression in

early neoplastic lesiorfé.and could be induced with therapeutic afths.
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Figure 1.2 Angiogenesis and metastasis (adapted from ref(@Byeneration of a
primary neoplasia, (b) angiogenesis, (c) invasibthe stroma, (d) detachment of

cancerous cells from the primary tumour, (e) exsation, (f) proliferation into a
new organ.

Normal cell proliferation is restrained by telometegeneration as telomerase
activity is usually absent in somatic cells. In lgamneoplastic lesions,
dysfunctional telomere shortening can cause chromas instability and is
associated oncogene activatfori® At this point the lesions can activate cellular

senescence. However, in advanced tumours, teloemesasctivated, allowing
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cells to exceed the regular limit of cell divisiaycles and progress towards

malignancy and metastasrs

Another cellular response to stress stimuli is &pgip or programmed cell death.
This energy-dependent process is based on morpbalognd biochemical
changes that do not include inflammatférApoptosis can be activated by two
main signalling pathways, however they both conelud the formation of

apoptotic bodies that surrounding fagocytic tissaie engulf.

1.2 Cancer Therapy

1.2.1 Surgery and other therapies

Surgery is the primary treatment for solid tumoutrg)volves the total removal of
neoplastic tissue and the surrounding lymph nodédss type of radical
intervention depends to a great extent on the ¢ywancer, the affected organ and
the stage of the diagnosed lesion. This treatmasistrong limitations, especially
for aggressive tumours with high rate of metastafigrnative therapies include

the following.

* Photodynamic therapy, PDT:involves the administration of a non-toxic
pro-drug and its subsequent selective activatioa specific wavelength.

An example of a red-light activated antineoplaagient igphotofrin, while

10
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levulan is activated by blue light. This therapy is widelged for skin
cancers.

* Radiotherapy: based on the use of gamma radiation to treatlastp
lesions; this radiation generates DNA damage iraffexted tissue.

« Hormone therapy: the rate of growth and spread of neoplastic festbat
are hormone-dependent, such as breast, endometdaprostate cancer,
can be diminished by modulating hormonal levelsthe patient. An
example of this is the use @moxifenfor the treatment of breast cancer.

e Immunotherapy: includes ligand-targeted therapeutics in which an
immunotoxin or an immunoconjugate are used to iw@ralrug-
selectivity®

e Cryosurgery or cryotherapy: an alternative to surgery for some types of
cancer, for example liver, prostate and skin nesijals.

» Radiofrequency ablation, RFA: Commonly used for liver and lung
neoplastias, this intervention relies on high terapges, generated by

radiofrequencies, to destroy cancerous tissue.

1.2.2 Chemotherapy

Surgery and radiotherapy dominated cancer treatohénmg the first half of the
20" century. Chemotherapy, as a viable alternatives firat considered in the
1940s when nitrogen mustards were used against hgmas. Since then,

extensive research into the use of drugs agaimstpthliferation of malignant

11
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tissue has taken place. In time, important disdesenave been made that have

allowed the cure and/or improvement of life expectafor cancer patients.

Selectivity has always been presented as the dderdi chemotherapy, mostly
because the severity of undesired side-effects lwhamge from nausea and
vomiting to acute renal failure. Theoretically, ueton of side-effects could be
achieved by increasing the dose of drug that reatihe diseased tissue while
reducing the dose that reaches and affects nororabusding tissue/organs.
However, in the practice, selectivity is a much encomplicated issue, especially

because of the lack of unique molecular targetaicer cells.

Anticancer agents currently in clinical use rely the high proliferation rate of
neoplastic tissue as means for selecti¥it¥his results in side-toxicity in tissues
that also exhibit frequent cellular replacement hsutas bone marrow and

gastrointestinal tract

1.2.2.1 Single-targeted chemotherapeutic agents

Single-targeted chemotherapy aims to selectivellivelte the drug to the
neoplastic growth, avoiding the surrounding tissite.also refers to some
antineoplastic agents that are able to interrygdréicular metabolic pathway only
present in cancerous cells or to directly intersith a unique molecular target.
The benefits of such therapy are the increaselectbaty and the possibility of

reducing adverse side-effects.

12
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Molecularly-targeted therapies are in their earhages. However, several
examples can be found, for instanmetinib targets the BCR-ABL oncogene that
causes chronic myelogenous leukaemia #&magtuzumabtargets the ERBB2
receptor to stop proliferation of breast cancerbdth cases, these antineoplastic
agents aim to target pathways that are specifieaitivated in cancers.Frequent
targets for cancer therapies are tyrosine kinasepters. These receptors for
growth factors are located in the cell surface drave a crucial role in
oncogenesi& One example of this is the useacsftuximabto target the family of
epidermal growth factor receptors, EGFR, in metastaolorectal and head and

neck cancers agefitinib in the analogous breast and lung cantérs.

Cellular metabolism in cancer is altered to allosfiscto sustain a high rate of
proliferation and to avoid cell death-signallingually caused by increased
cellular stress levef§:*® Such alterations in metabolism can be exploited by
targeted agent§,such asonidamine,which inhibits glycolysis and is currently in
phase lll clinical trials. Another example of thigpe is the use of arginine
deiminase against metastatic melanoma and heplalacetarcinomas, as it

reduces arginine levels in plasma (clinical trigtteses 1/113°

New possible targets are being investigated, suchhase of the hypoxia-
inducible factor 1, HIF-1, which is involved in aa@ar progression. HIF-1 is over
expressed in solid tumours as result of microemvirent hypoxia and it activates

the transcription of angiogenesis-promoting gefiés.

Finding unique molecular targets in a disease ually tinderstood at molecular

levels can prove to be a difficult endeavurAlthough there have been

13
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advantages in single-targeted therapies, many wiksist they will not be the
ultimate answer to increase chemotherapy’s seigcti@ancer is a very dynamic
disease, resulting from sporadic mutations and m@noinstability, which
promotes rapid somatic evolution. Single-targeteerdpy undoubtedly can be
able to promote resistance as an evolutive an$t#ris would only allow short-

term use of the therapy with an increased rislesistant recurrencés.

1.2.2.2 Multi-targeted chemotherapeutic agents

The efficiency achieved by the complete inhibit@none single molecular target
can be over-estimated when compared to the pamhdition of several targets,
especially when the multi-targeting is the restila single agert! A recent view
that a multi-targeted drug can prevent cells froevalioping resistance has
quickly gained followers. Multiple target screersngre being develop&dto
tackle multi factorial diseases such as cancerlpnéimer?® The aim is to find a
single agent that would be able to stimulate/irthibbre than one molecular
activity.>* The best examples of successful multi-targeteithe@mplastic agents are
cisplatin (CDDP) and its derivative drugsarboplatin and oxaliplatin. These
platinum chemotherapeutics have DNA as their ppaidiargef.’ However, in the
case of CDDP, only 1% of the administered metathiea the cellular nucleus,

allowing the rest of the drug to interact with atiraportant biomolecule®™>*
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1.2.2.3 Combination therapy in cancer treatment

Multi-targeted therapy can also be achieved by c¢oation of several single-
targeted agents or by co-administration of drugth veynergistic anti-tumour
activity, which can block simultaneously multiplégrsalling pathways?>?
Several attempts have been made to understandtiradtion of two or more
drugs when they are co-administered. The most-séedegheory, developed by
Chou and Talalay, indicates that two agents camrant in three different ways. 1)
synergistically, 2) additively or 3) antagonistigalSynergistic interaction refers
to the situation when the modulating effect of tmenbination of both drugs is
greater than the addition of their single actiansgomparison, in an antagonist

interaction the modulating result is low&r>°

The best outcome of combination therapy in canceuldv be a synergistic
interaction that could allow the reduction of drdgses and subsequently the
incidence of adverse side-effects. Another possdseantage of this type of
therapy is the circumvention of drug resistancésabhe case on the treatment of
ovarian cystadenocarcinoma cells treated with amycin and CDDP or

vincristine®’

One particular cancer in which multi-targeted agemtthe combination of single-
targeted drugs are the best option is non-small lcelg cancer, NSCLC.
Refractory advanced patients are best treated ®@RR gefitinib in combination
with erlotinib. Other ongoing clinical trials include the co-adisiration of
ZD6474 a kinase inhibitor witlyefitinib or docetaxeP? Other approaches include

gemcitabinecombined withetoposidewhich also work on ovarian cancér.
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Activity of platinum agents such as CDDP can alsodnhanced by the co-
administration of secondary chemotherapeutics sashdichloroacetat® or
aphidicolin glycinaté? Combination therapy of anti-angiogenic agents with
regular chemotherapy increases the survival ratepaifents with advanced

cancers?

1.2.2.4 Resistance to chemotherapeutics

One of the major challenges in the use of chemafhefor cancer treatment is the
high incidence of resistanét. Drug resistance is divided into two main
categories, inherent and acquired resistance. Sofn¢he most important
molecular mechanisms of resistance include: inegkasug efflux, mutations in
drug targets, activation of downstream or paraighalling pathways and altered
drug metabolisni* The development of drug resistance is not limtiedancer
treatment, and is a critical factor in the managenoé diseases such as malaria,

tuberculosis and HN3%*

Inherent resistance usually has pleiotropic origind determines the selectivity
of a neoplastic lesion to chemotherapy. This ras is the basis of the Goldie-
Coldman hypothesis that states that resistance can arise from speosn

mutations that inevitably occur in cell prolifexati as part of intrinsic genetic

instability *°

In comparison, acquired resistance is developeér aititial exposure to

chemotherapeutics. Multidrug resistance, MDR, aaerrge as a cellular response

16
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to chemotherapeutic agefifs.The family of proteins know as multidrug
resistance-associated proteins, MRP are usuallangrganion transporters,
although MRP1, MRP2 and MRP3 can also transportralemolecules, which
function as efflux pumps in order to reduce inttadar drug concentrations. The
most widely known protein of this family is the Brgpprotein discovered in

19765859

Mutations in drug targets as a mechanism of acduiesistance have been
extensively investigated. Such is the case of chnmyeloid leukaemia. This type
of cancer is often treated witmatinib, however up to 40% of the cases develop

some kind of resistance due to a mutation in thase domain of BCE"?

Increased drug efflux and therefore impaired catlalccumulation is often related
to CDDP and other platinum-drug resistance, pdeiby in the treatment of
hormone dependent female cancers. For ovarian astggd the combination of
platinum+paclitaxel improves rates of survival, although patients wilentually
relapse with a median-survival of 18 monffisAfter platinum resistance has
established, patients are often treated waRkorubidicin topotecan etoposideor
other hormonal therapies, but still the relapsdreésiuent and associated with

multiple drug resistancé,
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1.3 Metal-based anticancer agents

1.3.1 Platinum-based anticancer agents

Since the serendipitous discovery that cisplatiDD®, could arrest cell division
of E. coli, coordination complexes have been used as anécagents! CDDP
had been first reported in 1845 by M. PefGramd its structure proposed in 1893
by A. Werner, but it was not until 1965 when theseivations of B.
Rossenber§’’ started a new field for platihum chemistry and fteedical

applications’®

CDDP was the first platinum-based drug approved thg FDA with
antineoplastic activity (1978). Currently, its use accepted alone or in
combination with other chemotherapeutic drugs aabladder and advanced
cervical cancer that cannot be treated with surgersadiotherapy, also in non-
small cell lung or ovarian cancer that are locallvanced or have metastasised.
Finally it can be used to treat malignant mesotimedi, squamous cell carcinoma

of the head and neck and testicular cafnter.

Since its approval, several attempts have been m@&deimprove the
pharmacological properties of CDDP. Two importaetivhtives have gained
FDA approval,carboplatin in 1989 andoxaliplatin, OXA, in 2002, the latter
having European approval since 1996. In compartso@DDP, carboplatinis
approved to treat non-small cell lung cancer aratiam cancer, in both cases the

lesions should be locally advanced or derived ftamour recurrence. Advanced
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or recurrent colorectal cancers or stage lll cotamcers may be treated with

OXA.™

H.N /C| H N (@]
Pt Pt
H,N \C| H,N e}

o
¢) NH, O o
NH2 \o 0]

Figure 1.3.Cisplatin, CDDP (a), carboplatin (b) and oxaliptatDXA (c)

Despite the wide clinical application of CDDP atslderivatives, these platinum
chemotherapeutics have strong disadvantages. atigimistration causes severe
side effects which include nephrotoxicif§#* neurotoxicity®*®® ototoxicity #*#°
nauseas and vomiting amongst others. These sidetgfire mostly caused by the
lack of drug selectivity. Numerous studies havenbesried out to improve drug
delivery including optimised solubility and seletiactivation of pro-drugs. In
the latter case, platinum(lV) complexes have |da& research with complexes
such agetraplatin, satraplatin. The latter, although it has not yet received full

FDA approval, is the first platinum antineoplasigent that can be administered

orally 2®
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Figure 1.4.Structure of satraplai

1.3.1.1 Mechanism of action of I-based anticancer agen

It is widely accepted that the antineoplastic props of CDDP rely on th
interaction with DNA which in turn activates apogita However, this is
reductionist view of a process in which several amt@nt events are involve
from drug administrationo cellular deathA general scheme of these celll

events is shown ikigure 15 below.

CDDP is administered directlyto the bloodstream. Thehloride concentratio

B7 andthis allows the molecule to remain intact. I

in blood plasma is 100 m
thought that protein binding can deactivate thetimlan dru¢ at this stage,
especially after ®inding to metallothioneins or thiol groups eg. Albumin.
Cellular accumulation of CDDP occurs by means @ifidion and active transpc
via the copper transporteCTR1. Once inside theytoplasm o the cell, the

concentration of chloride is reduced to 20 mnd partial aquation CDDP occL

Aquated forms of CDDP are reactive and | to DNA, forming monofunctione
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adducts. The formation of inter-strand or intrastt bifunctional adducts is

possible®” "

CTRI (for example) ‘

Niy,, o wC Hydrolysis  NHs, Gl SRR
t —_— T
NH” Nal NH:*  VH,0!

WNH; o NHz
Pt t
TWNH; “VNH;
g- b .
Major intrastrand Minor interstrand
crosslink crosslink

Figure 1.6.CDDP-DNA bifunctional adducts (adapted from 18f

Once the CDDP-DNA adducts have been formed, therlesan be repaired by

three distinct mechanisms: 1) nucleotide excisiepair, NER, 2) mismatch
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repair, MMR or 3) DNA-dependent protein kinase repaechanisms, DNA-PK.
NER mechanism is the most common of the threavhlves an ATP-dependent
protein to recognise the DNA lesion, especially-ib{fastrand cross-links, and
excise the damaged DNA strand-section for the suesd filling of the gap by
the DNA polymerasé! The general scheme for this repair process is shiow
Figure 1.7. Although the DNA lesions caused by CCHDE their repair processes
have been extensively investigated, the detailechar@sm by which they lead to

apoptosis remains poorly understdod?

Carboplatin and OXA are thought to follow similar mechanisms aaftion to
CDDP#" Although carboplatin shows reduced side-effects and OXA shows
improved performance on colorectal cancers, CDD#ilisthe chemotherapeutic

agent of choice and is more widely available.

&
gt
>

o M o W 3H.NH3

e’ NHg NHs NH, NH,
S NER _ NER - _
Platination '~% recognition excision repair -

Figure 1.7.NER repair mechanism according to Cepetal **

One major drawback of platinum chemotherapeuticthés high occurrence of
inherent and acquired resistance. Such resistagmiest platinum drugs can be

the result of one of the following mechanisms:rapaired cellular accumulation
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as a consequence of reduced cellular uptake oeased cellular efflux, b)
deactivation by binding to sulfur containing proteiand c) increased repair of

DNA lesions>°

1.3.2 Ruthenium-based anticancer agents

Since the discovery of CDDP, numerous attempts bhaesm made to emulate its
activity while reducing its side toxicity. Coordinan complexes based on a wide
number of metals have been developed in the sdéarcimproved bioavailability

and increased selectivit)’ %2 Ruthenium (II/1ll) complexes have been widely

developed in this field as a viable alternativgletinum chemotherapeutics.

Two Ru(lll) antineoplastic complexes NAMI-A and K@19, Figure 1.8, have
reached human clinical triat®®'°* NAMI-A has shown antimetastatic potential,

while the latter induces apoptosis in primary tunsou

a) b) 5

Figure 1.8.Structure of NAMI-A (a) and KP1019 (b).
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Other promising series of Ru(ll) complexes havenbsgnthesised, Figure 1.9,
including organometallic arene diamine complexepgared in the Sadler Group
like RM175% phosphor-adamantane derivatives such as RAPFAd@veloped

by the Dyson Group and polypyridyl complexes sysiged by the Sheldrick

Group®’

Z Ru—NH 7 R P/\N7
u— u—
c”| ’ c”| l\\ N
H,N Cl N/
a) b)

I\
LTI
/ u
HN—> N N?
NH, Z
C)

Figure 1.9.Structures of RM175 (a) and RAPTA-C (b) and Rugbmplex
synthesised by Sheldrick.

Organometallic Ru(ll) ‘piano-stool’ complexes welesigned to allow fine tuning
of the physical and chemical properties which stoutsult in optimised
biological activity’°®*** These complexes include three basic buildingsuast
shown in Figure 1.10: an arene ligand, used talsalthe metal centre oxidation

state and improve hydrophobicity, a monodentatenkly X, initially included as

an activation site, and a bidentate ligand, Y¥°21*2
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Arene _I

/RU~Z

x\YJ

Figure 1.10.Basic structure of Ru(ll) ‘piano-stool’ complexes.

1.3.2.1 Mechanism of action of Ru-based anticancagents

Investigations into the mechanism of action of mb&sed chemotherapeutics are
still in the early stages. Ruthenium organometalliugs are most likely to be
multi-targeted. Although the DNA damage caused bgstmcomplexes is
considerable, this mechanism may be only partlypaoesible for the
antineoplastic activity observed. Investigationsnom-DNA targets are extensive
but the details of the mechanism of action of thesaegs in still poorly
understood™® However, significant progress has been made t& timeir
biological activity to particular molecular targetisat include protein kinases,

carbonic anhydras&$ and topoisomerases =’

Organometallic Ru(ll) piano stool complexes can argd activation by the
loss/replacement of the monodentate ligand. Thisggrise to a free coordinative
position that can bind to DNA or other biologicailevant molecule¥° Some
cell-free studies show that aquation of the comgdesan occur with subsequent

binding to nucleobases such as 9-EtG and 9-EtAyrEig.11 181
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a) + b)
— _I — —|+
\ | / \ | /
/R”\ °x ~ /Ru—O\
HN | N\> o N _\N o s
H,N Y N N NH
\ /

Figure 1.11.Structures of 9-EtG (a) and 9-EtA (b) rutheniumédiducts reported

by Melchartet al*'®

Under the same conditions several studies haversthow these complexes can
interact with Calf Thymus-DNA? Further,in vitro testing has shown the extent

A 12las well as

of the interaction between the Ru(ll) complexes egltular DN
the activation of nucleotide excision repair mec¢bias after the formation of Ru-
DNA adducts-** Metal complexes not only can be activated by dqodiut also

by reductior’® particularly in the case of Ru(lll) complex&g.*?*

An important advantage of Ru(ll) piano stool comple is their ability to
circumvent resistance to platinum chemotherapeuiosh is the case of RM175
which is active in CDDP-resistant ovarian carcinongls A2780cis?> This
Ru(ll) complex causes G1/G2 arrest in HCT116 cells p53 and p21/WAF1-

dependent manner after short drug-exposure peffdds.

With P-donor ligands, pyridocarbazole half-sandwiRin(ll) complexes, such as

that shown in Figure 1.12, are able to inhibit pnmotkinases GSKS8 and
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PAK1'?" The same kinases can be inhibited by octahedrél)Romplexes as

well 128

Figure 1.12. Half-sandwich ruthenium(ll) complex inhibitor of SK3a and
PAK1.*’

Ruthenium polypyridyl complexes can interact withNA& by intercalation,">**

130 hut they can also induce mitochondria-medistednd caspase-dependént
apoptosis. This mechanism of cell death activateorlso observed in ‘piano-

stool’ Ru(ll) complexes*3°

27



Chapter 1: Introduction

1.3.3. Anticancer agents based on other metals

Research into metal-based anticancer agents, titherPt and Ru, has seen an
abrupt increase in the last decatf®sThe use of osmium, iridium, gallium, or
gold as metal centres for novel antineoplastics &aseved important steps

towards the development of drugs with low side @&

Osmium, has been used to build piano-stool complskailar to those of Ru(ll),
complexes such as [G&¢bip)(en)CI] or [Os’-bip)(picolinate)CI] which have
shown to have good activity against A2780 ovariancer cells. More important,
they are active in the CDDP resistant derived lzed, A2780cis**® Os complexes
are more inert towards aquation and ligand exchdhge their Ru analogues.
They also exhibit lower rates for nucleobase bigdhman their Ru(ll) complexes.
In addition water molecules bound to the Os metalre are significantly more
acidic*’ Attempts have been made to increase the selgctifisuch complexes

based on Os by using targeting peptitfés.

Azopyridine Os(ll) complexes such as [@fsbip)(azpy-OH)I]PE, [Osf’-p-
cym) (azpy-OH)IJPE, [Os(’bip)(azpy-NMe)l]PFs and [Osg®p-cym)(azpy-
NMe,)I]PFs have shown to be an order of magnitude more attiae CDDP in
the ovarian cancer cell line A2780. In particu[@sn°-p-cym)(azpy-NMe)I]PFs
exhibited sub-micro molar kg values in lung A549, colon HCT116, breast
MCF7 and prostate cancer PC3. This complex has sisovn good in vivo

tumour reduction for HCT116 xenografs.
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Osmium(ll) and rhodium(Il) analogues of Ru(ll) bdsanticancer agent such as
RAPTA-C have also been used in order to improvépeoiiferative activity. In
this case, the Rh analogues showed to be twicectage ahan the original Ru
complex in A549 lung cancer and T47D breast caceds’*® Organometallic
half-sandwich iridium complexes have also been agal as novel anticancer
agents. In this case, negatively charged cyclopiéras are needed in order to
stabilise Ir(lll) as a metal centre. Highly activemplexes [Ir§>-CsMe,
CsH4CsHs)(phen)CIf  and  [Ir(y>-CsMesCsHaCsHs)(bpy)CI]" are reported to
undergo hydrolysis and form nucleobase adducts a#action with 9-EtG.
However they do not react with 9-EtA. In both caesr 1G, values in A2780

ovarian cancer cells is in the sub-micro molar ea(@72 = 0.01 and 0.57 £ 0.07

1M respectively)*

Gallium-based compounds have been explored in linéc @as antineoplastic
agents. Oral administration of Ga salts resultéowm toxicity which allows for
chronic treatment. Gallium nitrate has reached @hHsclinical trials with
promising results in the treatment of bladder cangia and lymphomas. Gallium
chloride and maltolate have also been investigdfedis well as, tris(8-
guinolinolato) gallium(lll) (KP46) which is capabte inhibiting tumour growth
and there is clinical evidence of its activity ienal cell carcinom&:>** More
recently, another gallium based compound, KP223%ichv targets the

functionality of the endoplasmic reticulum has céeted pre-clinical trial$®
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1.4 Aims

The general aim of this thesis was to synthesisd ahnaracterise novel

ruthenium(ll) complexes for subsequent investigatiof their biological

properties as antineoplastic agents, including tinevitro mechanism of action

in cancer cells. More specific aims are as follows.

Synthesise and characterise novel half-sandwicl)Ruéne complexes.
Investigate the aqueous chemistry of the novel IRgimplexes including
the extent of their aquation and binding to 9-E&4&,a model for nucleobase
interaction.

Determine the antiproliferative activityn vitro and the total cellular
accumulation of the Ru(ll) complexes in cancer ehd investigate the
molecular pathways involved in the cellular accumtioh of the Ru(ll)
complexes.

Investigate the mechanism of action of iminopyrediRu(ll) complexes and
explore DNA as a possible target by means of iatation.

Investigate the differences in the molecular patsvaactivated by
organometallic Ru/Os complexes when the monodehgzted changes from
chloride to iodide.

Investigate the synergistic effect of inactive Ru¢bmplexes in combination

therapy by co-administration with Pt drugs curngimilclinical use.
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This Chapter describes the general experimentalhnigges and
instrumentation used in this Thesis. Particular hoeés for individual

experiments are described in the appropriate chapte

2.1 Materials

RuCk.xH,O was purchased from Precious Metals Online (PMOLpd). All
solvents (acetone, methanol and ether) were olatdioen commercial sources
such as Fisher Scientific and Sigma-Aldrich andewvesed without further
purification; ethanol was obtained from the samep$iars but dried over
Mg/l, before use. Alpha-phellandrene and cyclopentadigaeee purchased
also from Sigma Aldrich, the latter was obtainedtendimeric form and was
freshly distilled before use. Octanat @9%) for Log P determinations was
purchased from the same provider. Deuterated ss@DCE, MeOD, DO,
DMSO-ds) were purchased from Cambridge Isotopes Limite@P-MS

standards (Ru, Pt, Os) were obtained from Inorgéeittures.

For the biological experiments, RPMI-1640, DMEM daidCoy 5A media, as
well as foetal bovine serum, L-glutamine, penioftreptomycin mixture,
trypsin, trypsin/EDTA, phosphate buffered salin®%p were purchased from
PAA Laboratories GmbH. Cisplati€DDP (> 99.9%), oxaliplatinOXA (>
98.9%), trichloroacetic acid(99%), 9-EtG, sulforhodamine B (75%), sodium

phosphate monobasic monohydrate 99%), sodium phosphate dibasic
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heptahydrate>( 99%), acetic acid>99%) formaldehyde (36.5—-38% in®)
triton X-100 and Tris(hydroxymethyl) aminomethareR(S, > 99%) were

obtained from Sigma Aldrich.

2.1.1 Synthesis of the starting materials

Synthesis of the rutheniump-cymene dimer, [(Ru§®-p-cymene)Cb),].*?

|\
S
SN\
— o u/b)\
N

Scheme 2.1.Synthesis of the rutheniunp-cymene dimer [(Rul-p-
cymene)Cl)a.

RUCl,3H,0 +

RuCkL.3H,0 (150 mg, 0.66 mmol) was dissolved in freshlyiliest ethanol (5
mL), the solution was placed in a round-bottomkakenalphaphellandrene
(105 puL, 0.66 mmol) was added with constant stirring. Thaction mixture
was heated under reflux for 18 h. The solvent wasoved by rotary
evaporation and the solid precipitate was washeld athanol and ether, (98
mg, 48.0%). Elemental analysis calc. fopl;sClsRW,, C: 39.23%, H: 4.58%.

Found: C: 39.31%, H: 4.56%. NM&; (500 MHz; MeOD) 1.29 (6H, d, J =
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7.10 Hz), 2.15 (3H, s), 2.98 (1H, m), 5.34 (2HJ & 5.80 Hz), 5.46 (2H, d, J =

5.80 HZ). m/z (ES|) found 576.9 MonngbRUz: 576.93).

2.2 Instrumentation

2.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

In this thesis, NMR dataHl, **C and 2D experiments) were acquired using 5
mm NMR tubes in the NMR Spectroscopy Facility of Wigk University on
either a 500-MHz spectrometer Bruker DRX-500 or08-8Hz Bruker AVA
spectrometer, experiments were carried out at 2981€ss otherwise stated.
'H-NMR chemical shifts were internally referenced NeOD (3.49 ppm),
DMSO-d; (2.50 ppm) 1,4-dioxane (3.71 ppm, for samples i®)Dor CHC}
(7.26 ppm). Typically, 20 ppm were used as speetidth for '"H-NMR and
200 ppm for'®*C-NMR experiments. Spectra were processed usingeBru

Topspin 2.1.

2.2.2 Elemental Analysis

Elemental analysis (percentages of C, H and N) e@aged out on a CE-440

Exeter Elemental Analyzer by the Warwick Analyti€arvice.
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2.2.3 Absorption Spectroscopy (UV/Vis)

Electronic absorption spectroscopy spectra wererdecd on a Varian Cary
300 or Cary 300Bio UV-Vis spectrometers using l{gath-length cuvettes
(600 pL) and processed with Origin Lab 8.1 (Oridg#§A). Experiments were
carried out at 298 K unless otherwise stated; lspéctrometers were fitted

with PTP1 Peltier temperature controllers.

2.2.4 Electrospray lonisation Mass Spectrometry
(ESI-MSY

Data were recorded in the Mass Spectrometry FadfitWarwick University

using methanolic solutions (50% MeOH, 50%H on a Bruker Esquire 2000
instrument with electrospray as the ionization radthUsually experiments
were based on scanning a range of up to 1000 m/aositive ions, the cone

voltage and source temperature varied dependirigeosample.

2.2.5 Inductively Coupled Plasma Mass Spectrometry
(ICP-MS)°

Inductively coupled plasma mass spectrometry wad ts determine the metal

content of cellular samples. Experiments were edrout using an ICP-MS
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Agilent technologies 7500 series from the Mass 8pewtry Facility of
Warwick University. The solvent used for all ICP-M&periments was double
deionised water (DDW) with 5% HNOAIl metal standards (Ru, Os and Pt)
were freshly prepared in double deionised wateh B HNQ before each
experiment. The concentrations used for the cdldmwaurve were in all cases
(0, 5, 10, 50, 200, 500, 1 x 3® x 16, 10 x 1G, 50 x 16, 200 x 18 ppt). The
isotopes detected wer@'Ru, **° Pt and*®°Os, and readings were made in

duplicate (He gas and no gas mode).

2.2.6 Flow Cytometry™®

All flow cytometry experiments were carried outngia Becton Dickinson
FACScan Flow Cytometer in the School of Life Sciemcat Warwick
University. Typically, A2780 cells were seeded iietR dishes using 4 x £0
cells per plate. Experiments included 24 h of pi@sbation in drug-free media
at 310 K in CQ humidified atmosphere (5%), followed by 24 h olLglr
exposure under the same conditions. After thispéaupreparation and staining
depended on the aim of the experiment being caroietl more detailed

procedures can be found in the appropriate chapters
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2.3 Methods

2.3.1 Aquation studies

A 2 mM solution of each complex was prepared isgODwater using 5%
DMSO/MeOD, *H-NMR spectra were recorded at 298 K within thetfit0
min after mixing and then again under the same itiond after 24 h. Results
shown were obtained from a 500 MHz spectrometek.efperiments were
carried out in triplicate and the standard deviaioalculated. Aquation of the
complexes was followed by the observation of a sé&®t of signals after 24
h, in order to confirm that the process observed waeed aquation, the
reaction was inhibited by the addition of NaCl dr &ccording to the details in
the following section. The results presented reflbe extent of aquation after
a given period of time (24 h); however no attempswnade to determine the
kinetics of the reactions. In order to verify thedter 24 h the reactions had
reached equilibrium, a further spectrum of eachmarwas run after 48 h. No

further changes were detected.

2.3.1.1 Suppression of aquation

A fresh 2 mM solution of each complex was prepaneal 200 mM solution of
NaCl / KI in deuterated water (NaCl for chloridongplexes and Kl for the

iodido complexes) with 5% DMSO/MeOD. In order teepare this solution,
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the solid complex was dissolved first in DMSO/Me@be then diluted in

deuterated water, already containing NaCl#4-NMR spectra were recorded
at 298 K within the first 10 min of sample prepaatand then again after 24
h. All experiments were carried out in triplicatedathe standard deviations
calculated. The suppression of aquation was maiosignals generated by

the complex remained unchanged after the 24 hgberio

2.3.2 Determination of partition coefficient (Log B

A 2 mM solution of each complex was prepared iranot-saturated water (5
mL) and shaken overnight on a IKA Vibrax VXC basitaker (500 g/min)
with an equal volume of water-saturated octanoleksa were separated and
metal concentration in the aqueous layer was datednvia ICP-MS after
dilution with double distilled water to achieve centrations within the ICP-
MS standards range mentioned before (5—200>pff). For these experiments
the doubly-distilled water contained 200 mM of Na€lavoid the aquation of
the complexes. Partition coefficients were cal@adaising the formula log P =
log ([Ru]OC[/[Ru];m).lo Octanol-saturated water and water-saturated olctzsre
prepared before hand by stirring mixtures of octamal water overnight. The
value corresponding to the concentration of matathie octanol layer was
determined as the difference between the aquegas lbefore mixing and the

corresponding concentration after 24 h. Log P dateations were carried out
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as duplicates of triplicates in independent expenits and the standard

deviations were calculated.

2.3.3 Nucleobase binding

A fresh 2 mM solution of each complex was prepairecb0 mM sodium
phosphate buffer (pH 7.5) with 5% DMSO. In orderptepare this solution,
the solid complex was dissolved first in DMSO amert diluted with the
corresponding buffer. The solution also containeett§/lguanine for a final
mol. ratio 1:1.25 where the nucleobase was in excé@s in the case of
aquation studiesH-NMR spectra were recorded at 298 K within thetfitO
min after sample preparation and again after 2430@ MHz. All experiments
were carried out in triplicate and the standard iatens calculated.
Nucleobase binding was monitored by the formatiba second set of peaks
that included bound-9-Et&:* The spectrum of free 9-EtG under the same

conditions was recorded for comparison purposes.

2.3.4 pH* measurements

pH* measurements were carried out at ambient temtyoer in a Corning 240

pH meter equipped with a microcombination electr@¢§Os, chloride free)
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calibrated with Aldrich buffer solutions at pH 4,and 10. pH meter readings

without correction for effects of deuterium on tilass electrode.

2.3.5 Cancer cell studies

2.3.5.1 Cell maintenancé>*

Cell lines used in this work, A2780 human ovariamceaoma, A549 human
caucasian lung carcinoma, HCT116 human colon camtéy MCF7 human
caucasian breast carcinoma and MRC5 human foetag fibroblasts were
obtained from the European Collection of Cell Crdu(ECACC). Modified
cell lines HCT1160x and HCT116p53-/- were kindlypyided by R. Sharma
from Oxford University and J. Cherry from Johns Koy International
Medical Center respectively. A2780 ovarian and MR®@Bre grown in
Roswell Park Memorial Institute medium (RPMI-1648549 and MCF7 were
grown in Dulbecco's Modified Eagle medium (DMEM)daRCT116 and its
derived cell lines in McCdg Modified 5A medium. All media were
supplemented with 10% of foetal calf serum, 1% @hig glutamine and 1%

penicillin/streptomycin.

All cells were grown in 75 chculture flasks as adherent monolayers, and they
were split two to three times a week when aroun®® confluence was

reached, using 0.25% trypsin for A2780 or 0.25%3my/EDTA for all other
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cell lines. Between passages cells are kept imambator at 310 K with 5%

CO, humidified atmosphere.

2.3.5.2 Antiproliferative activity

Antiproliferative activity was determined by thelfsuthodamine B (SRB)
colorimetric assay>*° This assay was first developed by Skeham in 1e@td

it is based on the ability of the sulforhodamine (Bgure 2.1) to bind
electrostatically to basic amino acid residuesrotgins from fixed cells. The
process is pH-dependent, the binding occurs unddrauidic conditions, but
under mild basic conditions it is possible to reaguantitatively the dye.
Absorbance measurements of solubilised dye ararlimgth the amount of
cellular protein present, allowing for the deteration of the amount of viable

treated cells against an untreated control.

Figure 2.1.Structure of sulforhodamine B.
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Typically, antiproliferative activity experimentsvolved the following:

Cell preparation: human carcinoma cells and fikastd were grown as
indicated above until approximately 80-90% confleenvas achieved.
The medium was removed and cells were washed twidé
phosphate-buffered saline (PBS. This step allowmedé¢moval of dead
cells in the supernatant. Then the PBS was remaundd mM trypsin
or trypsin/EDTA (2 mL) was added. The culture flag&s left to stand
for 3 min in the incubator. The trypsin or tryp&@TA was diluted
using the corresponding medium and the solutionmiaed to obtain a
single cell suspension. A hemocytometer was usedetermine the
concentration of cells in the suspension.

Plate seeding: the single cell suspension obtaiméle previous step
was diluted with medium in order to seed a 96-wgkte with
approximately 5000 cells per well using 80per well. The plate was
left in the incubator for two days.

Sample preparation: a 2 mM solution of each comgdaionbe tested
was prepared using a 5% DMSO, 95% (saline: PBS)}umax This
stock was then used to prepare six different smigtiby dilution with
PBS. The concentration range of these solutionedaccording to the
screening results for each particular sample, amdewadjusted to

achieve three values above the expecteggdd@d three values below.
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Positive control preparation: a 2 mM solution afpdatin was prepared
using a 5% DMSO, 95% saline. This stock was thead us prepare
2000, 1000, 500, 200, 50, ang¥ solutions by dilution in PBS.
Negative control preparation: this was obtained ¥ of DMSO, 95%
(saline: PBS) mixture.

Drug addition: 20uL of samples, cisplatin, positive and negative
control solutions were added to the 96-well platériplicate. The plate
was left in the incubator for 24 h.

Drug removal: supernatant solutions were removethfeach well by
means of suction. Each well was then washed usd@gul of PBS,
finaly 200 uL of fresh medium were added to each well. Theepleds
left to stand for 72 h in the incubator, while tels were allowed to
recover.

Sulforhodamine B (SRB) colorimetric assay: pQ of cold 10%
trifluoroacetic acid (TCA), 277 K, were added taleavell of the plate.
This was left to incubate for 1 h at 277 K. The T@As removed and
the plate was washed with slow-running tap watertidf®s. Excess
moisture was removed and the plate was allowedridra This step
fixed the cells to the surface of the wells.

Aliquots of 50uL of 0.4% SRB dye (prepared in 1% acetic acid) were
added to each well. The plate was allowed to stan@0 min at room

temperature. This step stained the biomass praseaich well. Excess
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dye was removed by washing the plate 5 times with acetic acid.
Excess moisture was removed and the plate wasedidovair-dry.
Aliquots of 10 mM Tris base solution (2@@Q, pH 10.5) were added to
each well and the plate was left to stand at anlignperature for 1 h.
This step solubilised the bound dye. The plate maasured in a multi
reader at 570 nm. Those wells with absorbances ®@€r units were
diluted 1:6 and the absorbance was re-read. Theg®ds were done
by removing 15QuL of each of the wells and adding 2pD of 10 mM

Tris base solution.

Cell viability determination: for each compound esamed, survival
percentages were obtained by dividing the absogbatata by the
average of the negative-control readings and muitig by one
hundred. Then the data were plotted as the surpesaientage versus
the logarithm of the concentration used expressedili molar units. A
sigmoidal curve was fitted using OriginPro 8.1 waite, and the 16
value was determined, as the half-maximal inhilgitmyncentration. By

a way of validation for each plate, the;$©f cisplatin was determined.

Figure 2.2 below shows an example of the dose-respacurve

obtained for cisplatin.
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Curve inflection point exp 1=-2.89, 1C5,=1.28 uM

100 Curve inflection point exp 2=-2.92, IC57=1.20 uM

80- ICso = 1.24 +0.06 UM
60

40

Cell survival %

204  Cisplatin

m Experiment 1
® Experiment 2

5 -4 -3 2 -1 0
Log Concentration (uM)

Figure 2.2.Dose-response curve for cisplatin.

2.3.5.3 Metal accumulation in cancer cells

. Cell preparation: A2780 human ovarian carcinoméagére grown in
a 75 cm cell culture flask as indicated in above, until.@0%
confluence was achieved. The medium was removedceltsl were
washed twice with PBS: this step allowed the rerha¥asupernatant
dead cells, then the PBS was removed and 2 mL maM2trypsin or
trypsin/EDTA was added. The culture flask was tefstand for 3 min
in the incubator. The trypsin was diluted using mmedand the solution
was mixed to obtain a single cell suspension. A d&iometer was

used to determine the concentration of cells irstigpension.
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Cell seeding: on day one of the experiment, 4%ctlls were seeded in
a 68 mm Petri dish using 9 mL of medium. Thesesoglre incubated
at 319 K and 5% Cglevels for 24 h.

Sample preparation: 2 mM solution of each compainble tested for
cellular uptake was prepared using a 5% DMSO, 95&ting: PBS)
mixture. This stock was then used to prepare dilgtdutions in PBS.
Negative control preparation: this was obtainedubing 5% DMSO,
95% (saline: PBS) mixture.

Drug addition: on day-two of the experiment, 1 nfLeach compound
to be tested was added to three pre-incubated Bisties, this resulted
in a final concentration of the ruthenium(ll) complwhich is a fifth of
its ICso value. On the same day three negative controkeplatere
prepared accordingly. Cells were exposed to thgsdifor 24 h.

Drug removal: on day-three of the experiment, sugints of the
Pietri dishes were removed by suction. Cells weesshed with PBS
and treated with trypsin or trypsin/EDTA to obtai single cell
suspension as described before in the cell preparaection. Cell
concentration was determined using a hemocytomebaiore
centrifuging the samples to obtain whole-cell gslle

Sample digestion: cell pellets were transferred wheaton v-vials and
digested using 225 pL of freshly distilled concated 72% v/v nitric

acid. For full digestion, the vials were heate@%3 K overnight.
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Metal content determination: digested samples wdiheted using
double-distilled deionized water to obtain a finaltric acid
concentration of Ca. 5% v/v and they were analysedanetal content
using ICP-MS.

The statistical significance of all cellular accuation values was

determined using a two-sided t-test with P<0.05.
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CHAPTER 3
Ruthenium iminopyridine arene complexes:

cellular uptake mechanisms.
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3.1 Introduction

Ruthenium arene complexes have been widely studiegcent times as a viable
alternative to platinum chemotherapeutics, especially because acquired
resistance to platinum-based drugs represents arneéipical drawback for

1011 or oxaliplatin OXA).*2*3 This type of

compounds such as cisplat@dDP)
resistance usually develops as a consequence @iradpcellular accumulation

that can be caused by lower cellular uptake oeimsed cellular efflux®4*°

Several attempts have been made to understandnytatiuptake and its
accumulatior’®™®® However, there is a lack of knowledge on equivialen
mechanisms involved in the accumulation of ruthenianti-cancer drugs.
Understanding of these pathways could allow ratiodesign and further
improvement of such complexes. In this Chapterutall uptake and metal
accumulation mechanisms for prospective rutheniaticancer complexes have
been investigated regarding their time-, conceommat and temperature-
dependence as well as the extent of metal effluxthEr cellular accumulation
pathways have been investigated, including thevatg.

. Inhibition of P-gp mediated efflux by the use of veapamil: this ATP-
binding protein of the ABC super famify mediates the efflux of
xenobiotics and endogenous compounds. Its substiatiude antibiotics,
steroid hormones and anticancer agents among otRegp is responsible
for the development of multidrug resistantetherefore, its interaction with

diverse substrates has been widely stutfigd. P-gp-mediated efflux can be
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inhibited by the use of verapanilwhich allows to investigate the role this
efflux pathway has in the detoxification of chenm#peutics?

Role of Na/K* pump in cellular metal accumulation, as a facilitéed
diffusion endocytotic pathway by ouabain inhibition Na'/K* pumpis a
P-type ATPase which pumps three'Naut of the cells while transporting
two K* into it for each hydrolysed unit of ATR.This allows the cell to
keep low intracellular Naconcentration$® a mechanism which has often
been studied in relation t6DDP uptake. Ouabain is a cardiac glycoside
with high bioavailability that inhibits the activitof the Nd/K* -ATPase as

it interacts with the extracellular surface of {hemp, more specifically, it
binds to theu subunit?’ Co-incubation of chemotherapeutics with ouabain
reflects on the role of the pump in drug cellulptake.

Role of CTR1 in cellular accumulation: CTR1 which is a high affinity
copper uptake protefif, encoded in humans by tS¢C31Algene, is
responsible to a great extent ®PDP uptake™®**>*Also copper exporters
ATP7A and ATP7B are involved in the efflux GDDP.**® Transporter
protein, CTR1, can be down-regulated by high levelsintracellular
copper’’ Cells with a knocked out gem€TR1 are resistant t6DDP in
vitro.®® CTR1 is normally expressed (BDDP resistant cell lines, but the
transporter is not functional because of a lack adftivation by
glycosylation®* The details of this mechanism are not yet venyargle
however it is known that the process is energy peddent and highly
influenced by pH? In this study we investigate whether CTR1 is also

involved in the uptake of ruthenium drugs.

64



Chapter 3: Cellular uptake mechanisms

. Membrane disruption by amphotericin B as a model fo protein
mediated transport: amphotericin B is an antifungal agent that hasnbe
used to potentiate the antiproliferative activiffchemotherapeutic drugs
vivo and in vitro, at non-toxic concentrations of up to 1B1.** The
mechanism of action of amphotericin B involves ééph of intracellular
potassium and therefore modification of membranempability. It is
assumed that amphotericin B binds to sterol moéscahd forms pores in
the membrane of up to 8 A in diameter which impreediular uptake of
exogenous molecules. This antifungal agent has heed in the present
Chapter to find out wether the uptake of ruthenilinifom half-sandwich
arene complexes can be improved by increasedtédedi transport.

. The role of caveolae endocytotic pathway in metal caumulation:
caveolaes are cholesterol-rich microdomains ircédemembran® andp-
methyl cyclodextrin is known to inhibit caveoladated uptake by binding
to cholesterof!**** Therefore co-incubation witf3-methyl cyclodextrin
could be used to investigate whether this pathwagnolved in the cellular
uptake of a particular drug, in this case, the kgtaf ruthenium half-

sandwich complexes.

In this Chapter the synthesis and characterisatibmovel ruthenium arene
complexes containing imine ligands are describeasb reports on their aquation
and extent of binding to 9-EtG as a model for nolcése interaction. The
antiproliferative activity of all ligands and coreples has been investigated using

A2780 ovarian, A549 lung, HCT116 colon and MCF7astecancer cell lines,
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these activities were related to their cellularuscalation and hydrophobicity.
Finally, complex15 [Ru(®-p-cym)(p-Impy-NMe,)CI]PFs and its iodido analogue
16 [Ru(n®-p-cym)(p-Impy-NMe,)l]PFs were used to investigate some of the
pathways involved in cellular uptake and accumalatiof ruthenium in
comparison to platinum uptake and accumulation fr@@DP. These two
compounds were selected because of their strucsuralarities (only differ in
their monodentate ligand Cl vs I) and with the dmnstudy the effect of the

monodentate ligand on the cellular uptake behaviour

Figure 3.1 summarises the Overview of the celldacumulation pathways

investigated in Chapter 3.

Amphotericin B

Membrane disruption
‘ Temperature-dependence | %
d /
Cellular

Accumulation

Extent of efflux
NN

Time-dependence
L]

/@G,

Role of CTR1 ‘ Role of Caveolae uptake |

Figure 3.1. Overview of the cellular accumulation pathways stigated in
Chapter 3.
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3.2 Experimental section

3.2.1 Materials
Ruthenium half-sandwich arene dimers used in thimpBr include |°-p-
cymene)RuGl,, reported in Chapter 2, sftp-cymene)Rull,, [(°-m-
terp)RUC}]», and [¢°-bip)RuCh],, kindly provided by Dr. Abraha Habtemariam.
2-Pyridine carboxaldehyde (99%), 2-aminophenol (R%4aminophenol (98%)
were purchased from Sigma-Aldrich. 4-Aminobenzoicida (=99.0%) and
ammonium hexafluorophosphate98.0%) were obtained from Fluka\,N-
Dimethyl-4-[(E)-(pyridin-2-yImethylidene) amino]anilinep{impy-NMe,, 6) was
kindly provided by Dr. Ying Fu. All deuterated sehts (DO, MeOD, DMSOd,
acetoneds, CDCk) were obtained from Cambridge Isotope Laboratofies the
biological assays, verapamil hydrochloride99.0%), ouabain octahydrate
(295%), antimycin A from Streptomycessp., amphotericin B also from
Streptomycessp., methyl B-cyclodextrin and copper(ll) chloride dihydrate

(299.0%) were all purchased form Sigma Aldrich.

3.2.2 Preparation of ligands and complexes

The synthetic procedure 1, described below was tsepnerate all the imines

used as ligands in this Chapter and listeligure 3. 2.
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P B
S Nz N A
N p
P N/ N
N OH

OH
Impy, 1 o-Impy-OH, 2 p-Impy-OH, 3

S S
Nz Nz
Nig N?
COOH (CH,),COOH

p-Impy-COOH,4  p-Impy-(CH,)3COOH,5

Figure 3. 2.Imines synthesised in Chapter 3.

Synthetic Procedure 1.
B
NH, Nz
OH
+ _— N/
©OH

Scheme 3.1Synthesis of 2-{[E)-pyridin-2-ylmethylidene]amino}phengb-Impy-
OH, 2].
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2-{[(E)-pyridin-2-ylmethylidene]amino}phenol [o-Impy-OH, 2]. Solid o-
hydroxy aniline (200 mg, 1.832 mmol) was dissolwedacetonitrile (5 mL) at
ambient temperature with stirring, 1 mol equiv.tleé pyridine carboxaldehyde
was then added (196 mg, 1«b, 1.83 mmol). The reaction was left to stand with
stirring for 4 h. The solvent was removed by rotawaporation. A yellow solid
was obtained, which was washed with ether (74 mid;%). Elemental analysis
calc. for GoH1oN2O, C: 72.71%; H: 5.08%; N: 14.13%. Found: C: 72.40%
5.05%; N: 14.15%. NMRy (500 MHz; CDC}) 7.15 (1H, td, J = 13.9, 7.8, 1.3
Hz) 7.22 (1H, dd, J = 8.1, 1.3 Hz) 7.46 (1H, t&; 13.9, 8.1, 1.51 Hz) 7.60 (1H,
dd,J=7.8,1.5Hz) 7.65 (1H, dd, J = 4.8, 1.6 818y (1H, td, J =15.4,7.9, 1.6
Hz) 8.38 (1H, d, J = 7.9 Hz) 8.92 (1H, d, J = ¥W8& 9.03 (1H, s). m/z (ESI)
found 199.0 (calc. M + H C;2H1aN,O = 199.22), found 221.0 (calc. M + Na

C12H10N2Nao = 221.21).

N-[(1E)-pyridin-2-ylmethylene]aniline [Impy, 1]. As synthetic procedure 1,
using aniline (100 mg, 98L, 1.07 mmol) and pyridine carboxaldehyde (115 mg,
102 puL, 0.46 mmol). Yield 95.3%. Elemental analysis cdlar CoHioN», C:
79.10%; H: 5.53%; N: 15.37%. Found: C: 78.85%5H9%; N: 15.69%. NMR-
u (500 MHz; CDC4) 7.31 (3H, m) 7.39 (1H, qd, J = 4.7, 7.6, 12.8 Az} (2H,

t, J = 7.8, 15.4 Hz) 7.83 (1H, td, J = 7.8, 15.3 BA2 (1H, d, J = 7.9 Hz) 8.64
(1H, s) 8.74 (1H, dg, J = 1.4, 4.6 Hz). m/z (ESiyrid 184.0 (calc. M + H

C12H11N2 = 18422)

4-[(E)-(pyridin-2-ylmethylidene)amino]phenol [p-Impy-OH, 3]. As synthetic

procedure 1, usingp-hydroxy aniline (100 mg, 0.92 mmol) and pyridine
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carboxaldehyde (98 mg, &, 0.92 mmol). Yield 92%. Elemental analysis calc.
for CioH10N20 C: 72.71%; H: 5.08%; N: 14.43%. Found: C: 72.56%05.02%;

N: 14.01%. NMRéy (500 MHz; DMSO€s) 6.87 (2H, d, J = 8.6 Hz) 7.30 (2H, d,
J=8.6 Hz) 7.50 (1H, cd, J = 1.5, 4.8, 7.6, 15z] H96 (1H, td, J = 0.5, 7.8, 15.7
Hz) 8.19 (1H, dt, J = 1.2, 2.2, 8.0 Hz) 8.63 (1H8$6 (1H, dc, J = 0.9, 1.6, 2.6,

4.9 Hz). m/z (ESI) found 199.0 (calc. M + B1,H10N,O = 199.22).

4-[(E)-(pyridin-2-ylmethylidene)amino]benzoic acid p-Impy-COOH, 4]. As
synthetic procedure 1, usiq@amino benzoic acid (100 mg, 0.73 mmol) and
pyridine carboxaldehyde (78 mg, 9., 0.73 mmol). Yield 70%. Elemental
analysis calc. for GHioN2O, C: 69.02%; H: 4.46%; N: 12.38%. Found: C:
69.15%; H: 4.52%; N: 12.08%. NMR®&; (500 MHz; DMSOe¢s) 5.80 (1H, s) 6.88
(2H, d, J = 8.8 Hz) 7.44 (1H, cd, J = 1.1, 4.8, 1.6 Hz) 7.69 (1H, d, J = 7.8
Hz) 7.86 (2H, d, J = 8.9 Hz) 7.93 (1H, td, J = 72, 15.6 Hz). m/z (ESI) found

227.1 (calc. M + FIC13H11N202 = 22723)

4-{4-[(E)-(pyridin-2-yImethylidene)amino]phenyl}butanoic acid [p-Impy-
(CH2);COOH, 5]. As synthetic procedure 1, using 4-(4-aminophemnygboic
acid (100 mg, 0.56 mmol) and pyridine carboxaldehy@il0 mg, 53uL, 0.56
mmol). Yield 64%. Elemental analysis calc. foigdigN.O,, C: 71.62%; H:
6.01%; N: 10.44%. Found: C: 71.50%; H: 6.08%; M:52%. NMRéy (500
MHz; DMSO-ds) 1.95 (2H, q, J = 7.4, 15.0, 22.7, 30.7 Hz) 2.28,(d, J = 1.4
Hz) 2.35 (2H, t, J = 6.2, 14.5 Hz) 2.71 (2H, £ 3.6, 15.9 Hz) 7.53 (1H, cd, J =

1.1,49,7.4,15.2 Hz) 7.99 (1H, td, J = 2.1, 15.2 Hz) 8.22 (1H, td, J = 1.1, 2.0,
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7.9 Hz) 8.63 (1H, s) 8.69 (1H, dc, J = 0.8, 1.8, 2.9 Hz). m/z (ESI) found 291.1

(Ca|C. M+H CigH17N00 = 29133)

Synthetic procedure 2, was used to synthesise hall raithenium complexes

described in this Chapter and listedreible 3.2, on page 84.

Synthetic procedure 2.

I\ S _IPFG
\ _—Cl cl T \(&/ 7
/Ru\ \/ . Nz N~

RG o /Ru<
/
cl Cl \, NZ of N

Y0 >

Scheme 3.2Synthesis of [Ruf®-p-cym)(Impy)CI]PF [7].

[Ru(n®-p-cym)(Impy)CI]PFs, [7]. Rutheniump-cymene dimer [°-p-cymene)
RuCh], (100 mg, 0.16 mmol) was dissolved in methanol (§.nand two mol
equiv. of the appropriate ligand was added, in ttese, N-[(1E)-pyridin-2-
ylmethylene]aniline, (242 mg, 0.33 mmol). The teat mixture was left at
ambient temperature with constant stirring for SAfter this time, 5 mol. equiv.
of NH4,PFR; were added to the mixture, followed by stirring &ofurther hour. The
solid precipitate was filtered off under vacuum aedrystallised. (87 mg, 44%).
Elemental analysis calc. for,&1,4N,CIFsPRu, C: 44.19%, H: 4.05%, N: 4.69%.

Found: C: 44.25%, H: 4.06%; N: 4.72%. NMR-{500 MHz; DMSO-d) 1.10
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(6H, d, J =9.4 Hz) 2.26 (3H, s) 2.62 (1H, m) %B(aH, dd, J = 6.3, 0.9 Hz) 5.60
(1H, dd, J = 6.3, 0.9 Hz) 5.67 (1H, q, J = 6.4, HZ) 5.97 (1H, dd, J = 6.4, 1.1
Hz), 7.64 (3H, m) 7.82 (2H, m) 7.85 (1H, m) 8.2H( m) 8.77 (1H, s) 9.51 (1H,

d, J = 5.6 Hz). m/z (ESI) found 453.1 (calc. @-H2N>CIRu = 452.96).

[Ru(n®-p-cym)(Impy)I]PF¢ [8]. As synthetic procedure 2, using [RE8-
cymklo]l, (50 mg, 0.06 mmol) and Impy (65 mg, 0.13 mmol).ield 74%.
Elemental analysis calc. foraf,4N2FslPRu, C: 38.33%, H: 3.51%, N: 4.06%.
Found: C: 38.10%, H: 3.68%; N: 4.10%. NRIM{500 MHz; DMSO-d) 0.99
(6H, dd, J = 8.1, 10.5 Hz) 2.37 (3H, s,) 2.61 (11),5.63 (1H, d, J = 6.7 Hz) 5.67
(1H, d, J = 5.5 Hz) 5.82 (1H, d, J = 5.5 Hz) 6.0BI(d, J = 6.7 Hz) 7.86 (1H, dd,
J = 6.0, 13.2 Hz) 8.35 (1H, d, J = 7.0 Hz) 8.93,(8H9.59 (1H, d, J = 6.7 Hz).

m/z (ESI) found 544.9 (calc. MCooH24NoIRU = 544.41).

[Ru(n°®-p-cym)(o-Impy-OH)CI]PF ¢ [9]. As synthetic procedure 2, using [RE

p-cym)Cl,]Cl, (100 mg, 0.16 mmol) anatimpy-OH (65 mg, 0.33 mmol). Yield
87%. Elemental analysis calc. fopH,4N.CIFEOPRu, C: 43.04%, H: 3.94%, N:
4.56%. Found: C: 43.28%, H: 3.98%; N: 4.62%. NBRM500 MHz; DMSO-g)

1.07 (3H, d, J = 4.2 Hz) 1.09 (3H, d, J = 4.2 H242(3H, s) 2.64 (1H, q, J = 7.0,
13.9, 20.9, 27.7 Hz) 5.34 (1H, dd, J = 0.9, 6.2 5186 (1H, dd, J = 1.0, 6.2 Hz)
5.64 (1H, dd, J = 0.9, 6.2 Hz) 5.96 (1H, dd, J& 6.2 Hz) 7.07 (1H, td, J = 1.2,
7.6, 15.3 Hz) 7.15 (1H, dd, J = 1.2, 8.2 Hz) 7.8@,(td, J = 1.5, 8.9, 15.3 Hz)
7.75 (1H, dd, J = 1.5, 8.1 Hz) 7.85 (1H, td, J &, 5.6, 12.9 Hz) 8.25 (2H, m)
8.77 (1H, s) 9.51 (1H, d, J = 5.4 Hz). m/z (ESIurfd 469.0 (calc. M

C22H24N20|ORU = 46896)
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[Ru(n°®-p-cym)(p-Impy-OH)CI]PF ¢[10]. As synthetic procedure 2, using [REK
p-cym)Cl,]Cl, (100 mg, 0.16 mmol) angtimpy-OH (65 mg, 0.33 mmol). Yield
81%. Elemental analysis calc. fopH,4N.CIFEOPRu, C: 43.04%, H: 3.94%, N:
4.56%. Found: C: 43.01%, H: 3.90%; N: 4.75%. NBIR500 MHz; DMSO-d)
1.10 (6H, d, J = 7.2 Hz) 2.25 (3H, s) 2.60 (1HJ &, 6.7, 14.0, 20.5, 28.0 Hz) 5.52
(1H, d, J = 6.0), 5.59 (1H, d, J = 6.5 Hz) 5.65 (#HJ = 6.0 Hz) 5.96 (1H, d, J =
6.5 Hz) 7.00 (2H, d, J = 8.2 Hz) 7.71 (2H, d, J.2 Bz) 7.80 (1H, m) 8.19 (1H,
dd, J = 1.2, 7.7 Hz) 8.24 (1H, td, J = 1.8, 7.3718z) 9.45 (1H, d J = 6.0 Hz).

m/z (ESI) found 469.0 (calc. MCoH»4N,CIORU = 468.96).

[Ru(n®-p-cym)(p-Impy-OH)I]JPF ¢ [11]. As synthetic procedure 2, using [REK
p-cymklo]l, (150 mg, 0.19 mmol) ang-Impy-OH (76 mg, 0.38 mmol). Yield
64%. Elemental analysis calc. fop24NoFsIPORuU, C: 37.46%, H: 3.43%, N:
3.97%. Found: C: 37.30%, H: 3.38%; N: 4.01%. NBM500 MHz; DMSO-g)
0.98 (6H, dd, J = 6.0, 13.4 Hz) 2.40 (3H, s,) B9, m) 5.61 (1H, d, J = 6.8 Hz)
5.66 (1H, d, J = 6.4 Hz) 5.77 (1H, d, J = 6.4 HZ)76(1H, d, J = 6.8 Hz) 6.97
(2H, d, J = 8.8 Hz) 7.74 (2H, d, J = 9.6 Hz) 8.26,(d, J = 4.8 Hz) 8.52 (1H, d, J
= 5.6 Hz) 10.24 (1H, s). m/z (ESI) found 560.0 ¢call’ CxHo4N.IORU =

560.41).

[Ru(n®-p-cym)(p-Impy-COOH)CI]PF ¢ [12]. As synthetic procedure 2, using
[Ru(m®-p-cym):Cl,]JCl, (100 mg, 0.16 mmol) ang-Impy-COOH (37 mg, 0.33
mmol). Yield 65%. Elemental analysis calc. fogt;sN.CIFsO.PRuU, C: 43.03%,
H: 3.77%, N: 4.36%. Found: C: 42.98%, H: 3.61%; ANb64%. NMRéy (500

MHz; DMSO-d) 0.98 (3H, d, J = 2.4 Hz) 0.99 (3H, d, J = 2.4 26 (3H, s)
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2.84 (1H, m) 5.61 (1H, d, J = 6.8 Hz) 5.69 (1HJ&; 6.1 Hz) 5.79 (1H, d, J = 6.1
Hz) 6.10 (1H, d, J = 6.8 Hz) 7.90 (3H, m) 8.18 (2H,) = 8.4 Hz) 8.32 (2H, m)
8.99 (1H, s) 9.60 (1H, d, J = 5.4 Hz). m/z (ESlurid 498.0 (calc. M

C23H24Nzc|02RU = 49793)

[Ru(n®-p-cym)(p-Impy-COOH)I]PF ¢ [13]. As synthetic procedure 2, using
[Ru(m®-p-cym)ls]l» (50 mg, 0.05 mmol) ang-impy-COOH (24 mg, 0.10 mmol).
Yield 52%. Elemental analysis calc. for,s84N2FslOPRuU, C: 37.67%, H:
3.30%, N: 3.82%. Found: C: 37.54%, H: 3.18%; N:9%3%6 NRM-dy (500 MHz;
DMSO-d) 1.00 (6H, d, J = 7.9 Hz) 2.18 (3H, s,) 2.62 (11),5.62 (1H, d, J = 6.0
Hz) 5.71 (1H, d, J = 6.0 Hz) 5.81 (1H, d, J =5Z) B.13 (1H, d, J = 5.7 Hz) 7.91
(2H, d, J = 8.7 Hz) 7.98 (1H, d, J = 8.4 Hz) 8.16i(t, J = 7.84 15.4 Hz) 8.19
(2H, d, J = 8.7 Hz) 8.34 (2H, m) 9.03 (1H, s) 9(6H, d, J = 5.1 Hz). m/z (ESI)

found 588.4 (Ca|C. MC23H24N2|02RU = 58842)

[Ru(n°®-p-cym)(p-Impy-(CH 5)sCOOH)CI]PF¢ [14]. As synthetic procedure 2,
using [Rug®-p-cym)Cl,]Cl, (100 mg, 0.16 mmol) angHimpy-(CH,)sCOOH (44
mg, 0.33 mmol). Yield 72%. Elemental analysis ctdc.C,H3oN2CIFsPO:RuU, C:
57.93%, H: 5.61%, N: 5.20%. Found: C: 57.50%, H550; N: 5.18%. NMRéy
(500 MHz; DMSO-@) 1.09 (3H, d, J = 4.4 Hz) 1.33 (3H, d, J = 4.4 B2 (2H,
q, J = 7.0, 14.5, 21.5, 29.1 Hz) 2.24 (3H, s) 3249, t, J = 6.6, 14.1 Hz) 2.61
(1H, g, J = 6.1, 12.3, 16.5, 20.3 Hz) 2.84 (2H, % 7.0, 15.02 Hz) 5.48 (1H, d, J
= 6.3 Hz) 5.57 (1H, d, J = 6.3 Hz) 5.64 (1H, d, 7.8 Hz) 5.96 (1H, d, J = 6.8

Hz) 7.49 (2H, d, J = 8.4 Hz) 7.76 (2H, d, J = 88 M.83 (1H, td, J = 2.7, 6.7,
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12.2 Hz) 8.24 (2H, m) 8.71 (1H, s) 9.48 (1H, d, 5. Hz). m/z (ESI) found

539.2 (calc. M C26H30N2C|02RU = 539.05).

[Ru(n®-p-cym)(p-Impy-NMe ,)CI]PFs [15]. As synthetic procedure 2, using
[Ru(m®-p-cym)Cl,]JCl, (100 mg, 0.16 mmol) ang-Impy-NMe, (74 mg, 0.33
mmol). Yield 84%. Elemental analysis calc. fofl;sN3CIFsPRu, C: 42.83%,
H: 4.74%, N: 6.81%. Found: C: 42.68%, H: 4.81%; 6\N/4%. NMRéy (500
MHz; DMSO-d;) 0.99 (6H, dd, J = 1.1, 2.3, 6.9, 9.3 Hz) 2.20,(812.46 (1H, m)
3.12 (6H, s) 5.62 (2H) 5.78 (1H, d, J = 7.3 HA16(1H, d, J = 6.7 Hz) 6.89 (2H,
d, J=8.4Hz) 7.70 (2H, d, J = 9.0 Hz) 7.81 (1H, £ 7.9, 14.1 Hz) 8.18 (1H, d, J
= 6.7 Hz) 8.26 (1H, t, J = 7.3, 14.7 Hz) 8.78 (19.51(1H, d, J = 4.0 Hz). m/z

(ES|) found 472.0 (Ca|C. MC22H29N30|RU = 47201)

[Ru(n®-p-cym)(p-Impy-NMe)I]PFs [16]. As synthetic procedure 2, using
[Ru(m®-p-cym)ls]l» (150 mg, 0.19 mmol) angtimpy-NMe, (89 mg, 0.38 mmol).

Yield 64%. Elemental analysis calc. fops829NsFsIPRu, C: 39.36%, H: 3.99%,
N: 5.74%. Found: C: 39.24%, H: 3.98%; N: 5.81%. N®IR500 MHz; DMSO-

de) 1.00 (6H, dd, J = 7.3, 12.2, 18.1 Hz) 2.45 (3H2.66 (1H, m) 3.07 (6H, s)
5.59 (1H, d, J = 8.8 Hz) 5.65 (1H, d, J = 8.1 B#)7 (1H, d, J = 8.8 Hz) 6.08
(1H, d, J = 8.1 Hz) 7.73 (1H, d, J = 3.8, 6.6 HZ)77(1H, d, J = 10.8 Hz) 8.19
(1H,t, J = 7.9, 14.1 Hz) 8.21 (1H, d, J = 7.5 82)2 (1H, s) 9.48(1H, d, J = 4.8

Hz). m/z (ESI) found 587.4 (calc. MC4H2oN3IRU = 587.48).

[Ru(n®-bip)(p-Impy-NMe,)CI]PFg [17]. As synthetic procedure 2, using [REK
bip).Cl,]Cl, (50 mg, 0.07 mmol) ang-Impy-NMe; (35 mg, 0.15 mmol). Yield

76%. Elemental analysis calc. fopsH25sN3CIFsPRuU, C: 47.24%, H: 3.81%, N:
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6.36%. Found: C: 47.12%, H: 3.74%; N: 6.30%. NBIR500 MHz; DMSO-d)
3.05 (6H, s) 6.16 (3H, m) 6.34 (1H, d, J = 6.1 B35 (1H, d, J = 7.2 Hz) 6.71
(2H, d, J = 7.2 Hz) 7.43 (2H, m) 7.51 (3H, m) 7(881, t, J = 6.2 Hz) 7.69 (1H, t,
J=7.1,13.1 Hz) 8.15 (1H, d, J = 6.8 Hz) 8.21,(1H = 6.8, 14.3 Hz) 8.72 (1H,
s) 9.37 (1H, d, J = 5.9 Hz). m/z (ESI) found 51&c8lc. M" CyeH2sNsCIRU =

516.02).

[Ru(n®-m-terp)(p-Impy-NMe,)CI]PFs [18]. As synthetic procedure 2, using
[Ru(m®-m-terp)Cl,]Cl, (80 mg, 0.01 mmol) ang-Impy-NMe, (45 mg, 0.20
mmol). Yield 83%. Elemental analysis calc. fopdgNsClIFsPRu, C: 52.14%, H:
3.97%, N: 5.70%. Found: C: 52.28%, H: 3.85%; N:8%7/ NMR-dy (500 MHz;
DMSO-d;) 3.02 (6H, s) 6.26 (3H,t, J = 6.5, 12.4 Hz) 6.85i,(t, J = 9.5, 16.86
Hz) 7.29 (2H, d, J = 9.5 Hz) 7.51 (7H, m) 7.78 (&) = 7.6 Hz) 7.83 (2H, d, J =
7.6 Hz) 8.15 (2H, m) 8.68 (1H, s) 9.10 (1H, d, 8.4 Hz). m/z (ESI) found 592.0

(Ca|C. M C32H29N3C|RU = 59212)

3.2.3 Methods

3.2.3.1 Aquation studies

Aquation of complexeg - 18 was studied usintH-NMR (500 and 600 MHz) as
described in Chapter 2, using 2 mM solutions otheeaamplex in RO with 5%

DMSO/MeOD at 298 K. To suppress the aquation oleskima all the chlorido
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complexes, 200 mM NaCl was added to the deutesakant, and, 200 mM Ki

was used to suppress the aquation of iodido coraplex

3.2.3.2 Nucleobase binding

The extent of binding over 24 h at 298 K for comple7 - 18 to 9-ethylguanine,
as a nucleobase model, was followedHyNMR (500 MHz). The details of these
experiments can be found in Chapter 2. Brieflyresti 2 mM solution of each
complex was prepared in 50 mM sodium phosphateebffiH 7.5) with 5%
DMSO. The solution also contained 9-EtG for a fimadl. ratio 1:1.25 where the
nucleobase was in excess. As in the case of aqustiglies,'H-NMR spectra
were recorded at 298 K within the first 10 min aample preparation and again
after 24 h at 500 MHz. All experiments were carrma in triplicate and the
standard deviations calculated. Nucleobase bindias monitored by the

formation of a second set of peaks that includachded-EtG.

3.2.3.3 Antiproliferative activity

The antiproliferative activity of ligand$-6 and complexeg-18 was determined

in A2780 ovarian, A549 lung, HCT116 colon and MCgast carcinoma cell
lines. The experiments to determingd@alues were carried out as described in
Chapter 2. Briefly, 96 well plates were used tadse@00 cells per well, they were

left to pre-incubate in drug-free media at 310 K 48 h before adding various
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concentrations of the compounds to be tested. & drposure period of 24 h was
allowed. After this, supernatants were removed bgtisn and each well was
washed with PBS (100L). A further 48 h was allowed for the cells to @ger in
drug-free medium (20QL per well) at 310 K. The SRB assay was used to
determine cell viability, as described in Chapter 2Cso values, as the
concentration which caused 50% of inhibition ofl ggbwth, were determined as
duplicates of triplicates in two independent sétexperiments, and their standard

deviations were calculated.

3.2.3.4 Metal accumulation in cancer cells

Metal accumulation studies for complexg4d8 were conducted on the A2780
ovarian carcinoma cell line. Briefly, 4 x A@ells were seeded on a Petri dish,
after 24 h of pre-incubation time in drug-free mexj the test complexes were
added to give final concentrations equal tg/l€ and then allowed a further 24 h
of drug exposure. After this time, cells were cadhtireated with trypsin and cell
pellets were collected. Each pellet was digestestroght in concentrated nitric
acid (73%) at 353 K; the resulting solutions weneitdd (HNO; 5%) and the
amount of ruthenium taken up by the cells was daterd by ICP-MS. These
experiments did not included any cell recovery timedrug-free media. They
were all carried out in triplicate and the standdeViations were calculated.
Results are compared to the corresponding dat&€fiDP. More experimental

details can be found in Chapter 2.
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For following cellular uptake studies, only commei5 [Rum®-p-cym)(p-Impy-
NMe,)CI]PFs and its iodido analogu®s [Ru(®®-p-cym)(p-Impy-NMe,)[]PFs were
used and compared to the corresponding dat&€fdpP. These two compounds
were selected because their structural similarifg@sne arene unipg-cym, and
N,N-ligand p-Impy-NMe;) and with the aim of studying the effect of the
monodentate ligand on cellular accumulation behavidhe procedure was
carried out as described above including the falhgwexperimental variations. In
all cases, 4 per 22780 cells were seeded in Petri dishes, the prebiation
time in drug-free medium was 24 h, and the drugceotrations used were
equipotent and equal to 4¢3 (CDDP= 0.4 uM,15 =5 pM and16 = 1 pM),

unless otherwise stated.

 Time dependence:these experiments involved variable drug exposure
time but no recovery time in drug-free medium. The®sen time points
for drug exposure were: 1 h, 4 h, 8 h, 24 h, 48 and 96 h.

e Temperature dependence: experiments were carried out using 8 h of
drug exposure and no recovery time in drug-free iumed The chosen
temperature points for incubation with the drugsev@77 K, 293 K, 310
K and 323 K.

. Concentration dependence:these experiments used 24 h of drug
exposure and no recovery time in drug-free medilile chosen drug
concentrations were: 0.16, 0.33, 1.6, 3.2, 6.4%6&k IG,

e Extent of efflux: In these experiments drugs were removed after &4dnh

fresh drug-free medium was added to the Petri disl@ells were
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incubated again in drug-free medium for 24 h, 48t 72 h to allow them
to recover before being treated with trypsin tdestilthe cell pellets.
Inhibition of efflux: Experiments were done using 24 h of drug exposure
and 24 h of recovery time using drug-free fresh iomadwith 5 pM, 10
MM or 20 uM of verapamil.

Role of Na/K™ pump in cellular metal accumulation, as a facilitéed
diffusion endocytotic pathway:theseexperiments involved 24 h of drug
exposure, co-administration of the drug with 5 0, uM, 20 uM, 0.1
mM or 0.2 mM of ouabain. No recovery time in drugd medium was
allowed.

Role of of CTR1 in cellular metal accumulation: experiments were
carried out using 24 h of drug exposure time anadministration of the
drug with 10uM, 20 uM, 40 uM, 0.1 mM or 0.2 mM of copper(ll)
chloride. No recovery time in drug-free medium \@dswed.

Effect of ATP depletion in cellular metal accumulaion: experiments
were performed using 24 h of drug exposure timeanddministration of
the drug with 5uM and 20uM of antimycin A. No recovery time in drug-
free medium was allowed.

Membrane disruption by amphotericin B as a model fo protein-
mediated uptake: these experiments were done using 24 h of drug
exposure and co-administration of the drug wiidVi, 5 uM, 10 uM or 20
uM of amphotericin B. No recovery time in drug-freeedium was

allowed.

80



Chapter 3: Cellular uptake mechanisms

e The role of caveolae endocytotic pathway in metalcaumulation: these
experiments involved 24 h of drug exposure anddm#aistration of the
drug with 10uM, 20 uM, 0.5 mM or 1 mM of methyp-cyclodextrin. No

recovery time in drug-free medium was allowed.

3.2.3.5 Determination of partition coefficient (LogP)

The partition coefficients of the chlorido complexis [Ru(n®-p-cym)(p-Impy-
NMe,)CIJPFs, 17 [Rum®-bip)(p-Impy-NMe,))CI]PFs and 18 [Rum®-m-terp)(-
Impy-NMe,)CIl]PFs were determined using the shaking flask methods@&likree
complexes were selected with the aim of studyimgetfiect of the changes in the
arene on the lipophilicity of the complexes. Théyhave the sam#l,N-chelating

ligand (-Impy-NMe;, 6), and the same monodentate ligand (Cl).

This method used 3 mL of 2 mM octanol-saturatedeags solutions of the
complexes which were shaken with equal volumes atewsaturated octanol for
24 h. The amount of ruthenium in the aqueous |layss determined by ICP-MS
and the Log P values calculated. Aqueous soluiiocisded 150 mM of NaCl to

avoid aquation of the complexes. More details ¢f grocedure can be found in

Chapter 2.
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3.2.3.6 HPLC analysis for | to Cl conversion

6 mM stock solutions of complexd$ and16 were prepared in 5% MeOH and
water; separately 30 mM solutions of NaCl and Kiravprepared in the same
solvent. Aquation of each complex was studied udidgiL of the stock solution
and diluting it to 1 mL, chromatograms were recdr@dter 10 min of sample
preparation and again after 24 h. Inhibition of @&tpn was studied by mixing 40
uL of the stock solutions dfor 2 and 40 pL of NaCl/Kl (NaCl for complekand
Kl for complex2) and diluting to 1 mL. Chromatograms were recordédr 10
min of sample preparation and again after 24 halBirfor the | to CI conversion,
a fresh 1 mL solution was prepared containing toged0 L of the stock of each
complex and 40 and pL of NaCl. Chromatograms wecerded after 10 min of

sample preparation and again after 24 h.

All chromatograms were obtained using an Agiler@@ $ystem with a DAD and
a 100 pL loop with a mobile phase®0.1%TFA/ACN 0.1% TFA and a Agilent
ZORBAX Eclipse Plus C18, 250 x 4.6 mm column withuyBn pore size.

Detection wavelength: 254 nm.

3.3 Results

3.3.1 Synthesis and characterization

In all cases the synthesis of the imines involvedieleophilic attack by the lone

pair of electrons from the aniline nitrogen on tabonyl group of the aldehyde,
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followed by dehydration. Imine%-6 shown in Table 3.1 below were synthesised
and characterised usirfid and **C-NMR (1D, 2D experiments), ESI-MS, and

elemental analysis.

Table 3.1 Imine ligands studied in Chapter 3.

S Ligands Ry R,
N 1 Impy H H
2 o-Impy-OH OH H
NZ 3 p-Impy-OH H OH
R, 4 p-Impy-COOH H COOH
5 | p-Impy-(CH;)sCOOH| H (CH,)sCOOH
6 p-Impy-NMe;, H N(CHs)2
R

Once the proposed ligands were fully characterisethplexes/-18 in Table 3.2
were synthesised. They were characterised usingahe techniques as for the
ligands,*H and**C-NMR (1D, 2D experiments), ESI-MS, and elementalgsis,

as well as, ICP-MS for metal quantification. Aletlexperiments were consistent
with the proposed formulation for all the complexksall cases the chirality of
the metal centre is inferred by thé-NMR spectra which show four sets of peaks
for the aromatig-cymene protons. In the case of ligands/compleresaming —
COOKH residues the deprotonation of the carboxylid & shown as dependent on
the particular experiments set up (working pH valléo pKa determinations

were carried out.
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Table 3.2.Ruthenium(ll) arene complexes studied in Chapter 3

] PR
Arene\ 1 N
/Ru/N &
< W
E>R1
RZ

Complexes Arene Ligand R R, X
7 Cl
3 Impy H H I
9 o-Impy-OH OH H Cl
10 Cl
11 6 p-Impy-OH H OH |

n°-p-cym

12 H CooH |-©
13 p-Impy-COOH |
14 oImpy-(CH):COOH | H | (CH)COOH | Cl
15 Cl
16 H N(CHa)2 :
17 n°-bip p-Impy-NMe; H N(CH), Cl
18 n°-m-erp H N(CH), Cl

3.3.2 Aqueous solution chemistry
Aquation of complexe3-16 was followed usingH -NMR of 2 mM solutions of
each complex in deuterated water. Each value Herpercentage of aquation
reported represents the meaB8D for three independent NMR experiments at 298
K. In the case of chlorido complex [Ru(n®-p-cym)(Impy)Cl]PF, Figure 3.3
shows the'H -NMR spectrum(A) taken within 10 min of sample preparation.

This spectrum has only one set of fparymene signals between 5.4 and 6.2 ppm
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which is evidence of only one chiral species bgirgsent. The asymmetric ligand
generates chirality on the metal centre, which eaubese four protons to be
magnetically inequivalent. Also there is only ongnal that corresponds to the
iminic proton. SpectrunB) was recorded after 24 h of sample preparation, in
which two set of peaks are observed. Particularlgew set of signals for the
cymene and the presence of two different iminegm®tndicate the formation of
a second product. In order to confirm that thisoselcset of peaks corresponded to
the aqua adduct, another sample was run in themresof 200 mM NacCl (as
described in Chapter 2). This time, spect@h only shows one set gicymene
signals with the same chemical shifts as the aaigsgpectrum, confirming that the
process observed was indeed aquation and that heguppressed by addition of
an excess chloride in the media. The addition oN@g to a solution of the
chloride complex also resulted in the generatiorthef aqua adduct observed in
spectrum(B). A similar set of results was obtained when thpeeixnents were
carried out using 100 mM phosphate buffer pH 7.4saksent, instead of

deuterated water. This indicated that there isonmétion of phosphate adducts.
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Figure 3.3.’"H-NMR studies of the aquation a&f 2 mM solution of complek5in
95% DO, 5% MeOD at 298 K.(A) After 8 min of sample preparati¢B) After

24 h (highlighted: proton 5 in complé% and its analogous in the agua complex).

(C) A fresh solution with 200 mM of NaCl to suppresgiation taken after 24 h

of sample preparation.

Table 3.3 shows the extent of the aquation afteth2#r all complexes. No

aquation was observed for comple8eand10, while complexe®, 11, 12 and14

only hydrolysed partially (< 20%). The highest ettef aquation is exhibited by
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complexesl5 and 16, (66% and 63% respectivelyyvhich have in common the

same ligand6 p-Impy-NMe,.

Table 3.3.Extent of aquation and extent 9-ethylguanine bigdor complexeg§ -
16 after 24 h, using 2 mM solutions of each complephisphate buffer (pH 7.4)

and a final ratio 1 : 1.25 for 9-EtG binding whéne nucleobase was in excess.

% % 9-EtG

Compound a Aquation *  binding "
7 [Rum®-p-cym)(Impy)Cl]PR 37+ 4 30+ 3
8  [Ru(m®-p-cym)(Impy)l]PR 0+2 49+ 4
9  [Ru(m’-p-cym)(-Impy-OH)CI|PF 15+ 5 22+ 4
10 [Ru(m®-p-cym)(p-Impy-OH)CI]PFR 0+3 0+ 4
11  [Ru(n®-p-cym)(p-Impy-OH)I]PFs 5+ 2 4+ 2
12  [Ru(n®-p-cym)(p-Impy-COOH)CI]PR 9+3 9+ 5
13 [Ru(m®-p-cym)(p-Impy-COOH)I]PR 32+4 47+ 3
14  [Ru(m®-p-cym)(p-Impy-(CHy)sCOOH)CI|PR 8+3 16+ 4
15 [Ru(n®-p-cym)(p-Impy-NMey)CI]PFs 66+ 6 68+ 5
16 [Ru(n®-p-cym)(p-Impy-NMey)[]PFg 63+ 3 75+ 2

@ Complexes 12, 13 and 14 contain carboxyl groupsatelikely to be deprotonated
at pH 7.4.

® Each value represents the meaBD for three independent NMR experiments at
310 K.

Independent NMR experiments were also used toviollee complexes binding to
9-ethylguanine (9-EtG) as a model for nucleobageraation. In the case of
complex15 Figure 3.4 shows spectrui@) which corresponds to the proton NMR
taken within 10 min of sample preparation, followsdspectrumB) that shows
the formation of a 9-EtG adduct after 24 h of sammleparation (ratio 1: 1.25
where the nucleobase is in excess). As in the ahaquation, there are two sets

of p-cymene signals, as well as two signals for the éenproton. A new peak for
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bound 9-EtG is observed. Finally spectrA) corresponds to free 9-EtG for

comparison purposes.

1 PF
11|\0 9 2 T PR
15 N1 |\3
13 E\Ru/?4 .
NP5
6

(A)

d Free 9-EtG

(B)

5,Cl
5, 9-EtGﬁ
| A o il st

(€)

5 6
1 JL 2+3+4 . / 11 1310 12
I o ol
9‘ !‘3 7I é [ppm]

Figure 3.4.'H-NMR studies to determine the extent of binding9eEtG (1.25
mol. equiv.) to2 mM complex15using in 100 mM phosphate buffer pH 7.4 at
298 K. (A) Free 9-EtG(B) A fresh solution of complet5 with adding excess of
9-EtG after 24 h of sample preparation (highlighteebton 5 in compleX5 and

its analogous in the 9-EtG comple{J.) Complex15.

Table 3.3 on page 87, also includes the extent of nucleobdsleict formation
after 24 h for all complexes. Binding of complexss [Ru(®-p-cym)(p-Impy-
OH)CIIPRs;, 11 [Ru(n®-p-cym)(p-Impy-OH)IPFs and 12 [Ru(®-p-cym)(p-Impy-
COO)CI|PK to 9-EtG was found to be negligible (< 10%).

Complexesl5 and 16, the ones with the greater extent of aquation,aése the
ones that bind to a greater extent to the nucleobasdel. These results do not

reflect the kinetics involved in the process.
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3.3.3 Antiproliferative activity
3.3.3.1 IG, determination in A2780, A549, HCT116, MCF7

cells

Antiproliferative activity for ligandsl-6 and complexe¥-18 was determined
using the SRB assay (Table 3.for which the protocol is described in detail in
Chapter 2. For these assayssol@lues above 10QM are considered inactive,
while compounds with 16 values between 50 and 10 as moderately active.
Values within the 15 - 5QM range define a compound as active while below thi
range, compounds are considered to be highly acBlleligands tested were
inactive against the chosen cell lines under thelitmns described, as theirdC
values were above 2QM. Complexesr, 10, 12, 13 and14 are also inactive as
their IG value are > 10QuM, while 8, 9 and 1l are moderately active.
Complexesl5 - 18 exhibited promising antiproliferative activity adl cell lines.

A sample dose-response curve fogl@eterminations can be found in Chapter 2.

Table 3.4. Part A. Antiproliferative activity of ligandsl-6 in A780, A549,
HCT116 and MCF7 cell lines. kg is expressed as the concentration in which

each ligand/complex causes 50% cancer cell grawtibition.

ICsc (LM)

Compound  A2780 A549 HCT116 MCF7

1 >200 >200 >200 >200

2 >200 >200 >200 >200

Ligands 3 >200 >200 >200 >200
4 >200 >200 >200 >200

5 >200 >200 >200 >200

6 >200 >200 >200 >200
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Table 3.4 Part B.Antiproliferative activity of complexe3-18 in A780, A549,
HCT116 and MCF7 cell lines.

ICsc (LM)
Compound  A2780 A549  HCT116 MCF7
7 160+3 145+1 158+2 154+3
8 73+3 54 +1 48 + 4 46 + 3
9 84 +2 17 +3 85+ 3 88 +2
10 >200 >200 >200 >200
11 48 +2 36 +2 51+3 12.9+0.6
Ru" 12 >200 >200 >200 >200
complexes 13 1356 1103 122 £2 118+3
14 >200 >200 >200 >200
15 16.2+0.9 105+0.8 3.4+0.4 12.1+0.3
16 30+0.2 153+0986+0.8 4.4+04
17 38+2 184+0351+02 8.8+0.2
18 21+0.2 88+01 6.9+05 59+0.3

3.3.3.2 1Go Time Dependence

The variation of 1§ values of complexesl5 [Ru(n®-p-cym)(-Impy-
NMe,)CI]PFs and 16 [Ru®®-p-cym)(p-Impy-NMe,)I]PFs in the A2780 cell line,
after different exposure times (8-72 h) was evaldaising the protocol described
in Chapter 2. These data were compared to th&DidP. Results in Figure 3.5
indicate that there is no significant differencetle antiproliferative activity of
the ruthenium(ll) complexes after 24 h of drug esqgge when the maximum

potency was recorded.
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Figure 3.5.Dependencef ICso value in A2780 cell line on time of exposure for
complexes15 (-¢-), 16 (-A-) and CDDP (—m-). In all cases the pre-

incubation time was 48 h before adding the drugd,the cell recovery time was

72 h in drug-free medium.

3.3.3.3 Metal accumulation in cancer cells.

One time point, one concentration. Total cellular accumulation of ruthenium
for complexes/-18 was determined in A2780 ovarian cells line in ortderelate
the amount of Ru accumulated to cytotoxicity and redate it to their
hydrophobicity (Log P) in the case of complexEs [Ru(nﬁ-p-cym)(p-lmpy-

NMe,)CIJPFs, 17 [Rum®-bip)(p-Impy-NMe,))CIIPFs and 18 [Rum®-m-terp)(-
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Impy-NMe,)CI|PFs. For these experiments drug exposure time was&dlcells
were not allowed to recover. Values are expresseagaof Ru per million cells
and were determined as independent duplicates iplfcites. The statistical
significance of all cellular accumulation valuesswetermined using a two-sided

t-test with P<0.05. Results are shown in Table 3.5.

Table 3.5.Total accumulation of Ru in A2780 cells for commex - 18after 24
h of drug exposure at 310 K with no recovery ticmmpared to their 165 values.

Compound ng ;lﬂ;;l(? IC 50(UM)
7 [Ru@®®p-cym)(Impy)CI]PF 53+0.2 160 + 3
8  [Rum’-p-cym)(Impy)l]PFs 0.88 £ 0.06 73+3
9  [Ru(®®-p-cym)(©-Impy-OH)CI]PF; 0.97 £0.09 84 +2
10 [Ru(n’-p-cym)(p-Impy-OH)CI]PF 6.9+0.3 > 200
11  [Ru(m®-p-cym)(p-Impy-OH)I]PFs 28+2 48 + 2
12 [Ru(®’-p-cym)(-Impy-COOH)CI]PR 7.2+0.3 > 200
13 [Ru(m®-p-cym)(p-Impy-COOH)I]PK 0.88 +0.06 135+ 6
14  [Ru(®’-p-cym)(p-Impy-(CH)sCOOH)CIIPR 3.8£0.3 > 200
15 [Ru(m®-p-cym)(p-Impy-NMey)CI]PFs 75+0.5 15.8 + 0.6
16 [Ru(m’-p-cym)(-Impy-NMe,)I]PFs 11.9+0.8 3.1+0.3
17  [Ru(m®-bip)(p-Impy-NMe,)CI]PFs 10.2 +0.3 382
18 [Ru(m®-m-terp)@-Impy-NMe,)CIPFs 46+0.2 21+0.2

1n all cases concentrations used werg/8&C

No clear trend was observed that correlates tha tmllular accumulation of
ruthenium with the antiproliferative activity. Theghest cellular accumulation is
for complex11 [Rum®-p-cym)(p-Impy-OH)I]PR; (28 + 2 ng of Ru per 10cells)
which is only moderately active in the A2780 catlel (1G5 value 48 + 2uM).
The most active complexe$5 - 18 (ICso values 2-16uM) have cellular

accumulation in the range of 4.5 - 12 ng of mpél 16 cells, in this same range
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as the cellular uptake of compld® [Ru@m®-p-cym)(p-Impy-OH)CI]PR (6.9 +

0.3 ng of Ru per Tcells) which is completely inactive.

For following cellular accumulation studies, onlgneplexesl5 and its iodido
analogue16 [Ru(m’-p-cym)(-Impy-NMey)[]PFs were used and compared to

CDDP.

Time dependence Cellular accumulation of ruthenium from compleXdsand
16 was determined at different time points to find ¢the time of maximum
uptake. It was also investigated whether the upiakénear or if there is a
saturation point, which would indicate the period which the influx/efflux
equilibrium is reached. These data, in Figure ®@@&,e compared t&€DDP. The
general trend shows that the maximum cellular acdation is reached at 48 h,

after which an infflux/efflux equilibrium is reactie

Temperature dependence.Cellular accumulation studies of ruthenium from
complexesl5, 16 and platinum fron€CDDP shown inFigure 3.7, was determined
at four different temperatures (277, 293, 310 aR8 R), At 277 K there is no
observable cellular accumulation of platinum fr@&@DDP which indicates the
active nature of its uptake. Both ruthenium cometewere taken up even at this
temperature, which suggests that their uptake risafig passive and not energy-

dependent, especially for iodido compliEx
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Figure 3.6. Time dependenceof Ru/Pt accumulation in A2780 cells for
complexesl5 (-€-), 16 (—A-) and CDDP (-m-) at 310 K In all cases pre-
incubation time before adding the drug was 48 haaildrecovery time was 72 h
in drug-free medium. Concentrations used wepdbP = 0.4 uM,15=5 uM and
16=1 puM.
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Figure 3.7. Temperaturadependencef Ru/Pt accumulation in A2780 cells for
complexesl5 (-#-), 16 (—A-) and CDDP (—-m-) expressed as ng of metal per
10° cells. Experiments were carried out using 8 h drug exmosiune at 277 K,
293 K and 310 K. The experiments were also carmdat 323 K, but at this
temperature no cell viability was observed. Conedians used wer€DDP =
0.4 uM,15=5 uM andl6 =1 puM. N/D = not detected.

Concentration dependence.The dose dependence of cellular accumulation of
ruthenium for complexed5 and 16 was determined in order to investigate
whether saturation of the system was reached. Téygsiments were carried out

using equipotent concentrations of each completheadata are comparable. As
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shown in Figure 3.8, chlorido complés [Ru®-p-cym)(p-Impy-NMe,)CIl]PFs
does not seem to saturate the uptake pathway oqoite than three times its &
(50 uM).. At higher concentrations both ruthenium(ll) conxale cause total cell
death.CDDP does not saturate the system up to almost 10 tited€s, value

(11.5uM).
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CDDP 0.16+0.02 0.28+0.05 2.1+0.3 48+05 10+1 11+3
15 41+0.8 8.0+0.3 407 95+3 N/V N/V
16 51 11.4+04 42 +5 57+6 N/V N/V

Figure 3.8. Concentration dependenoé Ru/Pt accumulation in A2780 cells for
complexesl5 (—€-), 16 (—A-) and CDDP (—-m-) at 310 Kexpressed as ng of
metal per 10 cells. Experiments were carried out using 24 h drug exmgosme,
no recovery time and equipotent concentrations. aA6 cell viability.
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Extent of efflux. Total cellular accumulation of metal dependscefiular uptake
and on the extent of efflux. Complex&s [Rum®-p-cym)(p-Impy-NMe,)CI|PFs
and 16 [Ru(n®-p-cym)(p-Impy-NMe,)I]PFs were used to investigate the extent of
drug efflux during variable recovery times. Thesstadare compared to the
maximum cellular accumulation after 24 h exposuretstudied earlier (see one-
time-point one-concentration section). Results shawFigure 3.9 indicate that
even after 72 h in drug-free media, none of théewium(ll) complexes was
completely excreted from the cell, being retainedhoth cases to more than 25%
of the original uptake. Moreover, the extent of éfitux seems to reach a plateau

after 48 h.

Inhibition of efflux. In this study complexe$5 and 16 were co-incubated with
verapamil and their cellular accumulation as the@am of Ru was determined. In
both cases ruthenium accumulation increased witaApamil concentration, as
seen in Figure 3.10. Under normal conditions iodidmplex16 undergoes a high
extent of efflux during the first 24 h of recovend ruthenium accumulation
decreases by two thirds (from 11.5 + 0.8 to 3.7.2:rly of Ru per 10cells). At

the highest concentration of verapamil used (1), Ru accumulation is reduced

to only 7.2 + 0.2 ng of Ru per 46ells.
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Figure 3.9.Accumulation of Ru/Pt in A2780 cells after variabéeovery time for
complexesl5 (—€-) and 16 (— A -). Extent of efflux was determined at 310 K
after 0 h, 24 h, 48 h and 72 h recovery time ingefree medium and results are
expressed as ng of metal pef Hells. Concentrations used weB®DP = 0.4
UM, 15=5puM andl6=1 pM.
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Figure 3.10.Accumulation of Ru/Pt in A2780 cells for complexes(=) and16
(=) at 310 K after co-incubation with variable conitation of verapamil. Results
are expressed as ng of metal peétddis. Concentrations used w&BDP = 0.4
UM, 15=5 uM andl6 = 1 pM. In both complexg®\) metal accumulation with
no recovery time(B) metal accumulation with 24h recovery time andi\d
verapamil(C) 5uM, (D) 10uM and(E) 20 uM of verapamil.

Role of Na/K™* pump in cellular metal accumulation, as a facilitéed diffusion
endocytotic pathway.In order to investigate if membrane potential playsle
in the cellular accumulation of ruthenium, cellsrevéncubated with complexes
15, 16 or CDDP and variable concentrations of ouabain. ResultSigure 3.11,

show that in all cases cellular metal accumulatitatreases as the ouabain
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concentration increases. In the cas€€BDP, Pt accumulation decreases to one
half of its original value (to 0.12 + 0.03 from @.2 0.05 ng of Pt per fells).
The same is true for the accumulation of ruthenftmm chlorido complexls,
which decreases from 7.5 + 0.2 to 3.8 + 0.3 ng ofpRr 16 cells, and complex

16 that decreases from 11.9 + 0.8 to 7.5 + 0.2 nigwper 16 cells.

Role of CTR1 in cellular metal accumulation.Complexesl5 and16 were co-
incubated with variable amounts of copper(ll) clderto study the role on
ruthenium accumulation, and therefore the involveinté the copper transporter
CTR1 in the cellular uptake. Results shown in FegBL12 indicate that with 200
uM of Cu(ll), Pt accumulatiofrom CDDP is reduced by approximately 40%. At
a concentration of 200M of Cu(ll), ruthenium from chlorido complebs is 26%
less taken up by A2780 cells, while for iodido cdexpl6, uptake is reduced to a

third of its original value.

Role of ATP depletion in cellular metal accumulatio. Antimycin A;, which
can deplete ATP levefé,was used as co-incubating agent with complé%ed6
and CDDP in order to investigate whether cellular accumatais influenced by
changes in the levels of ATP in the cell. Resuimn in Figure 3.13 suggest that
accumulation of platinum fron€CDDP and Ru from iodido complei6 are
unaffected after changes in ATP levels. Howevedulal accumulation of
ruthenium from chlorido compleXs increases markedly from 7.5 £ 0.2 to 32 + 2

ng of Ru per 10cells when co-incubated withu§l of Antimycin.
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Figure 3.11.Accumulation of Ru/Pt in A2780 cells f@DDP (=) complex15
(=) and 16 (=) at 310 K after co-incubation with variable contations of
ouabain. Results are expressed in ng of metal @ecells. Concentrations used
were CDDP = 0.4 pM,15 =5 pM and16 = 1 pM. For all complexes the
concentrations of ouabain used wéfg 20 uM, (B) 5 uM, (C) 10 uM, (D) 20
uM, (E) 0.1 mM andF) 0.2 mM.
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Figure 3.12.Accumulation of Ru / Pt in A2780 cell line fQDDP (=), complex
15 (=) and 16 (=) at 310 K after co-incubation with various concations of
Cu(ll) . Results are expressed as ng of metal prcdlls. Concentrations used
were CDDP = 0.4 uM,15 =5 pM and16 = 1 uM. For all complexes Cu(ll)
concentrations wer@) O uM, (B) 5uM, (C) 10uM, (D) 20uM, (E) 0.1 mM and
(F) 0.2 mM.
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Figure 3.13.Accumulation of Ru / Pt in A2780 cells f&DDP (=), complex15
(=) and 16 (=) at 310 K after co-incubation with antimycin. Rksuare
expressed as ng of metal pef Hells. Concentrations used weB®DP = 0.4
MM, 15=5 uM andl6 = 1 uM. For all complexes the antimycin concerdre
were(A) OuM, (B) 5uM.

Membrane disruption by amphotericin B as a model fo protein-mediated
uptake. Complexes 15 [Ru(m’-p-cym)(E-Impy-NMe,)CI|PFs, 16 [Ru(®-p-
cym)(p-Impy-NMe,)I[]PFs and CDDP were co-incubated with variable amounts
of amphotericin B to observe the changes in theiukar accumulation caused by
the formation of pores caused by this antifungalgdrFigure 3.14 shows that

platinum accumulation fronCDDP is doubled with 10uM amphotericin, A
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similar behaviour was observed for ruthenium acdatimn from the iodido

complex16.
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Figure 3.14. Accumulation of Ru/Pt in A2780 cells f&@DDP (=), complex15
(=) and 16 (=) at 310 K after co-incubation with various concatbn of
amphotericin B. Results are expressed as ng ofl petd § cells. Concentrations
used wereCDDP = 0.4 uM,15 =5 pM and16 = 1 uM. For all complexes
amphotericin concentrations wgis) 0 uM, (B) 1 uM, (C) 5uM and(D) 10 uM.

The role of caveolae endocytotic pathway in metalcaumulation. Complexes

15, 16 and CDDP were co-incubated with variable amounts @imethyl
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cyclodextrin and the changes in metal accumulataetermined. These
experiments were carried out in order to investigdite role of the caveolae
pathway in Ru / Pt cellular accumulation. The ressate shown in Figure 3.15 In

all cases there is no significant change in platirar ruthenium accumulation in

cells.
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Figure 3.15. Accumulation of Ru/Pt in A2780 cells f@DDP (=), complex15
(=) and 16 (=) at 310 K after co-incubation with various conecatibsn of[3-
methyl cyclodextrin. Results are expressed as ngmefal per 19 cells.
Concentrations used we@DDP = 0.4 uM,15=5 uM andl6 = 1 pM. For all
complexes3-methyl cyclodextrin concentrations wei®) 0 uM, (B) 10 uM (C)
20 uM, (D) 0.5 mM andE) 1 mM.
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3.3.4 Determination of partition coefficient (Log B

The partition coefficients of chlorido complex#S, 17 and 18 were determined
using the shaking-flask method. These three coreglexere selected with the
aim of studying the effect of changes in the amgmoeip on the lipophilicity of the
complexes. They all include the samegN-chelating ligand g-Impy-NMe;) and
the same monodentate ligand (Cl).To ensure thatah®glexes would not exist in
the aquated form during the experiments 150 mM Ne&d added to the octanol-
saturated water. Results are presented in Tablelt3i€ notable that all values

obtained are negative.

Table 3.6.Log P values for rutheniumomplexesl5, 17 and18 determinedising

the shaking-flask method.

Compound Log P
15 [Ru(m®-p-cym)(p-Impy-NMe,)CI]PFs -0.98+ 0.03
17  [Ru(m®-bip)(p-Impy-NMe,)CI]PFs -0.34+ 0.02
18 [Ru(n®-m-terp)p-lmpy-NMe,)CI]PFs -0.08+ 0.01

3.4 Discussion

3.4.1 Aqueous solution chemistry

The aquation of complexés- 16 was investigated, as this step is believed to be
crucial in the activation of metal pro-drugs thahin a halido liganf The
aqua adducts formed after the release of the momaideligand, chloride and

iodide in this case, are believed to be responsdsi¢he antiproliferative activity

106



Chapter 3: Cellular uptake mechanisms

of piano-stool metal arene complexes, as they bowhlently to DNA causing

irreparable lesion®

Figure 3.16 shows that in the case of the chlocolmplexes, aquation follows a
clear trend that is also found for nucleobase addornation. The chlorido
complexes exhibit extent of aquation following thréler:15>7>9>14>12>

10. The same order is also found in the extent of thigiding to the nucleobase
9-EtG. This trend was not observed for the iodidalagues. When comparing the
extent of 9-EtG binding between the chlorido andirtlcorresponding iodido
complexes (see Table 3.3), it is evident that dldkdio analogues bind to a greater
extent to 9-EtG regardless of the complexes’ aqunaflhis observation can be

explained as a consequence of direct substitufitmeaodide by the nucleobase.

80 [ Aquation products
] ‘}‘I_ [ 9-EtG binding products
604 N —| PF,
2 /\
% 404 + / \
g | cl N
o
N W [ f []
] |
l -
0+ | | | TI'
[15] [7] [9] [14] [12]  [10]
Complex 15 7 9 12 14 10

N,N- Ligand p-Impy Impy o-lmpy  p-Impy p-Impy- p-Impy
-NMe, -OH -COOH (CH,);COOH -OH

Figure 3.16 Comparison of the extent of aquation and 9-Et@linig of chlorido
complexes followed byH-NMR at 310 K.
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Chlorido complexes9 [Ru(n®-p-cym)(-Impy-OH)CI|PR and 10 [Ru(n®-p-
cym)(p-Impy-OH)CI|PFs contain the same electron donating hydroxyl groop o
the Impy chelating ligand, although it is placed diifferent positions ¢
substitution for complex9, R; and p-subtitution for complex10, Ry).
Interestingly, there are major differences in thetept of aquation and 9-EtG
binding for these complexes, which suggests thatpbsition of the electron-
donating group is highly relevant. Previous reporticate that similar ruthenium
arene complexes with chelating ligands can decompmsaqueous solution, in
those cases, loss of the arene unit has been ebsafter the aquation has
occurred*’*® To investigate this possibility, aqueous solutiohsomplexes7-16
were kept after aquation studies and they werenadysed after 96 h. No arene
loss was detected by NMR in any of the cases.

Aquation of iodido complexes in the presence ofhhaploride concentration
could result in the conversion to their chloridalgues, this conversion could
also be the result of direct substitution of thdide by the chloride. However,
HPLC studies show that after 24 h of incubation340 K, a 1:1 mixture of
complexesl5 and 16 in the presence of NaCl (ca. 10X) remained unchdrag
the iodido to chlorido conversion is less than 5Phis is consistent with our
NMR results that indicate that complé®6 is stable after 48 h in cell culture
media. A similar complex [Ryf-bip)(p-Azpy-NMe2)I]PF has been previously

reported not to undergo conversion to its chloadalogue after 24#°
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Figure 3.17 HPLC studies of complexd$ and16.

3.4.2 Antiproliferative activity

Ligands1 - 6 were tested in four cancer cell lines, A2780, ASHIZT116 and
MCF7 of ovarian, lung, colon and breast tissueionyigespectively. In all cases
the chelating imine ligands were found to be inact{ICso values > 20QuM).
Chlorido complexesl2 [Rum®-p-cym)(p-Impy-COO)CI]Pk and 14 [Ru(n®-p-
cym)(p-Impy-(CH,)sCOO)CI]PFk were also inactive in all cell lines. These
compounds include in their structure ligandlp-Impy-COOH and5 p-Impy-
(CH,)sCOOH which have electron withdrawing groups (-COG#position R.

The activity of complex2 seems to be enhanced when the monodentate ligand i
the complex is changed from chloride to iodide.sThbservation is also true

when comparing the analogous compleXeiiRu®-p-cym)(Impy)CI]PK and 8
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[Ru(m®-p-cym)(Impy)l]PR which have Impy as their chelating ligand. The
antiproliferative activity increases from 160 in A2780 ovarian cancer cells for
the chlorido complex’ to 73 uM for the corresponding iodido analogBethe

same effect is observed in all cell lines (see @&8).

The active complexes in these series, containrelectonating groups such as -
OH and -NMg, as substituents on the phenyl ring of the imigand (in position
R,). The effect of the moderately activating hydrogybup differs according to
the position in the phenyl ring of the imine ligal@bmparing chlorido complexes
9 [Rum®-p-cym)(o-Impy-OH)CI]PR and 10 [Ru(n®-p-cym)(p-Impy-OH)CI]PF;,
the ortho- substituent, R generates a more active complex than paea-
substituent, R The most active complexes include ligaGdwhich has the
strongest electron donating group -NMe position R, These compounds have
antiproliferative activities comparable @DDP in A2780 ovarian, HCT116 colon

and MCF7 breast cancer cells.

The above trend relating the nature of the sulesitaito the biological activity of
the complexes is consistent as well with the extd#nhucleobase binding as
shown in Figure 3.18. Results in A2780 ovarian BIZF7 breast cell lines show
that iodido complexe8, 10, 13 and16 exhibit a higher extent of binding to 9-EtG
and are always more active than their respectil@ridie analogueg, 11, 12 and

15, respectively. Complexe$0, 12 and 14 particularly, are inactive in all cell
lines and bind only weakly to 9-EtG (extent 0 - )6%omplex13 [Ru(n®-p-

cym)(p-Impy-COO)I|PFK, which include an electron-withdrawing substituend a

iodide as monodentate ligand is more active thas chlorido analogue?
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[Ru(m®-p-cym)(p-Impy-COO)CI]PK and it binds to a greater extent to 9-EtG.
Once againortho- substitution, R with an electron-donating group improves
interaction with the nucleobase, thereby increasi:i@ctivity. Finally the most
active complexe45 and16, that include the group NMén position R bind to 9-
EtG to a greater extent in this series.

Protocols published in the literature to determimeantiproliferative activity vary
considerably regarding the length of the drug eypms$ime, ranging between 24
to 96 h>*?However, the protocol used to determine thg i@lues reported here
(see Chapter 2), includes a drug exposure peri@d ¢f. Complexe&5 [Ru(n®-p-
cym)(p-Impy-NMe,)Cl|PFs;, 16 [Ru(ne-p-cym)(p-lmpy-NMez)I]PFe and CDDP
were used to investigate the dependence of bidbgictivity on the length of
drug exposure time and to confirm that 24 h wasapimum period. For this,
A2780 ovarian cells were exposed to the rutheniampiexes for a variable
number of hours. Figure 3.5 in page 91, showedttiexe is a difference in the
antiproliferative activity between 8 and 24 h ofigirexposure, however longer
exposure times have no significant effect afteh2A stability plateau is reached
at 72 h of exposure. This confirms that the protased to determine Kgvalues

is optimised.
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Complex 10
Complex 12
I Complex 9
B Complex 7
Il Complex 15

IC,, in A2780 (uM
9-EtG binding (%)

Aquation (%)

Complex 15 7 9 12 10
N,N- Ligand  p-Impy- Impy o-lmpy- p-Impy- p-Impy-
NMe, OH COOH OH

Figure 3.18. Relation between aquation, 9-EtG binding and aolifierative

activity in A2780 cells for chlorido complexes

3.4.2.1 Metal accumulation in cancer cells

The extent of the ruthenium accumulation in A278@r@n cancer cells was
determined using equipotent concentrationg(B} of complexe§-16. Results in
Table 3.5 on page 88 indicate that there is noetairon between the amount of
ruthenium that is found in the cells after a 24rbgdexposure period and the
potency of the complexes as anticancer agents rg-i§19). For example iodido
complex 11 [Ru(nG-p-cym)(p-Impy-OH)I]PFG exhibited high accumulation,
reaching intracellular concentrations of 22 ng Ru per 10cells, however it is
only moderately active, with an §gvalue of 48+ 2 uM. Meanwhile chlorido

complex 15 [Ru(ne-p-cym)(p-Impy-NMez)CI]PFe only reaches concentrations of
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7.8+ 0.5 ng Ru per Tcells, but is considerably more active towards @®ells
(ICs0 16.2£ 0.9 uM). This indicates that the cytotoxic effects calibg complex
15 inside A2780 cells are more efficient than thogesed by completl. Such
observations have been previously reported forrothkated ruthenium arene

complexes?
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Figure 3.19. Comparison between cellular accumulation (left )axeand

antiproliferative activity (right axis) of ruthemucomplexe-16.

Ruthenium accumulation from chlorido complexes canhe related to the
complexes ability to form aqua adducts as it is vkmothat extracellular
concentrations of chloride (100 mM in blood plasmé&uld not allow this
process to occur. In fact, it is accepted G&DP only hydrolyses after it has

I55

been taken up into the céft>*as intracellular chloride concentration only resch

113



Chapter 3: Cellular uptake mechanisms

22.7 mM>® Also, in the previous section it has been shovat domplex7 does

not undergo aquation in cell culture medium afién.2

Hydrophobicity is often associated with cellulatake and therefore with metal
accumulation. In the case of complexé4d6 there are no differences in the
number of aromatic rings present, nor in the awamg nor in theN,N-chelating
ligand. As a consequence, it is expected that tbgiP values should not vary
significantly as to determine different patternsmetal accumulation. Calculation
of the partition coefficient of ligands6 using XLOGP3' software confirms that
there is no significant variations amongst therldgm(value range 3.84 to 4.81) as
shown in Table 3. 7. This is consistent with theaicbf no significant changes in

the log P values of complex&sL6.

Table 3. 7.Calculated Log P values for liganiis5.

Ligand Calculated Log P
1 Impy 4.81
2 0o-Impy-OH 3.84
3  p-Impy-OH 4.09
4 p-Impy-COOH 4.39
5 p-Impy-(CH;)sCOOH 4.69
6 p-Impy-NMe, 4.57

3.4.2.2 Pathways involved in cellular uptake and

accumulation
For following cellular uptake studies, only compei5 [Rum®-p-cym)(p-Impy-
NMe,)CI]PFs and its iodido analogu®s [Ru(®®-p-cym)(p-Impy-NMey)[]PFs were

used and compared to the corresponding dat&€fdpP. These two compounds
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were selected because of their structural simigriand with the aim to study the

effect of the monodentate ligand on the cellulaake behavior.

Mechanisms of cellular Pt uptake from cisplatin aetlular accumulation of Pt
have been widely investigatét'* however little is known about analogous
pathways involved in the uptake of half-sandwichthemium anticancer
complexes® One of the aims of the research presented irChimpter was to gain
a more in-depth understanding of this crucial stdp.has been reported that
CDDP uptake is linear with respect to time in the f8tmin of drug exposur¥,
however the present investigation involves a lortgae frame. A2780 ovarian
cells were exposed to complé, its iodido analogue compled6 and CDDP at
seven different time points ranging from 1 h toh96n all cases, maximum metal
cellular accumulation occurs between 24 - 48 hrafyjdexposure, after this time,
the amount of Pt / Ru decreases slightly, indigativat influx/efflux equilibrium
may have been reached. TBBDP accumulation seems to reach a concentration

plateau at 96 h as shown in Fig3té on page 95.

The temperature dependence of the cellular uptalleaacumulation of Ru was
also investigated. Experiments were carried ouhege different temperatures,
277 K, 295 K and 310 K. As shown in Figuse/, on page 95CDDP influx is
nonexistent at the lowest temperature (277 K), thisonsistent with previous
reports which indicate th&DDP uptake is energy dependéntds expected for
an energy dependent proceSH)DP influx begins at 295 K and increases as the
temperature is raised to 310 K (from 0.G06.002 ng of Pt to 0.12 0.03 ng of Pt

per 16 cells). Ru accumulation curves for complet&sind16 are very different.
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Although an increased uptake is accompanied bynarease in temperature,
ruthenium complexXL6 exhibits significant energy independent uptak & K

(0.8+ 0.1 ng of Ru per Tcells)

Another important factor investigated was the sdtan of the cellular uptake
with increasing drug concentration. Experimentsevearried out at equipotent
concentrations of complek5, 16 andCDDP. Figure 3.8, on page 96 shows that
CDDP uptake is slowed down after reaching 6.4 xl€ncentration values (7.6
mM) as the gradient of the graph decreases, big dotereach a plateau. This is
consistent with previous reports that indicate BBDP accumulation does not
saturate up to 100M.'" Meanwhile, ruthenium complexes exhibit a much gear
gradient, indicating that concentrations of up t8 8 1G5 values do no cause
saturation of the uptake pathways. It is also @hk¥hat at concentrations equal to
6.4 x 1Gp and 9.6 x IG total cell death was observed. Therefore the exact

saturation of Ru concentration could not be esthbtil.

Cellular accumulation of metal (Ru/Pt) arises & ribsult of the equilibrium of
two important processes: cellular uptake and cellwfflux. The latter is
especially important in antiproliferative activitgeasurements that involve a cell
recovery period in drug-free media. The exterthefefflux of Ru for complexes
15 [Rum®-p-cym)(p-Impy-NMe))CI]JPFs  and its iodido analoguel6 was
investigated over time. For this, A2780 ovarianlselere exposed to the
ruthenium complexes for 24 h and then left to recat various periods of time.
Figure 3.9 on page 98, shows that although theaesignificant efflux during the

first 24 h of recovery, the concentration of metgthined in the cells reaches a
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plateau after 48 h with no marked difference betw@d and 48 h. Most
important of all, at the lowest metal concentratpoint, at least 25% of the

original ruthenium is retained.

One of the most important mechanisms of resistarwde anticancer
pharmaceuticals involves impaired cellular accuthta as a result of an
increased extent of efflf. Therefore investigating the mechanism of effluxaof
drug can provide insights into the mechanism oktasce. Verapamil, an L-type
calcium channel blocker shown in Figure 3.2fectively abrogates P-gp
mediated active efflux of anticancer drugs in camarcancer cells by competitive
inhibition of drug transport and is capable of msieg multi-drug resistance:®?
Although it is not fully understood how verapanmteracts with P-gp to decrease
cellular efflux, it has been reported that M of verapamil is capable of
restoring doxorubicin sensitivity in MDR cell lifésby blocking active effluX®
Accordingly, complexedl5 and 16 were used to investigate the extent of Ru
efflux when cells are allowed to recover in drugefr media that contains

verapamil.

Figure 3.20.Structure of verapamil.
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Results shown in Figure 3.10 on page 99, indica& by increasing the
concentration of verapamil it is possible to imghe efflux process of ruthenium
complexesl5 and16. This result is especially important for chloridomplex15
which is retained by more than 70% in the presesfc20 uM of this calcium
channel blocker. This result is consistent withgPtgking part in the efflux of
complex 15. However, it is remarkable that preliminary molecudocking
calculationé" carried out for ligands-6 seem to indicate that they are not P-gp

substrates.

The involvement of P-gp in ruthenium complexes gtesice has been
demonstrated previously, as it is possible to aehrestoration of the sensitivity
to this type of metal complexes by use of verapArRirticularly, sensitivity to
RM175, (Figure 3.21) is restored by verapamildnianycin resistant A2780AD

cells® Verapamil does not resto@DDP sensitivity, as it is not recognized by P-

64

gp.

Figure 3.21.Structure of RM175.

Polar molecules cannot diffuse freely through te# membrane; instead, they

need to rely on membrane proteins or membrane efsatmreach the interior of
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cell compartments. One of these proteins in thermpéamembrane is the sodium-
potassium adenosine triphosphatase enzyme @KNpump which is responsible
for maintaining cellular volume and most importaritall for maintaining the
resting potential of the celf:*"®*®The function of this pump can be altered by
the use of ouabain (Figure 3.22) which reducesstitium gradient across the
cell membrane causing the membrane potential togefa There are no previous
reports that investigate the effect of co-admimistge ouabain and ruthenium
drugs. To analyse cellular accumulation of Ru uridese conditions, complexes
15  [Ru@m®-p-cym)(p-Impy-NMe,))ClIPFs  and 16  [Ru(®®-p-cym)(p-Impy-
NMe,)l]PFs were co-incubated with 5 uM, 10 uM, 20 uM, 0.1 mMI® mM of

ouabain. Corresponding data f0DDP was also obtained.

Figure 3.22.Structure of ouabain

Results in Figure 3.11 on page 101, show thatenctise of complexes and16
co-incubation with the cardiac glycoside, ouabampaired metal cellular
accumulation. Ru accumulation from complExdecreases from.5+ 0.2 ng of

Ru to 3.8 + 0.3 ng of Ru per Tocells when co-incubated with 2QM of
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ouabain. In the case of compl&g, its metal accumulation decreases frbin9+
0.3 ng of Ru to 7.2+ 0.2 ng of Ru per fcells when co-incubated with the same
concentration of ouabain. These results suggesthiibee may be a percentage of
the cellular uptake pathway of these ruthenium dergs that relies on facilitated

diffusion and in particular that is dependent oatiiembrane potential.

Figure 3.11 on page 101, also shows the correspgrisults forCDDP co-
incubation with ouabain. As expected from previoeorts:’>'cisplatin uptake is
also reduced with increasing concentrations of atmbchanging from 0.24&
0.05 ng of Pt to 0.12 0.05 ng of Pt per f&ells when co-incubated with 20

of the glycoside. Although this mechanism is stdt very clear, previous reports
propose that the sodium gradient in the membranermaes the facilitated
transport of CDDP into the cells*®® This suggests thaEDDP transport is
dependent on the membrane potential, therefore aggnt that affects the
electrochemical gradient in the cell could potdhtimodify the CDDP uptake>

The use of ouabain to modify the action of the' /Ka-ATPase pump impairs
CDDP cellular accumulatioi This effect is indeed caused by changes in the

electrochemical gradient and not because the ptsef transports the drug into

the cell®®

Cellular accumulation o€DDP has been linked to copper transport pathways in
mammalian cell§®®® Hence, complexed5 and 16 were co-incubated with
various concentration of a copper(ll) salt with #ien of investigating whether

CTR1 is also involved in the transport of these plaxes across the cellular

120



Chapter 3: Cellular uptake mechanisms

membrane. Corresponding data f6DDP was also obtained for comparison

purposes.

Results suggest that the CTR1 pathway may alsonm@vied in the uptake of
ruthenium complexed5 and 16. Figure 3.12 on page 101 shows that chlorido
complex 15 exhibits a 26% decrease in its accumulation ingresence of the
highest concentration of copper used (0.2 mM). fidwlts for complex.6 are
still more striking as Ru accumulation is lowereg 38% of its original value
(from 11.9+ 0.3 ng of Ru per Tocells to 8.8+ 0.4 ng of Ru per focells when

coincubated with 20aM of Cu™).

A2780 ovarian cancer cells were also co-incubatéth @DDP together with
various concentrations of a copper(ll) salt thatged between 1QM, and 0.2
mM. Under these conditions Pt accumulation fr@@MDP was reduced from 0.24
+ 0.05 ng of Pt to 0.08 + 0.01 ng of Pt pef télls, a reduction in accumulation
of 40%. Previous reports indicate that CTR1 regsla€DDP toxicity by
regulatingCDDP uptaké® and that the expression of CTR1 alters sensititity

CDDP and other platinum- containing anticancer drugs.

Although the full extent of this transport remaipsorly understood, recent
developments in NMR analysis show ti@&DDP binds to the methionine sulfur
atoms on extracellular CTR1, which might involve flormation of monosulfur
adducts ¢is-[PtCI(Met)(NHs),]") that facilitate the transport and activation lvé t

drug”* This could also be an activation step involvedtlie antiproliferative
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mechanism of other metal based- chemotherapeutgsdiuch as ruthenium arene

complexes.

Some energy dependent pathways can be inhibitéoWmring the levels of ATP.
Such reduction of ATP concentrations can be ackiebg co-administering
antimycin A, shown in Figure 3.23, which is a mhoadrial ATP synthesis
inhibitor that interferes with oxidative phosphatjbn®* In order to investigate
the role of ATP depletion on cellular accumulat@minRu, complexed5 and 16
were co-incubated with mM of antimycin A. These experiments were also

carried out usingDDP.

Figure 3.23.Structure of antimycin A.

It is expected that if the cellular uptake processomplexesl5 and16 was ATP
dependent, its depletion should cause a decreastuigellular accumulation.
However, only a small, non significant variation adserved in the cellular
accumulation of Ru from complet6 [Ru(n®-p-cym)(p-Impy-NMex)I]PFs (Figure

3.13, on page 103). These results suggest a signifextent of ATP- independent
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uptake. This is consistent with cellular accumolatiresults when the uptake
process takes place at low temperatures (277 K te@mperature- dependence
above). The figure also shows a major increase eitular accumulation of
ruthenium for complext5 [Rum®-p-cym)(p-Impy-NMe,)CI]PFs, this behaviour
suggests that an ATP-dependent efflux pump is wraaiin the detoxification of
this complex. This is consistent with the posdipibf an ABC transporter, such
as the MRP2 pump being involved in compléxefflux. MRP2 pump is inhibited
by antimicyn caused- ATP depletion, therefore itibition could allow
intracellular Ru concentrations to increase. ThePAlEpendent pump has been
reported to be involved in the efflux &DDP conjugated to glutathione and to

several multidrug resistance mechaniéms.

Figure 3.13, on page 103 also shows that co-inaubaif A2780 cells with
CDDP and 5uM of antimycin A does not reduce Pt uptake sigatfity (from
0.24+ 0.05 ng of Pt per focells to 0.22+ 0.02 ng of Pt per focells). Such
observation could be interpreted as inconsistetih Wie results shown above,
regarding the temperature-dependenc€PDP uptake. Although it is reported
that antimycin (1.5 uM) can achieve 90% of ATP e@&ph in LLC-PK cells (Pig
kidney cells) when exposed for Bhthe present work did not include the
determination of ATP levels in A2780 ovarian cells.is possible that the
depletion in this case was not effective enougbtatase an observable decrease in
the CDDP uptake. The use of antimycin causes strikingltesuhen used with

carboplatin, as it is possible to inhibit 90% af ufptake in the BEL-7404 cell line
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by using 5Qug/mL of antimycin A** However it is important to recognise that the

concentrations needed for efficient ATP depletiomcell-dependent.

Enhanced protein-mediated transport across cellbremes has been reported as
a means of increasing cellular accumulafib@onsequently, the role of protein-
mediated transport in the cellular accumulation Rif and Ru drugs was
investigated. Complexe&5, 16 and CDDP were co-incubated with variable
concentrations of amphotericin B (Figure 3.24) whigrms pores in the cellular

membrand>">~""

OH

O OH OH

OH OH O,
N

0, 0,

Figure 3.24.Structure of amphotericin B.

These pores, permeable to water and non-electsplgtay allow increased influx
and therefore higher cellular accumulation of theemotherapeutic drugs.
Experimental results of co-incubation with amphictarB (Figure 3.14 on page
104) show that there is no significant variatiorthe cellular accumulation of Ru
from complex15 [Ru(n®-p-cym)(p-Impy-NMe,)Cl]PFs, suggesting that facilitated

diffusion may not be involved in the uptake pathwéyhis complex. In contrast,
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cellular accumulation of Ru from complé6 [Ru(n®-p-cym)(p-Impy-NMe)[]PFg
is enhanced from 118 0.3 ng of Ru per focells to 25.4+ 0.6 ng of Ru per 0
cells by the use of 1aM of amphotericin B, supporting results that inv@lv
passive diffusion of this complex through the acekmbrane (See temperature-

dependence of cellular uptake above).

Results in Figurg.14 on page 104 also show titddDP accumulation increases
from 0.24+ 0.05 ng to 0.4% 0.05 ng of Pt per facells. This is consistent with
previous reports that indicate that amphotericininBreasesCDDP cellular
accumulation**** This effect of amphotericin B o8DDP accumulation has
been used to reverse resistance in non-smallurel cancer” Although when
CDDP resistance develops, cells may also develop aegistto amphotericin B,

5-fluorouracil and aphidicolif®

Finally, the role of caveolae endocytotic pathwaycellular metal accumulation
was explored. Complexekb, 16 and CDDP were co-incubated with increasing
concentrations of-methyl cyclodextrin. Results shown in Figure 3drb page

105, indicate that this endocytotic pathway is ingblved either in the uptake of
Pt from CDDP nor in the uptake of Ru for complex&5, 16 as there are no
significant changes in metal cellular concentratidren increasing concentrations

of B-methyl cyclodextrin are used.
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3.4.2.3 Effects of changing the arene.
Relationship between log P values and cellular

accumulation

Hydrophobicity is also thought to play an importaoke in the antiproliferative
activity of a given drud® Increments in this factor have been related tmeoéd
cellular uptake and therefore enhanced cellulauractation®® Negative Log P
values indicate higher solubility of a given compdun water than in octanol.
This can affect its transport through cellular meanies. Compled5 [Ru(n®-p-
cym)(p-Impy-NMe,)Cl|PFs has been studied in comparison to complekeés
[Ru(m®-bip)(p-Impy-NMe,)Cl]PFs and 18 [Ru(m®-m-terp)@-Impy-NMe,)CI]PFs.
All three compounds bear the same imi@-Impy-NMe, as ligand and they all
have chloride as their monodentate ligand. Howeawnethis series, the number of
phenyl rings in the arene unit varies. As expediaeljncrease in aromatic rings in
the structure results in higher hydrophobicityhaligh they all have negative Log
P values.

Figure 3.25, compares Log P values and the comespg cellular accumulation
data. Although hydrophobicity decreases in theesdi8 > 17 > 151t is observed
that there is a significant drop in Ru concentratior complex 18, which
indicates that the shape of the arene unit migy pl significant role in cellular
uptake. However, it is interesting that compl&® with the lowest cellular
accumulation of the series (4#60.2 ng of Ru per fOcells) has the greater

potency against A2780 ovarian cells {{G 2.1+ 0.2 uM) while complex17

which is highly taken up (10.2 0.3 ng of Ru per f0cells) is only moderately
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active in the same cell line @6 = 38 £ 2 uM). This shows that the

antiproliferative mechanism of complég is more efficient than that af7.

>
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Figure 3.25.Comparison of total cellular accumulation for coaxgs15, 17and
18in A2780 ovarian cell line expressed in ng of hp& million cells against the

corresponding Log P values.
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3.5 Conclusions

This study shows that ruthenium(ll) Impy complexést include in their
structure (as Rsubstituents) electron-donating groups such as JNie more
active towards cancer cell lines (A2780, A549, HCd land MCF7) than those
which include electron withdrawing groups (COOHHECOOH). Also, is has
been demonstrated that there is a correlation leetwee presence of these groups
and the extent of aquation exhibited by the congdeafter 24 h. The same
correlation can be drawn to include the abilitytloé complexes to bind to 9-EtG
as a nucleobase model. Further analysis on theaatien of Ru(ll) half-sandwich
complexes with DNA is included in Chapter 4. Pateaf the complexes towards
A2780 cell lines does not correlate with their @it accumulation, showing that,
the different ruthenium arene complexes may uséeréiit antiproliferative
pathways (See Chapter 5).

Complexes 15 [Ru(n®-p-cym)(-Impy-NMe,)ClIPFs and 16 [Rum®-p-cym)(p-
Impy-NMey)I|PFs were used to investigate the possible pathwayscédular
accumulation in comparison witBDDP in A2780 ovarian cancer cells. These
two complexes were chosen as they have in comneartme unitg-cym) an the
N,N-chelating ligand §-Impy-NMe,) with the aim to investigate the role of the
halide ligand in determining the cellular uptake chmnism involved. It was
demonstrated that maximum Ru accumulation from bodimplexes occurs
between 24 h and 48 h of exposure. Also, they éxpdstial energy-independent
uptake in comparison ©86DDP which is not taken up at low temperatures (277K).

This is especially true for iodido compleds, for which uptake is greatly
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enhanced by amphotericin B, a facilitative diffus@gent. Cellular accumulation
of ruthenium in A2780 cells was enhanced by infohitof efflux pathways by
verapamil, indicating that a MDR protein, such agpP could be involved in
ruthenium efflux and detoxification. This is alsapported by results of co-
incubation with antimycin A, these show that thenamced accumulation of
chlorido complex15 is consistent with the inhibition of MRP2 pump wakiis

ATP-dependent. Changes in the resting membranenjdténduced by ouabain
have been shown to reduce Ru accumulation in A®v&@an cancer cells, which
suggests that electrochemical gradient can modulgtiake. CTR1 copper
transporter, which is involved in the cellular Ugaof CDDP, is likely to be

involved as well in the uptake of complé&®. Finally it was shown that that the
caveolae endocytotic pathway is not involved in timake of either of the

ruthenium complexes5 or 16.
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Chapter 4

N,N-Chelated ruthenium arene complexes:
exploring DNA intercalation.
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4.1 Introduction

DNA is generally accepted to be the main targetisplatin, which has been
demonstrated to bind most frequently to guanineduves through their N7
position, thereby generating a kink in the DNA stame! The most abundant
adducts formed by cisplatin in linear DNA are 1(&dG) (~65%) or 1,2-
d(ApG) (25%) intrastrand and 1,2-d(GG)&%) interstrand cross-links
Piano-stool metal complexes were originally design® have a similar
behaviour. These complexes could be activated byidbs of the monodentate
ligand, usually a halogen that undergoes aquatiba.result of this reaction is the
generation of a coordinative vacancy that can leel ts target biomolecules such
as DNA. Some ruthenium compounds have shown atdo@celation between
their antiproliferative activity and DNA bindirfglt is also known that Ru(ll)
complexes such asjftarene)Ru(en)Ci]bind strongly to nucleobase models like
9-EtG and 9-EtA, showing preference for the guahiase® However, it remains
unclear if nuclear DNA is the principal target ofs compound$?®

Interactions with DNA can also include non-covalémding, in the form of
DNA-intercalation, in such interaction a planar raatic unit of the metal
complex gets inserted between the base pairs of XN& double helix
Stabilization of the double helix caused by int&atan allows the DNA to be
unwinded, leading to functional changes that maglutke inhibition of repair
processes. This in turn can lead to cell death. Ruthenium plexes with

polypyridyl ligands have been widely used to stDiNA intercalation®
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The present Chapter explores DNA-intercalation agossible mechanism of
action for Ru(ll) piano-stool complexes that inauch their structuresN,N-

ligands with an increasing number of aromatic units

4.2 Experimental section

4.2.1 Materials

Ruthenium arene dimers used in this Chapter inclifgg®&p-cymene)RuGls,
reported in Chapter 2. if{-bip)RuCb],, and [¢°-terp)RuCl],, were kindly
provided by Dr. Abraha Habtemariam. Quinoline-2baddehyde, aniline (ACS
Reagent >99.5%), 2-aminoanthracene (96%), pyridine-2-cadiayde 2-
aminoquinoline (97%), 1H-indol-5-amine (96%) werarghased from Sigma
Aldrich. All deuterated solvents ¢D, MeOD, DMSOe€s, acetoneds, CDCh)
were obtained from Cambridge Isotope Laboratorf@s. the biological assays:

CT-DNA was also obtained from Sigma Aldrich.

4.2.2 Preparation of ligands and complexes

The synthetic procedure 1, described below was tesebtain all the imines used

as ligands in this Chapter and listed in Figure 4.1
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Phimgn,19

Anthimqgn, 20
| N S
Nz T |
N / N /
b/
N P P

zZ
Z

(J
OO @

Anthimpy, 21

Z=
\ 7

Qnimpy,22 Indoimpy, 23

Figure 4.1Ligands investigated in this Chapter

Synthetic Procedure 1.

CHO NH, : N
S
7
é

Scheme 4.1. $hthesis of E)-N-phenyl-1-(quinolin-2-yl)methanimingPhiman,
19].

(E)-N-phenyl-1-(quinolin-2-yl)methanimine  [19]. Quinoline-2-carbaldehyde

(50 mg, 0.32 mmol) was dissolved in acetonitrilar{(b) at ambient temperature
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with stirring. Then 1 mol. equiv. of aniline wasdadl (30 mg, 2aL, 0.32 mmol).
The reaction was left to stand with stirring foh4The solvent was removed by
rotary evaporation. A pale solid was obtained, Wwhwas washed with ether
(Yield 70%). Elemental analysis calc. fore8:2N,, C: 82.73%; H: 5.21%; N:
12.06%. Found: C: 82.85%; H: 5.18%; N: 12.32%. NMRG00 MHz; CDCY)
7.33 (1H,t, J = 7.4, 14.2 Hz) 7.43 (2H, dd, 33, 7.5 Hz) 7.48 (2H, m) 7.70 (1H,
t, J = 8.4, 15.5 Hz) 7.85 (1H, t, J = 7.4, 15.3 847 (1H, d, J = 9.0 Hz) 8.14
(1H, d, 3 = 9.0 Hz) 8.30 (1H, d, J = 9.5 Hz) 8.5Bi(d, J = 9.5 Hz) 8.78 (1H, s).

m/z (ESI) found 234.0 (calc. M +'HCygH13N, = 234.27).

(E)-N-(anthracen-2-yl)-1-(quinolin-2-yl)methanimine [Anthimgn, 20] As

synthetic procedure 1, using quinoline-2-carbaldehy(50 mg, 0.32 mmol) and
2-aminoanthracene (62 mg, 0.32 mmol). Yield 86%ntdntal analysis calc. for
Ca4aH16N2 C: 86.72%; H: 4.85%; N: 8.42%. Found: C: 86.64%;4:81%; N:

8.36%. NMR&y (500 MHz; CDC4) 7.51 (2H, m) 7.66 (2H, m) 7.82 (1H, m) 7.93
(1H, d, J = 8.0 Hz) 7.98 (1H, d, J = 1.8 Hz) 8.26(m) 8.11 (1H, d, J = 8.1 Hz)
8.23 (1H, d, J = 8.2 Hz) 8.33 (1H, d, J = 8.6 HZ88(1H, d, J = 2.2 Hz) 8.50

(2H, m) 9.04 (1H, s). m/z (ESI) found 332.4 (cAlt+ H* CpqHi7N, = 332.39).

(E)-N-(anthracen-2-yl)-1-(pyridin-2-yl)methanimine  [Anthimpy, 21] As
synthetic procedure 1, using pyridine-2-carbaldehy#8 mg, 25 pL, 0.26 mmol)
and 2-aminoanthracene (50 mg, 0.26 mmol). Yiekb6Blemental analysis calc.
for CyoH14N2 C: 85.08%; H: 5.00%; N: 9.92%. Found: C: 85.95%#4t92%; N:
9.78%. NMR$ (500 MHz; CDC}) 7.54 (2H, m) 7.58 (1H, qd, J = 1.0, 4.5, 6.0,

7.5 Hz) 7.67 (1H, dd, J = 2.0, 9.1 Hz) 8.01 (2H,8M)0 (2H, ¢, J = 5.4, 9.0, 15.3
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Hz) 8.19 (1H, d, J = 9.1 Hz) 8.26 (1H, d, J = 83 B.63 (2H, d, J = 3.5 Hz) 8.77
(1H, dc, J = 0.8, 1.7, 2.6, 4.7 Hz) 8.84 (1H, slz (ESI) found 282.0 (calc. M +

H+ C20H15N2 = 28333)

(E)-1-(pyridin-2-yl)- N-(quinolin-3-yl)methanimine [Qnimpy, 22] As synthetic
procedure 1, using pyridine-2-carbaldehyde (37 3guL, 0.35 mmol) and 2-
aminoquinoline (50 mg, 0.35 mmol). Yield 86%. Elerted analysis calc. for
CisH1iN3 C: 77.23%; H: 4.75%; N: 18.01%. Found: C: 77.5096/4.89%; N:
18.22%. NMRS$y; (500 MHz; CDC}) 7.58 (1H, qd, J = 5.0, 6.2, 7.6, 12.1 Hz) 7.64
(1H,t, J = 7.7, 14.9 Hz) 7.75 (1H, td, J = 1.4, 6.5.4 Hz) 8.03 (3H, m) 8.25 (1H,
d, J = 7.9 Hz) 8.30 (1H, d, J = 2.6 Hz) 8.77 (1HJ) & 4.6 Hz) 8.85 (1H, s) 8.97

(1H, d, J = 2.5 Hz). m/z (ESI) found 234.3 (calc+NH" CisH1oN3 = 234.26).

(E)-N-(1H-indol-5-yl)-1-(pyridin-2-yl)methanimine  [Indoimpy, 23] As
synthetic procedure 1, using pyridine-2-carbaldehyd0 mg, 38 uL, 0.38 mmol)
and 1H-indol-5-amine (50 mg, 0.38 mmol). Yield 86&temental analysis calc.
for Ci4H11N3 C: 76.00%; H: 5.01%; N: 18.99%. Found: C: 76.15%05.19%; N:
19.09%. NMR8y (500 MHz; CDC4) 7.33 (1H, m) 7.36 (1H, s) 7.48 (1H, d, J =
9.5 Hz) 7.58 (1H, t, J = 1.6 Hz) 7.79 (1H, td, 1.9, 7.8, 15.2 Hz) 7.84 (1H, s)
7.94 (1H, s) 8.10 (1H, d, J = 8.0 Hz) 8.61 (1H8$H8 (1H, d, J = 3.5 Hz). m/z

(ES|) found 222.3 (Ca|C. M +1‘C14H12N3 = 22225)

Synthetic procedure 2, was used to synthesise hall rathenium complexes

described in this Chapter and listed in Figure 4.2.
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Synthetic procedure 2.

| A
’\ /c| C \(@/ N _
/ /Ru

Scheme 4.2Synthesis of the ruthenium complex [Rup-cym)(Phimgn)CI]PE,

[24].

[Ru(m®-p-cym)(Phimgn)CIl]PFs, [24]. Ruthenium p-cymene dimer [°-p-
cym)RuC}], (100 mg, 0.16 mmol) was dissolved in methanol (B).nThis
mixture was placed in a round bottom flask, thea mol equiv of the appropriate
ligand was added, in this caghimqgn (76 mg, 0.32 mmol). The reaction was left
at ambient temperature with constant stirring fdn. SAfter this time 5 equiv of
NH4PF; were added to the mixture, and left stirring fdiuether hour. The solid
residue was filtered off under vacuum and recrijsead. (Yield 52%)Elemental
analysis calc. for gH»eN.CIFsPRu, C: 48.19%, H: 4.04%, N: 4.32%. Found: C:
48.28%, H: 4.07%; N: 4.29%. NMRy; (500 MHz; DMSO-g) 0.76 (3H, d, J =
6.7 Hz) 0.92 (3H, d, J = 6.7 Hz) 2.22 (3H, s) 2(BA, m) 5.36 (1H, d, J = 6.7
Hz) 5.78 (1H, d, J = 6.1 Hz) 5.88 (1H, d, J = 6) B.12 (1H, d, J = 6.7 Hz), 7.65
(1H, m) 7.70 (2H, t, 3 = 7.1, 14.7 Hz) 7.98 (2HJd; 7.4 Hz) 8.04 (1H,t, J = 6.7,
14.5 Hz) 8.19 (1H, t, J = 8.3, 15.6 Hz) 8.34 (2H] £ 8.9, 18.4) 8.79 (1H, d, J =
10.4 Hz) 8.94 (1H, d, J = 8.3 Hz) 9.20 (1H, s). 1fE#8Il) found 503.0 (calc. M

C25H26N2C|RU = 50302)
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[Ru(n°®-p-cym)(Anthimgn)CI]PF ¢ [25]. As synthetic procedure 2, using [R8p-
cym)Cl;]Cl> (54 mg, 0.09 mmol) and Anthimgn (50 mg, 0.18 mmoNield
68%. Elemental analysis calc. forf2sN.CIFsPRu C: 51.62%, H: 4.04%, N:
4.01%. Found: C: 51.72%, H: 4.12 %; N: 4.09%. NMR(500 MHz; DMSO-d)
0.95 (6H, d, J = 4.8 Hz) 2.10 (3H, s) 2.35 (1H,5194 (1H, d, J = 7.0 Hz) 5.80
(1H, d, J = 6.4 Hz) 6.02 (1H, d, J = 7.0 Hz) 6.8B(d, J = 6.5 Hz) 7.45 (2H, m)
7.58 (2H, m) 7.90 (1H, m) 8.02 (1H, d, J = 7.6 18200 (1H, d, J = 2.3 Hz) 8.15
(2H, m) 8.32 (1H, d, J = 9.0 Hz) 8.45 (1H, d, J.4 Az) 8.54 (1H, d, J = 9.1 Hz)
8.72 (1H, d, J = 3.0 Hz) 8.85 (2H, m) 9.24 (1H,rs)z (ESI) found 553.0 (calc.

M+ C30H28N2C|RU = 55308)

[Ru(n°®-p-cym)(Anthimgn)I]PF ¢ [26]. As synthetic procedure 2, using [REp-
cymklo]l2 (50 mg, 0.08 mmol) and anthimgn (54 mg, 0.16 mmafjeld 71%.
Elemental analysis calc. forzzN2IFsPRu C: 48.64%, H: 3.60%, N: 3.34%.
Found: C: 48.60%, H: 3.58%; N: 3.30%. NMR{500 MHz; DMSO-d) 0.79
(3H, d, J = 6.8 Hz) 0.94 (3H, d, J = 6.8 Hz) 2.3Bi(s,) 2.42 (1H, m) 5.45 (1H, d,
J = 6.0 Hz) 5.87 (1H, d, J = 6.3 Hz) 5.95 (1H, & 6.3 Hz) 6.18 (1H, d, J = 6.0
Hz) 7.62 (2H, m) 8.06 (1H, t, J = 8.4, 13.0 Hz)3B(1H, d, J = 8.1 Hz) 8.23 (3H,
m) 8.36 (1H, d, J = 8.3 Hz) 8.41 (2H, dd, J = B.@,Hz) 8.67 (1H, s) 8.81 (2H, d,
J = 9.0 Hz) 8.86 (1H, s) 8.98 (1H, d, J = 9.6 HZ09(1H, s). m/z (ESI) found

694.6 (calc. M CzsHzoNoIRU = 694.59).

[Ru(n°®-p-cym)(Anthimpy)CIJPF s[27]. As synthetic procedure 2, using [RE8p-
cym)Cl,]Cl, (50 mg, 0.08 mmol) and Anthimpy (38 mg, 0.16 mmolield

54%. Elemental analysis calc. fogoH2sN2CIFsPRuU, C: 51.62%, H: 4.04%, N:
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4.01%. Found: C: 51.80%, H: 4.11%; N: 4.09%. NMR (500 MHz; DMSO-g)
1.01 (6H, t, J = 7.3, 15.2 Hz) 2.23 (3H, s) 2.58,(in) 5.63 (1H, d, J = 5.6 Hz)
5.72 (1H, d, J = 5.6 Hz) 5.83 (1H, d, J = 6.3 HA6(1H, d, J = 6.3 Hz) 7.63
(2H, m) 7.93 (1H, ¢, J = 5.7, 9.0, 14.2 Hz) 7.98,(#l, J = 9.7 Hz) 8.20 (1H, q, J
= 5.7, 9.5, 15.1 Hz) 8.35 (3H, m) 8.47 (1H, s) 8TR, s) 8.83 (1H, s) 9.14 (1H,
s) 9.64 (1H, d, J = 5.5Hz). m/z (ESI) found 553cal¢. M CaoHagNoCIRU =

553.08).

[Ru(n®-p-cym)(Anthimpy)I]PF ¢ [28]. As synthetic procedure 2, using [R8p-
cymklo]l2 (50 mg, 0.08 mmol) and Anthimpy (30 mg, 0.16 mmoY)ield 70%.
Elemental analysis calc. fors,sNoFsIPRu C: 45.64%, H: 3.57%, N: 3.55%.
Found: C: 45.58%, H: 3.60 %; N: 3.47%. NM&, {500 MHz; DMSO-d) 0.99
(3H, d, J=7.2 Hz) 1.05 (3H, d, J = 7. 2 Hz) 2(@H, s) 2.67 (1H, m) 5.70 (1H, d,
J =6.2 Hz) 5.75 (1H, d, J = 6.4 Hz) 5.90 (1H, & 6.2 Hz) 6.11 (1H, d, J = 6.4
Hz) 7.65 (2H, m) 7.88 (1H, t, J = 6.6, 13.2 Hz)B(QH, d, J = 9.2 Hz) 8.23 (2H,
m) 8.34 (1H, t, J = 8.4, 16.1 Hz) 8.40 (1H, d, 8.2 Hz) 8.55 (1H, s) 8.80 (1H, s)
8.85 (1H, s) 9.11 (1H, s) 9.63 (1H, d, J = 4.8 Ha)/z (ESI) found 644.6 (calc.

M+ C30H28N2|RU = 64453)

[Ru(n°®-p-cym)(Qnimpy)CI]PF¢ [29]. As synthetic procedure 2, using [RE8p-
cym)Cl,]CI, (100 mg, 0.16 mmol) and Qnimpy (76 mg, 0.32 mmdjeld 75%.
Elemental analysis calc. for,&1,sN3CIFsPRu C: 46.27%, H: 3.88%, N: 6.47%.
Found: C: 46.40%, H: 3.95%; N: 6.61%. NMR{500 MHz; DMSO-d) 0.98
(3H, d, J = 4.4 Hz) 1.03 (3H, d, J = 4.4 Hz) 2.3Bi(s) 2.56 (1H, m) 5.68 (1H, d,

J=6.1Hz)5.80 (1H, d, J = 6.4 Hz) 5.85 (1H, & 6.1 Hz) 6.13 (1H, d, J = 6.4
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Hz) 7.80 (1H, t, J = 7.7, 15.3 Hz) 7.93 (2H, m)(B(2H, t, J = 8.01, 16.5 Hz) 8.34
(2H, d, J = 4.0 Hz) 8.34 (2H, d, J = 4.0 Hz) 8.TBl,(d, J = 2.6 Hz) 9.14 (1H, s)
9.35 (1H, d, J = 2.3 Hz) 9.64 (1H, d, J = 5.8HzJz (ESI) found 504.0 (calc. M

szH24N2|RU = 50401)

[Ru(n®-p-cym)(Qnimpy)I]PF¢ [30]. As synthetic procedure 2, using [REep-
cymklo]l, (50 mg, 0.08 mmol) and Qnimpy (24 mg, 0.16 mmoVYjield 70%.
Elemental analysis calc. foro6H.sNsFsIPRu, C: 40.55%, H: 3.40%, N: 5.68%.
Found: C: 40.75%, H: 3.54%; N: 5.74%. NMR{500 MHz; DMSO-d) 0.97
(3H, d, J = 6.8 Hz) 1.02 (3H, d, J = 6.8 Hz) 2.8H(s,) 2.68 (1H, m) 5.72 (1H, d,
J = 6.3 Hz) 5.85 (1H, d, J = 6.9 Hz) 5.92 (1H, & 6.3 Hz) 6.08 (1H, d, J = 6.9
Hz) 7.82 (1H, t, J = 7.7, 14.8 Hz) 7.89 (1H, td&; 1.7, 5.9, 13.0 Hz) 7.95 (1H, t, J
=7.4,15.0 Hz) 8.21 (2H, t) 8.33 (1H, t, J = 83,1 Hz) 8.37 (1H, d, J = 7.3 Hz)
8.81 (1H, d, J = 2.3 Hz) 9.09 (1H, s) 9.45 (1HJ & 2.3 Hz) 9.63 (1H, d, J = 5.7

Hz). m/z (ESI) found 595.5 (calc. MCsH2sN3IRu = 595.46).

[Ru(n°®-p-cym)(Indoimpy)CI]PF ¢ [31]. As synthetic procedure 2, using [REp-
cym)Cl,]ClI, (69 mg, 0.11 mmol) and Indoimpy (50 mg, 0.23 mmadf)eld 66%.
Elemental analysis calc. for,g1,sN3CIFsRUP C: 45.26%, H: 3.96%, N: 6.60%.
Found: C: 45.50%, H: 3.82%; N: 6.54%. NRIM{500 MHz; DMSO-d) 0.95
(6H, d, J = 7.1 Hz) 2.14 (3h, s) 2.35 (1H, m) 588, d, J = 6.2 Hz) 5.96 (1H, d,
J=7.1Hz) 6.12 (1H, d, J = 6.1 Hz) 6.54 (1H, d=H.1 Hz) 7.42 (1H, m) 7.54
(1H, s) 7.62 (1H, d, J = 8.0 Hz) 7.74 (1H, t, J.£ B1z) 7.86 (1H, td, J = 2.1, 8.0,
14.6 Hz) 7.93 (1H, s) 8.08 (1H, s) 8.17 (1H, d, 8.6 Hz) 8.47 (1H, s) 8.82 (1H,

d, J = 4.3 Hz). m/z (ESI) found 492.0 (calc. @sH»sNz:CIRu = 492.06).
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[Ru(n®-bip)(Anthimpy)CI]PF ¢ [32]. As synthetic procedure 2, using [RE
bip).Cl,]CI, (50 mg, 0.08 mmol) and Anthimpy (44 mg, 0.16 mmotjeld 73%.
Elemental analysis calc. for;&1,4N,CIFsPRu C: 53.52%, H: 3.36%, N: 3.90%.
Found: C: 53.48%, H: 3.28%; N: 3.99%. NRIM{500 MHz; DMSO-d) 6.08
(1H, d, J = 5.5 Hz) 6.23 (2H, m) 6.26 (1H, m) 6(2#, m) 7.37 (2H, t, J = 7.5,
15.0 Hz) 7.49 (2H, m) 7.62 (3H, m) 7.83 (2H, m)&B(8H, m) 8.32 (1H, d, J =
4.9 Hz) 8.50 (1H, s) 8.71 (1H, s) 9.09 (1H, s) ABHM, d, J = 5.5 Hz). m/z (ESI)

found 572.9 (Ca|C. MC32H24N2C|RU = 5730)

[Ru(n®-m-terp)(Anthimpy)CI]PF ¢ [33]. As synthetic procedure 2, using [RE8
p-terphCl,]Cl2 (80 mg, 0.09 mmol) and Anthimpy (56 mg, 0.18 mmo¥jield
54%. Elemental analysis calc. forgH2sN.CIFsPRuU C: 57.47%, H: 3.55%, N:
3.52%. Found: C: 57.60%, H: 3.48%; N: 4.11%. NBM500 MHz; DMSO-g)
6.41 (1H, t, J = 6.1, 12.2 Hz) 6.60 (1H, s,) 6.68(d, J = 7.0 Hz) 6.72 (1H, d, J
= 6.3 Hz) 7.41 (2H, t, J = 7.6, 15.1 Hz) 7.51 (8h),7.63 (2H, m) 7.72 (1H, d, J
= 7.4 Hz) 7.87 (1H, m) 7.92 (2H, d, J = 8.0 Hz)48(QH, d, J = 9.0Hz) 8.16 (1H,
m) 8.29 (3H, m) 8.67 (1H, s) 9.03 (1H, s) 9.29 (tHJ = 5.4 Hz). m/z (ESI)

found 649.0 (Ca|C. N/nggHngzC'RU = 64916)

4.2.3 Methods

4.2.3.1 Aquation studies

Aquation of complexeg4-33 was studied by proton NMR (500 and 600 MHz) as

described in Chapter 2, using fresh solutions ochemmplex in RO at 310 K. In
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order to suppress the aquation observed in alridal@complexes, 150 mM NaCl
was added to the deuterated solvent, and, 150 mMasél used to suppress the

aquation of iodido complexes.

4.2.3.2 Nucleobase binding

Complexe24-33 were reacted with 9-ethylguanine, as a nucleobasdel, the
extent of binding was followed bY{4-NMR (500 and 600 MHz). The details of
these experiments can be found in Chapter 2. Brieflfresh 2 mM solution of
each complex was prepared in 50 mM sodium phosjthdter (pH 7.5) with 5%
DMSO. The solution also contained 9-ethylguanineddinal mol. ratio 1:1.25
where the nucleobase was in excess. As in theafasguation studiesH-NMR
spectra were recorded at 298 K within the firstniid after sample preparation
and again after 24 h at 500 MHz. All experimentsemearried out in triplicate
and the standard deviations calculated. Nucleobeskng was monitored by the

formation of a second set of peaks that includachded-EtG.

4.2.3.3 Antiproliferative activity

The antiproliferative activity of ligand49-23 and complexe24-33 were
determined in A2780 ovarian, A549 lung, HCT116 coland MCF7 breast
carcinoma cell lines. The experiments to deternh@g values were carried out

as described previously in Chapter 2. Briefly, 9éllvplates were used to seed
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5000 cells per well, they were left to pre-incubiatelrug-free media at 310 K for
48 h before adding various concentrations of thepmunds to be tested. A drug
exposure period of 24 h was allowed, after thigesoatants were removed by
suction and each well was washed with PBS (@00 Further 72 h were allowed
for the cells to recover in drug-free media (2Q0per well) at 310 K. SRB assay
was used to determine cell viability. siCvalues, as the concentration which
caused 50% of cell growth inhibition, were deterediras duplicate of triplicates

in two independent set of experiments, their stethdaviations were calculated.

4.2.3.4 Metal accumulation in cancer cells

Metal accumulation studies for complex24-33 were conducted on A2780
ovarian carcinoma cell line. Briefly, 4 x A@ells were seeded on a Petri dish,
after 24 h of pre-incubation time in drug-free madi at 310 K, the test
complexes were added to give final concentratiansgkto 1G¢/3 and allowed
further 24 h of drug exposure at the same temperafifter this time, cells were
treated with trypsin, counted and cell pellets weodlected. Each pellet was
digested overnight in concentrated nitric acid (J38 353 K; the resulting
solutions were diluted in double distilled watey HNO; 5%) and the amount of
ruthenium taken up by the cells was determined@®-MS. These experiments
did not allow any cell recovery time in drug-fre@dm. They were all carried out

in triplicate and the standard deviations werewdated. Results are compared to
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the corresponding data f@DDP. More experimental details can be found in

Chapter 2.

4.2.3.5 Determination of partition coefficient (LogP)

Partition coefficient of chlorido complex&b [Ru(ne-p-cym)(Anthimpy)CI]PI%,
32 [Ru(m®-bip)(Anthimpy)CI]PR and 33 [Ru(n®-m-terp)(Anthimpy)CI|PE were
determined using the shaking flask method. Thessetbomplexes were selected
with the aim of studying the effect of the changdsthe arene group on the
lipophilicity of the complexes and how this relates their antiproliferative
activity. They all include the same ligand (Anthiyn@3) and the same leaving
group (CI). In the method used, 2 mM octanol-saéaraqueous solutions of the
complexes were shaken with equal volumes of watkrated octanol for 24 h.
The amount of metal in the aqueous layer was datedrby ICP-MS and the Log
P values were calculated. Aqueous solutions wezpgred including 150 mM of
NaCl to avoid hydrolysis of the complexes. Moreailston this procedure can be

found in Chapter 2.

4.2.3.6 DNA interactions

CT-DNA experiments were carried out in 10 mM phadphbuffer with 100 mM
NacCl (for chlorido complexes) or 100 mM KI (for iiod complexes), at pH 7.5.

In order to confirm that the CT-DNA was free fromofein, a UV-VIS spectrum

151



Chapter 4: Exploring DNA intercalation.

was carried out in the phosphate buffer, givingabsorbance ratio of 1.92:1 at
260 nm/280 nm. Its concentration was determinedgu#iie UV absorbance at
260 nm and the known extinction coefficient at thiavelength (6600 dfmol

1cm_l).16

CT-DNA Melting. Thermal denaturation of CT-DNA was recorded by sneag
the absorbance at 260 nm while increasing the teatyre between 323 and 368
K. The melting curves of unruthenated and rutheh&&-DNA were recorded
using a fixed ratio of 1 : 5 Ru(ll):CT-DNA (40 uM the complex and 200 uM of
CT-DNA). The value of the melting temperaturg,Tas the temperature when
50% of the present double-stranded CT-DNA conviertis single-stranded CT-
DNA was determined as the corresponding maximumthan first-derivative

profile of the melting curves.

CT-DNA Binding Kinetics. Solutions of CT-DNA at a concentration of 200 pM
were incubated with Ru(ll) arene complex@s 25, 27, 28, 32and 33 using a
fixed complex concentration of 40 uM. The solutiovexre stabilised for 5 min at
ambient temperature before being incubated at 318tK/arious time intervals
(ranging from 1h to 72 h), a sample aliquot washdiawn from the incubator,
quickly cooled on an ice bath, and precipitatedetlyanol (in a final alcohol
concentration of 70%). The content of rutheniumthe supernatant of these
samples was determined by ICP-MS. The amount ofhdanetal was calculated
subtracting the free metal determined by ICP-MSmfrthe original metal

concentration.
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CT-DNA UV-Vis Titrations. UV-Vis spectra titrations were performed to
determine the DNA-binding affinity of complexé&st, 25, 27, 28, 3and 33
Experiments were carried out keeping fixed the eatration of the ruthenium(Il)
complexes (40 uM) while varying the concentratocdrCT-DNA (O, 20, 40, 60,
80, 100, 120, 160 and 200 uM) . The absorbancerspeere recorded after 10
min of each addition. This data allowed the caliboia of CT-DNA binding

constants for complexeg—33 using the equation 41:*

= + =% K [CT — DNA] Eq. 4.1

A-Ay E— &g E— &g

Where A is the absorbance of the ruthenium complex omwa and A is the
absorbance values in the presence of differentesdrations of CT-DNA. The
linear fitting of the plot A/(A-Ag) vs 1/[CT-DNA] allowed the determination of

the binding constant K.

4.3 Results

4.3.1 Synthesis and characterization

Iminopyridine ligands19-23 shown in Table 4.1 below, were synthesised and
characterised usingH and *C-NMR (1D, 2D experiments), ESI-MS, and

elemental analysis.
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Table 4.1.Imine ligands studied in Chapter 4.

Ligands Ry

19 Phimgn

NZ 20 Anthimgn

21 Anthimpy

Z=
\ 7/
/

22 Qnimpy Nz

23 Indoimpy ©)
"/
H

Once the proposed ligands were fully characterised)plexes24-33 in Table

\

—2Z

4.2 were synthesised. They were characterised usingaire techniques as for
the ligands,'H and *C-NMR (1D, 2D experiments), ESI-MS, and elemental
analysis, as well as, ICP-MS for metal quantifarat The structures proposed in

the table below are consistent with all experimiesidia.
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Complex| Arene Ligand R1 X
] PFe 24 Phimgn © Cl
N S
2N\ |
\RU/N S 25 p_n6_cym O Cl
/ = :
X T Anthimgn O
R, 26 O |
27 O Cl
Anthimpy O
28 O I
] PR
D X 29 Cl
2N\ | N
\Ru/N Z pn°- cym Qnimpy N
R, .
31 Indoimpy ﬁ% Cl
N /
H
B C
Are”e\ B 32 ne-bip | Anthimpy O cl
Ru/N £ O
g
O 33 n®-mterp | Anthimpy % Cl
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4.3.2 Aqueous solution chemistry

Aquation of complexe&4-33 was followed usingH-NMR of freshly prepared
solutions of each complex in Tris buffer (pH 7.Bach value represents the mean
+ SD for three independent NMR experiments at 31(RKsults are shown in
Table 4.3. Extent of aquation of the complexesfslthe orde29> 25> 31> 30

> 28 > 27 with values that vary between 43 and 5% of the demforming the
aqua product. Remarkably, complex24 and 26 do not appear to undergo

aquation.

Table 4.3.Extent of hydrolysis and extent 9-ethylguanine bigdfor complexes
24-33 after 24 h, using freshly prepared solutions ofheaamplex in tris buffer
(pH 7.5) and a final ratio 1 : 1.25 for 9-EtG bingiwhere the nucleobase was in

excess.

% % 9-EtG

Compound Aquation®  binding®
24  [Ru(m’-p-cym)(Phimgn)CI]PE 0+3 0+ 2
25  [Ru(m®-p-cym)(Anthimgn)CI]Pk 32+3 0+3
26  [Ru(m®-p-cym)(Anthimgn)I]Pk 0+2 8+3
27 [Ru(®m®-p-cym)(Anthimpy)CI]|PR 5+ 2 13+ 2
28 [Ru(m®-p-cym)(Anthimpy)[]PR 12+ 3 0+2
29  [Ru(m®-p-cym)(Qnimpy)ClIPk 43+ 2 38+ 1
30 [Ru(m®-p-cym)(Qnimpy)I]Pk 24+ 4 16+ 3
31 [Ru(m®-p-cym)(Indoimpy)CI]Pk 26+ 3 5+ 1

® Each value represents the mearSD for three independent NMR
experiments at 310 K.

'H -NMR was also used to follow the complexes bigdin 9-ethylguanine (9-
EtG) as a model for nucleobase binding. Table &s® includes the extent of

nucleobase adduct formation after 24 h. There i<laar trend that relate the
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extent of aquation observed in the complexes Withextent of 9-EtG binding.
Complexeg7, 29, 30and31 undergo aquation and subsequently they bind to the
nucleobase model. However comple@&sand28 do not react with 9-EtG even
though they can generate the aqua product. Pattigutomplex24 does not
undergo aquation nor binds to the nucleobase amgplex 26 appears to undergo
direct substitution, as it does not hydrolyse barmfs approximately 8% of

nucleobase adduct.

4.3.3 Antiproliferative activity
4.3.3.1 1G, determination in A2780, A549, HCT116,
MCF7 cells

Antiproliferative activity for ligand49-23 and complexe24-33 was determined
using the SRB assay, this protocol is detailedhager 2. For these experiments
compounds with 16y values (concentration at which 50% of cell growsh i
inhibited) above 10QuM are termed as inactive, while compounds withgIC
values between 50 and 10 are moderately active. Values within the 15 - 50
uM range define a compound as active while below tAnge, compounds are
considered highly active. All ligands tested wearactive against the chosen cell
lines under the conditions described. TheiglZalues are above 20aM. All
values reported in Table 4.4 were obtained as clafgls of triplicates in two

independent experiments.
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Table 4.4. Antiproliferative activity of ligandsl9-23 and complexef4-33 in
A780, A549, HCT116 and MCF7 cell lines.sds expressed as the concentration
in which each ligand/complex causes 50% cancergrelivth inhibition. n/d =

value not determined due to poor water solubility.

ICs0 (UM)
Compound A2780 A549 HCT116 MCF7
19 >200 >200 >200 >200
20 n/d n/d n/d n/d
Ligands 21 n/d n/d n/d n/d
22 >200 >200 >200 >200
23 >200 >200 >200 >200
24 15+1 19+1 17+2 20.4+0.9
25 28+3 56 +4 34+2 28+ 2
26 1.56 £ 0.08 3.4+£0.8 2701 7804
| 27 4.4 +0.7 24 +2 16+2 6.9+05
Ru 28 1.7+0.3 440+0.09 2602 3.7x05
complexes 29 >200 >200 >200 >200
30 156 + 4 >200 180+ 2 >200
31 >200 >200 >200 >200
32 9.2+04 16+1 23+1 15.8+0.4
33 1.7+0.3 8.3+0.6 24+02 2705

Complexeg29, 30 and31 are inactive in all cell lines tested, especiathynplexes
29 and 31, as all their 1Gy values are above 200 uM. Complex@dsand25 are
considered active, showing their highest potencguarian cancer cells A2780.
Finally, complexe6, 27, 28, 32 and 33 are highly active in the four cell lines

tested. Complexe26, 28 and33 show potency values equivalentGODP.
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4.3.3.2 1Go Time dependence in A2780 cells

The variation of Gy values of complexe24, 25, 26, and27 in the A2780 cell
line, after different exposure times was evaluatsithg the protocol described in

Chapter 2. These data were compared to thaDadP.

—=— CDDP
40 - [24]

1 ——[27]
357 ——[25]

301 i\}\ ——[26]
25 ] Y 4

204

Iy, (M)

154

Exposure time (h)

ICs0 (LM)
Exposure time (h) 8h 24 h 48 h 72 h
24 35+1 15+1 9.1+0.8 9.3+05
25 30.2+0.8 281 26t1 26+1
26 157+0.09 156+£0.08 1.17+0.07 1.02+0.06
27 10.1+£0.5 44 +0.7 7.62+0.09 7.65+0.09
CDDP 1.42+0.09 1.22+0.08 1.16+0.07 1.10+0.09

Figure 4.3. Dependence of l§ value in A2780 cell line on time of exposure for
complexe24, 25, 26and27. In all cases the pre-incubation time was 48 loteef
adding the drugs, and the cell recovery time wak #2drug-free médium at 310
K.
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Results in Figure 4.3 indicate that there is nonificant difference in the
antiproliferative activity of the ruthenium(ll) cqtexes after 24 h of drug
exposure. Behaviour of compleé26 is very similar to that of CDDP, the 4
values do not change significantly over time. Tams is true for comple25. In

the case of comple24 there is a there is a big increase in potency é&tm8 h
and 24 h, however the value stabilises after 48\ hdifferent behaviour is
observed in comple®7, its IG5, value reaches a minimum value at 24 h but it

loses potency in the two following time points @&l 72 h).

4.3.3.3 Metal accumulation in cancer cells

One time point, one concentration. Total cellular accumulation of ruthenium
for complexes24-33 was determined in the A2780 ovarian cancer ce# im
order to relate the amount of Ru accumulated totoyicity and to compare with
their hydrophobicity (Log P). For these experinsettug exposure time was 24 h
and cells were not allowed to recover. Values aqeressed in ng of Ru per
million cells and were determined as independepticiates of triplicates. Results
are shown in Table 4.5. Values determined for togdll accumulation follow the
order31>28>26>27=32>25>33> 29> 24> 30, with values ranging from
4.2 ng of ruthenium per fCcells to 22 ng of the metal. This trend does not
correlate to the 16 values determined in the same cell line. Highlyivact
complexes such a24, with an 1Go value of 15 £ 1 uM only exhibits a low
accumulation of ruthenium (6.19 + 0.09 ng Ru %&&élls) while inactive complex

31 (ICs0 > 200 M) shows the highest accumulation in théesg22 =+ 1 ng Ru
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x1CP cells). It would indicate that, in this seriesaafmplexes, there is no direct

correlation between potency and total cellular andation.

Table 4.5.Total accumulation of Ru in A2780 cells for cony#e24-33 after 24
h of drug exposure at 310 K with no recovery tic@mnpared to their 1§ values

in the same cell line..

ng Rux1®  ICso(uM)

Compound cells?
24  [Ru(®p-cym)(Phimgn)CI]PE 6.19 £0.09 15+1
25 [Ru(®p-cym)(Anthimgn)CIlPE 9.1 +0.4 28+3

26 [Ru(®m’-p-cym)(Anthimgn)I]Pk 11.7+£09 1.56+0.08
27 [Ru(®p-cym)(Anthimpy)Cl]PE  10.9+0.8 4.4+0.7

28 [Ru(m’-p-cym)(Anthimpy)I]PF 17 +2 1.7+0.3
29 [Ru(m®-p-cym)(Qnimpy)CI]PFk 6.7+0.4 >200
30 [Ru@®m’-p-cym)(Qnimpy)l]Pk 42+0.8 156 £ 4
31 [Ru(®-p-cym)(Indoimpy)CI]Pk 22+1 >200
32 [Ru@®m’-bip)(Anthimpy)CI]PF 10.9+0.6 9.2+04

33 [Ru(m’-m-terp)(Anthimpy)Cl]lPE 8.5+ 0.6 1.7+0.3
¢ Concentrations used were in all cases 1/3sx IC

4.3.3.4 Determination of partition coefficient (LogP)

Partition coefficients of chlorido complex23, 32and33were determined using
the shaking flask method, as described in Chapt&éh&se three complexes were
selected with the aim of studying the effect of thanges of the arene group on
the lipophilicity of the complexes. They all inciithe samél,N-chelating ligand
(Anthimpy), and the same leaving group (CI).To eaghat any of the complexes
would not exist in the hydrolysed form during theperiments, 150 mM NaCl
was added to the octanol-saturated water. Resdtprasented in Table 4.6. As
expected, the Log P values of the complexes ineredih increasing number of

aromatic rings in the arene unit.
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Table 4.6.Log P values for ruthenium complex2g 32and33 determined using

the shaking-flask method.

Compound Log P
27  [Ru(m®-p-cym)(Anthimpy)CI]Pk 0.53+0.04
32 [Rum®-bip)(Anthimpy)CI]PF 1.1+0.4
33 [Ru(n®-mterp)(Anthimpy)CI]PFk 3.71 +0.09

4.3.3.5 DNA interactions

CT-DNA Melting. Thermal denaturation of CT-DNA was carried out gsin
active complexeg, 8, 24, 25, 27, 28, 3nd33 (complexes’ and8 from Chapter

3 have been included for comparison purposes).eT@¥ shows that the
temperature in which 50% of the double stranded DDA becomes single
stranded is 335 K. There is a minor increase intingeltemperature when co-
incubating the CT-DNA with complexeg, 8 24 and 25. However there is no
significant difference between each of the commexé¢ighly active complexes
27, 28, 32 and 33 increase the melting temperature of CT-DNA in agea

between 20 and 30 K.

CT-DNA Binding Kinetics. The kinetics of binding oEomplexes?, 8, 24, 25,
27, 28, 32and33to CT-DNA were determined in cell-free media. Theults are
expressed as the percentage of bound rutheniumsagane. Figure 4.4 shows
that the percentage of metal bound to CT-DNA dfteubation at 310 K follows
the order25 <24 <27 < 28 < 3X 33 Highly active complexe82 and33 are the

only ones that reach a percentage of bound ruthemioove 50%. Most of the
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CT-DNA binding occurs within the first 10 h of reem. Table 4.8 shows the

values of the extent of CT-DNA binding after 48 h.

Table 4.7. T, (K) values for complexeg, 8, 24, 25, 27, 28, 32nd 33. Melting
curves of unruthenated and ruthenated CT-DNA wecerded using a fixed ratio
of 1 : 5 Ru(ll):CT-DNA (40 uM of the complex and@QM of CT-DNA).

Compound Tm (K)

7 [Ru(m®p-cym)(Impy)CI]PF 342+1
8  [Rum®-p-cym)(Impy)I]PFs 342 +2
24 [Ru(m®-p-cym)(Phimgn)CI]PE 342+1
25  [Ru(m®-p-cym)(Anthimgn)CI]Pk 342 +3
27  [Rum®-p-cym)(Anthimpy)CI]PF 352+1
28  [Ru(n®-p-cym)(Anthimpy)I]PR 358 + 1
32 [Rum®-bip)(Anthimpy)CI]PF 355 +2
33  [Ru(m’-mterp)(Anthimpy)CI]PE 362+1
CT-DNA 3381

—=—24

70+ —eo—25

] — —— 27

—~— 28

/ ——32
:\1 ——33

Bound Ru (%)

30 40 50

Time (h)
Figure 4.4. CT-DNA Binding kinetics for complexes, 8, 24, 25, 27, 28, 32nd
33 at 310K. Concentrations used were: CT-DNA 200 pid Ru(ll) complexes

40 uM. The solutions were stabilised for 5 min at Iiefore incubating them at
310 K.
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Table 4.8.Extent of Ru bound to CT-DNA from complex@s8, 24, 25, 27, 28,
32 and 33 after 48 h incubation at 310 K. Concentrationsduaere: CT-DNA
200 uM and Ru(ll) arene complexes 40 uM.

Compound % bound Ru at 48 h
24 [Ru(m®-p-cym)(Phimgn)CI]PE 35.1+0.9
25  [Ru(m®-p-cym)(Anthimgn)CI]PFk 27.3+0.8
27 [Ru®®-p-cym)(Anthimpy)CI]PR 42 +1
28  [Ru(m®-p-cym)(Anthimpy)I]PF 46.6 +0.7
32  [Ru(®-bip)(Anthimpy)Cl]PFR 51.2+0.9
33 [Ru(m®-mterp)(Anthimpy)CI]Pk 64.1+0.9

CT-DNA UV-Vis Titrations . UV-Vis titrations were used to determine the
binding affinity of complexed, 8, 24, 25, 27, 28, 3@nd 33 to CT-DNA. Table
4.9 shows the binding constants determined. Albinig constants are between
1.4 and 17 x 10M™ and follow the order27 <7 <8 <32<28<25<24< 33,
These values are within the reported range for ¢exeg that intercalate into CT-

DNA 19,20
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Table 4.9.CT-DNA binding constants for ruthenium complexes3, 24, 25, 27,
28, 32and 33 at 310 K. Concentrations used were: Ru(ll) comgses0 uM and
CT-DNA 0, 20, 40, 60, 80, 100, 120, 160 and 200 uM.

Compound Kp x 100 (M)
7 [Ru(m’p-cym)(Impy)CI|PF 1.6
8  [Ru(n>p-cym)(Impy)I|PF; 2.5
24 [Ru(n®-p-cym)(Phimgn)CI]P§ 8.0
25  [Ru(m®-p-cym)(Anthimgn)CI]PFk 7.2
27 [Ru®®-p-cym)(Anthimpy)CI]PR 1.4
28  [Ru(m®-p-cym)(Anthimpy)I]PF 2.8
32 [Ru(®-bip)(Anthimpy)CI]PR 2.7
33 [Ru(m®-mterp)(Anthimpy)CI]Pk 17
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4.4 Discussion

Ru(ll) complexe24-31were designed to include in their structures @&neiasing
number of aromatic units, by modification of thgN-chelating ligand, this in
order to increase the likelihood of DNA-intercabeti This approach to fine-
tuning the chemical and biological characterisb€sanetal complexes has been

widely used previously with similar piano-stoolusttures’* >

The start of the series is compléxpreviously described in Chapter 3. From this
starting point, an aromatic extension in the pyrdiing gives rise to comple2d,
while complex25 includes extra aromatic units in both, the pyrdiand the

phenyl ring. The latter modification can also bersen complexe&7, 29 and31.

Data shown in Chapter 3 indicate that the cellatamumulation pathways used by
chlorido complexes can be different from those Imvig iodido analogues. For
this reason, this Chapter also included halogehange from CI to I. This gives

rise to complexe8 (also reported in Chapter 26, 28 and30.

Finally, complexe82 and33 are a modification of chlorido compl&¥, in which
the arene unit has been extended, this with theodioorrelating hydrophobicity
and antiproliferative activity. A summary of thdaton between the complexes

investigated in this Chapter is shown in Figure 4.5
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- R
/N7
|:> Changes on the arene cl N
Changes on the pyridine rin CB
» g pyridine ring 31 )

Changes on the phenyl ring

Changes of the leaving group Cl - |

Figure 4.5Relationship between the complexes investigatédisnChapter.

4.4.1 Aqueous chemistry

The aquation of complexe®4-31 was investigated, as it is thought that piano-
stool complexes that bear halide ligands undergoatmn as an activation

mechanisnf? However, in the case of complex@4-31 aquation could be
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considered as an undesirable reaction, as the fainege complexes is to interact

with DNA by means of intercalation and not of caralbinding.

NMR was used to investigate the extent of aquatiocomplexes24-31 after 24
h. Similarly to the data in Chapter 3, aquation wasfirmed by means of its
inhibition with NaCl/KIl and by comparison to the uaspecie generated after
AgNQO; addition. The extent of 9-EtG binding was alscestigated as a model for

nucleobase interaction.

Figure 4.6 shows that the extent of aquation foidlae order24 = 26 <27 < 28
<30<31<25<29and varies between 0 and 43%. This order canno¢lbtd

to the number of aromatic rings present in thecsing, not even taken into
account the differences in the monodentate ligarfels. example, iodido
complexes seem to follow a trend in which the modifon on the pyridine ring
caused less aquation than the modifications inptienyl ring, such trend is not
true for chlorido complexes, as compl2x exhibits the second highest extent of

aquation (32 3% ).

Also the same figure shows that there is no clegudtthat correlates the observed
extent of aquation to the extent of nucleobaseibgdnterestingly, comple24
[Ru(m®-p-cym)(Phimgn)CI]PE does not undergo aquation nor does bind to 9-
EtG; the same is true for compl@é [Ru(n’-p-cym)(Anthimgn)I]PR for which

the extent of nucleobase binding is negligible ¢)8These complexes, together
with complex 25 [Ru(m®-p-cym)(Anthimgn)Cl]PE and 28 [Ru(m’-p-
cym)(Anthimpy)Il]PF have good potential as DNA intercalators as thaiding

to guanine is poor, regardless of their aquation.
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Complexe24-31were further studied after 48 and 72 h to confinat there was
no decomposition in water or arene loss as it hesnbreported for similar

complexe<>%® No variations were observed by NMR after this time

50 — T T T T T T T T T T T T T 1

40-

——

30+

—
——

% aquation
N
T

——

10+

T
I

O_"_‘TI;_'"_I_"I'I'I'I'I'I'
[24] [26] [27] [28] [30] [31] [25] [29]

Figure 4.6. Comparison of the extent of aquation (left axisyi EtG binding
(right axis) of complexeg4-31followed by*H-NMR at 310 K.

4.4.2 Antiproliferative activity

Antiproliferative activity of ligandsl9, 22 and 23 and complexe®4-33 was

investigated in ovarian, lung, colon and breasteanit is noticeable that all the
ligands tested were inactive in the chosen celéslinunder the conditions
described. Ligand20 Anthimgn, and21 Anthimpy were not tested due to poor

water solubility.

Complexeg9 - 31 are inactive in the four cell lines. Remarkablgytrall include

in the structure an extra nitrogen atom in khBkchelating ligand. It is likely that
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this heteroatom might be affecting the activitytbése complexes. Comparing
analogous complexes that vary only in their montaterliigand (pair25 and26,

27 and 28, 29 and 30) it is observed that in all cases the iodido cares are
more active in all cell lines than the chlorido lagaes. The highest improvement
in potency is observed between compleg8&sand 26, which share the ligand
Anthimqn, in A2780 ovarian cells where thesd@ecreases by a factor of 18. This

has been previously observed in Chapter 3 withlarmRu(ll) complexes.

Results for time-dependence ofsp(values against time of exposure (Figure 4.3
on page 140) indicate that for comple@&sand26 the optimum period for drug-
exposure is 24 h. However for compl24 the highest potency is achieved after
48 h with a drop of Ig from 15 to 9.1 uM between 24 and 48 h. The most
interesting behaviour was that of comp% which reaches its minimum igat

24 h, but this value increases again between 4&2arid This observation can be
explained by the activation of detoxification megaisans within the cell allowing

for higher cell survival.

4.4.2.1 Metal accumulation in cancer cells

Metal accumulation in A2780 ovarian cells from cdexes24-33was carried out

in order to relate it to antiproliferative activitFigure 4.7 and Figure 4.8 show
that complexes with modifications on tNeN-chelating ligand do not accumulate
in direct correlation to their potencies. Such obatons have been previously

reported for other related ruthenium arene compl®x@omplexes24-26 have
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been modified to include a quinoline as part of khé&l-chelating ligand. The
difference between complex24 and25 is two extra aromatic units in the imine
moiety (ligand Phimqgrvs Anthimgn). As expected this results in higher daliu

accumulation. However, this improved accumulatiaresd not achieve better

potency.
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Figure 4.7. Comparison of the cellular accumulation of Ru froomplexe24-26
(left axis) and their antiproliferative activityight axis). These complexes have in

common the modification on the pyridine ring of thé\-chelating ligand.

Complexes27-31 have been modified on the phenyl ring of tig\-chelating
ligand. This series include compléd [Rum®-p-cym)(Indoimpy)CI]PE which
shows the highest cellular accumulation (22 + bhBu per 18 cells) however it
Is inactive with an Ig value > 200 uM. Another remarkable case is that of
complexes 24 [Rum®p-cym)(Phimgn)CIIPE and 29 [Ru(®-p-cym)
(Qnimpy)CI]|PF, both exhibit similar cellular accumulation (6.48d 6.7 ng of

Ru per 16 cells respectively) but the latter is inactive A2780 cells while
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complex24 has an IGy of 15 + 1 uM. This indicates that the cytotoxideets
caused by comple24 inside A2780 cells are more efficient than thogesed by

complex29.

Active complexes that include different monodentagands (Cl vs 1), pair&5,
26 with ligand Anthimgn and27, 28 with ligand Anthimpy have a common
behaviour; in both cases the cellular accumulatibiodido analogue is higher

than the chlorido analogues, with subsequent isecaotency.
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Figure 4.8. Comparison of the cellular accumulation of Ru froomplexe27-31
(left axis) and their antiproliferative activityight axis). These complexes have all
been modified on the phenyl ring of tNeN-chelating ligand.

Figure 4.9 shows the relation between cellular amdation and potency when

the arene unit of the complexes has been exte®t@t. complexe7 and 32
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accumulate in the same extent inside A2780 ovarélis, nonetheless, there is a
two-fold difference in their cytotoxic activitiesyhich reflects the variation in
efficacy of the cytotoxic pathways activated. Coexpl33 [Ru(m®-m-
terp)(Anthimpy)CI]PE which includes the most extended arene unit, terfhe
most active of this series, yet its cellular acclation is only 8.5 + 0.6 ng of Ru
per 16 cells.
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Figure 49. Comparison of the cellular accumulation of Ru froomplexes27,
32, 33(left axis) and their antiproliferative activityight axis). These complexes
have in common thd,N-chelating ligand, the monodentate ligand, Cl arduide

variations on the arene unit.

The cellular accumulation of complex28 32 and33 can also be related to their

log P values (Figure 4.10). Increasing hydrophdpiof the complexes follows
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the expected trengl7 < 32 < 33 in which the arene unit increases in the number of
aromatic ringsp-cym < bip <m-+erp. Nonetheless, the increased lipophilicity of
complex33 does not result in higher cellular accumulatiohisTindicates that the
transport of these complexes into A2780 cells db nety solely on passive
diffusion of the complexes, for which higher hydhopicity should mean higher

accumulation.
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Figure 4.10.Comparison of the cellular accumulation of Ru froomplexe<7,
32, 33(left axis) and their Log P values (right axis}etenined using the shake
flask method.

4.4.2.2 DNA interactions

CT-DNA Melting. Thermal denaturation is often used as a measureaighe

interaction of metal complexes with DNA. Intercalgt complexes tend to
stabilise the double helix of DNA. This results an increase of the melting
temperature, as the point in which 50% of doublarst DNA becomes single-

strand®'” Such transformation is usually followed by UV-Vépectroscopy,
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measuring the hyperchromicity of the absorptiondban260 nnf’ It can also be
investigated by differential scanning calorimetrigigh measures the absorbance

during denaturatiof®

In the present Chapter thermal denaturation has beestigated by means of
UV-Vis spectroscopy. Figure 4.11 shows the meltiegperatures (I, K)
determined and compares them to the correspondahge Vfor free CT-DNA.
Complexes 27  [Rum®-p-cym)(Anthimpy)CIIPE, 28  [Ru(n’-p-cym)
(Anthimpy)l]PR, 32 [Ru(m’-bip)(Anthimpy)CIJPE and 33 [Ru(m’-m-terp)
(Anthimpy)CI|PF cause most stabilization of the double helix wifh, values
varying from 20 — 30 K. This result is consistenithwprevious reports that
indicate that increasing the number of aromatiggim the complex increases the
Tm value for CT-DNA? In particular Ru(ll) complexes such asn’Hn
terp)Ru(en)CI]PE have been reported to stabilize DNA by effectshef positive
charge on the metal centre, as well as the inierecbetween the arene unit and

the base-pairs of DNA.

In contrast complexes7 [Rum®-p-cym)(impy)Cl]PR, 8 [Ru(m®-p-cym)
(impy)I]PFs and 24 [Ru(ne-p-cym)(Phimqn)CI]PE cause minimum variation to
the T, of CT-DNA (AT, = 4 K). This is expected for complexes that do not
intercalate. Given the structure of these complexess a reasonable result.
Ru(lll) complex Naftrans-Ru@IDMSO)(Im)] is known to only cause slight

stabilization of the double heliAT, = 2 K)*°
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Figure 4.11. Comparison of the [ (K) for CT-DNA when incubated with Ru
complexe¥, 8, 24, 25, 27, 28, 33nd33.

Figure 4.12 compares the melting temperatures meaied with the
antiproliferative activity of the complexes in AZ¥®varian cancer cells. In this
case there is a partial trend that correlates xkeneof variation in T, (K) to the
cytotoxicity of the complexes in A2780 ovarian selComplexe27, 28, 32 and
33 which caused the highe&T,, values are the most active in the series, wit IC
values varying from 9.2 to 1.7 uM. Remarkably, tinend is not always true for
ruthenium complexes and depends greatly on thelinelt® Polypyridyl Ru(ll)
complexes with general formulanf:CsMeg)Ru(XY)]Cl, where XY = dppz, dpqg,
dppn do not follow this trend. There is no correlatbetween their activity in
MCF7 breast cancer cells or HT29 colon cancer @eil$ the AT, values with

CT-DNA.%®
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Figure 4.12.Comparison between the,TK) for CT-DNA when incubated with
Ru complexe¥, 8, 24, 25, 27, 28, 3@nd 33 (left axis) and the antiproliferative
activity of the complexes in A2780 ovarian celigl{t axis)

Another possible correlation worth investigatingpetween melting temperatures
and binding affinity of the complexes for CT-DNA. has been reported that
increasingAT, values are related to increasing binding constdritsHowever
this is not the case for complexés8, 24, 25, 27, 28, 3@2nd33 as Figure 4.13

shows One possible explanation relies on the differentlesoof intercalation.

Complete DNA intercalation is not the only non-ceve binding possible. There
are two extra modes for DNA interaction: semi-intédation and quasi-
intercalation, both of which include partial intalation of the aromatic unit
between DNA base-paifs.These interactions can cause enough stabilization
the double-helix to generate a difference in thdtinge temperature, without

exhibiting high affinity between the metal compkaxd the CT-DNA.
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Figure 4.13.Comparison between the,TK) for CT-DNA when incubated with

Ru complexed, 8, 24, 25, 27, 28, 3d33 (left axis) and their binding constants
to CT-DNA (right axis)

CT-DNA Binding Kinetics. The binding rate of complexés 8, 24, 25, 27, 28,
32 and 33 to CT-DNA was determined using a constant ratioCGFDNA to
Ru(ll). Figure 4.4 shows that all complexes bindidéy to CT-DNA, reaching
equilibrium after the first 10 h of incubation. Thalf-times of these reactions are
lower that the equivalent process @DDP.2 It is interesting that only complexes
32 [Ru(m®-bip)(Anthimpy)CI]PR and 33 [Ru(n®-m-terp)(Anthimpy)CI]PE reach

binding percentages above 50 after 48 h (Figuré)4.1

Complex33 includes in its structurenterp as the arene. This polyaromatic unit
has been previously used with other Ru(ll) compexsuch as ff-m
terp)Ru(en)Cl]. * Reports indicate that this complex binds to CT-DMAcell-
free media up to a 80% in 48 h. However it caugestdbilisation of the double-

helix and a subsequent decrease in the CT-DNA ngetemperatureNT, = - 4
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K).2 [(n°®-m-terp)Ru(en)Cl] is considerably less active than comp8in A2780
cells (42 + 4 uM against 1.7 £ 0.3 uM) which indesthat the extent of metal
binding to CT-DNA in cell-free media is not alwagigectly proportional to the
antiproliferative activity of the complexes, in ¢mst to the trend drawn by
Figure 4.14Interestingly, these results reflect only on théeek of intercalative
binding between the Ru(ll) complexes and CT-DNA, ths experiments are
carried out in the presence of elevated NaCl canagons which does not allow
hydrolysis of the complexes and subsequent covatemding to CT-DNA.
Dinuclear Ru complexes that include in their stnoetthep-cymene unit such as
{(n®-p-isopropyltoluene)RuCI[3-(ox&O)-2-methyl-4-pyridinonatexO,]} have
been reported to bind irreversibly to CT-DNA inldeée media, reaching metal-

bound percentages between 60 and 75%.

65

60
55

50

45

40
35

% Bound Ru at 48 h

30

25

[2|5] ' [2|4] ' [2|7] ' [2|8] ' [3|2] ' [3|3]

Figure 4.14.Comparison between the Ru bound to CT-DNA from glexes?,
8, 24, 25, 27, 28, 32and 33 (left axis) and their antiproliferative activities in

A2780 ovarian cells (right axis)
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CT-DNA Electronic Absorption Titrations. Binding interaction between
complexesy, 8, 24, 25, 27, 28, 3@nd33,and CT-DNA were monitored by UV-
Vis spectroscopy. In order to make sure that tieraction observed was indeed
intercalation and not covalent binding, it was rssegy to suppress the aquation
of complexes7, 25, 27, 28, 32 and 33. Figure 4.15 (A) shows the aquation of
complex7 followed by UV-Vis in the course of 24 h at 310 8ection (B) of the
same figure shows how this reaction is suppresgebebuse of 150 mM of NaCl,
the spectrum obtained 5 min after mixing the sangslerlaps completely with
that obtained after 24 h. The suppression of thetaon by 150 mM of NaCl was
also followed by*H-NMR. Finally section (C) in Figure 4.15 shows tthiaere is

no aquation of comple24 over 24 h at 310 K.

Intercalation of metal complexes into CT-DNA usyak#sults in batochromism of
charge transfer band§'3°This effect was observed in all the investigatedl iR
arene complexes. Figure 4.16 shows the red-shiftdmplexes/ (section A) and
for complex24 (section B) between 300 and 400 nm. At these lgagéhs ther*
orbitals of the intercalated ligands could couplghvihe © orbital of the base
pairs, thus decreasing thern* transition energy. Bathochromism as a result of

intercalation of a ligand into the base pairs ofdhas been widely studie€d?®
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Figure 4.15.UV-Vis spectra ofA) aquation of compleX, (B) suppression of the

aquation of complex by addition of 150 mM of NaCl anC) complex24. All

experiments were carried out over 24 h at 310 K.
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Figure 4.16. CT-DNA titrations with ruthenium complexées (A), and 24 (B).

Concentrations used were: Ru(ll) complexes 40 ui &r-DNA 0, 20, 40, 60,
80, 100, 120, 160 and 200 uM.

Titrations of complexeg, 8, 24, 25, 27, 28, 3@nd33, with CT-DNA were used

to determine the binding constants of these comg®ua the double helix. In
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these experiments the NaCl concentration (150 mM}p wvixed in order to

suppress aquation and avoid covalent binding adigtivation of the arene

complexes. Table 4.9 on page 165 lists the bindowgstants determined; all the

values are in the order of AM™ in comparison to other Ru(ll) intercalators such

as Ru(phen]PHEHAT)Y* which have K values in the order of°18

Figure 4.17 compares the binding constants forspaficomplexes. Complex&s

and 8 are related by thei,N-chelating ligand, impy. These complexes differ in

the monodentate ligand (Cl vs I). The same is foueomplexe7 and28 which

share the ligand Anthimpy. In both cases the bigpaionstant Kb for the iodido

analogues is higher than that for the chlorido demngs.

*Icomplexes 7 and

00 02 04

1/[ct-DNA] x 10°M

144 Complexes 27 and
12

104

Ag/[A-Ag]

06

o N B O ®
[ e T A

T T
.0 0.2 0.4
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1
0.6

Ap/lA-Aq]

®1 Complexes 24 and

T T 1
0.0 0.2 0.4 0.6

1/[ct-DNA] x 10°M

Complexes 32 and
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1/[ct-DNA] x 10°M

Figure 4.17. Comparison between the binding constants to CT-DdARu

complexe¥, 8, 24, 25, 27, 28, 33nd33.
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In the case of the pa4 and 25, unexpectedly comple®5 exhibits a lower

binding constant although it includes the Anthimiggand with a higher number
of aromatic units. There is a marked differenceviben the binding constants of
complexes the paiR4, 25 and complex33. This could be attributed to the
extended planarity of the arene unit. Such diffeesnbetween the intercalative
interaction of all-carbon aromatics and those dairtg nitrogen atoms has been
previously reporteld* also the great importance of planarity in the ricaating

ligand and its relation to the binding affinity Hasen investigatet}:*’

Figure 4.18 relates the antiproliferative activfythe Ru(ll) arene complexes and
the observed K values for CT-DNA. For the extreratugs of the 16y, results
seem to indicate that the potency of the compleaesbe related to their ability to
bind to CT-DNA. Inactive compleX has a low Kb value, while the contrary is
true for complex33, which is highly active and exhibits the highest Klmwever,
the relation between the middle values is not aarclThis inconsistency could
indicate that these Ru(ll) complexes are indeed titargeted and that
intercalation to DNA is not their main molecular chanism. Ruthenium
complexes, such as [Ru(terpy)(bpy)CI|CI, cis-[Ryfgl], and mer-
[Ru(terpy)C%] do not show correlations between their reactiiyards CT-

DNA and their antiproliferative activity’

Complexes/, 8, 24, 25, 27, 28, 3@d33 all contain a chiral metal centre. Each
separate isomer of a chiral complex can interdteréntly with DNA3*?In the

case of the present studies no attempt was meashkparate the two isomers.
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Figure 4.18.Comparison between the antiproliferative activafyRu complexes
7, 8, 24, 25, 27, 28 ,3@nd33in A2780 ovarian cells (left axis) and their binglin
constants to CT-DNA (right axis)

4.5 Conclusions

The research presented in this Chapter aimed t&siigate the potential of Ru(ll)
complexes for DNA intercalation, as a mechanismadiatiproliferative activity.
Iminopyridine ligandsl9-23 were synthesised and characterised by conventional
methods. This Chapter also describes the synthasis characterization of
complexes24-33 Aqueous chemistry of the Ru(ll) complexes wasestigated,
with special attention to the relation between géiquaand binding to 9-EtG as a
model for nucleobase interactions. Results showatthere is no clear trend to
correlate these parameters. The extent of aquisticomplexe4-33vary from 0O

to 43%. Antiproliferative activity of ligands andmplexes was determined in

A2780 ovarian, A549 lung, HCT116 colon and MCF7adstecancer cells. All
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ligands and complexes29 [Rum®-p-cym)(Qnimpy)CIIPEk, 31 [Ru(m®-p-
cym)(Indoimpy)CI]PEk were inactive in the cell lines tested, while coexgls26
[Ru(m®-p-cym)(Anthimgn)l]Pk, 28 [Ru(®-p-cym)(Anthimpy)[]PRs  and 33
[Ru(n®-p-terp)(Anthimpy)CI]PE exhibited the most promising potency withsdC
values comparable to those @DDP. Time dependence of the antiproliferative
activity on the length of the expose time was astermined for complexe®-
27. Drug-exposure period of 24 h was optimum for clxes 25 [Ru(m®-p-
cym)(Anthimgn)CI]PE and26 [Ru(n®-p-cym)(Anthimgn)I]PFk as they reach their
maximum potency at this time point. However, complg4 [Ru(n®-p-
cym)(Phimgn)CI]PEkis favoured by a longer exposure time, achieviest besults

after 48 h of incubation.

Cellular accumulation of complex8g-33was carried out in A2780 ovarian cells.
The amount of Ru detected by ICP-MS ranges fromaet22 ng of the metal per
10° cells. This indicates that all the complexes, udaig inactive29 and31 are
able to reach intracellular spaces. There was rectdrelation between cellular
accumulation and the antiproliferative activity éited by the complexes.
Complexes27, 32 and 33 share theN,N-<chelating ligand, Anthimpy and the
monodentate ligand, Cl. However they differ in thember of aromatic units in
the arenef-cym, bip andn-terp respectively). Determination of the Log Pues
confirms that increasing the number of aromaticgsinincreases the
hydrophobicity of the complexes, although theraasdirect correlation between

these values and cellular accumulation or antifa@tive activity.
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The most important results in this Chapter refertlte ability of the Ru(ll)
complexes to interact with CT-DNA. Thermal denatiora of CT-DNA was
monitored by means of UV-Vis spectroscopy. Incudratvith complexegd, 8, 24
and 25 caused a minimum change of the melting temperaitithe CT-DNA,
indicating that intercalation is not likely to occun contrast, complexe®7, 28,
32 and 33 generated\T, in the range of 20 — 30 K. The kinetics of CT-DNA
binding in cell-free media was also investigatedali cases the greatest extent of
binding occurs during the first 10 h of incubati@an310 K. Only complexe32
and 33 achieve binding above 50%. Finally DNA titrationgere used to
determine the affinity of the Ru(ll) complexes tod to CT-DNA. UV-Vis
experiments showed bathochromic shifts for chargesfer absorption bands

which is indicative of DNA intercalation.

In general results indicate that although Ru(lmptexes synthesised in this
Chapter interact with DNA mostly by means of intdation, there is no direct
correlation between these interactions and thepmntifierative activity exhibited
by the complex. This supports the idea of pian@istoomplexes being
multitargeted, in this case DNA may well be onethad targets however it does

not seem likely to be the principal target.
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Chapter 5

Antiproliferative pathways and mechanisms
of action of half-sandwich Ru(ll)/Os(ll) arene
complexes.
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5.1 Introduction

There has been an important advance in the unddimstaof the mechanism of
action of cisplatin and other platinum drdgSHowever little is known on novel
pathways followed by ruthenium or other transitioretal complexe8. This
impairs rational design and further improvementdaigs, especially of metal-
based chemotherapeufit® Ruthenium/osmium based drugs are most likely
multi-targeted’**? which makes more difficult the study of the activa of

cellular pathways that can lead to apoptosis.

In the present study, the activation of hallmarchiemical events in intrinsic and
extrinsic apoptotic pathways has been investigadédthe aim of gaining insight
into the mechanism of action of half-sandwich arexmemplexes. For this,
complexes15 [Ru(®-p-cym)(-Impy-NMe,)ClIPFs, 16 [Rum®-p-cym)(-Impy-
NMey)[]PFs, 34 [Ru(n’-p-cym)(p-Azpy-NMey)CI]PFs, 35 [Ru(n®-p-cym)(p-Azpy-
NMe)[]PFs, 36 [Osm®-p-cym)(p-Impy-NMe,)CI|PFs and 37 [Osn®-p-cym)(p-
Impy-NMey)I|PFs have been chosen. These compounds share impsitiactural
similarities and their differences will allow proig the impact of variation on
activity and apoptosis mechanisms. The antipraltfee activity, metal
accumulation and distribution of these complexeghzeen explored, as well as

their effect on the cell cycle of A2780 ovarianisel

Clinical drawbacks of platinum chemotherapeutieg;hsas acquired resistance
give ruthenium /osmium complexes a potential cihmdvantagé!**°Cisplatin

cross-resistance in ovarian cancer cells has besdoaged in this Chapter as well
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as oxaliplatin cross-resistance in colon carcinaels. Complexed5b, 16, 34-37

have been tested for induction of apoptosis andvamn of caspase 3.

Interestingly, the mechanism of action of chloriclamplexes seems to be very

different from that of the iodido analogues, as lhier are p53-independent.

Finally, cellular detoxification mechanisms havestexplored, especially those

involving GSH, thus case co-incubation of complekgs16, 34-3#ith L-BSO

achieves nanomolar antiproliferative activitiegufe 5.1 presents an overview of

the apoptotic pathways investigated in this Chapter

| Extrinsic apoptotic pathway

TNF

M phase FAS
Intrinsic apoptotic pathway ‘ G2 \
DISC
s Cell Cyle
Caspases 8, 10
Sphase z
‘ \ GSH detox
s Thioredoxin detox
=
Cellular uptake Cellular efflux
—

Topoisomerase Il [m] -

3

DNA polymerase o ‘ | DNA gyrase | Caspases6,7

L 4

DNA replication Apoptosis

% Tumour selectivity

MRC5

Figure 5.1.0verview of the apoptotic pathways investigate@hapter 5.
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5.2 Experimental section

5.2.1 Materials
Ruthenium(ll) complexes5 [Ru®m®-p-cym)(p-Impy-NMe,)CI|PFs and16 [Ru(n®-
p-cym)(p-Impy-NMe))I]PFs have been described in Chapter 3 and the arene dime
[(n°-p-cym)RuC}], in Chapter 2. Osmium(ll) complex&6 [Osf’-p-cym)(p-
Impy-NMe,)Cl]PFs and 37 [Ost® p-cym)(p-Impy-NMe,)l]PFs as well as the
ligand p-Azpy-NMe, were kindly provided by Dr. Ying Fu.
L-Buthionine-sulfoximine L-BSO X97%), auranofin X98%), aphidicolin from
Nigrospora sphaerica(=98%), etoposide >08%), novobiocin sodium and
staurosporine were purchased from Sigma Aldricbpidium iodide £94%) and
RNAse A for flow cytometry staining were also obkd from Sigma Aldrich
together with the Annexin V-FITC Apoptosis DeteatiKit for flow cytometry.
Caspase activity was determined using the CaspdSel&imetric Assay Kit
from Cambridge Biosciences. Cell fractionation wasarried out using

FractionPREP kit from BioVision.

5.2.2 Preparation of complexes

[Ru(n®-p-cym)(p-Impy-NMe,)CI]PF [34]*°. Rutheniump-cymene dimer |°-p-
cymene)RuCGl; (50 mg, 0.05 mmol) was dissolved in methanol (5,nplaced in
a round bottom flask, and two mol equiv of the tigg-Azpy-NMe, were then

added (23 mg, 0.10 mmol). The reaction mixture lgftsat ambient temperature
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with constant stirring for 5 h. After this time Solnequiv of NHPR; were added
to the mixture, which was left stirring for a fugthhour. The solid residue
obtained was collected by filtration and recrystall from ether (Yield 74%).
Elemental analysis calc. for,g,sN4CIFsPRu, C: 45.05%, H: 2.21%, N: 8.76%.
Found: C: 44.85%, H: 2.32%; N: 8.46%. NMR{500 MHz; DMSO-d) 0.87
(6H, dd, J=23.93,11.51, 6.66 Hz) 2.26 (3H,.8LA1H, m) 2.52 (3H, s) 6.02
(1H, d, J=5.75 Hz) 6.11 (2H, t, J = 11.51, 5.7) B.32 (2H, d, J = 6.31 Hz) 6.99
(2H, d, J = 9.09 Hz), 7.69 (1H,t,J=11.8, 666 8.17 (2H, d, J = 8.18 Hz) 8.29
(1H, t, J = 14.24, 6.97 Hz) 8.39 (1H, d, J = 8.18 B.41 (1H, d, J = 5.45 Hz).

m/z (ESI) found 494.0 (calc. MC,4H2gN4CIRU = 494.92).

[Ru(n®-p-cym)(p-Impy-NMe »)I]PF¢ [35]*°. Prepared as above, using 50 mg,
(0.08 mmol) of [¢°®-p-cymene)Ruf], and 37 mg, (0.16 mmol) qF-Azpy-NMe,
Yield 68%.Elemental analysis calc. for,,sN4 FsIPRu C: 39.42%, H: 1.93%,
N: 7.66%. Found: C: 39.60%, H: 2.02%; N: 7.54%. N®IR500 MHz; DMSO-
de) 0.89 (6H, d, J =6.70 Hz) 2.51 (6H, s) 2.58 (3H3.00 (1H, m) 5.95 (1H, d,
J=7.31Hz)6.11 (2H, t, J = 13.8, 6.01 Hz) 6.B,(d, J = 6.70 Hz) 6.95 (2H, d,
J=9.75 Hz), 7.60 (1H,t, J = 14.10, 6.70 Hz)6§aH, d, J = 9.14 Hz) 8.23 (1H,
t, J = 15.24, 8.53 Hz) 8.43 (1H, d, J = 7.75 HA7Y1H, d, J = 5.44 Hz). m/z

(ESI) found 586.4 (calc. MCy4H2sN4IRU = 586.37).
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5.2.3 Methods

5.2.3.1 Antiproliferative activity

The antiproliferative activity of complexekb, 16, 34-37, (Table 5.1, on page
197) were determined for A2780, A549, HCT116 andM@arcinoma cell lines
of ovarian, lung, colon and breast origin, respetyi. They were also studied in
A2780cis and HCT1160x which are the correspond@iipP andOXA resistant

carcinoma cell lines, as well as HCT116p53-/- an®@B, the former are
modified HCT116 which have knocked out the p53 dumsuppressor and the
latter are human foetal lung fibroblasts. The expents to determine Kg values

were carried out as described in Chapter 2.

Briefly, 96-well plates were used to seed 5000scedr well. The plates were left
to pre-incubate in drug-free media at 310 K for l®efore adding different
concentrations of the compounds to be tested. tieroto prepare the stock
solution of the drug, the solid complex was disedlirst in DMSO to be then
diluted in a 50:50 mixture of PBS : saline. A drexposure period of 24 h was
allowed. After this, supernatants were removed bgtisn and each well was
washed with PBS (100L). A further 72 h was allowed for the cells to @ger in

drug-free medium (20QL per well) at 310 K. The SRB assay was used to
determine cell viability. 16 values, as the concentration which caused 50% of
cell death, were determined as duplicates of t@pdis in two independent sets of

experiments and their standard deviations wereutztd.
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5.2.3.2 Metal accumulation in cancer cells

Cell accumulation studies for complex&$s, 16, 34-37, were conducted on
A2780 ovarian cells. Briefly, 4 x £@ells were seeded on a Petri dish, after 24 h
of pre-incubation time, the complexes were addedjite final concentrations
equal to 1Gy3 and a further 24 h of drug exposure was allowdter this time,
cells were treated with trypsin, counted and cellgts were collected. Each pellet
was digested overnight in concentrated nitric 4€8Po) at 353 K; the resulting
solutions were diluted using double-distilled watia final concentration of 5%
HNO;3; and the amount of ruthenium/osmium taken up byctlis was determined
by ICP-MS. These experiments did not include arlyreeovery time in drug-free
media, they were all carried out in triplicate athe standard deviations were
calculated. The statistical significance of alllgklr accumulation values was
determined using a two-sided t-test with P<0.05réviexperimental details can be

found in Chapter 2.

5.2.3.3 Metal distribution in cancer cells

In order to study metal distribution in A2780 cdits complexesl5, 16, 34-37,
FractionPREP kit from BioVisiorwas used according to the manufacturer's
instructions. Briefly, 4 x 1Dcells were seeded on a Petri dish. After 24 href p
incubation time in drug-free media at 310 K, thenptexes were added to give
final concentrations equal to 4¢3 and further 24 h of drug exposure were

allowed. Cells were treated with trypsin, counted aell pellets were collected
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after 5 min centrifugation at 2000 rpm, 277 K. Séeepvere re-suspended in the
cytosol extraction buffer provided in the kit (CEB)OuL) and were kept on ice
for 20 min to be centrifuged at 277 K for 10 min 2800 rpm. Supernatants
containing the cytosolic fractions were collectBéllets were re-suspended in the
membrane extraction buffers A (4QQ) and B (22uL), also provided in the cell
fractionation kit and vortexed for 1 min before rgicentrifuged at 277 K for 5
min at 3400 rpm. Supernatants containing the menebfi@ctions were collected.
Samples were re-suspended in the nuclear extrabtitier provided (NEB, 200
uL) and kept on ice for 40 min. After this time, le¢$ were centrifuged at 12000
rpm for 10 min. Supernatants containing the nudesaations were collected and
the remaining pellets were kept as the cytoskefedations. Samples were stored

at 253 K until further analysis.

Each sample was digested overnight in concentraited acid (73%, 15Q.L) at
353 K; the resulting solutions were diluted withutte-distilled water (to HN®
5%) and the amount of ruthenium/osmium taken uphleycells was determined
by ICP-MS, as decribed in Chapter 2. These experisneere all carried out in

triplicate and the standard deviations were catedla

5.2.3.4 Antiproliferative pathways and mechanism oéction

» Cell cycle analysis using flow cytometry

Complexesl5, 16, 34-37, and CDDP were used to study their effects on the

cycle of A2780 ovarian cells. For this, A2780 cellsre seeded in a 6-well plate
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using 1.5 x 1Bcells per well. Cells were pre-incubated in dreepfmedia at 310
K for 24 h, after which drugs were added using pgtgnt concentrations equal to
ICs5¢/3. After 24 h of drug exposure, supernatants weneoved by suction and
cells were washed with PBS (2 mL/well). Finallylleevere harvested using
trypsin (0.5 mL/well). Samples were centrifugedolets at 1000 rpm for 4 min
at 277 K. Cell pellets were washed with PBS (5 miercentrifuged and the
supernatant was removed. Cells were fixed for 2263 K using ice-cold ethanol
(70%, 5 mL). DNA staining was achieved by re-susiam the cell pellets in 300
uL of PBS containing 7.5M propidium iodide (Pl) and 100g/mL of RNAse A.
After staining cell pellets for 30 min at ambiergnmiperature, they were
centrifuged at 1000 rpm, 277 K for 5 min, the supéants were removed by
suction and discarded. Cell pellets were resusgemd®BS (5 mL) before being
analysed by flow cytometry using the maximum extaof Pl-bound DNA at
536 nm, and its emission at 617 nm. Data were gesrkusing Flowjo software.
Further studies on cell cycle were carried out gisiomplex16 [Ru(n®-p-cym)(p-
Impy-NMey)I]PFs andCDDP in order to determine the concentration dependence
of the changes in the cell cycle. In these stud#&s,80 cells were exposed to
different concentrations of the compounds, inclgdiralues below and above

their IGo's. Sample treatment was as described above.

» p53-activated apoptotic pathway

ICso values for complexe$5, 16, 34-37 were determined in the HCT116p53-/-
cell line which has the tumour suppressor p53 kadebut. Briefly, a 96-well

plate was seeded with 5000 A2780 cells per welllsGeere pre-incubated in
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drug-free medium for 48 h at 310 K before adding torresponding metal
complex for a 24 h period of drug exposure. Aftesa drugs were removed by
suction, cells were washed with PBS (1Q0well) and fresh medium was added
to the plate (20@L/well). Cells were allowed to recover in drug-freedium for
72 h at 310 K. After this period of time, the SR&ay was used to determine cell
viability. ICso values were determined as duplicate of triplicatestwo

independent set of experiments and their standartions were calculated.

 Induction of Apoptosis

Flow cytometry analysis of apoptotic populations A2780 cells caused by
exposure to complexds, 16, 34-37, were carried out using the Annexin V-FITC
Apoptosis Detection Kit. This kit, from Sigma Aldh, was used according to the
manufacturer's instructions. Briefly, A2780 cellere seeded in a 6-well plate
using 1.5 x 1B cells per well. Cells were pre-incubated in dregpfmedium at

310 K for 24 h, after which drugs were added usiqgipotent concentrations of
IC5¢/3. After 24 h of drug exposure, supernatants weneoved by suction and
cells were washed with PBS (2 mL/well). Finally Iselvere harvested using
trypsin (0.5 mL/well). Samples were centrifugedolets at 1000 rpm for 4 min
at 377 K. Cell pellets were washed with PBS (1 mrercentrifuged and the
supernatant was removed by suction. In this caskpellets were re-suspended
in 500 L of binding buffer containing Annexin V FITC comjate (50 mg/mL in

50 mM Tris-HCI, pH 7.5, containing 100 mM NaCl) and PI solution (100

mg/mL in 10 mM potassium phosphate buffer, pH @ahtaining 150 mM NacCl).
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After staining cell pellets for 10 min at ambieeiriperature, they were washed in
PBS (2 mL) before being analysed in a Becton Dmt#in FACScan Flow
Cytometer. For positive-apoptosis controls A278lsceere exposed for 2 h to
staurosporine (ig/mL). Cells for apoptosis studies were used withprevious
fixing procedure as to avoid non-specific bindin§ the annexin V-FITC

conjugate. Data were processed using Flowjo softwar

Further studies on cell apoptosis were carried using complex16 [Ru(®-p-
cym)(p-Impy-NMe))l]PFe. In these studies, A2780 cells were exposed feréift
concentrations of the compound, including valuelweand above its 16 in
order to investigate the effect of the concentratd the drug on the extent of

apoptosis observed. Sample treatment was as des@iiove.

» Caspase 3 apoptotic pathway

Colorimetric analysis of caspase 3 activation cduse A2780 ovarian cells by
exposure to complexds, 16, 34-37 was carried out using the Caspase-3/CPP32
Colorimetric assay Kit and used according to thenumecturer's instructions.
Briefly, A2780 cells were seeded in a 6-well plaging 1.5 x 18 cells per well.
Cells were pre-incubated for 24 h in drug-free raeati 310 K, after which drugs
were added using equipotent concentrations aof/3C After 24 h of drug
exposure, supernatants were removed by suctiorcelislwere washed PBS (2
mL/well), finally cells were harvested using trypgD.5 mL/well). Samples were
centrifuged to pellets at 1000 rpm for 4 min, 277a¢ll pellets were washed with

PBS (1 mL), re-centrifuged and the supernatant ieasved by suction. In this
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case cell pellets were re-suspended in cold lysieb(50uL) provided in the kit.
Cells were kept on ice for 10 min and then cengefli at 10.000 g for 1 min at
277 K. The supernatants were collected in cleaegund put on ice. To each
sample cell lysis buffer, 2X reaction buffer (pQ of each) and quL of DEV-
PNA substrate were added before incubating then2 forat 310 K. The resulting
solutions were read in an absorbance plate readdil@ nm. Samples were
analysed in triplicate, and the standard deviatiese calculated. For positive
activation of caspase 3 A2780 cells were exposathiarosporine (g/mL) for 2

h.

» DNA replication

IC50 modulation experiments for complexgs, 16, 34-37 by the inhibition of

DNA polymerasea and topoisomerase |l were performed using theopobt

previously described for Kg determination with the following modifications.
Briefly, a 96-well plate was seeded with 5000 A268@rian cells per well. Cells
were pre-incubated in drug-free medium for 48 IBHD K, before adding the
metal complexes together with the appropriate cobating agent (aphidicolin,
novobiocin or etoposide). In order to prepare ttoeks solution of the drug, the
solid complex was dissolved first in DMSO to bertltBluted in a 50:50 mixture
of PBS : saline. Separately, a stock solution & to-incubation agent was
prepared in saline. Both solutions were added th eeell independently, but

within 5 min of each other.
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After 24 of exposure, drugs were removed by suoctoells were washed with
PBS (100uL per well) and fresh medium was added to the p{26® uL per
well). Cells were allowed to recover in drug-freedium for 72 h at 310 K. At
the end of this period, the SRB assay was usecttermine cell viability. 1G
values, as the concentration which caused 50%lbtieath, were determined as
duplicates of triplicates in two independent seexperiments and their standard
deviations were calculated. In all the experimehis involved modulation of
ICso values, the set up included two different negateatrols; number 1 is
untreated, while number 2 is treated only with dmeincubating agent. These
controls are in place to make sure that the dogkeo€o-incubating agent is non-
toxic. Their value was always within 5% differertoethe negative control 1. The
statistical significance of all cellular accumutativalues was determined using a

two-sided t-test with P<0.05.

e Inhibition of DNA polymerase a - co-incubation with aphidicolin: 1
uM, 5 uM or 10 pM of aphidicolin was used for co-incubatiwith
complexesl5, 16, 34-37 (see aphicolidin structure in Figure 5.28 on page
253).

e Inhibition of topoisomerase Il - co-incubation with Novobiocin and
Etoposide: Complexesl5, 16, 34-37 were also coincubated with 5 uM
of novobiocin, and separatedly with 1M of etoposide (see novobiocin
structure in Figure 5.30 on page 256 and etopagideture in Figure 5.29

on page 255).
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e Cellular detoxification mechanisms

The possible involvement of GSH and thioredoxinuadse in modulating Kg
values was investigated by using the protocol desdrin the above section (see

DNA replication) with the following modifications.

e Interaction with GSH: complexesl5, 16, 34-37 were co-incubated with
L-BSO 1uM, 5 uM or 50 uM. (see L-BSO structure in Figure 5.31 on
page 258).

e Interaction with thioredoxin reductase: complexesl5, 16, 34-37 were

coincubated with 0.1M auranofin.

5.3 Results

5.3.1 Synthesis and characterization

Ruthenium(ll) complexed5, 16, 34, 35 and osmium(ll) complexe86 and 37
shown in Table 5.1, were synthesised and charaeteusing NMR, ESI-MS and
elemental analysis as well as ICP-MS for metal gfieation. The purity of the

compounds by elemental analysis was in all cas#s.
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Table 5.1.Complexes investigated in Chapter 5.

1 PR

N X
YC\K/Q
/ O\, =Y

X N

/N\

Compound M X
15 [Ru(m’-p-cym)@-Impy-NMe,)CIIPFs  Ru  ClI
16 [Rum’-p-cym)@-Impy-NMey)lIPFs ~ Ru |
34 [Ru(m®-p-cym)(-Azpy-NMe)CllPFs  Ru  ClI
35 [Ru(m®-p-cym)(p-Azpy-NMe,)I]PFs Ru |
36 [Osm’-p-cym)(p-Impy-NMe))CIIPFs  Os  Cl
37 [Osm’-p-cym)(p-Impy-NMey)I]PFs Os I

0O0zz00<

5.3.2 Antiproliferative activity

Complexesl5, 16, 34-37 were tested in A2780, A549, HCT116 and MCF7
carcinoma cells, 16 values determined are shown in Table 5.2. All aren
complexes investigated are highly active in allep#al cell lines (16 values <
17 pM), especially azopyridine iodido ruthenium gbex 35 [Rum®-p-cym)(p-
Azpy-NMe)I]PFs which exhibits sub-micro molar activity in A2780caMCF7

cell lines and is, in all cases, more potent {G&DP.
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Table 5.2. Antiproliferative activity of complexed5, 16, 34-37 CDDP and
OXA in A2780, A549, HCT116 and MCF7 cell lines. n/det determined.

I\
\(Q\/M
/ "\
X

N

] PR

I\
Nz

=Y

Q

/N\
Compound ICsc (UM)
M X Y A2780 A549 HCT116 MCF7
15 Ru ClI C 16.2+0.9 10.5+0.8 34+04 12.1+0.3
16 Ru | C 3.0+£0.2 15.3+0.9 8.6+0.8 44+0.3
34 Ru CI N 13.1+£05 15+1 16.7+£0.8 11.9+£0.9
35 Ru | N 069+£0.04 127+0.01 137+£0.04 0.8%0.
36 Os CI C 3.0+04 158+0.2 326+x0.05 9.3+0.6
37 Os | C 120%+0.02 3.31+0.6 1.6+0.1 1.2+0.2
CDDP 1.2+0.2 3.3+x0.1 5.1+0.3 7.4+0.2
OXA n/d n/d 3.99 £ 0.08 n/d

It is noticeable that in A2780 and MCF7 cells, bé&¢male cancers, all iodido

complexes are more than 10X more active than tdarido analogues. Osmium

iodido complex37 [Osn®-p-cym)(p-Impy-NMe,)I]PFs is as active or better than

CDDP in all cell lines tested.

Antiproliferative activity of complexed5, 16, 34-37 was also investigated in

resistant cell lines, A2780ci€DDP resistant) and HCT1160XOKA resistant)

and MRC5 human embryonal lung fibroblasts (non-eamas cells). These results

are shown in Table 5.3. In the case of resistdhtices A2780cis and HCT160x,

all iodido complexesl6, 35 and 37 retain the activity previously observed in

parental cell lines. In contrast, chlorido compkexé, 34 and 36 lose their
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potency in A2780 cells resistant to cisplatin. Afimplexes exhibit higher kg
values in MRC5 human fibroblasts than in any carcegr line, between 8 and

30X improvement in comparison to A2780 cells.

Table 5.3. Antiproliferative activity of complexed5, 16, 34-37 CDDP and
OXA in A2780cis, HCT1160x and MRCS5 cell lines. n/dat determined.

ICs0 (LM)
Compound A2780cis HCT1160x MRC5
15 [Ru(m®-p-cym)(p-lmpy-NMe,)Cl]PFs 52+1 77.7+£09 190+3

16 [Ru(®®-p-cym)(-Impy-NMey)I]PFs 3.3+x0.6 8.8+0.7 89+ 2
34 [Ru@m®-p-cym)(p-Azpy-NMe,)CI|PFs 27.5%+0.9 1.18+0.09 112+8
35 [Ru(n’-p-cym)(p-Azpy-NMe,)I]PFs 0.60+0.03 0.75+0.01 18.2+0.7
36 [Osi’-p-cym)(p-Impy-NMe,)Cl]JPFs  12.97 +0.07 3.6+0.3 53.7+0.8
37 [0s@mP-p-cym)(p-Impy-NMey)I]PFs 1.27+0.06 1.10+0.08 31.9+0.5

CDDP 11.5+0.3 n/d 16.2+ 0.6
OXA n/d 32.2+05 n/d

5.3.3 Metal accumulation in cancer cells

Total cellular accumulation of Ru/Os for complex&$, 16, 34-37 was
determined in A2780 cells in order to relate metaltent to cytotoxicity. Values
are expressed as ng of ruthenium/osmium per mitliglts and were determined

as independent duplicates of triplicates.

Results are shown in Table 5.4. In the case ofrcldaccomplexedl5, 34 and36,
their potency improves as their cellular accumalaincreases. This trend is not

observed for iodido complexd$, 35 and37. Cellular accumulation of Ru from
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complex35 is similar to Os accumulation from compl8X (both approximately
15 ng of metal per £&ells), however there is a significant differefcéheir 1Gso

values (13.1+0.5 for comple86 and 3.0 £ 0.4 for comple37).

Table 5.4. Total accumulation of Ru/Os in A2780 cells for cdexges 15, 16,
34-37 after 24 h of drug exposure at 310 K and no regotiene in drug-free
media, together with their fgvalues. Concentrations used were equipotent] in al
cases IGy3.

] PR

I X
N, D
X/ \NgY
/N\
Compound Cell accumulation ICs0
M x vy (ngRuOsx 16 cells) (UM)
15 Ru ClI C 7805 16.2+0.9
16 Ru I C 11.5+0.8 3.0+£0.2
34 Ru ClI N 13.4+0.9 13.1+0.5
35 Ru Il N 17.9+0.8 0.69 £ 0.04
36 Os ClI C 15.2 +0.9 3.0£04
37 Os I C 18.1+£0.1 1.20 +0.02

5.3.4 Metal distribution in cancer cells

Metal distribution studies were carried out for @exesl5, 16, 34-37in A2780
cells. The experiment allowed the separation of feellular fractions: firstly, the

cytosolic fraction which contains the total of dukiproteins from the cytoplasm,
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secondly, the membrane fraction which includednaimbrane proteins plus all
cellular organelles and its membranes. Thirdly,rthelear fraction containing the
total of nucleus soluble proteins and the nucleamiirane proteins and finally
the cytoskeletal fraction that includes the totalludar insoluble proteins and
genomic DNA. Figure 5.2 shows that all arene comgdel5 16, 34-37
accumulate to a high extent in the membrane fractitowever the percentages
for iodido complexes16 [Rum®-p-cym)(@E-Impy-NMe)l]PFs, 35 [Ru(m’-p-
cym)(p-Azpy-NMey)[]PFs and 37 [Osh-p-cym)(p-Impy-NMey)[]PFs are higher
than that for their chlorido analogu&s [Ru@®-p-cym)(p-Impy-NMe,)CIl]PFs, 34
[Ru(m®-p-cym)(p-Azpy-NMe,)ClIPFs  and 36 [Os{®-p-cym)(p-Impy-

NMe,)CI]PFs.

It is also notable that although second highesteotration of ruthenium/osmium
for chlorido complexesl5, 34 and 36 is found in the cytosol, there is no
significant amount of metal in this fraction fordido complexed6, 35 and 37.

Concentrations of metal accumulated in the nuchear cytoskeletal fraction are
also higher for the chlorido complex®5 34 and36 than for the iodido analogues

16, 35and37.
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[15] [34] [36] [16] [35] [37]
Compound % Cell accumulation
M X Y Cyt.? Memb. Nucl.® Cytosk.*
15 Ru CI C 12.7+0.8 731 8.2+0.6 5.8+0.9
16 Ru I C 2203 882 48+0.9 41+0.7
34 Ru CI N 11.5+0.6 79+1 40+05 48+0.3
35 Ru I N 1.12+0.08 91+2 2904 3.9+0.8
36 Os ClI C 6.8+0.7 84+1 48+0.9 43+0.2
37 Os I C 1.7+0.8 91+2 3.8+04 3.1+0.1

Figure 5.2. Distribution of metal for complexes5, 16, 34-37in A2780 ovarian
cells. Concentrations used in all cases wer/3Cpre-incubation time in drug-
free medium was 24 h and drug exposure time wa#.Z4Cyt. = cytosolic
fraction (total soluble proteins from cytoplasthhMemb. = Membrane fraction
(membrane proteins, cellular organelles and ordemaehembranes) Nucl. =
Nuclear fraction (total nucleus soluble proteingl amclear membrane proteirfs)
Cytosk. = cytoskeletal fraction (total cellular insolubleofgins and genomic
DNA).
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5.2.3.4 Antiproliferative pathways and mechanism oéction

» Cell cycle analysis using flow cytometry

Complexesl5, 16, 34-37and CDDP were incubated in A2780 ovarian cells to
study their effects on the cell cycle (See cellleywrheme in Figure 5.22 on page
242). For this task, cells were stained using Rjuie 5.3) as a fluorescent probe
that interacts with DNA through intercalatibhThe fluorescence emitted by Pl is
greatly enhanced (20-30 fold) when it is bound teleic acids allowing a

sensitive method for DNA quantification. Since Phiembrane-impermeant, it is
necessary to fix the cells with cold ethanol beftive staining takes place, this
treatment ensures that the dye enters intracelbolapartments. Moreover, Pl can
also interact with RNA, which could cause false DR#adings. To avoid such

interference, cells were also treated with RNAse.

Data obtained by flow cytometry were analysed ustawvjo software. For all
experiments, data were gated using a forward soadtside scatter plot (FSC vs
SSC plot) before obtaining histograms for the FLZi&nnel (which is used to

read PI fluorescence). Examples of these histogeeshown in Figure 5.4.

Figure 5.3.Structure of propidium iodide (PI)
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Figure 5.4.FL2-H histograms obtained by flow cytometry forlagicle analysis
(A) Control untreated cells; (B) Cells treated gsinuM of complex16; (C) Cells
treated using 0.4M of CDDP; For all experiments, drug exposure time was 24 h,

cells were treated with RNAse and stained using PlI.

By comparison to the control population, data igure 5.5 clearly show that
CDDP causes cell cycle arrest in the S phase. The ptpalin this phase
increases after 24 h of exposure to the platinung ¢irom 21.0+ 0.6% for the
control versus 25.2t 0.6%), together with a significant reduction ofeth
population in G1 phase (from 5990.9% to 47.2t 0.2%). In contrast, the half-
sandwich arene complexes cause arrest in the Gk phgardless of the nature of
their metal centre (Ru/Os) or the monodentate tg@ei/l). Ruthenium chlorido
complexes15 and 34 generate a slightly higher population in the Glaggh
compared to their iodido analoguds$ and 35. Interestingly, Impy-NMg
complexesl5 and16 cause the S phase population to double the G2{Mlption
(12.7+ 0.9% and 14t 1% in S phase fot5 and 16 respectively, versus 65
0.8% and 6.3 0.7%). In contrast, Azpy-NMe4 and35 complexes do not cause

this effect and their G2/M and S phase populatayesnot significantly different.
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° [15] [16] [34] [35] [36] [37] CDDP Control
Compound Cell cycle phase
M X Y Gl G2/M S
15 Ru Cl C 80.3+ 0.7 6.5+ 0.8 12.7+ 0.9
16 Ru I C 78.6x 0.8 6.3+ 0.7 14+ 1
34 Ru Cl N 73+ 1 11+1 13.2+ 0.5
35 Ru I N 69.7+ 0.9 10.7+ 0.9 10.3: 0.9
36 Os Cl C 77.8+£0.8 9+ 1 11.9+04
37 Os I C 78.4+ 0.9 10.9+ 0.8 9.7+ 0.4
CDDP 47.2+ 0.2 26.2£ 0.4 25.2£ 0.6
Control 59.9+ 0.9 18.5+ 0.9 21.0£ 0.6

Figure 5.5. Cell cycle analysis carried out by flow cytometrsing Pl staining

after

exposing A2780 cells to complexekb, 16, 34-37 and CDDP.

Concentrations used in all cases wergyR; pre-incubation time in drug-free

medium was 24 h and drug exposure time was 24 h.

Further studies were carried out using rutheniumpylmomplex16 andCDDP to

study the effect of drug concentrations on the cgtle. Data obtained for these

experiments are shown in Figure 5.6.
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Complex 16 CDDP
Cell cycle phase
Compound  Concentration Gl G2/M S
(nM)
16 1 64.2+ 0.6 21.9-04 14.5+ 0.8
3 66.4+ 0.1 19.5£ 0.5 14.0+ 0.6
9 65.6+ 0.8 21.4+ 0.6 12.9+ 0.5
0.4 51.1+£ 0.3 32.6£ 0.8 16.5 0.6
CDDP 1.2 43+ 1 33.2+ 0.5 22+ 1
3.6 31.2+04 23.9+ 0.9 44+ 2
Control 0 59.9+0.9 18509 21.0£0.6

Figure 5.6. Cell cycle analysis carried out by flow cytometrsing Pl staining
after exposing A2780 cells to compl&ég and CDDP. Concentrations used were
1, 3 and QUM for complex16 and 0.4, 1.2 and 34oM for CDDP. Pre-incubation
time in drug-free medium was 24 h and drug exposaore was 24 h.

It is observed that th€ DDP cell cycle arrest in S phase is concentration-
dependent. The population in the G1 phase decreagbsincreasing drug
concentration (from 51.2 0.3% at 0.4uM to 31.2+ 0.4% at 3.6aM CDDP). At

the same time, the S phase population increasa® (16.5+ 0.6% at 0.4uM to

44 + 2% at 3.6uM CDDP). As shown above, iodido ruthenium compli&
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arrests the cell cycle in the G1 phase. Howeves é#ffect does not seem to
depend on the concentration of the drug used. Sengposed to concentrations
above the 16 (9 uM) exhibit approximately the same proportion of pigion in
the cell cycle phases than those cells exposedroentrations below the 461
uM). For example, the G1 phase population is 65.60.8% at 9uM, a
concentration three times higher than the,|@nd 64.2: 0.6% at 1uM, which is
three times lower than the 4§ The same observation is true for the population i

the G2/M phase (218 0.4% at UM and 21.4 0.6% at at 1uM).

» p53-activated apoptotic pathway

Antiproliferative activity for complexe45, 16, 34-37was determined using the
SRB assay*® on HCT116 cells as well as their derived cell IHET116p53-/-
which has knocked-out tumour suppressor p53 a asgubdf the cell cycle. Table
5.5 shows that the antiproliferative activity ofl@mido complexesl5 34 and 36
decreases significantly, especially ruthenipampy-NMe, complex 15, as its
ICso value increases a twenty-fold (from 3.4 + Q¥ to 69.9 + 0.9uM)
compared to the wild-type HCT116. On the contramhenium iodido complexes
16 35 and osmium iodido comple37 retain their potency in the p53 mutant cell

line at the same level as in the parental cellHGT116.

It is remarkable that the differences in theggl@alues for complexed5, 16,
34-37seem to be associated with the halogen used asdaotate ligand and not

to the nature of the metal centre nor fhdkchelating ligand. It is also remarkable
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that the IGo value forCDDP in HCT166p53-/- is 36.% 0.3 uM was five times
that for the parental cell line (5.1 + Qu®1). Similar results are obtained for OXA,
for which the decrease in potency is higher thaentyfive fold as its 16 in the

p53-knock out cell line is above 1pM.

Table 5.5. Antiproliferative activity of complexed5, 16, 34-37,CDDP and
OXA in HCT116 parental cell line and modified HCTp53-/-

ICsc (LM)
Compound HCT116 HCT116p53-/-
15 [Ru®m’-p-cym)(-Impy-NMe,)CI|PFs 34+x04 69.9+0.9
16 [Ru®m’-p-cym)(-Impy-NMe,)I]PFs 8.6 +0.8 8.73+0.05
34 [Ru(n®-p-cym)(p-Azpy-NMe,)CI]PFs 16.7 £ 0.8 38x1
35 [Ru(n’-p-cym)(p-Azpy-NMe,)I]PFs 1.37 £0.04 1.59 +0.04
36 [Osh’-p-cym)(p-Impy-NMe,)Cl|PFs 3.26 £ 0.05 21.5+0.8
37 [Os@m°-p-cym)(p-Impy-NMe)I]PFs 1.6 +0.1 1.12 +0.07
CDDP 5.1+0.3 36.7+ 0.3
OXA 3.99 £ 0.08 > 100

* Induction of Apoptosis

Flow cytometry was also used to investigate thergxof apoptosis caused by
complexesl5, 16, 34-37 Phosphatidylserine is a phospholipid componestt igh
found on the internal/cytosolic side of the membranhealthy cells. However, in
early stages of apoptosis there is a loss of plobgth asymmetry and
phosphatidylserine is translocated to the oute sfdthe membran@. There it is
exposed to annexin V which in this case has beedifrad to include the FITC

fluorescent probe shown in Figure 5.7.
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Figure 5.7.Structure of fluorescein isothiocyanate (FITC)

The binding of annexin V-FITC to phosphatidylserirge calcium-dependent.
Hence the cells were not treated with trypsin-EDTénly trypsin) when
preparing the pellets. The binding buffer usechis experiment contains calcium
and magnesium for the same reason. In the lagstaEgapoptosis, the integrity of
the cellular membrane is compromised, allowing Rir (which is normally

membrane impermeant) to enter the cell and biriaNé.

Flow cytometry was used to monitor the fluoresceecaitted by the FITC
conjugate at the same time as the PI, making #giplesto distinguish four sets of
populations: viable cells, early and late apoptegtis and non-viable cells. For
all experiments, data were gated using a forwaattecvs side-scatter plot (FSC
vs SSC plot). The gated population was used tohgFy2-H vs FL1-H plots for
each sample (FL1-H channel reading FITC fluoreseesnad FL2-H reading PI

fluorescence). An example of this is shown in Fegbii8.
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FL2-H
FL2-H

Figure 5.8. FL2-H vs FL1-H dot plots obtained by flow cytomefor apoptosis
analysis using FITC (FL1-H channel) and Pl (FLZ#&nnel) staining. (A) Cells
treated with Jug/mL of staurosporine, (B) Cells treated witlnl of complex16
for 24 h at 310 K.

Figure 5.9 shows that the ratio of apoptosis causeaxposure to the arene
complexes can be divided into two groups, in whtoh patterns are similar. The
first group includes the three chlorido compledés 34 and 36 that cause high
late apoptotic populations. The second group,ddelo complexed 6, 35 and37
cause a large number of cells to be in the nonkeistage. Additionally, after 24

h of drug exposure, the extent of late apoptotils ¢& close to zero.
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34 Ru ClI N 92+1 1.61+ 0.06 3(')93; 2.8+0.3
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37 Os I C 87+1 0.30+0.04 11.90.8 0.95 0.03
Staurosporine (Sta) 84.3+ 0.5 0.41+0.06 13.220.4 5.66+0.09

Figure 5.9. Flow cytometry analysis to determine the percergagfeapoptotic
cells, using Annexin V-FITC vs PI staining, aftexpesing A2780 cells to
complexesl5, 16, 34-37and staurosporine. Concentrations used wegg3Gor

complexes and kg/mL for staurosporine (Sta), pre-incubation timedrug-free

medium was 24 h and drug exposure time was 24 h.
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3 88.5+ 0.4 0.780.02 10.A#0.7 0.22-0.08
9 84.9+ 0.5 0.950.08 10.9-0.7 4.1+ 0.2

16

Figure 5.10.Flow cytometry analysis to determine the percergageapoptotic
populations, using Annexin V-FITC vs PI staininfieaexposing A2780 cells to
various concentrations of complé6. Concentrations used were 1, 3 ouM,
pre-incubation time in drug-free medium was 24 # drug exposure time was 24
h.

Further studies were carried out using comdeéxto study the effect of drug
concentration on the extent of apoptosis, resukksshown in Figure 5.10. As
expected, compleg6 causes a decrease in viable cell population witheasing
concentration changing from 945 0.3% at 1uM, which is a concentration
equivalent to a third of the g to 84.9+ 0.5% at 9uM, which is 3 x IGp
concentration. The percentage of late-apoptotils aetreased with concentration

as expected.
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» Caspase 3 apoptotic pathway

The caspase-3/CPP32 colorimetric assay kit fromVBion, was used to
determine the level of activation of these proteiagsed by 24 h of exposure of
A2780 cells to complexe$5, 16, 34-37in comparison to untreated cells. For
positive activation of caspase 3, control A2780scelere exposed for 2 h to
staurosporine (Lig/mL). It is known that the amino acid sequence-&&p-Val-
Asp (DEVD) is cleaved by caspase 3 during the attwm of apoptosis in
mammalian cell$’ The cellular assay is based on the colorimetrtedi®n and
guantification ofp-nitro aniline @-NA) after it has been cleaved from the labelled
substrate (DEVD3-NA) which is incubated with treated cells. The @ibsnce of
p-NA was determined for a triplicate of samples &ach complex and the

standard deviation of the experiment was calculated

The data for the absorbance of fig®&A at 410 nm are shown in Figukell

Although all the complexed5, 16, 34-37 activate caspase 3, it is worth
highlighting that chlorido complexes 34 and36 give rise to higher absorbance
than their corresponding iodido analogu#€s35 and37 regardless of the nature

of their metal centre or thelN,N-chelating ligand.
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16 Ru | C 0.076 £ 0.008
34 Ru ClI N 0.132 £ 0.003
35 Ru | N 0.081 £ 0.003
36 Os ClI C 0.126 +£ 0.001
37 Os | C 0.073 £ 0.004
Control (Cont) 0.011 +0.001
Staurosporine (Sta) 0.152 + 0.006

Figure 5.11. Caspase 3 activation in A2780 cells caused by Zkpgosure to
complexes15 16, 34-37 at 310 K. Results are expressed as the samples’
absorbance at 410 nm (maximum absorbance opfié&). Concentrations of the
complexes used were equipotent atol& Cont: control cells not treated, Sta:

cells treated with staurosporine(@/mL)
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» DNA replication

ICso modulation by inhibition of DNA polymerase. by aphidicolin and
topoisomerase Il by etoposide and novobiocin wewestigated for complexes
15, 16, 34-37in A2780 cells. Results for co-incubation with aitolin are
shown in Figure 5.12. Complek5 [Ru(®-p-cym)(-Impy-NMe,)CI]PF;s loses
potency at all concentrations of the co-incubatiggnt. Its 1G, values increases
from 16.2 + 0.9uM to 71 £ 2uM when co-incubated with 10M of aphidicolin.
In contrast, its analogous iodido compli& [Ru(m®-p-cym)(-Impy-NMe)I]PFs
shows an increase in potency, as itgylalue decreases from 3.0 £ u® to
0.62 + 0.08uM when co-incubated with 1M of the polymerase inhibitor. The
antiproliferative activity of ruthenium-Azpy-NMe, complexes34 and35 do not
seem to be affected by the addition of aphidic@mtheir potency is the same in
all experiments. Finally, the same is true for asmp-Impy-NMe, complex36
and its iodido analogu87 which are only affected by the highest conceraratif

aphidicolin (10uM).

Figure 5.13 shows the results obtained when corepléX 16, 34—-37were co-
incubated with 5uM of novobiocin, a topoisomerase Il inhibitor. Img case, the
only complex to show a decrease in potency is therido complex15 (ICsg
value increases from 16.2 + O to 28 = 2 uM) while the changes in the
antiproliferative activity of complexes84, 35 and 37 are not statistically
significant. Interestingly, the potency of chloridomplex36 [Os°-p-cym)(p-
Impy-NMe,)CI]PFs is improved as its 1§ value decreases from 3.0 £ QM to

0.77 = 0.06u.M when incubated with M of novobiocin.
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34 Ru Cl N 13.1+05 128+05 12.73+0.09 12550
35 Ru [ N 0.69+£0.040.61+0.08 0.60+0.09 0.60+0.03
36 Os Cl C 3.0+0.4 2.8+0.8 1.09+0.06 1.02+0.03
37 Os I C 1.20+£0.021.17+0.06 0.80+0.02 0.60%+0.04

Figure 5.12.1Cso values for complexe$5, 16, 34-37 in A2780 cells after co-
incubation with various concentrations of aphidicolConcentrations of the
complexes used were equipotent, ap/& Aphidicolin concentrations used were:
(=) O uM, @) 1 yM (m) 5 uM and (m) 10 uM. All concentrations of

aphidicolin used were non-toxic.

Results for co-incubation with etoposide are alsows in Figure 5.13. the
potency of ruthenium complexe$5, 16 and 35 decreases with increasing
concentration of etoposide, especially for the dodimpy complex16. Its 1Cso
increases from 3.0 + 0.2M to 14.1 + 0.8uM when incubated with 1QM of

etoposide. In contrast, the potency of osmium cexgd36 improved. Notably,

225



Chapter 5: Mechanisms of action

the latter increases its activity ten-fold when imodbated with 10uM of

etoposide. No significant changes ind@ere observed for complexa4 and37.
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Moo XY 0 Novobiocin  Etoposide
15 Ru CI C 16.2+0.9 28+ 2 43+1
16 Ru | C 3.0+0.2 2.3+0.3 141+0.8
34 Ru CI N 13105 12.8+0.8 16.8£0.9
35 Ru | N 0.69+0.04 0.60%£0.09 20+0.1
36 Os ClI C 3.0£04 1.7+0.2 0.33+£0.02

C

37 Os I 1.20+£0.02 0.77+0.06 0.89 +0.03

Figure 5.13.1Cso in A2780 cells for complexekb, 16, 34—37after co-incubation
with 5 uM novobiocin or 1QuM etoposide. Concentrations of the complexes used
were equipotent at Kg/3. For all complexesi) no co-incubation agentm() co-
incubation with 5uM novobiocin and @) co-incubation with 1M etoposide.

Both concentrations of the co-incubating agentewen-toxic.
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» Cellular detoxification mechanisms

The effect of modification of GSH levels and inhidn of thioredoxin reductase
on 1Gso values of complexe&5, 16, 34-37 was investigated. These complexes
were co-incubated with various concentrations 830 (1, 5 or 5@M) as well

as 0.1uM of auranofin in independent experiments. Figudetshows the results
when L-BSO was used to inhib#glutamylcysteine synthetase and, consequently
lower intracellular GSH concentratioffs.Complexes15, 16, 34-37 greatly
improve their potency when co-incubated with L-BSThe antiproliferative
activity of ruthenium compled5 [Ru(ne-p-cym)(p-Impy-NMez)CI]PFe improved
more noticeably when co-incubated withyd of L-BSO as its 1G, value
decreased from 16.2 + 04oM to 1.0 = 0.3uM. The activity of the iodido
analoguel6 is not affected by the presence oful L-BSO, but, its potency
increases equally when usingu® or 50 uM of L-BSO. The activity of the
ruthenium p-Azpy-NMe, complex 34 improved eight-fold (from 13.1 + 0.5 to
1.63 + 0.02 with using 5 50M of L-BSO present). Meanwhile the J€value of

its iodido analogu85 and both the osmium complexgsand37 decreased to the
sub-micro molar range, especially comple®7 [Os(®-p-cym)(-Impy-
NMe,)I]PFs which improved its potency to nano molar values £8D nM when
co-incubated with UM L-BSO). Interestingly, it is observed that thetiopum
concentration of L-BSO to achieve the maximum poyenith all complexes is 5

uM.
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34 Ru Cl N 13.1+0.5 1.71 £ 0.09 1.63 £0.02 6.620.
35 Ru | N 0.69+0.04 0.22+0.01 0.14+£0.01 0.15+0.03
36 Os Cl C 3.0+£04 1.46+£0.02 0.42 +0.06 1.8+0.1
37 Os I C 1.20+£0.02 0.48+0.01 0.08+0.02 0.60+0.04

Figure 5.14.1Csp in A2780 cells for complexekb, 16, 34—37after co-incubation

with various concentrations of L-BSO. Concentragiasf the complexes used

were equipotent at Kg3. L-BSO concentrations weregi() O uM, (m) 1 uM, (=)
5uM and (m) 50 uM.

In a series of independent experiments, showngdargi5.15, auranofin, which is

an effective inhibitor of thioredoxin reductase wes-incubated with arene

complexesdl5, 16, 34-37 This gold complex can trigger mitochondrial-degbemt

apoptosis pathways and there are indications titathondrial oxidative stress is

a central event in its mechanism of action. Howettae® concentration used in

these experiments (04M) is non-toxic and too low to initiate the apojptot

cascade.
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Figure 5.15.1Cs0 in A2780 cells for complexeks, 16, 34—37 after co-incubation

with 0.1 uM of auranofin. Concentrations of the complexesdusere equipotent

at 1G¢/3. Auranofin concentrations weren{ OuM and @) 0.1 uM. The

concentration of auranofin used were non-toxic.

It is observed that the potency of all complexBs16, 34—-37improves when co-

incubated with auranofin (Figure 5.15). In the cateuthenium complexes, the

antiproliferative activity of iodido compound$6 and 35 is improved more

significantly than their chlorido analogud® and 34. The highest increase in

potency is observed for osmium chlorido compB& [Os°-p-cym)(p-Impy-

NMe,)CI|PFs; its 1Cs value deceases 10X from 3.0 £ @M to 0.30 = 0.05uM.
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To confirm that the chosen concentration of auranefas non-toxic, each 96-
well plate had three independent series of conivells. The first one was
negative control and was untreated at all times; gbacond control series was
treated only with 0.1uM of auranofin, and the last series was treatedc wit
different concentrations o€DDP. In all cases the difference in cell viability
between series one (untreated) and two (plus afinaveas never > 3%, and the

ICs0 value determined for CDDP was 1.2 + QNA.

5.4 Discussion

5.4.1 Antiproliferative activity

Antiproliferative activity for complexe45, 16, 34-37was determined using the
SRB assay for cell viability measurements. As shawiiable 5.2 on page 207,
all complexes are highly active in the four cefies used: A2780 ovarian, A549
lung, HCT116 colon and MCF7 breast lines with &liolvalues below 17 uM.
Complexesl5, 16, 34-37 were chosen for the present study because af thei
structural similarities and with the aim of comparithe extent of variation in

activity with changes in the structure.

As shown in Figure 5.16 all complexes have in comrie arene, which is @
cym unit. The starting point is chlorido complé® [Ru(n®-p-cym)(-Impy-
NMe,)CI|PFs which includes the bidentate ligapedmpy-NMe,. A change in the
chelating unit (a C atom replaced by N) generasescamplex34 which hasp-

Azo-NMe; instead. In the opposite direction, Ru(ll) compléxcan be compared
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to Os(ll) complex36, they have in common the chelating ligand and the
monodentate ligand. However the metal centre vgryirlom ruthenium to
osmium. According to the findings presented in Geaf, in which variations in
the monodentate ligand modified substantially thiéutar behaviour of ruthenium
complexes, it was decided to include the comparisiween complet5 and16.

Hence including as well iodido analogugfssand37.

36
—] PF.
| | ,\ B
—Nz
/Os _F
cl &
/N\
35 16 37
—] PF, —] PF, —] PF.
A A A
[ 5 B [\ B [\ B
\/Ru/N = Ru/N > /OS/N >

» Metal centre (Ru or Os)

N, N-chelating ligand (C, imino orN, azo)
Leaving group (Clor I)

Figure 5.16. Relationship between the complex&s, 16, 34-37 studied in
Chapter 5.
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It is remarkable that iodido complex®&8 and35 are both highly active in all cell
lines tested, although they exhibit differentd@alues caused by the variation of
the C atom in the imine group. This structural nfiodtion causes ruthenium
Azpy-NMe, complex 35 to be more active than the rutheniggyimpy-NMe,
complex16in all cell lines (eg. In A2780 cells ¥gchanges from 3.0 + 0.2 to 0.69
+ 0.04 uM). This observation could be explainedtly electronic changes that
the azo group generates in the structure. Therefectdensity of the ligand
varies, affecting as well the electron-density ok tmetal centre and in
consequence all reactions that involve it. The ipdgg of N=N bond reduction
also adds to the electrochemical changes considetedwhen the metal centre

varies between Ru/Os

It is observed that in A2780 ovarian and MCF7 bremsicer cells all iodido
complexesl6, 35 and37 are more active than their chlorido analogi/s34 and

36. Antiproliferative activity variations after modihtions on the monodentate
ligand could be explained by the previous findingesented in Chapter 3.
Changes in the halogen modify the cellular uptaké accumulation pathways
involved in the first stages of drug action. Thiald lead to variations in cellular
distribution of the drug, and in turn to differeapoptotic pathways being
triggered as a consequence of cellular compartatiestion?® hence resulting

differences in I1G values.

Finally, substitution of the metal centre is likety explain why osmiunp-Impy-
NMe, complexes are more potent than their rutheniumlognas (with the

exception of chlorido comple36compared to chlorido complebs exclusively in
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A549 cells). This involves variation of the redastigity of the complex, a type
of activity which has been related to the genenatbROS and modifications of
mitochondrial activity’*’ Electron transfer agents such as metal complexes
function catalytically in redox cycling with formiah of ROS from oxygen.
Electrochemical data add support to this mechanistewpoint. Generated
secondary species generally exhibit reduction piatisnamenable to electron
transfer in vivo, thus giving rise to RG$%.Electrochemical reduction of
ruthenium complexd5 has been previously investigatéd® It was found that its
first reduction potential is -0.40 V, which is catered to be within the biological
relevant range of redox potential values (+ 0.4\ 0.50 V§* making possible

its involvement in mitochondrial activity.

Experiments were also carried out with completés 16, 34-37 in order to
investigate their antiproliferative activity in rsgant cell lines. In the case of
CDDP resistance, cisplatin-resistant A2780Cis cellsewased. These results
shown in Table 5.3 on page 208 also allow investgaof cross-resistance
patterns with the platinum dru@DDP is the metal-based anticancer drug most
widely used. However, it shows major clinical drasks as very frequently
patients treated wit@DDP suffer from resistant cancer re-growth after resnois.

It is known that acquire@€DDP resistance is mainly caused by changes in three
cellular functions (A) reduced cellular accumulatiwhich can be the result of
impaired cell uptake or increased efflux, (B) iraged cellular detoxification,
especially mechanisms involving sulphur proteinad g§C) enhanced DNA

repair?®*
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CDDP cross-resistance factors shown in Figure 5.17eapFessed as the ratio
between the 16 values in the resistant cell line divided by tkigolvalues in the
parental cell line. These results indicate thabkstib complexesl5, 34 and 36
share, at least partially, some mechanisms of teesie to CDDP, as these
complexes lose potency in the A2780Cis cells. Rkaidy, the cross-resistance
factors are always lower than the value @PDP, which could mean a clinical

advantage for the arene half-sadwich complexes.
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Figure 5.17. CDDP cross-resistance factors in A2780 cells when edeatith

complexesl5, 16, 34-37for a 24 h period. Data are shown as the ratitCef
values in A2780cis divided by the JQvalue in the parental cell line. M = Ru/Os,
Y =C/N

lodido complexedl6, 35 and 37 retain their potency in A2780Cis cells, as their

cross-resistance factor is close to 1. This woulghyest that there is at least one

234



Chapter 5: Mechanisms of action

major difference between these complexes @BDP, with respect to the three
main causes of resistance. Although cellular acdation in A2780Cis has not
been investigated, further results included in pter that deal with the cell
detoxification process involving sulphur proteimeld@NA repair aim to establish

the mechanism responsible for the lack of crosistasce.

One common clinical strategy to treat cancers Haate acquired resistance to
CDDP is the use of OXA, even though this platinum basedallo-drug, shares
some features of the mechanisms of actio€DBDP. This clinical approach is
especially important in the treatment of coloreatahcer with the common
consequence of acquired resistance to both platicdmogs. To investigate
whether ruthenium/osmium complexes can be an altiem for this particular
case, the present research involved the analysigass-resistance with OXA
using colon HCT1160x cells. The results are shawmable 5.3 on page 208, in
this case, cross-resistance factors for compléxgsl6, 34-3Avere calculated
using the corresponding data fors¢tvalues in HCT116 and in HCT1160x, the

latter being the OXA resistant cell line.

Figure 5.18 indicates that, similarly @DDP resistance, iodido complexd$
[Ru(m®-p-cym)(p-Impy-NMey)[]PFs, 35 [Rum®-p-cym)(p-Azpy-NMey)I]PFs and
37 [OsmP-p-cym)(p-Impy-NMey)I]PFs retain their potency in the resistant cell
line. Once again suggesting differences in the m@sm of resistance of these
arene complexes compared to that of the OXA. Inresh there is no uniform
pattern for the chlorido complexes. Ruthenipiimpy-NMe, complex15 loses its

potency greatly, with a cross-resistance factd@2b while its equivalent osmium
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complex 36 retains activity and its g values does not change significantly.
Remarkably, ruthenium comple3d improves its activity in the resistant cell line
compared to the parental cell line. Results alsawstiat cells resistant to OXA

HCT1160x are also resistant @DP; this reflects the importance of the shared

mechanism of action of these platinum drugs.
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Figure 5.18. OXA cross-resistance factor in HCT116 cells whesatied with
complexesl5, 16, 34-37for a 24 h period. Data are shown as the ratitCef
values in HCT1160x divided by the JCvalue in the parental cell line. M =
Ru/Os, Y = C/N

CDDP and OXA react with GC-rich sites in DNA and theg &elieved to form
mainly intra-strand crosslinks.However it has been reported that OXA requires

lower intra-cellular concentrations and fewer DNAdelducts to cause the same
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extent of cell death to that &DDP.*! Both produce early SSB (single strand
breaks) but it has been suggested that althouge #re more early lesions caused
by CDDP, it is OXA which generates lesions that are maficdlt to repair, as

they are not recognised by MMR (mismatch repaiojgins®**?

Another important point when investigating the prdliferative activity of
candidate drugs is their behaviour towards non-@aus cells. For this, MRC5
human lung fibroblasts were used with complekBs16, 34-37 (Table 5.3 on
page 208). By comparing the dCvalue of a given drug in a cancer cell line
against its activity in MRCS5 is possible to detammnthe selectivity of the drug for
a particular tumour tissue. As the difference betwéese two values increases
the more likelihood of tumour specificity which mégad to reduce systemic

effects for patients when in clinical use.

Figure 5.19 shows the ratios ofsiGralues determined in MRC5 and the values
obtained in A2780 cells. In this case the higher #alue obtained, the more
favourable is the selectivity of the studied drog ¢ancerous ovarian tissue. The
best results are achieved by iodido complex6s35 and 37 suggesting that
specific mechanisms of interfering with abnormadliperation may be involved

in the pathways activated by these complexes.

Tumour selectivity values determined for iodido @bexesl6, 35 and37 are on
average two-fold higher than those determined lidorado complexed5, 34 and
36, although the latter coincide with the value deieed for CDDP. This
indicates that in the case of ovarian carcinom&sehhalf-sandwich arene

complexes are as selective as the platinum drugCMRbroblasts have been
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used to evaluate this type of tissue selectivitydier chemotherapeutic drufjs,

especially of natural origii®® or even when using photodynamic therapy

agents®
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Figure 5.19.Ratio of 1G, values in MRC5 normal cells divided by the;d®@alue
in the A2780 cancer cells when treated with comgsedd, 16, 34-37for a 24 h

period. High values indicate good selectivity famour cells versus normal cells.
M =Ru/Os, Y =C/N

5.4.2 Metal accumulation and distribution in cancercells

The extent of metal accumulation (ruthenium /osnmidar complexesl5, 16,
34-37 was determined in A2780 cells in order to coreelatto the exhibited
antiproliferative activity in this cell line. It v&aobserved that in the case of

chlorido complexesl5, 34 and 36 there is a trend that correlates cellular
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accumulation with potency as their sifCvalues decrease when the cellular
accumulation increases. However this trend was atsterved for the iodido

analogued6, 35 and37 (Figure 5.20).
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Figure 5.20. Comparison between cellular accumulation of Ru/@s ¢f metal
per 16 cells)(left axis) and potency (46 M) of complexed5, 16, 34-37(right

axis)

Differences in cellular accumulation cannot be akpd by the extent of aquation
exhibited by the complexes. As reported in Cha@derthe p-Impy-NMe,
complexesl5 and 16 aquate to a similar extent over 24 h (66% and 63%
respectively). It has also been reported previdfishat p-Azpy-NMe, complex

34 aquates up to 55% in the same period of time,enthiére is no aqua complex

formation for the iodido comple&5. Finally, the same process has been studied
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for both osmium analogué$;chlorido complex36 aquates 50% after 24 h and
complex37 is fully converted to the aqua species in the same. Such marked
differences do not allow for the establishment oy @arend to account for the
cellular accumulation. Besides, it is expected thkEtsma concentrations of
chloride do not allow the complexes to hydrolyséobe they enter the celf?
This is consistent with findings presented in Cka that indicate that there is
no observable aquation of the complexes after @4dell culture media and with
previous reports that indicate that luminescerttenium complexes can reach the

interior cell compartments with no structural chesttj

Interestingly, cellular compartmentalization stwd@n complexed5, 16, 34-37
showed that the metal distribution in A2780 celigim not depend on the nature
of the metal centre (Ru/Os) nor on tiNN-chelating ligand but on the
monodentate ligand (Cl/l) instead. Results are shiowFigure 5.2 on page 211.
The experiments carried out allowed the separatiofour cellular fractions as

shown in Figure 5.21.

Ru/Os from chlorido complexe&5, 34 and 36 were retained highly in the
membrane fraction. The extent of metal accumulatfoliows the order:
membrane > cytosol > nuclear fraction > cytoskelet@u/Os from the iodido
complexesl6, 35 and37 is not retained in the cytosol (< 2.2% of the walt Ru)
and the percentages of metal in the nuclear anoskgtetal fraction are lower

than for chlorido analogud®, 34 and36.
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Figure 5.21.Cellular fractions for compartmentalization studies

Cellular accumulation pathways studied in Chaptesh®w that there are marked
differences in the mechanism involved in cellulatake and accumulation of
chlorido complex15 [Ru(®-p-cym)(p-Impy-NMe,)Cl]PFs compared to iodido
complex16 [Ru(ne-p-cym)(p-Impy-NMez)I]PFG in A2780 cells. It is possible that
such differences can determine the distributionugienium/osmium in cells and
would explain why this process does not depenchemature of the metal centre
nor on theN,N-chelating ligand, but on the nature of the mond¢atenligand. In
consequence, it is also possible that the cellmaral distribution observed for
complexes34-37 is a consequence of the cellular uptake pathwaxsved in the
metal accumulation of these complexes; moreovées distribution can determine
the different apoptotic pathways activated by abiov iodido complexes. This is
consistent with recent studies that have linkedoeyibtic pathways to cellular
signal transduction, suggesting bidirectional ipkey between the two

processe$® moreover, results suggest that cellular compamaalieation can
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induce selective transmission of signals that czed |either to apoptosis or

survival of the celf®*°

5.4.3 Mechanism of action studies

» Cell cycle analysis using flow cytometry

The cell cycle in mammalian cells (Figure 5.22) siets of four distinct phases:
an S phase during which the cell replicates its DIdAd duplicates the
chromosomes, an M phase in which the duplicatedncbsomes are separated
into two nuclei (mitosis) and consequently into tdaughter cells (cytokinesis),
and finally, two gap phases known as G1 (beforen&e@) and G2 (before M

phaseft*?

G2 Checkpoint
eckpoin M phase (Mitosis,cytokinesis)

G2 (Gap 2) ‘ M Checkpoint
G1(Gap1)

Sphase
(DNA synthesis) ‘
G1/S Checkpoint

Figure 5.22.Cell cycle representation for mammalian cells.

Progression of the cells in this cycle is regulabgdcyclin-dependent kinases
(Cdks) and determined by three checkpoffit§he first of which occurs in late

G1 phase, at this point G1/S and S phase cyclingddiplexes are activated only
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if the conditions for cell proliferation are ided#then DNA replication starts. The
second check point at the end of G2 phase coribfds damage or completion of
DNA replication, in this case the M-phase cyclinkGmbmplex is activated. The
third checkpoint is responsible for deactivatingg @tdks in the cell to allow

spindle disassembly and later cytokinesis.

G1/S cyclins stimulate the cells to go into thel cgtle depending on external
signalling that guarantee the rate of cell gronghitsis possible to say that cell
proliferation is controlled at the G1/S checkpdihResults shown in Figure 5.5
on page 214 indicate that compleXids 16, 34-37do not allow A2780 cells to
progress into the cell cycle hence they do notwaliloe cancer cells to multiply.
Ruthenium and osmium complexes studied in this @mnaphave shown a
significant arrest in G1 population compared to timéreated control. This has
previously been reported for other ruthenium(ll)mgbexes? Interestingly,
ruthenium Impy complexes5 and16 cause the S population to be twice as large
as the G2/M phase population (12D.9% in S phase fd5, compared to 6.%
0.8 in G2/M phase and 1% in S phase fat6,compared to 6.2 0.7 in G2/M
phase). This possibly indicates that besides cgu&h-arrest these ruthenium
complexes interfere with DNA and/or chromosome iogpion as cells are
partially retained in the second checkpoint whibkeaks for DNA damage, which

implies a secondary S arrest.

In contrast, results fo€CDDP (Figure 5.5 on page 214) show that the platinum
drug causes arrest in the S phase, as exp&dteid.known that the mechanism of

action forCDDP involves covalent binding of the drug to DNA. Thisfective
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DNA triggers cell cycle arrest and does not allawgpession into cell division.
Figure 5.6 on page 215 shows the results for theyde analysis of A2780 cells
when treated with different concentrations @DDP. The arrest observed is
concentration-dependent as the S phase populat@eases with concentration
increase (16.% 0.6% when using 0.4M of CDDP to 44+ 2% when using 3.6
uM). The explanation for this observation lies imttlat higher concentrations of
the platinum drug, the number of DNA-Pt lesionsréases making the repair
process slower and inefficient. This holds a greptgulation of cells in the S

phase.

The same experiment was carried out using diffecententrations of ruthenium
complex 16 [Rum®-p-cym)(-Impy-NMey)I]PFs. However in this case the
population arrested in G1 phase does not increagafisantly with the
concentration of the complex (64t2.6% when using §M of 16 to 65.6+ 0.8%
when using 9uM), which indicates that the cell cycle arrest ancentration-
independent. This could be an advantage for awanter drug, as its cytostatic

activity would avoid cell proliferation at low coawtrations.

» p53-activated apoptotic pathway

Protein 53 (p53) is a tumour-suppressor protein ititaracts with the G1/S-Cdk
complex involved in the first cell cycle checkpothip53 is a zinc protein which
contains 393 amino acid residues, divided intoetltremain® as shown in Figure

5.23% It mediates cell cycle arrest, senescence or apisp@after mutagenic
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events. Disruption in the p53 pathway has beennglyo correlated to
tumorigenesis as it is considered to maintain geoatability. Unfortunately, its
inactivation is the most common event in human ees)coccurring in at least

50% of all case3>?!

N-terminus Central Core C-terminus
[142 | |61-94] 102292 | 1324-355 | [363-303 |
Transactivation Proline-rich  DNA-binding domain Tetramerization Regulatory
domain region domain domain

Figure 5.23. Schematic representation of the three protein dasnam p53
according to Bai and ZH.

Figure 5.24 shows the ratios ofsiGralues for HCT116p53-/- cells (p53 knocked
out cells) over the parental line when treated witimplexesl5, 16, 34-37for a
24 h period (for 1G, values in each cell line see Table 5.5. on pa@g. Higure
5.24 shows that there are different responses when ¢he are exposed to the

chlorido complexe45, 34 and36.

Although all chlorido arene complexes seem to lpsency, this effect is more
pronounced for compleg5 [Rum®-p-cym)(p-Impy-NMe,)CI]PFs which is 20X
less active (I increases from 3.4 0.4 to 69.9% 0.9uM). Activation of p53, by
DNA damage, cytotoxic drugs, hypoxia or oncogemgnalling amongst others,
is known to cause cell cycle arrest in G1 phaseyaelsas being involved in the

intrinsic apoptotic pathway/.
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Figure 5.24. p53-dependent cell death of HCT116 cells when dcdkatith
complexeslb, 16, 34-37for a 24 h period. Data are shown as the ratitCef
values in HCT116 p53 -/- divided by theskvalue for the parental cell line. M =
Ru/Os, Y = C/N

In previous sections, it was shown that these cergd cause the same effect on
the cell cycle (G1 arrest). Both events may betedlalt is possible that the
chlorido complexedl5, 34 and 36 activate p53 which in turns arrests the cell
cycle, so when p53 is knocked out in HCT116 célésdrrest does not occur and
cell proliferation increases, which is manifestasdaa increase in the 4gvalue.
Other ruthenium complexes have been previouslyiexiuid relation to their p53-
dependence> particularly, chlorido complex RM175 (Figure 5.2%)hich

activates p53-dependent pathways.
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Figure 5.25.Structure of RM175

In contrast, Figure 5.24 also shows that iodido glemes16, 35 and37 are as

potent in the p53- null cell line as in the paréhiee. This is likely to indicate that
their mechanism of action does not depend on tRegp®ptotic pathway, which
might be advantageous for their clinical use, egfigctaking into account that
the treatment of choice for colon cancer is OXA ahhshows a potency loss

above 25-fold.

Activation by DNA damage,
cytotoxicdrugs, hypoxiaor
oncogenicsignalling.

e

Pathway can be
inhibited by Bcl2 “
proteins | ‘

Mitochondria

«.

Apaf-1
Caspases 3, 6,7

Figure 5.26.Schematic representation of the intrinsic apopiaithway.
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The intrinsic apoptotic pathway, in which p53 isvolved (Figure 5.26), is
activated by cellular stress. Signalling in thisthpeay is amplified by
mitochondria, which release cytochrome ¢ and submdty activate caspase 9,

and downstream also activate caspa$e 3.

 Induction of apoptosis

Apoptosis is the process of programmed cell deatiwhich a cell goes through
biochemical and morphological changes. Unlike ngstat produces fragments
that other phagocytic cells are able to remove authcausing damage to
surrounding tissue®. There are basically two different pathways forlsceb
undergo apoptosis. The first one is the intrinsa¢thpray (initiated by internal
stimuli) discussed in previous sections and thers@ds the extrinsic pathway
initiated by external stimuf® Nevertheless, there are several signalling
mechanisms that can activate these pathways, tamgbe external stimuli can be
initiated by the TNF pathfdgrmerly known as tumour necrosis factor alphasi)
the FAS path (apoptosis antigen 1) in which thethdesducing signalling
complex DISC is formed and caspases 8 and 10 &xat@d>® Regardless of the
mechanism that initiates the cascade of apoptotus, the process finishes with
proteolytic caspases starting the organized deticedaf cellular organelles.

In the present workcomplexesl5, 16, 34—-37were used to investigate the extent
of apoptosis in A2780 cells caused after a 24 fodesf exposure. Results shown

in Figure 5.9 on page 220 indicate that although hallf-sandwich arene
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complexes cause apoptosis there are differencedaition to early, late apoptotic
and non-viable populations.

It was observed that early apoptotic populationscelfs are practically non-
existent after exposure to iodido complei€s 35 and37, but they exhibit high
incidence of non-viable cell&lso, the population for late-apoptotic cells irese
iodido complexesl6, 35 and 37 is very low. Morphological changes in early
apoptotic cells include the loss @hospholipid asymmetry followed by the
traslocation of phosphatidylserine to the outer imeme. The phospholipid
component should be found in the internal/cytoseiie of the membrane in
healthy cells. This protein translocation is key floe detection of apoptosis by
annexin V?°

In late stages of apoptosis, the membrane is yatalihnpromised as the cell breaks
apart into several vesicles or apoptotic bodieshénprocess, membrane blebbing
allows formerly impermeant agents, like PI, to ascener cell compartments. In
contrast to iodido complexes, the population oh-u@ble cells is lower for
chlorido analogue45, 34 and36. These differences might indicate that although
all complexes activate apoptotic cascasdes, theepses involving iodido
complexesl6, 35 and37 are different from those involving chlorido analeg
15, 34 and 36 generating variations in the time each pathwaggak cause cell

death.
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» Caspase 3 apoptotic pathway

Caspases, in general, are a family of cysteineepsats that play essential roles in
apoptosis, necrosis, and inflammatférn® Caspase 3, in particular, also known as
CPP32, is encoded by the CASP3 gene in humans enagjnmises the peptide
sequence DEVDG (Asp-Glu-Val-Asp-Gly), with cleavagecurring on the
carboxyl side of the second aspartic acid resitiieThis peptide sequence
preference allows the development of colorimetrietimds to measure its
activation, as used in this research, in whichRE&/D sequence is labelled with

p-NA.#

INTRINSIC PATHWAY
Post-mitochondrial
assembly'of pro-apoptotic

EXTRINSIC PATHWAY

%, Death ligand delivered to
%%, death receptor

pro-casp-3
pro-casp-7

casp-3
casp-7

Cleavage of substrates....

APOPTOSIS

Figure 5.27.Involvement of caspase 3 in the intrinsic and esto apoptotic
pathways according to Salvesen and Riédl.
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The inactive form of caspase 3, known as the caspaymogen can be activated
in both apoptotic pathways$-igure 5.27. (A) the intrinsic pathway, in which
p53 activates the release of cytochrome c¢ from chitadrid® and (B) the
extrinsic pathway which is activated by DISC (deatucing signalling
complex) and is independent of Bcl2 activity. Inetformer, cytochrome c
combines with caspase 9 and the apoptosis-actiyédrtor 1 (Apaf-1) to activate
the zymogen. However, in the latter it is the sedgjaéactivation of caspases that

plays a central role in the execution-phase ofatiptosis’

In the present researcbomplexesl5, 16, 34-37 were used to investigate the
activation of caspase 3 in A2780 cells. For this, absorbance of free p-NA was
monitored, as caspase 3 specifically cleaves tliia@adDEVD-pNA. Results
shown in Figure 5.11 on page 223 indicate thathalstudied arene complexes
activate caspase 3. Remarkably, there is a difterd@a. 1.5 X) between the
levels of activation of the caspase 3 induced yctilorido complexe$5, 34 and
36 compared to that induced by the iodido complex6s35 and 37. This
difference again, indicates that the monodentagantli plays a major role in
determining the activity of these half-sandwichn@&eomplexes. Staurosporine

was used in this experiment as a positive contmoltn to cause apopto$is®*

Polypyridyl ruthenium complexes have also been ntepoto induce apoptosis
with activation of caspase 3 via the intrinsic peait®® Interestingly, there are
other repor® that indicate that anticancer agents that intemsith DNA,

specifically with mitochondrial DNA (mDNA), selegtly enhance the generation

of ROS in mitochondria and the release of cytocle@minducing apoptosis after
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activating caspases 9 and 3. Cell compartmentaizastudies showed that
complexes15, 16, 34-37 accumulate highly in the membrane fraction that
includes the mitochondria, and they also activatpase 3. However there are no
data on their interaction with mDNA. Further stidigill be needed to analyse

ROS generation and the role of mitochondria inpaotiferative activity.

» DNA replication

DNA replication is a common target in the developmef chemotherapeutic
agent$* This process, used by the cell to copy its DNAytstwith the double
helix being separated into two strands initiatihg teplication fork. For this a
DNA helicase breaks the hydrogen bonds that keeptiuble strands together.
In a following step, a DNA polymerase uses oneha&f hewly-released single
strands to match complementary nucleotides anchegiste a new strand. The
formation of the replication fork causes rotatidriree DNA and in consequence it
builds up excess coiling that DNA gyrases relieyaibwinding the double helix.
As a crucial step in cell multiplication, this pess can be targeted to block

abnormal cell proliferation.

In the present work, aphidicolin was used to intHiNA polymeraser in order to
establish whether it has a role in the antiprodifee activity exhibited by arene
complexesl5, 16, 34-37in A2780 cells. It has been previously reportedt th
aphidicolin is a reversible inhibitor of this polgmnasé>®® and shows a dose-
dependent capacity to inhibit repair @&DDP-induced DNA damag®:®’

Aphidicolin is a tetracyclic diterpene, (Figur8. and has also been used as
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synchronising agent in cell cycle studfé€® It has been suggested that its
mechanism of inhibition relies on conformationalanfes that inactivate the

enzyme when aphidicolin binds to the dCTP bigdiite®®

Figure 5.28 Structure of aphidicolin

Results (Figure 5.11 on page 225) suggest thattiti@roliferative activity of
ruthenium azpy complexe84 [Rum®-p-cym)(p-Azpy-NMe,))CIJPFs and 35
[Ru(m®-p-cym)(p-Azpy-NMe,)l]PFs may not involve mechanisms linked with
DNA polymerasen inhibition, as their 1G, values remain unchanged with the co-
administration of different concentrations of apbadin. On the contrary, the
activity of complexed6, 36 and37 improves significantly. This may result from
the lack of repair of DNA lesions caused by the-sBahdwich arene complexes.
Such results have been previously observed, thenpptof CDDP improves
when co-administered with aphidicolin, in this caske diterpene partially

prevents the repair of Pt-DNA by the polymeragé "

Aphidicolin is widely used as a control for DNA polerase inhibition studies as

it exhibits a high affinity for the enzymé-**"?230 it is possible that in a
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competition reaction against a second inhibitce, |&titer would be displaced. This
explanation is consistent with the observationsthier antiproliferative activity of
complex 15 [Ru(®®-p-cym)(p-Impy-NMe,)CI]PFs which decreases considerably
when co-administered with aphidicolin. Inhibitioh BNA polymerase might be

one of the mechanisms of such a multitargeted drug.

Topoisomerases are a family of enzymes that cut BdtAnds catalysing the
hydrolysis of phosphodiesther bonds, whilst at slene time, are capable of
rejoining the separated strands. In particular,oisgmerase Il uses this
mechanism to manage DNA tangles and supercoils dbhatir during DNA

replication. Unlike topoisomerases type |, theiogasses are ATP-dependent.
Etoposide, shown in Figure 5.29, is an inhibitotagoisomerase Il that binds to

the enzyme and blocks the DNA re-ligation step.

Figure 5.13 on page 226, shows the results of cobation of etoposide with
complexesl5, 16, 34-37in A2780 cells. The potency of complex&$ and 37
towards these ovarian cells remains unchanged #Hiterco-administration of
etoposide. This might suggest that their mecharo$raction does not involve
disruption of DNA replication. In contrast, the atilo complex36 [Os°-p-
cym)(p-Impy-NMe,)CI|PFs exhibits a marked improvement of its activity
(decrease in 165 value). It has been reported that this osmium dexpndergoes
full aquation after 24 h and is capable of bindiag-EtG®’ That together with
the fact that in the cell compartmentalisation ssdOs from complex36 is
highly accumulated in the cytoskeletal fractiomoiii which genomic DNA is

isolated), suggesting that it is possible that ¢beplex interacts directly with
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DNA. Etoposide inhibition of topoisomerase || mdpa complex36 to promote
double strand-DNA (DS-DNA) breaks. Such an obsé&mahas been previously
reported for ruthenium complexes that bind diretYDNA inhibiting relaxation

and repair by topoisomeraséil.

P
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Figure 5.29 Structure of etoposide

Contrasting results were observed for compleg&s[Ru®-p-cym)(p-Impy-
NMe,)CI]PFs, 16 [Rum®-p-cym)(p-Impy-NMe,)I]PFs and 35 [Ru(m®-p-cym)(p-
Azpy-NMe)I]PFs which lose their antiproliferative activity towad\2780 cells
when co-incubated with etoposide. This inhibitorusually used as a positive
control for topoisomerase Il studi€s’* as it does not affect the activity of
topoisomerase | enzym@and exhibits a highly elevated affinity. The lesare
consistent with these complexes having a mechammction that inhibits
topoisomerase Il. However when co-incubated withpeside the competition

reaction favours the formation of the etoposideyere complex which leads to a
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decrease in the potency of the metal compounds. rEsult is consistent with the

observations for DNA polymerasenhibition shown earlier.

A particular type of topoisomerase Il is DNA gyraséhich helps to minimize
DNA unwinding problems by negatively supercoiling This enzyme can be

inhibited by novobiocin (Figure 5.30) which is amiaocumarin that binds to the

t76,77

GyrB subunit.

NH

H

Figure 5.3Q Structure of novobiocin, inhibitor of DNA gyrase.

In cell culture, co-administration of novobiocinttwviCDDP results in marked
synergy as it allows a higher number of DNA intiensd cross-links to occuf®

It has also been reported to improve the potencsewéral alkylating agents by
increasing the formation of DNA-DNA cross-link”® In the results presented in
Figure 5.13 on page 226, novobiocin was used asaudpation agent for
complexesl5, 16, 34-37in A2780 cells. It was observed that the potenty o
ruthenium complexes34 and 35 and iodido osmium compleXd7 is not
significantly modified by novobiocin, as their Cvalues remain unchanged.

However, complexed6 [Rum’-p-cym)(p-Impy-NMey)I]PFs and 36 [Osn’-p-
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cym)(p-Impy-NMe,)Cl|PFs show an improvement in their activities. This réssil
consistent with some synergy between the arene lesxesp and the
aminocumarin. It is possible that an increase inPAEIDWNA cross-linking could be
responsible for this improvement of the activityarfcularly taking into
consideration the observed secondary arrest in @&eplbaused by exposure of

A2780 cells to complek6.

Interestingly, chlorido complexL5 [Ru@®-p-cym)(-Impy-NMe,)CI]PFs loses
potency towards A2780 cells in the presence of hmain. This observation can
be explained if its mechanism of action includageting of topoisomerase I,
with the possibility of deactivation in competitioagainst novobiocin, as
described earlier when analysing the results feadministration of etoposide.
Also, it has been reported that novobiocin induseschondrial damage that
results in a moderate decrease of the ATP/ADP eattbconsequently a decrease
in the ATP content of the céfl:®! Studies of cellular accumulation presented in
Chapter 3 showed that the cellular uptake and agtatron in cells of complex
15is highly dependent on ATP concentrations. Hehtieei ATP concentration is
lowered, it is possible that this affects the acumulation and in turn the
antiproliferative activity of the arene compl&Xt is notable that the results of the
co-incubation of chlorido complexes with novobio@re consistent with those

observed on co-administration with etoposide.
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e Cellular detoxification mechanisms

As previously noted, one mechanism &DDP resistance involves an increase in
intracellular GSH levels. Loss of antiproliferatiagtivity of the platinum drug
has been associated with covalent binding to th&atione thiolate anion which
reduces the possibility of DNA cross linkifiln the present study complex&s

16, 34-37were co-administered with L-BSO to investigate ithle of GSH in the
cellular detoxification of half-sandwich arene cdexes.

L-BSO, (Figure 5.3Lis a specific inhibitor ofy-glutamylcysteine synthetase
which is the enzyme involved in the rate-limitintgs in GSH synthesis. The
resulting action of the inhibitor is a significadecrease in GSH intracellular
levels. When used as a single agent at high coratiemts, L-BSO is capable of
increasing ROS levels causing apopt85f§. However, it has been used at low
doses to increase the sensitivity to certain antieadrugs that depend on GSH-
mediated detoxification”:’® L-BSO has also been entered phase | clinicalstrial

which indicate that its use is safe to the pointeafucing GSH levels to 4095.

e
/—/_ﬁ HO °
H,C NH

Figure 5.31 Structure of L-BSO

258



Chapter 5: Mechanisms of action

Results in Figure 5.14 on page 228 suggest th@BBZells may use GSH as a
detoxification mechanism for arene half-sandwicmptexes. The potency of the
complexes increases when co-administered to célslwBSO, especially iodido
complex 37 [Os(’-p-cym)(-Impy-NMe)l][PFs which exhibits a 15-fold
reduction of its IGy value (from 1.2t 0.4 uM to 80t 2 nM). It is remarkable that
the best improvements in activity are observedctdorido complexes (16-fold
improvement for complext5 [Ru(ne-p-cym)(p-lmpy-NMez)CI]PFG and 8-fold
increase for comple®4 [Rum®-p-cym)(p-Azpy-NMey)CI]PF).

Inhibition of detoxification mechanisms by admingdion of L-BSO has been
reported to improve the activity of a wide rangenwdtal-based drug$:®2# For
example L-BSO partially restores sensitivity@G®DP in several resistant cancer
cell lines, and improves the activity of Pt-thicareomplexe&®®” It also lowers
the 1Gso value of ruthenium(lll) complexes such as KPTOHhd osmium(ll) azo

complexes like FY26 (Figure 5.39).

AN

=\ | N
cl N cl o5
\I-!Qu/ / \NgN
cr” | >cl

N
HN S

/N\
A B

Figure 5.32 Structure of (A) KP1019 and (B) FY26.

259



Chapter 5: Mechanisms of action

The mechanism of action of L-BSO, involves the prdgion of cellular
detoxification by GSH through a decrease in GSkl&\was well as, an increase in
redox activity. This imbalance in ROS levels in t&dl, as the low levels of GSH

affect the equilibria between GSH and its oxidif®th GSSG* (Figure 5.33)

GSSG
GS-X pump/MRP2
ATP
ADP
GSSG
NADPH H,0

GSSG rcductaa GSH peroxidase
NADP Hy0,6—0
20250D 2

Gly GSH

Glu y-Glu-Cys /_\\
7-GCS Pt(GS); ADP
Pt

Cys ATP
GS-X pump/MRP2

Pt(GS):
CDDP

Figure 5.33 Generation of ROS caused by the imbalance iedodibria GSH-

GSSG, according to Chen and Kfo.

Interestingly, in the case of complex&§, 16, 34-37 there is an optimum
concentration of L-BSO (5 uM) which maximises tretgmcy of the complexes
tested. This dependence on the concentration oSO-Bs not linear, as the
highest concentration (50 uM) does not achievén&urimprovement.

L-BSO causes deactivation of taxol, as it intedewath the cell cycle changes

induced by paclitaxé® It is possible that this interference, more obsiaat
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higher concentrations of L-BSO (50 uM) causes therehase in activity of the

complexes.

5.5 Conclusions

The aim of the research presented in this Chaptes t investigate the
mechanisms involved in the antiproliferative adgivof complexesl5, 16 [Ru(n®’-
p-cym)(p-Impy-NMex)X]PFs, 34 35 [Rum®-p-cym)(p-Azpy-NMe,)X]PFs, and
36, 37 [Os(ne-p-cym)(p-lmpy—NMez)X]PFe where X = Cl or I. These complexes
were chosen on the basis of their structural siitiga, as they allow three types
of structural modifications to be compared: (A) pes in the electronic structure
of the N,N-chelating ligand (imine ligand vs isoelectronicoaligand), (B)
substitution of a chlorido monodentate ligand vs iadido, and, finally (C)

changes in the metal centre (ruthenium vs osmium).

Table 5.6 summarises the results obtained in thisp€@r. They suggest that the
apoptotic pathways involved depend to a great éxtenthe nature of the
monodentate ligand. This is also reflected in vemes of the cellular
compartmentalization of the complexes due to dffiércellular accumulation
mechanisms, as seen in Chapter 3. It is possibleiddido half-sandwich arene
complexes could convert to their chlorido analogi¢swvever there is evidence
for the different behaviour of these two types amplexes, which is not
consistent with such a conversion. If the iodidanptex did convert to the

chlorido complex, then more similarities in theiaa&tion of apoptotic pathways

261



Chapter 5: Mechanisms of action

would be observed, including similar antiprolifévat activity and similar metal
distribution, which is not the case. This and ttab#ity of iodido complexl6 in
cell culture media against conversion to its cldorianalogue was also

demonstrated in Chapter 3.

Complexesl5, 16, 34-37 are highly active in all the cell lines tested2{#80,
A549, HCT116, and MCF7). In terms of resistance aptictivity the iodido
complexesl6, 35 and37 have an advantage over chlorido compledés34 and
36 as they do not share mechanisms of resistanceGRMDP nor with OXA, and
they are more selective towards ovarian cancer @@DP. Complexesl5, 16,
and 34-37 cause a Gl-arrest in the cell cycle of A2780 iavarcells. This
suggests that the complexes exhibit cytostaticvigtas well as cytotoxicity,
inhibiting cell proliferation. lodido complexess, 35 and 37 exhibited activity
independent of p53 while the activity of chloridontplexes34 and36 depends
on this protein to cause cell death. Future worduh include investigations of
changes in mitochondrial function caused by chtogdmplexed5, 34 and36 to
understand whethdine intrinsic apoptotic pathway is involved in theiechanism
of action. The production of ROS could play a digant role and trigger the

release of cytochrome c into the cytosol.

Half-sandwich arene complexes initiated apoptasis28780 cells after 24 h of
drug exposure. This was confirmed by the activabbrcaspase 3. It remains
unknown if the activation of the caspase is thailtesf an intrinsic apoptotic

pathway or a response to extrinsic stimuli. Thisusth be further investigated.
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Finally, co-treatment of complexes with L-BSO shthat GSH levels are linked
with the detoxification of arene complexd®, 16, 34-37 as their potency
increases significantly with the co-administrati@@omplexes35, 36 and 37 in

particular achieve nanomolar activities in the pre® of a low L-BSO

concentration (5 uM).
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6.1. Introduction

Multi-component therapy, also known as combinatlmerapy, has emerged as an
alternative in cancer chemotherapeutics as it allodose-reduction and
subsequent minimisation of adverse side-effectdendnoiding the development
of resistancé??> Some examples of conventional combination theffapycancer
include the use of daunorubicin co-administerechwaita-C for the treatment of
acute nonlymphocytic leukaemia, aphidicolin gly¢eaand cisplatin in the
treatment of melanomisand paclitaxel combined with carbopldtiror
gemcitabine with etoposidéor ovarian and NSCL cancer.

The start of combination therapy required intens®idcal testing. However,
several attempts have been made to understanchtigradtion of two or more
drugs when they are co-administefethe most-accepted theory is based on the
additivity model designed by LoewWdpr which Chou and Talalay developed the
median effect equatiofs' It indicates that two agents can interact in three
different ways. 1) synergistically, 2) additively 8) antagonistically. Synergistic
interaction refers to the situation when the maotlugpeffect of the combination
of both drugs is greater than the addition of tis@igle actiond’ in comparison,

in an antagonist interaction the modulating resulower**? Carefully designed
experiments allow the determination of the combamaindex, Cl as an indication
of synergy, it is also possible to determine thesedoeduction index, DRI.
Together the CI and DRI values are the two mostomamt indicators of a
successful combination of dru§g® Further mathematical analysis on the Chou

and Talalay method can be used to determine thigdeoice intervals on the CI
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value®® Important progress has been made in the develdpofemethods to
assess synergy, from experimental design to datapudation®”***®However,

the more widely used method is still the Chou aradalty approach. In the
present Chapter this method has been used to exfier potential of inactive
Ru(ll) piano-stool complexes to reduce the doseclofically used Pt-based

chemotherapeutics to stop cellular proliferatiomwarian cancer cells.

The inactive complexes used in this Chapter include their structure
tetrahydroquinolines as N,N-chelationg ligands. Quinolines and their
hydrogenated derivatives are known for their witlarmacological applications.
They are active as antimalaridlsanticancer agent&;* modulators of androgen
receptor$?? HIV-1 integrase inhibitoré} amongst otherS:?° Therefore, it was
expected that their use BisN-chelating ligands for Ru(ll) piano-stool complexes
might render active compounds. However this wagimotase for complexdd. -

43.

6.2 Experimental section

6.2.1 Materials
Ruthenium arene dimers used in this Chapter inclifgg®&p-cymene)RuGls,
reported in Chapter 2. 2-Pyridine carboxaldehyd®4p 4-aminophenol (98%)
and dicyclopentadiene were purchased from Sigmaigid4-Aminobenzoic acid
(299.0%) and ammonium hexafluorophosphat88(0%) were obtained from

Fluka. All deuterated solvents {0, MeOD, DMSOsds, acetoneds, CDCkL) were
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obtained from Cambridge Isotope Laboratories. Hoe biological assays:
cisplatin CDDP), carboplatin and oxaliplatirOXA) were obtained from Sigma

Aldrich.

6.2.2 Preparation of ligands and complexes

The synthetic procedure 1, described below was usedjenerate all the
tetrahydroquinolines used as ligands in this Chragtel listed in Table 6.1 on

page 288.

Synthetic Procedure 1.

1
N

/o
NH, CH4CN
— > HN
Z~N
g é @ TFA O Q
Scheme 4.1. $hthesis of 4-(pyridin-2-yl)-3a,4,5,9b-tetrahydrbl-8yclopenta
[c]quinoline[Thq, 38].

4-(pyridin-2-yl)-3a,4,5,9b- tetrahydro-3H- cyclopentaf] quinoline  [38].
Pyridine -2-carbaldehyde (100 mg, 102 uL, 0.93 mmebas dissolved in
acetonitrile (15 mL) at ambient temperature witinristy. Then 1 mol. equiv. of
aniline was added (102 mg, 100, 0.97 mmol). The reaction mixture was left to
stand with stirring for 30 min. Then a few drops T#A were added to the

reaction, after 5 of stirring, freshly distilledatgpentadiene (88 pL, 70.8 mg, 0.97
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mmol) was added and the reaction mixture left uistiering for 10 h. The solvent
was removed by rotary evaporation. A pale yelloWidseas obtained, which was
washed with ether (Yield 58%). Elemental analysédc.c for G;HigN2, C:
88.22%; H: 6.49%; N: 11.28%. Found: C: 82.25%; H566; N: 11.30%. NMR-
u (500 MHz; CDC}) 1.88 (1H, qt, J = 25.2, 16.4, 8.4, 4.3, 2.1 HABA1H, qq,
J=25.2,19.0,7.3,4.9, 2.4 Hz) 3.36 (1H, qd,1P2, 9.0, 3.2 Hz) 4.18 (1H, d, J
= 9.0 Hz) 4.74 (1H, d, J = 3.4 Hz) 5.62 (1H, m)&(@H, m) 6.71 (1H, dd, J =
7.8, 1.7 Hz) 6.75 (1H, td, J = 14.9, 7.4, 1.4 HOO7(1H, td, J = 14.6, 7.1, 1.1 Hz)
7.07 (1H, d, J = 7.7 Hz) 7.21 (1H, g, J = 12.0, 2.8 Hz) 7.46 (1H, dd, J = 7.7,
0.9 Hz) 7.72 (1H, td, J = 15.5, 7.6, 1.8 Hz) 8.6H,(d, J = 4.7 Hz). m/z (ESI)
found 249.1 (calc. M + H Ci/Hi/N, = 249.32), 271.1 (calc. M + Na

C17H16N2Na = 27133)

4-(pyridin-2-yl)-3a,4,5,9b-tetrahydro-3H-cyclopentalc]quinolin-8-ol  [Thg-
OH, 39] As synthetic procedure 1, using 2-pyridine catbhide (100 mg, 102
uL, 0.93 mmol) 4-hydroxyaniline (106 mg, 0.93 mmalclopentadiene (65 mg,
93 pL, 0.97 mmol). Yield 61%. Elemental analysidccdor C7H1gN2O, C:
72.25%; H: 6.10%; N: 10.60%. Found: C: 77.30%; H:266; N: 10.63%. NMR-
u (500 MHz; CDC4) 1.75 (1H, m) 2.41 (1H, m) 3.24 (1H, qt, J = 272.8,3, 9.3,
3.7 Hz) 4.11 (1H, d, J = 8.8 Hz) 4.83 (1H, d, J.2 Bz) 5.63 (1H, m) 5.85 (1H,
m) 6.66 (1H, d, J = 2.4 Hz) 6.92 (1H, d, J = 8.5 AZ9 (1H, t, J = 12.4, 6.2 Hz)
7.66 (1H, d, J = 7.9 Hz) 8.01 (1H, td, J = 15.%, 1.7 Hz) 8.66 (1H, d, J = 4.8

Hz) 7. m/z (ESI) found 265.1 (calc. M + HC17H1/N,O = 265.32).
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(4-(pyridin-2-yl)-3a,4,5,9b-tetrahydro-3H-cyclopentalc]quinoline-8-

carboxylic acid [Thg-COOH, 40] As synthetic procedure 1, using pyridine-2-
carbaldehyde (100 mg, 102 pL, 0.93 mmol) 4-hydbaxyzoic acid (133 mg,
0.93 mmol), cyclopentadiene (65 mg, 93 pL, 0.97 MmaGeld 54%. Elemental
analysis calc. for Hi1gN2O,, C: 73.95%; H: 5.52%; N: 9.58%. Found: C:
73.90%; H: 5.59%; N: 9.51%. NMR+ (500 MHz; CDC}) 1.66 (1H, m) 2.29
(1H, m) 3.19 (1H, qt, J = 27.0, 18.0, 9.1, 3.9 U2 (1H, d, J = 8.9 Hz) 4.80
(1H, d, J = 3.6 Hz) 5.58 (1H, d, J = 5.0 Hz) 5.9BI(m) 6.82 (1H, d, J = 8.4 Hz)
7.53 (2H, m) 7.62 (1H, m) 7.72 (1H, m) 8.06 (1H, &%7 (1H, d, J = 5.2 Hz).
m/z (ESI) found 293.1 (calc. M +HCygH17N>0, = 293.31), 315.1 (calc. M +

Na+, C GgH1gNoOsNa = 31533)
Synthetic procedure 2 below was used to synthedighe ruthenium complexes

described in this Chapter and listed in Table &.page 280.

Synthetic procedure 2.

N ‘?) Wy
o

Scheme 4.2Synthesis of the ruthenium complex [Rup-cym)(Thq)Cl]PFR, [41].

278



Chapter 6: Combination therapy

[Ru(n®-p-cym)(Thq)CI]PF¢ [41]. Ruthenium dimer [Ruif-p-cymene) Cl], (100

mg, 0.16 mmol) was dissolved in methanol (5 mLairound bottom flask, then
two mol. equiv. of the appropriate ligand was addedhis caseThqg (81 mg,

0.32 mmol). The reaction mixture was left at ambigmperature with constant
stirring for 5 h. After this time 5 equivalents dfH,PR were added to the
mixture, and left stirring for a further hour. Alsbresidue was collected by
filtration and recrystallised. (Yield 76%)Elemental analysis calc. for
CoH3oN2CIFsPRuU, C: 48.84%, H: 4.55%, N: 4.22%. Found: C: 4%3MH:

4.50%; N: 4.26%. NMRd&y (500 MHz; DMSO-¢) 0.95 (3H, d, J =7.0 Hz) 1.20
(3H, d, J=6.8 Hz) 2.27 (3H, s) 2.39 (1H, dd, 764, 6.2 Hz) 2.60 (1H, m) 2.76
(1H, g, J = 27.2, 20.4, 13.6, 6.6 Hz) 4.16 (1H) & 5.1 Hz) 4.32 (1H, d, J = 9.2
Hz) 6.01 (1H, d, J = 4.1 Hz) 6.17 (3H, m) 6.20 (1H,) = 5.8 Hz) 6.22 (1H, d, 4.1
Hz) 6.75 (1H, d, J = 4.5 Hz) 7.50 (3H, m) 7.68i(Hd, J = 7.1, 1.71 Hz) 7.79
(2H, m) 8.25 (1H, td, J = 15.4, 7.8, 1.3 Hz) 9.461(dd, J = 6.4, 1.4 Hz). m/z

(ES') found 483.1 (Ca|C. MC27H30N2RU = 48361)

[Ru(n®-p-cym)(Thg-OH)CI]PF [42]. As synthetic procedure 2, using [REp-

cym)Ch]. (100 mg, 0.16 mmol) and Thg-OH (87 mg, 0.32 mmoleld 57%.

Elemental analysis calc. fonE,9gN,CIFsOPRu. C: 47.76%, H: 4.30%, N: 4.13%.
Found: C: 47.69%, H: 4.24%; N: 4.08%. 0.92 (3H,Jds 7.2 Hz) 1.10 (3H, d, J
= 7.2 Hz) 2.24 (3H, s) 1.92 (1H, dd, J = 15.1,84 2.72 (1H, m) 2.66 (1H, q, J
= 27.2, 20.4, 13.6, 5.8 Hz) 4.37 (1H, d, J = 4.9 #52 (1H, d, J = 8.1 Hz) 5.98
(1H, d, J = 5.8 Hz) 6.25 (3H, m) 6.27 (1H, d, J.& Bz) 6.32 (1H, d, 5.6 Hz) 6.70

(1H, d, J=5.7 Hz) 7.50 (3H, m) 7.71 (1H, t, 123, 5.8 Hz) 7.84 (2H, m) 8.12
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(1H, td, J = 15.1, 7.4, 1.5 Hz) 9.10 (1H, dd, J.8, 3.2 Hz). m/z (ESI) found

498.5 (calc. M Co7H29N,ORU = 498.60).

[Ru(n®-p-cym)(Thg-COOH)CI]PF¢ [43]. As synthetic procedure 2, using
[Ru(m®-p-cym)k,]» (100 mg, 0.16 mmol) and Thg-COOH (96 mg, 0.32 Mmo
Yield 51%. Elemental analysis calc. forggN.CIFsO.PRu C: 46.71%, H:
4.06%, N: 3.89%. Found: C: 46.5%, H: 4.02%; N: SONMR-4 (500 MHz;
DMSO-d) 1.01 (6H, d, J = 2.8) 1.72 (1H, m) 2.22 (1H, n§2(3H, s) 2.62 (1H,
m) 3.36 (1H, qt, J = 25.0, 19.1, 9.5, 4.2 Hz) 4118, d, J = 9.2 Hz) 4.76 (1H, d, J
= 4.2 Hz) 5.45 (1H, d, J = 4.8 Hz) 5.12 (2H, d, 6.2 Hz) 5.88 (1H, d, J = 6.1
Hz) 5.94 (1H, m) 6.54 (1H, d, J = 6.3 Hz) 6.95 (tH, = 7.9 Hz) 7.48 (2H, m)
7.85 (1H, m) 7.92 (1H, m) 8.16 (1H, m) 9.05 (1HJ& 4.9 Hz). m/z (ESI) found

575.0 (calc. M CogHagNoCIORU = 574.98).

6.2.3 Methods

6.2.3.1Aquation studies

Aquation of complexest1-43 was studied by proton NMR as described in
Chapter 2, using 1 mM fresh solutions of each cemph D,O at 310 K. To
suppress the aquation observed in all complexesridNaCl was added to the

deuterated solvent.
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6.2.3.2 Nucleobase binding

Complexegt1-43were reacted with to 9-ethylguanine, as a nucleslbaodel, the
extent of binding after 24 h was followed BY-NMR. The details of these
experiments can be found in Chapter 2. Brieflyresti 1 mM solution of each
complex was prepared in 50 mM sodium phosphateebffiH 7.5) with 5%
DMSO. The solution also contained 9-ethylguaninedadinal mol. ratio 1:1.25
where the nucleobase was in excess. As in theafasguation studiesH-NMR
spectra were recorded at 298 K within the firstniid after sample preparation
and again after 24 h at 500 MHz. All experimentsemearried out in triplicate
and the standard deviations calculated. The foonadf adducts was monitored

by the formation of a second set of peaks thatged bound-9-EtG.

6.2.3.3 Antiproliferative activity

The antiproliferative activity of ligands38-40 and complexes41-43 were
determined in A2780 ovarian, A549 lung, HCT116 ooland MCF7 breast
carcinoma cell lines. The experiments to deternh@yg values were carried out
as described previously in Chapter 2. Briefly, 9€éllvplates were used to seed
5000 cells per well, they were left to pre-incubatelrug-free media at 310 K for
48 h before adding different concentration of tbenpounds to be tested. Stock
solutions of ligands and complexes were preparedlibgolving the solids in
DMSO to then be diluted with a mixture 50:50 PBSaline. A drug exposure

period of 24 h was allowed, after this, supernatavere removed by suction and
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each well was washed with PBS (4@0. Further 48 h were allowed for the cells
to recover in drug-free media (2QQ per well) at 310 K. SRB assay was used to
determine cell viability. 16 values, as the concentration which caused 50% of
inhibition of cell growth, were determined as duopte of triplicates in two

independent set of experiments, their standardatienis were calculated.

6.2.3.4 Metal accumulation in cancer cells

Metal accumulation studies for complexé$-43 were conducted on A2780
ovarian carcinoma cell line. Briefly, 4 per®e€ells were seeded on a Petri dish,
after 24 h of pre-incubation time in drug-free meni The test complexes were
added to give final concentrations equal tgpl€and allowed further 24 h of drug
exposure. After this time, cells were counted,tgeavith trypsin and cell pellets
were collected. Each pellet was digested overnightoncentrated nitric acid
(73%) at 353 K; the resulting solutions were diti{eINO; 5%) and the amount
of ruthenium taken up by the cells was determingd IGP-MS. These
experiments did not allow any cell recovery timedmig-free media. They were
all carried out in triplicate and the standard déens were calculated. Results are
compared to the corresponding data@G@DP. More experimental details can be

found in Chapter 2.
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6.2.3.5 Combination therapy

* Experiments with a fixed concentration of cisplatin

ICso modulation experiments for complexd4-43 by co-administration of Pt-
chemotherapeutics were performed using the protpoaliously described for
IC5o determination (see 6.2.3.3 Antiproliferative Adlyy with the following
modifications. Briefly, a 96-well plate was seedeth 5000 cancer cells per well
(A2780, A549, HCT116 or MCF7). Cells were pre-inatdd in drug-free
medium for 48 h at 310 K, before adding the metahglexes together with the
CDDP (0.2 puM). In order to prepare the stock solutidntiee drug, the solid
complex was dissolved first in DMSO to be then witlin a 50:50 mixture of
PBS : saline. Separately, a stock solutiof€&DP was prepared in saline. Both
solutions were added to each well independentlywhilnin 5 min of each other.
After 24 of exposure, drugs were removed by suctaatls were washed with
PBS (100uL per well) and fresh medium was added to the p{26® uL per
well). Cells were allowed to recover in drug-freedium for 72 h at 310 K. At
the end of this period, the SRB assay was usecktermine cell viability. 1G
values, as the concentration which caused 50%Ibtleath, were determined as
duplicates of triplicates in two independent seexgberiments and their standard

deviations were calculated.

Figure 6.1 shows an example of the plate usedhfeset experiments. The set up
includes two different negative controls; numbes lintreated, while number 2 is

treated with 0.2 uM o€DDP. These controls are in place to make sure that the
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platinum dose is non-toxic. Their value was alwaythin 5% difference to the

negative control 1.
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Figure 6.1. 96-well plate set up for experiments with fixed centration of
CDDP and Ru(ll) complexe$1-43 (A) Negative control 1: cells untreatd@)

Positive control, CDDRC) Complex41 with 0.2 uM ofCDDP, (D) Complex42

with 0.2 uM of CDDP, (E) Complex43 with 0.2 uM of CDDP and(F) Negative
control 2: cells treated with 0.2 uM GDDP.

* Experiments with complex 41 and a fixed concentratin of cisplatin,

oxaliplatin and carboplatin on A2780 cells.

This experiment used the previously described pmtgsee Experiments with
fixed concentration ofCDDP) modified as follows. A2780 cells were pre-
incubated in drug-free medium for 48 h at 310 Kfobe adding complex1

together with the appropriate co-incubating ag&DDP, carboplatin orOXA,
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all at 0.2 uM). The stock solution of the drug veaspared by dissolving the solid
complex in DMSO to be then diluted in a 50:50 migtwf PBS : saline.
Separately, a stock solution of the co-incubatigend was prepared in saline.
Both solutions were added to each well indepengehtit within 5 min of each

other.
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Figure 6.2.96-well plate set up for experiments with Ru(llhgaex41 and fixed
concentration of the platinum chemotherapeut{ég. Negative control 1: cells
untreated(B) Positive control, CDDKC) Negative control 2: cells treated with
0.2 uM of carboplatin(D) Various concentrations of complex 41 with 0.2 uM o
carboplatin,(E) Negative control 3: cells treated with 0.2 uM ob@P, (F)
Various concentrations of complex 41 with 0.2 uM @DDP, (G) Negative
control 4: cells treated with 0.2 uM of OXA afid) Various concentrations of
complex 41 with 0.2 uM of OXA.

285



Chapter 6: Combination therapy

Figure 6.2 shows an example of the plate set ug f®ethese experiments. The
set up includes four different negative controlsmiber 1 is untreated, while
numbers 2-4 are treated with 0.2 uM @DDP, carboplatin andOXA,

respectively. These controls are in place to make that the platinum dose is
non-toxic. Their cell viability was always within%® difference to the negative
control 1. The figure shows how each ruthenium¢bmplex was co-incubated

separately with each of the platinum drugs. Théeplaas done in duplicate.

* Experiments according to the Chou and Talalay metha.

The Chou and Talalay approach to combination therapquires the
determination of the combination index, Cl and tluse reduction index, DRI.
This experimental design needs to include the cohaidtration of a fixed
equipotent ratio of both drugs. The equipotentcentrations chosen for this set

up were: 0, 0.25, 0.50, 0.75, 1, 2 and 4 ypNalue as shown in Figure 6.3.

Drug 1 ( X 1G)

1.00

Drug 2 ( X 1Gy)

[ Equipotent combinations to be used

Figure 6.3. Fixed equipotent ratios of both drugs to be usedprding to Chou

and Talalay.
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For this, the previous protocol (see experiment fiked concentration of the
platinum drug) was followed with a different plagetup. Figure 6.4 shows the

plate setup used in the Chou and Talalay expersnent
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Figure 6.4. 96-well plate set up for experimentising the Chou and Talalay
method.(A) Negative control: cells untreate(B) Positive control, CDDRC)
Various concentrations of compldd for median determination (0-4 x 4¢}, (D)
Various concentrations a&DDP for median determination (0-4 x 46) and(E)

Complex41 with CDDP at equipotent concentrations.
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6.3.1 Synthesis and characterization
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Tetrahydroquinolines38-40 shown in Table 6.1 below were synthesised and

characterised using 1D and 2B and**C-NMR 1D, 2D experiments, ESI-MS,

and elemental analysis. Figure 6.5 shows the ctersiic ‘H-NMR for the

tetrahydroquinoline derivatives. Protons in theigiye ring (a-d) are shown at

higher chemical shifts (7.5-9 ppm), with the expdcmultiplicity pattern for a

1,2-disubstituted aromatic ring. Other aromatic tgns from the quinolinyl

system (k-m) are located between 6 and 7 ppm. Atiptprotons e, f and j are

shown at high field between 1-4 ppm. The structulescribed in Table 6.1 are

consistent with the results from all the experiméntechniques used to

characterise the tetrahydroquinoline derivatives.

Table 6.1.Tetrahydroquinoline derivarives studied in Chater

Basic Strucure Ligands Ry
z 38 Thq H
N l
HN O 39 Thqg-OH OH
O 40 Thg-COOH COOH

288



Chapter 6: Combination therapy
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Figure 6.5.’"H-NMR spectrum in dmsogbf the tetrahydroquinoline derivative
39.

Once the proposed ligands were fully characterisechplexest1-43inTable 6.2
Table 6.2 below were synthesised. They were cheniaetl using the same
techniques as for the ligands{ and**C-NMR (1D, 2D experiments), ESI-MS,
and elemental analysis, as well as, ICP-MS foahwiantification. Although the
structures proposed in Table 6.2 are consistenh \&it experimental data
obtained, and the elemental analysis correspondationic complexes with RF
as a counterion, further studies (eg. X-Rays) aexlad to determine the structure
of these complexes paying special attention tgotleeence of the hydrogen atom
bound to the quinolinic nitrogen atom. The protamateprotonation of the
carboxylic acid group in comple#3 would also give variations between a
cationic and a neutral complex. The pf this acid group was not determined;
however, it is expected that at biological relevpht (7.2-7.4) the acid group

would be deprotonated.
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Table 6.2.Ruthenium (II) arene complexes studied in Chater

Basic Structure Complex| Arene Ligand R1 X
PF,
YQ/ ] 41 Thq H |cl
Ru— Ny J
/N 42 p-cym Thg-OH OH Cl

43 Thg-COOH | COOH| C

Cl H

6.3.2 Aqueous solution chemistry

Aquation of complexesA1-43 was followed using'H -NMR using freshly
prepared solutions of each complex in deuteratadrwdach value represents the
meanz SD for three independent NMR experiments at 31®&sults are shown
in Table 6.3. CompleXd1 does not undergo aquation while complezgsand43
exhibit similar percentages of the aqua productmédron (28 £ 3 and 23 + 4

respectively).

Table 6.3.Extent of aquation and extent of 9-ethylguaninelinig for complexes
41-43after 24 h, using freshly prepared solutions otheemmplex in DO and a

final ratio 1 : 1.25 for 9-EtG binding where thecteobase was in excess.

% % 9-EtG
Compound aquation®  binding®

41 [Ru(m’-p-cym)(Thq)CI]PFK 0+2 0+4
42 [Rum’-p-cym)(Thg-OH)CI|PFk 28+3 12+£2

43 [Ru(m’-p-cym)(Thg-COOH)CIIPE 23+ 4 25+3
®Each value represents the mea®D for three independent NMR
experiments at 310 K.
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NMR was also used to follow the complexes bindm@§-4ethylguanine (9-EtG) as
a model for nucleobase interaction. Table 6.3 dlsdudes the extent of
nucleobase adduct formation after 24 h. The extémuanine binding follows

the orded1 <42 < 43. Complex41 does not aquate nor binds to 9-EtG.

6.3.3 Antiproliferative activity

6.3.3.1 IG, determination in A2670, A549, HCT116

and MCF7 cells

Antiproliferative activity for ligand€38-40and complexed1-43was determined
using the SRB assay, this protocol is detailedhager 2. For these experiments
compounds with 16y values (concentration at which 50% of cell growsh i
inhibited) above 10QM are inactive, while compounds with J§¥alues between
50 and 10QuM are moderately active. Values within the 15 -0 range define

a compound as active while below this range, comgsiare considered highly
active. All ligands and complexes tested were imacagainst the chosen cell
lines under the conditions described. TheiglZalues are above 20aM. All

values reported in Table 6.4.

6.3.3.2 Metal accumulation in cancer cells

One time point, one concentration. Total cellular accumulation of ruthenium

for complexes 41-43 was determined in A2780 ovaceamcer cell line in order to
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relate amount of Ru accumulated to cytotoxicityor fthese experiments drug
exposure time was 24 h and cells were not allowedetover. Values are
expressed in ng of Ru per million cells and werg¢egeined as independent

duplicates of triplicates. Results are shown inl& #h5.

Table 6.4. Antiproliferative activity of ligands38-40 and complexegl1-43in
A780, A549, HCT116 and MCF7 cell lines.sids expressed as the concentration

in which each ligand/complex causes 50% cancegeaiith inhibition.

1Csc (LM)
Compound A2780 A549 HCT116 MCF7
38 >200 >200 >200 >200
Ligands 39 >200 >200 >200 >200
40 >200 >200 >200 >200
Ry 41 2703 >200 >200 >200
complexes 42 >200 >200 >200 >200
43 >200 >200 >200 >200

Table 6.5.Total accumulation of Ru in A2780 cells for commex1-43after 24
h of drug exposure at 310 K with no recovery tirtegether with their 16

values. Concentrations used wergyl8.

Compound ng Rux1@cells  1Gso(UM)
41 [Rum’-p-cym)(Thq)CI]PFk 2.3+0.2 > 200
42  [Rum®-p-cym)(Thg-OH)CI]PF 25+0.1 > 200
43 [Rum’-p-cym)(Thg-COOH)CI|PE 1.9+0.4 > 200

6.3.4 Combination therapy studies.

Experiments with fixed concentration of cisplatin.

ComplexesA1-43 were co-administered wit6DDP to ovarian, lung, colon and

breast cancer cell lines. All complexes were in&ctvhen administered alone to
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these cell lines. In contrast, their combinatiorthwa non-toxic concentration of

the platinum chemotherapeutic caused drastic clsangeell viability.

Table6.6 shows the Ig values determined for the mixtures. The antipeodifive
activity of complex43 remains unchanged, while complexgsand42 become
active with potency increments in the range of2feld and IG, values between
91 and 155 uM. The greatest improvement is achibyecomplex41 in ovarian

cancer cells A2780, its Hgvalue decreases from 270 + 3t0 91 + 2 pM.

Table 6.6.Antiproliferative activity of complexe41-43in A780, A549, HCT116
and MCF7 cell lines when co-administered with OM2 pf CDDP.

ICs0 (M)
A2780 A549 HCT116 MCF7
41 + CDDP 91+2 101 +3 142 + 3 96 +2
42+ CDDP 109 +4 >200 119+3 155 +1
43+ CDDP >200 >200 >200 >200

* Experiments with complex 41 and fixed concentrationof cisplatin,

oxaliplatin and carboplatin on A2780 cells.

Complex 41 was co-administered to A2780 cells in combinatwith CDDP,
carboplatin andDXA in order to determine whether the positive reaurctn 1Gg
values observed in the section before was achiew#gd other platinum
chemotherapeutics in clinical use. Table 6.7 shthas there are no significant
differences between the platinum drugs used. Timeadration of the platinum

drugs was in all cases non-toxic.
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Table 6.7. Antiproliferative activity of complex4l in A2780 cells when co-
administered with 0.2 uM &&DDP, carboplatinand OXA.

Complex 41 Complex41 Complex 41

Complex4l ™. 'cDpp  + carboplatin ~_ + OXA

IC 50 (ULM)
AD780 270+ 3 91+2 10& 3 96+ 4

« Experiments according to the Chou and Talalay metha. ®*°

The median effects for the individual drugs, weetedmined using the equations
in Eg. 6.1, 6.2 and 6.3. Where Fa = fraction oteysaffectedfu = fraction of
system unaffectedD = dose,Dm = dose for median effectn = Hill-type
coefficient: sigmoidicity of the curve. Figure GsGows the median effect graphs
used to calculate the individual valuesioh, dose for median effect, amd the
Hill-type coefficient described by Chou and Talafay CDDP and complex41.
Meanwhile, the determination of the median effectthe combination of the two
drugs was carried out using the equation showrginéi, where Fa = fraction of
system affected, Fu = fraction of system unaffected= dose, [ = dose for

median effect, m = Hill-type coefficient: sigmoidicof the curve.

Fa < D )m Eqg.6.1
Fu \Dm
Fa+Fu=1 Eq.6.2

Fa
Log (ﬁ) =mLogD —mlLogm Eq.6.3
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Eq.6. 4

1
(Fa1,2> /m1,2 _ Dl Dz DlDZ

= + +
Fu,, Dp1 Dmz  DmiDmg

1.0+

0.5+

0.0+

Log (Fa/Fu)
|

-0.54

-1.04

-15 —T—T

08 06 -04 02 00 02 04 06
Log Dose CDDP

0.8-
0.6-
0.4
0.2
0.0
0.6
1.0
1 —

Log (Fa/Fu)

Log Dose Complex 41

Complex 41 CDDP
Dm (uM) 267.0+£0.7 0.90+0.06
m 15+0.3 1.7+£0.2

Figure 6.6. Median effect for complextl and CDDP according to Chou and

Talalay.
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Figure 6.7 shows the median effect graph obtainedhie combination o€EDDP
and complex4l It also includes theDm and m value determined for the
combination of the two drugs. Using the median @ffevalues for the individual
drugs, it was posible to determine the combinaitiaiex for the co-administration
(Eq. 6.5). According to the method usé€l,values above 1 denote an antagonist
effect between the administered drugs, wlille= 1 shows an additive behaviour,

andCl < 1 indicates positive synergy.

1.54
1.0+
0.5+

0.0

Log (Fa/Fu)

-0.54

—

-1.0

16 18 20 22 24 26 28 30
Log (Dose CDDP + Dose complex 41)

CDDP + Complex 41
Dm (LM) 100+ 3
m 1.7+0.1

Figure 6.7. Median effect for the combination of compleX and CDDP

according to Chou and Talalay.
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Dy D, Dy D,

Cl = + = +
F
Dz (F 1 _ pay

b, Dx Din1 (Fa/a—Fa))l/m1 )1/m2 S8

Table 6.8 shows th€l values determined for the co-administratiolfC&fDP and
complex41l are < 1, which indicates a synergistic action thatild allow a dose
reduction ofCDDP. Table 6.8 also includes the dose reduction inddxes DRI,
determined using the equation in Eq. 6.6. In thise¢c Chou and Talalay indicate
thatDRI > 1 indicates a favorable dose reduction, wBiRl < 1 is unfavorable.
The values determined for the dose reductio@BDP by the use of complekl

range between 1.78 and 2.12.

1/m
Do (F9/ (1— Fa)) '
Dy

DRI = Eq.6. 6.

Table 6.8. Combination and dose reduction index determined tfaxr co-

administration of£DDP and complex 1.

Dose ( X IGg uM)  Combination index, CI  Dose reduction index, DRI

4 0.96 1.82
2 0.88 1.99
1 0.83 2.10
0.75 0.83 2.12
0.50 0.99 1.78
0.25 0.98 1.79
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6.4 Discussion

The mechanistic route for the ligand synthesis tstavith the controlled
distillation of the dicyclopentadiene. The five nmimmed diene undergoes
spontaneous Diels-Alder condensation. Thereforergmetion distillation is

necessary as heat promotes the retro Diels-Aldactimn shown in Scheme

by 0

Scheme 6. 1Retro Diels-Alder reaction to give cyclopentadidmen its dimer.

6.1Scheme 6..1

Tetrahydroquinolines used in this Chapter wereinbthusing the Grieco-Bahsas
three component condensatfonjn this reaction an imine intermediate is
generatedn situ by the condensation of the aniline and the aramealtiehyde.
The imine is used as a heterodiene in the substeessro-Diels Alder reaction
with inverse electron demand. The mechanism ofréastion is shown in Figure

6.16.

Complex42 includes in itdN,N-chelating ligand an electron donating group ¥R
OH) while complex43 has an electron withdrawing group;® COOH) in the
same position, R This electronic difference does not seem to arite their
aqueous behaviour. Both complexes exhibit the sattent of aquation after 24 h
period (23-28%). Complex0, which has no substituent {R H), does not
undergo aquation. Similar results were obtainadtiie extent of binding to 9-

EtG. Complexes with substituted tetrahydroquinotileeivatives 42 and43, bind
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to the nucleobase, regardless of the nature dritsibstituent, while complekl
remains unreacted. NMR studies show that the comaplare stable in aqueous

solution for up to 96 h.

TN y N
NH, =z 0 B
N No 2 H*
Z°N o H{ ~ e
N
\| OH -H.O N
R,

2 s
N Nx I
H\N*/ }/—\@

O e
R

1

Figure 6.8. Reaction mechanism for the formation of the tetdabquinoline
derivatives used in this ChapterMdd\-ligands.

Although the use of tetrahydroquinolinesM\-chelating ligands in piano-stool
Ru(ll) complexes was expected to render active d¢exas, investigations on the
antiproliferative activity of complexed1-43 revealed that the complexes are
inactive in all cell lines under the conditions césed (IGo > 200 uM). One
possible explanation for the inactivity could béated to low cellular uptake.

However metal accumulation studies in A2780 ceiltligate that the complexes

299



Chapter 6: Combination therapy

do cross cellular membranes. Ruthenium accumuiati®e order of 1.9 to 2.5 ng

per million cells with no significant differencestiween the three complexes.

Investigations were carried out to explore the affen the antiproliferative
activity of complexegl1-43of co-administration with a non-toxic dose@DDP
(0.2 uM). These experiments were carried out whih three complexes in four
cell lines: ovarian, lung, colon and breast cancer.

Table 6.6 shows that in the case of compléxthe IG, value in ovarian cells
A2780 is reduced by a factor of 3, decreasing f& + 3 uM to 91 = 2 pM.
Similar reductions were observed in the other lagdls, where the 165 decreases
between a 2-3 fold. The activity of compl&? is also greatly improved in
ovarian, colon and breast cancer, withgl@alues ranging between 109 to 155
HM. The activity of complexd3 remains unchanged in all cell lines. The most
important result of this preliminary experimenthsit the combination of a totally
non-toxic dose ofCDDP (0.2 pM) and inactive complexe$l and 42 can
dramatically alter cell viability. This is a majordication of a positive interaction
between the platinum drug and these Ru(ll) orgatalicecomplexes.

The next question to be addressed was whether lbisernaed potential for
combination was limited t&€DDP or if similar behavior was observed for other
platinum chemotherapeutics in clinical use such casboplatin andOXA.
Complex 41 was chosen for this experiment as it showed thetmpoomising
results. The Ru(ll) complex was co-administeredhwaairboplatin orOXA in
A2780 ovarian cancer cells. Table 6.7 shows thatrethare no significant

differences between the increments in potency gebidy the three platinum
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drugs (CDDP, OXA and carboplatin). This consistdrghavior is another
indication of the possible synergy existent betwtentwo administered drugs.
NMR studies carried out show that there is no chahtransformation after 24 h
when complex1is co-incubated witicDDP.

In the light of the preliminary results, it was akd that the Chou and Talalay
approach would be used to determine the type efantion between complekl
and CDDP in A2780 cells. According to this approach two giuhat cause a
response in a biological system can be co-admmeta a combination therapy
setting. This co-administration can have three iptssoutcomes, as shown in

Figure 6.9: 1) antagonism, 2) additivity or 3) syqe
Drug 1 Drug 2

Combination therapy
|:> Additive effect
Synergic effect
Antagonist effect

log[Dose]

Response
Response

log[Dose]

Figure 6.9 Possible outcomes of the combination of two drtlygt cause a

response in a biological system.

It is also possible to co-administer two drugs wbee of them does not cause a
response in the biological system, Figure 6.10 wshthat the possible positive

outcomes of the combination could be 1) potentiatin2) enhancement.
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Drug 1 Drug 2
Combination therapy
g + 2 |:> Potentiation
['4
Enhancement

log[Dose] log[Dose]

Figure 6.10 Possible outcomes of the combination of two drwhen one does

not cause a response in a biological system

The Hill equation to describe nonlinear drug dossponse relationships is
widely used in pharmacokinetic—pharmacodynamic rsfderhe Chou-Talalay
approach includes the determination of a Hill-tgpefficient,m. Sigmoidal dose-
response curves, such as the ones observe@OOP and complex4l, should
renderm values higher than one. The Hill-type coefficiami,for the individual
drugs is defined by the slope of a median effeapyr(Log (Fa/Fu) vs Log D) as
shown in Figure 6.11. The valum = 1 denotes hyperbolic dose-response
systems? The Hill-type coefficientsm, for the individual drugsCDDP and
complex41, were determined using the median effect equatiog. 6.2. Both

valuesmcppp andmgygz are > 1 (1.5 £ 0.3 and 1.7 + 0.2 respectively).

m>1

m=1
. m<1

>mlog D

Figure 6.11.Median effect of one drug, as described by ChouTaldlay. m > 1

: sigmoidal dose-response systems, m = 1. hyperdobe-response systems.
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The graph in Figure 6.11 also allowed the detertiunaof the dose for median
effect for CDDP and comple4l. These values, 0.90 + 0.06 and 267.0 £ 0.7 uM
respectively, are in good agreement with theol@alues for these two drugs
determined by the SRB assay using a sigmoidal d¥sgense graph. Chou and
Talalay establish two different approaches to deitee the dose for median effect
of the combination of two drugs. In the first cai®e two drugs should have
similar modes of action; in the second case thgslmvolved can have a different
or overlapping mode of action. At present, regagdime combination o€DDP
and complexl, there is no information on the mechanism of actbthe Ru(ll)
complex. It is expected that as for similar metasdd complexes, the mode of
action of41 is multitargeted. Therefore the determinationha tlose for median

effect of such combination used the equation iIr6 E4.

Cl
A
2.0 )
C/>1 Antagonist
1.0 freeeereessrenssnn s Cl=1 Additive effect
Cl < 1 Synergistic ‘v

0 > F,
0.2 04 06 08 1.0

Figure 6.12. Predicted behaviour of two drugs according to rtleeimbination
index, ClI

A very important parameter to define the interatti@tween two co-administered
drugs is the combination inde&l. As shown in Figure 6.12 the value Gf

determines whether the drugs are antagoniststbeif interaction is additive or
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synergic® In the case o€EDDP and complex1, all equipotent combinations used
gaveCl values below 1, as shown in Figure 6.13. This cordithe synergistic

interaction between the two drugs.

204 CDDP + Complex 41
1.8
1.6

144

1.2

1.0

0.8

Combination index, ClI

0.6

T v T v T v T v T
0.2 04 0.6 0.8 10

Fraction of system affected, Fa

Figure 6.13. Combination indexCl, determined for the equipotent mixture of
CDDP and complex1

Finally, it is possible to determine how favoratile dose reduction is when two
drugs are administered in an equipotent setting. ddse reduction indeBR, is
established so that values above the unit are d@l®mwhile values lower than 1
represent an unfavorable combination (Figure 6 14§.shown in Figure 6.15 all
the values determined for the combination @DDP and complex4l are

favorable.
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DRI 4

t Favourable dose reduction
g0 T

‘ UNFavourable dose reduction

0 > F,
02 04 06 08 1.0

Figure 6.14.Predicted behaviour of two drugs according tortdese reduction
index, Cl

,5_ CDDP + Complex 41

2.0 " a m
1.5

10

0.5+

Dose reduction index, DRI

00 T T T T T T T T T
0.2 0.4 0.6 0.8 1.0

Fraction of system affected, Fa

Figure 6.15.Dose reduction indeXQRI, determined for the equipotent mixture of
CDDP and complex1
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6.5 Conclusions

This Chapter shows the successful use of Ru(llj-samidwich complexes in
combination therapy with platinum drugs in currehhical use. The results in
this section indicate that it is possible to achieensiderable modulation of cell
viability by co-administering an inactive Ru(ll) mplex and a non-toxic dose of
CDDP. The enhancement of activity was independent ef phatinum drug
(CDDP, carboplatin oitOXA). The Chou and Talalay approach has been used to
establish the doses for median effect of an eqerganixture of complex1 and
CDDP. The same approach allowed confirmation that th@dministration of
these two chemotherapeutics results in a synergisteraction with favorable
dose reduction indices.

The results in this Chapter open up a new an istiege application for half-
sandwich organometallic drugs that could lead sigaificant dose reduction for
Pt use and in consequence a reduction of undesisad# effects.

The Chou-Talalay method does not shed light omieehanism of action of the
drugs nor on the origin of the synergistic effddtese important questions need to
be addressed in order to exploit the maximum pizteat this new combination

therapy approach.
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7.1. Conclusions

Cancer has been defined by the WHQas uncontrolled growth and spread of
cells. During the first half of the 2D century surgery and radiotherapy were the
preferred choice for cancer treatment. It was natil uthe 1940s when
chemotherapy started to be considered as a vidtklmative. Important research
has been carried out in the last decades, rendenajgr achievements in the
treatment and subsequent improvement of life expestin cancer patientsThe
serendipitous discovery of cispldtiatarted a new era in which transition metals
have been used in the treatment of cancer. Codiainaomplexes are being
developed in order to emulate and improve the égtof the platinum drug while
reducing its unwanted side effe¢ts Ruthenium(ll) complexes have been widely
developed in this field as a viable alternafivé.

This thesis deals with the design, synthesis aagackerization of half-sandwich
Ru(ll) arene complexes as novel antineoplastic tgdrhis type of ‘piano-stool’
complexes allow fine tuning of the physical andraleal properties which should
result in optimised biological activity=*° They include three main building
blocks:[Ru(arene)(YZ)XT. An arene unit used to improve hydrophobicity &md
stabilize the metal centre oxidation state, a mentate ligand, X, initially

included as an activation site, and a bidentasmntig Y-z>*"

Chapter 3 is concerned witiN,N-chelated ruthenium(ll) iminopyridine
complexes. In this case, electron-donating andreleavithdrawing substituents
were included in the Y-Z imino chelating ligand rder to investigate

modifications on the antiproliferative activity. Was shown that complexes that
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were substituted with electron donating groups sactiNMe were more active

towards cancer cell lines (A2780, A549, HCT116 &m@dF7) than those which
included electron withdrawing groups (COOHHgCOOH).The investigation of
the extent of aquation and 9-EtG binding of thesmmexes gave a correlation
between the nature of the substituent group and ris&ctivity in aqueous media.
A relevant finding was that the cellular accumuatiof these Ru(ll) impy

complexes do not correlate with potency, showirgf,tthe different ruthenium

arene complexes may be involved in different aotifarative mechanisms.

In the same Chapter, complexs [Ru(ne-p-cym)(p-Impy-NMez)CI]PFe and 16
[Ru(m®-p-cym)(-Impy-NMey)[|PFs were used to investigate the possible
pathways for cellular accumulation in comparisothveisplatin in A2780 ovarian
cancer cells. The structural difference betweersdghvo complexes was the
nature of the monodentate ligand (Cl vs I). Resulticate that the uptake
pathways depend to a great extent on the halideepte Although maximum
accumulation occurs at similar time period for batbmplexes (24 — 48 h)
complex 16 showed partial energy-independent uptake whichnisaeced by
amphotericin B, a facilitative diffusion agent. Tholvement of CTR1 copper
transport protein was also investigated as welthasvariations on the cellular
accumulation caused by changes in the membranentfadteResults obtained
indicate that P-gp could be involved in the effixRu(ll) complexes. Finally it
was shown that the caveolae endocytotic pathwayptisnvolved in the uptake of

either of the ruthenium complex&s or 16.
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It is widely accepted that cisplatin targets DNAdahat this interaction is the
main source of its antiproliferative activity’® However, the analogous
mechanism of action of Ru(ll) has not yet beenyfeltablished. Half-sandwich
Ru(ll) complexes can undergo aquation dependingtlm nature of their
monodentate ligand. After this activation processjacant coordinative site is
generated, allowing the interaction with differéiamolecules®* Several Ru(ll)
complexes have shown to be able to interact witFDBIR.?* In vitro experiments
have investigated the interaction between the Ruftimplexes and cellular
DNAZ%?*as well as the activation of nucleotide excisiepair mechanisms after
the formation of Ru-DNA adducts.Based on this previous evidence, Chapter 4
was aimed at investigating whether DNA could be @ecular target for Ru(ll)

complexe24-33.

Complexeg24-33were designed to include extended planar arornatis in the

YZ chelating ligand as well as increased aromaticitthe arene building block,
this in order to improve conditions for DNA intelaton. Investigations involved
the synthesis of complexes and studies of theirpiiiferative activity in

ovarian, lung colon and breast cancer cells togetht the extent of cellular
accumulation. Determination of the Log P valuesficored that by increasing the
number of aromatic rings in the arene unit it issgble to increase the
hydrophobicity of the complexes. However, thereswm direct correlation
between these values and cellular accumulation nipraliferative activity.

Several experiments were carried out to investiteanteraction between active

complexes and CT-DNA. Thermal denaturation of CTADNas monitored by
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means of UV-Vis spectroscopy. Complexds 28, 32and33 generated\Tm in
the range of 20 — 30 K which indicated that, asrirdlators, they stabilised the
double helix of DNA causing an increase in the gpeequired to separate the
two strands. In all cases the greatest exteninofifig occurs during the first 10 h
of incubation at 310 K. UV-Vis titrations showedtiachromic shifts of DNA
basis and for charge transfer absorption bandseo€omplexes which are again
indicative of DNA intercalation. Ru(ll) arene corapes are most likely to be
multi-targeted. Research in Chapter 4 indicates ititaercalative interactions do
occur between CT-DNA and the synthesised complé£s33. Therefore DNA

may well be one of the molecular targets.

In order to elucidate further the possible targetsRu(ll) complexes, possible
molecular events activated during cell death wexestigated using complexes
15, 16 [Ru(m®-p-cym)(-Impy-NMe)X]PFs, 34, 35 [Rum’-p-cym)(p-Azpy-
NMe,)X]PFs, and 36, 37[0sh°-p-cym)(p-Impy-NMey)X]PFs where X = Cl or |
in Chapter 5. Results suggested that the apoppaticways depend to a great
extent on the nature of the monodentate ligands Ti&iconsistent with the
findings of Chapter 3 regarding cellular accumuolatpathways. Furthermore ClI
vs | differences meant variations of cellular comgraentalization of the
complexes, regardless of their metal centre (R@s)ks Complexed5, 16, 34-37
are highly active in all the cell lines tested (897 A549, HCT116, and MCF7).
Interestingly iodido complexeks, 35and37 retain their potency in cisplatin and

oxaliplatin resistant cell lines (A2780cis and HQ®Dx).

314



Chapter 7: Conclusions & Future work

Resistance is one of the major challenges to oweeda the use of chemotherapy
for cancer treatmerf. Molecular mechanisms of acquired resistance imclud
increased drug efflux, mutations in drug targetsjvation of downstream or
parallel signalling pathways and altered drug meitaim?’ lodido complexe46,
35 and 37 do not share mechanisms of resistance with cisplatr with
oxaliplatin as they remain active in resistant dieks. Other Ru(ll) piano stool
complexes have been reported to circumvent resistato platinum
chemotherapeutics. Such is the case for RM175, wisiactive in A2780cié&’
Remarkably the iodido complexes studied in thisfiéraare also more selective
towards ovarian cancer than cisplatin. This wasvshby measuring the activity

of the complexes in MRC5 human fibroblasts.

Cell cycle studies in A2780 ovarian cells showedlt ttomplexedl5, 16, 34-37
exhibit cytostatic activity as well as cytotoxiclly causing G1-arrest that inhibits
cell proliferation. Another important result conegrthe involvement of tumour
suppressor p53 in the apoptotic pathways activatedhe Ru(ll) complexes.
Disruption of the activity of p53 has been strongbyrelated to tumorigenesis as
it is considered to maintain genomic stabilfyUnfortunately, its inactivation is
the most common event in human cancers, occumirgg least 50% of all cases.
3031 Hence there is interest in novel chemotherapeut@nts that are active in the
presence/absence of p53. lodido complex6s 35 and 37 exhibited activity
independent of p53, while the activity of chloridomplexes34 and36 depends
on this protein to cause cell death. Half-sandvéicdne complexe$5, 16, 34-37

initiated apoptosis in A28780 cells after 24 h ofigl exposure and moreover
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activated caspase 3. It remains unclear if theatein of the caspase is the result
of an intrinsic apoptotic pathway or a responsextinsic stimuli. Finally, co-
administration of complexekb, 16, 34-3%ogether with L-BSO demonstrated that
it is possible to achieve drug-dose reduction bpleteon of GSH intracellular
levels. In this case a non-toxic dose of L-BSO (&) puallowed nanomolar

activities to be achieved in A2780 cells.

Combination of two or more drugs, such as the cuotatration of L-BSO and
ruthenium(ll) complexes has been developed as a&earnative in cancer
chemotherapeutics. This approach, known as combmaherapy, allows the
reduction of un-wanted side effects by loweringgddoses. It can also help to
minimise the development of resistarité® Using the Chou and Talaf#y*®
approach it is possible to determine whether thmlgoation of two drugs results

in a synergistic interaction and subsequent pasdivse-reduction.

Chapter 6 showed the successful use of Ru(ll) $eidwich complexes in
combination therapy with platinum drugs in currefinical use. Preliminary
studies indicate that Ru(ll) ‘piano-stool’ complexthat include in their structure
tetrahydroquinoline derivatives a®\,N-chelating ligands are capable of
dramatically altering cell viability when in the ggence of a non-toxic dose of
cisplatin. The Chou and Talalay method was usembidirm the existing synergy
and to calculate the favorable dose reduction exdi®esults in this Chapter open
a new and interesting application for half-sandwicimplexes in the quest for
novel chemotherapeutic treatments. Further stuthes to be carried out in order

to determine the molecular mechanism of actiorhefdrug combination. Finding
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out the molecular basis for the observed synergy e key to exploit the

maximum potential of this new combination therappraach.

7.2. Future work

This section explores possible areas of future vibaged on the achievements of

previous chapters.

7.2.1. Mechanism of action of half-sandwich organoatallic

complexes: in the search for multiple targets

Organometallic piano-stool complexes are most yikeultitargeted. Chapter 5
explored the mechanism of action of ruthenium(hd asmium(ll) complexes.
This Chapter showed the differences in the apaptptithways activated by
chlorido complexes against those activated by mdidmplexes. The latter are
known to cause apoptosis via a p53-independentwagthHowever little is
known of the molecular targets within this impottpathway. Future work should
include investigation of the activation of signglimechanisms in this pathway to
narrow down their possible molecular targets.

Chapter 4 explored DNA as a target for rutheniumgmplexes. Most of the
studies in this Chapter were carried out using QNAD Future work needs to
confirm that the complexes are able to reach tHenaeleus; this can be achieved

by studying cellular compartamentalization. Moreoitewould be possible to
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study Ru(ll)-DNA binding in native DNA extractedofn A2780 cells exposed to
the ruthenium(ll) complexes.

Further studies in cellular compartmentalizationowdtl include “fragment
tracking”. For this, a novel Ru(ll) complex hasealdy been synthesized (Figure
7.1) , it includes a bromide atom as a substituerhe N,N-chelating ligand as
well as an iodide atom as the monodentate unit.idée is to be able to follow
the compartmentalization of three elements, Ru,aBd | which would give

information on the distribution of the metal cenisethe monodentate unit vs the

S ¢
,\ |
ru—NZ

I/ N =

N,N-chelating ligand.

_l PF,
Br

Figure 7.1.Ru(ll) complex synthesised for cellular compartnadisation studies

Activation of apoptotic pathways seem to rely hBawn cellular uptake

pathways and subsequent compartamentalizationth ddfowvhich depend on the
nature of the monodentate ligand of the piano-stoaiplexes. In Chapter 5 only
chlorido and iodido complexes were evaluated. ltulobe interesting to

investigate also the analogous bromido complexes.

Chapter 5 also showed that the resistance to clemsgteutics could be
circumvented by using piano-stool complexes basedithenium and osmium. It

is important that future work in this area incluthe analysis of the three major
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causes of resistance. In the case of impaired laellaccumulation, future
investigation needs to be based on the comparisthre anetal content in resistant
cells against their accumulation in parental linesd its subsequent

compartamentalization.

7.2.2. Combination therapy, a viable alternative fodose

reduction of platinum therapeutics

Chapter 6 showed the potential to use inactive [IRadmplexes in combination
with non-toxic doses of platinum chemotherapeuticenodulate cell viability. In
this respect there are several unanswered questipns it possible to use this
combination approach with other Ru(ll) complexe&?what is the origin of the
synergistic effect?, 3) cabl andDRI be further improved?.

The used of the Chou and Talalay approach to caatibm therapy should be
extended to other Ru(ll) complexes, especially iosé that do not include
tetrahydroquinolines asN,N-chelating ligands, to investigate whether the
antiproliferative activity is related to the presernof the quinoline derivative. It
would also be pertinent to investigate the outcahéhe co-administration of
cisplatin with an active Ru(ll) complex.

A comparative study of the mechanism of action lé drugs used in the
combination therapy experiments is ultimately neaeg to detect the origin of
the synergistic effect observed. Starting withdall uptake studies, it would be

possible to compare the cellular accumulation efittdividual drugs against their
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accumulation after co-administration. In a simifashion, the activation of

landmark events in cellular apoptosis needs to bmpared between the
individual drugs and the co-administration. This wab shed light to the

understanding of the molecular basis of such iotera.

Finally, Chou and Talalay also explore the posjbibf modulating cellular

response using a variable ratio of both drugs, ttmgewith the analysis of the
effect of co- and sequential administration (Figidr2). This has not yet been
explored for the combination of cisplatand Ru(ll) complexes. Experimental

settings as the ones shown in could be a way afawpg Cl andDRI values.

Total exposure time

Oh 24 h Oh 8h 24 h Oh 8h 24 h

I [ E—
1 | _ e |3
2 g 2

= >

3 —&— Diff doses = —&— Diff doses ] : ¢ Diff doses
o\‘i ¢ Drug 1 g —— Drug 1 § Drug 1

—— o —— ——

Dose drug 2 (LM) Dose drug 2 (LM) Dose drug 2 (LM)

Figure 7.2. Suggested experimental settings to explore thecefif a variable
ratio of both drugs, as well as the effect of aed aequential administration

320



Chapter 7: Conclusions & Future work

7.3 References

1. V.T.DeVita and E. Ch&Gancer Re$.2008,68, 8643-8653.
2. B. Lippert, Ed.Cisplatin, Wiley, Zurich, 1999.
3. S. P. FrickeDalton Trans, 2007, 4903-4917.
4. N. C. InstituteAugust 2012www.cancer.gov.

5. Y. K. Yan, M. Melchart, A. Habtemariam, and P. Sadler, Chem.
Commun, 2005, 4764-4776.

6. B. DesoizeAnti-Cancer Res2004,24, 1529-1544.
7. |. Ott and R. Gusirchiv der Pharmazie2007,340, 117-126.
8. E. S. Antonarakis and A. Ema@iancer Chemoth. Pharn2010,66, 1-9.

9. |. Bratsos, S. Jedner, T. Gianferrara, and Es#ib,Chimia, 2007,61, 692-
697.

10. R. E. Morris, R. E. Aird, P. D. S. Murdoch, Ehen, J. Cummings, N. D.
Hughes, S. Parsons, A. Parkin, G. Boyd, D. I. Jodrad P. J. Sadled.
Med. Chem.2001,44, 3616-3621.

11. C. Scolaro, A. Bergamo, L. Brescacin, R. DelfiiM. Cocchietto, G.
Laurenczy, T. J. Geldbach, G. Sava, and P. J. Dysdvied. Chem.2005,
48, 4161-4171.

12. S. Schafer, I. Ott, R. Gust, and W. S. Shdtdiar. J. Inorg. Chem 2007,
3034-3046.

321



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Chapter 7: Conclusions & Future work

F. Wang, A. Habtemariam, E. van der Geer, Ridelez, M. Melchart, R.
J. Deeth, R. Aird, S. Guichard, F. P. FabbianiL&zano-Casal, I. D. H.
Oswald, D. I. Jodrell, S. Parsons, and P. J. SaBlec. Natl. Acad. Sci.
USA, 2005,102 18269-18274.

A. Habtemariam, M. Melchart, R. Fernandez, 8séns, |. D. H. Oswald,
A. Parkin, F. P. Fabbiani, J. E. Davidson, A. DawsR. E. Aird, D. I.
Jodrell, and P. J. Sadler, Med. Chem2006,49, 6858-6868.

A. Peacock, A. Habtemariam, R. Fernandez, Vllang, F. Fabbiani, S.
Parsons, R. E. Aird, D. I. Jodrell, and P. J. SadleAm. Chem. Sq2006,
128 1739-1748.

P. C. Bruijnincx and P. J. Sadladv. Inorg. Chem2011,8838 1-59.

G. Suss-FinkDalton Trans, 2010,39, 1673-1688.

E. Corral, A. C. G. Hotze, H. den Dulk, A. Leowska, A. Rodger, M. J.
Hannon, and J. Reedij&, Biol.Inorg. Chem.2009,14, 439-448.

O. Novakova, H. Chen, O. Vrana, A. Rodger,.FSatller, and V. Brabec,
Biochemistry2003,42, 11544-11554.

A. M. Pizarro, A. Habtemariam, and P. J. Sadlep Organomet Chem
2010,32, 21-56.

A. M. Pizarro and P. J. SadlBipchimie 2009,91, 1198-1211.

H. Kostrhunova, J. Florian, O. Novakova, A. ¢k, P. J. Sadler, and V.
Brabec,J. Med. Chem2008,51, 3635-3643.

A. Casini, C. G. Hartinger, A. A. Nazarov, aid J. Dyson,Top
Organomet Chen2010,32, 57-80.

322



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chapter 7: Conclusions & Future work

T. Bugarcic, O. Novakovéa, A. Halamikova, L. Zamkova, O. Vrana, J.
Kasparkova, A. Habtemariam, S. Parsons, P. J. Said V. Brabec,.
Med. Chem.2008,51, 5310-5319.

O. Novakova, J. Kasparkova, V. Bursova, C. HMr Vojtiskova, H.
Chen, P. J. Sadler, and V. Brab€bem. Biol, 2005,12, 121-129.

J. M. Ford and W. N. HaiEGytotechnology1993,12, 171-212.

R. H. Wilting and J.-H. Dannenbefyug Resist. Update2012,15, 21-38.

R. E. Aird, J. Cummings, A. A. Ritchie, M. MuR. E. Morris, H. Chen, P.
J. Sadler, and D. I. JodreBy. J. Cancer2002,86, 1652 - 1657.

S. Wang and W. S. El Deiryg53, Cell cycle arrest and apoptasis
Springer, Dordrecht, 2007.

U. M. Moll and N. Concinp53 in human cancer — Somatic and inherited

mechanismsSpringer Science, New York, 2005.

S. M. Post, A. Quintas-Cardama, and G. LozRegulation of p53 activity
and associated checkpoint contrdBpringer Science, New York, 2010.

W. R. Greco, G. Bravo, and J. Parsétgrmacology1995, 331-385.

W. R. Greco, H. Faessel, and L. Levassguxatl. Cancer Inst.1996,88,
699-700.

T. C. ChouPharmacol. Rey2007,58, 621-681.

T. C. ChouCancer Res2010,70, 440-446.

T. C. Chou and P. Talalad¢v. Enzyme Regull984,22, 27-55.

323



Conferences and Meetings Attended

. Biological and Medicinal Chemistry. BMCS"%ostgraduate Symposium.
Cambridge, UK. December 2011. Poster presentation.

. 11™ International Symposium on Applied Bioinorganic eBtistry.
Barcelona, Spain. December 2011. Poster presemtatio

. Warwick University Postgraduate Symposium. Coventhg. June 2011.
Poster presentation.

. RSC Dalton Division Midlands Postgraduate Symposi@Qoventry, UK.
September 2011. Poster presentation.

. RSC Dalton Division. Dalton Transactions Younger s&@chers
Symposium. Coventry, UK. April 2012. Poster preagaonh.

. Warwick University Postgraduate Symposium. Coventhg. May 2012.
Oral presentation.

. 11™ European Biological Inorganic Chemistry Conferenranada,
Spain. To be attended September 2012. Poster pa&sen

. Action Meeting COST CM1105. Functional Metal Conxae that Bind to
Biomolecules. Granada, Spain. To be attended Ségie012. Oral and
poster presentation.

. XI International Symposium on Platinum Coordinati@Qompounds in
Cancer Chemotherapy. Stem cells, DNA repair meshasi DNA-
damaging agents. Verona, Italy. To be attended li2ct@012. Poster

presentation.

324



10.8" National Cancer Research Institute Conferenceerpivol, UK. To be
attended November 2012. Poster presentation.

11.Development of Cancer Medicines: Preclinical in oviimodels to
interrogate cancer biology, biomarkers and thertgpeaesponse - Joint
BACR/Oncology Section, Royal Society of Medicin@ndon, UK. To be

attended November 2012.

325



	coverisolda.pdf
	University of Warwick institutional repository: http://go.warwick.ac.uk/wrap


